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Preface

This book is about a new class of materials being developed for solar energy 
 applications. It provides information on the fundamental scientific principles 
underlying these materials as well as how they are used in technological applica-
tions. Future social demands are heavily reliant on cheap and plentiful energy 
sources. Nonrenewable resources such as oil, coal, and natural gas provide a large 
portion of the world’s energy needs, contributing to global warming and negatively 
affecting our environment. There is a pressing and rapidly growing necessity for 
eco-sustainable and renewable energy technologies that are CO2 neutral. The photo-
electric conversion of clean and abundant solar energy can successfully address this. 
Solar energy is the best solution for electricity production in rural and isolated areas 
due to the ability to generate electricity in situ by small (even individual) produc-
tion plants, the low environmental impact of zero carbon dioxide generation, and 
the ease of building integration. This book outlines and discusses the best research-
cell efficiencies. It also presents the state of the art of the greatest proven conversion 
efficiencies for research cells for a variety of solar technologies. This book covers the 
theory of solar cells, thin-film technologies, crystalline silicone cells, and develop-
ing photovoltaics as well as recent breakthroughs in these fields. For understand-
ing and studying device physics, this volume uses both analytical and numerical 
evaluations of solar cell architectures. The appendices contain many of the details 
of the analytical investigations so that the growth of concepts is not hampered by 
the creation of equations. The book also presents the theory of solar cells, which 
involves light energy in photons being converted into electric current when photons 
strike an appropriate semiconductor device. Theoretical studies are useful because 
they forecast the fundamental limits of a solar cell and direct the processes that lead 
to solar-cell losses and efficiency.

A thin-film solar cell is a second-generation solar cell manufactured by depositing 
one or more thin layers or thin films (TFs) of photovoltaic material on a substrate 
such as glass, plastic, or metal. Cadmium telluride (CdTe), copper indium gallium 
diselenide (CIGS), and amorphous thin-film silicon are all commercially available 
thin-film solar cells (a-Si, TF-Si). The book will appeal to a broad audience and 
will encourage researchers, engineers, and postgraduate students to advocate for 
photovoltaic device technology. The goal of the book is to provide the reader with 
the necessary foundations to keep up with and contribute to the development of this 
exciting topic.

Ahmed Mourtada Elseman
Electronic and Magnetic Materials Department,  

Central Metallurgical Research and Development Institute (CMRDI),
Cairo, Egypt 
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Chapter 1

Techno Economic Feasibility 
Analysis of Solar PV System in 
Jammu: A Case Study
Harpreet Kaur Channi

Abstract

Renewable sources of energy and related technologies are essential to the 
 generation of energy worldwide. The photovoltaic (PV) is one of the renewable 
power technologies that support household electricity use. No prior research has 
studied the sustainability of the off-grid energy generation system in Jammu, 
India despite the potential of solar photovoltaics and significant amounts of global 
sun radiation in an area. The present work shown in the chapter is to calculate the 
residential load of the Patyari Kaltan situated in district Samba of Jammu by energy 
auditing. The NASA Surface Meteorology is used for the solar resource informa-
tionof selected village. The primary sources of electricity generation are fossil fuels. 
Recently, the energy demand and availability deficit has worsened due to the huge 
population and fossil fuels cannot fulfill huge energy requirement. Meanwhile they 
have negative impacts on the environment as well. Therefore, renewable energy 
offers suitable energy way out to the residents living in remote areas and in the areas 
near to Borders. In this paper the main aim is to examine the feasibility of solar-bat-
tery hybrid energy system to fulfill electrical demand of a residential area in a rural 
region in Jammu. The research shows that the cost of construction of the project 
can be repaid or recovered within 1 year 6 months. To accomplish the target, 214 
solar panels of 325 watt are estimated to satisfy the demand 100 percent at all times. 
The findings of this modeling reveal that the off-grid PV system is both technical 
and economically viable for power generation; they may serve as a model for the 
successful development of the system for practical use. Furthermore, the model can 
promote assistance mechanisms for players in the renewable industry to introduce a 
PV system in residential buildings.

Keywords: Fossil fuels, Solar PV system, Remote regions, Economic feasibility,  
Off grid

1. Introduction

Solar energy is the primary driving force behind natural activities on the Earth’s 
surface. The energy expenditure on the surface of the ground which depends 
on the landscape is a core factor in geological, environmental and risk modeling 
models. The contribution of radiation is also related to the biodiversity of plants 
and biomass production. The Sun is an ample, infinite supply of energy available 
all over the world which is only minimally used [1–3]. From around beginning of 
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the century, solar-radiation technology developments became highly political when 
potential solutions to fossil fuel-based traditional energy systems became recog-
nized. Solar energy systems are widely agreed to mitigate global challenges includ-
ing climate change, insecurity in the developed world and lack of stability of energy 
supply in most of the world’s economies. As for other emerging creative develop-
ments, there is a need to make significant improvements to the way in which energy 
is produced, distributed and used, such as a poor understanding of technological 
choices, higher initial investment costs and a more conservative social environment. 
Country assistance policies (up to 10-20 years) should be established in order to 
address these obstacles, identifying suitable legal and financial instruments.

The spatial and temporal solar energy affecting the earth’s surface has a seasonal 
dynamics (due to astronomical factors) which is modulated by stochastic weather 
variability. It influences solar energy systems’ efficiency, reliability and economy. 
Photovoltaics is a fast growing technology, with a better understanding of the pri-
mary solar power resource. Enhanced expertise will lead greatly to better location 
and economic evaluation of new plants, to efficiency management and to energy 
projection. Improved understanding for solar energy systems incorporation into 
current energy and economic processes is also essential. The spatial dependence 
of renewable energy production and its distribution raise issues that often involve 
precise location-dependent answers in the policy process [4–6].

Much like the fossil-fuel-based energy sector relies on exploration of the energy 
markets and the proven reserves for discovery and economic benefit, renew-
able energy relies upon assessing the energy production strategy and marketing 
resources [7–9]. The basic resources and fuel available are solar radiation for solar-
based clean energy technology such as solar thermal and photovoltaic systems. 
Measured data was used to determine the solar resource for this technology, where 
accessible. Fortunately, the uneven distribution of calculated solar data in space, 
and in particular over time, contributes to the use of modeled solar light as the 
basis for various technological and economic decisions. There are major uncertain-
ties in the measured and modeled solar radiation. Most solar radiation models are 
assisted by measured data, often unknown to the uncertainty or precision of these 
measured data [10–13].

The energy emitted by sun and terrestrial fraction of the energy flux is marked 
by the Solar Constant. The solar constant is defined mainly as the measurement per 
unit time of solar energy flux density perpendicular to the direction of the light. 
Satellites outside of the earth’s atmosphere are the most reliably measured. The solar 
constant is measured at 1367 W/m2 at present [8, 9, 14]. This percentage ranges by 3 
percent since the earth’s orbit is elliptical and the length of the year is different from 
the Sun. There is also a little variance in the solar constant due to variations in Sun’s 
light. This importance encompasses all forms of radiation, a large portion of which 
is lost as the light travels into the atmosphere.

The solar radiation is absorbed, dispersed, reflected or released as it travels 
through the atmosphere. The energy flux density is reduced in all these processes. In 
reality, the Solar Flow Density in sunny days is reduced by about 30% compared to 
alien radiation, which on a cloudy day is reduced by as much as 90% [15].

As a consequence the direct radiation that comes to the earth’s surface (or an 
equipment mounted on the earth’s surface) never reaches 83%. This direct radiation 
is known as beam radiation from the solar disc. Diffuse radiation is characterized as 
the dispersed, reflecting radiation that is transmitted out from all directions to the 
surface of the Earth (reflective of other bodies, molecules, particles, droplets etc.) 
[10]. Complete (or global) radiation is the sum of the beam and diffuse compo-
nents. The Table 1 shows the gadgets that are used for the measurement of different 
solar quantities.

5
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Solar radiation data obtained by the instruments described above form the basis 
for developing any solar project. A case study of village Patyari Kaltan situated in 
district Samba of Jammu is explained in the next section using energy auditing.

This study seeks to reconcile demand and supply differences by investigating the 
feasibility of using an off-grid PV system to generate power to consume the house-
hold. The main objectives for this study are the significant global solar radiation 
levels in the region as well as the low home energy use. The purpose of this chapter 
is, via mathematical modeling, to assess the technoeconomic feasibility of an off 
grid PV system. This paper does not include the environmental and political aspects 
of using offset photovoltaic systems or other Photovoltaic hybrid systems. With 
respect to this investigation, solar radiation, PV peak power, inverter size, batterie-
size and a charging controller are the relevant characteristics specified in this work. 
The remaining chapter is organized in the following subsections:

The Section 2 provides a concise background of the study while Section 3 
presents the problem formulation. The detailed methodology adopted is explained 
in Section 4. The results and the discussion are contained in Section 5 while the 
conclusion of the paper is in Section 6.

2. Background

A.K.M. Sadrul Islam etc. (2012) indicated that an 8 kW PV system linked with 
a 15 kw gasoline generator and 25 battery counts is the most economically viable 
alternative (nominal power 800 Ah, nominal voltage 2 V each) [16]. Abolfazl 
Ghasemi et.al (2013) highlighted the potential sun rays and the lives of remote, 
powered, non-connected hybrid PV-diesel battery-powered communities in Iran 
as excellent [17]. Mohan L. Kolhe et al. described the best hybrid architecture 
for energy at a cost of $0.34/kWh as a 30 kW PV system, 40 kW wind, 25 kW 
diesel power supplies, and a bank of 222kWh batteries [18]. M. Kashif Shajzad 
et.al (2017) reported that the optimum solution was constructed to conduct a cost 
analysis of 10 kW hybrid PV panels, 8.0 kW biogas generator, 32 battery storage 
and 12 KW converters [19]. Simulation results for a hybrid power system of 13 kW 
PV modules, 14,7 kW of hydro power, 8 battery storing units, 5 kW of the diesel 
generator and 9 kW converters were characterized as the optimal solution with 
a $113201 NPC by Ali Saleh Aziz et.al (2019). [20]. Zhen-yu Zhao et.al (2019), 
Muhammad Ifran, discussed the cost of traditional grid power and solar PV, 
which are designed to assess the economic efficiency of two simulation-driven 

Particulars Details

Village Patyari Kaltan

Block Ghagwal

District Samba

State Jammu and Kashmir

Country India

Time Zone IST (UTC + 05:30)

Latitude 34.09

Longitude 74.79

Total number of Houses 35

Table 1. 
Details about the village Patyari Kaltan.
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ing climate change, insecurity in the developed world and lack of stability of energy 
supply in most of the world’s economies. As for other emerging creative develop-
ments, there is a need to make significant improvements to the way in which energy 
is produced, distributed and used, such as a poor understanding of technological 
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Country assistance policies (up to 10-20 years) should be established in order to 
address these obstacles, identifying suitable legal and financial instruments.
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[10]. Complete (or global) radiation is the sum of the beam and diffuse compo-
nents. The Table 1 shows the gadgets that are used for the measurement of different 
solar quantities.
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Solar radiation data obtained by the instruments described above form the basis 
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grid PV system. This paper does not include the environmental and political aspects 
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respect to this investigation, solar radiation, PV peak power, inverter size, batterie-
size and a charging controller are the relevant characteristics specified in this work. 
The remaining chapter is organized in the following subsections:

The Section 2 provides a concise background of the study while Section 3 
presents the problem formulation. The detailed methodology adopted is explained 
in Section 4. The results and the discussion are contained in Section 5 while the 
conclusion of the paper is in Section 6.

2. Background
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alternative (nominal power 800 Ah, nominal voltage 2 V each) [16]. Abolfazl 
Ghasemi et.al (2013) highlighted the potential sun rays and the lives of remote, 
powered, non-connected hybrid PV-diesel battery-powered communities in Iran 
as excellent [17]. Mohan L. Kolhe et al. described the best hybrid architecture 
for energy at a cost of $0.34/kWh as a 30 kW PV system, 40 kW wind, 25 kW 
diesel power supplies, and a bank of 222kWh batteries [18]. M. Kashif Shajzad 
et.al (2017) reported that the optimum solution was constructed to conduct a cost 
analysis of 10 kW hybrid PV panels, 8.0 kW biogas generator, 32 battery storage 
and 12 KW converters [19]. Simulation results for a hybrid power system of 13 kW 
PV modules, 14,7 kW of hydro power, 8 battery storing units, 5 kW of the diesel 
generator and 9 kW converters were characterized as the optimal solution with 
a $113201 NPC by Ali Saleh Aziz et.al (2019). [20]. Zhen-yu Zhao et.al (2019), 
Muhammad Ifran, discussed the cost of traditional grid power and solar PV, 
which are designed to assess the economic efficiency of two simulation-driven 
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technologies. Five areas, Bhakkar, Kanewal, Multan, Bahawalnagar and Rajanpur 
were selected in this paper. Research has shown that Kanewal has the maximum 
yearly solar irradiation in this area (5.50 KWh/m2, 22].

3. Problem formulation

Increase in energy expenditure and worldwide dependence on fossil fuels lead to 
power shortages and global warming. Generally the diesel generator is used in both 
on-grid and off-grid systems for a reliable power source [11, 21]. This is a costly and 
also causes environmental toxic waste. In the country there is enormous resource 
of renewable energy source that is not being effectively utilized. Reliable renewable 
hybrid systems need to be developed by using the available renewable sources These 
hybrid systems can be a viable option in universities, companies, hospitals, industry 
and rural communities to fulfill the energy needs. The construction of such systems 
needs detailed study of renewable energy supplies by the location, because without 
this the hybrid device may be massive, which raises the device expenses [12, 22].

In order to investigate the financial and technological viability of the hybrid 
energy systems, the feasibility of dissimilar systems configurations and energy 
requirements needs need to be analyzed and analyzed.

4. Methodology

4.1 Site selection

The Jammu and Kashmir shares international boundary with Pakistan & China. 
The Line of Control on the area of Pakistan divides the UT which turns one part 
as J&K‘and the other part as POK‘[15, 23–26]. It also shares boundary with other 
state like Himachal Pradesh and Punjab [23, 24, 27]. The UT has two different parts 
namely 1) Jammu and 2) Kashmir. The two parts of the state differ drastically from 
each other on the basics of climate.

Rapid population growth and hi-tech development in recent decades have led 
to additional energy consumption, especially in the power sector [25]. In addition, 
there are numerous parts of the world in rising countries which have minimal or no 
way to electrical energy, particularly in rural areas [28–31]. Rural electrification is 
also stated to be very necessary for rural development in order to achieve economic 
growth, elimination of deprivation, generation of jobs and improvement of village 
living standards [32]. According to the 2011 Indian census, out of 1.21 billion, 0.83 
billion live in rural areas and about 44 per cent of the population lack grid access 
[33]. Electricity generation has to be improved to solve these issues. In India, fossil 
fuel emissions produce a large proportion of electricity [34].

Patyari Katlan is a village located in Jammu-Kashmir Samba district which falls 
in India. Table 1 shows the profile of Village adopted for study. The total residential 
consumption of the rural community is 1083.432 kWh/day in the summer.

Load profile: Load of the selected village depends on the equipments used in the 
houses. Load calculated by Energy audit of the village. There are 35 houses in the village 
and the equipments connected in the houses are tube lights, fans, coolers, TV’s, refrig-
erators only. The equipments connected in the village are very less because the village is 
just 2 km away from the Pakistan border so the village is not so well developed [16].

Energy Audit: Energy audit is defiened as “organized monitoring and review of 
energy usage and energy use of site, facility, system or entity with the goal of defining 
and reporting on energy flows and future changes in energy quality.” [17, 19–21, 35].
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Energy saving is extremely relevant as the demand is rising day by day in the 
country, looking at the situation energy auditing is being performed. This is a 
method of monitoring how electricity is being used, and finding places wherever 
pollution can be reduced if not eradicate entirely. [27, 36]

The energy use by lighting and big appliances such as fridge, fans, etc. in 
24 hours is calculated by doing survey. The wattage of each equipment is repre-
sented in Table 2. Figure 1 shows the hourly variation of each equipment. The 
highest energy is consumed by refrigerator and lowest by lighting system. The 
rural community’s average residential consumption is 1083,432 kWh per day in 
the summer, and 718,952 kWh per day in the winter months. Monthly residential 
consumption of the village is shown in the Table 3. Figure 2 depicts the graphical 
representation of monthly residential consumption. The Table 3 shows that the 
peak load is in the July month i.e. 33586.392kWh. And the minimum energy utiliza-
tion is in the February month i.e. 20130.656kWh.

4.2 Meteorology data of Patyari Kaltan (Thali)

The solar resource information used for the selected village was found from 
the NASA Surface Meteorology. Access was made to NASA database to assess 
solar irradiance in the remote rural Jammu region [13]. The most important step 
before using a solar photovoltaic device is to define solar power potential in a 
given region [3–5]. The solar irradiance records for the regions selected were 

Residential load

S.no Equipment No. of 
equipment

Wattage 
(w)

Consumed 
electricity 

per day 
(kwh)

Consumed 
electricity 
per month 

(kwh)

Consumed 
electricity 

per year 
(kwh)

1 Lighting 502 36 289.152 8674.56 104094.7

2 Fans 179 70 200.48 6014.4 36086.4

3 Coolers 41 250 164 4920 14760

4 TV 35 70 9.8 294 3528

5 Refrigerator 35 750 420 12600 151200

Table 2. 
Residential load of the village.

Figure 1. 
Wattage of equipments connected in the houses of village.
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provided in Table 4. Figure 3 shows the daily Radiation and clearness in Patyari 
Katlan (Thali). Outcome of the investigation show that Patyari Kaltan received 
the average annual solar irradiation is 4.134 kWh / m2 [3].

4.3 Design calculation

4.3.1 Energy balance considerations

To choose the appropriate size for the day and night time loads for the solar panel or 
battery storage. We describe a state of energy balance when full power from the solar 
system (ESA) is enough to charge the battery (Eb) and the energy needed to charge 
electricity including system losses (EL) as shown in Figure 1, i.e. without any power 
source from the backup.

 SA b LE E E= +  (1)

Assuming that the night time load is solely provided by the storage batteries with 
an overall efficiency factor K1 as shown in Equation (2):

 1EB EN / K where K1 D.FU. R. L. B= = η η η η  (2)

Months Energy consumed per month (kwh) Months Energy consumed per month (kwh)

January 22287.512 July 33586.392

February 20130.656 August 32502.96

March 22287.512 September 27582.96

April 27582.96 October 22287.512

May 28502.392 November 21568.56

June 32502.96 December 22287.512

Total 313109.888

Table 3. 
Energy consumed per month.

Figure 2. 
Power consumed per month in village Patyari Kaltan (thali) in KWh.
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ηD being the solar array diode efficiency, FU the solar array utilization factor, ηR 
the regulator efficiency, ηL the line loss factor and ηB the battery WHr efficiency.

4.3.2 Balance of system components

As described above, the Power System consists of a variety of balances, apart 
from solar panes, of device components such as (a) mounting frames of the array 

Monthly average

Month Insolation 
clearness 

index

Horizontal surface clear sky 
insolation incident  

(kWh/ m2/day)

Horizontal surface all sky 
insolation occurrence  

(kWh/m2/day)

January 0.424 0.929 2.213

February 0.479 0.561 3.135

March 0.447 1.065 3.788

April 0.490 0.964 4.885

May 0.468 0.829 5.199

June 0.478 0.568 5.501

July 0.510 0.000 5.754

August 0.525 0.475 5.435

September 0.639 1.777 5.707

October 0.550 1.506 3.892

November 0.310 0.532 1.744

December 0.494 1.868 2.361

Average 0.485 0.923 4.134

Table 4. 
The average of monthly daily isolation incident on horizontal surface in Patyari Kaltan (thali) [3, 4].

Figure 3. 
Daily radiation and clearness in Patyari Katlan (thali) [3–5].
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module, frame support and foundations; (b) circuits, load and electricity manage-
ment devices, wire interconnections, etc., etc.

There are also extra expenses for the test and inspection module, system sizing, 
and packaging repair installation and checkout, etc. For the construction of the 
PEPS, account must be taken of the amount of all these costs lumped as BOS cost. 
The complexity of the difference between the cost of the storage batteries and the 
battery power in Ahr is a significant factor in the extremely nonlinear performance 
of energy generation costs / peak W.

4.4 Design requirements

The module is made of solid wire or solid ribbons by attaching one cell on 
another. The ties may be rigid or fluid to control motion within the series, which can 
be caused by thermal expansions and other forces. All links should ensure the lowest 
resistance possible and the least possible distortion of PV output. The designer is also 
trying to make this relation shorter and to reduce the cross sections against increased 
resistance. The output from an array is connected to a manager called a bus.

4.4.1 Placing of cells

It is essential to place cells in the array and in the cell form. As the distance 
between the cells increases, the overall performance of the panel determined by the 
voltage per unit area falls. Big cells do not always improve the performance of pack-
aging (i.e. the need for a maximum cell to panel area ratio). In building a module 
with desirable electric properties, cell size is an essential element. Strom from a cell 
varies according to the cell size, with constant voltage. Many small cells should be 
plugged into series for large voltage. Round cells that were halved and put in a panel 
in an offset pattern are used to move more of them in a unit area. This increases the 
cell’s packaging density. Square or hexagonal cells may also be expanded. Cells are 
put as near or as close as possible and cannot contact so energy is cut short. There 
must be additional space between the cells for thermal expansion.

4.4.1.1 Array support

More is needed to create the electrical resource needs Specific solar cells can be 
just as delicate groups of them. The retrofitting and disassembly should be able 
to be held in every module. Array must be capable of resisting moderate loads, 
mechanical and temperature shifts pressures. The translucent cover for a module 
is part of the support. The cover is primarily used to shield the PV module from 
situations including oxygen, moisture, dust and rain.

4.4.1.2 Size of array

Solar cell size can vary from approximately 1 mm to more than 100 mm. For most 
standard silicone cells, the thickness range is 0.2 to 0.4 mm. For the collection of the 
array size we established a very basic semi empirical rule as per the Equation (3)

 ( )phP LH LHd / Cr Bb x100 / X= +  (3)

Where Pph is the full watts array. X is the estimated annual maximum equip-
ment time a day and is the average annual watt hour a day per poor flat hour 
of the PV module. L is the watts load rating, and H is the working hours a day. 
d is the number of storage days required. Cr is the time for charging recovery 
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and Bb is the battery watt-hour efficiency. The value of X depends explicitly on 
the overall insolation of the panel on the installation site. The value of X can be 
calculated as shown in Figure 4.

 X EXm /12;With Xm ov Im / m= = η η  (4)

Where ηov is the overall device performance, Im is the average sleeping surface 
insolation of the area, ηm is the efficiency of the module. Performance is the prod-
uct of the efficiency of the module and the balance of device efficiency including 
efficiency of power conditioning, efficiency coefficients of temperature etc.

4.4.1.3 Solar panels

For terrestrial applications the majority of silicone solar cells have a round 
diameter of 5 cm and a diameter of 0.3-0.5 mm. The trend is to massive diameters. 
A 5-cm diameter cell with a surface area of approximately 20-cm has a capacity of 
0.2 W with 0.45 volts during full sun and at room temperature. A variety of cells 
need to be mounted into a panel for higher power or higher voltage. Two cells are 
wired in parallel, for example, for double power at constant voltage. It can provide 
any amount of power at the desired voltage by joining numerous cells in parallel 
and series.

4.4.1.4 Battery storage

Electric storage battery is the easiest way to stored a smaller moderate scale. 
Solar cells generate a battery charging direct current. When needed the stored 
energy can then be supplied to the local load as electricity. A battery is an inde-
pendent cell mixture. A cell is the elementary mixture of materials and electro-
lytes that form the essential energy storer electromechanical. A block box into 
which electrical energy is collected, electromechanically stored and then recu-
perated as electrical power can also be thought of as a battery. Primary batteries 
are non-rechargeable while secondary batteries are still able to be recharged. So 
secondary batteries also have a major interest in solar electricity. Sub-examples 
of secondary batteries include lead-acid, nickel-cadmium, iron-air, nickel-
hydrogen, zinc-air etc.

Energy efficiency of a battery is defined as shown in Equation (5).

 energy 1 1 2 2I  E dt / I  E dtη = ∫ ∫  (5)

where I1 = battery discharging current for a period 0 to t1.
I2 = battery charging current for a period 0 to t2.
E1 = Battery discharging terminal voltage.
E2 = Battery discharging terminal voltage.
Cycle life is the amount of times that the battery can be charged and unloaded, 

and this can differ considerably with discharge depths. Deep discharge tends to a 
short life cycle.

4.5 Design calculation

No. of panels required, NS = per day demand/Rating of 1 panel (w).
                                                   = 69552w/325w.
                                            NS  = 214.0.
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 ( )phP LH LHd / Cr Bb x100 / X= +  (3)

Where Pph is the full watts array. X is the estimated annual maximum equip-
ment time a day and is the average annual watt hour a day per poor flat hour 
of the PV module. L is the watts load rating, and H is the working hours a day. 
d is the number of storage days required. Cr is the time for charging recovery 
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and Bb is the battery watt-hour efficiency. The value of X depends explicitly on 
the overall insolation of the panel on the installation site. The value of X can be 
calculated as shown in Figure 4.

 X EXm /12;With Xm ov Im / m= = η η  (4)

Where ηov is the overall device performance, Im is the average sleeping surface 
insolation of the area, ηm is the efficiency of the module. Performance is the prod-
uct of the efficiency of the module and the balance of device efficiency including 
efficiency of power conditioning, efficiency coefficients of temperature etc.

4.4.1.3 Solar panels

For terrestrial applications the majority of silicone solar cells have a round 
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0.2 W with 0.45 volts during full sun and at room temperature. A variety of cells 
need to be mounted into a panel for higher power or higher voltage. Two cells are 
wired in parallel, for example, for double power at constant voltage. It can provide 
any amount of power at the desired voltage by joining numerous cells in parallel 
and series.

4.4.1.4 Battery storage

Electric storage battery is the easiest way to stored a smaller moderate scale. 
Solar cells generate a battery charging direct current. When needed the stored 
energy can then be supplied to the local load as electricity. A battery is an inde-
pendent cell mixture. A cell is the elementary mixture of materials and electro-
lytes that form the essential energy storer electromechanical. A block box into 
which electrical energy is collected, electromechanically stored and then recu-
perated as electrical power can also be thought of as a battery. Primary batteries 
are non-rechargeable while secondary batteries are still able to be recharged. So 
secondary batteries also have a major interest in solar electricity. Sub-examples 
of secondary batteries include lead-acid, nickel-cadmium, iron-air, nickel-
hydrogen, zinc-air etc.

Energy efficiency of a battery is defined as shown in Equation (5).

 energy 1 1 2 2I  E dt / I  E dtη = ∫ ∫  (5)

where I1 = battery discharging current for a period 0 to t1.
I2 = battery charging current for a period 0 to t2.
E1 = Battery discharging terminal voltage.
E2 = Battery discharging terminal voltage.
Cycle life is the amount of times that the battery can be charged and unloaded, 

and this can differ considerably with discharge depths. Deep discharge tends to a 
short life cycle.

4.5 Design calculation

No. of panels required, NS = per day demand/Rating of 1 panel (w).
                                                   = 69552w/325w.
                                            NS  = 214.0.
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                                  20 ft.^2 = 1.858 m2 (Area of 1 panel).
                       Area required = Area of 1 panel*No. of Panels.
                                                  = 1.858m2*214.
                                                  = 397.612 m2.
Total load per day in kwh = 1083.432 kwh.
Using 12 V, 17 Amp hour lead acid battery.
Total Capacity (CB) = Total load kwh/Voltage of single battery.
                                      =1083.432kwh/12 V.
                                      =90.286 KAhr.
Number of lead acid batteries, NB = CB /Rating of single battery Ahr.
                                                                =90.286 KAhr / 17 Ahr.
                                                          NB = 5310.9 or 5311 (approx).
Use charge controller of 12 V, 20 Amp is used.
Rating of charge controller in Ampere’s = Total load (w)/12 V.
                                                                           =69552 W/12 V.
                                                                           =5796 Ampere.
12 Volt, 20 Ampere Charge Controller (NC) needed can be measured as:
NC = Rating of charge controller (Amp)/20 amp.
NC = 5796 Amp/20 Amp.
NC = 289.8 or 290 (approx).
Total load per day in watt = 69552 W.
Load per day in kw = 69552/1000.
                                     =69.552 kw or 70 kw (approximately).
For 70 KW load, 70 KW of Inverter is needed.
Cost per watt = Rs 22.
Price of solar panel, C = overall load (watt) * price per watt.
                                      C = 69552 W*Rs 22.
                                      C = Rs 1530144.
Price of batteries = NB* Cost of one battery.
                                 =5311 * Rs1900.
                                 =Rs 10090900.
Price of charge controller = NC * price of one charge controller.
                                                 = 290 * Rs 798.
                                                 = Rs 231420.
Price of 70 KW inverter = overall load in KW * price per KW.
                                              = 70* Rs 72065.
                                              = Rs 5044550.
Total Cost = Price of solar panel + Price of charge controller + Price of Inverter + 

Price of battery.
                    =1530144 + 10090900 + 231420 + 5044550.
                     =Rs 16897014.
To take the cost of cabling, junction box etc. into account, 20 percent of the 

overall cost is applied to get the whole cost of the project.
                    = 20% * Rs16897014.
                    = 20/100 * 16897014.
                    =Rs 3379402.8.
Therefore the total expenditure of the project Ct,
               Ct = 16897014 + 3379402.8.
               Ct = Rs 20276416.8.
When we buy the electricity from the energy grid, otherwise we have to pay.
                    = overall demand * Price of one unit.
                    = 1083.432 Kwh * Rs 3.
                    =Rs 3250.296.
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Overall cost of energy which is purchased from utility grid/year is.
               Dt = Rs 3250.296*365.
               Dt = Rs 1186358.04/year.

4.5.1 Pay back period

Payback period = Project costs / Annual cash inflow
            Ct – N Dt = 0
                   Or N = Ct/Dt
Where Ct = Rs 20276416.8
Dt = Rs 1186358.04/year
thus
N = Rs 20276416.8/Rs 1186358.04
N = 17.09
Project costs for the project can be recovered in 17 or 18 months (1 year 6 months).

5. Results and discussion

Solar power is a huge source of electricity that can be used directly, gen-
erating other reservoirs of power: biomass, wind, hydroelectric power and 
wave power. While there are major differences in latitude and seasons, most 
Earth’s area receives ample solar energy to enable low-grade heating of water 
and houses. Simple mirrors can focus solar energy enough at low latitudes to 
cook and even drive steam turbines. In certain semiconducting materials the 
energy of light switches electrons. This photovoltaic effect is able to produce 
vast amounts of electricity. However, the current low effectiveness of solar 
photovoltaic cells requires a great deal of energy. The only renewable way to 
substitute existing global electricity supplies from non-renewable sources is 
the immediate use of solar energy, at the cost of land areas of at least half a 
 million km2.

The Roof top solution is supported by the design methodology for installing 
solar panels in Patyari Kaltan (Thali). The incorporation of the panels into the 
roof of the building is the strategy used. This solution is given when it replaces the 
traditional roof and permits the filtering of natural sunlight. It serves as roof for 
structural and weather requirements with structural support, stability, protection 
from damage such as chemical or mechanical damage, fire-fighting protection, 
sun, wind and moisture protection, heat absorption and heat conservation, light 
diffusion control etc. It acts as a power generator in addition to those functional-
ities by fulfilling a portion of the building’s electrical load specifications. Due to 
the highly flexible design of the solar cells and the storage cells, individual roof 
capacity can be used for specific loads – top PEPS for the same energy need as the 
previously described loads. The mean Horizontal insolation surface incident is 
4.134 KWh / m2 / day and the clarity index estimate has been found to be 0.485.It 
is closely related to the solar radiation itself, but isolation gives you a more accu-
rate way to calculate the radiation on an energy-relevant single object, rather than 
just taking a sunlight measurement itself. The clearness index is a calculation of 
the proportion of solar radiation emitted to the Earth’s surface through the atmo-
sphere. Research shows that the payback period for the solar project of the selected 
village is 1 year 6 months. It shows that the cost for installing the whole project can 
be recovered within 18 months which means solar project can be benifical for the 
Patyari Kaltan village.
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6. Conclusion

The study shows that the village has significant solar power capacity and is ideal 
for producing electricity. The cost of building the project can be recovered in 1 year 
6 months. To calculate solar irradiance in the remote rural Jammu area, the NASA 
database was accessed, which reveals that solar irradiation obtained by Patyari 
Kaltan is 4,134 kWh / m2. To meet up the demand 100% at all the time during the 
year, 214 solar panels of 325 watt is needed. The future work on this project is to 
check the feasibility and sensitivity of the PV hybrid system using HOMER soft-
ware.This methodology is further extended to other parts of the country to utilize 
the available renewable energy resources and to meet the increasing load demand.
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Chapter 2

Modeling of Photovoltaic Module
Rakeshkumar Mahto and Reshma John

Abstract

A Photovoltaic (PV) cell is a device that converts sunlight or incident light into 
direct current (DC) based electricity. Among other forms of renewable energy, 
PV-based power sources are considered a cleaner form of energy generation. Due 
to lower prices and increased efficiency, they have become much more popular 
than any other renewable energy source. In a PV module, PV cells are connected 
in a series and parallel configuration, depending on the voltage and current rat-
ing, respectively. Hence, PV modules tend to have a fixed topology. However, in 
the case of partial shading, mismatching or failure of a single PV cell can lead to 
many anomalies in a PV module’s functioning. If proper attention is not given, it 
can lead to the forward biasing of healthy PV cells in the module, causing them to 
consume the electricity instead of producing it, hence reducing the PV module’s 
overall efficiency. Hence, to further the PV module research, it is essential to have 
an approximate way to model them. Doing so allows for understanding the design’s 
pros and cons before deploying the PV module-based power system in the field. In 
the last decade, many mathematical models for PV cell simulation and modeling 
techniques have been proposed. The most popular among all the techniques are 
diode based PV modeling. In this book chapter, the author will present a double 
diode based PV cell modeling. Later, the PV module modeling will be presented 
using these techniques that incorporate mismatch, partial shading, and open/short 
fault. The partial shading and mismatch are reduced by incorporating a bypass 
diode along with a group of four PV cells. The mathematical model for showing the 
effectiveness of bypass diode with PV cells in reducing partial shading effect will 
also be presented. Additionally, in recent times besides fixed topology of series–
parallel, Total Cross-Tied (TCT), Bridge Link (BL), and Honey-Comb (H-C) have 
shown a better capability in dealing with partial shading and mismatch. The book 
chapter will also cover PV module modeling using TCT, BL, and H-C in detail.

Keywords: photovoltaics, complementary metal oxide semiconductor (CMOS), 
bypass diode, partial shading, metal oxide semiconductor field effect transistor 
(MOSFET)

1. Introduction

A Photovoltaic (PV) cell is a device that by the principle of photovoltaics effect 
converts solar energy into electricity [1, 2]. In a PV module, PV cells are connected 
in a series and parallel configuration, depending on the voltage and current rating, 
respectively [1]. In recent times PV based energy is gaining prominence due to the 
advances in the PV cells [3, 4], lowering PV cells cost [5], and government incen-
tives [6–8]. Compared to any other renewable energy-based power source, PV is 



19

Chapter 2

Modeling of Photovoltaic Module
Rakeshkumar Mahto and Reshma John

Abstract

A Photovoltaic (PV) cell is a device that converts sunlight or incident light into 
direct current (DC) based electricity. Among other forms of renewable energy, 
PV-based power sources are considered a cleaner form of energy generation. Due 
to lower prices and increased efficiency, they have become much more popular 
than any other renewable energy source. In a PV module, PV cells are connected 
in a series and parallel configuration, depending on the voltage and current rat-
ing, respectively. Hence, PV modules tend to have a fixed topology. However, in 
the case of partial shading, mismatching or failure of a single PV cell can lead to 
many anomalies in a PV module’s functioning. If proper attention is not given, it 
can lead to the forward biasing of healthy PV cells in the module, causing them to 
consume the electricity instead of producing it, hence reducing the PV module’s 
overall efficiency. Hence, to further the PV module research, it is essential to have 
an approximate way to model them. Doing so allows for understanding the design’s 
pros and cons before deploying the PV module-based power system in the field. In 
the last decade, many mathematical models for PV cell simulation and modeling 
techniques have been proposed. The most popular among all the techniques are 
diode based PV modeling. In this book chapter, the author will present a double 
diode based PV cell modeling. Later, the PV module modeling will be presented 
using these techniques that incorporate mismatch, partial shading, and open/short 
fault. The partial shading and mismatch are reduced by incorporating a bypass 
diode along with a group of four PV cells. The mathematical model for showing the 
effectiveness of bypass diode with PV cells in reducing partial shading effect will 
also be presented. Additionally, in recent times besides fixed topology of series–
parallel, Total Cross-Tied (TCT), Bridge Link (BL), and Honey-Comb (H-C) have 
shown a better capability in dealing with partial shading and mismatch. The book 
chapter will also cover PV module modeling using TCT, BL, and H-C in detail.

Keywords: photovoltaics, complementary metal oxide semiconductor (CMOS), 
bypass diode, partial shading, metal oxide semiconductor field effect transistor 
(MOSFET)

1. Introduction

A Photovoltaic (PV) cell is a device that by the principle of photovoltaics effect 
converts solar energy into electricity [1, 2]. In a PV module, PV cells are connected 
in a series and parallel configuration, depending on the voltage and current rating, 
respectively [1]. In recent times PV based energy is gaining prominence due to the 
advances in the PV cells [3, 4], lowering PV cells cost [5], and government incen-
tives [6–8]. Compared to any other renewable energy-based power source, PV is 



Solar Cells - Theory, Materials and Recent Advances

20

considered portable and easy to use [5]. Hence, the PV based power source is used 
in a wide range of applications that include residential and commercial building, 
drones, vehicle, satellites, embedded systems, sensors and many others [9].

The PV-based power source is not ideal and performance can cause many anoma-
lies [10, 11]. One of the most significant issues that affect PV modules performance 
is the shading caused due to clouds, physical objects, and living beings [10, 11]. 
Generally, there are two types of shading, complete shading and partial shading [12]. 
The complete shading occurs when the whole PV module is under the shade. If only a 
few of the PV cells are under the shade, it results in partial shading conditions. Both 
of these shading types reduce the power efficiency of PV modules. However, the par-
tial shading condition can have much more severe after effects [13]. The current flow 
in a row of PV cells connected in series is governed by the PV cells that are affected 
by the shade [13, 14]. This phenomenon can lead to forward biasing of unshaded PV 
cells, leading to them consuming the power instead of generating it [13, 14].

Additionally, the partial shading condition can cause hotspot generation in the 
panel’s neighboring PV cells [15–17]. This hotspot can even instigate a fire hazard 
[18–20]. Mismatch in the PV cells in the PV module can also create abnormalities 
like the partial shading conditions [14]. Hence, to prevent such a phenomenon from 
happening, the PV modules are equipped with bypass and blocking diode [2, 9, 21]. 
The bypass diode causes bypassing of the shaded or damage PV cells in the panel 
[22]. Simultaneously, the blocking diode prevents the current from flowing in the 
reverse direction in case of a mismatch in the output voltage, which can lead to 
forward basing of the PV cells [21]. Similarly, faults such as open and short circuit-
ing of PV cells in the module degenerate the solar panel’s performance [12].

Due to all these abnormalities that reduce the PV panel’s performance, it is desir-
able to model a PV module that can emulate its electrical characteristics to derive a 
better way to tackle them. Also, equivalent modeling helps to better understand the 
PV panel characteristics before they are being deployed for real-world applications.

2. SPICE based PV cell and module modeling

2.1 Equivalent circuit model of a PV cell

To model the PV cell, a SPICE based 2-diode based equivalent circuit is used 
as shown in Figure 1 [23]. All the parameters shown in Figure 1, are presented in 
Table 1 [23]. Two diode-based PV cell modeling techniques are selected over single 
diodes since they are considered more accurate [24]. The resistance Rs and Rp as 
shown in Figure 1 are the internal resistance of the PV Cell.

The current iPV generated by the PV cell, as shown in Figure 1, can be 
 computed by:

Figure 1. 
2-diode based equivalent PV cell model.
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The total photon current of a PV cell is dependent on the area of the PV cell, 
short-circuit current density of the PV cell, and the solar irradiance. The following 
equation can compute the total photon current for a given PV cell:

 = × ×Ph PV SC
Sh

GI A J
G

 (3)

The current vs. voltage (I-V) and power vs. voltage (P-V) characteristics 
obtained for a single PV cell using SPICE-based equivalent PV cell are shown in 
Figure 2. The SPICE simulation uses Eq. (1), Eq. (2), and Eq. (3).

Symbol Description Value and units

VPV Output voltage across the PV module Volts

IPV Output current across the PV module Amperes

vpv Output voltage across a PV cell Volts

ipv Output current generated from the PV cell Amperes

VOV Open load voltage across PV module Volts

vov Open load voltage across PV cell 0.55 Volts

IPH Total photon current of the PV module 2.17 Amperes

RP Shunt resistor 1 mΩ

RS Series resistor 0.1 MΩ

APV Area of PV cell 126.6 cm2

JSC Short-circuit current density 34.3 mA/cm2

VT Thermal voltage = /KT q 26 mV

A Diode ideality constant 1.2

IS Diode saturation current IS1 = 10pA and IS2 = 1 nA

G Solar irradiation data 1000 W/m2

GSh Shaded solar irradiation data 500 W/m2

NS Number of PV cells in series

NP Number of PV cells in parallel

N Number of PV cells in a PV panel = NS x NP

Table 1. 
The parameters descriptions for modeling PV cells and module, their assumed constant value, and units.
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2.2 Equivalent modeling of PV module

A series–parallel topology is used to model a PV module using the equivalent PV 
cell shown in Figure 1. The total number of PV cells in the PV panel is equal to N. 
The number of PV cells connected in series is equal to Ns. The Ns number of series 
connected PV cells are then tied together to form a PV panel or module. The total 
number of PV cells connected in parallel is equal to Np. Thus, the number of PV 
cells in a PV module is given by:

 = ×S PN N N  (4)

Figure 2. 
a) Current vs. voltage (I-V) characteristics of PV cell b) power vs. voltage (P-V) characteristics of PV cell.

Figure 3. 
A PV module of Ns x Np (number of PV cells in series x number of PV cells in parallel) configuration a) 
double-diode based equivalent PV module b) column decomposition c) row decomposition d) approximate 
equivalent model.
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If all the PV cells in a PV module are homogenous and are receiving an identical 
solar irradiance, it can be modeled in Figure 3 [25]. The total current generated 
from the PV module with Ns number of PV cells in series and Np number of PV 
cells in parallel can be modeled by using Eq. (1) and the equivalent double diode 
based model shown in Figure 3d).

The photon current shown in Figure 3 is given by the summation of photon 
current across each column in the PV module. Thus, the total photon current of a 
PV module is equal to the Np times the single PV cell’s photon current. In the partial 
shading in the PV module, the current across the series connected PV cell is deter-
mined by the current generated from the shaded PV cells. Thus, in this case, the PV 
module’s total photon current is not equal to Np times the photon current. Instead, 
it is given by Eq. (5).

 ( )
1

n
=

=∑
PN

PH Ph
i

Total I mi I  (5)

3.  Different types of topologies for creating a PV module and effect of 
shading

3.1 Fixed topology

Typically, the topology used for creating PV modules from a single PV cell is 
mostly fixed. To reduce the partial shading and mismatch impact, bypass diode 
is connected across PV cells in the panel to reduce its impact on power generation 
[22]. To reduce the effect of partial shading condition, different techniques of 
placing bypass diode were analyzed [26]. However, they make the PV module much 
more complicated for mass production. There are different topologies of connecting 
PV cells in the module and these are important for understanding the effectiveness 
of different topologies for mitigating the ailing effect of partial shading condition, 
the shading pattern shown in Figure 4 is used [27]. For simplifying the simulation, 
the number of series connected PV cells is equal to 4, and the number of parallel 
connected PV cells is 5, i.e., NS is equal to 4 and NP is equal to 5. Thus, the total 
number of PV cells in the PV module is considered 20, as shown in Figure 4.

Figure 4. 
Different shading pattern a) 10% b) 25% c) 50% d) 75%.
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placing bypass diode were analyzed [26]. However, they make the PV module much 
more complicated for mass production. There are different topologies of connecting 
PV cells in the module and these are important for understanding the effectiveness 
of different topologies for mitigating the ailing effect of partial shading condition, 
the shading pattern shown in Figure 4 is used [27]. For simplifying the simulation, 
the number of series connected PV cells is equal to 4, and the number of parallel 
connected PV cells is 5, i.e., NS is equal to 4 and NP is equal to 5. Thus, the total 
number of PV cells in the PV module is considered 20, as shown in Figure 4.

Figure 4. 
Different shading pattern a) 10% b) 25% c) 50% d) 75%.
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3.1.1 Series–parallel (SP)

The SP PV module configuration is the easiest and simplest way of creating a 
PV module. As discussed earlier, it is created by connecting solar cells in series. 
The total number of PV cells connected in series is dependent on the total voltage 
ratings of the PV module. Later, a similar configuration of series connected PV 
cells is connected in parallel based on the PV module’s current and power rating. A 
bypass diode is connected across each PV cell in the module (Figure 5a). The I-V 
and P-V characteristics of the PV module using the SPICE based PV is shown in 
Figure 5a) and b), respectively.

3.1.2 Total crossed-tied (TCT)

The TCT topology for the PV module is like the SP. The only difference is that 
each PV cell is connected in parallel with the neighboring PV cells in that column 
[28–31]. The neighboring PV cells in the module are shorted together as per 
Figure 6a) for modeling this configuration. The I-V and P-V characteristics for 
different shading condition is shown in Figure 6b) and c).

3.1.3 Bridge linked (BL)

Figure 7a) shows the 20 PV cells-based module connected in BL configuration. 
The I-V and P-V characteristics obtained through the SPICE PV module is shown in 
Figure 7b) and c). This configuration got the name since the module’s PV cells are 
connected like a bridge rectifier [28–31]. In this configuration, two or more PV cells 

Figure 6. 
The PV module connected in TCT topology. a) the configuration of PV module is 4 × 5 b) I-V characteristics of 
PV module c) P-V characteristics of PV module under different shading condition.

Figure 5. 
The PV module connected in SP topology. a) the configuration of PV module is 4 × 5 b) I-V characteristics of 
PV module c) P-V characteristics of PV module under different shading condition.
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that are connected in series are tied with neighboring two or more PV cells in paral-
lel. For simplicity a bypass diode is connected across each PV cells in the module.

3.1.4 Honeycomb (HC)

PV cells are connected in a hexagonal shape in this configuration, creating a 
honey bee house like structure [28–31]. Hence, six PV cells are connected together 
to form a hexagon as shown in Figure 8a). The I-V and P-V characteristics obtained 
using the SPICE-based PV cell are shown in Figure 8b) and c).

3.2 Reconfigurable PV module

It is shown in different research work the ways different fixed PV cell topologies 
mitigate the effect of partial shading and mismatch [28–31]. The usage of bypass 
diode achieves the effectiveness of fixed topologies. However, a fault in the bypass 
diodes can make various topologies for creating PV modules ineffective. Compared 
to using bypass diode, a novel complementary metal-oxide-semiconductor (CMOS) 
switch embedded PV module is proposed [32]. Thus having CMOS based switches 
the PV modules configuration, i.e., the number of PV cells in series vs. the number 
of PV cells in parallel, can be changed in real time [12, 32] in case of a fault in PV 
cells or partial shading condition. A CMOS embedded PV module is shown in 
Figure 9. The circuit diagram of the switches used is presented in detailed in [33].

In [27], it is presented that reconfigurable PV modules are much better in tack-
ling the effect partial shading condition. However, it is also shown on the resistance 
of metal oxide semiconductor field-effect transistor (MOSFET) can reduce the 

Figure 7. 
The PV module connected in BL topology. a) the configuration of PV module is 4 × 5 b) I-V characteristics of 
PV module c) P-V characteristics of PV module under different shading condition.

Figure 8. 
The PV module connected in HC topology. a) the configuration of PV module is 4 × 5 b) I-V characteristics of 
PV module c) P-V characteristics of PV module under different shading condition.
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diode achieves the effectiveness of fixed topologies. However, a fault in the bypass 
diodes can make various topologies for creating PV modules ineffective. Compared 
to using bypass diode, a novel complementary metal-oxide-semiconductor (CMOS) 
switch embedded PV module is proposed [32]. Thus having CMOS based switches 
the PV modules configuration, i.e., the number of PV cells in series vs. the number 
of PV cells in parallel, can be changed in real time [12, 32] in case of a fault in PV 
cells or partial shading condition. A CMOS embedded PV module is shown in 
Figure 9. The circuit diagram of the switches used is presented in detailed in [33].

In [27], it is presented that reconfigurable PV modules are much better in tack-
ling the effect partial shading condition. However, it is also shown on the resistance 
of metal oxide semiconductor field-effect transistor (MOSFET) can reduce the 

Figure 7. 
The PV module connected in BL topology. a) the configuration of PV module is 4 × 5 b) I-V characteristics of 
PV module c) P-V characteristics of PV module under different shading condition.

Figure 8. 
The PV module connected in HC topology. a) the configuration of PV module is 4 × 5 b) I-V characteristics of 
PV module c) P-V characteristics of PV module under different shading condition.
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effectiveness of the CMOS embedded PV module. Hence, it is a necessity to develop 
a modeling technique for reconfigurable PV modules for further development and 
deployment of their usage in various applications. Three different types of MOSFETs 
are used for modeling the reconfigurable, which is presented in Table 2 [12].

The array decomposition for modeling the CMOS embedded PV module is 
shown in Figure 10. For simplicity, the two diodes are combined into a single diode 
shown in Figure 10. The total current generated by the reconfigurable PV module in 
configuration Ns × Np (number of PV cells in series x number of PV cells in paral-
lel) is given by [33]:
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In Eq. (8), the Rns is equal to RPS. It is possible to achieve it by sizing the N-type 
and P-type MOSFET transistor’s width based on the process transconductance. The 

Figure 9. 
CMOS switch embedded PV module. A group of four transistors are connected in series by turning ON and 
OFF CMOS based transistors.
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Symbol Description Value and units

RPs ON resistance of P-type MOSFET transistor 1mΩ

RT ON resistance of transmission gate transistor 1mΩ

Rns ON resistance of N-type MOSFET transistor 1mΩ

Table 2. 
CMOS transistors resistance variable name and values.

Figure 10. 
PV cell decomposition technique for modeling CMOS embedded PV module.

Figure 11. 
The maximum power under different shading patterns over PV module for different configurations (number of 
PV cells in series x number of PV cells in parallel).
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maximum power generated by the CMOS embedded PV module using SPICE based 
simulation is shown in Figure 11.

4. Conclusions

The authors have presented SPICE based modeling of PV cells and modules in 
detail. The I-V and P-V characteristics of popular fixed topologies for creating PV 
modules using SPICE modeling are presented. The contribution presented in this 
work will be significant in creating a smarter PV module that can better able to 
reduce the impact of partial shading, mismatch, and open/short fault.

In recent times many research works are done on creating a reconfigurable PV 
module. The modeling technique shown in the chapter presented the modeling 
technique of the reconfigurable PV module. These silicon switches embedded 
PV modules have the capability to create futuristic smart PV panels. Hence, for 
studying their performance in different operating conditions, the modeling tech-
nique presented in this chapter will be significant for their acceptance in different 
applications.
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Chapter 3

Study of a New Hybrid 
Optimization-Based Method for 
Obtaining Parameter Values of 
Solar Cells
Selma Tchoketch Kebir

Abstract

This chapter presents a comprehensive study of a new hybrid method developed 
for obtaining the electrical unknown parameters of solar cells. The combination of 
a traditional method and a recent smart swarm-based optimization method is done, 
with a big focus on the application of the topic of artificial intelligence algorithms into 
solar photovoltaic production. The combined approach was done between the tradi-
tional method, which is the noniterative Levenberg-Marquardt technic and between 
the recent meta-heuristic optimization technic, called Grey Wolf optimizer algorithm. 
For comparison purposes, some other classical solar cell parameter determina-
tion optimization-based methods are carried out, such as the numerical (iterative, 
noniterative) methods, the meta-heuristics (evolution, human, physic, and swarm) 
methods, and other hybrid methods. The final obtained results show that the used 
hybrid method outperforms the above-mentioned classical methods, under this study.

Keywords: solar cell, identification, optimization, meta-heuristics, swarm-based 
intelligence

1. Introduction

Solar photovoltaic energy is becoming the most popular renewable energy used 
in the world, at many caring of installations. Modeling and characterization are 
important topics that necessitate the determination of the exact solar photovoltaic 
(PV) cell’s unknown parameters values and thus optimizing the PV power gener-
ated. Solar PV generator’s performances are affected by many factors, where some of 
them are external, related to the environmental conditions like the weather’s varia-
tions (irradiation and temperature), shading phenomenon, hotspot [1], dust, cell 
damage, wind velocity, and soiling [2]. Others are internal, related to the electrical, 
physical, and mathematical modeling. After the modeling step of any PV generator, 
their identified parameters values are used in the established model. Therefore, it is 
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Chapter 3

Study of a New Hybrid 
Optimization-Based Method for 
Obtaining Parameter Values of 
Solar Cells
Selma Tchoketch Kebir

Abstract

This chapter presents a comprehensive study of a new hybrid method developed 
for obtaining the electrical unknown parameters of solar cells. The combination of 
a traditional method and a recent smart swarm-based optimization method is done, 
with a big focus on the application of the topic of artificial intelligence algorithms into 
solar photovoltaic production. The combined approach was done between the tradi-
tional method, which is the noniterative Levenberg-Marquardt technic and between 
the recent meta-heuristic optimization technic, called Grey Wolf optimizer algorithm. 
For comparison purposes, some other classical solar cell parameter determina-
tion optimization-based methods are carried out, such as the numerical (iterative, 
noniterative) methods, the meta-heuristics (evolution, human, physic, and swarm) 
methods, and other hybrid methods. The final obtained results show that the used 
hybrid method outperforms the above-mentioned classical methods, under this study.

Keywords: solar cell, identification, optimization, meta-heuristics, swarm-based 
intelligence

1. Introduction

Solar photovoltaic energy is becoming the most popular renewable energy used 
in the world, at many caring of installations. Modeling and characterization are 
important topics that necessitate the determination of the exact solar photovoltaic 
(PV) cell’s unknown parameters values and thus optimizing the PV power gener-
ated. Solar PV generator’s performances are affected by many factors, where some of 
them are external, related to the environmental conditions like the weather’s varia-
tions (irradiation and temperature), shading phenomenon, hotspot [1], dust, cell 
damage, wind velocity, and soiling [2]. Others are internal, related to the electrical, 
physical, and mathematical modeling. After the modeling step of any PV generator, 
their identified parameters values are used in the established model. Therefore, it is 
necessary to find the accurate values of the unknown electrical PV parameters by an 
appropriate approach. Besides, accurate parameter values of PV cells are essential 
for the development of good controlling techniques for Maximum Power Point 
Tracking (MPPT) based power electronic converters [3]. As shown in the Figure 1 
the  importance of PV parameters’ obtaining accurate values for a whole PV system.
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With the complexity of the nonlinearity founded from the current-voltage rela-
tionship through the model used to represent the physical behavior of PV cells (Single 
Diode, Double Diode, Three Diode, and so on) [4]. The parameters to be found 
become more numerous, as the complexity of models increases. The PV parameters 
of a Single Diode Model (SDM), which are the most determined in literature, and 
which are the light and the diode saturation currents, the diode ideality factor, the 
series, and the shunt resistances. A challenge is to obtain the values of all the PV 
model’s parameters value while keeping a reasonable compromise of some criteria, 
such as the fast speed of convergence, low implementation complexity, and so on.

Artificial intelligent (AI) algorithms have attracted attention lately, by the scien-
tific community to be used for resolving many topic’s problems. Among them solar 
photovoltaics’ problems, such as modeling, identification, prediction, optimization, 
sizing, control, and many others [5]. The hybrid optimization-based methods have 
attracted more attention to achieve more efficiency and precision. For this reason, 
this paper presents a combination of the traditional Levenberg-Marquardt (LM) 
with the recent meta-heuristic Grey Wolf optimizer (GWO) method. This hybrid 
LMGWO method has seemed to be the most performing, which we finally have 
chosen to be used in this work.

The remaining of this chapter is structured as follow. After the introduction 
given in this Section 1. Section 2 presents a classification of the optimization-
based methods used in the literature to estimate the PV parameters values. In the 
Section 3, models are presented of the PV cell (single diode), and the problem of 
PV parameters obtaining values is presented. Section 4 gives some details about the 
hybrid used method to estimate the SDM parameters values. Moreover, this section 
provides the basic concept of the LM and the GWO. Finally, Section 5 shows some 
results comparing one method of each type proposed in the classification and the 
LMGWO. Some conclusions are given in Section 6.

2. Classification and literature review

Earliest, numerous research workings have been developed only for  obtaining 
parasitic resistances (series and shunt) values [6] by the cause of their high influ-
ences on the PV’s performances. Then, it has been observed some influences 
of all PV’s electrical parameters on the PV’s performances [7], which leads the 
researchers, for doing a large number of studies for obtaining their accurate values. 

Figure 1. 
Importance of determination of accurate PV parameter values in PV systems [3].
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In literature, different approaches, that allow the evaluation of the PV cell’s electri-
cal parameters values, exist [8–11]. There are some analytical approaches [12–15], 
and those based on the optimization process. By the cause of limits of the analytical 
method to achieve with high precision the PV parameters values, our interest is gone 
for the optimization-based methods. This latter can be classified as in Figure 2.

The optimization algorithms are classified into traditional, heuristic/meta-
heuristic, and hybrid groups. More details about each group of optimization-based 
are given at the following subsections.

2.1 Numeric traditional

The numeric traditional optimization-based methods are used to find the 
optimum of a function using gradient or hessian. These numeric-traditional 
methods applied for PV parameters obtaining values, are based on the reduction of 
the number of parameters to be evaluated, such as Kashif ’s one [16]. In this subsec-
tion’s methods, the traditional iterative Newton-Raphson (NR) approach [17], 
iterative curve-fitting [18], can also be used. It necessitates an iterative process with 
good initialization guess of PV parameters values, to converge to the best solutions. 
Others build a set of nonlinear transcendental equations (based on short-circuit, 
open-circuit, MPP, derivatives of the I-V curve) and execute an optimization prob-
lem instead of solving by numerical methods [17]. For the noniterative method, the 
Levenberg-Marquardt [19] can be cited.

Even though with their effectiveness to get a good local search, they still have 
other limitations, such as the need of a convex, continuous, and differentiability of 
the objective function. Besides, good guessing of initial parameters values is neces-
sary for a good converging process. Also, as the complexity of the modeling process 
increase, as the optimizer loses the ability for obtaining better results.

Figure 2. 
Classification of PV cell’s electrical parameter determination optimization-based methods.
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2.2 Meta-heuristics

In recent times, meta-heuristic optimization-based methods, using Artificial-
Intelligence (AI) inspired algorithms, have attracted the care of researchers to 
obtain with good precision, the unknown PV parameters values.

The metaheuristic methods use bio-inspired algorithms in the search process 
to identify the PV parameters values at real-time, using the errors between the real 
experimental data and the simulated data. These approaches are based on an experi-
mental process and are known as identification methods [20]. These approaches are 
graphically based on curve characteristics fitting.

Meta-heuristics are categorized into four main sets such as evolution-based 
[21], physic-based [22], immune-human-based [23] and swarm-based intelligence 
methods [24]. Some of each category is used for obtaining PV parameters values as 
presented on what follow.

2.2.1 Evolution-based

Evolutionary Algorithm (EA) [25], Differential Evolutionary (DE) [23], Genetic 
Algorithms (GAs) [25], Pattern Search (PS) [21], Simulated Annealing (SA) [26], 
Improved Shuffled Complex Evolution (ISCE) [27], Repaired Adaptive Differential 
Evolution (Rcr-IJADE) [28].

2.2.2 Physic-based

Electromagnetic Field Optimization (EFO), Gravitational Search Algorithm 
(GSA), Electromagnetism-Like Algorithm (EMA), Weighted Superposition 
Attraction (WSA) [29].

2.2.3 Human-based

Harmony Search (HS) [30], Bacterial Foraging Algorithm (BFA) [31], 
Simplified Teaching-Learning-Based Optimization (STLBO) [32], Discrete 
Symbiosis Organism Search (DSOS) [33], Artificial Immune system (AIS) [34].

2.2.4 Swarm-based

The swarm-based, Particle Swarm Optimization (PSO) [3, 35, 36], Bird Mating 
Optimization (BMO) [37], Artificial Bee Swarm Optimization (ABSO) [38]. Grey 
Wolf Optimizer (GWO) [39], Chaotic Whale Optimization Algorithm (CWOA) 
[40], Cat Swarm Optimization (CSO) [41], and Cluster Analysis (CA) [3].

The metaheuristics are more attractive than the deterministic traditional meth-
ods in terms of accuracy and robustness, by the cause of their good global research 
achieving. Besides, they do not require a gradient or differentiable of the objective 
function. Besides, the initial guess of parameters values is not a necessity, but it 
necessitates the upper and lower limits of an interval of research.

2.3 Hybrids

The hybrid method combines different approaches. These methods make a mix of 
other methods, i.e. analytical and numeric-traditional methods [15]; analytical and 
meta-heuristics, numeric-traditional and meta-heuristics optimization; a combination 
of two different meta-heuristics, etc. [38]. We can site, hybrid adaptive Nelder-Mead 
simplex algorithm based on eagle strategy (EHA-NMS) [41], Nelder-Mead simplex 
algorithm based on eagle strategy (EHA-NMS) [41], Nelder-Mead and Modified 
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Particle Swarm Optimization (NM-MPSO) [42], Artificial Bee Colony-Differential 
Evolution (ABC-DE) [43], Trust-Region Reflective deterministic algorithm with 
the Artificial Bee Colony (ABC-TRR) [43], Teaching–learning–based Artificial Bee 
Colony (TLABC) [43]. Our proposed Levenberg-Marquardt with Grey Wolf optimizer 
(LM-GWO), and so on. Those methods, which are called hybrid, have excellent 
performances because they restrict the universe in the search process without losing 
precision (without losing the optimum). They achieve outstanding results with a 
smaller number of iterative steps when compared with pure optimization methods.

3. Modeling and problem formulation

There are several electrical models, used by researchers, to describe the physical 
behaviors of PV cells. The Single Diode Model, containing the five unknown param-
eters, used in this paper is represented in Figure 3. By the cause of compromise 
between accuracy and simplicity, the SDM is selected herein.

The mathematical expressions related to the current-voltage, (I-V) relationship 
of the PV cell is as follow.

 = − −L D shI I I I  (1)
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The overhead mathematical equation is in a nonlinear form and has a set of five 
unknown parameters (IL, Ids, n, Rs, Rsh). The main challenge is to get the accurate 
values of all the PV model’s parameters values while keeping a reasonable computa-
tional effort.

Several approaches permit the formulation of the optimal nonlinear PV parame-
ters determination problem, using the error (between real and simulated data) [10].

Our focus is to estimate the PV parameters values of the SDM model using RTC 
France data at the conditions of irradiance about 1000 W/m2 and of temperature 
about 300°C. We do not review the identification process as detailed on our previ-
ous work [20]; our focus is restricted on the third part of identification process, 
which is the estimation of PV parameters values. The big focus is to optimize the 
damping factor of LM through GWO. The characteristics of RTC France Silicon-cell 
data from datasheet are presented on the following Table 1.

The real experimental data used of RTC France are presented on the following 
Table 2.

Figure 3. 
PV cell’s electrical equivalent circuit (SDM) [12].
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Measurement V (Volts) I (Ampere)

1 −0.2057 0.764

2 −0.1291 0.762

3 −0.058 0.7605

4 0.00057 0.7605

5 0.06460 0.76

6 0.1185 0.759

7 0.1678 0.757

8 0.2132 0.757

9 0.2545 0.7555

10 0.2924 0.754

11 0.3269 0.7505

12 0.3585 0.7465

13 0.3873 0.7385

14 0.4137 0.728

15 0.4373 0.7065

16 0.459 0.6755

17 0.4787 0.632

18 0.496 0.753

19 0.5119 0.499

20 0.5265 0.413

21 0.5398 0.3165

22 0.5521 0.2120

23 0.5633 0.1035

24 0.5736 −0.0100

25 0.5833 −0.1230

26 0.5900 −0.2100

Table 2. 
Real data from RTC [38].

Characteristic data R.T.C France

Isc (A) 0.7603

Voc (V) 0.5728

Vmpp (V) 0.4507

Impp (A) 0.6894

Pmpp(W) 0.311

Rsho (Ω) 246.80*

Rso (Ω) 0.0907*

T (K) 306.15

N 1

Kv 71.44

Ki 0.035

Table 1. 
Characteristic data from R.T.C. France (Si solar cell).
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4. Hybrid optimization-based method

Hybrid optimization-based algorithms have become the modern choice for 
resolving challenging problems [41–43]. A compromise is gotten in this work, from 
a combination of a traditional numeric optimization-based with a metaheuristic 
swarm-based method.

The estimation/identification process can be gotten in three major steps, such 
as the initial step of prediction through the use of least-squares mean (LSM), the 
getting of optimal PV parameters values through Levenberg-Marquardt (LM), and 
the optimization of a dominant factor through GWO as detailed below.

4.1 Least squares mean (initial phase of prediction)

Prediction of initial PV parameters values using LSM [44, 45] for the two parts 
of the introduced real experimental points of I-V curve characteristics as described 
below.

• For the linear part:

The prediction in the linear part [46, 47] of the model can be obtained simply 
through the use of the following expressions.

 ( ) ( )= ∗ +Model ModelI i a V i b  (3)

 ( ) ( ) ( )= −Real ModelError i I i I i  (4)

 ( ) ( ) ( )= − + 21J i J i error i  (5)

where a and b are constants depending on a determinant and others constants 
introduced by user.

• For the nonlinear part:

The prediction in the nonlinear part [19, 48] of the model can be obtained with a 
logarithmic way through the use of the following logarithmic expression.

 ( ) ( ) ( ) 
= + ∗ + ∗ − 

 

Re
0 1 2 log 1 al

Model Model
I i

I i C C I i C
b

  (6)

 ( ) ( ) ( )= −Real ModelError i I i I i  (7)

 ( ) ( ) ( )+ = + 21J i J i error i  (8)

where C0, C1, C2 and b are constants depending on a determinant, on the hessian 
and other constants introduced by the user.

Once obtaining initial values of PV parameters values, we introduce them on the 
LM in order to optimize their values, as explained in the following subsection.
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4.2 Levenberg Marquardt (get of optimal PV parameter values)

The traditional Levenberg-Marquardt approach is a gradient order from 
Steepest-Descent (SD) in its first step and from Gauss-Newton (GN) in its second 
step [48–50]. It is mainly based on an optimization of the error between real data 
and data from the model through the following expression.

 ( )
=

− =∑ 2

1

N

i
Ecart Quad Error i   (9)

where N is the number of measured I-V data.

 ( ) ( )= −Real ModelError I i I i  (10)

The real and simulated data are denoted by IReal and IModel, respectively. While 
IModel is the objective function given as Eq. (2),

 ( ) ( )= , ,ModelI i f I V θ   (11)

Evaluate the objective function f(ϴ)|ϴ = ϴk. Here, ϴ is considered as the PV 
parameters vector.

 { }= , , , ,L ds s shI I n R Rθ   (12)

Calculus of Jacobian of f(I,V,ϴ) for ϴk, as the derivative calculation of I (Eq. (2)) 
with respect to parameters:
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For (damping optimized) update ϴk. The PV parameters to be found are 
updated at each iteration by the use of the expression below.
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The dominant factor λ is considered as responsible parameters for switching 
from SD to GN in the LM process [19].

For this reason, it is important to get an optimal value of this damping factor 
by the use of another optimization-based method, our choice was for the recent 
swarm-based method called GWO, through the following idea:

 ( ) ( )
=

− → −, , ,
k

Ecart Quad I V Ecart Quad
θ θ

θ λ λ  (15)
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In addition, it is mentioned that at each iteration of the LM process that the 
damping factor must be found and is considered as crucial factor for the conver-
gence process of the algorithm. Therefore, its value must be optimized by the use of 
another approach such as the GWO approach.

4.3 Grey Wolf optimizer (optimization of damping factor’s value)

In this subsection, our focus is on the evolution of the function f(I,V,ϴ,λ) indi-
cated by f(λ) for ϴ fixed at ϴk, as regards with various varied values of the damping 
factor, at each iteration of the LM. As it is observed that at each iteration different 
local minimums values of f(λ) exist. So, for obtaining the global minimum of f(λ), 
which correspond to the best minimal value of the objective function f(I,V,ϴ), we 
suggest using the swarm-based meta-heuristic GWO method.

The meta-heuristic methods are known for their simplicity, flexibility, deriva-
tion free process and the ability to find the global optimal solution. They are also 
appropriate for a diversity of problems without changing on their main structure. 
These methods can be based on a single solution or on population of solutions. The 
basic concepts can be obtained through exploration (exploring all of the search 
space and thus avoiding local optimum) and exploitation (investigating process in 
detail of the promising search space area).

Swarm-based intelligence (SI) methods, which derive from meta-heuristics, are 
based on the smart collective behavior of decentralized and self-organized swarms 
to ensure some biological needing such as food or security. A detailed discussion 
about the recent smart swarm-based algorithm, known as GWO is presented 
as follow.

Grey Wolf optimizer (GWO) algorithm, developed by Mirjalili in 2014, is a recent 
smart swarm-based meta-heuristic approach [50–52]. This algorithm mimics the 
leadership hierarchy and hunting process of Grey wolves in the wildlife. The follow-
ing points represent the hierarchy in a wolf ’s group, which is about 5 to 12 members.

1. The alphas wolves (α): are the leading wolves that are responsible for managing 
and making decisions. These are the first level of the wolves’ social hierarchical 
structure. This later is presented in Figure 4.

2. The betas wolves (β): represent the second level. Their main job is to help and 
support alpha’s decisions.

3. The deltas wolves (δ): represent the third level in the pack and are called 
subordinates. They use to follow alpha and beta wolves. The delta wolves can 
divide their tasks into five categories as follows:

Figure 4. 
The social hierarchical structure of Grey wolves (dominance decreases from the top-down) [51].
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• Scouts: used to control the boundaries of the territory and alert the pack 
in case of danger.

• Sentinels: protect and guarantee the safety of the pack.

• Elders: among these strong and mature wolves, some of them become 
either alpha or beta.

• Hunters: help alpha and beta in the hunting prey, providing food to the 
pack.

• Caretakers: responsible for caring the ill, wounded and weak wolves.

4. The omegas wolves (ω): represent the lowest level. They have to follow alpha, 
beta and delta wolves.

When a pack of wolves sees a prey such as (gazelle, rabbit or a buffalo) they 
attack it in three steps and do not recede, Figure 5.

These three steps of the hunting process can be mentioned as follows.

• Encircling, tracking, chasing, and approaching the prey (Figure 5: A, B).

• Pursuing, encircling, and harassing the prey until it stops moving  
(Figure 5: C).

• Attacking the prey (Figure 5: D, E).

Figure 5. 
The process of hunting prey by a group of wolves [51].
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The mentioned above social hierarchy and hunting process of Grey wolves have 
been mathematically modeled in GWO, as follows [51, 52]:

• The first, second and third best solutions are considered as α, β and δ wolves, 
respectively.

• The rest of the candidate solutions are considered as ω.

The following equations are used to model the encircling first step of Grey 
wolves hunting process:

 ( ) ( )= ∗ −
 

PD C X i X i  (16)

 ( ) ( )+ = − ∗
  

1 pX i X i A D  (17)

where i represents the current iteration. X and Xp represent the position vec-
tors of the wolves and the prey, respectively. A and C are the coefficients and are 
calculated as follows:

 = ∗ ∗ −


 

12A a r a  (18)

 = ∗


22C r  (19)

where a is linearly decreasing from 2 to 0 throughout iterations, and r1, r2 are 
random values in an interval from 0 to 1. In GWO, decreasing the values of A, from 
2 to 0 during the optimization process, simulates the prey approach and provides 
the exploration ability of the algorithm. Besides, the exploitation ability of the 
GWO comes from the random value of C.

To mathematically simulate the second step of the Grey wolves hunting process, 
we suppose that the alpha (best candidate solution), beta and delta have a better 
knowledge about the potential location of the prey [53]. Therefore, the first three 
best solutions obtained so far are saved and oblige the other search agents (includ-
ing the omegas) to update their positions according to the position of the best 
search agents. In this regard, the following formulas are used.

 = ∗ −
  



, , 1,2,3 , ,D C X Xα β δ α β δ  (20)

 = − ∗
   

1,2,3 , , 1,2,3 , ,X X A Dα β δ α β δ  (21)

 ( ) + +
+ =

  



1 2 31
3

X X XX i  (22)

The final third step is the hunting process as attacking the prey as soon as it 
stops moving.
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4.4 LMGWO

The main steps of the used hybrid LMGWO method applied for the PV 
 parameters obtaining values are presented in Figure 6.

5. Results and discussions

The following Table 3 presents PV parameters results for the all classified 
optimization-based method discussed in Section 2.

From the above Table 3 it is clear that for the traditional methods, the LM is 
more accurate than Newton’s method, which in turn outperforms Kashif ’s method. 
Then, for the metaheuristic methods for each of their category as follow.

• Evolution-based:

It is observed that ISCE, Rcr-IJADE, and PCE outperform PS, which in turn is 
better than GA and SA.

Figure 6. 
PV parameters identification steps using the hybrid LM approach with GWO approach.
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Methods Parameters IL (A) Ids(𝜇𝜇A) n Rs(Ω) Rsh(Ω) RMSE

Traditional Kashif [16] 0.760300 2.624738e-
09

1.200000 0.014000 19.000032 7.090000e-02

LM [19] 0.760782 3.166611e-
07

1.479182 0.036461 53.271523 9.8680e- 4

Newton 
[17]

0.7608 0.3223 1.4837 0.0364 53.7634 9.70E−03

Meta-
heuristics

Evolution-based

GA [25] 0.7619 0.8087 1.5751 0.0299 42.3729 0.019

SA [26] 0.762 0.4798 1.5172 0.0345 43.1034 0.019

PS [21] 0.7617 0.998 1.6 0.0313 64.1026 0.0149

ISCE [27] 0.760776 0.32302 1.48118 0.03638 53.7185 9.8602E−04

Rcr-IJADE 
[28]

0.760776 0.32302 1.48118 0.03638 53.7185 9.8602E−04

PCE 0.760776 0.323021 1.481074 0.03638 53.7185 9.8602E−04

Swarm-based

PSO [35, 
36]

0.76077 0.32454 1.48165 0.03636 53.8550 9.8606E−04

ABSO [38] 0.7608 0.30623 1.47583 0.03659 52.2903 9.9124E−04

BMO [37] 0.76077 0.32479 1.48173 0.03636 53.8716 9.8608E−04

CSO [41] 0.76078 0.323 1.48118 0.03638 53.7185 9.8602E−04

CWOA 
[40]

0.76077 0.3239 1.4812 0.03636 53.7987 9.8602E−04

Human-based

BFA [31] 0.7602 0.8000 1.6951 0.0325 50.8691 0.029

HS [30] 0.7607 0.305 1.4754 0.0366 53.5946 9.95E−04

STLBO [32] 0.76078 0.32302 1.48114 0.03638 53.7187 9.8602E−04

Physic-based

EFO [29] 0.760776 0.323022 1.481184 0.036377 53.718646 9.860219E-04

GSA [29] 0.760977 0.847206 1.585214 0.032130 82.871489 2.166195E-03

EMA [29] 0.760590 0.329155 1.483019 0.036365 57.025188 9.972880E-04

WSA [29] 0.754454 1.000000 1.607072 0.027957 97.854073 7.702232E-03

Hybrid LM-GWO 0.760776 0.32306 1.48118 0.03637 53.7222 9.8601E-04

LMSA [19] 0.7608 0.3185 1.4798 0.0364 53.3264 9.86E−04

EHA-NMS 
[27]

0.760776 0.32302 1.48118 0.03638 53.7185 9.8602E−04

ABC-TRR 
[43]

0.760776 0.32302 1.48118 0.03638 53.7185 9.8602E−04

ABC-DE 
[43]

0.76077 0.32302 1.47986 0.03637 53.7185 9.8602E−04

NM-MPSO 0.76078 0.32306 1.4812 0.03638 53.7222 9.8602E−04

TLABC 
[43]

0.76078 0.32302 1.48118 0.03638 53.7164 9.8602E−04

Table 3. 
Parameter extraction results for 57-mm diameter R.T.C. France commercial silicon solar cell using the single 
diode model.
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• Swarm-based:

All the swarm-based used outperform ABSO in terms of precision.

• Human-based:

CSO and STBLO outperform HS, which is better than BFA.

• Physics-based

EFO is more accurate than EMA, which is more accurate than WSA, which is 
more accurate then GSA.

It is mentioned that the swarm-based got the best results compared to the other 
metaheuristic’s category.

Finally, for the hybrid methods, it is clear that all of them have achieved the 
highest best optimized (minimum) values for RMSE, until now with the value of 
(9.8601E−04).

In addition, the hybrid methods outperform the metaheuristics, which in turn 
outperform the traditional methods.

The fitting obtained curves of real and simulated data, using the proposed 
LMGWO are illustrated in Figure 7.

The best approximation gotten from the fitted curves in Figure 7 has proved the 
effectiveness of our hybrid LMGWO method.

6. Conclusion

Since nonlinear and multi-parameter PV models are used to represent a PV 
cell’s physical behavior, classical methods are incapable of evaluating the exact 
parameters’ values of these models. For these reasons, the present paper presents 
a proposed hybrid method of obtaining the unknown electrical parameters of 

Figure 7. 
Fitted I-V curve characteristic for the RTC silicon solar cell, using the hybrid LM-GWO method.
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Chapter 4

Solar Energy Assessment in 
Various Regions of Indian 
Sub-continent
Johny Renoald Albert and Dishore Shunmugham Vanaja

Abstract

The demand for sustainable energy has increased significantly over the years 
due to the rapid depletion of fossil fuels. The solar photovoltaic system has been the 
advantage of converting solar irradiation directly to electricity, and it is suitable for 
most of the regions. But in the case of solar energy conversion, the voltage evolved 
from the solar photovoltaic cells is not adequate to meet the energy demand. 
Therefore, the converters and inverters with energy storage systems are used to 
fulfill the energy demand. These conversion architectures create new challenges 
for effective management of the grid. Due to the evaluation of power generation, 
load in a particular region or area, let us simplify with the help of the duck curve. 
The study is focused on the energy auditing, assessment, and measurement of 
solar irradiation from PV system design software. This graphical representation is 
implemented with a typical electricity load pattern at any region.

Keywords: solar-PV system, solar irradiation, modular scale battery energy storage 
system, multilevel converters, duck curves

1. Introduction

The global solar power demand capacity will grow by 9% every year between 
2018 and 2050. According to that a new strategy has been released by the 
International Renewable Energy Agency (IRENA). The study of future Photovoltaic 
energy states the global solar capacity will be increase from 480 GW in 2018 to over 
8000 Giga Watt by 2050 [1, 2]. The solar energy can be predicted to some degree 
from analysis level of climate conditions at the project site, but for the basic explana-
tion that the atmosphere cannot be tracked. But, the solar panels can supply power 
on demand [3]. The evaluation of power generation load in a certain region shortens 
by using for duck curve [4, 5]. In the case of solar energy consumers often know 
in advance that their investments can produce energy only during the daytime. A 
solar system has a constant power output, the system only needs to be sized larger 
and it’s needed for excess energy storage system [6–8]. There are 3 emerging storage 
technologies that is viable energy solution for renewables such as solar or wind in 
recent scenario such as 1. Smart batteries, 2. Heat based energy storage, 3. Hydrogen 
fuel-cells. This approach is not suitable in reality, because the energy loss during 
charge/discharging duty cycle is up to 10–15%, and the large scale energy storage is 
currently much expensive [9, 10]. This practical problem as renewable energy has 
become more widespread, and to get consent power output from a solar system.
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To implement the intermittency challenges for effective Modular Scale Battery 
Energy Storage System (MSBESS), and it’s established as a necessary component 
for solar integrated micro grid system [11–13]. India has set itself an admiral target 
of 175 GW of Renewable energy by 2022. The target will principally comprise of 
40 GW Rooftop and 60 GW through large and medium scale grid connected solar 
power projects in India [14–16]. In a span of 3 hrs in the evening the conventional 
sources need to ramp up production by almost 10 GW. A framework was improved 
to the utilization of localized solar irradiation, and availability of Indian sub-
continent region with associating with the open source archive database [17–22]. 
The results and analysis are presented for detailed study for various region of solar 
resource potential evaluation. The measurements and demonstration of a simpli-
fied with PV software system design latest version 7.0.2 under the simulation of 
regional solar energy requirements of real-time basis level. Accordingly, one of the 
main restriction of solar energy, there is no control over when the PV system will be 
producing the power. In this situation can be solved by converters to interconnec-
tion in between the load, and as well as PV storage management system.

2. Major solar irradiation level in India region

India has a high potential for solar power Generation on about 300 direct 
sunshine days per year. The regular solar incident in India varies with an annual 
sunlight of 4 to 7 kWh/m2, which is about 1500 to 2000 hours above the irradiation 
level gross energy consumption. The renewable energy generated by India in 2020 
amounted to grown up 9.46%. Table 1 shows the major irradiation level solar hot 
spot evaluated in India. Total solar power capacity was installed in India 35,739 MW. 
Figure 1 show the annual average insolation solar hotspot map.

Monthly global average insolation data is collected the entire topography of 
India with in longitudes 67° to 97°E and 9° to 39°N. The various region of global 
insolation like as solar power generation identified hotspot in India based on surface 
measurements obtained from solar radiation station. The average global insola-
tion map is employed to produce for using global information system [28, 29]. The 
insolation solar direct global is given by the Eq. (1),

State Total area 
(1500 ha)

Total solar potential 
energy

High irradiation 
insolation level

Karnataka [2] 19,050 24.7 GW 3.5–4.0 kWh/m2/day

Rajasthan [17] 34,270 4.8 GW 5–7 kWh/m2/day

Maharashtra [17] 30,758 64.32 GW 3–4 kWh/m2/day

Himachal Pradesh [23] 4548 33.8 GW 3–4 kWh/m2/day

Jammu Kashmir [23] 3781 111.05 GW 3–4 kWh/m2/day

Andhra Pradesh [24] 27,505 38.4 GW 3–4.5 kWh/m2/day

Gujarat [24] 18,866 35.7 GW 4–4.7 kWh/m2/day

Odisha [25] 15,043 25.7 GW 4–4.7 kWh/m2/day

Madhya Pradesh [26] 30,756 61.6 GW 2.9–4.0 kWh/m2/day

Uttar Pradesh [26] 24,170 22.8 GW 2.9–3.9 kWh/m2/day

Haryana [27] 18,096 73.2 MW 3.5–4.5 kWh/m2/day

Table 1. 
Major solar irradiation hot spot.
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 ( )I G-D / sinφ=  (1)

Where, G is solar direct global insolation, D is the diffuse component, and Φ 
is the sun elevation angle. The installation by five regional solar power generation 
as given in Table 2. There are three main strategy of maximum power generated 
from solar in India: 1. ground mounted system, 2. rooftop, and 3. off-grid (stand-
alone mode). The global radiation is the sum of the total horizontal radiation at any 
location calculated by radiation directly (Id) and radiation diffusely (Ib) given in 
the Eq. (2). Most of the individual researchers have proposed numerous models for 
estimating the meteorological application of global radiation parameters include 
such as cloudiness, air temperature etc. The global radiation level is calculated 
by daily solar radiation level in horizontal surface [30, 31]. That is average of the 
hourly global radiation on the surface as given in Eq. (3). Firz et al. (2004) have 
suggested change of solar variation depends on the effect of sun earth distance and 
also the extraterrestrial global radiation on horizontal surface at a location is given 
by the Eq. (4).

Figure 1. 
Annual average insolation solar hotspot map.
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 H d bI I I= +  (2)

 H b dH H H= +  (3)

 ( ) ( )o 0 s s
24 3.6H I E w sin sin cos cos sinw

180sc δ ϕ δ ϕ
  ×

= +      

∏
∏

 (4)

Where, H0 - daily extraterrestrial global radiation ( 2 1·KJm day− − ), E0 - the 
eccentricity correction factor, Ws - Sunrise hour angle, δ - Declination angle,  
and φ - latitude.

3. Solar energy assessment in various region using duck curves

The duck curve is a graph of power production in electricity generation on a 
daily basis which shows a timeline disparity between peak demand and the produc-
tion of renewable energy. As an example of solar production is increasing the net 
load curve is taking the shape of a duck’s belly. When the sun goes down, the energy 
demand from conventional power plants needs to quickly ramp up. Figure 2 shows 
the evolution of duck curve from 2012 to 2020. In 2013, National Renewable Energy 
Laboratory (NREL) initially used the phrase of duck curve. NREL issued a graph 
containing the projected power load less, and its anticipated grid integrated solar 
power supply. The capacity of photovoltaic systems are highest generation of solar 
power during the day at 10 a.m. towards 5 p.m. it poses a danger that the grid will 
destabilize over generation [32]. Similarly, after 5 p.m., solar power generation falls 
quickly, leading to increases the electricity consumption from other sources which 
need to accelerate their production shortly. This raises the possibility that genera-
tion costs and blackouts will be increased if demand is not met.

The peak demand occurs after sunset in many energy markets when solar power 
is not available anymore. In areas where there has been a significant amount of solar 

Month Indian Regional solar power generation (GW) Total (GW)

North West South East North-East

Jan 2020 945.6 904.8 2712.8 48.3 1.04 4612.7

Feb 2020 1151.8 979.1 2906.1 51.9 1.5 5090.6

Mar 2020 1218.1 1091.0 3253.8 68.6 1.59 5633.3

Apr 2020 839.9 903.7 2358.8 64.6 1.41 4168.6

May 2020 942.8 926.4 2402.7 53.9 1.3 4327.4

June 2020 932.4 787.4 2136.1 61.1 1.02 3918.1

July 2020 785.6 702.8 1889.8 48.4 1.2 3428.0

Aug 2020 796.6 630.7 2111.3 36.0 0.97 3575.7

Sep 2020 885.5 585.1 2054.6 38.8 0.93 3565.1

Oct 2020 988.5 763.8 2074.8 54.2 0.9 3882.41

Nov 2020 807.4 776.9 2305.0 46.2 1.07 3936.8

Table 2. 
Installation of five regional solar power generation.
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power, the amount of power to be generated from sources other than solar or wind 
shows that around the sunset and peaks in the middle of the night, a chart similar to the 
silhouette of a duck is created. Unless energy storage is available in some way, after high 
solar generation companies have to rapidly increase their power production around 
sunset to repay the loss of solar generation, which is a major concern for grid operators, 
where photovoltaic expand rapidly [33]. Fly wheeled batteries were found to provide 
excellent frequency control [34]. Short-term usage of batteries, large enough in use, can 
help flatten the curve of the duck and avoid fluctuation by generators, which can help 
maintain the voltage profile. The issue of a duck curve is mainly in India with because 
of high solar integration, while there is no integration of the grid in other major solar 
energy producing states such as China and United states [35]. Figure 3 shows the PV 
plant installations in India from 2012 to 2020. The analysis has been taken from 2012 
since the duck curve came into existence from the year 2012. This article explains the 
promising solution of the Duck curve as to implement the battery storage systems.

Figure 4 shows the duck curve analysis of Rajasthan since it has a PV power plant 
installed in an area of 34,270 ha (hectare), and the net output evolved from the PV sta-
tion is about 4.8 GW [36]. The highest irradiation insolation level is 5–7 kWh/m2/day. 
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Where, H0 - daily extraterrestrial global radiation ( 2 1·KJm day− − ), E0 - the 
eccentricity correction factor, Ws - Sunrise hour angle, δ - Declination angle,  
and φ - latitude.

3. Solar energy assessment in various region using duck curves

The duck curve is a graph of power production in electricity generation on a 
daily basis which shows a timeline disparity between peak demand and the produc-
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Month Indian Regional solar power generation (GW) Total (GW)

North West South East North-East
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June 2020 932.4 787.4 2136.1 61.1 1.02 3918.1
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Nov 2020 807.4 776.9 2305.0 46.2 1.07 3936.8

Table 2. 
Installation of five regional solar power generation.
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Since that desert is located in Rajasthan (state of Indian sub-continent) the amount of 
solar radiation received in that geographical area is greater than other states but If we 
consider the duck curve in Figure 4 shows that from 2012 to 2020 the ducks belly goes 
on increasing during the hours 4 am to 8 pm. A blue color line in Figure 4 indicates 
that the best solution to overcome the duck curve is to implement storage system (SS).
If we observe the graph with SS the ducks belly has decreased whereas if SS is not used 
then the Ducks belly is increased which is indicated by red color. The ramp reduction 
without SS is only about 12% whereas the ramp reduction with SS is about 57%.

Figure 5 shows the duck curve analysis of Haryana (state of Indian sub-con-
tinent)since it has a PV power plant installed in an area of 18,096 ha, and the net 
output evolved from the PV station is about 73.2 MW [37]. The highest irradiation 
insolation level is 3.5–4.5 kWh/m2/day. Since Haryana is located in the northern 
part of India and has a very cold climate the amount of solar radiation received in 
that geographical area is lesser than other states but If we consider the duck curve 
in Figure 5 shows that from 2012 to 2020 the ducks belly goes on increasing during 
the hours 12 pm to 6 pm. A blue color line in Figure 5 indicates that the best solu-
tion to overcome the duck curve is to implement storage system (SS). If we observe 

Figure 4. 
Graphical analysis of duck curve in Rajasthan.

Figure 5. 
Graphical analysis of duck curve in Haryana.
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the graph with SS the ducks belly has decreased whereas if SS is not used then 
the Ducks belly is increased which is indicated by red color. The ramp reduction 
without SS is only about 2% whereas the ramp reduction with SS is about 7%.

Figure 6 shows the Duck curve analysis from 2014 to 2020 of the Rajasthan state 
with respect to the seasons. Three seasons taken into consideration such as the win-
ter, spring and summer, the amount of solar radiation received in the geographical 
area of Rajasthan during winter is very less since less solar radiation. So the use of 
conventional energy sources like hydro or thermal power has demand. But later 
when seasons change the graph shows changes in the irradiation level and energy 
utilization.

4. Modular scale-battery energy storage system

In India, the fast moving towards a renewable energy future with solar battery sys-
tem. In order to continuous growing electricity demand with minimize the fossil fuel 
and environmental pollution. The maximum solar energy is wasted without energy 
storage devices i.e., battery or capacitor bank during in daytime [38], because in India 
sub-continental is the largest country in square 3,287,263 kilometers, and Solar-PV 
(S-PV) system can contribute in most of the production region in India. Due to exten-
sive development of renewable resources are used to interconnect with micro-grid/
smart-grid approach [39]. Modular Scale -Battery Energy Storage System (MS-BESS) 
is enable power system operators, and it can interconnect utility provider with stored 
energy for lateral uses. The purpose of MS-BESS connected to a solar system could also 
work with protecting storage and reducing peak demand [40]. In existing solar batter-
ies are manufactured with some limitations. It can be used for Li-Ion and Li-Po model 
batteries, that is incorporate the roles of cell balance, charging, discharge, cell display 
and defense. These tasks are done autonomously charging and discharging with 
10–15% losses, the internal battery supplies the electricity for the analysis to be carried 
out, and extruded batteries with active batteries should be used. However, to charge 
normally MS-BMSS batteries must be attached in multilevel converters [41, 42]. The 
battery charging line is attached in parallel to solve this problem, while charging is 
achieved at low voltage using by parallel charging [43], and in India maximum rooftop 
[44], standalone models are fixed with residential, domestic purpose.

Figure 6. 
Graphical analysis of duck curve in Rajasthan during winter spring and summer.



Solar Cells - Theory, Materials and Recent Advances

56

Since that desert is located in Rajasthan (state of Indian sub-continent) the amount of 
solar radiation received in that geographical area is greater than other states but If we 
consider the duck curve in Figure 4 shows that from 2012 to 2020 the ducks belly goes 
on increasing during the hours 4 am to 8 pm. A blue color line in Figure 4 indicates 
that the best solution to overcome the duck curve is to implement storage system (SS).
If we observe the graph with SS the ducks belly has decreased whereas if SS is not used 
then the Ducks belly is increased which is indicated by red color. The ramp reduction 
without SS is only about 12% whereas the ramp reduction with SS is about 57%.

Figure 5 shows the duck curve analysis of Haryana (state of Indian sub-con-
tinent)since it has a PV power plant installed in an area of 18,096 ha, and the net 
output evolved from the PV station is about 73.2 MW [37]. The highest irradiation 
insolation level is 3.5–4.5 kWh/m2/day. Since Haryana is located in the northern 
part of India and has a very cold climate the amount of solar radiation received in 
that geographical area is lesser than other states but If we consider the duck curve 
in Figure 5 shows that from 2012 to 2020 the ducks belly goes on increasing during 
the hours 12 pm to 6 pm. A blue color line in Figure 5 indicates that the best solu-
tion to overcome the duck curve is to implement storage system (SS). If we observe 

Figure 4. 
Graphical analysis of duck curve in Rajasthan.

Figure 5. 
Graphical analysis of duck curve in Haryana.

57

Solar Energy Assessment in Various Regions of Indian Sub-continent
DOI: http://dx.doi.org/10.5772/intechopen.95118

the graph with SS the ducks belly has decreased whereas if SS is not used then 
the Ducks belly is increased which is indicated by red color. The ramp reduction 
without SS is only about 2% whereas the ramp reduction with SS is about 7%.

Figure 6 shows the Duck curve analysis from 2014 to 2020 of the Rajasthan state 
with respect to the seasons. Three seasons taken into consideration such as the win-
ter, spring and summer, the amount of solar radiation received in the geographical 
area of Rajasthan during winter is very less since less solar radiation. So the use of 
conventional energy sources like hydro or thermal power has demand. But later 
when seasons change the graph shows changes in the irradiation level and energy 
utilization.

4. Modular scale-battery energy storage system

In India, the fast moving towards a renewable energy future with solar battery sys-
tem. In order to continuous growing electricity demand with minimize the fossil fuel 
and environmental pollution. The maximum solar energy is wasted without energy 
storage devices i.e., battery or capacitor bank during in daytime [38], because in India 
sub-continental is the largest country in square 3,287,263 kilometers, and Solar-PV 
(S-PV) system can contribute in most of the production region in India. Due to exten-
sive development of renewable resources are used to interconnect with micro-grid/
smart-grid approach [39]. Modular Scale -Battery Energy Storage System (MS-BESS) 
is enable power system operators, and it can interconnect utility provider with stored 
energy for lateral uses. The purpose of MS-BESS connected to a solar system could also 
work with protecting storage and reducing peak demand [40]. In existing solar batter-
ies are manufactured with some limitations. It can be used for Li-Ion and Li-Po model 
batteries, that is incorporate the roles of cell balance, charging, discharge, cell display 
and defense. These tasks are done autonomously charging and discharging with 
10–15% losses, the internal battery supplies the electricity for the analysis to be carried 
out, and extruded batteries with active batteries should be used. However, to charge 
normally MS-BMSS batteries must be attached in multilevel converters [41, 42]. The 
battery charging line is attached in parallel to solve this problem, while charging is 
achieved at low voltage using by parallel charging [43], and in India maximum rooftop 
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The battery storage system in India is proposed periodically power absorption to 
the grid during without peak load time. In this strategy selection is achieved 3 times 
per day to better match the consumption peak load of domestic user. Which occurs 
early in morning time slot 1: Starts at midnight and ends at 6.00 A.M, next time 
slot: 2 in between 6.00 A.M to 6.00 P.M, third time slot start at 6.00 P.M, and it can 
finish at mid-night. Finally satisfied by PV production is especially in winter time 
consumption level. In fact at 6.00 P.M the PV module system is absorbed weather 
forecasts for the next 24 hours, so the PV production period is almost getting over. 
The calculation of update storage battery management strategy and provisional 
energy balanced conditions are accurately find the quality of stored energy. In this 
time the battery do not charged and its supply transfer to the grid will not to be 
considered. The first model is shown in Figure 7. It can present the S-PV system and 
peak load for day one: in this first day the sky is clear at 6.00 P.M (Total discharging 
time is 12 hours). The battery storage and load will be mainly supplied with the help 
of PV module. The S-PV system in day two and three: the PV will minimum pro-
duction, due to cloudy weather conditions. Thus, the MS-BMSS will maintain and 
manage the discharge of storage until in morning of the day, a total discharging time 
is 36 hours (discharging time in between 18 hours to 54 hours) as shown in Figure 8.

Figure 8. 
PV module and load profile for three days (36 hours discharging time).

Figure 7. 
PV module and load profile for two day (12 hours discharging time).
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5. Measurements of solar grid system pre-sizing

The solar-grid connected system presizing in India as of July 2020. Predominantly, 
the measurement of irradiation level and system grid interaction in south India. S-PV 
system module type is standard, polycrystalline cells, and mounting method is tilt 
roof. Especially, the geographical site latitude are 11.41°N, longitude 76.70°E (Ooty), 
altitude 0 m, and time zone UT + 5.5. The PV field nominal standard test condition 
power is 30 kWp. The PV software system 7.0.2 Installation of solar collector plane 

Month Global horizontal 
plane

kWh/m2/day

Global in tilted 
plane

kWh/m2/day

System Output 
kWh/day

System Output
kWh

Jan 6.15 7.46 188.3 5836

Feb 6.71 7.58 191.3 5357

Mar 6.56 6.85 173.2 5368

Apr 6.11 5.87 148.3 4450

May 5.89 5.10 129.2 4004

Jun 4.07 3.60 91.07 2732

July 4.01 3.58 90.45 2804

Aug 4.38 4.12 103.9 3221

Sep 4.24 4.28 107.8 3234

Oct 4.76 5.14 129.7 4021

Nov 4.75 5.57 140.4 4212

Dec 5.87 7.23 182.3 5651

Year 2.28 5.53 139.4 50,890

Table 3. 
System output graphical site in Ooty.

Month Global horizontal 
plane

kWh/m2/day

Global in tilted 
plane

kWh/m2/day

System Output 
kWh/day

System Output
kWh

Jan 4.82 5.55 139.8 4335

Feb 5.87 6.51 164.1 4594

Mar 6.33 6.62 166.9 5175

Apr 6.47 6.35 160.0 4800

May 6.21 5.82 146.7 4547

Jun 5.64 5.18 130.5 3914

July 5.20 4.82 121.6 3770

Aug 5.24 5.03 126.9 3933

Sep 5.35 5.44 137.1 4113

Oct 4.43 4.70 118.4 3671

Nov 3.84 4.25 107.2 3217

Dec 3.98 4.56 115.0 3565

Year 5.28 5.39 136.0 49,634

Table 4. 
System output graphical site in Chennai.
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orientation tilt 15°, Azimuth 0°, and It will be produced maximum system output 
139.4 kWh/day as shown in Table 3. In this zone solar sun radiation is very low due to 
wet season is overcast, and the dry season is cloudy weather zone. The temperature 
typically varies from 46°F to 74°F, and it is rarely below 40°F or above 80°F.

Another, geographical site latitude are 13.09°N, longitude 80.28°E (Chennai), 
time zone UT + 5.5, and altitude 0 m. The PV module and system installation should 
be the same characteristics pre-sizing evaluation, and it will be produced maximum 
system output 136.0 kWh/day as shown in Table 4. But, in this zone sun radiation 
is high. This report delivered the solar output does not depend on the sun tempera-
ture. Solar panel is increases heat with the effect of sun temperature, automatically 
the output current increases. However, the output voltage is linearly decreases. It’s 
directly by changing the rate of solar heat delivered from atmosphere, and earth. 

Year Total capacity (MW) Installation per year
(MW)

2010 161 —

2011 461 300

2012 1205 744

2013 2319 1114

2014 2632 313

2015 3744 1112

2016 6763 3019

2017 12,289 5526

2018 21,651 9362

2019 28,181 6530

2020 34627 6446

Table 5. 
Statistical information on PV installations in India from 2010-2020.

Figure 9. 
Solar grid connected generation in India 2020.
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It can achieve indirectly by changing the cloud forming process. The maximum 
annual energy is 49.6 MW using for back ventilation property with free air circula-
tion. Table 5 shows the total PV installation as per year wise in India. The maximum 
energy is consumed by solar power grid connected module, and PV irradiations 
level are measurement in maximum production ranges in Rajasthan (North-state), 
Karnataka (South-state), and Telangana (South-state). Figure 9 shows the solar 
power installed generation in Indian sub continental with different state.

6. Conclusion

The results has reveal that maximum region in Indian sub-continental an enor-
mous solar power potential located in an different region, where solar radiations are 
regularly available in all overt the year (expect rainy or cloud season). Furthermore, 
PV energy is easy –maintain, cost saving, and high durable. So, in this type of PV 
energy is more suitable for Indian region with identified maximum solar irradiation 
under state-wise, assessment of PV power spectrum analysis, PV grid system pre-
sizing, and battery management system. Finally, the statistical summary that solar 
insolation values ranges of 2.9–4.0 kWh/m2/day to 5–7 kWh/m2/day with an average 
value of 5.9 kWh/m2. The important role have been recommended for solar power 
in order to fulfill the country energy demand. Its way to a future need of sustainable 
development play major role in Indian sub-continental.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 5

Designing Well-Organized 
Donor-Bridge-Acceptor 
Conjugated Systems Based on 
Cyclopentadithiophene as Donors 
in Bulk Heterojunction Organic 
Solar Cells: DFT-Based Modeling 
and Calculations
Rania Zaier and Sahbi Ayachi

Abstract

Two host materials based on CPDT as donors in bulk heterojunction organic 
solar cells were designed and investigated by means of DFT calculations. The first 
one (P-CPDTBT3) is a copolymer with D-A configuration and the second one 
(SM-CPDTDPP) is a D-π-A-π-D type small molecule. The investigated materials 
exhibited interesting structural properties with high planarity and rigidity origi-
nated from intra-molecular non-covalent interactions between the different build-
ing blocks. Thanks to their narrow band gaps, the optical absorption spectra have 
covered the main part of solar spectrum of interest. In addition, some general trans-
port properties have been established. The transition density matrix (TDM) was 
used to get insight into the interaction of hole–electron localization and the elec-
tronic excitation processes. The photovoltaic parameters (FF, Voc) were calculated. 
The obtained results have been attempted to provide novel structure–property 
relationships for the rational design strategies of high-performance photovoltaic 
materials with power conversion efficiency of nearly 10%.

Keywords: cyclopentadithiophene, benzothiadiazole, diketopyrrolopyrrole, DFT, 
bulk heterojunction organic solar cells, TDM

1. Introduction

The organic photovoltaic solar cells have gained most attention compared to the 
inorganic counterparts thanks to their exclusive characters such as the flexibility, 
the light weight, the transparency and the low-cost of fabrication [1–6]. Bulk 
heterojunction organic solar cells (BHJ-OSCs), have been largely emerged regard-
ing the several advantages especially their impressive photo-physical properties. 
Introducing a high performance material remains a challenge for researchers [7–11].
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1. Introduction

The organic photovoltaic solar cells have gained most attention compared to the 
inorganic counterparts thanks to their exclusive characters such as the flexibility, 
the light weight, the transparency and the low-cost of fabrication [1–6]. Bulk 
heterojunction organic solar cells (BHJ-OSCs), have been largely emerged regard-
ing the several advantages especially their impressive photo-physical properties. 
Introducing a high performance material remains a challenge for researchers [7–11].
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Recently, polymers and small molecules organic semiconductors have received 
great attention to be used in BHJ-OSCs, because of their well-defined molecu-
lar structure, simple synthesis, high mobility and the structure could be easily 
 modified [12–14].

Particularly, π-conjugated systems incorporating donor-acceptor (D-A) and 
donor-π-acceptor-π-donor (D-π-A-π-A) configurations have been emerged as 
promising category of materials for photovoltaic applications. In fact, thanks to 
the high electron delocalization and the intra-molecular charge transfer (ICT) that 
takes place within the conjugated skeleton, D-A materials have shown interesting 
optoelectronic properties and high charge carrier mobility [15, 16]. These particular 
characteristics of these kinds of π-conjugated systems leaded to further improve the 
conjugated arrangement for more increasing the device performance of materials-
based BHJ-OSCs.

Polymers and small molecules based on cyclopentadithiophene (CPDT) 
were widely used in organic electronic applications thanks tothe high rigidity, 
planarity and charge transfer ability delivered by CPDT group [17–23]. Further, 
Benzothiadiazole (BT) [24–27] and Diketopyrrolopyrrole (DPP) [28–30] have been 
extensively utilized as electron deficient acceptor patterns in conjugated systems. 
These acceptor groups offer the advantages of the high electron withdrawing ability, 
the excellent electro-optical properties and the important carrier mobility within 
conjugated materials. Hence, a rational design incorporating donor and acceptor 
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active layer within BHJ-OSC architecture. A computational investigation  applying 
the DFT approach based on the effects of tuning the acceptor building block 
together with the molecular configuration on the optoelectronic properties has been 
reported.

2. Computational methods

All the calculations have been performed by means of GAUSSIAN 09 software 
package [37]. The ground state geometric optimizations were carried out using 
density functional theory (DFT) with the B3LYP hybrid functional method at 
6-311 g(d,p) basis set in gaseous phase. The frontier molecular orbitals (FMOs) 
properties (HOMO, LUMO and Eg) were determined based on the optimized 
ground state geometries. The electronic parameters including the ionization poten-
tial (IP) and electron affinity (EA) were calculated from neutral, cation and anion 
optimized structures. The optical absorption characteristics were investigated using 
time dependent DFT (TD-DFT) method at B3LYP/6-311 g(d,p) level of theory 
[38, 39]. Charge transfer properties were investigated based on the reorganization 
energies of hole and electron within the studied molecules. Transition density 
matrix (TDM) plots were carried out using Multiwfn [40] to understand the 
electron–hole coherence correlation and the exciton dissociation at the first excited 
state. Finally, photovoltaic parameters were computed and power  conversion 
efficiencies (PCE) were estimated using Scharber diagram.

3. Results and discussions

3.1 Ground-state geometry optimizations

The studied conjugated molecules are constructed based on CPDT units as 
donors with BT and DPP as acceptor units. Hence, these compounds are of ″push-
pull″ type conjugated molecules [41, 42]. Both P-CPDTBT3 and SM-CPDTDPP 
were optimized in the ground state using DFT//B3LYP/6-311 g(d,p) method. This 
study aims to examine the effect of the conjugated molecular design on the opto-
electronic and photovoltaic properties. Here, we have maintained the CPDT donor 
building block and we have tuned the acceptor moieties based on BT and DPP units. 
Besides, we are looking to reveal the difference of behavior between polymer and 
small molecule.

As it can be seen from Figure 2, both compounds exhibit a high planar opti-
mized geometry. The dihedral angles are almost 0°, as observed from the side 
view of these molecules. These planar configurations are arising from the intra-
molecular non-covalent interactions of S---H, N---H and S---N types that take place 
within the conjugated framework [43]. These non-covalent bonds are found smaller 
than the sum of Van der Waals radii of the considered atoms. The planar backbone 
structure is one of the key factors to enhance the conjugation degree and accord-
ingly increasing the π-staking for more charge transfer capability.

The bridge bonds are described as the bonds that link between the distinct 
building blocks such as electron donating units, electron acceptor units and 
π-spacer within the conjugated backbone. The interest of examining the bridge 
bond length is to get an idea about the interactions among the different building 
blocks. Where, the shorter bridge bond length leads to stronger intra-molecular 
interactions and higher charge transfer [44, 45]. For the studied compounds, 
the bridge bond defines the bond C-C between the CPDT donor and BT or DPP 
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small molecule.

As it can be seen from Figure 2, both compounds exhibit a high planar opti-
mized geometry. The dihedral angles are almost 0°, as observed from the side 
view of these molecules. These planar configurations are arising from the intra-
molecular non-covalent interactions of S---H, N---H and S---N types that take place 
within the conjugated framework [43]. These non-covalent bonds are found smaller 
than the sum of Van der Waals radii of the considered atoms. The planar backbone 
structure is one of the key factors to enhance the conjugation degree and accord-
ingly increasing the π-staking for more charge transfer capability.
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the bridge bond defines the bond C-C between the CPDT donor and BT or DPP 



Solar Cells - Theory, Materials and Recent Advances

68

acceptor units. The bridge bond lengths are found around 1.45 Å for P-CPDTBT3 
and 1.43 Å for SM-CPDTDPP. The obtained values are higher than the regular C=C 
bond length (1.34 Å) and smaller than the regular C-C bond length (1.54 Å) which 
indicates that these bonds are still found to have double-bond character.

Figure 3. 
Molecular electrostatic potential (MEP) of the considered compounds.

Figure 2. 
Ground state optimized structures of P-CPDTBT3 and SM-CPDTDPP at DFT/B3LYP/6-311 g(d,p) level of theory.
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Based on the optimized ground state geometries, we deduce that important 
π-electron delocalization, within the conjugated frameworks; can induce intra-
molecular charge transfer (ICT) characteristics in push-pull donor materials.

Further, Molecular Electrostatic Potential Surfaces (MEPs) were simulated to 
identify the electronic properties and molecular stability. The MEP is a helpful tool for 
specifying the reactive sites as it is related to the topology of molecular electron density 
[46]. The colors displayed in the MEP represent the different electrostatic potential 
values and charge distributions within the molecules. From Figure 3, the electron rich-
regions (red color), usually have negative potentials, are mainly located over the dicya-
nomethylene bridge groups whereas the blue color depicts regions of more positive 
electrostatic potentials (electron-deficient) color are concentrated over H and S atoms. 
The MEP plots have shown the dominance of the zero potential which is presents green 
color. This observation revel the high stability of the considered compounds.

3.2 Frontier molecular orbitals (FMOs) analysis

The analysis of Frontier molecular orbitals (FMOs) gives a description of 
the electron delocalization as well as the electron transport capacities within the 
conjugated skeleton. The highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) strongly determine the optoelectronic 
properties of conjugated compounds, pointedly on the photovoltaic properties of 
donor materials. Largely, donor compound should tend to have a deep HOMO level 
to assure a high open circuit voltage VOC and a suitable LUMO energy level with 
respect to that of the acceptor unit [47–49].

The FMOs of the considered materials are carried out based on DFT/B3LYP method 
at 6-311 g(d,p) and listed in Table 1. The FMOs contour plots are illustrated in Figure 4.

Compound 1HE − (eV) HE  (eV) LE  (eV) 1LE +  (eV) gapE  (eV) IP (eV) EA (eV)

P-CPDTBT3 −5.90 −5.49 −3.87 −7.74 1.62 6.10 3.20

SM-CPDTDPP −5.83 −5.20 −3.78 −3.72 1.42 5.90 3.09

Table 1. 
Electronic properties for studied materials obtained at DFT/B3LYP 6-311 g(d,p) level of theory.

Figure 4. 
FMOs contour plots at the optimized ground state of the considered materials.
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The simultaneous interactions of donor and acceptor groups are the responsible 
of the electron delocalization and thus producing the electronic charge distribution 
within the HOMOs and LUMOs. As it can be seen from Figure 4, there is consider-
able discrepancy of molecular orbital distributions resulting from the particular 
molecular configurations of P-CPDTBT3 and SM-CPDTDPP.

The spatial distribution of the HOMO orbital of P-CPDTBT3 is dominantly 
localized over the main conjugated backbone. While, that of SM-CPDTDPP is 
mainly located on the central part of the conjugated framework. The LUMOof 
P-CPDTBT3 is dispersed over the central CPDT unit indicating a high steric 
hindrance rising from the strong electron withdrawing group effect of dicyano-
methylene group [50]. In the case of SM-CPDTDPP, the LUMO is centered over the 
DPP substituted group and the thiophene π-spacer units. These distributions may 
increase the π → π* electronic transitions and reinforce the ICT ability. Besides, 
these materials dispose narrow band gap energies (1.62 eV) for P-CPDTBT3 and 
1.42 eV for SM-CPDTDPP) that lead to improve the electron transition and light 
harvesting. The 2D molecular electrostatic maps of studied materials have been 
simulated to better understand the intra-molecular interactions (See Figure 5). 
As revealed from Figure 5, the central part is the most conjecturable zone into the 
conjugated framework of the studied molecules that is in good agreement with the 
FMOs analysis.

Ionization potential (IP) and Electron Affinity (EA) were calculated from 
the neutral, cation and anion optimized structures. IP and EA describe the bar-
rier injection energies of electron and hole, respectively. The application of the 
considered materials in OCSs requires relevant IP and EA in order to promote the 
electron injection and hole transport. Thus, it is revealed from the FMOs analysis 
the significant effect of building blocks on the electronic properties that are related 
to the charge delocalization.

Figure 5. 
2D molecular electrostatic maps of studied materials.
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3.3 Optical properties

The optical absorption spectrum in the solar spectral zone also its intensity are 
the main factors that influence the value of short-circuit current density (JSC) of 
OSCs [51]. Fundamentally, the JSC is a function of the external quantum efficiency 
(EQE) with the photon number ( )S λ  coveringall the frequencies providedfrom the 
solar spectrum, as above [52]:

 ( ).SCJ q EQE S dλ λ= ∫  (1)

Where, EQE presents the product of light harvesting efficiency (ηλ), exciton 
diffusion efficiency (ηED), charge separation efficiency (ηCS), and charge col-
lection efficiency (ηCC). As revealed from the following expression, the donor 
material absorption capability remains a crucial parameter for increasing the 
organic solar cell efficiency. The light harvesting efficiency (ηλ) is related to the 
oscillator strength (f) of the maximum optical absorption wavelength as expressed 
above [53]:

 1 10 f
λη

−= −  (2)

In order to explore the photo-physical properties of the considered compounds, 
the optical absorption spectra were simulated using TD-DFT approach as cost-
effective method [54, 55].

Figure 6. 
Optical absorption spectra of P-CPDTBT3 and SM-CPDTDPP simulated at TD-DFT//B3LYP/6-311 g(d,p) 
level of theory.
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TD-DFT simulations were performed at the optimized ground state (S0) geom-
etries in gaseous phase (See Figure 6) and the related optical parameters are listed 
in Table 2.

As we can see from Figure 6, these materials exhibit, as expected, abroad 
absorption bands in the wavelength range from 550 nm to 900 nm which covers a 
relevant part of the solar spectrum, where the maximum optical absorption within 
the solar spectrum is at about 700 nm [56]. The broad absorption in the visible and 
near infrared region, displayed by the considered materials, leads to reinforce BHJ-
OCSs performances. The maximum absorption peaks were found at 693 nm and 
737 nm for P-CPDTBT3 and SM-CPDTDPP, respectively.

In fact, these maximum wavelengths are generated mainly from HOMOs to 
LUMOs electronic transitions of ground to first excited state (S0 → S1) of electrons 
associated with high oscillator strength (f) values. Where, the pronounced absorp-
tion peaks are generated by π →  π* electronic transitions from the electron donat-
ing CPDT moieties to theelectron acceptor BT or DPP moieties [57]. The simulated 
absorption spectrum of P-CPDTBT3 is in convenient agreement with the experi-
mental results reported in ref. [58], that confirms the accuracy of TD-DFT approach 
in reproducing the experimental data.

SM-CPDTDPP absorption spectrum was found red shifted by 44 nm compared 
to that of P-CPDTBT3. The slight red shift detected can be explained by the present 
of the thiophene π-spacer that may enhance the electron delocalization within the 
main conjugated framework.

The large absorption band ranging from 900 nm to 1500 nm is attributed to the 
ICT generated from the sulfur rich electron to the electron withdrawing dicyano-
methylene group within the CPDT units [59]. A promising organic donor material 
should exhibit a large light harvesting efficiency (ηλ) in order to reach high photo-
current signal [60, 61]. From Table 2, we reveal that these materials exhibit high ηλ 
values close to one leading to an important light harvesting.

Overall, the molecules under investigation have shown interesting absorption 
properties by covering the amount of the visible and the near infrared regions 
which leads to potential photo-physical properties and JSC improvement.

3.4 Charge transfer properties

Efficient BHJ-OSCs dispose high charge carrier’s mobility. The free chargers 
generated from the exciton dissociation/separation will be diffused/transported 
within the compound. Thus, efficient donor material should exhibit high hole 
transport ability to improve the photo-generation of charge carriers, and then 
the JSC.

The charge hopping process is selected to arrange the hole mobility into the 
compound at room temperature. This process is commonly described as the 

Compound Eex λmax f Major configuration λη

P-CPDTBT3 1.7887 693 1.0184 H →  L + 3 (50%) 0.9041

1.2065 1027 0.5411 H →  L (82%)

SM-CPDTDPP 1.6803 737 1.1021 H →  L + 2 (60%) 0.9209

1.1318 1095 0.3962 H →  L (88%)

Table 2. 
Calculated electronic transition energy Eex (eV), maximum absorption wavelengths, λmax (nm), oscillator 
strength (f) and major configuration at TD-DT//B3LYP/6-311 g(d,p) level.
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self-exchange and charge transport between two adjacent molecules. The hole 
transport rate (khole) is approximated based on Marcus theory, as above [62]:

 

1
2 22 exp

h 4
hole hole

hole
hole B B

tk
k T k Tλ
ππ λ   −

=    
  

 (3)

Where, h  is Planck’s constant, Bk  is Boltzmann’s constant and T  is the  
temperature (298 K).

From Eq. (3), hole transfer integral (thole) and reorganization energy for hole 
transport ( holeλ ) arecrucial parameters to precisely evaluate the charge transport 
abilities. The hole transfer integral is influenced by the intra-molecular staking of 
conjugated molecules, as expressed bellow [63]:

 ( )HOMO HOMO 1
1 E E
2holet −= −  (4)

Where, EHOMO and EHOMO-1 define the energies of HOMO and HOMO-1 at 
neutral state, respectively. This expression defines the electron coupling strength of 
two adjacent segments of the molecule. The hole reorganization energy ( holeλ ) is 
determined fromenergy system’s variation between neutral and charge states. The 
charge transport properties ( holeλ , thole and khole) of the studied materials are listed 
in Table 3.

The holeλ  value of SM-CPDTDPP is lower than that of P-CPDTBT3 that could be 
explained by the electronegative discrepancy within the over conjugated frame-
work. As well, thole value found for P-CPDTBT3 is lower than that found for 
SM-CPDTDPP, which shows the higher energy levels overlap within the polymer 
than the small molecule. Mostly, the investigated materials possess interesting hole 
mobility capability that will improve the electrical properties of BHJ-OSC devices.

