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Nanostructured solar cells are very important in renewable energy sector as well 
as in environmental aspects, because it is environment friendly. The nano-grating 

structures (such as triangular or conical shaped) have a gradual change in refractive 
index which acts as a multilayer antireflective coating that is leading to reduced 

light reflection losses over broadband ranges of wavelength and angle of incidence. 
There are different types of losses in solar cells that always reduce the conversion 

efficiency, but the light reflection loss is the most important factor that decreases the 
conversion efficiency of solar cells significantly. The antireflective coating is an optical 

coating which is applied to the surface of lenses or any optical devices to reduce the 
light reflection losses. This coating assists for the light trapping capturing capacity 

or improves the efficiency of optical devices, such as lenses or solar cells. Hence, the 
multilayer antireflective coatings can reduce the light reflection losses and increases 

the conversion efficiency of nanostructured solar cells.
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Preface

Recently, nanostructured solar cells have been identified as promising candidates for ach‐
ieving high conversion efficiency in solar or photovoltaics cells due to their small amount of
light reflection losses. In relation to the reflection losses, when the period or pitch of a single
nano-grating structure is less than the wavelength of the incident light, then the structure
behaves like a homogeneous medium with an effective refractive index. Hence, these nano-
grating structures can provide gradual changes of the refractive index in several steps that
confirm an excellent antireflective coating and light-trapping properties into the substrate
compared to planar- or flat-type thin film substrates. There are different types of losses in
solar cells that always reduce the conversion efficiency, but the light reflection loss is one of
the most important factors that decreases the conversion efficiency of solar cells significant‐
ly. Therefore, the nano-grating structures (such as triangular or conical shaped) have a grad‐
ual change in refractive index that lead to a reduced amount of light reflection losses over a
wide range of wavelengths and the angle of incidences.

This book presents a high-level technical overview of the emerging technologies on renewa‐
ble energy systems and the conversion efficiency improvement of solar cells. It is intended
as an introduction to the field for solar cells or renewable energy and professional or indus‐
trial engineers as well as the higher degree research students, research academics and de‐
sign engineers. Although it is intended for professionals who already have some technical
background, it is nevertheless relevant to anyone wishing to understand renewable or solar
energy systems and the improvement of its conversion efficiency.

The nano-grating structures have a gradual change in refractive index which acts as a multi‐
layer antireflective coating leading to reduced light reflection losses over broadband ranges
of wavelength and angle of incidence. The antireflective coating is an optical coating which
is applied to the surface of lenses or any optical devices to reduce the light reflection losses.
This coating assists in light-trapping capturing capacity or improves the conversion efficien‐
cy of optical devices, such as lenses or solar cells. The multilayer antireflective coatings can
reduce the light reflection losses and increase the conversion efficiency of nanostructured
solar cells.

Organisation of the book

The authors with whom I have had the pleasure to collaborate have written chapters that
report recent developments in nanostructured solar cells and renewable energy. They cover
a number of themes which include the general concepts of solar cells or renewable energy;
devices used for solar cells, such as nano-structures and nano-gratings; renewable energy
systems; and related topics as described above. No book of the current length can encom‐



pass the full scope of the subject, but I am pleased at the range of topics that we have been
able to include in this book.

In this book, the chapters have been grouped in sections according to the following themes:
Nanostructured Solar Cells - General Concepts; Nanostructured Solar Cells - Junction-type
Solar Cells, such as single junction and heterojunctions; Nanostructured Solar Cells - Organ‐
ic and Thin Film Solar Cells, such as organic, thin film and plasmonic-type solar cells; and
Nanostructured Solar Cells - Perovskite Solar Cells, such as progresses and the fabrication of
perovskite solar cells. These categorisations of parts are not fully perfect because some of the
chapters are mixed or overlapped, i.e. like an interdisciplinary research topic. However, all
the chapters are within an easily identifiable subject boundary that is a positive sign of the
indicators of scientific progress in nanostructured solar cells.

I acknowledge all the contributed authors for their support in this book chapters from differ‐
ent organisations (universities and industries).

I acknowledge Associate Professor Tony Ahfock, Head of School, School of Mechanical and
Electrical Engineering, University of Southern Queensland, Toowoomba, Queensland, Aus‐
tralia, and John Curtin Distinguished Professor Syed Islam, Department of Electrical and
Computer Engineering, Curtin University, Perth, Australia, for their continuous support
and encouragement to complete this task. I also acknowledge Dr Mainul Islam, University
of Southern Queensland, Toowoomba, Queensland, Australia, for his continuous support
and encouragement to complete this book.

I am very much grateful to Ms. Iva Simcic and Ms. Ana Pantar, book publishing process
managers at InTech, for their prompt responses to my queries in regard to completing this
book. I wish all of my collaborators every success in their future research activities.

Foremost‚ I would like to thank my wife Mrs. Varoti Das, son Nishikanta Das and daughter
Nandita Das for their strong patience‚ understanding, continuous encouragement and sup‐
port to complete this book.

Dr. Narottam Das
School of Mechanical and Electrical Engineering

University of Southern Queensland, Toowoomba, Queensland, Australia

Department of Electrical and Computer Engineering
Curtin University, Perth, WA, Australia
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Introduction of Nano-Structured Solar Cells

Narottam Das
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1. Introduction

Over the decades, nano-structured gratings or materials have opened a promising way to 
future renewable energy sources with high conversion efficiency, especially nano-structured 
solar cells. The solar cell uses the advantages of nano-structured gratings for the improvement 
of light trapping or capturing capacity into the substrate. These nano-structures have been 
employed for different performance or energy conversion enhancement strategies. These 
devices can harvest the sunlight energy and convert it directly into the electrical energy/
power. These new technologies and infrastructures have been developed for the improve-
ment of solar cell conversion efficiency. This is a useful technology and has several features 
being relative to other renewable energy resources, such as directly generating electricity 
from sunlight and supplying electrical power in the form of portable panels/modules and 
having small-scale up to the large-scale power plants, and it is not being restricted to any 
particular region. These technologies are expected to contribute significantly for a sustainable 
future for the next generation.

For example, nano-structured grating shapes or profiles could be classified or categorized as 
follows: (i) rectangular-shaped nano-grating, (ii) trapezoidal-shaped nano-grating with dif-
ferent aspect ratios (i.e., 0.1–0.9), and (iii) triangular-shaped nano-grating (Figure 1).

The term aspect ratio (AspR) is defined as the ratio between the top length over the base 
length of a rectangle, trapezoid, and/or triangle. It depicts clearly from Figure 1 that the AspR 
can be represented by the following equation:

  AspR =   a __ b    (1)

© 2017 The Author(s). Licensee InTech. 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.



where, “a” is the top length and “b” is the base length of the geometric shapes (such as, 
rectangle, trapezoid, and triangle). For a rectangular-shaped nano-grating profile, the AspR 
is “1” (i.e., the top and base length of the rectangle is equal) and for the triangular-shaped 
nano-grating profile, the AspR is “0” (i.e., the top length of the triangle is ‘0’ compared to 
the base length of the triangle). However, for a trapezoidal-shaped nano-grating, the AspR 
is 0 < (a/b) < 1, that is, it lies between ‘0’ and ‘1’ (such as, 0.1–0.9). These nano-grating shapes 
play an important role for the light trapping inside the substrate that affects the conversion 
efficiency of solar cells. Therefore, an appropriate design of nano-structured grating is essen-
tial to reduce the light reflection losses and improve the conversion efficiency of solar cells.

The book “Nano-Structured Solar Cells” is divided into four parts.

Part-1 discussed the general concepts of nano-structured solar cells. The requirement to pro-
duce solar or renewable energy with low production cost is indispensable dream of avoiding 
undue reliance on conventional energy systems. The emergence of third generation solar or 
photovoltaic system is in early stages that can fulfill the requirement of future demand. Solar 
cells can be considered by dyes, quantum dots, and perovskites for future generations dream.

Part-2 discussed about different junction type nano-structured solar cells. To design a photo-
voltaic or solar cells, it is essential to understand the background of physics and operation of 
high-efficiency junction type solar cells. The surface recombination and passivation mecha-
nisms, passivation schemes for cell surfaces are very important. The advanced cell structures 
and their fabrication schemes are able to achieve high conversion efficiency is demonstrated. 
These advanced cell design features have become highly active areas of investigation in the 
photovoltaic or solar energy industry for next generation’s renewable or solar energy system.

Part-3 discussed about the organic and thin film nano-structured solar cells. This type of 
solar cell is one of the new energy sources, and a regenerated energy source is abundant and 
pollution-free which is environmentally friendly. The organic and thin film solar cell technol-
ogy represents an alternative way to solve effectively the world’s increasing energy shortage 
problem. The light trapping inside the solar cell is a critical issue for conversion efficiency 

Figure 1. Different types of nano-structured grating shapes or profiles. Where, ‘a’ is the top length and ‘b’ is the base 
length of the geometric shapes (such as, rectangle, trapezoid, and triangle).

Nanostructured Solar Cells4
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improvement. Nano-structured gratings, surface plasmons including localized surface plas-
mons excited in the metallic nano-particles, and surface plasmon polaritons propagating at 
metal/semiconductor interfaces have great interests in designing the thin film solar cells. The 
organic and thin film structured solar cells are able to improve the conversion efficiency of 
nano-structured solar cells for future generations.

Part-4 discussed the perovskite nano-structured solar cells. Perovskite solar cells are the con-
tinuation of dye-sensitized solar cell in terms of the sensitization phenomena as occurred 
in the functioning molecules. Recently, a breakthrough propose has been performed for the 
sensitization of perovskite solar cell that is a solid-state structure as offered an equivalent 
sensitizer used in dye-sensitized solar cell. The energy conversion efficiency of those solid-
state cells reached about twofold of its initial amount of generation over past several years. 
The scientists and researchers from different part of the world followed it very actively. They 
have introduced an improved efficiency about 20% which was originally started from 4%; this 
growth is just in 4 years of time. Hence, it seems that the new age for solar conversion devices 
depending on the recent significant improvement on Perovskite solar cells.

Author details

Narottam  Das

Address all correspondence to: narottam.das@usq.edu.au

School of Mechanical and Electrical Engineering, Faculty of Health, Engineering and Sciences, 
University of Southern Queensland, Toowoomba, Queensland, Australia
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Abstract

The need to produce renewable energy with low production cost is indispensable in
making the dream of avoiding undue reliance on non-renewable energy a reality. The
emergence of a third-generation photovoltaic technology that is still in the infant stage
gives hope for such a dream. Solar cells sensitized by dyes, quantum dots and perovskites
are considered to be third-generation technological devices. This research focuses on the
development of suitable and reliable sensitizers to widen electromagnetic (EM) wave
absorption and to ensure stability of the photovoltaic system. This article discusses the
basic principles and the progress in sensitized photovoltaics.

Keywords: third-generation solar cells, sensitized solar cells, dye-sensitized solar
cells, quantum dot-sensitized solar cells, perovskite-sensitized solar cells

1. Introduction

Third-generation  photovoltaics  are  able  to  produce  high  efficiency  photon  to  electricity
conversion devices at a cheaper production cost. Solar cells based on pure Si forms were the
first-generation devices with an efficiency of ~27%. Due to the high production cost, research-
ers searched for new processes and materials that led to the second-generation solar cells
comprising copper indium diselenide,  amorphous silicon,  and polycrystalline solar cells.
Production was still expensive, as the fabrication process required a large amount of energy.
Production of the third-generation solar cell is cheaper and the cells are reasonably efficient.
There are several technologies classified as third-generation solar cell technologies. These
include solar cells sensitized by a dye material, solar cells sensitized by quantum dots (QDs)
and perovskite-sensitized solar cells. These solar cells have a similar structure consisting of a

© 2017 The Author(s). Licensee InTech. 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.

© 2017 The Author(s). Licensee InTech. 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.



photoanode, counter electrode (CE) and a medium for charge transport. The working principle
is also similar. Work on sensitized photovoltaics started during the 1970s with the use of
organic dyes as the sensitizer. Organic dyes can be natural or synthetic. Natural organic dyes
can be obtained from plant sources but the performance is poor and the efficiency is low. Apart
from natural organic dyes, synthetic organic dyes can give efficiency as high as 13%. Ruthe-
nium based dye is one of the synthetic organic dyes and is known to give good performance
with current density about 20 mA cm-2. As development in dye-sensitized solar cells (DSSCs)
continues, an idea to replace organic dyes with inorganic sensitizers resulted in the emergence
of  quantum dot-sensitized solar  cells  (QDSSCs)  that  utilize quantum dots  or  nano-sized
semiconductor crystals with a short band gap and a high extinction coefficient. Later, since
2009, researchers have begun to use perovskite materials as sensitizers. Perovskite works very
well with the solid-state hole transfer material and until now its efficiency has reached 21%.
However, perovskites are very moisture-sensitive materials and fabrication must be done in
very clean and controlled conditions. In sensitized solar cells, the photoanode is a very crucial
component because this is where the electrons are generated by the sensitizer. Photoanodes
will absorb photons, excite and transport electrons when illuminated. On exiting the photo-
anode, the electrons will be sent to the cathode and returned to the sensitizer via a hole
conductor or a redox mediator in the electrolyte. For DSSCs, the photoanode components are
the dye sensitizer, a mesoporous semiconducting oxide layer and a transparent conducting
oxide (TCO). Photoanodes for QDSSC and perovskite solar cells have similar components with
DSSCs except that quantum dot nano-sized semiconductor crystals and perovskite materials
act as the sensitizer. Another difference between them is the redox mediator used in the
electrolyte. QDSSC works well with the polysulphide electrolyte instead of the iodide based
electrolyte (as in DSSCs) because the iodide-based electrolyte will cause rapid degradation in
photocurrent due to the corrosive nature of the iodide ion on many semiconductor materials
including quantum dots. Perovskite solar cells use hole conductors instead of a redox mediator
electrolyte. Figure 1 illustrates progress of third-generation devices.

Figure 1. Graphs showing progress of third-generation photovoltaics.

Nanostructured Solar Cells8
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electrolyte (as in DSSCs) because the iodide-based electrolyte will cause rapid degradation in
photocurrent due to the corrosive nature of the iodide ion on many semiconductor materials
including quantum dots. Perovskite solar cells use hole conductors instead of a redox mediator
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Figure 1. Graphs showing progress of third-generation photovoltaics.
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2. Dye-sensitized solar cells (DSSCs)

DSSCs employ oxide semiconductors with wide band gaps and sensitizers that absorb
electromagnetic (EM) waves in the visible light. DSSC was first developed in 1972 as a
chlorophyll-sensitized zinc oxide (ZnO) electrode solar cell [1]. In 1976, an amorphous silicon
photovoltaic was reported for the first time by Carlson and Wronski, and its efficiency was
2.4% [2]. Subsequently, solar energy researchers began to give attention to DSSCs. However,
the main dilemma was that a single layer of dye molecules on the surface allowed only 1%
incident sunlight absorption that delayed further progress [3]. The breakthrough in DSSC
research was in 1991 [4]. The efficiency was 7.1%. About 80% of photons absorbed were
converted into electrical current. The cheap cost of production and the simple structure
inspired many researchers worldwide to improve the efficiency to a level deemed acceptable
for commercialization.

The DSSC operating principle may be compared to the process of photosynthesis with the dye
functioning as chlorophyll [4]. In DSSCs, the transport of charges (electrons) to the external
circuit begins when electrons exit the semiconducting network layer and ends when the redox
mediator in the charge transport medium returns them to the sensitizers. The purity of the
semiconducting material is not as crucial as in the earlier generation solar cells.

2.1. DSSC structure

Figure 2 shows the structure of a DSSC. The photoanode consists of a TCO substrate on the
top of which is deposited a semiconducting oxide layer (usually TiO2) and the dye sensitiz-
er. Actually, there are two TiO2 layers. The first TiO2 layer is a blocking layer to suppress
electron recombining with the ionized dye and/or the mediators. The second layer is meso-
porous TiO2 of 20–30 nm thickness. These particles are larger than the blocking layer parti-
cles. The mesoporous TiO2 layer thickness is about 10 µm. A colloidal TiO2 paste for the

Figure 2. Schematic diagram of the DSSC structure.
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second layer can be prepared by grinding TiO2 of 21 nm size with nitric acid, a polymer of
low molecular mass (e.g. polyethylene glycol of molecular mass 200 g/mol) with a little sur-
factant. This paste will be deposited over the blocking TiO2 layer and heated at ~450°C for
30 min. To ensure the dye adheres to the mesoporous TiO2 layer, the TiO2 films are soaked
in the dye solution overnight. The larger surface area of the mesoporous TiO2 area allows a
greater amount of dye to be adsorbed on its surface. An electrolyte usually with an iodide/
triiodide couple is needed for DSSC. The electrolyte can be in liquid or gel form. A catalytic
active material (usually platinum) is required as the counter electrode to reduce the triio-

dide ion (I3−) to the iodide ion (I−).

2.2. Working principle of DSSCs

Figure 3 shows the energy levels in the working of a DSSC. The Fermi energy level of TiO2 will
be aligned with the redox energy level when there is no light. Upon illumination, dye mole-
cules (D) attached to the mesoporous TiO2 surface absorbs photons of energy, hv. Electrons in
the highest occupied molecular orbital (HOMO) of the dye molecules will be excited into the
lowest unoccupied molecular orbital (LUMO), see Eq. (1).

Figure 3. Schematic diagram showing the kinetic processes at the TiO2/dye/electrolyte interface.

* light absorptionD hv D+ ® (1)

Here, D* is the excited dye molecule. Electrons in the LUMO of the dye will be transferred to
the mesoporous TiO2 within femtoseconds, ~10−15 s. This process is called electron injection.
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The Fermi level of TiO2 will be increased towards the conduction band (CB). The dye molecule
is now in an oxidized or ionized state (D+), Eq. (2). The difference in the potential between the
Fermi and the redox levels will be manifested as the voltage of the device.

( )TiO2

* electron injectionD e D- +® + (2)

The transferred electrons percolate through the interconnected nanocrystalline TiO2 network
to the conducting substrate within milliseconds (10−3 s). For good performance of the DSSC,
this process has to be completed with the recombination reaction displayed in Eqs. (3) and
(4).

( )TiO2
e D D- ++ ® (3)

( )TiO2

-
32 I 3Ie- -+ ® (4)

Eq. (3) describes electron recombination with the ionized dye molecule and Eq. (4) describes
electron-triiodide ion recombination. Electrons exit the TCO substrate and travel towards the
counter electrode through the external circuit and reduce a triiodide ion in the electrolyte to
an iodide ion as shown in Eq. (5).

( )3 CE
1 3I I
2 2

e- - -+ ® (5)

The iodide ion diffuses to the photoanode and is oxidized back to a triiodide ion regenerating
the dye molecule in the process. This process occurs continuously as shown in Eq. (6).

3
3 1I I
2 2

D D+ - -+ ® + (6)

2.3. Dye sensitizer

The dye sensitizer is one of the important components of the DSSC. It works as an absorber of
light and produces electrons. For good light conversion into electricity, the dye or sensitizer
must have the following:

1. A broad absorbance spectrum of solar light for high photocurrent.

2. Anchoring groups such as carboxylate for attachment on the TiO2 surface so that electron
transfer can occur from the LUMO of the dye to the TiO2 CB.
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3. In order for the electrons to be transferred to the oxidized dye molecules efficiently for
dye regeneration, the redox level has to be at more negative potential than the HOMO
potential of the dye. The LUMO has to be less positive compared to the TiO2 CB for electron
injection.

4. The dye covering the TiO2 surface should not stack on each other.

2.3.1. Ruthenium sensitizer

Desilvestro et al. [5] was the first to report the use of ruthenium complex tris(2,2′-bipyrid-
yl-4,4′-di-carboxylate)ruthenium(II) dichloride dye in DSSC. The percentage conversion of
absorbed incident photons to current (IPCE) for this DSSC was 44%. In 1991, O’Regan and
Grätzel, reported IPCE of more than 80% from a DSSC using [Ru(2,2′-bipyridine-4,4′-dicar-
boxylicacid)2(µ-(CN)Ru(CN) (2,2′-bipyridine)2)2] dye adsorbed on a mesoporous, nanocrys-

talline TiO2 surface. The electrolyte contained I−/I3− and the counter electrode was platinum
[6]. The efficiency of the DSSC was more than 7%. Nazeeruddin et al. [7] have prepared
several ruthenium(II) complexes. These sensitizers are cis-X2bis(2,2′-bipyridyl-4,4′-dicarbox-
ylate)ruthenium(II) dye sensitizers. X comprises halide anions, CN− and SCN−. The cis-
di(thiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylate) ruthenium(II) dye has been coded as
N3. Among all the ruthenium complexes, N3 is a better sensitizer for charge transfer. N3
absorbs a wide wavelength range in the visible light. It has four carboxyl groups that
strongly adsorb on the TiO2 surface and has a long excited state lifetime. The IPCE value
exhibits more than 80% between 480 and 600 nm. The electrons are injected into the TiO2 CB
via a metal-to-ligand charge transfer (MLCT) route as shown in Figure 4. According to Bry-
ant et al. [8], the carboxylated complexes exhibit two t2 → π* MLCT bands in the near UV
and visible region. The absorbance of Ru(2,2′-bipyridine-4,4′-dicarboxylicacid)2(NCS)2, i.e.
N3 dye at visible region, t2 → π* is higher than other dihalogeno derivative dyes [7].

Figure 4. Charge transfer route from dye to TiO2.
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The N3 dye was almost no match in terms of charge transfer ability until Nazeeruddin et al.
[9] developed the triisothiocyanato-(2,2′:6′,6″-terpyridyl-4,4′,4″-tricarboxylato) Ru(II) tris(tet-
rabutylammonium) or ‘black dye’ and coded as N749. The DSSC with black dye showed a
broader IPCE spectrum in the visible region compared to N3. The overall efficiency obtained
for this DSSC with black dye was 10.4% under 1 Sun illumination [10].

The substitution of two protons in the carboxyl group of N3 dye with tetrabutylammonium
cations resulted in [Bu4N]2[Ru(4-carboxy-4-carboxylate-2,2′bipyridine)2(NCS)2] or N719 dye.
This dye exhibits a higher efficiency than N3 dye [11]. The higher efficiency is related to the
higher Voc that resulted from the upshift of the TiO2 Fermi level. However, the performance of
DSSC using N719 dye is still lower than the N749 since N719 does not absorb in the red. To
extend the EM absorption region, the dye can be tuned. This can be accomplished by intro-
ducing a π* molecular orbital ligand and by using a strong donor ligand to destabilize the
metal t2g orbital [12]. By achieving this, the absorption range can be stretched from visible to
the near infrared region. Islam et al. [12] have synthesized ruthenium complexes containing
2,2′-biquinoline-4,4′-dicarboxylic acid where the π* orbital is lower or at a more positive
potential than that containing 2,2′-bipyridine-4,4′-dicarboxylic acid. The DSSC using this
sensitizer exhibited lower efficiency due to the dye excited state being at a more positive
potential than the CB of TiO2. This led to reduced electron injection driving force and lowered
the photocurrent. The nanocrystalline TiO2 soaked in [Bu4N]2[cis-Ru(4-carboxy-2-[2′-(4′-
carboxypyridyl)]quinoline)2(NCS)2] has been investigated by Yanagida et al. [13]. They found
that the IPCE spectrum extended up to 900 nm. Unfortunately, the maximum IPCE value
obtained for this dye is lower (~40%) compared to the N719 (~80%). This is due to the lower
LUMO which is 0.24 V below that of N719.

2.3.2. Porphyrin sensitizer

The porphyrin sensitizer also requires a binding group such as carboxylic acid and 8-
hydroxylquinoline (HQ) to adsorb efficiently the TiO2 semiconductor [14]. The linkers
containing carboxylic acid or HQ can be located at β-positions or meso-positions or both (shown
in Figure 5).

Figure 5. Basic porphyrin structure. The mesoposition is at C─CH═C and β-position is at C─CH═CH─C. The hydro-
gen at meso- and β-positions will be substituted by functional groups such as diarylamino, fluorene, etc.
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Kay and Grätzel were the first to report on DSSC using copper porphyrin [15]. The overall
efficiency was 2.6%. The development of porphyrin sensitizers for SSCs gained more attention
when Wang et al. [16] reported an efficiency of 5.6% under AM 1.5 illumination using zinc-
porphyrin as the sensitizer with the co-adsorbent chenodeoxycholic acid (CDCA). The
efficiency was increased to 7.1% reported by the same group for the zinc-porphyrin sensitizer
with the aryl group as the electron donor and malonic acid as the acceptor ,which is shown in
Figure 6 [17]. Since then, the research on development of the porphyrin sensitizer increased
rapidly. Park et al. [18] have shown that electron injection can be enhanced using two equivalent
π-conjugated malonic acid linkers at the β-position. This led to higher Jsc.

Figure 6. Structure of malonic acid porphyrin substituted at the β-position.

The serious dye aggregation problem for porphyrins on TiO2 films compared with the
ruthenium complexes led to poor DSSC efficiency. The problem was solved by introducing
long alkyl chains and 3,5-di-tert-butylphenyl groups to the porphyrin ring at the meso-
position [19]. By attaching the diarylamino group to the porphyrin ring, the DSSC exhibits an
efficiency of 6.0% [20]. The efficiency was further enhanced to 6.8% by attaching two tert-butyl
groups in the diarylamino group instead of two long alkyl chains (C6H13) coded as YD2 and
co-adsorbed with CDCA. Bessho et al. [21] reported that the efficiency increased up to 11%
when a thin reflecting layer of 5 µm thickness was coated on the TiO2 and sensitized with the
YD2 sensitizer.

To further improve the performance of porphyrin based DSSC, light harvesting has to be
enhanced which means the HOMO and LUMO energy gap must be decreased. There are two
approaches: (1) to fuse or dimerize porphyrins and (2) by coupling a chromophore to the
porphyrin ring. Eu et al. [22] have fused two quinoxaline derivatives to the zinc porphyrin to
form 5,10,15,20-tetrakis(2,4,6-trimethylphenyl)-6′-carboxyquinoxalino[2, 3-β] porphyrinato-
zinc (II) or ZnQMA and 5,10,15, 20-tetrakis(2,4,6-trimethylphenyl)-6′,7′-dicarboxyquinoxali-
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no[2, 3-β]porphyrinatozinc (II) or ZnQDA. ZnQMA and ZnQDA based DSSCs exhibit the
efficiencies of 5.2% and 4.0% respectively. The IPCE spectrum for both porphyrin sensitizers
extended only up to ~700 nm. The fused porphyrin approach has successfully extended the
light absorption to wavelengths longer than that in the visible region (~1000 nm) for nickel
porphyrins fused with perylene anhydride as reported by Jiao et al. [23]. Unfortunately, the
overall efficiency obtained was only 1.36%. The reason for low performance is the dye
aggregation that resulted in the LUMO energy to be very close to the TiO2 CB edge and the
short lifespan of the dye excited state.

The introduction of a highly conjugated π-extended chromophore at the meso-position can
enhance light harvesting of the porphyrin dye. Wu et al. [24] has modified porphyrin by
attaching fluorene, acenaphthene and biphenyl to one of the meso-positions. A broad IPCE
spectrum near 800 nm with stronger response in the 400–500 and 550–750 nm regions were
observed for DSSC using these three dyes. They observed that fluorenyl substituents showed
the highest efficiency (8.1%). A year before, the same group [25] showed that pyrene-func-
tionalized porphyrin exhibited an efficiency of 10.06% superior to N719 (9.3%). Dye aggregate
formation significantly limited the performance of the porphyrin based solar cell. In order to
further suppress dye aggregation, a long alkoxy chain zinc porphyrin was employed for
protection of the porphyrin core. In 2014, Mathew et al. [26] reported an efficiency as high as
13% for porphyrin-sensitized DSSC. The porphyrin was coded SM315. The mediator used for
this DSSC was Co(II/III).

2.3.3. Non-metallic organic dyes

Metal free or non-metallic organic dyes have been studied intensively to replace ruthenium-
based sensitizers in DSSC. The metal free organic dyes have a molar extinction coefficient that
is usually higher than Ru complexes [27–29]. Metal free dyes have opto-electronic properties
that are easily tuned and they are cheaper to produce [30]. The general design principle for
dye sensitizer is shown in Figure 7.

Figure 7. Design structure for non-metallic dye. The electrons from the donor will be transferred to TiO2 through the
π - bridge and the acceptor.
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In general, organic dyes can be grouped as neutral and ionic organic dyes. Examples of neutral
organic dyes are coumarins, triphenylamine, phenothiazine and indoline. Examples of ionic
organic dyes are squarylium, cyanine, hemicyanine and merocyanine.

Tian et al. [31] have synthesized organic dyes with phenothiazine (PTZ) as the electron donor
and rhodamine-3-acetic acid or cyanoacrylic acid as the electron acceptor. The DSSC utilizing
the dye with cyanoacrylic acid as the anchoring acceptor exhibited 5.5% efficiency. Marszalek
et al. [32] reported two novel organic dyes. The dyes comprised of electron donating 10-butyl-
(2-methylthio)-10H-phenothiazine with and without the vinyl thiophene group (VTP) as the
π-bridge. The acceptor used is cyanoacrylic acid. With VTP, the IPCE value observed was up
to 80% in the wavelength range between 380 and 750 nm, whereas without VTP, the range was
between 380 and 650 nm. This results in higher Jsc and efficiency for the DSSC using the VTP
attached dye. The photocurrent density enhanced from 11.2 to 15.2 mA/cm2 and the efficiency
reached 7.4%.

Coumarin-based dye is a promising sensitizer for DSSC because it has good photoelectric
conversion properties [33]. Wang et al. [33] reported that a DSSC using coumarin dye, 2-
cyano-3-(5-{2-[5-(1,1,6,6-tetramethyl-10-oxo-2,3,5,6-tetrahydro-1H, 4H, 10H-11-oxa-3a-aza-
benzo[de] anthracen-9-yl)-thiophen-2-yl]-vinyl}, -thiophen-2-yl)-acrylic acid exhibited an
efficiency of 8.2%.

3. Quantum dot-sensitized solar cells (QDSSCs)

As the research on DSSCs progressed, the idea of replacing dyes with QDs emerged. QDs are
nano-dimensional structures with a narrow band gap suitable for absorbing light in the visible
region. Therefore, when deposited over the mesoporous TiO2 layer, the excited electrons in the
QDs can be transferred to the mesoporous TiO2. Research on sensitization of a wide band gap
semiconductor by using a narrow band gap material such as dye started during the 1960s, but
QDs was used for wide band gap semiconductor sensitization for the first time in 1986 by
Gerischer et al. [34]. Advancement in research on sensitization led to DSSCs. Based on the
highly porous TiO2 DSSCs introduced by O’Regan and Grätzel [6], QDs were introduced to
replace the dye [35–37]. Until now, a lot of research has been geared towards improving
QDSSCs performance. The highest efficiency recorded is now around 9% [38, 39].

There are several advantages of inorganic QDs over organic dyes. This is because inorganic
QDs are easy to produce and durable [40]. Moreover, the optical band gap of QDs is tuneable
[41]. Another special property of QDs is the production of at least two electron-hole pairs per
photon with hot electrons. This is due to the impact of ionization in the QD nano-sized
semiconducting material [42]. QDs can also reduce dark current and in doing so improve
working of the photovoltaic system. This is because the extinction coefficient of QDs is high
[43]. The theoretical efficiency for QDSSCs calculated by considering carrier multiplication due
to impact of ionization was 44.4% [44].

QDSSCs and DSSCs have a lot of similarities and some differences. The major difference
between these two is the sensitizer. QDSSCs utilize nano-sized semiconductor QDs and DSSCs
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utilize light absorbing dye. Another difference is material conformity. Some materials that
worked effectively in DSSCs are not compatible with QDSSCs and could give a bad impact on
the performance of the cells. Table 1 compares the components for DSSCs and QDSSCs.

Component QDSSCs DSSCs

Sensitizer Sensitizer used is inorganic quantum dots

such as CdSe, CdTe, CdS, etc.

Sensitizer include organic dye such as

ruthenium based dye, natural dye, etc.

Wide band gap

semiconductor

A lot of work on QDSSCs utilized TiO2

as the one of photoanode components

A lot of work on DSSCs utilized TiO2 as one of

the photoanode components

Electrolyte Works on QDSSCs, employs the polysulphide

redox mediator in the electrolyte due to its

stability towards quantum dot

Works on DSSCs employs the iodide based

redox mediator in the electrolyte due to its

stability towards DSSCs performance

Counter electrode Metal chalcogenides Platinum

Table 1. A straightforward comparison between QDSSCs and DSSCs.

3.1. QDSSC structure

Although progress has been made, the efficiency value of QDSSCs has not surpassed that of
DSSCs, which is 13% [26]. There is still a lot of improvement to be done in obtaining a better
material for QDSSCs. Figure 8 illustrates schematically the QDSSC device and its components.

Figure 8. An illustration of QDSSCs with its three main components: photoanode, electrolyte and counter electrode.
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3.1.1. Photoanode

In works concerning QDSSCs, very frequently TiO2 was utilized as the wide band gap
semiconductor compared to other oxides. Out of the many QDs chalcogenides, cadmium
chalcogenides (CdS, CdSe and CdTe) are most popularly used in QDSSCs [45–47]. Another
important component in QDSSC photoanodes is the passivation layer. The passivation layer
prevents electron recombination that can improve performance of QDSSCs since the short
circuit current density will not be reduced.

Chalcogenides of cadmium can easily be fabricated and have a tuneable band gap that can be
achieved by controlling their size [45, 48–50]. CdS, CdSe and CdTe chalcogenide QDs have a
band gap 2.3, 1.7 and 1.4 eV, respectively. Hence, incident light in the visible wavelength can
be absorbed up to ~540 nm for CdS, ~731 nm for CdSe and ~887 nm for CdTe. Figure 9 shows
the valence band (VB) and conduction bands of cadmium chalcogenide QDs and TiO2.

Figure 9. Energy levels of cadmium chalcogenide QDs (CdS, CdSe and CdTe) and TiO2.

The use of two species of QDs in a single QDSSC has proven to enhance the efficiency, for
example, CdS/CdSe, CdTe/CdSe and CdTe/CdS combinations were used as sensitizers [43, 51,
52]. When CdS and CdSe make contact with each other, electron redistribution will occur
resulting in the CdS and CdSe band edge to shift to more or less positive potentials, respec-
tively. The shifting of the band edge is referred to Fermi level alignment [43]. This process
affects electron injection. The same process also happens in the combinations of CdTe/CdSe
and CdTe/CdS. Figure 10 shows how CdTe/CdSe and CdS/CdSe combinations produce an
effective electron injection. Application of co-sensitizing QDs in QDSSCs has shown excellent
performance compared to QDSSCs fabricated with a single QD sensitizer [43, 51, 52].
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Figure 10. Changing of the band edge level of QDs after electron redistribution of: (a) CdTe/CdSe and (b) CdS/CdSe.
This arrangement is necessary for electron injection from CdSe to CB of TiO2 due to the alignment of the Fermi level.

Although tuning band gap with the size of the QDs is promising in enhancing performance of
QDSSCs, this may give rise to stability problem [53]. To avoid this, alloyed cadmium chalco-
genide QDs (ABxC1-x, A = Cd, B and C = S or Se or Te) were used to tailor the band gap of the
QDSSCs without having to change the particle size [53, 54]. An example of alloyed cadmium
chalcogenide is CdTexS1-x. The band gap of the CdTexS1-x alloyed QD can be adjusted to the
range of visible light by changing the tellurium molar ratio and make it exhibit a high potential
in photovoltaic application [55]. Another excellent alloyed cadmium chalcogenide used in
QDSSCs is CdSexTe1-x. CdSexTe1-xhas been utilized in QDSSCs by Ren et al. [38] and Yang et al.
[39]. Photon-to-electricity efficiency obtained was 9 and 9.4% respectively. Employment of
alloyed cadmium chalcogenide in QDSSCs have a very promising future since it will give a
better efficiency value and high stability towards performance of QDSSCs.

Even though QDs have many advantages as a sensitizer compared to organic dyes, the
efficiency recorded for QDSSCs is still lower compared to DSSCs. Excited electrons in QDs can
take one of three possible routes which are: (1) jump into the TiO2 conduction band which will
be beneficial to the performance of the QDSSCs, (2) relax into the valence band by emitting
energy and finally (3) combine with redox mediator ions (recombination process) in the
electrolyte which are routes detrimental to the QDSSC performance. To overcome recombi-
nation, researchers have QDs coated on the surface with ZnS, SiO2 and amorphous TiO2 (am-
TiO2) [38, 56, 57]. Ren et al. [38] have introduced a novel strategy to overcome recombination
by implementing three passivation layers am-TiO2/ZnS/SiO2 resulting in 9% efficiency. Yang
et al. [39] utilized the CdS layer as a passivation layer to the CdSeTe QDs and achieved 9.4%
efficiency.

3.1.2. Electrolyte

Another important component in QDSSCs is the electrolyte. The electrolyte in QDSSCs
functions as a charge carrier transporter between the photoanode and the counter electrode
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done via the redox mediators. The redox species in the electrolyte are also responsible for
turning the oxidized QD species by donating an electron to the QDs. In QDSSCs, polysulphide

electrolytes with 2 −/2 − are widely utilized by researchers since they can give good

performance and stability [58–60]. Performance of QDSSCs can also be improved by utilization
of chemical additives in the polysulphide electrolyte. Park et al. [61] reported that by intro-
ducing sodium hydroxide (NaOH) into the polysulphide electrolyte of QDSSCs, Voc and FF
can be increased.

Due to problems that arise from utilization of liquid electrolytes such as leakage and easy
vaporization, researchers have begun to use polymer electrolytes. However, the performance
of QDSSCs based on the solid polymer electrolyte [62, 63] is low compared to QDSSCs
fabricated with liquid electrolytes. This is because solid state electrolytes suffer from low ionic
conductivity. Another alternative to the liquid electrolyte is to use gel polymer electrolytes
(GPEs). GPE is very competitive since GPE based QDSSC performance is comparable with
QDSSCs fabricated with the liquid electrolyte [64–66]. Kim et al. [65] successfully fabricated
CdSe/CdS GPE based QDSSCs with 5.45% efficiency, which is comparable with QDSSCs based
on the liquid electrolyte. As the GPE based QDSSCs is comparable with QDSSCs fabricated
with the liquid electrolyte, utilization of GPE in QDSSCs will be an advantage in terms of
providing stability and overcoming problems that arise from liquid electrolytes.

3.1.3. Counter electrode

The counter electrode is another important component in QDSSCs. Electrons from the
photoanode are returned to the QD when the electrons react with the redox ions in the
electrolyte. In DSSCs, platinum (Pt) is the best material to be used as the CE due to its high
stability and high catalytic activity for the triiodide ion to be reduced into the iodide ion.
However, Pt CE does not work for QDSSCs. This is because Pt [67]:

1. is not catalytic to the sulphide ion,

2. restrains the charge transfer to polysulphide ions and

3. can react with sulphur.

Hence, researchers look for alternative materials to be used as the CE such as noble metals,
carbon based materials and metal chalcogenides [68]. The highest efficiency are presently
exhibited by QDSSCs utilizing copper sulphide (Cu2S) as the CE (η = 9%) [39].

3.2. Working principle of QDSSC

Basically, QDSSCs working mechanism is identical with DSSCs. TiO2 is used in the photoa-
node. Upon light incident, the QD sensitizers absorb photons to excite electrons into its CB
(photoexcitation). Electrons in the CB of QDs will be injected to the CB of TiO2 and oxidized

QDs will be regenerated by receiving electron from 2 − ions in the electrolyte [69]. From CB
of TiO2, electrons will leave the photoanode, enter the external circuit and reach the counter
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electrode where they will be received by 2 − ions in the electrolyte (2 − transforms into2 −).

As the above process continues, electrons will keep moving through the cell and current is
produced. Figure 11 shows the working mechanism of QDSSCs where only electron movement
is shown. Red arrows in Figure 11 indicate the electron movement.

Figure 11. This figure demonstrates the movement of electron starting from QDs excited due to photon absorption.

4. Perovskite-sensitized solar cell

Perovskite is a term for materials that have a similar crystal structure to calcium titanium oxide
(CaTiO3), that is, ABX3 where A and B are cations and X is an anion. A is typically a large cation,
such as ethylammonium (CH3CH2NH3

+) [70], formamidinium (NH2CH═NH2
+) [71] and

methylammonium (CH3NH3
+) [72]. B is a cation metal of carbon family, such as Ge2+, Sn2+ and

Pb2+ and anion X is a halogen (F, Cl, Br and I).

Perovskite cells are typically fabricated with two structures which are mesoporous and planar
structures.

4.1. Mesoporous structure

The mesoporous structure consists of a transparent conducting oxide (TCO) substrate coated
with an oxide semiconductor compact layer, mesoporous metal oxide (e.g. TiO2, Al2O3),
perovskite sensitizer, hole conductor and gold conductor.
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Kojima et al. [73] reported the first perovskite material (CH3NH3PbBr3 and CH3NH3PbI3) used
as a sensitizer in photoelectrochemical cells. The cell consists of mesoporous TiO2 film having
8–12 µm thickness, iodide/triiodide redox couple liquid electrolyte and platinum counter
electrode. The band gap CH3NH3PbBr3 is 1.78 eV and that of CH3NH3PbI3 is 1.55 eV. They have
reported that the solar cells using CH3NH3PbBr3 and CH3NH3PbI3 sensitizers exhibit the
efficiencies of 3.13 and 3.81%, respectively. TiO2 sensitized with orthorhombic
(CH3CH2NH3)PbI3 has been reported by Im et al. [70] to have an optical band gap of 2.2 eV. The
cell using the (CH3CH2NH3)PbI3 sensitizer and the electrolyte with the iodide/triiodide redox
mediator exhibits an efficiency of 2.4%. Based on the work done by Kojima et al. [73], Im et al.
[74] have investigated the effect of TiO2 film thickness on perovskite photovoltaic performance.
The cell with 8.6 µm thick TiO2 film exhibits an efficiency of 3.37% comparable with that of
Kojima et al. [73]. The performance of the cell increases when the TiO2 film thickness decreases.
The cell with 3.6 µm thick TiO2 film exhibits an efficiency of 6.2%. Unfortunately, the cell
exhibited poor stability due to perovskite decomposition and degraded within minutes. In
2012, the stability of CH3NH3PbI3-sensitized solar cell over 500 h has been reported by Kim et
al. [72]. They have substituted the liquid electrolyte that was previously tried by Kojima et al.
[73] with a solid state hole transport layer (spiro-MeOTAD). Their results also support the work
done by Im et al. [74] where the efficiency of the cell increased with the decrease of TiO2

thickness and the highest efficiency of 9.7% observed for the cell having TiO2 thickness of 0.6
µm. Based on the impedance spectroscopy results, they found that the dark current and
electron transport resistance increased with the increase in TiO2 film thickness. Koh et al. [71]
have synthesized a novel (NH2CH═NH2)PbI3 perovskite with an energy band gap of 1.47 eV.
Although the band gap of (NH2CH═NH2)PbI3 is smaller compared to that of CH3NH3PbI3, the
efficiency of the cell is only 4.3%. The low efficiency is attributed to the energy level mismatch
between TiO2 and the perovskite. The working mechanism of the above perovskite photovol-
taics is expected to be similar to DSSC ( Figure 12a) where the perovskite absorbs light, injects
electrons to the CB of TiO2 and holes to the solid state hole transport material (HTM).

Figure 12. Mesoporous structure of perovskite solar cell. (a) Perovskite dot: the structure is similar to DSSC. (b) Meso
superstructure: the CB of the oxide semiconductor used is higher than the perovskite material and its surface is coated
completely. (c) Inert scaffold: the perovskite fills the pores and makes a thin layer on the top of TiO2.
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Lee et al. [75] have constructed a meso superstructure ( Figure 12b) of an organometal halide
perovskite solar cell. This structure can be obtained by controlling the perovskite precursor
concentration. The cell consists of mesoporous n-type TiO2, CH3NH3PbI3Cl and p-type spiro-
OMeTAD hole conductor. The cell exhibited an efficiency of 7.6%. The efficiency was
increased up to 10.9% with the substitution of TiO2 with Al2O3. For the TiO2 based perovskite
solar cell, electrons in the CH3NH3PbI3Cl sensitizer is expected to be injected to the CB of
TiO2 and transported to the FTO electrode whereas holes will be transferred to the spiro-
OMeTAD layer. In the case of Al2O3-based perovskite solar cell, electrons will be transferred
through the perovskite because Al2O3 has a wider band gap (7–9 eV) and the CB of Al2O3 is
higher than CH3NH3PbI3Cl. This shows that the perovskite layer functions as an absorber and
n-type component. The authors also reported that the electron diffusion through perovskite
is faster than in TiO2 and thus leads to a higher efficiency. The Mesoporous scaffold structure
where the perovskite filled up the pores and formed a dense layer on top of mesoporous
TiO2 ( Figure 12c) has been reported by Heo et al. [76]. For this structure, they have shown
that the CH3NH3PbI3 can act both as a light harvester and as a hole conductor which was also
previously reported by Etgar et al. [77]. The excitation of CH3NH3PbI3 produced excitons,
which was then dissociated via electron injection at the TiO2/CH3NH3PbI3 interface. Injected
electrons are transported to the FTO electrode through the TiO2 network and holes are
transported through perovskite to HTM and finally arrive at the Au electrode. The highest
efficiency reported by Heo et al. [76] was 12% for the cell configuration of FTO/mesoporous
TiO2 layer/CH3NH3PbI3/poly-triarylamine/Au. By blending TiO2 nano-particles with
nanorods, the efficiency increased up to 15% [78].

4.2. Planar structure

The planar perovskite solar cell architecture is similar to the mesoporous structure except for
the mesoporous metal oxide.

Figure 13. Planar structure of perovskite solar cell. No mesoporous structure involved.

Lee et al. [75] have shown that the perovskite photovoltaic system can still function without
the non-blocking TiO2 layer. Hence, the planar p-i-n and the p-n junction perovskite structures
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are possible to construct. Figure 13 shows an example of the p-i-n junction perovskite solar
cell, which consists of an n-type compact metal oxide thin layer, intrinsic perovskite layer and
p-type HTM layer. This structure has been demonstrated by Liu et al. [79] using n-type TiO2

compact layer, perovskite CH3NH3PbI3-xClx and p-type spiro-MeOTAD. They used vapour
deposition technique to deposit the perovskite layer and reported an efficiency of 15%.
Murugadoss et al. [80] have reported an efficiency of 8.38% for the CH3NH3PbI3 perovskite
solar cell using SnO2 as the compact layer and the CuSCN as hole conductor. The first hole
conductor free perovskite solar cell with an efficiency of 5.5% was reported by Etgar et al. [77].
The cell configuration was FTO/compact TiO2/TiO2 nanosheet/Perovskite/Au. A year later, the
efficiency increased to 8% as reported by the same group after the TiO2 nanosheet has been
replaced with thinner TiO2 film [81].

4.3. Lead free perovskite solar cell

Perovskite cells have shown a high efficiency of 21%. The perovskite material is very absorptive
and moisture sensitive. The main problems are stability and lifetime. Perovskite solar cells are
even less stable than organic polymer photovoltaics. Lead is also poisonous and has to be
substituted by some other friendlier materials, like Sn. These are among the main challenges
faced by researchers. The absorption of tin halide perovskite has been reported up to 1000 nm
[82]. By partially substituting lead with tin (CH3NH3SnxPb1−xI3), the band gap can be reduced
by increasing the Sn concentration. Hao et. al [83] has reported an efficiency of 7.37% for
CH3NH3Sn0.25Pb0.75I3 and 5.44% for CH3NH3SnI3 perovskite solar cell. Germanium (Ge2+)
perovskites of the form, CsGeX3 (X = Cl−, Br−, I−) with a rhombohedral structure and R3m
symmetry is another candidate for perovskite photovoltaics. However, the maximum
efficiency of 3.2% is still far below the performance of CH3NH3PbI3 perovskite. Orthorhombic
(C4H9NH3)2GeI4 is another variation of Ge-perovskite. This material shows a photolumines-
cence signal in the red. Stability is still an issue of concern.

5. Summary

The third-generation-sensitized solar cells have proved that they have the potential to compete
with the conventional silicon based photovoltaics. The use of cheap materials with high
performance make third-generation-sensitized solar cells a bright candidate as a future
photovoltaic technology compared to other third-generation solar cells. The sensitized
photovoltaic started with the emergence of DSSC using mesoporous nanocrystalline TiO2

sensitized with the ruthenium based dye molecule. Since then, the molecular engineering of
the dye molecules are extensively studied to improve the DSSC performance. The sensitizer
used in the photovoltaic device evolved from organic (dye) to inorganic (quantum dot) and
hybrid organic-inorganic (perovskite) sensitizer. The tuneable energy band gap of quantum
dots enables them to produce multiple electron-hole pairs per photon. The progress in the
performance of perovskite solar cells is very promising. In the beginning, the efficiency of the
perovskite solar cell was less than 4%. The efficient reached around 20% within less than 10
years. However, the stability and toxicity issues of lead have to be solved before they can be
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commercialized. Tin-based perovskite solar cell is already under investigation to replace the
toxic lead.
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Abstract

The employment of printing techniques as cost-effective methods to fabricate low cost, 
flexible, disposable and sustainable solar cells is intimately dependent on the substrate 
properties and the adequate electronic devices to be powered by them. Among such 
devices, there is currently a growing interest in the development of user-oriented and 
multipurpose systems for intelligent packaging or on-site medical diagnostics, which 
would greatly benefit from printable solar cells as their energy source for autonomous 
operation. 
This chapter first describes and analyzes different types of cellulose-based substrates for 
flexible and cost effective optoelectronic and bio devices to be powered by printed solar 
cells. Cellulose is one of the most promising platforms for green recyclable electronics 
and it is fully compatible with large-scale printing techniques, although some critical 
requirements must be addressed. Paper substrates exist in many forms. From common 
office paper, to packaging cardboard used in the food industry, or nanoscale engineered 
cellulose (e.g. bacterial cellulose). However, it is the structure and content of paper that 
determines its end use. Secondly, proof-of-concept of optoelectronic and bio devices pro-
duced by inkjet printing are described and show the usefulness of solar cells as a power 
source or as a chemical reaction initiator for sensors.

Keywords: cellulose, optoelectronic and bio devices, paper characterization, inkjet 
printing, solar cells on paper substrates
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1. Introduction

1.1. Printing technology

The e-market for flexible and printed large-area electronics is rapidly growing and it 
is expected to become a $69 billion market in the next 10 years [1]. The growth is manly 
supported by the organic light-emitting diodes (OLEDs) and conductive ink industries. 
Nevertheless, as technology emerges from R&D, new market opportunities with huge growth 
potential will appear. Two potential markets are the food and health. These industries are fac-
ing a paradigm shift as society demands more regulation, quality control, and smart systems 
to improve life quality while being environmentally friendly and allowing continuous user 
interface. Printed electronics can be the key to address such demands by imparting products 
with solutions to acquire, store, and transfer data, communicate and carry out logic functions 
to take decisions, where recyclability and low cost are key vectors [2].

Printing technologies enable electronics to be readily integrated as a part of other printed 
media by processing them in the same press. This renders possible low cost products such 
as radio frequency identification (RFID), intelligent packaging, food quality control devices, 
or disposable diagnostic kits. Functionality and performance of printed electronics are not 
intended to compete with silicon-based electronics, nevertheless, mass-printing methods 
offers economic advantages for large-scale production of appropriate products. Printing 
technology is highly customizable, it is compatible with the preferable fabrication method 
in industry—the roll-to-roll (R2R)—does not require large vacuum chambers and has lower 
capital investment costs when compared with other production methods. It is estimated that a 
printed electronics facility will cost 100 times less than a conventional silicon electronics plant.

There are various printing techniques, such as inkjet, screen, flexography, gravure, or offset 
printing, and their features expand the range of applications. The selection of the printing 
method is dictated either by the requirements concerning printed films or the level of print-
ing system complexity. In the field of electronics, printing techniques are used to apply coat-
ings, to deposit precise patterning, or even to develop microstructures [3]. Inkjet printing 
patterns material by expelling from the nozzle one picoliter droplet of ink at a time, as the 
printhead moves over the substrate. It is a method suitable for low-viscosity inks (1–20 cP). 
Screen  printing is a highly versatile technique given its simplicity and reproducibility. To 
print, a squeegee transfers the ink through a patterned screen onto a substrate. Gravure (or 
rotogravure), flexography, and offset printing use a rotary printing press. Gravure printing 
is the most popular process for flexible packaging manufacturing and it consists in apply-
ing ink to an engraved cylinder, which is then transferred (directly, or indirectly through 
a transfer roll) to the substrate. The flexographic technique prints on flexible substrates by 
ink transfer (with low viscosity, 50–500 cP) from a laser-etched flexible relief plate. Offset 
printing is the preferable method for newspaper printing. It works on the principle of oil 
and water repulsion. A plate is damped first in water (nonimage area) and then ink (image 
area); the ink adheres to the print area, then it is transferred to a rubber blanket and from it 
to the paper.
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1.2. Paper electronics and its thermal management

Electronic devices fabricated on plastics are currently a booming field of research [4–10]. 
Polyethylene naphthalate (PEN) and polyethylene terephthalate (PET) foils are the most used 
substrates for printed electronics, because of their high smoothness and good electrical and 
barrier properties [11, 12]. Physical properties, such as roughness, absorptive capacity, tem-
perature resistance, and flexibility, are also critical. PET foil meets most of these requirements 
but PEN is also an interesting option given its greater dimensional and thermal stability [13]. 
PI (polyimide, named Kapton) is another widely used polymeric substrate for flexible thin 
film solar cells, due to its remarkable chemical and thermal robustness (withstands up to 300–
400°C) and bendability [14]. Nonetheless, for low-cost devices, the price of these synthetized 
materials can be high and its use is ecologically questionable, since they are not biodegradable 
and are produced from oil-based raw materials.