3.5 Transition density matrix (TDM) analysis

Transition density matrix (TDM) analysis provides an insight into the interac-
tions of donor and acceptor fragments at the first excited state (S1), the electron 
excitation process and the electron–hole coherence. TDM is a helpful tool to 
estimate the exciton escape possibility from the Coulomb attraction [64, 65]. The 
efficient separation of created exciton improves the charge transfer ability within 
the BHJ-OSC.

TDM plots simulated upon S0 →  S1 excitation configuration are shown in 
Figure 7. It is observed from the Figure 7 that the electron–hole coherences are 
primarily concentrated upon the diagonal box (D-D, A-A) and the off-diagonal 
(D-A) for photo-excitation. The wide distribution in the diagonal box (D-D, A-A) 
validates the high π → π* transitions within donor and acceptor regions.

Compound holeλ thole khole

P-CPDTBT3 0.255 0.205 1.66 1410+×

SM-CPDTDPP 0.224 0.315 4.99 1410+×

Table 3. 
Reorganization energies for hole transport ( holeλ ), hole integral transfer (thole) and hole transport rate (khole) 
of the considered molecules. All these parameters are given in eV.
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of the thiophene π-spacer that may enhance the electron delocalization within the 
main conjugated framework.

The large absorption band ranging from 900 nm to 1500 nm is attributed to the 
ICT generated from the sulfur rich electron to the electron withdrawing dicyano-
methylene group within the CPDT units [59]. A promising organic donor material 
should exhibit a large light harvesting efficiency (ηλ) in order to reach high photo-
current signal [60, 61]. From Table 2, we reveal that these materials exhibit high ηλ 
values close to one leading to an important light harvesting.

Overall, the molecules under investigation have shown interesting absorption 
properties by covering the amount of the visible and the near infrared regions 
which leads to potential photo-physical properties and JSC improvement.

3.4 Charge transfer properties

Efficient BHJ-OSCs dispose high charge carrier’s mobility. The free chargers 
generated from the exciton dissociation/separation will be diffused/transported 
within the compound. Thus, efficient donor material should exhibit high hole 
transport ability to improve the photo-generation of charge carriers, and then 
the JSC.

The charge hopping process is selected to arrange the hole mobility into the 
compound at room temperature. This process is commonly described as the 

Compound Eex λmax f Major configuration λη

P-CPDTBT3 1.7887 693 1.0184 H →  L + 3 (50%) 0.9041

1.2065 1027 0.5411 H →  L (82%)

SM-CPDTDPP 1.6803 737 1.1021 H →  L + 2 (60%) 0.9209

1.1318 1095 0.3962 H →  L (88%)

Table 2. 
Calculated electronic transition energy Eex (eV), maximum absorption wavelengths, λmax (nm), oscillator 
strength (f) and major configuration at TD-DT//B3LYP/6-311 g(d,p) level.
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self-exchange and charge transport between two adjacent molecules. The hole 
transport rate (khole) is approximated based on Marcus theory, as above [62]:

 

1
2 22 exp

h 4
hole hole

hole
hole B B

tk
k T k Tλ
ππ λ   −

=    
  

 (3)

Where, h  is Planck’s constant, Bk  is Boltzmann’s constant and T  is the  
temperature (298 K).

From Eq. (3), hole transfer integral (thole) and reorganization energy for hole 
transport ( holeλ ) arecrucial parameters to precisely evaluate the charge transport 
abilities. The hole transfer integral is influenced by the intra-molecular staking of 
conjugated molecules, as expressed bellow [63]:

 ( )HOMO HOMO 1
1 E E
2holet −= −  (4)

Where, EHOMO and EHOMO-1 define the energies of HOMO and HOMO-1 at 
neutral state, respectively. This expression defines the electron coupling strength of 
two adjacent segments of the molecule. The hole reorganization energy ( holeλ ) is 
determined fromenergy system’s variation between neutral and charge states. The 
charge transport properties ( holeλ , thole and khole) of the studied materials are listed 
in Table 3.

The holeλ  value of SM-CPDTDPP is lower than that of P-CPDTBT3 that could be 
explained by the electronegative discrepancy within the over conjugated frame-
work. As well, thole value found for P-CPDTBT3 is lower than that found for 
SM-CPDTDPP, which shows the higher energy levels overlap within the polymer 
than the small molecule. Mostly, the investigated materials possess interesting hole 
mobility capability that will improve the electrical properties of BHJ-OSC devices.

3.5 Transition density matrix (TDM) analysis

Transition density matrix (TDM) analysis provides an insight into the interac-
tions of donor and acceptor fragments at the first excited state (S1), the electron 
excitation process and the electron–hole coherence. TDM is a helpful tool to 
estimate the exciton escape possibility from the Coulomb attraction [64, 65]. The 
efficient separation of created exciton improves the charge transfer ability within 
the BHJ-OSC.

TDM plots simulated upon S0 →  S1 excitation configuration are shown in 
Figure 7. It is observed from the Figure 7 that the electron–hole coherences are 
primarily concentrated upon the diagonal box (D-D, A-A) and the off-diagonal 
(D-A) for photo-excitation. The wide distribution in the diagonal box (D-D, A-A) 
validates the high π → π* transitions within donor and acceptor regions.

Compound holeλ thole khole

P-CPDTBT3 0.255 0.205 1.66 1410+×

SM-CPDTDPP 0.224 0.315 4.99 1410+×

Table 3. 
Reorganization energies for hole transport ( holeλ ), hole integral transfer (thole) and hole transport rate (khole) 
of the considered molecules. All these parameters are given in eV.
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The weaker coupling of electron and holes makes easier the dissociation of 
exciton. The contour plots of TDM show also the exciton dissociation in the 
studied molecules may be easy regarding the weak electron–hole correlation that 
involves the charge transfer from main CPDT units to the dicyanomethylene bridge 
group [66]. The coefficients correlation of D-A within P-CPDTBT3 are slightly 
higher than those of SM-CPDTNDPP. Hence, the exciton dissociation is expected 
to be comparatively easier in the case of SM-CPDTNDPP than that in the case of 
P-CPDTBT3. The TDM analysis demonstrates the efficiency of charge separation 
within these molecules which leads to a considerable improvement of the Jsc.

3.6 Photovoltaic properties

The advanced performance photovoltaic devices exhibit fundamentally signifi-
cant power conversion efficiency (PCE). For high PCE, the photovoltaic devices 
should possess high fill factor (FF) and large open-voltage circuit (VOC). In fact, 
these conditions dispose a challenge for narrow band gap materials to cover as much 
of the solar spectrum as possible.

BHJ-OSCs contain principally an electron donor material blinded with an 
electron acceptor fullerene derivative named (6,6)-Phenyl-C71 Butyric Acid Methyl 
Ester ([70] PCBM). Accordingly, we have proposed a schematic energy diagram of 
BHJ-OSCs (P-CPDTBT3/SM-CPDTDPP: [70] PCBM), as shown in Figure 8. The 
experimental [70] PCBM energy level values of were recorded in ref. [67].

FF is one of the crucial factors that influence the PCE and can be estimated 
using the expression above [68]:

 ( )ln 0.72
1

oc oc

oc

v v
FF

v
− +

=
+
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Where, ocv  is the dimensionless voltage:
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Figure 7. 
TDM plots at the first excited state (S1) of the investigated materials.
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Here, ,e ,Bk T  and VOC are the elementary charge, Boltzmann’s constant, 
temperature and open circuit voltage, respectively.

The VOC can be approximated as [69]:

 ( )1 0.3D A
ocV H L

e
= − −  (7)

Where, e, HD and LA are the elementary charge, HOMO of donor and LUMO of 
acceptor, respectively.

The calculated photovoltaic parameters are listed in Table 4. As we can see 
from the table, there is a growth tendency of the photovoltaic parameters from 
SM-CPDTDPP to P-CPDTBT3. The P-CPDTBT3 copolymer exhibits larger Voc 
which is expected as this latter dispose a deeper HOMO energy level value.

Further, Scharber diagram was used to estimate the power conversion effi-
ciency (PCE) of BHJ-OSCs [70]. From Figure 9, the predicted PCE of P-CPDTBT3 
and SM-CPDTBT materials are found to be 9.5% and 8.2%, respectively. Thus, 
we can reveal from these results the fruitful molecular design of the investigated 
compounds to ensure a promising PCE for developing efficient materials for 
BHJ-OSCs.

Figure 8. 
Schematic energy diagram of the proposed (P-CPDTBT3/SM-CPDTDPP: [67] PCBM) BHJ OSCs.

Compound ocV ocv FF

P-CPDTBT3 1.11 43.22 0.89

SM-CPDTDPP 0.86 33.48 0.86

Table 4. 
Photovoltaic properties calculated at DFT/B3LYP/6-311 g(d,p) level.
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4. Conclusion

We have reported in this work a theoretical investigation on a D-A type copoly-
mer and a D-π-A-π-D type small molecule based on CPDT derivatives as electron 
donor with BT or DPP as electron acceptor moiety.

The studied materials exhibited narrow band-gap energies with high planar 
structures governed by intra-molecular non-covalent interactions. The particular 
conjugated arrangement added to the dicyanomethylene Bridge groups has leaded 
to considerable intra-molecular charge transfer (ICT) within these molecules. 
The optical absorption spectra covered an interesting part of the solar spectrum 
which indicated that the studied molecules exhibit high light harvesting efficiency. 
The deep HOMO energy levels of these molecule encourage their application as 
donor materials in a BHJ-OSCs with the [70] PCBM as acceptor. The TDM analysis 
showed the ease dissociation of excitons within the considered materials at the first 
exited state that leads to enhance the photovoltaic properties. The PCEs, estimated 
using Scharber diagram, close to 10% were reached.

This study revealed that the reliability of the designed donor materials for devel-
oping efficient materials for BHJ OSCs. A molecular tuning based on these designed 
conjugated materials may enhance the donor materials efficiency in photovoltaic 
applications.
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Figure 9. 
Scharber diagram for estimating the power conversion (PCE) efficiency of the studied compounds.
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Chapter 6

Thin-Film Solar Cells
Performances Optimization: Case
of Cu (In, Ga) Se2-ZnS
Fridolin Tchangnwa Nya and Guy Maurel Dzifack Kenfack

Abstract

In this chapter, we investigate a way of improving solar cells performances.
By focusing studies on optimizing the structural, the opto-electrical and electronic
properties of materials that constitute the layers and interfaces of a solar device,
such as electrical susceptibility, doping concentration, mobility of charge carriers
and crystallographic structure, it is possible to improve the output parameters of a
solar cell. Working on a CIGSe-based second-generation ultra-thin solar cell model,
and using Zinc Sulfide (ZnS) as a window layer, and based on recent studies, vital
information are found on the optimal values of these properties that may enhance
the efficiency of the cell. A correct modeling of the device with a trusted software
such as SCAPS and an appropriate set of the exact conditions and parameters of
simulation allow to obtain very promising results. In particular, for nanoscale and
microscale thicknesses of buffer and absorber layers materials respectively, and
with an appropriate choice of other materials properties such as intrinsic doping
concentration, electrons and holes mobilities, it is possible to record efficiencies and
fill factors of more than 26% and 85% respectively. These values are very promising
for solar energy harvesting technologies development through CIGSe – ZnS based
solar devices.

Keywords: thin-film, solar cell, CIGSe, ZnS, efficiency optimization, SCAPS
numerical simulation, structural properties, Opto-electrical properties

1. Introduction

These two last decades have been marked by a dizzying rise in the field of solar
energy harvesting thanks to photovoltaic technologies. Among the three well-
known fields of solar device technologies, thin-film solar cells are nowadays gaining
more interest among researchers and industrial applications due to the reduction in
the quantities of materials, their flexibility, their low environmental impact, reduc-
tion in time and new opportunities for higher yields goals. The achievement of a
record yields of 22.6% [1] for CIGSe-based thin-film solar cells at the end of 2016
marked a decisive turning point towards the quest for higher yields. On the basis of
recent studies, the efficiency of CIGSe-based ultra-thin solar cells can be further
considerably improved by directing studies on obtaining the best structural and
opto-electrical properties of the different materials layers that constitute the cell
structure. For example, among the alternative materials for the buffer layer, scien-
tific community recognizes the Zinc Sulfide ZnS material as the one which stands
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out as the most promising, although the highest yield obtained with it to date does
not exceed 22%. In the process of reducing the thickness of the layers, numerous
works have been identified. In 2015 a yield of about 20.75% was achieved with
CIGSe device using only 1 μm of absorber layer thickness and ZnS as buffer layer
[2]. A couple of years later, a yield of 22.62% is recorded using nanoscale thick-
nesses for the different layers but using the controversy CdS material as buffer layer
[3]. By going into continuation of the above-mentioned works, a correct modeling
with the trusted numerical simulation software SCAPS allow to investigate the
influence of the values of certain properties of layers and interfaces mainly, their
electrical susceptibility, their crystallographic structure, their intrinsic doping level
and the mobilities of charge carriers, on the performances of CIGSe-ZnS based solar
cell structures. In this chapter, we carry out investigations and we highlight key
properties values that allow to record very promising results. A good knowledge of
these values is a basis to better control the material design and layers deposition
processes, to be closed to these theoretical results [4, 5]. To achieve this goal a good
understanding of the micro-activities which occur at the level of the layer interfaces
which are the recombination mechanisms of the photo-generated electron-hole
pairs, and the effects of the defect states which inevitably appear with thicknesses
reduction, is required to limit their harmful effects on the cell performances [6, 7].

This chapter will be structured as follow, in the first section we are presenting
the state of the art on CIGSe-based second-generation thin film solar cells. The
different properties of materials are highlighted in the second section, and we recall
the mathematical relationships that support the microscopic phenomena within
layers and interfaces, and which constitute the basis set of our solar cell modeling.
In the last section, investigations are carried out to understand the influence of
certain material properties on the overall performance of our device and depending
on the results obtained, we highlight those which lead to better yields.

2. State of the art on solar cells - introduction on CIGSe-based thin films

2.1 State of the art in thin film industry

The photovoltaic market has experienced rapid development since 2003, with a
growth rate of 40% until 2009 and 135% in 2010, reaching an installed capacity of 40
GW. This market is dominated by technologies based on crystalline silicon. Developed
for 60 years, the silicon industry witnessed many advances. In 2012, it represented
90% of the photovoltaic market share [8]. We can then distinguish two large families
of cells depending on the nature of the silicon wafer, monocrystalline (m-Si) or poly
crystalline (p-Si), for which the record yields are 26.8% (homo-junction), 24.9%
(heterojunction) and 21.7% (homojunction), 20.3% (heterojunction) respectively [9].
Research in this field has been extremely active in recent years and advances have
been rapid, which has allowed the advent of photovoltaic technologies that consume
less energy and only require a few microns in thickness (compared to around 200
microns for silicon) and costs of smaller productions. This is the so-called second
generation thin-film cell industry. Their main advantage comes from the small
amount of materials needed to make a cell. This generation experienced a 39%
increase in production between 2010 and 2014 and more than 50% between 2015 and
2019. There are mainly three (03) sectors in that field:

• Amorphous silicon (a-Si) thin films: they have record efficiencies of around
11% for single junction amorphous silicon cells and 12.6% for tandem double
junction amorphous silicon/micro-amorphous silicon cells.
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• Cadmium Telluride (CdTe) thin films: the record yield is 22.1%. It is the
leading thin film technology in the photovoltaic industry. However, a
promising future is not guaranteed because of the use of cadmium (Cd) which
is a highly harmful material for environment purpose.

• Thin films based on Indium Gallium Copper DiSelenide Cu (In, Ga) Se2,
known as CIGSe based solar cells: which represent the best yields with a
conversion yield of 22.6% in 2016 [1].

The third generation includes all the new approaches proposed and developed in
recent years, this generation is to reduce manufacturing costs (Organic solar cells,
Gräetzel1 cells, etc.). It seeks to overcome the current limits of yields by resorting to
original concepts such as multi-junction cells, intermediate gap cells or using hot
carriers. The majority of third generation systems are currently under development
and target more or less long-term industrial applications. Gräetzel cells for example
can offer a yield of up to 11.5% [1].

2.2 CIGSe-based cells: evolution

The scientific advances which have enabled the realization of very high effi-
ciency thin film solar cells have taken place by successive technological leaps, the
study of these different key stages is essential to understanding the complexity of
the structure of a solar cell based on standard CIGSe and the problematic of this
work.

Initially intended for the manufacture of photo-detectors, the first solar cells
consisted of single crystals of CuInSe2 (CISe) evaporated on an alumina/molybde-
num substrate. Interest in photovoltaic applications grew very quickly in regards to
the good yields of around 9% obtained by BOEING in 1981. Since the 1980s, four
main developments have made it possible to obtain current yields.

• Modification of the structure

Modification of the buffer layer by the Cadmium Selenide (CdS) layer and the
introduction of the ZnO: Al window layer enhanced absorption of the solar spec-
trum at short wavelengths. As of today, many materials have already been used as a
buffer layer in particular (In2S3, ZnS, ZnSe, Zn (S, OH)) and as a window layer we
will see for example zinc oxide doped with Boron (ZnO: B).

• Introduction of Gallium

Beginning in 1987, Chen et al. [9] attempted to incorporate Gallium atoms into
the CISe structure. The partial substitution of indium by gallium has improved the
electrical performance of the solar cell.

• Influence of sodium

In the 1990s, Hedson et al., working on the substitution of the initial substrate to
soda glass in order to reduce costs, found that the performance of solar cells was

1 It was in 1991 that Gräetzel’s cell was discovered by Michael GRÄETZEL, a Swiss chemist and professor

at the Swiss Federal Institute of Technology in Lausanne.
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buffer layer in particular (In2S3, ZnS, ZnSe, Zn (S, OH)) and as a window layer we
will see for example zinc oxide doped with Boron (ZnO: B).

• Introduction of Gallium

Beginning in 1987, Chen et al. [9] attempted to incorporate Gallium atoms into
the CISe structure. The partial substitution of indium by gallium has improved the
electrical performance of the solar cell.

• Influence of sodium

In the 1990s, Hedson et al., working on the substitution of the initial substrate to
soda glass in order to reduce costs, found that the performance of solar cells was

1 It was in 1991 that Gräetzel’s cell was discovered by Michael GRÄETZEL, a Swiss chemist and professor

at the Swiss Federal Institute of Technology in Lausanne.
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greatly improved. They attributed this observed beneficial effect to the influence of
sodium from the glass on the doping of the CIGSe layer.

• Filing procedures

The importance of the deposition processes of the absorbent layer was studied in
the Boeing laboratory, going from one to two, then to three stages, the deposition
processes have made it possible to improve the performance of solar cells by various
phenomena. That are the burial of the P-N junction, the Gallium gradient and
recrystallization.

2.3 Challenges to take up

Advances in the field have enabled CIGSe based technology to exceed the 20%
yield recorded in 2010 and yields close to 23% in 2016. If this technology is actually
offering very good yields for thin films structures, it is also facing many economic,
environmental and competitive challenges strongly linked to this last decade
requirements.

• The first challenge: Reducing production costs.

The European Union has classified Indium as a critical material since 2010 due to
the drastic lowering of its reserves following its multi-field use where demand is
increasingly growing in addition to the photovoltaic market (ITO screen, LED, etc.)
and the instability of its cost is already hindering the development of CIGSe tech-
nology. Among the distinct avenues of research aiming at reducing the use of
Indium, the reduction of the thickness of the CIGSe layer is the subject of this work.

• The second challenge: Reducing the environmental impact, replacing the
buffer layer with a less harmful layer.

Known CIGSe-based cell models use Cadmium Sulfide (CdS) as the buffer layer
material. The latter has so far provided the best returns. However, the cadmium
present in the material is a highly carcinogenic element representing a potential
danger during the manufacturing and recycling phase at the end of the lifetime.

• The third challenge: Obtain better performance and compete with other
technologies.

So far, the record performance achieved by CIGSe-based thin-film photovoltaic
technology is 22.6% [1], close to the highest yield of 24.9% recorded by silicon
technology. The main goal of the present development, is to undertake scientific
investigations to go beyond the above-mentioned values.

2.4 Thin film issue

In principle, a thin layer of a given material is an element of this material, one of
its dimensions, called the thickness, has been greatly reduced so that it is expressed
in nanoscale and that this small distance between the two boundary surfaces
(almost two-dimensionality) leads to a disturbance of the majority of the physical
properties.

The second essential characteristic of a thin film is such that whatever the
procedure used for its manufacture; a thin film is almost part of the support on
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which it is built. Consequently, the support has a very strong influence on the
structural properties of the layer deposited thereon.

Much work already exists in the context of optimizing the performance of
CIGSe cells with various materials as a buffer layer. It is in this tertiary perspective
that this work is also part of, that is to say to seek the optimized properties of the
material used as a buffer layer and to control the micro-activities behind perfor-
mance losses.

3. Material choosing, methods and general principle

3.1 Material choosing and structure of our solar cell

3.1.1 Reason for choosing ZnS

Zinc Sulfide (ZnS) is a semiconductor formed by the association of an element
atom from column II with another element atom from column VI of the periodic
table of chemical elements. It has intrinsic properties which make it a material of
choice in the search for good performance in the CIGSe-based thin film chain. It is
recognized as having the following properties: It is non-toxic to the environment
and its constituents are abundant in nature (Zinc and Sulfur) (Table 1).

3.1.2 ZnS material global properties

3.1.2.1 ZnS crystallographic properties

The crystallography of compounds II-VI6 to which Zinc Sulfide belongs poses
some problems because of the polymorphism of these compounds. They can have
crystallographic structures of two main types: the cubic structure of the sphalerite
type (Zinc Blende), and the hexagonal structure of the Wurtzite type. The cubic
structure (Zinc Blende) is stable at room temperature (27°C), while the hexagonal
structure is more stable at very high-top temperatures of around 1020°C [10].
Indeed, with a lattice parameter aCIGS ¼ 0:58 nm for the CIGSe chalcopyrite struc-
ture and a0_ZnS ¼ 0:541 nm respectivelya0_ZnS ¼ b0_ZnS ¼ 0:3811nm for ZnS in its
cubic and hexagonal structure respectively, CIGSe forms a better lattice agreement
with ZnS in its sphalerite structure which is furthermore its stable structure [11].

A deposition technique by ALD [12] or by laser sputtering [11] would make it
possible to obtain a layer of ZnS having a crystallographic orientation preferentially
sphalerite.

Column
I A-B

Column
II A-B

Column
III B

Column
IV B

Column
V B

Column
VI B

Column
VII B

Li3 Be4 B5 C6 N7 O8 F9

Na11 Mg12 Al13 Si14 P15 [S16] Cl17

Cu29 [Zn30] Ga31 Ge32 As33 Se34 Br35

Ag47 Cd48 In49 Sn50 Sb51 Te52 I53

Au79 Hg80 Ti81 Pb82 Bi83 Po84 At85

Table 1.
Chemical elements of the Mendeleev table of columns II and VI [13].
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3.1.2.2 ZnS Opto-electrical properties

The spectrum of white light extends from the ultraviolet characterized by short
wavelengths (λ < 380 nm) to the infrared characterized by long wavelengths
(λ > 780 nm) through the visible spectrum whose wavelengths are between 380 nm
< λ < 780 nm. The absorption spectrum of ZnS is an important element that
characterizes its absorption power when subjected to illumination. It is all the more
significant as it extends over a frequency band that is difficult to absorb by other
materials. The important element to characterize it is the value of the band gap of
the material. The energy value of the band gap, Eg of ZnS can be determined by an
optical approach through its absorption spectrum. The formula that describes light
absorption ability of a material given his band gap is well highlighted by Rayan,
Elseman and co-workers [14–16] and is given by:

αhνð Þ2 ¼ A hν� Eg
� �

(1)

This formula is only valid for authorized direct transitions. α is the absorption
coefficient, A is a constant to be determined, ɦ is Planck’s constant and ν is the
frequency of the incident photon.

Literature tells us that ZnS is a semiconductor with a wide band gap (> 3.5 eV).
This wide band gap gives it high optical transparency in the visible and infrared
regions of the solar spectrum and a high absorption coefficient in the ultraviolet
region. Its transmission spectrum is recorded between 400 and 850 nm [17], which
allows the transmission of photons of higher energy, thus increasing the absorption
of the light spectrum in the absorber layer.

It is also a direct gap semiconductor. Indeed, the maximum of the valence band
and the minimum of the conduction band are found at the centre of the Brillouin

zone (where K
! ¼ 0). The transitions are made from band to band without the

intervention of phonons, therefore without loss or dissipation of energy in thermal
form [18].

The refractive index of ZnS is 2.41 to 0.5 μm and 2.29 to 1.1 μm in depth [19].
Remember that the electronic structures of Sulfur and Zinc are:

Zn : Ar½ �4d105s2 S : Ne½ �3d23p4

The 3p states of Sulfur form the valence band, the 5 s states of Zinc constitute the
conduction band. This gives ZnS a wide forbidden band. This wide band gap makes
it a very promising material for optoelectronic and solar applications. Its forbidden
band is between 3.68 eV and 3.9 eV depending on whether we are in a cubic or
hexagonal structure. This band gap value may vary depending on the preparation
method and the doping rate [19]. We can also find from the literature that it has a
relatively high exciton binding energy (34 meV); its structure exhibits a better
lattice matching with absorbers having energy bands in the range (1,2–1,5 eV) [13]
and finally it has a high electrons mobility (165 cm2/V. s).

3.1.3 Structure of our solar cell

In its most common structure, a CIGSe-based cell is formed by a stack of several
thin film materials deposited successively on a substrate. Let us consider the
following structure:

(Ni/Al)/MgF2/ZnO: B/i-ZnO/ZnS/CuInGaSe2/Mo/SLG (Figure 1).
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• Second window layer: i-ZnO

Zinc oxide is a semiconductor belonging to group II-VI with a number of prop-
erties that make it a material widely used in several fields, these are its piezoelec-
tricity, its wide band gap and its intrinsic doping type N. It can exhibit an N-type
doping process, for example by adding the atoms of Al, Ga and B and it also exhibits
an N-type conductivity due to structural defects. Its forbidden band is 3.3 eV and
can vary by adding Mg, Cd or S atoms. It can crystallize according to the Zinc
Blende, wurtzite or diamond structures. Only the wurtzite structure is stable under
ambient conditions [20].

• First window layer: ZnO: B

Most CIGSe-based solar cells use Aluminum-doped Zinc oxide (ZnO: Al) as the
Transparent Conductive Oxide (TCO). Within the framework of this work we opt
for ZnO doped with boron (ZnO: B) as OCT. Boron doping would be more benefi-
cial for solar cells. Its standard thickness varies between 450 and 1400 nm [18].

• The buffer layer: ZnS

Its standard thickness varies between 40 and 60 nm. It has an N-type conduc-
tivity and its gap is greater than that of the absorber layer. Three roles are mainly
attributed to it:

• An electrical role: it adapts the width of the forbidden band between the
absorber and the window layer and limits the recombination of carriers at the
interface;

• An optical role: due to its wide forbidden band (Eg = 3.68 eV), it makes it
possible to absorb the maximum of the light spectrum in the region not
absorbed by the active layer and thus minimizes optical losses;

Figure 1.
One-dimensional structure of the cell.
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• A role of protective layer: it protects the surface of the absorber during the
deposition of the ZnO layer, which can cause defects on the surface of the CIGSe.

From Won Song et al. work [19], only the values of properties recorded for the
cubic structure will be taken into account during this study, since that structure is
more stable at room temperature, and forms a better lattice matching with the
chalcopyrite structure of CIGSe. That allows us to record as dielectric constant value
εr ¼ 8:3.

• The absorbent layer: Cu (In, Ga) Se2

It is a semiconductor obtained by combining elements from groups I-III-VI2 of
the periodic table (Table 2) and has a chalcopyrite crystal structure. Its standard
thickness is between 1.5 - 3 μm. This tetragonal structure can be described as a stack
of two Zinc Blende structures in which the tetrahedral sites are occupied by atoms
of group VI (Se) (anions) and the other sites are occupied in an orderly manner by
atoms of groups I (Cu) and III (In) (cations). CIGSe is a solid solution of the
semiconductor materials CuInSe2 and CuGaSe2 which have direct gaps of 1.06 eV
and 1.7 eV respectively.

The ratio : x ¼ Ga½ �
Ga½ � þ In½ � (2)

determine the rate of Gallium atoms that replace Indium atoms in the structure.
The value of the band gap and the electrical susceptibility of the material vary as a
function of x between the values of pure CIS and pure CGS according to the
following empirical laws [21]:

Eg ¼ 1:06þ 0:39238xþ 0:24762x2 (3)

Material properties ZnS

Melting point (K) 2038 (WZ, 150 atm)

Band gap Eg at 300 K (eV) (ZB/WZ) 3.68/3.911

Electrical susceptibility (eV) 3.9-4.5

Lattice parameter (ZB) a0 at 300 K (nm) 0.541

ZB structure density at 300 K (g/cm-3) 4.11

Lattice parameters (WZ) at 300 K (nm)
a0 = b0
c0
c0/a0

0.3811
0.6234
1.602

WZ structure density at 300 K (g/cm-3) 3.98

Heat capacity Cp (Cal/mol K) 11

Relative dielectric constant εr 8.3

Refractive index (ZB/WZ) 2.368/2.378

Absorption coefficient ≤0.15

Electron effective mass (m*/m0) �0.4

Electrons mobility at 300 K (cm2/V. s) 165

Holes mobility at 300 K (cm2/V. s) 5

Table 2.
Properties of zinc sulfide ZnS [22].
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χe ¼ 4:6� 1:15667xþ 0:03333x2 (4)

The choice of the value of Eg (and therefore of χe) depends on several factors.
The best yields are obtained with a value of the band gap Eg of about 1.2 eV. This

corresponds to a Gallium concentration level close to [Ga] = 30%. This is the value
that will be considered in this study.

• Rear contact: Molybdenum (Mo)

The back contact here is a thin layer of Molybdenum (Mo) which is 300 nm
thick (the standard thickness is between 0.3-1 micron). It has the ability to form
ohmic contact with CIGSe [23]. Indeed, Mo can react with selenium (Se) during the
deposition of CIGSe to form MoSe2. Consequently, the CIGSe/Mo structure then
becomes CIGSe/MoSe2/Mo with a thickness of MoSe2 of about 10 nm. MoSe2 is a
semiconductor with a gap of 1.41 eV and its existence has the effect of giving an
ohmic behavior to the CIGSe/Mo hetero-contact, while reducing recombination at
the interface.

• Substrate: Soda-lime glass

The standard substrate used to make CIGSe cells is soda lime glass. It’s benefit
effects were described above in §2.2. Its thickness varies from 1 to 3 mm.

3.1.4 Investigations on the ZnS – Cu (In, Ga) Se2 interface: Highlighting of the surface
defect layer (SDL)

Between the ZnS and the absorber, a layer called OVC (Ordered Vacancy Com-
pound) has been identified. Investigations carried out within recent works identify
his properties and found that they were similar to that of a Surface Defects Layer
(SDL). Ouédraogo et al. [24] and Tchangnwa et al. [25, 26], highlighted the benefi-
cial effect related to the existence of the SDL on cell performance. In fact, the
presence of an Indium-enrich micro-layer which exhibits an N-type conductivity
(N-SDL), at the top of the P-type conductivity CIGSe material, is responsible of the
existence of that defect state layer. That leads to a discontinuity at the band gap
level at the interface. It has a positive effect since it enhance the transport of the
charge carriers through the junction. Another interpretation is given for the exis-
tence of that defect state layer from other authors [27], that is, it results from a
copper-poor film at the top of the CIGSe material. Both interpretations complete
each other, since the N-SDL is almost located within the CIGSe layer, but exhibits
different opto-electrical, electronic and structural properties. As a consequence, at
the P-N interface between the N-type ZnS and the P-type CIGSe materials, an
homojunction is formed. That is, the N-type SDL is almost fully integrated within
the CIGSe structure. That explains why in our structure, we will model our P-N
heterojunction (the ZnS-CIGSe junction) as two different interfaces: the ZnS/SDL
interface and SDL/CIGSe interface, each of them exhibiting different properties.

3.2 General principle

3.2.1 Mechanism of photovoltaic conversion

The photovoltaic effect is based on the properties of semiconductor materials.
Indeed, the latter are capable of absorbing photons of frequency ν whose energy is:
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Ephoton ¼ hν� Eg
� �

≥ Eg ¼ EC � EV
� �

(5)

Where Eg is the value of the forbidden band, ECand EV are respectively the energy
values of the conduction band and the valence band of the illuminated material.

A semiconductor material alone cannot generate electric current. In order to
generate the electric current, one must assemble two semiconductors of different
types, thus creating a P-N junction [21]. In this chapter, let consider the denomina-
tion heterojunction because the constituent materials of our two semiconductors are
different. The P-doped zone is that containing the CIGSe, and the N-doped zone
groups together the buffer layer (ZnS) and the window layers (i-ZnO, ZnO: B).
During contact between the P and N zones, the majority carriers of each diffuse
through the contact surface, at this time a depletion zone is created, positively
charged on the side of the N-type semiconductor and a negatively charged zone on
the P-type semiconductor side. This transition zone is called the Space Charge Zone
(ZCE). The Fermi levels of the two zones equalize, causing the band diagram to
bend, introducing a potential barrier Ve at the interface.

The concentration gradient of the majority carriers induces the presence of a
permanent electric field in this ZCE at equilibrium. The electric field thus created
leads each type of carrier towards the zone where it is the majority carrier (the
electrons towards the N zone and the holes towards the P zone). It follows the
mechanism of the collection of each majority carrier.

3.2.2 Densities of states and concentrations of charge carriers

Electrons and holes obey the Fermi-Dirac statistic, the probability that an energy
level E is occupied by a charge carrier is given by:

f FD Eð Þ ¼ 1

1þ exp E�E f

KbT

� � (6)

Assuming we are in non-degenerate states of energies we have E� E f
� �

=KbT≫ 1

and f FD Eð Þ ! exp � E�E f

KbT

� �
.

The densities of electrons and holes in the conduction and valence band respec-
tively are given by the following integrals [28].

n ¼
ð∞

EC

N Eð Þf Eð ÞdE ¼ f FD Ecð Þ ¼ Nc exp � Ec � E f

KbT

� �
(7)

p ¼
ðEV

�∞

N Eð Þ 1� f Eð ÞdE ¼ f FD EVð Þ ¼ Nv exp
EV � E f

KbT

� ��
(8)

With:

NC ¼ 2 2πm ∗
e KT

� �3=2
ɦ3

(9)

and

NV ¼ 2 2πm ∗
h KT

� �3=2
ɦ3:

(10)
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The fermi level energy is given by:

EF ¼ EC þ EV

2
þ KT

2
ln

NV

NC

� �
¼ EC þ EV

2
þ KT

2
ln

m ∗
h

m ∗
e

� �3
2

(11)

with: m ∗
e ¼ 0:4me and m ∗

h ¼ 1:7me

3.2.3 Current generation

These are the Poisson equation in the presence of an electric potential φ, and
the continuity equations of electrons and holes with well-specified boundary
conditions [23].

The Poisson equation for semiconductors is:

d
dx

ε
dφ
dx

� �
¼ �q p� nþNþ

D �N�
A

� �
(12)

The continuity equations for electrons and holes are:

d
dx

Jnð Þ ¼ q R� Gð Þ þ q
∂n
∂t

; (13)

d
dx

Jp
� �

¼ �q R� Gð Þ þ q
∂p
∂t

(14)

ε is the dielectric constant of the material, φ is the electrostatic potential, n and
p are respectively the concentration of free carriers for electrons and holes,
Nþ

D and N�
A- are the densities of ionized donors and acceptors, Jn and Jp are the

current densities due to electrons and holes. R and G are the rates of recombination
and generation of electron-hole pairs, respectively.

Jn ¼ qμen∇φþ qDe∇n; (15)

Jp ¼ qμpp∇φþ qDp∇p (16)

The current density in the cell can be written in the following form: (17)

J ¼ JG ́eńeration � JRecombinaison ¼ �q
ðWþL

�d

GL λ, xð Þdx� Jir þ q
ðWþL

0

R xð Þdx (17)

Where GL is the generation function, Jir is the recombination current at the
interface, R is the recombination function in the volume of the absorbent layer. d,
W and L are the widths of the buffer layer, ZCE and ZQN respectively [23].

The rate of generation of electron-hole pairs at one dimension of the surface of
the semiconductor is given by:

GL λ, xð Þ ¼ α1 λð ÞF λð Þ 1� R λð Þð Þ exp �α1xð Þ (18)

α1 (λ) is the number of incident photons per cm2 per s per unit wavelength. R λð Þ
is the fraction of photons reflected from the surface, α1is the absorption coefficient
in the semiconductor.
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with: m ∗
e ¼ 0:4me and m ∗

h ¼ 1:7me

3.2.3 Current generation
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3.3 Study of the performance reduction mechanisms within the device

Some micro-activities took place within the junction when the two materials
(ZnS and CIGSe) are gathered together and are submitted to an external electric
field and light. These activities which tend to reduce the global performances of the
device, are the recombination mechanisms of the photo-generated electron-hole
pairs. To recall what we said in Section 1, the first challenge of the current
researches in the field of solar energy harvesting is the reduction of the quantities
of materials while keeping the device performance or enhancing them. This is a
great challenge since, the effects of the defect states, which inevitably appear
with the reduction of thicknesses, have very detrimental effects on the performance
of the cell.

3.3.1 Charge carrier’s recombination mechanisms

These mechanisms are characterized by their rates R which describes the num-
ber of recombination per unit time and per unit volume of the material and by the
lifetime of the charge carriers. There are three of them, but let us just consider the
radiative and the Auger recombination.

• Radiative recombination

It takes place by the direct transition of an electron from the conduction band to
the valence band. The energy of the transition is released as a photon. If the trap
levels created by defect states are close to the middle of the forbidden band, the rate
of radiative recombination and the lifetime of electron can be given by [21]:

RR ≈
n� n0
τR,n

(19)

with

τR,n ¼ 1
p0Cr

(20)

and,
τRad,n is the lifetime of the electrons, Cr is the radiative recombination

coefficient, p0 the hole density at equilibrium.
However, this mechanism is not always so harmful on the performance of the

cell because in fact, it is possible that the photon released during this mechanism is
reabsorbed and thus forming another electron-hole pair. Indeed, the energy value of
the emitted photon is close to that of the band gap.

• Auger recombination

These are direct carrier band-to-band transfers. It could be an electron or a
hole. However, instead of being emitted as a photon, the energy is transferred to
another carrier of the same type as thermal energy. The latter will return to its initial
state by interacting with the crystal lattice, it will therefore emit a phonon [21].
The rate of radiative recombination can be given by:

RA ≈
n� n0
τA,n

(21)
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with

τA,n ≈
1

p20Cp
(22)

τA,n is the lifetime of the electrons, p0 the hole density at equilibrium, Cp is the
Auger recombination coefficient.

We recall these mathematical expressions to highlight the influence of doping
process on recombination mechanism rate at a certain point. We will more explain
it a little further in the third section.

3.3.2 Investigations on the effects of defect states on cell performances

Most of the time, defect states are a result of the way the processes of prepara-
tion or deposition of layer sheets are performed. They act on material properties,
mainly on material electrical properties the same way as for adding impurities.
Generally, the main goal is to improve charge carriers transport within the material
or to reduce recombination mechanism rate. However, as we will see a little further,
they have detrimental effects on the cell performances. Recalling what has been said
in §3.1.6, and because of the highlighted SDL, at the heterojunction level, we will
investigate these effects on two interfaces: ZnS/SDL and /CIGSe.

• Investigation on the ZnS/SDL sub-heterojunction.

In the §3.1.5, we highlighted one of the numerous positive roles of the ZnS on
enhancing the global cell performance, that is “it protects the surface of the
absorber during the deposition of the ZnO layer, which can cause defects on the
surface of the CIGSe”. Therefore, a good choice of the deposition process can
significantly reduce these defects density at ZnS/SDL sub-heterojunction. If we
consider an ideal case, where the preparation and the deposition processes are
perfect, that means with no defect reported within the sub-heterojunction, then we
may have this situation:

• The negative charges concentration located in the Space Charge Region (SCR),
that is almost localized within the top film part of the CIGSe layer is
compensated with the positive charges concentration on the other side,
resulting from top to bottom of ZnO: B, i-ZnO and ZnS materials.

That is, at equilibrium, it can be described by the following equation:

Qn þ qti�ZnONw þ qtZnSNb ¼ qNatSCR (23)

where Qn is the surface charge in the depletion zone of the boron-doped ZnO
window layer, q is the elementary charge, Nw, Nb and Na are the doping concen-
trations in the i-ZnO, ZnS and CIGSe top film part layers with respective thick-
nesses ti�ZnO; tZnS and tSCR.

Introducing a defect state within a material crystallographic structure, is gener-
ally materialized by adding a negative charge. Let say, this situation happens at the
ZnS/SDL sub-heterojunction section, to compensate the negative charge added due
to defect states, we should reduce the width of the SCR in the CIGSe top film part.
That action we will increase the recombination rate at the ZnS-SDL level and
negatively affect the cell output parameters. This interpretation is confirmed by
previous work reports [27].
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• Investigation on the SDL/CIGSe sub-heterojunction.

Recent studies were carried out on the effects of the density of defect states on
the global performance of CIGSe/CdS-based solar cells and their conclusions are
summarized within the Table 3 above [27, 29].

3.4 Modeling and calculation tools

We have modeled our solar cell device by using the version 3.3 of the one-
dimensional numerical simulation software SCAPS-1 D2 [30].

4. Results and discussion

4.1 Optimal value of ZnS electronic affinity

Considering the electrical susceptibility of Zinc Sulfide (χe), within the range of
3.9 [31] and 4.5 [32], we investigate the effects of his value on the performance of
our modeled device. Observations are mainly carried out on Fill Factor (FF) and
Efficiency (η) and for a thickness of the absorber layer of 0.5 μm. The results
obtained are plotted in Figure 2 above.

It shows that the optimum value of the ZnS electrical susceptibility for recording
the best performance of our solar cell is defined for χe ∈ 4:1; 4:5eV½ �: This result is in
very good agreement with those reported in literature [17, 19]. The maximum of the
parameters is obtained for χe ¼ 4:3eV. This value can be registered as the optimum
value of the electrical susceptibility of ZnS for this structure of solar cell.

4.2 Influence of the doping concentration of the CIGSe layer on the
performance of the cell

Recent works with the CdS as buffer layer [3] has shown that, beyond a concen-
tration of holesNA ¼ 0:8 1014cm�3, the overall parameters of the cell degrade consid-
erably. Ouédraogo et al. [19] have shown in their work that beyondNA ¼ 1016cm�3

the voltage reaches saturation independently of the thickness of the absorber layer.
The resulted obtained are plotted on the Figure 3 below. From these plots, we can see
that, varyingNA influences the performances of the cell. For a fixe value of tCIGSe,VOC,
increases significantly with the increase ofNA. If we decide as well to increase tCIGSe,

Worker
reference

Subject of study Reports

[27] Excess defect at the CdS/CIGS
interface solar cells.

Considering a density of defect of 1012cm2, and an
electron-hole capture section through the interface of
10�12cm�2, the yield decreases from 18.9-14%.

[29] Effects of defect states on the
performance of CuInGaSe2 solar
cells.

For a defect state density of less than 1014cm�3, in the
CIGSe material and not more than 1018cm�3, in the
CdS material, the detrimental effects of defect states
are not really perceived.

Table 3.
Reports of recent studies on the effect of defect states on the cell performances.

2 SCAPS-1D: Solar Cell Capacitance Simulator in One Dimension. Free software developed by M.

Burgelman, Nollet and Degrave from the University of Gent in Belgium in 2000.
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then for the same value ofNA, VOC will increase. This observation is the same with
efficiency (Figure 3(d)). Conversely, JSC (Figure 3(b)) and the fill factor (FF)
(Figure 3(c)) decrease significantly with the increase ofNA. By setting the value of
NA, and by varying tZnS, the output parameters of the cell are almost constant. When
the thickness of the absorber layer is less than 250 nm, the performances of the cell are
not influenced with variation ofNA in particular FF and η:

But a significant increase on the output results is observed for a doping level
NA ¼ 1015cm�3 and with a thickness of the absorber layer no more than 0.5 μm. For
NA ∈ 1014 : 1015cm�3

� �
, and for tCIGSe < 2500 nm, the parameters of the cell are

globally interesting because VOC < VSAT (Figure 3(a)), whereVSAT is the saturation
voltage of our device. In addition, the short-circuit current is at its maximum value
JSC ¼ J SCð Þmax (Figure 3(b)) and the values of the fill factor (Figure 3(c)) FF≈ 85%.
This observation is important because it will allow to circumscribe the optimal value
of NA. ForNA > 1015, the overall performance of the cell increases significantly.
Believing that the best performances can be obtained with a high level of intrinsic
doping recorded in the absorber layer is an utopia; two factors limit that way of
thinking: The quality factor in Figure 5(c) decreases significantly and characterizes
the poor quality and instability of the solar device in question; For NA ¼ 1016cm�3

and considering tCIGSe > 500 nm, saturation is automatically reached. Thus, for
tCIGSe ¼ 500nm, we have V OCð ÞSAT ¼ 0:8V; JSC ¼ 34:39 mA=cm2, η ¼ 22:27%, and
FF ¼79.47%. let us recall the mathematical expressions given in §3.3.1, those are
Eq. (20) and Eq. (22). According to Eq. (20), when we add the holes density P, the
lifetime of negative charge carriers decreases since the latter is inversely propor-
tional to hole concentration and to the square root of hole concentration
(Eq. (22)). As a conclusion, the benefits of higher doping for P-type conductivity
materials are limited by the Auger and radiative mechanisms. Moreover, for
NA ∈ 1015 : 4:1015cm�3

� �
the performances of the cell are globally very interesting.

This would probably justify why Daouda et al. [23] obtained a good yield (18.6%)
by working withNA ¼ 7:1015cm�3. However, they quickly reached saturation as
soon astCIGSe > 1000 nm. The analysis of the different graphs shows that the optimal
intrinsic doping level of CIGSe is NA ¼ 1015cm�3.

Voc,ZCEð Þdom ¼ Eg

q
� nkT

q
ln

1
Jph

∗
qDnNCNV

LnNA

 !
(24)

Figure 2.
Influence of ZnS χe, on the fill factor (FF) and efficiency.
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where Dn is the electron scattering coefficient, NC and NV the state densities in
the conductance and valence bands, Ln the electron scattering length, NA the
density of acceptor states in the CIGSe layer. From this relation when NA

Figure 3.
Influence of the acceptor density NA on the cell parameters for different CIGSe thickness values. (a) Open
circuit voltage (VOC), (b) short-circuit current density (JSCÞ, (c) fill factor (FF), and (d) efficiency (η).
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increases, the voltage Voc,ZCEð Þdom tends to reach critical value materialized as
saturation.

The results obtained are in good agreement with those reported by Ouédraogo
and co-workers [23] who were investigating on a CIGSE-based cell structure with
CdS as buffer layer. We bring out from these results that both the choice of the
buffer layer material and its thickness are not limiting input parameters for hole
doping level within the absorber layer. Th high density of recombination mecha-
nisms and a weak collection mechanism of free charge carriers can explain very well
the decreasing of short-circuit current (JSC). For a doping level of more than
1015 cm�3, within the CIGSe material, the output parameters of our device are not
enhanced.

4.3 Effects of the thickness of CIGSe on cell performance

In this subsection, we are investigating how the global output parameters of
the device is affected when the thickness of the active layer is a variable.
The simulations are carried considering the optimized properties of the other layers.
From literature, the commonly used thickness for absorber layer is within the range
[2000: 3000 nm]. Since we are on the way of reducing materials quantities, we will
observe the performances of our cell with CIGSe thickness ranged from 100 nm to
3000 nm.

There are two main areas of interpretation,

• the first for 100 nm< tCIGSe < 500 nm, and

• the second for 500 nm< tCIGSe < 2500 nm.

Vital information came out from the results obtained. The global performances
of the cell (JSC, VOC, FF, η) are improved significantly when the thickness of the
absorber layer tCIGSe is gradually increased.JSC is the most sensible parameter, the
values of 20:65mA=Cm2 and 30:31mA=Cm2 are recorded for tCIGSe values of 100 nm
and 500 nm respectively. That is a jump of about 16mA=Cm2 (Figure 4(b)). In fact,
at the absorber and Molybdenum junction, the rate of backward recombination
mechanisms are reduced significantly because of the Space Charge Region which is
completely localized within the active material layer. A similar situation is observed
with the plot of the open-circuit voltage, which value increases from 0.65 V for
100 nm of absorber thickness, to 0.76 V for 1000 nm of thickness respectively. That
is a gain of 0.13 V! (Figure 4(a)). That is not all, the efficiency increased from
10.78% to 24.31%, a jump of almost 14% (Figure 4(d)). A value of 83.4% was
recorded for the Fill Factor (Figure 4(c)). Those results are just impressive. Let us
remember that we are undertaking our calculations based on optimized values of
properties of the other materials that constitute our structure. These are reported in
the Table 4 below.

For a thickness of the absorber layer between 500 nm and 2500 nm, we record
very good value of our cell output performance. Of course, for a thicker CIGSe
layer, the probability of absorbing a wide range of light Spectrum is higher and thus,
and since the materials properties have been optimized, the quantum efficiency will
be higher too. From Figure 4(a), we can easily notice how remarkably VOC
increases with absorber layer thickness.

Pogrebjak and co-workers [7, 32] who worked on the influence of temperature
on CIGSe-based ultra-thin solar cells and on nano-scale technologies, obtained
results which are in good agreement with those obtain during our simulations. The
slight difference in results can be explained by global condition of calculation such
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Material/layer Optimized properties considering each material

Crystallographic
structure

Electrical
susceptibility

Dielectric
constant

Thickness

ZnS Zinc Blende 4.3 8.3 5 nm

Intrinsic doping level

Cu (In, Ga) Se2 1015cm�3

Assumption on SDL

Surface defect layer
(SDL)

Modeling of SDL properties and splitting it in two sub-interfaces: ZnS/SDL
and SDL/CIGSe with different properties

Table 4.
Optimized value of some layers/interface properties used for simulation.

Absorber layer thickness (nm) VOC (V) JSC (mA/cm�2) FF η

500 0.7180 36.31 82.16% 21.42%

1000 0.7633 38.18 83.39% 24.31%

2500 0.7989 38.66 85.15% 26.30%

Table 5.
Output parameters of our photovoltaic device.

Figure 4.
Influence of the thickness of the absorber layer on the output parameters of the cell for tZnS ¼ 5 nm NA ¼
1015cm�3. (a) Open circuit voltage (VOC), (b) short-circuit current (JSC), (c) fill factor (FF), and (d)
efficiency (η).
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as external temperature, incident light power, and defect states density input
values.

Running several calculations allowed us to detect the critical values of some
properties values beyond which the device is no more stable, even if the efficiency
is higher. This is for example 2750 nm for absorber layer thickness or an intrinsic
doping level of more than 1015. Since we manufacture our solar cell device based on
the model proposed in this work and watching out not to have these highlighted
critical values, our device will definitely work in good condition. The Table 5 above
reports the best performance of our cell obtained during all our calculations.

5. Conclusion

This chapter focused on enhancing efficiencies of solar cell devices working on a
CIGSe-based second – generation ultra-thin model, and using Zinc Sulfide (ZnS) as
a window layer. Vital information is found when investigating the influence of
layers and interfaces properties on output parameters of the device. The challenging
part is not the use of the promising ZnS material itself, but it is to find through
literature and recent works, the key values of the ZnS properties in a preferential
crystallographic orientation, that allow to obtain better performances and also the
good choice of materials that make up the other layers. Starting on that point, the
following cell (Ni/Al)/MgF2/ZnO: B/i-ZnO/ZnS/CuInGaSe2/Mo/Substrate has been
modeled and simulations were ran from version 3.3 of the SCAPS-1D software. The
benefits associated with the existence of the Surface Defects Layer (SDL) on the
device stability have been highlighted. The Blende structure of Zinc Sulfide material
(ZnS) forms a more stable lattice matching with CIGSe absorber layer chalcopyrite
structure. That is why most of the key values of its intrinsic properties are obtained
from that orientation, especially its band gap Eg_ZnS ¼ 3:68eV, its electrical
susceptibility χe ¼ 4:3eV, its dielectric constant εr ¼ 8:3 according to simulation
results. After running numerous simulations, very promising performances are
recorded, a conversion efficiency of 26.30% and a fill factor of 85.14%. Going
further in research, some may obtain even more interesting results by directing the
work towards implementation of additional manufacturing technologies, including
the use of antireflective coatings and the texturization of the inner back layers.
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Chapter 7

Optical Study of Porous 
Silicon Layers Produced 
Electrochemically for Photovoltaic 
Application
Rahmouni Salah

Abstract

In previous years, porous silicon is rapidly attracting increasing interest in 
various fields and has received a great deal of attention from researchers because of 
its potential use in a variety of industrial applications such as photovoltaic device 
applications. The present study conclusively suggested that in order to prepare 
porous silicon samples, we need to determine the optimal conditions that lead 
to the increase of the optical efficiency. Porous silicon layers were elaborated by 
the electrochemical etching method using doped 𝑝𝑝-type ⟨100⟩-oriented silicon 
substrate. The photoluminescence (PL) and the spectroscopic ellipsometry (SE) 
measurements were used to calculate the physical and optical parameters (porosity, 
thickness) (refractive index and extinction coefficient). This study can give a very 
important interest in the photovoltaic field.

Keywords: porous silicon, antireflective coating, electrochemical anodization, 
photoluminescence, spectroscopic ellipsometry

1. Introduction

Porous silicon has undergone many developments; it has a very wide field of 
application and has received a great deal of attention from researchers because of 
its potential use in a variety of industrial applications such as photovoltaic device 
applications [1–4], chemical and gas sensors [5–12], biosensors [13, 14], biomedi-
cal applications [15], micromachining [16–18], templates for micro- and nano-
fabrication [19–21], and solar cells and photoluminescence [1, 22, 23]. However, 
a very limited data of optoelectronic uses in this field are available [24, 25]. It is 
reported that the photoluminescence of porous silicon (PS) has achieved a large-
scale investigation, giving an explanation of the photoluminescence phenomenon 
with obtaining the optical properties of porous silicon, as well as determining 
its refractive index and the  gap energy, which can be determined directly by the 
absorption measurement, or by a non-destructive technique called spectroscopic 
ellipsometry (SE).

However, the physical and optical properties could be studied. In addition, some 
of the physical phenomena are still poorly understood because of the strong relation-
ship between the PS nanostructure and the elaboration conditions (HF concentration, 
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Figure 1. 
Experimental device used for the measurement of photoluminescence.

current density, and anodization time) [26]. The present study conclusively suggested 
that in order to prepare porous silicon samples, we need to determine the optimal 
conditions that lead to increase the optical efficiency. Herein, we need to study the 
correlation between the results extracted from the PL analysis and those obtained 
by ellipsometry. The study of the evolution of the intensities of the emission spectra 
obtained by the measurement of PL as a function of the porosity and the thickness 
determined by the ellipsometry of the layers for silicon substrates oriented P-100 of 
low resistivity is made to precisely clarify the evolution of optical parameters.

2. Photoluminescence study

The PL measurements were carried out by a solid laser 447 nm and detected 
through a Jobin Yvon 250-mm HR mono-chromator, with a GaAs photomultiplier 
associated to standard lock-in technique. Of note, the laser power of 7.66 mW was 
applied on the surface of the sample.

The optical characterization used in our work is based on “the radiation-
matter interaction”; it tells us about the optical properties of the material. 
Photoluminescence spectroscopy is widely used to study the electronic structure 
of materials and the processes of radiative recombinations. It is a nondestructive 
optical characterization technique for nanomaterials.

In this part, using photoluminescence (PL) spectroscopy, we will determine the 
optical properties of porous silicon samples produced by electrochemical anodiza-
tion. First, we analyze the PL spectra of SiP at room temperature. Second, we study 
the variation of the intensity, and the integrated intensity of PL in the temperature 
range [10–300 K].

2.1 Experimental details

Serial of porous silicon samples were prepared of p-type (100)-oriented silicon 
substrate with a resistivity of 0.001–0.02 Ω cm.

The experimental set-up consists first of all of a pulsed laser, the emission wave-
length of which can be changed. The laser we have allows us to take measurements 
with an excitation of 447 nm. The laser beam is then conveyed to the sample by sets 
of mirrors. The sample is on a sample holder that can be placed in a cryostat (for low 
temperature studies) (Figure 1).
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2.2 Photoluminescence of porous silicon layers

2.2.1  Evolution of photoluminescence spectra of P-type porous silicon prepared at 
different etching time

All of the PS samples showed a visible PL at a room temperature. Figure 2 
illustrates the PL spectra of samples of p-type elaborated at different etching times 
(60, 120, 180, and 240 s) as well as an etching current density of 15 mA/cm2.

Figure 2 shows that the observed large band, that ranges from 550 to 780 nm, 
decreases in time with a peak of 668 nm, and a decreased full width at half maxi-
mum (FWHM) from 226 to 112 is obtained along with an increase of PL intensity 
from 0.07 to 21.06.

The width of this PL band is attributed to the wide size distribution of the 
silicon nanocrystallites which constitute the porous layer. The intense spectrum is 
characterized by a maximum at the energy of 1.86 eV and a width at mid-height of 
the order of 112 meV.

In addition, we noticed a second less intense band compared to the first. This 
may be due to an oxide layer located in a band between 780 and 900 nm (Table 1).

Figure 2. 
Evolution of photoluminescence spectra of P-type porous silicon prepared at different etching times.

Samples Etching time (s) λPic (nm) FWHM (meV) IPLMax (u,a) Eg (eV)

S1 60 628 226 0.07 1.96

S2 120 666 189 0.89 1.86

S3 180 652 122 6.81 1.91

S4 240 668 112 21.06 1.86

Table 1. 
Optimized fitting parameters corresponding to the theoretical curves of porous silicon samples prepared at 
different etching time and current density of 15 mA/cm2.
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S1 60 628 226 0.07 1.96

S2 120 666 189 0.89 1.86

S3 180 652 122 6.81 1.91

S4 240 668 112 21.06 1.86

Table 1. 
Optimized fitting parameters corresponding to the theoretical curves of porous silicon samples prepared at 
different etching time and current density of 15 mA/cm2.
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Figure 3 shows the variation of the PL intensity and the width at half height 
(FWHM) as a function of the anodization time.

From Figure 3, we notice that the width at half height of the PL spectra 
decreases as a function of the anodization time. As known the thickness of the 
porous layer increases as a function of the anodization time, then deduces that the 
width at half height decreases, and the intensity of PL increases as a function of 
the thickness of the porous layer. This is due to the decrease in the sizes of nano-
crystallites. However, note that the intensity of PL increases as a function of the 
anodization time.

2.2.2  Evolution of photoluminescence spectra as a function of the anodization 
current density

Figure 4 shows the PL spectra of p-type samples that were obtained from 
different etching current densities, 5, 10, 15 and 20 mA/cm2, and etching time of 
180 s. The presented serial in Figure 1 indicates near similar variations of the PL 

Figure 3. 
The variation of the intensity, PL, and the width at half height (FWHM) as a function of the anodization 
time.

Figure 4. 
Evolution of photoluminescence spectra of P-type porous layers prepared at different etching current  
density.
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intensity. However, a remarkable increase of the PL intensity ranges from 2.59 to 
11.72 was noticed (Table 2).

The two spectra show an improvement in the PL intensity as a function of 
etching current density and etching time. On the other hand, we noticed that the 
PL intensity reached the maximum value of JCM, that equals 20 mA/cm2, with 
tm = 240 s. The slight blue-shift energy of PL band allow us to attribute a confine-
ment of more and more wells and wire that leads to diminution of nanocrystallite 
size [27, 28].

The porous layer obtained from p-type silicon wafer is presented as cylindrical 
and spherical crystallites [29, 30]. Therefore, PS is defined as a mixture of quantum 
wells (QWs) and quantum wire following different concentrations and sizes. In the 
case of the increased etching time, the thickness of porous silicon layer increases 
from 106.3 to 1027.2 nm (Table 3).

Figure 5 shows the variation of the PL intensity and the width at half height 
(FWHM) as a function of the anodization current density.

The width at half height (FWHM) decreases according to the current density; 
this is due to the increase in porosity, therefore the increase in the intensity of PL.

Figure 6 depicts that the thickness and the integral intensity of the PL increase 
as function of etching time, meanwhile the porosity and the integral intensity of 
PL increase as a function of the current density Figure 7. On the other hand, the 
PL intensity of the porous layer increases as a function of etching time and current 
density.

Samples Current density (mA/Cm2) λPeak (nm) FWHM (meV) IPLMax (u,a) Eg (eV)

S5 5 682 249 2.59 1.81

S6 10 665 210 4.12 1.87

S7 15 652 122 6.81 1.91

S8 20 655 111 11.72 1.90

Table 2. 
Optimized fitting parameters corresponding to the theoretical curves of porous silicon samples prepared at 
different etching current densities and etching time of 180 s.

Samples Etching 
time (s)

Current density 
(mA/Cm2)

Thickness 
(μm) (d)

Porosity 
(%) (P)

n k

S1 60 15 0.1063 36.02 / /

S2 120 15 0.7061 58.84 / /

S3 180 15 0.9058 70.20 / /

S4 240 15 1.0272 76.89 / /

S5 180 5 0.0985 34.53 1.77 0.0035

S6 180 10 0.7221 61.45 1.43 0.0022

S7 180 15 0.9058 70.20 1.33 0.0018

S8 180 20 1.0311 78.23 1.22 0.0014

Table 3. 
Different parameters evaluated from the optical model of samples obtained at different etching times and 
different current densities [31].
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intensity. However, a remarkable increase of the PL intensity ranges from 2.59 to 
11.72 was noticed (Table 2).
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etching current density and etching time. On the other hand, we noticed that the 
PL intensity reached the maximum value of JCM, that equals 20 mA/cm2, with 
tm = 240 s. The slight blue-shift energy of PL band allow us to attribute a confine-
ment of more and more wells and wire that leads to diminution of nanocrystallite 
size [27, 28].

The porous layer obtained from p-type silicon wafer is presented as cylindrical 
and spherical crystallites [29, 30]. Therefore, PS is defined as a mixture of quantum 
wells (QWs) and quantum wire following different concentrations and sizes. In the 
case of the increased etching time, the thickness of porous silicon layer increases 
from 106.3 to 1027.2 nm (Table 3).

Figure 5 shows the variation of the PL intensity and the width at half height 
(FWHM) as a function of the anodization current density.

The width at half height (FWHM) decreases according to the current density; 
this is due to the increase in porosity, therefore the increase in the intensity of PL.

Figure 6 depicts that the thickness and the integral intensity of the PL increase 
as function of etching time, meanwhile the porosity and the integral intensity of 
PL increase as a function of the current density Figure 7. On the other hand, the 
PL intensity of the porous layer increases as a function of etching time and current 
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S6 180 10 0.7221 61.45 1.43 0.0022
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S8 180 20 1.0311 78.23 1.22 0.0014

Table 3. 
Different parameters evaluated from the optical model of samples obtained at different etching times and 
different current densities [31].
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2.3 Study of low temperature photoluminescence

This part is devoted to the study of the evolution of the PL band as a function 
of temperature in order to identify the nature of the energy levels which are at the 
origin of this PL and to understand the mechanisms of radiative recombinations 
which participate in this PL. We have studied the variation of intensity and the 
integrated intensity all as a function of temperature in the range [10–300 K].

Figure 5. 
The variation of the PL intensity and the width at half-height (FWHM) as a function of the anodization 
current density.

Figure 6. 
Variation of thickness and integrated PL intensity according to etching time [31].

Figure 7. 
Variation of porosity and integrated PL intensity according to etching current [31].
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The sample studied is of type N (100), produced under these conditions: 
[HF] = 16%, t = 3 min and j = 20 mA/cm2.

2.3.1 Evolution of PL intensities as a function of temperature

i. At low temperatures (T < 50 K), the decrease in IPL as a function of the 
increase in temperature is attributed to the transfer of excitons to states of 
lower energies in a non-radiative manner by thermal activation (Figure 8).

ii. While increasing the intensity of PL in the temperature range of 
(50 K ≤ T ≤ 80 K) indicates that the excitons are trapped in the lower local-
ized states are thermally activated toward the higher states and then recom-
bine radiatively and generate an increase in IPL intensity [32].

iii. At higher temperatures (T ≥ 80 K), thermal activation becomes more domi-
nant and localized excitons become free and can diffuse in a non-radiative 
manner in the structure leading to a decrease in the intensity of PL [32].

iv. In the same figure, we notice the appearance of an intensity peak of PL at a 
characteristic temperature TM = 80 K.

2.3.2 The intensity of PL as a function of the inverse of temperature

According to Zhao et al. and Weng et al., there are two types of transfer 
processes:

i. The first is a tunnel transfer [33, 34].

ii. The second is transfer by thermal dissociation [34] which is negligible at low 
temperatures.

But we have shown that the variation in the intensity of PL with temperature is 
due to the presence of these two exciton injection processes.

Ten et al. have shown that the increase in temperature could increase the 
tunneling process [35]. However, Hua et al. confirm that thermal dissociation of 
excitons increases with temperature, which favors the leakage of excitons from 
QDs to QWs at lower energy levels [36]. In Figure 9, we represent the integrated 

Figure 8. 
Evolution of PL intensities as a function of the temperature of a SiP layer produced on an N-type  
substrate (100).
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intensity of PL as a function of the inverse of the temperature. Taking into account 
these two transfer processes, we fitted the experimental curve using the two-
energy model, this empirical model is presented in Eq. (1) below [37]:

 ( ) ( )
 
 
 = × +      + × + −              

PL
PL 2
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e1e 1 exp1 a exp a kTkT

 (1)

where e1: first thermal activation energy; e2: second thermal activation energy; 
A, a1 and a2: the fixing parameters; and IPL: the intensity PL.

The different values found are presented in Table 4.
From the results, it can be seen that the thermal activation energy of one energy 

level is different from that of another level. This phenomenon can be explained by 
the increase in the Tunnel process with the increase in temperature [35]. We can 
also know the thermal activation energy of phonons in porous silicon.

3. Ellipsometric spectroscopy measurement

Spectroscopic ellipsometry is a very sensitive optical surface analysis method 
that allows the physical and morphological properties of a flat sample to be probed at 
different scales and at different energies. It has experienced significant growth over the 
past 100 years [38] and particularly over the past 20 years with modern computing. The 

Figure 9. 
Variation of the integrated intensity of PL as a function of the inverse of the temperature.

IPL 0.0232

a1 0.4046

e1 36.6044*8.33E-5 = 3.05 meV

A 1.7293

e2 1205.8422*8.33E-5 = 100.44 meV

a2 1.1545E13

Table 4. 
The values obtained from the parameters of the equation.

117

Optical Study of Porous Silicon Layers Produced Electrochemically for Photovoltaic Application
DOI: http://dx.doi.org/10.5772/intechopen.93720

technique makes it possible to obtain information on the surface of a massive sample, 
on the volume of a thin film or even on the interfaces. Ellipsometry has the advantage 
of being very simple and quick to implement, nondestructive, of allowing in-situ and 
real-time monitoring, and being applicable to a very wide range of samples.

3.1 Expérimental details

Ellipsometric measurements were performed on the porous silicon substrate 
for an angle of incidence of 78° in the spectral range 250–2000 nm using the GES5 
Sopra made rotating polarizer spectroscopic ellipsometer was used for the (SE) 
spectroscopic ellipsometry measurement, controlled by the WinElli-II software.

To extract the thickness of the PS layer from measuring of SE, an optical model 
must be assumed, as well as the calculated data have to follow experimental spectra. 
In applying EMA software, we utilized a model of a multi-layer model, whereas 
the first mixture of the layer (void/SiO2), while the second layer is (Sic/void), As 
indicated in Figure 10, a high improvement in the fit quality was observed [31].

3.2 Experimental device used

Figure 11 shows the “GES5” spectroscopic ellipsometer used in our work; this 
ellipsometer is assisted by a computer and controlled by the WinElli-II software.

Figure 10. 
The multilayer model of the PSL [31].

Figure 11. 
Real photo of the GES 5 Sopra Ellipsometry used in our work.
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This work was carried out at the techno pole photovoltaic laboratory of bordj 
çedria in Tunisia.

3.3 Thickness measurement

We measured the thicknesses of the series A samples (see Table 1).  
Figures 12 and 13, respectively, represent the ellipsometric spectra of samples S2 and S3.

The measure and the shape of the ellipsometrical spectra are presented in 
Figures 12 and 13.

The first serial allows us to determine ellipsometry. The adjustment parameters 
for the thickness of separated layers, using each sub-layer of the optical model are 
summarized in Table 3.

Figure 6 shows an agreement between the PL measurement presented by the 
integral intensity of PL along with the SE measurement presented by the thickness 
of porous layers obtained through varying etching time.

3.4 Porosity measurement

The second serial of samples was obtained following an etching time of 180 s 
and a current density varying from 5 to 20 mA/cm2. Figures 14 and 15 show the 
measurement and the shape of ellipsomety spectra.

Figure 12. 
SE measurements of the PSL obtained by using 15 mA/cm2, 120 s, and the calculated spectra based on the 
best-fitted parameters [31].

Figure 13. 
SE measurements of the PSL obtained by using 15 mA/cm2, 180 s, and the calculated spectra based on the 
best-fitted parameters [31].
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The second serial allows us to determine the porosity of separated layers, using 
ellipsometrical method. The adjustment parameters for each sub-layer of an optical 
model are summarized in Table 3.

Figures 14 and 15, respectively, show the measurement and shape of the spectra 
obtained by ellipsometry, the porous layers (S5, S6) obtained by J = 5 mA/cm2 and 
J = 10 mA/cm2, and an anodization time of 180 s.

Figure 7 shows an agreement between the PL measurement presented by the 
integral intensity of PL and SE measurements presented by the porosity of porous 
layers obtained following varying current density.

The two produced curves using values obtained by ellipsometry show that the 
thickness is as an increased function following etching time; meanwhile the porosity 
is as an increased function following the current density [39].

In this case, the PL comportment can be explained by the absence of the laser 
interference in the cleaned layer, as previously indicated. The contrary case was 
noticed in the thickness and the porous layer of silicon variations.

Adjusting the parameters of the proposed model to the experimental mea-
surements taken on the sample, allowed us to obtain the values presented in 
Table 3.

Figure 15. 
SE measurements of the PSL obtained in using 10 mA/cm2, 180 s, and the calculated spectra based on the 
best-fitted parameters [31].

Figure 14. 
SE measurements of the PSL obtained in using 5 mA/cm2, 180 s, and the calculated spectra based on the  
best-fitted parameters [31].
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3.5 Calculation of the refractive index (n) and the extinction coefficient (k)

The results illustrated in Table 3 and Figure 16 show that the refractive index 
and the extinction coefficient are as a decreased function along with the porosity.

In case of a porosity of 34%, we get n = 1.77 and k = 0.0035, while for porosity of 
78%, we get n = 1.22 and k = 0.0014 [31].

This result shows that the remained porous layer is more proper, but less thick and 
gives us a best PL intensity. Hence, the laser diffuses in wells by confinement effect. 
This confinement means to confine the incident laser radiation in crystallites seals 
and therefore the laser reflection is reduced following the big values of thickness and 
the porous layers.

4. Conclusion

In this study, we developed porous silicon layers by electrochemical anodiza-
tion, the optical characterization made by spectroscopic ellipsometry (SE), and 
photoluminescence (PL); this characterization enabled us to calculate the physical 
and optical parameters (porosity, thickness; refractive index, extinction coef-
ficient). To determine the effect of the etching parameters, we have suggested 
that for a good elaboration of the porous layers, it would be necessary to know the 
optimal conditions of anodization, taking into account the great role of the oxide 
layer on the surface. We note that the results obtained demonstrate that it excites a 
correlation between photoluminescence characterization (PL) and measurement 
of spectroscopic ellipsometry (SE), and these results are very important in the 
photovoltaic field.

Figure 16. 
Variation of refractive index and extinction coefficient as a function of porosity [31].
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tion, the optical characterization made by spectroscopic ellipsometry (SE), and 
photoluminescence (PL); this characterization enabled us to calculate the physical 
and optical parameters (porosity, thickness; refractive index, extinction coef-
ficient). To determine the effect of the etching parameters, we have suggested 
that for a good elaboration of the porous layers, it would be necessary to know the 
optimal conditions of anodization, taking into account the great role of the oxide 
layer on the surface. We note that the results obtained demonstrate that it excites a 
correlation between photoluminescence characterization (PL) and measurement 
of spectroscopic ellipsometry (SE), and these results are very important in the 
photovoltaic field.

Figure 16. 
Variation of refractive index and extinction coefficient as a function of porosity [31].
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Influence of the Incidence 
Angle Modifier and Radiation 
as a Function of the Module 
Performance for Monocrystalline 
Textured Glass and No Textured in 
Outdoor Exposed
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Abstract

The variation of the incidence angle over the year is an important parameter 
determined the performance of the module. The standard orientation of the module 
or a PV system, the perpendicular positioning of the sun to the module’s surface 
occurs twice a year. In outdoor exposed, angular losses of the module decrease 
the output of the PV or the system of PV. Although these losses are not always 
negligible, they are commonly not taken into account when correcting the electri-
cal characteristics of the PV module or estimating the energy production of PV 
systems. This chapter is focused on the measurement of the angular response and 
spectral radiation (global and direct radiation) of solar cells based on two different 
silicon technologies, monocrystalline textured (m-Si) and non textured (mc-Si). 
The analysis of the source of deviation from the theoretical response, especially 
those due to the surface reflectance. As main contributions, the effects of glass 
encapsulation on the angular response of the modules are investigated by compar-
ing the electrical parameter of the textured module to no textured and quantify 
electrical angular losses in this measurement area.

Keywords: textured, cell center, incidence angle

1. Introduction

The conversion of solar energy in solar modules is subject to electrical and opti-
cal losses [1, 2]. Optical losses are substantially depending on light incidence angle 
relative to the module plane. Manufactures information of photovoltaic panels typi-
cally provide electrical parameters at only one operating condition. Photovoltaic 
panels operate over a large range of conditions so the manufacturer information is 
not sufficient to determine overall performance. The electrical power output from a 
photovoltaic panel depends on the solar incidence irradiation, the cell temperature, 
the solar incidence angle [1, 3, 4]. To minimize reflection losses and thus maximize 



Solar Cells - Theory, Materials and Recent Advances

124

quantum wells. Materials Letters. 
2013;6:2

[34] Zhao D, Li B, Wu C, Lu Y,  
Shen D, Zhang J, et al. Temperature 
dependence of carrier transfer 
and exciton localization in ZnO/
MgZnO heterostructure. Journal of 
Luminescence. 2006;119-120:304-308

[35] Ten S, Henneberger F, Rab M, 
Peyghambarian N. Femtosecond study 
of exciton tunneling in (Zn,Cd)Se/ZnSe 
asymmetric double quantum wells. 
Physical Review B. 1996;53:12637

[36] Hua J, Li-Gong Z, Zhu-hong Z,  
Anli-Nan, You-Ming L, Ji-Ying Z,  
et al. Temperature-Dependent 
Photoluminescence in Coupling 
Structures of CdSe Quantum Dots and a 
ZnCdSe Quantum Well. Chinese Physics 
Letters. 2005;22:1518-1521

[37] Saint-Girons G, Sagnes I. 
Photoluminescence quenching of a low-
pressure metal-organic vapor-phase-
epitaxy grown quantum dots array 
with bimodal inhomogeneous 
broadening. Journal of Applied Physics. 
2002;91:10115

[38] Hall AC. A century of ellipsometry. 
Surface Science. 1969;16:1-13

[39] Rahmouni S, Zighed L, Tifouti I, 
Hadnine S, Aida MS. Experimental 
study of porous silicon films prepared 
on N and P type monocrystalline silicon 
wafers. Optoelectronics and Advanced 
Materials. 2017;11(1-2):105-108

125

Chapter 8

Influence of the Incidence 
Angle Modifier and Radiation 
as a Function of the Module 
Performance for Monocrystalline 
Textured Glass and No Textured in 
Outdoor Exposed
Issa Faye, Ababacar Ndiaye and Elkhadji Mamadou

Abstract

The variation of the incidence angle over the year is an important parameter 
determined the performance of the module. The standard orientation of the module 
or a PV system, the perpendicular positioning of the sun to the module’s surface 
occurs twice a year. In outdoor exposed, angular losses of the module decrease 
the output of the PV or the system of PV. Although these losses are not always 
negligible, they are commonly not taken into account when correcting the electri-
cal characteristics of the PV module or estimating the energy production of PV 
systems. This chapter is focused on the measurement of the angular response and 
spectral radiation (global and direct radiation) of solar cells based on two different 
silicon technologies, monocrystalline textured (m-Si) and non textured (mc-Si). 
The analysis of the source of deviation from the theoretical response, especially 
those due to the surface reflectance. As main contributions, the effects of glass 
encapsulation on the angular response of the modules are investigated by compar-
ing the electrical parameter of the textured module to no textured and quantify 
electrical angular losses in this measurement area.

Keywords: textured, cell center, incidence angle

1. Introduction

The conversion of solar energy in solar modules is subject to electrical and opti-
cal losses [1, 2]. Optical losses are substantially depending on light incidence angle 
relative to the module plane. Manufactures information of photovoltaic panels typi-
cally provide electrical parameters at only one operating condition. Photovoltaic 
panels operate over a large range of conditions so the manufacturer information is 
not sufficient to determine overall performance. The electrical power output from a 
photovoltaic panel depends on the solar incidence irradiation, the cell temperature, 
the solar incidence angle [1, 3, 4]. To minimize reflection losses and thus maximize 
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the electric yield, the PV industry introduced several different concepts and materi-
als, such as antireflective coatings or structured glass with inverted pyramids [5]. 
To measure the nominal power, the incidence angle at normal incidence in standard 
test conditions is allowed. In real conditions, modules are exposed in different envi-
ronments conditions. In some location, the main losses mechanism performance of 
PV or a system of PV is that the angle dependence. The PV module characteristics 
can help the company to predict accurately the PV performance. A new standard 
for performance testing and energy rating is under development [6]. The angle 
dependence losse of a PV module or a cell can be measured in several manner such 
the angle dependence reflectance. While reflectance measurements do not account 
for absorption losses, common I – V curve measurements can suffer from incorrect 
injection dependence and mismatch corrections.

Precise characterization methods and measurement systems are needed to assess 
angular dependent module performance. The incidence angle is measure of devia-
tion from the direct solar radiation to the PV panel surface. The incidence angle is 
directly involved in the determination of the radiation incident angle affects the 
amount of solar radiation transmitted through the projective cover and converted 
to electricity by the cell [3, 7]. Significant effects of inclination occur at incidence 
angles greater than 65 degree [8]. The main of this paper is to evaluate and a com-
parative study of two crystalline silicone technologies in reel outdoor pyramidal 
textured and non-textured for different incidence angles and spectral radiation. 
The major difference between outdoor operation in natural sunlight and the labora-
tory test conditions is the existence of diffuse light, which is dependent on the 
climatic conditions on the location.

2. Incident angle distribution

The incident angle of the light on a PV module depends on tree parameter 
such as the module orientation, the time of the year and the geographical location 
[9]. However, due to cosine losses in those operation times with higher AOI, this 
only corresponds to 29% of the energy share in energy share in module plane [5]. 
To effectively reduce angular of incidence loss mechanisms and to utilize effects 
which boost the performance at lower angles of incidence it is crucial to effectively 
separate the different mechanisms which play a role when the AOI is varied. The 
Figure 1, shows the situation in which oblique incidence plays an important role for 
the performance.

Advances in solar glass production.
In the past few years, glass–glass module received a significant increased in 

attention, triggered by number of reasons.
Light trapping glass.
A major requirement for front cover glass in solar modules is high transmis-

sion in the wavelength range of the semiconductor material. One option to boost 
transmission is texturing the front surface in a similar manner to crystalline silicon 
solar cells.

Reduction of reflection at oblique light incidence.
As show in Figure 2, the light reflection on a mountain lake. In the front, the 

observer can see through the water surface: the reflection is low. With increasing 
angles, the reflection constantly increases and in the background only the moun-
tains can be seen on the water surface.

Hence, the reflection is higher than the transmission at oblique light incidence. 
The reflection for equally (uniformly) polarized light can be described by the  
following equation.
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3. Methods of solar tracking

To track a maximum power point (MPPT) of a PV module, we always use a solar 
tracker. Different solar tracker are used as follows.

3.1 Passive trackers

The principle behind passive trackers is to make use of the solar heat to cause 
an imbalance, which leads to a movement in the tracker. They work on thermal 
expansion and commonly employ a low boiling point compressed gas fluid or 
shape memory alloys. For the high precision of the concentration of solar Power, 
the passive tracker are not always used. However, they can be employed for com-
mon flat PV systems. The passive trackers is more useful than the active tracker, 

Figure 1. 
Situations in which oblique light incidence plays an important role for the performance of the PV-module. The 
important part of light is normal to the module surface. This enormous part of light derive under diffuse light. 
Thus, understanding the oblique light performance of solar modules is crucial to understand its diffuse light 
performance.

Figure 2. 
Light reflection as function of observed angle [10].
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the electric yield, the PV industry introduced several different concepts and materi-
als, such as antireflective coatings or structured glass with inverted pyramids [5]. 
To measure the nominal power, the incidence angle at normal incidence in standard 
test conditions is allowed. In real conditions, modules are exposed in different envi-
ronments conditions. In some location, the main losses mechanism performance of 
PV or a system of PV is that the angle dependence. The PV module characteristics 
can help the company to predict accurately the PV performance. A new standard 
for performance testing and energy rating is under development [6]. The angle 
dependence losse of a PV module or a cell can be measured in several manner such 
the angle dependence reflectance. While reflectance measurements do not account 
for absorption losses, common I – V curve measurements can suffer from incorrect 
injection dependence and mismatch corrections.

Precise characterization methods and measurement systems are needed to assess 
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3. Methods of solar tracking

To track a maximum power point (MPPT) of a PV module, we always use a solar 
tracker. Different solar tracker are used as follows.

3.1 Passive trackers

The principle behind passive trackers is to make use of the solar heat to cause 
an imbalance, which leads to a movement in the tracker. They work on thermal 
expansion and commonly employ a low boiling point compressed gas fluid or 
shape memory alloys. For the high precision of the concentration of solar Power, 
the passive tracker are not always used. However, they can be employed for com-
mon flat PV systems. The passive trackers is more useful than the active tracker, 

Figure 1. 
Situations in which oblique light incidence plays an important role for the performance of the PV-module. The 
important part of light is normal to the module surface. This enormous part of light derive under diffuse light. 
Thus, understanding the oblique light performance of solar modules is crucial to understand its diffuse light 
performance.

Figure 2. 
Light reflection as function of observed angle [10].
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however, the efficient in low temperature is less. The SMA actuator can easily be 
deformed even at relatively low temperatures (by tracker actuators below 70°C). 
It produces mechanical work by returning back to its original shape when heated 
above transformation temperature. The study found that the tracker worked very 
well in the short term field tests and the SMA actuators provided an efficiency of 
approximately 2% [11].

3.2 Active trackers

The mechanism of a active solar tracker is to use a motor to enable control the 
mobility of the tracker. These motors are usually fed by a (Figure 3).

The motor executed the command from a signal which have a main aims to 
provide magnitude and direction and incidence angle. The incidence angle is enable 
to change from 0° to 90°. We highlight that the active tractors made use performed 
accurately however, they consume more energy. They are more efficiently than the 
passive trackers.

3.3 Active trackers with single-axis system

To compare to a two axis systems that provide two degrees freedom, a single axis 
provide for only bone. Hence, a single axis consumed less energy than a two axis 
system. The 1A-3P sun tracker was designed to operate at only 3 different angles 
as shown in Figure 4. A simple designed tracker is combined with a DC motor to 
turn the system The tracker rotation is enable by a timer IC which provides the time 
signal to trigger the motor to turn at the turning angle. The measuring functions for 
tracker motion, PV generation and all the control algorithms are implemented using 
microcontroller PIC18F452 [12] A standalone single axis active solar tracker and 
presented the modeling and simulation of the photovoltaic system under a constant 
load using MATLAB/Simulink was designed by [13]. The different components 

Figure 3. 
Scheme of the rotation angles [11].
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such as a servermotor, a batetery, a charger, two LDR sensors and external load and 
microcontroller provide the output. The aims of the tracker is to rotate in a single 
axis, then it’s designer take into accunt of the number of axis rotation and activate 
the motor to had a single-axis freedom. The sunlight intensity was sensed using the 
LDR sensors, which would then send a signal to the microcontroller to rotate the 
panel using the servo motor. To control the system, a Lead Acid battery polarize 
the components which is controlling via a charge controller. Konar et al. designed a 
single axis microcontroller based automatic, position control scheme. The system 
is controlled by two axis, the first one is a reflector that tilted optimally across it; 
the second one is controlled by the tracker by changing the azimuth angle. The 
tracking system was designed to search for the maximum solar irradiance in the 
whole azimuth angle of 360° during the locking cycle, and hence the system was not 
constrained by the geographical location of installation. The system also employed 
step tracking scheme instead of continuous tracking which keeps the motors idle for 
a longer time to save energy [11] reported a single-axis solar tracker on a small size 
Parabolic-Trough Collector (PTC). To locate the azimuth of the sun, a algorithm 
that classified as an an open-loop is elaborate. The angular tracking error was 
accurately characterized using a digital inclinometer. The transversal Incidence 
Angle Modifier.

(IAM) curve is determined by ray tracking simulation for all longitudinal inci-
dence angles as well as the transversal incidence plane is showing in Figure 4. The 
proposed procedure gives a better accuracy for the tracking error than the theoretical 
acceptance angle [14]. derived formulae to evaluate the daily and hourly radiation 
incident on azimuth three step tracking system, hour angle three step tracking 
systems and compared the results with the radiation received by a horizontal surface. 
A yield tilted surface performed an a optimal angle gain 30,2% higher radiation 
than a horizontal surface. In comparison, a two axis azimuthal three step tracking 
performed better with a 72% higher radiation [15]. As shown in Figure 5 a global 
illustration of the schematic digram. A theoretical study to analyze the performance 

Figure 4. 
Schematic diagram of azimuth three step tracking [11].
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of an east–west oriented single-axis tracking panel was done by [16] claimed the 
performance of a single axis tracking, the system consist of a panel fixed in a hori-
zontal axis, in different time of the year. They compared the gain in an est-west to 
north-sud. The results show that the yearly gains obtained in est-west is less than 
the north-sud. The results show that, the correlation between the irradiation and 
the latitude is hight, it’s 12% at the equator and 14,3% in the Arctic. To increase the 
efficiencies of the PV plant, a ray tracking is performed; besides, the change of the 
angle may have an impact of the output of the system. The mathematical formula can 
accurately investigate the optical performance, As make a use by [11] with a single 
axis in South–North, they estimate the annual radiation of the panels composed 
the system when using a single axis. Some of study haves been done in china, they 
compare single axis and dual axis and conclude that the dual axis performed 96–97% 
higher than the single axis. The results illustrate that in some areas, at low resources, 
the tracking is unsuitable. The sun tracking may perform better than the traditional 
fixed if both are compared over the year, the gain performance were estimated to 
higher than 30% with high solar irradiation, however it is less than 20% in low 
irradiation areas [17–19].

4. Experimental work

The outdoor system are developed and investigated. It’s installed on the roof of 
the Technical university of Cologne. The angle of incidence starting position with 
orientation to the sun gradually changing the angle of inclination at a constant azi-
muth angle up to an angle of incidence of 90 selection of the distances between the 
approached angles of incidence helicopter measurement horizontal module storage 
(inclination = 90°) gradual change in solar tracker azimuth orientation over a total 
angle of 180 choice of the distance between the approached angles. The angular 

Figure 5. 
Solar tracking system at the Cologne University of Applied Sciences.
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incidence effect is measured with the short circuit current which is assumed to be 
proportional to the light reaching the solar cell and thus the photon generation.

4.1 Isotextured solar cell

The incident angle modifier is varied for 0° to 90°. The measurement of the short 
circuit current of the two modules is done when the incidence angle is changing. A 
textured surface retains more light than a plane surface in a active area of a PV or 
cell. However, the advantage of the rough surface can be offset by the mechanism 
of the recombination at the surface of the PV module or cell textured. At the com-
parably low angles of incidence, the reflection is reduced to 4% [20]. A textured 
such as the Alberino glass will drastically lower the reflection for angles of incidence 
≥50° and thus will keep the incidence angle midifier closer to unity. The texture of 
Alberino P is the best described as inverted and rounded pyramid. The Table 1 shows 
the electrical characteristics of the Two PV plants in monocrystalline silicone.

Within the framework of this work a solar tracking device was constructed at 
the Cologne University of Applied Sciences (CUAS) which is capable of measuring 
the IAM of solar cells and whole modules, see Figure 5.

4.2 Global and direct irradiation

Global solar radiation on horizontal surfaces can be measured with a pyrometer 
or reference cell which is an instrument that measures global solar radiation from all 
directions. To calculatee the global solar radiation we use the formulate as follows.

Diffuse solar radiation (Gb).
Direct beam solar radiation (Gd).
Solar radiation on a horizontal surface is the sum of the horizontal direct and 

diffuse radiation.

 H d bG  = G  + G  

The solar module is irradiated by permanently changing solar spectrum. To 
nevertheless be able to compare the performance of different solar cells technology, 
a standard spectrum with a relative air mass (AM) of 1.5 was defined:

 [ ]
[ ]

 / ^2 115,3
Irradiance

1000 / ^2
∗

=
Avarage value W m mV

W m
 (1)

Power (Pmax) 240

Open circuit voltage (Voc) 36,72

Short circuit current (Isc) 8,74

Voltage at maximum power (Vmp) 28,89

Current at maximum power (Imp) 8,31

Permissible system voltage 1000VDC

Maximum reverse current

Application class A

Table 1. 
Electrical characteristics of both PV modules.
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Where, Isc,stc represents the measured current which is standardized, Iscmes is the 
measured current and Isc0 is the short circuit current measured.

5. Results and discussion

The results show that, (see Figure 6) and Figure 7. For direct irradiance, 
reflectance losses will also be higher than for orthogonale incidence most of time, 
if stationary modules are considered. There is a decrease short circuit current Isc in 
direct irradiation from 6.95 to 2.84 for monotextured and from 7.93 to 3.12 in the 
incident angle from 0° to 60°. This is due to the effect of variation in the minority 
carrier concentration as said by [21].

The textured module shows a good performance at low irradiance there is still a 
high share of direct light with oblique incidence angles. So the performance of the 
textured module is strongly affected by the factor Kԏα as said by (20) Nils Reihners 
(2018). The short circuit current for the global irradiation decrease from 9.91 to 5.80 
for the monotextured and from 11.09 to 6.68 for no textured when the incidence 
angle increase from 0° to 60°. On top of the cosine effect, additional losses occur, 
particularly at incidence angles beyong 60° as showed in Figure 7. They provide 
correction factors for device short circuit current Isc for incidence angle β from 0° 
to 90° with respect to normal incidence of 0°. The short circuit current dependence 
losse angle is called incidence angle modifier. It is defined as the ratio of the short 
circuit current measured at an angle of incidence and the short circuit current at 
perpendicular incidence. The value of corrected by cosines to eliminate the cosine 
effect and to keep all other angular effects
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Figure 6. 
Curve of direct irradiation in dependence on the angle incidence.
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Figure 7. 
Curve of global irradiation in dependence on the angle incidence.

Figure 8. 
IAM with direct radiance comparison between textured to no texture. Correction factor Kαԏ for flat glass and a 
pyramidal textured surface.

Figure 9. 
IAM between delta textured to non-textured in global irradiation.
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To include the influence of a changing solar spectrum, it is common to derive 
a correction factor, which depends on the air mass that the light needs to traverse 
before hitting the module.

The Figure 8 shows the IAM comparison between textured and no  
textured module.

To better understand the IAM of the textured and non-textured module, we 
introduce the difference between the textured and no textured as showed in Figure 9.

6. Conclusion

Angle dependence can be a major loss mechanism in photovoltaic. Our approach 
enables the measurement the solar irradiation and the angle dependence for mod-
ules spectrally resolved. We evaluated the measurement uncertainty of our setup 
according to calibration standards and measured textured and no textured PV 
modules. This effort is needed to quantify in reel outdoor exposed the effects of cell 
textured and the incidence angle modifier. The results show that, the textured PV 
module performs better than the flat PV module in global irradiance and diffuse 
irradiance.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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To include the influence of a changing solar spectrum, it is common to derive 
a correction factor, which depends on the air mass that the light needs to traverse 
before hitting the module.

The Figure 8 shows the IAM comparison between textured and no  
textured module.

To better understand the IAM of the textured and non-textured module, we 
introduce the difference between the textured and no textured as showed in Figure 9.

6. Conclusion

Angle dependence can be a major loss mechanism in photovoltaic. Our approach 
enables the measurement the solar irradiation and the angle dependence for mod-
ules spectrally resolved. We evaluated the measurement uncertainty of our setup 
according to calibration standards and measured textured and no textured PV 
modules. This effort is needed to quantify in reel outdoor exposed the effects of cell 
textured and the incidence angle modifier. The results show that, the textured PV 
module performs better than the flat PV module in global irradiance and diffuse 
irradiance.
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Chapter 9

Ultrasonic Processing of Si and
SiGe for Photovoltaic Applications
Andriy Nadtochiy, Artem Podolian, Oleg Korotchenkov
and Viktor Schlosser

Abstract

The usage of power ultrasound for sonochemical processing of Si wafers and
thin layers of amorphous Si and SiGe alloys is described. Over the last decade
different industries have become increasingly drawn to sonochemistry because it
provides a green and clean alternative to conventional technologies, particular in
the areas of processing of silicon-based materials for photovoltaic applications. Two
techniques related to ultrasonic cleaning of Si wafers and sonochemical modifica-
tion of Si, SiGe and a-Si/SiGe surfaces in hydrocarbon solutions of chloroform
(CHCl3) and dichloromethane (CH2Cl2) are discussed. The occurrence of cavitation
and bubble implosion is an indispensable prerequisite for ultrasonic cleaning and
surface processing as it is known today. The use of higher ultrasonic frequencies to
expand the range of ultrasonic cleaning and processing capabilities is emphasized.
Although exact mechanisms of an improved photoelectric behavior of Si-based
structures subjected to power ultrasound are not yet clarified in many cases, the
likely scenarios behind the observed photovoltaic performances of Si, SiGe and a-Si/
SiGe surfaces are proposed to involve the surface chemistry of oxygen and hydro-
gen molecules as well hydrocarbon chains.

Keywords: silicon, germanium, surface passivation, dichloromethane,
sonochemical, surface photovoltage, free carrier lifetimes

1. Introduction

The chemical effect of ultrasonic waves derives primarily from hot spots formed
during acoustic cavitation in a chemical mixture. Due to locally achieved extreme
conditions, an unusual chemical environment is attained in such experiments [1]. It
is therefore not surprising that a growing interest in simple and cheap sonochemical
syntheses of materials is observed, particularly in nanophases [2–4]. Given the fact
that ultrasonic irradiation, or sonication, of reaction mixtures is easily controllable,
sonochemical fabrication of high-quality materials becomes a particularly interest-
ing subject. One of the goals of this article is to discuss the recent excitement about
sonochemically modified semiconductor materials.

Quite recently, sonochemical techniques have been used in processing of semi-
conductor surfaces [5–14]. In this method, the main phenomenon is the acoustic
cavitation, which enhances chemical reactions in a solution. The growth of cavita-
tion bubbles occurs due to the diffusion of solute vapor in the volume of the
bubbles. After the growth process, the bubbles collapse, breaking the chemical
bonds on the material surface.
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1. Introduction

The chemical effect of ultrasonic waves derives primarily from hot spots formed
during acoustic cavitation in a chemical mixture. Due to locally achieved extreme
conditions, an unusual chemical environment is attained in such experiments [1]. It
is therefore not surprising that a growing interest in simple and cheap sonochemical
syntheses of materials is observed, particularly in nanophases [2–4]. Given the fact
that ultrasonic irradiation, or sonication, of reaction mixtures is easily controllable,
sonochemical fabrication of high-quality materials becomes a particularly interest-
ing subject. One of the goals of this article is to discuss the recent excitement about
sonochemically modified semiconductor materials.

Quite recently, sonochemical techniques have been used in processing of semi-
conductor surfaces [5–14]. In this method, the main phenomenon is the acoustic
cavitation, which enhances chemical reactions in a solution. The growth of cavita-
tion bubbles occurs due to the diffusion of solute vapor in the volume of the
bubbles. After the growth process, the bubbles collapse, breaking the chemical
bonds on the material surface.
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Over the last years different industries have therefore become increasingly
drawn to sonochemistry because it provides a green and clean alternative to
conventional technologies, particular in the areas of processing of silicon-based
materials. The aim of this work is to provide a cohesive presentation of the related
efforts. Two techniques related to ultrasonic cleaning of Si wafers and sonochemical
modification of Si and SiGe surfaces in hydrocarbon solutions will be discussed. In
both cases, the occurrence of cavitation and bubble implosion is necessary for
ultrasonic cleaning and surface processing as it is known today. The use of higher
ultrasonic frequencies to expand the range of ultrasonic cleaning and processing
capabilities will be emphasized. Although exact mechanisms of an improved pho-
toelectric behavior of Si-based micro- and nanostructures subjected to power ultra-
sound are not yet clarified in many cases, the likely scenarios behind the observed
photovoltaic performances will be proposed to involve the surface chemistry of
oxygen and hydrogen molecules as well hydrocarbon chains.

2. Processing and passivation of Si wafers used for solar cells

It is known that crystalline silicon (c-Si) based solar cells dominate the solar
energy industry. The modern silicon wafer production technology and processing
sequence is the most mature and including hundreds of flawless process steps [15].
With increasing the electronic quality of c-Si, the efficiency of c-Si solar cells
improved considerably [16]. Most generally, free carriers generated by the incident
sunlight would be efficiently collected far away from the fast recombination centers
while they move towards the device terminals. In particular, carrier recombination
at the cell surfaces should be avoided, especially in thin wafers.

It is convenient to define an effective surface recombination velocity (Seff ), which
for a symmetrically passivated sample at a low injection level takes the form [17]:

Seff ¼
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whereD is theminority carrier diffusivity, τeff is the effective lifetime, τb is the bulk
lifetime of thewafer andw is the wafer thickness. If Seff is rather large, one equates [17]:
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If the surface passivation is good and hence the surface recombination velocity is
sufficiently small, the tangent term in Eq. (1) becomes linear and [17]:

1
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¼ 1
τb

þ 2Seff
w

: (3)

Therefore, carrier recombination at the wafer surfaces restricts its effective
lifetime thus posing inherent limitation of using c-Si in solar cells.

The surface itself terminates an atomic order in c-Si such that Si atoms that
reside on the surface are not fully bonded to four Si neighbors. This yields dangling
bonds, which form surface defects and thus reduce the efficiency of solar cells.
Therefore, reducing the number of these defects is clearly a necessary prerequisite
for manufacturing higher efficiency silicon solar cells.
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In this respect, various surface-passivation layers have been employed. In par-
ticular, SiO2 surface passivation coating layer has been proven to offer outstanding
passivation [18–20]. In general, two oxide growth methods are employed termed as
the dry and wet oxidation. Dry oxygen and water vapor are used in the former and
latter cases, respectively. Dry oxidation typically forms thin oxide layers in practical
structures due to perfect Si–SiO2 interface developed in this case. In turn, wet
oxidation yields greater growth rates, which is necessary for depositing thicker SiO2

layers.
Furthermore, a hydrogenated amorphous silicon a-Si:H layer can saturate the

dangling bonds by hydrogen termination [21–23]. The atomic hydrogen is also able
to effectively passivate dangling bonds at the c-Si/SiO2 interface thus drastically
suppressing the interface state density and surface recombination velocities [24].
An important aspect is that the treatment in HF can produce an inversion layer on
p-type Si surfaces while an accumulation of majority carriers is observed on n-type
Si after treatment in either NH4F or HF [25]. These both are due to positive charges
induced by electronegative surface groups such as –H, –O–H and –F bonded to the
Si surface atoms �Sis– [26].

Most of the oxidizing solutions, e.g. H2SO4/H2O2, HCl, HNO3, RCA-2 (the
mixture of HCl, H2O2 and H2O), lead to surface depletion of holes in p-Si and a
weakly depleted majority carriers in n-Si that appear due to the positive fixed oxide
charge. Surface processing in the RCA-1 solution, which contains the mixture of
NH4OH, H2O2 and H2O, can be considered, in turn, noting a strong depletion in
n-Si and a weak one on p-type Si surface thus implying the negative surface charge
arisen from the dissociation of �Si–OH groups in the SiO2 film during the oxidation
in the solution (�Si–OH ⇆ �Si–O� + H+) [25, 26].

Using an amorphous silicon layer should also prove useful in GexSi1–x/Si struc-
tures [27]. It is seen in Figure 1 that the surface photovoltage (SPV) is enhanced as
the structure is covered with a-Si (curves 3 and 4 compared with curves 1 and 2 at
time t ¼ 0). Roughly a 10 times larger value of the SPV magnitude is observed in the

Figure 1.
Time-dependent SPV of Si wafer (1), structures of GexSi1–x islands on Si (2), 10 nm a-Si/GexSi1–x/Si (3), and
10 nm a-Si/GexSi1–x/Si annealed for 5 minutes at 400 °C in an O2 ambient atmosphere (4). The concentration
of Ge atoms in the islands is about 80%. Reprinted with permission from Podolian A, Nadtochiy A,
Korotchenkov O, Romanyuk B, Melnik V, Popov V. Journal of Applied Physics. 2018;124:095703. Copyright
2018, AIP publishing.
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Over the last years different industries have therefore become increasingly
drawn to sonochemistry because it provides a green and clean alternative to
conventional technologies, particular in the areas of processing of silicon-based
materials. The aim of this work is to provide a cohesive presentation of the related
efforts. Two techniques related to ultrasonic cleaning of Si wafers and sonochemical
modification of Si and SiGe surfaces in hydrocarbon solutions will be discussed. In
both cases, the occurrence of cavitation and bubble implosion is necessary for
ultrasonic cleaning and surface processing as it is known today. The use of higher
ultrasonic frequencies to expand the range of ultrasonic cleaning and processing
capabilities will be emphasized. Although exact mechanisms of an improved pho-
toelectric behavior of Si-based micro- and nanostructures subjected to power ultra-
sound are not yet clarified in many cases, the likely scenarios behind the observed
photovoltaic performances will be proposed to involve the surface chemistry of
oxygen and hydrogen molecules as well hydrocarbon chains.

2. Processing and passivation of Si wafers used for solar cells

It is known that crystalline silicon (c-Si) based solar cells dominate the solar
energy industry. The modern silicon wafer production technology and processing
sequence is the most mature and including hundreds of flawless process steps [15].
With increasing the electronic quality of c-Si, the efficiency of c-Si solar cells
improved considerably [16]. Most generally, free carriers generated by the incident
sunlight would be efficiently collected far away from the fast recombination centers
while they move towards the device terminals. In particular, carrier recombination
at the cell surfaces should be avoided, especially in thin wafers.

It is convenient to define an effective surface recombination velocity (Seff ), which
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Therefore, carrier recombination at the wafer surfaces restricts its effective
lifetime thus posing inherent limitation of using c-Si in solar cells.

The surface itself terminates an atomic order in c-Si such that Si atoms that
reside on the surface are not fully bonded to four Si neighbors. This yields dangling
bonds, which form surface defects and thus reduce the efficiency of solar cells.
Therefore, reducing the number of these defects is clearly a necessary prerequisite
for manufacturing higher efficiency silicon solar cells.

138

Solar Cells - Theory, Materials and Recent Advances
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oxidation yields greater growth rates, which is necessary for depositing thicker SiO2

layers.
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p-type Si surfaces while an accumulation of majority carriers is observed on n-type
Si after treatment in either NH4F or HF [25]. These both are due to positive charges
induced by electronegative surface groups such as –H, –O–H and –F bonded to the
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mixture of HCl, H2O2 and H2O), lead to surface depletion of holes in p-Si and a
weakly depleted majority carriers in n-Si that appear due to the positive fixed oxide
charge. Surface processing in the RCA-1 solution, which contains the mixture of
NH4OH, H2O2 and H2O, can be considered, in turn, noting a strong depletion in
n-Si and a weak one on p-type Si surface thus implying the negative surface charge
arisen from the dissociation of �Si–OH groups in the SiO2 film during the oxidation
in the solution (�Si–OH ⇆ �Si–O� + H+) [25, 26].

Using an amorphous silicon layer should also prove useful in GexSi1–x/Si struc-
tures [27]. It is seen in Figure 1 that the surface photovoltage (SPV) is enhanced as
the structure is covered with a-Si (curves 3 and 4 compared with curves 1 and 2 at
time t ¼ 0). Roughly a 10 times larger value of the SPV magnitude is observed in the

Figure 1.
Time-dependent SPV of Si wafer (1), structures of GexSi1–x islands on Si (2), 10 nm a-Si/GexSi1–x/Si (3), and
10 nm a-Si/GexSi1–x/Si annealed for 5 minutes at 400 °C in an O2 ambient atmosphere (4). The concentration
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2018, AIP publishing.
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capped GexSi1–x/Si structure (curve 3 at time t ¼ 0) compared to that of bare
GexSi1–x-on-Si islands (curve 2). This enlargement is even 5 to 10 times greater after
subsequent sample annealing in O2 (curve 4 at time t ¼ 0).

Presuming the use of effective hydrogenation, a-Si:H/c-Si heterojunction solar
cells (HET) represent one of the most promising solar cell structures that enable
high efficiencies due to high open-circuit values coming from the excellent passiv-
ation properties of a-Si:H combined with the beneficial effect of the a-Si:H/c-Si
heterojunction on the built-in voltage and reduced charge carrier loss at the inter-
face [28]. HET cells also have reduced costs compared with systems installed today
based on conventional silicon technologies.

Moreover, in contrast to dielectric passivation materials such as SiO2 and amor-
phous Si nitride (a-SiNx:H) [29], a-Si:H is simultaneously suitable for good passiv-
ation and electrical conduction. However, the surface passivation quality worsens
both at low and high processing temperatures because of the porous medium grown
in the amorphous silicon phase at excess amounts of hydrogen [30] and growing
crystalline Si film instead of forming a-Si:H [31, 32], respectively. As a consequence,
discrepancy exists in the literature as to the passivation ability of a-Si:H [33–37].

3. Sonochemistry: basic principles

The use of ultrasound for accelerating chemical reactions in liquid–solid hetero-
geneous systems is very attractive since ultrasound is capable of increasing the
reactivity by more than a factor of 105 due to the fact that the reagent particles clash
at such a high speed that they melt at the point of collision and generate microscopic
flames in cold liquids [1, 38]. In ultrasonically irradiated slurries, turbulent flow and
shock waves are produced by acoustic cavitation [39] resulting in many tiny gas
bubbles. The bubbles expand and contract in accordance with the pressure oscilla-
tions of the ultrasonic wave. When the bubble radius is of a certain size and the
acoustic amplitude is above a given threshold value, the bubbles collapse violently
and the temperature inside a bubble increases dramatically due to the quasiadiabatic
compression [40]. At the final stage of the collapse, the vapor, which often is water
vapor, dissociates inside the collapsing bubble due to the high bubble temperature.
This generates H and OH radicals as well as other kinds of oxidants, which are
assumed to produce a variety of chemical reactions [3, 41–45]. The reactions
involve the formation of primary radicals from the ultrasound-initiated dissociation
of water within a collapsing cavity as

H2OÞÞÞ ! HþOH, (4)

where the brackets stand for the sonolysis of water. The intermediate hydroxyl
and hydrogen radicals can form H2O2 and O2 products.

In aqueous media, these reactions occur in different regions surrounding the
collapsed bubble. One of these regions is e.g. the interfacial liquid region between the
cavitation bubbles and the bulk solution. The temperature in this region is lower than
the one in the interior of the bubbles. The reaction is therefore a liquid phase reaction
but the temperature is believed to be high enough to rupture chemical bonds. Apart
from these oxidants, considerable concentrations of local hydroxyl radical have been
reported [43, 46]. Another reactant region is the bulk solution. Here, the reaction
between reactant molecules and OH or H takes place at ambient temperatures.

Since a quantitative analysis of the chemistry involved into the sonochemical
reactions is yet difficult to perform [47], it is not certain whether or not the
chemical effects indeed originate from acoustic cavitation. The implosive collapse of
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bubbles during cavitation produces local transient temperatures of about 5000 K
and pressures of about 500 atm, with heating and cooling rates exceeding 1010 K/s
[1, 38]. These conditions create high-velocity collisions between suspended particles
and the estimated speed of colliding particles approaches almost the speed of sound
in the liquid. Interestingly, sonochemical reactions in cavitational fields occur more
slowly at elevated than at lower temperatures. Even so it is surprising, this coun-
terintuitive property makes sense, because at higher temperatures more solvents
vaporize into the bubble and, hence, cushion the collapse.

In cold liquids, ultrasound is able to drive reactions that normally occur only
under extreme conditions. Examples [45] include intercalation, activation of liquid–
solid reactions, and the synthesis of amorphous and nanophase materials. The
sonochemical syntheses of nanophase metals, alloys, metal carbides, supported
heterogeneous catalysts, and nano-colloids derives from the sonochemical decom-
position of volatile organo-metallic precursors during cavitation, which produces
clusters of a few nm in diameter.

Various types of sonochemical cells using ultrasound baths and ultrasound horn
systems have been reported [48–50]. Most frequently, an ultrasonic transducer and
the ultrasound horn are placed directly in the solution. One example is shown in
Figure 2. An oscillating rf voltage from an oscillator (1 in Figure 2) with the
amplitude of U0 is amplified by an amplifier (2) and applied to a Langevin trans-
ducer, which consists of a piezoelectric transducer (3), back (4) and front (5)
masses. The vibrating transducer is loaded to a glass flask (6) filled with a reactant
solution (7) thus delivering an acoustic power at a resonance frequency of the
transducer-solution system. The lowest-mode resonance frequency is defined by
the solution thickness h such that h ¼ λ=2 with λ the sound wavelength in the
solution at the resonant frequency.

The samples can freely levitate near the pressure antinode zone at operating
frequencies in the dozens kHz range. They tend to reside on the flask bottom when
increasing the frequency up to several hundreds of kHz.

Figure 2.
Schematic of the sonochemical cell: 1 – Oscillator, 2 – Amplifier, 3 – Piezoelectric transducer, 4 – Back mass,
5 – Front mass, 6 – Boiling flask, 7 – Reactant solution, 8 – Sample.
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4. Ultrasonic cleaning of Si wafers

Cleaning and conditioning of silicon wafer surfaces and Si/SiO2 interfaces for the
manufacturing of photovoltaic and microelectronic devices are in increasing
demand with improved performance, reliability of these devices, scaling down to
below 10 nm, incorporating extended metallization layers, employing epitaxial
layers of compound SiGe and III-V semiconductors [51]. Clean wafer surfaces are
crucial in high efficiency solar cell as well as in Ultra-Large Scale Integration (ULSI)
fabrication processes, fin-shaped field effect transistors (FinFET), 3D NAND-
stacked memory devices etc.

Deposition of monolayers and self-assembly of nanoparticles in multilevel
structures requires the wafer surface to be completely free of any particulate con-
tamination down to a nanometer scale. Moreover, installing a 1 MWp solar module
generator implies that more than 2�105 Si wafers must be processed.

Furthermore, metallic contaminants on Si wafers cause substantial increase in
leakage current in silicon p-n junctions and decrease the oxide breakdown voltage
thus deteriorating the minority carrier lifetime [52, 53]. In particular, Cu and Al
contaminants worsen the gate oxide integrity [54, 55]. To achieve ultraclean sub-
strate surfaces with high reproducibility, it is also important to note that not only
removal of contaminants is effective in improving the cell performance, but also
prevention of their redeposition on the wafer surface. In this respect, dilute HF can
be effectively used. However, some Cu and Al residues can be found on the wafer
surface due to its hydrophobic nature [56].

The contamination of wafer surfaces by particle contaminants is one of the
major problems in the industries. One way to increase the yield on fully processed
silicon wafers is to use cleaning techniques specifically efficient to remove particle
contaminants. Small particles are especially difficult to remove because they are
strongly bounded to the substrate by electrostatic forces. It is therefore very impor-
tant to find an effective way to remove particles from wafers without causing
damage to the wafers.

A wide variety of cleaning methods are being used in wafer manufacturing such
as brush or water-jet scrubbing of wafer surfaces employed prior to further
immersion-type cleaning, scrubbing of rotating wafer surfaces between each
processing step, adding cheating agents to the solution aiming to avoid metal
adsorption onto Si wafers, cleaning in wet chemical baths, post treatment rinsing
and many others [57]. They, however, are known to damage the wafer surface.
Moreover, the chemical-type cleaning has inherent danger caused by residues from
sulfuric acid, ammonium hydroxide, isopropyl alcohol and other chemical pollut-
ants. For example, an immersion-type cleaning step widely used industrially utilizes
RCA Standard Clean 1 (RCA-1) [58].

Wet-chemical processes are still the most widely used method for Si wafer
cleaning in the semiconductor industry today [51]. The critical demands of surface
purity raised by the International Technology Roadmap for Semiconductors (ITRS)
[59] can generally be reduced by utilizing ultrasonic cleaning processes.

In the above context, a substrate independent cleaning process is highly desir-
able because, opposite to a chemical based cleaning process, it is equally well suited
for different substrates and does not modify the surface through the etching,
roughening, etc.

While keeping the compatibility with Si wafer standard processing steps, ultra-
sonic treatment of surfaces can be effective in passing several obstacles to achieving
wafer cleaning mentioned above. Ultrasonic cleaning employs an ultrasonically
activated liquid with a submerged wafer used to achieve or enhance the removal of
surface contaminants [60]. Ultrasonic irradiation involves a variety of complex
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mechanisms, including mechanical vibration and appropriate pressure gradients,
microcavitation bubbles that oscillate and dance around due to Bjerknes force
[39, 61], acoustic streaming flows, etc. One of the most important aspects of using
acoustic streaming is the effect of the frequency on the boundary layer [62]. Its
thickness decreases and the streaming velocity increases with increasing the soni-
cation frequency. These both remarkably increase the drag force and hence the
particle removal efficiency. It is demonstrated that the acoustic streaming induced
removal of foreign contaminants with sizes in the dozen nm range is accomplished
at frequencies greater than 1 MHz, i.e. in a high-frequency sonication region [63].
The removal of contaminants having sizes down to ≈100 nm is possible at frequen-
cies smaller than 1 MHz [64].

It has furthermore been demonstrated that the caustic etching process can be
ultrasonically enhanced producing finer, more homogeneous textured surfaces [65].
This technique inhibits the sunlight reflection from the Si surface thus enhancing
the performance of solar cells.

To demonstrate the capabilities of high-power ultrasound in powerfully manip-
ulating surface species, consider the data reported in Figure 3. Here, following the
method of cleaning from laser-induced cavitation bubbles [66], the wafer surface is
covered with a thin layer of grease. This yields the optical transmission spectra
indicative of organic contaminants, which are marked by several peaks in spectra 2
of Figure 3, such as C–CH3 at 2960 cm�1, –CH2– at 2920 cm�1, –CH at 2890 cm�1

and C–H stretching vibrations [–CH3 and –(CH2)n–] at 2850 cm�1 [67]. It is seen in
spectra 3 that organic contaminants are effectively removed from the wafer surface
upon its exposure to ultrasonic cavitation with the peak acoustic intensity of about

Figure 3.
FTIR spectra of n-Si (a) and p-Si (b) wafers, prior to surface greasing and applying the ultrasound (spectrum
1), covered with a thin layer of vaseline (2) and subsequently cleaned in an ultrasonic bath (3) during 15 min.
Reprinted with permission from Podolian A, Nadtochiy A, Kuryliuk V, Korotchenkov O, Schmid J, Drapalik
M, Schlosser V. Solar Energy Materials and Solar Cells. 2011;95:765–772. Copyright 2010, Elsevier.
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400 W/cm2 [68], so that the resulting absorption resembles the one taken before
the wafer has been exposed to sonication (spectrum 1 in Figure 3).

Although cavitation bubble dynamics close to solid surfaces has been given
particular attention [68], quite little is known about the streaming along the surface.
Therefore, in attempting to explain the removal mechanism behind the cleaning
effect observed in Figure 3 there may be several potential ways. One is that the
pressure gradients due to bubble implosion and acoustic streaming would bombard
and remove organic contaminants on the silicon surface. The other is that some
excited oxygen atoms produced by the sonochemical decomposition of the water
adhere to the organic compounds, oxidize them finally decomposing into H2O, O2,
H2, CO and CO2, having high vapor pressures allowing the lift-off from the wafer
surface [68].

Typical forward and reverse bias I � V characteristics of the wafers with and
without organic contaminants are plotted in Figure 4. Here, distilled water and
piranha (3:1 volume solution of H2SO4 and 30%-H2O2) are used as a cleaning liquid
(curve 2 compared with curves 3 and 4 in Figure 4), and both chemical and
sonochemical cleaning processes are contrasted (curve 3 compared with curve 4). It
is interesting that the cleanings cause an overall decrease in the current through the
wafer. This can, in part, be described by the removal of the organic contaminants
from the wafer and appropriate quenching of the leaky currents between the basal
wafer surfaces. The ultrasonic effect in piranha (curve 4 in Figure 4) is obviously
greater than that in water (curve 2), as would be expected in reactive chemical
agents (cf. curve 2 in Figure 4).

Perhaps it is best noted here that the cavitation processing affects a sub layer
region beneath the wafer surface. Therefore, the air/oxide and oxide/wafer surface
state or interface trap densities could be reduced significantly by this processing step.

This would have a similar effect on the photovoltaic response of the wafers since
the photo-induced charge carriers are separated in the electric field of the surface
space charge region. These carriers would partially screen the fixed surface or
interface state charge thus reducing the surface band bending.

As one of the earliest attempt to manipulate the surface photovoltage, Figure 5
illustrates the sonication effect on the SPV decays. The decay is seen to be faster for

Figure 4.
I � V curves of the Au Schottky contact to n-Si wafer, as-purchased (1), ultrasonically cleaned in distilled
water (2), chemically (3) and ultrasonically (4) processed in a piranha bath. In each case, the cleaning time is
60 min. Reprinted with permission from Podolian A, Nadtochiy A, Kuryliuk V, Korotchenkov O, Schmid J,
Drapalik M, Schlosser V. Solar Energy Materials and Solar Cells. 2011;95:765–772. Copyright 2010, Elsevier.
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ultrasonically cleaned wafer (curve 2 compared with curve 1 in Figure 5), which
can simply be attributed to an increased density of unsaturated dangling bonds on
the wafer surface due to the cavitation-induced local removal of oxide from the
silicon surface.

For sonication times increasing up to 90–150 min, the SPV decay is slightly
worsened. For example, curve 3 in Figure 5 exhibits a long-tail decay constituent at
time instants greater than ≈20 μs. The involvement of the above surface states and
interface traps is therefore reasonable to assume. In this context, for the initial
decays at t< 10 μs, when the injected carrier concentration is large compared with
the density of the trapping centers Nt, the recombination centers mainly determine
the excess carrier lifetime. Once the concentration of these carriers becomes
exceedingly small, particularly compared withNt (at t> 20 μs, curve 3 in Figure 5),
the SPV decay is determined by Nt. The initial decays at t≤ 10 μs in curves 2 and 3
are nearly identical, giving some indication of the importance of this cavitation
processing step in obtaining clean wafer surfaces. Based upon these results, surface
and interface trap generation is likely to be significant at prolonged sonication
times, greater than 60–90 min.

5. Sonochemical passivation of Si and SiGe

A cogent resource for the burgeoning field of the surface passivation coating
utilizing hydrocarbon chains [69], which can reduce the density of surface states
and increase the recombination lifetime of the majority carriers. Different organic
solvents can be used in practical ways for these purposes such as chloroform
(CHCl3) and dichloromethane (CH2Cl2). For example, silicone polymers were
grown on the Si surfaces with gaseous CHCl3 and Cu catalyst [70], brominated
aromatic moieties were successfully prepared from KBr/H2O2 in sonochemically
treated chloroform [71]. Recent work in applying ultrasound to chemical reactions
demonstrates the promise of the sonochemical approach, yet the bromination of
aromatic compounds is not achieved with simple mechanical stirring replacing
sonication.

This topic is covered in more detail below for two types of samples. Type A
sample is a GexSi1-x alloy layer, 100 nm thick, grown on a p-doped Cz-Si wafer.
Type B sample is obtained by coating sample A with a 10-nm thick a-Si layer (see
Figure 6). The Ge content x in the GexSi1-x layers is about 30 at.%.

Figure 5.
SPV decays of n-Si, as-purchased (curve 1), ultrasonically cleaned in distilled water for 60 (2) and 120 (3)
min. Reprinted with permission from Podolian A, Nadtochiy A, Kuryliuk V, Korotchenkov O, Schmid J,
Drapalik M, Schlosser V. Solar Energy Materials and Solar Cells. 2011;95:765–772. Copyright 2010, Elsevier.
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can simply be attributed to an increased density of unsaturated dangling bonds on
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In order to give an illustrating example for the differences in the effective
lifetime τeff , quasi-steady-state measurements (QSSPC) [72] done in a-Si/GexSi1-x/Si
sample are plotted in Figure 7. Here, an effective minority carrier lifetime τeff is
obtained from the given by

Jph ¼
ΔneW
τeff

, (5)

where Jph is the photogenerated current density and Δn is the excess carrier
density. At low values of Δn ranging from about 1012 to 1013 cm�3, Figure 7(b)
shows≈ 4 times increase in the lifetime due to ultrasonic processing in chloroform
(closed circles compared with open circles).

Regarding the role of amorphous Si coating layer (in sample B) and ultrasonic
processing on the photovoltaic behavior, one can distinguish several maps of the
surface-distributed SPV amplitudes U0 and decay times τ shown in Figures 8 and 9.

It is seen in Figure 8 that both the U(0) and τ distributions narrow but shift to
smaller values once the GexSi1-x/Si structure (sample A) has been coated with a-Si
layer (sample B). Faster decays in a-Si/GexSi1-x/Si can be accounted for by an
increased number of fast recombination canters in sample B due to the deposited
amorphous Si layer, which typically reduces the amplitude of the SPV response.

It is also seen in Figure 8 that the sonication in chloroform allows for improved
SPV performance. Indeed, the SPV decays are spread over much longer time scales to
enlarge the SPV amplitudeU0 up to about 50% can be realized in samples, as observed
in appropriate distributions, which are marked by B-sono and A-sono in Figure 8.

This effect is not pronounced in the samples sonochemically processed in distilled
water; see Figure 9. Although the distributions of U0 narrow, the SPV amplitude is
itself quenched in the samples treated in distilled water (upper distributions in
Figure 9). However, similar sonication-affected SPV decay dynamics is observed
both in chloroform and distilled water (lower distributions in Figures 8 and 9).

The examples in water demonstrate that sonication provides a convenient tool to
achieve surface cleaning, as reported previously [7, 73]. In this case, the assumption
is based on the fact that (i) the cavitating bubbles are capable of locally removing
the surface oxide layer affecting the dangling bonds on the bare Si surface, and (ii)
the oxygen and hydrogen, decomposed in water by the presence of local strain
fields and elevated temperatures inside a cavitating bubble, can micro-precipitate
the Si wafer thus changing the recombination rate. These insights, combined with

Figure 6.
(a) Cross-sectional scanning electron microscope (SEM) image of a GexSi1-x on Si layer covered with a 10 nm
thick a-Si (sample B). (b) and (c) distributions of Si and Ge atoms near the interface mapped using a scanning
auger microscopy technique. Reproduced with permission from Nadtochiy A, Korotchenkov O, Schlosser V.
Physica Status Solidi (a). 2019;216:1900154. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA.
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complementary ultrasonic techniques that employ reactant solutions, make a sig-
nificant contribution to developing a detailed picture of ultrasonic processing.

With respect to the reactant solutions that can be used, recent investigations
report that SPV signal in Si can be significantly enhanced, by almost an order of
magnitude, due to ultrasonic treatments in dichloromethane. Similar effect in
CH2Cl2 can be observed for GexSi1-x surfaces exhibiting a 50% increase in the SPV
amplitude [74].

The operating frequency range of sonochemical apparatus is typically up to
dozens of kHz. A general working principle, which follows from the above guidelines,
relies upon a specific assumption that the size of the cavitation bubble is inversely
related to the frequency of ultrasound. Therefore, because the bubble size drops with
increasing the ultrasonic frequency and the bubble implosions become less violent,
the energy released by each imploding cavitation bubble decreases with the ultrasonic
frequency. However, the number of the imploding events increases due to increased
number of sound waves passing through the liquid at a higher frequency [60].

One may compare the data obtained in GexSi1-x with lower- and higher-
frequency sonochemical processing in dichloromethane at about 25 kHz and
400 kHz, respectively. Etching in HF makes initial single-exponential decay nearly
double-exponential. Sonication at 25 kHz slightly slows down the tail component of
the decay while the higher-frequency processing at 400 kHz turns the SPV decay
back into nearly single-exponential form.

Figure 7.
Current–voltage curve (a) and variation of the effective lifetime τeff with excess carrier density Δn (b) for
sample B before (open circles) and after sonication in chloroform (closed circles). Reproduced with permission
from Nadtochiy A, Korotchenkov O, Schlosser V. Physica Status Solidi (a). 2019;216:1900154. Copyright
2019, Wiley-VCH Verlag GmbH & Co. KGaA.
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The likely mechanism that has come to describe the observations is based on that
both chloroform and dichloromethane can act as carbon sources. Being decomposed
into hydrocarbon species due to extreme conditions in the solvents and at the etchant/
solid interfaces, the sonicated reactants seem to saturate the dangling bonds revealed
on the surface of Si and GexSi1-x alloys and hence to passivate the surface [14].

This is in accord with previous reports on the thermal decomposition of chloro-
form, which results in by-products of CCl2, C2Cl4, Cl, H and HCl. When they react
with metal (M) atoms, the reactions pathways are [75, 76].

CHCl3 þMð Þ ! CCl2 þHCl þMð Þ, (6)

CCl2 þ CCl2 ! C2Cl2 þ Clþ Cl, (7)

Figure 8.
Probability of occurrences of particular values of the SPV amplitude U0 and decay time τ in samples a
(GexSi1-x/Si) and B (a-Si/GexSi1-x/Si), which are measured by surface mappings of the SPV decays. The
distributions marked by “sono” are taken after sonochemical treatment in chloroform during 1 min. Reproduced
with permission from Nadtochiy A, Korotchenkov O, Schlosser V. Physica Status Solidi (a).
2019;216:1900154. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA.
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CCl2 þM ! CClþ ClþM, (8)

CCl2 þ CCl2 þM ! C2Cl4 þM, (9)

HClþM ! Hþ ClþM, (10)

The first reaction step given by Eq. (6) is the decomposition of CHCl3, which is
followed by secondary decomposition reactions in Eqs. (7)–(10).

The usual analysis approach for high temperatures achieved during the sonica-
tion process involves steps of radical formation, e.g., C2 radicals:

Figure 9.
Probability of occurrences of particular values of the SPV amplitude U0 and decay time τ in samples a (GexSi1-
x/Si) and B (a-Si/GexSi1-x/Si), which are measured by surface mappings of the SPV decays. The distributions
marked by “sono” are taken after sonochemical treatment in distilled water during 1 min. Reproduced with
permission from Nadtochiy A, Korotchenkov O, Schlosser V. Physica Status Solidi (a). 2019;216:1900154.
Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA.
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CClþ CCl ! C2 þ Clþ Cl, (11)

C2Cl2 ! C2 þ Clþ Cl, (12)

Therefore, employing chloroform CHCl3 or dichloromethane CH2Cl2, one gets
the Si-H and C-Cl bonds that react yielding C-H species. This, in turn, resembles the
chlorination/alkylation process that forms Si–alkyl converting Si–H into Si–CnH2n+1

(n≥ 1). The alkyl chains on Si surfaces are known to provide low surface recombi-
nation velocities [77] thus featuring effective Si surface passivation [78].

In the model presented in Figure 10, presumed chemical reactions for the
sonochemical surface passivation are made available. The above analysis assumes
that the Si–H bond on the surface breaks up at high local temperatures and pres-
sures inside the cavitation bubble. This produces highly reactive Si and Ge dangling
bonds, as shown in Figure 10(a). Being short-lived, they quickly react with the
sonicated chloroform molecules. Next, molecular hydrocarbon and chlorine atoms
cover the a-Si or GexSi1-x surface, as shown in Figure 10(b). The wavy arrow
illustrates that Si atoms can be released from the surface due to carbon atoms
decomposed from chloroform (or dichloromethane). Finally, these carbon atoms at
the surface create Si–C bonds and dangling carbon bonds being then saturated by
the atoms of H and Cl. Some of them can meet activated carbon-containing mole-
cules to form Si–C bonds.

In order to obtain the signatures of the chemical constituents, Fourier
transformed-infrared (FTIR) spectroscopy is usually applied. FTIR transmittance
spectra are shown in Figure 11. Among prominent infrared absorption peaks related
to the Si–Si, Si–O, Ge–Ge, Ge–O and Ge–O–Si vibration modes, there are resolved
bulk-like Si–H and Si–H2 stretching modes at about 2000 and 2090 cm�1, respec-
tively, as well as a weak shoulder near 1880 cm�1 related to Ge–H vibrations
[79, 80]. These results indicate that Si-H hydrides are present in the deposited a-Si
and GexSi1-x films.

One also finds a spectral feature at about 670 cm�1 (arrow in the left-hand panel
of Figure 11). This obviously strengthens in the hydrogenated a-Si film (spectrum
3). To account for this enlargement, one has to assume that this feature is related to
the hydrogen complexes. In clear accord, the wagging modes near 640 cm�1 can be
due to three bonding units of Si–Hn (n = 1, 2, 3) [81]. It is seen in spectrum 4 of
Figure 11 that the sonication quenches the 670 cm�1, which is indicative of the

Figure 10.
How to passivate SiGe surface using chloroform reactants H, Cl, C, CCl2, HCl released in Eqs. (6)–(12).
These remove Si atoms on the surface and saturate the dangling bonds. Reproduced with permission from
Nadtochiy A, Korotchenkov O, Schlosser V. Physica Status Solidi (a). 2019;216:1900154. Copyright 2019,
Wiley-VCH Verlag GmbH & Co. KGaA.
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removal of H from the coating layers due to ultrasonic processing, supporting the
pictorial view given in Figure 10.

6. Conclusions

Two techniques related to ultrasonic cleaning of Si wafers and sonochemical
modification of Si, SiGe and a-Si/SiGe surfaces in hydrocarbon solutions of chloro-
form (CHCl3) and dichloromethane (CH2Cl2) are outlined.

In spite of our lack of knowledge of the exact sonication mechanisms even in
distilled water, this research field can be considered to be among potential candi-
dates to develop a new class of environmental friendly cleaning steps in silicon-
based technologies. Some progress has recently been made in understanding a
unique potential capability of sonicated water in Si wafer cleaning processes. The
underlying mechanisms related to the fundamental properties of cavitation and
bubble implosion events, the role of a thin interphase layer between the bubble and
the surface placed in the sonicated liquid can offer new far-reaching implications
and importance for heterogeneous liquid–solid systems.

It is demonstrated that organic particle contaminants are effectively removed
during the kHz-frequency sonication of crystalline Si wafers in distilled water over
the first 40–60 min. When ultrasonically processing the wafers for treatment times
less than ≈60 min at the peak acoustic intensity of about 400 W/cm2, the dangling
bonds at the air/oxide and oxide/wafer interface can be activated. That affects
barriers of the free carrier migration at the interfaces, as revealed by the current–
voltage curves, and acts as recombination centers, accelerating the surface
photovoltage decays. A healing of the bonds may occur at longer cleaning times
(from 60 to 120 min) with a partial recovery of the interfaces and a consequent
reversing of the observed changes. The potential of using distilled water in envi-
ronmental friendly and non-toxic ultrasonic cleaning step in crystalline Si wafer
preparation is addressed.

Figure 11.
FTIR spectra of samples GexSi1-x/Si (curve 1) and a-Si/GexSi1-x/Si (3), taken before ultrasonic processing and
the ones obtained after the treatment in chloroform – Spectra 2 and 4, respectively. Reproduced with permission
from Nadtochiy A, Korotchenkov O, Schlosser V. Physica Status Solidi (a). 2019;216:1900154. Copyright
2019, Wiley-VCH Verlag GmbH & Co. KGaA.
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removal of H from the coating layers due to ultrasonic processing, supporting the
pictorial view given in Figure 10.

6. Conclusions

Two techniques related to ultrasonic cleaning of Si wafers and sonochemical
modification of Si, SiGe and a-Si/SiGe surfaces in hydrocarbon solutions of chloro-
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In spite of our lack of knowledge of the exact sonication mechanisms even in
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dates to develop a new class of environmental friendly cleaning steps in silicon-
based technologies. Some progress has recently been made in understanding a
unique potential capability of sonicated water in Si wafer cleaning processes. The
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bubble implosion events, the role of a thin interphase layer between the bubble and
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In fact, the studies described above do not reveal information about the full
complexity of subsurface defect distribution effects. Therefore, there remains a
wide number of uncertainties, e.g., the fundamental problem of whether or not the
ultrasonic processing exploiting high acoustic powers is capable of promoting
effective cleaning without surface deterioration effects.

To improve the photovoltaic response of Si wafers, SiGe and amorphous silicon
(a-Si)/SiGe surfaces, a sonochemical treatment in hydrocarbon solutions of chloro-
form (CHCl3) and dichloromethane (CH2Cl2) can be employed. The use of the
sonochemical reaction slows down the observed surface photovoltage decay and
enhances its magnitude in SiGe and a-Si/SiGe thin layers grown on Si. The average
surface-integrated photovoltage and decay time can increase up to 50%. This effect
is not observed in distilled water, indicative of the fact that CH-containing radicals
can lead to the observed improvements. It is suggested that the effect can be
explained as follows. The hydrocarbon solution is decomposed and produces
hydrocarbon chains, which are then decomposed further away into hydrogen and
carbon. The reactive Si dangling bonds revealed on the surface of Si, a-Si or SiGe
alloy layers are saturated by the hydrocarbon species to passivate the surface.

More work needs still to be done beyond the description of a very few links that
have been highlighted above. In particular, the following experiments could pave
the way for new mechanisms of surface passivation, activation of the interphase
regions dangling bonds as well as cleaning of surfaces due to the ultrasonic
processing.
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Abstract

The 3D-perovskite halides have gained a considerable reputation versus their 
counterpart semiconductor materials since they achieved a remarkable high-power 
conversion efficiency of 25.2% within a decade. Perovskite solar cells also have 
some problems as lattice degradation and sensitivity against moisture, oxygen, and 
strong irradiation. The perovskite instability is the drawback in front of this emerg-
ing technology towards mass production and commercialization. 2D-perovskites, 
with the general formula A2Bn − 1MnX3n + 1, have been recently introduced to 
overcome some of the drawbacks of the stability of 3D-perovskites; however, this 
is at the expense of sacrificing a part of the power conversion efficiency. Mixed 
2D/3D perovskites could solve this dilemma towards the way to high stability-
efficiency perovskites. The research is expected to obtain highly stable and efficient 
mixed 2D/3D perovskite solar cells in the few coming years. This chapter reviews 
2D-perovskites’ achieved progress, highlighting their properties, current trends, 
challenges, and future prospects.

Keywords: 2D, 3D, perovskite solar cells, stability, efficiency

1. Introduction

Perovskites are among the essential material science topics in the last decades 
due to their low-cost, solution-processed devices and exceptional optoelectronic 
properties [1–28]. The most studied compositions are represented by the formula 
ABX3 (organic cation A is larger than the metal cation B, and X is a halide anion). 
For example, methylammonium lead tri-iodide (CH3NH3PbI3 or MAPbI3), the other 
halide variants such as CH3NH3PbBr3 and mixed halides, CH3NH3PbI3-xClx [29–31]. 
The most advantages of 3D-perovskite (CH3NH3PbI3) are combining direct bandgap 
with high molar extinction coefficient (≈104–105 M−1 cm−1), low trap densities, 
low exciton binding energies (≈10–50 meV), which cause long-range free-carrier 
diffusion lengths (≈100 nm). The perovskite is unique in such a way that its effi-
ciency boosted up from 3.8% to 23.7% in just few years as compared to all other 
types of traditional solar cells. However, the lack of durability of these materials 
(hydrophilic cations) due to thermal instability and degradation upon exposure 
to humidity, U.V. radiation, and the electric field is still a significant barrier to 
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commercialization [32–34]. 3D-perovskite solar cells’ performance decreases due 
to ion migration and segregation, the ionic nature of the materials, and their low 
formation energies, making them vulnerable to water-induced hydrolysis [35]. 
The instability issues associated with perovskite materials have been overcome by 
using additives, introducing intermediate phases, encapsulating the layers (to avoid 
spreading Pb toxicity into the external environment), etc. [36–38]. Several studies 
have also shown that mixed cations and halides tend to enhance perovskites’ stabil-
ity and efficiency.

A 2D Ruddlesden–Popper perovskite has a general formula of A2Bn − 1MnX3n + 1, 
where “A” represents a large-sized organic cation [39]. Incorporating a bulky 
organic cation (2D) into the 3D-perovskite layer’s crystal lattice passivates the 
vulnerable 3D-perovskite against oxygen and moisture intrusion, resulting in 
enhanced stability while maintaining the efficiency of 3D-Perovskite solar cell 
[40]. 2D-perovskites are very stable but have larger bandgaps and higher exciton 
binding energies than 3D-perovskites. On the other hand, the exceptional stability 
under heat and light soaking conditions of low-dimensional perovskites makes 
them essential to protect the highly efficient 3D [41]. Phenyl ethyl ammonium 
iodide (PEAI) as a bulky cation in 2D-perovskite was investigated and fabricated 
as a layered 2D/3D structure demonstrating an impressive PCE 20.1% with 85% 
PCE retention after 800 h in ambient conditions by Cho et al. [40]. The perovskite 
absorber composition has been optimized using a 2D-perovskite, and stable 
performance over 12000 h without the HTM was observed [42].

The 2D-perovskite solar cells (PSCs) have shown superiority over 3D ones, 
such as improved stability towards humidity and light, improved processability, 
long-term durability, and higher chemical versatility. All this makes 2D-perovskites 
a promising alternative and one that has attracted substantial attention over the 
past few years. The ability of 2D-perovskites to incorporate bigger, less volatile, and 
generally hydrophobic organic cations; which makes the materials with improved 
thermal and chemical stability. Furthermore, the ability to use an enormous variety 
of organic cations and various metals, halides, and combinations of all of the above 
make this family of materials can be employed in different applications such as 
solar cells and others [43, 44]. Though there are several approaches to stabilize the 
3D-perovskite, the most common one is cation tuning. The bigger cations beyond 
the Goldsmith tolerance limit produce low dimensional perovskites at least 2.5 eV, 
restricting photons conversion to less than 500 nm. 2D-perovskites are very stable, 
but unfortunately they have larger bandgaps and higher exciton binding energies 
(≈300 meV), penalizing output photovoltage and, therefore, the power conver-
sion efficiencies [45, 46]. Improved instability in metal halide PSCs is one of the 
most interesting issues to open the door for them towards commercialization. The 
reduced-dimensional perovskites (RDPs) have shown increase in ambient and oper-
ating lifetimes of PSCs. In other words 2D/3D heterostructure PSCs consisting of a 
thin layer of RDPs a top and a 3D active layer, improved both stability and efficiency 
compared to pure 3D counterparts [31, 47, 48], as shown in Figure 1(a). Indeed, 
2D/3D engineering aimed to combine both advantages, namely the outstanding 
optoelectronic properties of the 3D-perovskite and the 2D Ruddlesden–Popper 
phase’s high robustness. Recently, based on the 2D/3D heterostructured lead halide 
perovskites, high-efficiency stable PSCs with an average PCE of 17.5 ± 1.3% was 
demonstrated. The “post-burn-in” efficiency could be retained over 80% after the 
air’s operation for 1000 h and encapsulated process for 4000 h. Therefore, the per-
formances of PSCs are brought closer to meeting the commercial requirements [49].

In this chapter, the 2D, 3D, and 2D/3D hybrid systems for perovskites will be 
discussed, focusing on the crystal structure, optoelectronic properties, synthesis 
methods, and layer orientation. Finally, application in regular or inverted structure 
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PSCs which remain to be addressed are herein highlighted while giving the out-
line on the perspectives of 3D and 2D/3D perovskites for high efficiency stable 
solar cells.

2. 3D-perovskites

2.1 Structures

Perovskite materials generally contain a cubic unit cell with the general formula 
ABX3. Cation A, which is larger than cation B, is in the center of the unit cell. The 
B cations are in every corner of the unit cell; Cation B also serves as the center of 
an octahedron with an X anion surrounding cation B, corner-sharing between 
each cation B. As shown in Figure 1(b), the full picture of cation A is surrounded 
by eight octahedra, each of which contains a cationic center B and anions X. In 
this orientation, the cubic structure of the perovskite has 6-fold the coordination 
number for cation A and 12-fold the coordination number for cation B. It should be 
noted that the ionic radii are quite crucial in maintaining a stable cubic unit cell.

2.2 Applications in regular or inverted structured perovskite solar cells

As mentioned, before we have n-i-p typical structure and p-i-n inverted struc-
ture. In 2018, Hua Dong et al. [51] applied CH3NH3PbI3 film in highly efficient 
inverted planar heterojunction perovskite solar cells obtaining an efficiency of 
17.04%. In 2020, Shuai Gu et al. [52] applied tin and mixed lead in tin halide 
perovskite tandem solar cells with a power conversion efficiency (PCE) over 25%.

2.3 Device fabrication methods

There are two ways to fabricate a PSC, solution and vacuum processing: (i) Spin 
coating is a solution deposition technique that uses high rotation speeds, as shown 
in Figure 2(a and b) [18, 26, 28]. A device rotates the substrate while a drop of the 
precursor solution is placed on the substrate. The high speed distributes the solu-
tion evenly on the substrate. After the material is deposited, the substrate is heated 
to evaporate and remove the solvent. This step is called the annealing step and the 
perovskite film is formed after removing the solvent. There are two methods of spin 
coating: a one-step and a two-step spin coating. In single-stage spin-coating, the 

Figure 1. 
(a) Dimensional mixed 2D/3D increases the soaking time and the stability of perovskite solar cells. Reprinted 
with permission from Ref. [31]. (b) The perovskite unit cell consists of an a cation (red) at the center, B 
cations in the corners (blue), and X anions (green) on the edges. The B cation forms an octahedral with the 
surrounding X anions (all eight octahedral are shown). Reprinted with permission from Ref. [50].
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PSCs which remain to be addressed are herein highlighted while giving the out-
line on the perspectives of 3D and 2D/3D perovskites for high efficiency stable 
solar cells.

2. 3D-perovskites

2.1 Structures

Perovskite materials generally contain a cubic unit cell with the general formula 
ABX3. Cation A, which is larger than cation B, is in the center of the unit cell. The 
B cations are in every corner of the unit cell; Cation B also serves as the center of 
an octahedron with an X anion surrounding cation B, corner-sharing between 
each cation B. As shown in Figure 1(b), the full picture of cation A is surrounded 
by eight octahedra, each of which contains a cationic center B and anions X. In 
this orientation, the cubic structure of the perovskite has 6-fold the coordination 
number for cation A and 12-fold the coordination number for cation B. It should be 
noted that the ionic radii are quite crucial in maintaining a stable cubic unit cell.

2.2 Applications in regular or inverted structured perovskite solar cells

As mentioned, before we have n-i-p typical structure and p-i-n inverted struc-
ture. In 2018, Hua Dong et al. [51] applied CH3NH3PbI3 film in highly efficient 
inverted planar heterojunction perovskite solar cells obtaining an efficiency of 
17.04%. In 2020, Shuai Gu et al. [52] applied tin and mixed lead in tin halide 
perovskite tandem solar cells with a power conversion efficiency (PCE) over 25%.

2.3 Device fabrication methods

There are two ways to fabricate a PSC, solution and vacuum processing: (i) Spin 
coating is a solution deposition technique that uses high rotation speeds, as shown 
in Figure 2(a and b) [18, 26, 28]. A device rotates the substrate while a drop of the 
precursor solution is placed on the substrate. The high speed distributes the solu-
tion evenly on the substrate. After the material is deposited, the substrate is heated 
to evaporate and remove the solvent. This step is called the annealing step and the 
perovskite film is formed after removing the solvent. There are two methods of spin 
coating: a one-step and a two-step spin coating. In single-stage spin-coating, the 

Figure 1. 
(a) Dimensional mixed 2D/3D increases the soaking time and the stability of perovskite solar cells. Reprinted 
with permission from Ref. [31]. (b) The perovskite unit cell consists of an a cation (red) at the center, B 
cations in the corners (blue), and X anions (green) on the edges. The B cation forms an octahedral with the 
surrounding X anions (all eight octahedral are shown). Reprinted with permission from Ref. [50].
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solution contains all the chemicals deposited on the substrate. With a two-stage spin 
coating, organic and inorganic chemicals are deposited separately on the substrate. 
For example, CH3NH3PbI3 perovskite material can be deposited onto a substrate 
by one-step or two-step spin-coating methods. In the one-step process, CH3NH3I 
and PbI2 are mixed in solution with the solvent (dimethyl formamide (DMF)), 
and the solution is spin-coated onto the substrate. In the two-step method, PbI2 is 
dissolved in the solvent (DMF) and spin-coated onto the substrate. Then, CH3NH3I 
is dissolved in the solvent (isopropanol (IPA)) and spin-coated onto the PbI2-coated 
substrate [7, 53].

(ii) Vacuum treatment is a technique in which a CVD (Chemical Vapor 
Deposition) machine is used to achieve high temperatures in a glass housing [54]. 
Gases can flow through the pipe ends through the glass holder. This property is 
commonly used to achieve desired pressures or add reactive gas to the system. CVD 
has a temperature gradient along the tube so that the positions near the center are 
warmer than the positions near the ends of the tube. This temperature gradient is 
a critical aspect of the CVD manufacturing technique. The technology begins with 
the selection of the materials for the solar cell. The substrate is placed near the end 
of the tube and the materials for the solar cell are placed in a solid phase towards the 
center. When the CVD machine reaches the appropriate temperature, the solids in 
the center of the tube evaporate. An inert carrier gas such as argon flows through 
the tube and pushes the vaporized solids away from the substrate. The substrate 
has a lower temperature and causes condensation of the evaporated materials when 
they meet the substrate. This causes the materials to deposit on the substrate and 
form a thin layer. A diagram of the CVD technique is shown in Figure 2(c) [55].

The CVD technique can be used in several steps to deposit each material layer 
separately if desired. CVD technology has two distinct advantages over spin coat-
ing and other processes. First, the film layer produced is exceptionally clean since 
no solvent was used in the process, eliminating the possibility of impurities being 

Figure 2. 
(a) Method of one-step spin coating. (b) Method of two-step spin coating (c) a diagram of the CVD technique. 
Reprinted with permission from Ref. [53, 55]
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added to the solvent. Second, the process is relatively easy to scale up for large-scale 
manufacture. In addition, perovskite films produced with this technique have 
good uniformity, non-porous films, large grain sizes, and a long carrier life. Two 
parameters are used to optimize the vacuum deposition technique, deposition time 
and temperature. Deposition time determines the amount of material deposited on 
the substrate, so film thickness is the main effect of deposition time. The climate 
is essential for vacuum deposition technology. The temperature should be high 
enough to vaporize the materials, but most importantly, the temperature should not 
be high enough to melt the substrate. Adjusting the position of the substrate and 
solid materials in the tube will help heat the materials sufficiently and prevent the 
substrate from melting. However, the temperature and location of placement must 
be used together to achieve the desired results [56].

3. 2D-perovskites

Despite the high performance of the 3D-perovskite [57], which qualified it to 
be a strong competitor to the various other types of solar cells, the stability or the 
ability of 3D to resist various factors of humidity, heat, and so on represent a critical 
issue in the direction of the possibility of becoming commercial [48]. Although the 
researchers’ focus was first on 3D, they turned to 2D to solve the stability problem 
that plagues 3D [58]. In the next section, we are going to talk about the structure 
of the 2D-perovskites, their optoelectronic properties, preparation methods, layers 
orientation, and applications in regular or inverted structure PSCs.

3.1 Structures

The general chemical formula of the 2D-perovskite is A2Bn − 1MnX3n + 1, where 
A can be a monovalent or divalent organic cation that intercalates between the 
inorganic An − 1BnX3n + 1 2D sheets works as a spacer between the inorganic cation as 
shown in Figure 3(a). n is the thickness or the number of the inorganic layers and 
(n = 1 at the divalent A, and n = 2 at the monovalent A) [43].

2D-halide perovskite layers are conceptually obtained by cutting along the crystal-
lographic planes <100>, <110> or < 111> of the 3D-perovskite structure [59] as shown 
in Figure 3(b), so we can classify the 2D perovskite depending on cutting the shape of 
the 3D-perovskite into <100>, <110>, and < 111> − oriented perovskites. Cutting layers 
along <110> direction (can be derived from the face diagonal) and along <111> direc-
tion (can be derived from the body diagonal) are less common in 2D-halide perovskites. 
Unlike these two types, <100> perovskites are the most common type of 2D-halide 
perovskites and are commonly used in solar cells. The general formula of <100> − ori-
ented 2D-perovskites is A2Bn − 1MnX3n + 1, and their inorganic sheets are obtained by 
taking n-layers along the 100 direction of the 3D-perovskites. The <100> − oriented 
2D-perovskites can be divided into two commonly used types. The first is Ruddlesden-
Popper (R.P.), and the second is Dion-Jacobson (D.J.) [60, 61].

In Ruddlesden-Popper (R.P.), the most used and studied type (owing to its supe-
rior ambient stability [62]) has the chemical formula A2Bn-1MnX3n + 1. Each inorganic 
layer is confined between bilayers of bulky ammonium cations. The relatively 
weak van der Waals forces between the alkyl chains separating the layers generate 
a 2D structure. In 2017, Xiaoyan Gan and co-workers fabricated a 2D-perovskite 
(PEA)2(MA)n-1PbnI3n + 1 (phenylethylammonium = PEA, n = 1, 2, 3) with incorpora-
tion of TiO2 nanorod arrays into a solar cell harvesting efficiency of 3.72% [60] with 
a structure of glass/FTO/TiO2 as compact layer/(PEA)2(MA)m-1PbmI3m + 1/spiroO-
MeTAD/Au as shown in Figure 4.
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good uniformity, non-porous films, large grain sizes, and a long carrier life. Two 
parameters are used to optimize the vacuum deposition technique, deposition time 
and temperature. Deposition time determines the amount of material deposited on 
the substrate, so film thickness is the main effect of deposition time. The climate 
is essential for vacuum deposition technology. The temperature should be high 
enough to vaporize the materials, but most importantly, the temperature should not 
be high enough to melt the substrate. Adjusting the position of the substrate and 
solid materials in the tube will help heat the materials sufficiently and prevent the 
substrate from melting. However, the temperature and location of placement must 
be used together to achieve the desired results [56].

3. 2D-perovskites

Despite the high performance of the 3D-perovskite [57], which qualified it to 
be a strong competitor to the various other types of solar cells, the stability or the 
ability of 3D to resist various factors of humidity, heat, and so on represent a critical 
issue in the direction of the possibility of becoming commercial [48]. Although the 
researchers’ focus was first on 3D, they turned to 2D to solve the stability problem 
that plagues 3D [58]. In the next section, we are going to talk about the structure 
of the 2D-perovskites, their optoelectronic properties, preparation methods, layers 
orientation, and applications in regular or inverted structure PSCs.

3.1 Structures

The general chemical formula of the 2D-perovskite is A2Bn − 1MnX3n + 1, where 
A can be a monovalent or divalent organic cation that intercalates between the 
inorganic An − 1BnX3n + 1 2D sheets works as a spacer between the inorganic cation as 
shown in Figure 3(a). n is the thickness or the number of the inorganic layers and 
(n = 1 at the divalent A, and n = 2 at the monovalent A) [43].

2D-halide perovskite layers are conceptually obtained by cutting along the crystal-
lographic planes <100>, <110> or < 111> of the 3D-perovskite structure [59] as shown 
in Figure 3(b), so we can classify the 2D perovskite depending on cutting the shape of 
the 3D-perovskite into <100>, <110>, and < 111> − oriented perovskites. Cutting layers 
along <110> direction (can be derived from the face diagonal) and along <111> direc-
tion (can be derived from the body diagonal) are less common in 2D-halide perovskites. 
Unlike these two types, <100> perovskites are the most common type of 2D-halide 
perovskites and are commonly used in solar cells. The general formula of <100> − ori-
ented 2D-perovskites is A2Bn − 1MnX3n + 1, and their inorganic sheets are obtained by 
taking n-layers along the 100 direction of the 3D-perovskites. The <100> − oriented 
2D-perovskites can be divided into two commonly used types. The first is Ruddlesden-
Popper (R.P.), and the second is Dion-Jacobson (D.J.) [60, 61].

In Ruddlesden-Popper (R.P.), the most used and studied type (owing to its supe-
rior ambient stability [62]) has the chemical formula A2Bn-1MnX3n + 1. Each inorganic 
layer is confined between bilayers of bulky ammonium cations. The relatively 
weak van der Waals forces between the alkyl chains separating the layers generate 
a 2D structure. In 2017, Xiaoyan Gan and co-workers fabricated a 2D-perovskite 
(PEA)2(MA)n-1PbnI3n + 1 (phenylethylammonium = PEA, n = 1, 2, 3) with incorpora-
tion of TiO2 nanorod arrays into a solar cell harvesting efficiency of 3.72% [60] with 
a structure of glass/FTO/TiO2 as compact layer/(PEA)2(MA)m-1PbmI3m + 1/spiroO-
MeTAD/Au as shown in Figure 4.
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Dion–Jacobson (D.J.) perovskites adopt a general formula ABn − 1MnI3n + 1. This 
type has layered structures where the stacking of inorganic layers is unique as they 
lay precisely on top of another, and this is quite the opposite of Ruddlesden-Popper 
(R.P.) [63]. The difference between R.P. and D.J. is shown in Figure 5.

In 2018, Sajjad Ahmad and co-workers developed a series of Dion-Jacobson 
phase 2D-perovskites that record a cell power conversion efficiency of 13.3% with 
high stability. Unencapsulated devices retain over 95% efficiency upon exposure to 
ambient air (40–70% relative humidity [R.H.]) for 4,000 hours, damp heat (85°C 
and 85% R.H.) for 168 hours, and continuous light illumination for 3,000 hours. 
This device is more stable than the R.P. counterpart, as shown in Figure 6. The 

Figure 3. 
(a) Crystal structures of a 3D-perovskite and the 2D-hybrid perovskite with monovalent and divalent 
ammonium cations. Reprinted with permission from Ref. [43]. (b) Cuts along <100>, <110> and < 111> 
directions and the 2D-perovskites that result from such cuts. Reprinted with permission from Ref. [43].

Figure 4. 
A schematic device architecture of planar (PEA)2(MA)m-1PbmI3m + 1 based perovskite solar cell, consisting of 
glass/FTO/TiO2CL/(PEA)2(MA)m-1PbmI3m + 1/spiroOMeTAD/Au. Reprinted with permission from Ref. [60].
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improved device stability over the R.P. counterpart is attributed to alternating 
hydrogen bonding interactions between diammonium cations and inorganic slabs, 
strengthening the 2D-layered perovskite structure [64].

3.2 Applications in regular or inverted structure perovskite solar cells

The 2D-perovskites have many applications; it is used in solar cells, light 
emitting diodes, etc. Here we will concentrate on their applications in the n-i-p 
normal structure and p-i-n inverted structure solar cells as follows: In 2015, Cao 
and co-workers fabricated a 2D-perovskite thin-film and recorded an efficiency 
of 4.02% with a regular structure n-i-p with a device structure FTO/TiO2/2D 
perovskite/spiro-OMeTAD/Au [65]. In 2016, Hsinhan Tsai and co-workers reported 
a photovoltaic efficiency of 12.52% with no hysteresis for an inverted structure 
solar cell FTO/PEDOT:PSS/(BA)2(MA)3Pb4I13/PCBM/Al [66]. In 2018, Xinqian 
Zhang and co-workers fabricated a vertically orientated highly crystalline 2D 
(PEA)2(MA)n–1PbnI3n + 1, n = 3, 4, 5) films with the assistance of an ammonium 
thiocyanate (NH4SCN) additive. Planar-structured PSC with the device structure 
of ITO/PEDOT:PSS/(PEA)2(MA)4Pb5I16 (n = 5)/PC61BM/BCP/Ag was fabricated. 
They got an efficiency up to 11.01% with the optimized NH4SCN addition at n = 5 
[67]. In the same year, Chunqing Ma and co-workers fabricated a 2D-PSC with the 
device configuration ITO/PEDOT:PSS/PDAMA3Pb4I13/C60/BCP/Ag and recorded 
an efficiency of 13% with PDAMA3Pb4I13 (PDM: propane-1,3-diammonium) as the 
2D-perovskite layer using p-i-n inverted structure [67].

3.3 Optoelectronic properties

In this subsection, we will discuss some of the 2D-perovskite’s optoelectronic 
properties, like how reducing dimensionality can affect the bandgap, exciton’s 
influence on charge transport, and so on. In the 2D-perovskites, the large-sized 
organic cation interlayers can restrict or limit the charge carriers. These organic 
interlayers act as dielectric regulators, determining the electrostatic force on 
the electron–hole pairs. The alternating arrangement of inorganic sheets and 

Figure 5. 
Illustration of R.P. and D.J. phase 2D-layered perovskites. Reprinted with permission from Ref. [64].
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improved device stability over the R.P. counterpart is attributed to alternating 
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strengthening the 2D-layered perovskite structure [64].
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bulky organic interlayers results in a multiple-quantum-well (MQW) electronic 
structure [68]. In other words, the inorganic slabs serve as the potential “wells” 
while the organic layers function as the potential “barriers” [10] as shown in 
Figure 7. The high organic and inorganic dielectric contrast leads to a huge 
electron–hole binding energy (Eb) in 2D perovskites [69, 70]. The confine-
ment effect of 2D-perovskites directly affects the bandgap. For an R.P. hybrid 
perovskite, the bandgap depends on the good width of layer thickness [71]. The 
total bandgap energy is determined by the base 3D-structure and extra quanti-
zation energies of the electron–hole [72]. The optical bandgap of 2D-perovskite 
generally decreases as the “n” value increases. For example, the bandgap value 
for the 2D (CH3(CH2)3NH3)2(CH3NH3)n–1PbnI3n + 1 perovskites decreases with 
increased layer thickness from 2.24 eV (at n = 1) to 1.52 eV (at n = ∞) due to the 
quantum-confinement effects associated with the dimensional increase [14]. 
This flexibility of bandgap tuning can facilitate various optoelectronic applica-
tions with targeted optical bandgap materials like tandem solar cells. Those in 
tandem solar cells, the upper absorber layer needs to have a higher bandgap than 
the bottom one [73].

Figure 6. 
The D.J. device is more stable and more efficient than the R.P. counterpart. Reprinted with permission from 
Ref. [64].
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Quasi-two-dimensional perovskites have been shown to have strong excitonic 
effects, and their structure generally shows a large exciton binding energy (Eb) of 
several hundreds of meV. This improves the interaction between electrons and holes 
compared to the exchange in 3D-perovskites [74]. The sizeable binding energy Eb in 
low “n” 2D-perovskites may be detrimental for charge separation in solar cells. So, 
the considerable binding energy of excitons is one of the main reasons for declining 
performance standards.

3.4 Device fabrication of 2D-perovskite films

The finite preparation methods of 2D-perovskite films are different from the 
multiple preparation methods of 3D-perovskite films. One-step spin-coating methods 
are the most used to prepare 2D-perovskite films [75]. In this method, organics 
and metal halides are dissolved in solvents, e.g., DMF or (DMSO/GBL(1/1)) on 
substrates. By adjusting the ratio of the precursors, the dimension of perovskite is 
changed. 2D-perovskite films in both n-i-p and p-i-n structures are fabricated using 
one-step spin-coating methods as (PEA)2(MA)n − 1PbnI3n + 1, (BA)2(MA)n − 1PbnI3n + 1 
and (PEI)2(MA)n − 1PbnI3n + 1 [65, 76, 77]. The fast deposition-crystallization proce-
dure was also introduced to fabricate 2D-perovskite by dropping antisolvent, e.g., 
chlorobenzene, during the spin-coating process. It is shown, homogeneous nuclei 
are formed immediately and grow up slowly. Finally, dense and uniform films are 
obtained without oversize grains that may destroy the morphology [78]. The pre-
ferred hot-cast method was introduced for (BA)2(MA)3Pb4I13 films on PEDOT:PSS 
substrate [66]. The FTO/PEDOT:PSS substrate was heated before the precursor 
solution was spin-coated on it. Figure 8 shows the photograph of (BA)2(MA)3Pb4I13 
films that were prepared on substrates with different hot-cast temperatures from 
room temperature (R.T.) to 150°C. The films became dark and shiny with lower 

Figure 7. 
(A) A schematic of a projection of the 3D-hybrid perovskite, showing an inorganic network of corner-sharing 
metal halide octahedra (red) with interstitial organic cations (blue, black). (green) highlighting the restriction on 
cation size. (B) Schematic of a projection down the c-axis of the 2D-hybrid perovskite, showing the alternation 
of organic (blue, black) and corner-sharing inorganic (red) layers for n = 1 with inorganic layer thickness d and 
organic layer thickness L. (green), highlighting the restriction solely on the cross-sectional area, but not the length 
of the organic cation. (C) Energy diagram corresponding to the 2D-structure in (B). Labeling of the valence 
band (V. B), conduction band (C. B), electronic band gap Eg (gray) and the optical band gap Eexc (blue) of the 
inorganic framework, and the larger HOMO-LUMO gap of the organic cations (green). The organic framework 
(gray regions) has a dielectric constant ϵ2, which is smaller than the dielectric constant ϵ1 of the inorganic 
framework (red areas). Reprinted with permission from Ref. [70].
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bulky organic interlayers results in a multiple-quantum-well (MQW) electronic 
structure [68]. In other words, the inorganic slabs serve as the potential “wells” 
while the organic layers function as the potential “barriers” [10] as shown in 
Figure 7. The high organic and inorganic dielectric contrast leads to a huge 
electron–hole binding energy (Eb) in 2D perovskites [69, 70]. The confine-
ment effect of 2D-perovskites directly affects the bandgap. For an R.P. hybrid 
perovskite, the bandgap depends on the good width of layer thickness [71]. The 
total bandgap energy is determined by the base 3D-structure and extra quanti-
zation energies of the electron–hole [72]. The optical bandgap of 2D-perovskite 
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This flexibility of bandgap tuning can facilitate various optoelectronic applica-
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the bottom one [73].

Figure 6. 
The D.J. device is more stable and more efficient than the R.P. counterpart. Reprinted with permission from 
Ref. [64].
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films that were prepared on substrates with different hot-cast temperatures from 
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(gray regions) has a dielectric constant ϵ2, which is smaller than the dielectric constant ϵ1 of the inorganic 
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pinhole density with rising temperature, resulting in high-efficiency devices. The 
inorganic layers in 2D-perovskite films prepared by the hot-cast method have a 
preferential orientation vertical to the substrate with excellent crystallinity and few 
carrier traps, which favors the charge transport.

Another solution vapor annealing method was used to prepare high-quality 
(PEA)2PbBr4 nanosheets at room temperature as an emitting layer for LEDs [79]. 
Using a precursor solution of DMF comprising PEABr and PbBr2 (2/1) was spin-
coated on the top of the ITO/PEDOT:PSS substrate and the productive sample was 
placed face down on the edge of a glass dish without contacting it. In the following 
step, the dish was transferred into a lidded beaker filled with DMF to form a closed 
space with DMF vapor at 30°C for several minutes before the DMF vapor diffused 
under the (PEA)2PbI4 film and contacted with it. The film was removed out into 
open air rapidly and heated at 100°C for 10 min while turning into purple. By using 
DMF vapor annealing, the small and compact (PEA)2PbI4 perovskite grains was 
recrystallized into sized nanosheets equally distributed on the substrate, which has 
larger grain size, higher crystallinity, and higher P.L. intensity (higher photolumi-
nescence quantum yield (PLQY) due to the quantum confinement), comparing 
with unprocessed films. The nanosheet-LEDs showed a longer P.L. lifetime (much 
longer than the 3D-perovskite MAPbI3). They exhibited a small leak of current and 
low turn-on voltage, the external quantum efficiency (EQE) was 20 times higher 
than poly-LEDs.

Sequential deposition method The sequential deposition is used to prepare a 
sequential dipping process and sequential spin-coating of 2D-perovskite films [80]. 
The dipping process was used to fabricate quasi-2D and quasi 3D-perovskite films 
with spin-coating (IC2H4NH3)2PbI4 layers on mp-TiO2 substrates [81]. It is observed, 
immersing the films into MAI solution with a specific concentration for differ-
ent times (1–5 min), transferring the films into cleaning fluid (2 mL isopropanol 
mixed with 10 mL methylbenzene) to remove the MAI residual. With increasing 
dipping time, MA+ cations in solution passed through (IC2H4NH3)2PbI4 films and 
increased inorganic PbI4 layers’ thickness. Then, the nanoparticles regularly grew 
up and interconnected with each other in film morphology (uniform films without 

Figure 8. 
(a) The (BA)2(MA)3Pb4I13 films cast from room temperature (R.T.) to 150°C, (b) GIXRD spectra, (c, d) AFM 
images, and (e, f) SEM images of films prepared by traditional room-temperature-cast method. Reprinted 
with permission from Ref. [66].
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residuals), leading to sharper diffraction peaks. In the previous studies, ITO/NiOx/
mixed-dimensional perovskite/PCBM/bis-C60/Ag devices were prepared using the 
sequential spin-coating method with mixed-cations perovskite FAxPEA1 − xPbI3 as 
the active layer [81]. With observing, a PbI2 layer was spin-coated on NiOx sub-
strate, followed by the PEAxFA1 − xI solution loaded on it for 15 s before spin-coating. 
After thermal treatment, the mixed-cations FAxPEA1 − xPbI3 perovskite films were 
formed, with migrating PEA+ cations to lattice surfaces and grain boundaries of 
3D-perovskite FAPbI3 to form quasi 3D- rather than quasi 2D-perovskite at room 
temperature. This self-assembly organic shell could prevent perovskite crystals 
from ambient moisture and passivated the surface defects to enhance the device 
performance and quasi 3D-perovskite’s stability (the transition energy transformed 
from black phase to yellow phase). In summary, the 2D-perovskite films were 
commonly fabricated using one-step spin-coating method (simple process and low 
cost), with small-n members contrary to their 3D-counterparts but increasing “n” 
showed pre- or post-treatment is necessary such as hot-cast, antisolvent or solution 
vapor annealing processes for better crystallization. On the other hand, sequential 
deposition was used for obtaining efficient charge collection and extraction, dense 
and uniform films (due to the superior PbI2 framework for crystal growth). In 
sequential spin-coating, the large cations were not likely to enter into the lattice 
but pack on the surface of 3D-perovskite grains, forming a quasi 3D-structure. For 
future large-scale fabrication, the solution process was not enough for high-quality. 
Still, doctor blading, pressure-processing method, and so on were more appropriate 
as long as high-quality crystal is needed [82]. Melt processing is another innovative 
technique with an excellent quality. It was implemented in 2017 to fabricate lead 
iodide based 2D-perovskites using PEA derivatives [83]. Although it had not been 
used for device fabrication yet, however it is a promising one that it exhibits high 
phase purity, crystallinity, and potential crystal orientation control under ambient 
air, but its disadvantage is the used toxic solvents in processing.

3.5 Layer orientation

The device performance has been enhanced using the vertical alignment of the 
inorganic sheets of the 2D-perovskites concerning the substrate. The vertically 
oriented inorganic slabs provided a direct pathway for charge transport between 
layers, whereas the bulky organic separators act as electrical insulators hinder-
ing out-of-plane conduction of charges [63]. 2D single-layered (n = 1) halide 
perovskites have shown to align horizontally to the substrate on which they were 
grown. When “n” was greater than 1, competition arose between horizontal and 
vertical to the perovskite layers alignment (caused by BA and MA cations). When 
n = 1–4, it was found that the devices with n ≥ 3 had a better performance than 
lower “n”, as shown in previous studies [84, 85]. It showed that for BA2MA3Pb4I13, 
the nucleation process and film growth orientation occurred at the liquid-air inter-
face rather than at the liquid–liquid or liquid–substrate interfaces (since surface 
tension made nucleation and growth at the liquid-air interface more favorable) 
and that the initial nuclei are oriented in vertical configuration [86]. With increas-
ing “n”, the probability of obtaining an n-homogeneous-film decreased, giving 
rise to a mixture of a 3D-like dominant phase with some 2D-perovskite phases. 
Finally, films with n = 5–10 tend to align perpendicular to the substrate (Figure 9) 
[87]. This crystal orientation was examined using a scanning electron microscope 
(SEM), X-ray diffraction (XRD), and grazing incidence wide-angle X-ray scatter-
ing (GIWAXS) tests. XRD spectra of (BA)2(MA)n − 1PbnI3n + 1 (n = 1, 2, 3, 4, ∞), 
with (n = 1) showed (00 k) peaks implying the preferential growth along (110) 
direction, in (n = 2), (0 k0) reflections occurred in addition to (111) and (222) in 
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pinhole density with rising temperature, resulting in high-efficiency devices. The 
inorganic layers in 2D-perovskite films prepared by the hot-cast method have a 
preferential orientation vertical to the substrate with excellent crystallinity and few 
carrier traps, which favors the charge transport.

Another solution vapor annealing method was used to prepare high-quality 
(PEA)2PbBr4 nanosheets at room temperature as an emitting layer for LEDs [79]. 
Using a precursor solution of DMF comprising PEABr and PbBr2 (2/1) was spin-
coated on the top of the ITO/PEDOT:PSS substrate and the productive sample was 
placed face down on the edge of a glass dish without contacting it. In the following 
step, the dish was transferred into a lidded beaker filled with DMF to form a closed 
space with DMF vapor at 30°C for several minutes before the DMF vapor diffused 
under the (PEA)2PbI4 film and contacted with it. The film was removed out into 
open air rapidly and heated at 100°C for 10 min while turning into purple. By using 
DMF vapor annealing, the small and compact (PEA)2PbI4 perovskite grains was 
recrystallized into sized nanosheets equally distributed on the substrate, which has 
larger grain size, higher crystallinity, and higher P.L. intensity (higher photolumi-
nescence quantum yield (PLQY) due to the quantum confinement), comparing 
with unprocessed films. The nanosheet-LEDs showed a longer P.L. lifetime (much 
longer than the 3D-perovskite MAPbI3). They exhibited a small leak of current and 
low turn-on voltage, the external quantum efficiency (EQE) was 20 times higher 
than poly-LEDs.
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sequential dipping process and sequential spin-coating of 2D-perovskite films [80]. 
The dipping process was used to fabricate quasi-2D and quasi 3D-perovskite films 
with spin-coating (IC2H4NH3)2PbI4 layers on mp-TiO2 substrates [81]. It is observed, 
immersing the films into MAI solution with a specific concentration for differ-
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dipping time, MA+ cations in solution passed through (IC2H4NH3)2PbI4 films and 
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residuals), leading to sharper diffraction peaks. In the previous studies, ITO/NiOx/
mixed-dimensional perovskite/PCBM/bis-C60/Ag devices were prepared using the 
sequential spin-coating method with mixed-cations perovskite FAxPEA1 − xPbI3 as 
the active layer [81]. With observing, a PbI2 layer was spin-coated on NiOx sub-
strate, followed by the PEAxFA1 − xI solution loaded on it for 15 s before spin-coating. 
After thermal treatment, the mixed-cations FAxPEA1 − xPbI3 perovskite films were 
formed, with migrating PEA+ cations to lattice surfaces and grain boundaries of 
3D-perovskite FAPbI3 to form quasi 3D- rather than quasi 2D-perovskite at room 
temperature. This self-assembly organic shell could prevent perovskite crystals 
from ambient moisture and passivated the surface defects to enhance the device 
performance and quasi 3D-perovskite’s stability (the transition energy transformed 
from black phase to yellow phase). In summary, the 2D-perovskite films were 
commonly fabricated using one-step spin-coating method (simple process and low 
cost), with small-n members contrary to their 3D-counterparts but increasing “n” 
showed pre- or post-treatment is necessary such as hot-cast, antisolvent or solution 
vapor annealing processes for better crystallization. On the other hand, sequential 
deposition was used for obtaining efficient charge collection and extraction, dense 
and uniform films (due to the superior PbI2 framework for crystal growth). In 
sequential spin-coating, the large cations were not likely to enter into the lattice 
but pack on the surface of 3D-perovskite grains, forming a quasi 3D-structure. For 
future large-scale fabrication, the solution process was not enough for high-quality. 
Still, doctor blading, pressure-processing method, and so on were more appropriate 
as long as high-quality crystal is needed [82]. Melt processing is another innovative 
technique with an excellent quality. It was implemented in 2017 to fabricate lead 
iodide based 2D-perovskites using PEA derivatives [83]. Although it had not been 
used for device fabrication yet, however it is a promising one that it exhibits high 
phase purity, crystallinity, and potential crystal orientation control under ambient 
air, but its disadvantage is the used toxic solvents in processing.

3.5 Layer orientation

The device performance has been enhanced using the vertical alignment of the 
inorganic sheets of the 2D-perovskites concerning the substrate. The vertically 
oriented inorganic slabs provided a direct pathway for charge transport between 
layers, whereas the bulky organic separators act as electrical insulators hinder-
ing out-of-plane conduction of charges [63]. 2D single-layered (n = 1) halide 
perovskites have shown to align horizontally to the substrate on which they were 
grown. When “n” was greater than 1, competition arose between horizontal and 
vertical to the perovskite layers alignment (caused by BA and MA cations). When 
n = 1–4, it was found that the devices with n ≥ 3 had a better performance than 
lower “n”, as shown in previous studies [84, 85]. It showed that for BA2MA3Pb4I13, 
the nucleation process and film growth orientation occurred at the liquid-air inter-
face rather than at the liquid–liquid or liquid–substrate interfaces (since surface 
tension made nucleation and growth at the liquid-air interface more favorable) 
and that the initial nuclei are oriented in vertical configuration [86]. With increas-
ing “n”, the probability of obtaining an n-homogeneous-film decreased, giving 
rise to a mixture of a 3D-like dominant phase with some 2D-perovskite phases. 
Finally, films with n = 5–10 tend to align perpendicular to the substrate (Figure 9) 
[87]. This crystal orientation was examined using a scanning electron microscope 
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the obtained XRD spectra corresponding to in-plane and out-of-plane orienta-
tions. In contrast, (111) and (222) reflections were noticed for n = 3 and n = 4 quasi 
2D-perovskite films (110) and (220) analogously for n = ∞, which implies the 
vertical growth orientation (n = 3, 4), increasing towards 3D-perovskite; The pref-
erential layer alignment vanished because few BA cations doped in 3D-perovskite 
and no influence on orientations (Figure 9) [65]. From (SEM, GIWAXS) it was 
concluded that the hot-cast films grew along certain orientations, confirmed by the 
most remarkable reflections of (111) and (202) planes. The inorganic crystal plates 
<(MA)n − 1PbnI3n + 1 > 2− are perpendicular to the substrate, forming continuous 
charge transfer channels favorable to charge transport for optoelectronic applica-
tions [66].

4. Mixed 2D/3D perovskites

Downsides of 2D-perovskites can be reduced by mixing 2D with the ordinary 
3D-perovskites to form 2D/3D perovskite. 2D/3D designing intends to combine the 
advantages of 3D-perovskite (high optoelectronic properties) and 2D-perovskite 
(high stability) [88] to produce an efficient and stable perovskite material that 
could contribute to the advancement of PSCs towards commercial industrialization. 
So, owing to these reasons, the 2D/3D perovskite attracted the researcher’s attention 
during the last few years [89].

4.1 Optoelectronic properties

The 2D/3D, in comparison to 2D-perovskite, has higher charge mobility, less 
non-radiative charge recombination, smaller bandgap as illustrated in Figure 10, 
higher power conversion efficiency, long-term stability, and in some cases, do not 
even need encapsulation.

The number of inorganic layers (n) affects the performance parameters 
of 2D/3D perovskite. The higher the (n) number, the better the performance 

Figure 9. 
The generalized concept of the Q.W. morphology in both PEA-based and BA-based spin-cast films. Reprinted 
with permission from Ref. [87].
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parameters (as the 2D/3D perovskite gets closer to 3D). Moreover, 2D in 2D/3D can 
work as a capping layer to protect the 3D layer from air, moisture, heat; It serves 
as a hydrophobic encapsulation layer. In 2014, Karunadasa et al. introduced the 
mixed dimensional perovskite in the PSCs for the first time [77]. In this work [77], 
a mixture of phenylethylammonium (PEA) and MA cations was prepared to obtain 
a Ruddlesden–Popper structure of (PEA)2(MA)2[Pb3I10] at (n = 3) with an achieved 
efficiency of 4.73% [77]. The bandgap of the corresponding 2D and 3D-perovskite 
was 2.10, and 1.63 eV, respectively. After that, Sargent et al. investigated the effi-
ciency and stability of (PEA)2(MA)n − 1[PbnI3n + 1] perovskites with higher n (n = 6, 
10, 40, 60, and ∞) [78], the stability of this 2D/3D perovskites was improved 
compared to the 3D equivalents. The encapsulated device with lower value of n (i.e., 
closer to 2D) has the highest stability, but the devices with n < 40 have poor perfor-
mances due to the lower carrier mobility and high radiative recombination losses. 
For perovskites with (n < 10), a wider bandgap and lower carrier transport lead to 
inferior performances. On the other hand, the perovskite with (n = 60) recorded 
the best efficiency (η =15.3%).

4.2 Device fabrication methods

The 2D/3D multidimensional perovskite can be synthesized via many ways: 
one-step deposition, two-step deposition, anti-solvent method, the self-assembly 
method, vapor-assisted solution deposition approach [90], etc. In the one-step depo-
sition process, the 2D and 3D precursors are mixed, and the layers are grown simulta-
neously. In a two-step process, the 3D layer is first deposited then the 2D-perovskite is 
grown on top of it in a consecutive step. In 2019, Zhang and his co-workers reported 
a 2D/3D perovskite by post-treated n-butylamine iodide (BAI) and the residual PbI2 
on a one-step deposited MAPbI3 film. They added a thin 2D-perovskite layer on the 
top of the 3D-perovskite and grain boundaries. The formed 2D/3D perovskite has 
the stability of 2D (after three months the perovskite still support 80% of its initial 
efficiency) and the high performance of 3D (VOC = 1.09 V, JSC = 22.55 mA/cm2 a, FF 
=0.74, PCE = 18.3%) [91]. The  anti-solvent method has been used as an ordinary 
recipe for getting a 3D-perovskite film [92]. The anti-solvent (e.g., C.B., toluene, etc.) 

Figure 10. 
A schematic illustrates the effect of increasing the dimensionality on the bandgap and the binding energy. 
Reprinted with permission from Ref. [89].
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parameters (as the 2D/3D perovskite gets closer to 3D). Moreover, 2D in 2D/3D can 
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as a hydrophobic encapsulation layer. In 2014, Karunadasa et al. introduced the 
mixed dimensional perovskite in the PSCs for the first time [77]. In this work [77], 
a mixture of phenylethylammonium (PEA) and MA cations was prepared to obtain 
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grown on top of it in a consecutive step. In 2019, Zhang and his co-workers reported 
a 2D/3D perovskite by post-treated n-butylamine iodide (BAI) and the residual PbI2 
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recipe for getting a 3D-perovskite film [92]. The anti-solvent (e.g., C.B., toluene, etc.) 

Figure 10. 
A schematic illustrates the effect of increasing the dimensionality on the bandgap and the binding energy. 
Reprinted with permission from Ref. [89].
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is employed as a second solvent to cause instantaneous nucleation for the 3D film’s 
fast crystallization. When the anti-solvent is used as a solvent for the 2D organic salt, 
the in-situ 2D growth method can be practically combined with the usual anti-sol-
vent method, as illustrated in Figure 11. The anti-solvent containing the organic salt 
for 2D is directly dripped on the substrate, which is wet with a precursor solution of 
the 3D-perovskite. The dripping process of the anti-solvent is followed by a one-step 
process. Toluene containing phenylethylammonium iodide (PEAI) was used as the 
anti-solvent for a 3D/2D perovskite structure [93].

In the low-pressure vapor assisted solution process, the larger organohalide 
(PEA) doped with a metal halide (PbI2) is first spin-coated on the substrate 
and then reacts with the smaller organohalide (MAI) vapor in a low-pressure 
oven [94].

4.3 Applications in regular or inverted structure perovskite solar cells

Planer structures are always employed, n-i-p standard structure and p-i-n 
inverted structure. The researchers used 2D/3D perovskite in these two struc-
tures as follows: In 2019, Abbas and his co-workers [95] developed a way to add 
a 2D-layered perovskite with MAPbI3 bulk 3D-perovskite by a vertically oriented 
2D-layered mixed with a bulk 3D-perovskite they select the anilinium ion as the 
sizeable organic cation. In this research, they used a normal n-i-p structure and 
recorded an efficiency up to 16%. The planar solar cell heterojunction with ITO/
PEDOT-PSS/perovskite/PCBM/BCP/Ag was fabricated [95]. In 2020, Jia Zhang and 
Bin Hu recorded a 15.93% efficiency with 2D/3D Pb-Sn alloyed perovskite. They 
applied the inverted structure p-i-n on their work with the solar cell structure (ITO/
PEDOT:PSS/PEAxMA1xPb0.5Sn0.5I3/PC61BM/PEI/Ag) [96].

5. Conclusion

Multi-dimensional 2D/3D hybrid perovskites have proven to be one of the most 
promising approaches to improving PCE and stability than pure 3D PSCs. Many 
novel 2D-perovskites can be synthesized in terms of materials engineering and 
consistent unknown properties studied. Besides, the recently proposed compu-
tational theoretical study would speed up selecting and applying 2D materials. In 
particular, long-chain alkyl cations seem to be suitable for stabilizing perovskite 
materials based on 2D-Pb-Sn or Sn. The performance can be improved by technical 
composition and structure. Besides, it remains essential to study the mechanism of 

Figure 11. 
The process of the anti-solvent method. Reprinted with permission from Ref. [40].
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Chapter 11

A New Generation of Energy
Harvesting Devices
Byunghong Lee and Robert Bob Chang

Abstract

This chapter has been mainly focused on the development and fabrication of
various nanostructured materials for electrochemical energy conversion, specially,
third generation (3rd) thin film photovoltaic system such as organic dye or perovskite
-sensitized Solar Cells. Enormous efforts have been dedicated to the development of a
variety of clean energy, capable of harvesting energy of various forms. Among the
various energy forms, electrochemical devices that produce electric energy from
chemical energy have received the most attention as the most promising power
sources. In the majority of cases, researchers who come from the different back-
ground could engage on certain aspects of the components to improve the photovol-
taic performances from different disciplines: (i) chemists to design and synthesize
suitable donor–acceptor dyes and study structure–property relationships; (ii) physi-
cists to build solar cell devices with the novel materials, to characterize and optimize
their performances, and to understand the fundamental photophysical processes; and
(iii) engineers to develop new device architectures. The synergy between all the
disciplines will play a major role for future advancements in this area. However, the
simultaneous development of all components such as photosensitizers, hole transport
layer, photoanodes and cost effective cathode, combined with further investigation of
transport dynamics, will lead to Photovoltaic cells, 30%. Herein, in this book, with
taking optimized processing recipe as the standard cell fabrication procedure,
imporant breakthough for each components is achieved by developing or designing
new materials, concepts, and fabrication technique. This book report the following
studies: (i) a brief introduction of the working principle, (ii) the detailed study of the
each component materials, mainly including TiO2 photoanode under the category of
0D and 3D structures, strategies for co-sensitization with porphyrin and organic
photosensitizers, and carbon catalytic material via controlled fabrication protocols
and fundamental understanding of the working principles of electrochemical photo-
voltaic cell has been gained by means of electrical and optical modelling and
advanced characterization techniques and (iii) new desgined stratages such as the
optimization of photon confinement (iv) future prospects and survival stratagies for
sensitizer assisted solar cell (especially, DSSC).

Keywords: photovoltaic cell, DSSC, perovskite, TiO2, photosensitizer, carbon,
photonic crystal
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The search for grean sources of enegy is considered one of the priorities in
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such as organic dye or perovskite -sensitized solar cells (DSSC or PSC) is showing
up as a promising solar harvesting technology that has bright future. Unlike con-
ventional silicon p-n junction solar cell, an excitonic solar cell (ESC) can be modeled
as a unipolar-junction cell and made from low-cost materials that do not need to be
highly purified but still work well using simple manufacturing processes [1]. For
example, similar to the photosynthetic process in plants where chlorophyll absorbs
photons but does not participate in charge transfer, the photoreceptor and charge
carrier are implemented by different components in solar cell. This separation of
functions leads to lower purity demands on raw materials and consequently makes
exitonic solar cell a low-cost alternative. Nevertheless, to compete with the future
PV market, ESC should foucus on the “Golden Triangle” issues, i.e., increasing
light-to-electric energy conversion efficiency, enhancing long-term stability, and
decreasing device cost [2].

Since the last third decades, scientists have devoted a great deal of effort on
DSSCs’ four important components: photosensitizer, photoanodes, electrolytes, and
counter electrodes; some significant processes have been achieved. The sensitiza-
tion of semiconductors using dyes dates back to 19th century. It showed that the
photosensitivity can be extended to longer wavelengths by adding a dye to silver
halide emulsions [3, 4]. Grätzel has then extended the concept to the DSSC by
adsorption of dye molecules on the nanocrystalline TiO2 electrodes [5]. This break-
through was due to large surface area of the mesoporous TiO2 that allowed anchor-
ing significantly high amount of dye molecules (�0.13 mmol/cm2) onto it; thereby
increasing the absorption cross-section. Since the first successful demonstration of
DSSC over three decades ago, a wealth of DSSC components have been investigated
for enhancing energy conversion efficiency. State of the art DSSCs achieve more
than 11% energy efficiency allied to good performance under any atmospheric
condition and low irradiance. Moreover, the possibilities of transparency and multi-
colored cells are truly a competitive advantages of DSSCs. However, for stimulating
industrial market, performance of DSSCs must be improved close to the efficiency
values of the conventioanl silicon solar cells.

Since 2012, organic–inorganic perovskites solar have attracted considerable
research attention for photovoltaic device due to its superb light-harvesting char-
acteristics and electrical properties. Within relatively a short time, this organic–
inorganic lead halide perovskite has yielded photovoltaic efficiencies of 25.5%,
being the highest-performing solution-processed solar cell on record and displacing
technologies such as DSSCs and organic photovoltaics (OPVs) [6]. In addition, the
use of perovskite materials as light absorbers and hole transporting mateiral (HTM)
in solid-state sensitized solar cells has opened up a new direction for the high-
efficiency thin-film solar cells. Despite the best candidate at satisfying the need for
high efficiencies, concerns surrounding the long-term stability in an ambient atmo-
sphere as well as the water-soluble toxic lead components in the archetypal perov-
skite, APbX3 (A = methylammonium, formamidium, cesium, X = I�, Br��, Cl�),
have the potential risk for the environment issue. After around 10 years of intense
PSC researches, several physical chemistry still have questions for the basic mecha-
nism. In this aspect, the physical and chemical operation of DSSC has becom more
clear and a good example of a ESC system where the function of the overall device is
better than prodicted from the sum of the properties of its components. Therefore,
this book address imporant breakthough’s our laboratory research for DSSC with
taking optimized processing recipe as the standard cell fabrication procedure.

In order to meet this requiremnt, it will be necessary to alter at least two of the
three major components simultaneously. In the majority of cases, however,
researchers who come from the different background could engage on certain
aspects of the components to improve the photovoltaic performances from
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different disciplines: (1) chemists or material scientists worked for developing
photosensitizer and charge transport materials; (2) physicists to eluciate photovol-
taic properties and working mechanism; and (3) engineers to develop process and
device structure for module level production. However, the simultaneous develop-
ment of all components such as new photosensitier or new classed strucutral
perovskite materials with intrinsic stability and beneficial optoelectronic properties,
solid state HTM and photoanodes, combined with further investigation of transport
dynamics, will lead to ESCs with efficiencies exceeding 30%.

This report the following studies: (i) a brief introduction of the working princi-
ple, (ii) the detailed study of the each component materials, mainly including TiO2

photoanode under the category of 0D and 3D structures, strategies for co-
sensitization with porphyrin and organic photosensitizers, and carbon catalytic
material via controlled fabrication protocols and fundamental understanding of the
working principles of electrochemical photovoltaic cell has been gained by means of
electrical and optical modeling and advanced characterization techniques and (iii)
new desgined stratages such as the optimization of photon confinement (iv) future
prospects and survival stratagies for sensitizer assisted solar cell (especially, DSSC).

2. Fundamentals of dye-sensitized solar cells

2.1 Operation principle

The principle of operation of a DSSC is well documented in the literature [7].
The simplified principle of the thin layer DSSC is shown in Figure 1. A light-
harvesting Ru complex potosensitizers adsorbed on the surface of a porous nano-
crystalline film composed of a wide bandgap metal oxide such as TiO2, ZnO or SnO2

absorb incident photon flux. The photosensitizers are exited from the ground state
(D) to the excited state (D*) owing to the metal to ligand charge transfer (MLCT)
transition (Eq. (1)). The exited electrons are injected into the conduction band of
the TiO2 electrode, resulting in the oxidation of the photosensitizer (Eq. (2)).

D adsorbed on TiO2ð Þ þ hv ! D ∗ adsorbed on TiO2ð Þ (1)

D ∗ adsorbed on TiO2ð Þ ! Dþ adsorbed on TiO2ð Þ þ e� injectedð Þ (2)

Injected electrons in the conduction band of TiO2 are transported between TiO2

nanoparticles with diffusion toward the back contact (TCO) and consequently reach
the counter electrode through the external load and wiring. The oxidized photosensi-
tizer (D+) accepts electrons from the I� ion redox mediator, regenerationg the ground
state (D), and I� is oxidized to the oxidized state, I3

� (Eq. (3)). The injected eletrons
may recombine either with oxidized sensitier at the TiO2 (Eq. (4)).

Dþ adsorbed on TiO2ð Þ þ 3=2 I� ! D adsorbed on TiO2ð Þ þ½ I�3 (3)

Dþ adsorbed on TiO2ð Þ þ e� TiO2ð Þ ! D adsorbed on TiO2ð Þ (4)

The oxidized redox mediator, I3
�, diffuses toward the counter electrode and is

rereduced to I� ions.

I�3 þ 2e� TiO2ð Þ ! 3I� anodeð Þ (5)

The primary energy conversion process in DSSCs is a photoinduced charge
separation at the metal oxide/dye/electrolyte interface.
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In order to elucidate DSSC working phenomenon, the physical kinetics and
dynamics of charge transfer motion have been investigated in detail by many
researchers, both experimentally and via computational modeling. Here, the elec-
tron transfer dynamics taking place at the oxide/dye/electrolyte interface for DSSCs
are presented in Figure 2 [7–9]. This figure also contains the information for several
competing loss pathways, shown as red arrows. These loss pathways include decay
of the dye excited state to ground, and charge recombination of injected electrons
whith dye cations and with the redox couple.

Figure 1.
Schematic diagram and principle of operation of proto-typed dye sensitized solar cells (inserted in the
nanocrystalline TiO2 film).

Figure 2.
State diagram of kinetics and energetics of a traditional DSSC. The positive charge transfer processes are
indicated by blue color. The competing loss pathways of recombination with TiO2 trap sites and dye surface are
shown in red. Reprinted from [8, 10].
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2.2 Dye/metal oxide interface

A monolayer dye molecules attached to the surace of the nanocrystalline film.
The high surface area of nanocrystalline film ensured s a large concentration of the
light absorber leading to good light haversting are critical to be efficient DSSCs. In
addition, how and where the photosensitizer bound to the surface of TiO2 is another
important issues since unexpected bonding between photosensitizer and the TiO2

surface lead to degrade electron injection performance. In the case of Ru complex,
one carboxylic ligand provides good anchoring to metal oxide surface (Long-term
stability against moisture condition can be improved by using phosphonic acid) as
well as good electronic coupling of the excited states of photosensitizer with TiO2

conduction band states [11].
To be the effective electron transfer, the lowest unoccupied molecular orbital

(LUMO) level of excited dye molecules is appropriately lower than the highest
unoccupied molecular orbital (HUMO) level of the metal oxide. Under illumina-
tion, the photoxcited sensitizers are injected into the metal oxide and diffused from
the dye/metal oxide interface to substrate. In an efficient DSSC, a time scale of
femtoseconds to picoseconds nanoseconds of injection process is witnessed on the
strong electronic coupling between photoexicted sensitizer and metal oxide. The
injected electrons experience fast recombination process and thermalisation down
to at the electron Fermi level of the electrode [12].

2.3 Dye/electrolyte interface

After ultrafast electron injection from the photoexcited dye into the conduction
band of TiO2, the dye is in its oxidized state and must be reduced by an electron
donor in the electrolyte for regeneration. The standard electron donor is iodide. For
many typed dye, high value of regeneration efficiency, which give the probability
that an oxidized dye is regenerated by an electron donor in the electrolyte rather
than by recombination with an electron in the TiO2, have been estimated in iodide.
The reaction mechanism from reduction of oxidized sensitizer (D+) by iodide
follows:
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Eq. (6) is most likely a one-electron transfer reaction between D+ and I�.
(ε (I•/I�) = +1.33 V vs. NHE in aqueous solution.) The dye regeneration is firstly
occured from the formation of a (D���I) complex since the redox potential (ε) of the
iodine radical reacted to the sensitizer (ε (D���I) = +1.23 V vs. NHE in acetonitrile)
shows a relatively lower potential of 0.1 V. The dye regeneration is firstly occured
from the formation of a (D���I) complex since the redox potential (ε) of the iodine
radical reacted to the sensitizer (ε (D���I) = +1.23 V vs. NHE in acetonitrile) shows a
lower potential of 0.1 V. Dissociation of ground-state dye D and I2

�• is secondly
occurred from the formation of a (D���I2�•) complex.Finally, I2

�• is by the composi-
tion of triiodide and iodide. The second-order rate constant for this reaction is about
2.3 � 1010 M�1 s�1 in acetonitrile.

The oxidized sensitizer (specially, the most commonly reported Ru complex
dye, named as N719) is regeneated by the iodide/iodine redox couple in the liquid
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In order to elucidate DSSC working phenomenon, the physical kinetics and
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Figure 1.
Schematic diagram and principle of operation of proto-typed dye sensitized solar cells (inserted in the
nanocrystalline TiO2 film).

Figure 2.
State diagram of kinetics and energetics of a traditional DSSC. The positive charge transfer processes are
indicated by blue color. The competing loss pathways of recombination with TiO2 trap sites and dye surface are
shown in red. Reprinted from [8, 10].
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2.2 Dye/metal oxide interface
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electrolyte in the range of 100 ns to 10 μs. The different regenation time can be
explained by iodide concentration, the presence of additivies such as identity of
caion salt (lithium ions) and tertbutylpyridine (tBP). To be the effective DSSC, the
recombination process of electrons with either oxidized dye molecules or acceptors
in the electrolyte must be minimized compared with regeneration process, which
usually happens on a time scale of about 1 μs [7, 13–15].

2.4 TiO2 interface for electron transport

Unlike the typical the electron transport mechanism in bulk semiconductors, the
electron transport mechanism of TiO2 in DSSC need to be extend from the properties
of the individual nanoparticles to the particle connectivity or electronic coupling
between the particles, and the geometrical configuration of the assembly. Interest-
ingly, the mesoporous nanocrystalline TiO2 layer exhibit the highly efficient charge
tranport through the nanocrystalline TiO2 layer, while the low inherent conductivity
of the film ca. bulk mobility of TiO2 (1cm

2/Vs), ZnO (200cm2/Vs), and SnO2

(250cm2/Vs) as well as the presence of disorder from randomly arranged metal [16].
The main consequence of disorder in the electronic structure of the material is the
appearance of localized states. This puzzling phenomenon has been explained by
multiple-trapping model, in which the diffusion of conduction band electrons is
affected by the trapping-detrapping events [17–20]. Electron transport in nanostruc-
tured oxide films impregnated with a highly concentrated electrolyte is believed to
occur mainly by diffusion. It is generally accepted that this diffusional transport is
influenced by the existence of electron localized states or traps in the semiconductor.

In the TiO2 nanoparticles, electrons undergo a number of processes. A main
process is the transport of electrons in the extended states of the conduction band
(CB), where the concentration of free electrons nc is defined as

nc ¼ n0eqV=kBT (10)

here n0 is an equilibrium concentration in the effective density of states of the
CB and kB is the Boltzmann constant, q denotes elementary charge and T is the
temperature unut. In a steady state, transport process is under the control of
displacing electrons in the TiO2 CB with the trap in equilibrium occupation.

TiO2 nanoparticles exhibit numerous localized states in bandgap, which can
capture and release electrons to the transport level. The position of Fermi level
(EFn) plays an important role in calculating the probability of electron capture since
trapping events below EFn are quiescent from almost fully occupied traps, while
empty traps above the EFn happens in reverse.

A localized state at energy Et sets free electrons at a rate;

τ�1
t ¼ βnNce

Et�Ec
kBT (11)

where βn is the time constant for electron capture (which is independent of trap
depth). Since τt increases exponentially with the depth of the state in the bandgap,
the slowest trap is the deepest unoccupied trap. The effect of traps is dominant
whenever a transient effect is induced, in which the position of the Fermi level is
modified, with the correspondent need for traps release. Therefore, traps also
become a dominant aspect of the recombination of electrons in a DSSC, that is a
charge transfer to the electrolyte or hole conductor. The specific density of localized
states (DOS) in the bandgap of TiO2, named as g(E), can be also established by
capacitance techniques that provide the chemical capacitance, that is defined as
follows:
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g Eð Þ ¼ NL

kBT0
exp

E� Ec

kBT0

� �
(12)

Here NL is the total DOS, and T0 is a parameter with temperature units that
determines the depth of the distribution, that is alternatively expressed as a coeffi-
cient α = T/T0. If we consider that electrons can only be transported via the CB, then
we need to consider how the density of electrons in the CB.

The carrier mobility is associated with random motion of free carriers, which is
directed linked to the conductivity and resistivity. The expression of the electron
conductivity σn associated to free carrier transport is [21].

σn ¼ q2D0

kBT
nc (13)

Here D0 is the free electron diffusion coefficient. The conductivity can be
expressed by the temperature-dependent features using the framework of multiple
trapping where electron displacement occure via extended states at the CB edge
with the free electron diffusion coefficient. This result has been measured by the
common techniques such as intensity modulated photocurrent spectroscopy
(IMPS), transient photocurrent under a small perturbation of the illumination, or
transport resistance of impedance spectroscopy [22–24].

2.5 Electrolyte/counter electrode interface

In theory, the maximum photovoltage of the DSSC is determined by the energy
difference between the redox potential and the Fermi level of the metal oxide
semiconductor. However, the output voltage under load is usually less than the
open circuit voltage the theorical expected. This voltage loss is mainly attributed the
the overall overpotential of electrolyt and counter electrode (CE) interface. The
mass-transfer overpotential is largely affected by the ionic conductivity of electro-
lytes and the transportation of mediator species from the CE to the photoanode. The
kinetic overpotential or charge-transfer overpotential can be determined by
electrocatalytic properties of the CE surface toward mediator reduction [25]. To be
effective CE, it should exhibit excellent conductivity and inhibit high
electrocatalytic activity for reduction of the redox couple. The effect of electric field
and transport by ionic migration can be negligible because of high ionic conductiv-
ity and ionic strength of liquid electrolyte. With increasing viscosity such as gel,
quasi- solid and solid state electrolyte, an inadequate flux of redox components lead
to sacrifice the photocurrent of the DSSC. In the case of the iodide/triiodide elec-
trolyte, charge transport corresponds to formation and cleavage of chemical bonds:

I3� þ I� ! I� � �I2 � �I� ! I� þ I3� (14)

The CE must exhibit catalytically fast reaction and low overpotential because the
counter electrode reduces the redox species. (triiodide !iodide) Platinum (Pt)
materials is widely used as a suitable catalyst for reaction 1.14 to replenish the
reduced species in the redox electrolyte. However, Pt is very expensive and rare so
they have limited potential for commercial use. Therefore substantial researches are
under way to develop inexpensive alternatives materials for larger commercia-
lisation prospects. The charge transfer reaction between the counter electrode sur-
face and the electrolyte occurs the charge-transfer resistance (RCT) in the DSSCs.
The small RCT will give a higher fill factor (FF), which lead to a high conversion
efficiency.
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3. Optimizing material and configuration for typical DSSCs

Numerous publications and review articles on DSSC have appeared in the liter-
ature for certain aspects of the DSSC fabrication or performance during the past
three decades [26–30]. Proto-type module cells for manufacturing are actively
under development [31–35]. This book reviews systematical parameters via con-
trolled experiments (such as materials preparation, processing, device fabrication
and assembly, measurements and device modeling) and the interfacial properties
introduced by electrochemical impedance spectroscopy (EIS) for making better
solar performance [36–38]. The inherent material properties such as impurity,
surface properties in the DSSC are studied from this powerful tool for studying the
kinetics of charge transport and electron–hole recombination. Furthermore, this
book suggests other ways to improve cell efficiency externally from the photon
confinement.

3.1 Understanding DSSC operation model by EIS

As mentioned in Section 1. diverse electrochemical processes take place in a
DSSC during the cell operation. The I-V curves provide the information on the basic
parameters such as short-circuit current (ISC), open-circuit potential (VOC), Fill
factor (FF), and cell efficiency (η). The impedance spectroscopy measurements are
widely used for investigating the properties of a broad class of material system and
device. It provides essential information on carrier transport and recombination. In
EIS measurement, a direct current (DC) signal is applied to the cell by a small
sinusoidal alternating current (AC) perturbation under steady light illumination.
From the measured current response, the magnitude of the impedance for ampli-
tude and phase shift is determined as a function of modulation frequency. From the
relevant equivalent circuit, the measured data are fitted by some software (such as
Zview or Gamry Echem Analyst etc) and the charge transfer kinetics in a DSSC can
be estimated.

In this book, for a deep comprehensive understanding of the device operation,
Adachi model are employed to figure out the key parameters that control the
efficiency of a DSSC [39–42]. Figure 1 shows the schematic diagram of DSSC
structure. In this system, the light comes from the indium or fluorine doped tin
oxide (ITO or FTO) coated transparent conductive glass, the sheet resistance as
small as 10 Ω/sq. is required, as an anode electrode (left) [43]. An insulating
blocking layer and mesoporous metal oxide film (TiO2 ZnO, SnO2 etc.) is deposited
on top of bottom electrode. Next, dye molecules are covered by the surface of
mesoporous metal oxide and iodine electrolyte is interpenetrated into metal oxide/
dye layer. The platinum coated FTO substrate is used as a catalyst for iodide
reduction as the counter electrode (right).

The kinetic behavior of charge trap and de-trap mechanism from electrochemi-
cal and photoelectrochemical processes affects the different capacitive and resistive
element of faradaic impedance. EIS data generally shows Nyquist and Bode plots.
An general plot shows x-axis the real impedance (Z’) versus the y-axis the imagi-
nary impedance (Z”) in the complex plane. From EIS analysis, the complex imped-
ance (Z) of each component express Z0, Z1, Z2, and Z3, respectively. (i.e. Z0 is the
contact impedance of conductive glass; Z1 is the Pt-catalyzed counter electrode
impedance; Z2 is the complex impedance for the interfacial resistivity among
metal oxide, dye molecule, and the iodine electrolyte; Z3 is the Warburg impedance
for diffusion of tri-iodide ions). The resulting data from impedance is directly
linked to the information on materials quality, internal, interfacial properties
of the DSSC.
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Suppose the complex impedance is the same as its resistance. (Z = R) Ro repre-
sents the ohmic contact resistance from the FTO and the metal. The impedance of
the electron transfer at the Pt counter electrode (Z1) can be modeled as an RC
parallel circuit, and simply expressed as:

Z1 ¼ 1
1
rp1

þ iωCp1
(15)

where, rp1, Cp1 describes the resistance and capacitance at the Pt coated CE,
respectively.

Z3 represents the finite Warburg impedance contributes to the diffusion imped-
ance for the diffusion of tri-iodide ions in the electrolyte at the low frequency region
with a frequency maxima of ωz3 [40, 44].

Z3 ¼ RD
1ffiffiffiffiffiffiffiffiffiffiffiffiffi
iω

D1=δ
2ð Þ

q tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iω

D1=δ
2� �

s
where RD ¼ kBT

m2q2AvC ∗D1δ
(16)

D1 and δ represent the diffusion coefficient of I3
� and the thickness of the liquid

film respectively. RD is the DC resistance of impedance of diffusion of tri-iodide.
The number of electrons transferred in each reaction, m, is 2 in this case. Av and C*
are the Avogadro number and the concentration of I3

� in the bulk, respectively.
The impedance Z2 of the charge transport through diffusion into the

mesoporous TiO2 and recombination at the TiO2/dye/electrolyte interface shows
in the middle semicircle of the EIS graph. As seen in Figure 2, photoexcited
electrons in the CB will decay and excite at rate k1 and k2 into surface trap states
of the TiO2 as well as the back reaction in the iodine electrolyte at a rate of (kr). The
charge transfer kinetics for injection, diffusion, collection, trapping, de-trapping
and recombination of electrons in the TiO2 of the DSSC can be calculated by
[39, 40]:

∂n x, tð Þ
∂t

¼ Dcb
∂
2n x, tð Þ
∂x2

� k1n x, tð Þ þ k2 x, tð Þ þG x, tð Þ (17)

∂N x, tð Þ
∂t

¼ �k2N x, tð Þ � krN2 þ k1n (18)

Here n is the excess electron density in the CB of the TiO2 under illumination,
N is the excess electron density of the trap sites, Dcb describes the diffusion coeffi-
cient of an electron in the CB and the function G is the generation rate of electrons
injected into the TiO2 [40]. By varying the potentials, the excess CB electron
density n(x,t) will be expressed as followed [39].

n x, tð Þ ¼ nS x, tð Þ þ Δn xð Þeiωt (19)

N x, tð Þ ¼ NS x, tð Þ þ ΔN xð Þei ωtþφð Þ (20)

Here, ns and Ns describe the steady state electron densities (Δn and ΔN are the
amplitudes of the modulated component) in the CB and the trap state, respectively.

Defining,

Deff ¼ Dcb
k2
k2

(21)

keff ¼ 2Nskr (22)
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N is the excess electron density of the trap sites, Dcb describes the diffusion coeffi-
cient of an electron in the CB and the function G is the generation rate of electrons
injected into the TiO2 [40]. By varying the potentials, the excess CB electron
density n(x,t) will be expressed as followed [39].

n x, tð Þ ¼ nS x, tð Þ þ Δn xð Þeiωt (19)

N x, tð Þ ¼ NS x, tð Þ þ ΔN xð Þei ωtþφð Þ (20)

Here, ns and Ns describe the steady state electron densities (Δn and ΔN are the
amplitudes of the modulated component) in the CB and the trap state, respectively.

Defining,

Deff ¼ Dcb
k2
k2

(21)

keff ¼ 2Nskr (22)
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and using the following boundary conditions at
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¼ ΔJ (24)

x ¼ L,
∂Δn
∂x

¼ 0 (25)

the impedance Z2 is obtained by Kern et al. as [39].
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1
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keff

q 1þ e2γL

1� e2γL
(26)
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keff

s
(27)

By defining

ωd ¼ Deff

L2 ,ωk ¼ keff and γL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωk

ωd
þ iω
ωd

s
(28)

The equivalent impedance Z2 of Bisquert [39] is obtained as follows:

Z2 ¼ Rω
1

ωk=ωdð Þ 1þ iω=ωkð Þ
� �1=2

coth ωk=ωdð Þ½ 1þ iω=ωkð Þ�1=2 (29)

Rw ¼ kBT
q2Ans

L
Deff

¼ Con
L

Deff
,Rk ¼ ωd

ωk
� Rω ¼ Con

1
Lkeff

(30)

Here, ω is modulation frequency (s�1) (with ωk = keff), Rw is the electron
transport resistance, and Rk is the charge transfer resistance related to recombina-
tion of electrons at the TiO2/electrolyte interface. The relation can be expressed by
Rk = (ωd/ωk)� Rw.

The total impedance (Zs) of the DSSC can be calculated by the summation of Z1,
Z2, Z3, and the external resistance, Z0,

Zs ¼ Z0 þ Z1 þ Z2 þ Z3: (31)

From experimental (L, A, δ) and EIS data (the maxima values of ωZ1, ωZ2, ωZ3

of the semi-circle diameters along the Z’ axis), necessary information on charge
transport kinetics can be determined (Figure 3).

3.2 Materials preparation

3.2.1 TiO2 nanoparticle

The highly crystalline anatase TiO2 nanoparticles (NPs) was synthesized by
2-step autoclaving technique (Figure 4(a)). A pH controlled TiO2 suspension was
prepared by commercial TiO2 power. (P25, Degussa) The TiO2 suspension is placed
in a total volume of 60 mL in a Teflon-lined stainless steel autoclave (125 mL
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volume, Parr Instrument Co.) and heated at 240°C for 12 h. The resulting powders
are dried at �80°C in a conventional drying oven for 24 hour (Figure 4(b)). The
pure Anatase colloidal TiO2 nanoparticle was obtained by autoclaving the low-pH
titanate suspension at 240°C for 12h (Figure (4c)) [45].

3.2.2 Photosensitizer (purifed N719 dye)

For photosensitization studies, the calcined TiO2 nanoparticle electrode were
immersed in the ethanol solution containing purified 3x10�4 M cis-di(thiocynato)-
N,N0-bis(2,20-bipyridyl-4-caboxylic acid-40-tetrabutylammonium carboxy late)
ruthenium (II) (N719, Solaronix) for 18 h at room temperature [46]. Commercial
N719 dye may not produce high efficiency because of impurities. Therefore, purifi-
cation is required. The N719 complex is firstly dissolved in water with

Figure 3.
(a) A electrical equivalent and (b) an illustrative Nyquist plot of a DSSC with R0, R1, R2, and R3, and each
peak frequency maxima of ωZ1, ωZ2, and ωZ3, respectively. Reprinted from [26, 51].

Figure 4.
Scheme showing a typical procedure for highly crystalline TiO2 nanoparticle based DSSC. Reprinted from [26].
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The total impedance (Zs) of the DSSC can be calculated by the summation of Z1,
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From experimental (L, A, δ) and EIS data (the maxima values of ωZ1, ωZ2, ωZ3

of the semi-circle diameters along the Z’ axis), necessary information on charge
transport kinetics can be determined (Figure 3).

3.2 Materials preparation

3.2.1 TiO2 nanoparticle

The highly crystalline anatase TiO2 nanoparticles (NPs) was synthesized by
2-step autoclaving technique (Figure 4(a)). A pH controlled TiO2 suspension was
prepared by commercial TiO2 power. (P25, Degussa) The TiO2 suspension is placed
in a total volume of 60 mL in a Teflon-lined stainless steel autoclave (125 mL
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volume, Parr Instrument Co.) and heated at 240°C for 12 h. The resulting powders
are dried at �80°C in a conventional drying oven for 24 hour (Figure 4(b)). The
pure Anatase colloidal TiO2 nanoparticle was obtained by autoclaving the low-pH
titanate suspension at 240°C for 12h (Figure (4c)) [45].

3.2.2 Photosensitizer (purifed N719 dye)

For photosensitization studies, the calcined TiO2 nanoparticle electrode were
immersed in the ethanol solution containing purified 3x10�4 M cis-di(thiocynato)-
N,N0-bis(2,20-bipyridyl-4-caboxylic acid-40-tetrabutylammonium carboxy late)
ruthenium (II) (N719, Solaronix) for 18 h at room temperature [46]. Commercial
N719 dye may not produce high efficiency because of impurities. Therefore, purifi-
cation is required. The N719 complex is firstly dissolved in water with

Figure 3.
(a) A electrical equivalent and (b) an illustrative Nyquist plot of a DSSC with R0, R1, R2, and R3, and each
peak frequency maxima of ωZ1, ωZ2, and ωZ3, respectively. Reprinted from [26, 51].

Figure 4.
Scheme showing a typical procedure for highly crystalline TiO2 nanoparticle based DSSC. Reprinted from [26].
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tertrabutylammonium hydroxide and then purified three times with chromatogra-
phy. (Sephadex LH-20) The pH values below 4.5 is controlled by 0.02 M HNO3. The
titration is carried out slowly over a period of three hours. Then, the solution is kept
at -20°C for 15 hours. After allowing the flask to warm to 25°C, the precipitated
complex is collected on a glass frit and air dried.

3.2.3 Liquid electrolyte

he liquid electrolyte was prepared by dissolving 0.6 M of 1- butyl-3-methylimi-
dazolium iodide (BMII), 0.03 M of iodine, 0.1 M of guanidinium thiocyanate
(GuSCN) and 0.5 M of 4-tert-butylpyridine (tBP) in acetonitrile and valeronitrile
(85:15 v/v). Most additives are understood at a fairly phenomenological level, and
their effects are often attributed to modification of redox couple potential, band
shifts of the semiconducting electrode material, effects of surface blocking, or
surface dye organization. The study for additives have been reviewed extensively
elsewhere [47, 48]. For example, it was found that smaller size Li+ ions cause a shift
in the TiO2 conduction band edges toward more positive potentials than larger size
1,2-dimethyl-3-hexylimidazolium ions. As a result, an electrolyte containing Li+

ions produced a lower photovoltage and at the same time higher photocurrent than
that containing imidazolium cations because of an alteration of both the energy and
number of excited state levels of the dye that participate in electron injection [46].
The effects of tBP were studied in more detail in DSSCs showing that both band
edge shift and increased electron lifetime play a role [49].

Even if tBP and Li+ ions play a different role for solar cell performance, both
additives are widely used in liquid electrolyte. As another effective additive, adding
GuSCN can be also good choice. It shifts the conduction band edge of TiO2 toward
lower energies, suggesting adsorption of the cation onto the TiO2 surface.
Coadsorbants, adsorbed onto the TiO2 during the dye adsorption procedure, can
have similar effects as additives in the electrolytes [50].

3.2.4 Catalytic layer

The cathode-electrode was produced by coating F:SnO2 glass with a thin layer of
a 5 mM solution of H2PtCl6 in isopropanol and was heated at 400°C for 20 min. Best
performance and long-tern stability has been achieved with very low Pt-loadings
(5 μg cm�2), so that the counter electrode remains transparent. Charge transfer
resistances of less than 1 Ω cm2 can be achieved.

3.3 DSSC fabrication for conventional typed cell

A paste of anatase hydrothermal TiO2 powder was made by stirring with the mix-
ture 0.5 g of anatase-TiO2 NPs, 100 μl of Triton X-100, 0.2 g of polyethylene glycol
(PEG, Fluka, Mw = 20,000) into 3ml acetic acid (0.1M). The TiO2 paste is coated on a
FTO glass by doctor blade technique. The thickness of the TiO2 filmwasmeasured by a
surface profiler (TENCOR. P-10) [26, 51]. Figure 4(d) and (e) gives an illustrative
sequence of steps thatwere used in the fabrication of our solar cells. The top and bottom
electrodes were sandwiched together with thermal melt polymer film (Figure 4e).

3.3.1 TiO2 Nanoparticles prepared by 2-step hydrothermal treatment

Anatase TiO2 NPs were investigated by using a field-emission scanning electron
microscope (SEM, S4800, Hitachi) and JEOL-2010 TEM (JEOL, Japan) equipped with
an energy dispersive spectrometer (EDS) to investigate the TiO2 NPs and determine
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the compositions of the samples at 200 kV. The NPs were also characterized by x-ray
diffraction (D/Max-A, Rigaku)measurements. Figure 5(a) shows a X-ray scan of the
Anatase TiO2 NPs before and after sintering as described below. The inset shows a
typical SEM photo of the NPs used in the experiment. These results reveal broad
diffraction peaks at 25.3°, 37.8°, 48.2°, 53.9° and 55.2° were observed, which can be
indexed to the (101), (004), (200), (105) and (211) reflections of anatase TiO2.
Figure 5(b) provides the high resolution transmission microscopic (TEM) images and
selected area electron diffraction pattern of theTiO2NPs. It provides the corresponding
electron diffraction pattern taken from the TiO2 NPs showing that the NPs are crystal-
line Anatase TiO2. Figure 5(b) gives the high-resolution TEM (HRTEM) image of NPs
indicating that the TiO2 NPs are single-crystalline. Lattice of 0.189 nm and 0.243 nm
corresponding to (200) and (103) planes of the tetragonal TiO2, respectively, have
been resolved. The inset is the corresponding fast Fourier transform (IFFT) image of
selected area inFigure 5(b)c. In Figure 5(b)d the EDS taken fromTiO2NPs shows that
the NPs are composed of Ti and O. The Cu peak comes from the grid. From these
measurements, we concluded that our starting materials were pure Anatase.

3.3.2 Study for the optimal TiO2 film thickness

To find the optimized condition for hydrothermal treated TiO2 film, the cell
efficiency as a function of the TiO2 film thicknesses is studied. In Figure 6 (top), I
give plots of Voc, Jsc, FF, and η as functions of film thicknesses. The efficiency per
NP increases almost linear with decreasing film thickness until about 2 μm. From
these measurements, the optimal TiO2 film thickness is around 11.5 μmwith our cell
architect and fabrication procedures. It should also be noted that the highest open
circuit voltage and fill factor are achieved at the thinnest active layer thickness,
while the short circuit current density increases with increasing film thickness (for
thickness below 15 μm). From this thickness study, we then varied other cell
parameters to optimize the overall cell efficiency. In Figure 6 (bottom) we plot cell
efficiency times the number TiO2 NP as a function of NP film thickness. it is shown
that the efficiency per TiO2 NP increases dramatically as the active NP layer
decreases. This shows the large inherent loss of charges in these DSSCs.

In Figure 7, AC impedance measurements with best-fit model curves of the cell
is used for analyzing function on the different TiO2 NP film thicknesses. Form the
Bode phase plots, the negative shift of the frequencies of the main peaks with an

Figure 5.
(a) X-ray diffraction patterns of hydrothermal TiO2 nanoparticle after calcination at 500oC. Insert shows the
SEM images of nanopaticle after calcination. (b) a.TEM, b. SEAD pattern, c. HR-TEM bright field images
and d. EDX analysis of TiO2 nanocrystals prepared by 2-step autoclaving technique scheme showing a typical
procedure for highly crystalline TiO2 nanoparticle based DSSC.
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tertrabutylammonium hydroxide and then purified three times with chromatogra-
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titration is carried out slowly over a period of three hours. Then, the solution is kept
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(85:15 v/v). Most additives are understood at a fairly phenomenological level, and
their effects are often attributed to modification of redox couple potential, band
shifts of the semiconducting electrode material, effects of surface blocking, or
surface dye organization. The study for additives have been reviewed extensively
elsewhere [47, 48]. For example, it was found that smaller size Li+ ions cause a shift
in the TiO2 conduction band edges toward more positive potentials than larger size
1,2-dimethyl-3-hexylimidazolium ions. As a result, an electrolyte containing Li+
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additives are widely used in liquid electrolyte. As another effective additive, adding
GuSCN can be also good choice. It shifts the conduction band edge of TiO2 toward
lower energies, suggesting adsorption of the cation onto the TiO2 surface.
Coadsorbants, adsorbed onto the TiO2 during the dye adsorption procedure, can
have similar effects as additives in the electrolytes [50].

3.2.4 Catalytic layer

The cathode-electrode was produced by coating F:SnO2 glass with a thin layer of
a 5 mM solution of H2PtCl6 in isopropanol and was heated at 400°C for 20 min. Best
performance and long-tern stability has been achieved with very low Pt-loadings
(5 μg cm�2), so that the counter electrode remains transparent. Charge transfer
resistances of less than 1 Ω cm2 can be achieved.

3.3 DSSC fabrication for conventional typed cell

A paste of anatase hydrothermal TiO2 powder was made by stirring with the mix-
ture 0.5 g of anatase-TiO2 NPs, 100 μl of Triton X-100, 0.2 g of polyethylene glycol
(PEG, Fluka, Mw = 20,000) into 3ml acetic acid (0.1M). The TiO2 paste is coated on a
FTO glass by doctor blade technique. The thickness of the TiO2 filmwasmeasured by a
surface profiler (TENCOR. P-10) [26, 51]. Figure 4(d) and (e) gives an illustrative
sequence of steps thatwere used in the fabrication of our solar cells. The top and bottom
electrodes were sandwiched together with thermal melt polymer film (Figure 4e).

3.3.1 TiO2 Nanoparticles prepared by 2-step hydrothermal treatment

Anatase TiO2 NPs were investigated by using a field-emission scanning electron
microscope (SEM, S4800, Hitachi) and JEOL-2010 TEM (JEOL, Japan) equipped with
an energy dispersive spectrometer (EDS) to investigate the TiO2 NPs and determine
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the compositions of the samples at 200 kV. The NPs were also characterized by x-ray
diffraction (D/Max-A, Rigaku)measurements. Figure 5(a) shows a X-ray scan of the
Anatase TiO2 NPs before and after sintering as described below. The inset shows a
typical SEM photo of the NPs used in the experiment. These results reveal broad
diffraction peaks at 25.3°, 37.8°, 48.2°, 53.9° and 55.2° were observed, which can be
indexed to the (101), (004), (200), (105) and (211) reflections of anatase TiO2.
Figure 5(b) provides the high resolution transmission microscopic (TEM) images and
selected area electron diffraction pattern of theTiO2NPs. It provides the corresponding
electron diffraction pattern taken from the TiO2 NPs showing that the NPs are crystal-
line Anatase TiO2. Figure 5(b) gives the high-resolution TEM (HRTEM) image of NPs
indicating that the TiO2 NPs are single-crystalline. Lattice of 0.189 nm and 0.243 nm
corresponding to (200) and (103) planes of the tetragonal TiO2, respectively, have
been resolved. The inset is the corresponding fast Fourier transform (IFFT) image of
selected area inFigure 5(b)c. In Figure 5(b)d the EDS taken fromTiO2NPs shows that
the NPs are composed of Ti and O. The Cu peak comes from the grid. From these
measurements, we concluded that our starting materials were pure Anatase.

3.3.2 Study for the optimal TiO2 film thickness

To find the optimized condition for hydrothermal treated TiO2 film, the cell
efficiency as a function of the TiO2 film thicknesses is studied. In Figure 6 (top), I
give plots of Voc, Jsc, FF, and η as functions of film thicknesses. The efficiency per
NP increases almost linear with decreasing film thickness until about 2 μm. From
these measurements, the optimal TiO2 film thickness is around 11.5 μmwith our cell
architect and fabrication procedures. It should also be noted that the highest open
circuit voltage and fill factor are achieved at the thinnest active layer thickness,
while the short circuit current density increases with increasing film thickness (for
thickness below 15 μm). From this thickness study, we then varied other cell
parameters to optimize the overall cell efficiency. In Figure 6 (bottom) we plot cell
efficiency times the number TiO2 NP as a function of NP film thickness. it is shown
that the efficiency per TiO2 NP increases dramatically as the active NP layer
decreases. This shows the large inherent loss of charges in these DSSCs.

In Figure 7, AC impedance measurements with best-fit model curves of the cell
is used for analyzing function on the different TiO2 NP film thicknesses. Form the
Bode phase plots, the negative shift of the frequencies of the main peaks with an

Figure 5.
(a) X-ray diffraction patterns of hydrothermal TiO2 nanoparticle after calcination at 500oC. Insert shows the
SEM images of nanopaticle after calcination. (b) a.TEM, b. SEAD pattern, c. HR-TEM bright field images
and d. EDX analysis of TiO2 nanocrystals prepared by 2-step autoclaving technique scheme showing a typical
procedure for highly crystalline TiO2 nanoparticle based DSSC.

197

A New Generation of Energy Harvesting Devices
DOI: http://dx.doi.org/10.5772/intechopen.94291



increase in the film thickness. In a simple equation, since ωmax is inversely associ-
ated with the life time of electron τ =1/(2πf), the decrease in ωmax indicated a
reduced rate for the charge-recombination process in DSSC. Hence, electrons with
longer τ values were prevented from recombining, characterized by a larger charge
transfer resistance. In the aspect of ωmax, about 6 μm thick film show the longest
electron lifetime and relatively small total series resistance, leading to high Voc and
FF. However, in the case of N719 dye, the dye absorption at that thickness is not
enough to reach the maximum performance. The more detailed phenomenon can
be understood by the further consolidated impedance model we suggested.

Figure 6.
Relationship of DSSC device performance (top) and efficiency per TiO2 NP (bottom) depending on film
thickness (top). Reprinted from [26, 52].

Figure 7.
AC impedance measurement (a) bode, (b) Nyquist plots, (c) electron density (ns) and (d) the relation between
the electron recombination resistance (Rk) and the electron diffusion resistance (Rw) of cells with different TiO2
NP film thicknesses. The solid curves are from a best fit model.
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All cases of samples were equal in the total cell thicknesses (L). Therefore, there
is a tradeoff relation between cell gaps of dye coated TiO2 film and electrolyte, for
example, for the thicker thin films of TiO2 film, the electrolyte spacing is smaller.
The resulting data from our model shows specific characteristics worth noting; (1)
In the case of ultra-thin TiO2 film, two distinctive circles can be found and the
impedance Z3 is dominated rather than that of Z1 and Z2 in the low-frequency
region. (2) For thicker TiO2 layers, the contribution from Z2 is more pronounced
(3) The estimated the diffusion coefficient in the electrolyte (D1) is the highest for
the thinnest TiO2 layer [26]. From this model, low keff, high Rk/Rw, high Deff and
high ns are necessary condition to attain highly efficient DSSC. As seen in Figure 7
(c,d), over 10 μm thick film exhibit the improved electron density (ns) and high
electron diffusion coefficient (Deff), but the recombination time is shorter than the
time for diffusion across the TiO2 layer (Rk < <Rw, wd < <wk). As a result, we
conclude about 11.5 μm is the optimized film thickness in my system. The detailed
physical values are summarized in Table 1.

3.4 Interfacial modification

There are numerous efforts to improve cell performance from different modifi-
cations techniques such as different semiconductors, dyes, or ionic conductors or on
changing its nanostructures [53, 54]. Most of modification works show a tradeoff
relation between the short-circuit current and open-circuit voltage. This can be
explained the the modification of components affect sensibility of charge-transport
and recombination dynamics [55]. Therefore, this has been a big challenge in the
field of DSSC design. In this book, effective surface passivation and treatment
method provide on how it possible to contribute on the cell performance.

3.4.1 TiCl4 treatment

The best-known techiqnue to improve the performance of the solar cells is a
post-treatment of the TiO2 film with a solution in TiCl4 is grown onto an extra layer
of TiO2 nanoparticles constituting the film. The TiCl4 treatment results in an
improvement in photocurrent, normally between 10% and 30%. Depending on the
quality of the TiO2 used to make the initial film, the extrema of the improvement
can be from <5% to >200% [35, 56]. The largest improvements come when using
the poorest quality TiO2 films. Figure 8(a) show the SEM images and XRD patterns
for TiCl4 treated TiO2 film. When the TiCl4 exposure condition is increased, the

Film
Thickness
(μm)

Deff

(10�5

cm2s�1)

keff
(Hz)

Rk/
Rw

Con
(Ωcms�1)

Rd

(Ω)
ns

(1018

cm�3)

D1

(10�6

cm2s�1)

VOC

(V)
Jsc

(mA/
cm2)

FF
(%)

EFF
(%)

2.4 2.10 31.6 46.2 0.368 19 1.41 42.0 0.932 4.851 72.1 3.26

4.6 0.56 14.2 6.79 0.122 11.7 4.36 7.2 0.919 7.252 73.9 4.93

6.2 0.64 10 4.04 0.084 8.1 5.94 4.5 0.910 8.029 76.8 5.61

10.4 2.79 20 2.76 0.048 7.1 10.5 3.2 0.802 11.61 73.0 6.80

12.4 2.58 10 2.38 0.055 8.3 9.39 0.09 0.808 12.54 72.2 7.32

15.0 3.29 10 2.14 0.093 6.9 6.06 0.56 0.762 12.46 68.6 6.51

17.1 9.05 10 3.13 0.133 3.6 4.36 0.21 0.764 11.19 65.7 5.62

Table 1.
Parameters for the best fit of the impedance data for the different thickness. Measured in Figure 6.
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FF. However, in the case of N719 dye, the dye absorption at that thickness is not
enough to reach the maximum performance. The more detailed phenomenon can
be understood by the further consolidated impedance model we suggested.
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All cases of samples were equal in the total cell thicknesses (L). Therefore, there
is a tradeoff relation between cell gaps of dye coated TiO2 film and electrolyte, for
example, for the thicker thin films of TiO2 film, the electrolyte spacing is smaller.
The resulting data from our model shows specific characteristics worth noting; (1)
In the case of ultra-thin TiO2 film, two distinctive circles can be found and the
impedance Z3 is dominated rather than that of Z1 and Z2 in the low-frequency
region. (2) For thicker TiO2 layers, the contribution from Z2 is more pronounced
(3) The estimated the diffusion coefficient in the electrolyte (D1) is the highest for
the thinnest TiO2 layer [26]. From this model, low keff, high Rk/Rw, high Deff and
high ns are necessary condition to attain highly efficient DSSC. As seen in Figure 7
(c,d), over 10 μm thick film exhibit the improved electron density (ns) and high
electron diffusion coefficient (Deff), but the recombination time is shorter than the
time for diffusion across the TiO2 layer (Rk < <Rw, wd < <wk). As a result, we
conclude about 11.5 μm is the optimized film thickness in my system. The detailed
physical values are summarized in Table 1.

3.4 Interfacial modification

There are numerous efforts to improve cell performance from different modifi-
cations techniques such as different semiconductors, dyes, or ionic conductors or on
changing its nanostructures [53, 54]. Most of modification works show a tradeoff
relation between the short-circuit current and open-circuit voltage. This can be
explained the the modification of components affect sensibility of charge-transport
and recombination dynamics [55]. Therefore, this has been a big challenge in the
field of DSSC design. In this book, effective surface passivation and treatment
method provide on how it possible to contribute on the cell performance.

3.4.1 TiCl4 treatment

The best-known techiqnue to improve the performance of the solar cells is a
post-treatment of the TiO2 film with a solution in TiCl4 is grown onto an extra layer
of TiO2 nanoparticles constituting the film. The TiCl4 treatment results in an
improvement in photocurrent, normally between 10% and 30%. Depending on the
quality of the TiO2 used to make the initial film, the extrema of the improvement
can be from <5% to >200% [35, 56]. The largest improvements come when using
the poorest quality TiO2 films. Figure 8(a) show the SEM images and XRD patterns
for TiCl4 treated TiO2 film. When the TiCl4 exposure condition is increased, the

Film
Thickness
(μm)

Deff

(10�5

cm2s�1)

keff
(Hz)

Rk/
Rw

Con
(Ωcms�1)

Rd

(Ω)
ns

(1018

cm�3)

D1

(10�6

cm2s�1)

VOC

(V)
Jsc

(mA/
cm2)

FF
(%)

EFF
(%)

2.4 2.10 31.6 46.2 0.368 19 1.41 42.0 0.932 4.851 72.1 3.26

4.6 0.56 14.2 6.79 0.122 11.7 4.36 7.2 0.919 7.252 73.9 4.93

6.2 0.64 10 4.04 0.084 8.1 5.94 4.5 0.910 8.029 76.8 5.61

10.4 2.79 20 2.76 0.048 7.1 10.5 3.2 0.802 11.61 73.0 6.80

12.4 2.58 10 2.38 0.055 8.3 9.39 0.09 0.808 12.54 72.2 7.32

15.0 3.29 10 2.14 0.093 6.9 6.06 0.56 0.762 12.46 68.6 6.51

17.1 9.05 10 3.13 0.133 3.6 4.36 0.21 0.764 11.19 65.7 5.62

Table 1.
Parameters for the best fit of the impedance data for the different thickness. Measured in Figure 6.
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XRD intensity of the rutile peak increased [57]. However, under well-controlled
condition, no obvious different in the rutile content (20–25%) can be seen between
treated and untreated TiO2 from XRD analysis., while an increased size of TiO2 NPs
and densely packed TiO2 NPs film is observed. Figure 8(b) shows Brunauer–
Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) pore-size distribution
plots of the pristine TiO2 NP (P25), 2-step hydrothermalized (HT)-TiO2 NP and
TiCl4 treated HT-TiO2 NP. Hydrothermal treated samples show similar type-IV
isotherms, which are representative of mesoporous solids.

The 2-step HT-TiO2 NP show about 18.5% increased surface areas and 43.6%
widened cumulative pore volume compared with the pristine TiO2 NP (P25). How-
ever, TiCl4 treated samples show �16.7% decreased surface area compared with
pristine TiO2 film. However, the loss in actual electrode surface area after TiCl4
treatment is small because of the increase in mass of approximately 10.3% TiO2

volume on the electrode. From these observations it follows that, despite the sub-
stantial decrease in BET surface area, the film thickness is not affected. Therefore,
the porosity must have decreased, as is shown in Table 2. In spite of the decreased
surface area, the TiCl4 treated TiO2 film morphology is observed by about a 40%
higher dye absorption at the 480 nm. (see Figure 9(a)) For more accurate experi-
ment, the quantity of TiO2 NPs surface-bound sensitizers was measured by desorp-
tion process [35]. UV–vis absorption spectra is used for calculating the number of
desorbed sensitizer molecules (set as the extinction coefficient (ε) of the N719
sensitizer is about 3.748 x 10�3 cm�1 M�1 at 535 nm). It is estimated that roughly
8.8% and 34.6% more dye molecules are attached to the surface of TiCl4 treated
TiO2 (≈ 3.97 � 10�8 molmg�1) compared to HT-TiO2 NP (≈ 3.65 � 10�8 molmg�1)
and commercial TiO2 NP (≈ 2.95 � 10�8 molmg�1), respectively. The TiO2 surface
after the TiCl4 treatment provides more specific binding sites, leading to reduce the
fraction of the TiO2 surface area that is inaccessible for the dye due to sterical
constraints [56]. The enhanced dye loading results in an improvement in photocur-
rent and indeed, the TiCl4 treatment is a 28.5% increase in the photocurrent along
with a decreased in the fill factor (7.4%) and open circuit voltage (2.3%). (see in
Figure 9(b) and more discussed in cell properties part (iii)).

Figure 8.
(a) XRD pattern and SEM images of TiO2 film with and without post-treatment with TiCl4 (b) BET and BJH
analysis of the pristine TiO2, and hydrothermal treated TiO2 film with and without post-treatment with TiCl4
(note: HT-TiO2 is a hydrothermal treated TiO2 nanoparticles).
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treatment is small because of the increase in mass of approximately 10.3% TiO2

volume on the electrode. From these observations it follows that, despite the sub-
stantial decrease in BET surface area, the film thickness is not affected. Therefore,
the porosity must have decreased, as is shown in Table 2. In spite of the decreased
surface area, the TiCl4 treated TiO2 film morphology is observed by about a 40%
higher dye absorption at the 480 nm. (see Figure 9(a)) For more accurate experi-
ment, the quantity of TiO2 NPs surface-bound sensitizers was measured by desorp-
tion process [35]. UV–vis absorption spectra is used for calculating the number of
desorbed sensitizer molecules (set as the extinction coefficient (ε) of the N719
sensitizer is about 3.748 x 10�3 cm�1 M�1 at 535 nm). It is estimated that roughly
8.8% and 34.6% more dye molecules are attached to the surface of TiCl4 treated
TiO2 (≈ 3.97 � 10�8 molmg�1) compared to HT-TiO2 NP (≈ 3.65 � 10�8 molmg�1)
and commercial TiO2 NP (≈ 2.95 � 10�8 molmg�1), respectively. The TiO2 surface
after the TiCl4 treatment provides more specific binding sites, leading to reduce the
fraction of the TiO2 surface area that is inaccessible for the dye due to sterical
constraints [56]. The enhanced dye loading results in an improvement in photocur-
rent and indeed, the TiCl4 treatment is a 28.5% increase in the photocurrent along
with a decreased in the fill factor (7.4%) and open circuit voltage (2.3%). (see in
Figure 9(b) and more discussed in cell properties part (iii)).

Figure 8.
(a) XRD pattern and SEM images of TiO2 film with and without post-treatment with TiCl4 (b) BET and BJH
analysis of the pristine TiO2, and hydrothermal treated TiO2 film with and without post-treatment with TiCl4
(note: HT-TiO2 is a hydrothermal treated TiO2 nanoparticles).
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3.4.2 Fuorine plasma etching

As mentioned above, the best efficiency of cell can be found at about 11.5 μm
thicked TiO2 film. This resulting data shows mediately the importance of electro-
lyte’s infiltration all of the way into the TiO2 film. To minimize the effect on the
panetration issues, plama etching techinque is introduced for widening the channels
in TiO2 films [51]. Figure 10(a) displays a schematic diagram of the plasma etching
system. The detailed etching condition can be found in our eariler paper [51]. Aa
ehching gas, CF4/O2 of gas mixture (CF4 and O2) is used by generating the fluorine
atoms in the plasma through complicated chemical reaction paths [58–62]. The
plasma etching reaction is followed by:

CF4 þO ! COF2 þ 2F (32)

TiO2 sð Þ þ F gð Þ ! TiOxFy sð Þ þ TiF4 s, gð Þ þO2 gð Þ (33)

TiO2 surface is subsequently ethced by free fluorine gas and several titanium
fluoroxy compounds (ultimately TiF4) are developed [61, 63]. Along with the
etching process, it was expected that the surface of the NP would be populated with
fluorine atoms and bonded to Ti sites as discussed below.