On the other hand, paper is potentially useful for some specific applications and markets, 
such as those already mentioned of intelligent packaging and diagnostic kits [15], where low 
cost (€0.001 dm−2 compared with €25 dm−2 for silicon or €1–10 dm−2 for polymer substrates) 
and sustainability are highly desirable. Cellulose is the most abundant natural biopolymer 
on earth, which is recyclable, biodegradable, as well as nontoxic. It is a carbohydrate poly-
mer made up of repeating β-D-glucopyranose units and consists of three hydroxyl groups 
per anhydroglucose unit (AGU), giving the cellulose molecule a high degree of functionality. 
The knowledge of the molecular structure of cellulose is of prime importance as it explains 
the characteristic properties of cellulose, such as hydrophilicity, chirality, biodegradability, 
and high functionality [16], which are key factors as far as device feasibility is concerned.

Cellulose fibers have remarkable properties, in particular their thermal and mechanical 
dimensional stability when compared to plastics, for instance. This is of particular interest 
if alignment is required when printing different functional materials on top of paper sub-
strates. Paper is commonly used as a dielectric for capacitors [17] and supercapacitors [18], 
as permeable membranes in liquid electrolyte batteries [19, 20], or just as the physical sup-
port of energy storage devices [21], as an organic thin film transistor (OTFTs) [22], printed 
sensors, and RFID tags [23], printed batteries [24], inorganic powder electroluminescence 
devices [25], foldable printed circuit boards [26], oxide TFTs [27], and flexible low-voltage 
electric double-layer TFTs [28].

Many end-user devices will then require power sources, either to display information, inte-
gration with other devices, or simply to improve their processing capabilities and complex-
ity. Though recent advances in paper batteries aim to suppress those power requirements, 
full autonomy can only be achieved by coupling a power generator, such as a solar cell. 
Hence, one can envision the interconnection of several paper functionalities, to accomplish 
self-sufficient electronic intelligent paper, or enable disposable sensors of complex labora-
tory functions (lab-on-chip), as seen in Figure 1.

Nevertheless, the substrate requirements for printed electronics are much more demanding 
than for image printing, hence cellulose substrates have numerous challenges. Homogenous, 
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pinhole-free layers are essential to ensure the desired functionality of the deposited layers, 
and conventional paper substrates present limitations such as roughness on a length scale 
of micrometers, porosity, and hydrophilic characteristics. Research has focused on modify-
ing papers for the specific requirements of printed electronics and the paper surface can be 
modified in a thermal-mechanical manner (i.e., calendered or coated). Normally, the coat-
ings consist of pigments and binders in an aqueous dispersion. However, rendering paper a 
suitable substrate for active materials can be expensive and may require materials and tech-
niques that are neither cheap nor environmentally friendly [29, 30], diluting the advantage 
of using a paper substrate over plastic foils for mass production. Moreover, there are reports 
of chemical interaction/reaction with the selected coating, which degrades the electrical per-
formance of the organic functional layer, as observed when printing PEDOT:PSS on paper 
[31]. This means that it is difficult to develop a coating, which is chemically compatible with 
all the inks required to print electronic devices based on organic materials. Another impor-
tant aspect to consider is the process temperature of the functional materials being depos-
ited on paper which must stay below 200°C in order to avoid cellulose degradation [32].

Figure 1. Concept of the multiple integration of devices built with or on paper to perform complex functions. A solar cell 
coupled with a battery assures full autonomy to a device that requires energy to perform logic operations at the electronic 
control unit (CMOS), given the signals received from the sensor unit, and then distributes the processed information to 
be saved in a papermemory or transmitted by an RFID antenna to another device. Other devices/functions can be added 
according to the final application, such as a display to visually convey messages to the user, or a lab-on-paper diagnostic 
device.
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Though not always using printing deposition techniques, recently, some attempts envisaged 
to use paper in electronic applications to explore its potential as substrate for low-cost flexible 
devices [33, 34]. These can complement the functional inks, but their electric performance and 
stability hardly meet the requirements without specific deposition conditions and encapsula-
tion [29, 35].

Electronics on paper has been investigated since the 1960s, when TFTs were deposited on 
paper substrates on a roll inside a vacuum chamber [36, 37]. The envisioned applications were 
flexible circuits for credit cards, electric sensors, toys, and hobby kits; but without any indus-
trial or commercial success since the technology appeared during the boom of the silicon-
based CMOS devices that fueled a revolution in the so-called information, communication 
and telecommunication (ICT) fields. Since then, research on paper-based field effect transis-
tors (FETs) [38–42] has shown that paper could be used as an active component (dielectric). 
This has established a new approach to the challenge of paper electronics, where performance 
and stability issues are addressed using inorganic semiconductors, not requiring any special 
paper surface preparation nor device passivation. Likewise, devices with oxide functional 
materials can also benefit from the fact that cellulose is chemically more compatible with 
oxides than with many organic semiconductors [43], they bind properly at low temperatures 
and the natural porosity of paper can be explored in practical applications. Cellulose also 
provides a high surface area matrix for memories and sensors, for instance, as well as the 
capacity of electronic charge accumulation at the fiber surface for the integration of electronic 
components, as demonstrated by our recent research activity [41].

So far, some of the materials and techniques proposed to build electronic devices on paper 
are assumed to be compatible with low temperature processing and printing deposition. 
However, there are no reports yet of fully printed devices on paper that are 100% compatible 
with roll-to-roll processing. Thus, the solution for this challenge is not only the development 
of materials that can be printed at low temperatures but also to assure that their energy con-
sumption is not high, so that the power sources to be used (solar cells, primary green batteries, 
and RF energy harvesting) can efficiently meet the energy needs of the device. The integration 
of multiple fabrication techniques can also maximize the device performance.

When developing electrical circuits, thermal and power dissipation issues, when a large num-
ber of electronic circuits/devices are integrated on an area of square millimeters, are another 
concern, particularly when using organic inks given their sensibility to temperature. Here, 
the supply voltage used, the overall current passing through the circuit, and the operating 
frequencies of such circuits are key factors. Resistors along the circuit are the main source of 
the heat generated and it corresponds to a bottleneck that forces the use of local heat sinks for 
enhanced dissipation. To overcome this limitation, paper electronics may not target complex 
and highly demanding applications but rather niche of low power and low frequency applica-
tions, where expected power generation remains very low. For instance, a reasonable target 
for printed paper electronics is to have no more than 10–50 transistors per cm2, also because 
the integration density on paper is driven by the resolution of the printing/depositing pro-
cesses (tens of microns), which are far lower than the traditional photolithography techniques 
used in the silicon microelectronic field (tens of nanometers).
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Finally, contrary to plastic substrates, paper exhibits high dimensional stability over temperature, 
which is advantageous for electronic components by not introducing complex thermal parasitic 
effects in the electronic devices’ behavior. For example, an optically transparent paper made of 
cellulose nanofibers has a coefficient of thermal expansion (CTE) of <8.5 ppm [44], which is much 
lower than plastic (PEN: 18–20 ppm; PET: 22–25 ppm). Besides, paper can also endure annealing 
cycles at 200°C for short time periods without any noticeable change in physical characteristics.

1.3. Solar-powered photovoltaic paper

The present development of photovoltaic (PV) devices allows the fabrication of solar cells 
on a wide variety of low-cost recyclable and disposable substrates such as paper, thereby 
extending PV, coupled with batteries, to a broad range of consumer-oriented portable appli-
cations where autonomous energy harvesting is needed (e.g., wearable PV, solar-powered 
intelligent packaging, internet-of-things systems).

Two main technological challenges can be identified in the field of PV on paper: (1) the require-
ment of solar cell (SC) fabrication processes employing low temperatures (below 150°C) and 
(2) the pronounced surface roughness of the fibrous paper structure, which can create defects 
in the cell layers and consequently deteriorate their electrical conduction. Such challenges are 
more relevant for inorganic (e.g., silicon, chalcopyrites, kesterites) based solar cells (given the 
high temperature, between 200°C and 300°C, typically used in the PECVD deposition of thin 
film silicon devices) and less crucial for organic or dye-sensitized–based cells as these devices 
can be processed without high temperature and by nonvacuum methods (e.g., screen print-
ing, doctor blading, spin coating, spray deposition, electrochemical deposition) and their per-
formance is more tolerant to the defect density [45], but at the same time more sensible to the 
substrate chemistry. Regardless of their lower environmental stability and power conversion 
efficiency, these PV materials are still considered the most suitable option for the development 
of printable solar cells [46] given their minimum detrimental impact on the cellulose sub-
strate. Barr et al. successfully integrated solar cells directly onto as-purchased papers without 
pretreatment to fill interfiber spaces. The paper PV arrays produced more than 50 V, enough 
to power common electronic displays under ambient indoor lighting, and can be flexed and 
folded without loss of function [47].

Thin film hydrogenated amorphous silicon solar cells have been already successfully imple-
mented on distinct types of cellulose-based substrates, such as liquid-packaging cardboard 
[48] and printing paper [49] with sunlight-to-electricity conversion efficiencies of 3–4%. This 
was attained by developing appropriate low-temperature PECVD processes and by coating 
the paper surface with a hydrophilic mesoporous layer. Such layer can, not only withstand the 
cells production temperature, but also provide adequate paper sealing and surface finishing 
for the cell’s layers deposition. A key procedure performed in such works is the continuous 
monitoring of the substances released from the paper substrates during the cell deposition by 
mass spectrometry, which allows adapting the fabrication processes to mitigate any contami-
nation from the substrate. Transfer printing or lamination is another class of methods that can 
also be adapted to inorganic and thin film solar cells. With these methods the cell layers are 
first deposited on a donor substrate, which is compatible with the optimal fabrication condi-
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tions (usually high temperature and under vacuum), then they are detached from the origi-
nal substrate and transferred to another receiver substrate (e.g., a flexible low-temperature 
tolerant platform such as paper) [50, 51]. For instance, a transfer printing method is applied 
in the work of Lee et al. where GaAs photovoltaic modules are transferred to a prestrained, 
structured substrate of PDMS with a power conversion efficiency (PCE) ≥20% [52]. A similar 
method was employed on cellulose nanocrystal (CNC) substrates to fabricate SCs with a PCE 
of 4.0% [53], and 5.9% on optimized transparent paper [54].

Another key point to take into account in the fabrication of solar cells on flexible substrates, 
such as paper, is the front illuminated contact. This transparent contact must be of particular 
high performance to realize efficient large-area (centimeters scale) devices. Such contact is 
conventionally composed of a transparent conductive metal oxide (TCO), but research on 
alternative and inexpensive methods is essential. Examples of such alternatives are metal-
lic networks engineered by soft lithography, such as colloidal lithography or nano-imprint; 
and the production of conductive transparent paper, for instance by using cellulose nanofi-
bers and printing silver nanowires[55]. The colloidal lithography approach has allowed engi-
neering innovative ultrathin electrodes with a honeycomb lattice structure [56], known as 
micromesh electrodes (MMEs) [57, 58], which already shows transmittance (T ~91% in visible 
range) and sheet resistance (Rs ~6.2 Ohm/square) better than the state-of-the-art ITO (Rs ~10 
Ohm/square and T ~90%) [59]. Besides, MMEs on flexible polyimide substrates were shown 
to remain invariant after 1000 cycles of repeat bending to a 2 mm bending radius [64]. As for 
the conductive paper using cellulose nanofibers and silver nanowires, it presents an optical 
transparency and electrical conductivity as high as those of ITO glass. The SCs fabricated on 
such conductive paper exhibited a PCE of 3.2% and generate electrical power even under and 
after folding.

Lastly, despite all the efforts on solar cell material optimization, efficiencies achieved so far 
are still considerably below the state-of-the-art (11–13%) on rigid (usually glass) substrates. 
Advanced light trapping methods employing wavelength-sized photonic structures are 
regarded as one of the most promising strategy to boost light absorption, allowing thickness 
reduction while keeping high efficiency [14, 45, 60, 61]. Optically thicker but physically thin-
ner devices imply cheaper and faster fabrication, light-weight and improved flexibility which 
enables roll-to-roll fabrication on the flexible paper substrates. Besides, thickness reduction 
can lead to higher open-circuit voltages (and consequently efficiencies) due to lower bulk 
charge-carrier recombination [62, 63].

2. Cellulose substrates for electronic devices: characterization  
techniques and properties

Despite the technological applications of paper, there are few contributions regarding cellu-
lose-based substrates characterization, and its applicability in electronic devices. The device 
and material requirements often limit the choice of the paper substrate, thus a complete 
understanding of its characteristics, namely, surface morphology, roughness, thermal sta-
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bility, flexibility, mechanical strength, and hydrophobicity, is essential to assure the proper 
device operation.

Paper substrates are generally classified based on their weight or grammage and can be divided 
in three categories, following the suggestion of Tobjörk and Österbacka [43]: Light paper, 
whose grammage is in the range of 12–30 g m−2, or for thickness below 75 µm; standard paper, 
such as office paper, which is around 80 g m−2 and 100 µm thick; and cardboard (or paper-
board), when the grammage exceeds 200–800 g m−2, or when the thickness is above 300 µm:

• Light paper. In this category, one can place two cellulose substrates that are attracting much 
attention in the recent years: bacterial cellulose (BC) and nanocrystalline cellulose (NCC).

Bacterial cellulose is a bacteria-produced biopolymer composed of ultrafine nanofibers (<100 
nm wide); the major perks of this material, comparing to the nanocellulose obtained from 
wood, is its purity and crystallinity since it is free of lignin, hemicellulose, and other com-
ponents present in the vegetable cellulose [64–66]. This material can be obtained from sev-
eral cellulose-producing bacteria, such as Gluconacetobacter genus, Agrobacterium tumefaciens, 
bacteria of the genera Pseudomonas, among others; the cellulose is produced extracellularly 
since the bacteria excretes the cellulose into an aqueous culture medium, of low molecular 
weight sugars, directly as nanofibers, which form a porous three-dimensional nanocellulose 
mesh structure [67–69]. The grown layer is then harvested from the medium, cut and dried.

Nanocrystalline cellulose can be obtained primarily from cotton. NCC membranes are pre-
pared through the acid hydrolysis of cellulose process [70]. Cotton is one of the purest cel-
lulose sources, given its higher amount of cellulose (90 wt%), when compared with other 
vegetal sources that usually contain a mass fraction between 50 wt% (wood) and 80 wt% 
(flax or hemp) [40, 67, 71]. These membranes are highly transparent, lightweight, and have a 
smooth surface [40]. The flexibility of some NCC papers and the unique optical properties of 
nanocrystalline cellulose open a wide range of cost-efficient applications, for instance, smart 
labels, RFID, smart packaging, or even as support for bio-applications.

• Standard paper. There are countless types of paper in this category. The varieties here 
discussed are the most relevant for this chapter: commercial office paper (COP), raw paper 
(RP), the Whatman filter papers (WFP1 and 4), and the vegetable papers – parchment paper 
(PP) and tracing paper (TP), with thickness of 60, 135, 180, 205, 52, and 80 µm, respectively. 
The commercial office paper presented here is an 80 g m−2 grammage paper made from the 
Portuguese paper manufacturer the Navigator company. Raw paper (63 g m−2) is fabricated 
by Felix Schoeller Group. The Whatman filter papers are used worldwide for chromatogra-
phy and are a  registered trademark of GE Healthcare. WFP1 and WFP4 grammage is 88 and 
96 g m−2, respectively. Parchment paper (41 g m-2) is commonly used in baking as a dispos-
able nonstick surface and the tracing paper studied here, with a grammage of 90 g m−2, was 
provided by Canson, a manufacturer of fine art paper and is specially adapted to technical 
drawing.

• Cardboard. For this category, the paper studied is called liquid packaging cardboard (LPC) 
and it is produced by the Finnish company Stora Enso [72]. LPC is an aseptic and biodegradable 
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material widely used in the food packaging and beverage industry throughout the world. This 
material comprises three layers: the pressed cellulose fibers (cardboard, 240 g m−2), an adhesive 
layer of low density polyethylene (LDPE, 12 g m−2), and the aluminum sheet (6–7 mm). One 
major particularity is its robustness to withstand harsh environments, as evidenced by its use as 
substrate for solar cell deposited by plasma-enhanced chemical vapor deposition (PECVD) [48] 
and as an efficient surface-enhanced Raman spectroscopy (SERS) platform supporting metal 
nanoparticles arrays fabricated through thin film annealing [73].

Based on this classification, the following sections present a comprehensive characterization 
overview and comparison between paper samples of each category.

The assessment of the surface morphology of cellulose substrates can be achieved by scan-
ning electron microscopy (SEM) [39], backed by three-dimensional (3D) profilometry [74] and 
AFM [38], to evaluate the paper surface, dimension of fibers, thickness, and porosity. Other 
techniques, such as X-ray diffraction (XRD) [40, 41], differential scanning calorimetry (DSC), 
thermogravimetric analysis measurements (TGA) [40, 41], and Fourier transform infrared 
(FTIR) spectroscopy [75, 76], provide information regarding the paper structure and contents. 
This information in turn can help to understand the optical properties (such as transmittance 
and haze factor), studied by spectrophotometry [40], or the electrical properties of the cel-
lulose fibers and overall electrical behavior of the paper material. One method to study the 
electrical properties of cellulose is the fabrication of different transistors (with and on paper) 
[38–41, 74] and its analysis by impedance spectroscopy [38, 40, 41, 74].

2.1. Light paper

The X-ray diffraction (XRD) diffractogram (Figure 2a) provides information regarding the 
crystallinity index and crystallite size. Bacterial cellulose (BC) and cotton-based nanocrystal-
line cellulose (NCC) show the presence of characteristic cellulose type I, also defined as native 
cellulose, given the characteristic peaks at 2θ = 14.7°, 16.9° and 22.9° for BC and 14.7°, 16.8° 
and 22.7° for NCC. These cellulose type I peaks correspond to the  1  ̄  1 0 , 110, and 002 crystal-
lographic planes, respectively. The XRD patterns were collected from 10° to 90° (2θ), with 
a scanning step size of 0.016°, with a monochromatic CuKα radiation source (wavelength 
1.540598 Å). The crystallinity index, IC, was determined using the method proposed by Segal 
et al. [77]:

   I  C   =   
( I  (002)   −  I  (am)   ) ________  I  (002)  

   × 100  (1)

where I(002) is the maximum intensity of the diffraction of the (002) lattice peak, taken at a 
2θ angle between 21° and 23°, and I(am) is the intensity of the diffraction of the amorphous 
regions, taken at the minimum on a 2θ angle range between 18° and 20° [40, 41].

The inexistence of lignin and hemicellulose in BC leads to a high crystallinity index (~92%) 
and a crystallite average size of 5.7 nm, higher than NCC which lies around 80% and has a 
crystallite average size of 7 nm.
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Attenuated total reflectance-Fourier-transformed infrared (FTIR-ATR) spectroscopy pro-
vides information regarding the chemical species, chemical bonding state of cellulose, 
and to infer on the water content. Measurements were recorded using an attenuated total 
reflectance (ATR) sampling accessory (Smart iTR) with the following conditions: incident 
angle of 45°; 4000–650 cm−1 range; 4 cm−1 resolution; 32 scans; 20°C. The FTIR-ATR spectrum 
(Figure 2b) of BC and NCC resembles that typically obtained for plant-based cellulose and 
depicts the characteristic cellulose absorption peaks, i.e., hydrogen-bonded OH stretching 
at 3400 cm−1, C−H and C−O stretching vibrations, 2900 and 1060 cm−1, respectively. The O–H 
bending vibration assigned to the absorbed water is also observed with the presence of a 
peak at 1640 cm-1 [40].

The BC membranes have a smooth structure of long entangled filaments of extruded cellulose 
fibrils with an average width of 20–100 nm (Figure 3a) and a surface RMS roughness in the 
order of 60 nm [68, 69, 78]. As for NCC, one can observe a smooth and compact morphology 
(Figure 3b) and also a needle-like structure in the cross-section inset.

Figure 3. SEM micrograph of the surface morphology of (a) bacterial cellulose and (b) nanocrystalline cellulose 
membranes (NCC) produced by evaporation and the corresponding cross section (inset). Adapted from Gaspar et al. 
[40], with permission from IOP Publishing.

Figure 2. (a) XRD diffractogram of bacterial cellulose (BC) and cotton-based nanocrystalline cellulose (NCC) dried 
membranes; (b) FTIR spectrum of BC and NCC dried membranes; (c) total transmittance.
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The low porosity, roughness in the order of nanometers, and high compactness of the cellu-
lose fibers give these paper substrates a high contact angle (~95°C, accessed through 1 µL of 
deionized water droplet), which translates in a significant hydrophobicity that is beneficial to 
microfluidic devices [79], self-cleaning and to prevent the negative effects that the absorption 
of water can have on electronics devices.

2.2. Standard paper

The SEM micrographs in Figure 4 show the morphology of the paper samples. COP has 
a high-density structure of intertwined cellulose fibers, with different shapes and sizes 
(some wider than 20 µm) and also calcium carbonate agglomerates. RP presents a similar 
structure and fibril size dispersion, without the presence of calcium carbonate agglom-
erates. As for the morphology of Whatman filter papers (WFP1 and 4), one can observe 
wide fibers (>20 µm) embedded in a matrix of small ones (<5 µm), whose concentration 
can be correlated to the intended filter permeability (Figure 4c and d). Both COP and RP 
have low porosity and high hydrophobicity (water-contact angle around 100°) when com-
pared to WFP1 and 4 samples, which have a water-contact angle of <10°. The samples with 
the smoothest, more uniform, and compact surfaces are from parchment (PP) and tracing 
paper (TP), where the high concentration of small size fibers completely fills the gaps and 
surface between the larger fibers. The SEM for the PP samples (Figure 4e) shows a similar 
matrix structure of large and small fibers, with dimensions that can exceed 40 µm in width, 
embedded in a matrix of small ones (<5 µm) but the smoothest and most homogeneous 
surface is the TP substrate (Figure 4f).

Figure 4. SEM micrographs of the six paper samples: (a) Commercial office paper (CPP), (b) raw paper (RP), (c) Whatman 
filter paper sample 1 (WFP1), (d) Whatman filter paper sample 4 (WFP4), (e) parchment paper (PP), and (f) tracing paper 
(TP).
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Figure 5 gathers the 3D profilometry scans of the different paper substrates. As expected, 
given the fibers’ width, the WFP1 and 4 have the surface with the highest root mean square 
(RMS), exceeding 12 µm. On the opposite side, the TP has the smoothest surface with RMS 
~4 µm, while COP and RP have similar and slightly higher values of RMS (~5 µm). The COP 
paper is optimized for printing and therefore has a lower porosity and higher hydropho-
bicity (water contact angle of 101°) when compared to WFP (water contact angle of <10°), 
which is hydrophilic in nature, given the dimension of its fibers and high porosity. The 
high concentration of small size fibers, compactness, and smooth surface of the vegetable 
papers, PP and TP, also lead to high hydrophobicity (water contact angle of 124° and 95°, 
respectively).

The water content and its affinity to the paper substrate also plays an important role as a 
plasticizer or softening agent, thus influencing paper properties such as flexibility, elasticity, 
strength, and rigidity, which should be adjusted not only to the fabrication process, but also 
to the ink impregnation and overall printing quality. A low moisture content give rise to a 
hard and brittle paper, while a water content too high leads to creasing, delayed ink drying, 
and poor finish [80].

The analysis of XRD diffraction (Figure 6a) highlights the referred differences between COP 
and the other paper substrates. Besides the common  1  ̄  1 0 , 110, and 200 crystallographic planes 
(respectively at 2θ = 14.7°, 16.8°, and 22.7°) associated to semicrystalline cellulose type I (also 
referred to as native cellulose), the XRD of COP reveals intense peaks between 28° and 50° 
related to the presence of calcium carbonate (CaCO3) [41, 81]. Calcium carbonate and clay are 
typically present in paper manufacturing, either from pigments that are commonly used in 
papermaking or the water mineral content.

Figure 5. 3D profilometer on a 0.5 × 0.5 mm area of the six paper samples: shown in Figure 4: (a) CPP, (b) RP, (c) WFP1, 
(d) WFP4, (e) PP, and (f) TP.
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In the FTIR-ATR spectra (Figure 6b), all samples reveal the bands associated to cellulose, 
such as OH, C−H, and C−O stretching bands, at 3400, 2900, and 1060 cm−1, respectively. It 
is also observed a peak at 1640 cm−1 for the O–H bending vibration which corresponds to 
the absorbed water [40]. The 3600–3100 cm−1 broad band in the region provides information 
regarding the hydrogen bonds. The peaks from amorphous cellulose are sharper and have 
lower intensity, which can be correlated with the scission of the intra- and intermolecular 
hydrogen bonds [75]. Tracing paper is the sample with the most distinctive and low intensity 
OH stretch band.

Transmittance can also be an important characteristic of paper devices, for example, in 
OLEDs; the large optical haze is attractive for organic solar cells or in paper touchscreens to 
eliminate glare under direct light [44]. The total transmittance spectra of the different paper 
substrates are shown in Figure 6c. Tracing and parchment paper are the most translucid, 
although there is always a fraction of light that is transmitted regardless of the paper sub-
strate. Scattered light is the main component of transmitted light, which translates in a high 
haze factor.

Information regarding thermal stability can be obtained by thermogravimetry and differen-
tial scanning calorimetry (TG-DSC) analysis (~7.5 mg of sample mass, heated at atmospheric 
pressure, from 25°C to 550°C with a heating rate of 5°C min−1). Results show an initial weight 
loss (<10%), at temperatures close to 100°C, which corresponds to the desorption of free water 
from the cellulose fibers. Thermal degradation of cellulose, by depolymerization and the for-
mation and evaporation of levoglucosan, or oxidative decomposition, occurs for tempera-
tures above 300°C and is followed by a weight loss above 70%.

2.3. Cardboard

The liquid packaging cardboard characterization by SEM and 3D profilometry (Figure 7) 
reveals a continuous and crack-free aluminum foil, shaped to the cardboard roughness (RMS 
~6 µm). As for TG-DSC analysis, published elsewhere [48], there are two endothermic peaks. 
The first peak, detected at 99.3°C with a weight loss of 6.6%, is related to the release of free 
water, and the second peak, at 353°C with weight loss of  weight loss of 57.7%, is linked to 

Figure 6. (a) XRD diffractogram of the different papers analyzed in Figures 4 and 5. All paper substrates present the  1  ̄  1 0 , 
(110), and (002) diffraction peaks of cellulose I (native cellulose). COP also shows intense peaks associated with the presence 
of CaCO3; (b) FTIR spectrum; (c) total transmittance as a function of wavelength.
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the cardboard and LDPE decomposition. It should also be noted that although the weight 
loss is negligible up to 250°C, the LDPE, responsible for the adhesion of the aluminum foil to 
the cardboard, starts to degrade at 200°C; thus, the substrate should be considered thermally 
stable up to 200°C in order to assure that the release of organic species will not influence the 
device fabrication.

3. Characteristics of electronic devices on paper

Although plasma-based processes, such as physical vapor deposition (PVD) and PECVD, 
may be relatively complicated and expensive in comparison to what is common in the graph-
ics and printing industries (roll-to-roll), these techniques give rise to higher efficiency devices. 
Therefore, it is important to develop a better understanding of how these plasma processes 
can be applied and are influenced by paper substrates, so that a comparison can be estab-
lished for the same devices produced with organic materials and printing techniques. As an 
example, in the more recent demonstrations of transistors on paper, there is still typically a 
trade-off between the transistor performance and its printability. While high-performance 
conventional silicon-based transistors have been attached to a silicon-coated paper substrate 
[34], screen printed silicon nanoparticle-based transistors on paper showed rather poor char-
acteristics [82]. Laboratory scale techniques were also used when fabricating conventional 
organic field-effect transistors (OFETs) operating at high [22] or low voltages [83] on paper 
substrates, while simple electrochemical organic transistors operating at low voltages have 
been produced on polyethylene-coated paper [84] and on photo paper [85].

In this section, we provide examples of field effect transistors (FETs) fabricated on the studied 
substrates described in the previous section and highlight the impact cellulose has on the 
device properties (Figure 8). The transistor is one of the essential active components in elec-
tronics and its fabrication complexity makes it an ideal element to test the viability of paper 
electronics, and since it requires energy to operate, it is also an opportunity for solar power. In 
the specific case of FETs, paper is not only the support but also an active part of the device—
the gate dielectric—according to the electric double layer (EDL) formation due to the mobile 

Figure 7. Surface characterization analysis of LPC. (a) SEM. Adapted from Araújo et al. [73], with permission from IOP 
Publishing. (b) Total and diffuse reflectivity in the visible region. The inset shows the 3D profilometer on a 3 × 2 mm area. 
Adapted from Vicente et al. [48], with permission from the Royal Society of Chemistry. (c) XRD diffractogram.
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protons within the cellulose matrix [39, 41, 86]. This cellulose role is similar to what happens 
in electric double-layer capacitors.

The transistor fabrication comprises, on one side of the paper, a GIZO (Ga2O3-In2O3-ZnO) thin 
film, to create the channel region, followed by the Al e-beam evaporation of the source/drain 
electrodes (S/D). On the opposite side of the paper substrate, a conductive IZO (In2O3-ZnO) 
thin film is deposited by RF sputtering to work as gate electrode. To ensure the proper func-
tioning, the devices were annealed in air for 30 min at 150°C.

The electronic performance of the BC-based FETs is similar to the FETs reported in the lit-
erature using commercial paper as dielectric, reaching a ION/IOFF modulation ratio above 104, 
whereas NCC-based FETs show a saturation mobility above 7 cm2 V−1 s−1, and a ION/IOFF modu-
lation ratio higher than 105 [40].

The creation of the EDL depends on the mobile-free ions present in the paper matrix and 
fundamentally on the sorbed water within the paper. To infer the role of water content in the 
paper, due to humidity variations, and relate it with the performance of FETs, Fourier trans-
form infrared (FTIR) spectroscopy was performed under normal atmosphere and in vacuum, 
for devices fabricated on tracing paper (TP).

In the FTIR-ATR spectra, the bands related to the adsorbed water are mainly located around 
700 cm−1, which corresponds to the out-of-plane vibrations of OH groups or to the rotational 
vibrations of H2O molecules, whereas OH bending of adsorbed water is ascribed to the band 
observed at 1635 cm−1. In order to assess the major differences among the samples, the spectra 
were normalized to the intensity of the 2900 cm−1 band, since it is not susceptible to variations 
in crystallinity or water content [69] (Figure 9a). The measurements taken for different vac-
uum times reveal that there is an abrupt decrease in intensity for the band at 1635 cm-1. This 
observation is related to the structure compactness, whereas the more porous the structure, 
the more it facilitates adsorption and desorption of water.

Figure 8. IDS–VGS transfer characteristics obtained at VDS = 15 V for GIZO field effect transistors using bacterial cellulose 
(BC) and nanocrystalline cellulose (NCC) as gate dielectric.
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Water and mobile-free ions are intrinsically linked to EDL formation, when using paper as 
dielectric. To understand the role of ions and water, spectroscopic impedance can provide 
information of the paper electrical properties, namely, the capacitance variation with fre-
quency (C-f) and bulk resistance (Figure 9b).

The C-f plot was determined between 10 mHz and 1 MHz using an AC excitation voltage of 
500 mV [41]. In this frequency range, there is an increase in the capacitance for low frequencies, 
which is a typical behavior for the electrode polarization as a result of the interaction between 
the charged electrode surface with the free charges in the paper. For 10 mHz, the capacitance 
of TP is 1.8 µF cm−2, and when submitted to vacuum, the capacitance decreases more than three 
orders of magnitude. This difference is explained by the sorbed water which is the main source 
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Thus, the saturation mobility is intimately related to the density of the matrix and fraction of 
small fibers. The paper morphology also influences similarly the on/off current ratio (TP, Ion/Ioff 
= 2.5 × 104) and minimizes the gate leakage current (IGS).

As for device properties, the FETs characteristics are directly affected by the decrease of 
water content within the paper bulk (Figure 9d). The susceptibility of TP to water loss, due to 
humidity changes, leads to no current modulation after 15 min of vacuum since the desorbed 
water does not allow the EDL formation. The compactness and smoothness of small fibers can 
give paper a higher ability to bind and retain water and ions, allowing the formation of EDLs 
at the interface of paper, thus enabling the semiconductor to operate under low humidity for 
a prolonged period [74].

4. Electrochromic devices on paper

The interest in electrochromic materials has grown from the mid-1980s, especially due to 
the application of these materials in smart windows for energy efficiency and indoor control 
[87, 88]. Nevertheless, new applications in the field of smart labels and displays have trig-
gered the development of easier and cost-effective deposition processes that simultaneously 
allow patterning of the active area [89]. Inkjet printing is a good alternative for this purpose 
since it is processed at low temperatures, is a cost-effective technique, easily scalable for mass 
production, produces low waste, and can be adapted to different substrates and patterns. 
Nevertheless, this fabrication method can have some drawbacks as the quality of the depos-
ited film is highly dependent on the ink characteristics, like viscosity and surface tension, 
combined with the printer specifications and surface properties of the paper substrate [90, 91]. 
So far, inkjet printed electrochromic films have been applied mostly to organic materials [92], 
but inorganic materials can also be easily adapted [93, 94].

An electrochemical device comprises two electrodes separated by an electrolyte, and paper 
can be a viable substrate to produce electrochromic displays as the next proof-of-concept 
shows. The electrodes are functionalized, by inkjet printing, with the electrochromic mate-
rial, WO3·H2O, and at least one of the supports for the electrodes has to be fully transparent 
(window layer). In the case of the device shown here, liquid packaging cardboard (LPC) was 
used as the paper substrate and the transparent support is an ITO-coated PET substrate (for 
the sake of device operation and proper encapsulation), but nanocrystalline cellulose can be a 
viable alternative, given its high transparency and low sheet resistance of the TCOs deposited 
on its surface, as demonstrated by the good quality FETs fabricated on this substrate. The 
devices are assembled in a sandwich structure, where the ITO-coated PET/WO3 and LPC/
WO3 are the working and counter electrodes, respectively, with the composite solid polymer 
electrolyte (fabricated according to Santos et al. [95]) in the middle and double-sided tape for 
encapsulation and spacing between electrodes. Potentiostat measurements characterize the 
electrochemical properties and colorimetric data studies the variations in color between dif-
ferent working stages.
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Tungsten trioxide (WO3) is a well-known inorganic electrochromic compound with a very 
high transmittance modulation, multiple oxidation states, and good cycle stability. The gen-
eral reaction that describes its electrochromic behavior can be written as follows:

  W  O  3  (transparent / white ) +y  M   +  + y  e   −  ⇔  M  y   W  O  3  (blue )  (2)

The coloration occurs when the tungsten metallic center is reduced, by the application of an 
external potential, and a small cation (M+ = H+, Li+, K+,…) from the electrolyte intercalates 
into the material to compensate the charge insertion. The tungsten bronze (MyWO3) is then 
formed, showing the blue color in the electrode. Since this is a reversible process, when a 
potential with inversed polarity is applied, the reaction occurs in the opposite direction and 
the material returns to its initial state with a transparent/white color [89]. The full mecha-
nism is still under discussion but the most accepted theory is explained by small polaron 
 transitions for the amorphous material and Drude-like free electron scattering for crystal-
line. The major difference between these two mechanisms is the electron localization or 
delocalization:

   W   VI   O  3   + y  M   +  + y  e   −  ⇔  M  y    W  x  V   W  1−x  IV    O  3    (3)

The x represents the number of W sites. However, at higher values of y the reaction gets irre-
versible and the tungsten bronze turns red or golden [96].

4.1. Liquid packaging cardboard (LPC) electrochromic device assessment

The crystallographic structure of the synthesized WO3, analyzed by XRD (Figure 10), depicts 
a series of diffraction peaks that can be indexed to the reference pattern from the International 
Centre for Diffraction Data (ICDD) of the orthorhombic hydrated (or tungstic acid) WO3 
(ortho-WO3·H2O) with ICDD No. 01–084–0886. Tungstic acid is already known to have a good 
electrochromic behavior, which is dependent on both the hydration level and crystalline 
structure [97, 98]. In this work, the terminal W=O and W–H2O bonds can increase the conduc-

Figure 10. (a) XRD diffractogram of the WO3·H2O deposited film and the corresponding reference ICDD pattern. (b) SEM 
images of the WO3 inkjet printed pattern detail on ITO-coated PET substrate.
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tivity and diffusion of Li+ ions, whereas the crystalline structure should improve the stability 
of the film [99].

The ink produced has to meet the demands of the inkjet printer used. For that, the viscosity 
and surface tension were between 1.5–2 cP and 30–40 dyne cm-1, respectively, while the filtra-
tion assured that the nozzles would not clog during printing. As expected, the printed pattern 
does not show a continuous film, but the eye resolution cannot detect these irregularities [94]. 
The patterns were defined as a square with 1 × 1 cm for the LPC and 0.5 cm diameter circle 
for the ITO-coated PET substrate. This design facilitates the alignment of both electrochromic 
layers upon encapsulation.

Usually, the coloration of electrochromic materials is studied by UV-Vis spectroscopy; how-
ever, due to the opacity of the LPC substrate, the different colors of the device were repre-
sented by the CIE 1931 Yxy diagram as recommended by the Commission Internationale de 
L'Eclairage. In the CIE diagram, the quantities x and y of Eq. (3) are represented by the two 
Cartesian coordinates represented and are obtained by analyzing the pictures in ImageJ soft-
ware. The x–y coordinates for each colored and bleached state are represented inside the 
diagram depicted in Figure 11a. It can be observed that there is a notable color difference 
between the bleached and colored states, especially at −0.6 V, where the reaction becomes 
irreversible. As the potential increases, the y factor in Eq. (3) also increases and the Li+ ions 
become trapped in the crystalline structure of the WO3.

The electrochemistry of the reaction studied by cyclic voltammetry (Figure 11b), under the 
same potential range (0.3 to −0.3 V and 0.6 to −0.6 V), shows that coloration occurs when the 
voltage and current decrease until a minimum negative value while bleaching takes place 
when voltage and current reach a maximum and then stabilize. In this work the capacity of 
the films is almost ineligible but it can be explained by the small area of the film and conse-
quently the low amount of WO3 material. The low current and voltage required to govern 
the on/off stages of the electrochromic device can be easily met by the current state-of-the-art 
organic [55] and inorganic [48, 49] solar cells fabricated on paper.

Figure 11. (a) Yxy chromaticity diagram for the bleached (0.3 V) and colored samples at both −0.3 and −0.6 V. (b) Cyclic 
voltammograms of the final devices with LPC/WO3 and PET ITO/WO3 electrodes in the potential ranges of 0.3 to −0.3 V 
and 0.6 to −0.6 V, at a scan rate of 10 and 50 mV s−1, respectively. The inset illustrates the schematic representation of an 
electrochromic device.
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5. Lab-on-paper devices

Lab-on-paper is a novel technology for fabricating simple, low-cost, portable, and disposable 
analytical devices holding great promise to aid global health, food quality control, and envi-
ronmental monitoring [81, 100–105]. Lab-on-paper technology requires minimum fluid sam-
ples, compared to common devices, and the porous structure of the paper is solely responsible 
for fluid transportation. This is a crucial aspect of the diagnostic apparatus, since the substrate 
must facilitate the diffusion and flow of the solutions within the hydrophilic fiber matrix. 
The movement of fluids is governed by capillary forces, thus without the need for pumps or 
power [102, 103]. This technology was introduced in 2007 by Martinez et al. [106] as a method 
for patterning paper to create well-defined,  millimeter-sized channels comprising hydrophilic 
paper bounded by hydrophobic polymer; but the first evidence of the lab-on-paper technol-
ogy dates back to 1902 with a patent for paper strips impregnated with hydrophobic materi-
als [107]. Earlier diagnostic applications of lab-on-paper comprise the detection of nickel and 
copper salt concentrations [108], determination of pH for water testing and biological analysis 
of urine and blood composition [109].

To date, researchers have been focused on adapting new developments in nanotechnology, bio-
technology, and materials science to paper-based sensors. The production of practical analytical 
devices, based on those developments and by simple fabrication techniques, can have a positive 
impact for creating worldwide applications where they are most needed [100, 104, 106, 110, 111].

The fabrication of lab-on-paper devices starts by defining channels and reaction zones onto paper, 
in order to control the movement of liquids and to assure the confinement of different reagents. 
A wide range of diverse patterning techniques was already reported and can be divided in three 
major patterning principles: (i) physical blocking of pores in paper (e.g., photolithography [106], 
plotting [112], and laser treatment [113]); (ii) physical deposition of reagent on fiber surface (e.g., 
inkjet etching [114] and wax printing [104, 115]); and (iii) chemical modification of fiber surface 
(e.g., plasma treatment [116], inkjet printing [117], and silanization [118]). Each technique has its 
advantages and limitations which have to be taken under consideration according to the type of 
device, equipment available, material costs, and the intended application, among other factors.

5.1. Wax printing technology

Among the different patterning techniques, wax printing represents one of the most promis-
ing technology for paper patterning, given its simple and fast (5–10 min) fabrication process. 
The printing process uses a solid wax printer, in which the ink is supplied as solid wax and 
then melted, before being ejected from the print head, and once it rests on the paper sur-
face it immediately solidifies. Since the wax remains only on the paper surface, the printed 
paper is then processed on a hot plate (120–140°C, 1–5 min; depending on the type of wax 
and paper) to allow the wax to diffuse vertically through the entire paper thickness, hence 
creating the hydrophobic barriers to confine the fluids (Figure 12). The wax is formulated 
from a nontoxic resin-based polymer, composed of a mixture of hydrophobic carbamates, 
hydrocarbons (e.g., paraffin), and dyes.
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5.2. Applications

The wax printing technology has already been successfully applied in the fabrication of colo-
rimetric paper-based sensors for diagnostic and environmental applications, such as for glu-
cose monitoring, based on enzymatic reactions [104], canine leishmaniosis detection through 
an immunoassay [104], tuberculosis detection by nucleic acid identification [100], and electro-
chemically active bacteria detection, based on electrochromic detection [81].

5.2.1. Glucose monitoring

Diabetes mellitus is a leading cause of illness and mortality worldwide and a major health 
problem for most developed societies. This metabolic disorder from insulin deficiency and 
hyperglycemia results in blood glucose concentrations higher or lower than the normal 
range (4.4–6.6 mM) [119, 120]. In developed countries where healthcare infrastructure is well 
established, self-monitoring of blood glucose levels is effective and economically accessible 
to the public. However, in many resource-limited countries the first priority is generally 
not given to diabetes care. Even widely used glucose meters and test strips are extremely 
expensive in those low-income regions; hence, there is an urgent need to develop a simple, 
low cost, disposable sensor that allows individuals in those countries to self-monitor their 
blood glucose level [121].

The work of Costa et al. [104] demonstrates how such blood glucose monitor can be fabricated 
on paper, as a 2D lateral flow device or as a 3D device, using the wax printing technology, 
for colorimetric analysis. The paper substrate used was Whatman filter paper n° 1 (WFP1), 
which is the most common paper for microfluidic devices. Briefly, the enzyme glucose oxi-
dase (GOx) oxidizes glucose to D-glucono-δ-lactone and hydrogen peroxide. The enzyme 
peroxidase then reacts with the hydrogen peroxide and oxidizes the colorimetric indicators 
generating a visible color change, which is proportional to the initial amount of glucose in 
the sample.

Figure 12. Schematic of the lab-on-paper technology process with wax printing: in the first step, a Xerox ColorQube 
printer, with solid ink (wax) cartridges, is used to print the sensor layout. The paper sheet is then processed in a hot plate 
(140°C, 2 min) for melting, in the second step. Digitalized images of the paper front view and the optical micrographs of 
the cross-section, before and after wax diffusion, show the behavior of the channel when a red dye solution is used and 
highlight the effect of the hydrophobic barriers. Adapted from Marques et al. [81].
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Figure 13 illustrates the layers that comprise the paper-based biosensors and compares their 
sensibility for two different colorimetric indicators: AB (4-aminoantipyrine + 3,5-dichloro-
2-hydroxy-benzenesulfonic acid) and KI (potassium iodide).

The 3D device shows important advantages compared to the 2D lateral flow sensor, given its 
higher coloration homogeneity. The 2D lateral flow sensor, on the other hand, is more subject 
to some carryover of the colored products that hinder the coloration intensity. This test runs 
in less than 5 min and a calibration color gradient scale can be printed directly on the paper 
device in order to compare with test results, allowing the patient to infer an approximate con-
centration of glucose in the sample. Eventually, a more complex device able to perform a wide 
range of analysis could take advantage of a solar cell to power sensors, a CMOS to perform 
logic calculations and a display to show information.

5.2.2. Electrochemically active bacteria detection

Electrochemically active bacteria (EAB) have the ability to extracellularly transfer their elec-
trons produced during microbial respiration [81, 122, 123]. This ability sparked interest given 

Figure 13. (a) Schematic representation of the 2D lateral flow device—enzyme and colorimetric indicators are deposited 
together. (b) Schematic representation of the 3D device. (c) Comparison between the 2D and 3D glucose sensors, when 
tested with increasing glucose concentrations (0.01–100 mM), with the graphical representations of the color intensity 
of detection zones containing the AB indicator (top) and the KI indicator (bottom). Adapted from Costa et al. [104], with 
permission from IOP Publishing.
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the multiplicity of applications than can range from bioremediation to electricity production 
in microbial fuel cells. Although an increasing number of EAB have already been identified, 
isolated, and characterized, this number is still quite small regarding their ubiquity in the 
environment. This fact significantly constrains the fundamental knowledge about these bac-
teria and their role in the environment [81, 124]. To visually detect these bacteria, Marques et 
al. [81] developed a paper-based sensor, using common office paper (COP) as substrate and 
tungsten trioxide nanoparticles (WO3 NPs) as the sensor layer (Figure 14), to successfully test 
the presence of electrochemically active Geobacter sulfurreducens DL-1 [125] cells (Figure 14b). 
The change in the WO3 optical properties (between white and blue) occurs in the presence of 
EAB which triggers the electron-transfer (redox) process (bioelectrochromic response).

The hexagonal WO3 NPs, hydrothermally synthesized by microwave, were integrated in a 
wax-printed office paper platform as an active layer for EAB detection. Common office paper 
allows a superficial adhesion of the WO3 NPs, which facilitates the interaction of EAB with the 
electrochromic nanoparticles, promoting an intense and  uniform coloration on the reaction 
zone, contrarily to chromatography paper (e.g., WFP).

6. Conclusions

Cellulose as a substrate for electronics is a highly promising booming field, not only for its 
low cost and recyclability, but also because of its compatibility with fast and inexpensive 
manufacturing printing processes. However, despite the fact that paper properties can be 
tuned to the intended purpose, there are still numerous challenges to address (e.g., water 
absorption, need for encapsulation, porosity) usually related with the internal structure, mor-
phology, and chemistry of the fiber surface.

Unlike inorganic platforms (e.g., crystalline silicon, glass), the physical properties of paper-
based materials have a considerable degree of polidispersion which can greatly affect the 
reproducibility of devices employing such materials. Therefore, extensive characterization 
protocols have to accompany the manufacturing processes, mainly targeted to provide a full 

Figure 14. (a) Schematic representation of the common office paper device. (b) Digital photograph of a positive result 
showing a deep blue color, from the tungsten bronze, on the sample well, and nonresponse on the control well. The 
amplified SEM image shows the interaction between the Geobacter sulfurreducens bacteria (in yellow) and the hexagonal 
WO3 nanoparticles (in blue). The SEM image is false-colored for better understanding of the different components. 
Adapted from Marques et al. [81].
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definition of the morphology and composition of the paper as they widely vary and affect 
immensely the properties of the electrical devices. The analysis of the different devices here 
described (solar cells, FETs, electrochromic displays, and lab-on-paper) highlight how certain 
paper substrates are appropriate in some cases, but detrimental to other devices. Nonetheless, 
in all cases cellulose substrates allow for working devices with similar performance to those 
produced on plastic or glass. These are exceptional reasons to make electronic device appli-
cations on paper a reality and encourage the progress on printed solar cells to power more 
complex systems such as intelligent packages or diagnostic platforms.
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definition of the morphology and composition of the paper as they widely vary and affect 
immensely the properties of the electrical devices. The analysis of the different devices here 
described (solar cells, FETs, electrochromic displays, and lab-on-paper) highlight how certain 
paper substrates are appropriate in some cases, but detrimental to other devices. Nonetheless, 
in all cases cellulose substrates allow for working devices with similar performance to those 
produced on plastic or glass. These are exceptional reasons to make electronic device appli-
cations on paper a reality and encourage the progress on printed solar cells to power more 
complex systems such as intelligent packages or diagnostic platforms.
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Abstract

This chapter is dedicated to the processes linked with the collection of photo-generated
carriers in silicon heterojunction (SHJ) solar cells with a focus on the key role of the
amorphous silicon/crystalline silicon heterojunction. The intention is to explain the role
of carrier inversion at the heterointerface and connect it with the properties of the SHJ
to obtain deeper understanding of carrier transport properties and collection, which
goes beyond amorphous silicon-based structures and will contribute to understanding
the new emerging SHJ based on amorphous silicon oxide and metal oxide emitter layers.
The study is extended by a simulation of the TCO/emitter interface with the aim to reveal
the effect of parasitic Schottky barrier height on the performance of the SHJ solar cell.
In addition, the simulation study of SHJ under concentrated light and varied tempera-
tures is outlined to show the main limitations and prospects of SHJ structures for
utilization under concentrated light.

Keywords: amorphous silicon, heterojunction, carrier inversion, open-circuit voltage,
ASA simulation

1. Introduction

Among the semiconductor materials with suitable optoelectronic properties for photovoltaic
applications, silicon has been the most widely accepted and used in the current production of
photovoltaic modules. The basic advantage of silicon is its abundance in nature and mastered
silicon wafer fabrication, as well as the compatibility of the technological processes of solar
cells with the microelectronics industry. The increasing cost of processed crystalline silicon
ingots in the past years became a driving force decreasing the wafer thickness for solar cell
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fabrication [1]. However, this trend was stopped due to the bending of thin wafers during high
temperature processing of standard silicon solar cells, which results into the increasing efforts
focused on the technologies with lower silicon usage. Among them, the silicon heterojunction
solar  cells  (SHJ)  provide both high performance together with a perspective of  low-cost
fabrication and decrease of silicon wafers thickness bellow 100 µm [2]. The advantages of
heterojunction between amorphous and crystalline silicon were first introduced into the so-
called HIT concept (Hetero-junction with Intrinsic Thin-layer) by former company SANYO
(currently SANYO is part of the company Panasonic) in 1992 [3]. The SHJ HIT solar cell is
composed of a single thin crystalline silicon wafer, c-Si surrounded by ultra-thin intrinsic
silicon layers, a-Si:H(i) and n-type and p-type doped amorphous silicon layers, a-Si:H (Figure
1), which can be deposited at temperature below 200°C and so can be used in processing of
thin wafers. On the two doped layers, transparent conducting oxide (TCO) layers and metal
electrodes are formed with sputtering and screen-printing methods, respectively. The TCO
layer on the top also works as an anti-reflection layer.

Figure 1. Silicon heterojunction solar cells with on n-type silicon (SHJn) and n-type silicon (SHJp) hetero-junction with
intrinsic thin-layer (HIT) solar cell.

Since the first introduction, the HIT solar cells have been the subject of extensive research.
Recently, the record efficiency η = 25.6% with open-circuit voltage VOC = 0.74 V, short-circuit
current JSC = 41.8 mA/cm2 and fill factor FF = 82.7% were achieved on the rear junction HIT
solar cell by Panasonic, which makes this technology currently the most efficient among silicon-
based solar cells [4]. Current strong interest in SHJ concept is motivated by the high conversion
efficiency as well as further possibilities for decreasing the fabrication cost. SHJ can be prepared
by simple and low temperature fabrication processes, which decreases the thermal budget and
thus the cost of the cell. Since the base material of the structure is crystalline silicon, the typical
degradation due to the Staebler-Wronski effect observed in amorphous silicon solar cells does
not take place in SHJ solar cells, where the base material of the structure is crystalline silicon
[5]. Moreover, the HIT cell shows a better temperature coefficient (<–0.25%/K) compared to
standard c-Si solar cells (–0.45%/K), which means more power generated in outdoor conditions

Nanostructured Solar Cells70



fabrication [1]. However, this trend was stopped due to the bending of thin wafers during high
temperature processing of standard silicon solar cells, which results into the increasing efforts
focused on the technologies with lower silicon usage. Among them, the silicon heterojunction
solar  cells  (SHJ)  provide both high performance together with a perspective of  low-cost
fabrication and decrease of silicon wafers thickness bellow 100 µm [2]. The advantages of
heterojunction between amorphous and crystalline silicon were first introduced into the so-
called HIT concept (Hetero-junction with Intrinsic Thin-layer) by former company SANYO
(currently SANYO is part of the company Panasonic) in 1992 [3]. The SHJ HIT solar cell is
composed of a single thin crystalline silicon wafer, c-Si surrounded by ultra-thin intrinsic
silicon layers, a-Si:H(i) and n-type and p-type doped amorphous silicon layers, a-Si:H (Figure
1), which can be deposited at temperature below 200°C and so can be used in processing of
thin wafers. On the two doped layers, transparent conducting oxide (TCO) layers and metal
electrodes are formed with sputtering and screen-printing methods, respectively. The TCO
layer on the top also works as an anti-reflection layer.