The evidence of etched TiO2 surface can be found by X-ray photon spectroscopy
(XPS) measurement. The peak is located at binding energies 458.5 eV (Ti 2p3/2) and
464.2 eV (Ti 2p1/2), respectively, which correspond to the signals characteristic for
the Ti4+ state of titanium [64, 65]. This indicates that TiO2 are formed. (see in
Figure 10(b)). After plasma treatment the peak locations move to the somewhat
higher binding-energies of 458.7 and 464.4 eV. The direct bonding with titanium
and fluorine makes it possible to move higher binding-energy due to fluorine
exhibit more electronegative than oxygen. From XPS analysis, the post-plasma F 1 s
peak shows is also indicative of the fluorine being bonded directly to the titanium.
The majority of the F 1 s peak (99%) is found at 684.8 eV which has been respon-
sible for TiOF2. The minor (1%) energy shoulder at 686.8 eV is ascrbied to the
replacement of oxygen lattice site in TiO2 by fluorine [66]. The fluorine shows at

Figure 9.
(a) Absorbance curve of aqueous dye solutions after desorption (b) JV characteristics and (c) EIS analysis from
the pristine TiO2, and hydrothermal treated TiO2 film with and without post-treatment with TiCl4 (inserted in
simple illustration of TiCl4 treatments).
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�14% the oxygen level. Two O 1 s peaks are observed prior to plasma treatment.
The major peak with �90% of the total oxygen is measured at a binding energy of
529.8 eV and 531.4 eV for Ti-O and Ti-OH bonding, respectively [67]. The plasma
treatment make the TiO2 peak move a little higher binding-energy of 529.9 eV.

Figure 11(a) shows SEM images of pre and post fluorine-treated films. It is clear
from these images that fluorine effectively opens the channels among the NPs of the
TiO2 film. The variance of film thickness and weight as a function of plasma etching
time can be seen in Figure 11(b). With increased etching time, quantitative analysis
(EDS) and morphology (SEM) of TiO2 surface reveal the plasma expand the pores of
the TiO2 film surface. As the pore start to open up (�10 min), the surface etching
process of removed TiO2 and incorporated fluorine into the film is accelerated by
active fluorine species. The detailed information can be found in our eailr paper [51].

As seen in Figure 12(a), the plasma etched TiO2 surface can rectify the interfa-
cial property by decreased the electron-triiodine recombination rates taking place
on the parts of the dye uncovered TiO2 surface. According to CF4 etching process, it
function as diminishing the surface defects such as oxygen vacancies since fluorine
atom comprised of stronger affinity for electrons compared with oxygen atom can

Figure 10.
(a) Schematic diagram of the plasma etching system (b) pre- and post-etch Ti 2p, post-etch F 1 s XPS spectrum,
and pre- and post-etch XPS O 1 s spectra. Reprinted from [51].

203

A New Generation of Energy Harvesting Devices
DOI: http://dx.doi.org/10.5772/intechopen.94291



3.4.2 Fuorine plasma etching

As mentioned above, the best efficiency of cell can be found at about 11.5 μm
thicked TiO2 film. This resulting data shows mediately the importance of electro-
lyte’s infiltration all of the way into the TiO2 film. To minimize the effect on the
panetration issues, plama etching techinque is introduced for widening the channels
in TiO2 films [51]. Figure 10(a) displays a schematic diagram of the plasma etching
system. The detailed etching condition can be found in our eariler paper [51]. Aa
ehching gas, CF4/O2 of gas mixture (CF4 and O2) is used by generating the fluorine
atoms in the plasma through complicated chemical reaction paths [58–62]. The
plasma etching reaction is followed by:

CF4 þO ! COF2 þ 2F (32)

TiO2 sð Þ þ F gð Þ ! TiOxFy sð Þ þ TiF4 s, gð Þ þO2 gð Þ (33)

TiO2 surface is subsequently ethced by free fluorine gas and several titanium
fluoroxy compounds (ultimately TiF4) are developed [61, 63]. Along with the
etching process, it was expected that the surface of the NP would be populated with
fluorine atoms and bonded to Ti sites as discussed below.

The evidence of etched TiO2 surface can be found by X-ray photon spectroscopy
(XPS) measurement. The peak is located at binding energies 458.5 eV (Ti 2p3/2) and
464.2 eV (Ti 2p1/2), respectively, which correspond to the signals characteristic for
the Ti4+ state of titanium [64, 65]. This indicates that TiO2 are formed. (see in
Figure 10(b)). After plasma treatment the peak locations move to the somewhat
higher binding-energies of 458.7 and 464.4 eV. The direct bonding with titanium
and fluorine makes it possible to move higher binding-energy due to fluorine
exhibit more electronegative than oxygen. From XPS analysis, the post-plasma F 1 s
peak shows is also indicative of the fluorine being bonded directly to the titanium.
The majority of the F 1 s peak (99%) is found at 684.8 eV which has been respon-
sible for TiOF2. The minor (1%) energy shoulder at 686.8 eV is ascrbied to the
replacement of oxygen lattice site in TiO2 by fluorine [66]. The fluorine shows at

Figure 9.
(a) Absorbance curve of aqueous dye solutions after desorption (b) JV characteristics and (c) EIS analysis from
the pristine TiO2, and hydrothermal treated TiO2 film with and without post-treatment with TiCl4 (inserted in
simple illustration of TiCl4 treatments).

202

Solar Cells - Theory, Materials and Recent Advances

�14% the oxygen level. Two O 1 s peaks are observed prior to plasma treatment.
The major peak with �90% of the total oxygen is measured at a binding energy of
529.8 eV and 531.4 eV for Ti-O and Ti-OH bonding, respectively [67]. The plasma
treatment make the TiO2 peak move a little higher binding-energy of 529.9 eV.

Figure 11(a) shows SEM images of pre and post fluorine-treated films. It is clear
from these images that fluorine effectively opens the channels among the NPs of the
TiO2 film. The variance of film thickness and weight as a function of plasma etching
time can be seen in Figure 11(b). With increased etching time, quantitative analysis
(EDS) and morphology (SEM) of TiO2 surface reveal the plasma expand the pores of
the TiO2 film surface. As the pore start to open up (�10 min), the surface etching
process of removed TiO2 and incorporated fluorine into the film is accelerated by
active fluorine species. The detailed information can be found in our eailr paper [51].

As seen in Figure 12(a), the plasma etched TiO2 surface can rectify the interfa-
cial property by decreased the electron-triiodine recombination rates taking place
on the parts of the dye uncovered TiO2 surface. According to CF4 etching process, it
function as diminishing the surface defects such as oxygen vacancies since fluorine
atom comprised of stronger affinity for electrons compared with oxygen atom can

Figure 10.
(a) Schematic diagram of the plasma etching system (b) pre- and post-etch Ti 2p, post-etch F 1 s XPS spectrum,
and pre- and post-etch XPS O 1 s spectra. Reprinted from [51].

203

A New Generation of Energy Harvesting Devices
DOI: http://dx.doi.org/10.5772/intechopen.94291



enfeeble the bond in a titanium and oxygen [68]. Therefore, the TiO2 surface
comprised of less surface defects may play important role in a improvement of the
open-circuit potential, Voc, of the solar cell.

3.4.3 Cell properties for interfacial modification

The detailed solar cell research studied a series of five cells, each with a layer of
11.6 μm thick TiO2 NP film. Each of the four samples were treated differently prior

Figure 12.
(a) Schematic illustration for TiO2 surface interfacial mechanism (b) JV curve and (c) AC impedance
measurements of cells with different surface treatments.

Figure 11.
(a) SEM images of top and side views of pre-etch film and CF4-etched TiO2 film. (inserted in simple
illustrations of etched film) (b) film thickness, weight and film morphologies images (top) and relative content
of oxygen and fluorine in TiO2 NPs (bottom) as a function of etching time. Reprinted from [51].
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to dye and electrolyte infiltration. As a first series of cells, TiO2 film prepared for
cell (a) commercial and cell (b) hydrothermal treatment is studied. Next, for
understanding the influence on interfacial modified TiO2 surface, post-treated cells
with cell (c) with TiCl4 treatment and Tare cell (c) with fluorine etching are
investigated. Figure 12(b) and (c) give, respectively, the J � V and the impedance
measurements of each cells. Using the kinetic model discussed in section and
extrapolating the parameters for the best fit to each of the measured impedance
curves, summarized the results in Table 2 for the electrical data for all cells. The
model calculation and data fitting provide some physical insight into the differences
in the transport properties and effects due to plasma etching of the TiO2 NP films of
the cells. Cell (b) can be considered as the control for the other three cells. There is
no treatment to the TiO2 NP film in this case. In general, Jsc can be approximated by
the expression;

Jsc ¼ qηlhηinjηccI0 (34)

where q is the elementary charge, ηlh is the light harvesting efficiency of a cell,
ηinj is the charge-injection efficiency of the excited dye into the TiO2, ηcc is charge
collection efficiency, and I0 is the incident photon flux [69]. From this equation, it
is clearly that the short-circuit current density (Jsc) is directly proportional to the
value of ηlh related to numerous specific anchoring sites on TiO2 surface for dye
absorption and light scattering events for optical absorption as an external property.
As we mentioned earlier, the ηcc is related to the charge transfer kinetics and this
value can be estimated by comparing the charge transport and recombination time
constants when both values are measured by EIS measurements.

Cell (c) has a 25.5% increase in the Deff, leading to about 19.3% increased
electron density (ns) compared with the cell (b). With increasing electron density,
deeper traps become filled, and trapping/detrapping events occur more frequently
in shallower traps, leading to faster transport. The increase in the photocurrent
density is well explained by the higher electron density. However, the value of
Rk/Rw related to the recombination related value is decreased by about 10%, leading
to a decrease Voc. Cell (d) with the plasma etched device shows the resulting values
for about 45.2% lower the charge density value (ns,), 31.5% higher the interfacial
recombination rate (Rk/Rw) and 33.4% increased Deff rather than that of the
unetched sample (cell (b)). Although the fitted charge transfer properties on etched
sample are substantial, the overall performance of cell is infinitesimal because the
efficiency just increased by about 8% with etching.

These changes show that the etching has significant effect on the electron
recombination and transport properties of the cell, but the overall effect is not
pronounced because the cell efficiency only increased by 8% with etching. As
suggested in Figure 12(a), the fluorine etching can help to minimize the electron
loss between TiO2 surface and reduced iodide, leading to the highest Voc and FF
value (�0.852 V and 75.1%). The decreased electron transport properties are attrib-
uted to the less interconnection between NPs compared to the case of cell (b).
However, when a film is treated in the much more time (�30 min), the morphology
changed dramatically, and the pin-hole of TiO2 film formed. This result can be
confirmed by the dye desorption experiments and the weight loss of TiO2 from
etching process. While this situation should improve the dye molecule attachments
to the NPs and allow further penetration of the molecules into the TiO2 film, as
indicated by a large increased in the values of Deff in Table 2.

Finally, we believe that combination of TiCl4 and fluorine etching post-
treatment with the opposite physical properties make it possible to increase both the
Voc and Jsc, giving an efficiency higher than that of cell (b). Therefore, cell (e) is
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enfeeble the bond in a titanium and oxygen [68]. Therefore, the TiO2 surface
comprised of less surface defects may play important role in a improvement of the
open-circuit potential, Voc, of the solar cell.

3.4.3 Cell properties for interfacial modification

The detailed solar cell research studied a series of five cells, each with a layer of
11.6 μm thick TiO2 NP film. Each of the four samples were treated differently prior

Figure 12.
(a) Schematic illustration for TiO2 surface interfacial mechanism (b) JV curve and (c) AC impedance
measurements of cells with different surface treatments.

Figure 11.
(a) SEM images of top and side views of pre-etch film and CF4-etched TiO2 film. (inserted in simple
illustrations of etched film) (b) film thickness, weight and film morphologies images (top) and relative content
of oxygen and fluorine in TiO2 NPs (bottom) as a function of etching time. Reprinted from [51].
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to dye and electrolyte infiltration. As a first series of cells, TiO2 film prepared for
cell (a) commercial and cell (b) hydrothermal treatment is studied. Next, for
understanding the influence on interfacial modified TiO2 surface, post-treated cells
with cell (c) with TiCl4 treatment and Tare cell (c) with fluorine etching are
investigated. Figure 12(b) and (c) give, respectively, the J � V and the impedance
measurements of each cells. Using the kinetic model discussed in section and
extrapolating the parameters for the best fit to each of the measured impedance
curves, summarized the results in Table 2 for the electrical data for all cells. The
model calculation and data fitting provide some physical insight into the differences
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the expression;

Jsc ¼ qηlhηinjηccI0 (34)

where q is the elementary charge, ηlh is the light harvesting efficiency of a cell,
ηinj is the charge-injection efficiency of the excited dye into the TiO2, ηcc is charge
collection efficiency, and I0 is the incident photon flux [69]. From this equation, it
is clearly that the short-circuit current density (Jsc) is directly proportional to the
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absorption and light scattering events for optical absorption as an external property.
As we mentioned earlier, the ηcc is related to the charge transfer kinetics and this
value can be estimated by comparing the charge transport and recombination time
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electron density (ns) compared with the cell (b). With increasing electron density,
deeper traps become filled, and trapping/detrapping events occur more frequently
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density is well explained by the higher electron density. However, the value of
Rk/Rw related to the recombination related value is decreased by about 10%, leading
to a decrease Voc. Cell (d) with the plasma etched device shows the resulting values
for about 45.2% lower the charge density value (ns,), 31.5% higher the interfacial
recombination rate (Rk/Rw) and 33.4% increased Deff rather than that of the
unetched sample (cell (b)). Although the fitted charge transfer properties on etched
sample are substantial, the overall performance of cell is infinitesimal because the
efficiency just increased by about 8% with etching.

These changes show that the etching has significant effect on the electron
recombination and transport properties of the cell, but the overall effect is not
pronounced because the cell efficiency only increased by 8% with etching. As
suggested in Figure 12(a), the fluorine etching can help to minimize the electron
loss between TiO2 surface and reduced iodide, leading to the highest Voc and FF
value (�0.852 V and 75.1%). The decreased electron transport properties are attrib-
uted to the less interconnection between NPs compared to the case of cell (b).
However, when a film is treated in the much more time (�30 min), the morphology
changed dramatically, and the pin-hole of TiO2 film formed. This result can be
confirmed by the dye desorption experiments and the weight loss of TiO2 from
etching process. While this situation should improve the dye molecule attachments
to the NPs and allow further penetration of the molecules into the TiO2 film, as
indicated by a large increased in the values of Deff in Table 2.

Finally, we believe that combination of TiCl4 and fluorine etching post-
treatment with the opposite physical properties make it possible to increase both the
Voc and Jsc, giving an efficiency higher than that of cell (b). Therefore, cell (e) is
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treated with TiCl4 coating with same treatment as cell (c), followed by fluorine
etching with same treatment as cell (c), and cell (f) with the TiO2 NP film etched by
fluorine first and followed by TiCl4 treatment and then high-temperature. As we
expected, cell (f) has the lowest series resistance (i.e., Rtotal = R0 + R1 + R2 + R3) and
therefore the highest efficiency. The contribution to this increase of cell efficiency
comes primarily from the 27.7% increase in Jsc, no loss in the Voc and FF value. It also
notice from our model that the effective electron diffusion coefficient is a signifi-
cant improved by as much as 59%, the interfacial recombination (keff) is decreased
by 52.7%, which leads to large Rk compared with the cell (b). These changes are
quite significant, and as a result, the cell efficiency was increased nearly 26%.

4. Photon management using three-dimensional photonic crystals

Besides the interfacial modification, cell performance can be improved by
external source (such as anti-reflection film and photonic crystal etc.) as reflecting
passed photons back into the absorbing film [26, 70]. For the photon trapping, two
approaches for geometrical or wave optics are employed [71]. In this book, photon
management concept using 3-dimensional photonic crystals (PhC) is introduced.
Photonic crystals are highly ordered materials with a periodically modulated
dielectric constant. The presence of photonic band gap can be confining and con-
trolling the propagation of light propagation of light, a band of frequencies in which
light propagation in the photonic crystal is forbidden [72]. Therefore, we can man-
age to reflect, transmit, and diffract light for specific wavelengths by appropriate
designing the crystal structure. In fact, a diffuse scattering layer of large TiO2

colloids [73] is typically introduced for this specific purpose [74]. There are suc-
cessful demonstrations for enhancement in performance of silicon photovoltaic
cells based on the realization of coherent scattering processes [75–81]. However,
these concepts cannot be easily realized in DSSC. Herein, this book takes the most
efficient cells and measure how much of the income light is actually being absorbed
by the N719 dye as photons transit across the solar cell.

4.1 Photon management effect on DSSCs

For 3D PhC layer, the vertical deposition technique for polystyrene (PS) opal
templates is employed [55] (see in Figure 13(a)). The experimental procedures are
reported in earlier work [82, 83]. Figure 13(b) is a SEM micrograph of a ZnO PhC
(or inverse opal) layer showing both the side view (cross sectional, top) and top
view (bottom).

The optical property can be estimated by using UV- vis- NIR spectrophotometer
in a wavelength range of 185 � 3300 nm. The quantum efficiency and transmission
of the N719 cell with a thickness of about 11.5 μm as a function of the wavelength is
shown in Figure 13(c) [76]. N719 dye displays a broad absorption spectral coverage
in the region 400 � 700 nm, but a large proportion of infrared (IR) spectral range,
which constitutes almost half the energy of the sun’s radiation, cannot be utilized.

To make up for insufficient photon absorption, a reflector by either using a Ag
mirror or a stack of the PhC was simply attached to the bottom cell or cathode
electrode (Figure 14(a) and (b)). As seen in this illustration, there are two physical
mechanisms by which wave optics approaches (based on reflector and photonic
crystals) can improve light-trapping: reflection and diffraction. Firstly, Ag film can
provide high reflection property like a mirror. Distributed Bragg reflectors exhibit
high index contrast and they can reflect light over a extensive wavelengths region
and incident light angles [84]. Likewise, a PhC can reflect incident light from broad
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range of angles for frequencies and polarizations within the photonic crystal in that
it can reflect light within the bandgap incident from any angle or medium.

Secondly, wave optics-based devices was developed for diffracting incoming
beams into indirect angles according to Bragg’s law [85]. The diffraction originated
from an interface improve light trapping with the distance increment that light

Figure 14.
Schematic of a DSSC (a) with a typical geometric optic concept of reflection to trap light. And (b) with wave
optics (3D PhC) to trap light with reflection and diffraction (c) reflection spectra of Ag film and 3D PC with
different sphere diameters (198, 311, 375, and 410 nm).

Figure 13.
(a) Fabrication procedure of the 3D PhC, (b) SEM micrograph of a typical ZnO PhC (or inverse opal) layer,
showing both the side (cross sectional) view (top) and the top view (bottom) (c) quantum efficiency
measurement of the N719 dye and the transmittance measurement of DSSCs using the same dye.
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treated with TiCl4 coating with same treatment as cell (c), followed by fluorine
etching with same treatment as cell (c), and cell (f) with the TiO2 NP film etched by
fluorine first and followed by TiCl4 treatment and then high-temperature. As we
expected, cell (f) has the lowest series resistance (i.e., Rtotal = R0 + R1 + R2 + R3) and
therefore the highest efficiency. The contribution to this increase of cell efficiency
comes primarily from the 27.7% increase in Jsc, no loss in the Voc and FF value. It also
notice from our model that the effective electron diffusion coefficient is a signifi-
cant improved by as much as 59%, the interfacial recombination (keff) is decreased
by 52.7%, which leads to large Rk compared with the cell (b). These changes are
quite significant, and as a result, the cell efficiency was increased nearly 26%.

4. Photon management using three-dimensional photonic crystals

Besides the interfacial modification, cell performance can be improved by
external source (such as anti-reflection film and photonic crystal etc.) as reflecting
passed photons back into the absorbing film [26, 70]. For the photon trapping, two
approaches for geometrical or wave optics are employed [71]. In this book, photon
management concept using 3-dimensional photonic crystals (PhC) is introduced.
Photonic crystals are highly ordered materials with a periodically modulated
dielectric constant. The presence of photonic band gap can be confining and con-
trolling the propagation of light propagation of light, a band of frequencies in which
light propagation in the photonic crystal is forbidden [72]. Therefore, we can man-
age to reflect, transmit, and diffract light for specific wavelengths by appropriate
designing the crystal structure. In fact, a diffuse scattering layer of large TiO2

colloids [73] is typically introduced for this specific purpose [74]. There are suc-
cessful demonstrations for enhancement in performance of silicon photovoltaic
cells based on the realization of coherent scattering processes [75–81]. However,
these concepts cannot be easily realized in DSSC. Herein, this book takes the most
efficient cells and measure how much of the income light is actually being absorbed
by the N719 dye as photons transit across the solar cell.

4.1 Photon management effect on DSSCs

For 3D PhC layer, the vertical deposition technique for polystyrene (PS) opal
templates is employed [55] (see in Figure 13(a)). The experimental procedures are
reported in earlier work [82, 83]. Figure 13(b) is a SEM micrograph of a ZnO PhC
(or inverse opal) layer showing both the side view (cross sectional, top) and top
view (bottom).

The optical property can be estimated by using UV- vis- NIR spectrophotometer
in a wavelength range of 185 � 3300 nm. The quantum efficiency and transmission
of the N719 cell with a thickness of about 11.5 μm as a function of the wavelength is
shown in Figure 13(c) [76]. N719 dye displays a broad absorption spectral coverage
in the region 400 � 700 nm, but a large proportion of infrared (IR) spectral range,
which constitutes almost half the energy of the sun’s radiation, cannot be utilized.

To make up for insufficient photon absorption, a reflector by either using a Ag
mirror or a stack of the PhC was simply attached to the bottom cell or cathode
electrode (Figure 14(a) and (b)). As seen in this illustration, there are two physical
mechanisms by which wave optics approaches (based on reflector and photonic
crystals) can improve light-trapping: reflection and diffraction. Firstly, Ag film can
provide high reflection property like a mirror. Distributed Bragg reflectors exhibit
high index contrast and they can reflect light over a extensive wavelengths region
and incident light angles [84]. Likewise, a PhC can reflect incident light from broad
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range of angles for frequencies and polarizations within the photonic crystal in that
it can reflect light within the bandgap incident from any angle or medium.

Secondly, wave optics-based devices was developed for diffracting incoming
beams into indirect angles according to Bragg’s law [85]. The diffraction originated
from an interface improve light trapping with the distance increment that light

Figure 14.
Schematic of a DSSC (a) with a typical geometric optic concept of reflection to trap light. And (b) with wave
optics (3D PhC) to trap light with reflection and diffraction (c) reflection spectra of Ag film and 3D PC with
different sphere diameters (198, 311, 375, and 410 nm).

Figure 13.
(a) Fabrication procedure of the 3D PhC, (b) SEM micrograph of a typical ZnO PhC (or inverse opal) layer,
showing both the side (cross sectional) view (top) and the top view (bottom) (c) quantum efficiency
measurement of the N719 dye and the transmittance measurement of DSSCs using the same dye.
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must go forward to the front surface of the cell as well as diffracted beam are
internal reflected back into the solar cell when the angle of critical angle overcome
the diffracted beam [86].

Figure 14(c) shows the reflection spectra of Ag film and 3D PC with 198, 311,
375, and 410 nm diameters. The reflectivity of the Ag film is more than 80% in
wavelengths ranging from 400 to 800 nm; clearly, this Ag film has better reflectiv-
ity than the 3D PC. The red line represents the spectrum from the 198 nm inverse
opal sphere; a reflection peak can be observed at 410 nm corresponding to the
lowest photonic band gap (PBG). The orange line represents the spectrum from the
311 nm inverse opal sphere that shows the main reflection peak at 526 nm
corresponding to the lowest PBG and additional reflection spectra peaks at 382 and
365 nm. The blue line shows the reflection spectrum of the 375 nm inverse opal
sphere: it comprises a reflection peak at 661 nm corresponding to the fundamental
PBG and additional reflection spectra peaks at 415 and 390 nm. The green line
shows the reflection spectrum of the 410 nm inverse opal sphere that has a main
reflection peak at 715 nm corresponding to the lowest PBG and additional reflection
spectra peaks at 442 and 411 nm. The 3D PC show reflectivity peaks amplitudes of
around 73% at the lowest PBG and around 25% at the high order PBG. This implies
that we can recycle the photons back into the DSSC for further absorption and
processing. The peak positions can be related to the sphere diameter and the effec-
tive refractive index of the medium using Bragg’s law, λ max = 2neff d111, where d111 is
the 111 lattice spacing and neff is the effective refractive index of the medium.
Furthermore, the differences in the frequency of the reflection peaks are a result of
the different sizes of the inverse opal spheres because the same effective refractive
indices (ZnO) of the medium were used in all the experiments. Thus, the 3D PC can
be devised to present a Bragg peak that matches the absorption band of the ruthe-
nium dye but has a significant effect on longer wavelengths, thereby increasing the
absorption efficiency.

4.2 Measurements and modeling of DSSCs with 3D PhC

The effects of selective light trapping, which was caused by the reflection and
diffraction by 3D PhCs, on the solar-to-electric conversion efficiencies and AC
impedance measurements of the cell, are analyzed by measuring the photocurrent-
density-voltage (J-V) curves under simulated sunlight radiations of 1000 Wm�2

intensity. From a series of J� V curves, samples coupling with Ag and PhC reflector
display the increased photocurrent (seen in Figure 15(a)) The corresponding
impedance measurements are plotted in Figure 15(b), and the solid curves

Figure 15.
(a) J � V characteristics and (b) Nyquist plots of DSSC attached Ag metal and different sized PhC reflection
(film thickness � 11 μm).
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must go forward to the front surface of the cell as well as diffracted beam are
internal reflected back into the solar cell when the angle of critical angle overcome
the diffracted beam [86].

Figure 14(c) shows the reflection spectra of Ag film and 3D PC with 198, 311,
375, and 410 nm diameters. The reflectivity of the Ag film is more than 80% in
wavelengths ranging from 400 to 800 nm; clearly, this Ag film has better reflectiv-
ity than the 3D PC. The red line represents the spectrum from the 198 nm inverse
opal sphere; a reflection peak can be observed at 410 nm corresponding to the
lowest photonic band gap (PBG). The orange line represents the spectrum from the
311 nm inverse opal sphere that shows the main reflection peak at 526 nm
corresponding to the lowest PBG and additional reflection spectra peaks at 382 and
365 nm. The blue line shows the reflection spectrum of the 375 nm inverse opal
sphere: it comprises a reflection peak at 661 nm corresponding to the fundamental
PBG and additional reflection spectra peaks at 415 and 390 nm. The green line
shows the reflection spectrum of the 410 nm inverse opal sphere that has a main
reflection peak at 715 nm corresponding to the lowest PBG and additional reflection
spectra peaks at 442 and 411 nm. The 3D PC show reflectivity peaks amplitudes of
around 73% at the lowest PBG and around 25% at the high order PBG. This implies
that we can recycle the photons back into the DSSC for further absorption and
processing. The peak positions can be related to the sphere diameter and the effec-
tive refractive index of the medium using Bragg’s law, λ max = 2neff d111, where d111 is
the 111 lattice spacing and neff is the effective refractive index of the medium.
Furthermore, the differences in the frequency of the reflection peaks are a result of
the different sizes of the inverse opal spheres because the same effective refractive
indices (ZnO) of the medium were used in all the experiments. Thus, the 3D PC can
be devised to present a Bragg peak that matches the absorption band of the ruthe-
nium dye but has a significant effect on longer wavelengths, thereby increasing the
absorption efficiency.

4.2 Measurements and modeling of DSSCs with 3D PhC

The effects of selective light trapping, which was caused by the reflection and
diffraction by 3D PhCs, on the solar-to-electric conversion efficiencies and AC
impedance measurements of the cell, are analyzed by measuring the photocurrent-
density-voltage (J-V) curves under simulated sunlight radiations of 1000 Wm�2

intensity. From a series of J� V curves, samples coupling with Ag and PhC reflector
display the increased photocurrent (seen in Figure 15(a)) The corresponding
impedance measurements are plotted in Figure 15(b), and the solid curves

Figure 15.
(a) J � V characteristics and (b) Nyquist plots of DSSC attached Ag metal and different sized PhC reflection
(film thickness � 11 μm).
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represent the best fits from our modeling calculations. The fitting parameters are
tabulated in Table 3. (the photoanode comprised 11 μm thick TiO2 film and
approximately 0.332 cm2 active area with mask). The DSSC with the Ag film and 3D
PCs showed higher short-circuit current densities and solar-to-electric conversion
efficiencies than the traditional DSSC. For the Ag film, the short-circuit current
densities were increased by approximately 0.84 mA/cm2; the open-circuit voltage
and fill factor were almost identical; and the solar-to-electric conversion efficiency
was enhanced by 5% .

In the case of the DSSCs with 3D PhCs, the solar-to-electric conversion efficien-
cies were enhanced by 1.94, 7.78, 10.7, 11.3 and 14.4% for the 198 nm, 311 nm,
375 nm, 410 nm, and double layer (375/410 nm), respectively, as compared to the
traditional typed DSSC. The 3D PC with 198 nm sized PhC showed the lowest
efficiency enhancements because the traditional DSSC absorbed most of the light,
this corresponds to the reflection peak of this PhC, as shown in Figures 13(c) and
14(c). The 375 nm and 410 nm sized PhC showed high enhancements in the solar-
to-electric conversion efficiencies because the traditional DSSC transmitted more
than 50% of the light; this corresponds to the reflection peaks of these PhC. This
enhancement in the solar-to-electric conversion efficiencies is higher than that in
the Ag film even though the Ag film has a considerably higher reflection intensity;
this can be explained by the diffraction effect of the PhC as shown in Figure 14(b).
The PhC with 375/410 nm double layers showed highest enhancements in the solar-
to-electric conversion efficiencies because the double layer PhC has a significant
overlap with the quantum efficiency spectra of the ruthenium dye; moreover, the
diffraction effect of the PhC is also present. From Table 3, the multilayer whose
PBG has a large overlap with the quantum efficiency spectra of the ruthenium dye
leads to larger enhancements in the photocurrent. Furthermore, the PhC -based
DSSC exhibits considerably higher short circuit photocurrents than the traditional
DSSC and is much more effective than the conventional Ag film.

The generation of photocurrent is primarily influenced by the light absorption of
the dye. Therefore, when coupling PhC with the back surface of the DSSC, light
absorption is increased attributed to the reflection and diffraction of light. This
directly reflect the enhancement of the short-circuit current densities and the over-
all efficiency, while the open-circuit voltage, fill factor is unaffected. The DSSC
with the PhC of 375, 410 nm and double layer diameters showed higher conversion
efficiency than that with the Ag film; this can be explained not only by the reflec-
tion but also the diffraction effect in the DSSCs. As a result, we demonstrated here
that recycling of photons by PhC is an effective way to increase the cell efficiency.

5. Nanostructures TiO2 electrode in DSSC from 0 to 3 dimensions

As the main core of DSSCs, the nanocrystalline morphology of the
photoelectrode film is critical for the efficient operation. Large efforts have been
paid to optimize the morphology of the nanostructured photoanodes with improved
architectures for high dye loading and fast electron transport. Although 2-step HT-
NPs films treated with the interfacial modification have been regarded as a para-
digm of porous photoelectrode for use in DSSCs, there are still challenges to boost
the photovoltaic performance or competitiveness. Therefore, the metal oxides in
their nanoform can be synthesized under various morphologies with different
shapes and sizes, thus offering the possibility for modulating their properties. In
literature, a variety of preparation techniques, such as sol–gel, [87] hydrothermal/
solvothermal, [88] electrochemical anodization, [89] electrospinning, [35] spray
pyrolysis, [90] and atomic layer deposition [91], have been developed and applied
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to obtain different morphologies in photoanode materials. In this study, a variety of
nanostructures from zero dimensional (0D) to three dimensional (3D) has been
tested. Electro-spinning and spraying technique has been adopted to prepare the the
different dimensional metal oxide semiconductor film by controlling the polymer
host and solvents. The detailed results can be seen in followed section (Figure 16).

5.1 Titanium dioxide (TiO2) nanomaterials as a photoelectrode

Various typed metal oxide semiconductors such as TiO2, ZrO2, SnO2, ZnO,
Nb2O5, Fe2O3, Al2O3, (binary compounds) and and ternary compounds such as
SrTiO3 and Zn2SnO4 can all act as photoelectrodes in DSSC due to their electronic
structures which are characterized by a filled valence band and an empty conduc-
tion band [7, 92]. Among these heterogenous semiconductors, TiO2 is the most
widely used photoelectrode material because of the large amount of grain boundary
and the large interface between the TiO2 surface, dye and the electrolyte in the solar
cell, further defects in the crystal structure are expected. In TiO2, the Ti ions are in a
distorted octahedral environment and formally have a Ti4+(3d0) electronic config-
uration. The different obital hybridized structure of valence band (VB) and con-
duction bands (CB) at Ti 3d states occur the decreased the transition probability of
electrons to the VB when the electron–hole recombination probability is reduced
[92]. Therefore, in view of the electronic configuration and recombination proba-
bility TiO2 are the best choice as photoelectrodes among 3d transition metal oxides.
TiO2 exsist naturally four commonly known crystalline polymorphs, i.e., anatase
(tetragonal, Eg = 3.23 eV), rutile (tetragonal, Eg = 3.05 eV), brookite (orthorhombic,
Eg = 3.26 eV) and metastable forms (monoclinic, orthrhombic, cotunnute) [93].
These structures can be described in terms of chains of TiO6 octahedra. The crystal
structures differ in the distortion of each octahedron and by the assembly pattern of
the octahedra chains [94]. The crystalline strucuture of TiO2 can be seen in
Figure 17 [95]. Both rutile and anatase have tetragonal structure with a = 0.46 nm
and c = 0.29 nm (rutile); a = 0.3782 nm and c = 0.9502 nm (anatase). Brookite has
orthorhombic structure with a = 0.5456 nm, b = 0.9182 nm, and c = 0.5143 nm and
it is very hard to synthesize in the laboratory, while the rutile and anatase can be
easily prepared. For solar cell application, anatase structure is more prferred
because of �0.1 eV higher the Fermi level, lower recombination rate of
electron–hole pairs and lower formation temperature [96].

Figure 16.
SEM images of different types of 0D 1D 2D 3D- TiO2. Produced in our lab.
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Thermodynamic calculations based on calorimetric data predict that rutile is the
stablest phase at all temperatures, exhibiting lower total lower total free energy than
metastable phases of anatase and brookite. The small differences in the Gibbs free
energy (4 � 20 kJ/mole) between the three phases suggest that the metastable
polymorphs are almost as stable as rutile at normal pressures and temperatures [97].
The physical and chemical properties of TiO2 nanocrystals are affected not only by
the intrinsic electronic structure, but also by their size, shape, organization, and
surface properties. For example, if the particle sizes of the three crystalline phases
are equal, anatase is most thermodynamically stable phase below 10 � 15 nm,
brookite is most stable between 11 � 35 nm, and rutile is most stable at sizes greater
than 35 nm [98]. Herein, interesting morphologies and properties have recently
attracted considerable attention and many nanostructured TiO2 materials, such as
nanotubes, nanorods, nanofibers, nanosheets, and interconnected architectures,
mesoporus material such as inverse opal and photonic crystal have been fabricated
and applied in PV devices [35, 83, 99, 100]. In order to be effective photoelectode,
several parameters such as morphologies, pore volume, and the crysltalinity of TiO2

influence the charge transport and recombination processes.

5.2 0-dimensional (0D) titanium dioxide (TiO2) Nanosphere

Particles which are more or less spherical in shape like fullerenes, quantum dots,
nano-onions, nanoparticles, etc. are considered as 0D. These 0D nanomaterials are
sized at nanoscale level in all three dimensions and must be amorphours or crystal-
line; single or polycrystalline; and composed of single- or multichemical element.
Within 0D materials, all electrons are fully confined and their length equals the
width. Due to confinement of both electrons and holes, the lowest energy optical
transition from the valence to conduction band will increase in energy, effectively
increasing the band gap. A 0D TiO2 nanosphere (NS) film is noticed as a effective

Figure 17.
The schematic TiO2 structure and the DOS calculated band structure for (a) anatase, (b) rutile and
(c) brookite TiO2. The big green spheres represent Ti atoms and the small red spheres represent O atoms.
Reprinted from [95].
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photoelectrode because of its structural advantages such as high surface area,
submicro- or meso-porous structure for light scattering function and better infil-
tration of electrolyte. There are several different efforts to produce spheres
[101, 102]. Nevertheless, there are limitations for the quality control, large-scale
production and flexibility. In this book, a simple electro-spraying technique is
introduced [103, 104]. As a first step, well-dispersed TiO2 suspensions is very
important to make a continuous fluid jet. Figure 18 show the three phase statues
during E-sparying process: (i) TiO2 suspension zone, which strong electric field
extracts droplets from Taylor cone (the non-sphere formation), (ii) mixed zone of
TiO2 suspension and solid, which non-spheres and spheres are formed by solvent
evaporates, leading to the droplet shrink, and (iii) solidified TiO2 zone, depositing
the TiO2 NSs onto the conductive glass.

In this systmem, the formation of tight cluster sphere filled sphere is caused by
the ultrafast evaporation of alcholic solvent under an electric field. For the
desireable sphere typed TiO2 film, it is necessary to controll several parameters such
as electric field, feed rate, a size of tip and a distance between the nozzle and FTO
substrate. It is noted that the the sphere size is controlled by changing the TiO2

concentration and the mixture of solvent in the dispersion solution. In order to find
the optimazed condition, TiO2 SPs with the different concentration are tested at
6 μm thick film. Figure 19(a) show the SEM results for E-sprayed film prepared
from the different concentration at 1 wt%, 3 wt%, 5 wt% and 10 wt%. With
increasing the concentration, the diameters of sphere are almost linearly increased,
while the number of molecules calculated from UV–vis absorption spectra of
desorbed sensitizers reveal that a TiO2 NSs with 5 wt% have about 11.6% and 13.9%
higher value than that of 1 wt% and 10 wt% TiO2 NSs film, respectively (see
Figure 19(b)).

Experiemntally, E-spraying at the low weight percent of TiO2 make it hard to
achieve the competely formed sphere over 8 μm thick film. Therefore, in this
reaserch, about 5 wt% TiO2 suspension in EtOH is used as the best condition. The
detailed phase diagram accroding to the electrospraying parameters can be seen in
the literature [105]. Figure 19(c) displays the thickness profiler on the various

Figure 18.
The schematic diagram of the formation of hierarchically structured 0D TiO2 Nanosphere (NS).
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thickness of TiO2 NSs photoelectrode film. In an E-spraying process, the film can
control the feeding volume. Figure 19(c) shows the cross-sectional image of an
E-sprayed TiO2 SPs film that demonstrates the uniform shape of the spheres from
bottom to top. However, with increasing film thickness, TiO2 NSs photoelectrode
tends to increase the film roughness since intrinsic insulator properties of TiO2 can
influence on an electric field film during depositing process.

Figure 20(a) and (b) show SEM images of a distribution of mesoporous TiO2

NSs in the anode electrode of E-sprayed TiO2 NSs film. This film exhibits a range of
diameters between 100 � 800 nm, formed from nucleation and crystallization of
10 nm TiO2 particles. Also, the existence of such mesopores improved the electro-
lyte penetration. With the TiCl4 treatement, a filled sphere with a relatively rough
surface is generated. (seen in Figure 20(b)) This is benefical for improving the
interconnection between primary particles inside the TiO2 NSs. Figure 20(c) shows
a TEM image of the spheres with the crystalline nano particles. The surface area and
porosity of both TiO2 SPs and NPs film can be estimated by N2 adsorption–desorp-
tion isotherm at 77 K (see in Figure 20(d)). The SPs films show a type-IV isotherm
as well as an increase in the adsorbed amount at high relative pressure, indicating
the existence of mesopores in the sample [106]. The measured specific surface area
of TiO2 SPs is �188.47 m2g�1, �2.9 higher than that of similar amount of TiO2 NPs
electrode (65.33 m2g�1). Furthermore, the cumulative BJH mesopore volume and
maximum pore radius is 1.194 cm3g�1 and 10.05 nm, respectively, while hydro-
thermal nanoparticle film shows the pore volume of 0.607 cm3g�1 and maximum
pore radius of 7.50 nm. In the case of TiCl4 treated SP, the surface area and the
cumulative pore volume is decreased by as much as 65.3% and 65.2%, respectively
compared with the non-treated SPs film. The amounts of dye adsorbed onto each of
the pristine- and TiCl4 treated TiO2 SP layers at 11 μm were 5.80 � 10�6 and
8.19 � 10�5, respectively.

It shows about 2.1 times increased dye absorption properties compared with the
NP. This high density of dye molecules onto TiO2 NS can be explained by the high

Figure 19.
(a) SEM images and (b) absorbance curve of aqueous dye solutions after desorption and (c) the different
thickness of E-sprayed TiO2 spheres at the different concentration a. 1 wt%, b. 3 wt%, c. 5 wt% and d. 10 wt%.
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intrinsic surface area of each TiO2 NSs surface as well as the crack free surface
morphology. In general, casting TiO2 NPs from a polymer supporter for the thick
TiO2 layer onto substrates is by far the preferred method of depositing electrodes
for DSSCs. Therefore, heating process at temperature ranging from 450–500°C is
necessary to burn out the residual organic binder and to enhance the inter-particle
connection between NPs. In this process, cracks are formed at the interface with
TiO2 NPs, leading to deteriorate dye absorption. (see Figure 21(a)). In the case of
E-sprayed TiO2 SPs from binder-free, the surface of the e-sprayed TiO2 layer is
uniform and without cracks, unlike the surfaces produced using paste methods as
shown in Figure 21(b).

The J–V curves, EIS analysis and IPCE data and detailed information of dye-
sensitized NPs and SPs film of the same thickness with mask (0.220 cm2) at 1 sun
light intensity are shown in Figure 21(c) and (d) and Table 4, respectively. Their
photocurrent density is almost the same (10.6 mA/cm2), and Voc of the SP-based
solar cell (0.831 V) is only about 2% higher than that of the anatase-based cell
(0.815 V). The respective overall energy conversion efficiencies of the NPs and SPs
-based cells are a 7.28% and 7.46%. The predominant increase of cell efficiency at
the TiO2 SPs film can be obtained by TiCl4 treatment because of the enhancement
of the interconnection between TiO2 SPs, which illustrated in Figure 20(b). The
TiCl4 treated sample represents a 21.0% increase in the energy conversion over the
non-treated SPs. This increment of SPs films is about twice higher than that of NPs
because the presence of intrinsic microporous SPs structure, which make its more
open structure increase amount of I3

� a in the pores. From the suggested impedance
models, I confirm the electron diffusion coefficient rate of triiodide D1 for TiCl4
treated SP film is 4.3 � 10�7 cm2S�1, 53% higher than that obtained from TiCl4
treated SP film, at 2.1 � 10�7 cm2S�1. This increase is in good agreement with the
increase of Voc and FF observed in Figure 21(c). Hence the SPs based cell plays a
key role in attaining the higher cell efficiency with solid state electrolyte.

Figure 20.
SEM images of E-sprayed (a) TiO2 NSs and (b) TiCl4 treated TiO2 NSs (c) TEM images of the TiO2 NSs,
which themselves are formed from crystallized �10 nm particle. (d) N2 adsorption–desorption isotherms of
TiO2 NPs and NSs.
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intrinsic surface area of each TiO2 NSs surface as well as the crack free surface
morphology. In general, casting TiO2 NPs from a polymer supporter for the thick
TiO2 layer onto substrates is by far the preferred method of depositing electrodes
for DSSCs. Therefore, heating process at temperature ranging from 450–500°C is
necessary to burn out the residual organic binder and to enhance the inter-particle
connection between NPs. In this process, cracks are formed at the interface with
TiO2 NPs, leading to deteriorate dye absorption. (see Figure 21(a)). In the case of
E-sprayed TiO2 SPs from binder-free, the surface of the e-sprayed TiO2 layer is
uniform and without cracks, unlike the surfaces produced using paste methods as
shown in Figure 21(b).

The J–V curves, EIS analysis and IPCE data and detailed information of dye-
sensitized NPs and SPs film of the same thickness with mask (0.220 cm2) at 1 sun
light intensity are shown in Figure 21(c) and (d) and Table 4, respectively. Their
photocurrent density is almost the same (10.6 mA/cm2), and Voc of the SP-based
solar cell (0.831 V) is only about 2% higher than that of the anatase-based cell
(0.815 V). The respective overall energy conversion efficiencies of the NPs and SPs
-based cells are a 7.28% and 7.46%. The predominant increase of cell efficiency at
the TiO2 SPs film can be obtained by TiCl4 treatment because of the enhancement
of the interconnection between TiO2 SPs, which illustrated in Figure 20(b). The
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Interestingly, despite of the decreased charge density of SPs film, the photocurrent
density is nearly the same. This reason can be explained by scattering effect on the
SPs film. Figure 20(d) shows the IPCE curves for each sample range from 350 to
800 nm. The films with SPs layer the entire IPCE curve is slightly shifted upward in
the region between 550 and 800 nm. With TiCl4 treatment, the increase is more
pronounced, which is good agreement with those reported by Sommeling [56]. The
effect of scattering clearly results in a much larger improvement of the red response
than originates from the higher dye loading.

5.3 1-dimensional (1D) titanium dioxide (TiO2) nanorod

One-dimensional (1D) nanostructures (e.g., nanowires, nanorods, nanotubes,
nanobelts, cauliflower-shaped structures) have been widely considered to have
superior electron transport characteristics compared to conventional nanorod (NP)
-based systems. Eariler reported research have demonstrated that highly efficient
TiO2 nanorod-based NR DSSCs and compare charge transport properties to those of
typical TiO2 nanoparticle-based (NP, commercially available P-25) NP-DSSCs [35].
The electrospun TiO2 NR based photoelectrodes exhibited about 2 times larger the
pore volume and �2.5 times more dye coverages at the same weight than those of
TiO2 NP. Therefore, NR based cell indicated about 40% higher efficiencies than NP-
DSSCs attribied to �8 times slower electron–hole recombination in NR-DSSCs.
With the TiCl4 post-treatment, further enhancement of electron diffusion coeffi-
cient, a charge collection efficiency and the efficiency can be demonstrated [35].

5.4 2-dimensional (2D) titanium dioxide (TiO2) nanosheets

Two-dimensional (2D) anisotropic nanostructures of metal oxides and semicon-
ductor possess pronounced quantum surface effects and dramatic changes in
electronic structures and thus in the physical and chemical properties, which are

Figure 21.
SEM images of TiO2 film (a) doctor bladed and (b) E-sprayed TiO2 film. (c) and (d) JV and IPCE data for
TiO2 NSs films.
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Interestingly, despite of the decreased charge density of SPs film, the photocurrent
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SPs film. Figure 20(d) shows the IPCE curves for each sample range from 350 to
800 nm. The films with SPs layer the entire IPCE curve is slightly shifted upward in
the region between 550 and 800 nm. With TiCl4 treatment, the increase is more
pronounced, which is good agreement with those reported by Sommeling [56]. The
effect of scattering clearly results in a much larger improvement of the red response
than originates from the higher dye loading.

5.3 1-dimensional (1D) titanium dioxide (TiO2) nanorod

One-dimensional (1D) nanostructures (e.g., nanowires, nanorods, nanotubes,
nanobelts, cauliflower-shaped structures) have been widely considered to have
superior electron transport characteristics compared to conventional nanorod (NP)
-based systems. Eariler reported research have demonstrated that highly efficient
TiO2 nanorod-based NR DSSCs and compare charge transport properties to those of
typical TiO2 nanoparticle-based (NP, commercially available P-25) NP-DSSCs [35].
The electrospun TiO2 NR based photoelectrodes exhibited about 2 times larger the
pore volume and �2.5 times more dye coverages at the same weight than those of
TiO2 NP. Therefore, NR based cell indicated about 40% higher efficiencies than NP-
DSSCs attribied to �8 times slower electron–hole recombination in NR-DSSCs.
With the TiCl4 post-treatment, further enhancement of electron diffusion coeffi-
cient, a charge collection efficiency and the efficiency can be demonstrated [35].

5.4 2-dimensional (2D) titanium dioxide (TiO2) nanosheets

Two-dimensional (2D) anisotropic nanostructures of metal oxides and semicon-
ductor possess pronounced quantum surface effects and dramatic changes in
electronic structures and thus in the physical and chemical properties, which are

Figure 21.
SEM images of TiO2 film (a) doctor bladed and (b) E-sprayed TiO2 film. (c) and (d) JV and IPCE data for
TiO2 NSs films.
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anticipated to inspire new fundamental and technological research [107]. In my
earlier research, TiO2 or ZnO nanofiber mat is used for employing DSSC. [108, 109]
For empolying 2D TiO2 film for DSSCs, two different technique are used for TiO2

photoelectrode: (1) Nanofiber (NF) mats produced by electrospinning: (2)
Nanotubes (NT) film from 2-step hydrothermal method. As see in Figure 22(a),
TiO2/poly(vinly acetate, PVAc) composite fiber mats are directly electrospun onto a
FTO glass and then polymer binders are removed by two step process: (i) a THF
solvent tratement for melting PVAc polmyer, (ii) calcination this mat at 500°C for
30 min. With the post treatment, the adhesion issues between TiO2 NFs or NFs and
FTO glass can be overcome. The TiO2 NTs film is prepared from adjusting pH
values [110]. Following this method, the well-growed NT poweders are deposited
by mixing a mixture of PEO/PEG polymer binder as described in a section of
“DSSC Fabrication for Conventional typed Cell.”

The detailed surface and cross sectional images can be confirmed by the SEM
images (1.22(b)). as can bmodified 2-step hydrothermal process. Figure 22(c) show
the nitrogen adsorption–desorption isotherm and Barret–Joyner–Halenda (BJH)
pore size distribution plot of the NF mats and NT film, respectively. The specific
surface area and pore volume of both samples is very small and it is difficult to
obtain a sufficient photocurrent density. In agreement with the BET analysis, the JV
curve of all cells display an obviously low photocurrent density, leading to the poor
cell efficiency.

5.5 3-dimensional (3D) titanium dioxide (TiO2)

In the section of “Photon Management using Three-Dimensional Photonic
Crystals”, the effective use of three-dimensional photonic crystals (3D PhC) for
photon management in our cells was demonstrated. Here, 3D PhC is used as a
photoelectrode for DSSCs. An important approach to enhance DSSC efficiency is to
increase the path length of light by enhancing light scattering in TiO2 films by

Figure 22.
2D TiO2 film (a) TiO2 nanofiber (NF) film prepared by E-spraying technique (b) TiO2 nanotube (NT) film
by hydrothermal treatment. (c) JV and BET analysis of each cells.
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coating the large particles onto the small sized of TiO2 NPs [111]. To understand the
effect on the PhC coupled DSSCs that feature enhanced photocurrent over a large
spectral region, a double layered photoanode integrates a high surface mesoporous
underlayer TiO2 with an optically active TiO2 PhC overlayer is fabricated as illus-
trated in Figure 23(a). For the FTO/3D TiO2 PhCs structure, the polystyrene (PS)
opal template of sphere size 370 nm was prepared using a vertical deposition
technique onto the nc-TiO2 film and then TiO2 is coated by ALD. The inverse opal
structure can be made by ion etching (CF4 5 min).

Figure 23(b) shows the J-V curves for the different sized 3D PhC at liquid
electrolyte. (as seen above) When the size of hole is increased from 198 nm to
410 nm, the Voc values increased from 0.787 V to 0.849 V. The 311 nm 3D PhC
bilayer exhibits the best PCE, which is a 46.1% increase in Jsc (8.657 mA/cm2) and
36.2% increase in PCE (5.102%) compared to the NPs layers (7.064 mA/cm2 of Jsc,
3.258% of PCE) The significant improved PCE of 3D PhC indicates that the 3D PhC
top layer is electrically connected and contributes to light harvesting over the entire
spectrum.

Moreover, large porosity structures of the inverted 3D TiO2 PhCs have enabled
good infiltration for high-viscosity electrolytes. For solid state cell fabrication, we
have chosen (P1,4I)-doped succinonitrile plastic crystal electrolyte [112, 113]. This
electrolyte has the best performance for solid state DSSC as reported in the litera-
ture [114]. At a room temperature, this compound electrolyte has a high conduc-
tivity of 3.3 mS/cm and fast ion transport of iodine and triiodine in its plastic phase
of 3.7 � 10�6 and 2.2 � 10�6 cm2/Vs, respectively. The observed fast ion transport
in this solid material can be seen as a decoupling of diffusion and shear relaxation
times, which probably originates from local defect rotations in the succinonitrile
plastic crystal [115–117]. Thus, this plastic electrolyte showed best high cell effi-
ciency among other competing electrolyte materials. Figure 23(c) top shows the
molecular structure of the compound. For better cell performance, we firstly
injected the liquid state electrolyte into TiO2 NP film and evaporated this electrolyte
by putting it in the dry oven at 80°C for 12 hour. Next, the plastic electrolyte was
heated until it became a liquid (>70°C) and injected into the warmed sandwiched
cells. After the cells included the plastic electrolyte was cooled down to room

Figure 23.
3D TiO2 film (a) schematic design (b) JV characteristics of 3D PhC TiO2 at the different size (c) solid state
results.

219

A New Generation of Energy Harvesting Devices
DOI: http://dx.doi.org/10.5772/intechopen.94291



anticipated to inspire new fundamental and technological research [107]. In my
earlier research, TiO2 or ZnO nanofiber mat is used for employing DSSC. [108, 109]
For empolying 2D TiO2 film for DSSCs, two different technique are used for TiO2

photoelectrode: (1) Nanofiber (NF) mats produced by electrospinning: (2)
Nanotubes (NT) film from 2-step hydrothermal method. As see in Figure 22(a),
TiO2/poly(vinly acetate, PVAc) composite fiber mats are directly electrospun onto a
FTO glass and then polymer binders are removed by two step process: (i) a THF
solvent tratement for melting PVAc polmyer, (ii) calcination this mat at 500°C for
30 min. With the post treatment, the adhesion issues between TiO2 NFs or NFs and
FTO glass can be overcome. The TiO2 NTs film is prepared from adjusting pH
values [110]. Following this method, the well-growed NT poweders are deposited
by mixing a mixture of PEO/PEG polymer binder as described in a section of
“DSSC Fabrication for Conventional typed Cell.”

The detailed surface and cross sectional images can be confirmed by the SEM
images (1.22(b)). as can bmodified 2-step hydrothermal process. Figure 22(c) show
the nitrogen adsorption–desorption isotherm and Barret–Joyner–Halenda (BJH)
pore size distribution plot of the NF mats and NT film, respectively. The specific
surface area and pore volume of both samples is very small and it is difficult to
obtain a sufficient photocurrent density. In agreement with the BET analysis, the JV
curve of all cells display an obviously low photocurrent density, leading to the poor
cell efficiency.

5.5 3-dimensional (3D) titanium dioxide (TiO2)

In the section of “Photon Management using Three-Dimensional Photonic
Crystals”, the effective use of three-dimensional photonic crystals (3D PhC) for
photon management in our cells was demonstrated. Here, 3D PhC is used as a
photoelectrode for DSSCs. An important approach to enhance DSSC efficiency is to
increase the path length of light by enhancing light scattering in TiO2 films by

Figure 22.
2D TiO2 film (a) TiO2 nanofiber (NF) film prepared by E-spraying technique (b) TiO2 nanotube (NT) film
by hydrothermal treatment. (c) JV and BET analysis of each cells.

218

Solar Cells - Theory, Materials and Recent Advances

coating the large particles onto the small sized of TiO2 NPs [111]. To understand the
effect on the PhC coupled DSSCs that feature enhanced photocurrent over a large
spectral region, a double layered photoanode integrates a high surface mesoporous
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410 nm, the Voc values increased from 0.787 V to 0.849 V. The 311 nm 3D PhC
bilayer exhibits the best PCE, which is a 46.1% increase in Jsc (8.657 mA/cm2) and
36.2% increase in PCE (5.102%) compared to the NPs layers (7.064 mA/cm2 of Jsc,
3.258% of PCE) The significant improved PCE of 3D PhC indicates that the 3D PhC
top layer is electrically connected and contributes to light harvesting over the entire
spectrum.

Moreover, large porosity structures of the inverted 3D TiO2 PhCs have enabled
good infiltration for high-viscosity electrolytes. For solid state cell fabrication, we
have chosen (P1,4I)-doped succinonitrile plastic crystal electrolyte [112, 113]. This
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temperature, a waxy solid was obtained. Figure 23(c) shows the JV curve for solid
state of 311 nm 3D PhC bilayer. Interestingly, no obvious efficiency change could be
seen in all typed solid state electrolyte. The PCE of the solid state system is found to
be 2% of that of the liquid electrolyte system. In conclusion, the design of 3D PhC
bilayer film enables effective dye sensitization, electrolyte infiltration and charge
collection because the layers are in direct physical and electronic contact, light
harvesting in specific spectral regions was significantly increased by the 3D PhC
effect and PC-induced resonances. This approach should be useful in solid-state
devices where pore infiltration is a limiting factor as well as in weakly absorbing
photovoltaic devices.

6. Photosensitizer for DSSC: state of the art.

6.1 Ruthenium (Ru) complex based photosensitizer

Since the advent of DSSCs, ruthenium-series dyes are considered as the most
powerful photosensitizer because of the following reason: their strong metal to
ligand charge transfer transition (MLCT) process, a broad absorption spectrum,
suitable excited and ground state energy levels, relatively long excited-state life-
time, and good (electro) chemical stability and power conversion efficiency (PCE)
>11% [7]. In order to improve the efficiency of DSSCs, the sensitizer should be
panchromatic, that is, absorb photons from the visible to near-infrared (NIR)
region of the solar spectrum while maintaining sufficient thermodynamic driving
force for the electron injection and dye regeneration process. Many efforts have
been made to change the change the ligands of Ru complexes: [118, 119] As seen in
Figure 24, ruthenium(II) – polypyridyl complexes such as the thiocyanato deriva-
tive, cis-(SCN)2 bis (2,20-bipyridyl-4,40-dicarboxylate) ruthenium(II), (coded as
N3), the doubly protonated form, (Bu4N)2(Ru(dcbpyH)2(NCS)2), (named N719)

Figure 24.
Incident photon to current conversion efficiency as a function of the wavelength for the standard ruthenium
sensitizers N3 (red line), N719 (brown) the black dye N749 (black curve), and the blank nanocrystalline
TiO2 film (blue curve). Reprinted with permission from [7, 120, 121].
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and the Ru center has three thiocyanato ligands and one terpyridine ligand
substituted with three carboxyl groups, (also called the “black dye”) are widely
used as reference and high efficiency sensitizers for DSSCs. The amphiphilic
heteroleptic ruthenium sensitizer, known as Z907, reported noticeable thermal
stability with stable 7% energy conversion efficiency [114]. For optimized DSSC
with N3 or N719, the certified IPCE values are �80% for wavelengths �650 nm.

However, the IPCE increases only gradually from the absorption onset to shorter
wavelengths due to relatively low extinction coefficients (1.40 � 104 M�1 cm�1)
[7, 47]. In addition, this class of compounds contains expensive ruthenium metal
and requires careful synthesis and tricky purification steps. Therefore, efforts in the
synthesis of sensitizers for DSSCs step forward to the metal-free organic donor–
acceptor (D–A) dyes system.

6.2 Porphyrins based sensitizer

The idea for mimicking the light harvesting processes based on chlorophyll
occurring photosynthetic reaction centres inspire the research for porphyrins based
sensitizer. The porphyrin-based dyes exhibit large absorption coefficients in the
visible and infrared region as well as their rigid molecular structures consisted of
four meso and eight β reaction sites, which can control their properties [122–124].
The designed porphyrin dyes with a π-conjugated link at the β-position of the
porphyrin ring enhance the electronic coupling of the dye with the surface of TiO2,
reaching η =7.1% of a PCE [125]. Numerous series of porphyrins are reported for the
DSSC application as an effective sensitizer. of DSSC synthetized. Among them, a
class of sensitizer consisting of a push–pull porphyrins with an electron-donating
diarylamino group and an electron-withdrawing carboxyphenylethynyl anchoring
group shows the outstanding solar properties. For example, advances in optimiza-
tion of the device performance for a zinc porphyrin sensitizer (YD2-oC8) co-
sensitized with an organic dye (Y123) using a cobalt-based electrolyte to enhance
photovoltage of the device attained an unprecedented power conversion efficiency
of η = 12.3% [126]. (see Figure 25(a)) Further improvement can be found at

Figure 25.
(a) Typical structure of a porphyrin showing the four meso- and the eight β-positions to be functionalized for
porphyrin-sensitized solar cells. Reprinted from [122, 123] (b) solar performance for the different series of
porphyrin based DSSC at liquid electrolyte and TiO2 NSs.
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used as reference and high efficiency sensitizers for DSSCs. The amphiphilic
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stability with stable 7% energy conversion efficiency [114]. For optimized DSSC
with N3 or N719, the certified IPCE values are �80% for wavelengths �650 nm.
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photovoltage of the device attained an unprecedented power conversion efficiency
of η = 12.3% [126]. (see Figure 25(a)) Further improvement can be found at

Figure 25.
(a) Typical structure of a porphyrin showing the four meso- and the eight β-positions to be functionalized for
porphyrin-sensitized solar cells. Reprinted from [122, 123] (b) solar performance for the different series of
porphyrin based DSSC at liquid electrolyte and TiO2 NSs.
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incorporation of the proquinoidal benzothiadiazole (BTD) unit into the functiona-
lization of the porphyrin core with the bulky bis(20,40-bis(hexyloxy)-(1,10-biphe-
nyl)-4-yl)amine donor and a 4-ethynylbenzoic acid yielded the green dye, which
exhibited a slightly improved PCE of 13% [127]. The detailed physical and structural
studies responsible for recent advances of the porphyrin-based DSSCs have been
reviewed in several reports [122–124]. Thanks to Yeh group’s support, various
porphyrin with the different structure based sensitizers can be tested in my opti-
mized condition and the detailed performance listed in Figure 25(b). Interestingly,
the cell performance is gradually improved upon light exposure and heat treatment.
Specially, after 90 min light exposure, cell performance increased from 6.12% to
7.71% attributed to the increase of Jsc value (see Figure 26(a)-(c)). The improve-
ment can be explained by the different charge recombination process. According to
Mori et al., Li+ ions are removed from the TiO2 surface and replaced with DMPIm+

ions under light exposure [128, 129]. This process is found to enhance the electron
lifetime by decreasing charge recombination with the redoxmediator (Figure 26(d)).
This can be explained by initial limited injection and fast charge recombination
processes. As a result, this process enhances the cell performance by decreasing
recombination with the redox mediator. However, about 20.1% improved cell
efficiency by light exposure indicate YD2-oC8 sensitizer exhibit the extra open
space at the TiO2 SP surface. Therefore, the best device performance in our system
show about 7.7% of energy efficiency at the I�/I3

� liquid electrolyte and TiO2 NSs
samples.

6.3 Tetrathienoacenes (TTAs) based sensitizers

Metal-free organic dyes have attracted much attention to researchers due to
chemical or optical versatility, environmental compatibility and potential cost
reductions [7]. In spite of these attractions and efforts, a little lower cell
performance and difficulty in synthesis cannot meet the requirement for
commercialization.

A donor-π-acceptor (D-π-A) structure is a promising strategy for metal-free
organic sensitizers because of the effective photoinduced intramolecular charge

Figure 26.
Solar cell performance (a) Voc, (b) Jsc and (c) eff versus light exposure time (d) schematic representation of
light-induced cation exchange. Reprinted with permission from [129].
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transfer property [7, 130]. Thanks to support from Chen’s group, a new series of
organic dye based on tetrathienoacene are applied for DSSC [105, 131]. In this
design, triphenylamine electron-donor (D) unit and cyanoacrylic acid electron-
acceptor (A) unit is connected to an electron rich a lipophilic dihexyloxy-
substituted thiophene-based fused tetrathienoacene. (TPA-TTAR-TA); (1) the
triphenylamine unit composed of a large conjugated tertiary amine system is known
as a strong electron donor in its initial state as well as act as stabilize the charge-
transferred state [132]. (2) The cyanoacrylic acid, which is an anchoring group to
bind to a TiO2 surface functions as an effective electron acceptor. (3) As the π-
system, we used fused tetrathienoacene cores produced by the newly designed one-
pot synthetic routes [133]. Fused-thiophenes offer the attraction of good charge
transport properties with extensive molecular conjugation and strong
intermolecular S���S interactions, [134, 135] which might enhance the efficiency of
DSSC. (see in Figure 27(a)).

Several fused thiophene derivatives have already been demonstrated to have
excellent charge transport performance. For example, dithienothiophene (DTT)
and tetrathienoacene (TTA) based OTFTs exhibited mobilities up 0.42 (p-channel)
and 0.30 (n-channel) cm2V�1 s�1, respectively [136]. Relative to organic semicon-
ductors, the potential of fused thiophene-based DSSCs has not been well explored
until recently, and only for a limited range of TT and DTT materials. To the best of
our knowledge, the first example of a TT-based small molecule DSSC with a PCE of
7.8% was reported by P. Wang and M. Gratzel et al. in 2008 [137]. For DTT, was
reported by the same team in the same year with a PCE of 8.0% [138]. Presumably,
due to high coplanarity of poly fused thiophenes may lead to aggregation of dye
molecules on nanocrystals, caused a dissipative intermolecular charge transfer, and
then rendered an unfavorable effect on the cell efficiency. As a result, the more
conjugated TTA-based small molecules have never been explored for DSSCs yet.
Nevertheless, in terms of tuning the energy-level of chromophores to attain a better
capability of panchromatic light-harvesting, conjugated TTAs elevate the HOMO
and lower a suitable LUMO compared to TT and DTT based DSSCs. Red shifted
absorption with high molar coefficient and better charge transport (vide infra)

Figure 27.
(a) Schematic representation of the donor-π-bridge-acceptor molecular dye design concept and (b) the chemical
structures with solar performance and (c) UV–vis absorption spectra of dyes 1–5 and their corresponding molar
absorption coefficients measured in o-DCB in concentration of 10�5 M of TTAR series dyes.
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chemical or optical versatility, environmental compatibility and potential cost
reductions [7]. In spite of these attractions and efforts, a little lower cell
performance and difficulty in synthesis cannot meet the requirement for
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transfer property [7, 130]. Thanks to support from Chen’s group, a new series of
organic dye based on tetrathienoacene are applied for DSSC [105, 131]. In this
design, triphenylamine electron-donor (D) unit and cyanoacrylic acid electron-
acceptor (A) unit is connected to an electron rich a lipophilic dihexyloxy-
substituted thiophene-based fused tetrathienoacene. (TPA-TTAR-TA); (1) the
triphenylamine unit composed of a large conjugated tertiary amine system is known
as a strong electron donor in its initial state as well as act as stabilize the charge-
transferred state [132]. (2) The cyanoacrylic acid, which is an anchoring group to
bind to a TiO2 surface functions as an effective electron acceptor. (3) As the π-
system, we used fused tetrathienoacene cores produced by the newly designed one-
pot synthetic routes [133]. Fused-thiophenes offer the attraction of good charge
transport properties with extensive molecular conjugation and strong
intermolecular S���S interactions, [134, 135] which might enhance the efficiency of
DSSC. (see in Figure 27(a)).

Several fused thiophene derivatives have already been demonstrated to have
excellent charge transport performance. For example, dithienothiophene (DTT)
and tetrathienoacene (TTA) based OTFTs exhibited mobilities up 0.42 (p-channel)
and 0.30 (n-channel) cm2V�1 s�1, respectively [136]. Relative to organic semicon-
ductors, the potential of fused thiophene-based DSSCs has not been well explored
until recently, and only for a limited range of TT and DTT materials. To the best of
our knowledge, the first example of a TT-based small molecule DSSC with a PCE of
7.8% was reported by P. Wang and M. Gratzel et al. in 2008 [137]. For DTT, was
reported by the same team in the same year with a PCE of 8.0% [138]. Presumably,
due to high coplanarity of poly fused thiophenes may lead to aggregation of dye
molecules on nanocrystals, caused a dissipative intermolecular charge transfer, and
then rendered an unfavorable effect on the cell efficiency. As a result, the more
conjugated TTA-based small molecules have never been explored for DSSCs yet.
Nevertheless, in terms of tuning the energy-level of chromophores to attain a better
capability of panchromatic light-harvesting, conjugated TTAs elevate the HOMO
and lower a suitable LUMO compared to TT and DTT based DSSCs. Red shifted
absorption with high molar coefficient and better charge transport (vide infra)
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(a) Schematic representation of the donor-π-bridge-acceptor molecular dye design concept and (b) the chemical
structures with solar performance and (c) UV–vis absorption spectra of dyes 1–5 and their corresponding molar
absorption coefficients measured in o-DCB in concentration of 10�5 M of TTAR series dyes.
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might enhance the efficiency of DSSC thus offering TTA a potential good conjuga-
tion unit for a new organic dye. The detailed synthetic route and procedures aren’t
described in my thesis.

The effects of thiophene introduction between the bridge and the donor and/or
acceptor moieties can be systematically understood. Starting from the simplest
TTAR structure, TTAR-1, a thiophene spacer is either inserted on the acceptor side
between TTAR and cyanoacrylic acid to yield TTAR-2, and finally on both acceptor
and donor sides to yield TTAR-3. These π-extended systems should enhance pan-
chromatic light-harvesting, as the result of the uplifted TTA HOMO and lower
LUMO compared to TT and DTT based molecules. In addition, to maintain ade-
quate dye processability, a long alkyl substituent (R = n-C15H31) on the TTA core in
all sensitizers are introduced, which also suppresses dye aggregation and charge
recombination on the TiO2 surface. (Figure 27(b)). The linear C15-alkyl chain
substituent not only prevents dye aggregation but also curtails charge recombina-
tion. However, it does not efficiently suppress intermolecular π-π interactions when
the molecules assemble on the TiO2 surface. Therefore, the TTA unit effectiveness
can be compared with two different branched alkyl group (b-C8H17), TTAR-4 and
(n-C9H19) TTAR-5.

The optical absorption spectra of the five organic dyes are displayed in Figure 27
(c), indicating the presence of two strong absorptions from a charge-transfer band
(�482 nm (TTAR-1), �498 nm (TTAR-2), �513 nm (TTAR-3), �485 nm
(TTAR-4), �519 nm (TTAR-5)) and a higher energy π–π* transition (�340 nm
(TTAR-1), �369 nm (TTAR-2), �402 nm (TTAR-3), �373 nm (TTAR-4),
�375 nm (TTAR-5)). Significantly, TTAR-2 � 5 with one or two thiophenes show
red-shifted the absorption onset compared to TTAR-1 due to their extended conju-
gation lengths. Presumably the reduced molecular co-planarity of TTAR-4 due to
the branched alkyl substituents may perturb the conjugation efficiency of the chro-
mophore, and hence hypsochromically shift the absorption maximum wavelength.
Electronic structure and solar performance of each dye from cyclic voltagramms
(CV) and the B3LYP/6-31G** level of density functional theory (DFT) is shown in
Table 5. Among 5 dyes, TTAR-4 show the best cell efficiency (η) as high as 10.21%,
attributable to the relatively lower aggregation of the dye due to the bulky 3-
methyl-5,5-dimethylhexyl substituents. Generally, dye aggregation on the surface
of TiO2 reduces the electron lifetime and facilitates charge recombination in DSSCs
fabricated using metal–organic or organic dyes [139].

To understand the exciton dynamics in dyes, femtosecond time-resolved
photoluminescence (FTR-PL) was used [140, 141]. The electron injection efficiency
can be calculated by the followed equation, η = (1/τ1)/(1/τ2 + 1/τ3), where τ 1 is the
electron injection time from the dye to TiO2, τ2 is the exaction-exciton annihilation
time, and τ3 is the lifetime of an exciton in the dye [141]. The calculated time
constants and electron injection efficiency for the dye coated TiO2 film are summa-
rized in Table 5. The electron injection efficiency of 5 dyes shows almost 97% at
λ = 420 nm, which is well matched results for IPCEs data (>93%) at the same
wavelength.

6.4 Multi-sensitized DSSC

Designed sensitizers with higher molar extinction coefficient have allowed sig-
nificant improvement of cell performance. Nevertheless, possible efficiency boosts
can be obtained by extending the dye absorption range while simultaneously
avoiding a negative impact on other parameters, such as ground- and excited-state
redox potential, intensity of absorption, or stability. Many series of dyes have been
developed to find an efficient absorber with high extinction coefficients particularly
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might enhance the efficiency of DSSC thus offering TTA a potential good conjuga-
tion unit for a new organic dye. The detailed synthetic route and procedures aren’t
described in my thesis.

The effects of thiophene introduction between the bridge and the donor and/or
acceptor moieties can be systematically understood. Starting from the simplest
TTAR structure, TTAR-1, a thiophene spacer is either inserted on the acceptor side
between TTAR and cyanoacrylic acid to yield TTAR-2, and finally on both acceptor
and donor sides to yield TTAR-3. These π-extended systems should enhance pan-
chromatic light-harvesting, as the result of the uplifted TTA HOMO and lower
LUMO compared to TT and DTT based molecules. In addition, to maintain ade-
quate dye processability, a long alkyl substituent (R = n-C15H31) on the TTA core in
all sensitizers are introduced, which also suppresses dye aggregation and charge
recombination on the TiO2 surface. (Figure 27(b)). The linear C15-alkyl chain
substituent not only prevents dye aggregation but also curtails charge recombina-
tion. However, it does not efficiently suppress intermolecular π-π interactions when
the molecules assemble on the TiO2 surface. Therefore, the TTA unit effectiveness
can be compared with two different branched alkyl group (b-C8H17), TTAR-4 and
(n-C9H19) TTAR-5.

The optical absorption spectra of the five organic dyes are displayed in Figure 27
(c), indicating the presence of two strong absorptions from a charge-transfer band
(�482 nm (TTAR-1), �498 nm (TTAR-2), �513 nm (TTAR-3), �485 nm
(TTAR-4), �519 nm (TTAR-5)) and a higher energy π–π* transition (�340 nm
(TTAR-1), �369 nm (TTAR-2), �402 nm (TTAR-3), �373 nm (TTAR-4),
�375 nm (TTAR-5)). Significantly, TTAR-2 � 5 with one or two thiophenes show
red-shifted the absorption onset compared to TTAR-1 due to their extended conju-
gation lengths. Presumably the reduced molecular co-planarity of TTAR-4 due to
the branched alkyl substituents may perturb the conjugation efficiency of the chro-
mophore, and hence hypsochromically shift the absorption maximum wavelength.
Electronic structure and solar performance of each dye from cyclic voltagramms
(CV) and the B3LYP/6-31G** level of density functional theory (DFT) is shown in
Table 5. Among 5 dyes, TTAR-4 show the best cell efficiency (η) as high as 10.21%,
attributable to the relatively lower aggregation of the dye due to the bulky 3-
methyl-5,5-dimethylhexyl substituents. Generally, dye aggregation on the surface
of TiO2 reduces the electron lifetime and facilitates charge recombination in DSSCs
fabricated using metal–organic or organic dyes [139].

To understand the exciton dynamics in dyes, femtosecond time-resolved
photoluminescence (FTR-PL) was used [140, 141]. The electron injection efficiency
can be calculated by the followed equation, η = (1/τ1)/(1/τ2 + 1/τ3), where τ 1 is the
electron injection time from the dye to TiO2, τ2 is the exaction-exciton annihilation
time, and τ3 is the lifetime of an exciton in the dye [141]. The calculated time
constants and electron injection efficiency for the dye coated TiO2 film are summa-
rized in Table 5. The electron injection efficiency of 5 dyes shows almost 97% at
λ = 420 nm, which is well matched results for IPCEs data (>93%) at the same
wavelength.

6.4 Multi-sensitized DSSC

Designed sensitizers with higher molar extinction coefficient have allowed sig-
nificant improvement of cell performance. Nevertheless, possible efficiency boosts
can be obtained by extending the dye absorption range while simultaneously
avoiding a negative impact on other parameters, such as ground- and excited-state
redox potential, intensity of absorption, or stability. Many series of dyes have been
developed to find an efficient absorber with high extinction coefficients particularly
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in the solar spectrum from 350 � 1,000 nm that is also environmentally benign and
inexpensive to use. However, it’s a big challenge. Therefore, scientists are tried to
mix two or more dyes with different absorption range [142–144]. Although this
concept is very sensible, the multi-sensitizers system should meet some essential
conditions: (i) strong molar extinction coefficients to minimize the thickness of the
mesoscopic TiO2 film; (ii) a suitable structure to avoid unfavorable dye aggregation;
(iii) to reduce the recombination of electrons in the TiO2 film with I3

� and other
acceptors materials through the formation of a compact molecule monolayer cov-
ering the bare TiO2 surface. With the continuous efforts, the co-sensitized DSSC has
achieved an 11.5% efficiency record with the liquid state electrolyte, [145] but the
energy conversion efficiency of mixed sensitizer still lags behind a champion cell
made from the single dye. The reason is that the formation of molecular aggregates
onto the TiO2 surface having a finite number of anchoring sites as well as the
deactivation of dye excited states due to energy or electron transfer processes
between the different sensitizers [146].

In this book, three sensitizers with the different main absorption position and
D-π-A framework (a Zn based porphyrin dye (YD2-oC8) [126] and the more con-
jugated TTA-based small molecules (TTAR) [141], which hold records of solar
performance as a single dye) are applied by modified stepwise approach. For the
efficient cosensitizaion, a good understadning of the intermolecular interactions
such as matchable size, shape, and orientations as well as compensating
light-harvest between or among the coadsorbed dyes must take precedence. In
addition dye aggregation on the surface of TiO2 significantly must be avoided
because the formation of dye aggregates significantly decrease the efficiency of
electron injection. Attached long alkoxyl chains at phenyl group is plausible
strategies to suppress effectively the dye aggregation. The key structural feature
of YD2-oC8 involves long alkoxyl chains in the ortho-positions of the meso-phenyls
so as to envelope effectively the porphyrin ring to decrease the degree of dye
aggregation and also protect the porphyrin core for retarded charge
recombination [126].

For supporting the lack of light-harvesting ability beyond 700 nm, near-IR dyes,
named as YDD6, is employed [147]. The ortho-substituted alkoxyl chains in YDD6
can be contributed as not only a light-harvesting ability extending beyond 800 nm
but also failed to prevent dye aggregation for this porphyrin. A weakly absorption
around λ = 520 nm at the YD2-oC8 can be improved by TTAR dye molecules. In
addition, several papers reported the co-sensitization of different molecular sizes
allowed a better surface coverage, yielding a high short circuit current density (Jsc)
and open circuit voltage (Voc) and resulting in a high PCE [147–149]. Similarly, the
covering empty space on TiO2 NS surface demonstrated from the light soaking test
lead to enhance the efficiency. Therefore, insering small sized TTAR dye molecules
(estimated molecular length = 24.9 Å) into the gaps within the YD2-oC8 (about
167 Å) saturated TiO2 surface can help to boost cell performance.

The possibility of dye aggregation of TTAR are test with various amounts of
chenodeoxycholic acid (CDCA) co-adsorbed on the photoanodes. The effect of
CDCA concentration on the photovoltaic properties of the DSSCs fabricated with
TTAR-4 was first investigated, and the results are shown in Figure 28(a, left).
Although dye aggregation should be suppressed by CDCA incorporation among the
dye molecules, this would also decrease the dye coverage on the TiO2, leading to
decrease Jsc and cell performance. The TTAR-4 may be sufficient to suppress
aggregation, and adsorption of the added CDCA may compete with dye adsorption
on the TiO2. The electron-transport resistance (Rct) and electron lifetimes (τe) as a
function of the concentration of CDCA can be obtained by EIS analysis (see
Figure 28(a, right)).
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For the effective co-sensitization deposition, there are two well known
approaches: (i) the cocktail approach uses a mixture of dye solutions with certain
molar ratios of the two dyes, [147, 150] and (ii) the stepwise approach accomplishes
sequential adsorptions of the two sensitizers [151, 152]. In our experiement, the
fabrication of a co-sensitized onto the TiO2 sphere film is performed by the modi-
fied stepwise deposition method. (see Figure 28(b)) Considering the enegetic band
position, the TiO2 electrode is firstly immersed into a 1 M TTAR solution in a
mixture of 1,2-dichlorobenzene (DCB) and ethanol (volume ratio: 1:10) and kept at
room temperature for 1 h. After spin-coating at 3000 rpm for 45 sec, a small
quantity of the dye solutions (YD2-oC8) prepared from the same ratio of the
mixture solvent (DCB: EtOH) is then dropped onto TTAT/TiO2 sphere at room
temperature and left for 5 min before spin coating at 3000 rpm for 60 sec. The well
covered sensitizer layer could be obtained by repeating the coating procedure until
the optimized condition. After YD2-oC8 sensitizer coating, as-synthesized YDD6
solution dissovled in the mixture solvent (DCB:EtOH) is deposited onto YD2-oC8/
TTAR/ TiO2 sphere in the same procesure. Figure 28(b) shows the molar extinction
coefficient of individual and multiple sensitized system. The absorption spectra of
YD2-oC8 is well matched in the literature [122, 152]. The YD2-oC8 observed along
with the Soret band (400–520 nm, log ε/M�1 cm�1 = 5.33 at 448 nm) and Q-band
absorption (550 � 600 nm, log ε/M�1 cm�1 = 4.49 at 644), while the absorption
spectrum of TTAR is found in the range of 350 � 560 nm with the molar extinction
coefficients at 449.5 nm (log ε/M�1 cm�1 = 5.01). As a near IR dye, the absorption
spectrum of YDD6 shows a broad split feature for the Soret band (380–550 nm, log
ε/M�1 cm�1 = 5.51 at 491 nm) and Q-band absorption (550–800 nm, log ε/
M�1 cm�1 = 4.94 at 741 nm) Therefore, this dye can help to cover the lack of light-

Figure 28.
(a) The normalized efficiency (η) and normalized photocurrent density (Jsc) from the photocurrent density–
voltage (J-V) characteristics (left) and the electron-transport resistant (RCT) and electron lifetime (τe) fitted
from EIS analysis of the DSSCs using TTAR-4 dye with various CDCA concentrations, measured under 1 sun
illumination (b) molar absorption coefficients measured in o-C6H4Cl2 in a concentration of 10�5 M (insert:
Schematic process for cosensitized system).
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in the solar spectrum from 350 � 1,000 nm that is also environmentally benign and
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� and other
acceptors materials through the formation of a compact molecule monolayer cov-
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so as to envelope effectively the porphyrin ring to decrease the degree of dye
aggregation and also protect the porphyrin core for retarded charge
recombination [126].

For supporting the lack of light-harvesting ability beyond 700 nm, near-IR dyes,
named as YDD6, is employed [147]. The ortho-substituted alkoxyl chains in YDD6
can be contributed as not only a light-harvesting ability extending beyond 800 nm
but also failed to prevent dye aggregation for this porphyrin. A weakly absorption
around λ = 520 nm at the YD2-oC8 can be improved by TTAR dye molecules. In
addition, several papers reported the co-sensitization of different molecular sizes
allowed a better surface coverage, yielding a high short circuit current density (Jsc)
and open circuit voltage (Voc) and resulting in a high PCE [147–149]. Similarly, the
covering empty space on TiO2 NS surface demonstrated from the light soaking test
lead to enhance the efficiency. Therefore, insering small sized TTAR dye molecules
(estimated molecular length = 24.9 Å) into the gaps within the YD2-oC8 (about
167 Å) saturated TiO2 surface can help to boost cell performance.

The possibility of dye aggregation of TTAR are test with various amounts of
chenodeoxycholic acid (CDCA) co-adsorbed on the photoanodes. The effect of
CDCA concentration on the photovoltaic properties of the DSSCs fabricated with
TTAR-4 was first investigated, and the results are shown in Figure 28(a, left).
Although dye aggregation should be suppressed by CDCA incorporation among the
dye molecules, this would also decrease the dye coverage on the TiO2, leading to
decrease Jsc and cell performance. The TTAR-4 may be sufficient to suppress
aggregation, and adsorption of the added CDCA may compete with dye adsorption
on the TiO2. The electron-transport resistance (Rct) and electron lifetimes (τe) as a
function of the concentration of CDCA can be obtained by EIS analysis (see
Figure 28(a, right)).
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approaches: (i) the cocktail approach uses a mixture of dye solutions with certain
molar ratios of the two dyes, [147, 150] and (ii) the stepwise approach accomplishes
sequential adsorptions of the two sensitizers [151, 152]. In our experiement, the
fabrication of a co-sensitized onto the TiO2 sphere film is performed by the modi-
fied stepwise deposition method. (see Figure 28(b)) Considering the enegetic band
position, the TiO2 electrode is firstly immersed into a 1 M TTAR solution in a
mixture of 1,2-dichlorobenzene (DCB) and ethanol (volume ratio: 1:10) and kept at
room temperature for 1 h. After spin-coating at 3000 rpm for 45 sec, a small
quantity of the dye solutions (YD2-oC8) prepared from the same ratio of the
mixture solvent (DCB: EtOH) is then dropped onto TTAT/TiO2 sphere at room
temperature and left for 5 min before spin coating at 3000 rpm for 60 sec. The well
covered sensitizer layer could be obtained by repeating the coating procedure until
the optimized condition. After YD2-oC8 sensitizer coating, as-synthesized YDD6
solution dissovled in the mixture solvent (DCB:EtOH) is deposited onto YD2-oC8/
TTAR/ TiO2 sphere in the same procesure. Figure 28(b) shows the molar extinction
coefficient of individual and multiple sensitized system. The absorption spectra of
YD2-oC8 is well matched in the literature [122, 152]. The YD2-oC8 observed along
with the Soret band (400–520 nm, log ε/M�1 cm�1 = 5.33 at 448 nm) and Q-band
absorption (550 � 600 nm, log ε/M�1 cm�1 = 4.49 at 644), while the absorption
spectrum of TTAR is found in the range of 350 � 560 nm with the molar extinction
coefficients at 449.5 nm (log ε/M�1 cm�1 = 5.01). As a near IR dye, the absorption
spectrum of YDD6 shows a broad split feature for the Soret band (380–550 nm, log
ε/M�1 cm�1 = 5.51 at 491 nm) and Q-band absorption (550–800 nm, log ε/
M�1 cm�1 = 4.94 at 741 nm) Therefore, this dye can help to cover the lack of light-
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(a) The normalized efficiency (η) and normalized photocurrent density (Jsc) from the photocurrent density–
voltage (J-V) characteristics (left) and the electron-transport resistant (RCT) and electron lifetime (τe) fitted
from EIS analysis of the DSSCs using TTAR-4 dye with various CDCA concentrations, measured under 1 sun
illumination (b) molar absorption coefficients measured in o-C6H4Cl2 in a concentration of 10�5 M (insert:
Schematic process for cosensitized system).
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harvesting ability beyond 700 nm. As a result, the combination of complementary
porphyrin and organic dyes produces a panchromatic spectral feature to promote
the performance of DSSC.

Figure 29(a) and (b) show the current–voltage characteristics and the
corresponding IPCE action for the TTAR, YD2-oC8, YDD6 and Multiple (TTAR/
YD2-oC8/YDD6) sensitized DSSC, respectively. The photovoltaic parameters are
listed in Table 6. An impressive cell performance of ca 11.2% (Jsc = 18.6 mAcm�2,
Voc = 0.818 V, FF = 72.8%, 998 mW cm�3) is attainable by increasing Jsc value of the
TTAR and YD2-oC8 (each 14.3 mAcm�2) to ca. 18.6 mAcm�2 when the multiple
sensitization is used. For the multisensitized DSSCs, the IPCE spectra showed two
major differences compared to the individual dye DSSCs: no dip is observed in the
visible region as the efficiency remained above 80% from 400 to 650 nm compared
with YD2-oC8 dye, As compared with the corresponding IPCE maxima of the single
dye systems, the IPCE value of the multisensitized cells remain between 75–85%
from 410 nm to 670 nm and current respond is respond above 710 nm. This effect is
consistent with the absorption spectral feature shown in Figure 34(b). To under-
stand the charge transport kinetics of cell, electrochemical impedance spectroscopy
(EIS) is next performed frommy fitting model (see in Figure 29(c)). The estimated
total resistance (RIR) of multi-sensitized DSSC at 1� 0.3 MHz frequency region was
about 18.51 Ω, which is about 1.58, 2.23 and 3.41 times lower values than that of
TTAR, YD2-0C8 and YDD6, respectively. From simulated data, the multi-
sensitized DSSC displays about 40.2%, 74.9% and 84.9% lower interfacial recombi-
nation rate in TiO2, keff and 0.8%, 129% and 294% higher Rk/Rw value rather than
those of TTAR, YD2-oC8 and YDD6 based DSSC. The higher interfacial recombi-
nation rate of porphyrin series sensitizer compared with TTAR sensitizer reveals
recombination between iodide and oxidized electron at the TiO2 open space surface
between dyes. For similar reasons, a multisensitized DSSC give rise to a denser
packing and coverage and lead to the highest keff. The schematic illusting melucular

Figure 29.
(a) photocurrent density–voltage (J-V) characteristics (b) IPCE analysis and (c) EIS analysis for the
individual and multiple sensitized DSSC (d) Schematic illustrating molecular structure and adsorption sites of
YDD6, YD2-oC8 and TTAR dyes on TiO2.
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harvesting ability beyond 700 nm. As a result, the combination of complementary
porphyrin and organic dyes produces a panchromatic spectral feature to promote
the performance of DSSC.

Figure 29(a) and (b) show the current–voltage characteristics and the
corresponding IPCE action for the TTAR, YD2-oC8, YDD6 and Multiple (TTAR/
YD2-oC8/YDD6) sensitized DSSC, respectively. The photovoltaic parameters are
listed in Table 6. An impressive cell performance of ca 11.2% (Jsc = 18.6 mAcm�2,
Voc = 0.818 V, FF = 72.8%, 998 mW cm�3) is attainable by increasing Jsc value of the
TTAR and YD2-oC8 (each 14.3 mAcm�2) to ca. 18.6 mAcm�2 when the multiple
sensitization is used. For the multisensitized DSSCs, the IPCE spectra showed two
major differences compared to the individual dye DSSCs: no dip is observed in the
visible region as the efficiency remained above 80% from 400 to 650 nm compared
with YD2-oC8 dye, As compared with the corresponding IPCE maxima of the single
dye systems, the IPCE value of the multisensitized cells remain between 75–85%
from 410 nm to 670 nm and current respond is respond above 710 nm. This effect is
consistent with the absorption spectral feature shown in Figure 34(b). To under-
stand the charge transport kinetics of cell, electrochemical impedance spectroscopy
(EIS) is next performed frommy fitting model (see in Figure 29(c)). The estimated
total resistance (RIR) of multi-sensitized DSSC at 1� 0.3 MHz frequency region was
about 18.51 Ω, which is about 1.58, 2.23 and 3.41 times lower values than that of
TTAR, YD2-0C8 and YDD6, respectively. From simulated data, the multi-
sensitized DSSC displays about 40.2%, 74.9% and 84.9% lower interfacial recombi-
nation rate in TiO2, keff and 0.8%, 129% and 294% higher Rk/Rw value rather than
those of TTAR, YD2-oC8 and YDD6 based DSSC. The higher interfacial recombi-
nation rate of porphyrin series sensitizer compared with TTAR sensitizer reveals
recombination between iodide and oxidized electron at the TiO2 open space surface
between dyes. For similar reasons, a multisensitized DSSC give rise to a denser
packing and coverage and lead to the highest keff. The schematic illusting melucular

Figure 29.
(a) photocurrent density–voltage (J-V) characteristics (b) IPCE analysis and (c) EIS analysis for the
individual and multiple sensitized DSSC (d) Schematic illustrating molecular structure and adsorption sites of
YDD6, YD2-oC8 and TTAR dyes on TiO2.
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strucutre for single and multi senstized film can be see in Figure 29(d). Therefore,
the charge density in TiO2 conduction band (ns) with multisensitized system was
increased by about 124%, 562% for TTAR and YD2-oC8 single dye. The relative
competition between electron–hole recombination and electron diffusion is conve-
niently described by the electron diffusion length, Ln, the relation Ln = (Deff� τeff)

1/2.
The effective diffusion length Ln of the conduction band electrons for single-
(TTAR, YD2-oC8, YDD6) and multi-senstitized DSSC can be calculated from this
equation. The Ln for all samples is estimated to be �24.6 μm of TTAR, 16.3 μm of
YD2-oC8, 9.52 of YDD6 and � 32.1 μm of TTAR/ YD2-oC8/YDD6, respectively.
This calculated data suggests that multisenstitized sensitizer leads to enhance the
collection of being photogenerated electrons in comparison to those in single
sensitizer. The detailed parameters can be seen in Table 6.

7. Electrolyte and solid state hole transport material

The liquid electrolytes possess some important features such as easy preparation,
high conductivity, low viscosity, and good interfacial wetting between electrolytes
and electrodes and thus high conversion efficiency for the DSSCs [153, 154]. Today,
the best working redox-couple known so far is the iodide/triiodide system. The
unique performance of I� /I3

� based liquid electrolytes is mainly attributed to the
favorable penetration into the nanoporous semiconductor film, very fast dye
regeneration, and relatively slow recombination losses through reaction with
injected photoelectrons. Cobalt based redox mediators bring the concomitant
improvements in the Voc, which produced the highest efficiency of 13% for tradi-
tional DSSCs [127]. However, there are several negative features limiting industrial
application following reason: (1) iodine is extremely corrosive toward metals such
as copper or silver, which are used as current collectors in some DSSCs; (2) aceto-
nitrile as a main solvent has a relatively high vapor pressure, which makes proper
encapsulation of the cells challenging; (3) the I3

� ion absorbs a significant part of
visible light, stealing photons from the sensitizing dye. These drawbacks can be
potentially remedied via the use of solid-state hole transport materials (HTM). The
premise of the effective solid state DSSC is that viscous HTM materials would
penetrate into the all the deep lying empty spaces in the porous TiO2 network, and
form a continuous film that connects these filled pores all the way up to the back
electrode. Hence, our sphere typed TiO2 electrode give many advantages for solid
state electrolyte system and used by default.

In our research, three different classes of solid state electrolyte are investigated
(i) iodide based plastic crystal electrolyte prepared by mixing synthesized N-
methyl-N-butylpyrrolidinium iodide (P1,4I), I2, and succinonitrile [51]; (ii) a novel
cross-linkable organiosiloxane cross-linkable molecule, 4,40-bis((p-trichlorosilyl-
propylphenyl)phenylamino) biphenyl (TPDSi2) [155]; (iii) perovskite typed inor-
ganic materials, CsSnI3 and Cs2SnI6. (this part did not deal with this book)
[104, 156]. P1,4I based electrolyte exhibit the highest value, reaching about 9% using
a masked frame measurement technique [51]. The detailed information is explained
in earlier section.

As an organic molecule system, several different systems have been proposed
including melt processing, [157] in-situ polymerizastion, [158] use of low Tg

materials, and even use of small molecule/polymeric blends [159]. Among them,
silane chemistry based cross linkable hole transport material 4,40-bis((p-trichloro-
silylpropylphenyl)phenylamino biphenyl) (TPDSi2) is applied for organic HTM.
Silane chemistry has not been previously employed in DSSC, but our group and
others have exploited their property of forming a robust cross-linked network of
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charge carriers for use its various optoelectronic devices. Both the performance and
the stability of the devices improved dramatically when TPDSi2 was used the inter-
facial layer in OLED (organic light emitting diode) and OPV (organic photovoltaic)
devices. The TPDSi2 molecule has two key components-widely used hole transport
moteity triphenyldiamine (TPD) and a trichlorosilyl (SiCl3) pendant. The SiCl3
subgroups can be easily introduced into a charge conducting moiety like TPD via
the highly efficient catalytic hydrosilylation reaction. The Si-Cl bonds are very
stable during storage under inert atmosphere, but they are readily hydrolyzed by
hydroxyl (OH-) groups. Moisture content of ambient atmosphere and surface OH
groups that are present on oxides surfaces of ITO (indium tin oxide), SiO2 (silicon
dioxide) and TiO2 [160, 161] substrates, along with water molecules that are
physiadsorped on the surface, are the relevant sources of such OH groups. Once the
SiCl3 groups come in contact with the OH groups, they get hydrozyzed at a rapid
pace and inadvertently, Si-Cl groups from two different molecules get hydrozyzed
by the two OH groups of the same water molecule. The very strong Si-O-Si bond
hence formed, covalently linking two TPDSi2 molecules. Alternatively, Si-O-Si
bonds are formed when two neighboring silanol groups undergo condensation
reaction. The Si-O-Si bonds will extend over the length and breadth of the film in all
directions and hence form a tightly held network of TPD units. While TPDSi2 is a
very soluble organic solid, when it is cast onto a film allowed to hydrolyze, it will
form a heavily cross-linked network that is rigid, insoluble and rugged. Our strategy
in this study was to fill up the TiO2 pores with the soluble small molecule TPDSi2
and then to allow the molecules to cross link and form an extensive network that is
in contact with both the deep lying dye molecules and the back electrode and hence
shuttle holes from the former to the latter with great efficiency. Figure 30(a) shows
the schematic image and the chemical structure of DSSCs utilizing P3HT and
TPDSi2 organic seminconductor as HTM. A mesoporous TiO2 nanocrystlline film is

Figure 30.
(a) Device architecture (top)of ss-DSSC and chemical structures with transmission electron microscope image
(bottom) of P3HT and TPDSi2 (b) illustration of p-doping effect on TPDSi2 by additive treatment (top) and
complete energy diagram of FTO/TiO2/Z907/HTM/Au ssDSSC (bottom) (c) photovoltaic performance of
Z907 dye based ssDSSCs employing P3HT and TPDSi2 as HTMs with and without additive treatment.
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strucutre for single and multi senstized film can be see in Figure 29(d). Therefore,
the charge density in TiO2 conduction band (ns) with multisensitized system was
increased by about 124%, 562% for TTAR and YD2-oC8 single dye. The relative
competition between electron–hole recombination and electron diffusion is conve-
niently described by the electron diffusion length, Ln, the relation Ln = (Deff� τeff)

1/2.
The effective diffusion length Ln of the conduction band electrons for single-
(TTAR, YD2-oC8, YDD6) and multi-senstitized DSSC can be calculated from this
equation. The Ln for all samples is estimated to be �24.6 μm of TTAR, 16.3 μm of
YD2-oC8, 9.52 of YDD6 and � 32.1 μm of TTAR/ YD2-oC8/YDD6, respectively.
This calculated data suggests that multisenstitized sensitizer leads to enhance the
collection of being photogenerated electrons in comparison to those in single
sensitizer. The detailed parameters can be seen in Table 6.

7. Electrolyte and solid state hole transport material

The liquid electrolytes possess some important features such as easy preparation,
high conductivity, low viscosity, and good interfacial wetting between electrolytes
and electrodes and thus high conversion efficiency for the DSSCs [153, 154]. Today,
the best working redox-couple known so far is the iodide/triiodide system. The
unique performance of I� /I3

� based liquid electrolytes is mainly attributed to the
favorable penetration into the nanoporous semiconductor film, very fast dye
regeneration, and relatively slow recombination losses through reaction with
injected photoelectrons. Cobalt based redox mediators bring the concomitant
improvements in the Voc, which produced the highest efficiency of 13% for tradi-
tional DSSCs [127]. However, there are several negative features limiting industrial
application following reason: (1) iodine is extremely corrosive toward metals such
as copper or silver, which are used as current collectors in some DSSCs; (2) aceto-
nitrile as a main solvent has a relatively high vapor pressure, which makes proper
encapsulation of the cells challenging; (3) the I3

� ion absorbs a significant part of
visible light, stealing photons from the sensitizing dye. These drawbacks can be
potentially remedied via the use of solid-state hole transport materials (HTM). The
premise of the effective solid state DSSC is that viscous HTM materials would
penetrate into the all the deep lying empty spaces in the porous TiO2 network, and
form a continuous film that connects these filled pores all the way up to the back
electrode. Hence, our sphere typed TiO2 electrode give many advantages for solid
state electrolyte system and used by default.

In our research, three different classes of solid state electrolyte are investigated
(i) iodide based plastic crystal electrolyte prepared by mixing synthesized N-
methyl-N-butylpyrrolidinium iodide (P1,4I), I2, and succinonitrile [51]; (ii) a novel
cross-linkable organiosiloxane cross-linkable molecule, 4,40-bis((p-trichlorosilyl-
propylphenyl)phenylamino) biphenyl (TPDSi2) [155]; (iii) perovskite typed inor-
ganic materials, CsSnI3 and Cs2SnI6. (this part did not deal with this book)
[104, 156]. P1,4I based electrolyte exhibit the highest value, reaching about 9% using
a masked frame measurement technique [51]. The detailed information is explained
in earlier section.

As an organic molecule system, several different systems have been proposed
including melt processing, [157] in-situ polymerizastion, [158] use of low Tg

materials, and even use of small molecule/polymeric blends [159]. Among them,
silane chemistry based cross linkable hole transport material 4,40-bis((p-trichloro-
silylpropylphenyl)phenylamino biphenyl) (TPDSi2) is applied for organic HTM.
Silane chemistry has not been previously employed in DSSC, but our group and
others have exploited their property of forming a robust cross-linked network of
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charge carriers for use its various optoelectronic devices. Both the performance and
the stability of the devices improved dramatically when TPDSi2 was used the inter-
facial layer in OLED (organic light emitting diode) and OPV (organic photovoltaic)
devices. The TPDSi2 molecule has two key components-widely used hole transport
moteity triphenyldiamine (TPD) and a trichlorosilyl (SiCl3) pendant. The SiCl3
subgroups can be easily introduced into a charge conducting moiety like TPD via
the highly efficient catalytic hydrosilylation reaction. The Si-Cl bonds are very
stable during storage under inert atmosphere, but they are readily hydrolyzed by
hydroxyl (OH-) groups. Moisture content of ambient atmosphere and surface OH
groups that are present on oxides surfaces of ITO (indium tin oxide), SiO2 (silicon
dioxide) and TiO2 [160, 161] substrates, along with water molecules that are
physiadsorped on the surface, are the relevant sources of such OH groups. Once the
SiCl3 groups come in contact with the OH groups, they get hydrozyzed at a rapid
pace and inadvertently, Si-Cl groups from two different molecules get hydrozyzed
by the two OH groups of the same water molecule. The very strong Si-O-Si bond
hence formed, covalently linking two TPDSi2 molecules. Alternatively, Si-O-Si
bonds are formed when two neighboring silanol groups undergo condensation
reaction. The Si-O-Si bonds will extend over the length and breadth of the film in all
directions and hence form a tightly held network of TPD units. While TPDSi2 is a
very soluble organic solid, when it is cast onto a film allowed to hydrolyze, it will
form a heavily cross-linked network that is rigid, insoluble and rugged. Our strategy
in this study was to fill up the TiO2 pores with the soluble small molecule TPDSi2
and then to allow the molecules to cross link and form an extensive network that is
in contact with both the deep lying dye molecules and the back electrode and hence
shuttle holes from the former to the latter with great efficiency. Figure 30(a) shows
the schematic image and the chemical structure of DSSCs utilizing P3HT and
TPDSi2 organic seminconductor as HTM. A mesoporous TiO2 nanocrystlline film is

Figure 30.
(a) Device architecture (top)of ss-DSSC and chemical structures with transmission electron microscope image
(bottom) of P3HT and TPDSi2 (b) illustration of p-doping effect on TPDSi2 by additive treatment (top) and
complete energy diagram of FTO/TiO2/Z907/HTM/Au ssDSSC (bottom) (c) photovoltaic performance of
Z907 dye based ssDSSCs employing P3HT and TPDSi2 as HTMs with and without additive treatment.
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deposited on top of FTO-coated glass substrate. Z907 dye molecules are attached to
the surface of TiO2 to form a bicontinuous nanocomposite active layer, which is
then subsequently infiltrated by the organic HTM. Finally, a Au counter electrode is
deposited to form contact with HTM and encapsulates the device. In this system,
the HTM extracts hole from photo-oxidized sensitizer molecules and transfers the
holes to the Au counter-electrode, allowing complete dye regeneration. TEM spec-
imens are prepared by transferring spin-coated thin films from poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)-coated Si substrates onto
lacey carbon TEM grids. P3HT exhibits typical semicrystalline polymer features.
Such relatively large, continuous domains as a result of polymer aggregation are
indicative of poor HTM infiltration into pores of TiO2/sensitizer. On the contrary,
TPDSi2 molecular HTM shows significantly smaller features, while forming
homogenous and organized networks. Such features are could be advantageous for
large-scale processability of TPDSi2 as an efficient HTM.

Figure 30(b) shows a scheme on the possible change of electronic structure by
additive treatment by the UPS spectra of P3HT before and after additive treatment.
The detailed information can be seen in Table 7. In HOMO emission regions, the
HOMO band onsets also show no significant difference, corresponding to IPs of
4.94 and 4.98 eV for P3HT before and after additive treatment, respectively. This
result is in perfect agreement with CV data (Table 7). However, for TPDSi2 films,
the additive treatment result in a clear shift both in high binding energy cutoff
(HBEC) and HOMO emission regions. In particular, the HBEC position shifts to
lower binding energy after additive treatment, whereas the HOMO cutoff shifts
close to 0 eV. This effect could indicate a strong p-doping effect of additives on
TPDSi2. Scholin et al. [162] observed a similar effect of Fermi level shift to move
closer to the HOMO level on Spiro-OMeTAD by Li-TFSI doping. Here, by using the
same substrates and a common vacuum level, the shift of Fermi energy to the move
closer to the HOMO position is confirmed. In addition, IPs also shift from 5.36 to
5.12 eV after additive treatment, which is in excellent agreement with CV-derived
HOMO energies.

The overall energy alignment including all DSSC device components, specifi-
cally, FTO/TiO2/Z907/HTMs (P3HT + additives or TPDSi2 + additives)/Au is
presented as Figure 30(b).

The exact energetic alignment of HTMs are carefully derived from optical
absorption, cyclic voltammetry and ultraviolet photoemission spectroscopy and is
discussed below. To carefully investigate the charge transport properties of HTMs,
both TFT and space charge limited current (SCLC) measurements are performed.
For TFT mobility measurements, bottom-gate/top-contact configurations were
employed for all devices fabricated by spin-coating of a 5 mg/mL chlorobenzene
solution onto Si/SiO2 substrates using Au source and drain contacts. All TFT and
SCLC mobilies are summarized in Table 7. For P3HT, typical p-type TFT behavior
was observed both in pristine films and films treated with additives. A noticeable
increase in p-type mobility from 4.3 � 10�3 to 1.1 � 10�2 is observed. However,
TPDSi2 exhibit relatively low TFT performance, as a result of disconnected domains
in the lateral direction. In real DSSC condition, hole transport through the HTMs to
the counter electrode can significantly influence charge recombination and device
performance. Therefore, SCLC method which directly measures the charge trans-
port in the direction perpendicular to substrate can be employed as a good indicator
mimicking real device conditions [163]. For the cross-linked TPDSi2 HTM, it show
about 2.8 time higher p-type hole mobility than that of pristine, which is indicative
of favorable charge transport properties in DSSCs. Therefore, power conversion
efficiency (PCE) of DSSCs of >2% is achieved when using standard amphiphilic dye
and TPDSi2 as HTM (see Figure 30(c)).
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deposited on top of FTO-coated glass substrate. Z907 dye molecules are attached to
the surface of TiO2 to form a bicontinuous nanocomposite active layer, which is
then subsequently infiltrated by the organic HTM. Finally, a Au counter electrode is
deposited to form contact with HTM and encapsulates the device. In this system,
the HTM extracts hole from photo-oxidized sensitizer molecules and transfers the
holes to the Au counter-electrode, allowing complete dye regeneration. TEM spec-
imens are prepared by transferring spin-coated thin films from poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)-coated Si substrates onto
lacey carbon TEM grids. P3HT exhibits typical semicrystalline polymer features.
Such relatively large, continuous domains as a result of polymer aggregation are
indicative of poor HTM infiltration into pores of TiO2/sensitizer. On the contrary,
TPDSi2 molecular HTM shows significantly smaller features, while forming
homogenous and organized networks. Such features are could be advantageous for
large-scale processability of TPDSi2 as an efficient HTM.

Figure 30(b) shows a scheme on the possible change of electronic structure by
additive treatment by the UPS spectra of P3HT before and after additive treatment.
The detailed information can be seen in Table 7. In HOMO emission regions, the
HOMO band onsets also show no significant difference, corresponding to IPs of
4.94 and 4.98 eV for P3HT before and after additive treatment, respectively. This
result is in perfect agreement with CV data (Table 7). However, for TPDSi2 films,
the additive treatment result in a clear shift both in high binding energy cutoff
(HBEC) and HOMO emission regions. In particular, the HBEC position shifts to
lower binding energy after additive treatment, whereas the HOMO cutoff shifts
close to 0 eV. This effect could indicate a strong p-doping effect of additives on
TPDSi2. Scholin et al. [162] observed a similar effect of Fermi level shift to move
closer to the HOMO level on Spiro-OMeTAD by Li-TFSI doping. Here, by using the
same substrates and a common vacuum level, the shift of Fermi energy to the move
closer to the HOMO position is confirmed. In addition, IPs also shift from 5.36 to
5.12 eV after additive treatment, which is in excellent agreement with CV-derived
HOMO energies.

The overall energy alignment including all DSSC device components, specifi-
cally, FTO/TiO2/Z907/HTMs (P3HT + additives or TPDSi2 + additives)/Au is
presented as Figure 30(b).

The exact energetic alignment of HTMs are carefully derived from optical
absorption, cyclic voltammetry and ultraviolet photoemission spectroscopy and is
discussed below. To carefully investigate the charge transport properties of HTMs,
both TFT and space charge limited current (SCLC) measurements are performed.
For TFT mobility measurements, bottom-gate/top-contact configurations were
employed for all devices fabricated by spin-coating of a 5 mg/mL chlorobenzene
solution onto Si/SiO2 substrates using Au source and drain contacts. All TFT and
SCLC mobilies are summarized in Table 7. For P3HT, typical p-type TFT behavior
was observed both in pristine films and films treated with additives. A noticeable
increase in p-type mobility from 4.3 � 10�3 to 1.1 � 10�2 is observed. However,
TPDSi2 exhibit relatively low TFT performance, as a result of disconnected domains
in the lateral direction. In real DSSC condition, hole transport through the HTMs to
the counter electrode can significantly influence charge recombination and device
performance. Therefore, SCLC method which directly measures the charge trans-
port in the direction perpendicular to substrate can be employed as a good indicator
mimicking real device conditions [163]. For the cross-linked TPDSi2 HTM, it show
about 2.8 time higher p-type hole mobility than that of pristine, which is indicative
of favorable charge transport properties in DSSCs. Therefore, power conversion
efficiency (PCE) of DSSCs of >2% is achieved when using standard amphiphilic dye
and TPDSi2 as HTM (see Figure 30(c)).
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8. Carbonaceous cathode for DSSC

In this part, we show our effort on developing the counter electrode (CE).
Generally, CE mainly functions as reducing the redox species from I3

� to I2. A
suitable redox charge mediator should effectively perform the function of shuttling
the generated positive charge away from the light absorbing sensitizer residing on
the semiconductor surface to the CE, thus completing the electrical circuit. For
being an effective CE, it exhibit high electrical conductivity and electrocatalytic
activity toward I3

�reduction and corrosion resistant to iodide/triiodide electrolyte
[164]. To date, a platinum (Pt) is the most common catalyst material for DSSC
[165]. However, its cost remains a concern for the large-scale commercialization of
the DSSC. Therefore, numerous researchers are trying to find new CE materials.
Carbonaceous materials such as graphite [166, 167] carbon black [168, 169],
activated carbon [170], hard carbon sphere [171], carbon nanotube [172], fullerene
and graphene [173], conductive polymers [174], metal compounds [175] and
composites have been developed and tested as promising counter electrodes. So far,
carbonaceous materials are regarded as the most attractive option.

In this book, we introduce large-effective-surface-area polyaromatic hydrocarbon
(LPAH) for DSSC. A detailed description for generating LPAH species has been
reported in an earlier publication [176]. The catalytic properties of LPAH can be
calculated by EIS method. Device symmetric structure and the Randles-typed equiv-
alent circuit model consisting of charge transfer resistance (Rct), a constant phase
element (CPE) and a series resistance (Rs) can be seen in Figure 31. Here, the Rct is a
barrier for the charge transfer process at the LPAH/electrolyte interface [177]. The
CPE is the interfacial capacitance, considering the roughness of the electrodes. In
more detail, the impedance of CPE is described as ZCPE = B(iω)�β (0 ≤ β ≤ 1) where,
ω is the angular frequency, B and β are frequency-independent parameters of the

Figure 31.
(a) a. Equivalent circuit of a symmetrical cell used to fit the impedance spectra; b. Nyquist plots of different
counter electrode catalytic materials (Platinum, carbon black and LPAH) prepared with identical electrodes; c.
CVs of carbon black and LPAH films. (b) a. Nyquist plot of different counter electrodes. Equivalent circuit of
the complete DSSC is given in the inset and b. J–V Characteristics of different counter electrode catalytic
materials.
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CPE. β indicated the capacitance of CPE and the deviation from the semicircle
probably due to the porosity of electrode surface, respectively [41, 44, 178]. Rs

indicate the ohmic resistance of the electrolyte, the conductive glass and the carbon
layer. In order to confirm the catalytic mechanism operating in an electrochemical
system with I�/ I3

� redox, cyclic voltammetry (CV) measurement was carried out. A
carbon electrode was used as the working electrode, a Pt coil as the counter electrode,
and an Ag/Ag+ electrode as the reference electrode. Figure 31(a).c shows the CV
curves obtained using CB and LPAH (versus Ag/AgCl). The negative current was
assigned to the reduction of I3

� to I� and positive current was the oxidation of I� at
the carbon surface, respectively [179]. The LAPH sample showed a negative peak
potential (�0.82 V) and a much higher current density (�0.02 mA/cm2), indicating a
better reduction rate comparable to that CB (�1.4 V, �0.017 mA/cm2). In cyclic
voltammetry, the anode peak and the cathodic peak are related to the redox couple
(I�/I3

�) reactions and they can be used to estimate the diffusion coefficient (D) using
the Randles-Sevcik equation. The Randles-Sevcik equation: ip = (2.687 � 105)n3/2ʋ1/2

D1/2AC where, ip is the peak current (A), n is number of electrons transferred in the
redox event (usually 1), ʋ is scan rate in V/s, A is the area of working electrode, C is
the bulk concentration of analyte in mol/cm3. In the anodic and cathodic reaction, the
calculatedD values of 1.05� 10�4 cm2/s and 1.76� 10�4 cm2/s for LPAH were larger
than 6.70 � 10�5 cm2/s and 6.3 � 10�5 cm2/s for CB. This result indicates that the
LPAHwould speed up the I�/I3

� redox reaction ascribed to a higher catalytic activity,
leading to a more efficient DSSC.

In general, the equivalent circuit of the complete solar cell may be represented as
indicated in Figure 31(b) [37, 176]. From right to left, it demonstrates impedance
for charge transfer at electrolyte/catalytic materials-FTO interface, diffusion of I3

�

species in the electrolyte, electron transport and electron capture by the I3
� at the

TiO2/electrolyte interface and the electron transport at the FTO/TiO2 interface,
respectively. These components can be simplified from proposed in DSSC model:
RFTO/TiO2 is the resistance of the FTO/TiO2 contact and CPE1 is the capacitance of
this interface. TiO2 network consists of a diffusion element ZW1 that is in series
connected with the charge-transfer element RTiO2, the two being in parallel with a
capacitive (constant phase angle) element CPE3. ZW2 is the Warburg impedance
describing the diffusion of I3

� in the electrolyte. RCE is the charge-transfer imped-
ance at the counter electrode, and CPE2 is the double layer capacitance at the
electrolyte/catalytic materials-FTO interface [180].

The catalytic activity described the exchange current density (J0) using followed
equation,

J0 ¼ RT=ηFRct:

Here, J0 is a kinetic parameter that depends on the reaction and on the electrode
surface upon which the electrochemical reaction occurs, R is the gas constant,T is
temperature (here T = 300 K), n is the gas constant and F is Faraday constant [44].
From the value of J0, we can know how easily the electrochemical reaction can occur
on the electrode surface. The Rct of LPAH based CE shows approximately 35 times
lower value at�3 μm thick film than that of a symmetric CB electrode at�8 μm thick
film, leading a better energy efficiency at the DSSC (see Figure 31(b)). Furthermore,
the relatively thin film of LPAH can be expected by reducing the internal series
resistance of devices. The shifting the peaks of Bode phase at the high frequency
region of the cells supported this expectation [181]. Consequently, LPAHwould speed
up the I�/I3

� redox reaction, leading to improve the fill factor and cell efficiency.
Figure 31(c).b described fitted Nyquist plot and J-V curves of the different CE

(Pt, CB and LPAH) on DSSCs. The detailed parameters for internal resistance (RIR)
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CPE. β indicated the capacitance of CPE and the deviation from the semicircle
probably due to the porosity of electrode surface, respectively [41, 44, 178]. Rs

indicate the ohmic resistance of the electrolyte, the conductive glass and the carbon
layer. In order to confirm the catalytic mechanism operating in an electrochemical
system with I�/ I3

� redox, cyclic voltammetry (CV) measurement was carried out. A
carbon electrode was used as the working electrode, a Pt coil as the counter electrode,
and an Ag/Ag+ electrode as the reference electrode. Figure 31(a).c shows the CV
curves obtained using CB and LPAH (versus Ag/AgCl). The negative current was
assigned to the reduction of I3

� to I� and positive current was the oxidation of I� at
the carbon surface, respectively [179]. The LAPH sample showed a negative peak
potential (�0.82 V) and a much higher current density (�0.02 mA/cm2), indicating a
better reduction rate comparable to that CB (�1.4 V, �0.017 mA/cm2). In cyclic
voltammetry, the anode peak and the cathodic peak are related to the redox couple
(I�/I3

�) reactions and they can be used to estimate the diffusion coefficient (D) using
the Randles-Sevcik equation. The Randles-Sevcik equation: ip = (2.687 � 105)n3/2ʋ1/2

D1/2AC where, ip is the peak current (A), n is number of electrons transferred in the
redox event (usually 1), ʋ is scan rate in V/s, A is the area of working electrode, C is
the bulk concentration of analyte in mol/cm3. In the anodic and cathodic reaction, the
calculatedD values of 1.05� 10�4 cm2/s and 1.76� 10�4 cm2/s for LPAH were larger
than 6.70 � 10�5 cm2/s and 6.3 � 10�5 cm2/s for CB. This result indicates that the
LPAHwould speed up the I�/I3

� redox reaction ascribed to a higher catalytic activity,
leading to a more efficient DSSC.

In general, the equivalent circuit of the complete solar cell may be represented as
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�
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this interface. TiO2 network consists of a diffusion element ZW1 that is in series
connected with the charge-transfer element RTiO2, the two being in parallel with a
capacitive (constant phase angle) element CPE3. ZW2 is the Warburg impedance
describing the diffusion of I3

� in the electrolyte. RCE is the charge-transfer imped-
ance at the counter electrode, and CPE2 is the double layer capacitance at the
electrolyte/catalytic materials-FTO interface [180].

The catalytic activity described the exchange current density (J0) using followed
equation,
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Figure 31(c).b described fitted Nyquist plot and J-V curves of the different CE

(Pt, CB and LPAH) on DSSCs. The detailed parameters for internal resistance (RIR)
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and photovoltaic properties are summarized in Table 8. The internal resistance
(RIR,) can be calculated by the sum obtained from each resistance,
RIR = R0 + R1 + R2 + R3. Although LPAH counter electrode has somewhat lower
catalytic property compared with the Pt counter electrode, Voc, fill factor is close to
Pt based DSSC electrode due to relatively similar RIR values. Finally, LPAH based
DSSC show an overall energy conversion efficiency of 9.3% without mask, which is
higher than the 7.5% achieved for CB counter electrode devices reported recently
[169]. Therefore, we believe LPAH is a good candidate as a next catalytic material.

9. Optimization of the DSSC performance for having maximum
performance

Based on these fundamental achievements, our efforts are headed for achieving
an energy efficiency of over 12.3% by combining new materials and concept. For a
photoanode, the ITO NR array with over 3 μm spacing and 10 μm thickness is used
as the 3D cell [52]. In this design, it is very important how well the TiO2

nanoparticles have infiltrated among the ITO nanowire. In our earlier research,
TiO2 solution including polymer binder is air-sprayed into ITO NWs. Although this
method is easy and efficient enough to fill TiO2 NPs into ITO NW, it formed surface
defect (such as crack) on the surface of TiO2 film during sintering process (see
Figure 32). Through Electro-spraying process, crack free TiO2 film is deposited into

Figure 32.
(a) SEM images of TiO2/ITO NRs on the different deposition technique; doctor-blade, air-sprayed from TiO2
solution including polymer binder and E-sprayed technique from EtOH and EtOH/terphineol (b) E-sprayed
TiO2/ITO NRs film inserted in the JV characteristic.
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and photovoltaic properties are summarized in Table 8. The internal resistance
(RIR,) can be calculated by the sum obtained from each resistance,
RIR = R0 + R1 + R2 + R3. Although LPAH counter electrode has somewhat lower
catalytic property compared with the Pt counter electrode, Voc, fill factor is close to
Pt based DSSC electrode due to relatively similar RIR values. Finally, LPAH based
DSSC show an overall energy conversion efficiency of 9.3% without mask, which is
higher than the 7.5% achieved for CB counter electrode devices reported recently
[169]. Therefore, we believe LPAH is a good candidate as a next catalytic material.

9. Optimization of the DSSC performance for having maximum
performance

Based on these fundamental achievements, our efforts are headed for achieving
an energy efficiency of over 12.3% by combining new materials and concept. For a
photoanode, the ITO NR array with over 3 μm spacing and 10 μm thickness is used
as the 3D cell [52]. In this design, it is very important how well the TiO2

nanoparticles have infiltrated among the ITO nanowire. In our earlier research,
TiO2 solution including polymer binder is air-sprayed into ITO NWs. Although this
method is easy and efficient enough to fill TiO2 NPs into ITO NW, it formed surface
defect (such as crack) on the surface of TiO2 film during sintering process (see
Figure 32). Through Electro-spraying process, crack free TiO2 film is deposited into

Figure 32.
(a) SEM images of TiO2/ITO NRs on the different deposition technique; doctor-blade, air-sprayed from TiO2
solution including polymer binder and E-sprayed technique from EtOH and EtOH/terphineol (b) E-sprayed
TiO2/ITO NRs film inserted in the JV characteristic.
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ITO NW. For an electro-spraying, aqueous solvent in the hydrothermal treated TiO2

nanoparticle solution is replaced by ethanol and then alpha-terpineol is added into
the ethanol solution of TiO2 particles. The replaced solution was loaded into a
syringe equipped with a 27-gauge stainless steel needle. The spaying rate (25 μL/
min) was controlled using a syringe pump. The electric field (12–15 kV) was applied
between a metal orifice and the aluminum foil at a distance of 10 cm using a power
supply and was electrosprayed onto ITO NWs substrate. The TiO2 coated electrode
was gradually calcined under an air flow at 150°C for 15 min, at 320°C for 10 min, at
500°C for 30 min. As seen in Figure 32(a), TiO2 sphere solution prepared from
pure EtOH formed the film on the top of ITO NWs, which make it difficult to
penetrate into the ITO NWs. Therefore, adding alpha-terpineol solvent with viscous
and low evaporation rate into TiO2 solution, TiO2 solution is directly dropped into
highly charged ITO NWs in between and spreading through x-y-z moving robot
system. As a result, completely filled and crack free TiO2 film in ITO NWs can be
obtainable (see Figure 32(b)). A Jsc of 17.2 mAcm�2, a Voc of 0.846 V, and a FF of
0.75.2% are derived from the JV curve with purified N719 dye and liquid electrolyte,
thus giving an overall power conversion efficiency (η) of 10.9% under illumination
with standard AM 1.5G simulated sunlight (1000 mWcm�2). While attached with a
3D PhC, the efficiency is further improved to 12.45% (Jsc = 19.75 mAcm�2,
Voc = 0.838 V, FF = 75.2%). The dramatically improved PCE can be achieved by
using cosensitization system with a TTAR/ YD2-oC8/YDD6 and 3D PhC designed
structure.

Figure 33(a) presents the solar performance for the best cell. Form an effective
approach to enhance the light-harvesting ability and to retard the charge recombi-
nation, the maximum PCE is about 13.26%, with short-circuit current density (Jsc)
=22.3 mAcm�2, open circuit voltage (Voc) = 0.811 V, fill factor (FF) = 73.3% and
maximum power (Pmax) = 1.99 mW. In conclusion, our concept and designed
material and concept lead to significant promotion of the overall performance of a
DSSC.

Figure 33.
I-V and P-V curve for the best performance DSSC with the cosensitization and 3D PhC.

238

Solar Cells - Theory, Materials and Recent Advances

10. Future prospects of ESC

Compared with traditional silicon solar cells, the DSSC device promises to be less
expensive (the ease of fabrication and cost effectiveness of materials, which do not
need to be highly purified process), thinner, more flexible, and amenable to a wide
range of lighting conditions, all of which makes it viable and efficient solar cells for
the future. Therefore, they said that ESC along with its good performance will
definitely replace c-Si dominated photovoltaic markets very sooner. However,
although each material is extremely inexpensive, the cost of silicon continues to fall
as well. Silicon photovoltaics module are a mature technology and their costs have
continued to reduce from US $1.52 W�1 in 2010 to just US$ 0.39 W�1 in 2018, with
module efficiencies ranging from 15–20% and lifetime guaranteed to 25 years [182].
Unfortunately, the ESC technology is not so trivial that the highest module effi-
ciency, the fastest production methods, or the lowest materials cost necessarily
provides the best module solution. In addition, long term stability is the big chal-
lenge. Therefore, for surviving the future photovoltaic market, we believe ESCs
have to develop the system of transparency with esthetics ability.

Building integrated photovoltaic (BIPV) technology has become an emerging
research hotspot of solar PV technology because it intends to achieve “zero energy
building (ZEB)” consumption through transformations of buildings from energy
consumers to sustainable energy producers [183]. A sustainable building can mini-
mize energy consumption, while at the same time supplying its own energy demand
through self-generation. PV was generally installed on building’s roofs, but it’s very
harsh to meet strict requirements of ZEB regulation. The potential power of rooftop
in the United States is approximately estimated as 1400 TWh/yr. (0.16TW) at
about 16% of module efficiency cell, nearly 40% of the total electricity generation of
the US [184]. In buildings rooftop system with conventional PV application, the
available area for PV installation is limited and it cannot fulfill the building’s energy
needs. On the other hands, transparent or semi-transparent PV windows have a
tremendous potential to increase harvesting area as well as reduce the annual
electricity consumption for cooling and heating. Therefore, we believe transparent
PV is the most promising future energy system and research efforts for minimizing
the tradeoff relation between the average visible transparency (AVT) and power
conversion efficiency (PCE) can decide ESC’s fate [185].

11. Summary

The main aim of this book is to put a comprehensive review how to improve and
what kind of factors are influence on cell performance. Fundamental and profes-
sional understanding of the DSSC has been gained by means of experimental,
electrical and optical modeling and advanced characterization techniques. In this
book, TiO2 photoanode under the category of 0D and 3D structures, organic pho-
tosensitizer, solid state transporting materials and catalytic carbon as a material
field was studied by using various optical and electrical tools. The combined
research efforts have led to the important technical achievements: by controlling
the nanocrystal structure, size, shape, organization and interface of titanium diox-
ide, we have made great progress in controlling the light harvesting, charge transfer
and transport properties in the devices and have greatly boosted the performance of
the devices.. By using specially designed photonic crystals to confine the photons in
the cells, the overall cell efficiency can reach to about 13.26%.
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Chapter 12

2D Organic-Inorganic Hybrid 
Perovskite Light-Absorbing Layer 
in Solar Cells
Meng Wang, Qunliang Song and Sam Zhang

Abstract

With the rapid development of high-performance perovskite solar cell, its 
instability has become an urgent problem to be solved. 2D perovskite is considered 
as a potential light absorbing material for perovskite solar cells due to its excellent 
stability. However, the preparation of high quality 2D perovskite films suitable for 
photovoltaic devices remains a challenge. In this chapter, based on the structural 
and photophysical properties of 2D perovskite thin film materials, the latest 
progress in 2D perovskite cells in recent years and the strategy of controlling the 
film quality of 2D perovskite are summarized, which is of great significance for the 
further development of 2D perovskite photovoltaic devices.

Keywords: perovskite solar cell, stability, 2D perovskite, material property, 
film quality

1. Introduction

To solve the energy crisis coming with the rapid development of the society, 
solar energy is a promising renewable energy source which can convert light to 
electricity in the photovoltaic devices [1]. Among all the photovoltaic devices, 
perovskite solar cell (PSC) attracts researchers’ attention most for its power conver-
sion efficiency (PCE) has been increased from 3.8 to 25.2% in just 10 years [2–6]. 
With strong optical absorption, high carrier mobility and small exciton binding 
energy, organic-inorganic perovskite materials are semiconductors with remarkable 
optical and electrical properties [7–9]. The advantages of solution manufacturing 
and processing are widely used by researchers in solar cells with various structures 
[10]. However, one of the major reasons why high-performance perovskite solar 
cells have not been applied to practical application is the instability of the materials.

The instability of organic-inorganic hybrid perovskite is caused by many intrin-
sic and extrinsic factors. The external environmental factors include moisture, heat, 
oxygen and many other factors. Moisture is considered to be an important factor 
for the instability of perovskite materials, while the presence of light and oxygen 
accelerates the degradation process [11–13]. In addition to the influence of these 
external environmental factors, some intrinsic properties of the perovskite material 
itself also directly lead to its instability, such as composition and ion migration [14]. 
The perovskite materials with excellent photoelectric properties have a strong ionic 
property, indicating that the activation energy of ion migration inside the crystal 
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The instability of organic-inorganic hybrid perovskite is caused by many intrin-
sic and extrinsic factors. The external environmental factors include moisture, heat, 
oxygen and many other factors. Moisture is considered to be an important factor 
for the instability of perovskite materials, while the presence of light and oxygen 
accelerates the degradation process [11–13]. In addition to the influence of these 
external environmental factors, some intrinsic properties of the perovskite material 
itself also directly lead to its instability, such as composition and ion migration [14]. 
The perovskite materials with excellent photoelectric properties have a strong ionic 
property, indicating that the activation energy of ion migration inside the crystal 



Solar Cells - Theory, Materials and Recent Advances

254

is low, and molecular dissociation and ion migration are prone to occur within the 
structure, which limits the structural stability of these materials [15].

In recent years, the two-dimensional (2D) perovskite structure formed by 
introducing large-size organic cations is proved to be more stable than its three-
dimensional (3D) counterpart and it has become a potential light-absorber in the 
PSCs. There are many reasons for the 2D perovskite to exhibit higher stability. The 
2D perovskite has higher formation energy and it is more difficult to be oxidized 
than the 3D structure [16]. Compared with 3D perovskite crystals, the bonding 
forces between organic ions and [PbI6] octahedral units such as van der Waals forces 
and hydrogen bonds are stronger [17]. Due to the presence of large size organic cat-
ions, ion migration is blocked [18]. Meanwhile, the 2D perovskite layer can work as 
passivation layer and blocking layer of moisture and oxygen to enhance the stability 
of perovskite [19, 20].

Although 2D perovskite materials show great potential in terms of stability, the 
relatively lower PCE needs to be improved. In this chapter, based on the structural 
and photophysical properties of 2D perovskite, the latest progress made in 2D PSCs 
in recent years and strategies to improve the performance of 2D PSCs are summa-
rized, which is of great significance for the further development of PSCs based on 
2D perovskite materials. Finally, a brief conclusion and outlook is promoted.

2. Material properties of 2D perovskite materials

2.1 Structural properties of 2D perovskite

The stability of perovskite structure can be described by tolerance factor-t, 

whose calculation formula is: 
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of the atom located at A, B, X site respectively [20]. The perovskite structure with 
tolerance factor in the range of 0.8–1.01 is stable and can form an ideal 3D cubic 
structure [21]. In the stable 3D structure, the octahedrons formed by lead ions and 
halogen ions are infinitely connected, and organic cations are located between the 
spaces formed by the octahedrons [22]. When the size of the organic cation at the A 
site increases, the tolerance factor will exceed the above range finally. Then the 
infinitely connected octahedral structure is broken, and a conductive inorganic 
layer and an insulating organic layer are alternately connected to each other [23]. 
The 2D layered perovskite film can be regarded as the infinitely connected octahe-
dron structure separating by the large-size organic cations, and the thickness of the 
octahedron contained in each layer is n. The value of n is closely related to the ratio 
of large organic spacer cations, and represents the periodicity in the crystal struc-
ture. The perovskite crystal structure with n value ranging from n = 1 to n = ∞ is 
shown in Figure 1. The L-value there denotes the thickness of the inorganic layer in 
each compound [25].

All organic cations capable of forming a 2D perovskite structure have groups 
that can interact with the inorganic layer at their ends and can stably exist in the 
crystal structure. According to the structural characteristics of large-size organic 
cations, the obtained 2D perovskites can be divided into different types. And the 
corresponding PSCs have different performances accordingly. The 2D perovskite 
formed by organic cation similar to BA+ and PEA+, which have only one amino group 
at the end, is called the RP phase, which was first applied to 2D PSCs in 2014 [19]. 
According to the characteristics of the crystal structure and the chemical ratio of 
each ion, the chemical formula of the 2D RP phase perovskite is AAn − 1BnX3n + 1. [26] 
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As shown in Figure 2(a), the RP phase crystal is coupled by weak van der Waals 
forces. BA+ and PEA+ are the most widely studied organic spacer cations in 2D RP 
PSCs. In subsequent studies, organic cations such as AVA+, PEI+, PPA+ have been 
extensively studied [27–29]. The development of new organic spacers cations is an 
important way to improve the performance of 2D perovskite solar cells. Recently, 
2D RP PSCs with a record PCE more than 19% was prepared by using an organic-
salt-assisted crystal growth (OACG) technique, which can induce the crystal growth 
and orientation, tune the surface energy levels, and suppress the losses caused by 
charge recombination [30]. The 2D perovskite formed by organic cation similar to 
EDA2+, which have two amino groups that can interact with inorganic layers at both 
ends is called the DJ phase. Its chemical formula and crystal structure are shown 
in Figure 2(b) [31]. The DJ phase has better stability than RP perovskite (van der 
Waals interaction) because the spacer cations with two amino groups at both ends 
can form hydrogen bonds with inorganic plates without any gaps [32]. Ke et al. 
used 3-(amino methyl) piperidine (3-AMP2+) as organic spacers. Compared with 
the single A-site cation, mixing cation (3AMP)(MA0.75FA0.25)3Pb4I13 perovskite 
has a narrower band gap, less inorganic skeleton distortion and the larger Pb-I-Pb 
angle [33]. Cohen used BDA2+ as an organic spacer cation and achieved 15.6% PCE 

Figure 1. 
Crystal structures of the 2D lead iodide perovskites, (BA)2(MA)n − 1PbnI3n + 1, ranging from n = 1 to n = ∞. 
The L-value denotes the thickness of the inorganic layer in each compound [24]. Copyright 2016, American 
Chemical Society.

Figure 2. 
Schematic representation of (a) RP phase (b) DJ phase (c) ACI phase [26, 31, 35]. Copyright 2000, springer. 
Copyright 2018, American Chemical Society. Copyright 2017, American Chemical Society.
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is low, and molecular dissociation and ion migration are prone to occur within the 
structure, which limits the structural stability of these materials [15].

In recent years, the two-dimensional (2D) perovskite structure formed by 
introducing large-size organic cations is proved to be more stable than its three-
dimensional (3D) counterpart and it has become a potential light-absorber in the 
PSCs. There are many reasons for the 2D perovskite to exhibit higher stability. The 
2D perovskite has higher formation energy and it is more difficult to be oxidized 
than the 3D structure [16]. Compared with 3D perovskite crystals, the bonding 
forces between organic ions and [PbI6] octahedral units such as van der Waals forces 
and hydrogen bonds are stronger [17]. Due to the presence of large size organic cat-
ions, ion migration is blocked [18]. Meanwhile, the 2D perovskite layer can work as 
passivation layer and blocking layer of moisture and oxygen to enhance the stability 
of perovskite [19, 20].

Although 2D perovskite materials show great potential in terms of stability, the 
relatively lower PCE needs to be improved. In this chapter, based on the structural 
and photophysical properties of 2D perovskite, the latest progress made in 2D PSCs 
in recent years and strategies to improve the performance of 2D PSCs are summa-
rized, which is of great significance for the further development of PSCs based on 
2D perovskite materials. Finally, a brief conclusion and outlook is promoted.

2. Material properties of 2D perovskite materials

2.1 Structural properties of 2D perovskite

The stability of perovskite structure can be described by tolerance factor-t, 
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of the atom located at A, B, X site respectively [20]. The perovskite structure with 
tolerance factor in the range of 0.8–1.01 is stable and can form an ideal 3D cubic 
structure [21]. In the stable 3D structure, the octahedrons formed by lead ions and 
halogen ions are infinitely connected, and organic cations are located between the 
spaces formed by the octahedrons [22]. When the size of the organic cation at the A 
site increases, the tolerance factor will exceed the above range finally. Then the 
infinitely connected octahedral structure is broken, and a conductive inorganic 
layer and an insulating organic layer are alternately connected to each other [23]. 
The 2D layered perovskite film can be regarded as the infinitely connected octahe-
dron structure separating by the large-size organic cations, and the thickness of the 
octahedron contained in each layer is n. The value of n is closely related to the ratio 
of large organic spacer cations, and represents the periodicity in the crystal struc-
ture. The perovskite crystal structure with n value ranging from n = 1 to n = ∞ is 
shown in Figure 1. The L-value there denotes the thickness of the inorganic layer in 
each compound [25].

All organic cations capable of forming a 2D perovskite structure have groups 
that can interact with the inorganic layer at their ends and can stably exist in the 
crystal structure. According to the structural characteristics of large-size organic 
cations, the obtained 2D perovskites can be divided into different types. And the 
corresponding PSCs have different performances accordingly. The 2D perovskite 
formed by organic cation similar to BA+ and PEA+, which have only one amino group 
at the end, is called the RP phase, which was first applied to 2D PSCs in 2014 [19]. 
According to the characteristics of the crystal structure and the chemical ratio of 
each ion, the chemical formula of the 2D RP phase perovskite is AAn − 1BnX3n + 1. [26] 
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As shown in Figure 2(a), the RP phase crystal is coupled by weak van der Waals 
forces. BA+ and PEA+ are the most widely studied organic spacer cations in 2D RP 
PSCs. In subsequent studies, organic cations such as AVA+, PEI+, PPA+ have been 
extensively studied [27–29]. The development of new organic spacers cations is an 
important way to improve the performance of 2D perovskite solar cells. Recently, 
2D RP PSCs with a record PCE more than 19% was prepared by using an organic-
salt-assisted crystal growth (OACG) technique, which can induce the crystal growth 
and orientation, tune the surface energy levels, and suppress the losses caused by 
charge recombination [30]. The 2D perovskite formed by organic cation similar to 
EDA2+, which have two amino groups that can interact with inorganic layers at both 
ends is called the DJ phase. Its chemical formula and crystal structure are shown 
in Figure 2(b) [31]. The DJ phase has better stability than RP perovskite (van der 
Waals interaction) because the spacer cations with two amino groups at both ends 
can form hydrogen bonds with inorganic plates without any gaps [32]. Ke et al. 
used 3-(amino methyl) piperidine (3-AMP2+) as organic spacers. Compared with 
the single A-site cation, mixing cation (3AMP)(MA0.75FA0.25)3Pb4I13 perovskite 
has a narrower band gap, less inorganic skeleton distortion and the larger Pb-I-Pb 
angle [33]. Cohen used BDA2+ as an organic spacer cation and achieved 15.6% PCE 

Figure 1. 
Crystal structures of the 2D lead iodide perovskites, (BA)2(MA)n − 1PbnI3n + 1, ranging from n = 1 to n = ∞. 
The L-value denotes the thickness of the inorganic layer in each compound [24]. Copyright 2016, American 
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Figure 2. 
Schematic representation of (a) RP phase (b) DJ phase (c) ACI phase [26, 31, 35]. Copyright 2000, springer. 
Copyright 2018, American Chemical Society. Copyright 2017, American Chemical Society.
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without additives and any additional treatment [34]. The 2D perovskite formed by 
organic cation similar to GA+, which can alternate interact with MA+ in the organic 
layers, is called the ACI phase. Its chemical formula and crystal structure are shown 
in Figure 2(c) [35]. Due to its relatively small difference in ion size from MA+ and 
FA+, it has smaller exciton binding energy and weaker quantum confined effect. 
So, it is expected to achieve higher efficiency. The perovskite solar cells with BEA2+ 
ligand achieved high efficiency of 14.48 and 17.39% when doped with and without 
Cs+ respectively [36]. Zhao’s team achieved a high PCE of 18.48% by adding methyl 
ammonium chloride as an additive to effectively control the film quality of ACI 2D 
perovskite (GA)(MA)nPbnI3n + 1 (n = 3), showing great potential of ACI perovskite 
with high stability and PCE [37].

2.2 Photophysical properties of 2D perovskite materials

Compared with 3D perovskites, 2D perovskite has a greater chemical and 
structural flexibility. The optical, electrical, and charge transfer properties can 
be regulated by controlling the width and composition of the potential well and 
barrier. In the 2D perovskite structure, a quantum well structure is formed between 
the insulating organic layer and the conductive inorganic layer, resulting in a 
quantum confinement effect [38]. The dielectric confinement effect is caused by 
the different dielectric constants of the potential well and the barrier, coupled with 
the quantum space limitation. The optical gap of 2D perovskites has a higher value 
than its 3D counterparts [39]. Zhang’s work explored the inherent properties of 2D 
layered perovskites (PEA)2PbI4(N) and Cs2PbI4(N), and demonstrated that their 
structure and properties vary with N. The results reveal that both (PEA)2PbI4(N) 
and Cs2PbI4(N) are direct bandgap semiconductors. When N ≥ 3, their band/optical 
gap and exciton binding energy vary linearly by 1/N. This work shows that ultra-
thin 2D materials can become potential candidates for nano-optoelectronic devices, 
and nanoplates with N ≥ 3 can have similar properties to bulk materials in terms 
of carrier migration and exciton separation, so they can be effectively applied for 
photovoltaic devices [40].

Figure 3 shows the absorption and emission spectra of a series of ultra-thin 
(BA)2(MA)n-1PbnI3n + 1 (n = 1–5) crystal layers mechanically peeled off from the 
pure phase (fixed n) single crystal by Blancon et al. In the exfoliated crystal, as 
n decreases from 5 to 1 (quantum well thickness varies from 3.139 to 0.641 nm), 
the band edge absorption and emission peaks monotonically increase from 1.85 
to 2.42 eV. Due to the quantum and dielectric confinement effect, exciton binding 

Figure 3. 
(Left) absorption and (right) PL Spectrum of the exfoliated (BA)2 (MA)n-1PbnI3n+1 crystals  
(from n = 1 to 5) [41]. Copyright 2017, American Association for the Advancement of Science (AAAS).
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energies are approximately one order of magnitude higher than the values found 
in 3D perovskites. Their results also show that in the film, the optical band gap is 
consistent with that of the exfoliated crystal at n = 1 and n = 2, but the red shifts 
about 200–300 meV at n = 3–5 [41].

3. Film quality control of 2D perovskite

Consistent with the situation in the 3D PSCs, it is of vital importance to control 
the film quality of absorption layer for a high-performance 2D PSC. For the synthe-
sis of the light-absorption layer, the most-commonly used spin-coating method is 
applied. However, things become more difficult when it comes to the crystallization 
process of the 2D perovskite films. To improve the film quality of the 2D peroskite, 
many strategies are used to optimize the film quality, mainly focusing on adjusting 
the crystal orientation and the phase distribution, as summarized below.

3.1 Vertical orientation

The precursor solution of 2D perovskite is prepared by mixing and dissolving 
ammonium salt of the organic cation spacers, ammonium salt of the A-site organic 
cations and metal halide according to a certain proportion (depending on n value). 
During the crystallization process, competition was confirmed to occur between 
the large organic cations and A-site organic cations [18]. To be more specific, the 
large organic spacers tend to form a low-dimensional perovskite while the A-site 
cations tend to form a 3D structure. The low-n phases are prone to have a horizon-
tal orientation instead of vertical orientation, which is unfavorable to the charge 
transfer. Since the presence of insulating large-size organic cations will hinder the 
charge transport out-of-plane, Tsai, H. et al. used a hot-casting technology in 2016 
to prepare high-quality films, which means that the substrate is preheated before 
spin-coating the perovskite precursor solution. With this method, a more beneficial 
crystal growth along (111) and (202) planes is observed instead of random orienta-
tion [42]. The application of the hot-casting method has promoted the efficiency 
of 2D PSCs and confirmed the importance of the crystal orientation perpendicular 
to the substrate for the performance improvement. At present, hot-casting method 
is widely used for better performance of the 2D PSCs. However, it is hard to keep 
temperature accurate and uniform when transferring the substrate from the hot-
plate to the spin-coater. To solve this problem, Li et.al partially replaced the BA+ 
with MA+ in the BAMA quasi-2D perovskite, reducing the dependence on the 
preheating of the substrate. After being replaced, the quantum confinement effect 
of the perovskite film is weakened, the crystallization barrier is reduced, and higher 
quality perovskite film crystals and fewer defect states are obtained [43]. Beyond 
ion replacement, the morphology of the 2D DJ perovskite film with rigid piperidine 
ring was adjusted by MASCN additive at room temperature. By optimizing the 
amount of added MASCN, the perovskite film deposited on the substrate has good 
crystallinity, preferred orientation, reduced defects and better energy level align-
ment with the transport layer. The device had an inverted planar structure with a 
maximum PCE of 16.25%, which is the highest PCE of 2D DJ PVSCs without hot 
casting. After being exposed to air for 35 days, the unencapsulated device maintains 
about 80% of its initial efficiency (Hr 45 ± 5%). It provides a possiblely practical 
way for the development of high-performance 2D DJ PSCs [44].

Many other fabrication methods besides hot-casting have also been applied 
to obtain a vertical crystal orientation. Ke et al. used a two-step method of spin-
coating a stoichiometric precursor containing PEAI and PbI2, then performing FAI, 
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without additives and any additional treatment [34]. The 2D perovskite formed by 
organic cation similar to GA+, which can alternate interact with MA+ in the organic 
layers, is called the ACI phase. Its chemical formula and crystal structure are shown 
in Figure 2(c) [35]. Due to its relatively small difference in ion size from MA+ and 
FA+, it has smaller exciton binding energy and weaker quantum confined effect. 
So, it is expected to achieve higher efficiency. The perovskite solar cells with BEA2+ 
ligand achieved high efficiency of 14.48 and 17.39% when doped with and without 
Cs+ respectively [36]. Zhao’s team achieved a high PCE of 18.48% by adding methyl 
ammonium chloride as an additive to effectively control the film quality of ACI 2D 
perovskite (GA)(MA)nPbnI3n + 1 (n = 3), showing great potential of ACI perovskite 
with high stability and PCE [37].

2.2 Photophysical properties of 2D perovskite materials

Compared with 3D perovskites, 2D perovskite has a greater chemical and 
structural flexibility. The optical, electrical, and charge transfer properties can 
be regulated by controlling the width and composition of the potential well and 
barrier. In the 2D perovskite structure, a quantum well structure is formed between 
the insulating organic layer and the conductive inorganic layer, resulting in a 
quantum confinement effect [38]. The dielectric confinement effect is caused by 
the different dielectric constants of the potential well and the barrier, coupled with 
the quantum space limitation. The optical gap of 2D perovskites has a higher value 
than its 3D counterparts [39]. Zhang’s work explored the inherent properties of 2D 
layered perovskites (PEA)2PbI4(N) and Cs2PbI4(N), and demonstrated that their 
structure and properties vary with N. The results reveal that both (PEA)2PbI4(N) 
and Cs2PbI4(N) are direct bandgap semiconductors. When N ≥ 3, their band/optical 
gap and exciton binding energy vary linearly by 1/N. This work shows that ultra-
thin 2D materials can become potential candidates for nano-optoelectronic devices, 
and nanoplates with N ≥ 3 can have similar properties to bulk materials in terms 
of carrier migration and exciton separation, so they can be effectively applied for 
photovoltaic devices [40].

Figure 3 shows the absorption and emission spectra of a series of ultra-thin 
(BA)2(MA)n-1PbnI3n + 1 (n = 1–5) crystal layers mechanically peeled off from the 
pure phase (fixed n) single crystal by Blancon et al. In the exfoliated crystal, as 
n decreases from 5 to 1 (quantum well thickness varies from 3.139 to 0.641 nm), 
the band edge absorption and emission peaks monotonically increase from 1.85 
to 2.42 eV. Due to the quantum and dielectric confinement effect, exciton binding 
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energies are approximately one order of magnitude higher than the values found 
in 3D perovskites. Their results also show that in the film, the optical band gap is 
consistent with that of the exfoliated crystal at n = 1 and n = 2, but the red shifts 
about 200–300 meV at n = 3–5 [41].

3. Film quality control of 2D perovskite

Consistent with the situation in the 3D PSCs, it is of vital importance to control 
the film quality of absorption layer for a high-performance 2D PSC. For the synthe-
sis of the light-absorption layer, the most-commonly used spin-coating method is 
applied. However, things become more difficult when it comes to the crystallization 
process of the 2D perovskite films. To improve the film quality of the 2D peroskite, 
many strategies are used to optimize the film quality, mainly focusing on adjusting 
the crystal orientation and the phase distribution, as summarized below.

3.1 Vertical orientation

The precursor solution of 2D perovskite is prepared by mixing and dissolving 
ammonium salt of the organic cation spacers, ammonium salt of the A-site organic 
cations and metal halide according to a certain proportion (depending on n value). 
During the crystallization process, competition was confirmed to occur between 
the large organic cations and A-site organic cations [18]. To be more specific, the 
large organic spacers tend to form a low-dimensional perovskite while the A-site 
cations tend to form a 3D structure. The low-n phases are prone to have a horizon-
tal orientation instead of vertical orientation, which is unfavorable to the charge 
transfer. Since the presence of insulating large-size organic cations will hinder the 
charge transport out-of-plane, Tsai, H. et al. used a hot-casting technology in 2016 
to prepare high-quality films, which means that the substrate is preheated before 
spin-coating the perovskite precursor solution. With this method, a more beneficial 
crystal growth along (111) and (202) planes is observed instead of random orienta-
tion [42]. The application of the hot-casting method has promoted the efficiency 
of 2D PSCs and confirmed the importance of the crystal orientation perpendicular 
to the substrate for the performance improvement. At present, hot-casting method 
is widely used for better performance of the 2D PSCs. However, it is hard to keep 
temperature accurate and uniform when transferring the substrate from the hot-
plate to the spin-coater. To solve this problem, Li et.al partially replaced the BA+ 
with MA+ in the BAMA quasi-2D perovskite, reducing the dependence on the 
preheating of the substrate. After being replaced, the quantum confinement effect 
of the perovskite film is weakened, the crystallization barrier is reduced, and higher 
quality perovskite film crystals and fewer defect states are obtained [43]. Beyond 
ion replacement, the morphology of the 2D DJ perovskite film with rigid piperidine 
ring was adjusted by MASCN additive at room temperature. By optimizing the 
amount of added MASCN, the perovskite film deposited on the substrate has good 
crystallinity, preferred orientation, reduced defects and better energy level align-
ment with the transport layer. The device had an inverted planar structure with a 
maximum PCE of 16.25%, which is the highest PCE of 2D DJ PVSCs without hot 
casting. After being exposed to air for 35 days, the unencapsulated device maintains 
about 80% of its initial efficiency (Hr 45 ± 5%). It provides a possiblely practical 
way for the development of high-performance 2D DJ PSCs [44].

Many other fabrication methods besides hot-casting have also been applied 
to obtain a vertical crystal orientation. Ke et al. used a two-step method of spin-
coating a stoichiometric precursor containing PEAI and PbI2, then performing FAI, 
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and then dropping the solution and spin-coating it on the substrate to prepare 2D 
perovskite film [45]. Koh et al. also obtained preferential oriented growth of 2D 
perovskite perpendicular to the substrate through the immersion method, greatly 
improving the charge transport and extraction [46].

Adding additives was also proved to be an effective method to modify the crystal 
orientation. The role of additives in the 3D perovskite includes improving the 
morphology of the film, adjusting the energy level alignment, inhibiting the non-
radiative recombination inside the film, eliminating the hysteresis of the device and 
so on [47–50]. Additives play the same roles in 2D PSCs. However, due to the dif-
ferent crystallization process, they have some other effects. Xinqian Zhang and his 
colleagues improved the PCE of (PEA)2(MA)n-1PbnI3n + 1 (n = 5) PSC from the initial 
0.56% (without NH4SCN) to 11.01% through optimized NH4SCN addition. The per-
formance improvement was attributed to the vertically oriented highly crystalline 
2D perovskite film and balanced electron/hole transport [51]. NH4SCN additives 
was also proved to be a simple and effective method to induce the growth direction 
of 2D DJ phase perovskite crystals perpendicular to the substrate, and at the same 
time the phase distribution in the perovskite crystals can be concentrated near the 
phases of n = 3 and n = 4. The quasi 2D DJ phase (BDA)(MA))4Pb5I16 perovskite film 
based on NH4SCN treatment has a PCE of 14.53%. In addition, after storing under 
an environmental condition of 50 ± 5% humidity for 900 hours, the device retained 
85% of its initial PCE [52]. Xu Zhang and his colleagues demonstrated in their work 
that a 2D BA2(MA)3Pb4I13 PSC doped with cesium cation (Cs+) had a PCE of up to 
13.7%. The efficiency increased from 12.3% (without Cs+) to 13.7% (with 5% Cs+) 
due to perfectly controlled crystal orientation, increased grain size, excellent surface 
quality, reduced density of trap states, and enhanced carrier mobility [53].

3.2 Phase distribution

The coexistence of 2D perovskite phase and 3D perovskite phase lead to a phase 
impurity inside the low-dimensional films. Though hot-casting method has become 
an effective way to improve the efficiency of 2D PSCs, the impurity and phase 
distribution in 2D perovskite films were ignored at the early stage of studying 2D 
PSCs. Jin’s work also shows that multiple phases of n = 2, 3, 4, and n ≈ ∞ coexist in 
a 2D peovskite film with a nominal n value of 4. And they are naturally arranged 
perpendicular to the substrate. Through transient absorption spectroscopy analysis, 
they successfully observed continuous light-induced electron transfer from small 
n-phase to large n-phase driven by the band offset. And hole transfer in the opposite 
direction within hundreds of picoseconds was also observed. Exciton absorption 
peaks corresponding to different phases appear on the absorption spectrum, which 
is a strong evidence for the coexistence of mixed phases with different n values in 
the thin film. The strength of emission peaks corresponding to different n values 
was different when excited from the perovskite film side and the glass side, which 
confirmed the gradient distribution from small n value to large n value in the film 
[54]. Therefore, the mixed phases with multiple n values affect performance of 
2D PSC from two aspects. One is phase purity, and the other is the arrangement of 
those phases. Besides gradient distribution in the vertical direction, other phase 
distributions may occur in low-dimensional perovskite films prepared by solu-
tion method. To realize high-performance low-dimensional perovskite cells, it is 
 necessary to deliberately regulate the phase distribution inside the film.

In 2018, Liu’s team used in situ time-resolved GIWAXS technology to track 
the transition process from precursor solution to solid film under different condi-
tions of substrate temperatures and different solvents of precursor solutions. The 
results reveal that under lower temperature the intermediate phase formed by lead 
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iodide crystal and solvate complexes can cause multiple RP phases with random 
grain orientations. It is better for the disordered solvate to transform to perovskite 
directly [55]. The mixed phases in the low-dimensional perovskite thin film crystals 
are prone to energy transfer, resulting in large Voc loss. To get a more vertically 
phase distribution, later Liu’s team transferred the device to a hot plate at a suitable 
temperature for several hours after the 2D perovskite device was prepared, which 
is called a slow post-annealing (SPA) method. Such a device obtains an open circuit 
voltage as high as 1.24 V, which proves that the quantum well effect in the perovskite 
film is reduced to greatly improve the charge transfer and extraction efficiency in 
the device. They compared the phase distribution of the SPA films with the film 
prepared by the hot casting method and at room temperature respectively. Inside 
the thin film prepared at room temperature, the phases with different n values are 
randomly distributed. There is a sudden and uneven phase gradient inside the thin 
film prepared by the hot-casting method, resulting in the presence of 2D phase and 
3D phase at the bottom and top respectively. After SPA treatment, the phase distri-
bution inside the thin film appears more orderly [56]. Tiefeng Liu and his colleagues 
reported that the phase distribution of different n values in a 2D perovskite film 
deposited on a hole transport layer is different from that on a glass substrate. Due 
to the colloidal characteristics of the perovskite precursor, the vertical distribution 
can be explained by the sedimentation equilibrium. The addition of acid changes 
the precursor from colloid to solution, thereby changing the phase distribution. 
The self-assembled layer was used to modify the acidic surface properties of the 
hole transport layer, which can cause the vertical distribution required for charge 
transport. The surface-modified 2D PSC had a higher open circuit voltage and a 
higher efficiency than the control device [57].

Zhou and his colleagues proved that by controlling the crystal growth direction 
and growth rate, the phase distribution and carrier transport of quasi-2D perovskite 
films can be controlled. They found that using ethyl acetate as an anti-solvent can 
change the growth direction of quasi-2D perovskites by accelerating the formation 
of surface crystals. In addition, through the introduction of MACl and DMSO in 
the preparation process, the film with the phases of n = 3 and n = 4 was success-
fully obtained. With the addition of MACl and DMSO in the precursor solution, an 
intermediate phase is formed, which slows down the rate of crystallization in the 
solution. In addition, by correlating the phase distribution with the device charac-
teristics, it was shown that the performance of the solar cell is sensitive to the phase 
purity and phase distribution [58].

Zhang Jia et.al confirmed that the phase distribution obtained in the film pre-
pared by the vacuum-poling method is different from the traditional films that the 
phases with n value from small to large are arranged in a gradient distribution from 
the bottom to the top. The research result showed that the phases with different n 
values show a uniform distribution inside the film. The uniform phase distribution 
was confirmed by the PL results. When excited from the perovskite film side and 
from the glass side, and after the film is peeled off by the tape, the measured PL 
spectrum showed negligible differences, proving the uniform distribution of the 
mixed phase. In this case, the excellent PCE up to 18% can be ascribed to the short-
est charge transfer path [59].

4. Conclusions

The high stability and relatively poor capability to convert light to electricity 
of low-dimensional perovskite films are the two aspects that need to be balanced. 
Based on the above analysis, we conclude that crystal growth direction and phase 
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and then dropping the solution and spin-coating it on the substrate to prepare 2D 
perovskite film [45]. Koh et al. also obtained preferential oriented growth of 2D 
perovskite perpendicular to the substrate through the immersion method, greatly 
improving the charge transport and extraction [46].

Adding additives was also proved to be an effective method to modify the crystal 
orientation. The role of additives in the 3D perovskite includes improving the 
morphology of the film, adjusting the energy level alignment, inhibiting the non-
radiative recombination inside the film, eliminating the hysteresis of the device and 
so on [47–50]. Additives play the same roles in 2D PSCs. However, due to the dif-
ferent crystallization process, they have some other effects. Xinqian Zhang and his 
colleagues improved the PCE of (PEA)2(MA)n-1PbnI3n + 1 (n = 5) PSC from the initial 
0.56% (without NH4SCN) to 11.01% through optimized NH4SCN addition. The per-
formance improvement was attributed to the vertically oriented highly crystalline 
2D perovskite film and balanced electron/hole transport [51]. NH4SCN additives 
was also proved to be a simple and effective method to induce the growth direction 
of 2D DJ phase perovskite crystals perpendicular to the substrate, and at the same 
time the phase distribution in the perovskite crystals can be concentrated near the 
phases of n = 3 and n = 4. The quasi 2D DJ phase (BDA)(MA))4Pb5I16 perovskite film 
based on NH4SCN treatment has a PCE of 14.53%. In addition, after storing under 
an environmental condition of 50 ± 5% humidity for 900 hours, the device retained 
85% of its initial PCE [52]. Xu Zhang and his colleagues demonstrated in their work 
that a 2D BA2(MA)3Pb4I13 PSC doped with cesium cation (Cs+) had a PCE of up to 
13.7%. The efficiency increased from 12.3% (without Cs+) to 13.7% (with 5% Cs+) 
due to perfectly controlled crystal orientation, increased grain size, excellent surface 
quality, reduced density of trap states, and enhanced carrier mobility [53].

3.2 Phase distribution

The coexistence of 2D perovskite phase and 3D perovskite phase lead to a phase 
impurity inside the low-dimensional films. Though hot-casting method has become 
an effective way to improve the efficiency of 2D PSCs, the impurity and phase 
distribution in 2D perovskite films were ignored at the early stage of studying 2D 
PSCs. Jin’s work also shows that multiple phases of n = 2, 3, 4, and n ≈ ∞ coexist in 
a 2D peovskite film with a nominal n value of 4. And they are naturally arranged 
perpendicular to the substrate. Through transient absorption spectroscopy analysis, 
they successfully observed continuous light-induced electron transfer from small 
n-phase to large n-phase driven by the band offset. And hole transfer in the opposite 
direction within hundreds of picoseconds was also observed. Exciton absorption 
peaks corresponding to different phases appear on the absorption spectrum, which 
is a strong evidence for the coexistence of mixed phases with different n values in 
the thin film. The strength of emission peaks corresponding to different n values 
was different when excited from the perovskite film side and the glass side, which 
confirmed the gradient distribution from small n value to large n value in the film 
[54]. Therefore, the mixed phases with multiple n values affect performance of 
2D PSC from two aspects. One is phase purity, and the other is the arrangement of 
those phases. Besides gradient distribution in the vertical direction, other phase 
distributions may occur in low-dimensional perovskite films prepared by solu-
tion method. To realize high-performance low-dimensional perovskite cells, it is 
 necessary to deliberately regulate the phase distribution inside the film.

In 2018, Liu’s team used in situ time-resolved GIWAXS technology to track 
the transition process from precursor solution to solid film under different condi-
tions of substrate temperatures and different solvents of precursor solutions. The 
results reveal that under lower temperature the intermediate phase formed by lead 
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iodide crystal and solvate complexes can cause multiple RP phases with random 
grain orientations. It is better for the disordered solvate to transform to perovskite 
directly [55]. The mixed phases in the low-dimensional perovskite thin film crystals 
are prone to energy transfer, resulting in large Voc loss. To get a more vertically 
phase distribution, later Liu’s team transferred the device to a hot plate at a suitable 
temperature for several hours after the 2D perovskite device was prepared, which 
is called a slow post-annealing (SPA) method. Such a device obtains an open circuit 
voltage as high as 1.24 V, which proves that the quantum well effect in the perovskite 
film is reduced to greatly improve the charge transfer and extraction efficiency in 
the device. They compared the phase distribution of the SPA films with the film 
prepared by the hot casting method and at room temperature respectively. Inside 
the thin film prepared at room temperature, the phases with different n values are 
randomly distributed. There is a sudden and uneven phase gradient inside the thin 
film prepared by the hot-casting method, resulting in the presence of 2D phase and 
3D phase at the bottom and top respectively. After SPA treatment, the phase distri-
bution inside the thin film appears more orderly [56]. Tiefeng Liu and his colleagues 
reported that the phase distribution of different n values in a 2D perovskite film 
deposited on a hole transport layer is different from that on a glass substrate. Due 
to the colloidal characteristics of the perovskite precursor, the vertical distribution 
can be explained by the sedimentation equilibrium. The addition of acid changes 
the precursor from colloid to solution, thereby changing the phase distribution. 
The self-assembled layer was used to modify the acidic surface properties of the 
hole transport layer, which can cause the vertical distribution required for charge 
transport. The surface-modified 2D PSC had a higher open circuit voltage and a 
higher efficiency than the control device [57].

Zhou and his colleagues proved that by controlling the crystal growth direction 
and growth rate, the phase distribution and carrier transport of quasi-2D perovskite 
films can be controlled. They found that using ethyl acetate as an anti-solvent can 
change the growth direction of quasi-2D perovskites by accelerating the formation 
of surface crystals. In addition, through the introduction of MACl and DMSO in 
the preparation process, the film with the phases of n = 3 and n = 4 was success-
fully obtained. With the addition of MACl and DMSO in the precursor solution, an 
intermediate phase is formed, which slows down the rate of crystallization in the 
solution. In addition, by correlating the phase distribution with the device charac-
teristics, it was shown that the performance of the solar cell is sensitive to the phase 
purity and phase distribution [58].

Zhang Jia et.al confirmed that the phase distribution obtained in the film pre-
pared by the vacuum-poling method is different from the traditional films that the 
phases with n value from small to large are arranged in a gradient distribution from 
the bottom to the top. The research result showed that the phases with different n 
values show a uniform distribution inside the film. The uniform phase distribution 
was confirmed by the PL results. When excited from the perovskite film side and 
from the glass side, and after the film is peeled off by the tape, the measured PL 
spectrum showed negligible differences, proving the uniform distribution of the 
mixed phase. In this case, the excellent PCE up to 18% can be ascribed to the short-
est charge transfer path [59].

4. Conclusions

The high stability and relatively poor capability to convert light to electricity 
of low-dimensional perovskite films are the two aspects that need to be balanced. 
Based on the above analysis, we conclude that crystal growth direction and phase 
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enough and the crystal growth mechanism and carrier transport kinetics are still 
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Abstract

Inorganic crystalline silicon solar cells account for more than 90% of the market 
despite a recent surge in research efforts to develop new architectures and materials 
such as organics and perovskites. The reason why most commercial solar cells are using 
crystalline silicon as the absorber layer include long-term stability, the abundance of 
silicone, relatively low manufacturing costs, ability for doping by other elements, and 
native oxide passivation layer. However, the indirect band gap nature of crystalline 
silicon makes it a poor light emitter, limiting its solar conversion efficiency. For instance, 
compared to the extraordinary high light absorption coefficient of perovskites, silicon 
requires 1000 times more material to absorb the same amount of sunlight. In order 
to reduce the cost per watt and improve watt per gram utilization of future genera-
tions of solar cells, reducing the active absorber thickness is a key design requirement. 
This is where novel two-dimensional (2d) materials like graphene, MoS2 come into 
play because they could lead to thinner, lightweight and flexible solar cells. In this 
chapter, we aim to follow up on the most important and novel developments that have 
been recently reported on solar cells. Section-2 is devoted to the properties, synthesis 
techniques of different 2d materials like graphene, TMDs, and perovskites. In the next 
section-3, various types of photovoltaic cells, 2d Schottky, 2d homojunction, and 2d 
heterojunction have been described. Systematic development to enhance the PCE 
with recent techniques has been discussed in section-4. Also, 2d Ruddlesden-Popper 
perovskite explained briefly. New developments in the field of the solar cell via upcon-
version and downconversion processes are illustrated and described in section-5. The 
next section is dedicated to the recent developments and challenges in the fabrication of 
2d photovoltaic cells, additionally with various applications. Finally, we will also address 
future directions yet to be explored for enhancing the performance of solar cells.
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1. Introduction

Because of excessive utilization and consumption, the conventional fuel sources 
started depleting rapidly. In this direction, there is an urgent need for reconstruc-
tion of energy infrastructure, which is based on environmentally sustainable energy 
technologies such as wind, water, and solar. The worldwide research attracted 
towards solar energy, converting light energy into electrical energy. Solar photo-
voltaic is a pollution-free, efficient, renewable, reliable, rich, and continual source 
of energy. The photovoltaic solar cell, well-known technique, provides the solution 
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1. Introduction

Because of excessive utilization and consumption, the conventional fuel sources 
started depleting rapidly. In this direction, there is an urgent need for reconstruc-
tion of energy infrastructure, which is based on environmentally sustainable energy 
technologies such as wind, water, and solar. The worldwide research attracted 
towards solar energy, converting light energy into electrical energy. Solar photo-
voltaic is a pollution-free, efficient, renewable, reliable, rich, and continual source 
of energy. The photovoltaic solar cell, well-known technique, provides the solution 
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of energy source crises in the 21st century. The main mechanism for the conver-
sion of light to electricity: photovoltaic effect, photoconductivity, and photovoltaic 
effect (bulk). There is the requirement of a p-n junction in which electron and holes 
(photo-induced) in p-type and n-type materials partitioned transport a gathered 
to an electrode for production of photocurrent. In 1839, Edmond Becquerel first 
of all showed the demonstration of photovoltaic effect [1–2]. In the absence of p-n 
junction the conductivity of the semiconductor sample rises (by the illumination), 
it happens when the number of free electrons is increased, this is famed as photo-
conductivity. The electricity generated through the photovoltaic solar cells is not 
so cost-efficient in comparison to the grid power which we are using today [3]. At 
the large scale the solar energy conversion which should be low cost, there is a need 
for such type semiconducting materials that will make the production processes 
easily measurable and economically feasible [4]. In this direction two-dimensional 
(2d) material is referred to as impediment in one dimension between the size range 
0–100 nanometers (nm), while the rest of the two dimensions are of micrometer 
range [5]. Furthermore, the configuration of atom and bond strength in 2d is iden-
tic and much stronger than that of bulk materials [6]. Also, ultrathin 2d nanomate-
rials have uncommon properties from their alternative nanostructured materials, 
such as three-dimensional (3d) nanocubes, one-dimensional (1d) nanotubes, and 
zero-dimensional (0d) quantum dots. First, the ultra-thickness of 2d nanomaterials 
provides high charge carrier, high charge mobility both at low and 300 kelvin (K) 
temperature, and high thermal conductivity [7–9]. Second, quantum confinement 
of 2d nanomaterials especially single layer or atomic thick layer, displays a number 
of properties, such as conductivity, tunable bandgap, surface activity, and magnetic 
anisotropy [10–11]. Third, the quantum Hall Effect (QHE) is shown by defect-free 
2d materials, even at 300 K. The defect-free 2d materials have the electrons with a 
concentric (scatter-less) motion that allows the high charge carrier [12–13]. Fourth, 
the large ultrahigh surface area, keeping atomic-sized thickness, shows them 
ultrahigh specific surface area [14–15]. Therefore, photovoltaic solar cell manufac-
tured by two-dimensional materials is a well-versed method in between of scientific 
community.

In the present chapter, we aim to follow up on the most important and novel 
developments that have been recently reported on solar cells. Section-2 is devoted to 
the properties, synthesis techniques of different 2d materials like graphene, transi-
tion metal dichalcogenides (TMDs), and perovskites. In the next section-3, various 
types of photovoltaic cells, 2d Schottky, 2d homojunction, and 2d heterojunction 
have been described. Systematic development to enhance the power conversion 
efficiency (PCE) with recent techniques has been discussed in section-4. Also, 2d 
Ruddlesden-Popper perovskite explained briefly. New developments in the field of 
the solar cell via upconversion and downconversion processes are illustrated and 
described in section-5. The next section is dedicated to the recent developments 
and challenges in the fabrication of 2d photovoltaic cells, additionally with various 
applications. Finally, we will also address future directions yet to be explored for 
enhancing the performance of solar cells.

2. Photovoltaic materials

2.1 Graphene

The dimension is the key factor to classify carbon allotropes/nanostructures 
into four groups, 0d (quantum dots, fullerenes), 1d (nanohorns, nanoribbons, 
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carbon nanotubes), 2d (graphene) and 3d (diamond, graphite) structures 
[16–17]. A new area of research started with the groundbreaking discovery of 
graphene in 2004 by Novoselov and his co-authors in his famous publication 
“Electric field effect in atomically thin carbon films” and awarded jointly Nobel 
prize for it [18]. Graphene is a single layer structure with sp2 hybridization in 
which carbon atoms are arranged in a hexagonal honeycomb lattice. It is a semi-
metal with zero-bandgap, large specific surface area (2630 m2g−1), high Young’s 
modulus (1.1 TPa), and high thermal conductivity (3 × 103 W m−1 K−1 at 300 K) 
[6, 19–22]. Graphene also provides the optical and electrical properties as excel-
lent transparency (97.7% in the visible spectrum) and electrical conductivity 
(≈104 Ω−1 cm−1) [23–24]. These exotic properties of graphene make it special in 
several optoelectronic applications. In solar cells, instead of indium doped tin 
oxide (ITO) and fluorine-doped tin oxide (FTO), graphene attracted attention 
due to flexibility, chemical stability, and high transmittance [20, 25–26]. These 
excellent dimensional, structural, optical, and electrical properties depict the 
graphene as a suitable aspirant for photovoltaic cells.

One of the well-known methods to synthesis the graphene is thermal chemi-
cal vapor deposition. In the thermal chemical vapor deposition (CVD), copper 
substrate placed into the quartz tube and then precursor gases (in the specific 
ratio) are allowed to flow at very high temperatures in the furnace [27]. After 
some time, single layer, bilayer, or multilayer deposition of graphene revels, this 
depends upon the internal conditions of experiments like temperature, pressure, 
reaction time, and gas flow rate [28]. The more advancement in the synthesis of 
graphene on Ni was achieved by Somani et al. [29]. In this, the camphor (C10H16O) 
has been taken as the precursor. Moreover, the large-scale monolayer graphene 
was produced by Obraztsov and co-others via a CVD method [30]. Another 
attempt has been performed to manufacture graphene on Cu foil (industrial base) 
via thermal CVD of methane with 1000°C temperature by Lia and co-workers in 
2009 [31].

2.2 Transition metal dichalcogenides

Although graphene has various excellent properties, due to zero-bandgap, 
work-function, and toxic nature, the research on new atomically thin 2d materials 
gained attention. These necessities have been fulfilled by TMDs. These2d materials 
attracted more attention as they have grown on a flexible surface and can be bears 
the stress and deformation [32–34]. Generally, TMDs are formulized as MX2where 
M expresses the transition metal from group IV-VIII, (M = Ti, Zr, Hf, V, Nb, Cr Ta, 
Mo, W, etc.) and X is a chalcogen atom (X = S, Se, Te) [35–36]. TMDs have opened 
the new pipeline of research as having tunable bandgap (1–2 eV) and explore an 
excellent picture of electrical, optical, and mechanical properties [37–39]. Various 
combinations of TMDs such as MoS2, CrS2, WS2, TiS2, MoSe2, CrSe2, WSe2, TiSe2 
etc. found in metallic, semiconductor and insulator phase [40]. TMDs are a collec-
tion of big crystal family, found in different phases such as 1 T, 2H, and 3R., having 
two-third materials with layered structure [41]. In particular, MoS2 shows mechani-
cally 30% more strength than steel and can be ruptured after warping 1%. It gener-
ates the most distensible and strongest semiconducting materials [36, 42]. Counter 
electrodes manufactured by platinum (Pt) were replaced by MoS2 in photovoltaic 
devices [43].

Typically, the synthesis approaches like exfoliation, hydrothermal, CVD, 
molecular beam epitaxy (MBE), and atomic layer deposition (ALD) are used to 
prepare the desired size of TMDs [44–48].
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2.3 Perovskites

Perovskites are a mixture of organic–inorganic materials, which offer high 
absorption coefficients, direct bandgap, high charge carrier mobility, and long 
charge carrier diffusion length [49–50]. This is why the research groups attracted 
more and more attention by 2d perovskites for a long time. There are three types 
of halide perovskite (2d) (i) organic–inorganic mixed halide perovskite, (ii) 2d 
Ruddlesden-Popper perovskites, (iii) inorganic halide perovskite [51]. The typically 
Perovskite structure is given by ABX3, where A indicates monovalent cation such 
as methyl rubidium (Rb), ammonium, and formamidinium; B represents heavy 
materials like tin (Sn) and lead (Pb); and X shows a halogen anion (i. e. chlorine, 
bromine, iodine). A unique type of properties provides highly defected bulk 
structures, indicate chemical compound through which the device operation power 
has been smoothed. The performance of 2d perovskite solar cells can be improved 
by obtaining a very high output voltage (under the circumstance of open circuit 
Voc). The photovoltaic solar cells should be free from all recombination losses and 
this can be achieved by suppressing losses up to unity while quantum yield must be 
highest. [52–53].

The synthesis of 2d organic–inorganic mixed halide perovskite fabricated in 
two steps: (i) formation of lead halide (nano-platelets) on muscovite mica using 
van der Waals epitaxy in vapor transport CVD system, (ii) Ag as-solid heterophase 
reaction (using methylammonium halide molecules) used to obtain perovskite from 
platelets. However, the structure fabricated via this method is a 3d perovskite but 
using the universal scotch tape-based mechanical exfoliation method 2d perovskites 
is obtained [54–57]. Figure 1 shows schematic illustration of exotic properties of 2d 
materials useful for solar cell devices.

Figure 1. 
Schematic illustration of exotic properties of 2d materials used for solar cell devices.
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3. Photovoltaic in domain of 2d materials

3.1 Photovoltaic based on 2d Schottky junction

During the photovoltaic processes (under illumination), electron–hole pairs 
are formed. These pairs are also termed as photogenerated carriers and they can be 
equal and more energetic (with incident photons) by the bandgap of the semicon-
ductor. The conjunction of electron–hole pairs accorded on the electrodes and they 
are isolated through the junction internal field (electric) [58]. When the difference 
between the Fermi level of semiconductor and metal work function is generated, 
a Schottky junction enters in the pictures and photocurrent starts to develop. Net 
photocurrent has been maintained in asymmetric Schottky barriers (metal having 
different work function), whereas symmetric metal contact structure produces no 
net photocurrent. The important characteristics terms associated with the photo-
voltaic device illustrated in Table 1. Fontana et al. [58] synthesized a MoS2 based 
(50 nm thick) phototransistor with palladium (Pd) and gold (Au) for drain contact 
and source, respectively. When two different materials are used for the source and 
drain contacts, such as hole-doping Pd and electron-doping Au, the Schottky junc-
tions formed at the MoS2 contacts generates a photovoltaic effect. Figure 2a displays 
the optical image of the device. Figure 2b shows the current vs. voltage curve at 
zero gate voltage, corresponding to the branch of the hysteresis with higher current, 
where the Fermi energy is shifted into the MoS2 conduction band. Shin et al. [59] 
reported the graphene/porous silicon Schottky-junction solar cells by employing 
graphene transparent conductive electrodes doped with silver nanowires. The Ag 
nanowires-doped graphene/PSi solar cells show a maximum PCE of 4.03%. Yi and 
his co-workers developed Schottky junction photovoltaic cells based on multilayer 
Mo1-xWxSe2 with x = 0, 0.5, and 1 [60]. To generate built-in potentials, Pd and Al 
were used as the source and drain electrodes in a lateral structure, while Pd and 
graphene were used as the bottom and top electrodes in a vertical structure.

3.2 Photovoltaic based on 2d homojunction

Due to the very low efficiency of the Schottky junction, more research efforts 
are required to improve photovoltaic processes in the semiconducting p-n junction. 

Term Description

Short-circuit current 
(Isc)

It is defined as the current flowing through the device (under illumination) and 
at zero external bias having contact shorted.

Power conversion 
efficiency (PCE)

It is defined as the ratio of electrical power generated to the incident light power.

External quantum 
efficiency (EQE)

The ratio defines by the amount of charge carriers moving through the device 
(under short-circuit current) to the all number of colliding photons on it.

Internal quantum 
efficiency (IQE)

Shows the ratio of the amount of charge carriers moving through the device 
(under short-circuit current) to all numbers of absorbed photons.

Open-circuit voltage 
(Voc)

The voltage produced by the device having no current flow (under illumination)

Fill factor (FF) It is describing the ratio of maximum electric power generated to the product of 
its open-circuit voltages and its short-circuit current.

Table 1. 
Main terms to demonstrate the photovoltaic device.
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Using a splitting gate on monolayer WSe2, Pospischil et al. [61], Baugher et al. [62], 
and Ross et al. [63] effectuated experimentally p-n junctions. This demonstration 
of WSe2 monolayer flake has been achieved with mechanical exfoliation after that 
shifted onto a pair of split gates slipover with previously formed gate dielectric 
materials (SiN, HfO2). The charge density and the conduction type (into the 
monolayer thick channel) can be modulated by electrostatic control after dissimilar 
voltages have been applied on the two local gates and the automatically thin p-n 
junction was formed. Due to this remarkable rectification in the diode behavior 
occur, finally able to photovoltaic generation. Taking the gap within two gates as 
a photoactive area the power conversion of 0.5% was demonstrated by Pospischil 
et al. with Voc of 0.64 V and illumination of 140 mW/cm2 (halogen source). The 
remarkable results are in the picture with very high efficiency of photovoltaic 
energy conversion, assuming the monolayer WSe2 (95% transparency), which 
opens a pipeline of single-layer TMDs for semi-transparent solar cells. Memaran 
et al. [64] successfully demonstrated the composition of electrostatically generated 
MoSe2 multilayer p-n junction to achieve high photovoltaic performance.

In addition to modifying the photovoltaic parameters, the 2d black phosphorous 
(BP) has attracted more attention of researchers due to its remarkable optical and 
electrical properties, keeping in mind its unique bandgap (≈0.3–2.0 eV), in-plane 
anisotropy and high carrier mobility i.e. 1000 cm2/Vs, hence BP shows the possibil-
ity for broadband optoelectronic applications [65–67]. Choi et al. [68] develop a 
technique to form a lateral homogeneous 2d MoS2 p-n junction by partially stacking 
2d h-BN as a mask to p-dope MoS2. The fabricated lateral MoS2 p-n junction with 
asymmetric electrodes of Pd and Cr/Au displayed a highly efficient photo response 
such as maximum external quantum efficiency of ∼7000%, specific directivity of 
∼5 x1010 Jones, and light switching ratio of ∼103. Figure 3 shows the fabrication 
of the MoS2 p-n diode. Figure 3b shows the optical microscopy image of MoS2 p-n 
diode with hetero electrodes.

Figure 2. 
Photovoltaic effect with Pd-Au bias configuration. (a) Optical image of the device. The spacing between 
the electrodes is 2 μm. (b) Current vs. source-drain voltage (at VG = 0) showing strong asymmetry and 
photoresponse with diode-like behavior for the Pd-Au bias configuration indicated in (a). (c) Effect of source-
drain bias on a device with one Au and one Pd electrode. Reprinted with permission from [58]. Copyright 
(2013) springer nature.
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3.3 Photovoltaic based on 2d heterojunction

The p-n heterojunctions work as a basic backbone of various optoelectronic 
devices and applications due to various theoretical and experimental restrictions, 
there is the need for manufacturing designed heterostructures. Duan et al. [69] 
demonstrate the modulated MoS2-MoSe2 and WS2-WSe2 lateral heterostructures 
by thermal chemical vapor deposition (CVD) technique. The well-known n-type 
(WS2) and p-type (WSe2) builds natured heterojunction p-n diode with cur-
rent rectification. When such heterojunction p-n diodes are characterized. The 

Figure 3. 
Fabrication of the MoS2 p-n diode. (a) Cross-sectional diagram and (b) optical microscopy image of MoS2 
p-n diode with hetero electrodes. The scale bar indicates 10 μm. (c) Three-dimensional schematic and circuit 
diagrams of the fabricated MoS2 p-n diodes under light illumination. Reprinted with permission from [68]. 
Copyright (2014) American Chemical Society.

Figure 4. 
(a) Schematic diagram of the photodiode based on the WSe2/WS2 heterojunction. (b) Optical image of the 
photodiode device. (c) Photocurrent and responsivity as a function of the incident power. d) the photocurrent 
image is taken from the device in (b). Reprinted with permission from [71]. Copyright (2017) American 
Chemical Society.
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3.3 Photovoltaic based on 2d heterojunction

The p-n heterojunctions work as a basic backbone of various optoelectronic 
devices and applications due to various theoretical and experimental restrictions, 
there is the need for manufacturing designed heterostructures. Duan et al. [69] 
demonstrate the modulated MoS2-MoSe2 and WS2-WSe2 lateral heterostructures 
by thermal chemical vapor deposition (CVD) technique. The well-known n-type 
(WS2) and p-type (WSe2) builds natured heterojunction p-n diode with cur-
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Figure 3. 
Fabrication of the MoS2 p-n diode. (a) Cross-sectional diagram and (b) optical microscopy image of MoS2 
p-n diode with hetero electrodes. The scale bar indicates 10 μm. (c) Three-dimensional schematic and circuit 
diagrams of the fabricated MoS2 p-n diodes under light illumination. Reprinted with permission from [68]. 
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Figure 4. 
(a) Schematic diagram of the photodiode based on the WSe2/WS2 heterojunction. (b) Optical image of the 
photodiode device. (c) Photocurrent and responsivity as a function of the incident power. d) the photocurrent 
image is taken from the device in (b). Reprinted with permission from [71]. Copyright (2017) American 
Chemical Society.
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photovoltaic effect with a Voc of ≈ 0.47 V and Isc of ≈1.2 nA was established with 
laser illumination conditions (514 nm and 30nW). The internal quantum efficiency 
(IQE) and external quantum efficiency (EQE) were found to be 43% and 9.9% 
respectively The active regime was selected as lightly doped WS2 and WS2-WSe2 
interface region through photocurrent mapping, implies with the fact “A large 
fraction of the depletion layer is localized to the lightly doped WS2 of the diode” 
[69]. Atomically sharp in-plane WSe2/MoS2 interface automatically comes into 
the picture with a high-magnification scanning transmission electron microscope 
(STEM), these force the photovoltaic effect of the intrinsic single layer p-n het-
erojunction was indorsed [70]. Li et al. [71] successfully fabricated a composition 
graded doped lateralWSe2/WS2 heterostructure by ambient pressure CVD in a 
single heat-cycle. The optoelectronic device (Figure 4a-b) based on the lateral 
WSe2/WS2 heterostructure shows improved photodetection performance in terms 
of a reasonable responsivity and a large photoactive area. The photocurrent and 
photo-responsivity are also depicted in Figure 4c. The photocurrent appears to 
increase nonlinearly, whereas the photoresponsivity decreases as the light power 
increases, with the highest obtained photoresponsivity of 6.5 A.W−1. The reduction 
of the photoresponsivity at higher light powers may be ascribed to the reduction of 
unoccupied states in the conduction bands of WSe2 and WS2.

4. Perovskite 2d materials for photovoltaic cells

4.1 Transport layers in regular (n-i-p) photovoltaic

The layer-by-layer deposition technique is used to manufacture photovoltaic 
solar cell devices (PSCs). In these types of constructions, the order of charge selec-
tive layers in the manner can prosecute subdivide the devise configuration in two 
ways, regular PSCs (n-i-p) and inverted PSCs (p-i-n). The PSCs have two parts, 
(a) metal contact, (b) transparent conductive glass (TCO), while a slice of the 
observer has been arranged between hole transporting layer (HTL) and electron 
transporting layer (ETL). When the perovskite absorbs the light, an exciton i. e. 
the carriers are partitioned and moved towards the adequate layer, HTL, and ETL. 
Hence the charge carriers are shifted to the different electrodes. Moreover, ETL 
and HTL are performing two main roles, control the perovskite crystal growth, and 
extract and move the charge carriers. It is well versed that the hysteresis phenom-
enon is chiefly linked with the characteristics and interface of the charge selective 
layers to the perovskite [72–73]. Some of the remarkable features of ideal ETL 
and HTL materials are high transparency, high charge mobility, inherent stability, 
 low-cost manufacturing, and appropriate energy alignment.

2,2,7,7-tetrakis (N,Npdimethoxyphenylamino)-9,9-spirobifluorene (Spiro-
OMeTAD) and TiO2 are the wall known materials that can be used as hole transport 
material (HTM) and electron transport material (ETM) respectively in the forma-
tion of n-i-p PSCs. On the other hand poly(3,4 ethylenedioxythiophene)–polysty-
rene sulfonate (PEDOT:PSS) and fullerene derivatives (e.g., 6,6-phenyl-C61-butyric 
acid methyl ester (PCBM)) has been taken as the HTM and ETM to manufactured 
the p-i-n PSCs [74–76]. Singh et al. [77] described the direct synthesis of MoS2 
(transparent, thin, and uniform) films on FTO- coated glass by the use of micro-
wave irradiation and utilize this ETL in perovskite solar cells. TiO2-coated FTO, 
SnO2, MoS2, and FTO-only substrates were prepared and their photovoltaic perfor-
mances were checked and they have maximum PCEs with 17.15%, 15.80%, 13.14%, 
and 6.11% respectively [77]. When the article examination of the lifetime of charge 
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carriers and charge recombination dynamics of ETL/Perovskite seems to be MoS2 
as shortest charge carrier lifetime as with other ETLs, which shows the charge 
extraction.

Yin et al. [78] reported the PCE of 17.37% by taking TiS2 nanosheets (8–9 layers) 
suspended in isopropanol alcohol (IPA) in the perovskite solar cells. Uniquely, 
encapsulated perovskite solar cells with TiS2 ETL demonstrate the highest stable 
under the conditions (UV irradiation 10 mW cm−2 and in ambient atmosphere for 
50 h), with the result of 90% PCE. A double of SnO2 and 2d TiS2 synchronously, 
used for the PCE of 21.73% performed by Huang et al., as every potential ETLs [79].

Applying the self-assembly stacking deposition method, the PCE of SnS2 ETL 
based device, up to 20.12% has reported by Zhao et al. [80]. The Ti3C2 integration 
into a SnO2 ETL for low-temperature planer perovskite solar cells by Yang and his 
co-workers by varying the loading of MXene from 0 to 2.5 wt% [81]. The device 
formed has the value of PCEs modified from the value of 17.23% to 18.34% at 1 wt% 
(increasing the loading of MXene). In the addition, the device fabricated through a 
SnO2-Ti3C2is highly stable (with, RH-20%), and shows the PCE up to 80% of their 
initial performance after 700 h (identical with SnO2-only devices) [81].

To increase the charge transfer efficiency, the perovskite crystal size, and lower 
the defect density, Guo et al. [82] explained Ti3C2TX MXene as an external mate-
rial for the perovskite precursor solution. The results reveal that the incorporated 
device experimentally verified a PCE of 17.41% with short-circuit current (JSC) of 
22.26 mA cm−1 which is comparably high with the pristine perovskite device having 
the PCE of 15.54% and JSC of 20.67 mA cm−1.

Wang and his research group [83] experimentally verified that whenever a tiny 
amount of black phosphorus added to the MAPbI3 starting solution (precursor), the 
photostability and efficiency of perovskite solar cells have been critically enhanced. 
The few-layer black phosphorus is proved to obtain ample perovskite to the size 
greater than 500 nm with the comparison bare MAPbI3 film size (<400 nm). 
Taking the complex structure FTO/c-TiO2/SnO2/perovskite/Spiro-OMeTAD/Ag and 
MAPbI3/BP for PSCs, the unique PCE of 20.65% was achieved, having less hys-
teresis and high reproducibility. Under the continuous white light-emitting diode 
(illumination of 100 mW cm−2 within the N2 glove box) the MAPbI3/BP-based PSCs 
show an excellent PCE limit of 94% (1000 h) [83–84].

The spiro-OMeTAD HTL and perovskite on active buffer layer (liquid phase 
exfoliated few-layer MoS2 nanosheets) instead by Cappaso and co-workers and 
tried to solve the problem [85]. The above arrangement completes two necessary 
conditions i.e. prominent layer to ease the injection process and hole collection 
and performing like a barrier so that metal electrode migration can be curbed. The 
N-methyl-2-pyrrolidone solvent is very famous for the experimentalist to efficient 
MoS2 [86–87]. On the other hand, some study proves this solvent not suitable for 
perovskite, to make it perovskite favorable solvent (IPA), a solvent exchange process 
has to be required.

Najafet al. [88] developed “graphene interface engineering” strategy based 
on van der Waals MoS2 QD/graphene hybrids that enable MAPbI3-based PSCs to 
achieve a PCE up to 20.12% (average PCE of 18.8%).The van der Waals hybridiza-
tion of MoS2 quantum dots (QDs) with functionalized reduced graphene oxide 
(f-RGO), obtained by chemical silanization induced linkage between RGO and 
(3-mercaptopropyl)trimethoxysilane. This results in homogenize the deposition 
of the hole transport layer (HTL) or active buffer layer (ABL) onto the perovskite 
film since the two-dimensional nature of RGO effectively plugs the pinholes of 
theMoS2 QD films. Figure 5a represents the sketch of mesoscopic MAPbI3-based 
PSC exploiting MoS2 QDs:f-RGO hybrids as both HTL and ABL. The normalized 
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photovoltaic effect with a Voc of ≈ 0.47 V and Isc of ≈1.2 nA was established with 
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respectively The active regime was selected as lightly doped WS2 and WS2-WSe2 
interface region through photocurrent mapping, implies with the fact “A large 
fraction of the depletion layer is localized to the lightly doped WS2 of the diode” 
[69]. Atomically sharp in-plane WSe2/MoS2 interface automatically comes into 
the picture with a high-magnification scanning transmission electron microscope 
(STEM), these force the photovoltaic effect of the intrinsic single layer p-n het-
erojunction was indorsed [70]. Li et al. [71] successfully fabricated a composition 
graded doped lateralWSe2/WS2 heterostructure by ambient pressure CVD in a 
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of the photoresponsivity at higher light powers may be ascribed to the reduction of 
unoccupied states in the conduction bands of WSe2 and WS2.

4. Perovskite 2d materials for photovoltaic cells

4.1 Transport layers in regular (n-i-p) photovoltaic

The layer-by-layer deposition technique is used to manufacture photovoltaic 
solar cell devices (PSCs). In these types of constructions, the order of charge selec-
tive layers in the manner can prosecute subdivide the devise configuration in two 
ways, regular PSCs (n-i-p) and inverted PSCs (p-i-n). The PSCs have two parts, 
(a) metal contact, (b) transparent conductive glass (TCO), while a slice of the 
observer has been arranged between hole transporting layer (HTL) and electron 
transporting layer (ETL). When the perovskite absorbs the light, an exciton i. e. 
the carriers are partitioned and moved towards the adequate layer, HTL, and ETL. 
Hence the charge carriers are shifted to the different electrodes. Moreover, ETL 
and HTL are performing two main roles, control the perovskite crystal growth, and 
extract and move the charge carriers. It is well versed that the hysteresis phenom-
enon is chiefly linked with the characteristics and interface of the charge selective 
layers to the perovskite [72–73]. Some of the remarkable features of ideal ETL 
and HTL materials are high transparency, high charge mobility, inherent stability, 
 low-cost manufacturing, and appropriate energy alignment.

2,2,7,7-tetrakis (N,Npdimethoxyphenylamino)-9,9-spirobifluorene (Spiro-
OMeTAD) and TiO2 are the wall known materials that can be used as hole transport 
material (HTM) and electron transport material (ETM) respectively in the forma-
tion of n-i-p PSCs. On the other hand poly(3,4 ethylenedioxythiophene)–polysty-
rene sulfonate (PEDOT:PSS) and fullerene derivatives (e.g., 6,6-phenyl-C61-butyric 
acid methyl ester (PCBM)) has been taken as the HTM and ETM to manufactured 
the p-i-n PSCs [74–76]. Singh et al. [77] described the direct synthesis of MoS2 
(transparent, thin, and uniform) films on FTO- coated glass by the use of micro-
wave irradiation and utilize this ETL in perovskite solar cells. TiO2-coated FTO, 
SnO2, MoS2, and FTO-only substrates were prepared and their photovoltaic perfor-
mances were checked and they have maximum PCEs with 17.15%, 15.80%, 13.14%, 
and 6.11% respectively [77]. When the article examination of the lifetime of charge 
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carriers and charge recombination dynamics of ETL/Perovskite seems to be MoS2 
as shortest charge carrier lifetime as with other ETLs, which shows the charge 
extraction.

Yin et al. [78] reported the PCE of 17.37% by taking TiS2 nanosheets (8–9 layers) 
suspended in isopropanol alcohol (IPA) in the perovskite solar cells. Uniquely, 
encapsulated perovskite solar cells with TiS2 ETL demonstrate the highest stable 
under the conditions (UV irradiation 10 mW cm−2 and in ambient atmosphere for 
50 h), with the result of 90% PCE. A double of SnO2 and 2d TiS2 synchronously, 
used for the PCE of 21.73% performed by Huang et al., as every potential ETLs [79].

Applying the self-assembly stacking deposition method, the PCE of SnS2 ETL 
based device, up to 20.12% has reported by Zhao et al. [80]. The Ti3C2 integration 
into a SnO2 ETL for low-temperature planer perovskite solar cells by Yang and his 
co-workers by varying the loading of MXene from 0 to 2.5 wt% [81]. The device 
formed has the value of PCEs modified from the value of 17.23% to 18.34% at 1 wt% 
(increasing the loading of MXene). In the addition, the device fabricated through a 
SnO2-Ti3C2is highly stable (with, RH-20%), and shows the PCE up to 80% of their 
initial performance after 700 h (identical with SnO2-only devices) [81].

To increase the charge transfer efficiency, the perovskite crystal size, and lower 
the defect density, Guo et al. [82] explained Ti3C2TX MXene as an external mate-
rial for the perovskite precursor solution. The results reveal that the incorporated 
device experimentally verified a PCE of 17.41% with short-circuit current (JSC) of 
22.26 mA cm−1 which is comparably high with the pristine perovskite device having 
the PCE of 15.54% and JSC of 20.67 mA cm−1.

Wang and his research group [83] experimentally verified that whenever a tiny 
amount of black phosphorus added to the MAPbI3 starting solution (precursor), the 
photostability and efficiency of perovskite solar cells have been critically enhanced. 
The few-layer black phosphorus is proved to obtain ample perovskite to the size 
greater than 500 nm with the comparison bare MAPbI3 film size (<400 nm). 
Taking the complex structure FTO/c-TiO2/SnO2/perovskite/Spiro-OMeTAD/Ag and 
MAPbI3/BP for PSCs, the unique PCE of 20.65% was achieved, having less hys-
teresis and high reproducibility. Under the continuous white light-emitting diode 
(illumination of 100 mW cm−2 within the N2 glove box) the MAPbI3/BP-based PSCs 
show an excellent PCE limit of 94% (1000 h) [83–84].

The spiro-OMeTAD HTL and perovskite on active buffer layer (liquid phase 
exfoliated few-layer MoS2 nanosheets) instead by Cappaso and co-workers and 
tried to solve the problem [85]. The above arrangement completes two necessary 
conditions i.e. prominent layer to ease the injection process and hole collection 
and performing like a barrier so that metal electrode migration can be curbed. The 
N-methyl-2-pyrrolidone solvent is very famous for the experimentalist to efficient 
MoS2 [86–87]. On the other hand, some study proves this solvent not suitable for 
perovskite, to make it perovskite favorable solvent (IPA), a solvent exchange process 
has to be required.

Najafet al. [88] developed “graphene interface engineering” strategy based 
on van der Waals MoS2 QD/graphene hybrids that enable MAPbI3-based PSCs to 
achieve a PCE up to 20.12% (average PCE of 18.8%).The van der Waals hybridiza-
tion of MoS2 quantum dots (QDs) with functionalized reduced graphene oxide 
(f-RGO), obtained by chemical silanization induced linkage between RGO and 
(3-mercaptopropyl)trimethoxysilane. This results in homogenize the deposition 
of the hole transport layer (HTL) or active buffer layer (ABL) onto the perovskite 
film since the two-dimensional nature of RGO effectively plugs the pinholes of 
theMoS2 QD films. Figure 5a represents the sketch of mesoscopic MAPbI3-based 
PSC exploiting MoS2 QDs:f-RGO hybrids as both HTL and ABL. The normalized 
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PCE trends vs. time extracted by I − V characteristics under 1 SUN illumination, 
periodically acquired during the shelf life test (ISOS-D-1), shows in Figure 5c.

4.2 Transport layers in inverted (p-i-n) photovoltaic

The organic solar cell is the key to fabricate the p-i-n PSC structures [89]. 
Huang et al. [90] successfully showed that with coverage optimization, a planar 
p-i-n++ device with a PCE of over 11% was achieved. This also suggests that the ETL 
may not be necessary for an efficient device as long as the perovskite coverage is 
approaching 100%. Figure 6a-b presents the device architecture of the perovskite 
solar cells with (a) and without (b) a TiO2 ETL. Figure 6c shows the current 
density-voltage curves of two typical CH3NH3PbI3-xClx-based solar cells grown on 
FTO substrates with and without UVO treatment under simulated AM1.5G solar 
irradiation (100 mW/cm2). Jeng and co-workers reported that perovskites have the 
ability to transport the holes [91]. To achieve a PCE of 15.1%, Hu et al. proposed a 
surface-modification technique in which the ITO surface/optimize energy level by 
using the cesium salt solution [92].

Liu and his co-workers reported layer free PSC with an efficiency of 13.5% to 
obtain this, perovskite layer directly put together with the ITO surface by using 
a sequential layer deposition method. The above arrangement proves that to 
enhance device efficiency ETL is not required always [93]. Ke et al. [94] manu-
factured ETL free PSC with efficiency 14.14% and Voc 1.4 V deposited directly on 
FTO substrate (via a one-step solution process) in which no hole blocking layers 

Figure 5. 
(a) Sketch of mesoscopic MAPbI3-based PSC exploiting MoS2 QDs:f-RGO hybrids as both HTL and ABL. 
(b) Scheme of the energy band edge positions of the materials used in the different components of the assembled 
mesoscopic MAPbI3-based PSC. (c) Normalized PCE trends vs. time extracted by I − V characteristics under 1 
sun illumination. Reprinted with permission from [88]. Copyright (2018) American Chemical Society.
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are required. He further described that TiO2 (electron-transporting material) is 
not a perfect interfacial material. It is also described Liu et al. [93], Chen et al. [95], 
and Prochowicz et al. [96] that the efficiency of compact layer-free devices can be 
higher when  various film-forming techniques are to be used.

Various quantities of black phosphorus quantum dots (BPQDs) mixed with 
MAPbI3 precursor solution to form p-i-n inverted devices [97]. These BPQDs based 
perovskite films revealed less non-reactive defects, larger grain size, and higher 
crystallinity, with a comparison of no BPQDs perovskite films. Further, it is clear from 
some experimental facts that BPQDs also work as heterogeneous nucleation sites. This 
leads to the growth of perovskite crystals with homogeneity. The PCE of 20% was 
obtained for additive-assisted perovskite film. Adding the BPQDs on the lower surface 
of MAPbI3-the enhanced crystalline of MAPbI3-BPQDs film has been achieved.

4.3 2d Ruddlesden-popper perovskite

The hybrid organic–inorganic halide perovskite (OIHPs) are very unsuitable in the 
industrial fabrication of solar device as they lose the stability on heating, moisture, 
and light. These major issues have been resolved by S. N. Ruddlesden and P. Popper 
to fabricate the perfect candidates known as Ruddlesden-Popper perovskite (RPPS). 
This is the mixture of 2D/3D materials and can be used in LEDs as it has an intense 
photoluminescence feature [98]. The 2D Ruddlesden-Popper (2DRP) perovskites are 
the topic of great interest and research because highly stable PSCs can be fabricated 
by them [99]. The general form of 2DRP is (A’)2 (A)n-1Bn X3n + 1, where A’ indicates 
R-NH3 or H3N-R (R an aromatic ligand or large aliphatic alkyl chain) and works as an 
insulating layer to partitioned the various inorganic layers. A describes small cation 

Figure 6. 
Device architecture of the perovskite solar cells (a) with TiO2 ETL and (b) without TiO2 ETL (c) J-V curves 
of CH3NH3PbI3-xClx-based solar cells with and without UVO treatment (d) histograms of their corresponding 
PCE values measured for 36 separate devices (c). Reprinted with permission from [90]. Copyright (2016) 
American Chemical Society.
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PCE trends vs. time extracted by I − V characteristics under 1 SUN illumination, 
periodically acquired during the shelf life test (ISOS-D-1), shows in Figure 5c.

4.2 Transport layers in inverted (p-i-n) photovoltaic

The organic solar cell is the key to fabricate the p-i-n PSC structures [89]. 
Huang et al. [90] successfully showed that with coverage optimization, a planar 
p-i-n++ device with a PCE of over 11% was achieved. This also suggests that the ETL 
may not be necessary for an efficient device as long as the perovskite coverage is 
approaching 100%. Figure 6a-b presents the device architecture of the perovskite 
solar cells with (a) and without (b) a TiO2 ETL. Figure 6c shows the current 
density-voltage curves of two typical CH3NH3PbI3-xClx-based solar cells grown on 
FTO substrates with and without UVO treatment under simulated AM1.5G solar 
irradiation (100 mW/cm2). Jeng and co-workers reported that perovskites have the 
ability to transport the holes [91]. To achieve a PCE of 15.1%, Hu et al. proposed a 
surface-modification technique in which the ITO surface/optimize energy level by 
using the cesium salt solution [92].

Liu and his co-workers reported layer free PSC with an efficiency of 13.5% to 
obtain this, perovskite layer directly put together with the ITO surface by using 
a sequential layer deposition method. The above arrangement proves that to 
enhance device efficiency ETL is not required always [93]. Ke et al. [94] manu-
factured ETL free PSC with efficiency 14.14% and Voc 1.4 V deposited directly on 
FTO substrate (via a one-step solution process) in which no hole blocking layers 
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are required. He further described that TiO2 (electron-transporting material) is 
not a perfect interfacial material. It is also described Liu et al. [93], Chen et al. [95], 
and Prochowicz et al. [96] that the efficiency of compact layer-free devices can be 
higher when  various film-forming techniques are to be used.

Various quantities of black phosphorus quantum dots (BPQDs) mixed with 
MAPbI3 precursor solution to form p-i-n inverted devices [97]. These BPQDs based 
perovskite films revealed less non-reactive defects, larger grain size, and higher 
crystallinity, with a comparison of no BPQDs perovskite films. Further, it is clear from 
some experimental facts that BPQDs also work as heterogeneous nucleation sites. This 
leads to the growth of perovskite crystals with homogeneity. The PCE of 20% was 
obtained for additive-assisted perovskite film. Adding the BPQDs on the lower surface 
of MAPbI3-the enhanced crystalline of MAPbI3-BPQDs film has been achieved.

4.3 2d Ruddlesden-popper perovskite

The hybrid organic–inorganic halide perovskite (OIHPs) are very unsuitable in the 
industrial fabrication of solar device as they lose the stability on heating, moisture, 
and light. These major issues have been resolved by S. N. Ruddlesden and P. Popper 
to fabricate the perfect candidates known as Ruddlesden-Popper perovskite (RPPS). 
This is the mixture of 2D/3D materials and can be used in LEDs as it has an intense 
photoluminescence feature [98]. The 2D Ruddlesden-Popper (2DRP) perovskites are 
the topic of great interest and research because highly stable PSCs can be fabricated 
by them [99]. The general form of 2DRP is (A’)2 (A)n-1Bn X3n + 1, where A’ indicates 
R-NH3 or H3N-R (R an aromatic ligand or large aliphatic alkyl chain) and works as an 
insulating layer to partitioned the various inorganic layers. A describes small cation 

Figure 6. 
Device architecture of the perovskite solar cells (a) with TiO2 ETL and (b) without TiO2 ETL (c) J-V curves 
of CH3NH3PbI3-xClx-based solar cells with and without UVO treatment (d) histograms of their corresponding 
PCE values measured for 36 separate devices (c). Reprinted with permission from [90]. Copyright (2016) 
American Chemical Society.
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such as CH3NH3
+ and Cs+. B represents Pb2+ and Sn2+, divalent metal cation, while X 

describes the halides. Various values of small n provide us strict 2D structure (n = 1), 
quasi-2D structure (n = 2–5), conventional 3D structure (n = ∞), and represents the 
number of metal halide, monolayer sheets [100]. These 2DRP excellently perform 
thermal stability, humidity stability, and structure stability [101–106]. Giorgi et al. 
[98] showed a lateral and top view of the nanosheets Ruddlesden–Popper organic–
inorganic halide perovskites (NS-RPPs) optimized structure in Figure 7a-b. Also, 
lateral and top view of the quantum-well Ruddlesden–Popper organic–inorganic 
halide perovskites (QW-RPPs) structures in Figure 7c-d. The solution base synthe-
sis, colloidal base method, liquid, and vapor-based epitaxy, exfoliation method, 
and single crystal growth are the well-known growing technique to fabricate 2DRP 
perovskites [107]. Niu et al. [108] prepared mono and few layers (C6H9C2H4NH3)2 PbI4 
flakes via the method of micromechanical exfoliation.

5. Conversion treatment for photovoltaic cells

5.1 Downconversion of perovskite photovoltaic cell

In the previous investigations, various techniques and methods have been 
adopted to improve the efficiency of solar cells, higher by the Shockley and Queisser 
limit (32%). The phenomenon of splitting, low energy photons by high energy 
photons (single) is known as downconversion (quantum cutting). An ample work 
has been done on downconversion for photovoltaic devices. This was performed 

Figure 7. 
(a) Lateral view and (b) top view of the n = 2 sheet (NS-RPP) optimized structure. Same (c, d) for the bulk 
QW (QW-RPP). [gray: Pb; purple: I; Brown: C; light blue: N; white: H atoms]. Reprinted with permission 
from [98]. Copyright (2018) American Chemical Society.
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with lanthanide ions because of its excellent optical properties. Various experiments 
also proved the use of nanomaterials as down converters. If we chose the lanthanide 
ions and design of the solar cell, there will be a maximum benefit to using the 
down-conversion materials. The host materials should possess properties like low 
scattering, absorption strength, thermal and chemical strength, high transmit-
tance, photo-stability, and excitation energy [109–110]. The necessary conditions to 
pick the lanthanide ion are good electrical and chemical stability and high emission 
lifetime. Downconversion Tb3+-Yb3+ has also been demonstrated in GdAl3(BO3)4 
[111], GdBO3 [112], Y2O3 [113], CaF2 nanocrystals [114] and lanthanum borogerm-
anate glass [115]. Tsai et al. [116] explored the graphene quantum dots (GQDs) as a 
down conversion in then-type Si heterojunction (SHJ) solar cells.

The photographic image and the cross-sectional schematic of the SHJ solar cell 
are shown in Figure 8a-b, respectively. Figure 8c-d shows the low-magnification 
and high-magnification top-view SEM images of the micro pyramids of SHJ solar 
cells. The device with 0.3 wt % of GQDs shows the highest short-circuit current 
(JSC) and fill factor (FF) of 37.47 mA/cm2 and 72.51%, respectively, which leads to 
the highest PCE of 16.55% (Figure 8f). The external quantum efficiency (EQE) of 
the devices with 0.3 wt % and without GQDs and the EQE enhancement are shown 
in Figure 8g. The efficiency enhancement is due to the photon down conversion 
phenomenon of GQDs to make more photons absorbed in the depletion region for 
effective carrier separation, leading to the enhanced photovoltaic effect. Various 
down conversion materials were described and synthesized to enhance UV stability 
and UV photon harvesting [117–118].

5.2 Upconversion of perovskite photovoltaic cell

The conversion (nonlinear optical process) in which minimum two low energy 
photons, present in the near-infrared region into high energy photon with the visible 
region known as upconversion [119–120]. The upconversion materials contain 
large bandgap, seem to be most favorable for solar cell applications. Various uses of 
upconversion materials are optical data storage, medical therapy, display technology, 
light-harvesting, temperature sensors, and solid-state lighting. Trupke et al. [121] 
theoretically investigated that if a perfect upconvertor is used with conventional 
single-junction bifacial solar cells (bandgap 2 eV), we can obtain PCE of 47.6% 
(non-concentrated sunlight) and 63.2% concentrated sunlight. Lanthanide based 
upconverters and organic upconverters are very common to improve the efficiency 
of photovoltaic devices. The elements lanthanum to lutetium are used as the upcon-
verters. In addition, enhancement in the photocurrent has been achieved by the use 
of two commercial upconverters on both sides of Si solar cells (Pan et al.) [122].

The nano precursor upconversion materials Er3+/Yb3+ co-doped with TiO2 and 
LaF3 have been explored by Shan et al. [123]. Shang et al. [124] also explored the 
various techniques to enhance efficiency via upconversion. The utilization of 
light beyond the visible region is not possible by PSCs (CH3NH3PBI3), due to their 
intrinsic bandgap. The upconversion is a specific way, to harvest this regime and 
convert it in the visible regime, so that the PSCs IR response can be increased. Chen 
and co-workers reported that the efficiency will be increased if LiYF4: Yb3+, Er3+ 
single-crystal attached in the front part of PSCs [125]. Taking nano prisms NaYF4: 
Yb3+, Er3+, which is hydrothermally formed to the TiO2 layer in PSCs, the efficiency 
enhancement has been demonstrated by Roh et al. [126]. In another study, Wang 
et al. introduced efficiency increment via hydrothermally grown 3% Er3+ and 6% 
Yb3+ co-doped TiO2 nanorod in PSCs [127]. In 2016, He et al. integrated NaYF4:Yb3+, 
Er3+ nanoparticles as mesoporous electrode with PSCs (CH3NH3PbI3 based), this 
leads a short circuit current density 0.74 mAcm−2 excite with 980 nm laser with 
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such as CH3NH3
+ and Cs+. B represents Pb2+ and Sn2+, divalent metal cation, while X 
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Figure 7. 
(a) Lateral view and (b) top view of the n = 2 sheet (NS-RPP) optimized structure. Same (c, d) for the bulk 
QW (QW-RPP). [gray: Pb; purple: I; Brown: C; light blue: N; white: H atoms]. Reprinted with permission 
from [98]. Copyright (2018) American Chemical Society.
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28 W cm−2 [128]. The sample (semiconductor plasmon-sensitized nanocomposites 
i.e. mCu2-xS@SiO2@ Er2O3), which changes the broadband infrared light to visible 
light by the localized surface plasmon resonance (LSPR) of Cu2-xS integrated with 
TiO2 paste [129]. This arrangement is used in PSCs as an electron extraction layer 
with an enhanced response of 800–1000 nm. With the dependency of the power 
density of the 980 nm extraction layer (>0.85 mAcm−2), the short circuit current 
density was noticed to rise 45 Wcm−2.

6. Recent developments on 2d perovskite photovoltaic cells

The 2d layered perovskites are more advanced and useful than their 3d struc-
tures. The unique electroluminescent property of 2d perovskites makes them more 

Figure 8. 
(a) Photographic image, (b) schematic, (c) low-resolution, (d) high-resolution, and (e) cross-sectional SEM 
images of SHJ solar cells. (f) J − V characteristics of SHJ solar cells with various concentrations of GQDs. 
(g) EQE spectra of SHJ solar cells without and with 0.3 wt % of GQDs. Reprinted with permission from [116]. 
Copyright (2016) American Chemical Society.
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superior to their 3d counterparts. 2d perovskites structures have large exciton bind-
ing energy than 3d structures [130–131]. Due to this fact, 2d perovskite has a high 
photoluminescence quantum yield (PLQY) with enhanced radiative recombination. 
The appearance of cascaded energy structures in 2d perovskites films (mixed n 
layer thickness) leads to a fast and efficient energy transfer from lower-n quantum 
wells to higher-n quantum wells. These results in the decreased exciton quenching 
effect: occurring the enhanced van der Walls interactions in organic molecules and 
hydrophobic organic ligands, 2d perovskites show enhanced and ambient and thermal 
stability in the comparison with 3d perovskites. In 2d perovskites, the electrical and 
optical properties can be tuned more and advanced applications like circular-polarized 
emission and broadband emission due to their excellent chemical tenability [132–135].

You et al. [136] developed a novel annealing approach formethylammonium 
lead iodide (MAPbI3) and (CsPbI3)0.05(FAPbI3)0.95(MAPbBr3)0.05 mixed perovskite 

Figure 9. 
(a) Schematic illustration of the device and the dual-protection CsPbI2Br film. (b) Band alignment between 
various layers of a complete device. (c) the J − V curves of the devices fabricated from the ref., BT, and BTSTh 
films. (d) the EQE spectra of the various devices. (e) the stabilized maximum power output of the devices. 
Reprinted with permission from [140]. Copyright (2020) American Chemical Society.
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superior to their 3d counterparts. 2d perovskites structures have large exciton bind-
ing energy than 3d structures [130–131]. Due to this fact, 2d perovskite has a high 
photoluminescence quantum yield (PLQY) with enhanced radiative recombination. 
The appearance of cascaded energy structures in 2d perovskites films (mixed n 
layer thickness) leads to a fast and efficient energy transfer from lower-n quantum 
wells to higher-n quantum wells. These results in the decreased exciton quenching 
effect: occurring the enhanced van der Walls interactions in organic molecules and 
hydrophobic organic ligands, 2d perovskites show enhanced and ambient and thermal 
stability in the comparison with 3d perovskites. In 2d perovskites, the electrical and 
optical properties can be tuned more and advanced applications like circular-polarized 
emission and broadband emission due to their excellent chemical tenability [132–135].

You et al. [136] developed a novel annealing approach formethylammonium 
lead iodide (MAPbI3) and (CsPbI3)0.05(FAPbI3)0.95(MAPbBr3)0.05 mixed perovskite 

Figure 9. 
(a) Schematic illustration of the device and the dual-protection CsPbI2Br film. (b) Band alignment between 
various layers of a complete device. (c) the J − V curves of the devices fabricated from the ref., BT, and BTSTh 
films. (d) the EQE spectra of the various devices. (e) the stabilized maximum power output of the devices. 
Reprinted with permission from [140]. Copyright (2020) American Chemical Society.
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films by fast laser beam scanning. Under optimum conditions, high-quality 
perovskite films with good crystallinity, preferred orientation, and low density of 
defects device offers PCE nearly about 20%. Wang et al. [137] showed an efficient 
strategy to tune the band structure and electron mobility of the ETL by adding 
NH4Cl to the sol–gel-derived ZnO precursor. Low temperature (160°C) fabricated 
CsPbIBr2solar cells recorded high efficiency of 10.16%. Li et al. [138] fabricated 
the MAPbI3perovskite solar cells and showed the device performance is strongly 
influenced by the TiO2 electron transport layer. Oz et al. [139] studied the effect of 
lead(II)propionate additive on the stabilization of CsPbI2Brall-inorganic perovskite, 
and the use of a novel dopant-freepolymer hole transport material (synthesized by 
us) for photovoltaic performance assessment of CsPbI2Br solar cells.

Fu and his co-workers report a dual-protection strategy via incorporating 
monomer trimethylolpropane triacrylate (TMTA) intoCsPbI2Br perovskite bulk and 
capping the surface with 2-thiophenemethylammonium iodide (Th − NI) [140]. The 
fabricated devices show a greatly improved efficiency from 12.17 to 15.58% with an 
opening circuit voltage (Voc) of 1.286 V. Figure 9a presents a schematic illustration 
of the device and the dual-protection CsPbI2Br film. The UPS measurements are 
conducted to reveal the electronic structure changes the calculated results are drawn 
in Figure 9b. The photocurrent density-voltage (J-V) curves of the optimal devices 
under AM 1.5 illumination are presented in Figure 9c. The ref. device shows the best 
efficiency of 12.17% with a Voc of 1.151 V, and TMTA doped film (BT) devices show an 
improved efficiency of 13.88% after incorporating 1 mg/mL of TMTA. In Figure 9e, 
the Th − NI modified BT film (BTSTh) device exhibits the improved output efficiency 
with 14.93% for 1000 s, while the ref. shows the attenuated efficiency and remains 
10.51% under the same operation, which indicates the better operational stability for 
the BTSTh devices.

Li et al. [141] reported vertically aligned 2D/3D Pb − Sn perovskites with 
enhanced charge extraction and suppressed phase segregation for efficient print-
able solar cells. Wang et al. [142] successfully fabricated high-quality CsPbBr3 films 
via additive engineering with NH4SCN. The incorporation of NH4

+ and pseudo-
halide ion SCN− into the precursor solution, a smooth and dense CsPbBr3 film with 
good crystallinity and low trap state density can be obtained.

7. Neoteric challenges in development of 2d photovoltaic cells

It is crucial that the entire energy of any absorbed photon is harvested for 
next-generation photovoltaics. The unique features of 2d layered materials such as 
high crystalline quality, transparency, atomic thickness, make them special to use 
in photovoltaic solar cells. Thus, it is important to synthesized and demonstrate 
2d flexible photovoltaic devices on industrial scale. While some different issues 
and problems will be faced by the experimentalist regarding an efficiency perfor-
mance. The specific requirements in the fabrication of photovoltaic devices are the 
large-area synthesis, highly controllable, low cost, atomically thin, and recyclable 
fabrication of materials and their devices. The above features are specified not only 
for all potential electronic devices but also for optoelectronic devices. Increased 
number of layers of 2d materials, the conductivity of the material improves at 
the cost of reduced transparency. The application of 2dmaterials like TMDs and 
perovskites in photovoltaic devices has also been investigated over the last few years. 
The advantages of using such materials for solar cells have been explored based on 
the high absorption coefficient of these materials in the visible to the near-infrared 
part of the solar spectrum. So there is a need for more investigation of the hetero-
structure based on these materials, which can synergize the performance of the 

281

Two-Dimensional Materials for Advanced Solar Cells
DOI: http://dx.doi.org/10.5772/intechopen.94114

Author details

Manoj Kumar Singh1*, Pratik V.  Shinde2, Pratap Singh1 and Pawan Kumar Tyagi3

1 Department of Physics under School of Engineering and Technology (SOET), 
Central University of Haryana (CUH), Mahendergarh, Haryana, India

2 Centre for Nano and Material Sciences, Jain University, Bangalore, India

3 Department of Applied Physics, Delhi Technological University, Delhi, India

*Address all correspondence to: manojksingh@cuh.ac.in

device. Although the efficiency of perovskite solar cells has been boosted to over 
25%, further improving the efficiency towards their theoretical Shockley–Queisser 
efficiency limit of more than 30% and improving the stability towards commercial 
application deserve more intensive research. The micromechanical cleavage method 
provides us structural study and device performance but this cannot be used as 
industry level as low production rate and low yield. This lack noted by the scientific 
community and remarkable advancement has been achieved by fabricating 2d 
materials at the industry level within the past few years. Moreover, TMDs, hBN, gra-
phene, and perovskite are critically fabricated with different methods like physical 
vapor transport, CVD, layer by layer conversion; etc. The samples obtained in this 
way have properties like controllable thickness, electronic properties scalable sizes, 
and high crystal quality. Also, a liquid-based wet chemical method provides two 
unique requirements high control power and low-cost manufacturing of atomically 
thin 2D nanomaterials. Moreover, it is necessary to achieve excellent crystal quality 
and film uniformity before using the LBWC technique in large scale manufacturing.

8. Conclusion

In this chapter, we have enlightened specific properties and synthesis techniques of 
graphene, TMDs, and perovskite. We have described recent progress made with gra-
phene, graphene-based 2D materials for solar photovoltaics. In addition, 2d Schottky 
junction, homojunction, and heterojunction are explained briefly. The unique account 
of the charge carrier transport layer as ETL and HTL has been done fairly. Moreover, 
regular n-i-p and inverted p-i-n structure are the key features. Furthermore, 2DRP 
perovskite, upconversion/downconversion of perovskite cells are also discussed 
briefly. In the last of the section very recent developments on 2d perovskite photo-
voltaic cells have been critically explained with the facts. Various challenges in the 
fabrication and development of today’s devices are pointed out. Therefore, the outlook 
towards 2d materials should be optimistic and needs more attention in the near future.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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able solar cells. Wang et al. [142] successfully fabricated high-quality CsPbBr3 films 
via additive engineering with NH4SCN. The incorporation of NH4

+ and pseudo-
halide ion SCN− into the precursor solution, a smooth and dense CsPbBr3 film with 
good crystallinity and low trap state density can be obtained.

7. Neoteric challenges in development of 2d photovoltaic cells

It is crucial that the entire energy of any absorbed photon is harvested for 
next-generation photovoltaics. The unique features of 2d layered materials such as 
high crystalline quality, transparency, atomic thickness, make them special to use 
in photovoltaic solar cells. Thus, it is important to synthesized and demonstrate 
2d flexible photovoltaic devices on industrial scale. While some different issues 
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mance. The specific requirements in the fabrication of photovoltaic devices are the 
large-area synthesis, highly controllable, low cost, atomically thin, and recyclable 
fabrication of materials and their devices. The above features are specified not only 
for all potential electronic devices but also for optoelectronic devices. Increased 
number of layers of 2d materials, the conductivity of the material improves at 
the cost of reduced transparency. The application of 2dmaterials like TMDs and 
perovskites in photovoltaic devices has also been investigated over the last few years. 
The advantages of using such materials for solar cells have been explored based on 
the high absorption coefficient of these materials in the visible to the near-infrared 
part of the solar spectrum. So there is a need for more investigation of the hetero-
structure based on these materials, which can synergize the performance of the 
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device. Although the efficiency of perovskite solar cells has been boosted to over 
25%, further improving the efficiency towards their theoretical Shockley–Queisser 
efficiency limit of more than 30% and improving the stability towards commercial 
application deserve more intensive research. The micromechanical cleavage method 
provides us structural study and device performance but this cannot be used as 
industry level as low production rate and low yield. This lack noted by the scientific 
community and remarkable advancement has been achieved by fabricating 2d 
materials at the industry level within the past few years. Moreover, TMDs, hBN, gra-
phene, and perovskite are critically fabricated with different methods like physical 
vapor transport, CVD, layer by layer conversion; etc. The samples obtained in this 
way have properties like controllable thickness, electronic properties scalable sizes, 
and high crystal quality. Also, a liquid-based wet chemical method provides two 
unique requirements high control power and low-cost manufacturing of atomically 
thin 2D nanomaterials. Moreover, it is necessary to achieve excellent crystal quality 
and film uniformity before using the LBWC technique in large scale manufacturing.
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In this chapter, we have enlightened specific properties and synthesis techniques of 
graphene, TMDs, and perovskite. We have described recent progress made with gra-
phene, graphene-based 2D materials for solar photovoltaics. In addition, 2d Schottky 
junction, homojunction, and heterojunction are explained briefly. The unique account 
of the charge carrier transport layer as ETL and HTL has been done fairly. Moreover, 
regular n-i-p and inverted p-i-n structure are the key features. Furthermore, 2DRP 
perovskite, upconversion/downconversion of perovskite cells are also discussed 
briefly. In the last of the section very recent developments on 2d perovskite photo-
voltaic cells have been critically explained with the facts. Various challenges in the 
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Abstract

Graphene-based materials have been widely studied for the fabrication of 
electrodes in dye-sensitized solar cells (DSSCs). The use of graphene in the cathode 
is to reduce the amount of platinum (Pt), which in turn is expected to reduce the 
production cost of DSSCs. Additionally, in the structure of cathode, graphene acts 
as a supporting material to reduce the particle sizes of Pt and helps to maintain 
the high efficiency of DSSCs. For anodes, graphene can provide a more effective 
electron transfer process, resulting in the improvement of efficiency of DSSCs. In 
this chapter, the use of graphene-based materials for fabrication of cathodes and 
anodes in DSSCs, including platinum/reduced graphene oxide composite (Pt/rGO) 
and zinc oxide/reduced graphene oxide composite (ZnO/rGO) is discussed. The 
fabricated DSSCs were tested using current density-voltage (J-V) curves to evaluate 
the efficiency. The results of efficiency demonstrate that Pt/rGO is the potential 
material for fabrication of cathode in DSSCs, which helps to reduce the amount of 
Pt and maintain the high efficiency. The efficiency values of DSSCs fabricated from 
ZnO/rGO anodes show that the incorporation of reduced graphene oxide in the 
ZnO could improve the performance of DSSCs.

Keywords: dye-sensitized solar cell, cathode, anode, graphene, zinc oxide, platinum, 
composite

1. Introduction

The human demand for energy has rapidly risen due to technological and 
economic developments. The energy problems and environmental pollutions are 
alarming concerns that have to be addressed urgently; therefore, researchers have 
explored the availability of renewable energies, such as wind energy, biomass 
energy, solar cells, etc. Among these types of energy, solar cells have become a 
potential solution to the energy shortage in terms of cost, geographical distribution, 
and sustainability. Since the breakthrough achievement by Grätzel and O’Regan in 
1991, dye-sensitized solar cells (DSSCs) have been drawing significant attention as 
an alternative to fossil fuels due to the low cost, low energy consumption, simple 
fabrication process, and environmental friendliness [1, 2]. DSSCs are third-
generation photovoltaic cells consisting of four primary components: photoanode, 
dye-sensitizer, electrolyte solution, and cathode.
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Recently, cathodes of DSSCs are fabricated from platinum (Pt). Because Pt is a 
noble and expensive metal, the usage of Pt for fabrication of cathodes could lead to 
the increase in the production cost of DSSCs. Hence, many efforts had been made 
for the reduction of cathode fabrication costs to reduce the production costs of 
DSSCs [3].

Many research studies have been conducted for replacing Pt in cathodes by 
using other materials in combination with Pt. According to previous studies, 
copious low-cost materials were studied for fabrication of cathodes in DSSCs, such 
as carbonaceous materials, conductive polymers, alloys, metal oxide, transition 
metal-based materials including metal sulfides, metal carbides, metal nitrides, etc. 
[4]. Among these materials, carbon-based materials such as carbon vulcan, carbon 
black, activated carbon, carbon nanofibers, carbon nanotubes, and graphene have 
attracted more attention from researchers due to the relatively low cost, high stabil-
ity, high chemical inertness, and high catalytic behavior [5]. In comparison with 
other carbon-based materials, graphene showed better properties, such as: having 
the highest electrical conductivity, fast charged carrier mobility, good chemical 
stability, and high surface area. These properties make graphene one of the most 
potential materials for fabrication of cathodes in DSSCs [6, 7]. Graphene can be 
synthesized from graphene oxide (GO) using the chemical reduction method, 
in which the synthesized graphene product is known as reduced graphene oxide 
(rGO). Numerous studies combined Pt and graphene for fabricating solar cells, fuel 
cells, and for other catalytic applications [8, 9]. In DSSCs, platinum/reduced gra-
phene oxide (Pt/rGO) composite has been widely used for fabrication of cathode.

For anodes, the electron recombination processes in anode material (ZnO and 
TiO2) were a phenomenon that decreased the efficiency of DSSCs. Due to the high 
electron mobility, lower recombination rate, electron lifetime is considerably higher 
in ZnO as compared to TiO2, good transparency to visible light, high photo activity 
and nanocrystalline ZnO of varying morphologies, ZnO is considered as a potential 
material for fabrication of anodes in DSSCs. In order to increase the efficiency of 
ZnO-based DSSCs, graphene was studied for combination with ZnO, which could 
reduce the electron recombination processes of anodes. Numerous efforts have been 
made to investigate the performance of DSSCs fabricated from zinc oxide/reduced 
graphene oxide (ZnO/rGO) anodes.

In order to emphasize the potential of graphene as a promising material for 
fabrication of cathodes and anodes in DSSCs, this chapter is aiming to provide an 
overview on the current issues of DSSCs that need to be improved and the recently 
studied materials for fabrication of electrodes in DSSCs, especially carbonaceous 
materials. Subsequently, the synthesis of Pt/rGO and ZnO/rGO composite materi-
als and the effect of synthesized materials on the performance of fabricated DSSCs 
are discussed. Additionally, the characterization results of Pt/rGO and ZnO which 
were synthesized by our group were also presented to illustrate the morphologies 
and structure of these materials.

2. Dye-sensitized solar cells

The structure and working principle of DSSCs are presented in Figure 1.
An electrode is a solid electrical conductor through which an electrical cur-

rent enters or leaves an electrochemical cell or other mediums like metallic solids, 
liquids, gases, plasmas, or vacuums. Electrodes are usually made of good electrical 
conducting materials. In an electrochemical cell, an electrode is referred to as either 
an anode or a cathode. The anode is defined as the electrode at which electrons leave 
the cell and the oxidation occurs, while the cathode is defined as the electrode at 
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which electrons enter the cell and reduction occurs. For DSSCs, the anode is the 
light collector, thus it is also called photoanode. The anode had a deposited layer 
of a metal oxide semiconductor. The cathode is the electrode on which Pt and 
other conducting materials are deposited. The cathode in DSSCs is often called the 
counter electrode. In 1991, Grätzel first introduced the term “counter electrode” in 
his pioneering publication about dye-sensitized solar cells [10, 11].

A photoanode is typically a layer of nanocrystalline titanium dioxide (TiO2), 
with a thickness of about 10 μm, coated on a transparent conductive oxide (TCO) 
glass substrate, such as an indium-doped tin oxide (ITO) or fluorine-doped tin 
oxide (FTO). Morphologies of TiO2 materials (rod, spherical, hierarchical, and 
tubular) significantly affect the light-harvesting, charge injection, and charge-
collecting properties of DSSCs [12, 13].

Dye-sensitizer plays a crucial role in improving light absorption within the vis-
ible region. Dye-sensitizer is described as an electron pump with inputting power 
from light photons. When the light irradiates the photoanode of DSSCs, electrons 
from the highest occupied molecular orbital (HOMO) of dye-sensitizer transfer 
to the lowest unoccupied molecular orbital (LUMO), then the electrons flow to 
the photoanode. Many types of dye-sensitizer have been used in DSSCs, such as 
ruthenium dyes and natural dyes. Dye N719 is a ruthenium-based dye that is used 
widely in DSSCs [10, 11].

After producing electrons, dye-sensitizer becomes oxidized states, and electrons 
need a medium to transfer back to dye-sensitizer and complete the external circuit 
of DSSCs. In DSSCs, electrolyte plays a role as a shuttle, which transfers electrons 
from cathode back to dye-sensitizer. A good electrolyte system used in DSSCs must 
have excellent electrical conductivity, low viscosity for easier and faster diffusion 
of electrons, and good interfacial contact with the nanocrystalline semiconductor 
of photoanode and cathode. The most popular electrolyte system used in DSSCs is 
iodide/triiodide (I−/I3

−) [10, 11].
The last main component of a DSSC is the cathode. A typical cathode of DSSCs 

is thin Pt layer coated on the TCO (typically FTO). At the interface between 
the Pt layer and the electrolyte, a reduction reaction of electrolyte occurs. This 

Figure 1. 
Structure of DSSCs.
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phenomenon happens when electrons move from external loads to the cathode of 
DSSCs. The Pt film has three main roles in a DSSC: a catalyst for redox reaction of 
electrolyte, an electrolyte regenerator, and a conducting material [10, 11].

The working principle of DSSCs is different from that of conventional silicon-
based solar cells. In silicon-based solar cells, the semiconductor p-n junction carried 
out many processes, both absorbing light and sending out current. In DSSCs, 
those tasks are separate. The main role of the semiconductor is to transfer electron 
from dye-sensitizer to FTO glass, whereas electron suppliers are the dye-sensitizer 
[10, 11].

The light illuminates the photoanode of the DSSCs then dye-sensitizer will 
absorb appropriate wavelengths and turn into excited states S*. In excited states, the 
dye releases electrons that will diffuse into the conduction band of semiconductor 
TiO2 and reach FTO glass. The exciting state of sensitizers is shown in Eq. (1).

 S S ehν + → ∗+  (1)

After that, electrons move to external loads and get back to the DSSCs at the 
cathode. Dye-sensitizer molecules turn into oxidized states S+ after providing elec-
tron. Subsequently, those molecules are reduced by I− in the electrolyte to restore to 
initial states and electrolyte changes from the oxidized state I− to the reduced state 
I3

− as a result of reduction reactions of dye-sensitizers, as shown in Eq. (2).

 33I 2S I 2S− + −+ → +  (2)

At the cathode, the reduced state I3
− receives electrons coming back to the DSSCs 

from the external load and restores to I−. Redox mediators move back and forth 
between cathode and anode mainly relying on the diffusion process. The process is 
shown in Eq. (3).

 3I 2e 3I− −+ →  (3)

The above processes take place when DSSCs are illuminated continuously. Then 
a current is generated and flow in the external load. However, electrons in the 
conduction band of TiO2 may follow three other routes to join in recombination 
reactions, as shown in Eqs. (4)–(6).

 TiO2e S S++ →  (4)

 TiO2 3e I 3I− −+ →  (5)

 SnO2 3e I 3I− −+ →  (6)

Eq. (6) takes place on the interface between FTO and electrolyte, where TiO2 
does not cover. The electron transfer from FTO to the external load is significantly 
faster than that of Eq. (6). Eq. (5) occurs more often than other ones because the 
concentration of I3

− is much higher than that of S+. These recombination reactions 
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make the external current deteriorate and cause declines in voltage of DSSCs, which 
lead to low power conversion efficiency [10, 11].

Many efforts have been made for commercialization of DSSCs, including the 
investigation to enhance the efficiency and reduce the production cost of DSSCs, 
especially the research on cathodes and anodes. Various materials have been studied 
for the fabrication of electrodes in DSSCs: carbonaceous materials, conductive 
polymers, alloys, metal oxide, transition metal-based materials, etc. Among these 
materials, graphene is one of the most prospective materials for the synthesis of 
composites for fabrication of electrodes in DSSCs [14, 15].