Figure 1. Silicon heterojunction solar cells with on n-type silicon (SHJn) and n-type silicon (SHJp) hetero-junction with
intrinsic thin-layer (HIT) solar cell.

Since the first introduction, the HIT solar cells have been the subject of extensive research.
Recently, the record efficiency η = 25.6% with open-circuit voltage VOC = 0.74 V, short-circuit
current JSC = 41.8 mA/cm2 and fill factor FF = 82.7% were achieved on the rear junction HIT
solar cell by Panasonic, which makes this technology currently the most efficient among silicon-
based solar cells [4]. Current strong interest in SHJ concept is motivated by the high conversion
efficiency as well as further possibilities for decreasing the fabrication cost. SHJ can be prepared
by simple and low temperature fabrication processes, which decreases the thermal budget and
thus the cost of the cell. Since the base material of the structure is crystalline silicon, the typical
degradation due to the Staebler-Wronski effect observed in amorphous silicon solar cells does
not take place in SHJ solar cells, where the base material of the structure is crystalline silicon
[5]. Moreover, the HIT cell shows a better temperature coefficient (<–0.25%/K) compared to
standard c-Si solar cells (–0.45%/K), which means more power generated in outdoor conditions
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for the same nominal conversion efficiency [6]. Since the SHJ HIT has symmetrical front and
back structures, the possibility to use it for the bifacial solar module is feasible. The experiments
show that bifacial use of the HIT structure brings a performance higher by more than 10%
compared to the conventional structures with light incident only from one side [7].

1.1. Current trends in SHJ solar cell development

To make the SHJ solar cells more economically attractive, current efforts are focused on the
development of technologies and approaches focused on two main objectives (i) to increase
the efficiency and (ii) to decrease the fabrication costs. The utilization of emitters with a large
band gap such as amorphous silicon carbide a-SiC:H [8], nanocrystalline silicon oxide nc-
SiOx:H [9] or micro-crystalline silicon oxide µc-SiOx:H [10], thus lowering light absorption is
a common approach on how to increase JSC and hence the performance of such solar cells. The
advantage of this approach is that only low adjustment of production lines is required for
replacements of a-Si:H emitter by a-SiC:H or SiOx:H emitter layers. An increase in JSC by about
1 mA/cm2 was demonstrated by replacing a-Si:H by a-SiC:H [8] or by µc-SiOx:H [10]. However,
also in this case the heterojunction with a c-Si substrate plays a crucial role and its fabrication
has to be well mastered to benefit from the lower parasitic absorption of light. Another way
on how to decrease absorption losses is based on the preparation of the two collection contacts
at the bottom side of the silicon substrate forming an inter-digitated back contact silicon
heterojunction (IBC-SHJ) solar cells. The beneficial effects of collection electrodes at the bottom
of the cell are demonstrated by the best efficiency of 25.6% currently achieved at SHJ solar cells
[4]. High JSC = 41.8 mA/cm2 in such solar cells is attained due to the eliminated absorption losses
of a-Si:H layers as well as losses in TCO.

The decrease of fabrication cost can be realized through the replacement of expensive materials
by cheaper alternatives. Several groups have investigated alternative materials such as zinc
oxide, ZnO [11], and indium zinc oxide, IZO [12], as a replacement of expensive indium tin
oxide, ITO. Replacement of silver used in the collection electrodes by copper [1, 13] is another
way, and is currently highly investigated to decrease SHJ cost.

Another approach to make SHJ cells more economically attractive is based on the reduction of
silicon wafer thickness. The ability of HIT structure to use silicon wafers of low thicknesses
and to achieve high performance at the same time was demonstrated already in 2009, when
the SHJ HIT solar cell with a conversion efficiency of 22.8% prepared on a 98 µm thick n-type
silicon wafer was introduced by former company Sanyo (currently Panasonic) [2].

Nowadays, new advance concepts are emerging based on the replacement of the amorphous
emitter by metal oxides [14–16]. Such a concept has the ability to provide both an increase
of efficiency as well as a decrease of fabrication cost. Metal oxides provide advantages of
large band gaps, thus lower parasitic absorption in the emitter, simpler deposition by thermal
evaporation [13] and no requirements of toxic dopant gases during fabrication. Moreover,
the deposition of such oxides can be carried out at low temperatures leading to a further
decrease of the thermal budget and hence fabrication cost. Metal oxides are widely used as
a hole transport layers in organic solar cells [16, 17]. Current attempts to transfer them into
the SHJn technology show very promising results with achieved efficiency of η = 22.5% for
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molybdenum oxide hole collector MoOx-based SHJ solar cell [18]. The progress in the
development of electron selective contacts based on lithium fluoride (LiFx) allows fabrication
of dopant-free asymmetric heterocontacts cell (DASH) with conversion efficiency approach-
ing 20% [19].

1.2. Aim of this chapter

Two targets have to be attained for the good performance of solar cells: (i) light has to be
absorbed in the absorption layer of the solar cell and (ii) the photo-generated carriers have to
be effectively collected by the top and bottom collection electrodes. The first target is focused
on the improvement of light management, which with the decreasing of the c-Si substrate
thickness starts to be important also for SHJ solar cell. The optimization of TCO [12, 20], tuning
of emitter layer band gap [8] and texturization of c-Si [21] are crucial to achieve high JSC. The
second target, which is described in detail in this chapter, is focused on the recombination and
carrier transport processes in the structure. Such processes determine the collection of the
photo-generated carriers and thus the performance of the solar cell. Since the SHJ is formed as
a stack of various layers surrounding the absorber c-Si layer, the current transport of photo-
generated electron/hole pairs to the collection electrodes is highly influenced by the interfaces
between the neighbouring layers. Due to the connection of various materials with different
lattice parameters, defect states can be formed at the interface. The difference in the band gap,
affinity, doping level and type of adjacent layers results into the formation of heterojunctions/
carrier transport barrier. Application of a-Si:H or alternative emitter (such as a-SiC:H, nc-SiOx
or metal oxides) in the SHJ solar cell is linked with several challenging requests concerning
the quality of this layer and its interfaces with c-Si and TCO. On the one hand, the defect states
and band alignment at the a-Si:H/c-Si interface determine the band bending at the c-Si surface
and hence recombination and collection of photo-generated carriers [6, 22, 23]. Good quality
of the a-Si:H(i) layer as well as a-Si:H/c-Si interface is one of the main challenges in order to
achieve high SHJ solar cell efficiency. On the other hand, due to the low specific conductivity
of a-Si:H it is required to use conductive TCO as a collection electrode. When the TCO is not
chosen carefully regarding the proper work function, or is not properly prepared, the parasitic
Schottky barrier can arise at the TCO/a-Si:H interface [24–26]. This parasitic Schottky barrier
has an opposite diffusion potential compared to the a-SiH/c-Si junction and thus hinders the
collection of photo-generated carriers. As a result, the performance of the SHJ deteriorates.

The aim of this chapter is to explore the processes connected with the collection of photo-
generated carriers and to explain the key role of the front a-Si:H/c-Si and TCO/a-Si:H interfaces
for carrier recombination processes. ASA simulation is carried out to provide an insight into
the charge properties of both a-Si:H/c-Si and TCO/a-Si:H junctions forming the front emitter
stack of the SHJ solar cell and to explore their interconnection. Strong emphasis is focused on
the presence of carrier inversion at the a-Si:H/c-Si, which is the most determining factor for
VOC of SHJ cell. The alternative approaches to obtain high carrier inversion based on field effect
passivation and metal oxides are described in the chapter as well. The study is extended by
simulation of the SHJ under concentrated light and varied temperatures to explore the
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perspective and limitations of n- and p-type silicon-based SHJ structures for utilization in light
concentrated applications.

1.3. Simulation set-up

The ASA simulation program was used for characterization of recombination processes in
the SHJ structure. This program is designed for the simulation of solar cells based on a-Si:H
and c-Si semiconductors. ASA program solves the Poisson equation and continuity equations
for electrons and holes in one dimension and includes several physical models which describe
the trapping and generation/recombination processes in the structures with consideration of
spatial disorder of amorphous silicon [26]. The simulated solar cell structures have the
following layer sequence: TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p)/a-Si:H(i)/a-Si:H(p)/TCO/Metal and
TCO/a-Si:H(p)/a-Si:H(i)/c-Si(n)/a-Si:H(i)/a-Si:H(n)/TCO/Metal denoted as SHJp and SHJn,
respectively. In the simulated models, the thicknesses of 5 and 10 nm were used for a-Si:H(i)
and doped a-Si:H(n) and a-Si:H(p) layers, respectively. The band gap of a-Si:H(p) was set to
1.95 eV and the band gaps of a-Si:H(i) and c-Si(n) were set to 1.76 eV in accordance to [27].
The doping activation energies of 0.2 and 0.4 eV were used for a-Si:H(n) and a-Si:H(p) layers,
respectively. The gap state densities of amorphous layers have a Gaussian distribution of
dangling bonds and an exponential distribution of band tails was set together with additional
parameters according to the literature [27]. While the main aim of the simulation is to describe
recombination processes in the structure, flat silicon substrate conditions were used in the
models. The silicon substrates with thickness of 200 µm, lifetime, τ = 1 ms and concentration
of dopants, Ndop = 5 × 1021 m–3 were used for both SHJp and SHJn structures. TCO was adopted
as an optical layer with a thickness of 80 nm. The defect states at the front a-Si:H/c-Si interface
was modelled by inserted 1 nm thick highly defective c-Si layer. Flat band conditions at the
TCO/a-Si:H interface were used in the initial simulations focused on the study of a-Si:H/c-Si
properties. The negligible defect state density of 109 cm–2 were set at the back c-Si/a-Si:H
contact for all simulations. The conduction band offset, ΔEC = 0.15 eV, and valence band offset,
ΔEV = 0.55 eV, were used as an initial values determining band alignments in SHJp and SHJn
structures, respectively. As an illumination source the light with power density of 100
mW/cm2 and spectrum AM1.5 was used for the output performance simulations.

2. Open circuit voltage and carrier inversion

The output performance of the solar cells can be described by VOC, JSC and FF. All such
parameters are linked with the η and define the overall output performance of solar cells. While
the main aim of this chapter is to describe the role of heterointerface and inversion at the a-
Si:H/c-Si, we will focus on VOC which is strongly affected by recombination properties and
carrier transport in the solar cell. The VOC for SHJp solar cells can be expressed by the analytical
model as [28, 29]
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Symbols in the above equations denote: T is the temperature, q is the elementary charge, k is
the Boltzmann constant, Eg-Si is the band gap of c-Si, NC and NV are the effective densities of
states in the conduction band of c-Si, δSi(p) and δSi(n) are the dopant activation energies of c-Si
substrate with p-type and n-type doping, respectively, Lp and Ln are diffusion lengths for holes
and electrons, respectively, and Dp and Dn are diffusion constants for holes and electrons.
Further symbols denote the interface recombination velocities for holes p = pit and

electrons n = nit, where Cp and Cn are the capture rate coefficients for holes and electrons,

respectively, and Dit is the interface defect density. The Δ = Δ =  . eff in the equations

denotes the excess carrier concentration, where g is the average photo-generation of the
electron-hole pairs in c-Si and τeff is the effective lifetime of the excess carries.

From the above equations it is apparent that VOC depends on Δn, which is determined by τeff

and g. g is related with the illumination intensity. τeff is determined by the recombination
velocities Sp and Sn and thus by the defect state density at the a-Si:H/c-Si heterointerface, Dit

recombination at the rear surface and recombination in the c-Si substrate. The recombination
in the c-Si substrate is not the subject of this chapter, instead of this, we focus our attention to
the a-Si:H/c-Si interface and inversion layer formed at c-Si surface of this interface. In the case
of low recombination in the bulk and at the back surface of c-Si, the main recombination path
is at the heterointerface. For such a case, the saturation current of the SHJ, Jsat, is determined
by the saturation current of interface recombination Jsat-it, which is for SHJp determined by the
interface recombination velocity Sn and holes concentration at the heterointerface pit as

sat it p itj qS p- = (3)

Similarly, by considering interface concentration of electrons nit for SHJn it can be written

sat it n itj qS n- = (4)
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By taking into account the equation for VOC
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and substituting Jsat-it as a saturation current, it is possible to write equation which deter-
mines the VOC as a function of the interface recombination velocity and effective barrier for
recombination at the heterointerface ΦB [30]
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for SHJn, where A represents the diode ideality factor. From the above equation it is obvi-
ous that VOC is determined by the ΦB which should have a high value to obtain high VOC.
Figure 2 show the band diagram of SHJn and SHJp with ΦB at the heterointerfaces, respec-
tively. In SHJ solar cells the c-Si surface at the heterointerface is inverted or strongly invert-
ed, forming an inversion layer with a high concentration of minority carriers [31, 32] at the
heterointerface. From the band diagram, the rate of the inversion is determined by the
bending of bands at the surface of c-Si and can be expressed as a distance of the Fermi level
from the conduction band level at the heterointerface, i = C – f. It is obvious that the car-

Figure 2. Band diagram of (left) SHJn and (right) SHJp structures with sketched barrier for interface recombination ΦB

at interface defects Dit.
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rier inversion is linked with ΦB thus directly related to VOC. For both SHJ, high carrier inver-
sion is required to obtain high value of ΦB and thus high VOC. Eqs. (1) and (2) do not take
into account the influence of a-Si:H layer and indicate that VOC depends on the illumination
intensity, recombination properties at the heterointerface, recombination at the rear surface
and in the c-Si substrate, and on the dopant activation energy of the c-Si substrate. The
properties of the emitter seem to play no role in the VOC. In fact, the parameters like doping,
defect density and affinity (or band offset with c-Si) have no direct influence on the VOC.
However, all of these parameters affect the charge properties of the space charge region
(SCR) of SHJ junction and thus carrier inversion at the heterointerface and consequently
VOC. In the following sections, we will describe by means of simulation various SHJ solar
cell properties which affect carrier inversion and VOC.

3. Front a-Si:H/c-Si heterointerface

3.1. Front a-Si:H/c-Si: influence of interface defect states

The front a-Si:H/c-Si heterointerface is a key part of the SHJ solar cell which has the main
influence on the recombination processes in the structure and thus the output performance.
The connection of two materials with different band gaps, lattice and electrical properties
results into the formation of band discontinuity and defect states at the interface. Such
properties are strongly affecting the carrier transport through that interface. In order to
investigate the influence of Dit on the carrier inversion and hence recombination activity at the
interface, numerical calculations using the program ASA was carried out. Figure 3(a) shows
VOC and η calculated as a function of Dit for SHJp and SHJn solar cell structures. As can be seen,
VOC and hence η exhibit a decrease upon the increase of Dit for both SHJp and SHJn structures.
To explain the recombination processes at the a-Si:H/c-Si interfaces connected with the
presence of defect states, it is necessary to consider the band diagram. Analysis will be
provided for SHJp structure, however, conclusions are applicable also to SHJn structure.
Figure 3(b) shows the band diagram of SHJp structure calculated for two values of Dit. In the
case of SHJp structure with negligibly low Dit = 109 cm–2, the rectification behaviour of the
junction is formed due to the presence of the negative and positive space charges in the space
charge region (SCR) of the c-Si and a-Si:H part of the junction, respectively. The SHJ solar
structure exhibits a high asymmetry of doping, which shifts the SCR into the c-Si part of the
junction, leaving a negligible part of the diffusion voltage Vd in the a-Si:H. Due to the presence
of band discontinuity in the SHJp solar cell structure, the bands in the c-Si bend downwards
and a high concentration of minority electrons is formed at the c-Si surface at the a-Si:H/c-Si
interface. Such a layer with a high concentration of minority carriers is called an inversion
layer. In the case of high inversion, the concentration of minority electrons is high and the
concentration of majority holes is low at the c-Si surface of the heterointerface. For SHJp
structure, the photo-generated electrons are collected by the front electrode and transferred
through the front heterointerface. High carrier inversion and thus a low concentration of holes
results into a low probability of photo-generated electrons to recombine with them. Such a
behaviour is characterized by the barrier for interface recombination ΦB, which is for SHJp
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expressed by Eq. (6). The high carrier inversion, in other words high value of ΦB, leads to low
interface recombination. From this it is obvious that carrier inversion plays a crucial role in the
VOC of SHJ solar cell. The carrier inversion is changed by introducing a high value of defect
states at the interface, Dit = 6 × 1012 cm–2. Such defect states affect the charge conditions in the
SCR of junction. The defects states at the heterointerface represent traps which are for SHJp
structure occupied by electrons forming negative charge Qi in the SCR at the c-Si part of the
junction. Such negative Qi screens the positive charge in the a-Si:H part of the junction and
thus hinders the extension of the SCR in the c-Si. As results, the band bending and electric
field in the c-Si part of the junction are lowered, which decreases the carrier inversion at the
interface and causes decrease of ΦB followed by an increase of interfacial recombination.
Moreover, due to the lower electric field, the majority of holes have a high probability to diffuse
to the interface and contribute to the recombination at the interface [28]. The same mechanism
of carrier inversion decrease caused by the presence of Qi is presented in case of SHJn solar
cells (not shown here). However, due to the n-type silicon used in SHJn solar cells and holes
collected through the front contact, the Qi has a positive charge. Comparing both structures
(Figure 3a), the SHJn structure exhibits a lower sensitivity to Dit and a higher efficiency. There
are two main sources of such a higher efficiency for the SHJn structure. The first source is the
higher FF (not shown here) of SHJn structure compared to SHJp structure. The second reason
is the collection of holes through the front heterointerface of SHJn structure, which due to the
band alignment exhibits lower interface recombination. The impact of the band alignment on
the carrier inversion of SHJ structures is further discussed in Section 3.2.

Figure 3. (a) The VOC and η calculated in dependence on Dit for SHJn and SHJp structures. (b) Band diagrams calculat-
ed for two values of Dit for SHJp structure. The inset shows the change of carrier inversion (change in the distance of
the conduction band level from the Fermi level at the heterointerface) with the change of Dit.

From the above discussion it is clear that the change of the charge properties in the SCR plays
the key role for the carrier inversion at the heterointerface and strongly affects VOC. The Dit are
formed by acceptor and donor types of defects which form negative and positive charges in
the c-Si part of SCR, respectively. Our recent study shows that the band bending at the c-Si
part of the structure is lowered mainly due to the presence of Qi with negative charge and Qi

with positive charge for SHJp and SHJn solar cells, respectively [22]. Because of this, the defect
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asymmetry at the interface plays also an important role for the recombination processes at the
interface [22]. The presence of acceptor defects at the heterointerface is more detrimental for
the function of SHJn, while in the case of SHJp structure the donor defects are more affecting
the performance of solar cell.

3.2. Front a-Si:H/c-Si: influence of band alignment

Comparing with the standard c-Si-based solar cells, the SHJs are characterized by the formation
of a carrier inversion layer of minority carriers at the c-Si surface. The origin of this inversion
layer steams from the presence of the band discontinuity at the interface and is the main factor
for higher VOC compared to the standard c-Si-based solar cells. In order to describe the impact
of band alignment on the VOC, simulation of SHJp solar cells with a varied conduction band
offset ΔEC is presented in Figure 4(a). The impact of non-ideal a-Si:H/c-Si interface is shown
as well by using four different values of Dit. Clearly, the decrease of ΔEC results in the decreases
of VOC. This effect is stronger, when higher Dit is present at the interface. On the other hand,
for high ΔEC, the Dit has a weaker impact on the VOC. Such a behaviour can be explained by
considering the band bending and carrier inversion in the structure. Figure 4(b) shows band
diagrams of SHJp solar cells for Dit = 5 × 1011 cm–2 and two values of ΔEC. As can be seen, higher
ΔEC results into higher band banding in the c-Si part of the junction and stronger carrier
inversion at the heterointerface. Because of this, VOC exhibits higher values for structures with
high ΔEC. Moreover, the strong inversion causes a pronounced suppression of interface
recombination since only few majority carries are available for recombination. As a result, the
negative impact of Dit is less serious for structures with high values of ΔEC. From this it is
obvious that the ability to prepare a-Si:H/c-Si with high ΔEC should be the way how to suppress
the influence of Dit and how to attain high VOC and thus the efficiency of SHJ solar cells.
However, there are only limited possibilities to modify the band alignment of a-Si:H/c-Si
heterointerface based on tuning the hydrogen content in the a-Si:H layer [33]. The literature
presents a consensus that ΔEC at a-Si:H(n)/c-Si(p) heterointerface is below 0.30 eV [23, 34–36].

Figure 4. (a) VOC calculated as a function of ΔEC at the front a-Si:H/c-Si of SHJp solar cell structure. Dit is varied as a
parameter in the simulations. (b) Band diagrams calculated for two values of ΔEC and Dit = 5 × 1011 cm-2 of SHJp solar
cell structure. The inset shows the change in the carrier inversion (change in the distance of the conduction band level
from the Fermi level at the heterointerface).
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Therefore, the critical aspect to obtain high VOC of SHJ structures remains the suppression of
defect states at the interface.

In the case of the SHJn structure, the transport of photo-generated minority holes is affected
by the valence band offset ΔEV which, due to the band alignment, has a higher value compared
to the ΔEC of SHJp. Because of this, the SHJn solar cell structures have higher carrier inversion
at the interface as well as higher ΦB and exhibit higher VOC compared to the SHJp structures.
Moreover, due to the higher carrier inversion the SHJn structure exhibits a lower sensitivity to
Dit compared to the SHJp structure (Figure 3a).

3.3. Front a-Si:H/c-Si: influence of a-Si:H(i) passivation layer

The most straightforward way to increase the carrier inversion at the c-Si surface is to decrease
Dit. The a-Si:H emitter with p- or n-type doping is characterized by a high concentration of
defects resulting in a high Dit at the a-Si:H/c-Si interface. Because of this a thin intrinsic
passivation layer of a-Si:H(i) with a significantly lower defect concentration ~5 × 1021 m–3 [36]
compared to doped a-Si:H layer [27] is inserted at the interface. The quality of the a-Si:H(i) and
thus passivation effect increases with the increase of a-Si:H(i) thickness da-Si:H(i). However, high
da-Si:H(i) results in a decrease of FF and performance of SHJ solar cell [37].

A simulation study with a-Si:H(i) inserted at the heterointerface was carried out to describe
the impact of da-Si:H(i) on the carrier inversion at the c-Si surface and consequently on VOC and
the output performance. Figure 5(a) shows VOC simulated as a function of da-Si:H(i). Three values
of Dit were used in the simulation as a parameter reflecting the possible passivation effect of
a-Si:H(i) layer. In the case of low Dit = 109 cm–2, the change of VOC with da-Si:H(i) is negligible. On
the other hand, for higher value of Dit the decrease of VOC with increase in da-Si:H(i) is more
relevant. VOC is less sensitive to the presence of Dit for low da-Si:H(i). This sensitivity to Dit increases
with increasing da-Si:H(i). The band diagrams for Dit = 5 × 1011 cm–2 and with da-Si:H(i) of 10 and 50
nm were calculated to explain the impact of da-Si:H(i) on VOC at high Dit (Figure 5b). The band
lines of a-Si:H(i) were aligned for both thicknesses to have the heterointerface at the same place.
Figure 5(b) shows the decreases of band bending in the c-Si, thus the decrease of the carrier
inversion at the heterointerface upon the increase of da-Si:H(i) for Dit = 5 × 1011 cm–2 resulting in
the decreases of VOC. The a-Si:H(i) layer has a low concentration of free carriers and thus is a
source of a potential drop across this layer, which affects the charge distribution and electric
field in the SCR. This potential drop increases with the increase of da-Si:H(i). In the case of low Dit

= 109 cm–2 the strong carrier inversion occurs, in other words a high minority carrier concen-
tration at the c-Si surface screens the potential drop over the a-Si:H(i) layer. Consequently, the
potential drop over the a-Si:H(i) layer has a negligible influence on the carrier inversion and
thus causes a negligible change of VOC even at high da-Si:H(i). In the case of high Dit = 5 × 1011

cm–2 the carrier inversion is much weaker due to the presence of trapped charge Qi. Such
trapped charge lowers the electric field in the c-Si, hence lowers band bending and decreases
the carrier inversion at the c-Si surface. Due to the high Qi the higher concentration of localized
charge in the a-Si:H part of the junction is required to screen the charge in the c-Si. Because of
this the potential drop over the a-Si:H(i) becomes more important for the distribution of the
diffusion potential in the junction and with an increase of the da-Si:H(i) the SCR is more widened
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in the amorphous emitter (formed by the intrinsic and doped parts) resulting in an increase of
the diffusion voltage in a-Si:H part of the junction and in a decrease of carrier inversion at c-
Si surface of the a-Si:H/c-Si interface with increased da-Si:H(i). This conclusion is in accordance
with experimental observation [38]. VOC decreases as a consequence of weaker carrier inver-
sion. In accordance with this explanation, Figure 5(b) shows a more significant decrease of
band banding in the c-Si and an increase of the band banding in the a-Si:H followed by a
decrease of the carrier inversion at the interface for da-Si:H(i) = 50 nm compared to the sample
with da-Si:H(i) = 10 nm. While the quality and thus passivation properties of the a-Si:H(i) layer
increase with the thickness, careful tuning of the thickness and passivation ability is required
to achieve high VOC and high output performance. The same principle can be applied to the
SHJn structure.

Figure 5. (a) VOC calculated as a function of a-Si:H(i) thickness, da-Si:H(i) inserted at the front a-Si:H/c-Si of SHJp solar cell
structure. Dit is varied as a parameter in the simulations. (b) Band diagrams calculated for two values of da-Si:H(i) and Dit

= 5 × 1011 cm–2 for SHJp solar cell structure. The inset shows the change in the carrier inversion (change in the distance
of the conduction band level from the Fermi level at the heterointerface).

3.4. Alternative concepts to obtain carrier inversion at emitter/c-Si interface

From the above discussion it is clear that high carrier inversion at the emitter/c-Si interface is
crucial for high VOC and high output performance of the SHJ solar cell. The high carrier
inversion in the SHJ solar cells can be attained through (i) modification of band alignment at
the heterointerface or (ii) by a decrease of Dit by optimizing the cleaning process or by insertion
of a thin passivation a-Si:H(i) layer [6]. In following, we will discuss two alternative concepts
of emitters which allow formation of high inversion at the emitter/c-Si interface and offer
perspective to achieve high performance. The first one is the hetero-homojunction concept
based on the field passivation effect [39, 40] and the second one is the use of alternative emitters
based on transition metal oxides TMO with high Wf, which form the hole transport layers in
SHJn structures [41].
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From the above discussion it is clear that high carrier inversion at the emitter/c-Si interface is
crucial for high VOC and high output performance of the SHJ solar cell. The high carrier
inversion in the SHJ solar cells can be attained through (i) modification of band alignment at
the heterointerface or (ii) by a decrease of Dit by optimizing the cleaning process or by insertion
of a thin passivation a-Si:H(i) layer [6]. In following, we will discuss two alternative concepts
of emitters which allow formation of high inversion at the emitter/c-Si interface and offer
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based on the field passivation effect [39, 40] and the second one is the use of alternative emitters
based on transition metal oxides TMO with high Wf, which form the hole transport layers in
SHJn structures [41].
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The first alternative approach is based on the insertion of a highly doped c-Si layer of n+- and
p+-type doping at the a-Si:H/c-Si interface of SHJp and SHJn solar structure, respectively [39,
40]. Such a highly doped layer with opposite doping of c-Si provides field passivation, and
causes a shift of the Fermi level, which leads to an increase in carrier inversion at the c-Si
surface. Our recent simulation study shows that by using the field effect passivation it is
possible to decrease the sensitivity of VOC to Dit and ΔEC at the a-Si:H/c-Si interface [40]. The
main drawback of this approach is, however, the additional technological steps required for
preparation of a thin highly doped c-Si layer [42].

TMO with a high work function Wf such as MoOx, V2O5 and WO3 represent alternative
materials which can replace the a-Si:H emitter and can provide high carrier inversion at the c-
Si surface [41]. The work function of these oxides changes according to the presence of adjacent
environment or layer and varies in the range from 6 to 7 eV for as deposited layers and from
5 to 5.3 eV for oxides exposed to air [41]. Due to the intrinsic oxygen vacancies in their structure
TMO are acting as n-type semiconductors [41, 43]. However, due to the high Wf TMO provides
band alignment with c-Si in the way that acts as a p-contact and allows formation of a depletion
silicon surface and strong carrier inversion at the interface in connection with n-type c-Si. Also
in the case of SHJ with TMO, the carrier inversion is strongly affected by the defect states at
the heterointerface, thus passivation a-Si:H(i) layer is required to insert at the TMO/c-Si
interface to provide high performance of such SHJ solar cell structures. The efficiency of 22.5%
was obtained for MoOx based on SHJ cell [18]. Despite the high efficiency obtained on TMO-
based SHJ, the carrier transport mechanism and collection of photo-generated carriers are still
not fully understood. Recent results suggest that regardless of the rectification behaviour
caused by the high Wf, classical depletion approximation can be used to describe the rectifi-
cation behaviour of TMO/c-Si junction [41]. It was shown that measured I-V curves can be
described by a two-diode model with current transport limited by the recombination in the
SCR of c-Si and diffusion of injected minority carriers [41]. However, further research is
required to understand the extraction mechanism of photo-generated holes assisted by the gap
states in the emitter based on the metal oxide.

4. Front TCO/a-Si:H heterointerface

4.1. Front TCO/a-Si:H: impact of parasitic Schottky barrier

The above simulation study revealed that VOC is strongly determined by the properties at the
front a-Si:H/c-Si heterointerface. Defect states and band alignment affect the distribution of the
charge in the SCR and thus directly influence the electric field and carrier inversion at the
heterointerface. The photo-generated carriers are collected by the front TCO and metal
contacts. While TCO can be considered as a degenerated semiconductor, the properties at TCO/
a-Si:H have to be also considered for carrier transport [44–46]. The most critical aspect for
carrier transport is the possible presence of a parasitic Schottky barrier at the TCO/a-Si:H
interface which can arise due to an inappropriate work function of TCO, WTCO [24]. WTCO

depends on the material used as a TCO as well as on the deposition conditions used for
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preparation. For example, in the case of ITO work functions of 4.2–5.3 eV were reported [45,
47]. The most common way to modify WTCO is by controlling the oxygen pressure or pre- and
post-deposition annealing [46]. It was shown that the parasitic Schottky barrier at TCO/a-Si:H
interface of value ΦTCO = 0.35 eV can reduce the conversion efficiency by more than 40% due
to the deteriorated light current-voltage characteristics, which follows the so-called S-shape
[48]. The ΦTCO is partially affected by the carrier doping in the TCO layer, which shifts the Fermi
level and thus affects the band alignment at the TCO/a-Si:H. Depending on the magnitude of
ΦTCO, different carrier transport mechanisms should provide a good contact TCO/a-Si:H. In
the case of low ΦTCO, thermionic emission should take place as a dominant transport mecha-
nism of carriers. In the case of high ΦTCO, tunnelling should take place to assist in the carrier
transport. For tunnelling to be active it is necessary to have a high doping at both adjacent
parts of the junction [46]. Recently, it was shown that high doping of TCO can result in lowering
of the passivation and thus decrease the carrier inversion at the a-Si:H/c-Si, resulting in a
decrease of VOC and output performance [46]. Because of this, it is necessary to carefully
consider not only the WTCO but also the appropriate carrier doping to achieve a loss-free TCO/
a-Si:H interface.

In the following simulation, the TCO is considered as a metal contact and the impact is
simulated of low parasitic ΦTCO at the TCO/a-Si:H emitter on the performance of SHJp solar
cell. The aim of this simulation is to describe the impact of the ΦTCO on the carrier inversion
at the a-Si:H/c-Si of SHJp solar cells with conclusions which can be extended to the SHJn solar
cell. Figure 6(a) shows VOC simulated as a function of emitter layer thickness demitt and as a
function of ΦTCO. To model the high and low quality of a-Si:H/c-Si interface, two values of
negligible low Dit = 109 and high 5 × 1011 cm–2 were adopted in the simulations. For the low
value of Dit a negligible change of VOC with ΦTCO is observed. On the other hand, the change
of VOC with ΦTCO is more relevant for high values of Dit. With the increase of demitt the influence
of ΦTCO on VOC becomes negligible. ΦTCO has an impact only on SHJp with a high value of Dit

and low demitt. To explain such a behaviour, Figure 6(b) shows the band diagrams of SHJp
structures with ΦTCO = 0.2 eV, Dit = 5 × 1011 cm–2 simulated for demitt = 1 and 8 nm. For
comparison reasons, the band diagram of SHJp with demitt = 8 nm and without parasitic
Schottky barrier is shown as well. The band lines for both demitt were aligned to have the
heterointerface at the same distance. As can be seen, the structures with ΦTCO = 0 eV and ΦTCO

= 0.2 eV simulated with demitt = 8 nm exhibit the same carrier inversion at the silicon surface
of the a-Si:H/c-Si interface. The carrier inversion is, however, significantly lowered when demitt

decreases to 1 nm. The parasitic ΦTCO forms SCR at the TCO/a-Si:H contact and thus is the
source of an electric field with opposite direction to the electric field at the a-Si:H/c-Si junction.
In the case of low Dit the strong carrier inversion at the c-Si surface of a-Si:H/c-Si interface
screens the charge and electric field in the SCR of ΦTCO. As a result, ΦTCO has only a negligible
impact on the band bending as well as on the carrier inversion and VOC (Figure 6b). For Dit

= 5 × 1011 cm–2 the carrier inversion at the a-Si:H/c-Si is significantly lowered due to the
presence of Qi. For such conditions, the distribution of the electric field in the a-Si:H emitter
is more sensitive to ΦTCO. In case of high demitt, the free carriers in the emitter can screen the
impact of ΦTCO and the electric field formed in the SCR of ΦTCO barrier, thus no relevant
decrease of carrier inversion at a-Si:H/c-Si is observed. With a decrease of demitt the SCR of
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ΦTCO can reach the SCR of SHJp. For such a case, the electric field of ΦTCO lowers the diffusion
potential of a-Si:H/c-Si and the parasitic Schottky barrier attracts the holes from the c-Si. As
a result, carrier inversion at the interface decreases, leading into a decrease of VOC and thus
the overall performance decreases. Simulation results revealed that the negative influence of
the parasiticΦTCO is due to the change of the carrier inversion at the a-Si:H/c-Si interface
caused by the electric field of SCR at TCO/a-Si:H contact. Such a change is, however, possible
only for low emitter thicknesses which have not sufficient charge for screening of ΦTCO.
Obviously, the doping of the emitter layer, in other words, the concentration of free carriers
will also affect the screening ability of the emitter. With decrease of the doping, ΦTCO will
have more significant impact on the carrier inversion at the a-Si:H/c-Si interface and thus will
more rapidly deteriorate the output performance.

Figure 6. (a) VOC calculated as a function of demitt of SHJp solar cell structure. ΦTCO is varied as a parameter and two
values of Dit are used in the simulations. (b) Band diagrams calculated for two values of demitt and ΦTCO = 0.2 eV for
SHJp solar cell structure. The band diagrams are aligned to place the heterointerface at the same distance. The inset
shows the change in the carrier inversion.

Similar effect of ΦTCO is presented in SHJn structure. Comparing SHJn and SHJp structures,
the main difference is in the dopation type of amorphous emitter and thus required Wf of TCO
to obtain good TCO/a-Si:H contact. Due to the presence of n-type a-Si:H emitter in SHJp solar
cell, the TCO lower than at least 4.5 eV is required [24]. Typically, TCO materials have Wf higher
than 4.5 eV [49, 50], which make the design of SHJp more challenging and require higher
thicknesses or higher doping of a-Si:H emitter layer. In case of SHJn solar cells, the minimal
Wf = 5.1 eV is required to obtain good TCO/a-Si:H contact [24], resulting in the lower techno-
logical obstacles for preparation of good TCO/a-Si:H contact.

5. The role of interfaces in SHJ working under concentrated light

Recently, possible utilization of silicon-based solar cells in light concentration applications
became an attractive approach to increase the energy yield from such solar cell structures [51,

Silicon Heterojunction Solar Cells: The Key Role of Heterointerfaces and their Impact on the Performance
http://dx.doi.org/10.5772/65020

83



52]. Thus, it is of high interest to explore possible aspects connected with the SHJ solar cells
for utilizations under concentrated light. Due to the formation of heterojunctions between a-
Si:H layers and the c-Si absorption layer, the carrier transport has to overcome barriers at the
front and back interfaces of the SHJ structure. Such barriers can significantly affect the
collection of photo-generated carriers and thus the solar cell performance at high light
intensity. Moreover, the increased light intensity absorbed by the solar cell represents a
considerable amount of energy which is partially transformed to thermal energy and causes
an increase of cell temperature. Because of this, the impact of the elevated temperature of such
a solar cell is considered in the simulations as well. Figure 7(a) shows the efficiency as a
function of concentrated light expressed in the suns (1 sun = 1000 W/m2) calculated at 300, 340
and 380 K for both SHJn and SHJp structures. As can be seen, the efficiency at 1 sun decreases
with temperature for both SHJ structures. Such decreases are due to the increase of the
saturation current caused by an increase of the intrinsic carrier concentration in the c-Si.
Saturation current lowers the VOC (see Eq. 5), which consequently results in a decrease of
efficiency. In general, the increase of light concentration causes an increase of the light
generation g and excess concentration of carriers Δp = Δn, thus results in an increases of VOC

according to Eqs. (1) and (2) for SHJp and SHJn, respectively (see Section 2). Simulated results
revealed that the efficiency of SHJ structures reach the maximum value at particular light
concentration and then starts to decrease. With increased temperature the maximum of the
efficiency is shifted to higher values of light concentrations. The temperature dependence of
efficiency suggests that the source of efficiency drop at higher light concentrations is the
presence of barriers for carrier transport which are partially overcome at higher temperatures
by thermionic emission. Such carrier transport limitations are reflected also in FF. Figure 7(b)
shows FF calculated as a function of light concentration for both SHJn and SHJp structures.
The FF exhibits a similar trend to VOC, and decreases significantly at high light concentrations.
This drop is more relevant for SHJp structure. Considering the band diagrams of both SHJ
structures (see Figures 2a and b), it can be suggested that different barriers are limiting carrier
transport in SHJp and SHJn solar cells. In the case of SHJn, the photo-generated holes are
collected through the front heterointerface and photo-generated electrons are collected
through the back surface field (BSF) formed in our case by the c-Si/a-Si:H(n) contact. For SHJn
structure, the valence band offset at the front a-Si:H/c-Si ΔEV attains considerable higher values
of 0.55 eV compared to the conduction band offset ΔEC = 0.15 eV at the back BSF contact. It
can be assumed that, due to the higher barrier, the front a-Si:H/c-Si heterointerface will be the
main limitation factor for the transport of photo-generated carriers. In the case of SHJp
structure, photo-generated electrons are collected through the front a-Si:H(n)/c-Si(p) contact,
while photo-generated holes are collected through the back c-Si(p)/a-Si:H(p) BSF contact. ΔEC

for minority electrons at the front heterointerface is around 0.15 eV, while the barrier for holes
ΔEBSF can reach values around 0.7 eV. Because of this, it can be assumed that the back contact
is the limiting factor for the carrier transport for SHJp structure.

ASA simulation was carried out to confirm the negative impact of the front ΔEV and back ΔEBSF

barrier for carrier transport of SHJn and SHJp structures, respectively. Figure 8(a) shows the
simulated efficiency as a function of light concentration for SHJn at 300 K with considered
variation in ΔEV from 0.65 to 0.45 eV. ΔEV has a negligible impact on the efficiency at 1 sun light
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concentration. With the increase of the light concentration the efficiency exhibits a decrease,
which is more relevant for higher ΔEV values. We can assume that such a decrease of efficiency
is connected with limitation of carrier transport through ΔEV barrier. Figure 8(b) shows the
efficiency of SHJp calculated as a function of light concentration with a varied barrier for holes
ΔEBSF. The results show that the onset of the efficiency decrease is shifted to higher light
concentrations with an increase of ΔEBSF. Further simulations revealed (not shown in this
chapter) that varying of the front ΔEC has no impact on the efficiency behaviour with the change
of light concentration. Such trends justify the back ΔEBSF barrier to be responsible for the
limitation of carrier transport and efficiency losses at high light concentrations of SHJp solar
cell structure.

Figure 7. (a) Efficiency η and (b) FF calculated as a function of light concentration at temperatures 300, 340 and 380 K
for SHJn (solid lines) and SHJp (dashed lines) structures.

Figure 8. (a) Efficiency η calculated as a function of light concentration for different values of ΔEV of SHJn solar cell
structure. (b) Efficiency η calculated as a function of light concentration for different values of ΔEBSF of SHJp solar cell
structure.

From the above discussion it is clear that the presence of barriers for carrier transports has to
be taken into account when the SHJ is designed for light concentration applications. While
amorphous silicon forms higher ΔEV than ΔEC with c-Si, the barriers for collections of holes
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are the main source of carrier transport limitations. In the case of SHJn structure such a barrier
is formed at the front a-Si:H/c-Si interface while for SHJp structure this barrier is placed at the
back c-Si/a-Si:H BSF contact. Due to the presence of thermionic emission causing a tempera-
ture-dependent carrier transport mechanism through such barriers, adjustment of the working
temperature with light concentration has to be considered in order to attain the highest possible
efficiency of SHJ solar cells in concentrated solar applications.

Our recent study shows that the higher operation temperature has a beneficial effect not only
in enhancement of the carrier transport through barriers formed by the a-Si:H/c-Si interface
but also decreases the negative impact of the parasitic Schottky barrier at the TCO/a-Si:H
interface [53]. The negative influence of such barriers is more significant for SHJn structure,
where the Schottky barrier depletes the emitter and increases the negative influence of ΔEV.
Thus, the optimization of SHJn solar cell structures for solar applications under concentrated
light is more challenging compared to SHJp solar cell structures.

6. Conclusion

This chapter was devoted to a-Si:H/c-Si and TCO/a-Si:H heterointerfaces forming the front
emitter stack with the aim to explain the influence of such heterointerfaces on VOC and output
performance of SHJp and SHJn solar cells. It was shown that the carrier inversion at the c-Si
surface of a-Si:H/c-Si plays a key role for VOC and the output performance. Various properties
affecting the carrier inversion in the SHJ solar cells were analysed by means of numerical
simulation leading to several conclusions. Low defect states at the interface as well as large
band offset for minority carriers at a-Si:H/c-Si heterojunction are crucial to achieve strong
carrier inversion and high VOC. The insertion of an a-Si:H(i) passivation layer provides a
decrease of the defect states at the interface; however, careful tuning of the passivation layer
thickness is required to achieve a strong passivation effect with a negligible negative effect of
the potential drop over this passivation layer. The Schottky barrier at the TCO/a-Si:H interface
acts as a parasitic junction with opposite direction of the electric field to the electric of a-Si:H/
c-Si junction. In the case of weak carrier inversion and small emitter thickness, the effect of the
parasitic Schottky barrier is not screened by the charge in the emitter or minority carriers in
the inversion layer and the Schottky barrier deteriorates the performance of SHJ solar cell. The
simulation of SHJ structures at concentrated light conditions revealed a crucial effect of the
barriers for hole collection on the efficiency. Tuning of such barriers together with tuning of
the operation temperature is required to achieve a high performance of SHJ solar cells under
concentrated light conditions. Due to the higher valence band offset compared to the conduc-
tion band offset at the a-Si:H/c-Si interface, higher carrier inversion is observed at the front
heterointerface of SHJn solar cells leading to higher VOC and lower sensitivity to defect states
at the heterointerface for SHJn solar cells compared to SHJp solar cell. Two alternative concepts
with the ability to provide high carrier inversion at the heterointerfaces were presented. The
first one is based on the field effect passivation provided by insertion of a highly doped c-Si
layer at the interface and the second one is based on the replacement of a-Si:H emitter by metal
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oxide with high Wf, which provides favourable band alignment for formation of strong carrier
inversion at the heterointerface.
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Abstract

This chapter aims to provide students/workers in the field of photovoltaics with the
valuable information and knowledge needed to understand the physics and operation
of  high‐efficiency  front  junction  n‐type  crystalline  silicon  solar  cells.  The  surface
recombination  and  passivation  mechanisms,  and  several  promising  passivation
schemes for front and back cell surfaces, are addressed and reviewed. The advanced
cell structures and their fabrication schemes to achieve higher efficiency are described
and discussed, including selective emitter on the front and locally doped back surface
filed or carrier selective rear contact composed of tunnel oxide and phosphorus‐doped
polycrystalline silicon thin film.  These advanced cell  design features  have become
highly active areas of investigations in the photovoltaic industry for next‐generation
production cells.

Keywords: front junction, recombination, surface passivation, selective emitter, tunnel
oxide passivated contact, high efficiency

1. Introduction

Solar cells depend upon the photovoltaic effect for their operation that converts the incident
energy of sunlight directly into electricity using the electronic properties of semiconducting
materials. In the past few decades, silicon wafers have been used to fabricate the overwhelming
majority of solar cells in the very dynamic photovoltaic industry because of the abundance
and non‐toxicity of silicon, the simplicity of cell fabrication process, and the vast amount of
processing knowledge developed and accumulated in the microelectronics industry. Simply
speaking,  silicon  wafer‐based  solar  cells  generate  electricity  via  absorbing  photons  and
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generating electron‐hole pairs that are separated by a pn‐junction and then flow to electrical
contacts on the front and back sides to perform work in external circuit, as shown in the
Figure 1. In addition, due to several advantages of n‐type (typically phosphorus‐doped) silicon
wafers over p‐type (typically boron‐doped), including better tolerance to common impurities
(e.g. iron) [1], higher bulk lifetime and no light‐induced degradation (LID) [2], n‐type silicon
solar cells with high efficiency can be potentially more cost‐effective than p‐type silicon solar
cells. Hence, the focus in this chapter will be on high‐efficiency front junction n‐type crystalline
silicon solar cell with both sides passivated and contacted, including their operating principle,
advanced cell structures, surface passivation and fabrication schemes.

Figure 1. Schematic energy band diagram of a front junction n‐type silicon solar cell in a non‐equilibrium (with illumi‐
nation), including photon absorption, carrier generation and separation.

2. Operating principle of a front junction n‐type silicon solar cell

The operating principle of a front junction n‐type silicon solar cell is described in Figure 1 via
the band diagram. The p+ emitter region is formed by ‘doping’ the front side of a n‐type silicon
wafer with boron dopants in high concentration, and the conjunction of the p+ region and the
n substrate forms the pn‐junction. Due to the doping concentration gradient across the pn‐
junction, electrons flow by diffusion from the n region into the p+ region, and holes flow
from the p+ region to the n region [3]. This leaves behind exposed charges on ionized boron
and phosphorus doping atoms at lattice sites, which form the space charge region. These
exposed charges build up an electric field that opposes the natural flow of electrons and holes
until and equilibrium scenario is reached with a fixed space charge width and electric field [4].
This built‐in electric field also causes a bending of the conduction band (EC) and the valence
band (EV) (Figure 1). When the solar cell is illuminated, photons with energy greater than the
silicon band gap energy (Eg) are absorbed to excite electrons from the valence band to the
conduction band, which generates an electron‐hole pair. The generated electrons and holes
can diffuse within the bulk of the solar cell until they reach the space charge region, if they
avoid recombination or trapping by defects. Then, the electric field at the pn‐junction separate
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these carriers by sweeping electrons to the n region and holes to the p+ region. In the case of
illumination, quasi‐Fermi levels (EFn for electrons and EFp for holes) are used to analyse the
solar cell in non‐equilibrium (Figure 1). The electrical contact to the front p+ emitter region is
described as an ohmic contact while the metal contact to n region, without any heavy doping,
is generally a Schottky‐type because the metal contact to n silicon induces a barrier to majority
carrier (electrons) [3]. In order to obtain high cell efficiency, proper doping profiles in both the
p+ and the n regions are necessary to reduce the contact resistance and the metal‐induced
recombination.

2.1. Solar cell parameters

According to the ideal diode law (one diode model), an actual silicon solar cell with parasitic
series resistance (Rs) and shunt resistance (Rsh) can be described by an equivalent circuit
containing one diode as shown in Figure 2 and is often expressed as [3, 4]

Figure 2. Equivalent circuit of a front junction n‐type silicon solar cell with parasitic series resistance (Rs) and shunt
resistance (Rsh) [3, 4].
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where I is the terminal current, IL is the light‐generated current with illumination, I0 is the
saturation current (the solar cell leakage current in the dark), V is the terminal voltage, q is the
electronic charge, k is the Boltzmann's constant, T is the absolute temperature and n is the
ideality factor that is typically in the range of 1 and 2.

The resulting I‐V curve with illumination is often plotted as output power, as shown in
Figure 3. The maximum power point (MPP) is also indicated at (Vmp, Imp). The fill factor (FF)
is another important parameter determining cell performance, and it is a metric of the pn‐
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junction quality and the parasitic resistance of a finished silicon solar cell [3]. FF is a measure
of the squareness of the I‐V curve and defined as

Figure 3. A typical representation of an illuminated I‐V curve as well as output power curve as a function of voltage,
including indication of short circuit current (Isc), open circuit voltage (Voc) and the maximum power point (Voc and Isc)
[3, 4].

mp mp

sc oc

I V
FF

I V
= (2)

where Imp and Vmp are the corresponding current and voltage at the maximum power point, Isc

is the current at short circuit condition ( = 0) and Voc is the voltage at open circuit condition
( = 0) [3, 4]. Finally, the most important metric of solar cell performance is the energy
conversion efficiency and is defined as

sc oc

in

I V FF
P

h = (3)

where Pin is the total incident light power striking the solar cell [3]. According to the detailed
balance limit of efficiency, the maximum efficiency of an ideal single‐junction crystalline silicon
solar cell with Eg of 1.12 eV at 25°C is about 30% [5]. Its major fundamental mechanisms of
power loss include (1) photons with energy less than 1.12 eV (<Eg) cannot be absorbed and
directly transmitted through the cell, (2) the excessive energy in photons with high energy
(>Eg) is wasted via thermallization as the generated electron‐hole pair relax back to the edges
of carrier band, (3) each absorbed photon creates only one electron‐hole pair regardless of its
energy, and (4) as shown in Figure 1, quasi‐Fermi levels (EFn and EFp) stay within energy gap

( 𝀵𝀵𝀵𝀵 − 𝀵𝀵𝀵𝀵 <   ), hence pn‐junction silicon solar cells are inherently capable of giving

voltage output smaller than the potential corresponding to its band gap energy [3, 5].

Nanostructured Solar Cells96



junction quality and the parasitic resistance of a finished silicon solar cell [3]. FF is a measure
of the squareness of the I‐V curve and defined as

Figure 3. A typical representation of an illuminated I‐V curve as well as output power curve as a function of voltage,
including indication of short circuit current (Isc), open circuit voltage (Voc) and the maximum power point (Voc and Isc)
[3, 4].

mp mp

sc oc

I V
FF

I V
= (2)

where Imp and Vmp are the corresponding current and voltage at the maximum power point, Isc

is the current at short circuit condition ( = 0) and Voc is the voltage at open circuit condition
( = 0) [3, 4]. Finally, the most important metric of solar cell performance is the energy
conversion efficiency and is defined as

sc oc

in

I V FF
P

h = (3)

where Pin is the total incident light power striking the solar cell [3]. According to the detailed
balance limit of efficiency, the maximum efficiency of an ideal single‐junction crystalline silicon
solar cell with Eg of 1.12 eV at 25°C is about 30% [5]. Its major fundamental mechanisms of
power loss include (1) photons with energy less than 1.12 eV (<Eg) cannot be absorbed and
directly transmitted through the cell, (2) the excessive energy in photons with high energy
(>Eg) is wasted via thermallization as the generated electron‐hole pair relax back to the edges
of carrier band, (3) each absorbed photon creates only one electron‐hole pair regardless of its
energy, and (4) as shown in Figure 1, quasi‐Fermi levels (EFn and EFp) stay within energy gap

( 𝀵𝀵𝀵𝀵 − 𝀵𝀵𝀵𝀵 <   ), hence pn‐junction silicon solar cells are inherently capable of giving

voltage output smaller than the potential corresponding to its band gap energy [3, 5].
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2.2. pn‐junction formation

To form the pn‐junction on n‐type crystalline silicon wafers, a typical approach is to diffuse
boron atoms into the silicon substrates at high temperature. This can be accomplished by
several techniques including depositing boron‐doped silicon oxide via atmospheric pressure
chemical vapour deposition (APCVD) and then thermal annealing at high temperature [6].
The boron emitter can be also formed by spinning‐on orthoboric acid (H3BO3) solutions [7, 8],
which is considered to be a hydrate of boric trioxide (B2O3). During the subsequent thermal
annealing, the boron oxide reacts with silicon to form SiO2 and B, which diffuses into silicon
at high temperature, as described by

2 3 22B O 3Si 3SiO 4B+ ® + (4)

Screen‐printed boron emitters have also been explored by printing proper boron‐containing
paste followed by a thermal drive‐in diffusion [9]. Another promising and widely used
technology is called ‘BBr3 diffusion’ that involves a direct thermal diffusion of boron atom from
a liquid boron tribromide (BBr3) source [10]. In this process, pure nitrogen (N2) carrier gas
flows into a bubbler containing liquid BBr3, which creates and transports gaseous BBr3 into the
quartz tube and deposits on the surface of silicon wafers loaded in a quartz boat [11]. During
this deposition stage, a boron oxide layer is formed on the silicon wafer surface in the oxygen
(O2) ambient according to

3 2 2 3 24BBr 3O 2B O 6Br+ ® + (5)

This thin boron oxide layer contains very high concentration of inactive boron element on the
silicon surface. So, a high temperature anneal (typically ≥950°C) is necessary to activate boron
atoms and diffuse them into silicon bulk to form the p+ region through the reaction (4) [11].
During this process, a SiO2/B2O3 stack or the borosilicate glass (BSG) layer is formed on the
surface that has to be removed to achieve better dielectric surface passivation quality. By
controlling gas flow rate, diffusion temperature and duration, proper boron dopant profiles
can be engineered [12].

Because all of these junction formation technologies suffer from wrap‐around or naturally
double‐sided diffusion process, etching off one side or depositing a mask layer on one side is
needed to prevent junction shunting. Therefore, ion implantation has been investigated and
implemented as a promising alternative technology that has a unique characteristic to provide
single‐sided diffusion and facilitates the development of next‐generation cells [13]. It can
simplify the junction formation process by eliminating the extra processes of masking and
etching. In addition, ion implantation offers other technical advantages, including (1) high
junction uniformity, (2) flexibly and precisely controlled dopant profiles, (3) elimination of the
edge isolation process, (4) capability of patterned doping for selective doping and (5) elimi‐
nation of the dopant glass (i.e. BSG layer) removal process [14]. It is important to note that ion
implantation forms an amorphous layer on the surface [15], therefore, a very high temperature
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(≥1000°C) is needed to recover lattice damage and activate dopants [16, 17]. In addition, proper
ion dose, implant energy and anneal conditions are essential to obtain desired dopant profiles
[18, 19]. Current ion implantation tools have throughput of more than 2000 wafers per h but
the capex and maintenance is much higher than the traditional diffusion tubes [13]. Figure 4
shows two examples of boron emitter profiles measured by electrochemical capacitance‐
voltage (ECV) profiling technique, revealing that the boron concentration decreases towards
the silicon wafer surface due to the higher solubility of boron in the SiO2 layer than in silicon
bulk [20].

Figure 4. Two measured ECV profiles of ion‐implanted boron emitters with sheet resistance of 80 and 200 Ω/□ [16, 20].

2.3. Metallization

In order to extract electrical power from a silicon solar cell, metal contacts have to be applied
to the front emitter and the rear base to collect the generated electron‐hole pairs. The collected
electrons flow through the n+ regions into the external circuit to power the load and then
recombine with the generated holes. In order to minimize the power loss, the electrical contact
needs to have low contact resistance with doped silicon regions, low metallic resistance in the
formed structure, good adhesion to silicon and reliable solderability for cell interconnection
for module production [21]. There are several metallization technologies that are typically used
in photovoltaic industry for research and production. First, the screen printing of metal pastes
to form electrical contact is the most widely applied technology to manufacture silicon solar
cells in photovoltaic industry today because it is very robust, simple, high‐throughput, low‐
cost and reliable method [21]. Its first application dates back to 1970s. In this metallization
process, a metal paste is printed through a patterned screen with well‐designed openings onto
a wafer lying under the screen. This screen acts as a mask, consisting of a mesh of wires partially
covered with an emulsion. By properly optimizing some key process parameters, including
the snap‐off distance between screen and wafer, the printing pressure (pressing the screen
against the wafer surface and pushing the metal paste onto wafer surface) and the printing
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speed, printed gridline with high aspect ratio can be obtained today with line width of ≤60 µm
and height of ∼25 µm (Figure 5(A)) [16]. Then, the contact formation is realized by a firing
process in a conveyor belt furnace that fires the metal pastes through the passivation layer and
anti‐reflection coating (typically silicon nitride SiNx) on the front. During this firing process,
hydrogen (H) is released from the hydrogen‐rich SiNx layer into the crystalline silicon to
passivate bulk and interface defects to increase the cell performance [23, 24].

Figure 5. (A) Optical scope image of screen‐printed gridline. (B) Scanning electron microscope image of photolitho‐
graphically defined and plated gridline. (C) Optical scope image of laser‐opened point contact pattern for physical va‐
pour deposited metallization [16, 22].

Second contact technology involves metal plating approach that offers low contact resistivity,
good gridline conductivity and narrow gridline width (low metal shading). Thus, it is a
promising alternative to the screen‐printing technology but metal plating typically requires
an initial patterning step to create openings in a dielectric masking layer for the subsequent
self‐aligned metallization [21]. The openings can be defined by photolithography [10] or laser
ablation, and then the contacts are applied by electroless plating [25] or a combination of light‐
induced plating (LIP) and electroplating in an inline plating machine [26]. For industrially
feasible plated metallization, nickel (Ni) layer is typically used, first to obtain low contact
resistivity and prevent copper (Cu) diffusion followed by copper plating to provide excellent
line conductivity and low material cost (compared to silver) [27]. The gridline width after
plating is typically around 30 µm, with height of ∼15 µm, as shown in Figure 5(B).

Third contact technology involves physical vapour deposition (PVD) that is attractive because
of its potential advantages of lower specific contact resistance [28], reduced wafer breakage
and processing of thinner wafers due to non‐contacting process. In addition, a thin (1∼2 µm)
PVD aluminium (Al) on the entire rear area is sufficient to meet the required electrical
conductance for large area silicon solar cells, which can lead to less wafer bow and less metal
material consumption [22]. In order to form the contact between silicon and PVD metal,
patterned openings through a dielectric masking layer are needed for the subsequent PVD
metallization, which is typically created by laser ablation. Figure 5(C) shows an example of
rear point contact pattern (300 × 300 µm2) after laser ablation, with the opening diameter of
≤40 µm and metal coverage of ≤1.4% [22]. To obtain a good solder contact to the PVD Al side,
deposition of a double layer of Ni:V/Ag on top of PVD Al layer is often implemented to provide
an excellent solderability and long‐term stability for module manufacturing [29].
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2.4. Optical, resistive and recombination losses in a solar cell

Theoretical maximum Jsc of ∼44 mA/cm2 can be achieved for a single‐junction crystalline silicon
solar cell, if all the striking photons with energy higher than silicon band gap (Ephoton ≥ Eg) are
absorbed and all the electron‐hole pairs generated contribute to the cell current [3]. However,
several optical losses can cause lower current density in real cells, including reflection at the
front side (metal gridline and front surface), absorption in the metal and dielectric layers on
both sides, absorption via free‐carrier absorption in highly doped regions and transmission
(without being absorbed in the cell). It is important that the front metal shading should be as
low as possible without contributing to significant increase in series resistance. Therefore, grid
pattern needs to be optimized to minimize the resistive and optical losses. Finally, the size of
pyramid on the front side should be as small as possible after the saw damage removal and
texturing process to minimize the line width due to spreading of screen‐printed metal.

Actual silicon solar cells also suffer from ohmic losses due to parasitic resistance Rs and Rsh. Rs
is mainly attributed to the sheet resistance of doped regions (p+ emitter and n+ back surface
field) in the case of two dimensional current flow, bulk resistance of silicon substrate, metallic
resistance of gridline and specific contact resistance between silicon and metal. Each of these
resistive components can be approximately estimated by using a model and calculation
approach [30] to minimize total Rs and achieve high FF. Rsh is a factor monitoring the non‐
ideality of the pn‐junction and some defects near junction, especially edge shunting. Both high
Rs and low Rsh can result in low FF and cause power loss.

Apart from optical and ohmic losses, recombination of generated carriers can reduce Jsc and
Voc and limit the cell performance. There are two different intrinsic recombinations in semi‐
conductor materials, namely Auger recombination and radiative recombination. Auger
recombination is dominant in the heavily doped p+ and n+ regions. Auger recombination
represents the process in which electron and hole recombine first by band‐to‐band radiative
recombination and use the excess energy to excite another majority carrier (electron) in the
conduction band for n+ silicon or hole in the valence band in the case of p+ silicon. Then, this
excited carrier thermalizes towards the band edge by emitting phonons. Auger recombination
strongly depends on majority carrier density; hence it is very effective in the heavily doped
regions (p+ emitter and n+ back surface field). Radiative recombination refers to a process in
which electron makes direct band‐to‐band transition to recombine with a hole in the valence
band while emitting light. Because silicon is an indirect band gap material and a phonon is
required for the band‐to‐band transition, this recombination mechanism is often neglected in
silicon solar cell. A third and important bulk recombination mechanism is called SRH recom‐
bination (named after Shockley, Read and Hall [31, 32]), which is initiated by the energy levels
created within the forbidden gap by impurities or defects. These energy levels form a stepping
stair to facilitate the recombination of holes and electrons, which is a function of energy level
location, trap density and its capture cross‐sections [31, 32]. Generally, mid‐gap or deeper traps
are more efficient recombination centres. Because all three recombination mechanisms occur
in parallel, the silicon substrate bulk lifetime (bulk) is expressed as
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where Auger is the Auger lifetime, radiative is the radiative lifetime and SRH is the SRH
lifetime.

In addition to these three bulk recombination mechanisms, surface recombination is also very
critical for cell performance. This is because dangling bonds present at both surfaces of the
wafer induce defect levels within the forbidden band gap. Surface recombination is charac‐
terized by a surface recombination velocity that is a function of surface state density and cross‐
section of surface traps [31]. To account for all the four recombination mechanisms, an effective
lifetime (eff) is used, and given by

eff bulk
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where s is the surface recombination velocity (SRV) and d is the silicon wafer thickness. All
recombination processes not only reduce the maximum short circuit current density (Jsc) but
also diminish the maximum Voc. According to Eq. (8), the total saturation current density
(J0,total) in Eq. (1) strongly influences Voc because
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where J0e, J0b,bulk and J0b’ are the saturation current density contributions from front emitter, bulk
wafer and back side, respectively. These parameter values can be directly measured and
extracted from the quasi‐steady‐state photoconductance (QSSPC) technique [33]. Due to the
progress and availability of high lifetime wafers and current photovoltaic industry trend
towards thinner wafers for cost reduction, passivation of front and rear surfaces is becoming
vitally important for achieving higher efficiency silicon solar cells.

3. Surface passivation of crystalline silicon solar cells

At the silicon wafer surface, the covalent silicon‐silicon bonds of crystal lattice are broken
during wafer slicing, which creates non‐saturated (‘dangling’) bonds that are often referred as
‘surface states’ and can easily trap electrons from the conduction band or holes from the valence
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band as some of the energy levels are located near mid‐gap. In order to keep surface recom‐
bination losses at a tolerable level, the wafer surfaces must be electronically well passivated.
According to the Shockley‐Read‐Hall theory [31], the SRV depends on several features,
including the properties of the surface states, state density, their capture cross‐sections for
electrons and holes, the injection level at the surface and the wafer doping level [34]. Therefore,
SRV can be decreased by two technical approaches: (1) the chemical passivation by reducing
the surface state density via depositing or growing a passivating dielectric film on the silicon
surface and (2) the field‐effect passivation by reducing the concentration of one charge carrier
type (either electrons or holes) at the surface via forming an internal electric field below the
silicon surface with doping profile or electrical charges in dielectric insulator. Practically, these
two fundamental passivation approaches are often applied together to minimize the SRV. For
front junction n‐type crystalline silicon solar cells, the electronic quality of front boron emitter
and back surface are usually expressed and quantified by J0e and J0b’. In a typical solar cell, there
are two fundamentally different types of surface regions: metallized and non‐metallized. Non‐
metallized surface regions are usually covered with dielectrics and are referred to as passivated
regions. In order to achieve high cell efficiency, both J0e and J0b’ should be as low as possible.

3.1. Front boron emitter passivation

In order to take the advantages of high bulk lifetime n‐type crystalline silicon wafers, excellent
passivation of the boron emitter is essential to reduce the SRV or the emitter saturation current
density of the passivated region (J0e, pass). It is well known that aluminium oxide (Al2O3) contains
a high density of built‐in negative charges on the order of ∼1013 cm‐2 [35], so the majority carrier
(hole) is accumulated and minority carrier (electron) concentration is effectively reduced at
the Al2O3‐passivated boron emitter surface, and consequently, the SRH recombination on the
surface or the SRV is reduced. Experimentally, very low J0e, pass in the range of 10∼30 fA/cm2

has been demonstrated on 150 and 54 Ω/□ is the standard unit to describe a sheet resistivity
for emitter or back surface field for silicon solar cells in the photovoltaic field. sheet resistance
p+ emitters with surface doping concentrations around 1019 cm‐3 (prepared by BBr3) and Al2O3

passivation synthesized by plasma‐assisted atomic layer deposition (ALD) (Figure 6) [36].

It is also shown that with ALD‐Al2O3 passivation, ion‐implanted boron emitters (post‐implant
anneal at 1040°C for 1 h) demonstrate noticeably higher J0e, pass at <150 Ω/□ sheet resistance, but
similar passivation performance for ≥150 Ω/□ sheet resistance, compared to the BBr3‐prepared
emitters (oxidation anneal at 1050°C). This is due to higher surface doping concentration (∼5
× 1019 cm‐3) resulted from lower oxidation temperature and shorter oxidation time. In addition,
thermally grown silicon oxide (SiO2) also demonstrates decent surface passivation for the
boron emitters with J0e, pass in the range of 60∼110 fA/cm2. However, silicon nitride (SiNx)
deposited by plasma‐enhanced chemical vapour deposition (PECVD) does not effectively
passivate boron‐doped emitters (Figure 6) due to the presence of positive built‐in charge.
Furthermore, hydrogen‐rich amorphous silicon yields the passivation performance compara‐
ble to SiO2 [37].
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Figure 6. Measured emitter saturation current density on passivated region J0e,pass as a function of the sheet resistance
for ion‐implanted boron emitters passivated by SiNx, thermal SiO2 and Al2O3. BBr3‐prepared and Al2O3‐passivated bor‐
on emitter reported in Ref. [36] is cited for comparison purpose.

3.2. Rear surface passivation

In practice, there are two different types of surfaces on the rear side of front junction n‐type
silicon solar cells: diffused and non‐diffused. Thermal SiO2 film is very effective in passivating
n‐type silicon surface because it not only reduces the surface state density but also leads to a
field‐effect passivation due to positive fixed oxide charge [38]. It can reduce non‐diffused n‐
type silicon surface SRV values below 10 cm/s [39]. Thermally grown SiO2 is also very effective
in passivating phosphorus‐doped silicon surfaces. Since the phosphorus dopants in the
diffused back surface of a n‐type cell have the same polarity as the n‐type silicon wafer, this
doping profile creates a high‐low junction (n+n), the so‐called back surface field (BSF). The
corresponding electric field formed by the rear high‐low junction of a BSF can very effectively
shield holes from the rear surface, dramatically reducing rear surface recombination losses.

Figure 7. Saturation current density of phosphorus‐doped and planarized rear surface J0b,pass as a function of the ion‐
implanted phosphorus dose [41, 42].
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SiNx formed by PECVD provides excellent passivation for n‐type surfaces because of its field‐
effect passivation provided by positive interface charges and the properties of the capture
cross‐sections of the dominant interface defects. Although the surface state density at Si‐SiNx
interface is much higher than that in the case of thermally grown Si‐SiO2 interfaces, SiNx
demonstrates additional advantages for silicon solar cells: (1) excellent anti‐reflection coating
(ARC) on the rear side, which is suitable for bifacial architecture and (2) releasing large
amounts of hydrogen during a high temperature (∼800°C) contact firing process to passivate
interface and bulk defects (‘hydrogen passivation’ [40]).

In front junction n‐type silicon solar cells, phosphorus‐doped rear surfaces are typically
passivated by the combination of thermal SiO2 and SiNx stacks. Figure 7 shows that very low
saturation current density has been demonstrated on planarized back surface with ion‐
implanted BSF J0b,pass of ≤20 fA/cm2 for low phosphorus dose and J0b,pass of ∼80 fA/cm2 for high
phosphorus dose with doping concentration of ∼2 × 1020 cm‐3, which is compatible with screen
printing [41, 42]. The J0b,pass of ≤100 fA/cm2 has also been reported for SiO2/SiNx‐passivated ion‐
implanted and POCl3 formed BSF on textured surface [42, 43], which are suitable for fully
screen‐printed bifacial front junction n‐type silicon solar cells [17].

3.3. Carrier selective tunnel oxide passivated rear contact

Current high‐efficiency front junction n‐type silicon solar cells are often limited by the
recombination in the heavily doped regions and at the metal/silicon contacts. A possible
solution for minimizing doping and contact recombination is to insert a passivating material
with offset bands between the metal and silicon, also known as passivated contact. One
approach to accomplish this is to use an amorphous silicon‐based heterojunction (HIT solar
cell), which suppresses recombination effectively and which has resulted in outstanding cell
Voc of 750 mV [44]. However, this passivation scheme can withstand only low temperature
(≤250°C) back‐end process, hence is not compatible with the industry standard screen‐printing
and firing metallization technology [45]. Another approach to achieve a passivated contact
involves a chemically grown ultra‐thin (∼15 Å) tunnel oxide capped with phosphorus‐doped
n+ polycrystalline silicon (as shown in Figure 8(A)) and metal contact on the entire back side

Figure 8. (A) Transmission electron microscopy image and (B) schematic band diagram of tunnel oxide passivated con‐
tact structure [45].
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of n‐type silicon cell [45], which is referred to as the tunnel oxide passivated contact (TOPCON)
[46, 47].

In this TOPCON structure, four parallel mechanisms contribute to carrier selectivity (as
shown in Figure 8(B)) [45]. (1) Heavily doped n+ polycrystalline silicon creates an accumulation
layer at the absorber surface due to the work function difference between the n+ polycrystalline
silicon and the n‐ silicon absorber. This accumulation layer or band bending provides a barrier
for holes to get to the tunnel oxide while electrons can migrate easily to the oxide/Si interface.
(2) Tunnel oxide itself provides the second level of carrier selectivity because it presents a 4.5
eV barrier for holes to tunnel relative to 3.1 eV for electrons [48]. (3) There are very few or no
states on the other side of the dielectric for holes to tunnel through because the valence band
edge of n‐ silicon absorber is facing the forbidden gap of n+ polycrystalline silicon. (4) Even if
a hole is able to tunnel through the oxide, it sees much higher resistance due to the n+

polycrystalline silicon regions to get to the metal contact for recombination while the majority
carrier electrons can easily get there. Last but not least, due to the full area metal contact on
the back, there is one‐dimensional (1D) current flow. This eliminates the lateral transport
resistance (2D carrier flow), resulting in much higher FF. Therefore, this passivated contact is
highly carrier selective and allows the flow of majority carriers via tunnelling while blocking
minority carriers.

Figure 9. (A) Implied Voc and J0b’ as a function of the PH3/SiH4 ratio during PECVD. (B) Implied Voc and J0b’ as a func‐
tion of the polysilicon anneal temperature [45].

To obtain an efficiently doped n+ polycrystalline silicon layer to maintain the quasi‐Femi level
splitting in silicon absorber (high Voc), a proper PH3/SiH4 ratio during PECVD is required for
forming the phosphorus‐doped amorphous silicon layer [45]. Figure 9(A) displays that if the
PH3/SiH4 ratio is too high (high doping level in as‐deposited amorphous silicon layer), the
surface passivation quality degrades as indicated by low implied Voc (iVoc) and high saturation
current density J0b’ obtained on symmetrical TOPCON structure. This is because more
phosphorus dopants diffuse from the n+ polycrystalline silicon layer through the tunnel oxide
into the silicon absorber, resulting in high Auger recombination, as well as high recombination
at the silicon/SiO2 interface [49]. However, very low PH3/SiH4 ratio also causes inferior surface
passivation due to the small band bending or weak accumulation layer created by the reduced
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doping in the n+ silicon layer, resulting in very weak field‐effect passivation. In addition, to
facilitate the solid‐phase crystallization and activate the phosphorus dopants in the as‐
deposited n+ amorphous silicon layer, a proper polysilicon anneal temperature is necessary as
shown in Figure 9(B). However, a strong degradation in the interface passivation quality is
observed if the anneal temperature is too high (≥900°C), again due to more dopant diffusion
into the silicon base causing high Auger recombination and possible local disruption of tunnel
oxide due to polycrystalline silicon grain growth and more interface defects [45, 46]. It has also
been demonstrated that both the tunnel oxide growth temperature in nitric acid and the high
temperature firing process can affect the passivation quality. A very low J0b’ of ≤5 fA/cm2 has
been achieved by optimizing the TOPCON fabrication processes [50]. Similar passivation
performance has also been achieved by depositing intrinsic amorphous silicon layer on top of
the tunnel oxide layer followed by ion implantation of phosphorus and thermal annealing [51].

4. High‐efficiency front junction n‐type crystalline silicon solar cells

All front junction n‐type crystalline silicon solar cell structures fabricated to date feature some
degree of surface passivation. In the following section, we discuss several types of advanced
high‐efficiency front junction solar cells that have been developed on n‐type silicon substrates.

4.1. Passivated emitter with rear totally diffused (PERT) cells

Even though p‐type silicon solar cells dominate the PV market today, in recent years, several
academic groups and companies have started to investigate front junction n‐type crystalline
silicon solar cells. The schematic of front junction n‐type PERT ‘passivated emitter rear totally
diffused’ [52, 53] cell is shown in Figure 10. PERT cell structure featuring a bifacial architecture
is shown in Figure 10(A), which can collect radiation from the rear side of the solar cell, hence
has the potential to achieve an increased energy yield (5∼20%) in certain module configura‐
tions. The PERT cell structure in Figure 10(B) shows the rear point contact that can reduce the
rear metal‐induced recombination due to lower metal coverage, as well as reduce the lateral
resistance due to smaller contact pitch [22].

Figure 10. (A) Schematic of front junction n‐type PERT cell with bifacial feature [52, 53]. (B) Schematic of front junction
n‐type PERT cell with rear point contacts [22].
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Table 1 shows that 21.9% cell efficiency has been reported on thermal SiO2‐passivated boron
emitter formed by BBr3 diffusion [53] while 22.7% cell efficiency has been achieved via Al2O3‐
passivated boron emitter formed by ion implantation and photolithography on small area n‐
type float zone (Fz) substrates [54] with rear point contacts. To make manufacturable n‐type
PERT cells, screen‐printing metallization has been applied on large area n‐type Czochralski
(Cz) silicon substrate with excellent cell efficiencies approaching 21% featuring bifacial
architecture [17, 55], as listed in Table 1.

Literature η (%) Voc (mV) Jsc (mA/cm2) FF (%) Area (cm2) Structure Year

[54] 21.9 695 41.1 76.5 4 (FZ) Rear point contact 2002

[55] 22.7 691 40.9 80.2 4 (FZ) Rear point contact 2014

[56] 20.5 655 39.5 79.1 239 (CZ) Bifacial 2014

[57] 21.0 665 39.8 79.3 239 (CZ) Bifacial 2015

Table 1. Light I‐V results of high‐efficiency front junction n‐type PERT silicon solar cells.

The detailed characterization and analysis show that the 22.7% efficient PERT cell is largely
limited by the rear side recombination (J0b’) due to the totally diffused BSF layer (J0b,pass), with
J0b’ (0, pass + 0,metal = 29 + 4) = 33 fA/cm2, J0e (0, pass + 0,metal = 12 + 16) = 28 fA/cm2

and J0b,bulk = 10 fA/cm2 [54]. Therefore, to further improve the cell performance, the recombi‐
nation in this heavily doped full BSF layer needs to be reduced. This can be accomplished by
locally diffused BSF (PERL) structure on the rear side.

4.2. Passivated emitter with rear locally diffused (PERL) cells

The concept of ‘passivated emitter rear locally diffused (PERL)’ structure was introduced
and developed in 1990s [56], in order to reduce the recombination from the rear side. The
PERL schematic is shown in Figure 11(A), which can diminish the heavy doping effect by
using locally phosphorus‐diffused area and decrease the metal‐induced recombination si‐
multaneously via heavy doping (n++) underneath the contact metal. By upgrading from
PERT to PERL structure, the J0b’ can be significantly reduced (from 33 to 15 fA/cm2),
which can lead to an increase in Voc from 691 to 704 mV [10]. However, because the rear
metal contact of PERL cell is restricted to a small fraction (<1%) of the rear surface, the
carrier flow towards contact is constricted, which is beneficial for minority carriers (holes)
but detrimental for majority carriers (electrons). On one hand, for minority carriers, such
constriction is equivalent to reducing the conductance in the direction of the rear contact,
which facilitates the build‐up of their concentration inside the solar cell resulting in high‐
er Voc. However, for majority carriers, a lower conductance causes higher lateral resistive
losses resulting in lower FF [57]. Hence, a trade‐off between Voc and FF needs to be con‐
sidered. By optimizing the cell fabrication process to reduce contact resistance, a 23.9%
efficient front junction PERL cell on small area n‐type Fz substrate with photolithography
contacts was reported [58] with Voc of 705 mV and FF of 82.5%. The detailed characteriza‐
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tion and analysis shows that this 23.9% efficient PERL cell is limited by metal recombina‐
tion on the front (J0e,metal) and the rear side recombination J0b’, with total J0e of 30 fA/cm2

(0, pass = 10, 0,metal = 20), J0b,bulk = 10 fA/cm2 and J0b’ = 15 fA/cm2 [54]. To further reduce

recombination losses, selective emitter with heavier and deeper boron doping profile un‐
derneath front contact metal is typically implemented, as shown in Figure 11(B), which
can dramatically decrease the front metal‐induced recombination (from 1800 to 200 fA/
cm2) resulting in J0e,metal reduction from 20 to 2 fA/cm2 on the contacted region assuming
∼1.1% metal coverage [10, 59].

Figure 11. Schematic of front junction n‐type PERL cell (A). (B) Front junction n‐type PERL cell with selective emitter
[56, 58].

4.3. Tunnel oxide passivated contact cells

The implementation of polysilicon tunnel junction as an alternative to either totally or locally
diffused junction to reduce the recombination at the contact of silicon solar cells has been
reported in the 1980s [60]. Because of its excellent surface passivation and carrier selectivity, a
full area TOPCON shown in Figure 12(A) was applied, which also enables one‐dimensional
(1D) carrier transport on the rear side to eliminate FF losses due to 2D/3D carrier transport in
the PERT and PERL cells.

Figure 12. (A) Schematic of front junction n‐type TOPCON cell with selective emitter [59, 61]. (B) Schematic of large
area front junction n‐type TOPCON cell with screen‐printed and fired front contact [45].

In addition, because both the heavy doping effect and the metal‐induced recombination are
minimized in TOPCON structure, J0b’ is dramatically reduced from ≥15 fA/cm2 in a PERL cell
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to ≤8 fA/cm2 in TOPCON cell [50, 54, 59]. A small area (4 cm2) 24.9% efficient TOPCON cell
has been reported [59] with selective boron emitter and photolithography contacts on the front
in conjunction with TOPCON back (Figure 12(A)). This cell had a Voc of 719 mV, Jsc of 41.5
mA/cm2 and FF of 83.4% [59]. More recently, an efficiency of 25.1% is reported by moving the
busbars outside the cell with Jsc of 42.1 mA/cm2 [61].

Figure 13. Simulated J0 decomposition with each technology for large area front junction n‐type PERT, PERL and TOP‐
CON cells [62, 63].

To implement TOPCON on a more manufacturable cell structure, large area front junction n‐
type Cz silicon solar cells have been developed with ion‐implanted boron emitter, SiNx anti‐
reflection coating and screen‐printed front contact, as shown in Figure 12(B), and cell efficiency
of 21.4% with evaporated rear contact has been reported [45]. Figure 13 shows the simulated
road map to achieve ≥23% efficient large area front junction n‐type silicon solar cells, including
the reduction of all the J0 components (J0e, J0b, bulk and J0b’) in the cell [62, 63]. It is clearly shown
that selectively doping is one of the most manufacturable and elegant way to reduce J0 of the
metallized and diffused regions simultaneously. This is because heavy diffusion underneath
grid reduces metal J0 and light diffusion in between the gridlines reduces J0 of the diffused
region. The 2D modelling shows that the cell efficiency can be increased from 21.0 to ∼22.5%
(bifacial architecture) by applying selectively doped emitter and BSF on large area n‐type Cz
wafers. Moreover, implementing TOPCON structure on the rear side can raise the cell
efficiency over 23% with screen‐printed contact on the front in combination with improved
bulk material (10 Ω‐cm, 3 ms lifetime).

5. Summary and outlook

In this chapter, the physics and operation of front junction n‐type silicon solar cells is described,
including detailed cell parameters, pn‐junction formation, metallization approaches and
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fundamental power loss mechanisms. To reduce surface recombination velocity for achieving
high cell efficiency, Al2O3 has been approved to be very efficient on passivating heavily boron‐
doped front emitter and thermal SiO2 is very effective to passivate phosphorous‐diffused
regions. In addition, to minimize the metal‐induced recombination, implementation of
selective boron emitter on the front side and locally‐diffused back surface field on the rear side
are preferred. Furthermore, TOPCON passivation scheme shows even better performance by
simultaneously reducing the metal‐induced recombination and the heavy doping effect, and
allowing for 1D carrier transport. However, it is only suitable for being applied on the rear side
of solar cell because the heavily doped polysilicon layer can absorb significant amount of
incoming photons (hence low Jsc), if it is located on the front side.

High‐efficiency front junction n‐type silicon solar cells, including PERT, PERL and TOPCON
cells, are reviewed and analysed. In combination with low‐cost screen‐printed metallization
technology, PERT bifacial cell structure with homogeneous doping profiles on both front and
back sides is a promising candidate of next‐generation solar cells for industrial application in
terms of process simplicity and energy yield while the recently developed cell structure with
TOPCON on the rear and selective boron emitter on the front demonstrates the promise of this
technology option for higher cell efficiency.
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Abstract

The early time charge carrier dynamics in quantum dot‐sensitized and organo‐metal
halide perovskite solar cells are presented in this chapter. Using transient spectroscopy
techniques, i.e., absorption, photoluminescence, and photoconductivity, we probed the
generation mechanism, charge injection, mobility, and recombination of charges in the
time scales of subpicosecond (ps) to a nanosecond. In few ps, electron injection from
quantum dot to n‐type metal oxide (MO) is complete while hole injection to p‐type MO
required hundreds of ps. The injection process is dictated by the band alignment, density
of states of MO and the charge transfer state at the interface. For organo‐metal halide
perovskite material, there is a distribution of exciton binding energy brought about by
the nonuniformity in the quality of the sample. As a result, varying amount of exciton
and highly mobile charges may be generated depending on the morphology of the film.
In the sample presented here,  we found that  30% of  photo‐generated charges  are
excitons, which then dissociates within 2–3 ps. The rest of the photons are instantane‐
ously converted into highly mobile charges (µe = 12.5 cm2 V‐1 s‐1 and µh = 7.5 cm2 V‐1 s‐1),
and at the appropriate excitation fluence, the photoconductivity remains constant up to
1 ns. The time scale and mechanism of charge injection from perovskite into organic
electrodes are also presented.

Keywords: transient absorption, photoluminescence, photoconductivity, THz spectro‐
scopy, mobility

1. Introduction

The emergence of different photovoltaic technologies has been driven by the desire to find an
alternative solar cell technology that can be manufactured using simple laboratory processes
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and at lower cost. This has led to conceptualization and development of hybrid solar cells, a
structure where an organic molecule is used as light absorber and then attached to a metal oxide
(MO). The earliest of this type is the dye‐sensitized solar cell also known as the Graetzel‐type
solar cell. Upon light excitation, the dye generate excitons wherein electrons are injected into
metal oxide (usually TiO2) while holes traverse in liquid iodine electrolyte. This field has branched
out to many material substitutions, two of which will be discussed in this chapter. On one hand,
organic dyes were replaced by quantum dots, whose absorption spectra highly depends on its
miniscule size, have now reached an overall power conversion efficiency (PCE) of 11.3%
according to the solar cell efficiency chart of the National Renewable Energy Laboratory (NREL),
USA. On the other hand, organo‐metal halide perovskite solar cells adopt a perovskite crystal
structure (usually orthorhombic), but has organic molecules, e.g., methyl ammonium, within
its unit cell. Since its first discovery about 6 years ago, it has become one of the most serious
competitors of silicon solar cells having a PCE 22.1% (NREL).

In this chapter, we present the ultrafast charge dynamics of these materials from the subpico‐
second (ps) to a nanosecond (ns) time scale. Using transient spectroscopy techniques, the
evolution of the charges from photoexcitation to recombination will be discussed. This chapter
is divided into two main sections. First, results on quantum dot (QD) sensitized solar cell will
be presented. This will include the electron injection in an n‐type metal oxide (MO) acceptor
as well as the hole injection to a p‐type MO. The influence of single layer and multiple layers
of QD on excitation transfer will be also examined. The second section will focus on the nature
of photogenerated charges in organo‐metal halide perovskite (OMHP), mobility and lifetime
of charge carriers, and the mechanism and time scale of charge injection from perovskite
material to organic electrodes.

2. Dynamics of charge carriers in QD‐sensitized solar cells

Semiconductor nanocrystals, so‐called quantum dots (QD), are confined quantum objects
whose optoelectronic properties are dependent on their sizes [1]. Due to recent progress in
chemical solution processing techniques for synthesis of colloidal QDs [2], it has attracted
increasing attention on its fundamental properties [3] and applications [4]. The QDs can be
utilized as imaging markers [5], as building blocks in light‐emitting diode devices, [6] lasers
and light harvesters in solar cells devices [7, 8]. Particularly, the potential application in
photovoltaic devices has become the focus of the field over the past decade. One of the reasons
for this is the possibility of breaking the Shockley‐Queisser thermodynamic limit of single
junction solar cells via multiple exciton generation (MEG) [9] or hot electron transfer (HET)
[10]. Besides, the efficiencies of colloidal QD‐based solar cells have been rapidly improving
[11]. In this work, we would only discuss colloidal QDs and would refer it simply as QD. The
recent progress in the understanding of the photo‐induced dynamic processes in QD‐based
solar cell components is summarized in this section. Electron injection dynamics in QD—metal
oxide (MO) composites is investigated followed by the studies of hole transfer dynamics and
trapping. We also analyze excitation transfer in the films of QDs. The article is mainly based
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on the studies of Cadmium chalcogenide QDs as well as some progress made for systems such
as lead chalcogenide QDs in solar cell application.

2.1. Electron injection from QD to MO

Electron injection from QD to MO is a process responsible for charge separation in the vast
majority of QD‐sensitized solar cells (the so‐called n‐type solar cells). The first study can be
found already in the 1990s [12]. The idea of using QD‐MO heterojunction in solar cells was
directly inspired by the study of dye‐sensitized solar cells. As a key factor in photovoltaic
process that would greatly determine its efficiency, electron injection in this system has been
widely studied [13–19]. Time‐resolved spectroscopy techniques are commonly used method‐
ology to analyze electron injection dynamics including transient absorption (TA) or time‐
resolved photoluminescence (TRPL). However, combining such experiments with other
spectroscopic techniques would be more useful to obtain more thorough picture of the overall
injection process. The typical systems to study in QD‐MO hetero‐junction are CdSe QDs
attached to a suitable wide band‐gap MO (i.e., TiO2 or ZnO) [20]. Generally speaking, the
electron population in the QDs plays a domination role in the TA signal of CdSe QDs in the
visible region [20]. Thus, one can easily distinguish the difference between electron and hole
dynamics. Other than the CdSe, the PbS and PbSe QDs are also widely studied [21–23]. The
band gap of the lead chalcogenide QDs is much narrower allowing it to harvest more photons
over the whole sunlight spectrum. The narrower band gap is also favorable in studying the
MEG process [24]. It should be noted that in the lead chalcogenide QDs, the transient
absorption signal have features from both electron and hole dynamics. Therefore, a more
careful identification of the spectral features including both interband and intraband transi‐
tions are highly needed [21].

By using the TA and TRPL measurements, it is possible to track down the density of mean
electron population in QDs after excitation [20]. Decrease in the population, however, does not
imply electron injection. For instance the electron trapping results in such decay as well.
Identification of the electron injection itself can therefore become a complicated issue. The
conventional techniques (visible TA or TRPL) can only be used to probe the electron population
in QDs. However, one can also monitor electron population in MO by combining other
spectroscopy techniques to directly show electron transfer. Blackburn et al. [19] provided a
good example in QD‐MO system. In that work, they tracked the population in MO using the
TA in far IR region (around 5 μm wavelength) and it can therefore be used to detect the arrival
of electrons. However, QDs have features in this spectral region as well. It is therefore necessary
to correctly normalize and subtract QD‐MO and QD signals to extract the true injection
kinetics. Another suitable probe for the electron injection is a terahertz (THz) light source,
which also has been applied previously on the dye‐sensitized MOs. Absorbance in THz wave
is correlated to the change in photoconductivity, and therefore we can use it to probe the
evolution of the mobile charges in the system. In QDs, the charges are highly localized with
rather low THz absorption. However, due to the relatively large mobility of the electrons in
MO, the THz absorption would be much larger (especially for ZnO) [25, 26]. In this scenario,
we utilized THz spectroscopy to probe the electron injection from QD to MO. By observing
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simultaneous depopulation of electrons in QDs (probed by visible TA) with population of
mobile charges in the system (probed by THz) one can directly show the electron transfer
process and estimate the transfer rate [25]. This is illustrated in Figure 1(b).

Figure 1. (A) Comparison of slow TA decay kinetics for bare CdSe QDs in solution (dotted line) and significantly faster
decay kinetics of CdSe QD‐ZnO system (solid line) indicates electron injection. (B) Overlapping decays of TA (cyan
line) and THz kinetics (black line) demonstrating the electron transfer from QD to MO. (C) Model of the THz kinetics
to exclude the possible hetereogeneous injection and confirm the injection via CTS (red line). Figures are reproduced
from Ref. [25]. Copyright American Chemical Society, 2012.

In QDs, one cannot ignore the effect of electron‐hole Coulomb interaction— for example, the
exciton binding energy in conventional CdSe QDs can reach hundreds of meV, which is much
larger than their bulk value [27]. Such Coulomb interaction prevents electron injection process
[16]. In dye‐sensitized or polymer solar cells with the similar high exciton binding energy, a
so‐called charge transfer state (CTS) has been observed [28]. This CTS formation indicates the
build‐up of an electron‐cation bound complex after electron injection. The further movement
of the injected electrons would follow the dissociation of such complex. The CTS is therefore
important to the charge separation and collection. We have reported this CTS formation in the
CdSe QD‐ZnO system whose details can be found in Ref. [25]. The combination of THz and
TA spectroscopy provided here is a direct evidence of that type charge transfer. A two‐
component dynamics can be observed in both pump‐probe and the THz spectroscopy. The
explanation that assumes injection of the electrons from two classes of QDs (the so‐called
heterogeneous injection, HI), cannot simultaneously reproduce both the transient kinetics. In
constrast, the injection of electrons via a CTS can fully explain both TA and THz dynamics—
see Figure 1(c). The formation of the CTS greatly depends on the binding energy. Therefore,
in PbS QDs with low exciton binding energy, the CTS would be negligible which explains the
faster injection process [21–23].

2.2. Hole injection in p‐type solar cells

In n‐type solar cells, the hole transfer from QDs to liquid electrolyte is usually 2–3 orders of
magnitude slower than the corresponding electron injection [29]. Thus, the hole dynamics
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becomes the limiting factor for the photo‐conversion efficiency [30]. To circumvent this, p‐type
solar cells are becoming popular, wherein QDs are attached to p‐type MOs, e.g., NiO where
holes are injected and extracted at the electrodes [31]. The lifetime and the pathway of the
photo‐generated holes are therefore essential for the photon‐to‐current conversion efficiency.
It has been recently reported that the photon‐to‐current conversion efficiency is relatively low,
about 17% only [32]. In this section, we give an overview of our studies on the hole dynamics
in QDs, specifically the hole trapping process and the injection to p‐type MOs.

To rigorously confirm the hole injection rates, complementary analysis using both TRPL and
TA is necessary. It should be noted that the DOS of conduction band at the band‐edge transition
of CdSe QDs is significantly smaller than the DOS of valence band. Moreover, the hole states
are much more closely spaced in QDs [9, 33]. Therefore, the signal of TA bleaching is dominated
by the electron filling while hole contribute much less. Moreover, the PL measurements are
sensitive to both charge carriers. It is therefore through TA kinetics that we are able to ascertain
or preclude the role of electron depopulation in PL quenching as shown in Figure 2 [34].

Figure 2. (a) PL decay kinetics trace of CdSe QDs after continuous laser excitation. The inset shows the evolution of the
steady‐state PL intensity. (b) TA kinetics at the band‐edge bleach and PL decay of CdSe QDs with different capping
agent attached to QD. Figures are reproduced from Ref. [34]. Copyright American Chemical Society, 2012.

In p‐type dye‐sensitized solar cells, the hole injection to MO can occur if it is energetically
favorable [35, 36]. In QD‐sensitized solar cells, the hole injection would also be restricted by
the fast hole trapping. However, such hole trapping is likely to be greatly self‐passivated. One
example is the self‐passivation by continuous light soaking. The effect is commonly explained
by surface passivation induced by the chemical changes of the QD surface during photoirra‐
diation [37].

Compared with electron injection in n‐type MOs, the hole injection in p‐type MOs such as NiO
turns out to be much slower reaching hundreds of picoseconds that is due to the weaker
electronic coupling, heavier effective mass of holes and less driving force for the charge
transfer [37]. The driving force of QD is changed depending on its size, which means it also
influences the holes’ injection rate. The influence does not come from the difference in energy
levels as the valence band of QDs tends to be pinned when attached to MOs [38]. The difference
in the driving forces, mainly originate from the size‐dependent Coulomb energy wherein
larger driving force is found in larger QDs since Coulomb coupling is weaker.
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2.3. Excitation transfer

Due to large exciton binding energy in CdSe QDs, initial photo‐generated charge species
behave like excitons [39]. The motion of such excitons between the QDs occurs via Förster
resonant energy transfer (FRET), which is essential for the function of optical devices with
densely packed QD films including light emitters and solar cells [40–42].

In QD‐sensitized MOs, it is conventionally believed that electron injection only occurs from
QDs directly attached to the MO surface while multilayer QD attachment would hinder the
electron collection process. However, in the system of QD‐MO with multiple layer QDs
attachement, it is found the excitation transfer (Förster energy transfer) also occurs within the
aggregates of QDs [41]. This transfer process can be traced in TA as an additional long‐lived
(5 ns) excited states depopulation (see Figure 3). Such energy transfer has also been reported
in tandem‐layered cadmium chalcogenide QD solar cells, which can be an effective comple‐
ment to improve the solar cell efficiency [40].

Figure 3. Energy transfer between indirectly attached QDs in QD‐MO photoanodes. (a) TA kinetics of QD‐ZnO NWs
with different sensitization times. The inset illustrates the long‐lived TA component (red dots) extracted from the expo‐
nential fit of the kinetics. The consistence between the TA amplitude and the number of indirectly attached QDs indi‐
cates indirect exciton depopulation with ns time scale. (b) Main photoinduced processes, including direct electron
injection and energy. Figures are reproduced from Ref. [41]. Copyright American Chemical Society, 2012.

2.4. Outlook

QDs provide great opportunities for the development of optoelectronic devices. Moreover, the
booming of QD solar cell research will surely put forward photo‐induced dynamics questions
waiting to be revealed in the future. For example, the band alignment assembly in lead
chalcogenide QD devices currently holds the highest record of solar cell efficiency. The general
principles of the device have been revealed but the atomistic details are still to be understood.
The conventional spectroscopic techniques used in investigating the photo‐induced dynamics
are usually very different from the solar illumination conditions. These include the excitation
intensity, the loading of circuit, medium conditions, etc. Systematic studies of charge carries
dynamics under real solar cell functioning conditions may provide more useful reference for
device application. Another issue of future research is to utilizing the “green” elements in the
materials to replace the toxic Cd and Pb, which are overwhelmingly used in recent studies. All
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in all, many challenges remain to be faced before the QD solar cells can be considered as a real
viable solar technology. However, recent advances in QD research give ground for optimism.

3. Dynamics of charge carriers in organo‐metal halide perovskite solar cells

From its first use as a light absorber in a dye‐sensitized solar cell, the PCE of organo‐metal
halide perovskite (OMHP) has now reached to 22.1%. Such remarkable rise has dazzled
scientists and engineers that have now considered OMHP to be one of the most serious
competitors to the current solar cell industry leader, silicon. In spite of this, there are funda‐
mental photophysical processes, especially in the ultrafast time scale, that is yet to be fully
explained. Details of transient spectroscopy techniques used to unravel these processes can be
found in Ref. [25].

3.1. Intrinsic properties of OMHP

Shown in Figure 4(a) is the rise of transient photoconductivity of methyl ammonium lead
triiodide (MAPbI3), MAPbI3/Al2O3, and MAPbI3/TiO2 measured using time‐resolved THz
spectroscopy (TRTS). Notice that the rise in MAPbI3 and MAPbI3/Al2O3 is a two‐step process,
one that is instrument limited (about 70% of the total amplitude), while the second is about 2–
3 ps (about 30% of the total amplitude). We note that molecular excitons that are tightly bound
are neutral by definition, and therefore would not contribute to the transient photoconduc‐
tivity obtained here. However, if photo‐generated species are either loosely bound or mobile,
or both, TRTS would be able to detect it. The instantaneous rise therefore means that highly
mobile charges are created within the response of our instrument. The next question is how to
explain the additional 2–3 ps rise. This can be understood in two ways. One, is that from the
70% highly mobile charges, these carriers become faster, that is gaining more mobility during
that time scale. This would show in the technique as increase in photoconductivity. Another
explanation is that there is a distribution of binding energy in the sample. The implication of
this is that, there is a nonuniformity in the quality of film wherein in some parts have defect‐
free area that promotes generation of mobile charges. Area of the film with high defect density
would tend to have exciton that is more tightly bounded. In fact, it has been reported that
binding energy of exciton in these materials vary between few meV [43] and 50 meV [44]
depending on the preparation conditions. As a result of heterogeneity in its binding energy,
photo‐generated species dissociates at different rates. This explains the two‐component rise in
the photoconductivity kinetics shown in Figure 4(a). In this scenario, 70% are directly con‐
verted to mobile charges while the 30% are generated via exciton dissociation. For MAPbI3/
TiO2, the transient photoconductivity rises in a single‐step instrument‐limited time scale. This
means that, unlike the first two samples, mobile charges are readily created. This is reminiscent
of our previous results on electron injection from QD to ZnO [25] as well as the injection rate
of electrons from RuN3 dye attached to TiO2 [45]. Similarly, we assign the single step rise of
the transient photoconductivity as evidence of subpicosecond injection of electrons from the
OMHP to TiO2. There is favorable band energy alignment between the energy of perovskite
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and metal oxide that helps in the separation of any bound electron‐hole pair allowing injection
in the ultrafast time scale.

Figure 4. (a) Transient photoconductivity kinetics of neat MAPbI3, MAPbI3/Al2O3, and MAPbI3/TiO2. Normalized to 1
(λpump = 400 nm, Iexc = 1.7 × 1013 ph/cm2 per pulse). (b) Transient absorption kinetics (λpump = 603 nm, λprobe = 970 nm, Iexc =
6.0 × 1014 ph/cm2 per pulse). (c) Photoluminescence spectra (λpump = 550 nm) of the three samples. Reprint with permis‐
sion from Ref. [46]. Copyright 2014, American Chemical Society.

To verify the above assertions, we also obtained the transient absorption kinetics of the three
samples, shown in Figure 4(b). For MAPbI3 and MAPbI3/Al2O3, the kinetics is characterized
by two‐step decrease whose time scale is identical to that of the rise in the transient photo‐
conductivity. This means that the processes in both kinetics should be at least similar if not
identical. Since the absorption kinetics is negative for the two samples, it means that something
is being bleached or being emitted. Furthermore, as shown in Figure 4(c), for the same two
samples, the emission spectra of the steady state photoluminescence are quite high. The two‐
step stimulated emission in the transient absorption kinetics show that not all charges are
created simultaneously while the bright photoluminescence in steady state PL means these
charges eventually meet and recombine radiatively. In the case of MAPbI3/TiO2, the positive
one‐step rise in the transient absorption kinetics supports our conclusion that there is instan‐
taneous charge generation while the very low PL count reiterates our assertion that electrons
are injected into TiO2 and does not recombine radiatively with holes left in the perovskite.

We further analyzed and take the transient photoconductivity of the three samples at different
excitation fluences and at up to 1 ns. Plotted in Figure 5(a) is the transient photoconductivity
per photon absorbed per pulse for the first 40 ps. For the first two samples, MAPbI3 and the
MAPbI3/Al2O3, the obtained mobility is 20 cm2 V‐1 s‐1 while for MAPbI3/TiO2, it is 7.5 cm2 V‐1

s‐1. For the MAPbI3, both electrons and holes are generated in the perovskite material. This is
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also true for MAPbI3/Al2O3 sample, since the alignment of band energies of Al2O3 and perov‐
skite is not favorable for charge transfer, both electrons and holes remain in the perovskite
material. Therefore, 20 cm2 V‐1 s‐1 is the sum of the mobility of both charges in the perovskite.
For MAPbI3/TiO2, where there is an ultrafast electron injection as discussed above, electrons
are transferred to TiO2 and its mobility becomes 0.1 cm2 V‐1 s‐1 only, since it adopts the property
of the accepting material. The implication is that the measured mobility of 7.5 cm2 V‐1 s‐1 in
MAPbI3/TiO2 should be coming from holes left in perovskite since electrons are already in the
TiO2. Now, knowing that the hole mobility is 7.5 cm2 V‐1 s‐1 and the total mobility is 20 cm2 V‐1

s‐1, one can concludes that the electron mobility should be 12.5 cm2 V‐1 s‐1 in both MAPbI3, and
MAPbI3/Al2O3. This is the first report where both the electron and hole mobilities are measured
in OMHP materials [46].

Figure 5. (a) Transient photoconductivity of neat MAPbI3, MAPbI3/Al2O3, and MAPbI3/TiO2 per photon absorbed. (b)
Comparison TA and TRTS kinetics for neat MAPbI3 showing that similar decay rates up to 1 ns. (c) Intensity depend‐
ence transient photoconductivity of MAPbI3/Al2O3. Reprint with permission from Ref. [46]. Copyright 2014, American
Chemical Society.

We then compared the kinetic traces of MAPbI3 using transient absorption and photoconduc‐
tivity up to 1 ns, at very similar excitation conditions, which are plotted in Figure 5(b). From
about 3 ps to 100 ps, both of the traces are flat which then started to decay at similar rate until
1 ns showing that the charge dynamics should be identical. Transient absorption monitors the
population or depopulation of charge carries while transient photoconductivity measures the
product of charge concentration and mobility. From 3 ps to 100 ps, where the two traces are
flat means that neither the population of the charges nor the mobility of the carriers is changing.
However, for time scale longer than 100 ps, the decay starts to manifest. In this case, the
transient absorption kinetics shows that charges are disappearing. Similarly, the decay in
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transient photoconductivity should manifest the same phenomenon. Ergo, the mobility of
charges in perovskite should have remained constant, at least up to 1 ns, otherwise its decay
should be more substantial than just the corresponding transient absorption. This is a very
important finding since mobility of charges usually decay in emerging photovoltaic materials
due to the defects in the film as well as its high exciton binding energy. In the case of OMHP,
it seems to suggest that there is at least less defects in these films that favor the charge to
maintain its mobility up to 1 ns. For organic solar cell material, we have previously shown that
mobility is 50% slower in half of nanosecond [48].

We then want to determine the influence of reduced excitation fluence to the decay of the
transient photoconductivity as we have shown previously that there are nonlinear effects at
high fluency in organic solar cells [48]. Shown in Figure 5(c) is the transient conductivity of
MAPbI3/Al2O3 at three different intensities. For 7.4 × 1013 ph/cm2 per pulse, the mobility is
around 5 cm2 V‐1 s‐1 and its decay started early at about 5 ps. For intensity of 1.7 × 1013 ph/cm2

per pulse, a mobility of 20 cm2 V‐1 s‐1 was obtained and the onset of decay is prolonged to
around 10 ps. At the lowest excitation condition of 2.0 × 1012 ph/cm2 per pulse, the highest
mobility is measured 25 cm2 V‐1 s‐1 and decay did not start until after 300 ps. This shows how
essential the excitation intensity dependence measurements in transient spectroscopy. At high
excitation conditions, nonlinear effects as such charge pair annihilation or second order
nongeminate recombination dominates as the main channel of charge depopulation. This is
the reason for the behavior of the transient photoconductivity shown above. At high excitation,
mobility is low, i.e., at the earliest time scale, charges recombine right away since the resulting
charge density at this condition is quite high. Moreover, the onset of decay is early. On the
other hand, at the lowest excitation intensity, charges are rather sparse with each other (low
charge density) and the probability of it recombining is low. This is the rationale of the high
mobility at the early time scale. For the same reason, recombination is also delayed to at least
300 ps. The difference between the mobility of MAPbI3 (20 cm2 V‐1 s‐1, Figure 5a) and MAPbI3/
Al2O3 (25 cm2 V‐1 s‐1, Figure 5c) can be explained by the better film morphology in MAPbI3/
Al2O3. The metal oxide Al2O3 acts like a scaffolding creating a more continuous film than the
bare MAPbI3.