3. Graphene for fabrication of electrodes in DSSCs

3.1 Carbonaceous materials

Carbon has long been an intriguing material because it had two allotropes which 
were widely known: diamond and graphite. Although these materials have the same 
elemental composition, the properties of graphite are very different from those of 
diamond. Although researchers working on carbon have long been aware of other 
forms, usually they were regarded as a nuisance and discarded if their formation 
could not be avoided. The importance of the recent “discoveries” of fullerenes and 
carbon nanotubes resides in the fact that their structures were elucidated for the 
first time. The most recent “discovery” is that of graphene, it is simply one of the 
many parallel sheets constituting graphite. The ingenuity resided in the preparation 
of a single isolated sheet, which opened the possibility of examining experimentally 
what was already a well-studied material theoretically [16].

Carbon-based materials have shown great versatility due to the ability to chemi-
cally combine with other carbon-based materials and with a range of different 
elements to form strong covalent bonds. As a result, these materials exhibit excel-
lent characteristics such as high strength, high density, and high hardness. Their 
research, development and innovation are taking place in various fields, and studies 
employing the development of carbon-based materials have shown many positive 
results for a wide variety of structures, which has allowed the development of 
several materials with different applications [17].

Graphite is one of the most common allotropes of carbon, and the most stable 
form of carbon under standard conditions. Graphite is another promising electrode 
electrocatalyst and conducting layer material due to the abundant defect sites and 
good electronic properties. Particularly, the defect sites from edge planes are pre-
ferred to those of basal planes, as the former exhibits the faster electrons transport 
and charge transfer [18].

The three new materials, graphene, carbon nanotubes and fullerenes, can be 
called “nanocarbon” materials. Like graphite, the structures of these carbonaceous 
materials consist of sp2 orbitals. Fullerenes contain 12 pentagons and have some sp3 
character. Fullerenes are spheroidal molecules and are made exclusively of carbon 
atoms (e.g. C60, C70). Their unique hollow cage-like shape and structural analogy 
with clathrin-coated vesicles in cells support the idea of the potential use of fuller-
enes as drug or gene delivery agents. Fullerenes display a diverse range of biological 
activity, which arises from their reactivity, due to the presence of double bonds and 
bending of sp2 hybridized carbon atoms, which produces angle strain. Fullerenes can 
act either as acceptors or donors of electrons. When irradiated with ultraviolet or vis-
ible light, fullerenes can convert molecular oxygen into highly reactive singlet oxygen. 
Thus, fullerenes have the potential to inflict photodynamic damage on biological sys-
tems, including damage to cellular membranes, inhibition of various enzymes [18].
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Carbon nanotubes (CNTs) are formed by a single cylindrically shaped graphene 
sheet called single-wall carbon nanotubes (SWCNTs) or several graphene sheets 
arranged concentrically called multi-wall carbon nanotubes (MWCNTs). CNTs 
have been proposed as the prospective substitutes for the conventional Pt in DSSCs 
due to their outstanding advantages of large surface area, high electrical conduc-
tivity, and chemical stability [18, 19]. Additionally, CNTs could also be used for 
synthesis of composite materials of anodes in DSSCs, including the ZnO nanowires/
CNTs and TiO2/CNTs, in order to offer a potential platform to enhancement surface 
area and decrease of carrier recombination in DSSCs [20, 21].

As mentioned, carbonaceous materials are quite attractive for replacement of 
Pt in DSSCs due to the high electronic conductivity, corrosion resistance toward I2 
electrolyte, high reactivity for I3

− reduction, and low cost. The lower catalytic activ-
ity of carbon compared to Pt can be compensated by increasing the active surface 
area of the electrode by using a porous electrode structure. For example, porous 
carbon electrodes are easily prepared from graphite powder, which consists of plate-
like crystals that, on deposition from a liquid dispersion and drying, will preferen-
tially align in the plane of the counter electrodes, resulting in a high conductivity 
in this plane. Numerous carbonaceous materials were studied for the fabrication of 
electrodes in DSSCs, using carbon vulcan, carbon black, activated carbon, carbon 
nanofibers, carbon nanotubes, graphene or the combination of these materials to 
fabricate the high-performance electrodes of DSSCs, like graphite-activated carbon 
[22], carbon black-graphite [23]. Among these materials, graphene has attracted the 
most attention of researchers due to its outstanding properties [5, 24].

3.2 Graphene

Andre Konstantin Geim and Konstantin Sergeevich Novoselov of the University 
of Manchester received the 2010 Nobel Prize in Physics for their pioneering 
research on graphene. Graphene is a flat monolayer of carbon atoms arranging 
like the structure of honeycombs with one atom thickness. Due to the special 
thickness, graphene is considered as a 2D material, as shown in Figure 2. Carbon 
atoms in graphene lattice are hybridized sp2 with the C-C bond length of 1.42 Å. 
Graphene is one of the basic carbon allotropes, including graphite, carbon nano-
tube, and fullerene. Graphene possesses not only all properties of graphite but also 
other extraordinary characteristics. Graphene has high carrier mobility at room 
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temperature (~200,000 cm2 V−1 s−1), high specific area (2630 m2 g−1), excellent 
thermal conductivity (~3000 Wm−1 K−1), high Young modulus (~1 TPa), and high 
optical transparency (97.7%). Moreover, although graphene has low-density, it is up 
to 50 times stronger than steel [24, 25].

Because graphene is an atom-thick layer, it is a perfect nanoscale material and, 
therefore, has great potential in a very wide range of applications in the field of 
nanotechnology. Graphene has been extensively studied for nano-technological 
applications in field-effect transistors, solar cells, fuel cells, supercapacitors, 
rechargeable batteries, optical modulators, chemical sensors, drug delivery, and 
biomedical applications, in addition to other areas [26, 27].

There are numerous methods for synthesis of graphene: mechanical exfoliation, 
chemical vapor deposition, epitaxial growth, chemical reduction, etc. [28, 29]. 
Among these methods, chemical reduction is a commonly used route for graphene 
synthesis. In this method, graphene is synthesized by reduction of graphene 
oxide (GO), which has the similar structure to graphene, with oxygen-containing 
functional groups introduced into the hexagon structure of graphene sheets. The 
synthesized graphene by this method is called rGO. Chemical reduction method 
is a cost-effective and widely available method for the mass production of rGO 
compared with thermal reduction and other methods. Otherwise, the synthesis 
procedure of graphene with bottom-up methods has revealed difficulty for applica-
tions in industry [30]. In this study, GO was synthesized from graphite (Gi) using 
the Hummers’ method and GO was reduced to create rGO.

3.3 Graphene for fabrication of cathodes in DSSCs

In DSSCs, cathode carries out three functions. As a catalyst, the cathode 
facilitates the regeneration of redox couple i.e., the oxidized state of redox couple 
is reduced by accepting electrons at the surface of the electrode. As a positive 
electrode of primary cells, the cathode collects electrons from the external circuit 
and transfers electrons into the cell. As a mirror, unabsorbed light came through the 
photoanode and the electrolyte, which was partially reflected in the cell to enhance 
the utilization of the light [5, 31].

The cathode in DSSCs conventionally includes two parts: the substrate and 
the catalytic layer. The type of substrate mostly used in DSSCs is conductive glass 
substrates made by coating a layer of TCO on transparent glass. In DSSCs, the TCO 
substrate plays an important role in transmitting the incident light and leading the 
electrical current. Both transmittance and conductivity are crucial for the electrode 
of DSSCs. The conductive glass that is widely used in the fabrication of DSSCs is 
FTO [5].

For promoting the commercialization of DSSCs, the production cost of DSSCs 
needs to be reduced. Moreover, the efficiency of DSSCs is expected to maintain 
at an acceptable level. At present, Pt is still the most appropriate material for the 
fabrication of cathode in DSSCs. However, this noble metal has limited availability 
and relatively high cost that hinder the large-scale production of DSSCs. Moreover, 
Pt cathodes show poor resistance toward corrosion in iodide solution, which may 
result in the formation of PtI4. The use of Pt in cathodes is considered as one of 
many reasons that prevent the commercialization of DSSCs. On the other hand, 
carbon is the material that can be found everywhere on the planet. Carbon-based 
materials had wide applications in technology including solar technology [5]. 
Recently, graphene has been explored as a novel material with many outstanding 
characteristics, which makes these materials become one of the most promising 
alternatives of Pt in DSSCs. In recent years, graphene and graphene-based materials 
have been demonstrated to be an adequate substitute for Pt, to cut off the use of 
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nanofibers, carbon nanotubes, graphene or the combination of these materials to 
fabricate the high-performance electrodes of DSSCs, like graphite-activated carbon 
[22], carbon black-graphite [23]. Among these materials, graphene has attracted the 
most attention of researchers due to its outstanding properties [5, 24].

3.2 Graphene

Andre Konstantin Geim and Konstantin Sergeevich Novoselov of the University 
of Manchester received the 2010 Nobel Prize in Physics for their pioneering 
research on graphene. Graphene is a flat monolayer of carbon atoms arranging 
like the structure of honeycombs with one atom thickness. Due to the special 
thickness, graphene is considered as a 2D material, as shown in Figure 2. Carbon 
atoms in graphene lattice are hybridized sp2 with the C-C bond length of 1.42 Å. 
Graphene is one of the basic carbon allotropes, including graphite, carbon nano-
tube, and fullerene. Graphene possesses not only all properties of graphite but also 
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temperature (~200,000 cm2 V−1 s−1), high specific area (2630 m2 g−1), excellent 
thermal conductivity (~3000 Wm−1 K−1), high Young modulus (~1 TPa), and high 
optical transparency (97.7%). Moreover, although graphene has low-density, it is up 
to 50 times stronger than steel [24, 25].

Because graphene is an atom-thick layer, it is a perfect nanoscale material and, 
therefore, has great potential in a very wide range of applications in the field of 
nanotechnology. Graphene has been extensively studied for nano-technological 
applications in field-effect transistors, solar cells, fuel cells, supercapacitors, 
rechargeable batteries, optical modulators, chemical sensors, drug delivery, and 
biomedical applications, in addition to other areas [26, 27].

There are numerous methods for synthesis of graphene: mechanical exfoliation, 
chemical vapor deposition, epitaxial growth, chemical reduction, etc. [28, 29]. 
Among these methods, chemical reduction is a commonly used route for graphene 
synthesis. In this method, graphene is synthesized by reduction of graphene 
oxide (GO), which has the similar structure to graphene, with oxygen-containing 
functional groups introduced into the hexagon structure of graphene sheets. The 
synthesized graphene by this method is called rGO. Chemical reduction method 
is a cost-effective and widely available method for the mass production of rGO 
compared with thermal reduction and other methods. Otherwise, the synthesis 
procedure of graphene with bottom-up methods has revealed difficulty for applica-
tions in industry [30]. In this study, GO was synthesized from graphite (Gi) using 
the Hummers’ method and GO was reduced to create rGO.

3.3 Graphene for fabrication of cathodes in DSSCs

In DSSCs, cathode carries out three functions. As a catalyst, the cathode 
facilitates the regeneration of redox couple i.e., the oxidized state of redox couple 
is reduced by accepting electrons at the surface of the electrode. As a positive 
electrode of primary cells, the cathode collects electrons from the external circuit 
and transfers electrons into the cell. As a mirror, unabsorbed light came through the 
photoanode and the electrolyte, which was partially reflected in the cell to enhance 
the utilization of the light [5, 31].

The cathode in DSSCs conventionally includes two parts: the substrate and 
the catalytic layer. The type of substrate mostly used in DSSCs is conductive glass 
substrates made by coating a layer of TCO on transparent glass. In DSSCs, the TCO 
substrate plays an important role in transmitting the incident light and leading the 
electrical current. Both transmittance and conductivity are crucial for the electrode 
of DSSCs. The conductive glass that is widely used in the fabrication of DSSCs is 
FTO [5].

For promoting the commercialization of DSSCs, the production cost of DSSCs 
needs to be reduced. Moreover, the efficiency of DSSCs is expected to maintain 
at an acceptable level. At present, Pt is still the most appropriate material for the 
fabrication of cathode in DSSCs. However, this noble metal has limited availability 
and relatively high cost that hinder the large-scale production of DSSCs. Moreover, 
Pt cathodes show poor resistance toward corrosion in iodide solution, which may 
result in the formation of PtI4. The use of Pt in cathodes is considered as one of 
many reasons that prevent the commercialization of DSSCs. On the other hand, 
carbon is the material that can be found everywhere on the planet. Carbon-based 
materials had wide applications in technology including solar technology [5]. 
Recently, graphene has been explored as a novel material with many outstanding 
characteristics, which makes these materials become one of the most promising 
alternatives of Pt in DSSCs. In recent years, graphene and graphene-based materials 
have been demonstrated to be an adequate substitute for Pt, to cut off the use of 
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the noble metal and maintain the performance of DSSCs [32, 33]. Many research 
studies have been conducted to synthesized Pt/graphene or Pt/rGO with different 
methods. Yen et al. mixed GO and H2PtCl6 precursor salt in an ethylene glycol/
H2O mixture and heated the mixture at 120°C to form the Pt/rGO nanocomposite 
[34]. With the similar method, Khoa et al. mixed GO and H2PtCl6 with different 
amount of GO and then the mixture was heated at 350°C to obtain the Pt/thermally 
reduced graphene oxide composite [35]. Instead of thermal reduction method, Wan 
et al. used NaBH4 as reducing agent for synthesis of Pt/rGO composite for cathode 
of DSSCs [36]. Recently, Yu et al. synthesized the Pt nanoparticles-loaded holey 
reduced graphene oxide framework materials with the addition of aqueous hydro-
fluoric acid, resulting in the high electrocatalytic activity and efficient electron/
ion transport material for cathode fabrication of DSSCs [33]. After that, Suriani 
et al. combined graphene, SWCNT, and Pt to create the rGO/SWCNT hybrid film 
with low Pt loading for fabrication of cathode in DSSCs [37]. Beside these studies, 
there were various advanced methods for synthesis of Pt/graphene composite and 
other graphene-based materials: chemical vapor deposition [38, 39], hydrothermal, 
coating with different layers [40], etc. All of the fabricated DSSCs from mentioned 
studies exhibited high conversion efficiency that can be compared with DSSCs 
fabricated from the pure Pt cathodes.

Our group conducted the experiments to investigate the performance of Pt/rGO 
cathodes in DSSCs. Accordingly, rGO was synthesized from GO, which was synthe-
sized from Gi using the improved Hummers’ method. The Pt/rGO composite pastes 
were fabricated from rGO and H2PtCl6 with different weight percents of rGO: 
0, 10, 20, 30, 40, 50, and 100 wt%, marked as PG0, PG10, PG20, PG30, PG40, 
PG50, and PG100, respectively. These composite pastes were used for fabrication 
of cathodes in DSSCs using the screen-printing technology. DSSCs were assembled 
with fabricated cathodes, Dyesol TiO2 anodes, N719 dye, and Dyesol High Stability 
Electrolyte (HSE). The efficiency of fabricated DSSCs was measured using the cur-
rent density-voltage (J-V) curves. The J-V curves and the photovoltaic parameters of 
fabricated DSSCs are presented in Figure 3 and Table 1.

Figure 3. 
J-V curves of DSSCs fabricated from Pt/rGO cathodes with different weight percents of rGO. Reproduced with 
permission Ref. [32]. Copyright 2020, Elsevier.
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The J-V curve results showed that the conversion efficiency values of fab-
ricated DSSCs was reduced when the amount of H2PtCl6 was reduced. In the 
structure of cathode, Pt nanoparticles played the catalytic and charge transferring 
roles. Since the intrinsic conductivity of rGO was relatively lower than that of Pt, 
the catalytic activities of Pt/rGO cathodes were lowered, leading to the decrease 
in efficiency [32]. However, rGO with the high surface area could play the role of 
supporting material to improve the electrochemical activity of Pt/rGO cathode. 
Therefore, Pt nanoparticles could be uniformly decorated on the surface of rGO 
lattice [41]. The high surface area of the Pt/rGO helps to maintain the high effi-
ciencies of DSSCs in spite of the low conductivity of rGO, compared with Pt [42]. 
These results exhibited that the PG10 and PG20 DSSCs had better performance 
compared to other composite DSSCs, with efficiency values higher than 93% 
compared to PG0. The J-V results showed that PG20 was the appropriate material 
for fabrication of cathodes in DSSCs with high amount of Pt replacement and 
high conversion efficiency.

The Pt/rGO material in our study was investigated using different characteriza-
tion technique like Fourier-transform infrared spectroscopy (FTIR), Raman spec-
troscopy, X-ray diffraction (XRD), and transmission electron microscopy (TEM). 
As shown in Figure 4a, the FTIR spectrum of GO revealed the vibrations peaks of 
the epoxide (C–O–C), alkene (C=C), and carboxyl functional groups (–COOH), 
at about 1050, 1628, and 1738 cm−1, respectively. The broad peak at 3386 cm−1 
originated from vibrations of hydroxyl (–OH) groups. The FTIR result demon-
strated that during the oxidation process of Gi by improved Hummers’ method, the 
oxygen-containing functional groups were introduced to the carbon framework of 
Gi to obtain GO [43]. For rGO, characteristic peaks could not be obviously deter-
mined, proving that the functional groups in the structure of GO were reduced. 
Similarly, the characteristic peaks of functional groups in the spectrum of PG20 
were decreased, compared with GO, due to the functional groups remaining in the 
carbon lattice of PG20 after the reduction process [44].

As shown in Figure 4b, the Raman spectra of Gi, GO, rGO, and PG20 showed 
two characteristic peaks at around 1350 and 1580 cm−1, corresponding to D and 
G-band peak. While G band relates to the vibration of sp2 carbon network, the D 
band attributed to the structural defects and partial distortion in the structure of 
sp2 carbon network. The ratios of D-band to G-band (ID/IG) represent the levels of 
defect in graphene-based materials [45]. The ID/IG value of GO is higher than that  
of Gi and lower than rGO or PG20, showing that the oxidation and reduction 
process increased the levels of defect in the structure of graphene sheets. The ID/
IG value of PG20 was measured to be 1.12, where that of rGO accounts for 1.07. 

DSSCs VOC (V) JSC (mA cm−2) ff η (%)

PG0 0.67 15.33 0.67 6.89

PG10 0.73 13.49 0.68 6.64

PG20 0.73 12.86 0.68 6.42

PG30 0.66 12.67 0.70 5.94

PG40 0.69 11.82 0.66 5.44

PG50 0.70 10.84 0.68 5.18

PG100 0.66 10.67 0.68 4.76

Table 1. 
Photovoltaic parameters of DSSCs fabricated from Pt/rGO cathodes with different weight percents of rGO. 
Reproduced with permission Ref. [32]. Copyright 2020, Elsevier.
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the noble metal and maintain the performance of DSSCs [32, 33]. Many research 
studies have been conducted to synthesized Pt/graphene or Pt/rGO with different 
methods. Yen et al. mixed GO and H2PtCl6 precursor salt in an ethylene glycol/
H2O mixture and heated the mixture at 120°C to form the Pt/rGO nanocomposite 
[34]. With the similar method, Khoa et al. mixed GO and H2PtCl6 with different 
amount of GO and then the mixture was heated at 350°C to obtain the Pt/thermally 
reduced graphene oxide composite [35]. Instead of thermal reduction method, Wan 
et al. used NaBH4 as reducing agent for synthesis of Pt/rGO composite for cathode 
of DSSCs [36]. Recently, Yu et al. synthesized the Pt nanoparticles-loaded holey 
reduced graphene oxide framework materials with the addition of aqueous hydro-
fluoric acid, resulting in the high electrocatalytic activity and efficient electron/
ion transport material for cathode fabrication of DSSCs [33]. After that, Suriani 
et al. combined graphene, SWCNT, and Pt to create the rGO/SWCNT hybrid film 
with low Pt loading for fabrication of cathode in DSSCs [37]. Beside these studies, 
there were various advanced methods for synthesis of Pt/graphene composite and 
other graphene-based materials: chemical vapor deposition [38, 39], hydrothermal, 
coating with different layers [40], etc. All of the fabricated DSSCs from mentioned 
studies exhibited high conversion efficiency that can be compared with DSSCs 
fabricated from the pure Pt cathodes.

Our group conducted the experiments to investigate the performance of Pt/rGO 
cathodes in DSSCs. Accordingly, rGO was synthesized from GO, which was synthe-
sized from Gi using the improved Hummers’ method. The Pt/rGO composite pastes 
were fabricated from rGO and H2PtCl6 with different weight percents of rGO: 
0, 10, 20, 30, 40, 50, and 100 wt%, marked as PG0, PG10, PG20, PG30, PG40, 
PG50, and PG100, respectively. These composite pastes were used for fabrication 
of cathodes in DSSCs using the screen-printing technology. DSSCs were assembled 
with fabricated cathodes, Dyesol TiO2 anodes, N719 dye, and Dyesol High Stability 
Electrolyte (HSE). The efficiency of fabricated DSSCs was measured using the cur-
rent density-voltage (J-V) curves. The J-V curves and the photovoltaic parameters of 
fabricated DSSCs are presented in Figure 3 and Table 1.

Figure 3. 
J-V curves of DSSCs fabricated from Pt/rGO cathodes with different weight percents of rGO. Reproduced with 
permission Ref. [32]. Copyright 2020, Elsevier.
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The J-V curve results showed that the conversion efficiency values of fab-
ricated DSSCs was reduced when the amount of H2PtCl6 was reduced. In the 
structure of cathode, Pt nanoparticles played the catalytic and charge transferring 
roles. Since the intrinsic conductivity of rGO was relatively lower than that of Pt, 
the catalytic activities of Pt/rGO cathodes were lowered, leading to the decrease 
in efficiency [32]. However, rGO with the high surface area could play the role of 
supporting material to improve the electrochemical activity of Pt/rGO cathode. 
Therefore, Pt nanoparticles could be uniformly decorated on the surface of rGO 
lattice [41]. The high surface area of the Pt/rGO helps to maintain the high effi-
ciencies of DSSCs in spite of the low conductivity of rGO, compared with Pt [42]. 
These results exhibited that the PG10 and PG20 DSSCs had better performance 
compared to other composite DSSCs, with efficiency values higher than 93% 
compared to PG0. The J-V results showed that PG20 was the appropriate material 
for fabrication of cathodes in DSSCs with high amount of Pt replacement and 
high conversion efficiency.

The Pt/rGO material in our study was investigated using different characteriza-
tion technique like Fourier-transform infrared spectroscopy (FTIR), Raman spec-
troscopy, X-ray diffraction (XRD), and transmission electron microscopy (TEM). 
As shown in Figure 4a, the FTIR spectrum of GO revealed the vibrations peaks of 
the epoxide (C–O–C), alkene (C=C), and carboxyl functional groups (–COOH), 
at about 1050, 1628, and 1738 cm−1, respectively. The broad peak at 3386 cm−1 
originated from vibrations of hydroxyl (–OH) groups. The FTIR result demon-
strated that during the oxidation process of Gi by improved Hummers’ method, the 
oxygen-containing functional groups were introduced to the carbon framework of 
Gi to obtain GO [43]. For rGO, characteristic peaks could not be obviously deter-
mined, proving that the functional groups in the structure of GO were reduced. 
Similarly, the characteristic peaks of functional groups in the spectrum of PG20 
were decreased, compared with GO, due to the functional groups remaining in the 
carbon lattice of PG20 after the reduction process [44].

As shown in Figure 4b, the Raman spectra of Gi, GO, rGO, and PG20 showed 
two characteristic peaks at around 1350 and 1580 cm−1, corresponding to D and 
G-band peak. While G band relates to the vibration of sp2 carbon network, the D 
band attributed to the structural defects and partial distortion in the structure of 
sp2 carbon network. The ratios of D-band to G-band (ID/IG) represent the levels of 
defect in graphene-based materials [45]. The ID/IG value of GO is higher than that  
of Gi and lower than rGO or PG20, showing that the oxidation and reduction 
process increased the levels of defect in the structure of graphene sheets. The ID/
IG value of PG20 was measured to be 1.12, where that of rGO accounts for 1.07. 

DSSCs VOC (V) JSC (mA cm−2) ff η (%)

PG0 0.67 15.33 0.67 6.89

PG10 0.73 13.49 0.68 6.64

PG20 0.73 12.86 0.68 6.42

PG30 0.66 12.67 0.70 5.94

PG40 0.69 11.82 0.66 5.44

PG50 0.70 10.84 0.68 5.18

PG100 0.66 10.67 0.68 4.76

Table 1. 
Photovoltaic parameters of DSSCs fabricated from Pt/rGO cathodes with different weight percents of rGO. 
Reproduced with permission Ref. [32]. Copyright 2020, Elsevier.
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This means that the level of defect in the structure of PG20 is higher than that 
of rGO, this was attributed to the incorporation of Pt nanoparticles into the rGO 
sheets [46].

The XRD patterns of Gi, GO, rGO, and PG20 are presented in Figure 4c. In the 
pattern of GO, there is a characteristic peak (002) at 2θ = 10.42°, corresponding to 
the interlayer distance of 0.85 nm. For rGO, the (002) peak appears at 2θ = 26.87°; 
the interlayer distance between the rGO sheets was determined to be 0.33 nm. The 
diffraction peak of GO pattern is not observed in the pattern of rGO, indicating the 
removal of functional groups of GO during the reduction process. In the pattern of 
PG20, the diffraction peaks are determined at 2θ = 39.97, 46.36, and 67.69 o, cor-
responding to the (111), (200), and (220) crystalline planes of Pt nanoparticles, 
respectively. Additionally, there is a diffraction peak at 2θ = 25.32° in the pattern of 
PG20, which was similar to that of rGO. The XRD result proved the formation of Pt 
particles from H2PtCl6 and the reduction of GO to create the rGO sheets, proving 
the successful synthesis of Pt/rGO [46].

The morphology of PG20 composite was investigated using the TEM images. As 
shown in Figure 4d, rGO is observed to be the semi-transparent thin layer, indicat-
ing that the 2D structure of rGO was maintained after the annealing process. The Pt 
nanoparticles are observed as the black spheres which were decorated on the rGO 
sheets. From the TEM images, the sizes of the Pt nanoparticles were estimated to be 
in range of 10–30 nm. Besides, the Pt nanoparticles were eventually decorated on the 

Figure 4. 
Characterization of PG20 and precursor materials: (a) FTIR spectra, (b) Raman spectra, (c) XRD patterns, 
and (d) TEM image. Reproduced with permission Ref. [32]. Copyright 2020, Elsevier.
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rGO sheets. However, the Pt nanoparticles tended to agglomerate to form Pt clusters. 
The TEM images showed the high degree of agglomeration of Pt nanoparticles and 
the role of rGO as an effective supporting material in order to keep the distribution 
of Pt particles. The role as a supporting material of rGO helped to maintain the 
efficiency of PG20 DSSCs by increasing the surface areas of the materials.

The investigation of Pt/rGO cathodes in DSSCs proved that rGO was an excel-
lent replacement for Pt in cathodes of DSSCs. By using the Pt/rGO composite for 
fabrication cathodes of DSSCs, the amount of Pt in DSSCs could be reduced and the 
efficiency could be maintained.

3.4 Graphene for the fabrication of anodes in DSSCs

Three key factors that affect the DSSC efficiency have been extensively stud-
ied: photo-electron generation, charge carrier transfer, and surface reaction. The 
unique and outstanding properties of graphene are ideal for addressing these 
factors. Graphene offers a 2D conductive support path for electron transfer, which 
can improve the electron transfer in photoanode materials and reduce the electron-
hole recombination rate. For an example of TiO2, without carbonaceous material 
supporter, electrons that are injected into TiO2 nanoparticles may transfer around 
and need a much longer transfer distance. Graphene provides a faster electron 
transfer path and significantly reduces the electron-hole recombination rate in 
the TiO2 material layer. Additionally, the large surface area creates more occasions 
for reactive group decoration and enhances the chemical reaction and reduction 
processes [11, 47].

ZnO materials have been made into composite/hybrid materials along with 
other metallic as well as graphitic structures to enhance their mechanical and 
electrochemical properties [48]. ZnO has superior optical and electrical proper-
ties that include high electron mobility in the order of 1500 cm2 V−1 s−1 at room 
temperature, wide band gap energy of 3.3 eV, and a high excitation (electron-
hole) binding energy of 60 meV. However, to overcome the drawback of poor 
catalytic activity in ZnO due to its photoelectron recombination, many studies 
had incorporated graphene into the ZnO matrix to its efficiency and reduce the 
electron recombination process [49, 50]. There are two main method for fabrica-
tion of ZnO/rGO composite: the in-situ method, which used the Zn(II) precursor 
salts and mixed with GO or rGO [51, 52], and the ex-situ method, which used the 
ZnO nanomaterials (nanoparticles, nano wires, nanorods, etc.) and mixed with 
rGO [53, 54].

Our group conducted the experiments to investigate the performance of ZnO/
rGO anodes in DSSCs. Accordingly, ZnO/rGO composite materials were synthe-
sized from Zn(O2CCH2)3 and GO. The ZnO/rGO anodes were fabricated from ZnO/
rGO composite materials with different weight percent of rGO: 0, 0.1, 0.5, 1, and 
5 wt% corresponding to ZnO, ZnO/rGO1, ZnO/rGO2, ZnO/rGO3, and ZnO/rGO4, 
respectively. DSSCs were assembled with fabricated anodes, cathodes from Dyesol 
Platinum Paste, N719 dye, and HSE electrolyte. The efficiency values of fabricated 
DSSCs were measured using the J-V curves. The results showed that the DSSCs 
fabricated from ZnO/rGO anodes demonstrated the high efficiencies, compared 
with DSSCs using the ZnO anode. The J-V curves and the photovoltaic parameters 
of fabricated DSSCs are presented in Figure 5 and Table 2.

As shown in Figure 5, the efficiencies of ZnO/rGO1, ZnO/rGO2, and ZnO/
rGO3 DSSCs were determined to be 1.25, 1.47, and 1.55%, respectively, which were 
higher than that of ZnO DSSC (1.08%). During the transfer process of the excited 
electron from N719 to FTO, the electron-hole recombination could significantly 
deteriorate the performance of DSSCs, leading to the decrease in the conversion 
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This means that the level of defect in the structure of PG20 is higher than that 
of rGO, this was attributed to the incorporation of Pt nanoparticles into the rGO 
sheets [46].

The XRD patterns of Gi, GO, rGO, and PG20 are presented in Figure 4c. In the 
pattern of GO, there is a characteristic peak (002) at 2θ = 10.42°, corresponding to 
the interlayer distance of 0.85 nm. For rGO, the (002) peak appears at 2θ = 26.87°; 
the interlayer distance between the rGO sheets was determined to be 0.33 nm. The 
diffraction peak of GO pattern is not observed in the pattern of rGO, indicating the 
removal of functional groups of GO during the reduction process. In the pattern of 
PG20, the diffraction peaks are determined at 2θ = 39.97, 46.36, and 67.69 o, cor-
responding to the (111), (200), and (220) crystalline planes of Pt nanoparticles, 
respectively. Additionally, there is a diffraction peak at 2θ = 25.32° in the pattern of 
PG20, which was similar to that of rGO. The XRD result proved the formation of Pt 
particles from H2PtCl6 and the reduction of GO to create the rGO sheets, proving 
the successful synthesis of Pt/rGO [46].

The morphology of PG20 composite was investigated using the TEM images. As 
shown in Figure 4d, rGO is observed to be the semi-transparent thin layer, indicat-
ing that the 2D structure of rGO was maintained after the annealing process. The Pt 
nanoparticles are observed as the black spheres which were decorated on the rGO 
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Figure 4. 
Characterization of PG20 and precursor materials: (a) FTIR spectra, (b) Raman spectra, (c) XRD patterns, 
and (d) TEM image. Reproduced with permission Ref. [32]. Copyright 2020, Elsevier.
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rGO sheets. However, the Pt nanoparticles tended to agglomerate to form Pt clusters. 
The TEM images showed the high degree of agglomeration of Pt nanoparticles and 
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supporter, electrons that are injected into TiO2 nanoparticles may transfer around 
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for reactive group decoration and enhances the chemical reaction and reduction 
processes [11, 47].

ZnO materials have been made into composite/hybrid materials along with 
other metallic as well as graphitic structures to enhance their mechanical and 
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ties that include high electron mobility in the order of 1500 cm2 V−1 s−1 at room 
temperature, wide band gap energy of 3.3 eV, and a high excitation (electron-
hole) binding energy of 60 meV. However, to overcome the drawback of poor 
catalytic activity in ZnO due to its photoelectron recombination, many studies 
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electron recombination process [49, 50]. There are two main method for fabrica-
tion of ZnO/rGO composite: the in-situ method, which used the Zn(II) precursor 
salts and mixed with GO or rGO [51, 52], and the ex-situ method, which used the 
ZnO nanomaterials (nanoparticles, nano wires, nanorods, etc.) and mixed with 
rGO [53, 54].

Our group conducted the experiments to investigate the performance of ZnO/
rGO anodes in DSSCs. Accordingly, ZnO/rGO composite materials were synthe-
sized from Zn(O2CCH2)3 and GO. The ZnO/rGO anodes were fabricated from ZnO/
rGO composite materials with different weight percent of rGO: 0, 0.1, 0.5, 1, and 
5 wt% corresponding to ZnO, ZnO/rGO1, ZnO/rGO2, ZnO/rGO3, and ZnO/rGO4, 
respectively. DSSCs were assembled with fabricated anodes, cathodes from Dyesol 
Platinum Paste, N719 dye, and HSE electrolyte. The efficiency values of fabricated 
DSSCs were measured using the J-V curves. The results showed that the DSSCs 
fabricated from ZnO/rGO anodes demonstrated the high efficiencies, compared 
with DSSCs using the ZnO anode. The J-V curves and the photovoltaic parameters 
of fabricated DSSCs are presented in Figure 5 and Table 2.

As shown in Figure 5, the efficiencies of ZnO/rGO1, ZnO/rGO2, and ZnO/
rGO3 DSSCs were determined to be 1.25, 1.47, and 1.55%, respectively, which were 
higher than that of ZnO DSSC (1.08%). During the transfer process of the excited 
electron from N719 to FTO, the electron-hole recombination could significantly 
deteriorate the performance of DSSCs, leading to the decrease in the conversion 
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efficiency values. The addition of rGO, a material with high conductivity and high 
electron mobility, could improve the transfer pathway of the excited electron. The 
introduction of rGO in the structure of the anode material could help to prevent the 
recombination reactions and enhanced the efficiency of DSSC. ZnO/rGO4 DSSC 
demonstrated a low efficiency, because transmittance of anode was drastically 
decreased, due to the high amount of rGO in ZnO/rGO4 composite. Besides, the 
excessive amount of rGO could become the recombination center that increased the 
recombination reactions [55, 56]. Therefore, the appropriate rGO weight percent in 
the composite was 1%, corresponding to the ZnO/rGO3 DSSC.

The ZnO/rGO material in our study was characterized using various methods 
including: FTIR spectroscopy, Raman spectroscopy, XRD patterns, and TEM 
images. Figure 6a demonstrates the FTIR spectra of ZnO/rGO3 and precursor 
materials. As mentioned above, the FTIR results showed that Gi was oxidized to 
obtain GO. The characteristic peaks of GO were reduced or disappeared on the 
spectra of GO and ZnO/rGO, indicating that the functional group of GO was 
reduced to create rGO and ZnO/rGO. The FTIR spectrum of ZnO/rGO3 revealed 
two typical peaks at 507.14 and 433.23 cm−1, corresponding to the Zn-O vibration of 
hexagonal wurtzite structure of ZnO [49].

As shown in Figure 6b, Raman spectra of ZnO/rGO3 and precursor materials 
had the D and G-band peak. In the Raman spectra of ZnO and ZnO/rGO3, the 

Figure 5. 
J-V curves of DSSCs fabricated from ZnO/rGO anodes with different weight percents of rGO. Reproduced with 
permission Ref. [50]. Copyright 2020, Chemical Engineering Transaction.

DSSCs VOC (V) JSC (mA cm−2) ff η (%)

ZnO 0.48 3.43 0.49 1.08

ZnO/rGO1 0.64 2.87 0.51 1.25

ZnO/rGO2 0.63 2.50 0.70 1.47

ZnO/rGO3 0.64 3.02 0.60 1.55

ZnO/rGO4 0.30 1.27 0.28 0.14

Table 2. 
Photovoltaic parameters of fabricated from ZnO/rGO anodes with different weight percents of rGO. 
Reproduced with permission Ref. [50] Copyright 2020, Chemical Engineering Transaction.
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vibration peak at 436 cm−1 was assigned to the E2 non-polar phonon modes, corre-
sponding to the hexagonal crystal structure of ZnO nanoparticles. The D-band and 
G-band peaks of ZnO/rGO3 spectrum were unclear, due to the low amount of rGO 
in the structure of ZnO/rGO3 [57].

The XRD patterns of ZnO/rGO3 and precursor materials are demonstrated 
in Figure 6c. The characteristic diffraction peaks of ZnO/rGO3 were observed at 
2θ = 31.8, 34.5, 36.3, 47.5, 56.6, 62.8, 67.9, and 69.0°, corresponding to the (110), 
(002), (101), (102), (110), (103), (112), and (201) crystalline plane of wurtzite 
structures; similar with the JCPDS File No.36-1451 of ZnO [55, 58]. The diffraction 
peaks of GO and rGO were not observed in the pattern of ZnO/rGO3, because the 
weight percent of rGO in ZnO/rGO3 composite was low (1%).

As shown in Figure 6d, the TEM images of the ZnO/rGO3 demonstrated the 
decoration of ZnO nanoparticles on rGO sheets. As mentioned above, rGO is 
observed to be the semi-transparent thin layer, while the ZnO nanoparticles are 
the black spheres. The average size of ZnO nanoparticles was estimated to be about 
10 nm. As can be seen, the ZnO nanoparticles were evenly distributed on rGO 
sheets. These results exhibited the good incorporation of rGO sheets and ZnO 
nanoparticles in the structure of ZnO/rGO3.

The investigation of ZnO/rGO anodes in DSSCs proved that the incorporation of 
rGO into the structure of ZnO could enhance the efficiencies of DSSCs. Therefore, the 
ZnO/rGO composite is the appropriate material for the fabrication of anodes in DSSCs.

Figure 6. 
Characterization of ZnO/rGO3 and precursor materials: (a) FTIR spectra, (b) Raman spectra, (c) XRD 
patterns, and (d) TEM image. Reproduced with permission Ref. [50]. Copyright 2020, Chemical Engineering 
Transaction.
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G-band peaks of ZnO/rGO3 spectrum were unclear, due to the low amount of rGO 
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4. Conclusion

In this chapter, the use of graphene as a supporting material for electrodes in 
DSSCs was discussed. Graphene-based DSSCs have emerged as an important class 
of photovoltaic material for many recent years. Graphene could be synthesized by a 
chemical reduction method and called rGO. This chapter demonstrates that gra-
phene (or rGO) is the prospective material for the synthesis of composite materials, 
including Pt/rGO and ZnO/rGO, which were applied for the fabrication of cathodes 
and anodes in DSSCs. Graphene has shown great potential to replace Pt as cathodes 
for fabricating DSSCs. The mentioned experiments of PG20 demonstrated that Pt 
nanoparticles supported on rGO could help to reduce the amount of Pt in cathodes 
of DSSCs, while the high efficiencies were maintained. For anodes, the incorpora-
tion of rGO in ZnO/rGO composites enhanced the efficiencies of DSSCs, by reduc-
ing the electron recombination processes in the structure of anodes in DSSCs.

Based on the reported results, it is clear that graphene materials will have wide 
and promising applications in DSSCs. Various graphene-based materials with 
distinct properties should be extensively studied before they are practically applied 
for producing DSSCs.
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Abstract

Over the years, researchers have been working on replacing sensitized dye for
dye sensitized solar cells (DSSC), because of its low production cost, biodegrad-
ability, and non-toxicity. However, the overall performance of natural dye-based
DSSCs is low compared to the DSSCs sensitized with Ruthenium based dyes. The
combination of natural dyes with an optimized choice of the extracting solvents and
the proper volume ratio of mixture of the dyes, enhances inherent properties, such
as absorption and adsorption of the dyes. It also allows the device to utilize photon
energy more efficiently over the entire visible wavelength. As a result, DSSC sensi-
tized with the dye mixture shows higher absorbance, and cumulative absorption
properties over the whole visible region than the DSSC fabricated with individual
dyes and showed higher photocurrent. Another effective way to improve cell effi-
ciency is by using a blocking layer. The blocking layer increases the photocurrent, is
mainly due to the improvement of the electron recombination at the transparent
conducting oxide/electrolyte interfaces. Also, the blocking layer’s compact structure
creates an effective pathway for electron transportation; thus, the device’s photo-
current increases. Additionally, a slight improvement in the open-circuit voltage
and fill factor was observed, thus cell efficiency enhances significantly. By both the
proper ratio of dye mixture and the blocking layer improves cell performance of
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However, the sources of these fossil fuel reserves are depleting very fast. The
existing sources of energy are inadequate, and if the fuel consumption continued at
current usage rates, it would last only about 50 years [3]. On the other hand,
burning fossil fuels releases carbon dioxide and other greenhouse gases (e.g., water
vapor, methane, nitrous oxide, sulfur dioxide, and other ozone-depleting sub-
stance) in the atmosphere, making them the primary contributors to global
warming and climate change. Because of the depletion of fossil fuels and global
warming, in recent years, researchers are endeavoring severe attempts to find out
various ways to meet energy demand around the world. Renewable energy could be
an eco-friendly, alternative, sustainable energy resource because they are inex-
haustible and will not pollute the environment for us or those of future generations
by emitting harmful gases. Many alternative renewable energy sources have already
been available, such as solar, hydro, wind, biogas, biomass, geothermal, wave, and
tidal energy. Among all renewable resources, solar energy can be the solution to the
problem of dwindling fossil-fuel reserves [4].

Solar energy is the cleanest and most abundant renewable energy source avail-
able. The solar cell or photovoltaic (PV) device is used for converting the energy of
sunlight into useable electrical energy. The generated energy from solar does not
produce any harmful emissions, consumes no fossil fuels, has no moving parts, and
requires little maintenance. The development of PV technology is growing, and
intensive research works are undertaken worldwide to improve cell performance
and reduce the cost of the cell. With a history dating back over 60 years, since the
very first silicon bipolar solar cell, the last three decades silicon solar cell has seen
immeasurable advancement in both the performance of experimental and commer-
cial cells. First-generation silicon solar cells showed their value in the market with
the advantages, including high efficiency (26.6%), high reliability, low cost, ease of
fabrication, and environmentally friendly traits [5–8]. Second generation thin-film
(e.g., amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium
gallium selenide (CIGS)) solar cells are cheaper than the mature Si solar cells;
additionally, thin-films are easier to handle and more flexible. However, the short-
age of Tellurium and Indium makes it hard to manufacture solar cells commercially.
Also, Cadmium is extremely poisonous and medical problems with environmental
impact [9]. This significant concern opened the method of exploration of finding
other elective materials and further innovation for solar cells. Several new thinner-
films have surfaced through concentrated research with higher potential, including
dye-sensitized solar cell (DSSC), perovskite solar cell (PSC), copper zinc tin sulfide
(CZTS) solar cell, organic solar cell (OSC), and quantum dot solar cell (QDSC) [10].

The DSSC belongs to the group of thin-films, functions on a semiconductor
generated into an electrolyte and a light-sensitive anode [11]. In 1988, Brian
O’Regan and Michael Grätzel at UC Berkeley, USA initially co-invented the modern
version of DSSC and later they further developed this work at the ÉcolePolytechni-
queFédérale de Lausanne, Switzerland [12]. Brian O’Regan and Michael Grätzel
reported the first modern version of DSSC in 1991 with an efficiency of 7.1–7.9%
[13, 14]. DSSC can convert the solar energy to electrical energy by using photosen-
sitive dye. DSSC is fabricated by using conventional roll-printing systems. The
semi- transparency and semi-flexibility of DSSC offer a diversity of usages not
appropriate for glass-based construction and most of the materials used are low-
cost. However, practical elimination of several expensive elements has proven to be
difficult, notably Pt and ruthenium (Ru). The energy conversion efficiency of the
most recent laboratory-developed module is approximately 14.7% [15]. This chapter
is focused on the improvement of efficiency of DSSC by the combination of natural
dyes and the blocking layer. In this work, structure and operation principle of the
third generation dye-sensitized solar cell (DSSC) has been discussed in the second
section. Section 3 explains the combination of natural dyes with an optimized
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choice of the extracting solvents and the dye mixture’s at proper volume ratio,
enhancing the dye sensitizer’s inherent properties, such as absorption and adsorp-
tion, thus improving the cell efficiency. Section 4 explains the comprehensive study
of the blocking layer and its effect on the cell efficiency, and finally in section five,
overall conclusions and accomplishments of this study have been mentioned.

2. Basics of DSSC

As shown in Figure 1, a typical DSSC consists of five different parts, such as, (1)
transparent conducting oxide (TCO), glass substrate, (2) anode (wide band-gap
semiconductor material layer on TCO), (3) photosensitizer, (4) electrolyte and (5)
cathode (platinum/carbon layer on TCO). The components of a DSSC are: two
transparent conductive oxide [indium tin oxide (ITO), fluorine-doped tin oxide
(FTO), Indium Zinc Oxide (IZO) and Aluminum Zinc Oxide (AZO)] glass elec-
trodes. One of the electrodes is the anode, the working anode, which is printed with
semiconductor material [TiO2, ZnO, SnO2, SrTiO3, Zn2SnO4, Nb2O5, etc.]
nanoparticles (particle size around 20–50 nm). The semiconductor oxides are sen-
sitized with a photosensitizer (metal complex sensitizer, metal-free organic sensi-
tizer or natural dye sensitizer), which absorbs the photons. The other electrode is
the counter electrode [platinum or carbon coated TCO] and in between the two
working electrodes is the electrolyte containing the redox couple [I�/I3

�, Br�/Br3
�,

SCN�/ (SCN)3
� and SeCN�/ (SeCN)3

�, etc.].
Figure 2 illustrates the schematic diagram of the basic working principle of a

typical TiO2 based DSSC. All other semiconductor-based DSSC such as ZnO, SnO2,

etc. works under the same principle. Under illumination, a photo-excited electron is
injected from the excited state of the dye (D*) from the highest occupied molecule
orbital (HOMO) to lowest un-occupied molecular orbital (LUMO) (Eq. (1)). The
excited electron is injected to the conduction band of the semiconductor material.
The injected electron percolates through the semiconductor material by a driving
chemical diffusion gradient and is collected at the TCO glass substrate (Eq. (2)).
After passing through an external circuit, and reaches the counter electrode, thus,

Figure 1.
Schematic diagram of basic structure of DSSC.
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problem of dwindling fossil-fuel reserves [4].

Solar energy is the cleanest and most abundant renewable energy source avail-
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sunlight into useable electrical energy. The generated energy from solar does not
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additionally, thin-films are easier to handle and more flexible. However, the short-
age of Tellurium and Indium makes it hard to manufacture solar cells commercially.
Also, Cadmium is extremely poisonous and medical problems with environmental
impact [9]. This significant concern opened the method of exploration of finding
other elective materials and further innovation for solar cells. Several new thinner-
films have surfaced through concentrated research with higher potential, including
dye-sensitized solar cell (DSSC), perovskite solar cell (PSC), copper zinc tin sulfide
(CZTS) solar cell, organic solar cell (OSC), and quantum dot solar cell (QDSC) [10].

The DSSC belongs to the group of thin-films, functions on a semiconductor
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O’Regan and Michael Grätzel at UC Berkeley, USA initially co-invented the modern
version of DSSC and later they further developed this work at the ÉcolePolytechni-
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reported the first modern version of DSSC in 1991 with an efficiency of 7.1–7.9%
[13, 14]. DSSC can convert the solar energy to electrical energy by using photosen-
sitive dye. DSSC is fabricated by using conventional roll-printing systems. The
semi- transparency and semi-flexibility of DSSC offer a diversity of usages not
appropriate for glass-based construction and most of the materials used are low-
cost. However, practical elimination of several expensive elements has proven to be
difficult, notably Pt and ruthenium (Ru). The energy conversion efficiency of the
most recent laboratory-developed module is approximately 14.7% [15]. This chapter
is focused on the improvement of efficiency of DSSC by the combination of natural
dyes and the blocking layer. In this work, structure and operation principle of the
third generation dye-sensitized solar cell (DSSC) has been discussed in the second
section. Section 3 explains the combination of natural dyes with an optimized
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choice of the extracting solvents and the dye mixture’s at proper volume ratio,
enhancing the dye sensitizer’s inherent properties, such as absorption and adsorp-
tion, thus improving the cell efficiency. Section 4 explains the comprehensive study
of the blocking layer and its effect on the cell efficiency, and finally in section five,
overall conclusions and accomplishments of this study have been mentioned.

2. Basics of DSSC

As shown in Figure 1, a typical DSSC consists of five different parts, such as, (1)
transparent conducting oxide (TCO), glass substrate, (2) anode (wide band-gap
semiconductor material layer on TCO), (3) photosensitizer, (4) electrolyte and (5)
cathode (platinum/carbon layer on TCO). The components of a DSSC are: two
transparent conductive oxide [indium tin oxide (ITO), fluorine-doped tin oxide
(FTO), Indium Zinc Oxide (IZO) and Aluminum Zinc Oxide (AZO)] glass elec-
trodes. One of the electrodes is the anode, the working anode, which is printed with
semiconductor material [TiO2, ZnO, SnO2, SrTiO3, Zn2SnO4, Nb2O5, etc.]
nanoparticles (particle size around 20–50 nm). The semiconductor oxides are sen-
sitized with a photosensitizer (metal complex sensitizer, metal-free organic sensi-
tizer or natural dye sensitizer), which absorbs the photons. The other electrode is
the counter electrode [platinum or carbon coated TCO] and in between the two
working electrodes is the electrolyte containing the redox couple [I�/I3
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The injected electron percolates through the semiconductor material by a driving
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dye regeneration takes place due to the acceptance of electrons from I� ion redox
mediator, and I� gets oxidized to I3

� (Eq. (3)). To complete the circle, by electron
donation, I� ions regenerated by the reduction of I3

� ions at the cathode (Eq. (4)).
However, some undesirable reactions are simultaneously taking place, such as non-
radiation relaxation (Eqs. (5) and (6) no. red arrow in Figure 2), recombination of
injected electrons with the oxidized dye (Eqs. (6) and (7 no. red arrow in Figure 2)
and recombination of injected electrons with I3

� (Eqs. (7) and (8) no. red arrow in
Figure 2). In brief, the sequence of events in a DSSC is as follows [16]:

TiO2∣Dþ hν ! TiO2∣D ∗ Excitation of dye upon illumination (1)

TiO2∣D ∗ ! TiO2∣Dþ

þ e� Oxidation of dye due to injection of electrons in TiO2 photoanode

(2)

TiO2∣Dþ þ 3
2
I� ! TiO2∣Dþ 1

2
I3� Oxidation of electrolyte (3)

1
2
I3� þ 2e�∣CE ! 3

2
I� Restoration of electrolyte at the counter electrode (4)

TiO2∣D ∗ ! TiO2∣D Recombination of dye (5)

TiO2∣Dþ þ e� ! TiO2∣D Dye recover to ground state (6)

I3� þ 2e�∣TiO2 ! 3I� Recombination of electrolyte (7)

D: Dye sensitizer; D*: Excited dye upon illumination; D+: Oxidized dye.
Nemours researchers are working on to improve cell performance by different

means, such as modifying the TCO/semiconductor material interface by blocking
layer; modifying semiconductor material by doping, annealing time, radiation,

Figure 2.
Operation principal of typical DSSC.
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carbon nanotubes, etc.; modifying the absorption properties of the dyes by Ru dye,
organic dye, dye mixture, etc. to enhance cell efficiency [17–22].

3. Effect of combination of natural dyes

The dye in DSSCs has a vital role in harnessing solar energy from the sun
and converts it into useable electrical energy. The primary charges in the dyes
separate through photo-excitation, and photo-excited dyes inject electrons into the
conduction band of semiconductor material. A dye should fulfill some pre-
requisites to be considered efficient dye: (1) binding firmly with the semiconductor
material; (2) higher molar absorption capabilities for maximum absorption from
visible to IR-region; (3) fast electron transfer; (4) LUMO of the dye should be
higher than the conduction band of semiconductor for efficient electron injection
into the semiconductor material; (5) HOMO of the dye should be lower than the
redox couple for efficient regeneration of oxidized dye; and (6) slow degradation
(or do not degrade at all) [16, 23–25]. The dyes used in DSSC are divided into
three types: metal complexes dye sensitizer, metal-free organic dye sensitizer,
and natural dye sensitizer. Metal complexes dye sensitizers, such as polypyridyl
complexes of Ruthenium (Ru), Osmium (Os), metal porphyrin, phthalocyanine are
the most efficient and durable dye for DSSC application. However, these dyes have
a complex synthesis process, release chemicals as a by-product, and require rear-
earth material for the synthesis process. As a result, the overall fabrication process
highly depended on the rear earth material that is neither sustainable nor
economical. On the other hand, metal-free organic dye sensitizer has advantages
over metal complex dye sensitizer, reducing the use of rear-earth material, higher
molar absorption co-efficient, and preprocessing color. However, these advantages
are offset by their instability, tedious manufacturing process, tendency to undergo
degradation, and toxicity. These significant limitations influenced scientists to
work on possible replacements for metal complexes or metal-free organic dye
sensitizers [16].

Over the years, significant research has been done to determine the possibility of
replacing sensitized dye. Natural dye has several advantages over sensitized dyes.
These include low production cost, high availability, easy access, simple fabrication
technique, biodegradable, environment friendly, purity grade, non-toxic, and
reducing the use of rear-earth material. Natural dye-based DSSCs have attracted
considerable attraction as an alternative way to produce low-cost dyes to a large
extent by extracting dyes from natural resources. In nature, some vegetables, fruits,
flowers, leaves, seeds, roots, stems, bacteria, and algae exhibit various colors due to
plant pigmentation [16]. The natural dyes are four major families which are chlo-
rophyll, anthocyanin, carotenoids, and flavonoids [26, 27].

Chlorophyll, which is the most widespread pigment occurring naturally in
plants, fungi, bryophytes and algae. The molecular structure of a chlorophyll con-
sists of a Magnesium-containing tetrapyrrolic ring, encircled by other side chains.
The chlorophylls are classed mainly as chlorophyll-a, chlorophyll-b, chlorophyll-c1,
chlorophyll-c2, chlorophyll-d, and chlorophyll-f. They absorb light from red, blue,
and violet in the visible wavelengths with an absorptionmaximumof �670 nm while
reflecting green wavelengths. Chlorophyll dye molecule create an electronic cou-
pling with the conduction band of semiconductor material through the carboxylic
groups, which helps to anchor the dye molecules and transfer injected electron
efficiently from the dye sensitizer to the conduction band of semiconductor mate-
rial [16, 28]. Figure 3 shows the basic molecular structure of chlorophyll and the
binding chlorophyll and semiconductor material (e.g., TiO2).
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carbon nanotubes, etc.; modifying the absorption properties of the dyes by Ru dye,
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separate through photo-excitation, and photo-excited dyes inject electrons into the
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material; (2) higher molar absorption capabilities for maximum absorption from
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higher than the conduction band of semiconductor for efficient electron injection
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redox couple for efficient regeneration of oxidized dye; and (6) slow degradation
(or do not degrade at all) [16, 23–25]. The dyes used in DSSC are divided into
three types: metal complexes dye sensitizer, metal-free organic dye sensitizer,
and natural dye sensitizer. Metal complexes dye sensitizers, such as polypyridyl
complexes of Ruthenium (Ru), Osmium (Os), metal porphyrin, phthalocyanine are
the most efficient and durable dye for DSSC application. However, these dyes have
a complex synthesis process, release chemicals as a by-product, and require rear-
earth material for the synthesis process. As a result, the overall fabrication process
highly depended on the rear earth material that is neither sustainable nor
economical. On the other hand, metal-free organic dye sensitizer has advantages
over metal complex dye sensitizer, reducing the use of rear-earth material, higher
molar absorption co-efficient, and preprocessing color. However, these advantages
are offset by their instability, tedious manufacturing process, tendency to undergo
degradation, and toxicity. These significant limitations influenced scientists to
work on possible replacements for metal complexes or metal-free organic dye
sensitizers [16].

Over the years, significant research has been done to determine the possibility of
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plant pigmentation [16]. The natural dyes are four major families which are chlo-
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Anthocyanins are also an abundant and widespread group of water-soluble
pigments in plants. They absorb light at the longest wavelengths. Depending on the
pH value, anthocyanins are responsible for the existence of attractive colors, such as
red, orange, magenta, pink, blue, blue-black and purple floral [16, 30]. Generally,
the carbonyl and hydroxyl functional groups in the anthocyanin dye sensitizers
create an electronic coupling with the semiconductor material’s conduction band,
which helps transfer the excited electron efficiently to the conduction band of

Figure 3.
Chlorophyll-semiconductor material (i.e.,TiO2) interaction [29].

Figure 4.
Basic structure of anthocyanin and anthocyanin-semiconductor material (TiO2) intaraction [31].
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semiconductor material [16]. Figure 4 shows the basic interaction between antho-
cyanin and semiconductor material (e.g., TiO2).

Carotenoids occur in many plants and algae, as well as several bacteria, and
fungi. It contributes to yellow, orange, and red colors and allows them to absorb
short-wave visible light [32]. Carotenoids can be divided into two major types:
xanthophylls (with oxygen) and carotenes (purely hydrocarbons and without oxy-
gen) [16, 33]. Figure 5 illustrates the interaction between carotenoids- semicon-
ductor material (i.e., TiO2).

Flavonoids are essential floral pigments. The development of a specific color
depends on the accumulation of flavonoid chromophores and other intrinsic and
extrinsic factors. Chemically, the flavonoids have a C6- C3- C6 carbon frameworkwith
two connected two phenyl rings (A and B) and a heterocyclic ring (C). Depending on
the oxidation potential of the C-ring, the particular flavonoids absorb light in the visible
wavelength. Till now, over 5000 flavonoids have been identified from different plants.
Most of the flavonoid pigment has loosely or unbound electrons. Thus less energy is
required for excitation of such electrons is lower compared to the others. As a result,
those pigment molecules can be energized by the light within the visible range [16].

The overall cell efficiency of natural dye-based DSSCs is comparably low com-
pared to DSSCs sensitized with sensitized dyes. Due to the inadequate interaction
between dyes and semiconductor surface, a significant reduction of the cell’s short-
circuit current. The pigment’s long structure obstructs the dye molecules to form a
bond with the oxide surface of the semiconductor materials effectively. Those are the
field of works that are yet to be developed in natural dye DSSCs to achieve high-
efficiency devices and device stability. To further raise the efficiency of the DSSC
combination of dyes has been explored and reported DSSC or to broaden the absorp-
tion spectrum [35–39]. A combination of natural dyes with an optimized choice of the
extracting solvent enhances the absorption of solar light and allowed utilization of the
photon energy more efficiently. As a result, DSSC sensitized with the dye mixture
shows higher absorbance, and cumulative absorption properties over the entire visi-
ble region than the DSSC fabricated with single individual dyes [35, 36].

Kabir et al. studied the effect of chlorophyll and anthocyanin dye mixture on the
cell performance of natural dye-based DSSC. They also mixed the dyes at five
different volume ratios to find the optimized dye mixture. The cell conversion
efficiency of DSSC fabricated with individual chlorophyll, and anthocyanin dyes

Figure 5.
Carotenoids -semiconductor material (i.e.,TiO2) interaction [34].
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semiconductor material [16]. Figure 4 shows the basic interaction between antho-
cyanin and semiconductor material (e.g., TiO2).

Carotenoids occur in many plants and algae, as well as several bacteria, and
fungi. It contributes to yellow, orange, and red colors and allows them to absorb
short-wave visible light [32]. Carotenoids can be divided into two major types:
xanthophylls (with oxygen) and carotenes (purely hydrocarbons and without oxy-
gen) [16, 33]. Figure 5 illustrates the interaction between carotenoids- semicon-
ductor material (i.e., TiO2).

Flavonoids are essential floral pigments. The development of a specific color
depends on the accumulation of flavonoid chromophores and other intrinsic and
extrinsic factors. Chemically, the flavonoids have a C6- C3- C6 carbon frameworkwith
two connected two phenyl rings (A and B) and a heterocyclic ring (C). Depending on
the oxidation potential of the C-ring, the particular flavonoids absorb light in the visible
wavelength. Till now, over 5000 flavonoids have been identified from different plants.
Most of the flavonoid pigment has loosely or unbound electrons. Thus less energy is
required for excitation of such electrons is lower compared to the others. As a result,
those pigment molecules can be energized by the light within the visible range [16].

The overall cell efficiency of natural dye-based DSSCs is comparably low com-
pared to DSSCs sensitized with sensitized dyes. Due to the inadequate interaction
between dyes and semiconductor surface, a significant reduction of the cell’s short-
circuit current. The pigment’s long structure obstructs the dye molecules to form a
bond with the oxide surface of the semiconductor materials effectively. Those are the
field of works that are yet to be developed in natural dye DSSCs to achieve high-
efficiency devices and device stability. To further raise the efficiency of the DSSC
combination of dyes has been explored and reported DSSC or to broaden the absorp-
tion spectrum [35–39]. A combination of natural dyes with an optimized choice of the
extracting solvent enhances the absorption of solar light and allowed utilization of the
photon energy more efficiently. As a result, DSSC sensitized with the dye mixture
shows higher absorbance, and cumulative absorption properties over the entire visi-
ble region than the DSSC fabricated with single individual dyes [35, 36].

Kabir et al. studied the effect of chlorophyll and anthocyanin dye mixture on the
cell performance of natural dye-based DSSC. They also mixed the dyes at five
different volume ratios to find the optimized dye mixture. The cell conversion
efficiency of DSSC fabricated with individual chlorophyll, and anthocyanin dyes

Figure 5.
Carotenoids -semiconductor material (i.e.,TiO2) interaction [34].
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were 0.466% and 0.531%, respectively. DSSC co-sensitized with the optimized dye
mixture (20% chlorophyll +80% anthocyanin) showed cell conversion efficiency of
0.847%, which is almost 1.82 and 1.6 times higher than the cell efficiency of the
individual chlorophyll and anthocyanin dye-sensitized DSSC’s (shown in Figure 6).
The chemical characteristics study of the dye showed that no new bond except has
formed; however, few shifts in the adsorption peak was observed (Shown in
Figure 7 and Table 1). Similar characteristics were seen when dyes were adsorbed
the TiO2 semiconductor material (shown in Figure 8. and Table 2, [36].

Figure 9 illustrates the UV–visible absorption spectra of natural chlorophyll
(green), anthocyanin (red), and the optimum combination of dyes (green + red)
diluted in ethanol. The dye mixture has demonstrated the cumulative absorption
properties of both individual green and red dye.

Kabir et al. also studied the effect of betalain and curcumin dye combination on
the cell performance of natural dye-based DSSC. They also mixed the dyes at three
different volume ratios to find the optimized dye combination. The optimized dye
mixture demonstrated the cumulative absorption properties of both individual
betalain and curcumin dye (shown in Figure 10). The DSSC fabricate with the
combination of betalain and curcumin dye also showed superior cell performance
than DSSC manufactured with individual betalain and curcumin dye (shown in
Figure 11 and Table 3) [35].

Figure 6.
I-V characteristics of DSSC fabricated with chlorophyll, anthocyanin and different combinations [36].

Figure 7.
FT-IR adsorption spectra of natural chlorophyll (green), anthocyanin (red), and combination (20% green
+80% red) of dyes (without TiO2) [36].
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Nonetheless, to the best of our knowledge, combination of dyes have a positive
impact on the cell performance of natural based DSSC.

4. Effect of blocking layer in DSSC

In DSSCs, a porous layer of nanostructuredsemiconductor materials such as TiO2

[40–45], ZnO [46–48], SnO2 [49, 50], SrTiO3 [51, 52] Zn2SnO4 [53, 54] and Nb2O5

[55] called a photo anode, covered with photosynthetic dye. The photo anode of

Functional
group

Absorption
range

(in cm�1)

Type of
vibration

Intensity Absorption
peak of

green dye
(in cm�1)

Absorption
peak of

combination
of dyes

(in cm�1)

Absorption
peak of red

dye
(in cm�1)

Alkyl Halide
(CdCl)

600–800 Stretch Strong 616 610 606

Alkene
(═CdH)

675–1000 Bending Strong 944 950 —

Ether (CdO) 1000–1300 Stretch Strong 1017 1026 —

Amine (CdN) 1080–1360 Stretch Weak 1338 1354 —

Aromatic
(C═C)

1400–1600 Stretch Medium
weak

1422 1404 —

Alkene (C═C) 1620–1680 Stretch Variable 1652 1619 1635

Alkane (CdH) 2820–2850 Stretch
(symmetric)

Strong 2837 — —

Alkane (CdH) 2850–3000 Stretch
(asymmetric)

Strong 2975 — —

Alcohol
(OdH)

3200–3600 Stretch Broad
and

strong

3346 3320 3329

Table 1.
IR absorption of organic functional groups of natural green, red, and combination of dyes (20% green +80%
red) without TiO2 [36].

Figure 8.
FT-IR adsorption spectra of natural chlorophyll (green), anthocyanin (red), and combination
(20% green +80% red) of dyes (with TiO2) [36].
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Nonetheless, to the best of our knowledge, combination of dyes have a positive
impact on the cell performance of natural based DSSC.

4. Effect of blocking layer in DSSC

In DSSCs, a porous layer of nanostructuredsemiconductor materials such as TiO2
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Table 1.
IR absorption of organic functional groups of natural green, red, and combination of dyes (20% green +80%
red) without TiO2 [36].

Figure 8.
FT-IR adsorption spectra of natural chlorophyll (green), anthocyanin (red), and combination
(20% green +80% red) of dyes (with TiO2) [36].
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DSSC influences the photo generated current. Highly porous structures and large
surface areas of the nanostructured semiconductor materials increase the dye
absorption and move the photo-induced electron towards the load [56]. Intensive
research has been undertaken by the DSSC research community to increase photo-
induced current and understand the mechanisms responsible for losses in the cell.
Radiation less relaxation of energized dye, electron recombination with the oxidized
dye; and electron recombination with the tri-iodide in the electrolyte are the main
reasons for limiting the photocurrent in the cell. Generally, the first two have a
negligible impact, while the last one shows a significant impact [56, 57].

Electron recombination occurs when electron transfer to I3
� in the electrolytes via

semiconductor material and the TCO. Electron recombination through both routes
needs to be reduced to prevent loss. In I�/I3

� redox couple, the electron transfer via
the TCO is negligible due to small exchange current density between I3

�-I�. Gener-
ally, the losses via the FTO under short-circuit condition is insignificant, because the
Fermi level of the TCO (i.e., FTO) is close to the redox Fermi level. However, under
illumination, the quasi-Fermi level of the semiconductor material (i.e., TiO2) rises
rapidly with distance from the TCO (as shown in Figure 12a). As a result, a higher
driving force is observed when electron transfer from the semiconductor material to
I3
�, which is much higher than in the bulk of the sensitized layer that is close to the

TCO glass substrate. Thus, I3
� electrons are anticipated to recombine with the semi-

conductor material at short-circuit conditions [57].
However, under illumination, the open-circuit condition is entirely different

(shown in Figure 12b). Due to the rise (�0.7 eV) of the Fermi level of TCO glass
substrate, a much higher driving force is observed when electron transfer from the
TCO glass substrate to I3

�. Thus, the electron recombination with I3
� via the TCO

glass substrate and the back reaction by these two routes causes a photo stationary
state in the cell [57].

Functional
group

Absorption
range

(in cm�1)

Type of
vibration

Intensity Absorption
peak of

green dye
by TiO2

film
(in cm�1)

Absorption
peak of

combination
of dyes by
TiO2 film
(in cm�1)

Absorption
peak of red
dye by TiO2

film
(in cm�1)

TidOdTi 400–800 Stretch Strong 438 440 515

Alkene
(═CdH)

675–1000 Bending Strong 817 782 780

Ether (CdO) 1000–1300 Stretch Strong 1042 1039 1040

Amine (CdN) 1080–1360 Stretch Weak 1324 1323 1315

Aromatic
(C═C)

1400–1600 Stretch Medium
weak

1546 1544 1538

Alkene (C═C) 1620–1680 Stretch Variable 1639 1643 1636

Alkane (CdH) 2820–2850 Stretch
(symmetric)

Strong 2848 2852 2856

Alkane (CdH) 2850–3000 Stretch
(asymmetric)

Strong 2924 2923 2924

Alcohol
(OdH)

3200–3600 Stretch Broad
and

strong

3384 3286 3281

Table 2.
IR absorption of organic functional groups of natural green, red, and combination of dyes (20% green +80%
red) with TiO2 [36].
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The blocking layer works as a barrier layer at the TCO/semiconductor material
interface to improve cell performance. Studies had shown that a significant
improvement in photo induced current observed when the blocking layer was
introduced in the cell. Park and colleagues found that due to the blocking layer’s

Figure 10.
Absorption properties of betalain, curcumin, and combination of dyes [35].

Figure 9.
(a) Absorption spectra of diluted natural chlorophyll (green), anthocyanin (red), and the optimum
combination of dyes without TiO2, and (b) absorption spectra of diluted natural chlorophyll (green),
anthocyanin (red), and the optimum combination of dyes withTiO2 [36].
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�, which is much higher than in the bulk of the sensitized layer that is close to the
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substrate, a much higher driving force is observed when electron transfer from the
TCO glass substrate to I3
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glass substrate and the back reaction by these two routes causes a photo stationary
state in the cell [57].
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The blocking layer works as a barrier layer at the TCO/semiconductor material
interface to improve cell performance. Studies had shown that a significant
improvement in photo induced current observed when the blocking layer was
introduced in the cell. Park and colleagues found that due to the blocking layer’s

Figure 10.
Absorption properties of betalain, curcumin, and combination of dyes [35].

Figure 9.
(a) Absorption spectra of diluted natural chlorophyll (green), anthocyanin (red), and the optimum
combination of dyes without TiO2, and (b) absorption spectra of diluted natural chlorophyll (green),
anthocyanin (red), and the optimum combination of dyes withTiO2 [36].
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presence, total transfer resistance at the blocking layer/electrolyte interface
increased that increased cell performances by preventing electron recombination
near the TCO glass substrate [58, 59]. Fabregat and co-workers found that BL

Figure 11.
I-V characteristics of DSSC fabricated with betalain, curcumin, and combination of dyes [35].

Dye/
Combination of
dyes

Dye
ratio

Voc (mV) Isc (mA) FF η% Dye
loading

(mol mm�3

X 107)

Red 371.6 � 09.5 1.218 � 0.039 0.487 � 0.008 0.220 � 0.016 1.05

Yellow 507.2 � 10.5 1.857 � 0.026 0.503 � 0.004 0.473 � 0.020 1.09

Red + Yellow 1:1 495.5 � 09.4 2.319 � 0.015 0.508 � 0.003 0.583 � 0.018 1.09

Red + Yellow 1:2 502.7 � 11.5 2.494 � 0.022 0.518 � 0.002 0.649 � 0.020 1.08

Red + Yellow 2:1 497.1 � 14.3 2.041 � 0.025 0.508 � 0.003 0.515 � 0.024 1.09

Table 3.
Photovoltaic performance of DSSC fabricated with FTO/TiO2 [35].

Figure 12.
Schematic of DSSC in the absence of a blocking layer. (a) under short circuit conditions, the Fermi level in the
FTO is close to the redox Fermi level results in rapid electron-transfer kinetics to I3 -. (b) under open-circuit
conditions, the Fermi level in the FTO moves up as the electron quasi-Fermi level rises and results in a photo
stationary state [57].
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improved physical contact between the TCO and semiconductor material that pro-
duce higher photo conversion efficiency. However, the advantage obtained by
utilizing blocking layer is lost if the layer is too thick, and, generally, generates a
series of resistance and an electron barrier that reduces the charge collection effi-
ciency [59, 60].

A significant amount of photo-induced electron recombined and results in lower
photocurrent. Recombination of the electron at the interfaces reduces the photo-
current and affects the fill factor; thus, cell performance decreases [60]. The com-
plete photo anode is constructed layer-by-layer stack of suitably designed structures
to maximize different cell functionalities. The recombination losses in DSSCs
occurred primarily at the interface between the glass substrate of TCO and the
electrolyte. The compact blocking layer acts as a physical barrier and physically
separates and reduces the contact surface area between the TCO glass substrate
from the electrolyte [59]. By employing the blocking layer with suitable thickness,
the recombination can be reduced; and photo induced current and fill factor
increase, leading to the DSSC efficiency improvement. Studies also showed that the
blocking layer also improved the open-circuit-photo voltage of the cell [61]. The
schematic on the effect of blocking layer is shown in Figure 13.

There are many kinds of preparation methods for blocking layers in DSSCs,
including spin coating, deep coating, spray coating, sol–gel, sputtering, hydrother-
mal technique, etc. Spin-coating is a simple method for preparing uniform thin
films onto flat substrates. Generally, the spin coating method includes deposition,
spinup, spinoff, and evaporation [62]. Usually, a small amount of coating material is
applied to the center of the substrate then rotated at speed up to 10,000 rpm to
spread the coating material by centrifugal force. Rotation is continued while the
fluid spins off the substrate’s edges until the desired thickness of the film is

Figure 13.
Schematic diagram of the DSSC including a blocking layer for preventing recombination.
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improved physical contact between the TCO and semiconductor material that pro-
duce higher photo conversion efficiency. However, the advantage obtained by
utilizing blocking layer is lost if the layer is too thick, and, generally, generates a
series of resistance and an electron barrier that reduces the charge collection effi-
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There are many kinds of preparation methods for blocking layers in DSSCs,
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mal technique, etc. Spin-coating is a simple method for preparing uniform thin
films onto flat substrates. Generally, the spin coating method includes deposition,
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achieved. The film’s thickness also depends on the solvent and solvents
concentration [63].

Yeol et al. prepared a ZnO precursor on FTO substrates for the blocking layer.
For ZnO precursor, a homogeneous mixture of 2.195 g zinc acetate dehydrate,
20 mL isopropanol, and 0.605 mL monoethanolamine (MEA) was prepared. The
concentration was 0.5 M, with MEA: zinc acetate molar ratio of 1: 1. The prepared
solution was stirred for 2 hrs at 200 rpm at 60°C, then stirred at the same rpm at
ambient temperature for 22 hrs. For the spin-coated film, rotation speed and dura-
tion were held at 3000 rpm and 20 s, respectively. They annealed the spin-coated
films at 500° C for 1 h to form a blocking layer of ZnO (55 nm to 310 nm). The ZnO
blocking layer thickness is a function of the number of deposition cycles in the spin-
coating process. ZnO blocking layer thickness increased linearly with the number of
deposition cycles, a typical feature of the spin-coating technique [64]. Figure 14a
illustrates the morphology of FTO. Figure 14b and c show that ZnO nanoparticles
are distributed uniformly across the FTO substrate’s surface to form a compact
layer. Comparing both Figure 14a and c, when the thickness of the ZnO blocking
layer increased, the size of the ZnO nanoparticles also slightly increased.

Yeol et al. showed that the effect of ZnO blocking layer and increasing its
thickness on the cell performance of TiO2 based DSSC. Table 4 lists photovoltaic
performance and Figure 15 illustrates the J–V characteristics of the cell, including
ZnO blocking layers of different thicknesses. The value of open-circuit voltage
(Voc) and fill factor (FF) of the DSSC improves, though the short-circuit current
decreased. The increase of open-circuit voltage is due to the blocking of electron
injection from the TiO2 conduction band to the FTO [64, 65]. Due to the increased
electron density in the TiO2, the Fermi level rises. However, further an increase in
the thickness of the ZnO blocking layer, the value of short circuit current decreased

Figure 14.
FESEM images of (a) bare FTO, (b) FTO/ ZnO blocking layer (120 nm), (c) FTO/ ZnO blocking layer
(310 nm) [64].

Sample Voc(mV) Jsc (mA/cm2) Efficiency (%ɳ) Fill Factor (FF)

FTO 695 8.48 3.86 0.66

FTO/ZnO (55 nm) 708 8.30 3.96 0.67

FTO/ZnO (120 nm) 728 8.18 4.34 0.73

FTO/ZnO (220 nm) 744 6.64 3.63 0.73

FTO/ZnO (275 nm) 745 4.83 2.69 0.75

FTO/ZnO (310 nm) 781 3.05 1.66 0.70

Table 4.
Photovoltaic properties of TiO2 based DSSCs including ZnO blocking layer of different thicknesses
(for N3 dye) [64].
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rapidly. As a result, cell performance decrease despite the slight improvement in the
Voc and FF values because the excessively thick ZnO layer blocks the electron
injection from the conduction band of TiO2 to the FTO substrate [64].

Lee et al. introduced an additional spin-coated TiO2 thin film between the FTO
and TiO2 (semiconductor material) as a blocking layer for the electron injected from
the exited photosensitizer. A homogeneous mixture of 29.0 mg titanium tetraiso-
propoxide [Ti (OC3H7)4], and 100 ml isopropanol [(CH3)2CHOH] was prepared.
Then the solution of 7.5 ml HCl in 100 ml of isopropanol was added drop by drop to
the [Ti (OC3H7)4]-[(CH3)2CHOH] solution at 0°C under continuous stirring, and
afterward the solution was allowed to stand for less than 1 h at the same tempera-
ture. The solution was smeared on FTO substrates and rotated at 500, 1000, and
2000 rpm for 40 s to ensure uniformity. The samples were heated for 1 h at 100°C;
they were sintered for 30 min at 450°C [66].

Lee et al. prepared several TiO2 gel films with the spin coating method with
different thicknesses. The thickness and roughness of the TiO2 layers are among the
most critical factors in the cell performance of DSSC [66]. Table 5 lists the thickness
and root-mean-square roughness of TiO2 thin films. SEM images of 10 μm thin films
(surface and cross-sections) are shown in Figure 16. Table 6 lists photovoltaic
performance and Figure 17 illustrates the J–V characteristics of the cell, including
ZnO blocking layers of different thicknesses.

TiO2 layers also enhance the contact property between the FTO and TiO2 elec-
trode. Figure 16c and d illustrate the photovoltaic performance and the J-V charac-
teristics curve of DSSC with different blocking layer thicknesses. The thickness of
the TiO2 blocking layer affects the efficiency of DSSC. As thin films’ rpm increased,
the thickness and roughness of the TiO2 blocking layer also decreased, and the film
becomes smooth and uniform. This increase in the smoothness and uniformity of

Figure 15.
J–V characteristics of DSSCs including ZnO blocking layer of different thicknesses [64].

Revolution per minute (rpm) Thickness (nm) Rughness (nm)

0 0 21.14

2000 10–30 10.91

1000 40–60 11.68

500 120–150 14.05

Table 5.
Thickness and root-mean-square roughness of TiO2 thin films [66].

327

Effect of Combination of Natural Dyes and the Blocking Layer on the Performance of DSSC
DOI: http://dx.doi.org/10.5772/intechopen.94760



achieved. The film’s thickness also depends on the solvent and solvents
concentration [63].
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Figure 14.
FESEM images of (a) bare FTO, (b) FTO/ ZnO blocking layer (120 nm), (c) FTO/ ZnO blocking layer
(310 nm) [64].

Sample Voc(mV) Jsc (mA/cm2) Efficiency (%ɳ) Fill Factor (FF)
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FTO/ZnO (310 nm) 781 3.05 1.66 0.70

Table 4.
Photovoltaic properties of TiO2 based DSSCs including ZnO blocking layer of different thicknesses
(for N3 dye) [64].
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the TiO2 blocking layer results in improved cell performance. The increased number
of efficiently transferred photo generated electrons to the TiO2 electrode results in
an improvement in short-circuit current [67]. By suppressing the recombination of
electrons injected from excited photosensitizers in the TiO2 and electrolyte inter-
face, a higher value of open-circuit voltage was obtained [57]. Their study also
showed that when the resistance at the FTO/TiO2 layer interface was decreased, the
electron lifetime in DSSCs was increased [66].

Figure 16.
Cross-sectional SEM images of the main-TiO2/FTO (a), main- TiO2/TiO2 thin film/FTO applied to a DSSC
(b) [66].

Thickness
(nm)

Open-
circuit
voltage,
Voc (V)

Short-
circuit
current
density,

Jsc
(mA/cm2)

Fill
factor,
FF
(%)

Efficiency,
ɳ (%)

Electron
lifetime,
Te (ms)

Resistance
at Pt.

counter
electrode,
RCt1 (Ω)

Charge transfer
resistances at
the TiO2/dye/
electrolyte
interface
RCt2 (Ω)

0 0.65 11.09 62 4.43 14.1 5.3 28.8

10–30 0.74 11.92 64 5.62 20.1 4.3 19.1

40–60 0.72 11.58 65 5.39 18.2 4.7 19.7

120–150 0.70 11.21 60 4.68 16.6 7.6 21.9

Table 6.
The cell performance of DSSCs based on TiO2 layers (10.5 μm) compressed at different thickness of thin films
during the preparation for ruthenium 535 (Solaronix Co. N3) dye [66].
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Yoo et al. showed the impact of precursor concentration in the cell conversation
efficiency of DSSC. For the blocking layer, a 1-butanol solution contained titanium
(IV) bis(ethylacetoacetato) di-isopropoxide precursor was spin-coated on an FTO
glass, followed by annealing at 500°C in air for 30 min. The concentration of the
solution was varied from 0.05 M to 1.2 M [58]. Figure 18 illustrates the SEM of bare
FTO and blocking layer-deposited FTO glasses (surface and cross-sections). Table 7
lists the photovoltaic property of DSSC with a blocking layer, where short-circuit
current density increases with increasing the precursor concentration (and
increased blocking layer thickness).

Zou et al. studied the effect of the TiCl4 blocking layer (or pre-treatment) in
ZnO based DSSC. Figure 19 shows the fabricated ZnO films, with and without
TiCl4 pre-treatment on the FTO glass substrate. From Figure 19a-d, it can be seen
that fabricated ZnO films have porous flakes, both with and without blocking

Figure 17.
I–V curves for DSSCs with TiO2 blocking layers at different thickness [66].

Figure 18.
Surface (A–H) and cross-section (a–h) SEM micrographs for the bare FTO, blocking layer-deposited FTO
substrates from the Ti precursor solutions with the concentration of 0.05, 0.1, 0.15, 0.2, 0.4, 0.8, and 1.2 M,
respectively [58].
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Yoo et al. showed the impact of precursor concentration in the cell conversation
efficiency of DSSC. For the blocking layer, a 1-butanol solution contained titanium
(IV) bis(ethylacetoacetato) di-isopropoxide precursor was spin-coated on an FTO
glass, followed by annealing at 500°C in air for 30 min. The concentration of the
solution was varied from 0.05 M to 1.2 M [58]. Figure 18 illustrates the SEM of bare
FTO and blocking layer-deposited FTO glasses (surface and cross-sections). Table 7
lists the photovoltaic property of DSSC with a blocking layer, where short-circuit
current density increases with increasing the precursor concentration (and
increased blocking layer thickness).

Zou et al. studied the effect of the TiCl4 blocking layer (or pre-treatment) in
ZnO based DSSC. Figure 19 shows the fabricated ZnO films, with and without
TiCl4 pre-treatment on the FTO glass substrate. From Figure 19a-d, it can be seen
that fabricated ZnO films have porous flakes, both with and without blocking

Figure 17.
I–V curves for DSSCs with TiO2 blocking layers at different thickness [66].

Figure 18.
Surface (A–H) and cross-section (a–h) SEM micrographs for the bare FTO, blocking layer-deposited FTO
substrates from the Ti precursor solutions with the concentration of 0.05, 0.1, 0.15, 0.2, 0.4, 0.8, and 1.2 M,
respectively [58].
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Ti precursor
concentration (M)

Short-circuit current,
Jsc (mA/cm2)

Open-circuit
voltage,
Voc (V)

Fill
factor,
FF

Efficiency,
ɳ (%)

Area
(cm2)

Without blocking layer 0.01 0.588 0.356 0.002 0.99

0.05 0.05 0.861 0.475 0.020 0.99

0.10 0.08 0.865 0.482 0.033 1.02

0.15 0.10 0.869 0.530 0.046 1.02

0.20 0.14 0.871 0.564 0.069 1.02

0.40 0.21 0.881 0.618 0.114 1.02

0.80 0.38 0.884 0.648 0.218 1.02

1.20 0.56 0.883 0.615 0.304 1.02

Table 7.
Photocurrent-voltage characteristics of DSSC comprising only blocking layers for N719 dye [58].

Figure 19.
SEM images of (a) FTO/ZnO with TiCl4 pretreatment. (b) FTO/ZnO without TiCl4 pretreatment. (c) and
(d) the amplification figure of (a) and (b), respectively [68].
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layers. However, TiCl4 treated ZnO anode has a larger flake, which can offer a large
surface area to absorb much more dyes. Table 8 lists the photovoltaic property of
DSSC with TiCl4 blocking layer [68].

Kabir et al. studied the effect of post-treatment of TiCl4 in TiO2 based DSSC.
Post TiCl4 treatment not only increases the overall cell conversion efficiency of
DSSC but also enhances cell stability. TiCl4 treated TiO2 anode based DSSC’s degra-
dation rate is much lower than the TiCl4 untreated TiO2 anode based DSSC. Studies
showed that TiCl4 treated TiO2 anode based DSSC’s cell stability of the increase
around 38–44.5%. Figure 20 shows the effect of post TiCl4 treatment in the cell
conversion efficiency of TiO2 based DSSC [69].

Cameron et al. [57], Heo et al. [70], Yu et al. [71] used spray coating method to
prepare TiO2 blocking layer. Introducing the blocking layer into the device
decreases charge carrier trapping and recombination. Subsequently, short-circuit
current increases significantly. Additionally, a slight improvement in the open-
circuit voltage and fill factor is observed, thus cell efficiency enhances significantly.

5. Summary

In conclusion, natural dye is a promising alternative to replace the metal com-
plexes or organic dyes in the DSSC application. They are low-cost, abundant, eco-
friendly, simple extraction procedures, and non-toxic. The combination of natural
dyes with an optimized choice of the mixture of the volume ratio of the extracting
dye extracting solvent accounts for many possible interactions that promise to
provide more charge injection upon sensitization and allowed utilization of the
photon energy more efficiently. DSSC co-sensitized with the dye mixture shows
higher absorbance, and cumulative absorption properties over the entire visible
region than the DSSC fabricated with individual dyes.

Samples Open-circuit voltage,
Voc (V)

Short-circuit current,
Jsc (mA/cm2)

Fill factor, FF Efficiency,
ɳ (%)

Without TiCl4 0.3977 1.07 0.2829 0.12

TiCl4 0.4759 2.86 0.3967 0.54

Table 8.
Photovoltaic performance of ZnO based DSSCs with TiCl4 pretreatment and without TiCl4 pretreatment [68].

Figure 20.
Effect of post TiCl4 treatment in the cell performance of TiO2 based DSSC [69].
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layers. However, TiCl4 treated ZnO anode has a larger flake, which can offer a large
surface area to absorb much more dyes. Table 8 lists the photovoltaic property of
DSSC with TiCl4 blocking layer [68].
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Post TiCl4 treatment not only increases the overall cell conversion efficiency of
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around 38–44.5%. Figure 20 shows the effect of post TiCl4 treatment in the cell
conversion efficiency of TiO2 based DSSC [69].

Cameron et al. [57], Heo et al. [70], Yu et al. [71] used spray coating method to
prepare TiO2 blocking layer. Introducing the blocking layer into the device
decreases charge carrier trapping and recombination. Subsequently, short-circuit
current increases significantly. Additionally, a slight improvement in the open-
circuit voltage and fill factor is observed, thus cell efficiency enhances significantly.

5. Summary

In conclusion, natural dye is a promising alternative to replace the metal com-
plexes or organic dyes in the DSSC application. They are low-cost, abundant, eco-
friendly, simple extraction procedures, and non-toxic. The combination of natural
dyes with an optimized choice of the mixture of the volume ratio of the extracting
dye extracting solvent accounts for many possible interactions that promise to
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A blocking layer in DSSC provides good adhesion between the transparent
conducting oxide (e.g., ITO, FTO, etc.) and an active semiconductor layer, TCO
(e.g., TiO2, ZnO, etc.). It also represses the electron back transport between elec-
trolyte and TCO by blocking direct contact. Also, it offers a more uniform layer
than bare TCO glass substrate. The conventional blocking suppresses electron leak-
age, recombination, and trapping; thus, the photovoltaic performance of the DSSC
improves. Introducing a blocking layer in the DSSCs show lower dark current and
operates efficiently under high-intensity sunlight and ambient light conditions.
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IIIrd Generation Solar Cell
Paweł Kwaśnicki

Abstract

Light harvesting for generation of electric energy is one of the most important 
research topics in applied sciences. First, for an efficient harvesting one needs a 
material with a broad light absorption window having a strong overlap with the 
sunlight spectrum. Second, one needs an efficient conversion of photoexcited 
carriers into produced current or voltage which can be used for applied purposes. 
The maximum light conversion coefficient in semiconductor systems is designated 
by so called Shockley-Queisser law, which is around 32% for an optimal bandgap 
value of 1,2–1,3 eV. However the efficiency may be increased using a solutions 
based on semiconductor nano materials such as quantum dots. Solar cells based on 
such a structures are included in the group of 3rd generation solar sell. 3rd genera-
tion solar cell encompasses multiple materials as a base of cell, such as: perovskite, 
organic, polymers and biomimetics. The most promising and in the same time most 
discussed are quantum dots and perovskite. Both material has a potential to revolu-
tionize the solar cell industry due to their wide absorption range and high conver-
sion coefficient. Nonetheless before the most common used material in photovoltaic 
namely silicon is replace one must overcome few major issues such as: stability and 
lifetime for at least 5 to 10 years or more, manufacturing process for a large surfaces 
and low production cost as well as recycling after the time of optimal use.
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In this chapter we focus on two most promising material for photovoltaic 
application. The basic overview of organometallic properties of perovskites and 
quantum dots from the point of view of photovoltaics and formulation description 
of the electronic structure in the form of a simplified effective Hamiltonian as an 
approximation of a tight tie will be presented. The electronic structure plays a key 
role in the photovoltaic effect and is responsible for the high efficiency of the effect. 
Additionally perovskites or quantum dots show the spin-orbit coupling in the gen-
eral form, this coupling can increase the carrier’s lifetime - the quantity important 
for solar cell applications.

2. Perovskites for photovoltaics

Some perovskite-structured oxides have an internal electrical field, which plays 
an important role as it leads to the separation of electrons and holes generated in 
the process of light absorption. These oxides have the general structure of the ABO3 
type. In general, there are quite a few different materials called perovskites, but the 
crystalline structure for all perovskites is similar. Perovskite oxides and, above all, 
organometallic halogen perovskites play an important role for photoelectronics and 
photovoltaics. Nonetheless perovskite oxides turned out to be inefficient in terms of 
photovoltaics. The interest in perovskite materials increased significantly towards the 
end of the last year a decade, when a series of works appeared showing the possibility 
of increasing efficiency in organometallic perovskites [1]. It turned out that there 
was a fairly broad class organometallic halide perovskites of the type CH3NH3PbX3 
(X = I, Br, Cl), which show promising properties from the photovoltaic point of view. 
Although the first results gave relatively low photovoltaic efficiency, however this 
efficiency is quite fast it grew with new research. Besides, the conducted research did 
not show any significant restriction on the upper limit of the photovoltaic efficiency 
organometallic perovskites, which now reaches over 20%, which in turn gives hope 
for its further growth. The main advantages of organometallic halide perovskites 
are their relatively low levels price and relatively simple technology, which makes 
these materials competitive. Recent research results show that the efficiency of the 
laudatory prototypes of perovskite solar cell are already equalled and even exceeded 
the silicon based solar cell. Hence the great interest these materials from the point of 
view of application in photovoltaic cells [2, 3]. Of course, these materials also have 
weaknesses. One of these weaknesses is the lead toxicity they contain. The second is 
quite rapid degradation resulting from the sensitivity of photovoltaic cells based on 
them on humidity and the effect of ultraviolet radiation to which they are exposed. 
Therefore, the main lines of current research are not only aimed at further increasing 
efficiency photovoltaic, but also removing these undesirable weaknesses. As men-
tioned for photovoltaic the most interesting and promising are halide perovskites, the 
crystal structure of these materials has the general form ABX3, where A is the cation 
of the methylammonium group CH3NH3 for organometallic halide perovskites 
(metal cation for oxides), B is the metal cation Pb or Sn (the smaller metal cation in 
the case of oxides), while X is a Cl, Br or I anion for halide perovskites (O for oxides). 
The unit cell of the ABX3 perovskite crystal in the cubic phase is shown in Figure 1.

One of the most promising materials is a perovskite with the chemical composi-
tion CH3NH3PbI3, because in this case the photovoltaic efficiency turned out to be 
the highest in this class of materials. It is worth noting, however, that the class of 
organometallic perovskites is in fact quite rich and contains many elements, which 
allows the use not only of single perovskites, but their more complex structures, e.g. 
double perovskites or systems composed of various materials [4]. The high photoelec-
tric efficiency of organometallic perovskites is related to their electronic properties. 
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This material is a semiconductor with a band gap width of about 1.6 eV. The light 
absorption coefficient is very high while energy losses associated with the possibility 
of non-radiative electron processes (e.g., electron–hole recombination by phonons) 
are relatively low. Moreover, the mobility of the carriers (electrons and holes) in these 
perovskite materials is quite high due to the low effective mass of the carriers. All 
these properties underlie high photovoltaic efficiency. On the other hand, the physical 
mechanisms underlying these properties are not yet fully researched and elucidated.

The excellent photovoltaic properties of perovskites are related to their elec-
tronic structure, in particular to the quantum states of electrons and holes in the 
conduction and valence bands, respectively. In the case of organometallic halide 
perovskites these properties are related to the organic CH3NH3 positive ion and its 
orientation with respect to the crystallographic axes [5].

Even better results using perovskite material from energy harvesting point of 
view may be achieved using hybrid structure. Recent discovery by the group of Prof. 
Miyasaka of a highly efficient light-to-voltage conversion in hybrid organic–inorganic 
perovskites [6] made these material promising elements for photovoltaics, especially 
taking into account simple low-cost fabrication technology. The basic structure of the 
perovskite-based solar cell is presented in Figure 2.

Figure 1. 
Perovskite crystal unit cell, a - large cation (methylammonium group CH3NH3), B - smaller cation (Pb or Sn), 
X - anion (I, Br or Cl).

Figure 2. 
Schematic picture of a hybrid organic–inorganic perovskite solar cell. (figure source: USA). Department of 
Energy website.
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The first two compounds of this family investigated by Prof. Miyasaka group, 
that is CH3NH3PbBr3 and CH3NH3PbI3, deposited on the TiO2 surface, demonstrated 
a good power conversion efficiency η higher than 3% (now reaching as high as 20%, 
similar to that in best conventional semiconductor-based solar cell) accompanied 
by the open-circle voltage Voc higher that 0.6 V and generated current density Jsc 
higher than 5.5 mA/cm2. These results of Prof. Miyasaka group attracted a great deal 
of attention and caused a tide of research in this field.

These compounds belong to the family of perovskite structures, similar to 
the high- temperature superconductors, where the main element is represented 
by Cu-O octahedrons. Although some structure elements of these groups of 
materials are similar, their physical properties are very different. In general, all 
the perovskites are known for formation of different structures and a variety of 
temperature-induced structural transitions.

Due to a large variety of the organic cations, the entire family of hybrid organic- 
inorganic perovskites potentially contains more than 1000 members [7], all different 
in their properties. Structure-wise, the main element of these compounds as presented 
in two-dimensional projection in Figure 3 is an octahedron built by metal and halogen 
ions, these elements are surrounded by organic layers.

Despite several years of extensive research efforts, many microscopic proper-
ties, which can help in the understanding of the high photovoltaic efficiency in 
these compounds, remain unknown. This holds true even for CH3NH3PbI3 and 

Figure 3. 
Typical crystal structure of hybrid organic–inorganic perovskite compounds.
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HC(NH2)2PbI3 - the leaders of the race for the low-cost high photovoltaic efficiency. 
Electrical properties such as conductivity of these compounds can strongly depend 
on the temperature since due to a relatively soft lattice, various structural phase 
transitions occur in the temperature range of the order of 100 K - the property 
common for all perovskite structures, as mentioned above. Here we review and 
analyze properties of these materials in the context of their applicability for photo-
voltaics and connect these properties to the processes related to their possibly high 
efficiency.

Typical hybrid perovskite structure has the known form of a vertex-sharing 
networks of BX6 octahedrons as shown in Figure 3, which can be modeled as 
negatively charged PbI− 3 elements. The bandstructure and optical properties are 
due mainly to the metal and halogen orbitals. Mutual overlap of these orbitals deter-
mines the matrix elements of interatomic hopping and, in turn, the band structure, 
corresponding to direct-band semiconductors with the bandgap Eg. This gap can 
be evaluated by different techniques. The overlap of the orbitals forms a relatively 
small effective mass of the carriers as well as the optical properties of these systems.

The sunlight has the following physical properties of our interest. Its spectrum 
corresponds to maximum in the green light region at photon energies  ω close to 
2.2 eV. This implies that the main contribution to the absorption in hybrid 
perovskites starts from the infrared part of the sunlight spectrum and its intense 
visible and ultraviolet parts can be used efficiently. The specific intensity of sun-
light at the Earth’s surface at a sunny day is of the order of 1000 W/m2 correspond-
ing to a relatively strong electric field of the order of 102–103 V/m. To understand 
the performance of a photovoltaic cell, one can establish that the energy flux of 
1000 W/m2 corresponds to the photon flux of the order of 1018 s−1 cm−2. Being 
totally absorbed in a layer of the thickness of L ∼ 10 μm (10−3 cm), this photon flux 
corresponds to the free carrier bulk (3D) generation rate of the order of 
1021 s−1 cm−3; corresponding to two-dimensional (2D) concentration injection rate 
1018 s−1 cm−2. Although the exact electrodynamics of solar cells is very complex [8], 
by using the Gauss theorem for the electric field produced by charge distribution, 
one can obtain that this concentration corresponds to the rate of the voltage genera-
tion. The resulting bias V is of the order of (dV/dt) × G−1, where G−1 is the charac-
teristic time corresponding to the relaxation of the optical injection, e.g. by 
electron–hole recombination or trapping carriers by lattice defects, leading to 
V ∼ 108) × G−1. With the reasonable estimation of G−1 ∼ 10−9 s the value of V ∼ 0,1 V. 
Simultaneously, current J produced in such a sample of S = 1 cm2 area, is of the 
order of 0,1 A. These numbers demonstrate that the first perovskite solar cells 
produced voltage close the maximal one, although the generated current was 
somewhat less than this basic estimate.

The light-induced transitions produce electron–hole pairs in the energy interval 
E > Eg, where Eg is the fundamental gap at the R − point of the Brillouin zone. The 
fundamental gap can be understood from the Coulomb energy arguments for the 
energy necessary to transfer electron from halogen to the IV-group heavy ion.

A qualitative plot of injected distribution of electrons in the energy representa-
tion is presented in Figure 4. This strongly nonequilibrium distribution then relaxes 
to the quasi equilibrium which, as we will see below, determines the performance of 
the photovoltaic devices. The relaxation process is mainly attributed to the multiple 
emissions of phonons.

The energy relaxation processes are understood even less sufficiently than the 
origin of the carrier’s finite mobility. Indeed, due to a complex unit cell structure, 
crystals possess a large variety of phonon branches (of the order of 100) of different 
nature and symmetry. Here we propose a simple picture of the relaxation due to 
electron–phonon coupling. The analysis done in [9] shows that coupling to acoustic 
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V ∼ 108) × G−1. With the reasonable estimation of G−1 ∼ 10−9 s the value of V ∼ 0,1 V. 
Simultaneously, current J produced in such a sample of S = 1 cm2 area, is of the 
order of 0,1 A. These numbers demonstrate that the first perovskite solar cells 
produced voltage close the maximal one, although the generated current was 
somewhat less than this basic estimate.

The light-induced transitions produce electron–hole pairs in the energy interval 
E > Eg, where Eg is the fundamental gap at the R − point of the Brillouin zone. The 
fundamental gap can be understood from the Coulomb energy arguments for the 
energy necessary to transfer electron from halogen to the IV-group heavy ion.

A qualitative plot of injected distribution of electrons in the energy representa-
tion is presented in Figure 4. This strongly nonequilibrium distribution then relaxes 
to the quasi equilibrium which, as we will see below, determines the performance of 
the photovoltaic devices. The relaxation process is mainly attributed to the multiple 
emissions of phonons.

The energy relaxation processes are understood even less sufficiently than the 
origin of the carrier’s finite mobility. Indeed, due to a complex unit cell structure, 
crystals possess a large variety of phonon branches (of the order of 100) of different 
nature and symmetry. Here we propose a simple picture of the relaxation due to 
electron–phonon coupling. The analysis done in [9] shows that coupling to acoustic 
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phonons (with the frequency linear in the momentum) would lead to high mobili-
ties of the order of 103 cm2 V−1 s−1 and, therefore, this coupling is not the limiting 
factor for the observed low mobilities. Therefore, we concentrate on the relevant 
coupling to optical phonons. The coupling is due to the asymmetry of the field and 
change of the hopping integrals due to change in the interatomic distances. The 
value of the deformation potential constant is attributed to two main effects. First 
effect is the change in the site energy, corresponding to atomic displacement in the 
crystal field formed by its interaction with surrounding ions. Second effect is the 
changing in the overlap transfer integrals between the iodine and the lead orbitals, 
contributing to the electron energy as well.

The energy relaxation of the photoexcited electrons due to electron–phonon 
coupling with optical phonons, is relatively fast and occurs on the time scale of the 
order of 10 ps. This fast relaxation demonstrates that a thermalized room-temper-
ature energy distribution is quickly produced. As a result, the performance of the 
photovoltaic elements with typical involved time scales of the order of 1–10 ns, is 
determined by the thermalized distributions, where the static local defects, either 
charged or not, structural disorder, and low-frequency optical phonons can play 
a role for the kinetics of the carriers distributions. The relation of these energy 
relaxation processes to the photovoltaic performance of real solar cells needs experi-
mental studies and remains to be investigated.

The light absorption is efficient due to the band structure of perovskite materials 
having a direct bandgap close to 1.5 eV in the vertex point of the Brillouin zone. As 
a result, almost the entire sunlight spectrum can be absorbed. The efficiency of the 
absorption, in addition, is enhanced by relatively large momentum matrix elements 
between the group-IV heavy metal and halogen atoms resulting from their spatial 
overlap what makes perovskite material promising material for III generation of 
photovoltaic.

3. Quantum dots for photovoltaics

Quantum dots are one of the most interesting objects in modern fundamental 
and applied solid state physics, including applications for photovoltaics systems 
[10]. Typical sizes of the quantum dots of the order of 10 nanometers deter-
mine the majority of their physical properties, including the spectra of light 

Figure 4. 
Interband transitions caused by different photons, and electron distribution over the energy states, as injected. 
The behavior of the distribution at energies close to the minimum of the conduction band Ec is due to small 
density of states ∼ − cE E  while the high-energy behavior is mainly determined by decrease in the spectral 
density of the incident light. Emin corresponds to the bottom of the conduction band.
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absorption and properties of light-injected carries. These spectra determine the 
application of quantum dots in photogalvanics and photovoltaics systems. In 
contrast to bulk materials, where free electron–hole pairs can be produced opti-
cally, a strong confinement of carriers in quantum dots and resulting interaction 
between them leads to formation of exciton-like states. This effect qualitatively 
modifies optical properties of quantum dots and can make them useful for solar 
cell elements applications [10].

Various types of quantum dots can be used in photovoltaics: semiconductor 
polycrystalline and granular materials, quantum dots obtained by epitaxial methods 
or from colloidal solutions, nanoparticles of organic dyes. There are also a number 
of possibilities for the architecture of photovoltaic cells. Their common feature is 
that the phenomenon of multiple exciton excitation in dots a is used the energized 
charges (electrons and holes) are conducted to the electrodes in various ways, 
ensuring, however, their spatial separation. One possibility is to use scatter dots.

in a conductive material (e.g. in organic polymers). With the appropriate 
concentration of the dots, the discharge of the charge from the dots to the electrodes 
can be accomplished by coupling between the quantum dots. For regular networks 
of dots (single, double, or three-dimensional), discrete states of dots are trans-
formed into mini-electron bands, ensuring charge transport. Photovoltaic cells with 
the use of regular quantum dot networks and their electronic mini-band structure 
(also called intermediate bands) have become one of the important directions in 
the development of photovoltaics. The essence of this type of solution is the fact 
that in the area between the electrodes in the p-n junction there is a layer containing 
dots quantum between which the distance is so small that an intermediate band 
is created in this area during the energy gap. This allows the use of low-energy 
photons (with energy lower than the width of the output semiconductor gap) to 
generate electrons in the conduction band and holes in the valence band. This is due 
to optical transitions from the valence band to the intermediate band and from the 
intermediate band to the conduction band. An important element is also that the 
recombination processes are in the case of the intermediate band much less likely 
than in the case of isolated quantum dots. In this case, it is enough for the wave 
functions of the dots to be quite delocalized. This can be achieved in systems with 
complexes quantum suppositories instead of regular networks.

Semiconductor quantum dots are usually produced of two types of binary 
materials. First type is usually referred to as III-V semiconductors, where one of the 
elements belongs to the III group of the periodic table of elements and the other 
belongs to the V group such as GaAs, InAs, InSb, and similar ones. The other group, 
named in the same way, is the II-VI semiconductors such as ZnS, ZnSe, CdS, and 
similar ones. In addition, coated quantum dots, where the core and the coating layer 
are made of different materials of the same (usually II-VI) type can be produced 
and used for different applications. Conventionally produced quantum dots show 
a variety of sizes and shapes. On one hand, this variety of quantum dot geometries 
extends the ability to use them for various applications, including photovoltaics. 
On the other hand, this variety hampers controllability of their applications. This 
circumstance should be taken into account in the analysis of all applications quan-
tum dots.

Direct calculations of properties of quantum dots are very difficult, simple, but 
still highly efficient, approach relies on employing of the effective mass approxima-
tion with the Hamiltonian
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phonons (with the frequency linear in the momentum) would lead to high mobili-
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absorption and properties of light-injected carries. These spectra determine the 
application of quantum dots in photogalvanics and photovoltaics systems. In 
contrast to bulk materials, where free electron–hole pairs can be produced opti-
cally, a strong confinement of carriers in quantum dots and resulting interaction 
between them leads to formation of exciton-like states. This effect qualitatively 
modifies optical properties of quantum dots and can make them useful for solar 
cell elements applications [10].

Various types of quantum dots can be used in photovoltaics: semiconductor 
polycrystalline and granular materials, quantum dots obtained by epitaxial methods 
or from colloidal solutions, nanoparticles of organic dyes. There are also a number 
of possibilities for the architecture of photovoltaic cells. Their common feature is 
that the phenomenon of multiple exciton excitation in dots a is used the energized 
charges (electrons and holes) are conducted to the electrodes in various ways, 
ensuring, however, their spatial separation. One possibility is to use scatter dots.

in a conductive material (e.g. in organic polymers). With the appropriate 
concentration of the dots, the discharge of the charge from the dots to the electrodes 
can be accomplished by coupling between the quantum dots. For regular networks 
of dots (single, double, or three-dimensional), discrete states of dots are trans-
formed into mini-electron bands, ensuring charge transport. Photovoltaic cells with 
the use of regular quantum dot networks and their electronic mini-band structure 
(also called intermediate bands) have become one of the important directions in 
the development of photovoltaics. The essence of this type of solution is the fact 
that in the area between the electrodes in the p-n junction there is a layer containing 
dots quantum between which the distance is so small that an intermediate band 
is created in this area during the energy gap. This allows the use of low-energy 
photons (with energy lower than the width of the output semiconductor gap) to 
generate electrons in the conduction band and holes in the valence band. This is due 
to optical transitions from the valence band to the intermediate band and from the 
intermediate band to the conduction band. An important element is also that the 
recombination processes are in the case of the intermediate band much less likely 
than in the case of isolated quantum dots. In this case, it is enough for the wave 
functions of the dots to be quite delocalized. This can be achieved in systems with 
complexes quantum suppositories instead of regular networks.

Semiconductor quantum dots are usually produced of two types of binary 
materials. First type is usually referred to as III-V semiconductors, where one of the 
elements belongs to the III group of the periodic table of elements and the other 
belongs to the V group such as GaAs, InAs, InSb, and similar ones. The other group, 
named in the same way, is the II-VI semiconductors such as ZnS, ZnSe, CdS, and 
similar ones. In addition, coated quantum dots, where the core and the coating layer 
are made of different materials of the same (usually II-VI) type can be produced 
and used for different applications. Conventionally produced quantum dots show 
a variety of sizes and shapes. On one hand, this variety of quantum dot geometries 
extends the ability to use them for various applications, including photovoltaics. 
On the other hand, this variety hampers controllability of their applications. This 
circumstance should be taken into account in the analysis of all applications quan-
tum dots.

Direct calculations of properties of quantum dots are very difficult, simple, but 
still highly efficient, approach relies on employing of the effective mass approxima-
tion with the Hamiltonian
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where 2 2
 k /2 m* is the kinetic energy, k is the electron momentum, m_ is the 

electron effective mass, and U (r) is the effective confining potential of the quan-
tum dot. For model calculations the anisotropic oscillator form of the confinement

 ( ) ( )x y z
mU R x y z
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where Ω  i are the corresponding frequencies, is assumed. One-dimensional 
representation of this potential and corresponding wave functions are shown in 
Figure 5. This form, being useful for basic understanding, especially of the ground 
state of the system, has strong limitations for the analysis of applications of quantum 
dots in photovoltaics and photogalvanics, where highly excited states are involved.

Another form of the potential is given by:

 ( ) =U r 0 for r inside the quantum dot  

 ( )U r for r outside the quantum dot= ∞  

and determines the quantum dot shape. Usual model shapes of quantum dot are 
ellipsoidal (in simple realizations, spherical) or coin-like cylindrical with the radius 
much larger than the width, as shown in Figure 6.

It is well-known that in semiconductors, although the band electron veloci-
ties, being of the order of v ∼ 108 cm/s, are much smaller than the speed of light 
c = 3 × 1010 cm/s, the relativistic effects, dependent on the v/c ratio, should be taken 
into account. In both types of semiconductors these relativistic effects lead to a 
coupling between electron momentum and electron spin, which appears due to the 
effect of the electric field in the unit cell of a binary semiconductor without inver-
sion symmetry.

The Hamiltonian describing the spin-orbit coupling in bulk III-V materials has 
the form

 ( )=SO DH α σκ  

presenting the Dresselhaus realization of the spin-orbit coupling [11]. In this 
Hamiltonian σ  is the vector of Pauli matrices, and κ  is defined by.

2 2(= −x x y zk k kκ ).

with the cyclic permutation of the indices defining the other two components. 
The coupling constant Dα  being of the order of 10 eVA3 leads to spin splitting of the 
band electron states of the order of 1 meV at electron concentrations of the order of 
1018 cm−3.

For II-VI compounds the bulk Hamiltonian has the form

 ( ),= −SO y x x yH k kα σ σ  

usually referred to as the” Rashba Hamiltonian”.
The same form of the Hamiltonian describes the spin-orbit coupling in two-

dimensional systems with a structural inversion asymmetry. Nonzero values of acan 
be achieved, in addition, by applying an electric field across the two-dimensional 
structure or a quantum dot. Usually both (Rashba and Dresselhaus) terms are pres-
ent in two-dimensional electron systems and quantum dots.
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The corresponding spectrum of the Rashba Hamiltonian is given by:

 ( )
2 2

2 ∗= ±
 kE k k
m

α  

as shown in Figure 7.
In the absence of an external magnetic field the presented states are double-

degenerate as dictated by the time-reversal symmetry of the spin-orbit coupled 
Hamiltonian. In the presence of such a field, the spin-orbit coupling terms should 
be augmented by the Zeeman coupling for the interaction between electron spin 
and external magnetic field in the form:

 ( )
2

=
g

Hz Bσ  

Here B is the magnetic field applied to the quantum dot, and g is the 
g-(Lande) factor.

Figure 6. 
(a) Typical spherical quantum dot with a coating layer. Typical value of the radius R is of the order of 10 nm. 
(b) Typical coin-like cylindrical model of a quantum dot. The width d is of the order or less than 10 nm.

Figure 5. 
One-dimensional parabolic potential modeling a simple quantum dot. Schematic plots of the ground and 
first excited states with opposite spins (marked by up- and down-arrows) are presented. Spin-orbit coupling 
couples these two spatial states with opposite spins and, as result, leads to the spin-position entanglement and 
modification of the charge densities.
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The corresponding spectrum of the Rashba Hamiltonian is given by:
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couples these two spatial states with opposite spins and, as result, leads to the spin-position entanglement and 
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Being a relativistic effect, the g − factor is strongly related to the spin-orbit 
coupling and the Zeeman term plays an important role in the physics of the quantum 
dot. The values of g- factor can vary by two orders of magnitude, e.g. between −0.45 
for GaAs and approximately −50 in InSb. The corresponding spin splitting can reach 
the values of the order of 10 meV at realistic fields of the order of 10 T. We men-
tion here that while the spin-orbit coupling for a given quantum dot is fixed by its 
material and shape [12], the Zeeman coupling can easily be modified by applying 
a magnetic field. Thus, the absorption spectra and optics-related properties of the 
quantum dot can be modified as well.

The geometry of a quantum dot plays the crucial role for its spectrum and 
spin-orbit coupling, and, therefore in the light absorption and photovoltaics effects. 
A qualitative effect of the spin-orbit coupling in quantum dots is the quantum 
entanglement of particle spin and its position, where the particle wavefunction can-
not be presented as a product of the spin and coordinate states. This entanglement 
determines several processes in quantum dots.

Since in the optical absorption electrons and holes are produced, similar spin-
orbit coupling and Zeeman Hamiltonians should be defined for the holes as well. 
The Coulomb interaction between electrons and holes plays the crucial role in the 
light absorption in quantum dots. The spectrum of holes is described by 4 × 4 
matrices due to degeneracy of the spectrum consisting of “light” and “heavy” hole 
branches. Dependent on the material and shape of the quantum dot, spin-orbit 
coupling and the Zeeman coupling for holes can be much stronger than that for 
electrons. In the presence of spin-orbit coupling, spin-defined states are prone to 
relaxation and loosing well-defined spin values. In bulk systems, where electron 
momentum is a well-defined quantum number, spins relax mainly due to the 
celebrated Dyakonov-Perel mechanism [13] with the spin relaxation rate of the 
order of 

2
 
 
 

k
kα τ , where kτ  is the momentum relaxation time. In quantum dots  

the situation is qualitatively different since the localization suppresses the free 
motion of carriers. Here the relaxation is mainly due to the so-called” admixture 
mechanism” caused by the spin-orbit coupling between different orbital states with 
opposite spins and interaction of these orbital states with lattice vibrations. This 
mechanism strongly depends on the applied magnetic field. In relatively week 
magnetic fields, the spin relaxation rate is small, and spin states are conserved for 

Figure 7. 
Two branches of spectrum of two-dimensional carriers in the presence of the Rashba spin-orbit coupling with 
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long times of the order of 1 ms or more. If the spin-orbit coupling is sufficient, the 
resulting spin-position entanglement influences the spin states, and, therefore, the 
orbital wave functions and the exchange interaction between the injected and 
original carriers in the quantum dots. In addition, spin states of the injected carriers 
can be controlled by polarization of the incident light [14]. These interactions 
should be clearly seen in the absorption spectra and, as a result, influence the 
photovoltaics and photogalvanic application.

We mention here that a new very large class of very promising for the photovol-
taics materials such as perovskites or quantum dots show the spin-orbit coupling 
in the general form of the Rashba and Dresselhaus terms. Therefore, the spin-orbit 
coupling-related aspects of their applications can be treated in general terms 
similarly to semiconductors. This coupling can increase the carrier’s lifetime - the 
quantity important for solar cell applications. However, these rather complex 
compounds, demonstrating a great variety of different properties, are not yet 
reliably functionalized in the form of quantum dots. At the same time, whether the 
combined effects of the spin-orbit coupling lead to an increase or to a decrease in 
the efficiency of the light-to-voltage conversion in solar cells, is not yet clear even 
on the qualitative scale.
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orbital wave functions and the exchange interaction between the injected and 
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We mention here that a new very large class of very promising for the photovol-
taics materials such as perovskites or quantum dots show the spin-orbit coupling 
in the general form of the Rashba and Dresselhaus terms. Therefore, the spin-orbit 
coupling-related aspects of their applications can be treated in general terms 
similarly to semiconductors. This coupling can increase the carrier’s lifetime - the 
quantity important for solar cell applications. However, these rather complex 
compounds, demonstrating a great variety of different properties, are not yet 
reliably functionalized in the form of quantum dots. At the same time, whether the 
combined effects of the spin-orbit coupling lead to an increase or to a decrease in 
the efficiency of the light-to-voltage conversion in solar cells, is not yet clear even 
on the qualitative scale.
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Abstract

Nowadays, the requirement of energy increases every year, however, the major 
energy resource is fossil fuel, a limiting source. Dye-sensitized solar cells (DSSCs) 
are a promising renewable energy source, which could be the major power supply 
for the future. Recently, the transition metal component has been demonstrated as 
potential material for counter electrode of platinum (Pt)-free DSSCs owing to their 
excellent electrocatalytic ability and their abundance on earth. Furthermore, the 
transition metal components exist different special nanostructures, which provide 
high surface area and various electron transport routs during electrocatalytic reac-
tion. In this chapter, transition metal components with different nanostructures 
used for the application of electrocatalyst in DSSCs will be introduced; the perfor-
mance of electrocatalyst between intrinsic heterogeneous rate constant and effec-
tive electrocatalytic surface area are also be clarified. Final, the advantages of the 
electrocatalyst with different dimensions (i.e., one to three dimension structures) 
used in DSSCs are also summarized in the conclusion.