Another, interesting feature of this material is the very small differences in the mobility of
electrons and holes. In contrast with organic solar cells, this difference in mobility can be few
orders of magnitude. Due to this, a built‐in electric field is produced since one of the charge
specie, usually the electrons, arrives earlier in the electrode while the holes, being slow, is still
traversing the polymer molecule, arriving later in the counterelectrode. As shown in the above
results, electrons and holes in OMHP have a difference in the mobility of just about half, i.e.,
µe = 12.5 cm2 V‐1 s‐1 and µh = 7.5 cm2 V‐1 s‐1. This indicates that both charges arrive in their
respective electrodes almost at the same time, avoiding the built‐up electric field. This again
is advantageous for solar cell operation since it will be able to collect more charges.

3.2. Injection into organic electrodes

Similar to other emerging photovoltaic technologies, there are significant efforts on using
organic molecules, like PCBM and Spiro‐OMeTAD as electrodes. In this section, we will show
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the mechanism and time scale of electron and hole injection in these organic electrodes. Plotted
in Figure 6(a) is the transient photoconductivity of MAPbI3, MAPbI3/PCBM, and MAPbI3/
Spiro‐OMeTAD per photon absorbed per pulse. It can be seen that for MAPbI3 mobility
obtained is 15 cm2/Vs and remained flat for the first ns. We note that the difference in the
mobility measured here with respect to the MAPbI3 sample discussed above (20 cm2/Vs). It has
been reported by Wang et al. [49] that depending on the preparation conditions, the concen‐
tration and type of defects could differ significantly. In fact, they found that thermal annealing
alone should be able to shift the property of perovskite material from an n‐type to intrinsic to
p‐type semiconductor. This means that no two‐perovskite samples are made identical to each
other, more so, when prepared by different groups despite following the same recipe. Having
said that, the transient photoconductivity measurements of all perovskite samples we studied
in the past gave a rather consistent result, i.e., from 15 to 25 cm2/Vs. We surmise that these
differences do not significantly alter the interpretation of the photophysical properties of the
materials we presented here.

Figure 6. Transient photoconductivity of (a) neat MAPbI3, MAPbI3/PCBM, and MAPbI3/Spiro‐OMeTAD per photon ab‐
sorbed per pulse (λpump = 590 nm) up to 1 ns and (b) of neat MAPbI3 and MAPbI3/with 7 ns time window. Reprint with
permission from Ref. [47]. Copyright 2014, American Chemical Society.

Also plotted in Figure 6(a) is the transient photoconductivity of MAPbI3/Spiro‐OMeTAD.
Spiro‐OMeTAD is an organic hole transporting material that is widely used for highly efficient
perovskite‐based solar cell material despite its reported very low conductivity, 10‐8 S/cm [50].
The measured mobility from this sample is about 5 cm2/Vs, which is a third of that obtained
from the MAPbI3 only, but it stayed constant for 1 ns. Upon photoexcitation, electrons and
holes are generated in the perovskite material. In the presence of an acceptor material that has
favorable band energy alignment, charges may be injected. In this case, there is a 0.5 eV
difference in the band edge between the valence bands of perovskite and Spiro‐OMeTAD,
leading us to conclude that there is an efficient hole injection. The injection rate is ultrafast
since the mobility is reduced to three times in the earliest time scale. This is also supported by
the fact that decent PCE are reported to these devices, which means that holes are really
transferred from perovskite to Spiro‐OMeTAD. Moreover, since holes are injected to the Spiro‐
OMeTAD and the conductivity of this material is very small, this means that the mobility of
5 cm2/Vs should be the mobility of electrons. This value of electron mobility is again different
from the sample presented in the previous section. However, we reiterate that different
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preparation conditions yield different film quality manifesting as different values in their
mobility, among other properties. As to the flat transient photoconductivity trace of this
sample, it can be understood such that electrons remain in the perovskite material and did not
encounter either defects where they can be trapped or holes which they can recombine with.

The transient photoconductivity trace of MAPbI3/PCBM is characterized by mobility similar
to MAPbI3, 15 cm2/Vs, but is decaying to almost a third in 1 ns. The initial value of the mobility
implies that both electrons and holes are generated in the perovskite. The decay could then be
assigned as due to second order geminate recombination. However, this type of recombination
is excitation dependent. If this is the case, both the transient photoconductivity of MAPbI3 and
MAPbI3/Spiro‐OMeTAD should also be decaying at the same rate since the excitation fluence
used for these three samples are the same. Since this is not the case, one can discount this
possibility. In addition and as shown in Figure 6(b), where a higher excitation fluence is used
for MAPbI3 and MAPbI3/PCBM but for a longer time window of 7 ns, the decay in MAPbI3/
PCBM is faster than MAPbI3 only, showing that there is an additional mechanism that causes
the decay other than the second order recombination. It has been reported that the energy
difference between the conduction bands of PCBM and perovskite is only 0.2 eV. As such,
injection is still possible, but unlike in perovskite/Spiro‐OMeTAD interface, this injection can
be slower since the driving force is at least two times less. This slower injection rate of electrons
from perovskite to PCBM could be one of the mechanisms of the decay. Furthermore, one
should also take into account the electron mobility in PCBM, which is 10‐3 cm2/Vs [51–55]. This
implies that while electrons are slowly injecting into the PCBM, the low mobility of the PCBM
causes the electrons to be pinned at the interface. In this scenario, holes that are in perovskite
could easily recombine with the electrons pinned at the interface of PCBM which could also
have a ns time scale. We surmised that the ns decay of the transient photoconductivity shown
in Figure 6 is a convolution of the electron injection and recombination of the pinned electrons
at the interface with the holes left in the perovskite material both occuring in the time scale of
few ns.

3.3. Outlook

There are many studies that have reported the very impressive properties of perovskite‐based
solar cells and these have inspired material scientists and engineers to pursue this field of study.
However, this should be taken as only the start of a longer, more detailed investigations in the
future. It is only very recently that evidence of the influence of preparation conditions is getting
the attention it deserves. In organic solar cells, preparation routes dictate the morphology,
therefore, the quality of the film, which now appear to be very similar to perovskite solar cells.

4. Conclusion

Ultrafast time‐resolved studies of two of the most important hybrid solar cell technologies,
quantum dot‐sensitized and perovskite‐based solar cells, were discussed in this chapter. The
mechanism and time scale of charge generation, nature of charged species, mobility, injection,
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and recombination were obtained using transient absorption, photoluminescence, and
photoconductivity measurements. For quantum dot‐sensitized solar cell materials, electron
injection is a two‐step process; first, a few ps injection at the interface between QD and ZnO,
while the second step is a charge transfer state‐mediated 200 ps injection from the interface to
the bulk of the ZnO material. For multiple layers of QDs, excitation transfer is confirmed while
hole injection is shown to be dictated by the band alignment at the interface but limited by fast
hole trapping. For organo‐metal halide perovskite, almost ideal solar cell characteristics were
found, i.e., ultrafast generation charges, high mobility of electrons and holes that is maintained
for at least 1 ns, and balanced transport. Using organic electrodes, electron injection from
perovskite to PCBM is found to be in the sub‐ns while the sub‐ps hole injection is obtained
from perovskite to Spiro‐OMeTAD. The time scale of charge transfer was found to be depend‐
ent on the driving force between the interface of perovskite and organic electrodes. Despite
the seemingly convincing time‐resolved measurement results, we surmise that more thorough
investigations are warranted. This is in the broader context of further understanding the
influence of preparation conditions to the ultrafast charge carrier dynamics of the solar cell
technologies discussed here.
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Abstract

Thin film solar cell technology represents an alternative way to effectively solve the
world’s increasing energy shortage problem. Light trapping is of critical importance.
Surface plasmons (SPs), including both localized surface plasmons (LSPs) excited in the
metallic nanoparticles and surface plasmon polaritons (SPPs) propagating at the metal/
semiconductor interfaces, have been so far extensively investigated with great interests
in designing thin film solar cells. In this chapter, plasmonic structures to improve the
performance of thin film solar cell are reviewed according to their positions of the
nanostructures, which can be divided into at least three ways: directly on top of thin
film solar cell, embedded at the bottom or middle of the optical absorber layer, and
hybrid of metallic nanostructures with nanowire of optical absorber layer.

Keywords: thin film solar cells, light trapping, localized surface plasmons (LSPs), sur‐
face plasmon polaritons (SPPs), light absorption enhancement

1. Introduction

Photovoltaic technology, the conversion of solar energy to electricity, can help to solve the
energy crisis and reduce the environmental problems induced by the fossil fuels. Worldwide
photovoltaic production capacity at the end of 2015 is estimated to be about 60 GW [1] and is
expected to keep rising. Yet, there is great demand for increasing the photovoltaic device
efficiency and cutting down the cost of materials, manufacturing, and installation. Materials
and processing represent a large fraction of the expense. For example, material costs account
for 40% of the total module price in the bulk crystalline silicon solar cells. Thin film solar cells
have emerged as a means to reduce the material costs. To date, thin film solar cells are made
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from various active inorganic materials, including amorphous and polycrystalline silicon,
GaAs, CuInxGa1−xSe2 and CdTe, hybrid lead halide perovskites, as well as organic semicon‐
ductors.  As  the  thickness  of  the  absorbing  semiconductor  is  decreased,  the  absorption
naturally reduces at energies close to the band gap of the semiconductor. This is particularly
a problem for thin film silicon solar cells.  Thus, the compromise between enhancing the
absorbance of broader solar lights and reducing the usage of narrower band gap semicon‐
ductor materials has to be taken in a thin film solar cell. And novel designs of thin film solar
cells in which broadband light can be trapped inside to increase the absorption are highly
needed to break the compromise balance.

In the past decade, a few light‐trapping techniques have been investigated, among which a
typical example is using a pyramidal surface texture [2]. However, such surface texture is
intended for active light‐harvesting layers, which are thicker than the wavelength of sunlight
in the visible and near‐infrared regions. The improved light trapping is balanced by the surface
roughness that is almost the same order as the film thickness and by the increased surface
recombination due to the larger surface area. Recently, the use of metallic nanostructures,
which support surface plasmons (SPs) [3], has been regarded as an efficient way for enabling
light trapping inside the active layer of a thin film solar cell and has consistently drawn an
increasing amount of attention. SPs are coherent electron oscillations that propagate along the
interface between a metal and a dielectric or semiconductor material. And SPs cause the
electromagnetic field strongly confined at the metal/dielectric or semiconductor interface, with
their intensity having an exponential dependence on the distance away from the interface.
Thus near‐field electromagnetic field enhancement and the enhanced scattering cross section
(SCS) can be obtained through excitation of SPs. The larger electrical field means a stronger
absorption, and a larger scattering cross section redirects more incident sunlight into the
absorbing layer, resulting in a much larger light absorption in a much thinner semiconductor
layer. Hence, both localized surface plasmons (LSPs) [4] excited in metallic nanoparticles and
surface plasmon polaritons (SPPs) [5] propagating at the periodic metal/semiconductor
interfaces have been so far widely investigated with great interests in designing high‐efficient
thin film solar cells [6–9].

In early work using plasmonic structures to improve the light absorption of photovoltaic
devices, Au or Ag nanoparticles [5, 10] and nanograting [11] have been introduced into the
front side of solar cells [5, 10–12]. Such efforts have common disadvantages that resonances
can only occur at certain wavelengths, and the use of metallic nanostructures directly on top
of solar cells will block a fairly large amount of total incident light. And then a layer of
antireflection coating was combined into the surface metallic grating, to reduce the reflected
light and thus to improve sunlight absorption [13]. The fractal‐like pattern of Ag nano cuboids
with several feature sizes [14] was employed to simultaneously excite low‐index and high‐
index SP modes along the silicon‐silver interface to achieve broadband absorption. On the
other hand, Wang et al. [15] achieved a broadband and polarization‐insensitive absorption
enhancement by placing a metallic nanograting at the bottom of the optically active layer. In
such design, planar waveguide modes, the Fabry‐Pérot (FP) resonance, and the SPP resonance
were effectively coupled, and photons blocking by the surface nanostructures can be avoided.
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In Ref. [16], Ag nanocone was employed to enhance light trapping, and the simulated results
showed that the normalized scattering cross section of the rear located Ag nanocone is higher
than that of the front located one. Incorporation of embedded metal nanostructures for light
trapping in thin film solar cell has been extensively investigated, such as, with nucleated silver
nanoparticles embedded at rear side of amorphous silicon cells [17], using nanosphere [18],
silver nanopillars [19], silver triangular [20], gold paired‐strips [21] embedded grating
structures, placing metal nanoparticles inside the active layer of solar cells [22], and with a
metallic hole array inserted into a tandem solar cell [23]. Furthermore, combination of surface
texture with embedded metal nanoparticles was also designed to trap light [24]. More
plasmonic structures for light trapping in thin film solar cells will be described in the following
sections in detail.

In this chapter, the theoretical formalisms about the SPPs and LSPs will be first described,
followed by a summarize of plasmonic structures to improve the performance of thin film solar
cell according to their positions of the nanostructures, which can be divided into at least three
ways: (1) directly on top of thin film solar cell, (2) embedded at the bottom or middle of the
optical absorber layer, and (3) combined with nanowire of optical absorber layer. Finally,
conclusions are given.

2. Theory of surface plasmon

2.1. Surface plasmon polaritons

It has been more than a century since the electrons in solids were first regarded as hot dense
plasma to explain some natural phenomenon like the color of metals and the temperature‐
dependent conductivity. Decades later since then, the word ‘Plasmon’ is carried out to describe
a quantum of plasma oscillations, which are longitude density fluctuations that propagate
through the volume of metal. The so‐called volume plasmons have an eigen frequency = 𝀵𝀵𝀵𝀵2 𝀵𝀵𝀵𝀵0, when n is the electron density, at the order of 10 eV. They can be excited by

both free electron beams and ultraviolet photons. In the 1950s, this was a fascinating phenom‐
enon and has been well‐studied theoretically and experimentally with electron‐loss spectro‐
scopy.

Probably as a result of the well investigations, in 1957, Rufus Ritchie [25] first predicted the
existence of surface plasmons, which made up the other half of plasmon physics and is referred
to as ‘Plasmonics’ nowadays. Surface plasmons are indeed the electron charges that perform
coherent fluctuations on the metal boundary and are localized in the normal direction of the
boundary within the Thomas‐Fermi screening length. Polarized light source is frequently used
to efficiently and conveniently excite a surface plasmon wave. Therefore, surface plasmon can
also be treated as a collective set of surface plasmon polaritons (SPPs). Surface plasmon
polariton is thus the elementary ‘particle’ of this unique surface phenomenon and will be
investigated in the following.
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Consider the simplest geometry sustaining SPPs, that is, a single and flat interface between a
non‐absorbing dielectric space with positive real dielectric constant ε2 and a conductive space
with complex dielectric function ε1(ω). Maxwell’s equations of macroscopic electromagnetism
read:
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There are two fundamental sets of solutions, which are termed as transverse magnetic (TM)
and transverse electric (TE), respectively. Let us first look into TE solutions:
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Here the perpendicular component of wave vector ki(z) is denoted as ki, with i = 1, 2 for short.
Boundary condition requires the continuity of Ey and Hx at the interface z = 0, thus we have
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Since ki is positive, the only solution of Eq. (4) is A1 = A2 = 0. Hence, there are no possible surface
modes for TE polarization. Now let us examine the result for TM polarization. Similarly,
respective expressions for the field components in TM solutions are:
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Boundary condition requires the continuity of Hy and εi Ez at the interface z = 0, thus we have
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Different from the TE case, we can expect some non‐null solution from Eq. (7). Note that the
wave equation for TM modes reads:
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To fulfill Eq. (8) with the expression for Hy shown in Eqs. (5a) and (6a), we thus have

2 2 2
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2 2 2
2 0 2k kb e= - (9b)

Combing this and Eq. (7), the solution at the boundary z = 0 is finally reached with propagating
constant being:

1 2
0

1 2

k e eb
e e

=
+ (11)

Note that the metallic character of ε1(ω) requires that ε1 should be complex and its real part
Re(ε1) < 0. Therefore, it is obvious that β is also complex, and its imaginary part indicates strong
attenuation while propagating. By expanding ε1(ω) into 1′ + 𑫅𑫅 𑫅𑫅 1″  and assuming 1′ ≫ 1″  as
most metals do in reality, we further have
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Here, β″ determines the attenuation of SPPs. On the other hand, one can say the reason for
SPPs being surface mode is that SPPs will quickly vanish once it ‘leaves’ the surface. The energy
is tightly bounded to the interface and travels only for a small amount of length, typically in
the order of 1–10 wavelengths. This behavior is in nature similar to the well‐known evanes‐
cence wave, and in fact, SPPs can be efficiently excited by the impact of evanescence wave
when the momentum match between SPPs and the evanescent wave is satisfied. Unlike the
old method using electron beam, optical way to excite SPPs is of much more convenience and
efficiency and has paved the way for plasmonics into application.

2.2. Localized surface plasmons

If the interface supporting SPPs that we discussed above shrinks to the scale of nanometer and
forms a closed surface like sphere or ellipsoid, there would be no SPPs existing as the dispersive
relationship and boundary condition have changed. However, by simply assuming the
electrons in such a tiny metal object to be a neutral plasma, one should expect that an intrinsic
resonance similar to the volume plasma resonance still existed for it. In that case, electrons
would also collectively oscillate with the impact photons. In fact, this behavior is reasonable
and termed ‘localized surface plasmon’ (LSP). LSP should be in nature different from SPP
because SPP can propagate along the interface while LSP is totally bounded and cannot
propagate at all. In general, LSP does not consist of ‘polaritons’ as SPP does, hence we will call
LSP directly in the following text.

Considering a metal sphere with radius R, which is much smaller than the incident light’s
wavelength, we could treat the incident electromagnetic field as a static electric field. Hence,
under this static field approximation, the eigen modes for LSP can be solved from Laplace
equations. The electrostatic potential from Laplace equations thus reads [26]:
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Here Ylm(θ,φ) is the spherical harmonics, alm and blm are the coefficients. At the sphere surface,
boundary condition requires ϕ and ε∂ϕ/∂r to be continuous, thus we arrive at the dispersive
relation for LSP:
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Assuming ε(ωLSP) has a Drude form, i.e.,  𝀵𝀵𝀵𝀵𝀵𝀵 = 1 − 22  thus Eq. (14) turns into:

( )0 1l p
l

l l
w w

e
é ù

= ê ú
+ +ê úë û

(15)

where l stands for the angular momentum index. For a small enough sphere where the static
field approximation is well satisfied, l thus equals to 1, which means that the dipole excitation
is mainly responsible for LSP. With the increase in radius, the interaction between multipoles
is becoming more and more important. Eventually at infinite radius, the frequency of LSP
reaches that of SPPs at a semi-infinite metal-dielectric interface.

Similar to SPPs, LSPs exhibit an impressive local field enhancement as all energy is bounded.
However, LSPs exist much more common than SPPs, as LSP does not require a specific
polarization direction of the incident electromagnetic wave. A lot of applied techniques thus
are developed on the basis of LSP enhancement, such as surface enhanced Raman spectroscopy
(SERS), tip enhanced fluorescence spectroscopy (TEFS), and tip enhanced Raman spectrosco-
py (TERS).

3. Plasmonic light trapping in thin film solar cells

Metallic nanoparticles placed on the top of a solar cell will scatter the incident sunlight to couple
and trap freely propagating plane waves into the active absorbing thin film, by folding the
light into the thin film. When metallic nanoparticles are embedded inside of active layer, they
can be treated as subwavelength antennas in which the plasmonic near-field is coupled to the
absorbing layer, which will increase the effective absorption cross section. A patterned metallic
structure on the backside of a thin absorber layer can couple sunlight into SPP modes, as well
as the planar waveguide modes. Taking these light trapping effects into considerations, various
structures have been designed to increase the light absorption of thin film solar cells.

3.1. Metallic nanostructures on top of thin film solar cell

When small metal nanoparticles are placed close to the surface of solar cell, light will mainly
scatter into the dielectric with a larger permittivity [27]. The optical path length, thus, can be
increased due to the scattered light obtains an angular spread in the dielectric. With a metallic
reflector on the backside of the solar cell, the reflected light from the backside can couple to
the surface nanoparticles and will reradiate into the active layer partly. In 2006, Yu et al. [12]
deposited Au nanoparticles above the amorphous silicon film with thickness of only 240 nm.
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They observed an 8.1% increase in short‐circuit current density and an 8.3% increase in energy
conversion efficiency with a modest density of Au particles. Moreover, finite‐element electro‐
magnetic simulations showed that substantially larger improvements should be attainable for
higher nanoparticle densities. Ag nanoparticles were placed on top of a 1.25 μm thick Si‐on‐
insulator solar cell; a broadband absorption enhancement and a 16‐fold enhancement at
1050 nm were reported [10]. Atwater et al. [28] demonstrated that on GaAs thin cells with Ag
nanoparticles located at the surface yielded a significant enhancement for wavelengths longer
than 600 nm and exhibited an improvement of 8% for the short circuit current density. In
addition, Au nanopillar [29] or Ag nanoparticle [30] was also used to excite the localized
particle plasmon to enhance the light trapping in the organic solar cells, like P3HT: PCBM.

3.1.1. Effect of nanoparticle material, size, shape, and surrounding conditions

The surface nanoparticle material, size, shape, refractive index of the medium and distance
from the active layer are key factors determining the scattering and coupling effect [6, 31–33].
In Ref. [33], the relationship between the normalized scattering cross section (SCS) and the
spherical particle size in both air and silicon was investigated. The plasmonic resonance
exhibits an obvious red‐shift effect in Si compared to that in air. Additionally, the resonance
peaks red shift and broaden with increasing particle size, which will significantly enhance the
light trapping in the red and near‐IR region. Typically, a relatively high scattering efficiency
can be obtained with a particle size of ~100 nm. The particle shape also has effect on the
efficiency. As shown in Figure 1(a), cylindrical and hemispherical particles bring about much
stronger light absorption enhancements than spherical particles [31], which may due to the
fact that the average spacing to the substrate is smaller for these geometries than for spheres,
and this allows efficient coupling of the scattered light into semiconductor substrates. The
plasmon resonance peak always corresponds to the best light harvesting effect, and such
resonance peak can be changed with the refractive index of the surrounding material. Plasmon
resonances of Ag or Au nanoparticles locate at 350 and 480 nm, respectively, which can be red
shifted over the entire 500–1500 nm by placing them in SiO2, Si3N4, or Si [34–36]. When the
distance between the nanoparticles and the absorbing layer increase, the light scattered into
the absorbing layer will decrease [31]. However, such decrease is not significant. The carrier
recombination occurs at the metal can be avoided due to separation by the dielectric layer.
Moreover, increasing the distance between the nanoparticles and the absorbing layer can
increase the SCS because large distance prevents destructive interference effects between the
incident and reflected fields. Besides, it is demonstrated that Ag particles are better choice than
Au, because Ag not only offers a lower price but also leads to much higher light absorption
enhancement. Besides the noble metal, Al nanoparticles on front side of silicon solar cell show
a 28.7% photon absorption enhancement in Si wafers, which is much larger than that induced
by Ag or Au [37]. By combined with SiNx anti‐reflection coating, Al nanoparticles can even
produce a 42.5% enhancement, which provides a low cost and high efficiency solution for
practical larger‐scale implementation of plasmonic nanoparticles for solar cell performance
enhancement. Furthermore, it is experimentally demonstrated [38] that the use of periodic
arrays of Al nanoparticles placed in the front of a thin Si film (shown in Figure 1(b)) causes a
broadband photocurrent enhancement ranging from the ultraviolet to the infrared with respect
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to the reference cell. Single particle resonances contribute to the enhancement in the infrared
spectral range, and the collective resonances lead to an efficient coupling of light in the
ultraviolet‐blue range [38], thus a broadband enhancement can be realized.

Figure 1. Various metallic nanostructures on top of thin film solar cells. (a) Fraction of light scattered into the substrate
for different sizes and shapes of Ag particles on Si [31]; (b) Al nanoparticles placed on front of a thin Si film [38]; (c) Ag
strips on the top of Si thin film cell [39]; (d) 2D quasiperiodic gold disks on top of the Si layer [43]; (e) a fractal‐like
pattern of silver nano cuboids on top of Si thin film cell [14]; (f) combination of AR coatings and gratings on top of
ultrathin Si cell [44]. Figures reproduced with permission: (a) © 2008 AIP; (b) © 2015 OSA; (d), (e) © 2013 OSA; (f) ©
2011 ACS.

3.1.2. Other surface nanostructures

In addition to metal nanoparticles, other structures such as gratings have also been employed
for light trapping. Pala et al. [39] investigated the effect of periodic array of Ag strips (with the
structure shown in Figure 1(c)) on the absorption enhancement in the Si thin film cell based
on the finite‐difference frequency‐domain (FDFD) method. The simulation results show that
the broadband light absorption benefits from the high near‐fields surrounding the nanostruc‐
ture and the effective coupling to waveguide supported by the thin Si film. Light absorption
enhancement can be obtained both in the transverse electric (TE) and transverse magnetic (TM)
polarized plane wave. For TM illumination, the Ag strips can effectively concentrate light in
their vicinity at frequencies near their surface plasmon resonance, which depends on the strip
geometry and its dielectric environment. And the sizes of Ag strips in the range from 50 to
100 nm are optimal. The lateral spacing of the strips governs the excitation of waveguide
modes, while the number of allowed waveguide modes is determined by the thickness of the
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Si layer. For TE illumination, only waveguide modes are excited, and the absorption enhance‐
ment directly results from an increased interaction length of the light with the Si film. Other
structures like plasmonic cavity with subwavelength hole arrays [40] and nanotoroid arrays
[41] were also employed in the P3HT: PCBM and silicon thin film solar cells, respectively.

3.1.3. Random nanostructures

Most plasmonic nanostructures designed on the front surface of thin film cells are always
periodically distributed. Nishijima et al. [42] numerically and experimentally investigated the
effect of periodic and random particle patterns on the plasmonic resonance. For the periodic
arrays, the extinction peak (corresponding to the plasmonic resonance) value decreases with
increasing periodicity, and the peak wavelength is red‐shifted. The increasing disorder results
in increasing extinction and a broader plasmon resonance, which may be due to grating‐like
diffraction losses. Light absorption is enhanced by more than two orders of magnitude for the
random configuration of nanodiscs, demonstrated by the FDTD (finite‐difference time‐
domain) simulations. The random structures applied to solar cell have advantages of simple
and low‐resolution fabrication. In Ref. [43], absorption enhancement by introducing 2D
quasiperiodic and 2D periodic gold disks on top of the Si layer (with structure presented in
Figure 1(d)) was compared. The simulation results present that, due to much more isotropic
than the square lattice, the Penrose tiling structure can excite much more waveguide modes
for absorbance spectra dependent on the azimuthal angle as well as the angle of incidence.
Therefore, enhancement factor throughout the day as well as over the year may vary little. For
the quasiperiodic lattice, the enhancement factor varies from 15.8 to 16.2 during summertime,
whereas the variation ranges between 15.4 and 16.6 for the periodic lattice. Consequently, the
performance of the solar cell with a quasicrystalline arrangement is expected to be more stable
than that with a periodic one. An ultra‐thin silicon solar cell coated by a fractal‐like pattern of
silver nanocuboids (as shown in Figure 1(e)) was investigated through FDTD simulation in
Ref. [14], in which a broadband absorption is achieved due to the exists of multiple cavity
modes and SP modes in the structure. The cavity modes come from Fabry‐Pérot resonances at
the longitudinal and transverse cavities, respectively. Low‐index and high‐index SP modes,
which propagate along the silicon‐silver interface, are simultaneously excited due to several
feature sizes distributed in the fractal‐like structure.

3.1.4. Combination of AR coating and metal nanostructures

Surface metal nanostructures have also been integrated with the antireflection (AR) coatings
to enhance performance of plasmonic solar cells [44–46]. A detailed comparison between
traditional AR coatings, plasmonic gratings, and structures that combine AR coatings and
gratings on ultrathin Si absorbing layers (as shown in Figure 1(f)) was presented by FDTD
simulations in Ref. [44]. Plasmonic gratings exhibit strong, narrow‐band light absorption
enhancement, while the traditional AR coatings result in more modest, broadband light
absorption enhancement. The AR coatings even lead to stronger absorption than the gratings
alone for the thicker films. However, the combination of AR coatings and gratings surpasses
enhancements of either of these structures individually. The reason for this improvement
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originates mainly from the enhanced absorption within the propagating periodic modes rather
than the localized resonances for the structures. Al nanoparticles [45] located above a 75 nm
silicon nitride antireflection coating in a 1 μm silicon film also provide a strong broadband
light absorption enhancement.

3.2. Metallic nanostructures embedded inside the active layer

Designing the metallic nanostructures on top of solar cells has the problem of blocking a fairly
large amount of total incident solar photons. While the metal nanostructures are placed at the
bottom of optically active layer, they can be treated as back reflector and support SPP modes
at the metal/semiconductor interface, as well as couple light into the photonic modes. Ferry et
al. demonstrated [47] by numerical simulations that a single subwavelength scattering objects
on the metallic back surface of a 200 nm Si thin film can enhance absorption by a factor of 2.5
over a large area for the portion of the solar spectrum near the Si band gap. The incident light
is coupled into an SPP mode as well as a photonic mode that propagates inside the Si wave‐
guide. And the coupling effect of each mode can be controlled by the height of the scatter. The
photonic modes suffer from only very small losses in the metal. While for the ultrathin Si solar
cell with thickness smaller than 100 nm, the photonic mode approaches its cutoff frequency
and all the scattered light is converted into SPPs. The fraction of light coupled to both SPP and
photonic modes increases with increasing wavelength because the incoming light at shorter
wavelengths is directly absorbed in the Si layer.

Furthermore, Wang et al. [15] demonstrated that a broadband and polarization insensitive
absorption enhancement was achieved in an α‐Si cell with hybrid gratings of Ag and indium
tin oxide (ITO) at the bottom of the a‐Si layer (as presented in Figure 2(a)), which were
originated from the effective coupling of planar waveguide modes, the Fabry‐Pérot (FP)
resonance and the SPP resonance. Similar to Ref. [47], the improvement mainly occurs at certain
long wavelengths. The FP resonance inside the α‐Si layer is excited both for TE or TM polari‐
zations when both layer thickness and the incidence wavelength satisfy the resonance
condition. Since the FP resonance is typically dependent on the thickness of α‐Si layer, the
added Ag nanograting will change the cavity thickness and cause the resonance red shift.
Therefore, adjusting the Ag nanograting will be a practical means to tune the FP resonance to
better fit the solar spectrum without changing the α‐Si layer thickness. The excitation of guiding
modes in the planar α‐Si layer slab waveguide can lead to strong enhancement in the near‐
infrared regime for both TE and TE illuminations by adding the Ag nanograting. Such
enhancement region red shifts with a thicker Si layer, a larger grating period, and a thicker Ag
nanograting. The presence of the Ag nanograting provides more absorption enhancement for
TM illumination, as SPPs are excited at both Si/Ag and ITO/Ag interfaces. Plasmonic wave‐
length is less dependent on α‐Si thickness and red shifts as the grating’s period increases. The
absorption over the solar spectrum by such design shows an up to 30% broadband absorption
enhancement when comparing to bare thin film cells, and the total enhancement under an
unpolarized illumination varies little between 24 and 31% with an incident angle changing
from 0 to 82°.
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Figure 2. (a) Ag gratings at the bottom of thin film Si [15]; (b) nucleated Ag particles is embedded inside the ZnO layer
at the rear side of the a‐Si:H cell [17]; (c) Ag triangular corrugations at the bottom of a 100 nm c‐Si cell [20]; (d) an Ag
hole‐array is inserted into a PCBM/CIGS tandem solar cell [53]; (e) Ag triangular gratings at the back side of cell and
triangular ITO gratings at the front a‐Si cell [65]; (f) the biomimetic silicon moth‐eye structure combined with rear lo‐
cated Ag hemispherical particles in 2 μm thick c‐Si cell [24]. Figures reproduced with permission: (a) © 2010 ACS; (b) ©
2012 ACS; (c) © 2012 OSA; (d) © 2014 OSA; (e) © 2012 APS; (f) © 2016 OSA.

3.2.1. Various nanostructures at the bottom of active layer

Various plasmonic structures embedded at the back of active layer were proposed and
investigated to enhance the solar cell absorption. Metal nanoparticles like nanospheres are
widely employed [17–19, 48–50]. In Ref. [17], Chen et al. proposed a novel structure of glass/
transparent conductive oxide (TCO)/p‐i‐n a‐Si:H/ZnO:Ag, in which the nucleated Ag particles
were embedded inside the ZnO layer at the rear side of the cell (as shown in Figure 2(b)). The
simulations showed clearly that smaller nanoparticles (20–100 nm) have smaller scattering/
absorption cross‐sectional ratio but more equivalence in their scattering intensity versus angle
distribution, while larger nanoparticles possess dominant scattering but focused primarily in
limited scattering angles. Therefore, the proposed particle in Ref. [17] has a larger core with
the surface simultaneously covered evenly with half‐truncated small particles (1/5 size of the
large particle). The larger particle brings about a larger scattering coefficient in the longer
wavelength because of the excitation of the dipolar and quadrupolar plasmonic modes. And
the smaller particle provides larger angle scattering for shorter wavelength light. The experi‐
mental results demonstrated that, compared with these of the randomly textured solar cells
without nanoparticles, a broadband light absorption enhancement and prominent perform‐
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ance including a 23% improve of the energy conversion efficiency and a 14.3% increase in the
short‐circuit photocurrent density were achieved in the solar cells designed with 200 nm
nucleated Ag nanoparticles with 10% coverage density. The surface coverage of the nucleated
Ag particles at the rear side of cell should be set at the optimal range because too small coverage
seems to be insufficient to cause significant light scattering, while too large may lead to obvious
particle absorption.

In addition, an 80 nm thick Ag layer with triangular corrugations was designed on the bottom
of a 100 nm thick c‐Si layer, and the triangular corrugations (as shown in Figure 2(c)) were
penetrated into the active Si layer [20]. Similar to Ref. [15], SPP mode and optical resonances
contributed to the absorption enhancement. The FDTD simulation demonstrates that SPPs are
excited at the Ag/Si interface of the triangular gratings, and the coupling of the excited SPP
resonance with the FP resonance modes is observed for the TM illumination. For TE light, the
excited cavity mode is demonstrated, and the coupling between waveguide and cavity modes
is observed. Such triangular corrugations sustain large absorption enhancement factors (33.8–
43.3%) up to relatively wide incidence angles, with enhancement higher than that using the
Ag strip grating [15]. In Ref. [21], the FEM (finite element method) simulations demonstrated
that the absorption enhancement with Au paired‐strip grating embedded at back side of solar
cell is higher than that with the Au single‐strip grating. And the enhancement depends on the
absorber layer thickness and the refractive index of the surrounding medium. Other structures
like dual plasmonic nanostructures [51] are employed in single organic solar cells, in which
Au nanoparticles are embedded in the active layer, and an Ag nanograting is used as the
plasmonic back reflector. Through the collective excitation of Floquet modes, SPP, LSP, and
their hybridizations, broadband absorption enhancement was observed both by experiment
and simulation.

3.2.2. Metal nanostructures embedded in the middle of active layer

Absorption enhancement by plasmonic nanostructures embedded at the back side of active
absorbing layer mainly focused on the long wavelength range, due to that the short wavelength
part has mostly been absorbed by the solar cell. Therefore, plasmonic nanostructures embed‐
ded in the middle of the cell were also investigated [52–56]. Zhang et al. [53] proposed a
structure that an Ag hole‐array was inserted into a PCBM/CIGS tandem solar cell (as shown
in Figure 2(d)). Such metallic hole array is expected to reflect the short‐wavelength photons
back to the top cell and transmit long‐wavelength photons to the bottom cell through the
extraordinary optical transmission (EOT) effect, as well as act as an intermediate electrode to
allow a fabrication of hybrid organic‐inorganic tandem solar cell. The simulation by FEM
method demonstrates that for the cell including 100 nm PCBM/50 nm Ag hole‐array/100 nm
ITO/100 nm CIGS, the absorption inside the top subcell is always enhanced with different Ag
hole array period, due to the back reflection of the Ag array, and for the bottom subcell, the
absorption for the longer wavelength range (>650 nm) is greatly enhanced, originating from
the EOT effect. When varying the period in the range from 200 nm to 1.5 μm, five resonant
mechanisms are identified to participate in the EOT, including SPP mode, magnetic plasmon
polaritons, LSP, and optical waveguide modes. It is shown that the thickness of Ag array or
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that of ITO, the duty cycle of the holes also affects the optical performance of the cell. More
than 40% integrated power enhancement can be achieved in a variable structural parameter
range. Recently, metal nanoparticles are also placed at the middle of Si active layer [56] or the
perovskite solar cell layer [55] to provide absorption enhancement.

3.2.3. Other effect in the embedded plasmonic nanostructure

Similar to plasmonic nanoparticles at the front side of solar cell, refractive index of the
surrounding medium has effect on the plasmonic resonance and hence the absorption [57,
58]. Park et al. [57] applied the Ag nanoparticles on the rear side of p‐Si tin film and investigated
the optimum surface condition for plasmonic enhanced light absorption through experiment
and simulation. It is found that the existence of SiO2 layer between Si and Ag particles has a
major effect on the SCS and hence the absorption in the cells. Peak of SCS with nanoparticles
on the thermal SiO2 is located at the light wavelengths <700 nm, while nanoparticles on the
native SiO2 layer and directly on Si show peaks of SCS at wavelengths >700 nm. The sample
with nanoparticles on the native SiO2 has the highest short‐circuit current density enhance‐
ment. The simulation in Ref. [59] reveals that by tuning the thickness of Si and transparent
conductive oxide layers in the ITO/a‐Si:H/Ag nanoparticles/ZnO:Al/Ag mirror structure, the
driving field intensity experienced by the embedded plasmonic particles can be enhanced up
to a factor of 14. The effect of light losses induced by the rear located Ag nanoparticle on the
light trapping of Si wafer was studied by Zhang et al. [60]. The light losses include the intrinsic
absorption loss from Ag particles and the additional absorption loss induced by the void
plasmons in the Al reflectors. The study reveals that Ag particles are effective to enhance the
photocurrent in cells with planar front surface, while the absorption enhancement is substan‐
tially influenced by the plasmonics in the textured cells.

3.2.4. Comparison of plasmonic nanostructures located at different positions

Although the absorption enhancement can be achieved more or less by plasmonic nanostruc‐
ture located at various positions of solar cell active layer, it is meaningful to compare the
enhancement among the different locations of nanostructures [16, 61–64]. In early reports,
metallic particle shapes such as spheres, hemispheres, and cylinders are commonly employed.
It is usually seen that the SCS for the front located particles is obviously larger than that for
the rear located particles when the dielectric spacer between metallic particles and absorbing
layer is relatively thick [63, 64]. However, the front located particles involve a detrimental Fano
effect resulting from the interference effects between the scattered light and the incident light,
which reduces light absorption below the plasmon resonance wavelength. Using the rear
located nanoparticles can avoid the Fano effect. Hence, the ideal design is to make the SCS
value of the rear located particles higher than that of the front located particles for a wide range
of the electric spacer thickness. Yan et al. [16] adopted an Ag nanocone as the plasmonic
particles in the c‐Si/Al2O3/Ag nanocone solar cell structure. The particles are treated as the front
located particles when light is incident on the particles from air, while it is described as the
rear ones if light is illuminated from the Si side. The FDTD simulation shows that the ratio of
SCS between the rear and the front located particles at the resonance wavelength is near two
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when the Al2O3 spacer thickness is 30 nm. And the ratio increases to three as the Al2O3 spacer
thickness is 10 nm.

3.2.5. Combination of front and rear nanostructures

Dual‐interface nanostructures [65–72] including the rear metal plasmonic grating/nanoparti‐
cles and the front dielectric grating or metal particles have also been adopted to enhance
absorption efficiency in thin film solar cell. For example, in Ref. [65], an Ag triangular grating
at the back side of cell and a triangular ITO grating at the front a‐Si are combined (as shown
in Figure 2(e)). The simulation presents that the ITO triangles focus on the short‐wavelength
incident light and subsequently spread it inside the active layer, and a combination of dielectric
waveguide mode and FP resonance arises at 660 nm. Additionally, an absorption peak at
760 nm resulting from the waveguide mode and a peak at 810 nm corresponding to the
plasmonic mode are observed. An integrated absorption for TM illumination of the AM 1.5 G
spectrum in the 400–950 nm region is 83.1%. Having different periods at specific interfaces
provides more efficient diffraction into both plasmonic and dielectric guide modes. Other
similar structures like rear located Ag strip grating combined with silicon front surface
trapezoidal [70] or strip [69] texture are reported too to enhance light trapping in Si thin film
cell.

In Ref. [66], the Ag nanohemisphere is deposited on the rear of a nanohole‐textured Si thin
film. The role of Si nanohole is to absorb the light at the short wavelength, due to antireflection
effect and light trapping properties. Long‐wavelength light absorption benefits from the
excitation of the LSP induced by the rear located Ag hemisphere. By adjusting parameters of
Si nanohole and Ag hemisphere, the short‐circuit current density can reach to 25.4 mA/cm2.
Shi et al. [71] combined silicon front surface grating and the rear‐located bilayer Ag nanohe‐
mispheres. In that case, the grating and metal nanoparticles are optimized, and a short‐circuit
current density as high as 29.7 mA/cm2 is obtained with a 1‐μm thick c‐Si cell. Similarly, Zhang
et al. [24] propose a hybrid structure based on the biomimetic silicon moth‐eye structure
combined with rear located Ag hemispherical particles in the 2 μm thick c‐Si cells (as shown
in Figure 2(f)). The FDTD simulation results present the integrated light absorption enhance‐
ment over the solar spectrum is 69% compared with the cells with the conventional light
trapping design, which is larger than these in only silicon moth‐eye structure (58%) and only
Ag hemisphere (41%). The photocurrent is as large as 33.4 mA/cm2, which is higher than these
in most structures.

3.3. Hybrid of metallic nanostructures with nanowire of optical absorber layer

Reducing the use of both active absorbing and non‐earth abundant materials in thin film solar
cell is pursued. A nanowire optical antenna absorber was proposed in Ref. [73], which
demonstrated that the absorption of sunlight in Si nanowires can be significantly enhanced
over the bulk Si. The active layer in the thin film solar cell structures was designed into
nanostructures in quite a few researches [73–78], such as Si nanowire array with a wire‐
embedded Ag back reflector [76] and silicon nanocone hole solar cell with back located square
Ag particle [78]. Wang et al. [75] patterned the entire CuInxGa(1−x)Se2 (CIGS) thin film cell into
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an 1D nanograting array, with Ag strips on top of CIGS gratings and Ag planar acting as the
surface and rear electrodes, respectively (as shown in Figure 3(a) and (b)). For TE illuminations,
the observed larger absorption enhancement compared to the conventional cell mainly results
from the scattering by the top electrode as well as the coupling with the multiple internal
reflection resonance. As thickness of the CIGS layer increases, the light absorption enhance‐
ment shows a red shift and becomes broader and stronger simultaneously. In the case of TM
light, SPPs are excited and lead to that most incoming light is transmitted through the Ag
nanowire array. The transmitted light is confined in the CIGS wires, which results in a
broadband absorption enhancement. Similar to the TE case, the SPP‐related enhancement
presents a red shift as the CIGS thickness increases. As the nanograting period and width
increase, both magnitude and bandwidth of the enhancement first increase and then reduce
beyond certain points. Such CIGS nanograting solar cell can enhance the overall current
density over 250% compared to the bare thin film cells. In Ref. [77], the structure of Si nanowire/
Si layer/ZnO:Al/Ag nanohemispheres back reflector (as shown in Figure 3(c)) is investigated
through simulations. The nanohemispheres Ag back reflector can excite LSP resonance and
cause scattering of light, giving rise to light absorption in Si. The short‐circuit current density
reaches to 28.4 mA/cm2, demonstrating an enhancement of 22% compared with a Si nanowire
solar cell with a planar back reflector.

Figure 3. (a) The entire thin film cell CuInxGa(1−x)Se2(CIGS) is patterned into a 1D nanograting array, with Ag strips on
top of CIGS gratings and Ag planar acting as surface and rear electrodes [75]; (b) cross‐sectional view of (a); (c) Ag
nanohemispheres at the bottom of Si nanowire cells [77]. Figures reproduced with permission: (a)–(c) © 2012 OSA.

4. Conclusions

In this chapter, we have summarized the advances in the research of light trapping and the
plasmonic enhancement of thin film solar cells. Metallic nanoparticles can excite localized
surface plasmons, which benefit for light scattering and light concentration to enhance the light
absorption in thin film cell. A corrugated metallic film like grating on the absorber layer can
couple sunlight into surface plasmon polaritons to enhance light absorption too. The light
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enhancement by these plasmonic modes is strongly related to the material, size, shape,
refractive index of the medium, position in the absorber layer of metallic nanoparticles, and
metallic corrugated nanostructures.

The position of metal nanostructures has significant effect on the plasmonic solar cells. The
metallic nanoparticles like hemispheres and cylinders on the front side of thin film solar cell
have larger normalized scattering cross section than that for the rear located particles when
the dielectric spacer between metallic particles and absorbing layer is relatively thick. How‐
ever, the front located particles involve a detrimental Fano effect resulting from the interference
effects between the scattered light and the incident light, which reduces light absorption below
the plasmon resonance wavelength. The rear located nanoparticles can avoid such Fano effect.
Therefore, careful designs like using rear located Ag nanocone can achieve larger SCS than
that at front side. On the other hand, adopting the embedded metallic nanostructures can
obtain broadband and polarization insensitive absorption enhancement benefiting from the
effective coupling of planar waveguide modes, FP resonance and SPPs resonance. Further‐
more, dual‐interface hybrid structure based on the nanostructures of front surface absorber
combined with rear located nanoparticles or nanograting may be an excellent way to enhance
light absorption in thin film solar cells. Anyway, new plasmonic nanostructures still need to
be investigated to further achieve broadband and polarization insensitive absorption enhance‐
ment at wide incident angles.
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Abstract

Interface engineering and electrode engineering play important roles in the perform‐
ance improvement for organic solar cells (OSCs). We here would investigate the effect
of various cathode modifying layers and ITO‐free electrodes on the device performance.
First, for inverted organic solar cells (IOSCs) with a poly (3‐hexylthiophene‐2,5‐diyl):
[6,6]‐phenyl C61 butyric acid methyl ester blend, an aqueous solution method using low
temperatures is adopted to deposit a ZnO interlayer in IOSCs. When the ZnO annealing
temperature is above 80°C, the corresponding IOSCs show senior PCEs over 3.5%.
Meanwhile the flexible devices based on poly(ethylene terephthalate) substrate display
a PCE of 3.26% and good flexibility. Second, the performance of IOSCs based on AZO
cathode and Ca modifier are studied. The resulted IOSCs with an ultrathin Ca modifier
(~1 nm) could achieve a senior PCE above 3%, and highly efficient electron transport at
AZO/Ca/organic interface, which obviously weakens the light soaking issue. Third, by
introducing a 2 nm MoO3 interlayer for Ag anode deposition, the obtained OSCs show
an improved PCE of 2.71%, and the flexible device also achieves a comparable PCE of
2.50%. All these investigations may be instructive for further improvement of device
performance and the possible commercialization in the future.

Keywords: organic solar cells, interface engineering, electrode engineering, power
conversion efficiency, flexibility

1. Introduction

Organic solar cells (OSCs) have attracted much more attention due to their advantages of low
cost, light weight, mechanical flexibility, simple process, and steady improved power conversion
efficiency (PCE). Over the past 20 years, many researches about new materials, device structures,
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and fabrication processes have been reported for OSCs, and their PCE has remarkably increased
from 1% to 10% [1–5]. Nowadays, many efforts have been focused on the further improvement
of PCE and long‐term stability. Besides the utilizing of novel photoactive materials and device
structures, the interface engineering and electrode engineering play important roles in the
improvement of device performance and the realization of cost‐effective mass manufacture in
the future.

In general, the properties of electrode/organic interfaces and transparent electrode materials
determine the efficiency of light absorption, charge transport, and collection, which is strongly
associated with the open‐circuit voltage, short‐circuit current density, fill factor, and the overall
PCE for IOSCs.

In inverted OSCs (IOSCs), by modifying the indium‐tin‐oxide (ITO) cathode with functional
interface layers and by using high work function metals (Ag, Au) insensitive to air, the IOSCs
can obtain improved air‐stability while maintaining a PCE comparable to that of conventional
structure [6]. Over the past decade, many n‐type modifying materials (TiO2, ZnO) and ultrathin
metal films (Ca, Al) have been used to modify the polarity of ITO, so that it can be more effective
as an electron‐collecting electrode [7–9]. Among these materials, ZnO has a suitable work
function, high electron mobility, good optical transmittance, and environmentally friendly
nature. Further, it can be prepared by various methods [6, 10], such as the radiofrequency
sputtering, atomic layer deposition, sol‐gel processing, and so on. All these methods are high
cost or high temperature (over 200°C) process, which is not compatible with large area
deposition and plastic substrates. For IOSCs, the solution method is time‐saving, inexpensive,
simple, and compatible with printing techniques and flexible substrates, thus the solution
method processed at low temperatures is more desirable. Simultaneously, the ultrathin metal
modifier processed by the mature thermal evaporation is also a potential interfacial material,
which has been successfully used to modify the ITO cathode and in efficient IOSCs [7, 9].

As we know, ITO is the most commonly used electrode in OSCs; however, the limited reserve
of toxic indium element in earth and the increasing price of ITO force us to develop alternatives
to ITO. So far, the reported replacements of ITO mainly include the metal films (such as Au,
Ag, and oxide/metal/oxide), graphene, carbon nanotubes, and aluminum‐doped zinc oxide
(AZO) electrodes [3, 11–14]. Among them, AZO is able to meet the requirements of electrode,
what is more, Al and Zn are relatively rich in earth, nontoxic and the large area AZO film
fabrication is relatively easy. Therefore, the commercial AZO may be more suitable to replace
ITO electrode in OSCs. Meanwhile, a smooth and continuous metal thin film (e.g., Ag) can be
easily deposited by simple thermal evaporation, suitable for application in the mass produc‐
tion. Moreover, due to their intrinsic flexibility and high conductivity [14], metal thin‐film
electrodes are also suitable for application in roll‐to‐roll production of flexible OSCs. It is noted
that making the Ag as thin as possible while maintaining its good optical and electrical
properties is of vital importance to improve the performance of Ag thin‐film electrodes.

In this chapter, besides a simple review of interfacial layers and transparent electrodes, we
would like to introduce two efficient modifiers of ZnO and ultrathin Ca films, and two potential
ITO‐free electrodes of AZO and ultrathin Ag film in IOSCs or OSCs based on poly (3‐hexylth‐
iophene‐2,5‐diyl):[6,6]‐phenyl C61 butyric acid methyl ester (P3HT:PCBM) blend. Here, not
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only the optimization of device parameters, low‐temperature process, flexible device, and air
stability; but also the energy levels alignment, interface charge transport, metal film growth,
light‐soaking issue [15], and the underlying mechanism would be investigated. First, an
aqueous solution method using low temperature is adopted to deposit a ZnO interlayer in
IOSCs. The results show that the transition point of ZnO annealing temperature is approxi‐
mately 80°C. When the temperature is above 80°C, the corresponding IOSCs show senior
photovoltaic performance with PCEs over 3.5%, and the flexible devices based on poly(ethyl‐
ene terephthalate) (PET) substrates also display a PCE of 3.26% as well as a good flexibility.
Second, ITO‐free IOSCs based on AZO substrates and ultrathin Ca modifier are studied by
optimizing the device parameters and discussing the unexpected light‐soaking issue in IOSCs.
The results show that IOSCs with an ultrathin Ca modifier (~1 nm) could achieve a senior PCE
above 3% and the highly efficient electron transport at AZO/Ca/organic interfaces, which
obviously weakens the light soaking issue. Third, by introducing a MoO3 interlayer for Ag
film electrode growth, ITO‐free OSCs with a MoO3 (2 nm)/Ag (9 nm) anode show an improved
PCE of 2.71%, and the corresponding flexible device also achieves a comparable PCE of 2.50%
to that of ITO‐based reference OSCs.

2. ITO-based OSCs with low-temperature ZnO interfacial layer

In this section, IOSCs based on commonly used ITO electrodes and low‐temperature solution‐
processed ZnO interfacial layer are mainly investigated.

2.1. Device fabrication

The aqueous precursor solution used for ZnO production is prepared as follows: ZnO powder
(99.9%, particle size <5 μm, Sigma‐Aldrich) was dissolved in ammonia (25%, Tianjin Chemical
Reagent) to form 0.1 M Zn(NH3)4

2+ solution; then, the solution was ultrasonically processed for
5 min and refrigerated for more than 12 h before use. P3HT and PCBM were purchased from
Rieke Metals and Nano‐C, respectively. The commercial ITO‐coated glass substrate (Zhuhai
Kaivo) has a sheet resistance below 10 Ω/square. While the ITO‐coated PET substrates show a
relatively large resistance (60 Ω/square) and a thickness of 0.15 mm. All the materials are
directly used in the device fabrication without any further purification.

Figure 1(a) shows the schematic structure of glass/ITO/ZnO/P3HT:PCBM/MoO3/Ag for
fabricated IOSCs, and the device process was as following: ITO‐coated substrates (glass or
PET) were ultrasonically cleaned with detergent (Decon 90), deionized water, acetone, and
ethyl ethanol, and deionized water for 15–20 min, respectively. Then, the ZnO precursor
solution was spin‐coated on a nitrogen‐dried ITO‐coated substrates at 3000 rpm for 40 s and
then annealed in an oven at 50, 70, 80, 100, 130, and 150°C for 30 min or 1 h. The deposited
ZnO interlayer has a thickness approximately 10 nm. Next, the P3HT:PCBM (1:0.8 wt% in 1,2‐
dichlorobenzene) solution was spin‐coated on ZnO at 1000 rpm for 60 s in a nitrogen‐filled
glove box. After 150°C preannealing in nitrogen for 10 min, the obtained active layer has a
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thickness around 100 nm. Finally, the MoO3 (8 nm)/Ag (100 nm) anode was thermally evapo‐
rated through a shadow mask and the resulted devices have an active area of 10 mm2.

Figure 1. Schematic illustration and ideal energy diagram of materials for the inverted OSCs [6]. Copyright (2015) The
Japan Society of Applied Physics.

The current density‐voltage (J‐V) curves were measured under simulated AM 1.5G solar
simulator (Sanei Electric XEC‐300M2) using a source‐measure unit (Keithley 2400). The
illumination intensity is kept at 100 mW/cm2 using a calibrated Si solar cell. The transmission
spectra, film surface morphology, and ZnO film crystal quality were characterized by the
ellipsometer (J. A. Woollam WVASE 32), atomic force microscopy (AFM; Agilent 5500), and
photoluminescence (PL) spectra (325 nm, He‐Cd laser).

2.2. Results and discussion

The fabricated OSCs have a structure shown in Figure 1, wherein P3HT:PCBM acts as the
photoactive layer, the ZnO film plays the roles of electron transport layer and hole blocking
layer. This solution processed ZnO interfacial layer is used to lower ITO work function, modify
the ITO polarity, and align the energy levels at ITO/P3HT:PCBM interface. In details, ZnO has
the conduction band energy of −4.2 eV and the valence band energy of −7.5 eV, which suggests
that electrons from PCBM can be transported into ZnO, while holes from P3HT can be blocked.
Meanwhile, the MoO3 acts as the hole transport layer and electron‐blocking layer, and the ITO
and Ag play the roles of cathode and anode, respectively.

Figure 2a shows the typical J‐V curves under simulated AM 1.5G illumination for IOSCs at
different ZnO annealing temperatures. It is well known that the J‐V characteristics of solar cells
can be described by the single‐diode model under illumination, and the relation of J and V is
given as follows:

0
( )(exp( ) 1)s s

ph
B sh

q V R J V R JJ J J
nk T R
- -

= - + - (1)

where J0 is the saturation current, q the electron charge, n the ideality factor, kB the Boltzmann
constant, T the temperature, Rs the series resistance, Rsh the shunt resistance, and Jph the
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rated through a shadow mask and the resulted devices have an active area of 10 mm2.

Figure 1. Schematic illustration and ideal energy diagram of materials for the inverted OSCs [6]. Copyright (2015) The
Japan Society of Applied Physics.
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photocurrent. Based on Eq. (1) and our previous reported method [16], these photovoltaic
parameters extracted from J‐V characteristics are shown in Table 1. As shown in Figure 2a, the
experimental data are represented as symbols and the curves calculated from our method are
indicated as solid lines. It is clear that the measured data of all devices are well reproduced by
the fitting curves.

Figure 2. (a) Measured and calculated J‐V characteristics of IOSCs with the ZnO interlayer annealed at various temper‐
atures from 50 to 150 °C. (b) Photovoltaic parameters as a function of ZnO annealing temperatures [6]. Copyright
(2015) The Japan Society of Applied Physics.

Temperature (°C) VOC (V) JSC (mA/cm2) FF (%) PCE (%)

150 0.63 −9.30 62.07 3.62

130 0.63 −9.44 60.24 3.57

100 0.62 −9.35 60.66 3.55

80 0.62 −9.19 61.85 3.54

70 0.60 −8.35 59.65 3.00

50 0.56 −7.96 58.57 2.60

Flexible device (80) 0.64 −9.10 56.00 3.26

Table 1. Photovoltaic parameters of inverted OSCs with the ZnO interlayer annealed at different temperatures [6].
Copyright (2015) The Japan Society of Applied Physics.

Figure 2a and Table 1 show the J‐V curves and photovoltaic parameters of IOSCs with ZnO
annealed at various temperatures. The device with 150°C annealed ZnO obtains an overall
PCE of 3.62% with VOC = 0.63 V, JSC = −9.30 mA/cm2, and FF = 62.07%. If the annealing temper‐
ature of ZnO decreases from 150 to 80°C, the IOSCs perform well and achieve the almost
unchanged PCE of 3.57%, 3.55%, and 3.54 %. However, when the temperature is further
decreased (50 or 70°C), the device performance rapidly deteriorates. Although the degradation
of the device performance is mainly due to the decrease in photocurrent, it can still be observed
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that both VOC and FF also begin to decrease. The effect of the ZnO annealing temperature on
the device PCE is also shown in Figure 2b. The statistical results in Figure 3a show that the
temperature approximately 80°C is the transition point, which corresponds to the above
discussion. The data are obtained from at least seven devices for each annealing temperature
of ZnO interlayer. Meanwhile, the fabricated devices in Figure 3b also show good air stability
and their PCE could maintain about 90% of the original PCE values after 20 days stored in air.

Figure 3. (a) Performance statistical results of the IOSCs with the ZnO interlayer annealed at different temperatures [6].
Copyright (2015) The Japan Society of Applied Physics. (b) PCE degradation of IOSCs in air during 20 days.

Figure 4. (a) Measured J‐V characteristics of and PCE statistical result of flexible IOSCs. (b) Photovoltaic parameters as
a function of the number of bending times up to 1000 cycles with a bending radius of about 50 mm [6]. Copyright
(2015) The Japan Society of Applied Physics.

Furthermore, IOSCs based on flexible PET substrates were also fabricated with the structure
of PET/ITO/ZnO/P3HT:PCBM/MoO3/Ag. As shown in Table 1 and Figure 4a, the flexible
device with ZnO annealed at 80°C shows a PCE of 3.26% with VOC = 0.64 V, JSC = −9.10 mA/
cm2, FF = 56.0%, and the PCE statistical result also shows good device repeatability, which is
comparable to that of the reference devices based on glass substrates. Then, the relatively good
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ZnO quality achieved at 80°C annealing was again confirmed in the flexible devices. To
quantitatively evaluate the device flexibility, a bending test with a number of bending times
up to 1000 cycles was carried out. From Figure 4b, it could be seen that all the photovoltaic
parameters nearly remain unchanged during the first 400 bending cycles, whereas JSC decreases
to −9.0 mA/cm2, FF degrades to 55.4%, and the overall PCE only decreases by 2% from 3.26%
to 3.19% after continuous 1000 cycles of bending test. As a result, the device fabricated on
flexible PET substrates shows superior flexibility, which proves the potential of low‐tempera‐
ture ZnO deposition method in fabricating flexible IOSCs and other electron devices.

Figure 5. (a) Transmission and (b) PL spectra of ZnO on glass annealed at different temperatures [6]. Copyright (2015)
The Japan Society of Applied Physics.

Figure 5a shows the transmission spectra of ZnO/glass samples annealed at 150, 80, 70, and
50°C. All the spectra are very similar and the samples show a transmittance about 88% in the
wavelength region from 400 to 1000 nm. And their difference only comes from the shift of
transmission edge for ZnO material in the short wavelength region from 300 to 400 nm. It can
be seen in the illustration that the transmission edge locates at the lowest wavelength when
the ZnO annealing temperature is 50°C and gradually shifts to longer wavelength with the
increase in temperatures. Generally, if the material transmittance edge is located at a short
wavelength, it has a wide bandgap; otherwise, it has a narrow band gap. A narrow band gap
usually means a higher crystalline degree for ZnO [17], so ZnO annealed at higher tempera‐
tures has better crystalline quality. From the inset of Figure 5a, the relatively smaller shift of
the transmission edge for ZnO annealed at 80–150°C means that the ZnO bandgap almost
remains unchanged when the annealing temperature is above 80°C, which corresponds to the
similar device performance for ZnO annealed at 80–150°C. Meanwhile, from the PL spectra of
ZnO in Figure 5b, the intrinsic peak in the 350–400 nm range is related to the near‐band edge
emission of ZnO. With an increase in ZnO annealing temperatures, the intrinsic peak position
of ZnO shifts to the longer wavelength and the peak intensity also increases. What is more, the
wide peaks in the range from 500 to 800 nm are usually related to the defects in ZnO film, such
as interstitial zinc or oxygen atoms, zinc atom vacancy, and oxygen atom or ion vacancy [18].
With an increased temperature, the defect‐related peaks are weakened, and thus, the number
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of defects is decreased and better ZnO film quality is obtained. Simultaneously, for different
ZnO film annealing temperatures of 50, 70, 80, and 150°C, the corresponding root‐mean‐square
surface roughness are 0.673, 0.867, 1.108, and 1.145 nm, respectively. The increased surface
roughness corresponds to the more sufficient ZnO crystallization at a high annealing temper‐
ature. It is thought that, when the annealing temperature is below 80°C, the ZnO morphology
changes markedly, and when the annealing temperature is above 80°C, the ZnO morphology
almost remains unchanged. From the morphology results, it is concluded that an annealing
temperature of 80°C is sufficient for ZnO crystallization. And the high temperature only
slightly improves the film quality, a result agreed to the similar photovoltaic performance of
IOSC with ZnO annealed from 80 to 150°C.

According to above discussion, one can draw the conclusion that the 80°C is sufficient for ZnO
annealing to obtain a relatively high film quality and act as an interfacial layer, and the resulted
devices based glass or PET substrates show the similar photovoltaic performance when the
ZnO annealing temperature is higher than 80°C. In short, the senior device performance and
good stability show that the aqueous solution method is a more promising low‐temperature
technique for depositing ZnO in IOSCs and it may be widely applied in flexible and printing
devices in the future.

3. ITO-free OSCs based on AZO cathodes and Ca interfacial layer

In this section, ITO‐free IOSCs are fabricated on AZO cathodes and ultrathin Ca interfacial
layer, the optimization of device performance and light‐soaking issue are mainly discussed.

3.1. Device fabrication

The AZO (~980 nm, 2 wt% Al)‐coated glass substrates purchased from Zhuhai Kaivo co. were
prepared by radiofrequency magnetron sputtering process and they have a sheet resistance of
about 7.34 ohm/square and average transmission over 80% in the visible light region. The
P3HT:PCBM based bulk heterojunction IOSCs with the AZO transparent cathode was
fabricated, and the obtained devices have the structure of Glass/AZO/Ca/P3HT:PCBM/MoO3/
Ag and an active area of 12.5 mm2. The Ca interfacial modifier with different thicknesses (0, 1,
5, 10 nm) were thermally evaporated on AZO at a base pressure below 5.0 × 10−4 Pa. The detail
fabrication process is the same as that in previous section. The J‐V characteristics were
measured under AM 1.5G solar simulator spectrum before and after 15‐min light soaking. The
stability of devices was investigated by measuring their J‐V characteristics once every 5 days
in 1 month.

3.2. Results

From Figure 6a and Table 2, the AZO only IOSC without an interfacial layer presents a very
poor performance and improved VOC, JSC, FF, and PCE after 15 min AM 1.5G continuous
illumination (light soaking), shown in Figures 7a and b. This can be attributed to the energy
loss associated with the mismatch of the energy levels between the work function of sputtered
AZO (4.5 eV) and the lowest unoccupied molecular orbital (LUMO) level of PCBM (3.7 eV)
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(shown in Figure 8). During the light soaking, the photogenerated electron‐hole pairs in AZO
could increase the electron density, fill the trap sites, and thus lower the work function of AZO
[15], which improves the electron selectivity from organic layer to AZO cathode and thus
induces the improvement of device parameters. However, the performance of AZO only IOSC
is still very poor, especially the low VOC of 0.38 V, which indicates that a modifying layer with
lower work function must be inserted between AZO and P3HT:PCBM to align their energy
levels.

Figure 6. Measured J‐V characteristics for as prepared and 15‐min illuminated AZO/Ca (0, 1, and 5 nm) IOSCs. Repro‐
duced with permission [20]. Copyright 2014, Elsevier.

Device structures
Glass/x/P3HT:PCBM/MoO3/Ag

VOC (V) JSC (mA/cm2) FF (%) PCE (%) Rs (Ω cm2)

AZO As prepared 0.28 −7.11 36 0.72 11.6
15 min illuminated 0.38 −7.60 46 1.34 4.9

AZO/Ca (5 nm) As prepared 0.62 −7.49 38 1.74 –
15 min illuminated 0.60 −7.67 58 2.69 2.3

AZO/Ca (1 nm) 0.62 −8.23 62 3.17 0.7
ITO/Ca (1 nm) 0.64 −7.41 58 2.79 1.5
AZO/Ca (10 nm) 0.62 −7.22 49 2.18 7.1

Table 2. Photovoltaic parameters (PCE, VOC, JSC, and FF) obtained from J‐V characteristics of AZO only IOSC, AZO/Ca
IOSCs with different Ca thicknesses (1, 5, 10 nm), and the referenced ITO/Ca (1 nm) IOSC. The “–” represents a very
large value. For the S‐shaped J‐V characteristics, the value of RS is so large that the data are out of the diode model
used in the calculation. Reproduced with permission [20]. Copyright 2014, Elsevier.

Then, an electron transport layer of Ca is inserted between AZO and P3HT:PCBM to modify
the work function of AZO cathode and the Ca modifier has already been used in ITO based
IOSCs [6]. It is clear in Figure 6 and Table 2 that, the devices with Ca interfacial layer achieve
significant improvement in VOC, JSC, FF, and PCE compared with that of AZO only IOSC.
Particularly, an increased VOC (0.60 V) demonstrates that the Ca work function has been pinned
to the PCBM Fermi level via the surface states. Consequently, the resulted ohmic contact
between Ca and PCBM favors the electron transport and the rectifying contact between Ca and
P3HT blocks the hole collection at the AZO cathode. Furthermore, the devices with an ultrathin
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Ca (~1 nm) show a superior performance with the highest PCE of 3.17% and lowest RS of 0.7
Ω cm2, which is comparable to that of ITO‐based device. Thus, the low‐cost AZO electrode is
one of the promising ITO alternatives.

Figure 7. Variations of photovoltaic parameters (PCE, VOC, JSC, and FF) during 15 min light soaking for (a) and (b) the
AZO only IOSC, (c) and (d) the AZO/Ca (5 nm) IOSC. Reproduced with permission [20]. Copyright 2014, Elsevier.

Figure 8. (a) Schematic energy diagram of AZO/Ca IOSCs and ideal band diagram of Ca‐AZO contacts according to
the ideal metal‐n‐type semiconductor contact [19]. (b) The AZO work function of 4.5 eV and AZO/Ca work function of
3.8 eV were determined by UPS experiments. Reproduced with permission [20]. Copyright 2014, Elsevier.
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One the other hand, for the AZO/Ca (5nm) IOSC, the as prepared device has a low PCE of
1.74% as well as a S‐shaped J‐V curve, and the PCE increases to 2.69% with the vanish of the
S‐shaped curve during light soaking, which is observed clearly in Figures 6b and 7c, and 7d.
It is noted that the trend of increasing PCE is nearly identical to that of FF, a slight increase in
JSC and nearly unchanged VOC are also observed, which is similar to the reported light‐soaking
issue [15]. It is obvious in Table 2 that the RS of AZO/Ca (5 nm) IOSC shows a remarkable
decrease from a very large value to 2.3 Ω cm2, which is in good agreement with an increase in
FF from 38% to 58%. Combining the improved device parameters of AZO only IOSC during
light soaking, the strikingly decreased RS indicates the less energy loss in the charge transport
at interfaces and the more efficient charge collection at electrodes. Here, it is thought that the
interface electron transport from P3HT:PCBM to AZO is related to the light‐soaking issue,
which will be discussed in next part. The nearly unchanged VOC demonstrates that an ultrathin
Ca layer of 1 nm can also effectively modify the work function of AZO cathode. More remark‐
ably, no light‐soaking issue is observed in this device and the detail discussion is shown in next
section. Thus, considering the different photovoltaic performances of AZO/Ca (0, 1, 5, and 10
nm) IOSCs, the underlying reasons are deserved to be further investigated.

3.3. Discussion

For a good understanding of different photovoltaic behaviors of AZO‐based IOSCs, the
following discussions focus on the optical and electrical properties, surface morphology of the
AZO/Ca (0, 1, 5, and 10 nm) films. From optical aspect, the transmission spectra of AZO/Ca (x
nm) samples in Figure 9(a) shows that AZO has a very similar transmission tendency to that
of AZO with 1, 5, and 10 nm Ca deposited on it. The lower transmission of AZO/Ca (10 nm)
substrate means relatively larger light absorption loss in the active layer, which can be used to
explain the relatively poor performance of the AZO/Ca (10 nm) IOSC.

Figure 9. (a) Transmission spectra for the ITO, AZO and AZO/Ca (1, 5, and 10 nm) coated glass substrates. Insert: en‐
larged pictures for AZO/Ca (0, 1, 5, and 10 nm) substrates in the range from 470 to 530 nm. (b) Photoconductivity
measured before and after 15 min AM 1.5 G illumination for the AZO, AZO/Ca (1 nm), and AZO/Ca (5 nm) films on
glass substrates. The insert shows the schematic diagram of glass/AZO/Ca (0, 1, and 5 nm)/Ag samples for photocon‐
ductivity measurement. Adapted with permission [20]. Copyright 2014, Elsevier.
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The coverage of Ca (1, 5, and 10 nm) on AZO films and their surface morphology were
characterized by AFM and FE‐SEM and no significant differences in morphology could be
observed for AZO, AZO/Ca (1 nm), AZO/Ca (5 nm), and AZO/Ca (10 nm) films. This may be
related to the very rough surface of AZO films (RMS = 11.59 nm). Fortunately, some useful
information may be indirectly acquired from XPS depth profile since the coverage of Ca (1, 5,
and 10 nm) on AZO films could be reflected by the different Zn and Ca elements content at
the sample surface. The detail XPS analysis and Ca coverage study could be found in our
reports [20]. According to the XPS study and the experience Volmer‐Weber growth or 3D island
growth [21], the AZO film can be completely covered by a Ca layer about 10 nm, while the 1
nm Ca on AZO exists as unclosed islands and the 5 nm Ca could partly cover the AZO surface.
From electrical aspect, the measured UPS (He I, 21.2 eV) spectra in Figure 8 show that the AZO
work function (4.5 eV) could be reduced to 3.8 eV by introducing an 5 nm Ca interfacial layer,
which is well matched to the LUMO level (3.7 eV) of PCBM. Thus, a Ca modifier can be used
to align the energy levels between P3HT:PCBM and AZO cathode.

To further understanding the electron transport in AZO, AZO/Ca (1 nm), and AZO/Ca (5 nm)
films, the photoconductivity was investigated as following. It can be observed from Figure 9b
that the conductivity of AZO and AZO/Ca (1 nm) does not change significantly with the
continuous AM 1.5 G illumination; however, the conductivity of AZO/Ca (5 nm) film presents
an obvious increase during the 15‐min light soaking. From the band diagrams of ideal Ca‐AZO
contacts shown in Figure 8, the different work function between Ca and AZO would cause an
electron transport barrier at AZO/Ca interface. For the 5 nm Ca on AZO, the low initial
conductivity suggests the large energy loss in the electron transport across AZO/Ca (5 nm)
interface, which can be attributed to the electron transport barrier from Ca to AZO as well as
the oxidization of Ca layer. During the 15‐min light soaking, the photogenerated electron‐hole
pairs in AZO could increase the electron density, fill the trap sites, and thus lower the work
function of AZO, which also lowers the electron transport barrier and improves the electron
transport efficiency at AZO/Ca interface, a situation agreed with an increased conductivity of
AZO/Ca (5 nm) film and improved JSC in corresponding device. After about 15 min, no further
improvement of photovoltaic parameters can be observed and the electron transport reaches
a saturated case. For the AZO/Ca (1 nm) sample, its initial conductivity is comparable to the
maximum conductivity of AZO/Ca (5 nm) (Figure 9b). More importantly, no significant
improvement of conductivity is observed upon continuous illumination, which suggests the
sufficient charge transport from AZO to Ca. This result is in line with the senior and stable
photovoltaic parameters of AZO/Ca (1 nm) IOSC.

According to previous discussion, the high efficient electron transport at AZO/Ca (1 nm)/
organic interface may be related to the Ca coverage on AZO. As we know, the 1 nm Ca only
exists as isolated islands on AZO surface, and it is thought that the ultrathin Ca may increase
the number of active sites, and these isolated sites with low electric potential provide the fast
pathway of electron from P3HT:PCBM to AZO. This process may be understood by introduc‐
ing the Liebig's law of the minimum [22] that the barrel capacity is limited by the shortest stave.
Analogously, the active sites may act as the shortest stave and the electrons play the role of
water, and the electron prefers to travel through the low‐electric‐potential pathway provided
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by the island‐like ultrathin Ca on AZO film, instead of the direct transport across the larger
energy barrier at AZO/organic interface. This discussion agrees with the smaller RS, larger JSC,
FF, and PCE of AZO/Ca (1 nm) IOSCs. In other words, the highly efficient electron transport
in AZO/Ca (1 nm) film may be responsible for the removed light‐soaking issue of as prepared
AZO/Ca (1 nm) IOSC. It also should be noted that the unexpected light soaking issue appears
after the un‐encapsulated device has been stored in air for several days since the oxidation of
Ca, but this does not happen for the device stored in N2. In short, the observed light‐soaking
phenomenon is strongly related to the electron transport ability at the AZO/Ca/organic
interface and the energy loss caused by the oxidation of Ca, and the more exact mechanism
should be further investigated in the future work.

Figure 10. Normalized PCE degradation for AZO/Ca (1 nm) IOSCs and ITO/Ca IOSCs stored in air or N2. Reproduced
with permission [20]. Copyright 2014, Elsevier.

What is more, we investigate the stability of un‐encapsulated devices stored in air or N2 for
one month and their normalized PCEs are shown in Figure 10. It is very clear that the
AZO/Ca (1 nm) IOSC stored in N2 (measured in air) shows a good stability that its PCE could
maintain 80% of the original values after one month. It is noted that the relatively stable VOC

demonstrates that the Ca‐modified AZO cathode can provide suitable contact for electron
collection. Also from Figure 10, a degradation of PCE by 50% for the air‐stored AZO/Ca (1 nm)
IOSC during one month is observed, which can be attributed to the inevitable penetration of
oxygen/water from air into the active layer and the oxidization of Ca‐modifying layer. Here,
the effect of Ca oxidation on the stability could be confirmed from the results of AZO only
IOSC. In detail, this device without Ca shows a better stability during the first two weeks in
air than that of AZO/Ca (1 nm) IOSC, whereas the mismatch of energy levels at AZO/
P3HT:PCBM interface may be responsible for the larger energy loss in charge transport and
more un‐durable PCE after two weeks. However, the PCE of ITO/Ca (1 nm) IOSC deteriorates
by 50% only in 10 days and drops by 80% of the origin values in the next ten days, which further
shows the effect of Ca oxidation on the device air‐stability. In addition, the increased contact
resistance caused by the oxidation and mechanical damages of relatively thin Ag (70 nm) anode
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by metal clips during the J‐V test may also be a factor of device degradation. As a result,
considering the comparable PCEs and better device air‐stability, the AZO cathode is a prom‐
ising alternative of ITO to fabricate the long‐lifetime IOSCs.

4. ITO-free OSCs based on Ag thin-film electrodes

In this section, ITO‐free OSCs based on (MoO3/)Ag thin‐film electrodes on glass or PET
substrates are fabricated, and the best performance of OSCs is obtained by optimizing the
thicknesses of Ag film and MoO3 interlayer. And the underlying mechanism, especially the Ag
thin‐film growth and film properties are also investigated.

4.1. Device fabrication

The MoO3/Ag or Ag electrodes were thermally evaporated on glass or PET substrates at a base
pressure of 5.0 × 10−4 Pa, with an evaporation rate of 0.02 nm/s for MoO3 and 0.1 nm/s for Ag,
respectively. The thicknesses and evaporation rates of MoO3, Ag and Al were estimated in situ
with a calibrated quartz crystal monitor. Since the 2 nm ultrathin MoO3 is not smooth and
closed, the given thickness had to be a nominal value obtained by the monitor, representing
the amount of MoO3 on the sample. The sheet resistances of these MoO3/Ag or Ag electrodes
were measured by using a four point probe setup system. The transmission spectra were
recorded by using a spectrophotometer (Lambda950, PerkinElmer). The fabricated devices has
a structure of glass (or PET)/(MoO3)/Ag/MoO3/P3HT:PCBM/Al and an active area of 12.5
mm2. The detail fabrication process is the same as that in previous sections.

Figure 11. Measured (symbol) and calculated (solid line) J‐V characteristics for OSCs fabricated on the (a) Ag or (b)
MoO3/Ag anodes. Inset: A photograph of MoO3 (2 and 10 nm)/Ag (9 and 11 nm) electrodes. Adapted with permission
[11]. Copyright 2014, Elsevier.

4.2. Results and discussion

In details, the OSCs based on Ag thin‐film electrode are first fabricated with a structure of
glass/Ag/MoO3/P3HT:PCBM/Al, and then, a MoO3 interlayer is introduced between glass and
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Ag electrode to further improve the device performance. As shown in Figure 11a and
Table 3, the device with 11 nm Ag shows a higher PCE of 2.57% and lower Rs of 2.0 Ω cm2.
Further, by inserting a MoO3 interlayer, a senior PCE of 2.71% is obtained by employing a
MoO3 (2 nm)/Ag (9 nm) electrode as well as a relatively low Rs of 3.0 Ω cm2, which is compa‐
rable to that of reference OSCs based on ITO electrode. Meanwhile, an increase in Ag or
MoO3 layer thickness only degrades the device performance. To understand the underlying
mechanism, the optical and electrical properties as well as the surface morphology are studied
as follows.

Anodes JSC (mA/cm2) VOC (V) FF PCE (%) Rs (Ω cm2)

Ag (9 nm) 4.79 0.49 0.53 1.24 7.5

Ag (11 nm) 6.61 0.65 0.60 2.57 2.0

Ag (13 nm) 5.60 0.61 0.55 1.88 1.9

Ag (15 nm) 5.47 0.62 0.50 1.70 3.6

MoO3 (2 nm)/Ag (7 nm) 5.67 0.64 0.50 1.82 5.6

MoO3 (2 nm)/Ag (9 nm) 6.68 0.65 0.63 2.71 3.0

MoO3 (2 nm)/Ag (11 nm) 6.86 0.63 0.60 2.62 5.8

MoO3 (2 nm)/Ag (13 nm) 6.41 0.63 0.47 1.90 4.5

MoO3 (10 nm)/Ag (9 nm) 6.26 0.64 0.59 2.39 3.7

MoO3 (10 nm)/Ag (11 nm) 6.30 0.64 0.61 2.45 2.8

MoO3 (10 nm)/Ag (13 nm) 6.26 0.64 0.50 2.02 0.7

ITO (180 nm) 7.33 0.64 0.61 2.85 1.1

PET/MoO3 (2 nm)/Ag (9 nm) 6.21 0.63 0.64 2.50 –

Table 3. Photovoltaic performance parameters for OSCs fabricated on different anodes/glass substrates. Reproduced
with permission [11]. Copyright 2014, Elsevier.

The thermally evaporated Ag film prefers 3D island growth, namely Volmer‐Weber growth,
which starts from disconnected nuclei [21]. Thus, for the deposition of the first few nanometers
of Ag, separate nuclei are formed. According to the SEM images in Figure 12, optical trans‐
mittance and sheet resistance in Figure 13, it can be seen that the percolation threshold
thickness of Ag thin film in this study is about 11 nm. At this thickness, the Ag islands are
closed and a continuous Ag layer is formed, while the relatively high transmittance and low
sheet resistance (6.29 Ω/square) are obtained. This is in good line with the corresponding device
performance. By introducing a MoO3 interlayer, as shown in Figure 13a, MoO3 (2 nm)/Ag (9
nm) anode not only shows similar spectral shape of the transmission curve as Ag (11 nm)
electrode but also presents a higher transparency with a maximum of 74% at 361 nm. Partic‐
ularly, in the visible spectral range, the transparency of the electrode between 56 and 70% is
achieved, showing the potential of this electrode. With the introduction of 2 nm thick MoO3

interlayer between the Ag layer and glass substrate, the sheet resistance of the electrode is
decreased to 9.32 Ω/square. The excellent properties of MoO3 (2 nm)/Ag (9 nm) electrode in
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transparency and conductivity lead to the best device performance among all the ITO‐free
OSCs and verify the fact that the percolation threshold of Ag has been reduced to 9 nm by
introducing a 2 nm MoO3 interlayer. As we know, the thickness of Ag film is strongly related
to its transmittance and conductivity, and the percolation threshold thickness determines the
smallest thickness for a metal film electrode, which is the most important parameter in the 3D
growth of Ag film during the thermal evaporation process. Thus, the decrease in percolation
threshold thickness not only could maintain the high conductivity, but also could enhance the
optical transmission of Ag film and lower the fabrication cost as well.

Figure 12. SEM images of (a) Ag (9 nm), (b) Ag (11 nm), (c) MoO3 (2 nm)/Ag (9 nm) and (d) MoO3 (10 nm)/Ag (9 nm)
electrodes deposited on glass substrates. The white scale bar represents 100 nm. Reproduced with permission [11].
Copyright 2014, Elsevier.

Figure 13. (a) Transmittance spectra with corresponding sheet resistances and (b) J‐V characteristics for ITO‐free OSCs
fabricated on PET or glass substrates. (a) Adapted with permission [11]. Copyright 2014, Elsevier. (b)Reproduced with
permission [26]. Copyright 2015, IEEE.
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In our opinion, the introduction of the MoO3 interlayer can effectively improve the wetting of
Ag on the substrate and reduce the percolation threshold of Ag. However, the mechanism of
the smoothening effect of the MoO3 layer still remains to be determined. Here, MoO3 works as
a surfactant to modify the surface of Ag film. When the thickness of MoO3 is 2 nm, the unclosed
layer may create preferred nucleation sites on the glass substrate to enhance the lateral growth
of Ag film. Similar results are also found in the recent report [23]. However, with an increase
in MoO3 thickness to 10 nm, things become different. Since the surface energy of MoO3 (γ =
0.06 J m−2) is much less than that of Ag (γ = 1.25 J m−2) [24, 25], the Ag‐Ag interactions are
stronger than the Ag‐substrate interactions, which weakens the surface‐modifying effect of the
MoO3 layer. Thus, the effect of a thick MoO3 interlayer (here 10 nm) on improving the wetting
of Ag on the substrate is inferior to that of a thin MoO3 interlayer (2 nm).

Figure 14. Normalized photovoltaic performance parameters of flexible ITO‐free OSCs as a function of the number of
(a) outer or (b) inner bending cycles. Adapted with permission [26]. Copyright 2015, IEEE.

Furthermore, flexible devices using our optimized MoO3 (2 nm)/Ag (9 nm) anode are fabricated
on PET substrates with P3HT:PCBM films as the active layer. A PCE of 2.50% is achieved for
such flexible ITO‐free device (Table 3), which is comparable to the PCE (2.71%) of the
glass/MoO3/Ag‐based devices and the PCE (2.85%) of glass/ITO‐based OSCs. Simultaneously,
the corresponding flexible ITO‐free OSCs based on MoO3 (2 nm)/Ag (9 nm) anode show good
mechanical flexibility. As shown in Figure 14, about 10% degradation in PCE is observed after
500 inner bending cycles with a bending radius of 1.5 cm, whereas a 5% decrease in PCE is
observed after 500 outer bending cycles. It shows the huge potential of our flexible electrodes,
and it may be instructive for further research on flexible electrodes and roll‐to‐roll mass
production of OSCs.

5. Conclusion

In conclusion, the properties of electrode‐organic interfaces and transparent electrode mate‐
rials have significant impact on the efficiency of light absorption, charge transport and
collection, which dominates the overall efficiency of OSCs. Nowadays, the interface engineer‐
ing and electrode engineering have attracted increased attentions all over the world. In this
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chapter, after a simple review of interfacial layers and transparent electrodes reported in OSCs,
we have investigated two efficient modifying layers of ZnO and ultrathin Ca films, two
potential ITO‐free electrodes of AZO and ultrathin Ag film, and their effect on the performance
improvement of P3HT:PCBM based OSCs.

By utilizing an aqueous solution method processed ZnO interfacial layer at low temperatures,
IOSCs have obtained an obvious improvement of device performance. The results show that
the transition point of ZnO annealing temperature is approximately 80°C. When the ZnO
annealing temperature is above 80°C, the corresponding IOSCs show senior photovoltaic
performances with PCEs higher than 3.5%, and the flexible devices based on PET substrates
also display a PCE of 3.26% as well as a good flexibility in bending tests. All devices show good
repeatability and air stability. The improved device performance can be attributed to the well‐
aligned energy levels and improved charge transport between ITO and organic material. Thus,
the low‐temperature ZnO deposition method based on aqueous solution is a promising
technique in fabricating highly efficient IOSCs and flexible devices with long lifetime.

By utilizing an ultrathin Ca modifier and AZO transparent cathodes, ITO‐free IOSCs have
achieved an obviously improved device performance and weakened light‐soaking issue.
Although the AZO only IOSC show a very poor performance, IOSCs with a Ca modifier (5 nm
or thicker) could obtain the remarkably increased VOC of 0.60 V and PCE of 2.69%, which is
attributed to the well‐aligned energy levels at AZO/organic interface. When an ultrathin Ca
modifier (~1 nm) is introduced, a further improved PCE above 3% is obtained and more
importantly, the light soaking issue in the AZO only IOSC and AZO/Ca (5 nm) IOSC has been
evidently weakened, which could be explained by the highly efficient electron transport at
AZO/Ca/organic interface, while the more exact mechanism should be further investigated in
the future work.

By utilizing an ultrathin MoO3 interlayer for Ag film growth, the MoO3 (2 nm)/Ag (9 nm) anode
not only shows a low sheet resistance of 6.29 Ω/square but also presents a higher transparency
with a maximum of 74% at 361 nm, and notably the percolation threshold of Ag film has been
decreased from 11 to 9 nm according to the 3D island growth of Ag, confirmed by the SEM,
sheet resistance, and transmittance study. The resulted ITO‐free OSCs with this MoO3/Ag
anode show an improved PCE 2.71%, and the corresponding flexible device fabricated on PET
substrates also achieves a comparable PCE of 2.50% to that of ITO‐based OSCs. Thus, the
evaporated Ag film electrode with good transmittance and low resistivity is a potential
candidate of ITO, and it would find more applications in flexible devices and roll‐to‐roll
production. All investigations in this chapter enrich the understanding of interface and
electrode engineering in OSCs, which may be instructive for further research on the improve‐
ment of device performance and the possible commercialization in the future.
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Abstract

The solar energy as one of the new energy sources and a regenerated energy is abundant
and pollution-free. Most photovoltaic devices (solar cells) sold in the market today are
based on silicon wafers,  the  so-called "first  generation"  technology.  The market  at
present is on the verge of switching to a "second generation" of thin film solar cell
technology which offers prospects for a large reduction in material costs by eliminating
the costs of the silicon wafers. Cadmium telluride (CdTe), amorphous silicon (a-Si) and
copper indium gallium selenide (CIGS) are three thin film technologies which have
achieved commercial production. This chapter gives the review of the CIGS solar cells
regarding the heterostructures, materials, technology and research advances. It also
states the key findings in our research and provides suggestions for future research.

Keywords: Cu(In,Ga)(S,Se)2, solar cell, thin film, photon management, carrier collec-
tion, nanostructure

1. Introduction

Nowadays the development of the society and economy raises up the dependence upon the
energy sources. However, the energy crisis and the environmental problems induced by using
the fossil energy sources have attached much attention. A consensus about developing new
energy as well as the reduction of the fossil energy consumption has been reached all over the
world. The solar energy as one of the new energy sources and a regenerated energy is abundant
and pollution-free. Photovoltaics (PV) is a method of generating electrical power through
transforming solar energy into direct current electricity. The transformation is achieved by using
semiconductors that exhibit the photovoltaic effect. The photovoltaic effect refers to photons of
light exciting electrons into a higher state of energy, allowing them to act as charge carriers for
an electric current. Most photovoltaic devices (solar cells) sold in the market today are based on
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silicon wafers. There is an argument that the silicon solar cells are the so-called “first genera-
tion” technology. The market at present is on the verge of switching to a “second generation”
of thin film solar cell technology which offers prospects for a large reduction in material costs
by eliminating the costs of the silicon wafers. However, whether the thin film solar cell can be
attributed to a “second generation” technology is still a controversial issue. Despite the debate,
the silicon photovoltaic industry has reached its industrial maturity. The approach to progress
further is to increase the efficiency as well as decrease the cost of the solar cells. The thin film
photovoltaic technology is one of the potential alternative approaches.

Classification Area (cm2)a Efficiency (%) References

Cu(In,Ga)Se2 (cell) 0.5 (unknown) 22.3 [2]

Cu(In,Ga)Se2 (module) 808 (da) 17.5 [3]

CdTe (cell) Unknown 22.1 [4]

CdTe (module) Unknown 18.6 [5]

a-Si (cell)b 1.043 (da) 13.6 [6]

a-Si (module)c 14322 (t) 12.3 [7]

Dye sensitized (cell) 1.005 (da) 11.9 [8]

Dye sensitized (minimodule) 26.55 (da) 10.7 [8]

Organic (cell) 0.0429 (ap) 11.5 [9]

Organic (module) 802 (da) 8.7 [10]

Perovskite (cell) Unknown 22.0 [11]

a ap = aperture area; da = designated illumination area (defined in [1]); t = total area.
b a-Si/nc-Si/nc-Si triple junction solar cell.
c a-Si/nc-Si tandem solar cell.

Table 1. The efficiency table of the thin-film solar cells.

Figure 1. The cell structure of the Cu(In,Ga)Se2 solar cell.
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Currently three types of the thin film solar cells have realized industrialization. They are
cadmium telluride (CdTe) solar cells, amorphous silicon (a-Si) solar cells and copper indium
gallium diselenide (CIGS) solar cells. The other thin film technologies such as perovskite solar
cells, dye-sensitized solar cells (DSSCs), organic solar cells and quantum-dot solar cells
(QDSCs) remain in the stage of lab research or pilot line. The a-Si solar cells in the PV industry
are fading away because of its relative low efficiency and instability. The CdTe and CIGS solar
cells show the rapid development trend in recent years. Table 1 presents the efficiencies of
different thin film solar cells. Among them, the CIGS solar cells show the highest efficiency
both in cells and modules.

Figure 2. The image of the layers in the CIGS solar cell by scanning electron microscopy.

The structure of the CIGS solar cells is shown in Figure 1. The CIGS solar cells consist of a
number of films which are deposited onto a rigid or flexible substrate. The first film, typically
molybdenum (Mo), serves as a nontransparent back-contact. It is covered by the actual
Cu(In,Ga)Se2 film. Most of the light is absorbed by the p-type thin film (absorber) and the
photocurrent is generated. The heterojunction is formed by depositing a very thin n-type buffer
layer (typically CdS) and an n-type wide gap transparent window layer (usually heavily doped
ZnO). Figure 2 presents the actual image of the layers in the CIGS solar cell, which is measured
by a scanning electron microscopy (SEM). From the bottom to the top, they are Mo back contact
layer, Cu(In,Ga)Se2 absorber layer, a very thin CdS buffer layer, the ZnO window layer and
ZnO nanostructure antireflective coating layer.

2. Fundamental properties of the key materials

The definition of the thin-film given by Chopra et al. [12] provides a good starting point and
also yields a criterion to discriminate the term ‘thin film’ from ‘thick film’. According to their
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opinion, a thin film is defined as a material that is created ab initio by the random nucleation
and growth processes of individually condensing/reacting atomic/ionic/molecular species on
a substrate. Thin films may encompass a considerable thickness range, varying from a few
nanometers to tens of micrometers and thus are best defined in terms of the production
processes rather than by thickness. The layers for constructing the CIGS solar cells are back
contact layer, absorber layer, buffer layer and window layer.

2.1. Back contact layer

The back contact layer as the back contact electrode of the solar cell is usually deposited on the
substrate such as glass or flexible foils. One of the key requirements for the back contact layer
is that the contact between the back contact and the absorber layer should be ohmic contact.
The back contact layer should have a good conductivity and can be adhered to substrate firmly
in order to make the solar cell stable. Molybdenum (Mo) is used in the majority of the CIGS
solar cells. The structural and morphological properties of the Mo thin films will greatly affect
the sequent growth of the absorber layer.

2.2. Absorber layer

The absorber layer is deposited on the back contact layer. CuInSe2 (CIS) was the first absorber
layer developed in the 1970s. In the next two decades gallium was introduced into the absorber
layer, resulting in the deposition of the Cu(In,Ga)Se2 thin films. The invention of the new
generation absorber layer boosted the solar cells’ efficiency by increasing the absorber’s band
gap. In addition, the possibility of fabricating graded band gap Cu(In,Ga)Se2 absorber layer
further increased the device efficiency. Several other improvements were developed such as
the thinner CdS buffer layer (less than 50 nm) and the use of the soda lime glass during this
period. These technologies resulted in the progress of the Cu(In,Ga)Se2 absorber layer’s
performance.

Figure 3. The Cu(In,Ga)Se2 crystal structure. Red = Cu, yellow = Se, blue = In/Ga [13].
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The Cu(In,Ga)Se2 material possesses a chalcopyrite crystal structure which is shown in
Figure 3. Each anion (Se) is coordinated by two cations of each type (Cu, In/Ga). The
Cu(In,Ga)Se2 is obtained by partially replacing indium in a CIS structure with Ga. Since the
atomic radii of the Ga are smaller than In, the lattice constants will be decreased with increasing
Ga content.

The band gap of the Cu(In,Ga)Se2 material depends on the ratio of Cu/(In + Ga). The band gaps
of CuInSe2 and CuGaSe2 are 1.02 and 1.67 eV, respectively. The band gap of the Cu(In,Ga)Se2

varies between 1.02 and 1.67 eV by the change in Ga/(In + Ga) ratio.

2.3. Buffer layer

The buffer layer is deposited on the absorber layer. CdS is the most widely used buffer layer
in the CIGS solar cells. CdS is an n-type semiconductor with a band gap of ~2.4 eV. The buffer
layer improves the CIGS solar cells’ performance by forming the optimized band alignment
between the absorber layer and the window layer. In addition, the buffer layer possesses more
advantages to the CIGS solar cells such as the damage prevention of the absorber layer in the
sequent sputtering process, the passivation of the absorber surface, the relief of the lattice misfit
and so on. Besides CdS, more new buffer layers are in the development process. For example,
the new buffer layers include Zn(S,O), ZnMgO, ZnS and In2S3. Since the research on the new
buffer layers is a hotspot in the development of the CIGS solar cell in recent years, one can
search a lot of published papers regarding the new generation Cd-free buffer layers and some
of them showed great progress.

2.4. Window layer

As the window layer, ZnO is deposited on the buffer layer in the CIGS solar cells. ZnO is not
really a newly discovered material. Research on ZnO has continued for many decades with
interest. In terms of its characterization, reports go back to 1935 or even earlier. For example,
lattice parameters of ZnO were investigated for many decades [14–18].

Most of the group II–VI binary compound semiconductors crystallize in either cubic zinc
blende or hexagonal wurtzite structure where each anion is surrounded by four cations at the
corners of a tetrahedron, and vice versa. Figure 4 depicts three kinds of crystal structures
shared by ZnO which are rocksalt, zinc blende and wurtzite [19]. The zinc-blende ZnO
structure can be stabilized only by growth on cubic substrates, and the rocksalt structure may
be obtained at relatively high pressures [18].

The wurtzite structure has a hexagonal unit cell with two lattice parameters, a and c, in the

ratio of c a = 8 3 = 1.633andbelongstothespacegroupof C6v4  or P63mc. In a real ZnO crystal,

the lattice parameters deviate from the ideal value due to the existence of the Zn interstitials,
O vacancies and dislocations in the crystal structure. The properties vary with different
material types (bulk material, thin films, powders and nanostructures) and different synthesis
processes.
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The window layers in the CIGS solar cells usually are consisted of two layers. The first layer
deposited on the buffer layer is the intrinsic ZnO thin films. In the following an aluminum-
doped ZnO (AZO) layer is deposited on the undoped ZnO layer. The AZO layer processing
high conductivity will be used as the front contact for a CIGS module.

Figure 4. Stick and ball representation of ZnO crystal structures: (a) cubic rocksalt, (b) cubic zinc blende, (c) hexagonal
wurtzite. The shaded gray and black spheres denote Zn and O atoms, respectively [19]. Copyright 2005 by AIP Pub-
lishing LLC.

3. Technology of the CIGS solar cells

The term "photo-voltaic" has been in use in English since 1849. A photovoltaic cell (also called
a solar cell) is an electrical device that converts the energy of light directly into electricity by
the photovoltaic effect [20]. The operation of a solar cell requires three basic attributes. At first,
the absorption of light generates either electron-hole pairs or excitons. Afterwards, various
types of charge carriers are separated. Finally, those carriers are extracted to an external circuit.
Conventionally, photovoltaic materials use inorganic semiconductors. Ideally, the absorber
material of an efficient solar cell should be a semiconductor with a bandgap of 1–1.5 eV with
a high solar optical absorption (104 to 105 cm−1) in the wavelength region of 350–1000 nm, a
high quantum yield for the excited carriers, a long diffusion length and low recombination
velocity [21].

The magnetron sputtering is extensively used to deposit the Mo back contact layer and the
ZnO window layer. The CdS buffer layer is usually fabricated by a chemical bath deposition
method. Several more methods such as atomic layer deposition and spray ion layer gas reaction
technique have been adopted to obtain the new buffer layers. Several techniques were
developed to fabricate Cu(In,Ga)Se2. Among them the coevaporation method and the two-
stage process are two of the most important techniques.
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3.1. Coevaporation process

The brief setup of the coevaporation process is shown in Figure 5. During the process, Cu, In,
Ga and Se sources are heated and evaporated to be grown on a heated substrate. The heating
temperature is specific for each source. The temperature for Cu, In and Ga is higher than that
for Se. It is very important to control the element flux in the coevaporation process. The in-situ
feedback controls based on electron impact emission spectrometry, quadruple mass analysis
or atomic absorption spectrometry have been successfully adopted to control the element flux.
Although the progress for the coevaporation process is in rapid development, the problems
regarding the process control in the absorber deposition remain to be improved.

Figure 5. The setup of the coevaporation process.

3.2. Two-stage process

The two-stage process was invented by Boeing company. For the first stage, a stack of precursor
layers including the Cu, In and Ga metals is deposited. In the following stage, the deposited
precursor alloy layers are transferred to a furnace or a specific reaction setup for selenization.
Either H2Se gas or Se powders are used for selenization process. Figure 6 shows the brief setup
of the selenization furnace.

Figure 6. The setup of the selenization furnace.
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4. Recent research advances

The approach to progress further is to increase the efficiency as well as decrease the cost of the
solar cells. Therefore new concepts and new cell structures should be brought in the develop-
ment of the film solar cells. One of the plausible solutions is to implant nanostructures in the
conventional thin film photovoltaic devices. Zinc oxide (ZnO) nanorod arrays are one of the
nanostructures that can be implanted in the solar cells. ZnO nanostructures can be grown on
top of the CIGS solar cells’ window layers as an antireflective coating layer or implanted into
the solar cells. On the one hand, the implanted nanostructures will decrease the reflection and
increase the light path due to light coupling effects. On the other hand, the ZnO nanostructures
will put the electrode close to the photoinduced carrier generation area with larger carrier
collection function. It will assist in boosting the solar cells’ efficiency by carrier collection
enhancement.

4.1. Photon management

Thin film photovoltaic device technology relies on light management to enhance light absorp-
tion in thin absorber layers. One of the plausible solutions is to implant nanostructures in the
conventional thin film photovoltaic devices. For example, the zinc oxide (ZnO) nanorod arrays
can be implanted in the CIGS solar cells. The use of the ZnO nanorods in the thin film solar
cells is an effective way to decrease the reflection. The variation of the geometrical parameters
of the ZnO nanorods, such as the diameter, the height and the density can lead to an optimum
which results in the maximal absorption in the absorber. An approach of a rigorous three-
dimensional (3D) modeling based on the finite element method (FEM) can be used to simulate
and optimize the light absorption in the Cu(In,Ga)Se2 absorbers with nanostructures.

Modeling the optical properties of the Cu(In,Ga)Se2 absorbers with nanostructures starts by
defining the characteristics of the incident light. In the stationary case, the electric and magnetic
field can be expressed as follows.

( ) ( ), , , , , i tx y z t x y z e w-= %E E (1)

( ) ( ), , , , , i tx y z t x y z e w-= %H H (2)

where E is the electric field, H is the magnetic field and ω is the angular frequency related by
ω = 2πf to the frequency f of light. The mathematical model of the light propagation is Maxwell’s
equation:

( ) ( )  , , , , ,     i tx y z t x y z e w-= %E E (3)
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where E is the electric field, H is the magnetic field, ρ is the electric charge density, ε is the
permittivity, μ is the magnetic permeability and J is the current density. In the time harmonic
case the magnetic field can be determined by the electric field and vice versa. From Maxwell’s
equations we can find
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Thus the electric field in the electromagnetic will be taken into account in the simulation. The
electric field distribution of the incident light is described by unpolarized stationary plane
waves.

( )  iAe j× +=% k rE (9)

where A is the constant, k is the wave vector, r is the position vector and φ is the phase angle.
For simplifying the simulation, the wave vector of the incident light is perpendicular to the
surface of the Cu(In,Ga)Se2 absorbers and ϕ is taken as 0.

The nanorod arrays as a light coupling component can be incorporated into two types of solar
cells, i.e., the bifacial solar cells and the superstrate solar cells. As shown in Figure 7(a), both
sides of the bifacial solar cells are illuminated and the ZnO nanorods work as a light-coupling
component and a nanocontact electrode. The intrinsic ZnO nanorods in the superstrate solar
cells play a buffer role. Optionally a buffer layer can be inserted between the ZnO nanorods
and the absorber in the superstrate solar cells. Since both the bifacial and superstrate solar cells
possess the same components which are glass/transparent conductive oxides/ZnO nanorods/
Cu(In,Ga)Se2 absorber, the same components are regarded as the simulated structure. As
illustrated in Figure 7(c), the simulated structure can be divided into two parts: the glass and
the transparent conductive oxides/ZnO nanorods/Cu(In,Ga)Se2 absorber (TNA) structure.
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Figure 7. (a) The schematic structure of the bifacial Cu(In,Ga)Se2 solar cell. (b) The schematic structure of the super-
strate Cu(In,Ga)Se2 solar cell. (c) The schematic drawing of the simulated structure. The TNA is the abbreviation for
the transparent conductive oxides/nanorods/absorber.

As shown in Figure 8, the total reflection consists of the specular reflectance and the scattered
reflectance:

Total S SCR R R= + (10)

Figure 8. The schematic structure of the simulated structure. The structure is illuminated through the glass side. The
figure defines the incident light intensity I0, the specular intensity ITNA illuminating the glass/TNA interface, the specu-
lar reflectance Rs the scattered reflectance , Rsc the specular reflectance of the Rs

TNA structure and the scattered reflec-
tance of the Rsc

TNA structure.

where RS and RSC are the specular reflectance and the scattered reflectance, respectively. The
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where Rglass is the reflectance at the air/glass interface with the incident of light illuminating
the interface, 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is theabsorptanceof thethickglassand𝀵𝀵𝀵𝀵𝀵𝀵  is the reflectance of the TNA
structure illuminated from the glass. The Rglass is calculated from the Fresnel’s equation:

Nanostructured Solar Cells192



Figure 7. (a) The schematic structure of the bifacial Cu(In,Ga)Se2 solar cell. (b) The schematic structure of the super-
strate Cu(In,Ga)Se2 solar cell. (c) The schematic drawing of the simulated structure. The TNA is the abbreviation for
the transparent conductive oxides/nanorods/absorber.

As shown in Figure 8, the total reflection consists of the specular reflectance and the scattered
reflectance:

Total S SCR R R= + (10)

Figure 8. The schematic structure of the simulated structure. The structure is illuminated through the glass side. The
figure defines the incident light intensity I0, the specular intensity ITNA illuminating the glass/TNA interface, the specu-
lar reflectance Rs the scattered reflectance , Rsc the specular reflectance of the Rs

TNA structure and the scattered reflec-
tance of the Rsc

TNA structure.

where RS and RSC are the specular reflectance and the scattered reflectance, respectively. The
specular reflectance is given as:

( )2 2 2

0

1 · · ·
uS S S

glass glass glass TNA glass glass TNA
u

R R R R R Rt t
µ

=

é ù= + ×- ë × ûå (11)

where Rglass is the reflectance at the air/glass interface with the incident of light illuminating
the interface, 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is theabsorptanceof thethickglassand𝀵𝀵𝀵𝀵𝀵𝀵  is the reflectance of the TNA
structure illuminated from the glass. The Rglass is calculated from the Fresnel’s equation:

Nanostructured Solar Cells192

2
1

 
1

glass
glass

glass

R
-

=
+

n
n

(12)

       n i k= + ×glassn (13)

where nglass is the complex refractive index of the glass, n is the refractive index of the glass and
k is extinction coefficient of the glass. The τglass is calculated as:

( )     glass glass glassexp dt a ×= - (14)

4  
0glass
kpa

l
= (15)

where αglass is the optical absorption coefficient of the glass and λ0 is the vacuum wavelength
of light.