Keywords: counter electrode, dye-sensitized solar cells, nanostructures, 
and transition metal components

1. Introduction

In this century, the energy requisition and environment caring arrive at the 
highest point in history. The clean and economical renewable energy resource is 
urgently needed for us. Photovoltaics, named solar cells, tremendous progress has 
been achieved in efficiency (η), reproducibility, and stability [1–3]. It has been con-
sidered as one of the most promising renewable energy sources. Photovoltaics are 
classified to three generations, as shown in Figure 1 [1, 4–7]. The first-generation 
solar cells, named silicon-based solar cells or the traditional solar cells, made up 
of crystalline silicon. These solar cells demonstrate high efficiency and significant 
demand in the market, but the production cost of crystalline silicon materials lim-
ited the large-scale industrial applications. The second-generation is cadmium tellu-
ride (CdTe)/cadmium indium gallium diselenide (CIGS) based solar cells. The solar 
cells could be produced with large-scale and well efficiency (14–22%). The first 
and second generations are the most widely solar cells at present. However, they are 
scarcity, the toxicity of materials, high-temperature, and high-vacuum processes 
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Nowadays, the requirement of energy increases every year, however, the major 
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are a promising renewable energy source, which could be the major power supply 
for the future. Recently, the transition metal component has been demonstrated as 
potential material for counter electrode of platinum (Pt)-free DSSCs owing to their 
excellent electrocatalytic ability and their abundance on earth. Furthermore, the 
transition metal components exist different special nanostructures, which provide 
high surface area and various electron transport routs during electrocatalytic reac-
tion. In this chapter, transition metal components with different nanostructures 
used for the application of electrocatalyst in DSSCs will be introduced; the perfor-
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electrocatalyst with different dimensions (i.e., one to three dimension structures) 
used in DSSCs are also summarized in the conclusion.
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1. Introduction

In this century, the energy requisition and environment caring arrive at the 
highest point in history. The clean and economical renewable energy resource is 
urgently needed for us. Photovoltaics, named solar cells, tremendous progress has 
been achieved in efficiency (η), reproducibility, and stability [1–3]. It has been con-
sidered as one of the most promising renewable energy sources. Photovoltaics are 
classified to three generations, as shown in Figure 1 [1, 4–7]. The first-generation 
solar cells, named silicon-based solar cells or the traditional solar cells, made up 
of crystalline silicon. These solar cells demonstrate high efficiency and significant 
demand in the market, but the production cost of crystalline silicon materials lim-
ited the large-scale industrial applications. The second-generation is cadmium tellu-
ride (CdTe)/cadmium indium gallium diselenide (CIGS) based solar cells. The solar 
cells could be produced with large-scale and well efficiency (14–22%). The first 
and second generations are the most widely solar cells at present. However, they are 
scarcity, the toxicity of materials, high-temperature, and high-vacuum processes 
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that restrict further applications. Dye-sensitized solar cells (DSSCs), classed third-
generation solar cells, have gained attention and be regarded as prospective solar 
cells for the photovoltaic technologies in recent years as potential cost-effective 
alternatives to the first and second generations solar cells [8–11]. Furthermore, the 
DSSCs have outstanding performance in an indoor, dim light environment [12–14].

Typically, DSSCs are consist of three sections, including photoanode, electro-
lyte, and counter electrode (CE), that respond to different functions, as shown in 
Figure 2 [1, 4, 5, 8–10]. The photoanode converts the photon into the electron by 
the dye. The electrolyte keeps the function of the photoanode by iodine ion. The CE 
catalyzes the redox reduction in the electrolyte, which is an obvious influence on 
the photovoltaic performance, long-term stability, and cost of the device. In other 
words, the CE is a crucial component of DSSCs.

The CE is classified into three components, that are electrocatalyst, transpar-
ent conducting oxide, and substrate, as shown in Figure 2. Among them, the 
electrocatalyst is the key factor to promise the function of CE [1, 7–9, 15, 16]. As 
shown in Figure 3, between electrolyte and CE, the reaction of reduction iodide/
triiodide (I−/I3

−) redox couple is that: The first stage, diffusion, triiodide diffuses 
from electrolyte bulk to near the CE for regenerating electrolyte. The second stage, 
decomposition, triiodide decomposes to iodide and iodine. The iodide is used to 
renew the dye and iodine will go to the next step. The third stage, adsorption, the 
CE adsorbs iodine near the CE. The fourth stage, electrocatalysis, electrocatalyst 
catalyzes reduction reaction, transferring iodine to iodide. The final stage, desorp-
tion, the CE desorbs iodide to complete regenerate the electrolyte. According to this 
mechanism, the electrocatalytic ability, it also represents the reaction rate in here, 
and the specific structure are the major affections for the reduction reaction.

Figure 1. 
The scheme of three generation photovoltaic solar cells.

Figure 2. 
The scheme of dye-sensitized solar cells and counter electrode (cathode).
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The traditional electrocatalyst of DSSCs is Platinum (Pt), which has an out-
standing electrocatalytic ability [10, 15–20]. However, Pt, noble metal, is rare on 
earth that present expensive prices and difficult shapes the specific structure. Up to 
date, there are a few non-Pt nanomaterials that could have comparable electrocata-
lytic ability to that of Pt. There have two ways to raise the electrocatalytic reduction 
reaction. The intrinsic electrocatalytic ability of the electrocatalyst is directly 
related the electrocatalytic ability. In other words, the choice of material is very 
important. The other way is to design the nanostructure of the electrocatalyst for 
I3

− reduction regarding with the charge transfer route and the surface area.
Transition metal compounds (TMCs) possess d-electron filling in eg orbitals, 

which promote excellent electrocatalytic performance in partially filled condition 
[4, 19, 21–24]. So, they are interested to replace Pt. But most of TMCs still show 
poorer electrocatalytic ability than Pt. To overcome the challenge, TMCs are synthe-
sized with various nanostructure, which is an important factor for increasing elec-
trocatalytic ability [20–22, 25]. A nanostructure is defined if any dimension of the 
structure is lower than 100 nm, the structure is the nanostructure. Basically, nano-
structure divides into four groups: zero-dimensional (0D, e.g. nanoparticle, 
nanocube, etc.), one-dimensional (1D, e.g. nanorod, nanotube, nanoneedle, etc.), 
two-dimensional (2D, e.g. nanosheet, nanopental etc.) and hierarchical nanostruc-
tures, as shown in Figure 4. In view of 1D, 2D, and hierarchical nanostructures have 

Figure 3. 
The scheme of reduction iodide/triiodide (I−/I3

−) redox couple in counter electrode.

Figure 4. 
The scheme of zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D), and hierarchical 
nanostructure.
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complex structure. In this chapter, we will systematically discuss their plural strate-
gies (including high electrochemical surface area, directional electron transferring 
pathways, decrease diffusion control, etc.) to promote the electrocatalytic ability for 
DSSCs performance.

2. One-dimensional nanostructure (1D)

One-dimensional TMCs nanostructure is expected that it provides the 1D elec-
tron transfer pathways, promoting electrolyte penetration, and more reaction area 
[26–34]. However, the vertical 1D structure is rarely obtained because it is difficult 
to synthesize. Herein, we focus on that the 1D structure has been directly obtained 
without the template method, in Figures 5 and 6. Their corresponding efficiencies 
are listed in Table 1. In Figure 5, it shows horizontal 1D TMCs nanostructure SEM 
images of MoN nanorod, W18O49 nanowire, NiS nanorod, CoSe2 nanorod, Co0.85Se 
nanotubes, CoSe2/CoSeO3 nanorod, and Ni3S4 nanorod that were synthesized by 
Song et al., Zhou et al., Yang et al., Sun et al., Yuan et al., Huang et al., and Huang 
et al., respectively [27–33]. Song et al. reported that MoN nanorod morphology 
reveals enhancement of diffusion kinetics for the active electrochemical process, 
as shown in Figure 5a [27]. So that the MoN nanorod has higher VOC and JSC than 
MoN nanoparticle. Zhou synthesized W18O49 nanowire (Figure 5b), having oxygen 
vacancies within the range of WO2.625 to WO3, via the solvothermal method [28]. 
Their efficiency is 4.85% for Co ion electrolyte. Yang et al. obtained NiS nanorod 
(Figure 5c), which is α type, through chemical bath method [29]. It has η of 5.20%, 

Figure 5. 
The SEM of horizontal 1D nanostructure with (a) MoN, (b) W18O49, (c) NiS, (d) CoSe2, (e) Co0.85Se, (f) 
CoSe2/CoSeO3, (g) Ni3S4 [27–33].

Figure 6. 
The pseudo-vertical 1D nanostructure with (a) and (b) CoS and (c) and (d) Co0.85Se [26, 34].
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which is better than the nanoparticle NiS (4.20%). The reason is that the nanorod 
affords lower charge transfer resistance than the nanoparticle. Sun et al. acquired 
CoSe2 nanorod (Figure 5d), possessing a single orthorhombic crystal structure, 
by hydrothermal method [30]. The CoSe2 nanorod exits the excellent performance 
(10.20%), even better than the Pt. They remind that single CoSe2 nanorod has great 
electrocatalytic ability, lower charge resistance, and higher adsorption capacity for 
electrolyte. Yuan et al. prepared Co0.85Se nanotubes (Figure 5e) by a simple hydro-
thermal method [31]. It shows η of 5.34%, which lower than Pt, obviously. Huang 
et al. obtained CoSe2/CoSeO3 nanorod (Figure 5f) through a microemulsion-
assisted hydrothermal synthesis [32]. It reveals η of 7.54%, which is approach Pt 
performance. This result contributes to the 1D electron transfer pathways. Huang 
et al. synthesized the Ni3S4 nanorod (Figure 5g) via a one-pot colloidal synthesis 
[33]. And it has η of 7.31%, which is quite close Pt. As listed in Table 1, there have a 
few of the 1D TMCs nanostructures existing the better performance than the Pt.

Most of them are vertical 1D TMCs nanostructures. The horizontal 1D TMCs 
nanostructures could not support the vertical electron transfer pathways and 
promote the electrolyte penetration. So most of them display lower performance 
than the Pt.

The vertical 1D TMCs nanostructure is an ideal condition, as shown in Figure 4. 
Kung et al. and Jin et al. directly synthesized pseudo-vertical 1D nanostructure 
array with CoS and Co0.85Se, respectively, as shown in Figure 6 [26, 34]. This 
structure sufficiently acts the 1D TMCs nanostructure advantages, including favor-
able for fast diffusion of redox species within the CE film, 1D direction electron 
channel, enhance electrolyte penetration, and more reaction area. Both of them 
exhibit higher value of η than Pt. In other words, they could straightly replace the Pt 
function for CE in DSSCs.

3. Two-dimensional (2D)

Geim and Grigorieva classified 2D materials into three groups [35]. First group, 
graphene type contains graphene, fluorographene, graphene oxide, hBN, etc.; second 
group, 2D chalcogenides (transition metal) type includes MoS2, NbS2, NbSe2, CoSe2, 
MoSe2, ZrSe2, GaSe, GaTe, InSe, Bi2Se3, Bi2Te3, etc.; final group, 2D oxides type 
involves TiO2, MnO2, V2O5, RuO2, perovskite-based materials (LaNb2O7, Ba4Ti3O12, 
Ca2Ta2TiO10 etc.), hydroxides (Ni(OH)2, Eu(OH)2, etc.), etc. Research of 2D TMCs 

Materials η (%) VOC (V) JSC (mA cm−2) FF η/ηPt Ref

CoS 7.67 0.71 16.31 0.66 1.00 [26]

MoN 7.29 0.74 15.26 0.65 0.98 [27]

W18O49 4.85 0.80 9.26 0.67 1.08 [28]

NiS 5.20 0.68 11.42 0.67 0.83 [29]

CoSe2 10.20 0.75 18.55 0.73 1.25 [30]

Co0.85Se 5.34 0.71 14.51 0.52 0.71 [31]

CoSe2/CoSeO3 7.54 0.82 14.32 0.64 0.95 [32]

Ni3S4 7.31 0.75 15.53 0.63 0.93 [33]

Co0.85Se 8.35 0.74 15.76 0.71 1.08 [34]

Table 1. 
A partial list of literature on the DSSCs with 1D TMCs nanostructure based CEs.
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performance. This result contributes to the 1D electron transfer pathways. Huang 
et al. synthesized the Ni3S4 nanorod (Figure 5g) via a one-pot colloidal synthesis 
[33]. And it has η of 7.31%, which is quite close Pt. As listed in Table 1, there have a 
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nanostructures could not support the vertical electron transfer pathways and 
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than the Pt.

The vertical 1D TMCs nanostructure is an ideal condition, as shown in Figure 4. 
Kung et al. and Jin et al. directly synthesized pseudo-vertical 1D nanostructure 
array with CoS and Co0.85Se, respectively, as shown in Figure 6 [26, 34]. This 
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able for fast diffusion of redox species within the CE film, 1D direction electron 
channel, enhance electrolyte penetration, and more reaction area. Both of them 
exhibit higher value of η than Pt. In other words, they could straightly replace the Pt 
function for CE in DSSCs.

3. Two-dimensional (2D)

Geim and Grigorieva classified 2D materials into three groups [35]. First group, 
graphene type contains graphene, fluorographene, graphene oxide, hBN, etc.; second 
group, 2D chalcogenides (transition metal) type includes MoS2, NbS2, NbSe2, CoSe2, 
MoSe2, ZrSe2, GaSe, GaTe, InSe, Bi2Se3, Bi2Te3, etc.; final group, 2D oxides type 
involves TiO2, MnO2, V2O5, RuO2, perovskite-based materials (LaNb2O7, Ba4Ti3O12, 
Ca2Ta2TiO10 etc.), hydroxides (Ni(OH)2, Eu(OH)2, etc.), etc. Research of 2D TMCs 

Materials η (%) VOC (V) JSC (mA cm−2) FF η/ηPt Ref

CoS 7.67 0.71 16.31 0.66 1.00 [26]

MoN 7.29 0.74 15.26 0.65 0.98 [27]

W18O49 4.85 0.80 9.26 0.67 1.08 [28]

NiS 5.20 0.68 11.42 0.67 0.83 [29]

CoSe2 10.20 0.75 18.55 0.73 1.25 [30]

Co0.85Se 5.34 0.71 14.51 0.52 0.71 [31]

CoSe2/CoSeO3 7.54 0.82 14.32 0.64 0.95 [32]

Ni3S4 7.31 0.75 15.53 0.63 0.93 [33]

Co0.85Se 8.35 0.74 15.76 0.71 1.08 [34]

Table 1. 
A partial list of literature on the DSSCs with 1D TMCs nanostructure based CEs.
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nanostructure is intensified in recently [16, 36]. The bandgap energy is reduced by 
decreasing the layer of the TMCs [16, 35, 37–40]. In other words, a single or a few 
layers of the 2D TMCs nanostructure presents excellent electrocatalytic ability. 
Besides that, the 2D TMCs nanostructure has advantages including enhancing the 
diffusion of electrolyte, vertical electron channel, and special optical property.

In this section, the partial works of literature are chosen depending on the 
electrocatalytic performance and structure. Their corresponding SEM images and 
efficiency parameters are shown in Figures 7 and 8, and Table 2, respectively. In 
Figure 7, Ibrahem et al., Huang et al., and Mohammadnezhad et al. applied the 
horizontal 2D nanostructure with NbSe2, MoSe2, and Cu2ZnSnSxSe4-x in CE for 
DSSCs [41–43]. Ibrahem et al. reported that the NbSe2 nanosheet (Figure 7a) has 
the best performance among nanosheet, nanorod, and nanoparticle [41]. They men-
tion that nanosheet could provide high surface area and coverage. And the NbSe2 
nanosheet existed η of 7.73%, which is better than the Pt CE. The result indicates 
that NbSe2 nanosheet substitutes to the noble metal Pt in DSSCs. Following the idea, 
MoSe2 and Cu2ZnSnSxSe4-x nanosheet show the η of 7.58% and 5.73%, respectively. 
However, both of their values of η are lower than the Pt. To increase the performance 
of 2D TMCs nanostructure, the pseudo-vertical 2D nanostructure was synthesized 
and provide the vertical electron channel. The pseudo-vertical 2D nanostructure 
with MoS2, CoSe2, MoS2, CuxZnySnzS, and CoNi2S4 were obtained by Antonelou et 
al., Chiu et al., Raj et al., Chiu et al., and Patil et al., respectively [44–48]. Antonelou 
et al. obtained the MoS2 nanosheet with η of 8.40%, which has thicknesses down to 
the 1-2 nm scale. Chiu et al. acquired the nanoclimbing-wall-like CoSe2 (Figure 8a) 
through an electrodeposition process, by using bathes with different pH values.

Its performance is 8.92%. They mentioned that vertical nanowall provides 
conducting charge for electrocatalytic reduction, as shown in Figure 9a. Raj et al. 
synthesized reflectivity of MoS2 nanosheet (Figure 8b), which has η of 7.50%, 
through chemical vapor deposition (CVD). The reflectivity of MoS2 nanosheet is 

Figure 7. 
The SEM of 2D nanostructure with (a) NbSe2, (b) MoSe2, (c) Cu2ZnSnSxSe4-x [41–43].

Figure 8. 
The pseudo-vertical 2D nanostructure with (a) CoSe2, (b) MoS2, and (c) CoNi2S4 [45–48].
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raised their high reflectivity facilitates the absorbance of more photons, and more 
active edge sites exposed to redox couple in the electrolyte, as shown in Figure 9b. 
Chiu et al. gained CuxZnySnzS nanowall-structure by thermal solvent method, 
and it shows performance 7.44%. The performance is attributed to improves the 
carrier transport pathway and effectively reduces the interface resistance. Patil 
et al. utilized a simple one-step solution-based fabrication method for CoNi2S4 
interconnected nanosheet (Figure 8c). The CoNi2S4 exhibits η of 8.86%, which 
attributes to a larger active surface area with favorable charge transport. The 
pseudo-vertical 2D nanostructure has obviously improvement of electrocatalytic 
ability than the normal 2D nanostructure. It is not only providing vertical trans-
port pathways and active surface area but also contributes to reflection photon. 
Those properties make 2D TMCs nanostructure have the potential to alternative Pt 
as an electrocatalyst.

4. Hierarchical nanostructure

Basically, 0D nanostructure possesses a high reaction area; 1D and 2D nano-
structure offers directional electron pathways and enhance electrolyte penetration. 
But they have their own weakness. For example, 0D nanostructure is easy aggrega-
tion and has larger heterogeneous resistance; 1D and 2D nanostructure have lower 
reaction area. A hierarchical nanostructure consists of the nanostructure with 
multidimensional subunits (0D, 1D, and 2D). It merges various subunits, so it has 

Materials η (%) VOC (V) JSC (mA cm−2) FF η/ηPt Ref

NbSe2 7.73 0.74 16.85 0.62 1.10 [41]

MoS2 8.40 0.74 22.60 0.50 0.97 [44]

CoSe2 8.92 0.73 18.03 0.67 1.08 [45]

MoSe2 7.58 0.70 15.97 0.67 0.97 [42]

MoS2 7.50 0.71 15.20 0.70 1.03 [46]

CuxZnySnzS 7.44 0.67 16.57 0.66 1.03 [47]

CoNi2S4 8.86 0.66 19.21 0.70 0.98 [48]

Cu2ZnSnSxSe4-x 5.73 0.69 12.60 0.66 0.99 [43]

Table 2. 
A partial list of literature on the DSSCs with 2D TMCs nanostructure based CEs.

Figure 9. 
The mechanism of 2D nanostructure with (a) CoSe2 and (b) MoS2 [45, 46].
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raised their high reflectivity facilitates the absorbance of more photons, and more 
active edge sites exposed to redox couple in the electrolyte, as shown in Figure 9b. 
Chiu et al. gained CuxZnySnzS nanowall-structure by thermal solvent method, 
and it shows performance 7.44%. The performance is attributed to improves the 
carrier transport pathway and effectively reduces the interface resistance. Patil 
et al. utilized a simple one-step solution-based fabrication method for CoNi2S4 
interconnected nanosheet (Figure 8c). The CoNi2S4 exhibits η of 8.86%, which 
attributes to a larger active surface area with favorable charge transport. The 
pseudo-vertical 2D nanostructure has obviously improvement of electrocatalytic 
ability than the normal 2D nanostructure. It is not only providing vertical trans-
port pathways and active surface area but also contributes to reflection photon. 
Those properties make 2D TMCs nanostructure have the potential to alternative Pt 
as an electrocatalyst.

4. Hierarchical nanostructure

Basically, 0D nanostructure possesses a high reaction area; 1D and 2D nano-
structure offers directional electron pathways and enhance electrolyte penetration. 
But they have their own weakness. For example, 0D nanostructure is easy aggrega-
tion and has larger heterogeneous resistance; 1D and 2D nanostructure have lower 
reaction area. A hierarchical nanostructure consists of the nanostructure with 
multidimensional subunits (0D, 1D, and 2D). It merges various subunits, so it has 

Materials η (%) VOC (V) JSC (mA cm−2) FF η/ηPt Ref
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CoSe2 8.92 0.73 18.03 0.67 1.08 [45]

MoSe2 7.58 0.70 15.97 0.67 0.97 [42]
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multidimensional nanostructure advantages, including high reaction area, benefit 
electron transfer, avoiding aggregation, enhance electrolyte diffusion, and offer 
directional electron pathways.

Herein, we list partial literature with hierarchical TMCs nanostructure. 
Figure 10 shows SEM of Ni3Se4 with sea urchins-like structure, TiO1.1Se0.9 with 
nanospheres and 1D nanorods, NiCo0.2 with hollow structure and nanoclusters, 
NiCo2S4 with ball-in-ball structure, NiS@MoS2 with feather duster-like hierarchi-
cal structure, CoSe2/CoSeO3 with hierarchical urchin-like structure, CuO/Co3O4 
with core-shell structure and CoS2/NC@Co-WS2 with yolk-shell structure by Lee 
et al., Li et al., Jiang et al., Jiang et al., Su et al., Huang et al., Liao et al., and Huang 
et al., respectively [49–56]. And their efficiency parameters are listed in Table 3. 
Lee et al. synthesized the Ni3Se4 sea urchins-like structure (Figure 10a) through 
one-step and low temperature hydrothermal process [49]. It reveals η of 8.31%, 
which attribute to the high active electrocatalytic surface area. Li et al. obtained 
TiO1.1Se0.9 with nanospheres and 1D nanorods (Figure 10b) via a simple dip-coating 
process and rapid thermal annealing (RTA) process [50]. The TiO1.1Se0.9 exhibits η 
of 9.47%, which is better than the Pt. The result is established that the nanospheres 
can work as electro-catalytic active sites, and the nanorods can function not only as 
electro-catalytic active sites but also as fast electron transport channels, as shown 
in Figure 11a. Jiang et al. synthesized NiCo0.2 hollow structure and nanoclusters, 
having uniform spherical particles with an average diameter of about 2 μm and shell 
thickness of around 200 nm (Figure 10c), via a thermal method [51]. It shows η of 
9.30% and displays that the novel spherical structures can efficiently promote the 
transfer of electrons from the conductive carbon frameworks to metal nanopar-
ticles, thus resulting in high electrocatalytic activity for the reduction. Jiang et al. 
acquired NiCo2S4 ball-in-ball structure (Figure 10d) by a thermal method [52]. 
Its efficiency is 9.49%, which is attributed to the rougher surface, higher surface 
area, and high diffusion coefficient for redox. Su et al. obtained NiS@MoS2 feather 
duster-like hierarchical structure, which has η of 8.58% [53]. They propose that 
feather duster-like hierarchical structure array can support the fast electron transfer 
and electrolyte diffusion channels, moreover, it also can render abundant active 
catalytic sites and large electron injection efficiency from CE to the electrolyte. 
Huang et al. gained CoSe2/CoSeO3 hierarchical urchin-like structure (Figure 10g), 
the nanoparticle-composed sphere is the central core with a diameter of about 
50 nm surrounded by several hexagonal prisms, through a one-step hydrother-
mal method [54]. The CoSe2/CoSeO3 reveals η of 9.29% and is mention that the 

Figure 10. 
The SEM of hierarchical nanostructure with (a) Ni3Se4, (b) TiO1.1Se0.9, (c) NiCo0.2, (d) NiCo2S4, (e) CoSe2/
CoSeO3, (f) CuO/Co3O4, and (g) CoS2/NC@Co-WS2 [49–56].
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urchin-like structure possessing the hexagonal prism structure and nanoparticles 
to provide both rapid electron transport routes and a reasonably high surface area 
for electro-catalytic reactions, as shown in Figure 11b. Liao et al. obtained CuO/
Co3O4 core-shell structure (Figure 10f) via a facile self-templated method [55]. The 
CuO/Co3O4 has η of 8.34% and an excellent electronic transmission channel and 
more adsorption sites for the redox couple, which greatly enhances the subsequent 
redox process. Huang et al. acquired CoS2/NC@Co-WS2 with yolk-shell structure 
(Figure 10g) [56]. By virtue of larger surface area and more effective active sites, 
the CoS2/NC@Co-WS2 (η of 9.21%) has better performance than the Pt.

In this section, it can be found that the hierarchical TMCs nanostructure has bet-
ter performance than the Pt in CE. In other words, they can efficiently raise the TMCs 
performance, so the hierarchical TMCs nanostructure could replace Pt directly.

5. Conclusion

The electrocatalytic ability of catalysts is usually determined by below two points: 
one is the intrinsic electrocatalytic activity, and another is the nanostructure. The 
nanostructure of TMCs can briefly be classified into 0D, 1D, 2D, and hierarchi-
cal nanostructures; those have different properties and could obviously affect the 
electrocatalytic ability. Herein, the partial reports about DSSCs with the electrocata-
lysts having 1D, 2D, or hierarchical nanostructures are selected for introduction and 
discussion. 1D nanostructure possesses several advantages, including the 1D electron 
transfer pathways, promoting electrolyte penetration, avoiding stack problem, 
and high reaction area. However, not all the electrocatalysts with 1D nanostructure 
show better performance than the Pt in DSSC application. Some of them lied down 

Materials η (%) VOC (V) JSC (mA cm−2) FF η/ηPt Ref

Ni3Se4 8.31 0.75 16.27 0.69 1.03 [49]

TiO1.1Se0.9 9.47 0.79 17.22 0.70 1.22 [50]

NiCo0.2 9.30 0.78 17.80 0.67 1.16 [51]

NiCo2S4 9.49 0.84 17.40 0.647 1.14 [52]

NiS@MoS2 8.58 0.77 16.64 0.67 1.05 [53]

CoSe2/CoSeO3 9.29 0.82 16.09 0.70 1.12 [54]

CuO/Co3O4 8.34 0.73 18.13 0.63 1.06 [55]

CoS2/NC@Co-WS2 9.21 0.82 16.50 0.67 1.13 [56]

Table 3. 
A partial list of literature on the DSSCs with hierarchical TMCs nanostructure based CEs.

Figure 11. 
The mechanism of hierarchical nanostructure with (a) TiO1.1Se0.9 and (b) CoSe2/CoSeO3 [50, 54].
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on substrate; so, the advantage on vertical electron transport rout is not given. 
Furthermore, as the stacking problem comes out, it will lose surface are for reaction. 
2D nanostructures possess the active site on edges or defects, and their 2D structure 
could provide the benefits below, such as directional electron and diffusion channels; 
these properties boost their DSSC performances obviously. However, the stacking 
problem and poor activity on basal plane of 2D materials also retarding their practi-
cal performance in DSSCs. Hierarchical nanostructure incorporates the profits of 
subunits, so it displays high reaction area, benefit electron transport rout, avoiding 
aggregation, enhanced electrolyte diffusion, etc. Several reports already demonstrated 
that the TMCs with hierarchical nanostructures show excellent electrocatalytic ability 
in DSSCs; they even exhibit better electrocatalytic performance than that of Pt.
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on substrate; so, the advantage on vertical electron transport rout is not given. 
Furthermore, as the stacking problem comes out, it will lose surface are for reaction. 
2D nanostructures possess the active site on edges or defects, and their 2D structure 
could provide the benefits below, such as directional electron and diffusion channels; 
these properties boost their DSSC performances obviously. However, the stacking 
problem and poor activity on basal plane of 2D materials also retarding their practi-
cal performance in DSSCs. Hierarchical nanostructure incorporates the profits of 
subunits, so it displays high reaction area, benefit electron transport rout, avoiding 
aggregation, enhanced electrolyte diffusion, etc. Several reports already demonstrated 
that the TMCs with hierarchical nanostructures show excellent electrocatalytic ability 
in DSSCs; they even exhibit better electrocatalytic performance than that of Pt.
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Chapter 18

Excited-State Dynamics of 
Organic Dyes in Solar Cells
Ahmed M. El-Zohry

Abstract

Organic dyes are promising candidates for wide applications in solar cells, due to 
their controlled environmental impact, and low-cost. However, their performances 
in several solar cell architectures are not high enough to compete with the traditional 
semiconductor based solar cells. Therefore, several efforts should be gathered to 
improve the efficiency of these organic dyes. Herein, we discuss several deactivation 
processes recently found in several organic dyes using optical spectroscopic tech-
niques. These processes are believed to be mostly detrimental for the performance of 
organic dyes in solar cells. These processes include deactivation phenomena such as 
isomerization, twisting, and chemical interactions with redox couple. Thus, based 
on similar studies, more optimized synthetic procedures for organic dyes could be 
implemented in the near future for high efficient solar cells based on organic dyes.

Keywords: charge dynamics, deactivation pathways, chemical interactions, 
spectroscopic tools

1. Introduction

1.1 DSSCs design

Dye Sensitized Solar Cells (DSSCs) have drawn the attention of renewable 
energy scientists, since the proof of concept done by O’Regan and Grätzel in 1991 
[1]. In that concept, it was shown that an adsorbed photosensitizer on a low-cost low 
bandgap semiconductor can generate electricity with a reasonable efficiency from 
the incident sun light. Such a process was a breakthrough at the time, despite the low 
efficiency of the utilized sensitizer, as only highly crystalline semiconductor, such as 
Si, was believed to be the only way to capture the sunlight and convert it into elec-
tricity. In a typical Si solar cell, the light is absorbed by the crystalline Si atoms and 
the energetic charges are generated within the bandgap of the semiconductor, which 
later can be extracted by the external circuit [2]. However, in the DSSC, the light 
is absorbed by the photosensitizer “adsorbed dye” and then transfers its energetic 
charge to the low-cost semiconductor that is responsible for transferring the charge 
to the external circuit. The first utilized photosensitizer was based on metal com-
plex, a Ru-complex, thus, many metal-based complexes were tested later on the best 
performances in DSSCs [3]. The main excited state charge dynamics for metal-based 
complexes for DSSCs are based on a MLCT (metal to ligand charge transfer pro-
cess) state, in which the incident light moves an electron from the metal core to the 
surrounding ligands in the complex, then the charge hops from the ligand to the CB 
(conduction band of the semiconductor) via a triplet state. Thus, heavy metal ions 
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with low oxidation potentials were utilized such as Ru atoms [4]. Later on, plenty of 
attempts have been done to replace these costly metal photosensitizers by the metal-
free photosensitizers, organic dyes, to further reduce the cost of the working cell [5].

2. Organic dyes and strategic designs

Several synthetic strategies have been implemented for optimizing the metal-free, 
pure organic photosensitizers for working conditions in DSSCs [6]. One of the success-
ful approaches for building organic photosensitizers is based on D-L-A (Donor-Linker-
Acceptor) approach [7]. In this approach, the D unit is an electron-rich moiety, the L 
unit is typically a single or several consecutive π-bonds, then the A unit is an electron-
deficient moiety that is connected by an anchoring group, such as COOH (carboxylic 
acid), which binds to the low-band gap semiconductor, see Figure 1 for a graphical 
illustration of the organic dye. The ultimate dye should absorb most of the incident solar 
spectrum especially in the visible and the infrared regions, with high oscillator strength 
[3]. One of the most successful organic photosensitizers in DSSCs is the indoline family, 
which is based on Indoline moiety as a D unit [9–11]. While other acceptor groups  
(A) have been utilized such as rhodanine and cyanoacrylic moieties [9–11].

3. DSSCs working mechanism

Different than Ru-complexes, the organic dyes in DSSCs inject the energetic 
electrons from the singlet states as the triplet state population has mostly a very 
low quantum yield [12]. As the spin state for both the excited and the ground state 
of the organic dyes is the same, various deactivation mechanisms can occur for the 
adsorbed dyes on semiconductor surfaces. These deactivation processes include large 
scale motions such as isomerization [13], twisting [14], and local chemical interac-
tions such as interactions with electrolyte components surface species [15–17].

Figure 2 summarizes the main processes for exciting an adsorbed dye on low-
band gap semiconductor such as TiO2. There processes are such as follow:

1. Excitation: The adsorbed dye absorbs part of the incident solar spectrum and an 
electron is transferred from the ground state to the excited state instantaneously.

2. Decay: The populated electron recombines back again to the ground state due 
to various excited state processes within the dye.

Figure 1. 
Schematic representation for the successful design of organic photosensitizers for utilization in DSSCs based on 
D-L-A strategy, readapted from reference [8].
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3. Electron Injection: The excited electron is transferred from the dye to the CB 
of the semiconductor, leaving an oxidized adsorbed dye behind.

4. Electron Diffusion: The injected electron is diffused through the mesopo-
rous semiconductor area reaching the conducting glass such as FTO (Fluorine 
doped Tin Oxide).

5. Electron Regeneration: The oxidized dye recovers its electron from the  
utilized electrolyte in the DSSCs, which has a low oxidation potential, such as 
(I−/I3

−) redox couple.

6. Electron Recombination to Redox: The injected electron in the CB diffuses 
backward to the adsorbed species on the semiconductor surfaces such as, the 
oxidized redox couple.

7. Electron Recombination to dye: The injected electron in the CB diffuses 
backward to the adsorbed species on the semiconductor surfaces such as, the 
oxidized dye.

All these processes contribute both positively and negatively to the overall per-
formance of the DSSC. These processes are marked in different colors in Figure 2,  
depending on their role. However, due to the sake of this chapter, I will mainly be 
focusing on the exited state dynamics of organic dyes that improve or reduce the 
total performance of the DSSC. However, before presenting these dynamics, I will 
illustrate in the following section the main optical tools utilized for investigating 
these processes in DSSCs.

4. Optical spectroscopic tools

Several optical spectroscopic tools have been utilized to follow the charge 
dynamics for organic dyes in DSSCs. These common tools include TCSPC 

Figure 2. 
Schematic representation for electron dynamics in DSSCs. Each process has its number that is mentioned in the 
main text. Red numbers are for deactivating processes and blue numbers are for favorable processes, readapted 
from reference [8].
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3. Electron Injection: The excited electron is transferred from the dye to the CB 
of the semiconductor, leaving an oxidized adsorbed dye behind.

4. Electron Diffusion: The injected electron is diffused through the mesopo-
rous semiconductor area reaching the conducting glass such as FTO (Fluorine 
doped Tin Oxide).

5. Electron Regeneration: The oxidized dye recovers its electron from the  
utilized electrolyte in the DSSCs, which has a low oxidation potential, such as 
(I−/I3

−) redox couple.

6. Electron Recombination to Redox: The injected electron in the CB diffuses 
backward to the adsorbed species on the semiconductor surfaces such as, the 
oxidized redox couple.

7. Electron Recombination to dye: The injected electron in the CB diffuses 
backward to the adsorbed species on the semiconductor surfaces such as, the 
oxidized dye.

All these processes contribute both positively and negatively to the overall per-
formance of the DSSC. These processes are marked in different colors in Figure 2,  
depending on their role. However, due to the sake of this chapter, I will mainly be 
focusing on the exited state dynamics of organic dyes that improve or reduce the 
total performance of the DSSC. However, before presenting these dynamics, I will 
illustrate in the following section the main optical tools utilized for investigating 
these processes in DSSCs.

4. Optical spectroscopic tools

Several optical spectroscopic tools have been utilized to follow the charge 
dynamics for organic dyes in DSSCs. These common tools include TCSPC 

Figure 2. 
Schematic representation for electron dynamics in DSSCs. Each process has its number that is mentioned in the 
main text. Red numbers are for deactivating processes and blue numbers are for favorable processes, readapted 
from reference [8].
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(Time-correlated single photon counting), fs-TA (Femtosecond transient absorp-
tion), and fs-TE (Femtosecond transient Emission).

4.1 TCSPC

TCSPC helps to measure the emission decay of a molecule in a fast and an 
accurate way, due to the high repetition rate of the laser (ps or fs lasers). The 
accuracy of the measurements depends on the arrival of randomly emitted photons 
to the detector at different time channels. To initiate the measurements, a refer-
ence signal from the laser source is registered at the electronics, and the arrival 
time of the laser signal is measured by a constant function discriminator (CFD). 
Then, a linear increase in the voltage starts when the signal passes through time 
to amplitude converter (TAC). In the meanwhile, an electrical signal is registered 
from the emitted photon at the CFD, and another signal is sent to the TAC to stop 
the voltage increase. The time difference between the start and stop corresponds to 
the time delay after examining signal by the rest of the electronics. Repeating these 
measurements many times gives the histogram plot at the end. Figure 3 presents the 
components of TCSPC [8, 12, 13].

4.2 fs-TA

As many ongoing processes of DSSCs are relatively fast ones, one needs a 
technique with high time-resolution to follow such processes in DSSCs. One of the 
most utilized techniques to follow such processes is the fs-TA setup [18–25]. Simply, 
in fs-TA, one needs a laser source of short pulses in the range of 100 fs per pulse, 
and by overlapping two laser pulses at the measuring sample (one to start the reac-
tion ‘pump’, and another to probe it), the resulted spectrum at the detector provide 
exceptional information about both the ground state and the excited state of the 
reaction, Figure 4 shows a simple scheme for utilizing fs-TA setup. The pump pulse 
is usually in the visible range to promote a charge transfer, and the probe pulse can 
be usually in the visible or in the infrared range [14, 26, 27]. The main advantages 
of fs-TA are the ability to detect dark states that are not observed by other time-
resolved emission techniques such as charge transfer, energy transfer, intersystem 
crossing, and charge recombination [28–30].

Figure 3. 
Schematic representation for a typical TCSPC setup, readapted from reference [8].
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4.3 fs-TE

Time-resolved transient emission techniques are more versatile to follow the 
charge dynamics in general for the charge dynamics for dyes in DSSCs. To be able 
following the emission spectral information along with the emission lifetimes of the 
studied dyes, one commonly uses time-resolved emission streak camera, Figure 5 
shows the basic components for measuring emission using streak camera. The main 
advantage of using streak camera is the ease of utilizing it in comparison with other 
techniques such as fs-TA. Using emission streak camera, one needs only one laser 
source to excite the sample, then the emitted photons are collected and directed 
inside the streak camera, in which the photons can be spatially and temporally 
separated, resulting of a 2D-image that contain information about the time and 
energy of the emitted photons [12, 13].

Figure 4. 
Illustration for the generation of TA signal by fs-laser pulses.

Figure 5. 
Typical design for a streak camera. Readapted from reference [8].
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5. Excited state dynamics

5.1 Electron injection

Electron injection process is the transfer of a charge such as an electron from 
the excited dye to the CB of the semiconductor after light absorption, and it is 
considered the first beneficial process for high performance in DSSCs. The electron 
injection rate depends on the coupling strength between the adsorbed dye and the 
semiconductor, which includes the energy alignments of both the excited state of the 
dye and the fermi level of the semiconductor. For a long time, the electron injection 
time scale was trusted to be only in the range of 100 fs, however, this is not the case 
for all organic dyes as shown later by showing slower electron injections lifetimes 
[26, 27, 31]. The detection of slow electron injection in the picosecond time scale 
was mainly achieved by utilizing the IR (infrared) probe light in the fs-TA instead 
of the visible probe light [27, 29, 32, 33]. The advantage of using the IR versus the 
visible probe was mainly attributed the sole sensitivity of the IR to the vibrations of 
the electrons in the CB of the semiconductor, while the visible probe interacts with 
several species at the semiconductor surface such as the oxidized dye and the redox 
couple [8, 33, 34]. Famous organic indoline dyes were measured on TiO2 mesoporous 
surfaces using fs-TA in the IR region centered at 5000 nm, and multi-exponential 
injection rates were detected including fast lifetimes of 100 fs and slow ones in the 
range of tens of ps [27, 33]. Figure 6 shows the captured data for various indoline 
dyes, in which the D131 dye shows a fast injection lifetime of 100 fs, while other dyes 
(D102, D149, and D205) show additional slow injection lifetimes that can reach to 
30 ps as in the case of D149 dye. These slow injection rates are connected to large 
scale motions on mesoporous surfaces as shown later on, such as isomerization. The 
presence of slow injection rates is thought to be beneficial to the overall efficiency of 
the DSSC, due to the expected minimized charge recombination afterwards [26, 31].

5.2 Deactivation processes

• Aggregation

Aggregation is a common problem for adsorption of organic dyes on mesoporous 
surfaces, in which the dyes are stacking in various ways very close to each other 

Figure 6. 
Time resolved transient absorption for the electron injection process of indoline dyes adsorbed on TiO2.  
(A) Comparison between various dyes indicated in the legend. (B) Comparison between D205 on TiO2 versus 
impeding the dye in PMMA, readapted from reference [27].
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due to the high concentration utilized during the adsorption process, resulting of 
side deactivation pathways that hindered the charge transfer processes in DSSCs 
[13, 35, 36]. Reducing the dye aggregations can happen by utilizing co-adsorbent 
agents such as CDCA (cheno-deoxycholic acid) [37], or by impeding organic dyes 
in the MOF-ZIF8 structures, which increases the dye’s emission lifetime by putting 
the dyes at far distances from each other [38]. Figure 7 presents the appearance of 
fast emission lifetime components for the D149 dye upon the presence of aggrega-
tion. However, upon using low concenrtation of the D149 dye, the short lifetimes 
disappears due to the absence of aggregation. In DSSCs, the presence of aggregation 
reduces the amount of charges transferred to the CB of the semiconductor, and 
thus, reduces the overall efficiency of the cell.

• Isomerization

The local movement of adsorbed organic dyes was overlooked for a long time 
due to the expected well-packed order of adsorbed dyes, and many argued that 
isomerization is not a competing process with the electron injection as the latter is 
very fast. However, as electron injection process can be slow as well, the isomeriza-
tion and the change of local arrangements of molecules on surfaces can reduce the 
DSSC efficiency due to uncontrolled deactivation processes [13, 39, 40]. Figure 8 
shows the absorption spectra changes of L0Br organic dye labeled by heavy bromine 
atom on the mesoporous ZrO2 surfaces under photo-irradiation [40]. The changes 
in absorption spectra along the NMR measurements revealed the formation of cis-
trans equilibrium on the mesoporous surfaces [13, 40].

• Twisting

Isomerization of organic dyes in DSSCs is not always spectroscopically detect-
able especially when the resulted isomers such as cis and trans isomers are chemi-
cally identical [14]. However, this is not the case for many organic molecules 
containing subunits such as phenyl groups that can rotate or twist without spectro-
scopic signatures. For instance, the parent molecule of the organic dye D149 dye has 
a diphenyl groups attached to a double bond. In solution, the lifetime of the parent 
molecule is very short of ca. 20 ps, and upon impeding this parent molecule in poly-
mer matrix PMMA (Poly methyl methacrylate), the lifetime is extended to 2.5 ns, 
the time-resolved data for the parent molecule is shown in Figure 9. This ultrafast 
deactivation process is present in the derived dyes utilized in solar cells and it can 

Figure 7. 
Time-resolved emission for D149 organic dye inside PMMA matrix showing the effect of concentration and 
the aggregation formation on the appearance of fast emission lifetime components (to the left), readapted from 
reference [13].
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[13, 35, 36]. Reducing the dye aggregations can happen by utilizing co-adsorbent 
agents such as CDCA (cheno-deoxycholic acid) [37], or by impeding organic dyes 
in the MOF-ZIF8 structures, which increases the dye’s emission lifetime by putting 
the dyes at far distances from each other [38]. Figure 7 presents the appearance of 
fast emission lifetime components for the D149 dye upon the presence of aggrega-
tion. However, upon using low concenrtation of the D149 dye, the short lifetimes 
disappears due to the absence of aggregation. In DSSCs, the presence of aggregation 
reduces the amount of charges transferred to the CB of the semiconductor, and 
thus, reduces the overall efficiency of the cell.

• Isomerization

The local movement of adsorbed organic dyes was overlooked for a long time 
due to the expected well-packed order of adsorbed dyes, and many argued that 
isomerization is not a competing process with the electron injection as the latter is 
very fast. However, as electron injection process can be slow as well, the isomeriza-
tion and the change of local arrangements of molecules on surfaces can reduce the 
DSSC efficiency due to uncontrolled deactivation processes [13, 39, 40]. Figure 8 
shows the absorption spectra changes of L0Br organic dye labeled by heavy bromine 
atom on the mesoporous ZrO2 surfaces under photo-irradiation [40]. The changes 
in absorption spectra along the NMR measurements revealed the formation of cis-
trans equilibrium on the mesoporous surfaces [13, 40].

• Twisting

Isomerization of organic dyes in DSSCs is not always spectroscopically detect-
able especially when the resulted isomers such as cis and trans isomers are chemi-
cally identical [14]. However, this is not the case for many organic molecules 
containing subunits such as phenyl groups that can rotate or twist without spectro-
scopic signatures. For instance, the parent molecule of the organic dye D149 dye has 
a diphenyl groups attached to a double bond. In solution, the lifetime of the parent 
molecule is very short of ca. 20 ps, and upon impeding this parent molecule in poly-
mer matrix PMMA (Poly methyl methacrylate), the lifetime is extended to 2.5 ns, 
the time-resolved data for the parent molecule is shown in Figure 9. This ultrafast 
deactivation process is present in the derived dyes utilized in solar cells and it can 

Figure 7. 
Time-resolved emission for D149 organic dye inside PMMA matrix showing the effect of concentration and 
the aggregation formation on the appearance of fast emission lifetime components (to the left), readapted from 
reference [13].
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potentially compete with the electron injection process, minimizing the amount of 
charges extracted through the DSSC.

• TICT (Twisted Intramolecular Charge Transfer)

Although the previous large scale motions of organic dyes apparently compete 
with the electron injection process, the TICT process of some studied organic dyes 
seems to help boosting the DSSC efficiency through an indirect pathway [31, 41]. 
Upon comparing organic dyes with the twisting ability on mesoporous semiconduc-
tors surfaces with the corresponding ones that do not show such a process, both the 
electron dynamics and the DSSC efficiency have been correlated [26, 31]. An organic 
dye named L1 dye shows the TICT process in solution as depicted in Figure 10. This 
dye shows a high performance in DSSCs of ca. 5.5% [26]. While the modified dye 
L1Fc that do not show any TICT state, instead shows a LCT (local charge transfer 
state), its efficiency in DSSCs was lower L1 of ca. 1.1% [26, 31].

Using fs-TA in the infrared region to investigate the electron dynamics in the CB 
of TiO2 revealed that the presence of TICT state allows for slower electron injection 
from the L1 dye to the TiO2, and due the structural rearrangements of the L1 dye on 
the mesoporous surfaces, the back electron recombination is hindered allowing for 

Figure 8. 
Two organic dyes, L0, and L0Br were utilized to investigate the isomerization process on ZrO2 surfaces under 
400 nm photo-irradiation, readapted from reference [40].

Figure 9. 
The time-resolved emission data for the parent molecule of D149 in solution and in PMMA matrix (left). 
fs-TA data for the parent molecule in toluene (right), readapted from reference [14].
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high performance in DSSCs. However, for the L1Fc case along with the L1/PMMA 
case, the TICT state is blocked and thus the electron injection was faster from the 
LCT state, but the electron recombination was order of magnitudes faster than in 
the L1 dye case, resulting of poor efficiency in DSSCs. Figure 11 shows the time 
resolved data for electron injection for the discussed three cases. Thus, although the 
presence of TICT process can consume some energy to populate the TICT state, the 
benefit of reducing the charge recombination process is much larger on the DSSC 
efficiency.

• Chemical Interactions with the Redox Couple

Traditionally, the utilized electrolyte in DSSCs is solely assumed to regenerate 
the adsorbed oxidized dye on the mesoporous surface after the electron injec-
tion. This regeneration process is typically in the pico- to nano- second time scale 
[42–44]. However, just recently, it has been shown that the utilized electrolyte can 
form ground state interactions with the adsorbed dye on the surface that both affect 
the electron injection and recombination processes [15]. These effects will have 
detrimental effects on the performance of organic dyes in DSSCs. The formation of 
ground state complexes have been confirmed by using steady state absorption and 
emission measurements. Figure 12 shows the kinetic traces for the electron dynamics 
of adsorbed organic dye D149 on TiO2 in contact with different components of the 

Figure 10. 
Chemical structures of L1 and L1Fc dyes along with their absorption and emission data in acetonitrile, 
readapted from reference [31].

Figure 11. 
(A) False 2D plot for the electron injection of the L1 dye to the CB of TiO2 in the infrared. (B) Normalized 
kinetic traces for L1, L1Fc, and L1/PMMA on TiO2, readapted from reference [31].
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traditional iodide electrolyte used in various DSSC sets [45]. For the case of D149/
TiO2, slower electron injection and recombination processes have been observed. 
However, upon adding I3

−, I−, or I2, the electron injection process was much faster of 
ca. 100 fs, and more importantly the electron recombination was increased dramati-
cally, due to the adsorbed complexes species on the surface [15]. Thus, the chemical 
interactions between the chemical substances should be considered upon optimizing 
the DSSC efficiency.

6. Conclusion

Although the DSSC shows promising results with respect to low-cost and 
moderate efficiency in comparison with inorganic semiconductor solar cells, the 
ongoing processes in DSSC are quite complex and lots of studies are required to 
increase the output efficiency. In this chapter, we highlighted the fact that organic 
dyes have many excited state processes that have been overlooked in the past. 
Most of these processes showed detrimental effects on the overall performance of 
the DSSC. However, other exited state processes, such as the formation of TICT 
state, illustrated that high efficiency can also be attained through the excited state 
dynamics of the adsorbed dye. Understanding the dye’s excited state processes will 
allow for fine tuning of such processes, via the chemical synthesis of organic dyes, 
correlating with the output efficiency of the DSSC.

Author notes

On leave from Chemistry Department, Assiut University

Figure 12. 
Effect of chemical interactions between the D149 organic dye and the redox couple electrolyte (Iodide, iodine, 
tri-iodide) on the electron dynamics of D149 dye on mesoporous TiO2, the rise of the signal is due to electron 
injection, while the signal decay is due to the electron recombination, readapted from reference [15]. (A) 
Comparison between D149 and complexes of D149 with tri-iodide, and iodine. (B) Comparison between D149 
and complexes of D149 with iodide, and full electrolyte.
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Abstract

Dye-sensitized solar cells (DSSCs) have aroused intense attention over the past
three decades owing to their low cost, inexpensive raw materials, simple fabrication
process, and employment of eco-friendly materials. Recently, to take advantage of
their lower electrical resistance, excellent electrocatalytic operation, mechanical
integrity, low cost, and flexibility, carbon nanotubes CNTs have been incorporated
into DSSCs with a view to improve the efficiency further. CNT can be used in the
anode, electrolyte, and counter electrode. The incorporation of CNTs into the
anode’s semiconductor material decreases the host material’s resistance and
increases thermal conductivity, electrical conductivity, mechanical strength, and
durability. CNTs in ionic liquids have been investigated as a potential alternative for
traditional liquid electrolytes for DSSC application because of low viscosity, low
vapor pressure, high diffusion coefficient, high electrochemical, and thermal sta-
bility. CNT based counter electrode has attracted considerable interest because of
its fast electron transfer kinetics and large surface area. This book chapter provides
an insight into the fabrication of DSSCs by incorporating CNT and its effects on cell
conversion efficiencies.

Keywords: dye sensitized solar cell, carbon nanotubes, efficiency

1. Introduction

In recent years, world energy consumption has increased significantly due to
rapid global population growth, improved quality of life, and new technologies.
United States Department of Energy (USDoE) anticipates that global energy
demand will double by 2050 and triple by 2100 [1]. About 87% of energy demands
are supplied by burning fossil fuels, such as coal, oil, and natural gases [2]. How-
ever, it has become a major concern about the environmental damage caused by the
combustion method. Excessive use of fossil fuel energy sources urges researchers to
think about the alternatives to eternal clean energy sources. The use of renewable
energy is of great significance due to the rising cost of fossil fuels in tandem with a
decrease in carbon dioxide emissions that avoids global warming. Significant
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improvements have been made in this regard, including energy technologies
focused on wind power, biofuels, solar panels, and fuel cells [3, 4].

Solar energy will effectively meet some of the energy needs of future genera-
tions. The 3x1024 Joule/year supply of energy from the sun to the earth is 10 000
times more than the global energy requirement. This suggests that the use of 10%
efficient photovoltaic cells will cover just 0.1% of the earth’s surface area that could
supply our current electricity needs [5]. In addition to photovoltaic device technol-
ogies, protect the global environment, and ensure economic growth with sustain-
able resources [6]. A solar cell or photovoltaic device is a solid-state device that is
generally used for converting solar energy into useable electricity. The main advan-
tage of the solar cells is that it does not require fossil fuel burning and does not
produce any harmful emission [2]. The development of solar cells can be divided
into three generations: First generation, second generation, and third generation
solar cell. First generation or crystalline-silicon based solar cell has high cell effi-
ciency(�26.7% against theoretical limit �29%), which dominates the global solar
cell market (�90%) [7]. However, the rigid cell structure and high cost related to
manufacturing silicon wafers limit the use of first generationsilicon-based solar
cells. Second generation or thin-film solar cell is fabricated by depositing multiple
layers of photovoltaic material on plastic, glass, or metal substrate. Thin-film solar
cell thickness can vary from few nanometers to 10 microns. However, Indium and
Tellurium’s scarcity makes it somewhat difficult to commercializeand large-scale
production of the thin-film solar cell. Also, cadmium is a highly toxic material,
which poses both severe health and environmental hazards. Third-generation solar
cells are targeted to achieve both high efficiency and low cost. The theoretical cell
conversion efficiency of third-generation solar cells varies from 31 to 41%, and it is
expected that this limit can be easily overcome by using semiconductor
nanoparticles [8]. Perovskite solar cell (PSC), copper zinc tin sulfide (CZTS) solar
cell, quantum dot solar cell (QDSC), organic solar cell (OSC), and dye-sensitized
solar cell (DSSC) are the example of the third-generation solar cells. Most of the
third-generation solar cells are still in the research stage.

DSSC is a third-generation solar cells co-invented by Michael Gratzel and Brian
O’Regan in 1988 at UC Berkeley, USA and further developed by Michael
GratzelÉcolePolytechniqueFédérale de Lausanne, Switzerland. The DSSCs are
regarded as successful applicants for the substitution of high-cost conventional solar
cells. Throughout the last twenty years, Gratzel and hisits colleagues have made
considerable efforts to develop further. The different factors involved in the DSSCs
system are still under development in several ways to make it ready for commer-
cialization. To date, the maximum 14.7% power conversion efficiency (PCE) has
been recorded for the DSSCs [9]. The theoretical PCE limit of the single junction
DSSC under standard test conditions (STC) is 32%, according to Professor Michael
Graetzel, and a two-level tandem DSSC structure could reach PCE of 46% [10].
Since there is a big difference between theoretical and experimental PCE of DSSC,
there is aroom for further improvement. Different researchers have suggested and
worked on adifferent methods to improve the PCE of DSSC, such as anode modifi-
cation by doping material, anode modification by carbon nanotube, surface modi-
fication by TiCl4, dye modification, electrolyte modification, and cathode
modification by different carbon variant [11–13]. Advancements in DSSCs technol-
ogy are occurring at an ever-increasing rate, as the development of novel carbon-
based materials, such as carbon nanotubes (CNTs). The CNT structure consists of
enrolled graphite sheets, in a word, and can be classified as either single-walled
(SWCNT) ormulti-walled (MWCNT) depending on its preparation method [14].
Cell performance can be increased by adding SWCNTs/MWCNTs. The incorpora-
tion of CNTs into the semiconductor material (i.e., TiO2, ZnO, SnO2, ctc.) decreases
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the host material’s resistance and increases thermal conductivity, electrical conduc-
tivity, mechanical strength, and durability. The main aim of using CNTs in the
DSSC is to accelerate the flow of electrons from the semiconductor material to the
transparent conductive oxide (TCO) glass substrate through the CNTs without any
resistance inside the grain boundary [15].

In this book chapter, the next five sections are focused on the basics of DSSCs,
CNTs, the effect of CNTs in the cell performance of DSSC, and the degradation
study of CNT based DSSC, respectively. In the sixth section, the development of
CNT based DSSC is summarized with an outlook. In addition, it is also focused on
the improvement of efficiency of DSSC by incorporating carbon nanotubes, which
is of great significance for enhancing the performance of DSSC.

2. Dye sensitized solar cell

DSSC is different from other conventional solar cells in terms of both cell
architecture and the physical process behind its operation. DSSC combines both
solid and liquid phase in contrast to typical crystalline silicon or thin-film solar cell
technology based on solid-state semiconductor materials. A typical DSSC consists of
a transparent conducting oxide (TCO) glass substrate (i.e., ITO, FTO, AZO, etc.) as
an anode, a wide band-gap semiconductor (a nanocrystalline semiconductor mate-
rial, such as TiO2, ZnO, SnO2, SrTiO3, Zn2SnO4,and Nb2O5, etc. deposited on the
TCO), dye sensitizer (anchored on to the surface of nanocrystalline semiconductor
material), a volatile electrolyte (I�/I3

�, Br�/Br3
�, SCN�/ (SCN)3

�, and SeCN�/
(SeCN)3

�, etc. redox couple), and a platinum (or carbon) coated TCO glass sub-
strate as a counter electrode [16–24]. A typical DSSC structure is shown in Figure 1.

Figure 2 illustrates the basic operating principle of DSSC. Nanocrystalline
semiconductor material (i.e., TiO2) is deposited on the TCO and provides the
indispensable surface area for dye photosensitizer absorption. Photon energy from
the sunlight is absorbed (or collected) by the dye photosensitizer layer and produce
excited electron (D+) from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) (Eq. (1)). The excited dye injects an
electron to the conduction band (C.B.) of the semiconductor material and the dye
molecule oxidized and losses an electron (Eq. (2)). The injected electron travels

Figure 1.
Basic cell structure of DSSC.
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through the semiconductor material toward the anode, and electrical energy is
delivered to the external load (Eq. (3)). Then the electron further travels to com-
plete the circuit and reaches the counter electrode (C.E.). The electron is trans-
ferred from the C.E. to the electrolyte. Dye regenerates when the dye accepts an
electron from the I� and I� gets oxidized to I3

� (Eq. (4)). I3
� ion float around, and

they receive ion from the C.E. (Eq. (5)) [25]. However, some unwanted reaction
occurs, such as the recombination of dye (Eq. (6)), dye recombination to the
ground state (Eq. (7)), and recombination of electrolyte (Eq. (8)) that reduces the
overall cell’s electron circulation performance.

Excitation of dye upon illumination

Dþ hν ! D ∗ (1)

Oxidation of dye due to injection of electrons in TiO2 photoanode

D ∗ ! Dþ þ e� TiO2ð Þ (2)

Energy generation

e� TiO2ð Þ þ C:E: ! TiO2 þ e� C:E:ð Þ þ electrical energy
� �

(3)

Regeneration of dye

Dþ þ 3
2
I� ! Dþ 1

2
I3 (4)

Restoration of electrolyte at the counter electrode

1
2
I3� þ e� C:E:ð Þ ! 3

2
I� þ C:E: (5)

Figure 2.
Basic operating principles of DSSC.
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Recombination of dye

TiO2∣D ∗ ! TiO2∣D (6)

Dye recombination to ground state

TiO2∣Dþ þ e� C:B:ð Þ ! TiO2∣D (7)

Recombination of electrolyte

I3� þ 2e� TiO2ð Þ ! 3I� (8)

Green arrows (path (1)–(5)) represent the electron transfer and movement of
electrons within the solar cell, while red arrows (path (6)–(8)) represent potential
recombination losses within the solar cell.

3. Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs) are hollow cylinders consisting of single or multiple
concentric layers of carbon atoms in a honeycomb lattice structure [26]. The CNT
structure consists of enrolled graphite sheets, in a word, and can be classified as
either or multi-walled (MWCNT) (Figure 3(a)) or single-walled CNT (SWNT)
(Figure 3(b)) depending on its preparation method. In transmission electron
microscopy (TEM) studies, MWCNTs were first observed by Iijima in 1991, while
SWCNTs were independently developed by Iijima and Bethune in 1993 [26]. CNT
has a spn hybridization (where n = 2) state of carbon material. However, because of
the curved surface of CNT, it does not have a genuine sp2 hybridization. CNT has a
sp2 + ?hybridization, which is in between n = 2 and 3. It is understood that CNT is a
material lying between fullerenes and graphite as a new member of carbon allo-
tropes [27]. Carbon nanotubes (CNTs) show very excellent adsorption characteris-
tics because they have a high specific surface area and a nanoscale formation that
constitutes many sites. It also has high electrical conductivity, mechanical strength,
and a high aspect ratio [28].

3.1 CNT based photoanode in DSSC

CNT incorporated semiconductor material on the conducting electrode surface,
offers efficient charge collection and transportation of charge carriers. The electrons

Figure 3.
(a) MWCNTs, (b) SWCNTs.
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injected from the excited dye into the semiconductor materials are then transferred
through a CNT scaffold to generate photocurrent. Such 1-D nanostructures have
been successfully exploited to improve the performance of DSSC [29]. Figure 4
illustrates the role of CNT incorporated semiconductor material (i.e., TiO2) for
efficient electron transportation in DSSC.

Studies by Brown et al. has shown that the presence of CNT (i.e., SWCNT) does
not directly affect the primary charge injection process in the D*/TiO2 system.
SWCNT incorporated TiO2 (TiO2/SWCNT/D*) films collect photoinduced elec-
trons more effectively by charge separation than TiO2/D* films [29]. Studies have
also shown that SWCNT accepts and stores electrons when in contact with photo-
irradiated TiO2 semiconductor materials. The fermi equilibrium with photo-
irradiated TiO2 and SWCNT can store to 1 electron per 32 carbon atoms. When the
dyes are linked to the TiO2-SWCNT suspension, the stored electrons are ready to
discharge on demand [30]. SWCNT incorporated TiO2 showed �30% higher pho-
toinduced current compared to without SWCNT incorporated TiO2. Though the
SWCNT incorporated TiO2 based DSSC showed increases in the photoinduced
current, the open-circuit voltage degrades in the SWCNT incorporated TiO2 based
DSSC. This phenomenon can be explained by the electron capture properties of
SWCNT. At equilibrium condition, a positive shift (�20–30 mV) of the SWCNT
causes loweropen-circuit voltage (which is directly related to the difference
between fermi level of photoanode and redox electrolyte), as shown in Figure 5.

The photoinduced electrons are transferred to the SWCNT network, which
minimizes the possibility of charge recombination at grain boundaries [29].

CNTs (i.e., SWCNTs) can be pristine (p-SWCNTs), metallic (m-SWCNTs) and
semiconducting (s-SWCNTs) depending on their delocalized electrons occupying a
1-D density of states, chiral angles and diameters. The efficiency of SWCNT/TiO2

based DSSC depends on different parameters, such as eventual charge separation,
charge transfer, charge transport, and recombination rates. Studies by Guai et al.
showed that m-SWCNT incorporated TiO2 based photoanode does not significantly
improve the recombination; however, it still enhances cell conversation efficiency
of plain TiO2 based DSSC. This indicates that plain TiO2 has poor conductivity,
which reduces the efficient charge transportation. On the other hand, s-SWCNT
incorporated TiO2 based photoanode showed superior conductivity. s-SWCNT
incorporated TiO2 based photoanode can also suppress the election recombination;
thus, significant cell conversion efficiency is observed [31].
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Figure 6 illustrates the energy band diagrams of s-SWCNT and m-SWCNT
incorporated TiO2 based DSSC. Figure 6a shows the photoinduced electron trans-
fers from the photosensitizer’s excited state to the TiO2 and quickly moves from s-
SWCNT to FTO. Since there is less possibility of electrons transported back (or
recombination) to the liquid electrolyte to cause I3

� reduction, more photoinduced
electrons are effectively transported and collected by the FTO. This results in
enhanced photocurrent generation than p- and m-SWCNT based DSSCs. Also, the
effective collections of the photoinduced electron at the anode results in a positive
shift in Enf, increasing the open-circuit voltage of the SWCNT/TiO2 based DSSC.
On the contrary, though m-SWCNT has better electron mobility than s-SWCNT, it
has a higher disruption in charge carrier transportation, leading to increased back
reaction, as shown in Figure 6b. As a result, fewer electrons are collected at the
FTO, which leads to lower photocurrent and cell conversion efficiency [31]. Hence
the relative cell conversion efficiencies can be estimated as follows:

TiO2 >p� SWCNT=TiO2 >m� SWCNT=TiO2 > s� SWCNT=TiO2:

However, for the development of the high performance of SWCNT based DSSC,
the combination of both m-SWCNT and s-SWCNT is used. Numerous researchers
have been working on the combination of m-SWCNT and s-SWCNT. And the w/w
% of s-SWCNT varies between 88 and 97% in the mix [32].

Figure 5.
Energy diagram illustrating D*/TiO2 and transportation of photoinduced electrons without (a) and with
(b) SWCNT network.

Figure 6.
Energy-band diagrams of DSSCs with incorporated (a) s-SWCNTs and (b) m-SWCNTs [31].
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The introduction of CNTs into the semiconductor materials causes better dis-
persion of semiconductor materials particles and smaller crystalline size, structure
with high porosity and coarse surface. These results in anincreasein the total surface
area thus dye absorption increases and hence overall cell performance. However,
the photosensitizer (i.e., metallic photosensitizer, organic photosensitizer, natural
photosensitizer) used in DSSCusually anchors on the semiconductor materials (i.e.,
TiO2) surface, not the CNT surface. If the mass density of semiconductor materials
decreases, the number of dyes loading or absorption will decrease. Thus, if the
semiconductor materials are not uniformly distributed on the CNT’s surface, total
dye absorption will be poor, thereby decreasing the cell’s conversion efficiency. To
solve this problem, the bonding between semiconductor material and CNTs should
be increased. Different research used various methods to solve the problem. CNTs
treated with concentrated HNO3 and H2SO4 results in the introduction of -COOH
anchoring group on the CNTs, and provides further improved bonding between
semiconductor material and CNTs. The acid-treated CNT (i.e., SWCNT) can be
used in two ways; either incorporated into the semiconductor material to improve
charge transfer or introduced in semiconductor material/electrolyte interface as
light scattering centers. In the first case, when acid-treated SWCNTs were incorpo-
rated into the semiconductor material (i.e., TiO2) films, the fabricated DSSC
showed a 25% more enhancement in photocurrent than the untreated CNTs. In the
second case, when acid-treated SWCNTs were introduced at the TiO2/electrolyte
interface, the value of open-circuit voltage increases, whereas the value of
photogenerated current remains constant. The improvement in open-circuit
voltagegenerally impliesdecreased dark current and the negative shift of the con-
duction band of semiconductor material [33, 34]. Figure 7 illustrates the TiO2 films
with untreated SWCNTs and with acid treated SWCNT.

Similar to SWCNT, MWCNT also improves cell performance. However, the cell
performance can be further improved by employing different treatment tech-
niques. Numerous researchers are working on the topics and discovered different
methods. Employing these methods can further improve the cell efficiency of DSSC.
For example, Zhang et al. introduced RF induced oxygen plasma treatment for the

Figure 7.
(a) TEM of untreated bundles of SWCNTs, (b) HRTEM of a single fragmented bundle of acid treaded SWCNTs
(c) SEM of TiO2 films with untreated SWCNTs and (d) SEM of TiO2 films with acid treated SWCNTs [33].
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oxygen containing groups on the surface of the MWCNTs. The oxygen plasma
treated MWCNT makes the surface more hydrophilic and improves the dispersion
in TiO2, which leads to high surface area and enhanced dye absorption and hence
the cell performance increased. According the Zhang et al. study, the plasma treated
MWCNT can improve around 75% cell performance than untreated MWCNT/TiO2

photoanode based DSSC [34, 35].
Figure 8 illustrates the surface morphology of the coated films of pure TiO2,

MWCNT-TiO2, and plasma-treated MWCNT-TiO2 photoanodes using scanning
electron microscopic (SEM). The introduction of MWCNT into the TiO2 semicon-
ductor material causes immobilized uniformly. The FESEM images also indicate
thatincorporating MWCNT into the TiO2 metal oxide material causes a highly
porous and coarse surface (Figure 8b), which leads to a higher surface area for dye
absorption. However, MWCNT-TiO2 photoanodes has irregular pore sizes and a
non-uniform porous structure, which affect the total surface area improvement. On
the other hand, plasma treated MWCNT has a higher dispersion in TiO2 metal oxide
material leading to a more uniform porous surface structure (Figure 8c), which
successfully increases the total surface area for better dye absorption [35].

Researchers have also explored other methods for employing CNTs for high
surface area and hierarchical nanoporous structurefor higher cell conversion effi-
ciency. Yun et al. employed TiO2 hollow sphere/CNT by direct mixing and showed
4.71% with 0.1 wt.% [36]. Muduli et al. sensitized TiO2/MWCNT composite by
hydrothermal method and achieved the crystalline phase, which showed 50% more
cell conversion efficiency than the one without the MW-CNTs [37]. Patrick et al.
submerged TiO2 colloid in the optically transparent electrode and electrophoreti-
callydeposited SWCNTs for working photoanode. The modified photoanode
showed better charge separation and prevented back reaction/recombination,
showing 45% improvement in photocurrent [29]. Subha et al. fabricated single-
crystalline 1D rutile TiO2 nanorods/MWCNT composite template-free synthesis
method and reported 60% improvement in cell performance. Due to the single

Figure 8.
FESEM and TEM images of the (a) pristine/pure TiO2, (b) MWCNTs/TiO2, and (c) plasma treated-
MWCNTs/TiO2photoanode [35].
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oxygen containing groups on the surface of the MWCNTs. The oxygen plasma
treated MWCNT makes the surface more hydrophilic and improves the dispersion
in TiO2, which leads to high surface area and enhanced dye absorption and hence
the cell performance increased. According the Zhang et al. study, the plasma treated
MWCNT can improve around 75% cell performance than untreated MWCNT/TiO2

photoanode based DSSC [34, 35].
Figure 8 illustrates the surface morphology of the coated films of pure TiO2,

MWCNT-TiO2, and plasma-treated MWCNT-TiO2 photoanodes using scanning
electron microscopic (SEM). The introduction of MWCNT into the TiO2 semicon-
ductor material causes immobilized uniformly. The FESEM images also indicate
thatincorporating MWCNT into the TiO2 metal oxide material causes a highly
porous and coarse surface (Figure 8b), which leads to a higher surface area for dye
absorption. However, MWCNT-TiO2 photoanodes has irregular pore sizes and a
non-uniform porous structure, which affect the total surface area improvement. On
the other hand, plasma treated MWCNT has a higher dispersion in TiO2 metal oxide
material leading to a more uniform porous surface structure (Figure 8c), which
successfully increases the total surface area for better dye absorption [35].

Researchers have also explored other methods for employing CNTs for high
surface area and hierarchical nanoporous structurefor higher cell conversion effi-
ciency. Yun et al. employed TiO2 hollow sphere/CNT by direct mixing and showed
4.71% with 0.1 wt.% [36]. Muduli et al. sensitized TiO2/MWCNT composite by
hydrothermal method and achieved the crystalline phase, which showed 50% more
cell conversion efficiency than the one without the MW-CNTs [37]. Patrick et al.
submerged TiO2 colloid in the optically transparent electrode and electrophoreti-
callydeposited SWCNTs for working photoanode. The modified photoanode
showed better charge separation and prevented back reaction/recombination,
showing 45% improvement in photocurrent [29]. Subha et al. fabricated single-
crystalline 1D rutile TiO2 nanorods/MWCNT composite template-free synthesis
method and reported 60% improvement in cell performance. Due to the single
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crystalline structure, there were no grain boundaries, which provides a smooth
surface for electron transportation [38]. Zhu et al. sensitized rice grain-shaped
TiO2/MWCNT composite by electrospinning process. Due to the single crystalline
structure and high surface area of the rice grain-shaped TiO2/MWCNT
composite, DSSC showed a 32% improvement in cell performance with 0.2 wt.%
MWCNT [39].

3.2 CNT based electrolyte in DSSC

In recent years, carbon-based materials in ionic liquids have been investigated as
a potential alternative for traditional liquid electrolytes for DSSC application.
An effective electrolyte has low viscosity, low vapor pressure, high diffusion
coefficient, high electrochemical, and thermal stability. Conventional liquid redox
electrolyte has low viscosity and high diffusion coefficient. However, liquid redox
electrolyte uses a volatile solvent, which causes a problem in the commercialization
of DSSC, such as cell leakage of electrolyte, performance degradation, high-
temperature instability, and pressure build-up after in the fabricated cell due to the
volatile solvent. Also, liquid electrolyte creates obstacles for the flexible structure
and large-scale solar cell. Quasi-solid-state electrolytes based on ionic liquids can
easily solve the drawbacks of liquid electrolyte efficiently. Organic hole conducting
materials, p-type inorganic semiconductors, or different nano-components (i.e.,
graphene, CNTs) were diffused into ionic liquids to the sensitized quasi-solid-state
electrolyte for DSSC application. Figure 9 shows a basic schematic diagram of a
CNT based electrolyte for DSSC.

3.3 CNT based cathode in DSSC

In recent years, carbon-based materials, such as graphite, carbon black, and
carbon nanotubes, have been studied to replace traditional platinum (Pt) counter

Figure 9.
CNT based electrolyte for DSSC application.
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electrodes for low-cost DSSC. Carbon materials are not only abundant but also
highly resistant to corrosion. Carbon-based material, especially CNT, has attracted
considerable interest because of its fast electron transfer kinetics and large surface
area. Figure 10 shows a basic schematic of a CNT based counter electrode for DSSC.

Different methods have been explored for CNT based counter electrode. Nam
et al. used paste printing and CVD growing methods for the counter electrode. The
paste printing MWCNT based counter electrode based DSSC has lower cell effi-
ciency (8.03%) than the Pt. counter electrode based DSSC’s cell efficiency (8.80%).
However, the CVD has grown MWCNT had higher cell conversion efficiency
(10.04%) than the Pt. counter electrode based DSSC’s cell efficiency (8.80%) [40].
Ramasamy et al. fabricated spray-coated MWCNT counter electrode and showed
the effect of spray time/coating thickness [41]. Widodo also fabricated spray-coated
CNT on FTO glass substrate for counter electrode for DSSC [42]. Prasetio et al. used
different weight (0.01, 0.02 and 0.04 gram) of CNT and observed the cell perfor-
mance of DSSC [43]. Figure 11 illustrates the SEM of (a) the surface and (b) the
cross-section CNT based counter electrode [43].

4. Effect of CNT on the cell performance of DSSC

4.1 Effect of CNT based photoanode on the cell performance of DSSC

As mentioned earlier (in Section 3.1.), adding CNT nanoparticles into
mesoporous structure provides a strong light-harvesting capability and a large sur-
face area for high-efficiency DSSC. Mesoporous semiconductor materials anchor on
the long tubular CNT’s outer surface and this assembly ensure efficient electron
transport through CNTs. CNT improves the electron transport and increases the
coating’s thickness; thus, dye building on the anode material increase. CNT results
in gains in the photocurrent without compromising the electron injection to the
electrode.

From the previous discussion (Section 3.1.), CNT can be used either CNT/semi-
conductor material composite photoanode or counter electrode. For CNT-based
photoanode for different types of dyes, such as metal complex dye sensitizer,
natural dye sensitizer has been explored for DSSC operation.

Figure 10.
CNT based counter electrode for DSSC.
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electrodes for low-cost DSSC. Carbon materials are not only abundant but also
highly resistant to corrosion. Carbon-based material, especially CNT, has attracted
considerable interest because of its fast electron transfer kinetics and large surface
area. Figure 10 shows a basic schematic of a CNT based counter electrode for DSSC.

Different methods have been explored for CNT based counter electrode. Nam
et al. used paste printing and CVD growing methods for the counter electrode. The
paste printing MWCNT based counter electrode based DSSC has lower cell effi-
ciency (8.03%) than the Pt. counter electrode based DSSC’s cell efficiency (8.80%).
However, the CVD has grown MWCNT had higher cell conversion efficiency
(10.04%) than the Pt. counter electrode based DSSC’s cell efficiency (8.80%) [40].
Ramasamy et al. fabricated spray-coated MWCNT counter electrode and showed
the effect of spray time/coating thickness [41]. Widodo also fabricated spray-coated
CNT on FTO glass substrate for counter electrode for DSSC [42]. Prasetio et al. used
different weight (0.01, 0.02 and 0.04 gram) of CNT and observed the cell perfor-
mance of DSSC [43]. Figure 11 illustrates the SEM of (a) the surface and (b) the
cross-section CNT based counter electrode [43].

4. Effect of CNT on the cell performance of DSSC

4.1 Effect of CNT based photoanode on the cell performance of DSSC

As mentioned earlier (in Section 3.1.), adding CNT nanoparticles into
mesoporous structure provides a strong light-harvesting capability and a large sur-
face area for high-efficiency DSSC. Mesoporous semiconductor materials anchor on
the long tubular CNT’s outer surface and this assembly ensure efficient electron
transport through CNTs. CNT improves the electron transport and increases the
coating’s thickness; thus, dye building on the anode material increase. CNT results
in gains in the photocurrent without compromising the electron injection to the
electrode.

From the previous discussion (Section 3.1.), CNT can be used either CNT/semi-
conductor material composite photoanode or counter electrode. For CNT-based
photoanode for different types of dyes, such as metal complex dye sensitizer,
natural dye sensitizer has been explored for DSSC operation.
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Zhang et al. used N719 dye on the CNT photoanode-based DSSC. They prepared
two different types of CNT based photoanode: pristine, chemically modified, and
O2 plasma-treated CNT. For chemically modified CNT, 500 mg CNT was mixed
with 100 ml H2SO4/HNO3 solution (1:1) and kept at 140°C for 6 hours. Afterward,
the solution was filtered, cleaned with distilled water, and vacuum dried. For O2

plasma-treated CNT, CNT was treated with O2 plasma treated for 40 minutes at
0.26 Torr (at 50 W) [35].

O2 plasma-treated CNTs/TiO2 photoanode based DSSCs has more uniform holes
and rough surface, which provides higher dye adsorption and less charge recombi-
nation than either TiO2 or chemical modified CNTs/TiO2. The O2 plasma-treated
CNTs/TiO2 photoanodebased DSSC showed 6.34% cell efficiency, which is �75%
higher than the conventional TiO2 photoanode based devices (Table 1). Figure 12
illustrates the I-V characteristics of pristine TiO2, chemically modified CNT/ TiO2,
and O2 plasma-treated CNT/ TiO2 photoanode based DSSC with N719 dye. The
value of the open-circuit voltage of chemically modified CNT/ TiO2 based DSSC
was lower than the TiO2 photoanode based DSSC because of poor adhesion between
chemically modified CNT/TiO2; however, the overall cell conversion efficiency was
28% higher than the traditional TiO2 based DSSC [35].

Dembele et al. sensitized an ethanolic suspension of MWCNTs (0.006 g of
MWCNTs in 15 mL of ethanol) and then mixed with a known weight of TiO2 paste

Figure 11.
SEM of the cross-section CNT based counter electrode [43].

Photoanode Jsc
(mA/cm�2)

Voc

(V)
Fill factor

(FF)
Efficiency

(%η)
Improvement

(%)

PristineTiO2 6.48 0.84 0.65 3.63

Chemically modified
CNT/TiO2

8.56 0.83 0.66 4.66 28

O2 plasma treated
CNT/TiO2

11.04 0.85 0.68 6.34 75

Table 1.
Different CNT/TiO2 photoanode based DSSC [35].
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to obtain a fixed percentage of MWCNT/TiO2 composite. The MWCNT/TiO2 com-
posites were tape cast on FTO glass substrate. The concentration of MWCNTs was
varied in the range of 0–0.250 wt. %. The fabricated photoanodes were soaked in a
0.5 mM ethanolic solution of N719 sensitizer. They were increasing the percentages
of MWCNTs in the MWCNT/TiO2 composite, which results in a slight improve-
ment in dye loading (from 0.010–0.020%). In comparison, the average number of
dye mole per volume unit improved almost 3.5 times for the 0.25 wt.% MWCNT/
TiO2film than the pure TiO2film. However, this chemisorption of dye multilayers
are detrimental for overall cell efficiency: for optimum cell efficiency, the dye
should be chemisorbed in a closely packed monolayer. Figure 13 illustrates the SEM
image of the bare TiO2 and MWCNT (0.25 wt.%)/TiO2 film [44].

From Table 2, optimized concentration (0.010–0.020 wt.%) of MWCNTs based
TiO2 photoanode significantly increases the overall cell conversion efficiency.
Introducing a reflection layer into the cell increases the electron lifetime and
decreases recombination, leading to improved overall cell performance and
photoconversion efficiency (9.0%) [44].

Not only DSSC sensitized with metallic dye, but also DSSC sensitized with
natural dye shows similar characteristics to the concentration of CNT (i.e.,
MWCNT). Kabir et al. used natural yellow dye sensitizer extracted from the tur-
meric (Curcuma longa). They have fabricated DSSC with natural yellow dye as a
sensitizing source for TiO2 photoanode with different MWCNT concentrations. The
concentration of MWCNT ranges from 0.005 wt. % to 0.050 wt. %. Figure 14
shows surface morphology of (a) bare TiO2, (b) MWCNTs, (c) MWCNTs/TiO2,
and (d) TiCl4 treated MWCNTs/TiO2 film [45].

The integration of MWCNTs improved the cell efficiency of the DSSC by devel-
oping a special charge carrier transport channel that is distributed uniformly
throughout the TiO2 semiconductor. Cell efficiency of all concentrations of
MWCNT incorporated by TiO2 is higher than that of the without MWCNT incor-
porated by TiO2. The concentration of the MWCNT from 0.000 wt. % to 0.015 wt.
%, cell efficiency has improved dramatically (From Table 3). The optimum con-
centration is 0.015 wt. % MWCNTs have a maximum cell efficiency of 1.653%,
whereas for without MWCNT integrated TiO2, cell efficiency is 0.921%. After
achieving the best possible combination, further increasing the concentration of
MWCNT leads to a negative effect on cell parameters such as Isc, Voc, and FF.

Figure 12.
I-V characteristics of pristine TiO2, chemically modified CNT/ TiO2 and O2 plasma treated CNT/TiO2
photoanode based DSSC with N719 dye [35].
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nation than either TiO2 or chemical modified CNTs/TiO2. The O2 plasma-treated
CNTs/TiO2 photoanodebased DSSC showed 6.34% cell efficiency, which is �75%
higher than the conventional TiO2 photoanode based devices (Table 1). Figure 12
illustrates the I-V characteristics of pristine TiO2, chemically modified CNT/ TiO2,
and O2 plasma-treated CNT/ TiO2 photoanode based DSSC with N719 dye. The
value of the open-circuit voltage of chemically modified CNT/ TiO2 based DSSC
was lower than the TiO2 photoanode based DSSC because of poor adhesion between
chemically modified CNT/TiO2; however, the overall cell conversion efficiency was
28% higher than the traditional TiO2 based DSSC [35].

Dembele et al. sensitized an ethanolic suspension of MWCNTs (0.006 g of
MWCNTs in 15 mL of ethanol) and then mixed with a known weight of TiO2 paste

Figure 11.
SEM of the cross-section CNT based counter electrode [43].

Photoanode Jsc
(mA/cm�2)

Voc

(V)
Fill factor

(FF)
Efficiency

(%η)
Improvement

(%)

PristineTiO2 6.48 0.84 0.65 3.63

Chemically modified
CNT/TiO2

8.56 0.83 0.66 4.66 28

O2 plasma treated
CNT/TiO2

11.04 0.85 0.68 6.34 75

Table 1.
Different CNT/TiO2 photoanode based DSSC [35].
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to obtain a fixed percentage of MWCNT/TiO2 composite. The MWCNT/TiO2 com-
posites were tape cast on FTO glass substrate. The concentration of MWCNTs was
varied in the range of 0–0.250 wt. %. The fabricated photoanodes were soaked in a
0.5 mM ethanolic solution of N719 sensitizer. They were increasing the percentages
of MWCNTs in the MWCNT/TiO2 composite, which results in a slight improve-
ment in dye loading (from 0.010–0.020%). In comparison, the average number of
dye mole per volume unit improved almost 3.5 times for the 0.25 wt.% MWCNT/
TiO2film than the pure TiO2film. However, this chemisorption of dye multilayers
are detrimental for overall cell efficiency: for optimum cell efficiency, the dye
should be chemisorbed in a closely packed monolayer. Figure 13 illustrates the SEM
image of the bare TiO2 and MWCNT (0.25 wt.%)/TiO2 film [44].

From Table 2, optimized concentration (0.010–0.020 wt.%) of MWCNTs based
TiO2 photoanode significantly increases the overall cell conversion efficiency.
Introducing a reflection layer into the cell increases the electron lifetime and
decreases recombination, leading to improved overall cell performance and
photoconversion efficiency (9.0%) [44].

Not only DSSC sensitized with metallic dye, but also DSSC sensitized with
natural dye shows similar characteristics to the concentration of CNT (i.e.,
MWCNT). Kabir et al. used natural yellow dye sensitizer extracted from the tur-
meric (Curcuma longa). They have fabricated DSSC with natural yellow dye as a
sensitizing source for TiO2 photoanode with different MWCNT concentrations. The
concentration of MWCNT ranges from 0.005 wt. % to 0.050 wt. %. Figure 14
shows surface morphology of (a) bare TiO2, (b) MWCNTs, (c) MWCNTs/TiO2,
and (d) TiCl4 treated MWCNTs/TiO2 film [45].

The integration of MWCNTs improved the cell efficiency of the DSSC by devel-
oping a special charge carrier transport channel that is distributed uniformly
throughout the TiO2 semiconductor. Cell efficiency of all concentrations of
MWCNT incorporated by TiO2 is higher than that of the without MWCNT incor-
porated by TiO2. The concentration of the MWCNT from 0.000 wt. % to 0.015 wt.
%, cell efficiency has improved dramatically (From Table 3). The optimum con-
centration is 0.015 wt. % MWCNTs have a maximum cell efficiency of 1.653%,
whereas for without MWCNT integrated TiO2, cell efficiency is 0.921%. After
achieving the best possible combination, further increasing the concentration of
MWCNT leads to a negative effect on cell parameters such as Isc, Voc, and FF.

Figure 12.
I-V characteristics of pristine TiO2, chemically modified CNT/ TiO2 and O2 plasma treated CNT/TiO2
photoanode based DSSC with N719 dye [35].

395

Improvement of Efficiency of Dye Sensitized Solar Cells by Incorporating Carbon Nanotubes
DOI: http://dx.doi.org/10.5772/intechopen.96630



Higher concentrations of MWCNTs result in a loss of transparency and low
absorption of light, which decreases the photogenerated current [45].

4.2 Effect of CNT based electrolyte on the cell performance of DSSC

As mention earlier (Section 3.2.), CNT based electrolyte not only enhance cell
performance of DSSC but also provide improvement in cell structure. Ahmad et al.
sensitized a new type of quasi-solid-state electrolyte by dispersing graphene and
CNT into the 1-methyl 3-propyl imidazolium iodide (PMII) ionic liquid. They also
varied the CNT (i.e., SWCNT) content from 1 wt.% to 16 wt.% in the PMII ionic
liquid. Maximum cell efficiency of 1.43% was observed for 7% SWCNT +93% PMII
ionic liquid electrolyte (Table 4). They have also combined graphene with SWCNT
and observed the effect of SWCNT in the quasi-solid-state electrolyte in DSSC
application. Combining SWCNTand graphene with PMII enhances cell perfor-
mance significantly, which is higher than both SWCNT + PMII combination and
PMII (Table 5) [46].

Lee et al. sensitized MWCNT–polymethyl methacrylate (PMMA) composite
electrolyte by thermal polymerization for solid state DSSC. The MWCNT-PMMA
composite has made a homogenous solution of 0.26 g MWCNT, 5 g of methyl
methacrylate (MMA), and 2-hydroxy-2-methyl-propylphenone (initiator). The
solution was vacuum dried and cleaned thoroughly (with dichloroethane (DCE) to
remove initiator residue). The MWCNT-PMMA composite was mixed with iodide
couples (0.1 M of LiI, 0.015 M of I2, and 0.2 M of t-butyl pyridine) in acetonitrile
solvent and stirred for 20 hours for MWCNT-PMMA composite electrolyte.

Figure 13.
SEM images of (a, b, d, e, f) the 0.25 wt.% CNT photoanode at various magnifications, and (c) bare TiO2
photoanode [44].
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Figure 15 shows the FESEM image of MWCNT and MWCNT-PMMA composite,
and Figure 16 illustrates the TEM and HR-TEM images MWCNT and MWCNT-
PMMA composite [47].

Table 6 lists the photovoltaic performance of DSSC fabricated with MWCNT-
PMMA composite. Lee et al. Lee et al. achieved higher cell efficiency of 2.9% (than
the reference cell’s efficiency of 1.9%), which was possible because of enhanced
amorphous structure and ionic conductivity [47].

4.3 Effect of CNT based counter electrode on the cell performance of DSSC

To achieve high cell performance in a large application area, platinum is used for
its excellent electrochemical activity. However, using Pt as a counter electrode
increases overall cell cost. Many efforts have been made for large surface area and
fast electron transportation to apply CNTs to the cathode. CNTs prices are lower
than Pt, but it has high electrochemical activity, which makes DSSCs commercially
viable. Prasetio et al. sensitized CNT-based cathode by doctor blade method and
observed CNT concentration’s effect by varying the weight of CNT (0.01, 0.02, and
0.04 g). A slurry was prepared by mixing a fixed mass of (0.01 or 0.02 or 0.04 g)
CNT, 0.2 g ethylcellulose, 2 ml ethanol, and 0.8 g terpineol. The slurry was doctor
bladed on FTO substrate and dried in the air, followed by annealing at 450°C for
60 minutes. Figure 17 illustrates SEM images of prepared CNT cathode fabricated
with different CNT masses (0.01, 0.02, and 0.04 g) [43].[Use the similar format for
gram, either g or gr or gram throughout the chapter].

Table 7 lists the photovoltaic performance of DSSC fabricated with different
masses of CNT as a cathode. Increasing the mass of CNT in the cathode increases
the photogenerated current; however, CNT does not increase other cell parameters,
such as open-circuit voltage and fill factor. An increase in short circuit current
resulted in higher cell conversion efficiency.

Ramasamy et al. spray-coated MWCNT on FTO and used it as a cathode. Dis-
persed MWCNT was sprayed onto FTO glass substrate with a spray gun, which was

Anode structure CNTs
(wt
%)

Tannealing

(°C)
Thickness

(μm)
PCE
(%)

FF
(%)

Voc

(mV)
Jsc

(mA cm�2)
Dye loading

(mol mm�3 � 107)

Transparent layer 0 450 12.6 6.5 71.0 745 12.7 1.05

Transparent layer 0.003 450 12.5 5.6 68.0 700 11.9

Transparent layer 0.007 450 11.5 6.4 67.1 695 13.8

Transparent layer 0.010 450 12.8 8.1 71.0 724 15.6 1.05

Transparent layer 0.015 450 9.9 7.9 71.0 734 15.3 1.65

Transparent layer 0.020 450 11.3 7.4 71.0 704 14.8 1.25

Transparent layer 0.045 450 8.8 6.7 71.0 698 13.6 1.35

Transparent layer 0.075 450 10.1 5.9 73.0 707 11.6 1.35

Transparent layer 0.250 450 16.4 1.1 62.0 789 2.2 3.70

Transparent layer
+ reflecting layers

0 500 15.9 7.0 69.0 755 13.6

Transparent layer
+ reflecting layers

0.010 500 16.4 9.0 74.0 758 16.0

Table 2.
Effect of CNT (MWCNT) concentration in the cell performance of N719 bye based DSSC [44].
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Higher concentrations of MWCNTs result in a loss of transparency and low
absorption of light, which decreases the photogenerated current [45].

4.2 Effect of CNT based electrolyte on the cell performance of DSSC

As mention earlier (Section 3.2.), CNT based electrolyte not only enhance cell
performance of DSSC but also provide improvement in cell structure. Ahmad et al.
sensitized a new type of quasi-solid-state electrolyte by dispersing graphene and
CNT into the 1-methyl 3-propyl imidazolium iodide (PMII) ionic liquid. They also
varied the CNT (i.e., SWCNT) content from 1 wt.% to 16 wt.% in the PMII ionic
liquid. Maximum cell efficiency of 1.43% was observed for 7% SWCNT +93% PMII
ionic liquid electrolyte (Table 4). They have also combined graphene with SWCNT
and observed the effect of SWCNT in the quasi-solid-state electrolyte in DSSC
application. Combining SWCNTand graphene with PMII enhances cell perfor-
mance significantly, which is higher than both SWCNT + PMII combination and
PMII (Table 5) [46].

Lee et al. sensitized MWCNT–polymethyl methacrylate (PMMA) composite
electrolyte by thermal polymerization for solid state DSSC. The MWCNT-PMMA
composite has made a homogenous solution of 0.26 g MWCNT, 5 g of methyl
methacrylate (MMA), and 2-hydroxy-2-methyl-propylphenone (initiator). The
solution was vacuum dried and cleaned thoroughly (with dichloroethane (DCE) to
remove initiator residue). The MWCNT-PMMA composite was mixed with iodide
couples (0.1 M of LiI, 0.015 M of I2, and 0.2 M of t-butyl pyridine) in acetonitrile
solvent and stirred for 20 hours for MWCNT-PMMA composite electrolyte.

Figure 13.
SEM images of (a, b, d, e, f) the 0.25 wt.% CNT photoanode at various magnifications, and (c) bare TiO2
photoanode [44].
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Figure 15 shows the FESEM image of MWCNT and MWCNT-PMMA composite,
and Figure 16 illustrates the TEM and HR-TEM images MWCNT and MWCNT-
PMMA composite [47].

Table 6 lists the photovoltaic performance of DSSC fabricated with MWCNT-
PMMA composite. Lee et al. Lee et al. achieved higher cell efficiency of 2.9% (than
the reference cell’s efficiency of 1.9%), which was possible because of enhanced
amorphous structure and ionic conductivity [47].

4.3 Effect of CNT based counter electrode on the cell performance of DSSC

To achieve high cell performance in a large application area, platinum is used for
its excellent electrochemical activity. However, using Pt as a counter electrode
increases overall cell cost. Many efforts have been made for large surface area and
fast electron transportation to apply CNTs to the cathode. CNTs prices are lower
than Pt, but it has high electrochemical activity, which makes DSSCs commercially
viable. Prasetio et al. sensitized CNT-based cathode by doctor blade method and
observed CNT concentration’s effect by varying the weight of CNT (0.01, 0.02, and
0.04 g). A slurry was prepared by mixing a fixed mass of (0.01 or 0.02 or 0.04 g)
CNT, 0.2 g ethylcellulose, 2 ml ethanol, and 0.8 g terpineol. The slurry was doctor
bladed on FTO substrate and dried in the air, followed by annealing at 450°C for
60 minutes. Figure 17 illustrates SEM images of prepared CNT cathode fabricated
with different CNT masses (0.01, 0.02, and 0.04 g) [43].[Use the similar format for
gram, either g or gr or gram throughout the chapter].

Table 7 lists the photovoltaic performance of DSSC fabricated with different
masses of CNT as a cathode. Increasing the mass of CNT in the cathode increases
the photogenerated current; however, CNT does not increase other cell parameters,
such as open-circuit voltage and fill factor. An increase in short circuit current
resulted in higher cell conversion efficiency.

Ramasamy et al. spray-coated MWCNT on FTO and used it as a cathode. Dis-
persed MWCNT was sprayed onto FTO glass substrate with a spray gun, which was

Anode structure CNTs
(wt
%)

Tannealing

(°C)
Thickness

(μm)
PCE
(%)

FF
(%)

Voc

(mV)
Jsc

(mA cm�2)
Dye loading

(mol mm�3 � 107)

Transparent layer 0 450 12.6 6.5 71.0 745 12.7 1.05

Transparent layer 0.003 450 12.5 5.6 68.0 700 11.9

Transparent layer 0.007 450 11.5 6.4 67.1 695 13.8

Transparent layer 0.010 450 12.8 8.1 71.0 724 15.6 1.05

Transparent layer 0.015 450 9.9 7.9 71.0 734 15.3 1.65

Transparent layer 0.020 450 11.3 7.4 71.0 704 14.8 1.25

Transparent layer 0.045 450 8.8 6.7 71.0 698 13.6 1.35

Transparent layer 0.075 450 10.1 5.9 73.0 707 11.6 1.35

Transparent layer 0.250 450 16.4 1.1 62.0 789 2.2 3.70

Transparent layer
+ reflecting layers

0 500 15.9 7.0 69.0 755 13.6

Transparent layer
+ reflecting layers

0.010 500 16.4 9.0 74.0 758 16.0

Table 2.
Effect of CNT (MWCNT) concentration in the cell performance of N719 bye based DSSC [44].
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Figure 14.
SEM image of (a) bare TiO2, (b) MWCNTs, (c) MWCNTs/TiO2, and (d) TiCl4 treated MWCNTs/TiO2
film [45].

MWCNT
concentration

VOC (V) Isc (mA) FF η% Dye loading
(mol mm�3 � 107)

0 wt.% 0.515 � 0.010 3.792 � 0.024 0.472 � 0.007 0.921 � 0.037 1.13

0.005 wt.% 0.512 � 0.008 4.973 � 0.017 0.535 � 0.003 1.362 � 0.038 1.15

0.010 wt.% 0.513 � 0.001 5.346 � 0.011 0.564 � 0.001 1.546 � 0.008 1.22

0.015 wt.% 0.502 � 0.006 5.995 � 0.028 0.553 � 0.009 1.653 � 0.054 1.37

0.020 wt.% 0.499 � 0.005 5.119 � 0.023 0.549 � 0.010 1.404 � 0.046 1.34

0.025 wt.% 0.498 � 0.001 4.873 � 0.020 0.522 � 0.002 1.267 � 0.017 1.31

0.030 wt.% 0.489 � 0.004 4.543 � 0.018 0.504 � 0.006 1.119 � 0.027 1.28

0.040 wt.% 0.486 � 0.011 4.543 � 0.023 0.499 � 0.008 1.080 � 0.047 1.28

0.050 wt.% 0.481 � 0.013 4.361 � 0.028 0.494 � 0.003 1.036 � 0.041 1.25

Table 3.
I-V performance of different concentrations of the MWCNT incorporated TiO2 based DSSC fabricated with
natural yellow dye [45].

SWCNT content (wt%) Jsc (mA/cm2) Voc (V) FF Efficiency (%)

0% (only PMII) 0.370 0.575 0.64 0.16 � 0.01

1% 0.524 0.573 0.70 0.25 � 0.01

7% 5.19 0.540 0.41 1.43 � 0.13

10% 2.15 0.616 0.36 0.56 � 0.02

13% 1.64 0.614 0.41 0.46 � 0.02

16% 2.09 0.541 0.32 0.40 � 0.02

Table 4.
I-V performance of DSSCs with quasi-solid-state electrolytes containing different wt.% of SWCNTs in
PMII [46].
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connected to an air compressor. Ramasamy et al. varied the spray time and
observed the effect of spraying time on the cell performance of DSSC. Since the
spray time is directly related to the thickness of the MWCNT layer, in other words,
they have observed the effect of MWCNT coating thickness on the cell performance
of DSSC [41].

Content (wt%) Jsc (mA/cm2) Voc (V) FF Efficiency (%)

100% PMII 0.370 0.575 0.64 0.16 � 0.01

85% PMII +3% SWCNT +12% graphene 7.32 0.594 0.44 2.50 � 0.10

85% PMII +12% SWCNT +3% graphene 4.66 0.561 0.43 1.39 � 0.10

Table 5.
I-V performance of DSSCs with quasi-solid-state electrolytes containing different wt.% of SWCNT and
graphene in PMII [46].

Figure 15.
SEM images of (a) MWCNT, and (b and c) MWCNT–PMMA composite film [47].

Figure 16.
TEM and HR-TEM images of (a, c) MWCNT and (b, d) MWCNT–PMMA composites [47].
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Figure 14.
SEM image of (a) bare TiO2, (b) MWCNTs, (c) MWCNTs/TiO2, and (d) TiCl4 treated MWCNTs/TiO2
film [45].

MWCNT
concentration

VOC (V) Isc (mA) FF η% Dye loading
(mol mm�3 � 107)

0 wt.% 0.515 � 0.010 3.792 � 0.024 0.472 � 0.007 0.921 � 0.037 1.13

0.005 wt.% 0.512 � 0.008 4.973 � 0.017 0.535 � 0.003 1.362 � 0.038 1.15

0.010 wt.% 0.513 � 0.001 5.346 � 0.011 0.564 � 0.001 1.546 � 0.008 1.22

0.015 wt.% 0.502 � 0.006 5.995 � 0.028 0.553 � 0.009 1.653 � 0.054 1.37

0.020 wt.% 0.499 � 0.005 5.119 � 0.023 0.549 � 0.010 1.404 � 0.046 1.34

0.025 wt.% 0.498 � 0.001 4.873 � 0.020 0.522 � 0.002 1.267 � 0.017 1.31

0.030 wt.% 0.489 � 0.004 4.543 � 0.018 0.504 � 0.006 1.119 � 0.027 1.28

0.040 wt.% 0.486 � 0.011 4.543 � 0.023 0.499 � 0.008 1.080 � 0.047 1.28

0.050 wt.% 0.481 � 0.013 4.361 � 0.028 0.494 � 0.003 1.036 � 0.041 1.25

Table 3.
I-V performance of different concentrations of the MWCNT incorporated TiO2 based DSSC fabricated with
natural yellow dye [45].

SWCNT content (wt%) Jsc (mA/cm2) Voc (V) FF Efficiency (%)

0% (only PMII) 0.370 0.575 0.64 0.16 � 0.01

1% 0.524 0.573 0.70 0.25 � 0.01

7% 5.19 0.540 0.41 1.43 � 0.13

10% 2.15 0.616 0.36 0.56 � 0.02

13% 1.64 0.614 0.41 0.46 � 0.02

16% 2.09 0.541 0.32 0.40 � 0.02

Table 4.
I-V performance of DSSCs with quasi-solid-state electrolytes containing different wt.% of SWCNTs in
PMII [46].
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connected to an air compressor. Ramasamy et al. varied the spray time and
observed the effect of spraying time on the cell performance of DSSC. Since the
spray time is directly related to the thickness of the MWCNT layer, in other words,
they have observed the effect of MWCNT coating thickness on the cell performance
of DSSC [41].

Content (wt%) Jsc (mA/cm2) Voc (V) FF Efficiency (%)

100% PMII 0.370 0.575 0.64 0.16 � 0.01

85% PMII +3% SWCNT +12% graphene 7.32 0.594 0.44 2.50 � 0.10

85% PMII +12% SWCNT +3% graphene 4.66 0.561 0.43 1.39 � 0.10

Table 5.
I-V performance of DSSCs with quasi-solid-state electrolytes containing different wt.% of SWCNT and
graphene in PMII [46].

Figure 15.
SEM images of (a) MWCNT, and (b and c) MWCNT–PMMA composite film [47].

Figure 16.
TEM and HR-TEM images of (a, c) MWCNT and (b, d) MWCNT–PMMA composites [47].
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Table 8 lists the I-V parameters of various spraying times of the MWCNT
counter electrode. The value of open-circuit voltage is more or less independent of
the spray time; however, both short circuit current and fill factor showed a strong
dependence on the spraying time of MWCNTs. The charge transfer resistance of the
MWCNT cathode in the iodide/tri-iodide electrolyte solution was decreased by
increasing the spraying time, which results in a significant improvement in the cell
performance of the MWCNT counter electrode based DSSC [41].

Nam et al. used two different methods for CNT counter electrode-based DSSC:
screen printing and chemical vapor deposition. Screen printed MWCNT cathode
based DSSC showed lower cell performance (8.03%) than the reference Pt cathode
based DSSC’s cell performance (8.80%) because of unfavorable contact resistance
between the MWCNT and FTO. On the contrary, chemical vapor deposited

Sample Differential scanning calorimetry
(DSC) data

Conductivity
(mS/cm)

Photovoltaic performance

Melting
temperature Tm

(°C)

Heat of melting
ΔH (J/g)

Jsc
(mA/
cm2)

Voc

(V)
FF
(%)

Efficiency
(%)

PEO 74.3 119..5 1.2 5.7 0.61 53.4 1.9

MWCNT-
PMMA

81.2 97.8 2.3 8.9 0.57 61.8 2.9

Table 6.
I-V performance of DSSC fabricated with MWCNT-PMMA composite [47].

Figure 17.
SEM images of prepared CNT cathode fabricated with different masses of the CNT (a, b) 0.01 gram (c, d)
0.02 gram, and (e, f) 0.04 gram [43].

Mass of CNT in cathode
(in gram)

Jsc (mA/cm2) Voc (V) FF (%) Efficiency (%)

0.01 2.093 0.49 31 0.32

0.02 4.829 0.48 32 0.74

0.04 6.413 0.45 32 0.91

Table 7.
I-V performance of DSSC fabricated with different mass of CNT as cathode [43].
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MWCNT cathode based DSSC showed higher cell performance (10.04%) due to
aligned MWCNT and improved charge carrier conduction path (Table 9) [40].

Xiao et al. used Pt/SWCNT film to spray onto the ITO coated polyethylene
naphthalate substrate using a vacuum thermal decomposition method at 120°C. The
fabricated cathode showed higher light transmittance, higher chemical stability,
higher electrocatalytic activity for redox electrolyte, and lower charge carrier
transfer resistance [48]. Table 10 lists the photovoltaic properties of DSSC
fabricated with different H2PtCl6.6H2O and SWCNT content [48].

5. Prospects of CNT in DSSC application

DSSCs have attracted considerable attention due to their simple fabrication
process, inexpensive raw materials, and employment of eco-friendly materials.
Recently, to take advantage of their lower electrical resistance, excellent
electrocatalytic operation, mechanical integrity, low cost, and flexibility, CNTs

Spraying time (s) Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%)

Bare FTO 0.428 1.48 0.07 0.04

5 0.772 8.03 0.11 0.68

10 0.784 12.81 0.15 1.51

30 0.773 15.67 0.28 3.39

60 0.778 15.92 0.47 5.82

100 0.778 15.86 0.57 7.03

200 0.783 15.64 0.62 7.59

Table 8.
I-V performance of DSSC fabricated with MWCNT based cathode [41].

Cathode Jsc (mA/cm2) Voc (V) FF (%) Efficiency (%)

Reference Pt coated cathode 17.68 746.27 0.65 8.80

Paste printed MWCNT cathode 15.27 738.43 0.69 8.03

CVD grown MWCNT cathode 17.62 755.89 0.73 10.04

Table 9.
I-V performance of DSSC with different MWCNT based cathode (different deposition method for
MWCNT) [40].

H2PtCl6.6H2O
(%)

SWCNT
(%)

Light transmittance
(%)

Jsc
(mA/cm2)

Voc

(V)
FF
(%)

Efficiency
(%)

0.24 0 87 7.29 0.74 0.56 3.00

0.48 0 83 9.42 0.74 0.68 4.71

0.72 0 72 5.86 0.75 0.67 2.91

0.48 0.03 81 9.61 0.75 0.68 4.88

0.48 0.06 80 11.20 0.75 0.71 5.96

0.48 0.012 74 8.53 0.75 0.68 4.33

Table 10.
I-V performance of DSSC fabricated with different H2PtCl6.6H2O and SWCNT content [48].
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Table 8 lists the I-V parameters of various spraying times of the MWCNT
counter electrode. The value of open-circuit voltage is more or less independent of
the spray time; however, both short circuit current and fill factor showed a strong
dependence on the spraying time of MWCNTs. The charge transfer resistance of the
MWCNT cathode in the iodide/tri-iodide electrolyte solution was decreased by
increasing the spraying time, which results in a significant improvement in the cell
performance of the MWCNT counter electrode based DSSC [41].

Nam et al. used two different methods for CNT counter electrode-based DSSC:
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Table 6.
I-V performance of DSSC fabricated with MWCNT-PMMA composite [47].

Figure 17.
SEM images of prepared CNT cathode fabricated with different masses of the CNT (a, b) 0.01 gram (c, d)
0.02 gram, and (e, f) 0.04 gram [43].

Mass of CNT in cathode
(in gram)

Jsc (mA/cm2) Voc (V) FF (%) Efficiency (%)

0.01 2.093 0.49 31 0.32

0.02 4.829 0.48 32 0.74

0.04 6.413 0.45 32 0.91

Table 7.
I-V performance of DSSC fabricated with different mass of CNT as cathode [43].
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MWCNT cathode based DSSC showed higher cell performance (10.04%) due to
aligned MWCNT and improved charge carrier conduction path (Table 9) [40].

Xiao et al. used Pt/SWCNT film to spray onto the ITO coated polyethylene
naphthalate substrate using a vacuum thermal decomposition method at 120°C. The
fabricated cathode showed higher light transmittance, higher chemical stability,
higher electrocatalytic activity for redox electrolyte, and lower charge carrier
transfer resistance [48]. Table 10 lists the photovoltaic properties of DSSC
fabricated with different H2PtCl6.6H2O and SWCNT content [48].

5. Prospects of CNT in DSSC application

DSSCs have attracted considerable attention due to their simple fabrication
process, inexpensive raw materials, and employment of eco-friendly materials.
Recently, to take advantage of their lower electrical resistance, excellent
electrocatalytic operation, mechanical integrity, low cost, and flexibility, CNTs

Spraying time (s) Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%)

Bare FTO 0.428 1.48 0.07 0.04

5 0.772 8.03 0.11 0.68

10 0.784 12.81 0.15 1.51

30 0.773 15.67 0.28 3.39

60 0.778 15.92 0.47 5.82

100 0.778 15.86 0.57 7.03

200 0.783 15.64 0.62 7.59

Table 8.
I-V performance of DSSC fabricated with MWCNT based cathode [41].

Cathode Jsc (mA/cm2) Voc (V) FF (%) Efficiency (%)

Reference Pt coated cathode 17.68 746.27 0.65 8.80

Paste printed MWCNT cathode 15.27 738.43 0.69 8.03

CVD grown MWCNT cathode 17.62 755.89 0.73 10.04

Table 9.
I-V performance of DSSC with different MWCNT based cathode (different deposition method for
MWCNT) [40].

H2PtCl6.6H2O
(%)

SWCNT
(%)

Light transmittance
(%)

Jsc
(mA/cm2)

Voc

(V)
FF
(%)

Efficiency
(%)

0.24 0 87 7.29 0.74 0.56 3.00

0.48 0 83 9.42 0.74 0.68 4.71

0.72 0 72 5.86 0.75 0.67 2.91

0.48 0.03 81 9.61 0.75 0.68 4.88

0.48 0.06 80 11.20 0.75 0.71 5.96

0.48 0.012 74 8.53 0.75 0.68 4.33

Table 10.
I-V performance of DSSC fabricated with different H2PtCl6.6H2O and SWCNT content [48].
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have been incorporated into DSSCs. Kongkaland et al. used a different approach
using carbon fiber electrodes (CFE) than conventional transparent conduction
oxide, such as ITO, FTO, etc. They have deposited TiO2 semiconductor material on
the CFE and CFE-SWCNT film. The incorporation of SWCNT in the CFE increased
cell performance from 7.36–16%. This two times improvement in the cell

Figure 18.
SEM of a (A) CFE before surface modification; (B) deposition of TiO2 on CFE film; (C) electrophoretic
deposition of SWCNT on CFE; (D) after deposition of deposition of TiO2 on CFE-SWCNT film [49].

Figure 19.
Coaxial single-wire structure DSSC [50].
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performance indicates that CNTs can serve a valuable role in facilitating charge
collection in DSSC application. Figure 18 illustrates the SEM image of CFE and
CFE-SWCNT base anode for DSSC application [49].

Figure 20.
SEM image of (a) different parts of the wire, (b) a wire section uniformly wrapped by CNT film. (c) CNT
network deposited on porous TiO2, and (d) CNT-TiO2 nanotubes [50].

Figure 21.
(a) Basic structure of a textile DSC (b) SEM images of a textile DSC with 560μmpitch distances (c) SEM
images of a textile DSC with 164 μm pitch distances, (d) A textile DSC before and after stretch by 30%, and
(e) A textile DSC after 30%stretch [51].

403

Improvement of Efficiency of Dye Sensitized Solar Cells by Incorporating Carbon Nanotubes
DOI: http://dx.doi.org/10.5772/intechopen.96630



have been incorporated into DSSCs. Kongkaland et al. used a different approach
using carbon fiber electrodes (CFE) than conventional transparent conduction
oxide, such as ITO, FTO, etc. They have deposited TiO2 semiconductor material on
the CFE and CFE-SWCNT film. The incorporation of SWCNT in the CFE increased
cell performance from 7.36–16%. This two times improvement in the cell

Figure 18.
SEM of a (A) CFE before surface modification; (B) deposition of TiO2 on CFE film; (C) electrophoretic
deposition of SWCNT on CFE; (D) after deposition of deposition of TiO2 on CFE-SWCNT film [49].

Figure 19.
Coaxial single-wire structure DSSC [50].

402

Solar Cells - Theory, Materials and Recent Advances

performance indicates that CNTs can serve a valuable role in facilitating charge
collection in DSSC application. Figure 18 illustrates the SEM image of CFE and
CFE-SWCNT base anode for DSSC application [49].

Figure 20.
SEM image of (a) different parts of the wire, (b) a wire section uniformly wrapped by CNT film. (c) CNT
network deposited on porous TiO2, and (d) CNT-TiO2 nanotubes [50].

Figure 21.
(a) Basic structure of a textile DSC (b) SEM images of a textile DSC with 560μmpitch distances (c) SEM
images of a textile DSC with 164 μm pitch distances, (d) A textile DSC before and after stretch by 30%, and
(e) A textile DSC after 30%stretch [51].

403

Improvement of Efficiency of Dye Sensitized Solar Cells by Incorporating Carbon Nanotubes
DOI: http://dx.doi.org/10.5772/intechopen.96630



Powering next-generation wearable/implantable biomedical devices, or smart
textile, have gained extensive attention in recent years. Among the developed
energy harvesting devices, DSSCs cell structures have become ideal candidates for
developing practical self-powered biomedical devices or smart textile due to their
lightweight, flexibility, high power-per-weight ratios, and superior mechanical sta-
bility/robustness. The conventional planar-shaped DSSCs with sandwich-like con-
figuration includes five primary parts: TCO, an anode (semiconductor material),
dye, redox electrolyte, and cathode (Pt/C). Based on the conventional planar struc-
ture, DSSCs can also be made into flexible configurations. Zhang et al. fabricated
fiber-shaped DSSC and made a double-wire structure (shown in Figure 19). They
have manufactured a flexible DSSC structure on a single wire (Ti-TiO2) and wrap
the CNT around the tube array. CNT provides full contact with the active layer,
unlike Pt, and provides uniform light absorption throughout the entire circumfer-
ence ofDSSC [50]. Figure 20 illustrates the fabricated fiber shaped DSSC [50].

Yang et al. further developed a wearable DSSC textiles method based on electri-
cally conducting fibers. They have prepared fiber electrodes by aligning winding
multiwalled carbon nanotube (MWCNT) sheets on rubber fibers. The working
fiber electrode was prepared by incorporating modified Ti onto the MWCNT fiber
electrode (Figure 21c). The wire-shaped DSSCs could weave into wearable photo-
voltaic textile solar cells. The maximum cell efficiency of the wire-shaped DSSC
reached 7.13% [51].

6. Conclusion

Incorporating CNT in the DSSC increases the interaction between electrodes and
electrolyte, enhancing the cell performance of DSSC. In addition, incorporating
CNT in the semiconductor material decreases resistance to the grain boundaries. It
provides a unique charge carrier transport channel distributed uniformly in the host
semiconductor to absorb the charge carrier from the collector. Cell performance of
CNT based photoanode can be improved by optimizing the CNT concentration and
deposition method. For CNT based electrolyte, the ionic electrolyte can be an
alternative for traditional redox electrolyte. Also, CNT based ionic electrolyte pro-
vides better cell performance with enhanced durability. Finally, the CNT-based
cathode can offer a large surface area and fast electron transportation, which
reduces the chances of recombination.

Lastly, incorporation of CNTs into DSSC will serve a significant role in produc-
ing solar cells that produce energy at an affordable rate relative to the existing
energy generation approaches. New methods are frequently being published and
will present opportunities for innovation in both research and industrial growth.
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Chapter 20

Mechanism for Flexible Solar Cells
Ghaida Salman Muhammed

Abstract

Flexible photovoltaics are covering the way to low-cost electricity. The build-up 
of organic, inorganic and organic–inorganic solar cells on flexible substrates by 
printing technologies is to provide lightweight and economic solar modules that 
can be incorporated in various surfaces. Progress of flexible and lightweight solar 
cell is interesting for many terrestrial and space applications that require a very 
high specific power. Thin-film solar cells on polymer films can produce more than 
2KW\Kg specific power. Flexible solar cells are proposed to open up a numerous 
of possibilities for enabling new applications in consumer electronics and space 
satellites. Recent research in thin-film electronics has been concentrated on the 
replacement of the traditional rigid glass plate substrate with plastic or metallic 
foils. Organic materials bear the potential to develop a long-term technology that 
is economically viable for large-scale power generation based on environmentally 
safe materials with unlimited availability. Organic and organic-inorganic photo-
voltaics (PVs) (third generation solar cells) continue to attract great attention from 
the PV community, due to their promising features such as low organic–inorganic 
cost, flexibility and light weight. In this chapter, many of the possible materials for 
manufacturing of flexible solar cells are discussed.

Keywords: photovoltaics, organic–inorganic, fabrication, properties,  
flexible solar cell

1. Introduction

Flexible photovoltaics are including the way to cheap electricity. The preparation 
of organic, inorganic and organic–inorganic solar cells over flexible substrates by 
often roll-to-roll printing technologies is to provide lightweight and economic solar 
modules that can be incorporated in various surfaces. Under standard conditions the 
current conversion efficiencies are in the 3–15% range for potentially flexible, thin 
film devices. Meanwhile heavy, stiff, and fragile inorganic materials can exceed 30% 
efficiency [1, 2], but in real applications the overall productivity is high. In 2012, Luke 
F. Lester et al. [1] discussed the preliminary studies on the integration of GaAs-based 
InAs/InGaAs quantum dots-in-a-well (DWELL) solar cells onto flexible surfaces 
such as Kapton and nanopaper including weight considerations for all the integrated 
materials. The 2 billion people who lack access to the grid as well as to energy-eager 
companies and families in the industrialized world facing the increasing costs of 
electricity generated using fossil fuel resources can get cheap and clean electricity 
by these new photovoltaic technologies [2].

Progress of flexible and lightweight solar cell is fascinating for many terrestrial 
and space applications that require a very high specific power. More than 2 kW\kg 
specific power can be produced by thin-film solar cells on polymer films. They are 
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important for the development of novel products, such as lightweight and portable 
sources of power for emergencies and recreational use, photovoltaics incorporated 
buildings (roof and facades), consumer electronics (smart cards, data and telecom-
munication products), and solar boats and cars, etc. [3]. Figure 1 shows a solar cell 
fabricated on a flexible substrate [4].

Flexible solar cells are proposed to accelerate a numerous of possibilities for 
providing new applications in consumer electronics and space satellites. Organic 
and amorphous semiconductors are very important materials to achieve flexible and 
light-weight solar cells, essentially due to their strong light absorption properties, 
process temperature compatibility with flexible substrates and potentially cheap 
processing cost. Due to the highly disordered and defective crystalline structure in 
these materials, the poor minority carrier lifetime prevent their use for making high 
efficiency and reliable solar cells [5].