The reflection, transmission and absorption in TNA structure can be calculated using the finite
element method (FEM) method. The FEM is a numerical technique used in finding solutions
of Maxwell equations. The volume of the simulated structure is meshed and electromagnetic
field components are computed. Once the simulation of the design (structure, boundary
conditions, light sources and frequency range) is set up, FEM process operates through three
steps: meshing, solving and postprocessing. In the first step, for a given wavelength, the
volume of the designed structure is discretized. During the second step, the resulting system
of the equations is solved. In the third step, the reflection, transmission and absorption of the
simulated structure is computed. The reflectance RTNA is given by:

S SC
TNA TNA TNAR R R= + (16)

where 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵  is the scattered reflectance of the TNA structure. Since tracing the scattered

reflected light of the TNA structure in the thick glass and air/glass interface dramatically boosts
the computation amount, it is not possible to get the results using FEM. The total reflectance
is approximately calculated as:

Total
glass TNAR R R= + (17)

4.2. Nanostructures

An antireflective or antireflection coating (ARC) is a type of optical coating applied to the
surface of lenses and other optical devices to reduce reflection. This improves the efficiency of
the system since less light is lost. The ARC is generally made of a dielectric layer, e.g., MgF2,
SiN, TiO2 or ZnS, with a thickness of a quarter-wavelength [22–25]. Another approach of
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boosting light coupling is to structure the surface of the solar cells by means of the moth-eye
effect. Moths' eyes have an unusual property: their surfaces are covered with a natural
nanostructured film which eliminates reflections. The ZnO nanorods have an appropriate
refractive index of ~2. Coating an absorber surface leads to continuously varying refractive
index profiles in the tapered ZnO nanorods. Consequently they suppress the surface reflection
via a subwavelength structure. Therefore the tapered ZnO nanorods are a promising light
coupling layer for ARC of solar cells as well as solar thermal selective surfaces.

Figure 9. The ZnO nanowire arrays prepared by the hydrothermal method.

Figure 2 has shown the cross section scanning electron microscopy (SEM) images of ZnO
nanorods on CIGS. The ZnO nanorod arrays serving as an ARC were electrodeposited on thin
film Cu(In,Ga)Se2 solar cells. According to the research, the weighted reflectance was reduced
from 8.6 to 3.5%. Highest increases in both the saturation-current of 5.7% and the solar cells
efficiency of 7.2% were achieved [26]. In addition, the ZnO nanorod arrays have been incor-
porated into a superstrate or a bifacial cell structure of the other thin film photovoltaic devices
such as DSSCs [27], QDSCs [28] and organic solar cells [29].

ZnO nanostructures have been prepared by various methods [30–46]. The solution-based
fabrication routes including hydrothermal method and electrochemical deposition (ECD)
method are the only ways to grow ZnO nanostructures at a low temperature down to the range
between 60°C and 90°C [35–46]. Meanwhile the growth can be achieved over large areas up to
10 cm × 10 cm [44–46]. Figure 9 shows the SEM image of the ZnO nanowire arrays prepared
by the hydrothermal method.

The ECD technique consists of an electrochemical cell and accessories for providing a galvanic
current which flows through the electrochemical cell. The cell usually contains electrolyte and
electrodes. The first of these electrodes has been named the anode. At an anode, electrons go
away from the electrolyte to the anode. Hence, an anodic reaction must generate electrons. The
second has been named the cathode. The cathode supplies electrons to the positively charged
cations which flow to it from the electrolyte. Within the electrolyte, the current flow is always
from the anode to the cathode, which means the electron transports from the cathode to the
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anode. In the external parts of the closed circuit (“external” relative to the electrolyte), the
current flow is from cathode to anode, which equates the electron transport from the anode to
the cathode [47].

Figure 10. (a) Two-electrode system and (b) three-electrode system.

During the ECD process, the electrodeposited products are deposited on one of the electrodes.
The electrode is the working electrode (WE). However, the WE is not enough for the ECD
process. At least another electrode is necessary for allowing current to flow. In the simplest
case a two-electrode cell is used for ECD (Figure 10(a)). The second electrode is used both as
the reference electrode (RE) to measure the WE potential and as a counter electrode (CE) to
allow current to flow. However, the potential of the second electrode changes accordingly
when there is a current flow, which has been termed electrode polarization. In order to measure
the accurate WE potential, a three-electrode cell containing a WE, a CE and a RE is more
common (Figure 10(b)). A current flows between the WE and CE, while the potential of the
WE is measured against the RE. No current flows in the circuit of the RE/WE, which therefore
is not polarized [48]. The glass substrates coated by FTO and AZO transparent conductive
oxides are used as the WE. The electrochemical cell was placed in a thermoregulated bath. The
liquid electrolyte contains zinc salts and additives. During the experiments the liquid electro-
lyte in which there is a magnetic stirring bar is agitated. A schematic illustration of the setup
for the ECD process is shown in Figure 11. The electrochemical process is controlled and
recorded by a potentiostat/galvanostat.
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Figure 11. Schematic description of the electrochemical deposition setup.

5. Conclusion

This chapter gives the review of the CIGS solar cells regarding the heterostructures, materials,
technology and research advances. The CIGS solar cells consist of a number of films which are
deposited onto a rigid or flexible substrate. Mo deposited by magnetron sputtering serves as
a nontransparent back-contact. The Mo film is covered by the actual Cu(In,Ga)Se2 film. The
coevaporation method and the two-stage process are two of the most important techniques to
fabricate Cu(In,Ga)Se2. The heterojunction is formed by depositing a very thin n-type buffer
layer (typically CdS) and an n-type wide gap transparent window layer (usually heavily doped
ZnO). The CdS buffer layer is usually fabricated by a chemical bath deposition method. The
magnetron sputtering is extensively used to deposit the ZnO window layer. The chapter also
states the key findings in our research and provides suggestions for future research. One of
the plausible solutions for boosting solar cells’ efficiency is to implant nanostructures such as
ZnO nanorod arrays in the conventional thin film photovoltaic devices. ZnO nanostructures
can be grown on top of the CIGS solar cells’ window layers as an antireflective coating layer
or implanted into the solar cells. On one hand, the implanted nanostructures will decrease the
reflection and increase the light path due to light coupling effects. On the other hand, the ZnO
nanostructures will put the electrode close to the photoinduced carrier generation area with
larger carrier collection function. It will assist in boosting the solar cells’ efficiency by carrier
collection enhancement.

6. Outlook

In the past four decades, the CIGS thin film solar cells have developed steadily. The lab
efficiency of the CIGS solar cells has reached to as high as 22.6% [2]. However, the journey to
successful large-scale commercialization is going through fire and water. Nowadays the silicon
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photovoltaic industry has entered its maturity stage from the industry life cycle point of view.
It is ambiguous to estimate that whether the CIGS thin film solar cell is in its introduction stage
or in a growth stage. Since very few CIGS companies survive in such an intensively competitive
photovoltaic market, it is difficult to conclude that the CIGS is in a growth stage. It is worth
noting that new concept solar cells such as the perovskite solar cells are in an astonishing
development in recent years, which might make the club of the thin film solar cells more
uncertain. The prospect for the CIGS thin film solar cells is facing challenges coming from both
the technology and market. For achieving the great expectation of the CIGS photovoltaics,
there is still a long way to go.
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Abstract

Recently,  organic/inorganic  hybrid  perovskite  materials,  APbX3  (A  =  CH3NH3  or
HC(NH2)2; X = I, Br or Cl), have attracted much interest for their promising application
in solar cells as the light-absorbing component to their broad spectral absorption, strong
light-harvesting and long exciton diffusion length. The perovskite solar cells (PSCs) can
reduce the production costs and achieve high power conversion efficiency significantly
compared to standard silicon cells and other thin film cells. On the other hand, ZnO
based materials have been recently investigated in the PSCs devices as electron injection
layers for low-temperature, low-cost and flexible devices. This chapter aims to review
PSCs using ZnO materials as electron extraction layers. We will discuss the electron
transmission and effect of the electron-transporting layer in PSCs and the preparation
method of the ZnO. ZnO is a potential material for many applications due to their high
electron mobility, transparent and various nanostructure. The ZnO was introduced into
the PSCs structure to improve electron extraction efficiency. This chapter summaries the
effect  and parameters of  PSCs based on the ZnO layer/nanostructure prepared by
several methods as electron transport layers.

Keywords: perovskite, solar cell, ZnO, photovoltaic, hybrid

1. Introduction

Lead halide perovskites materials have been well known for many years [1], but the first
incorporation into photovoltaic applications was reported by Miyasaka et al. in 2009 [2]. The
lead halide perovskites, CH3NH3PbBr3, and CH3NH3PbI3 were coated on a mesoporous TiO2

electron-collector as photosensitized dyes and generated 3.8% power conversion efficiency
(PCE), which was based on a dye-sensitized solar cell (DSSC) architecture. However, the cells
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were only stable for a matter of minutes because of a liquid corrosive electrolyte. In 2009, using
the same dye-sensitized concept to improve upon the PCE, achieving 6.5% PCE [3].

In general, the word “perovskite” is used to describe any material with the same structure as
inorganic CaTiO3. Organic halide perovskites present a general formula of AMX3, where A
and M are monovalent and bivalent cations, respectively, and X is a monovalent anion that
binds to both cations. M is coordinated to six X anions, and A is coordinated to 12 X anions
(Figure 1). Consequently, they form anionic M-X semiconducting frameworks and charge-
compensating cations [1]. In this case of lead halide perovskites, M is Pb atom and X is a halogen
atom (Cl, Br, I, or a combination of them). The PbX6 octahedra consists of a three-dimensional
(3D) framework and small-sized organic or inorganic cations, which can fit into the PbX6

framework, such as CH3NH3
+, HC(NH2)2

+, and Cs+.

Figure 1. Schematic representation of the 3D inorganic framework of organic halide perovskites.

A breakthrough came in 2012, Michael Grätzel and Park [4] contacted CH3NH3PbI3 perovskites
with a solid-state electrolyte, spiro-OMeTAD, as a hole-transporting layer (HTL) to improve
the device stability. The device structure is shown in Figure 2. The all-solid-state mesoscopic
solar cells showed the PCE exceeding 9% and began a new perovskite solar cell (PSC) subject
in the photovoltaic researches. Subsequently, Lee et al. [5], from the University of Oxford,
replaced the mesoporous TiO2 with an inert Al2O3 scaffold, resulting in increased open-circuit
voltage and a relative improvement in efficiency of 3–5% more than those with TiO2 scaffolds,
as shown in Figure 3 [4]. One cell of Al2O3-based cells exhibited high efficiency (red solid trace
with crosses) and one exhibiting Voc > 1.1 V (red dashed line with crosses); for a perovskite-
sensitized TiO2 solar cell (black trace with circles); and for a planar-junction diode with
structure FTO / compact TiO2 / CH3NH3PbI3-xClx / spiro-OMeTAD / Ag (purple trace with
squares). They showed that the efficiencies of almost 10% were achievable using the ‘sensi-
tized’ TiO2 architecture with the solid-state hole transporter, but higher efficiencies, above 10%,
were attained by replacing it with an inert scaffold. This showed the PSCs may not require the
mesoporous TiO2 layer in order to transport electrons and the hypothesis that a scaffold is not
needed for electron extraction was proved later. A thin-film type PSCs, with no mesoporous
scaffold, of >10% efficiency were achieved [6–9].
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Figure 2. Solid-state device and its cross-sectional mesostructure. (a) Real solid-state device. (b) Cross-sectional struc-
ture of the device. (c) Cross-sectional SEM image of the device. (d) Active layer-underlayer-FTO interfacial junction
structure.

Figure 3. (a) Schematic illustrating the charge transfer and charge transport in a perovskite-sensitized TiO2 solar cell
(left) and a noninjecting Al2O3-based solar cell (right). (b) Current density-voltage characteristics under simulated
AM1.5 illumination for Al2O3-based cells, one cell exhibiting high efficiency (red solid trace with crosses) and one ex-
hibiting VOC > 1.1 V (red dashed line with crosses); for a perovskite-sensitized TiO2 solar cell (black trace with circles);
and for a planar-junction diode with structure FTO/compact TiO2/CH3NH3PbI2Cl/spiro-OMeTAD/Ag (purple trace
with squares).

In 2013, both the planar and mesoscopic architectures, Figure 4, saw a large amount of
developments. Burschka et al. [10] and Bi et al. [11] demonstrated a deposition technique for
the mesoscopic-type architecture, exceeding 15% efficiency using a two-step solution process-
ing; Liu et al. [12] showed that it was possible to fabricate planar-type PSCs; using thermal
evaporation method at a similar time, over 15% efficiency was achieved. A number of new
deposition techniques and even higher efficiencies were reported in 2014 [13, 14]. A reverse-
scan efficiency of 19.3% was claimed by Zhou et al. [15] at UCLA using the planar thin-film
architecture. In November 2014, a device by researchers from KRICT achieved a record with
the certification of a non-stabilized efficiency of 20.1% [15, 16]. In December 2015, a new record
efficiency of 21.0% was achieved by EPFL [15]. Subsequently, in March 2016, researchers from
KRICT and UNIST created the highest certified record for a single-junction perovskite solar
cell with 22.1% [15].
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Figure 4. Structure diagram of (a) mesoscopic perovskite solar cell and (b) planar perovskite solar cell.

2. Electron transporting layer in perovskite solar cells

The electron-transporting layer (ETL), one of the most important components in the PSCs for
highly efficient performance, plays an essential role in extracting and transporting photogen-
erated electrons. Simultaneously, it also serves as a hole-blocking layer to suppress carrier
recombination. The characteristics of the ETL, especially its carrier mobility, energy band
alignment, morphology, trap states, and related interfacial properties are major factors to
determine the device behavior and photovoltaic performance of PSCs [17]. A relatively high
electron mobility is desirable for ETLs to efficiently transport and collect electrons transport,
contributing to the increase of short-circuit current density (Jsc), and fill factor (FF). The better
matching energy level between ETLs and the perovskite layer can facilitate electron extraction
and transport. Furthermore, the open-circuit voltage (Voc) can be determined by the energy
level differences between the Fermi levels (EF) of the ETL and EF of the hole-transporting layer
(HTL) [18–20]. Hence, the energy-level engineering is widely used to improve the Voc of a
photovoltaic device. Trap states in the ETLs also play important roles in charge transport.
Therefore, improving interface contact between ETLs and the perovskite layer is an efficient
method to optimize device performance and enhance charge transport. Morphologies of the
ETL are also considered to enhance its contact with the perovskite layer for achieving better
device behavior.

To date, TiO2 materials have been used as ETLs in most frequently reported PSCs. The electron
injection rates between the perovskite absorber and TiO2 ETLs are very fast, but the high
electron recombination rates are also seen due to the low electron mobility and transporting
properties [21]. In addition, a high-temperature process was required for high-quality meso-
scopic TiO2 layer [16, 22]. Hence, these characteristics of TiO2 materials may act as impediments
to improve device performance and their further application for developing low-cost perov-
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skite solar cells on various flexible substrates [23, 24]. On the other hand, ZnO is a wide-
bandgap semiconductor of the II-VI semiconductor group, which has several favorable
properties, including good transparency, high electron mobility, wide bandgap, and strong
room-temperature luminescence. Several types of morphologies in ZnO, such as thin film,
single-crystal, nanowire, and nanorod has been found and made using the low-temperature
solution processes. The native doping of the semiconductor due to oxygen vacancies or zinc
interstitials is n-type [25]. Moreover, ZnO is a well-known material that has similar energy
level as TiO2 but has better electron mobility (bulk mobility: 200–300 cm2/V s [25–27]) than
TiO2, which lets it an ideal candidate for a low-temperature processed electron-selective
contact for transparent electrodes, organic solar cell, thin-film transistors, and light-emitting
diodes.

3. ZnO film/nanostructure as electron transporting layer

In 2013, ZnO was firstly applied as ETL of PSCs. Kumar et al. [28] reported flexible PSCs
employing the ZnO compact layer as a hole-blocking layer and a ZnO nanorods mesoscopic
scaffold layer as an electron transporter. The ZnO compact layer was formed by electrodepo-
sition and ZnO nanorods grown by chemical bath deposition, which allow the processing of
low-temperature, solution-based ETLs. The planar device, which only uses the ZnO compact
layer can also be made, but they presented lower Jsc and FF than nanorod-based devices.
Conversion efficiencies of 8.90% were achieved on rigid substrates, while the flexible ones
yielded 2.62%. In the same year, Bi et al. [29] used well-aligned ZnO nanorod arrays as ETLs.
They consider that the perovskite material has better solar cell stability and is therefore more
suited as a sensitizer for ZnO nanorod arrays. Therefore, their results showed the ZnO
nanorod-based PSCs had a good long-term stability of PSCs. It was found that the electron
transport time and lifetime vary with the ZnO nanorod length, a trend which is similar to that
in DSSCs, suggesting a similar charge transfer process in the ZnO nanorod array/
CH3NH3PbI3 interface as in conventional DSSCs. However, a solar cell efficiency of only 5.0%
was achieved under AM 1.5 G illumination due to more recombination losses than TiO2

devices. The reason indicated that the ZnO nanorod array grown by different processes may
affect the PSC performance.

A breakthrough came in the end of 2013, Liu and Kelly [30] reported that a room temperature
solution-processed thin compact ZnO ETL was used to fabricate a highly efficient planar
perovskite solar cell with a champion efficiency of 15.7%, an average efficiency of 13.7%, and
the flexible ones yielded 10.2%, in which ZnO prepared by a co-precipitation method had
superior electron mobility, and the ETLs were fabricated without any sintering steps, as
shown in Figure 5. Besides solution-based co-precipitation ZnO ETLs, a sol-gel solution-
processed ZnO ETLs were reported by Kim et al. [31] in 2014. Moreover, a vacuum-processed
ZnO ETL has been prepared for high-efficiency PSCs, such as an atom layer deposition (ALD)
[32] or sputtering method [33, 34]. Several types of ZnO nanostructures have been studied to
replace the mesoporous TiO2 nanostructures in the conventional PSCs [35–38].
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On the other hand, the electrical characteristics of ZnO can be increased by extrinsically doping
a small amount of impurities [39, 40], such as Al. The ionic radius of Al3+ is 0.54 Å, which is
smaller than that of Zn2+ (0.74 Å). Therefore, Al3+ can replace Zn2+ in the lattice point and acts
as a donor to increase the conductivity of ZnO [41, 42], and at the same time, it remains the
excellent transparence in the visible-light region. This is why a high-quality Al-doped ZnO
(AZO) thin film can also be used as a transparent conductive oxide (TCO) electrode, just like
other IIIA elements (B, Ga, and In)-doped ZnO [41]. Al-doped ZnO thin film, which was
deposited using the electrospraying method, was also used as ETLs in PSCs to suppress charge
recombination at the ZnO/perovskite interface, resulting in better efficiency than pure ZnO
devices [43]. The charge recombination of the ZnO-based device was also suppressed by
appropriate Mg-doping. It mainly attributed to the conduction band offset at the interface
between ZnO ETL and perovskite layer [44].

Figure 5. J–V curves of devices on (a) glass and (b) flexible PET substrates in the illumination (red line) and dark (black
line) for the highest-performing ITO/ZnO/CH3NH3PbI3/spiro-OMeTAD/Ag devices in reference [31]. (c) Photograph of
a device prepared on a flexible PET substrate.

The electron extraction by the ETL in perovskite cell strongly depends on the work function
(WF) of the ETL. An energy barrier mismatch (a Schottky barrier) between the WF of the ETL
and the lowest unoccupied molecular orbital (LUMO) of perovskite absorber could lead to
inefficient electron extraction. Therefore, matching the WF of ETL with the absorber could
reduce a Schottky barrier or form an Ohmic contact [45, 46] to facilitate the electron injection
or collection [47]. Nitrogen-doped ZnO electron materials combined with a dipole layer can
increase electron concentration to improve perovskite infiltration and reduce the work
function [38]. Above all, doping is an effective way to modify the electrical properties of ZnO.

Self-assembled monolayer (SAM) is well-known that surface treatments can decrease the
number of charge carrier traps and tune the surface WF of ETLs. Modification of the interface
of solar cells using functional SAMs is an effective method to improve device performance.
Modifying the ZnO ETL with 3-aminopropanoic acid monolayer can improve the interfacial
energy level alignment due to the formation of permanent dipole moments, which decreased
the WF of ZnO from 4.17 to 3.52 eV, and help to obtain highly crystalline perovskite layer with
reduced pin-hole and trap-state density [48]. The stoichiometry of ZnO thin film was also
affected the photovoltaic device performance. Tseng et al. [33] used sputtered ZnO thin films,
which stoichiometry was controlled by adjusting the ratio of working gases (Ar and O2) during
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radio frequency (RF) magnetron-sputtering process, as an ETL in PSCs. As mentioned earlier,
the native doping of the ZnO due to oxygen vacancies shows n-type semiconductor. The
surface conductivity of ZnO film was affected by the presence of oxygen vacancy of the lattice,
which will show even more accentuated variations of the electrical behavior in a thin film. ZnO
film with more oxygen vacancies has higher surface conductivity; therefore, device based on
ZnO using pure Ar deposition has smaller series resistance. Furthermore, ZnO using pure Ar
deposition has lower WF of 4.33 eV than that using Ar/O2 mixed gas deposition (4.48) but both
have a same bandgap. Therefore, ZnO using pure Ar deposition lower conduction band level
(down-shift) than that using Ar/O2 mixed gas deposition to increase the driven force of electron
injection (or charge separation) from perovskite (or ZnO/perovskite interface) and lower
valance edge can block the hole more efficiently. Both better conductivity and lower conduction
band level of ZnO result in high charge extraction efficient; therefore, the corresponding device
has high Jsc. (Figure 6a and b) The hole-blocking ability of ZnO film using pure Ar deposition
was also supported by the dark current of the corresponding device illustrated in Figure 6c.
Cell-based ZnO-Ar electron-transporting layer has smaller dark current indicated that ZnO-
Ar has better hole-blocking ability when other components in the cell are supposed to be the
same.

Figure 6. (a) I-V curves, (b) illustration of the frontier orbitals energy levels for ZnO prepared using pure Ar and 20%
O2, and (c) Dark current curves of perovskite solar cell using pure Ar, 10%, and 20% Ar/Ar + O2 ratio mixed gas as the
electron transport layer. The illustration of the frontier orbitals energy levels for ZnO-Ar, ZnO-20%, and perovskite.

Despite the excellent characteristics of ZnO, in 2015, Yang et al. [49] found the thermal
instability of PSCs fabricated using ZnO ETLs. They show that the basic nature of the ZnO
surface leads to proton-transfer reactions at the ZnO/CH3NH3PbI3 interface, which results in
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decomposition of the perovskite film PbI2, as shown in Figure 7. The decomposition process
is accelerated by the presence of surface hydroxyl groups and/or residual acetate ligands. To
reduce the decomposition, Cheng et al. [50] introduced a buffer layer in between the ZnO-NPs
and perovskite layers. They found that a commonly used buffer layer with small molecule like
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) can slow down but cannot avoid the
decomposition completely. On the other hand, a polymeric buffer layer using poly(ethyleni-
mine) (PEI) can effectively separate the ZnO-NPs and perovskite, which allows larger crystal
formation with thermal annealing. Today, thermal instability of PSCs using ZnO ETLs remains
the major challenge limiting their further application and device performance.

Figure 7. (a) Optimized geometrical structure of the ZnO/CH3NH3PbI3 interface. The inset shows a magnified view of
the deprotonated methylammonium cations. (b) Photographs of CH3NH3PbI3 films deposited on ZnO layers and heat-
ed to 100°C with different times (from a to g).

4. Conclusions

In summary, we have given an overview of the efforts focused on the ZnO of ETLs. Their doping
effect and interface modification between the ETL and perovskite layer have been developed
and applied in PSCs. Because charge extraction, transfer, and recombination mainly occur at
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the interfaces of a cell, the interfacial layer between the perovskite layer and the bottom
electrode needs to be closely aligned by introducing efficient interfacial materials. For con-
ventional PSCs, a ZnO ETL, good electron-transport ability and a low recombination rate at
the interface, works well for high-performance PSC.
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Abstract

Perovskite solar cells were fabricated and characterized. X-ray diffraction analysis and
transmission  electron  microscopy  were  used  for  investigation  of  the  devices.  The
structure analysis by them showed structural transformation of the crystal structure of
the perovskite, which indicated that a cubic-tetragonal crystal system depended on the
annealing condition. The photovoltaic properties of the cells also depended on the
structures. Metal doping and halogen doping to the perovskite and TiO2 were also
investigated. The results showed an increase in the efficiencies of the devices, due to the
structural change of the perovskite compound layers.

Keywords: perovskite, solar cell, doping, structure, CH3NH3PbI3, Sb, Cl, TiO2, Nb, Ge,
Cs

1. Introduction

Various organic-inorganic hybrid solar cells with perovskite-type pigments have been broadly
studied recently [1–4]. Organic solar cells with a CH3NH3PbI3 compound that has a perovskite
structure have high conversion efficiencies [5–7]. Since achieving a photoconversion efficiency
of 15% [8], higher efficiencies have been reported for various device structures and processes
[9–11], and the photoconversion efficiency increased up to ca. 20% [12–18]. The solar cell
properties depend on the crystal structures of the perovskite phase, electron transport layers,
hole  transport  layers  (HTLs),  nanoporous layers,  and fabrication process.  Especially,  the
energy band gaps and carrier transport of the perovskite compounds are dependent on the
crystal structures [19], and further analyses of the structures and properties are imperative.

© 2017 The Author(s). Licensee InTech. 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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In this article, fabrication and characterization of perovskite-type solar cells are reviewed and
summarized. Various perovskite compounds, such as CH3NH3PbI3, [HC(NH2)2]PbI3, and
CsSnI3, are expected for solar cell materials. Since these perovskite-type materials often have
nanostructures in the solar cell devices, information on the crystal structures, fabrication, and
characterization would be useful for fabrication of the perovskite-type crystals. Transmission
electron microscopy, electron diffraction, and high-resolution electron microscopy are
powerful tools for structure analysis of solar cells [20] and perovskite-type structures in atomic
scale [21–23].

The crystals of CH3NH3PbX3 (X = Cl, Br, or I) have perovskite structures and provide structural
transitions upon heating [24–26]. The crystal structures of cubic, tetragonal, and orthorhombic
CH3NH3PbI3 are shown in Figure 1(a)–(c), respectively. Space group is Pm-3m, and the lattice
constant a = 6.391 Å at 330 K for cubic CH3NH3PbI3 [27]. Hydrogen positions in the ortho-
rhombic CH3NH3PbI3 were also determined at 4 K by neutron diffraction [28], as shown in
Figure 1(d). Although the crystals of perovskite CH3NH3PbX3 provide a cubic system as the
high-temperature phase, the CH3NH3

+ ions are polar and have a symmetry of C3v. This results
in formation of cubic phase with disordering [27]. Besides the CH3NH3

+ions, disordering of
the halogen ions is also observed in the cubic perovskite phase, as indicated in Figure 1(a). Site
occupancies of I were 1/4, and those of C and N were 1/12, respectively. The CH3NH3 ion
occupies 12 equivalent orientations of the C2 axis, and hydrogen atoms have two kinds of
configurations on the C2 axis. Therefore, the total degree of freedom is 24 [26].

Figure 1. Structure models of CH3NH3PbI3 with (a) cubic, (b) tetragonal and (c) orthorhombic structures, and (d) ortho-
rhombic CH3NH3PbI3 with hydrogen positions.
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+ ions are polar and have a symmetry of C3v. This results
in formation of cubic phase with disordering [27]. Besides the CH3NH3

+ions, disordering of
the halogen ions is also observed in the cubic perovskite phase, as indicated in Figure 1(a). Site
occupancies of I were 1/4, and those of C and N were 1/12, respectively. The CH3NH3 ion
occupies 12 equivalent orientations of the C2 axis, and hydrogen atoms have two kinds of
configurations on the C2 axis. Therefore, the total degree of freedom is 24 [26].

Figure 1. Structure models of CH3NH3PbI3 with (a) cubic, (b) tetragonal and (c) orthorhombic structures, and (d) ortho-
rhombic CH3NH3PbI3 with hydrogen positions.
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In addition to the CH3NH3PbI3 (MAPbI3), [HC(NH2)2]PbI3 (formamidinium lead iodide,
FAPbI3) provided high conversion efficiencies [17, 18]. Structure parameters, including
hydrogen positions, were also determined at 298 K by neutron diffraction [29], and the
structure model with the lattice constant a = 6.3620 Å is shown in Figure 2(a).

Figure 2. Structure models of (a) [HC(NH2)2]PbI3, (b) CsSnI3, and (c) CsGeI3 with cubic structures.

CH3NH3 ions can be substituted by other elements such as Cs. The structure models of
CsSnI3 and CsGeI3 for high-temperature phase are shown in Figure 2(b) and (c), respectively
[30–32]. Space group is Pm-3m (Z = 1), and a = 6.219 Å at 446 K for CsSnI3, a = 6.05 Å at 573 K
for CsGeI3, respectively. Solar cells with F-doped CsSnI2.95F0.05 provided a photoconversion
efficiency of 8.5% [6].

2. Basic device structures

A typical fabrication process of the TiO2/CH3NH3PbI3 photovoltaic devices is described here
[8, 33, 34]. Fluorine-doped tin oxide (FTO) substrates were washed in an ultrasonic cleaner
using methanol and acetone, and then dried in N2 gas. Precursor solution of 0.30 M TiOx was
prepared from titanium diisopropoxide bis(acetyl acetonate) with 1-butanol, and the TiOx

precursor solution was spin-coated on the FTO substrate at 3000 rpm and annealed at 125°C
for 5 min. This process was carried out two times, and the FTO substrate was annealed at 500°C
for 30 min to form the compact TiO2 layer as an electron transport layer. After that, TiO2 paste
was coated on the substrate by a spin-coating method at 5000 rpm to form a mesoporous
structure. For the mesoporous TiO2 layer, TiO2 paste was arranged with TiO2 powder with
poly(ethylene glycol) in ultrapure water. The solution was stirred with triton X-100 and
acetylacetone for 30 min. The prepared cells were heated at 120°C, and annealed at 500°C for
30 min in air. Designed for the preparation of pigment with a perovskite structure, a solution
of CH3NH3I and PbI2 with a mole ratio of 1:1 in γ-butyrolactone was mixed at 60°C. The mixture
solution of CH3NH3I and PbI2 was then poured into the TiO2 mesopores by spin-coating, and
annealed at 100°C. After that, the hole transport layer (HTL) was prepared by the spin coating.
For preparation of the HTL, a solution of spiro-OMeTAD in chlorobenzene was mixed with a
solution of lithium bis(trifluoromethylsulfonyl) imide (Li-TFSI) in acetonitrile for 12 h. The
former solution with 4-tert-butylpyridine was mixed with the Li-TFSI solution at 70°C. Finally,
gold (Au) metal contacts were evaporated as top electrodes of the cell. Layered structures of
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the present photovoltaic cells were represented as FTO/TiO2/CH3NH3PbI3/Spiro-
OMeTAD/Au, as shown in Figure 3.

Figure 3. Schematic illustration for the fabrication of CH3NH3PbI3 photovoltaic cells.

The typical J–V characteristics of the TiO2/CH3NH3PbI3/spiro-OMeTAD photovoltaic cells
under illumination are shown in Figure 4(a), which indicates an annealing effect of the
CH3NH3PbI3 layer. The as-deposited CH3NH3PbI3 cell provided a conversion efficiency of
2.83%. The CH3NH3PbI3 cell annealed at 100°C for 15 min provided better photovoltaic
properties compared with the as-deposited one, as shown in Figure 4(a). The highest efficiency
was obtained for the annealed CH3NH3PbI3 cell, which provided a power conversion efficiency
of 5.16%, a fill factor of 0.486, a short-circuit current density of 12.9 mA cm−2, and an open-

Figure 4. J–V characteristics of TiO2/CH3NH3PbI3 photovoltaic cells. (a) As-deposited and annealed samples. (b)
CH3NH3PbI3 layers prepared by multiple spin-coating.
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circuit voltage of 0.827 V [35]. Figure 4(b) shows results of multiple spin-coating of
CH3NH3PbI3, which will be described later.

XRD patterns of CH3NH3PbI3 thin films on the glass substrate are shown in Figure 5(a). The
diffraction reflections could be indexed with tetragonal and cubic structures for as-deposited
and annealed films, respectively. Though the as-deposited film showed a single phase of the
perovskite structure, broader diffraction reflections owing to a PbI2 phase appeared after
annealing, as shown in Figure 5(a). Figure 5(b) and (c) is enlarged XRD patterns at 2θ of ~14°
and ~28°, respectively. Split diffraction reflections of 002–110 and 004–220 for the as-deposited
sample changed into diffraction reflections of 100 and 200 after annealing, which indicate the

Figure 5. (a) XRD patterns of CH3NH3PbI3 thin films before and after annealing. Enlarged XRD patterns at 2θ of (b)
~14° and (c) ~28°.
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structural transformation from the tetragonal to cubic system. The CH3NH3PbI3 crystals have
perovskite structures and provide structural transitions from a tetragonal to a cubic system
upon heating at ~330 K, as shown in the structure models of Figure 1(a) and (b). For the high-
temperature phase, unit cell volume of the cubic system is 261 Å3, which is bigger compared
with that of the tetragonal system (246 Å3), as shown in Table 1 [35]. This might be because of
both thermal expansion of the unit cell and atomic disordering of iodine in the cubic structure.
As the temperature decreases, the tetragonal structure is transformed to the orthorhombic
structure because of ordering of CH3NH3 ions in the unit cell [37].

Samples Crystal system Lattice constants (Å) V (Å3) Z V/Z (Å3)

As-deposited Tetragonal a = 8.8620

c = 12.6453

993.10 4 248.27

Annealed Cubic a = 6.2724 246.78 1 246.78

Ref. [36] (220 K) Tetragonal a = 8.800

c = 12.685

982.33 4 245.6

Ref. [27] (330 K) Cubic a = 6.391 261.0 1 261.0

V: unit cell volume; Z: number of chemical units in the unit cell.

Table 1. Measured and reported structural parameters of CH3NH3PbI3.

The XRD results in Figure 5 indicated phase transformation of the CH3NH3PbI3 perovskite
structure from the tetragonal to the cubic system by partial separation of PbI2 from the
CH3NH3PbI3 phase at elevated temperatures, which would be related to the decrease of the
unit cell volume of the perovskite structure from 248.3 to 246.8 Å3, as shown in Table 1. Besides
the iodine atoms, Pb atoms may be deficient, and the occupancy of the Pb sites might be smaller
than 1. It should be noted that the structural transition of the CH3NH3PbI3 from the tetragonal
to cubic system here would be attributed to the formation of PbI2 by decomposition of the
CH3NH3PbI3 phase, which is different from the ordinary tetragonal-cubic transition at 330 K
[24, 25].

Figure 6(a) and (b) is the TEM image and the electron diffraction pattern of TiO2/
CH3NH3PbI3, respectively [35]. The TEM image shows TiO2 nanoparticles with sizes of ~50 nm,
and the polycrystalline CH3NH3PbI3 phase shows dark contrast, which is due to Pb having the
largest atomic number in the present materials.

The electron diffraction pattern of Figure 6(b) shows the Debye-Scherrer rings from the
nanocrystalline TiO2 particles, which can be indexed with the 101, 004, and 200 reflections of
anatase-type TiO2. Thickness of the mesoporous TiO2 layer was found to be ~300 nm from
atomic force microscopy measurements. Along with the Debye–Scherrer rings of TiO2,
diffraction reflections agreeing with the CH3NH3PbI3 structure [6] were observed and indexed,
as shown in Figure 6(b). Other diffraction spots, except for the Debye-Scherrer rings of TiO2,
are also from the CH3NH3PbI3 nanoparticles. A structure model and its calculated electron
diffraction pattern of a cubic CH3NH3PbI3 phase projected along the [210] direction are shown
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in Figure 6(c) and (d), respectively. The calculated electron diffraction pattern agrees well with
the observed pattern of Figure 6(b).

Figure 6. (a) TEM image and (b) electron diffraction pattern of TiO2/CH3NH3PbI3. “P” indicates CH3NH3PbI3 perovskite
phase. (c) Structure model and (d) its calculated electron diffraction pattern of cubic CH3NH3PbI3 projected along the
[210] direction.

Figure 7(a) is a high-resolution TEM image of the CH3NH3PbI3 taken along the a-axis [33].
The images of thinner parts of the crystals indicate the direct projection of the crystal
structure [21, 22]. The darkness and the size of the dark spots corresponding to Pb positions
could be directly identified, and atomic positions of iodine (I) in the crystal indicate weak
contrast, as compared with the projected atomic structure model of CH3NH3PbI3 along the
[100] direction in Figure 7(b). NH3 and CH3 molecules cannot be represented as dark spots
in the image, which is due to the smaller atomic number of N and C. Figure 7(c) is a high-
resolution image of the surface of a TiO2 nanoparticle, which indicates {101} lattice fringes.

The J–V characteristics of the TiO2/CH3NH3PbI3/spiro-OMeTAD photovoltaic cells prepared
by multiple spin-coating of CH3NH3PbI3 are shown in Figure 4(b). Figure 4(b) indicates the
effect of spin-coating times of CH3NH3PbI3 on the photovoltaic properties. The highest
efficiency of 6.96% was achieved for the cell coated for four times, which provided a JSC of 16.5
mA cm−2, a VOC of 0.848 V, and FF of 0.496. More spin-coating reduced the efficiencies of the
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cells. Although 2-step deposition [8] (spin-coating PbI2 and dipping in the CH3NH3I solution)
was also performed in air, the efficiency was lower compared with that by multiple spin-
coating, as observed in Figure 4(b). It is believed that the CH3NH3PbI3 phase was embedded
inside pores of the mesoporous TiO2 layer during one- or two-time spin-coating. After the
inside pores of the mesoporous TiO2 were completely filled with the perovskite compound,
only the perovskite layer might be formed on the mesoporous TiO2 layer by four-time spin-
coating, which would result in the highest efficiency.

Figure 7. (a) High-resolution TEM image and (b) structure model of CH3NH3PbI3. (c) Lattice image of TiO2.

The IPCE spectrum of the photovoltaic cell with the TiO2/CH3NH3PbI3/spiro-OMeTAD
structure exhibits photoconversion efficiencies between 300 and 800 nm, which nearly agrees
with the measured energy gaps of 1.51 eV [37] for the CH3NH3PbI3 compound. This indicates
that excitons might be effectively generated in the perovskite compound layers upon light
illumination.

An energy level diagram of TiO2/CH3NH3PbI3 photovoltaic cells is summarized as shown in
Figure 8(a). The electronic charge generation is caused by light irradiation from the FTO
substrate side. The TiO2 layer receives the electrons from the CH3NH3PbI3 crystal, and the
electrons are carried to the FTO. On the other hand, the holes are carried to the Au electrode
through the HTL of spiro-OMeTAD. For these processes, the devices were produced in air,
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which would induce the reduction of device stability. Perovskite compounds with higher
crystal quality would be produced in future works.

Figure 8. (a) IPCE spectrum and (b) energy level diagram of TiO2/CH3NH3PbI3 cell. (c) Model of interfacial structure.

From the TEM results, size distributions of TiO2 nanoparticles were observed, indicating a
microcrystalline structure, as shown in Figure 6(b), and there seems to be no special crystal-
lographic relation at the interface. The interface between the TiO2 and CH3NH3PbI3 phases
would not be perfectly connected over the large area. The cell prepared by four-time spin-
coating provided the highest efficiency, which would have an interfacial microstructure as
shown in Figure 8(b). The layer thickness of the CH3NH3PbI3 phase was too thick for the cells
prepared by 10-time spin-coating, which resulted in an increase in the inner electronic
resistance and decrease in the efficiency.

As a summary, the structure analysis of TiO2/CH3NH3PbI3 indicated phase transformation of
the perovskite structure from the tetragonal to the cubic system by partial separation of PbI2

from the CH3NH3PbI3 compound upon annealing, which was presumed by decrease of the
unit cell volume of the perovskite structure and resulted in the enhancement of photovoltaic
properties of the devices. Effects of the multiple spin-coating were also investigated, which
improved the efficiency when the four-time spin-coating was carried out. The improvement
of the devices might attribute to the complete coverage and optimal thickness of the perovskite
layer on the porous TiO2. Additionally, the lattice constants and crystallite sizes of the
CH3NH3PbI3 increased and decreased, respectively, which indicates the microstructural
difference of the perovskite phase between the inside of and above the porous TiO2.

3. Enlargement of cell

Enlargement of the cell area is especially mandatory to enable the use of perovskite devices
such as actual commercial solar cell panels [38]. The photovoltaic properties of perovskite-type
solar cells with a substrate size of 70 mm × 70 mm were investigated [39].
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The photovoltaic devices consisted of a CH3NH3PbI3 compound layer, TiO2 electron transport
layers, and spiro-OMeTAD hole-transport layer, prepared by a simple spin-coating technique.
The effect of the distance from the center of the cell on conversion efficiency was investigated
based on light-induced J–V curves and IPCE measurements. A photograph of a perovskite
solar cell measuring 70 mm × 70 mm and a schematic illustration of the arrangement of Au
electrodes on the substrate are shown in Figure 9(a) and (b), respectively.

Figure 9. (a) Photograph of perovskite solar cell measuring 70 mm × 70 mm. (b) Schematic illustration of arrangement
of Au electrodes on the substrate.

The measured short-circuit current density, open-circuit voltage, fill factor, and photoconver-
sion efficiency of the present TiO2/CH3NH3PbI3 cell as a function of the distance from the center
of the cell are shown in Figure 10(a–d), respectively. The highest efficiency was obtained for
the electrode at 12.7 mm from the cell center, which provided a photoconversion efficiency of
3.15%, a VOC of 0.653 V, a JSC of 13.0 mA cm−2, and a FF of 0.371. Due to the long diffusion length
of exciton [40], the JSC values were nearly constant at ~12 mA cm−2 for all electrodes on the solar
cell, as observed in Figure 10(a). Although the FF value slightly decreased as the distance (d)
from the center of the cell increased, the deviation was small, as observed in Figure 9(c). On
the other hand, the value of VOC depended fairly on the d values, as observed in Figure 10(b),
which led to decreased efficiency, as shown in Figure 10(d). The dependency of VOC values on
the d values might be related to the thickness of CH3NH3PbI3 layer prepared on the large
substrate by the spin-coating method. The low VOC and FF values would be related to the
coverage ratio of CH3NH3PbI3 at the TiO2/CH3NH3PbI3 interface, and further multiple spin-
coating of CH3NH3PbI3 layers on the TiO2 mesoporous layer would improve the coverage of
CH3NH3PbI3 on the TiO2 mesoporous layer, which would induce the increase in the conversion
efficiency of the solar cells.

IPCE spectra of electrodes at 4.2, 12.7, and 22.8 mm from the cell center are shown in
Figure 10(e). All spectra show similar changes on the wavelength, which agrees with the
JSC results shown in Figure 9(a). The perovskite CH3NH3PbI3 structure showed photocon-
version within the whole measurement range of 300–800 nm, which nearly agrees with the

Nanostructured Solar Cells226



The photovoltaic devices consisted of a CH3NH3PbI3 compound layer, TiO2 electron transport
layers, and spiro-OMeTAD hole-transport layer, prepared by a simple spin-coating technique.
The effect of the distance from the center of the cell on conversion efficiency was investigated
based on light-induced J–V curves and IPCE measurements. A photograph of a perovskite
solar cell measuring 70 mm × 70 mm and a schematic illustration of the arrangement of Au
electrodes on the substrate are shown in Figure 9(a) and (b), respectively.

Figure 9. (a) Photograph of perovskite solar cell measuring 70 mm × 70 mm. (b) Schematic illustration of arrangement
of Au electrodes on the substrate.

The measured short-circuit current density, open-circuit voltage, fill factor, and photoconver-
sion efficiency of the present TiO2/CH3NH3PbI3 cell as a function of the distance from the center
of the cell are shown in Figure 10(a–d), respectively. The highest efficiency was obtained for
the electrode at 12.7 mm from the cell center, which provided a photoconversion efficiency of
3.15%, a VOC of 0.653 V, a JSC of 13.0 mA cm−2, and a FF of 0.371. Due to the long diffusion length
of exciton [40], the JSC values were nearly constant at ~12 mA cm−2 for all electrodes on the solar
cell, as observed in Figure 10(a). Although the FF value slightly decreased as the distance (d)
from the center of the cell increased, the deviation was small, as observed in Figure 9(c). On
the other hand, the value of VOC depended fairly on the d values, as observed in Figure 10(b),
which led to decreased efficiency, as shown in Figure 10(d). The dependency of VOC values on
the d values might be related to the thickness of CH3NH3PbI3 layer prepared on the large
substrate by the spin-coating method. The low VOC and FF values would be related to the
coverage ratio of CH3NH3PbI3 at the TiO2/CH3NH3PbI3 interface, and further multiple spin-
coating of CH3NH3PbI3 layers on the TiO2 mesoporous layer would improve the coverage of
CH3NH3PbI3 on the TiO2 mesoporous layer, which would induce the increase in the conversion
efficiency of the solar cells.

IPCE spectra of electrodes at 4.2, 12.7, and 22.8 mm from the cell center are shown in
Figure 10(e). All spectra show similar changes on the wavelength, which agrees with the
JSC results shown in Figure 9(a). The perovskite CH3NH3PbI3 structure showed photocon-
version within the whole measurement range of 300–800 nm, which nearly agrees with the

Nanostructured Solar Cells226

reported energy gaps for the CH3NH3PbI3 phase. Control of the energy levels of the
conduction band and valence band is important for carrier transport in the cell. The
conversion efficiencies obtained for the present cells are lower than the previously reported
values. It might be difficult to control the uniformity of the layer thickness and interfacial
structure using the spin-coating. In the present work, the samples were prepared in air,
which might result in a decrease in the efficiency of the present cells, and perovskite
crystals with higher quality and a uniform surface should be prepared in future works.

Figure 10. Measured (a) short-circuit current density; (b) open-circuit voltage; (c) fill factor and (d) conversion
efficiency of TiO2/CH3NH3PbI3 cell as a function of the distance from the center of the cell. (e) IPCE spectra of the
same cell.

As a summary, perovskite solar cell devices with a substrate size of 70 mm were produced by
a spin-coating method using a mixture solution. The photovoltaic properties of the solar cells
and the size effect of the substrate were investigated by J–V and IPCE measurements, and the
dependency of their conversion efficiency on the distance from the center of the cell was
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investigated. Nearly constant values of short-circuit current density were obtained over a large
area, due to the long exciton diffusion length of the CH3NH3PbI3 compound. The open-circuit
voltage fairly depended on the distance from the center of the cell, which led to a change in
conversion efficiency. Optimizing the layer thickness and structure would be important for
improving the performance of the devices.

4. Electron transport layers

The electron-transport layers (ETLs) such as TiO2 are also important for the CH3NH3PbI3-based
photovoltaic devices. Here, niobium (V) ethoxide was chosen as an additional chemical for
TiO2 [41]. When niobium (Nb) atoms with five valence electrons are introduced at Ti sites with
four valence electrons, extra electrons are introduced in the 3d band and could work as a donor.
Since the energy level of impurity in the TiO2 band gap is shallow, transparency could be
conserved after the Nb doping [42–46]. Additionally, the radius of Nb ion is close to that of the
Ti ion, which leads to a solid solution of titanium and niobium in the anatase-type TiO2 crystal.
The TiO2 crystal added with Nb is denoted as Ti(Nb)O2 here.

The XRD patterns and crystal structure of TiO2 and Ti(Nb)O2 thin films on the FTO substrate
are shown in Figure 11(a) and (b), respectively. Diffraction peaks of TiO2 101 are observed, and
the intensity increased upon Nb-doping. The XRD data indicate that the d-spacing of
Ti(Nb)O2 (1.802 Å) is almost the same as that of TiO2 (1.807 Å). The crystallite size seems to
increase a little upon Nb addition (28 nm) to TiO2 (24 nm).

Figure 11. (a) XRD patterns of TiO2 and Ti(Nb)O2 thin films on FTO. (b) Crystal structure of TiO2.

A  scanning  electron  microscopy (SEM)  image  of  the  Ti(Nb)O2  thin  film is  shown in
Figure  12(a),  and  the  image  indicates  several  particles  with  sizes  of  ca.  1  μm on  the
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4. Electron transport layers

The electron-transport layers (ETLs) such as TiO2 are also important for the CH3NH3PbI3-based
photovoltaic devices. Here, niobium (V) ethoxide was chosen as an additional chemical for
TiO2 [41]. When niobium (Nb) atoms with five valence electrons are introduced at Ti sites with
four valence electrons, extra electrons are introduced in the 3d band and could work as a donor.
Since the energy level of impurity in the TiO2 band gap is shallow, transparency could be
conserved after the Nb doping [42–46]. Additionally, the radius of Nb ion is close to that of the
Ti ion, which leads to a solid solution of titanium and niobium in the anatase-type TiO2 crystal.
The TiO2 crystal added with Nb is denoted as Ti(Nb)O2 here.

The XRD patterns and crystal structure of TiO2 and Ti(Nb)O2 thin films on the FTO substrate
are shown in Figure 11(a) and (b), respectively. Diffraction peaks of TiO2 101 are observed, and
the intensity increased upon Nb-doping. The XRD data indicate that the d-spacing of
Ti(Nb)O2 (1.802 Å) is almost the same as that of TiO2 (1.807 Å). The crystallite size seems to
increase a little upon Nb addition (28 nm) to TiO2 (24 nm).

Figure 11. (a) XRD patterns of TiO2 and Ti(Nb)O2 thin films on FTO. (b) Crystal structure of TiO2.

A  scanning  electron  microscopy (SEM)  image  of  the  Ti(Nb)O2  thin  film is  shown in
Figure  12(a),  and  the  image  indicates  several  particles  with  sizes  of  ca.  1  μm on  the
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smooth  surface.  Elemental  mapping  images  of  Ti  and Nb using  SEM with  energy-
dispersive  X-ray  spectroscopy  (EDX)  are  shown in  Figure  12(b)  and  (c),  respectively,
which  indicate  that  Ti  and  Nb elements  are  homogeneously  distributed  in  the  films.
The  elemental  ratio  of  Ti:Nb was  estimated  to  be  ~1.00:0.10  from SEM-EDX analysis.
The  dispersed  particles  observed  in  Figure  12(a)  were  found to  be  Nb-rich  phase,  as
observed  in  Figure  12(c),  which  resulted  in  an  Nb-rich  (ca.  9  atomic  %)  composition
compared  with  the  preparation  composition  (ca.  5  atomic  %).  From XRD analysis,  no
diffraction  peak  corresponding  to  Nb and Nb2O5  was  observed.

Figure 12. (a) SEM image of Ti(Nb)O2 thin film. Elemental mapping of (b) Ti (Lα) and (c) Nb (Lα).

The sheet resistances of TiO2 and Ti(Nb)O2 thin films were measured to be 1.7×106 and
4.2×104 Ω/sq, respectively. The sheet resistance significantly decreased upon Nb addition.
The J–V characteristics of Ti(Nb)O2/CH3NH3PbI3/spiro-OMeTAD photovoltaic cells under
illumination are shown in Figure 13(a). The detailed parameters of the best device are listed
in Table 2. The Ti(Nb)O2/CH3NH3PbI3 photovoltaic cell provided an η of 6.63%, a FF of 0.416,
a JSC of 20.8 mA cm−2, and a VOC of 0.768 V. The JSC value was especially improved upon Nb

Figure 13. (a) J–V characteristics of Ti(Nb)O2/CH3NH3PbI3 photovoltaic cells. (b) Differential absorption spectra of TiO2

and Ti(Nb)O thin films.
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addition, which resulted in increased conversion efficiency. The averaged efficiency (ηave) of
three electrodes on the cells is 6.46%, as listed in Table 2.

ETL JSC (mA cm−2) VOC (V) FF η (%) ηave (%)

TiO2 14.6 0.796 0.478 5.56 5.03

Ti(Nb)O2 20.8 0.768 0.416 6.63 6.46

Table 2. Measured parameters of Ti(Nb)O2/CH3NH3PbI3 cells.

Figure 13(b) shows differential absorption spectra of FTO/TiO2 and FTO/Ti(Nb)O2 after
subtracting the spectrum of the FTO substrate. These absorption spectra appear to be closely
equal. Based on the band structure of indirect transition [60], energy gaps for TiO2 and
Ti(Nb)O2 were estimated to be 3.54 and 3.52 eV from Figure 13(b), respectively, which indicate
that the energy gaps are almost the same for TiO2 and Ti(Nb)O2.

Figure 14. (a) EQE and (b) IQE spectra of Ti(Nb)O2/CH3NH3PbI3 cells.