The replacement of the traditional rigid glass plate substrate with plastic or metallic 
foils has been concentrated by the recent research in thin-film electronics. Metallic 
materials, stainless steel and molybdenum foils have been used as substrates in the 
fabrication of thin-film transistors. A number of plastic materials (organic polymers) 
also have been verified successfully in a variety of thin-film applications [6]. The glass 
substrate may contribute to more than 90% of the total weight of the solar cells. The 
glass substrate should be substituted with a lightweight and flexible thin substrate, 
such as metal or polymer foils to maximize the high specific power. This gives flex-
ibility to the solar panels to change to any kind of shape for incorporation in buildings, 
and for application in a variety of products. Flexible solar modules can help low cost 
and easily deployable power generators in space. Solar cells with AM1.5 efficiency of 
11.4% on foils (highest efficiency recorded for flexible CdTe cell) have been devel-
oped. A comparison of the cells prepared on different polyimides is presented by A. 
Romeo et al. [7]. Plastic substrates solar cells can also well used in the solar car because 
of those characteristic [4]. Inexpensive solar cells would help game reserve the envi-
ronment. Coating existing roofing materials with its plastic photovoltaic cells which 
are inexpensive enough to cover a home’s entire roof with solar cells, then enough 
energy could be captured to power almost the entire house. Then, the dependence on 
the electric grid (fossil fuels) would decrease and help to reduce pollution [8].

2. Organic semiconductors

The toleration of the ability to develop a long-term technology that is eco-
nomically active for large-scale power generation based on environmentally safe 

Figure 1. 
Picture of a solar cell fabricated on a flexible substrate [4].
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materials with unlimited availability is caused by the organic materials. The organic 
semiconductors are less expensive materials than the inorganic semiconductors like 
Si; they have high optical absorption coefficients which offer the opportunity for 
the production of very thin solar cells. Also, thin flexible devices can be fabricated 
using high throughput and low temperature approaches that employ well estab-
lished printing techniques in a roll-to-roll process. The electronic structure of all 
organic semiconductors is based on conjugated π-alternation between single and 
double carbon-carbon bonds. Single bonds are known as σ-bonds and are associated 
with localized electrons, and double bonds contain a σ-bond and a π-bond. The 
π-electrons are much more mobile than the σ-electrons; they can jump from site 
to site between carbon atoms thanks to the mutual overlap of π orbital’s along the 
conjugation path, which causes the wave functions to delocalize over the conjugated 
backbone. The π-bands are either empty (called the Lowest Unoccupied Molecular 
Orbital (LUMO)) or filled with electrons (called the Highest Occupied Molecular 
Orbital (HOMO)). The band gap of these materials ranges from 1 to 4 eV. This 
π-electron system has all the essential electronic features of organic materials: light 
absorption and emission, charge generation and transport [9]. Also, molecular 
orbitals which form σ and π bonds represent the energy levels for organic semicon-
ductor materials [10].

The denoted bonding molecular orbitals (σ and π) form the highest molecular 
orbital (highest energy levels) where the denoted anti-bonding molecular orbitals  
(σ* and π*) form the lowest molecular orbitals (lowest energy levels). These 
molecular orbitals are similar to energy bands levels in inorganic materials. Figure 2 
shows the method of creating energy gap levels in organic semiconductor [11].

The anti-bonding π* molecular orbitals (conduction band) joined the π bonding 
molecular orbitals (valance band) to create the Lowest Unoccupied Molecular 
Orbital (LUMO) and Highest Occupied Molecular Orbital (HOMO). The gap 
between the (LUMO) and (HOMO) is the energy gap where the conductivity in 
organic semiconductor depends on. Thus, from Figure 2 it is clear that σ bonds are 
extremely filled with electrons where π bonds are empty. On the other hand, if the 
energy band gap becomes as small as possible the tolerance of electrons to move 
from the (HOMO) to (LUMO) increases. Some organic semiconductors have a very 
small band gap of <2 eV, which mean that it is good materials compared to some 
inorganic semiconductors, which haves a large energy band gap [10].

Figure 2. 
The energy levels in organic semiconductors [11].
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Figure 1. 
Picture of a solar cell fabricated on a flexible substrate [4].
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materials with unlimited availability is caused by the organic materials. The organic 
semiconductors are less expensive materials than the inorganic semiconductors like 
Si; they have high optical absorption coefficients which offer the opportunity for 
the production of very thin solar cells. Also, thin flexible devices can be fabricated 
using high throughput and low temperature approaches that employ well estab-
lished printing techniques in a roll-to-roll process. The electronic structure of all 
organic semiconductors is based on conjugated π-alternation between single and 
double carbon-carbon bonds. Single bonds are known as σ-bonds and are associated 
with localized electrons, and double bonds contain a σ-bond and a π-bond. The 
π-electrons are much more mobile than the σ-electrons; they can jump from site 
to site between carbon atoms thanks to the mutual overlap of π orbital’s along the 
conjugation path, which causes the wave functions to delocalize over the conjugated 
backbone. The π-bands are either empty (called the Lowest Unoccupied Molecular 
Orbital (LUMO)) or filled with electrons (called the Highest Occupied Molecular 
Orbital (HOMO)). The band gap of these materials ranges from 1 to 4 eV. This 
π-electron system has all the essential electronic features of organic materials: light 
absorption and emission, charge generation and transport [9]. Also, molecular 
orbitals which form σ and π bonds represent the energy levels for organic semicon-
ductor materials [10].

The denoted bonding molecular orbitals (σ and π) form the highest molecular 
orbital (highest energy levels) where the denoted anti-bonding molecular orbitals  
(σ* and π*) form the lowest molecular orbitals (lowest energy levels). These 
molecular orbitals are similar to energy bands levels in inorganic materials. Figure 2 
shows the method of creating energy gap levels in organic semiconductor [11].

The anti-bonding π* molecular orbitals (conduction band) joined the π bonding 
molecular orbitals (valance band) to create the Lowest Unoccupied Molecular 
Orbital (LUMO) and Highest Occupied Molecular Orbital (HOMO). The gap 
between the (LUMO) and (HOMO) is the energy gap where the conductivity in 
organic semiconductor depends on. Thus, from Figure 2 it is clear that σ bonds are 
extremely filled with electrons where π bonds are empty. On the other hand, if the 
energy band gap becomes as small as possible the tolerance of electrons to move 
from the (HOMO) to (LUMO) increases. Some organic semiconductors have a very 
small band gap of <2 eV, which mean that it is good materials compared to some 
inorganic semiconductors, which haves a large energy band gap [10].

Figure 2. 
The energy levels in organic semiconductors [11].
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In organics the small radius excitons generated as a result of photon absorption 
is the source of photocarriers. Excitons in organics have a binding energy in the 
range 200–400 meV, which is significantly higher than the binding exciton energy 
for semiconductor materials ~2–40 meV. The exciton dissociation should occur 
at the interface between the donor and acceptor materials with suitable (HOMO) 
and (LUMO) energy levels because that thermal energy at room temperature 
is not sufficient (~25 meV) for exciton dissociation to hole and electron in the 
bulk medium. The mechanism of exciton dissociation is not completely known, 
however, the charge transfer process between the donor and acceptor components 
is the major factor controlling the charge separation at the interface. After charge 
separation, holes and electrons move to the opposite electrodes because of drift 
and diffusion [12].

The working principle of a polymer bulk heterojunction (BHJ) solar cell as 
shown in Figure 3 is summarized by the creation of an exciton in the active layer, 
due to light absorption, and then this exciton will separate into two charge carriers 
at the interfaces between the species that constitute the active layer (typically, a 
binary blend of a polymer and a fullerene or two polymers, which act as the donor 
phase and the acceptor phase), with subsequent collection by the electrodes. To 
get efficient steps, all of these steps must follow very strict limitations. At first, the 
generated excitons must hop between the molecules reaching an interface between 
the two phases before recombining (radiatively or non-radiatively). This means 
that the two phases should be mixed in an optimal structure, with phase domains 
usually in the order of (10–30) nm (the average exciton diffusion length in poly-
mers). Then, the position of the energy levels at the interface must be favorable 
for a fast exciton dissociation followed by charge separation (i.e., the electron in 
the acceptor phase and the hole in the donor phase without successive recombina-
tion). After that, the charges must travel inside the respective phases, reaching 
the collecting electrodes again without a charge recombination: at this point, the 
energetic level structure at the electrode interfaces plays an essential role, ideally 
the interface being an ohmic contact [13].

The conjugated polymer-PCBM bulk heterojunction is currently the best conju-
gated polymer-based PV cell. One significant improvement to this device structure 
was made recently by many researchers, who found that the morphology of the 
blend could be optimized by casting the polymer and PCBM from a solvent that 
prevents long-range phase separation and enhances the polymer chain packing. This 

Figure 3. 
A schematic diagram for the working principle of a polymeric bulk heterojunction solar cell [13].
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avoids the formation of isolated regions of polymer and PCBM in the film and gives 
the polymer increased hole mobility. This fabricates a device with more than double 
the EQE of the previous best device and with 2.5% power efficiency under AM1.5G 
conditions [14].

For organic solar cells, the magnitude of JSC, VOC, and FF depends on parameters 
such as: light intensity, temperature, composition of the components, thickness of 
the active layer, the choice of electrodes used, and the solid state morphology of the 
film. A clear understanding of the device operation and photocurrent Jph generation 
and its limitations in these devices are required for their optimization and maximi-
zation. In order to allow for further design of new materials that can improve the 
efficiency of this type of solar cells, the relation between the experimental Jph and 
material parameters (charge-carrier mobility, band gap, molecular energy levels, or 
relative dielectric constant) needs to be understood and controlled [9].

Two intrinsic issues can be resolved by the bulk heterojunction (BHJ) structure, 
charge separation and charge transport, in organic layers. These are representative 
structures; though, they have a fundamental limitation in terms of open circuit 
voltage (VOC) that is basically determined by the offset energy between the highest 
occupied molecular orbital (HOMO) of p-type organic semiconductors and the 
lowest unoccupied molecular orbital (LUMO) of n-type organic semiconductors, 
even though the work functions of electrodes often affect VOC. A tandem structure 
can be applied to maximize the power conversion efficiency in organic solar cells 
by increasing VOC, because the overall voltage becomes the sum of individual VOC 
values in each sub cell (front and back cells). In addition, the selecting complemen-
tary BHJ layers enhances the overall short circuit current density (JSC) of tandem 
cells, because these layers have different absorption ranges for maximizing solar 
light harvesting. An adverse effect is also present owing to marginally increased 
electrical resistances by the presence of additional interfaces and active layers in 
series connection. As illustrated previously, both normal- type and inverted-type 
structures are possible by placing suitable electrodes with appropriate work func-
tions on each side. To date, the most popular bulk heterojunction structure is made 
with the composites of conjugated polymers (p-type) and fullerene derivatives 
(n-type), leading to polymer:fullerene solar cells. Hence, P3HT polymers have been 
introduced because they can absorb visible light up to 650 nm and their glass transi-
tion temperature approaches ~110C°. The external quantum efficiency (EQE) of 

Material Molecular structure HOMO (eV) LUMO (eV) Carrier mobility 
(cm2/Vs)*

P3HT 5.2 3.2 μh = 2 × 10−4

PCPDTBT 4.9 3.5 μh = 2 × 10−2

PCBM 6 4.2 μe = 3 × 10−3

Table 1. 
Organic molecular structure [18].
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avoids the formation of isolated regions of polymer and PCBM in the film and gives 
the polymer increased hole mobility. This fabricates a device with more than double 
the EQE of the previous best device and with 2.5% power efficiency under AM1.5G 
conditions [14].

For organic solar cells, the magnitude of JSC, VOC, and FF depends on parameters 
such as: light intensity, temperature, composition of the components, thickness of 
the active layer, the choice of electrodes used, and the solid state morphology of the 
film. A clear understanding of the device operation and photocurrent Jph generation 
and its limitations in these devices are required for their optimization and maximi-
zation. In order to allow for further design of new materials that can improve the 
efficiency of this type of solar cells, the relation between the experimental Jph and 
material parameters (charge-carrier mobility, band gap, molecular energy levels, or 
relative dielectric constant) needs to be understood and controlled [9].

Two intrinsic issues can be resolved by the bulk heterojunction (BHJ) structure, 
charge separation and charge transport, in organic layers. These are representative 
structures; though, they have a fundamental limitation in terms of open circuit 
voltage (VOC) that is basically determined by the offset energy between the highest 
occupied molecular orbital (HOMO) of p-type organic semiconductors and the 
lowest unoccupied molecular orbital (LUMO) of n-type organic semiconductors, 
even though the work functions of electrodes often affect VOC. A tandem structure 
can be applied to maximize the power conversion efficiency in organic solar cells 
by increasing VOC, because the overall voltage becomes the sum of individual VOC 
values in each sub cell (front and back cells). In addition, the selecting complemen-
tary BHJ layers enhances the overall short circuit current density (JSC) of tandem 
cells, because these layers have different absorption ranges for maximizing solar 
light harvesting. An adverse effect is also present owing to marginally increased 
electrical resistances by the presence of additional interfaces and active layers in 
series connection. As illustrated previously, both normal- type and inverted-type 
structures are possible by placing suitable electrodes with appropriate work func-
tions on each side. To date, the most popular bulk heterojunction structure is made 
with the composites of conjugated polymers (p-type) and fullerene derivatives 
(n-type), leading to polymer:fullerene solar cells. Hence, P3HT polymers have been 
introduced because they can absorb visible light up to 650 nm and their glass transi-
tion temperature approaches ~110C°. The external quantum efficiency (EQE) of 
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devices at a maximum wavelength reached more than 70% for P3HT:PC61BM solar 
cells, compared to ~50% for MDMOPPV: PC61BM solar cells [15]. Because of the 
semicrystalline nature of P3HT spin-cast films, it has among the highest reported 
field-effect transistor mobilities for a conjugated polymer. The morphology and the 
mobility of pure rr-P3HT and blended rr-P3HT: PCBM films are highly dependent 
on casting conditions [16, 17].

The flexible side chain of the P3HT molecule introduces a good solubility in 
organic solvents in spite of its kind as stiff polymers. The long and narrow fibrils 
which are produced by P3HT crystalizes are from a network that is able to create 
a good percolation paths for the charge carriers’ transportation. This leads to high 
carrier mobility. Differing from the P3HT, PCBM is a derivative of fullerene; it has 
a high electron affinity which makes it a qualified electron acceptor material in the 
organic thin film solar cells as shown in Table 1 [18].

3. Organic-inorganic photovoltaic solar cells (hybrid)

Organic and organic-inorganic photovoltaics (PVs) (third generation solar cells) 
follows the second generation (thin film inorganics such as amorphous silicon (a-Si), 
cadmium telluride (CdTe), and copper indium gallium selenide (CIGS)) and first 
generation (semiconducting, crystalline) PVs. Third generation solar cells continues 
to attract great attention from the PV community, due to their promising features 
such as low fabrication cost, flexibility and light weight. The organic PVs include 
devices with flat and bulk heterojunction between the various types of conjugated 
polymers, small molecules, fullerene derivatives, and carbon nanotubes. Organic 
PVs are still unable to overcome the high 6–7% barrier of conversion efficiency, 
despite considerable progress in solar cell architecture, design and rational choice of 
the donor-acceptor materials, [19].

The heterojunction in organic-inorganic hybrid solar cells is formed between 
inorganic semiconductors and organic compounds (small molecules, oligomers, 
polymers, carbon nanotubes). The hybrid PVs has higher carrier mobility of the 
semiconductor and the light absorption at longer wavelengths than for organic 
compounds. Whereas, the organic component allows hybrid solar cells to be 
superior over conventional semiconducting PVs in terms of cost efficiency, scal-
able wet processing, the variety of organic materials (mismatch between inorganic 
components can be minimized or prevented), light weight, and flexibility. The 
progress in advanced semiconducting nanostructures in combination with organic 
nanomaterials (fullerenes and carbon nanotubes) opens the way to overcome the 
10% barrier of conversion efficiency for hybrid solar cells. Although the band 
engineering of the hybrid solar cell is not as facile as for semiconducting PVs, but 
it is a useful instrument in the design of the hybrid solar cell architecture. For 
example, the chemical functionalizing of the organic component effects on the 
band gap energy and position of the Fermi level for conducting polymers and small 
molecules. Figure 4 illustrates the types of hybrid PVs depending on the nature of 
organic and inorganic component and the morphology of the devices [20].

One potential alternative to crystalline silicon PV cells is cells made from thin 
films (<1 μm) of conjugated (semiconducting) polymers, which can easily be cast 
onto flexible substrates over a large area using wet-processing techniques. Polymer 
or hybrid solar cells often utilize a nanostructured interpenetrating network of 
electron-donor and electron-acceptor materials. The hybrid polymer solar cells 
using blends of the conjugated polymer and inorganic materials to convert sunlight 
into electricity. These devices will combine the advantages of two materials, high 
electron mobility and photosensitivity of inorganic semiconductors, and high hole 
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mobility of conjugated polymers. Due to the poor interfacial junction between the 
organic and inorganic materials, the power conversion efficiency of the hybrid 
photovoltaic devices is still very low. Improving the heterojunction between two 
materials is concentrated by many researchers. Therefore, an important method 
is to use two materials having complementary operation of the p-type and n-type 
electronic properties for the hybrid polymer solar cell [21].

In bulk heterojunction, electron accepting nanoparticles are mixed with the 
electron donating polymer and the exciton created in the polymer material diffuse 
to the donor-accepter interface for charge separation. Bulk heterojunction solar cell 
are preferred than multilayer or heterojunction polymer solar cells, because of the 
binding energy of the polymeric excitons, which is in the range of 0.2 eV-0.4 eV 
and that is considerably higher than the binding energy for inorganic semicon-
ductor materials. Also, the life time of the exciton in the conjugated polymer is 
about sub-nanoseconds and the small diffusion range which is about (5–10) nm. 
After absorption of light and for efficient charge generation, each exciton has to 
find a donor – acceptor interface within femtoseconds within few nano-meter, 
otherwise it will be lost without charge generation. Because of these properties, 
a poor efficiency results by the heterojunction or multilayer organic photovoltaic 
devices. To solve this problem the semiconducting nanoparticles are incorporated 
into the polymer matrices since polymer materials phase separate on a nanometer 
dimension. The Junctions throughout the bulk of the material are created due to the 
mixing of the p and n type materials that ensure quantitative dissociation of photo 
generated excitons irrespective of the thickness. In such hybrid materials, organic 
polymer acts as electron donor and the inorganic nanoparticles as an electron 
acceptor. So that the positive charges move by hole hopping, and the negative 
charges by electron hopping via charge transfer between molecules. It is obvious 
from this mechanism; that both the organic and inorganic materials contribute to 
the photocurrent in hybrid bulk heterojunction cells [22].

Organic-inorganic hybrid solar cells are typically thin film devices consisting 
out of photoactive layer(s) between two electrodes of different work functions. 
The anode which is often with high work function is a conductive and transparent 
indium tin oxide (ITO) on a flexible plastic or glass substrate. The photoactive 
light absorbing thin film consists out of a conjugated polymer as organic part and 

Figure 4. 
Classification of hybrid solar cells [20].
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an inorganic part out of e.g. semiconducting nanocrystals [23]. A large number of 
various semiconductors have been investigated for organic–inorganic hybrid solar 
cells. For example, titanium dioxide (TiO2) nanoparticles have been extensively 
employed due to their high power conversion efficiency. Also, Zinc sulfide (ZnS) is 
another promising semiconductor, but it has been less studied. A top metal elec-
trode (e.g. Al, LiF/Al, Ca/Al) is vacuum deposited onto the photoactive layer finally. 
Figure 5 is a schematic illustration of a typical device structure. For photoactive 
layers there are two different structure types, the bilayer structure and the bulk 
heterojunction structure. The bulk heterojunction structure is usually realized 
by just blending the donor and acceptor materials and depositing the blend on a 
substrate [24].

The charge separation process at the donor- acceptor interface in a hybrid solar 
cell is shown in Figure 6. The major photovoltaic steps include: photo-excitation 

Figure 6. 
A schematic diagram of the charge separation process at the donor-acceptor interface in a hybrid solar cell [25].

Figure 5. 
A schematic illustration of typical device structures for hybrid solar cells [24].
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into excitons (1), excitons migration to interfaces (2), charge transfer from the 
donor to the acceptor at the interface (3), charge migration to electrodes (4) and 
charge injections into electrodes. The recombination of the excitons in the donor 
and separated charges at the interfaces are the processes which resulting in the 
reduction of the photovoltaic conversion efficiency [25].

4. Conclusions

Nano-science is defined as the study of small dimensions materials that exhibit 
remarkable properties, functionality and phenomena.

Nanotechnology controls current progress in chemistry, physics, material 
science, biotechnology and electronics to create novel materials that have unique 
properties because their structures are determined on the nanometer scale [26]. The 
world needs to curb CO2 emissions soon and reduce our dependence on expensive 
hydrocarbons; thus, a renewable materials and solar energy on a massive scale are 
required. Therefore, flexible photovoltaic modules will be among the main tools 
used to get rid of this dependency.

This chapter has highlighted the advancements that have been made for the 
fabrication of flexible solar cell and the progress in this field, aimed at facilitating 
diffusion of these technologies [2].
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world needs to curb CO2 emissions soon and reduce our dependence on expensive 
hydrocarbons; thus, a renewable materials and solar energy on a massive scale are 
required. Therefore, flexible photovoltaic modules will be among the main tools 
used to get rid of this dependency.

This chapter has highlighted the advancements that have been made for the 
fabrication of flexible solar cell and the progress in this field, aimed at facilitating 
diffusion of these technologies [2].

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 21

Advanced Laser Processing 
towards Solar Cells Fabrication
Jhantu Kumar Saha and Animesh Dutta

Abstract

The ultra-short pulse laser has the potential in selective nano-structuring of 
thin-films layers by adjusting the wavelength of laser radiation depending on optical 
properties of the thin- film and the substrate that will solve its efficiency and stabil-
ity issues in a one-step process, which is a promising methodology for thin-film solar 
cell fabrication that are fabricated through a sequence of vapor deposition and scrib-
ing processes. The review is performed to further understand the structure of the 
laser modified surface and the nature of dopants and defects in the crystalline grains. 
Using low temperature studies, the electronic levels of the dopant and its configura-
tion with the lattice could be probed. The review is also explored the concept of 
using thin films of silicon as the laser irradiation substrate and for enhanced the vis-
ible and infrared absorption of films of silicon with thicknesses of few micrometer. 
Although the review is made good progress studying the properties of new material 
and incorporation into device but there are many unanswered questions and exciting 
avenues of research are also explored with femtosecond laser irradiated silicon.

Keywords: femtosecond laser, photovoltaics, silicon, thin-film, intermediate band 
solar cells

1. Introduction

Photovoltaics (PV), the conversion of sunlight to electricity, is a promising tech-
nology that could allow for the generation of electrical power on a very large scale 
and contribute considerably to solving the energy problem that the next generation 
must face. The factors motivating the solar cell research are not only to reduce cost 
of the manufacturing cost of solar cell technology but also increase to the efficiency 
of solar cell.

Research on solar cells falls into two general categories, both aimed at reducing 
the cost per kilowatt-hour. The first category (eg. single crystalline Si and GaAs 
solar cells) involves using expensive materials and advanced processing techniques 
to obtain the highest possible efficiency. The increased efficiency will hopefully 
offset the extra cost. The second category (Poly and thin-film Si, CdTe, and CuInSe2 
solar cell) involves using cheaper materials and cheaper processes [1–5]. The lower 
quality material sacrifices efficiency, but this is hopefully offset by its low cost.

Crystalline silicon solar cells are transparent to wavelengths of light longer than 
1.12 μm, due to their electronic band gap of 1.07 eV means they are transparent to 
23% of solar energy. Whereas thin film amorphous silicon solar cells have a larger 
band gap of 1.75 eV and are transparent to light longer than 0.71 μm means they loss 
53% of solar energy.
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From a photovoltaic standpoint, the most attractive property of femtosecond 
laser irradiated silicon is that it absorbs nearly all light that is emitted by the sun. 
This offers an opportunity to tap into that lost energy and, therefore, appears to be 
an attractive option for solar cells. The ultra-short pulse laser has the potential to 
improve the optical properties of different layer of solar cell. There are many defects 
in the laser modified surface, thus, it is unlikely that femtosecond laser irradiated 
silicon will be able to improve upon the already high efficiency of single crystal sili-
con solar cells (25%) or even improve upon the lower efficiency of  polycrystalline 
silicon solar cells (14%).

Thin-film solar cells have stimulated enormous research interest as a cheap 
alternative to bulk crystalline silicon solar cells [6–9]. The limitation of all thin-film 
solar cells, made from a variety of semiconductors, is that the absorbance of the 
near band gap is small, especially for the indirect band gap semiconductor silicon. 
Therefore, structuring the thin-film solar cell so that light is trapped inside to 
increase the absorbance is very important. On the other hand, femtosecond laser 
irradiated silicon can be used as a photovoltaic device; it can convert wavelengths 
of light that are not normally absorbed by silicon into an electrical signal. Over 
the past several decades ultra-short, pulsed laser irradiation of silicon surfaces has 
been an active area of materials science research [10–17]. The ultra-short duration 
of the laser pulses leads to extremely high energy densities in the material. The 
real advantage of femtosecond laser irradiated silicon is that it not only absorbs 
nearly all the wavelengths of light but does so in a laser modified surface film 
that is less than 500 nm thick. This makes it ideal for incorporation with thin film 
silicon. However, since thin film silicon already contains a large number of defects 
and exhibits a much lower efficiency (typically 10%), it would seem to be a good 
candidate for use with our femtosecond laser irradiation process [12]. There are 
few high-efficiency PV concepts, photon management for photovoltaics as well 
as several ways to increase the performance in solar cells such as isotropic acidic 
texturing, mechanical grooving, reactive ion etching, anisotropic silicon etching, 
rapid crystallization of amorphous silicon for thin-film silicon solar cell and laser 
processing for  photovoltaics are reviewed in the following section.

2. High-efficiency PV concepts

The current state of the art of high efficiency single-junction monocrystalline 
silicon (c-Si) based solar cells are the PERL (Passivated Emitter, Rear Locally dif-
fused) cell, the SunPower A300 cell, and the Sanyo HIT cell [18–20]. There are also 
few high-efficiency PV concepts as reviewed in the following section.

The intermediate band (IB) solar cell concept can be used to increase the effi-
ciency of current of solar cells, ideally is above the limit established by Shockley and 
Queisser in 1961 but fabricating IB is difficult and no current design has demon-
strated the theoretically predicted efficiency improvements [21–24].

Quantum dots (QDs) are nanocrystals of a material immersed in a matrix mate-
rial usually with a higher bandgap. Quantum dots are also used to make the cells but 
the efficiencies that have been achieved so far are not yet satisfactory [24]. QDs can 
also be used in IB solar cell [25].

3. Photon Management for Photovoltaics

Photon management for photovoltaics (PV) is focused for increasing the solar 
absorbance of solar irradiance through some modification of the photovoltaic 
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material. Very small sized (micrometer-sized) photovoltaic material (eg. silicon) 
spikes decrease geometric light trapping for reflection. The extent of geometric 
light trapping enhances optical path length. The light trapping depends on the 
height, spacing, and subtended angle although structures with large, graded density 
and the spike heights will not play for visible and near-IR light. Multiple reflection 
on the surface is the dominant effect of light trapping [26–30]. Treating the case of 
spikes subtending a cone angle of 42°, observed on a silicon surface after irradia-
tion in pulsed-laser hyper doping and surface texturing as shown in Figure 1a. 
Incident light undergoes four reflections before escaping as illustrated in Figure 1b 
of the optical path of light incident on laser-textured silicon surfaces, with cones 
 subtending 42°.

There are also several ways to increase the performance in solar cells as reviewed 
in the following section.

3.1 Isotropic acidic texturing

The novel technique of isotropic texturing of the multi-crystalline surface 
basically use acidic solution (such as HNO3–HF–CH3COOH) followed by a simple 
chemical treatment to make the surface more uniform in terms of roughness [31]. 
Due to high reflectivity of acid textured surface helps to improve the open circuit 
voltage but gives lower short circuit current of the multi-crystalline silicon (mc-Si) 
solar cell [32].

3.2 Mechanical grooving

The mechanically texturized structures created by anisotropic etching of mono-
crystalline silicon, resulted the first silicon solar cell to exceed 20% energy conver-
sion efficiency at 1-sun illumination because of positive trend of improvement in 
the electronic quality of the c-Si substrates [33].

3.3 Reactive ion etching (RIE)

Texturing surface have been developed using the reactive ion etching (RIE) 
method, which is expected to form a low reflectance surface on various crystalline 
orientations of grains [34, 35].

Figure 1. 
Pulsed-laser hyper doping and surface texturing, Cambridge (2001) (ref. R. Younkin, PhD dissertation, 
Harvard University), (a) scanning electron micrographs, (b) illustration of the optical path (adapted from 
[31] with permission).
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material. Very small sized (micrometer-sized) photovoltaic material (eg. silicon) 
spikes decrease geometric light trapping for reflection. The extent of geometric 
light trapping enhances optical path length. The light trapping depends on the 
height, spacing, and subtended angle although structures with large, graded density 
and the spike heights will not play for visible and near-IR light. Multiple reflection 
on the surface is the dominant effect of light trapping [26–30]. Treating the case of 
spikes subtending a cone angle of 42°, observed on a silicon surface after irradia-
tion in pulsed-laser hyper doping and surface texturing as shown in Figure 1a. 
Incident light undergoes four reflections before escaping as illustrated in Figure 1b 
of the optical path of light incident on laser-textured silicon surfaces, with cones 
 subtending 42°.

There are also several ways to increase the performance in solar cells as reviewed 
in the following section.

3.1 Isotropic acidic texturing
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basically use acidic solution (such as HNO3–HF–CH3COOH) followed by a simple 
chemical treatment to make the surface more uniform in terms of roughness [31]. 
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3.3 Reactive ion etching (RIE)

Texturing surface have been developed using the reactive ion etching (RIE) 
method, which is expected to form a low reflectance surface on various crystalline 
orientations of grains [34, 35].

Figure 1. 
Pulsed-laser hyper doping and surface texturing, Cambridge (2001) (ref. R. Younkin, PhD dissertation, 
Harvard University), (a) scanning electron micrographs, (b) illustration of the optical path (adapted from 
[31] with permission).
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3.4 Anisotropic silicon etching

Textured silicon surface with 100% pyramid density can be obtained on the 
surface texturization of monocrystalline wafers with solutions containing sodium-
hydroxide and isopropanol [36].

3.5 Rapid crystallization of amorphous silicon for thin-film silicon solar cell

The novel crystallization technique for synthesizing crystalline Si film from 
a-Si film utilizing a VHF thermal micro-plasma jet is used as shown in Figure 2 
[37]. Figure 3 shows the photocurrent–voltage characteristics and collection 
efficiency for p–i–n Si thin-film solar cells with crystallized Si films as an intrinsic 
layer [37].

Figure 3. 
(a) Photocurrent–voltage characteristics, (b) collection efficiencies spectra of solar cells [adapted from [37] 
with permission].

Figure 2. 
Rapid crystallization of amorphous silicon utilizing a very-high-frequency micro-plasma jet.
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4. Laser processing for photovoltaics

The laser modified surface and the nature of dopants and defects in the 
 crystalline grains are crucial to improve the performance of solar cells. Pulsed-laser 
hyper doping & surface texturing for photovoltaics, laser processing for thin-
film (TF) photovoltaic, Light trapping for thin silicon solar cells by Femtosecond 
Laser Texturing, Patterning of Transparent Conducting Oxide (TCO) layers by 
Femtosecond Laser as well Solar cells based on laser-modified materials are dis-
cussed in the following section.

4.1 Pulsed-laser hyper doping and surface texturing for photovoltaics

The two different approaches eg. pulsed-laser hyper-doping and surface 
texturing are used to enhance photon absorption enhancement from the pulsed-
laser processing of semiconductors with nanosecond, picosecond, or femtosecond 
laser pulses. The absorptance A is obtained from the expression A = 1–R–T, 
where R and T are reflectance and transmittance, respectively, measured with an 
integrating sphere to collect both specular and diffuse light. Figure 4a shows the 
untreated crystalline silicon (c-Si) which has negligible absorption of light with 
a wavelength longer than 1.1 μm due to its energy bandgap. Figure 4b shows the 
pulsed-laser hyper-doping with sulfur enables absorption of sub-bandgap light. 
Figure 4c shows the pulsed laser texturing that enhances above-bandgap light 
absorption with geometric light trapping. Figure 4d shows the broadband near-
unity absorption is achieved with both pulsed-laser hyper-doping and surface 
texturing.

Figure 4. 
(a) Untreated crystalline silicon (c-Si), (b) pulsed-laser hyper-doping with sulfur, (c) pulsed laser texturing, 
(d) both pulsed-laser hyper-doping and surface texturing (adapted from [31] with permission).
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Table 1 compares various texturing methods and reflectivity values reported 
for c-Si and mc-Si wafers. While anisotropic chemical etching method using KOH 
or NaOH with IPA is applicable for c-Si materials, it could not be applied to multi-
crystalline materials due to the anisotropic nature of the chemical etchant. Isotropic 
chemical texturing uses acidic mixture of HF and HNO3 and organic additives 
for multi-crystalline silicon (mc-Si). On the other hand, lasers are unique energy 
sources and laser ablation is an isotropic process. Lasers could texture surfaces by 
selectively removing materials by ablation process. Texturing could be achieved 
irrespective of the crystallographic orientation of material surface. Under shorter 
pulse regimes (few nanoseconds to femtoseconds), a very different types of 
 self-assembled micro/nano structures are formed [32].

Total reflection of as-laser-treated samples is very low and increases by a few 
more percentages after post-chemical cleaning as shown in reference [42].

4.2 Laser processing for thin-film (TF) photovoltaic

The serial monolithic interconnection of thin-film solar cell can be achieved 
by laser scribing three patterns during fabrication. The layers are numbered in the 
order in which they are deposited. They are micromachined by laser ablation, an 
established material removal process [35].

Nayak et al. [37] reported nanocrystalline Si material following femtosecond-
laser-induced crystallization of a-Si:H. Despite the number of structural defects, 
which for the time being prohibits PV applications, the process produces remarkable 
light-trapping microstructures at the surface.

Author Year Technique Substrate 
used

Applicable to Approx.
R (%) @550 nm

(as textured)

Gangopadhay 
et al.

2017 Isotropic acidic 
texturing

mc-Si mc-Si 15

Zechner et al. 1997 Mechanical 
grooving

mc-Si c-Si & mc-Si >15

Inomata et al. 1997 RIE mc-Si c-Si & mc-Si <2

Vazsonyi et al. 1999 NaOH+IPA c-Si c-Si 10

Nashimoto et al. 2000 Na2O3 c-Si c-Si 10

Abbott et al. 2006 Laser  
texture

c-Si c-Si & mc-Si <5

Nishioka et al. 2009 Ag nanoparticle c-Si c-Si & mc-Si <5

Branz et al. 2009 Au nanoparticle c-Si c-Si & mc-Si <2

Younkin et al. 2003 Femtosecond 
laser-induced 

microstructure

c-Si c-Si & mc-Si <3

Nayak et al. 2010 Ultrafast laser 
micro/nano 

structure

c-Si c-Si, mc-Si, 
and thin a-Si

<3

Table 1. 
Various Texturing Methods and Reflectivity values reported for mono-crystalline (c-Si) and multi-crystalline 
(mc-Si) wafers (Adapted/modified from references [32, 36–42]).
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4.3  Light trapping for thin silicon solar cells by femtosecond laser  
texturing

A variety of surface morphologies can be obtained from fs laser treatments, 
depending on laser parameters and the ambient gas environment. The efficacy fs 
laser texturing of solar cell devices is also demonstrated in ref. 26 and the problem 
of laser-induced damage may have significantly improved cell performance in the 
future by increased absorption (vs. un-textured cells) for infrared photons, due to 
enhanced light-trapping.

4.4  Patterning of transparent conducting oxide (TCO) layers by femtosecond 
laser

A method for patterning crystalline indium tin oxide (c-ITO) patterns on 
amorphous indium tin oxide (a-ITO) thin films is proposed by femtosecond laser 
irradiation at 80 MHz repetition rate. The laser patterning technique provides a 
versatile and highly precise means of fabricating the transparent electrode struc-
tures required in a wide range of modern optoelectronic devices. High repetition 
rate femtosecond (80 MHz) laser-induced crystallization and proposed laser pat-
terning technique provides a versatile and highly precise means of fabricating TCO 
 structures [42].

4.5  Femtosecond laser induced crystallization & simultaneous formation of 
light-trapping nanostructures

Femtosecond laser induced crystallization & simultaneous formation of light-
trapping nanostructures is a one-step laser process, which could lead to fabricate 
the highly efficient solar cells [42–51]. Mmicrostructures and small spikes have been 
spontaneously formed upon laser treatment. Interestingly the a-Si:H films turned 
completely dark from an original shiny reddish gray color. A similar effect has been 
extensively studied by Mazur’s group and others in crystalline bulk silicon wafers 
[42–52].

5. Solar cells based on laser-modified materials

Solar cells based on laser-modified materials focus on three major thrusts 
that will lead to more efficient and economic thin-film solar cell fabrication by 
(i) combining femtosecond laser irradiation processing of a-Si:H surface and 
simultaneous crystallization occurs in a one step process [16]. Optical absorption 
will be enhanced by light trapping via multiple reflections through the surface 
geometry changes, and the formation of mixture of μc-Si:H and a-Si:H after 
crystalline suggests that the overall stability will be potentially increased; (ii) Laser 
with a shorter, femtosecond pulse duration will be applied for nano-structuring of 
TCO deposited on glass as a plasmonic nanostructure for efficient light trapping; 
(iii) For scribing thin-film solar cells with femtosecond laser will be applied for 
electrical isolation, hermetic sealing of the module, glass cutting, the complete 
removal of all layers from the edges of fully processed thin-film solar cells on glass 
substrates [52]. Figure 5 is a schematic presentation of how femtosecond laser 
irradiated silicon can be incorporated into the p-i-n configuration of a thin-film 
silicon solar cell.
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depending on laser parameters and the ambient gas environment. The efficacy fs 
laser texturing of solar cell devices is also demonstrated in ref. 26 and the problem 
of laser-induced damage may have significantly improved cell performance in the 
future by increased absorption (vs. un-textured cells) for infrared photons, due to 
enhanced light-trapping.

4.4  Patterning of transparent conducting oxide (TCO) layers by femtosecond 
laser

A method for patterning crystalline indium tin oxide (c-ITO) patterns on 
amorphous indium tin oxide (a-ITO) thin films is proposed by femtosecond laser 
irradiation at 80 MHz repetition rate. The laser patterning technique provides a 
versatile and highly precise means of fabricating the transparent electrode struc-
tures required in a wide range of modern optoelectronic devices. High repetition 
rate femtosecond (80 MHz) laser-induced crystallization and proposed laser pat-
terning technique provides a versatile and highly precise means of fabricating TCO 
 structures [42].

4.5  Femtosecond laser induced crystallization & simultaneous formation of 
light-trapping nanostructures

Femtosecond laser induced crystallization & simultaneous formation of light-
trapping nanostructures is a one-step laser process, which could lead to fabricate 
the highly efficient solar cells [42–51]. Mmicrostructures and small spikes have been 
spontaneously formed upon laser treatment. Interestingly the a-Si:H films turned 
completely dark from an original shiny reddish gray color. A similar effect has been 
extensively studied by Mazur’s group and others in crystalline bulk silicon wafers 
[42–52].

5. Solar cells based on laser-modified materials

Solar cells based on laser-modified materials focus on three major thrusts 
that will lead to more efficient and economic thin-film solar cell fabrication by 
(i) combining femtosecond laser irradiation processing of a-Si:H surface and 
simultaneous crystallization occurs in a one step process [16]. Optical absorption 
will be enhanced by light trapping via multiple reflections through the surface 
geometry changes, and the formation of mixture of μc-Si:H and a-Si:H after 
crystalline suggests that the overall stability will be potentially increased; (ii) Laser 
with a shorter, femtosecond pulse duration will be applied for nano-structuring of 
TCO deposited on glass as a plasmonic nanostructure for efficient light trapping; 
(iii) For scribing thin-film solar cells with femtosecond laser will be applied for 
electrical isolation, hermetic sealing of the module, glass cutting, the complete 
removal of all layers from the edges of fully processed thin-film solar cells on glass 
substrates [52]. Figure 5 is a schematic presentation of how femtosecond laser 
irradiated silicon can be incorporated into the p-i-n configuration of a thin-film 
silicon solar cell.
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6. Conclusions and outlook

Pulsed laser processing provides two routes for effective photon management: 
Surface texture and hyper doping process are distinct and independently achiev-
able. Surface texture using intense pulsed-laser light to create quasi-periodic surface 
features reduces reflection and increases path length through the material.

The creation of femtosecond laser irradiated thin film silicon solar cells is an 
exciting area of research. Thin-film solar cell requires a highly efficient light-
trapping design to absorb a significant fraction of the incident sunlight and 
material property changes to increase stability. Laser based treatment of thin-film 
is required for resolve efficiency and stability issues in a one-step process, which 
is a promising methodology for thin-film solar cell fabrication. Laser with a 
shorter, femtosecond pulse duration will be applied for nano-structuring of TCO 
deposited on glass as a plasmonic-nanostructure for efficient light trapping. The 
ultra-short pulse of femtosecond laser at small fluences will also overcome the 
parasitic losses and decreased electrical power output of the solar module resulting 
from the active material remaining over the active layer scribing with picosecond 
laser of thin-film solar cells which is critical in forming the series interconnects 
between cells.

Figure 5. 
Schematic cross-section of the fabrication process of a femtosecond laser irradiated thin film silicon solar cell.
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 attractive based on their potential for low-cost solar modules, possibly to create 
tandem junctions and large-scale manufacturing. They can reduce the cost of the 
material at the expense of efficiency. The a-Si:H is the most popular material for 
use in thin film form due to its low energy economy (watt/cost). But due to their 
instability and low efficiency, a thin-film a-Si:H solar cell requires a highly efficient 
light-trapping design to absorb a significant fraction of the incident sunlight and 
material property changes to increase stability. On the other hand, microcrystalline 
silicon is one of the promising materials for thin-film solar cells of achieving high 
conversion efficiency. In addition, microcrystalline silicon films show enhanced 
carrier mobility, excellent stability against light-induced degradation and improved 
longer wavelength response. But deposition rate of microcrystalline silicon 
thin-film fabricated by conventional PECVD is lower compared with the a-Si:H. 
Therefore, laser-based treatment of a-Si:H is required to resolve its efficiency 
and stability issues in a one-step process, which is a promising methodology for 
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Application of Solar Energy in 
Medical Instruments (Microscope)
Badria Ibrahim Eisa Idris, Ahmed Mohamed, Ayah Salah, 
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and Alnazier Osman

Abstract

Investments in solar PV capacities are now rapidly growing in both grid connected 
and off grid mode. Solar generation has been a reliable source for supplying electric-
ity in regions without access to the grid for long. Development of renewable energy 
sources, therefore, has a vast potential in Sudan. Solar energy is a radiant energy which 
produces by the sun as result of nuclear fusion reaction. Medical services cannot be 
reached to people in rural areas and war’s zones which remotely isolated because of 
poor road links with the urban centers, and remoteness from the national electrical 
transmission grid. So, to make the medical services available, a PV encapsulation and 
manufacturing solar system is used to generate an electric supply which used to supply 
them, and the microscope’s circuit is changed to achieve the required results.

Keywords: Solar energy, Renewable energy, PV system, Microscope

1. Introduction

Solar Energy is radiant energy produced in the sun as a result of nuclear fusion 
reactions. It is transmitted to the earth through space by electromagnetic radiation [1].

Global installed capacity for solar-powered electricity has seen an exponential 
growth, reaching around 227 GWe at the end of 2015. It produced 1% of all electric-
ity used globally. Major solar installation has been in regions with relatively less 
solar resources (Europe and China) while potential in high resource regions (Africa 
and Middle East) remains untapped [2].

Residents of rural and remote communities continue to show poorer health 
outcomes than residents in metropolitan centers, while the health of Indigenous 
communities remains unacceptable. While residents face increasing difficulties in 
accessing appropriate care in situations where integration and continuity of care are 
woefully inadequate [3].

In today’s climate of growing energy needs and increasing environmental 
concern, alternatives to the use of non-renewable and polluting fossil fuels have to 
be investigated, one such alternative is solar energy.

Using a solar energy to operate medical devices one of an important applications 
to an alternative energy. Development of renewable energy sources, therefore, has 
a vast potential in Sudan as it known because of great sun peak during the year, in 
Sudan medical services cannot be reached to people in rural areas and war’s zones 
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which remotely isolated because of poor road links with the urban centers, and 
remoteness from the national electrical transmission grid. So, to make the medical 
services available, a PV encapsulation and manufacturing solar system is used to 
generate an electric supply which used in health centers.

Operating a microscope (60 watts) using a solar energy depends on: Time of sun 
peak in Sudan which is about 9 hours/day generate 6.3 KW, The time of turning on 
the device which is 6 hours/day and solar modules.

By two ways had been tested:

1. AC method: by converting the DC solar output into AC using an inverter at this 
process.

2. DC method: by modulating the microscope power supply from AC to DC by 
canceling the transformer with his protection circuit, and changing the AC 6 
volt lamb into DC 12 volt lamb using a Zener diode 12 volt as a voltage regulator.

2. Theoretical backgrounds

2.1 Background of the study

Since 1960’s the use of the energy becomes as a necessary part of life. The con-
cept of solar cells takes a place on 1970 when researchers looking for another kind 
of energy sources which is clean and environment friendly. Many countries use this 
technology until this moment, but the solar cells produce low amount of energy that 
makes it use as narrow as seen. The researchers made many research on this field to 
increase the production of energy from the solar cells, one of these researches is to 
enhance the silicon capability by using the material science and technologies [4].

2.2 Renewable energy

Renewable energy is energy which comes from natural resources, it flows involve 
natural phenomena such as sunlight, wind, tides, plant growth, and geothermal 
heat [4]. It provides 19% of electricity generation worldwide [5]. Figure 1 shows the 
different type of renewable energy.

2.3 Solar energy

Solar Energy is radiant light and heat from the sun that is harnessed using a 
range of ever-evolving technologies, It is an important source of renewable energy 
and its technologies.

Solar Radiation reaches the Earth’s upper atmosphere at a rate of 1.37 kwatts per 
square meter (kW/m2) in Sudan [7].

Advantages of solar energy:
Here are the main advantages of solar energy [7]:

1. One of the cleanest forms of energy.

2. Harmonious with nature.

3. Safe to handle.

4. Easy to install, operate and maintain.
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5. Long life. Solar panels can last up to 20 years or more.

6. Ideal for remote areas, where electricity is not reliable.

2.4 Photovoltaic cells (PV)

Solar cells (also called photovoltaic cells or photoelectric cells) are the most 
basic components of solar units that convert light energy into electricity. The cells 
are wired in series, sealed between sheets of glass or plastic, and supported inside a 
metal frame. These frames are called solar modules or panels [7].

The main parameters that characterize a PV panel are:

1. Short circuit current (ISC): the maximum current provided by the panel when 
the connectors are short circuited.

2. Open circuit voltage (VOC): the maximum voltage that the panel provides when 
the terminals are not connected to any load (an open circuit).

3. Maximum power point (Pmax): the point where the power supplied by the 
panel is at maximum, where P max = Imax*Vmax.

4. Fill factor (FF): the relation between the maximum power that the panel can 
actually provide and the product ISC. VOC.

5. Efficiency (h): the ratio between the maximum electrical power that the panel 
can give to the load and the power of the solar radiation (PL) incident on the 
panel [8].

Figure 1. 
Renewable energy progress [6].
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Types:
There are two primary types of PV technologies available commercially 

are crystalline silicon and thin film. Table 1 shows two different type of 
solar module.

2.5 Typical solar system components

2.5.1 PV module

A number of solar cells electrically connected to each other and mounted in a 
support structure or frame is called a photovoltaic module.

2.5.2 The battery

Battery serves two important purposes in a photovoltaic system: to provide 
electrical energy to the system when energy is not supplied by the array of solar 
panels, and to store excess energy generated by the panels whenever that energy 
exceeds the load [8].

2.5.3 The regulator

It used to ensure that the battery is working in appropriate conditions, and 
to avoid overcharging or over discharging the battery, both of which are very 
detrimental to the life of the battery [8].

2.5.4 Convertor

There are two main types of convertor’s:

Crystalline silicon Thin film

Monocrystalline silicon 
(c-Si):

Multicrystalline 
silicon (mc-Si):

Amorphous silicon

Efficiency Cell 20–30% 18–22% 13.5%

Production cell 12–15% 11–14% 2–6%

Advantage • Well established and 
test technology.

• Stable.

• Can be made in square 
cells better power 
density.

• Well established and 
tested technology

• Stable efficiency

• less expensive than 
single crystal silicon.

• Square cells allow 
efficient packing 
density.

• Low material use.

• Preparation of thin films 
is possible.

• Higher Absorption 
properties.

• Potential for low cost.

• Less affected by shading.

Disadvantages Uses expensive material.

• Waste in slicing wafers.

• Uses expensive 
material.

• Waste in slicing 
wafers.

• Pronounced degradation 
in power output.

• Low efficiency.

• It is difficult to maintain 
uniformity of the film 
over large areas.

Table 1. 
Shows types of solar modules [9].
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2.5.4.1 DC/DC converters

DC/DC converters transform a continuous voltage to another continuous voltage 
of a different value.

2.5.4.2 DC/AC converter (or inverter)

Inverters are used when your equipment requires AC power. Inverters chop and 
invert the DC current to generate a square wave that is later filtered to approximate 
a sine wave and eliminate undesired harmonics. Be aware that not all the equipment 
will accept a modified sine wave as voltage input [10].

2.5.5 Equipment or load

The load (microscope) is the equipment that consumes the power generated by 
your energy system. The load may include medical equipments, routers, worksta-
tions, lamps, TV sets, etc. In this type of system it is absolutely necessary to use effi-
cient and low power equipment to avoidwasting energy. It should be obvious that as 
power requirements increase, the expense of the photovoltaic system also increases.

2.6 Microscope

Is an instrument used to see objects that are too small to be seen by the naked 
eye [11], optical instrument that have a magnifying lens for inspecting objects 
which are too small to be seen by human’s eyes. Microscopes are used to observe the 
shape of bacteria, fungi, parasites and host cells in various stained and unstained 
preparations [12].

2.6.1 Types of microscope

1. Light microscope.

2. A compound light microscope.

3. Electron microscope.

2.6.2 Parts of the microscope

The main parts of microscope will show bellow in Figure 2.

2.6.3 Functioning of the microscope

There are three main optical pieces in the compound light microscope. All three 
are essential for a sharp and clear image. These are:

1. Condenser

It illuminates the object by converging a parallel beam of light on it from a built-
in or natural source.

2. Objectives

It forms a magnified inverted (upside down) image of the object.
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3. Eye-pieces

It magnifies the image formed by the objective. This image is formed below the 
plane of the slide. Figure 3 shows an electrical circuit of microscope:

2.7 Collecting all the components together

As seen in Figure 4 all the component of photovoltic were collecting together, 
solar panels generate power when solar energy is available, the regulator to pre-
vent batteries’ damage, the battery for storing collected energy to be used later, 

Figure 2. 
Parts of microscope [13].

Figure 3. 
Microscope’ circuit diagram.
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converters and inverters for adapting the stored energy, and finally, the load (micro-
scope) consumes the stored energy to do work. When all of the components are in 
balance and are properly maintained, the system will support itself for years [9].

3. Research methodology

3.1 Introduction

This chapter contains experimental procedure and measurement which has been 
recorded during the testing period medical devices operating solar (For example: 
microscope). In addition it presents operational problems.

3.2 Design circuit

The circuit of the microscope was modulated because:

1. The device work with AC but solar cell generate DC.

2. To avoid the use of the inverter because it is expensive. Transformer has been 
canceled, two potentiometers were connected in series (one static and vari-
able), adding Zener with a value of 12 volt (to maintain the value of effort 
fixed), it was used for halogen bulb 12v, switch and fuse. And finally connect all 
components of the circuit taking into account the polarity. Figure 5 shows that.

Figure 4. 
A solar installation with DC and AC loads.

Figure 5. 
Modulated circuit of microscope.
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Fuse 1.6 A, Switch (on\off), Zener 12 voltage, DC haloseen lamp 12 v 
Potentiometer 1MΩ. A new microscope circuit was designed on experimental 
board and expert in university lab using a power supply unit, it was adjusted on DC 
current 3A and 12 V, the board connected to the supply and turned on the lamp was 
illuminated.

3.3 Sizing photovoltaic calculations

System sizing calculations are important, because unless the system components 
are balanced, energy (and ultimately, money) is wasted. A microscope needs 20w 
income to run any device operates on–off actuation 6 hours.

3.3.1 Calculate the number of module

To calculate the number of panels required to cover a given load, you just need to 
know the current and voltage at the point of maximum power: IPmax and Vpmax 
(Ipmax and Vpmax are provided by the manufacturer).

3.3.2 About The Efficiency

1. Battery efficiency = 0.90

2. Charge controller efficiency = 0.90

3. Inverter efficiency = 0.85

4. Conversion factor for DC load = 0.81

5. Conversion factor for AC load = 0.72

3.3.3 Load calculations

The Power = voltage*current
P = 6*3.3 = 20 W
Total power (Energy consumption) = the power*number of devices
Total power = 20 W *1 = 20 W
Power (watts/hour) = total power*required time loads
P (W/h) = 20*6 = 120 W/h
The required power of cells = energy consumption/system factor
The required power of cells = 120 W/0.81 = 148 Wh
Battery capacity = the required power/system voltage
Battery capacity = 148/12 = 12.31AH
The cell Production = 18
The No. of Modules = battery capacity/cell production
The No. of Modules = 12.31/18 = 0.68 ≈ 1modules

3.3.4 Battery calculations

The required battery capacity = battery capacity/depth of discharge
The required battery capacity = 12.31/0.4 = 30
The available capacity 70AH
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The No. of batteries = capacity batteries/the available capacity
Number of batteries = 30.78 / 70 = 0.44 ≈ 1 battery

3.3.5 Regulator calculations

The charge controller load current = maximum current cell*the number 
of modulus

Isc = 3.5A
Appropriate regulator = 3.5*1 = 3.5A

3.3.6 Inverter calculation

Inverter = overall capacity/inverter efficiency
Inverter = 21.05 Watts

3.3.7 System components

Solar cell 50 W
Battery 60 Ah
Regulator 20A
Inverter 21.05 W

3.4 Testing instruments

3.4.1 Load

Microscope device is selected because it is a simple device does not consume high 
power compared with other devices, Electrical specifications for the Microscope:

In the case (AC):
Input 220 V; output 6 V, 3.3A, 20.4 W.
In the case (DC):
Input 12 V, 1.6 A, 19.2 W.

3.4.2 PV module

The Table 2 shows specifications of solar panel.

3.4.3 Electrical parameters of a Solar cell (by the manufacturer)

Maximum power: 50 ± 3% Wp
Short circuit current: 3.09A
Open circuit voltage: 21.6 V
Max. Power current: 2.89A
Max. Power voltage: 17.3 V
Standard test condition at: 1,000 w\m2 solar irradiance. Cell temperature 

25°C, AM 1.5.

Type of module Wp Isc Ipm

50 3.01 2.76

Table 2. 
Solar modules electrical specifications.
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Solar cell 50 W
Battery 60 Ah
Regulator 20A
Inverter 21.05 W

3.4 Testing instruments

3.4.1 Load

Microscope device is selected because it is a simple device does not consume high 
power compared with other devices, Electrical specifications for the Microscope:

In the case (AC):
Input 220 V; output 6 V, 3.3A, 20.4 W.
In the case (DC):
Input 12 V, 1.6 A, 19.2 W.

3.4.2 PV module

The Table 2 shows specifications of solar panel.

3.4.3 Electrical parameters of a Solar cell (by the manufacturer)

Maximum power: 50 ± 3% Wp
Short circuit current: 3.09A
Open circuit voltage: 21.6 V
Max. Power current: 2.89A
Max. Power voltage: 17.3 V
Standard test condition at: 1,000 w\m2 solar irradiance. Cell temperature 

25°C, AM 1.5.

Type of module Wp Isc Ipm

50 3.01 2.76

Table 2. 
Solar modules electrical specifications.
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Figure 7. 
Black diagram of solar system with inverter.

3.4.4 Inverter

Specification:

1. DC input 10-15 V

2. AC output 220-240 V, 50 Hz/60 Hz.

3. Constant output power 300Watts.

3.5 Experiments

At the first experiment was wired between the charge controller and the load 
but it was not work because output current from it was less than 3A to operate 
the load.

3.5.1 DC way

After modifying the load it can work immediately with DC current. This solar 
photovoltaic lighting system consists of a 20Watt single crystalline module, a self-
contained photovoltaic controller with (regulator), a sealed lead-acid battery and a 
single 100 Watt fluorescent light. The system will provide daily lighting throughout 
the year. Figure 6 shows block diagram of DC way.

3.5.2 Inverter way

The four primary components for producing electricity using solar power, which 
provides common 220volt AC power for daily use, are: Solar panels, charge control-
ler, battery and inverter. Solar panels charge the battery, and the charge regulator 
as it will be shown in Figure 7 ensures proper charging of the battery. The battery 
provides DC voltage to the inverter, and the inverter converts the DC voltage to 
normal AC voltage.

Figure 6. 
Black diagram of solar system without inverter.
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4. Results

The design of modulated circuit shown below in Figure 8 discuss that solar 
energy (direct current) can be used to turn on the load for continues six hours to 
solve problem as it mentioned earlier.

4.1 This device was tested with solar (AC way)

The load can work in another way .by converting the output direct current from 
the batteries to AC current using a DC/AC inverter .this current can operate imme-
diately without any modulating in circuit as shows bellow in Figure 9.

Figure 8. 
Microscope’s modulated circuit with direct current.

Figure 9. 
AC way.
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Solar energy Electrical supply

DC AC DC AC

Ampere 1.6 3.3 1.6 3.4

Voltage 12 6 11.9 5.8

Photosensitivity 0.083 0.167 0.084 0.172

Table 3. 
PS of electrical and solar energy.

4.2 Solar was tested with solar (DC way)

After the circuit was modulated in order to work with solar current, it should 
be tested using solar to perform project, Figure 10 come next shows the result of 
problem which mentioned previously.

The circuit was operated with DC of solar, finally after that the sensitivity of this 
light should be measure to avoid eyes’ damage.

4.3 Photo sensitivity of light

Photo sensitivity (PS) is ratio of radiant energy expressed in watt(W) incident 
on the device, to the resulting photo current expressed in amperes(A) it may be rep-
resented as either an absolute sensitivity(A\W) or as relative sensitivity normalized, 
usually expressed in percentage (%), PS should be more than 5%,Table 3 shows the 
PS of light from electrical power and from solar power, PS was calculated for both, 
the PS of them in acceptance percentage.

When solar power was used; PS of it = 8.3% it’s > 5%, so, it is in range of 
acceptance and then the doctors could see with this light without any effective to 
their eyes.

Figure 10. 
DC way.
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4.4 Economic results

The cost of inverter way is 2150 SD pounds and it can work for 25 years without 
any additional cost. But DC way is cheaper and cost 1700 SD pounds without any 
additional cost. Table 4 shows calculated the cost of solar system.

The annual cost of the electric power grid is calculated for a period of 25 years 
by Sudanese pound (SDP).

The cost of electricity power =
Total power (Wh)*0.76 SDP/kW*365.25 day *25 years = 833 SDP
The electricity power is the cheaper than PV system; but the solar energy can be 

used in rural areas where there is no electricity power and offer medical services to 
fulfill the project’s objective.

5. Recommendations

1. Solar PV system can be alternative technology for remote rural areas where 
grid electric power is not available. Grid electric power is more cost effective 
power supply than Solar system. But this system can be alternative for some of 
medical devises.

2. Then and finally as if the microscope was modulated and operated with solar 
energy, we recommend that to operate small healthcare units in rural areas.

6. Conclusions

The microscope illuminated by solar cell. Some medical devices operated by 
using solar energy, which this energy produces a DC current. These devices modu-
lated by canceling step down transformer and rectifier, and offered appropriate DC 
current by sizing photovoltaic cell and a charging battery or used inverter to convert 
DC current to AC current. Solar cell is more expensive than electricity power, but it 
can use in areas where there are no electricity power.

In comparison to other energy sources such as coal, natural gas, nuclear, wind, 
and hydro-electric, solar energy is one of the least cost effective. For the most part, 
the exorbitant cost of solar energy is due to the high cost of manufacturing high 
quality solar panel material that has high energy conversion efficiency. Today, most 
cheaply made solar cells have an energy efficiency of about 14% while the higher 
quality materials achieve efficiencies of about 20–25% solar energy is still relatively 
expensive to a consumer.

Tool The cost(SDG)

Panels (50 W) 600

Charge control (10A) 300

Batteries (12 V,65 Ah) 750

Inverter (300 W) 450

Wiring 50

∑equipment 2150

Table 4. 
The cost of solar system.



Solar Cells - Theory, Materials and Recent Advances

450

Solar energy Electrical supply

DC AC DC AC

Ampere 1.6 3.3 1.6 3.4

Voltage 12 6 11.9 5.8

Photosensitivity 0.083 0.167 0.084 0.172

Table 3. 
PS of electrical and solar energy.

4.2 Solar was tested with solar (DC way)

After the circuit was modulated in order to work with solar current, it should 
be tested using solar to perform project, Figure 10 come next shows the result of 
problem which mentioned previously.

The circuit was operated with DC of solar, finally after that the sensitivity of this 
light should be measure to avoid eyes’ damage.

4.3 Photo sensitivity of light

Photo sensitivity (PS) is ratio of radiant energy expressed in watt(W) incident 
on the device, to the resulting photo current expressed in amperes(A) it may be rep-
resented as either an absolute sensitivity(A\W) or as relative sensitivity normalized, 
usually expressed in percentage (%), PS should be more than 5%,Table 3 shows the 
PS of light from electrical power and from solar power, PS was calculated for both, 
the PS of them in acceptance percentage.

When solar power was used; PS of it = 8.3% it’s > 5%, so, it is in range of 
acceptance and then the doctors could see with this light without any effective to 
their eyes.

Figure 10. 
DC way.

451

Application of Solar Energy in Medical Instruments (Microscope)
DOI: http://dx.doi.org/10.5772/intechopen.97177

4.4 Economic results

The cost of inverter way is 2150 SD pounds and it can work for 25 years without 
any additional cost. But DC way is cheaper and cost 1700 SD pounds without any 
additional cost. Table 4 shows calculated the cost of solar system.

The annual cost of the electric power grid is calculated for a period of 25 years 
by Sudanese pound (SDP).

The cost of electricity power =
Total power (Wh)*0.76 SDP/kW*365.25 day *25 years = 833 SDP
The electricity power is the cheaper than PV system; but the solar energy can be 

used in rural areas where there is no electricity power and offer medical services to 
fulfill the project’s objective.

5. Recommendations

1. Solar PV system can be alternative technology for remote rural areas where 
grid electric power is not available. Grid electric power is more cost effective 
power supply than Solar system. But this system can be alternative for some of 
medical devises.

2. Then and finally as if the microscope was modulated and operated with solar 
energy, we recommend that to operate small healthcare units in rural areas.

6. Conclusions

The microscope illuminated by solar cell. Some medical devices operated by 
using solar energy, which this energy produces a DC current. These devices modu-
lated by canceling step down transformer and rectifier, and offered appropriate DC 
current by sizing photovoltaic cell and a charging battery or used inverter to convert 
DC current to AC current. Solar cell is more expensive than electricity power, but it 
can use in areas where there are no electricity power.

In comparison to other energy sources such as coal, natural gas, nuclear, wind, 
and hydro-electric, solar energy is one of the least cost effective. For the most part, 
the exorbitant cost of solar energy is due to the high cost of manufacturing high 
quality solar panel material that has high energy conversion efficiency. Today, most 
cheaply made solar cells have an energy efficiency of about 14% while the higher 
quality materials achieve efficiencies of about 20–25% solar energy is still relatively 
expensive to a consumer.

Tool The cost(SDG)

Panels (50 W) 600

Charge control (10A) 300

Batteries (12 V,65 Ah) 750

Inverter (300 W) 450

Wiring 50

∑equipment 2150

Table 4. 
The cost of solar system.



Solar Cells - Theory, Materials and Recent Advances

452

Author details

Badria Ibrahim Eisa Idris*, Ahmed Mohamed, Ayah Salah,  
Osman Abdalrahman Almahdi Alamin, Fatehia Garma and Alnazier Osman
Biomedical Engineering Department, Sudan University of Science and Technology, 
Khartoum, Sudan

*Address all correspondence to: bdriaibrahim@yahoo.com

Acknowledgements

At the beginning we would like to thank our project supervisor, Dr. Alnazeir 
Osman Hamza for the valuable guidance and advices, also the ministry of science 
and technology Renewable Energy Institute (the Photovoltaic Encapsulation & 
Manufacturing Unit (Khartoum-south)) for providing us with a good environment 
and facilities to complete this project.

Also we will take this opportunity to thank Dr. Mohamed Altaib Alfadni the 
Executive Manager of Sharg alneel specialized hospital & Dr. Alfatih Abdelgader 
Alfadni who support us with a microscope device for testing.

Special declarations

This project could not be completed without our parents’ prayers so heartily  
thanking for them besides special thanking to Dr. Altahir Mohammed, Fatehia Garma.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

453

DOI: http://dx.doi.org/10.5772/intechopen.97177
Application of Solar Energy in Medical Instruments (Microscope)

References

[1] Definition of solar energy available 
from: https://en.wikipedia.org/wiki/
Solar_energy [Accessed: 2018-02-02]

[2] World energy resources. 2016. 
Available from: https://www.
worldenergy.org/wpcontent/
uploads/2017/03/WEResources_
Solar_2016.pdf Accessed: 2018-02-02]

[3] Nwafor S. Chimela*, Ogbonna K. 
Nkem, Onyemuwa Nnaemeka, Olaniyi 
Abiodun http://escijournals.net/index.
php/IJAE/article/download/1923/916 
[Accessed: 2018-02-07]

[4] International Energy Agency,” 
renewable energy party”, 2002.

[5] Renewable Energy N21, “renewable 
2010 global report”, 2010.

[6] renewable energy progress, available 
from: http://upload.wikimedia.org/
wikipedia/commons/thumb/6/65/
GlobalREPowerCapacity-exHydro-Eng.
png/290px-GlobalREPowerCapacity-
exHydro-Eng.png [accessed: 2018-02-07]

[7] Tamil Nadu,” best practices in solar 
water pumping”, Auroville's Centre for 
Scientific Research, India, 2002.

[8] Rob Flickenger, Corinna Aichele, 
Carlo Fonda. Wireless Networking in 
the Developing World, Canada's 
International Development Research 
Centre, Canada, December 2007.

[9] Green, Martin. A., Solar Cells: 
Operating Principles, Technology 
and System.

[10] Jenny Nelson, “The Physics Of Solar 
Cells”, Imperial College, UK,2008.

[11] definition of microscope [Internet]. 
Available from: https://en.wikipedia.
org/wiki/Microscope [Accessed: 
2018-02-01]

[12] Mr K.K. Khanna, “THE MICRO-
SCOPE”, New Delhi, India, 1999.

[13] parts of microscope Available  
from: https://i.ytimg.com/vi/4rer 
HeaXSio/maxresdefault.jpg Accessed: 
[2018-02-07].



Solar Cells - Theory, Materials and Recent Advances

452

Author details

Badria Ibrahim Eisa Idris*, Ahmed Mohamed, Ayah Salah,  
Osman Abdalrahman Almahdi Alamin, Fatehia Garma and Alnazier Osman
Biomedical Engineering Department, Sudan University of Science and Technology, 
Khartoum, Sudan

*Address all correspondence to: bdriaibrahim@yahoo.com

Acknowledgements

At the beginning we would like to thank our project supervisor, Dr. Alnazeir 
Osman Hamza for the valuable guidance and advices, also the ministry of science 
and technology Renewable Energy Institute (the Photovoltaic Encapsulation & 
Manufacturing Unit (Khartoum-south)) for providing us with a good environment 
and facilities to complete this project.

Also we will take this opportunity to thank Dr. Mohamed Altaib Alfadni the 
Executive Manager of Sharg alneel specialized hospital & Dr. Alfatih Abdelgader 
Alfadni who support us with a microscope device for testing.

Special declarations

This project could not be completed without our parents’ prayers so heartily  
thanking for them besides special thanking to Dr. Altahir Mohammed, Fatehia Garma.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

453

DOI: http://dx.doi.org/10.5772/intechopen.97177
Application of Solar Energy in Medical Instruments (Microscope)

References

[1] Definition of solar energy available 
from: https://en.wikipedia.org/wiki/
Solar_energy [Accessed: 2018-02-02]

[2] World energy resources. 2016. 
Available from: https://www.
worldenergy.org/wpcontent/
uploads/2017/03/WEResources_
Solar_2016.pdf Accessed: 2018-02-02]

[3] Nwafor S. Chimela*, Ogbonna K. 
Nkem, Onyemuwa Nnaemeka, Olaniyi 
Abiodun http://escijournals.net/index.
php/IJAE/article/download/1923/916 
[Accessed: 2018-02-07]

[4] International Energy Agency,” 
renewable energy party”, 2002.

[5] Renewable Energy N21, “renewable 
2010 global report”, 2010.

[6] renewable energy progress, available 
from: http://upload.wikimedia.org/
wikipedia/commons/thumb/6/65/
GlobalREPowerCapacity-exHydro-Eng.
png/290px-GlobalREPowerCapacity-
exHydro-Eng.png [accessed: 2018-02-07]

[7] Tamil Nadu,” best practices in solar 
water pumping”, Auroville's Centre for 
Scientific Research, India, 2002.

[8] Rob Flickenger, Corinna Aichele, 
Carlo Fonda. Wireless Networking in 
the Developing World, Canada's 
International Development Research 
Centre, Canada, December 2007.

[9] Green, Martin. A., Solar Cells: 
Operating Principles, Technology 
and System.

[10] Jenny Nelson, “The Physics Of Solar 
Cells”, Imperial College, UK,2008.

[11] definition of microscope [Internet]. 
Available from: https://en.wikipedia.
org/wiki/Microscope [Accessed: 
2018-02-01]

[12] Mr K.K. Khanna, “THE MICRO-
SCOPE”, New Delhi, India, 1999.

[13] parts of microscope Available  
from: https://i.ytimg.com/vi/4rer 
HeaXSio/maxresdefault.jpg Accessed: 
[2018-02-07].



Chapter 23

Solar Energy in Industrial
Processes
Guillermo Martínez-Rodríguez and Amanda L. Fuentes-Silva

Abstract

A design methodology to integrate solar heat into industrial process is showed in
this chapter, attending restrictions like availability for area of installation, eco-
nomic, environmental, and operating conditions. The evaluation of each of the
restrictions allows responding to real situations that arise in the industrial sector and
thereby determining the scenario that best suits the industry. To achieve this objec-
tive, the evaluation of two real scenarios was carried out; in the first one there are
no installation area limitations, while in the second, only the 50% of required
installation area is available. The results obtained when evaluating the scenarios
exhibit a direct relationship between the available space, the capital of the invest-
ment and the CO2 emissions, but this is not reflected in the same proportion in the
operation of the process. In scenario one, the payback of the integrated system is
5.99 years with zero emissions to the atmosphere. For scenario two, the reduction of
CO2 emissions is 80.62% with a recovery time of the investment of the integrated
system of 2.61 years. In this context, Chemical Vapour Deposition is proposing as a
innovative technology to improve the solar devices efficiency.

Keywords: solar collector network, spatial restriction, payback time,
thermal solar heat integration, real scenarios to integrate solar heat

1. Introduction

Industrial sector demands large amounts of energy, two thirds of it is in the form
of heat [1]. Of the heat demand in industry, almost half, 48%, is required for high
temperature heat (more than 400 °C) mainly in the intensive industries of iron and
steel and other minerals, which reach temperatures of up to 1450 °C; chemical and
petrochemical, 900 °C; among others, 22% is used for medium-temperature heat
(150 to 400 °C) and the remaining 30% is used for low-temperature heat (less than
150 °C) [2]. Currently, only 9% of the heat demand of industrial processes is
supplied from renewable energy sources, 79% of solar thermal installations use flat
plate solar collectors and evacuated tubes, 11% correspond to the use of parabolic-
cylinder collectors, and the remaining percentage of other technologies [3]. Chem-
ical Vapour Deposition, CVD, plays an important role in the development and
improvement of solar technology. CVD technologies have been innovating for at
least 50 years to increase the efficiency of solar energy collection, both from solar
cells and, more recently, from evacuated tubes [4].

When a protocol to solar heat for process industrial integration (SHIP integra-
tion) is being designed, there are some parameters that determine the solar heat
integration potential: a) inherent to the process: energy demand [5], hourly heat
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demand profile, seasonal heat demand profile [6], temperature intervals,
continuous, semicontinuous or batch processes, different kinds of solar heat (steam,
drying, hot water) [7]; b) regarding to the facilities: location [5], surface area
availability; c) depending on the expected objectives: solar fraction, outlet temper-
atures, payback time, lower emissions of greenhouse gases (GHG), saving costs [8].
However, the picture is not complete if the limitations or restrictions that represent
serious challenges to overcome to achieve efficient use of solar energy are not given
equal importance: a) inherent to the process: higher process heat demand than solar
heat produced; b) regarding to the facilities: limited flexibility of the systems, use of
outdated or non-optimal technology for process conditions, higher costs of solar
heating systems than fossil fuel conventional systems [6]. And all these consider-
ations must in turn take into account energy policy and the associated investment,
which can also limit or restrict the optimal use of solar energy: lack of economic
support to research and innovation to tuning and updating of technology, lack of
standard procedures for the implementation and evaluation of technological sys-
tems, difficulty promoting attractive investment and business models for the
deployment and integration of renewable energies, and few market incentives [9],
prohibitions to produce and distribute renewable heat [10], among other.

With the technologies that currently exist for the use of solar energy for heat
production, the processes that demand low-temperature heat are the most conve-
nient for integrating solar heat [11], besides, when solar storage is introduced, solar
fraction increases markedly compared to a process without storage [5].

The evaluation of some of the restrictions or limitations such as: available instal-
lation space for the collector network, availability of capital or the low prices of the
fossil fuels used and the supply time of the collector network, allows to evaluate the
real impact of each scenario when compared with the one where there are no
restrictions for the installation of the solar thermal device and thus seek the profit-
ability of the device in whatever the scenario. Next, the proposed methodology for
the integration of solar thermal energy with some real restrictions is described.

The objective of this chapter is to make a general approach that includes some
real scenarios that arise when solar thermal energy is integrated into industrial
processes, whether they operate continuously or in batches.

2. Methodology for the integration of solar thermal energy

The integration of solar thermal energy must be economically attractive to
compete with fossil fuels and it must be flexible in such a way that it can be applied
to various real scenarios where there are spatial, economic, operational, and envi-
ronmental limitations, limiting the amount of solar energy that can be supplied and
with it the solar fraction. The irradiance levels of the site constitute a variable that
can limit the maximum output temperatures that a network of solar collectors can
reach in a period to guarantee the temperature level and the supply of the total or
partial thermal load. Any of the previously stated limitations can define the
integration of solar thermal energy.

Whatever the application, the integration of solar thermal energy must be cost-
effective and environmentally friendly by reducing the generation of greenhouse
gases. Although any reduction in the generation of greenhouse gases is an important
point for any industrial sector, the design objective should always be the total
elimination of the use of fossil fuels. However, the limitations to achieve a solar
fraction of unity are real and it is important to evaluate how they can define the
installation of the solar thermal device. Each of the restrictions raised is a challenge
that must be addressed and resolved to respond to the real needs that arise in the
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industrial sector when the transition towards the use of renewable energies is
sought to replace fossil fuels.

The methodology developed is general and can be used or coupled to medium
temperature solar collectors or mixed systems (low and medium temperature solar
collector technologies) for a specific application. The range of applications can be
expanded by defining some other objectives of industrial interest.

The approach contemplates the integration of solar thermal energy into a real
case, using low-temperature solar collectors, specifically, flat plate solar collectors,
for the selection, design, and operation of the collector network. On the other hand,
the design of the collector network is based on the most critical conditions of the
year, which correspond to the winter period and guarantee the supply of the thermal
load throughout the year. It is important to mention that the rest of the year
there will be surplus energy that can be used in other applications. In the selected
case study, two scenarios will be evaluated. In the first scenario, the total supply of
the thermal load is considered at the temperature level required by the process, with
a solar fraction of one and zero greenhouse gas emissions to the environment. In
this scenario there are no space limitations for the installation of the solar collector
network. In the second scenario, it is proposed that only 50% of the area required
for the total supply of the thermal load is available, reducing the fraction as the
generation of greenhouse gases. In this last scenario, it is analysed how the restric-
tions impact and what implications it has with the rest of the variables such as:

Figure 1.
Main stages that require thermal energy in an industrial process (green colour): Continuous process (a), batch
process (b).
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real impact of each scenario when compared with the one where there are no
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ability of the device in whatever the scenario. Next, the proposed methodology for
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The objective of this chapter is to make a general approach that includes some
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2. Methodology for the integration of solar thermal energy
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ronmental limitations, limiting the amount of solar energy that can be supplied and
with it the solar fraction. The irradiance levels of the site constitute a variable that
can limit the maximum output temperatures that a network of solar collectors can
reach in a period to guarantee the temperature level and the supply of the total or
partial thermal load. Any of the previously stated limitations can define the
integration of solar thermal energy.

Whatever the application, the integration of solar thermal energy must be cost-
effective and environmentally friendly by reducing the generation of greenhouse
gases. Although any reduction in the generation of greenhouse gases is an important
point for any industrial sector, the design objective should always be the total
elimination of the use of fossil fuels. However, the limitations to achieve a solar
fraction of unity are real and it is important to evaluate how they can define the
installation of the solar thermal device. Each of the restrictions raised is a challenge
that must be addressed and resolved to respond to the real needs that arise in the
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industrial sector when the transition towards the use of renewable energies is
sought to replace fossil fuels.

The methodology developed is general and can be used or coupled to medium
temperature solar collectors or mixed systems (low and medium temperature solar
collector technologies) for a specific application. The range of applications can be
expanded by defining some other objectives of industrial interest.

The approach contemplates the integration of solar thermal energy into a real
case, using low-temperature solar collectors, specifically, flat plate solar collectors,
for the selection, design, and operation of the collector network. On the other hand,
the design of the collector network is based on the most critical conditions of the
year, which correspond to the winter period and guarantee the supply of the thermal
load throughout the year. It is important to mention that the rest of the year
there will be surplus energy that can be used in other applications. In the selected
case study, two scenarios will be evaluated. In the first scenario, the total supply of
the thermal load is considered at the temperature level required by the process, with
a solar fraction of one and zero greenhouse gas emissions to the environment. In
this scenario there are no space limitations for the installation of the solar collector
network. In the second scenario, it is proposed that only 50% of the area required
for the total supply of the thermal load is available, reducing the fraction as the
generation of greenhouse gases. In this last scenario, it is analysed how the restric-
tions impact and what implications it has with the rest of the variables such as:

Figure 1.
Main stages that require thermal energy in an industrial process (green colour): Continuous process (a), batch
process (b).
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reduction in emissions, time in the recovery of investment (payback time) and time
of direct supply of the collector network.

To carry out the integration of solar thermal energy, it is important to quantify
the available solar resource to determine the maximum outlet temperature of the
solar collector network, determining the supply time at target temperature and the
size of the network. For a batch process, it would be sought that the direct supply
time from the network is equal to the time required by the process, otherwise it is
necessary to match the availability of the solar resource with the energy require-
ment of the process at the temperature required by it.

In Figure 1, reference is made to the energy requirements of an industrial
process and to solar availability, to match these requirements and to be able to
integrate solar thermal energy. For the solar energy supply or production curve, it is
considered that there is an available area of 1000 m2. Section a) represents a
continuous process and the energy demand of the process is above the amount that
is captured with the available surface (1000 m2), to supply the thermal load, the
capture area would be increased. In part b) a batch process is shown where it is
observed that the energy requirement can be provided entirely by solar energy.

In this approach it is possible to supply the thermal energy of the process
through solar thermal energy using a thermal storage system to match the demand
and energy production. The temperature level required for each process operation is
not considered in the diagram.

Figure 2 displays the temperature level required by the process and the temper-
ature provided by the solar collector network. It is observed that during a period of
5 h 45 min (9:45 h - 15:30 h) the target temperature of the process is reached. In the
time that the requirement does not coincide with the solar availability, the thermal
load would be supplied with the use of storage.

In parallel, the Pinch Analysis methodology can be used, and the energy
requirement of the process can be reduced by favouring the process-process heat
exchange. These objectives were raised and solved in the work published by
Fuentes-Silva et al. [8]. On the other hand, ΔTmin is a function of auxiliary services,
when increasing the heat recovery area, it is reduced, however, the area of the
collector network increases, so it is interesting to evaluate the costs associated with
this relationship.

Figure 3 presents the logic of the proposed methodology for the integration of
solar thermal energy into industrial processes, it is represented by a block diagram.
The proposed methodology is carried out in some stages simultaneously and feed-
back is provided until the best conditions for the final design are reached.

Figure 2.
Temperature level required by the process (85 °C) and that supplied by the solar collector network (variable).
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Figure 3.
Design algorithm to integrate solar thermal energy.

Figure 4.
Flow diagram of dairy process.
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Figure 3.
Design algorithm to integrate solar thermal energy.

Figure 4.
Flow diagram of dairy process.
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2.1 Case study

The case study is a dairy process described in the literature [12]. It operates on
batch and the required heat utility is from 8:00 h to 13:00 h (five hours), enough to
carry out pasteurisation of milk at 85 °C. Hot water is needful to curd the milk from
8:30 h to 13:00 h (4.5 hours) at 40 °C; more hot water is required at 62 °C to clean
the equipment during a period of 2 hours (16:00 h – 18:00 h). Figure 4 represents
the diverse production stages in a dairy plant at required temperatures.

In Figure 5 the periods of demand for thermal energy of the main operations of
the process are shown (squares) and the period of solar energy production is also
displayed (parabolic line). Figure 5 shows the pairing periods, and this allows to
determine if the heat supply is direct from the solar collector network or if requires
storage, it also helps to define the possible heat exchanges between the process
streams to recover energy.

2.2 Energy integration of the process

Next, Pinch Analysis is used to carry out the integration of solar thermal energy
and determine the optimal ΔTmin.

Dairy process stream data is shown in Table 1 including inlet and outlet tem-
peratures and heat capacity. From the data of the currents, the Composite Curves
are constructed and determine the minimum hot and cold utilities, and thus the
process-process heat exchanges. To deliver the thermal load required by the pro-
cess, a boiler that produces hot water at 95 °C for 5 hours is used, providing a
thermal load of 4,401.01 kWh. The heat transfer coefficients used are 0.8 kW/m2 °C
for water and slightly viscous substances and 0.3 kW/m2 °C for viscous
substances.

The Composite Curves provide a scheme of pure countercurrent heat transfer of
the process streams for a chosen ΔTmin. They are used to determine the minimum
heating and cooling requirements of the process and this allows the calculation of
the minimum transfer area prior to the detailed design of the heat transfer network.

In Figure 6 we have the Composite Curves for a ΔTmin of 10 °C where the
minimum utilities are determined, which are 294.78 and 260.68 kW of heating and
cooling, respectively. It is observed that the thermal load and the temperature level
of the hot utility can be supplied by solar thermal energy.

Determination of the minimum area assumes that there is vertical heat exchange
between the Composite Curves throughout the entire enthalpy range. In the graph
of the Composite Curves, we can read the amount of heat that will be transferred

Figure 5.
Pairing between major process operations and available irradiance in a day.
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between the streams, as well as the values of the outlet and inlet temperatures (at
that interval) of the hot streams, like so the values of the outlet temperatures and
entry of cold currents. So if the curves, both for hot and cold currents, correspond
to only one of them, as happens between an exchange of process current - auxiliary
service, we can estimate the necessary area of heat exchange given by Eq. (1)
known as the Bath equation, which is based on the countercurrent heat exchange
assumption implicit in the compound curves and this leads to the minimum area,
only if the global heat transfer coefficients are equal for all exchanges [13].

AHRN ¼
Xk intervals

k

1
ΔTML

Xhot i:
i

qi
hi
þ
Xcold j

j

q j

h j

 !
(1)

The estimate of the total AHRN area is obtained by adding the area of each
interval (m2), qi and qj are the thermal exchange loads obtained from the enthalpies
in the Composite Curves (kW). hi and hj are the individual transfer coefficients
(kW/m2 °C). The subscripts k, i and j.

Description Tinlet (°C) Toutlet (°C) CP (kW/°C)

Mains water 12.20 38.00 2.64

Milk- rennets vats 34.00 35.00 3.89

Pasteurised milk- effluent 75.00 44.00 4.38

Water for boiler 95.00 78.00 10.63

Raw milk- input 4.00 35.00 4.38

Milk- input 35.00 75.00 4.38

Mains water- for cooler 12.20 18.00 6.35

Input milk 44.00 36.00 5.84

Water – of storage tank 73.30 40.00 1.94

Water – rennets vats 40.00 38.00 3.89

Water – of storage tank 62.40 25.00 9.30

Water – of storage tank, surplus 62.40 25.00 12.90

Main water -for boiler 12.20 95.00 10.63

Table 1.
Stream data for dairy process

Figure 6.
Composite curves for a ΔTmin of 10 °C.
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entry of cold currents. So if the curves, both for hot and cold currents, correspond
to only one of them, as happens between an exchange of process current - auxiliary
service, we can estimate the necessary area of heat exchange given by Eq. (1)
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The calculated minimum area is used to determine the cost of the heat recovery
network, CHRN (USD), of the process based on Eq. (2).

CHRN ¼ Ne 26600þ 6500
AHRN

Ne

� �0:9
" #

(2)

Where Ne is the number of equipment, AHRN is the area of the heat recovery
network (m2) this value corresponds to the exchange area [14]. To determine the
cost of auxiliary services, CAS, Eq. (3), reported by [15].

CAS ¼ Qh CST þQcCCO (3)

In Eq. (3) Qh and Qc are the minimum requirements for heating and cooling the
process (kW), while CST and CCO are the costs associated with steam and cooling
water, respectively (USD/kW year). In this study, the cost of heating services is
proposed to be 150 USD/kW year and cooling services 35 USD/kW year.

The total cost of the annualised heat recovery network, CTA HRN (USD/year), is
obtained by adding the estimated cost of capital (CHRN) and the annualised service
costs (CAS), given by Eq. (4)

CTA HRN ¼ f ACHRN þ f ACAS (4)

The annualisation factor fA is calculated considering an annual interest of 5% for
a period of 25 years. In this study, this value is considered as the number of years of
useful life of a piece of equipment or a network of equipment. To find the optimal
ΔTmin it is required to evaluate the total cost associated with each chosen ΔTmin.
Table 2 shows the results to determine the optimal ΔTmin in an interval from 1 to
30 °C, for each ΔTmin the minimum energy requirements, the heat exchange area
and the annualised costs of: heat recovery (CHRNA), auxiliary services (CASA) and
the total cost of the heat recovery network (CTA HRN).

In Figure 7 the total cost of the heat recovery network is shown, it can be seen
the optimal ΔTmin is located at 13 °C and the minimum energy requirements are:
339.81 kW and 305.71 kW, corresponding to the minimum services heating and
cooling, respectively.

The design of the solar collector network will be carried out considering the
optimal ΔTmin and its corresponding minimum hot utility (thermal load).

2.3 Solar resource available

The irradiance data and other environmental variables (ambient temperature and
wind speed) were taken from ameteorological station of the Solar Energy Laboratory of
the University of Guanajuato, Guanajuato city, Mexico. The geographical location of the
meteorological station is latitude of 21°0100” N, longitude 101°15024”W, at an average
sea level elevation of +2 000 meters, central time zone, UTC� 6 and in summer
UTC � 5. Figure 8 shows the radiation data throughout the year under clear sky.

2.4 Design of the solar collector network

The integration of solar energy in an industrial process presents a challenge for
existing process integration techniques, due to the non-continuous nature of sup-
ply, available irradiance levels associated with direct supply time from the solar
collector network to the process. The efficiency of solar technologies must be
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determined since it is influenced by the environmental conditions of the place, this
must be evaluated to guarantee the supply of the hot utility. This methodology
combines this information to lead to the design of the solar thermal installation to
reach the target temperature required by the process and satisfy the thermal
requirements of the process with the lowest cost and taking care of the restrictions
that the process presents. This must be attractive to compete with fossil fuels.

The design of the solar collector network is based on the methodology proposed
by Martínez-Rodríguez et al., [16] to supply the thermal load at the required process
temperature level. The design variables of the low temperature solar collector

ΔTmin
(°C)

Qh

(kW)
Qc

(kW)
Ne AHRN

(m2)
CHRN (USD) CHRNA

(USD/y)
CASA

(USD/y)
CTA HRN

(USD/y)

1 159.69 125.65 17 531.63 3,199,987.73 227,046.99 28,351.41 255,398.40

2 174.70 140.66 17 428.05 2,721,302.35 193,083.09 31,128.26 224,211.35

3 189.71 155.67 17 369.75 2,446,943.96 173,616.69 33,905.11 207,521.80

4 204.72 170.68 17 329.89 2,256,861.40 160,129.86 36,681.96 196,811.82

5 219.73 185.63 17 301.89 2,121,959.05 150,558.21 39,456.78 190,014.99

6 234.74 200.64 17 278.22 2,006,954.08 142,398.32 42,233.63 184,631.95

7 249.75 215.65 17 258.87 1,912,212.04 135,676.14 45,010.48 180,686.62

8 264.76 230.66 17 242.64 1,832,205.01 129,999.45 47,787.33 177,786.78

9 279.77 245.67 17 228.77 1,763,388.35 125,116.74 50,564.18 175,680.92

10 294.78 260.68 17 216.70 1,703,160.69 120,843.44 53,341.03 174,184.47

11 309.79 275.69 17 206.12 1,650,130.10 117,080.79 56,117.88 173,198.67

12 324.80 290.70 17 196.77 1,603,030.89 113,738.98 58,894.73 172,633.71

13 339.81 305.71 17 188.45 1,560,908.19 110,750.27 61,671.58 172,421.85

14 354.82 320.72 17 180.99 1,522,985.26 108,059.55 64,448.43 172,507.98

15 369.83 335.73 17 174.26 1,488,643.65 105,622.92 67,225.28 172,848.20

16 384.84 350.74 17 168.16 1,457,391.84 103,405.53 70,002.13 173,407.66

17 399.85 365.75 17 162.60 1,428,847.98 101,380.28 72,778.98 174,159.26

18 414.86 380.76 17 157.53 1,402,675.38 99,523.27 75,555.83 175,079.10

19 429.87 395.77 17 152.88 1,378,625.23 97,816.85 78,332.68 176,149.53

20 444.88 410.78 17 148.61 1,356,470.80 96,244.94 81,109.53 177,354.47

21 459.89 425.79 17 144.67 1,336,008.06 94,793.05 83,886.38 178,679.43

22 474.90 440.79 17 141.04 1,317,077.19 93,449.86 86,662.92 180,112.78

23 489.91 455.81 17 137.69 1,299,526.66 92,204.61 89,440.08 181,644.69

24 504.92 470.82 17 134.58 1,283,244.98 91,049.38 92,216.93 183,266.31

25 521.52 487.41 18 130.09 1,293,338.46 91,765.54 95,286.82 187,052.36

26 539.17 505.12 18 125.69 1,270,040.65 90,112.50 98,554.10 188,666.60

27 556.82 322.05 19 121.57 1,281,326.20 90,913.24 94,794.15 185,707.39

28 576.80 542.75 18 117.34 1,225,502.94 86,952.45 105,516.39 192,468.84

29 596.01 561.96 18 113.47 1,204,793.70 85,483.07 109,069.50 194,552.57

30 613.66 579.61 18 110.03 1,186,270.01 84,168.77 112,334.75 196,503.52

Table 2.
Results of pinch analysis to determine optimal ΔTmin.
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The calculated minimum area is used to determine the cost of the heat recovery
network, CHRN (USD), of the process based on Eq. (2).
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determined since it is influenced by the environmental conditions of the place, this
must be evaluated to guarantee the supply of the hot utility. This methodology
combines this information to lead to the design of the solar thermal installation to
reach the target temperature required by the process and satisfy the thermal
requirements of the process with the lowest cost and taking care of the restrictions
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The design of the solar collector network is based on the methodology proposed
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Table 2.
Results of pinch analysis to determine optimal ΔTmin.
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network are the operating conditions of the process (temperature and required
thermal load), the environmental parameters (irradiance and ambient tempera-
ture), geometric dimensions and characteristics of the flate-plate solar materials,
the properties of the working fluid, and the network operating conditions (flow and
feed temperature).

The minimum number of collectors connected in series can be calculated con-
sidering that the minimum difference between the outlet temperature of the fluid
from the collector,T0 (°C), and the temperature of the fluid at the entrance to the
collector,Ti (°C), is equal to or greater than 1 °C. Generalising this difference for
any collector or series have Eq. (5)

ΔT ¼ Tn
o � Tn�1

o (5)

Where n refers to outlet temperature of the n-th element and n-1 refers to the
outlet temperature of one minus to the n-th element (°C) (Figure 9).

The number of branches or lines in parallel is calculated by Eq. (6)

Np ¼ Qi
Q

(6)

Qi is the thermal load provided by a series of n collectors connected in series
(kW) and Q is the total thermal load (kW) required by the process, whether to
cover partially or totally.

Figure 7.
Annualised total cost from heat recovery network against ΔTmin.

Figure 8.
Irradiance throughout a year for clear sky days.
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Several solar collectors, Nc, make up the structure of the solar collector network
as show Eq. (7)

Nc ¼ NpNs (7)

Ns is the number of series collectors and Np is the number of parallel branches.
In Figure 10 the arrangement of a network of 16 collectors in a 4 x 4 arrange-

ment (parallel series) is displayed. Generalising the arrangement for any collector
network it can be denoted as m x n, where the lines in parallel to be placed (m) and
the number of collectors connected in series (n) are shown. In this way, it is possible
to meet the temperature level and the thermal load required for the process, of
these, the first is achieved by connecting n collectors in series and the second is
achieved through the determination of branches given by Eq. (6).

The absorber surface of the solar collector network is calculated from Eq. (8)

ASCN ¼ LWNc (8)

Where ASCN is the area of the solar collector network (m2), Nc is the number of
collectors, L is the length (m), and W is the width of the solar collector (m).

Then we proceed to determine the cost of the collector network, CSCN (USD),
using Eq. (9) reported in [17]:

CSCN ¼ Nc γ0 þ
AtNt

π
γ1dþ γ2 þ

γ3
d

� �
þWLγ4 þ γ10

_mLμ
πρd4

� �
þ γ5

_mHb

eff

 !
(9)

Where Nc is the number of collectors, At is the lateral area of the tube, Nt is the
number of tubes, d is the internal diameter of a tube, W and L are the width and
length of a solar collector, Hb and eff are the load and pump efficiency, respectively.
The γi terms are as follows: 6,768.82 (USD); 202,822.47 (USD/m3);�1,576.96 (USD/
m2); 32,576 (USD/m); 994.1 (USD/m2); 3.52 (USD h m�1 kg�1); 0.14 (h2/m5); 0.45
(h/m2); 1 dimensionless, 0.54 (m) and 261.61 (USD m h2/kg), respectively.

Figure 9.
Series of n collectors.

Figure 10.
Structure of a solar collector network with 16 units.
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For the estimation of the costs of the solar collector network, they can also be
annualised, a 25-year amortisation period of the investment is considered with fixed
interest of 5%, as shown in Eq. (10)

CTA SCN ¼ f ACSCN (10)

Table 3 shows the arrangement area, and costs of the flat solar collector network
where two scenarios are analysed. In scenario 1, it is considered that solar thermal
energy supplies the entire thermal load required for the process at a temperature of
101 °C. In scenario two, a limitation of 50% is considered in the area available for
the installation of the solar collector network in the plant. The first scenario would
be the most desirable where it seeks to substitute the use of fossil fuels in a profit-
able way. In this scenario, it is also considered that there are no restrictions on
available area or capital investment. Scenario 2 has a lower investment, however,
there are still emissions to the environment.

2.5 Thermal storage system

The cost of the thermal storage system represents 30% of the cost of the solar
thermal installation [17] and its operation is essential to store heat, also to dampen
fluctuations in environmental variability, and increase the solar fraction of the
process, when there is a gap between energy production and demand.

To determine the size of the thermal storage system, VTS (m
3), we have

Eq. (11) [18]:

VTS ¼ 3600 QTS t
CpΔTTS ρ eff TS

(11)

In Eq. (11), QTS is the total heat load to be stored in the day (kW), t is the storage
time of the system (h), Cp is the heat capacity of the working fluid (kJ/kg °C) and ρ
is the density of the thermal fluid (kg/m3), in this case water, ΔTTS and effTS are the
temperature variation of the thermal storage system (°C) and its efficiency
(dimensionless).

The size, storage time and cost of the storage system is conditioned by the sizing
of the collector network and the operation of the solar thermal device. Next,
Eq. (12) used to determine the cost of storage, CTS (USD) [18].

CTS ¼ 5800þ 1600 VTS
0:7 (12)

The cost of the thermal storage system is also annualised with an interest of 5%
in a period of 25 years, this function is by Eq. (13) where the cost of the thermal
storage system is multiplied by the annualisation factor, fA.

CA TS ¼ f A CTS (13)

Heat load to
supply (kW)

Temperature
level (°C)

Solar collector
network array

ASCN

(m2)
f Supply

period
(h)

CSCN

(USD)
CTA SCN

(USD/y)

339.81 101.20 23x29 1293.98 1 5 367,412.97 26,068.85

169.91 101.20 12x29 675.12 0.5 5 204,448.15 14,506.10

Table 3.
Results of the design of the solar collector network for different operating conditions.
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In Figure 11 the annualised cost of the thermal storage system is shown as a
function of the accumulation time, costs increase the longer the storage time.
Figure 11 shows the annualised cost of the thermal storage system for a load of
339,812 kW, which corresponds to the total heating service. If we assume that this
thermal load is stored for 23 hours, the cost would be 8669.73 USD/year, compared
to the cost of the solar collector network, this represents 32%. To define the
operation and size of the storage system, the process conditions and the costs
associated with them must be considered.

2.6 Total cost of the solar thermal installation

The total cost of the solar thermal installation (USD) includes: the total cost of
the solar collector network and the total cost of the thermal storage system that
represents around 80% of the total, the rest corresponds to the control and pumping
system. The costs are also annualised at a fixed interest rate (5%) for a repayment
period of 25 years and the costs are obtained per year for that period.

2.6.1 Cost evaluation

To evaluate the total cost of the integrated system, the costs of each of the compo-
nents must first be updated: the heat recovery network, the solar field, and the thermal
storage system. In this case the values of the equations are calculated for the year 2010.
To obtain the updated cost values, the costs obtainedmust bemultiplied by the value of
the ratio that exists between the cost index for 2019 (IC 2019) and the 2010 cost index
(IC 2010), which are 607.5 and 550.8, respectively [15] as seen in Eq. (14).

IA ¼ IC 2019

IC 2010
(14)

One method of comparing the magnitude of a dollar equity investment with a
future stream of income is to convert the cost of capital into a future annual charge.
The calculation is done with Eq. (15) [15], where i is the annual interest and n is the
number of years of useful life of a piece of equipment or of a network of equipment
or process in general. According to IRENA, solar plants have a useful life of 25 years.

f A ¼ CT ∗
i ∗ 1þ ið Þn
1þ ið Þn � 1

� �
(15)

Figure 11.
Annualised cost of the thermal storage system as a function of accumulation time.

467

Solar Energy in Industrial Processes
DOI: http://dx.doi.org/10.5772/intechopen.97008



For the estimation of the costs of the solar collector network, they can also be
annualised, a 25-year amortisation period of the investment is considered with fixed
interest of 5%, as shown in Eq. (10)

CTA SCN ¼ f ACSCN (10)

Table 3 shows the arrangement area, and costs of the flat solar collector network
where two scenarios are analysed. In scenario 1, it is considered that solar thermal
energy supplies the entire thermal load required for the process at a temperature of
101 °C. In scenario two, a limitation of 50% is considered in the area available for
the installation of the solar collector network in the plant. The first scenario would
be the most desirable where it seeks to substitute the use of fossil fuels in a profit-
able way. In this scenario, it is also considered that there are no restrictions on
available area or capital investment. Scenario 2 has a lower investment, however,
there are still emissions to the environment.

2.5 Thermal storage system

The cost of the thermal storage system represents 30% of the cost of the solar
thermal installation [17] and its operation is essential to store heat, also to dampen
fluctuations in environmental variability, and increase the solar fraction of the
process, when there is a gap between energy production and demand.

To determine the size of the thermal storage system, VTS (m
3), we have

Eq. (11) [18]:

VTS ¼ 3600 QTS t
CpΔTTS ρ eff TS

(11)

In Eq. (11), QTS is the total heat load to be stored in the day (kW), t is the storage
time of the system (h), Cp is the heat capacity of the working fluid (kJ/kg °C) and ρ
is the density of the thermal fluid (kg/m3), in this case water, ΔTTS and effTS are the
temperature variation of the thermal storage system (°C) and its efficiency
(dimensionless).

The size, storage time and cost of the storage system is conditioned by the sizing
of the collector network and the operation of the solar thermal device. Next,
Eq. (12) used to determine the cost of storage, CTS (USD) [18].

CTS ¼ 5800þ 1600 VTS
0:7 (12)

The cost of the thermal storage system is also annualised with an interest of 5%
in a period of 25 years, this function is by Eq. (13) where the cost of the thermal
storage system is multiplied by the annualisation factor, fA.

CA TS ¼ f A CTS (13)

Heat load to
supply (kW)

Temperature
level (°C)

Solar collector
network array

ASCN

(m2)
f Supply

period
(h)

CSCN

(USD)
CTA SCN

(USD/y)

339.81 101.20 23x29 1293.98 1 5 367,412.97 26,068.85

169.91 101.20 12x29 675.12 0.5 5 204,448.15 14,506.10

Table 3.
Results of the design of the solar collector network for different operating conditions.

466

Solar Cells - Theory, Materials and Recent Advances

In Figure 11 the annualised cost of the thermal storage system is shown as a
function of the accumulation time, costs increase the longer the storage time.
Figure 11 shows the annualised cost of the thermal storage system for a load of
339,812 kW, which corresponds to the total heating service. If we assume that this
thermal load is stored for 23 hours, the cost would be 8669.73 USD/year, compared
to the cost of the solar collector network, this represents 32%. To define the
operation and size of the storage system, the process conditions and the costs
associated with them must be considered.

2.6 Total cost of the solar thermal installation

The total cost of the solar thermal installation (USD) includes: the total cost of
the solar collector network and the total cost of the thermal storage system that
represents around 80% of the total, the rest corresponds to the control and pumping
system. The costs are also annualised at a fixed interest rate (5%) for a repayment
period of 25 years and the costs are obtained per year for that period.

2.6.1 Cost evaluation

To evaluate the total cost of the integrated system, the costs of each of the compo-
nents must first be updated: the heat recovery network, the solar field, and the thermal
storage system. In this case the values of the equations are calculated for the year 2010.
To obtain the updated cost values, the costs obtainedmust bemultiplied by the value of
the ratio that exists between the cost index for 2019 (IC 2019) and the 2010 cost index
(IC 2010), which are 607.5 and 550.8, respectively [15] as seen in Eq. (14).

IA ¼ IC 2019

IC 2010
(14)

One method of comparing the magnitude of a dollar equity investment with a
future stream of income is to convert the cost of capital into a future annual charge.
The calculation is done with Eq. (15) [15], where i is the annual interest and n is the
number of years of useful life of a piece of equipment or of a network of equipment
or process in general. According to IRENA, solar plants have a useful life of 25 years.

f A ¼ CT ∗
i ∗ 1þ ið Þn
1þ ið Þn � 1

� �
(15)

Figure 11.
Annualised cost of the thermal storage system as a function of accumulation time.

467

Solar Energy in Industrial Processes
DOI: http://dx.doi.org/10.5772/intechopen.97008



2.6.2 Environmental impact assessment

Currently, solar thermal technology is competitive against those that operate
with fossil fuels, however, the negative environmental impact generated by these
energy sources is global and tangible. One of the most well-known parameters is the
quantification of CO2 emissions as greenhouse gas, however, they are not the only
gases emitted, in addition, there are other no less important parameters that are
not considered. In this study, only the tons of CO2 that are ceased to be emitted into
the atmosphere are quantified when integrating solar thermal energy into the pro-
cess. The factor of 0.203 kg CO2/kWh is considered for fixed combustion equip-
ment that works with natural gas as fuel, this data is reported for the European
Union [19].

3. Analysis of results

The original energy consumption of the process is 880.202 kW for 5 h/day with a
generation of CO2 emissions of 312.7 tons/year (893.40 kg/day). The average price
of natural gas reported worldwide for 2020 was 0.047 USD/kWh [20]. While the
reported price of the same fuel in Mexico, for first month of 2019, was 0.3589 USD/
kWh [21]. As can be seen, they present a significant difference that will directly
impact the investment recovery time. It should be noted that the price of natural gas
in Mexico has varied significantly from January 2019 (0.3589 USD/kWh) to
December 2020 (0.024 USD/kWh).

When analysing the match between the energy requirement of the process and
the availability of solar energy, it was determined that it is 2 h. However, there is
availability of solar thermal energy at the target temperature for 1 h more that can
be used as most convenient in the operation of the solar thermal device. To supply
the entire thermal load and cover the remaining three hours, a storage tank of
32.58 m3 is required.

In scenario 1 it is considered that there are no restrictions due to limitation of
available area and capital investment. When carrying out the integration of energy,
the requirement of the hot utility is reduced by 61.4%, the rest can be provided with
solar thermal energy and the generation of greenhouse gases is zero. The total cost
of the integrated system (heat recovery network and solar thermal installation) is
1,995,266.49 USD. If the investment is made for 25 years, the cost is 145,488.85
USD/year. The payback for the integrated system is 27.56 years (according to
international data) and 3.6 years (Mexican data). When considering only the solar
thermal installation, the payback is 5.99 years (according to the international esti-
mate) and 0.78 years (according to the national evaluation).

In scenario 2 there is an available area restriction of 50% (650 m2). The resulting
network, depending on the available space, presents an arrangement of 11x29 with a
thermal load of 181.45 kW that can supply 2 h of the thermal requirement of the
process. The supply of the thermal load for those 2 h can be given directly from
11:00 h - 13:00 without storage or, it can be supplied from 8:00 h - 10:00 h with
storage. Based on the economic aspect for scenario 2, the supply of the thermal load
will be for 2 h without storage. The cost of the integrated system is 1,750,541.36
USD with a reduction of 12% compared to scenario 1. CO2 emissions into the
atmosphere are 60.36 tons/year. The payback of the integrated system is 24.17 years
(according to the international price of gas) and 3.166 years (according to the
national price of gas). The payback of the solar collector network is 2.61 years
(according to the international gas price report) and 0.34 years (for the national gas
price reported).
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4. Chemical vapour deposition as a route to improve solar technology

Other solar technology that is heading the solar integration to industry in a big
part of world, are the photovoltaic solar panels. Photovoltaics (PV) implies the
direct conversion of sunlight into electricity by mean of semiconducting materials
with a photovoltaic effect. Solar panels are widely used because its property of
magnify the inlet micro-power, by the relatively constant production of electricity
and by the possibility to use the stored electrical energy even in the absence of
sunlight. Each solar panel is made up of a multitude of solar cells which
manufacturing is, in this moment, in a high-tech period (third generation) of
research (i. e. Dye-sensitised solar cells, DSSC, Perovskite solar cells, PVSC, Poly-
mer hetero-junction solar cells, PSC, among others) [4]. Function, materials, char-
acteristics, power-conversion-efficiency of solar cells are widely described in
meticulous reviews and papers [4, 22–23]. The aim in this paragraph is to display
the benefits that use of Chemical Vapour Deposition, CVD, has implied to improve
solar cells performance and to present the novelties in evacuated solar tubes.

Among the most used thin film deposition processes to manufacture solar cells,
are: evaporation, sputtering technique and chemical vapour deposition (CVD), with
some variants in each technique. Briefly, they can be described as follows [24]:

Evaporation. The source material is evaporated in vacuum, this lets vapour
particles to travel until the substrate, then, they condense to a solid state. Unfortu-
nately, could occur that the different components of an alloy vaporise at different
speeds, which will cause the composition of the deposited layer to be different from
the original composition.

Sputtering deposition or Physical Vapour Deposition. The source materials are
sputtered by the hitting of high energy ions in an oxidising atmosphere and depos-
ited on a heated substrate, following the growth of thin films.

Chemical Vapour Deposition (CVD). The CVD technique consists of the reac-
tion of a gas mixture inside a vacuum chamber followed by diffusion of reactants to
a heated substrate to produce a material in the form of a thin layer. A useful variant
is the reaction of metal–organic precursors (MO-CVD) because these ones improve
the efficiency of solar cells.

Using CVD and PVD techniques give added value to solar cells with not too high
costs, thanks to these techniques the efficiency of solar cells has increased from 10%
in the 70ies to 20% today, since the different thin films that can be deposited
perform various functions such as: antireflection, passivation layers, thickening of
the absorbent layer, among others that have not yet been explored [24].

It is important to mention that exists an innovative report in literature about the
use of CVD technique to deposite selective coating in evacuated solar tubes. The
novel absorber layers have a base of carbon nanotube sheets that have showed their
capability to converting solar radiation into electricity and heat [25], this is a
promising result in increasing the efficiency of evacuated tubes.

5. Conclusions

The proposed methodology allows integrating solar thermal energy, in a
profitable way, and replace, totally, the use of fossil fuels (scenario 1).

In the event of any restriction such as an available space of 50% respect scenario
1 (scenario 2), cost savings can be up to 12% during the two hours that the thermal
load can be supplied directly, with a payback time of the solar device of 2.61 years,
eliminating completely the use of thermal storage. The reduction of the requirement
of hot utility was 80.62% being 19.40% by integration from solar energy.
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the requirement of the hot utility is reduced by 61.4%, the rest can be provided with
solar thermal energy and the generation of greenhouse gases is zero. The total cost
of the integrated system (heat recovery network and solar thermal installation) is
1,995,266.49 USD. If the investment is made for 25 years, the cost is 145,488.85
USD/year. The payback for the integrated system is 27.56 years (according to
international data) and 3.6 years (Mexican data). When considering only the solar
thermal installation, the payback is 5.99 years (according to the international esti-
mate) and 0.78 years (according to the national evaluation).

In scenario 2 there is an available area restriction of 50% (650 m2). The resulting
network, depending on the available space, presents an arrangement of 11x29 with a
thermal load of 181.45 kW that can supply 2 h of the thermal requirement of the
process. The supply of the thermal load for those 2 h can be given directly from
11:00 h - 13:00 without storage or, it can be supplied from 8:00 h - 10:00 h with
storage. Based on the economic aspect for scenario 2, the supply of the thermal load
will be for 2 h without storage. The cost of the integrated system is 1,750,541.36
USD with a reduction of 12% compared to scenario 1. CO2 emissions into the
atmosphere are 60.36 tons/year. The payback of the integrated system is 24.17 years
(according to the international price of gas) and 3.166 years (according to the
national price of gas). The payback of the solar collector network is 2.61 years
(according to the international gas price report) and 0.34 years (for the national gas
price reported).
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4. Chemical vapour deposition as a route to improve solar technology

Other solar technology that is heading the solar integration to industry in a big
part of world, are the photovoltaic solar panels. Photovoltaics (PV) implies the
direct conversion of sunlight into electricity by mean of semiconducting materials
with a photovoltaic effect. Solar panels are widely used because its property of
magnify the inlet micro-power, by the relatively constant production of electricity
and by the possibility to use the stored electrical energy even in the absence of
sunlight. Each solar panel is made up of a multitude of solar cells which
manufacturing is, in this moment, in a high-tech period (third generation) of
research (i. e. Dye-sensitised solar cells, DSSC, Perovskite solar cells, PVSC, Poly-
mer hetero-junction solar cells, PSC, among others) [4]. Function, materials, char-
acteristics, power-conversion-efficiency of solar cells are widely described in
meticulous reviews and papers [4, 22–23]. The aim in this paragraph is to display
the benefits that use of Chemical Vapour Deposition, CVD, has implied to improve
solar cells performance and to present the novelties in evacuated solar tubes.

Among the most used thin film deposition processes to manufacture solar cells,
are: evaporation, sputtering technique and chemical vapour deposition (CVD), with
some variants in each technique. Briefly, they can be described as follows [24]:

Evaporation. The source material is evaporated in vacuum, this lets vapour
particles to travel until the substrate, then, they condense to a solid state. Unfortu-
nately, could occur that the different components of an alloy vaporise at different
speeds, which will cause the composition of the deposited layer to be different from
the original composition.

Sputtering deposition or Physical Vapour Deposition. The source materials are
sputtered by the hitting of high energy ions in an oxidising atmosphere and depos-
ited on a heated substrate, following the growth of thin films.

Chemical Vapour Deposition (CVD). The CVD technique consists of the reac-
tion of a gas mixture inside a vacuum chamber followed by diffusion of reactants to
a heated substrate to produce a material in the form of a thin layer. A useful variant
is the reaction of metal–organic precursors (MO-CVD) because these ones improve
the efficiency of solar cells.

Using CVD and PVD techniques give added value to solar cells with not too high
costs, thanks to these techniques the efficiency of solar cells has increased from 10%
in the 70ies to 20% today, since the different thin films that can be deposited
perform various functions such as: antireflection, passivation layers, thickening of
the absorbent layer, among others that have not yet been explored [24].

It is important to mention that exists an innovative report in literature about the
use of CVD technique to deposite selective coating in evacuated solar tubes. The
novel absorber layers have a base of carbon nanotube sheets that have showed their
capability to converting solar radiation into electricity and heat [25], this is a
promising result in increasing the efficiency of evacuated tubes.

5. Conclusions

The proposed methodology allows integrating solar thermal energy, in a
profitable way, and replace, totally, the use of fossil fuels (scenario 1).

In the event of any restriction such as an available space of 50% respect scenario
1 (scenario 2), cost savings can be up to 12% during the two hours that the thermal
load can be supplied directly, with a payback time of the solar device of 2.61 years,
eliminating completely the use of thermal storage. The reduction of the requirement
of hot utility was 80.62% being 19.40% by integration from solar energy.
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Whenever solar energy is integrated, there is a reduction in greenhouse gas
emissions, but when the first objective is to reduce GHG, there should be no
limitation in the economic aspect to achieve the objective. Because current interna-
tional prices of conventional fuels constitute a determining restriction to integrate
solar heat to industrial processes. Therefore, economic speculation of conventional
fuel prices constitutes a relevant challenge to be considered in the proposal and
implementation of energy policies that really intend to encourage business models
with renewables, and more specifically, with solar thermal energy.
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Nomenclature

AHRN Area of the heat recovery network, m2.
ASCN Area of the solar collector network, m2.
At Lateral area of the tube, m2.
CHRN Cost of the heat recovery network, USD.
CAS Cost of auxiliary services, USD/year.
CATS Annualised cost of the thermal storage system, USD/year.
CCO Costs associated with cooling water, USD/kW year.
CSCN Cost of the collector network, USD.
CST Costs associated with steam, USD/kW year.
CTA HRN Cost of the annualised heat recovery network, USD/year.
CTA SCN Annualised costs of the solar collector network, USD/year.
CTS Cost of the system storage thermal, USD.
Cp Heat capacity of the working fluid, kJ/kg° C.
CP Mass flow multiplied by the specific heat of the stream, kW/ °C.
d Internal diameter of a tube of the solar collector, m.
eff Pump efficiency, dimensionless.
effTS Efficiency, dimensionless.
fA Annualisation factor, dimensionless.
hi Heat transfer coefficient of i-th stream, kW/m2° C.
hj Heat transfer coefficient of j-th stream, in kW/m2° C.
Hb Load pump, m.
i Annual interest, %.
IC 2010 Cost index for 2010, dimensionless.
IC 2019 Cost index for 2019, dimensionless.
L Length of the solar collector, m.
_m Mass flow rate, kg/s.
n Number of years, y.
Nc Number of solar collectors, dimensionless.
Ne Number of equipment, dimensionless.
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Np Number of branches or lines in parallel, dimensionless.
Ns Number of series collectors, dimensionless.
Nt Number of tubes, dimensionless.
qi Enthalpy change of i-th stream, kW.
qj Enthalpy change of j-th stream, kW.
Q Total thermal load required by the process, kW.
Qc Minimum requirements for cooling the process, kW.
Qh Minimum requirements for heating, kW.
Qi Thermal load provided by a series of n collectors connected in

series, kW.
QTS Total heat load to be stored, kW.
t Storage time of the system, h.
Ti Temperature of the fluid at the entrance to the collector, °C.
Tinlet Stream inlet temperature, °C.
To Outlet temperature of the fluid from the collector, °C.
To

n Outlet temperature of the n-th element, °C.
To

n�1 Outlet temperature of one minus to the n-th element, °C.
Toutlet Stream outlet temperature, °C.
VTS Volume of the thermal storage system, m3.
W Width of the solar collector, m.
Greek symbols
ΔT Temperature difference, °C.
ΔTmin Delta temperature minimum, °C.
ΔTML Logarithmic mean temperature difference, °C.
ΔTTS Delta temperature variation of the thermal storage system, °C.
γ0 Materials adjustment parameter, 6768.82 USD.
γ1 Raisers adjustment parameter, 202,822.47 USD/m3.
γ2 Raisers diameter adjustment parameter, 1576.96 USD/m2.
γ3 Raisers diameter adjustment parameter, 32.576 USD/m.
γ4 FPSC area adjustment parameter, 994.1 USD/m2.
γ5 Pumping costs adjustment parameter, 3.52 USD h/m kg.
γ6 Pumping costs adjustment parameter, 0.14 h2/m5.
γ7 Pumping costs adjustment parameter, 0.45 h/m2.
γ8 Pumping costs adjustment parameter, 1.00 dimensionless.
γ9 Pumping costs adjustment parameter, 0.54 m.
γ10 Pumping costs adjustment parameter, 261.61 USD m h2/kg.
ρ Density of the thermal fluid, kg/m3.
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Solar cell energy is the single most pressing issue facing humanity, with a more 
technologically advanced society requiring better energy resources. This book 
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