The IPCE of the cells was also investigated, and the external quantum efficiency (EQE) and
internal quantum efficiency (IQE) were measured by a spectral response system. The EQE
spectra of the photovoltaic cells with the Ti(Nb)O2/CH3NH3PbI3/spiro-OMeTAD structure
are shown in Figure 14(a). The perovskite CH3NH3PbI3 phase shows photoconversion effi-
ciencies between 300 and 800 nm. By Nb addition into the TiO2 layer, the perovskite
CH3NH3PbI3 structure shows high EQE values of ca. 60% at 500–600 nm and ca. 5% at 800
nm, and the EQE was 0% for ordinary TiO2 at 800 nm. The IQE spectra of Ti(Nb)O2/
CH3NH3PbI3/spiro-OMeTAD cells were computed from the reflectance and EQE, as shown

Nanostructured Solar Cells230



addition, which resulted in increased conversion efficiency. The averaged efficiency (ηave) of
three electrodes on the cells is 6.46%, as listed in Table 2.

ETL JSC (mA cm−2) VOC (V) FF η (%) ηave (%)

TiO2 14.6 0.796 0.478 5.56 5.03

Ti(Nb)O2 20.8 0.768 0.416 6.63 6.46

Table 2. Measured parameters of Ti(Nb)O2/CH3NH3PbI3 cells.

Figure 13(b) shows differential absorption spectra of FTO/TiO2 and FTO/Ti(Nb)O2 after
subtracting the spectrum of the FTO substrate. These absorption spectra appear to be closely
equal. Based on the band structure of indirect transition [60], energy gaps for TiO2 and
Ti(Nb)O2 were estimated to be 3.54 and 3.52 eV from Figure 13(b), respectively, which indicate
that the energy gaps are almost the same for TiO2 and Ti(Nb)O2.

Figure 14. (a) EQE and (b) IQE spectra of Ti(Nb)O2/CH3NH3PbI3 cells.

The IPCE of the cells was also investigated, and the external quantum efficiency (EQE) and
internal quantum efficiency (IQE) were measured by a spectral response system. The EQE
spectra of the photovoltaic cells with the Ti(Nb)O2/CH3NH3PbI3/spiro-OMeTAD structure
are shown in Figure 14(a). The perovskite CH3NH3PbI3 phase shows photoconversion effi-
ciencies between 300 and 800 nm. By Nb addition into the TiO2 layer, the perovskite
CH3NH3PbI3 structure shows high EQE values of ca. 60% at 500–600 nm and ca. 5% at 800
nm, and the EQE was 0% for ordinary TiO2 at 800 nm. The IQE spectra of Ti(Nb)O2/
CH3NH3PbI3/spiro-OMeTAD cells were computed from the reflectance and EQE, as shown

Nanostructured Solar Cells230

in Figure 14(b). The IQE of both cells increased in the range of 500–800 nm, which implies
that suppression of reflection of light in the range of 500–800 nm could increase the photo-
conversion efficiencies of the cells. High IQE values of ~70% are seen in the range of 500–600
nm by the Nb addition in the TiO2 layer.

Two mechanisms could be considered for the decrease in the sheet resistances of TiO2 by
the Nb addition. The first mechanism is niobium doping at the titanium sites in the TiO2

crystal. Owing to the XRD and differential absorption results of Figures 11(a) and 13(b),
the TiO2 phase still preserved the crystal structure, energy gap, and transparency of ana-
tase TiO2. In addition, a small amount of Nb atoms are widely distributed in the TiO2

phase, as observed by SEM-EDX of Figure 10(c) and (d), which could imply a solid solu-
tion of titanium and niobium in the TiO2 structure. The extra electron of Nb might be intro-
duced into the 3d band of Ti and behaves as a donor [60]. The second conceivable
mechanism is enhancement of carrier transport by formation of niobium-based particles in
the TiO2 layer, as observed in SEM-EDX images. Nanoparticles in electron-transport and
hole-transport layers could facilitate the carrier transport [47, 48], and the present niobium-
based particles might contribute to the carrier transport. Both mechanisms could provide
an increase in carrier concentration and transport, and an improvement of conversion effi-
ciency through the increase in JSC.

As a summary, Ti(Nb)O2/CH3NH3PbI3-based photovoltaic devices were fabricated by a
spin-coating method using a mixture solution of niobium(V) ethoxide, and the effects of
Nb addition into the TiO2 layer were investigated. By adding a simple solution of niobi-
um(V) ethoxide to the TiO2 precursor solutions, the sheet resistance of the Ti(Nb)O2 thin
film decreased, and the JSC value increased, which resulted in the increase in conversion
efficiency.

5. Halogen doping to CH3NH3PbI3

Effects of Cl-doping CH3NH3PbI3 using a mixture solution of perovskite compounds on
the microstructures and photovoltaic properties have been investigated [49]. The J–V char-
acteristics of the TiO2/CH3NH3PbI3−xClx/spiro-OMeTAD photovoltaic cells under illumina-
tion are shown in Figure 15(a), which indicate an effect of Cl-doping to the CH3NH3PbI3

layer. Measured photovoltaic parameters of TiO2/CH3NH3PbI3−xClx cells are summarized in
Table 3. The CH3NH3PbI3 cell provided a power conversion efficiency of 6.16%, and the
averaged efficiency of four electrodes on the cells is 5.53%, as listed in Table 3. The highest
efficiency was obtained for the CH3NH3PbI2.88Cl0.12 cell, which provided an η of 8.16%, a FF
of 0.504, JSC of 18.6 mA cm−2, and a VOC of 0.869 V. As a Cl composition increased, the JSC
and VOC decreased, as shown in Figure 15(b) and Table 3. Energy gaps (Eg) of
CH3NH3PbI3, CH3NH3PbI2.88Cl0.12, and CH3NH3PbI1.8Cl1.2 were estimated to be 1.578, 1.590,
and 1.593, respectively, from the optical absorption, which indicated the energy gap of
CH3NH3PbI3 increased by the Cl-doping.
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Figure 15. (a) J–V characteristic of TiO2/CH3NH3PbI3−xClx photovoltaic cells. (b) Conversion efficiencies of the cells as a
function of Cl concentration.

Figure 16. (a) XRD patterns of CH3NH3PbI3−xClx thin films. (b) Enlarged XRD patterns at 2θ of ~28.5°.

Preparation composition JSC (mA cm−2) VOC (V) FF η (%) ηave (%)

CH3NH3PbI3 17.5 0.844 0.416 6.16 5.53

CH3NH3PbI2.94Cl0.06 17.7 0.871 0.487 7.53 6.02

CH3NH3PbI2.92Cl0.08 18.1 0.825 0.478 7.14 6.52

CH3NH3PbI2.88Cl0.12 18.6 0.869 0.504 8.16 7.77

CH3NH3PbI2.77Cl0.23 13.9 0.865 0.440 5.29 4.97

CH3NH3PbI2.65Cl0.35 11.7 0.709 0.347 2.87 2.51

CH3NH3PbI1.80Cl1.20 14.8 0.598 0.436 3.87 2.00

Table 3. Measured photovoltaic parameters of TiO2/CH3NH3PbI3−xClx cells.
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Preparation composition Crystal system Lattice constant (Å) V (Å3) Z V/Z (Å3)

CH3NH3PbI3 Cubic a = 6.2524 244.42 1 244.42

CH3NH3PbI2.88Cl0.12 Pseudocubic a = 6.2446 243.51 1 243.51

CH3NH3PbI1.80Cl1.20 Tetragonal a = 8.8255

c = 12.6180

982.81 4 245.70

V: unit cell volume; Z: number of chemical units in the unit cell.

Table 4. Measured and reported structural parameters of CH3NH3PbI3–xClx.

Figure 17. (a) SEM image of TiO2/CH3NH3PbI2.88Cl0.12. Elemental mapping images of (b) Pb Mα line, (c) I Lα line, and
(d) Cl Kα line.

XRD patterns of CH3NH3PbI3−xClx thin films on the FTO/TiO2 are shown in Figure 16(a). The
temperature for XRD measurements was ~292 K. The diffraction peaks can be indexed by cubic
and tetragonal crystal systems for CH3NH3PbI3 and CH3NH3PbI1.8Cl1.2 films, respectively.
Although the deposited films are a single perovskite phase, broader diffraction peaks due to
PbI2 compound appeared in the CH3NH3PbI3 film, as shown in Figure 16(a). Figure 16(b) shows
enlarged XRD patterns at 2θ of ~28.5°. A diffraction peak of 200 for the CH3NH3PbI3 split into
diffraction peaks of 004/220 for the CH3NH3PbI1.8Cl1.2 by the heavy Cl-doping, which indicates
the structural transformation from the cubic to tetragonal crystal systems [19]. The heavy Cl-
doping suppressed the formation of PbI2, and no PbCl2 was detected for the CH3NH3PbI1.8Cl1.2.
For the CH3NH3PbI2.88Cl0.12, a small shoulder is observed just left of the 200 reflection as shown
in Figure 16(b), which would be due to the pseudocubic structure between the cubic and
tetragonal phases. The measured structural parameters of the CH3NH3PbI3−xClx are summar-
ized in Table 4.

Fabrication and Characterization of Element-Doped Perovskite Solar Cells
http://dx.doi.org/10.5772/65768

233



Figure 17(a) is a SEM image of TiO2/CH3NH3PbI2.88Cl0.12, and the image shows particles with
sizes of ca. 10 μm. Mapping images of Pb, I, and Cl elements by SEM equipped with EDX are
shown in Figure 17(b–d), respectively. These mapping images of elements indicate that the
dispersed particles observed in Figure 17(a) correspond to the perovskite CH3NH3PbI3−xClx
phase. The composition ratio of Pb:I:Cl was 1.00:2.70:0.11, which was calculated from their
EDX spectra using each element’s line after background correction by normalizing the
spectrum peaks on the atomic concentration of Pb element. The present result indicates that
iodine atoms would be deficient comparing with the starting composition of
CH3NH3PbI2.88Cl0.12, and the deficient I might increase the hole concentration. The
CH3NH3PbI3 crystals have perovskite structures, and provide structural transitions from
tetragonal to cubic system upon heating at ~330 K [27–29].

The XRD results in Figure 16 indicated phase transformation of the CH3NH3PbI3 perovskite
structure from tetragonal to cubic system by partial separation of PbI2 from CH3NH3PbI3 phase
through the annealing [35], which is related to decrease in the unit cell volume of the cubic
CH3NH3PbI3 phase from the normal 261 Å3 to the present 244 Å3, as shown in Table 4. From
the SEM-EDX results, the site occupancies of I atom might be smaller than 1, which would also
decrease the cell volume. The conversion efficiencies were reported to be increased by the
tetragonal to cubic transformation [35].

The X-ray diffraction pattern indicates division of diffraction peaks from C200 to T004/T220
by means of heavy Cl-doping. This designates reduction of the symmetry of the crystal
structures from the cubic to tetragonal system, which resulted in decrease of the photocon-
version efficiencies. Once a small amount of Cl was added in the CH3NH3PbI3 phase, the cubic
structure was still preserved as the pseudocubic phase. The doped Cl atoms would lengthen
diffusion length of excitons [7, 40], which would result in the increase of the efficiencies.

EQE spectra of the photovoltaic cell with the TiO2/CH3NH3PbI3-xClx/spiro-OMeTAD structure
are shown in Figure 18(a). The perovskite CH3NH3PbI3 phase shows photoconversion
efficiencies between 300 and 800 nm. In the present work, the energy gap of the CH3NH3PbI3

phase increased from 1.578 to 1.590 eV by Cl-doping, which could contribute to the increase
in open-circuit voltage. IQE spectra of TiO2/CH3NH3PbI3 and TiO2/CH3NH3PbI2.92Cl0.08 were
computed from EQE spectra and reflectance, as shown in Figure 18(b). The IQE of both cells
increased in the wavelength range of 500–800 nm, and this indicates that improvement of the
optical absorption in that range might improve the photoconversion efficiencies of TiO2/
CH3NH3PbI3−xClx/spiro-OMeTAD cells.

In summary, TiO2/CH3NH3PbI3−xClx-based photovoltaic devices were fabricated by a spin-
coating method using a mixture solution, and effects of PbCl2 addition to the perovskite
CH3NH3PbI3 precursor solutions on the photovoltaic properties were investigated. The
microstructure analysis showed phase transformation of the perovskite structure from cubic
to tetragonal system by heavy Cl-doping to the CH3NH3PbI3 phase. A small amount of Cl-
doping (CH3NH3PbI2.9Cl0.1) at iodine sites increased the efficiencies up to ~8%, and it might be
owing to conservation of the cubic perovskite structure and to extension of diffusion length of
excitons and energy gap. Both the EQE and IQE increased in the range of 300–800 nm by means
of a small amount of Cl-doping, and the IQE data designate that the inhibition of the optical
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reflection in the wavelength range of 500–800 nm might improve the photoconversion
efficiencies further.

Figure 18. (a) EQE and (b) IQE spectra of CH3NH3PbI3 and CH3NH3PbI2.92Cl0.08 cells.

6. Metal doping to CH3NH3PbI3

The properties of solar cells are dependent on the atomic compositions and the crystal
structures of perovskite CH3NH3PbI3 compounds. Metal atom and halogen doping such as tin
(Sn) and chlorine (Cl)/bromine (Br) at the Pb and I sites, respectively, in the CH3NH3PbI3

structure have been investigated [12–14, 50–52]. Particularly, researches of the metal element
doping at Pb sites are fascinating in the view of Pb-free devices and influence on the photo-
voltaic properties.

The objective here is to investigate photovoltaic properties and microstructures of photovoltaic
devices with perovskite-type CH3NH3Pb1−xSbxI3 compounds, prepared by a spin-coating
technique in ordinary air. Antimony (Sb) is an element in the group 15 and might work as
electronic carriers at the Pb sites in the group 14. Effects of SbI3 addition to a CH3NH3PbI3 mixed
solution on the microstructures and photovoltaic properties were investigated [53, 54].

The J–V characteristics of the TiO2/CH3NH3Pb1−xSbxI3/spiro-OMeTAD photovoltaic cells under
illumination are shown in Figure 19(a), which indicate an effect of Sb addition to
CH3NH3PbI3. The measured photovoltaic parameters of TiO2/CH3NH3Pb1−xSbxI3 cells are
summarized in Table 5.

The CH3NH3PbI3 cell provided a power conversion efficiency of 6.56%, and the averaged
efficiency of four electrodes on the cells is 6.37%, as listed in Table 5. The highest efficiency
was obtained for the CH3NH3Pb0.97Sb0.03I3 cell, which provided an η of 9.07%, a FF of 0.560, a
JSC of 19.2 mA cm–2, and a VOC of 0.843V. As the x value (preparation composition of Sb)
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increased, the efficiencies decreased, as shown in Figure 19(b) and Table 5. An η of 9.7% was
also reported by addition of SbI3 and NH4Cl to the CH3NH3PbI3 [54].

Figure 19. (a) J–V characteristics of TiO2/CH3NH3Pb1−xSbxI3 photovoltaic cells. (b) Conversion efficiencies of
CH3NH3Pb1−xSbxI3 as a function of Sb concentration.

Sb (x) JSC (mA cm−2) VOC (V) FF η (%) ηave (%)

0.00 17.0 0.758 0.509 6.56 6.37

0.01 16.0 0.789 0.534 6.74 6.41

0.02 16.9 0.792 0.518 6.94 6.72

0.03 19.2 0.843 0.560 9.07 8.47

0.05 15.7 0.755 0.575 6.82 5.61

0.07 14.7 0.692 0.502 5.11 4.07

0.10 12.1 0.630 0.476 3.63 3.27

0.15 13.1 0.570 0.402 3.00 2.85

Preparation compositions of Sb are indicated by x.

Table 5. Measured photovoltaic parameters of TiO2/CH3NH3Pb1−xSbxI3 cells.

IPCE spectra of the CH3NH3PbI3 and CH3NH3Pb0.97Sb0.03I3 cells are shown in Figure 20. The
perovskite CH3NH3Pb1−xSbxI3 shows photoconversion efficiencies between 300 and 800 nm.
The IPCE was improved in the range of 350–770 nm by adding a small amount of Sb.

XRD patterns of CH3NH3Pb1−xSbxI3 cells on the FTO/TiO2 are shown in Figure 21(a). The
diffraction peaks can be indexed by a cubic crystal system (Pm3m) for the
CH3NH3Pb1−xSbxI3 thin films. Although the deposited films are a single perovskite structure,
broader diffraction peaks due to the PbI2 compound appeared in the CH3NH3PbI3 film, as
shown in Figure 21(a). The Sb addition suppressed the formation of PbI2, and most of
PbI2 was not detected for the CH3NH3Pb1−xSbxI3 cells with x > 0.03. Figure 21(b) shows
measured lattice constants a of CH3NH3Pb1−xSbxI3 as a function of Sb concentration. A small
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XRD patterns of CH3NH3Pb1−xSbxI3 cells on the FTO/TiO2 are shown in Figure 21(a). The
diffraction peaks can be indexed by a cubic crystal system (Pm3m) for the
CH3NH3Pb1−xSbxI3 thin films. Although the deposited films are a single perovskite structure,
broader diffraction peaks due to the PbI2 compound appeared in the CH3NH3PbI3 film, as
shown in Figure 21(a). The Sb addition suppressed the formation of PbI2, and most of
PbI2 was not detected for the CH3NH3Pb1−xSbxI3 cells with x > 0.03. Figure 21(b) shows
measured lattice constants a of CH3NH3Pb1−xSbxI3 as a function of Sb concentration. A small
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increase in lattice constants a is observed for x = 0.03 and 0.05, and further addition of Sb
decreases the lattice constants, which seems to be a significant difference from the error
bar. The XRD result of CH3NH3PbI3 in Figure 21(a) showed the existence of PbI2 after
annealing at 100°C for 15 min. This would indicate partial separation of PbI2 from
CH3NH3PbI3 after annealing, which also might correspond to the smaller lattice constant a
(6.266 Å) of the cubic perovskite structure, compared with that (6.391 Å) of CH3NH3PbI3

single crystal reported in Ref. [27].

Figure 20. IPCE spectra of CH3NH3PbI3 and CH3NH3Pb0.97Sb0.03I3 cells.

Figure 21. (a) XRD patterns of CH3NH3Pb1−xSbxI3 solar cells. (b) Lattice constants a of CH3NH3Pb1−xSbxI3 as a function of
Sb concentration.

Increase in the photoconversion efficiencies could be explained by two mechanisms. The first
mechanism is Sb doping effect at the Pb atom sites. The ionic valence of Sb is three, and it is
higher compared with that of Pb2+. Then, the excess charge of Sb3+ might work as carriers in
the CH3NH3Pb1−xSbxI3 crystal, and the JSC values were improved. The second mechanism is
described as follows: I– ions might be attracted at the I sites by Sb3+ with more ionic valence
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compared with that of Pb2+, which resulted in the suppression of PbI2 elimination from
CH3NH3PbI3 and in the increase of lattice constants a of CH3NH3PbI3. The suppression of PbI2

would improve the interfacial structure of TiO2/CH3NH3PbI3, which might result in improve-
ment of VOC. The lattice constants are expected to be decreased by an increase in the amount
of Sb with an ionic size smaller than Pb. Other elemental dopings such as Ge, Tl, and In at the
Pb sites were also reported [55, 56].

In summary, TiO2/CH3NH3Pb1−xSbxI3-based photovoltaic devices were fabricated, and the
effects of SbI3 addition to the perovskite CH3NH3PbI3 precursor solutions on the photovoltaic
properties were investigated. The microstructures of the devices indicated that the lattice
constant of CH3NH3Pb1−xSbxI3 increased a little, and that the formation of PbI2 was inhibited
by the addition of a small amount of Sb, which led to the improvement of the conversion
efficiencies to ~9%. The IPCE also increased in the range of 350–770 nm by the addition of Sb.

7. Conclusion

Various TiO2/CH3NH3PbI3-based photovoltaic devices were fabricated and characterized.
Especially, effects of metal doping and halogen doping to the perovskite and TiO2 were
investigated. Microstructure analysis indicated the changes of the perovskite structure, which
resulted in the improvement of photovoltaic properties of the devices. Various elemental
dopings to the perovskite structure could be studied further both by experiments and theo-
retical calculations as follows: Cs, Rb, and K doping to the CH3NH3 positions for stability of
the structure; Ge, Sn, and Sb doping to the Pb positions for improvement of the semiconducting
properties; Cl, Br, and F doping to the I positions for enhancement of carrier mobility.
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Abstract

In the recent years, perovskite materials have attracted great attention due to their excel‐
lent light‐harvesting properties. The organic materials of these hybrid inorganic organic 
light harvesters are used as sensitizers and the inorganic materials have been used as light 
absorbers. The exceptional properties of these materials such as long diffusion length, 
high carrier mobility, affordable device fabrication, and adjustable adsorption range have 
created a new era in optoelectronic technologies. The perovskites have become promis‐
ing materials due of their versatility in device architecture, flexibility in material growth, 
and ability to achieve the high efficiency through various processing techniques. The 
superior performance of silicon‐based tandems by achieving efficiency more than 40% 
has encouraged researchers to further expand the investigations to higher levels. The 
quest to transit the research curiosity to the market photovoltaic technology has given a 
new dimension to the remarkable ascension of perovskite solar cells. This chapter intro‐
duces the experimental and theoretical aspects, the electrical and optical properties, pit‐
falls, and a roadmap for the future prospects of perovskite materials.

Keywords: perovskite, power conversion efficiency, energy conversion and storage, 
toxicity, hysteresis

1. Introduction

The fast‐paced industrial development and population growth has increased the consump‐
tion of global energy to such an extent that it has become the ultimate necessity to use the 
renewable energy resources for long‐term sustainable development. Now it has become a 
challenge for both scientists and technologists to generate the cost‐effective and environmen‐
tally friendly renewable energy resources [1, 2].

© 2017 The Author(s). Licensee InTech. 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.



Although solar cells based on the photovoltaic effect have attracted great attention due to 
the advantage of decentralization and sustainability, yet they suffer low cost effectiveness. 
Another emerging class of thin‐film energy devices based on amorphous silicon also tried to 
capture the market, making headway by processing of costs per unit area [3–5]. The manu‐
facturing of inorganic thin‐films solar cells needs high‐temperature and high vacuum‐based 
techniques [6]. In addition, these techniques are limited and due to the inclusion of toxic ele‐
ments, they are limited to large‐scale production and wide applications [7].

In 1991, a new breakthrough emerged in the form of dye‐sensitized solar cells (DSSCs) that 
have attracted considerable attention due to their potential application in low‐cost solar energy 
conversion [8–16]. A high efficiency exceeding 12% was obtained by using 10 μm mesoporous 
TiO2 film sensitized with a cobalt redox electrolyte and an organic dye [17]. Furthermore, 
solid‐state DSSCs were also investigated where the liquid electrolyte was replaced by a 
solid hole‐transporting material (HTM) [e.g., poly(3‐hexylth‐iophene)(P3HT),2,2′,7,7′‐tetra‐
kis‐(N,N‐di‐p‐methoxyphenyl‐amine)‐9,9′spirobifluorene (spiro‐MeOTAD)], polyaniline, 
and polypyrrole [8] to increase the open circuit voltage and stability of solar cells [18–22]. 
However, these ss‐DSSCs also suffer from faster electron recombination dynamics between 
electrons (TiO2) and holes (hole transporter), which results in the low efficiency of ss‐DSSCs 
[23]. So attempts were made to design various types of cells to increase the efficiency of solar 
cells [24].

This efficiency criterion was increased by the introduction of the perovskite sensitizer ABX3 
(A = CH3NH3, B = Pb, Sn, and X = Cl, Br, I), introduced by Prof. Grätzel and team, which 
has opened a new era in the field of DSSCs due to the excellent light‐harvesting capabilities 
[24–37]. These materials are composed of earth abundant materials, inexpensive, processable 
at low temperatures (printing techniques), generate charges freely (after absorption) in bulk 
materials, which qualify them as low energy‐loss charge generators and collectors [38–40]. 
Methylammonium lead trihalide (CH3NH3PbX3, where X is a halogen ion such as I−, Br−, and 
Cl−) have an optical bandgap between 2.3 and 1.6 eV depending on halide content, while 
formamidinum lead trihalide (H2NCHNH2PbX3) also have a bandgap between 2.2 and 1.5 
eV. The minimum bandgap is closer to optimum for a single‐junction cell than methylam‐
monium lead trihalide, which enhance to higher efficiencies [41]. The power conversion effi‐
ciency (PCE) of perovskite cells was improved from 7.2 to 15.9%, which is associated with 
the comparable optical absorption length and charge‐carrier diffusion lengths, making this 
device the most outperforming relative to the other third‐generation thin‐film solar cell tech‐
nologies. Although two different configurations using CH3NH3PbI3 perovskite in a classical 
solid‐state DSSC and in a thin‐film planar configuration with CH3NH3PbI3−xClx, having effi‐
ciency exceeding 16%, have been reported [26, 42], provided few issues related to the stability 
and hysteresis are to be solved effectively [43].

Here, it is necessary to mention that the lack of hysteresis that was an obstacle for stable 
operation in perovskite was observed recently using thin films of organometallic perovskites 
with millimeter‐scale crystalline grains with efficiencies approximately equal to 18% [44].

The three recent reports have given high hopes in the field of solar cells as EPFL scientists 
have developed a new hole‐transporting material FDT that can reduce the cost and achieve 
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the power conversion efficiency of 20.2% [45]. Another study by Hong Kong University 
claims that they have achieved the highest efficiency of 25.5% by perovskite‐silicon tandem 
solar cells [46]. In the meantime, it has been claimed that the efficiency of more than 30% can 
be achieved by tandem solar cells based on silicon and perovskites [47].

2. Structure of perovskite materials

The basic structure of perovskite consists of a 3D network corner‐sharing BX6 octahedra, 
where A (e.g., A = Cs, CH3NH3, NH2CHNH2) cations are located in the larger 12‐fold coordi‐
nated holes between the octahedra [44]. It is composed of a metal cation (M = Sn, Pb, Ge, Cu) 
and its ligantanions (X = O2−, Cl−, Br−, I−, or S2−). In the case of inorganic perovskite compounds, 
the structures can be distorted as a result of the cation displacements, which give rise to some 
useful properties of ferroelectricity and antiferroelectricity due to the stereochemically active 
pairs of A cations [48]. The simple cubic structure of CH3NH3PbI3 is given in Figure 1.

These inorganic‐organic hybrid compounds have the advantages of inorganic components 
that include structural order and thermal stability with interesting characteristics of organic 
materials such as low cost, mechanical flexibility, and functional versatility [49–53]. Numerous 
compounds have been reported by the covalent bonding between the inorganic and organic 
bonds [54]. Although the degree of interactions in organic‐inorganic systems with the van 
der Waals interacting system is relatively small, the reason for the small van der Waals inter‐
action is the choice of organic cations, which is limited as the restricted dimension of the 
cuboctahedral hole formed by the 12 nearest‐neighbor X atoms. The synthesis of compounds 
CH3NH3 MX3 with M = Sn, Pb and X= Cl, Br, and I has been successfully carried out by some 
groups [55–57]. These organic cations show orientational disorder at high temperature, while 
at lower temperature the cubic phase results in a structural phase transition as the tolerance 
factor is smaller than unity. Upon cooling, the structure distorts to lower its symmetry as 
there are many restrictions to the motion of methylammonium cations [57].

Figure 1. The crystal structure of perovskites, ABX3, a large cation (A) at center together with metal cation (B) bonded to 
the surrounded halides (X). Color code: A (CH3NH3),blue; B (Pb), green; and X (I), pink.
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MA, FA, Pb, and Sn perovskite combinations to identify three distinct phase transitions that 
occur are classified as a high temperature α phase, an intermediate β temperature phase, and 
a low temperature γ phase [54]. These different phases are represented in Figure 2.

The perovskites were first investigated by Goldschmidt in the 1920s [58] in work related to 
tolerance factors. The tolerance factor, t, with respect to the ionic radius of the actual ions is 
given in Eq. (1), where rA, rB, and rC are the ionic radius of the A, B, and C ions, respectively.

( )
A C

B C2
r r

t
r r
+

=
+

 (1)

The tolerance factor of (0.9–1) is for an ideal cubic structure, for a cubic structure with the 
tolerance factor (0.7–0.9), the A ion is too small or the B ion is too large. This can be resulted 
in orthorhombic, rhombohedral, or tetragonal structure. For a large A cation, t becomes larger 
than one, which results in layered perovskite structures [59, 60]. The compiled results are given 
in Table 1 and the different forms of perovskite material CH3NH3PbI3 are given in Figure 3. 
The expected structure is also related to Pauling's rules (PRs) [61], given the expected coordi‐
nation around a two‐component radii (cation/anion) system which is summarized in Table 2.

The smaller tolerance factor is related to lower symmetry tetragonal or orthorhombic struc‐
tures, whereas larger t (t > 1) could destabilize the three‐dimensional (3D) B‐X network.

Figure 2. Graphical representation of phase transitions of MA(Pb, Sn)X3 perovskite materials (a) α‐phase, (b) β‐phase, 
(c) γ‐phase. Precision images are taken at the [006] view. (d) The structural transformation of Br included in MAPbI3. 
Adapted with permission from reference [37].
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The other important parameter is an octahedral factor that plays an important role in these 
materials, and is given by,

/B AR Rµ =  (2)

where RB is the ionic radii of the B cation and RA is the ionic radii of A anion. If μ > 0.442, 
the formation of halide perovskite achieves, whereas below this value BX6 octahedron will 

Structure Tolerance factor Comment for cation/anion

Tetragonal/rhombohedral/
orthorhombic

0.7–0.9 Cation too large or anion too small

Cubic 0.9–1.0 Ideal perovskite

Layered structures >1.0 Cation too large

Table 1. Tolerance factors for the perovskite structures

Figure 3. The crystal structure of perovskites (CH3NH3PbI3) in different forms: (a) cubic, (b) tetragonal, (c) rhombohedral, 
and (d) orthorhombic. Color code: CH3NH3, pink; Pb, green and I, blue.

Coordination rc/ra Coordination number

0.15–0.22 Triangular 3

0.22–0.41 Tetrahedral 4

0.41–0.73 Octahedral 6

0.73–1.0 Cubic 8

Table 2. Coordination and ideal rcra (Pauling's rules). rc and ra represent the cationic and anionic radii
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become unstable and a perovskite structure will not form, although these factors provide 
a guidelines for the formation of halide perovskite, yet they are not sufficient to predict the 
structural formations within the perovskite family [62].

2.1. Experimental scenario

2.1.1. Origin of perovskite

Although these materials already possessed useful physical properties, organic‐like mobil‐
ity, nonlinear optical properties, enhanced exciton binding energies, electroluminescence, 
magnetic properties, and conductivity, they have emerged as DSSCs only in 2009 [63–68]. 
The performance of DSSCs is assessed by three major parameters: short‐circuit photocurrent 
(JSC), open‐circuit voltage (VOC), and fill factor (FF), which are further used to calculate the 
efficiency (PCE). VOC is proportional to the HOMO‐LUMO energy gap and JSC reflects the 
mobility, efficient light‐harvesting, and carrier generation. These values of different device 
structures are presented in Table 3.

The first perovskite‐sensitized TiO2 solar cell gave the efficiency of 3.8 and 3.1%, respectively 
[13]. Later on the titania's surface and CH3NH3PbI3‐based iodide liquid electrolyte solar cell 
have increased the efficiency to 6.5% [25]. In 2012, the liquid electrolyte was replaced with a 
solid electrolyte and a PCE of 9.7% was achieved [69]. A sequential deposition method for the 
formation of the perovskite pigment within the porous metal oxide film was developed with 
a PCE of 15% in 2013 (short‐circuit current density JSC = 21.5 mA/cm2, open‐circuit voltage  
VOC = 1.02 V, and fill factor FF = 0.71) [27]. An efficiency of 20% at low temperature was 
achieved in a processed solar cell, through the end of 2013 [70, 71]. Further, it is reported that 
the achieved efficiency has above 30% in 2016.

2.1.2. Photoanodes

Mesoporous metal oxide films act as a working electrode for perovskite cells. The charge 
extraction rates are relatively faster for the perovskite solar cells than the conventional DSSCs 
[39]. Again the mesoporous TiO2 was replaced by Al2O3 with similar mesomorphology and 
it was seen that the PCE unexpectedly reached to 10.9% giving hopes for the future increase 
in efficiency. Furthermore, the DSSC efficiency has improved to 15.9% [27], yet there is the 
difficulty in pore filling because of the labyrinthine maze structure [72], which was alterna‐
tively substituted by a vertically aligned nanowire (NW) and nanotube (NT) structure. These 
nanotubes and nanowires can be used in pore filling due to their open porous structures. 
Moreover, they are reported to be better in electron transportation and recombination behav‐
ior and hole conductors presenting faster recombination than nanoparticulate films in liquid‐
based DSSCs [73–75].

As the absorption properties of perovskite are excellent, a possible decrease in the total sur‐
face area of the NWs/NTs compared to the nanoparticles does not stimulate the significant 
reduction of photocurrent. Later it was concluded that perovskite semiconductors in their 
simple architecture can exhibit sufficiently good ambipolar charge transport and the principal 
roles of photovoltaic operation, including charge generation, light absorption, and transport 
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of both electrons and holes. Now the challenge is to determine whether mesostructure is 
essential or the thin‐film p‐i‐n can lead to a better performance [76].

2.1.3. Perovskite thin films

While using the methylammonium lead halide (CH3NH3PbX3, X‐halogen) and its mixed‐
halide crystals, corresponding to the 3D perovskite structures as light harvesters in solar cells, 

Perovskite Photo anode HTM JSC (mA/cm) VOC (v) FF PCE (%) References

CH3NH3PbI3 mp (TiO2) Spiro 17.6 0.88 0.62 9.7 [69]

CH3NH3PbI3 TiO2 NS Spiro 16.1 0.63 0.57 5.5 [30]

CH3NH3PbI3 mp (TiO2) Spiro 18.8 0.71 0.66 8 [70]

CH3NH3PbI3 mp (TiO2) Spiro 18.3 0.87 0.66 10.4 [71]

CH3NH3PbI2Cl mp (Al2O3) Spiro 17.8 0.98 0.63 10.9 [26]

CH3NH3PbI3 TiO2‐NWAs Spiro 10.67 0.74 0.54 4.29 [72]

CH3NH3PbI2Br TiO2‐NWAs Spiro 10.12 0.82 0.59 4.87 [72]

CH3NH3PbI3 mp (TiO2) Spiro 20.0 0.99 0.73 15.0 [73]

CH3NH3PbI3 Rutile (TiO2) Spiro 15.6 0.95 0.63 9.4 [74]

CH3NH3PbI3 mp‐ZrO2 Spiro 17.3 1.07 0.59 10.8 [75]

CH3NH3PbI3 (TiO2)crystal Spiro 12.86 0.79 0.70 7.29 [76]

CH3NH3PbI3 mp (Al2O3) Spiro 18.0 1.02 0.67 12.3 [37]

CH3NH3PbI3 CH3NH3PbI3 Spiro 21.5 1.07 0.67 15.4 [77]

CH3NH3PbI3 mp (TiO2) P3HT 12.6 0.73 0.73 6.7 [42]

CH3NH3PbI3 mp (TiO2) PCPDTBT 10.3 0.77 0.67 5.3 [42]

CH3NH3PbI3 mp (TiO2) PCPDTBT 10.5 0.92 0.43 4.2 [42]

CH3NH3PbI3 mp (TiO2) PTAA 16.4 0.90 0.61 9.0 [42]

CH3NH3PbI3 mp (TiO2) PTAA 19.3 0.91 0.70 12.3 [32]

CH3NH3Pb(I1‐xBrx)3 Mesoscopic and 
planar structures

Poly(triarylamine) 19.64 1.11 74.2 16.2 [79]

CH3NH3PbI3 Mesoscopic TiO2 Spiro 1.02 21.2 77.6 16.7 [80]

FAPbI3 Mesoscopic TiO2 Spiro 1.03 20.97 74 16 [78]

CH3NH3PbI3‐xClx Planar 
heterojunction

Spiro 1.13 22.75 75.01 19.3 [81]

CH3NH3PbI3 FDT 1.148 22.7 0.76 20.2 [55]

Abbreviations: mp, mesoporous; spiro, spiro OMeTAD.

Table 3. comprehensive summary of the performance of perovskite solar cells, including the perovskite materials, 
photoanodes, hole‐transport materials (HTMs), JSC (mA/cm), VOC (v), FF and PCE (%)
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it is observed that substituting the I with Cl/Br ions, bandgap tuning of MAPbX3 is achieved, 
which occurred due to the strong dependence of electronic energies on the effective exci‐
ton mass [76]. The entire visible region was controlled by tuning the bandgap. Apart from 
that, the addition of Cl/Br into an iodide‐based structure shows a drastic improvement in the 
charge transport, relative stability, and separation kinetics within the perovskite layer [77]. 
It was also observed that the bandgap is reduced (1.48–2.23 eV), leading to high short‐circuit 
currents of >23 mA/cm2 and a PCE of up to 14.2%, when the cation size of perovskite materials 
is increased [42].

There are a few solution‐based techniques that has been used for the fabrication of thin films, 
where a mixture of two precursors is used to form final absorber, but due to the lack of suit‐
able solvents and high‐reaction rate of the perovskite component, the process results in thin 
film with pinhole formation and incomplete surface coverage, which deteriorates the film 
quality and thus effect the device performance.

The two‐step deposition technique that was used previously to prepare the films of organic‐
inorganic systems has incompatible solubility characteristics where the organic component 
is difficult to evaporate. Devices based on the planar CH3NH3PbI3 thin film via the modified 
two‐step deposition technique have also achieved the efficiency of 12.1% [78].

Another technique that was developed was dual‐source vapor‐deposited organometallic 
trihalide perovskite solar cells based on a p‐i‐n thin‐film architecture with high efficiency. 
However, the deposition with the vacuum evaporation method will make it cost effective [26].

2.1.4. Hole‐transporting materials (HTMs)

The conductivity of perovskite is high, which requires a thick layer of HTM to avoid pin‐
holes. Spiro‐OMeTAD, due to being less conductive, offers high resistance because of thick 
capping layers. A wide variety of polymer hole conductors are also used, which is shown 
in Figure 4. Protic ionic liquids (PILs) are used as effective p dopants in hybrid solar cells 
[78] based on triarylamine hole‐transporting materials. Further, the efficiency is improved 
by replacing the lithium salts, p‐dopants for spiro‐OMeTAD with PILs [79]. While using 
other HTMs as P3HT and DEH HTM, the efficiency of spiro‐OMeTAD is much slower than 
P3HT and DEH HTM, respectively. However, a recent synthesis based on the pyrene‐based 
derivative Py‐C also exhibited an overall PCE of 12.7% [76]. As the hole conductors, spiro‐
OMeTAD and P3HT are costly, so an inexpensive, stable, solution‐processable inorganic 
CuI as the hole conductor has been demonstrated [80]. A solution‐processed p‐type direct 
bandgap semiconductor CsSnI3 with a perovskite structure can also be used for hole con‐
duction replacing a liquid electrolyte [34]. Overall we can say that perovskite materials 
play both the role of light harvesters and hole conductors. Recently, a hole‐conductor‐free 
mesoscopic CH3NH3PbI3 perovskite/TiO2 heterojunction solar cell has reported with a PCE 
of 5.5% [30], yet the photovoltaic performance was inferior to that of HTM. The tuning 
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Figure 4. Structural representation of hole‐transporting materials (HTMs).

Figure 5. Energy bandgap diagram of hybrid perovskite materials.
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2.1.5. Measurement of charge‐carrier mobility, lifetime and diffusion lengths

Regarding the exciton or the electron and hole diffusion length, it was observed that 100‐nm 
long range diffusion length was obtained in solution‐processed CH3NH3PbI3 by  applying 
 femtosecond transient optical spectroscopy to bilayers that interface this perovskite with 
either selective‐electron or selective‐hole extraction materials [38]. The higher efficiency 
of these materials is only due to the comparable optical absorption length and charge‐car‐
rier diffusion lengths. Photoluminescence quenching measurements were performed to 
extract the electron‐hole diffusion lengths in triiodide (CH3NH3PbI3) and mixed‐halide 
(CH3NH3PbI3−xClx) perovskite thin films [39]. In mixed‐halide perovskite cells, the larger dif‐
fusion length is due to the much longer recombination time, requires both low recombination 
rates and high charge‐carrier mobility; however, the mechanism causing the extended diffu‐
sion length is still unclear. Few other things that remain unclear is the relative fraction of free 
and bound charge pairs at room temperature, the nature of the excited state, and the role of 
the two species [81, 82].

2.2. Theoretical scenario

There are reports that prove that Density functional theory (DFT) calculations have already 
carried out before the first perovskite solar cell was reported experimentally [4, 13]. Various 
theoretical methods were adopted using exchange‐correlation functionals such as Local 
 density approximation (LDA) [83], Generalized gradient approximation (GGA) [51], hybrid 
functional methods (HSE), quasiparticle GW methods, spin‐orbit‐coupling (SOC), and van 
der Waals interactions. LDA underestimates and GGA overestimates the lattice parameters. 

Figure 6. Energy level diagram of hole transporting materials (HTMs).

Nanostructured Solar Cells254



2.1.5. Measurement of charge‐carrier mobility, lifetime and diffusion lengths

Regarding the exciton or the electron and hole diffusion length, it was observed that 100‐nm 
long range diffusion length was obtained in solution‐processed CH3NH3PbI3 by  applying 
 femtosecond transient optical spectroscopy to bilayers that interface this perovskite with 
either selective‐electron or selective‐hole extraction materials [38]. The higher efficiency 
of these materials is only due to the comparable optical absorption length and charge‐car‐
rier diffusion lengths. Photoluminescence quenching measurements were performed to 
extract the electron‐hole diffusion lengths in triiodide (CH3NH3PbI3) and mixed‐halide 
(CH3NH3PbI3−xClx) perovskite thin films [39]. In mixed‐halide perovskite cells, the larger dif‐
fusion length is due to the much longer recombination time, requires both low recombination 
rates and high charge‐carrier mobility; however, the mechanism causing the extended diffu‐
sion length is still unclear. Few other things that remain unclear is the relative fraction of free 
and bound charge pairs at room temperature, the nature of the excited state, and the role of 
the two species [81, 82].

2.2. Theoretical scenario

There are reports that prove that Density functional theory (DFT) calculations have already 
carried out before the first perovskite solar cell was reported experimentally [4, 13]. Various 
theoretical methods were adopted using exchange‐correlation functionals such as Local 
 density approximation (LDA) [83], Generalized gradient approximation (GGA) [51], hybrid 
functional methods (HSE), quasiparticle GW methods, spin‐orbit‐coupling (SOC), and van 
der Waals interactions. LDA underestimates and GGA overestimates the lattice parameters. 

Figure 6. Energy level diagram of hole transporting materials (HTMs).

Nanostructured Solar Cells254

It is observed that when dispersion interactions are included, the calculated results match 
well with the experimental results. It is found that adding dispersion corrections increases the 
binding and corrects the GGA errors.

However, the defects does not affect much as they do not create a detrimental deep level within 
the bandgap [84, 85] that could be carrier traps and recombination centers for electron‐hole  
in solar cells. Ringwood [86] has included that the contribution of charges depends on the 
differences in electronegativity. Since lead is considered as a provider of the charge and size, 
it holds the perovskite crystals all together.

2.2.1. Ambipolar activities

The ambipolar activities of these materials can be defined by taking effective mass into con‐
sideration which is defined by formula:
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where ε(k) is the energy dispersion relation functions, described by the band structures. If the 
band is more dispersive (flat), near the band edges, the effective mass is lighter (heavier). In 
perovskite materials, the lone‐pair Pb s electrons play a vital role. The electronic structure of 
CH3NH3PbI3 is inverted. The conduction band matrix is derived from Pb p orbitals, and the 
valence band matrix is a mixture of Pb s and I p (s‐p semiconductor) orbitals. A cation Pb p 
orbital has a much higher energy level than anion p orbitals, although the CBM is derived 
from Pb p orbitals, Therefore, the lower conduction band of CH3NH3PbI3 is more dispersive 
than the upper valence band, similarly the upper valence band of CH3NH3PbI3 is dispersive 
due to the strong s‐p coupling around the Valence band maximum (VBM). Due to the balance 
between the hole effective mass and the electron effective mass, CH3NH3PbI3 leads to higher 
ambipolar activities. It might be possible that many‐body effect plays a role for small carrier 
effective mass, as the effective mass calculated by the GW + SOC method [87] is even lower. 
The effective hole and electron masses are given in Table 4.

Materials me
*/m0 mh

*/m0 Bandgap (eV)

Silicon 0.26 0.29 1.11

GaAs 0.07 0.34 1.43

CsSnI3 0.19 0.09 (0.15) 1.14

CsSnI3 (SOC) 0.16 0.07

CH3NH3PbI3 0.35 (0.32) 0.31 (0.36) 1.5–2.0

CH3NH3PbI3 (SOC) 0.18 (0.23) 0.21 (0.29)

Table 4. Calculated effective masses (electron and holes) and bandgap (eV) for different materials. Experimental values 
are in parenthesis
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2.2.2. Optical absorption spectra

The optical absorption spectra of perovskite materials are determined by the energy band‐
gaps and partial density of states (pdos). The pdos graph for different materials is depicted in 
Figure 7. The energy bandgap measures the probability of each photoelectric transition and 
the density of states measures the total number of possible photoelectric transitions. Thus, we 
can easily conclude that the optical absorption coefficient of a material is closely related to its 
electronic structure. However, the effect of optical absorption spectra is not considered in the 
Shockley‐Queisser limit [42]. The theoretical maximum efficiency depends on the thickness 
of the absorber layer. Recently, a method has been developed by Yu et al. [88], in which they 
calculated the maximum efficiency based on the absorber thickness by taking absorption coef‐
ficient and absorber layer thickness both into consideration. So theoretical calculations were 
carried out on this basis and it was found that halide perovskites (CH3NH3PbI3 and CsPbI3) 
exhibit much higher conversion efficiencies for any given thickness. These materials are also 
capable of achieving high efficiencies with very thin absorber layers. On the basis of experi‐
mental calculations, it is proved that CH3NH3PbI3 perovskite has the capability of achieving 
a high fill factor. Improved interfaces and contact layers also improve the performance of a 
solar cell, while Pb chalcogenides exhibit abnormal bandgap changes with lattice constant 
and strain [89].

Figure 7. (a) The periodic structural model of Σ5 (310) GB for CH3NH3PbI3. (b) Comparison of DOS of bulk 
CH3NH3PbI3calculated from unit cell. (c–f) pdos of selected atoms highlighted in the above structure. Adapted with 
permission from reference [137].
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2.2.3. Ferroelectricity

One more theoretical aspect is the dipole moment of the noncentrosymmetric organic cation 
in perovskite materials. It was shown from electric dipole calculations of the organic cation 
that hybrid perovskites exhibit spontaneous electric polarization, which might be due to the 
two reasons: the alignment of the dipole moments of organic cations and the intrinsic lat‐
tice distortion breaking the crystal centrosymmetry. On the basis of this concept, it was pro‐
posed in the studies that the presence of ferroelectric domains will result in internal junctions 
might support electron‐hole separation and transportation. However, the calculated value of 
CH3NH3PbI3 bulk polarization is 38 mC/cm2, which is comparable to the value of ferroelec‐
tric oxide perovskites such as KNbO3 (30 mC/cm2) [90]. Frost and coworkers [91] suggested 
that it may be possible that the boundaries of ferroelectric domains may form “ferroelectric 
highways” that facilitate the transportation of electrons and holes. Furthermore, it was pro‐
posed that the favorable highways are energetically chosen in such a way that the holes and 
electrons avoid any collision with the opposite charges. It is directly seen in the recent experi‐
ment by direct observation of ferroelectric domains in the β phase of CH3NH3PbI3. Another 
important factor is that VOC can be larger than the bandgap, and charge separation and carrier 
lifetime can be enhanced due to the internal electric field [92].

2.2.4. Interface and surface

The surface and interface between the absorber, carrier transport layers, and electrode contact 
layers are also important for efficient carrier transportation. However, the two‐step method, 
vacuum deposition and vapor‐assisted solution processing methods [85], have improved the 
quality much better by the one‐step method. The vacuum deposition method is used in small 
molecule‐based devices, which makes the use of insoluble materials more stable than their 
soluble analogues. There are at least three aspects worth consideration.

2.2.4.1. Band alignment

The bandgaps and band alignments of perovskites can also be tuned by the chemical manage‐
ment of compositional elements, including organic cations [93, 94], Pb [95–97], and halogen 
elements [98, 99]. This is another way to optimize band alignment at interfaces.

2.2.4.2. Interface structure and passivation

The unusual hysteresis of the I–V curve of perovskite solar cells, which would reduce the 
working cell efficiency, was suspected to be related to the interface properties [99, 100].

2.2.4.3. Surface

Abate et al. [79] reported the existence of trap states at the perovskite surface, which gener‐
ated charge accumulation and consequent recombination losses in working solar cells. They 
identified under coordinated iodine ions as responsible and used supramolecular halogen 
bond complexation for passivation.
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2.2.5. Point defects

The p‐ or n‐type absorbers were made from materials with intrinsic defects, or using inten‐
tional doping intrinsic defects that create deep energy levels in the absorber usually act as 
Shockley‐Read‐Hall nonradiative recombination centers and carrier traps, reducing the carrier 
lifetime and thus Voc. A good solar cell absorber must exhibit proper doping and defect prop‐
erties. There are many types of defects as a donor and acceptor which lies in the semiconduc‐
tors. The formation energy of a defect depends on the chemical potential and  environmental 
factors such as precursors, partial pressure, and temperature. So we can conclude that these 
experimental conditions play a vital role to determine the formation energies of all the pos‐
sible defects and further impact the polar conductivity in these materials. Defect formation 
energies determine the polar conductivity of a semiconductor, whereas defect transition lev‐
els determine the electrical effect of any particular defect [101].

Besides point defects, Kim et al. [102] used DFT‐GGA to calculate the DOS and partial 
charge densities of two types of neutral defects in β phase CH3NH3PbI3: (a) Schottky defects 
(equal numbers of positive and negative vacancies) and (b) Frenkel defects (equal numbers 
of vacancies and interstitials of the same ion). The tunable polar conductivity and shallow 
defect properties may help to explain why high‐performance perovskite solar cells, with 
extremely long carrier lifetimes [40, 103] can be produced by a diverse range of growth 
approaches and a wide variety of solar cell architectures. These point defects would suggest 
new methods for perovskite solar cell architecture. It was observed that deep point defect 
levels could exist through large atomic relaxations, which is attributed to the strong cova‐
lency of the system [104].

2.2.6. Structural disorder

In a recent investigation, Choi et al. [105] found that most of CH3NH3PbI3 (70%) is highly 
disordered with a local perovskite structure extending over a range of only 1.4 nm, which is 
about 2 lattice constants of the α phase [106].

The mesoporous scaffold confined need the perovskite within the pores and reshaped the 
structures of perovskites. On the other hand, the low‐temperature growth process inevita‐
bly leads to polycrystalline perovskites with grain boundaries (GBs). Experimentally, it is 
very difficult to investigate the structural and electronic properties directly, as it requires a 
high resolution transmission spectroscopy (HRTEM). So, we have to rely on the theoretical 
calculations that can give direct insights into the electrical properties of structural disorders 
and topological defects in hybrid perovskites. Recent combined theoretical and experimental 
studies [106] have demonstrated that Cl segregated into the GB part of polycrystalline CdTe 
solar cells effectively taming the detrimental effects at GBs.

Due to the structural complicity of CH3NH3PbI3, the GB structures were constructed based on 
CsPbI3. It was observed that the DOS of the supercells with GBs are very similar to those of 
single‐crystal phases. None of these GBs introduce defect states within the bandgap region. 
The GW band structure diagram is given in Figure 8.
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3. Properties

3.1. Electrical properties

Hybrid perovskites exhibit unprecedented carrier transport properties that enable their stel‐
lar performance in photovoltaics. So more attention is needed to develop understanding the 
material properties and ways to improve these properties in all key directions for research. 
The electrical properties of perovskite materials are seen in the ambipolar carrier transport 
behavior and long carrier lifetime. These electrical properties are further investigated on the 
basis of corresponding device structure.

3.1.1. Intrinsic electrical properties

The electrical characteristics of the materials are determined by the carrier type, concentra‐
tion, and mobility, which is dependent on the method of preparation. It is necessary to use 
smooth and uniform films to perform measurements. The carrier type is determined by Hall 
measurements of the conductivity's response to an applied magnetic field, thin‐film tran‐
sistor's response to a gating electric field, and thermoelectric measurements of the Seebeck 
coefficient. For example, CH3NH3PbI3 indicated n‐type conductivity, a carrier concentration 
of ~109 cm−3, and an electron mobility of 66 cm2/V/s [24]. Carrier concentration can also be 
adjusted by tuning the stoichiometry of the precursors during solution‐phase synthesis and 
even switch the carrier type to the p‐type when excess CH3NH3I is used in two‐step synthesis. 

Figure 8. DOS graph of MASnI3 and MAPbI3materials. Adapted with permission from reference [116].
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The electron concentration was measured to be ~1017–1018 cm−3, and it was proposed that the 
iodide vacancies are responsible for the n‐type conductivity [107]. The electron mobility for 
n‐type films deposited from stoichiometric precursors was determined to be 3.9 cm2/V/s from 
the Hall measurements, although CH3NH3SnI3 prepared by a solid‐state reaction in a vac‐
uum‐sealed tube showed an electron mobility of 2320 cm2/V/s [24], while solution processed 
material measured mobility of 200 cm2/V/s. It was observed that the electron mobility of poly‐
crystalline CH3NH3PbI3 films is larger than the thin‐film mobility of polymers [107, 108] and 
colloidal quantum dots (10−3–1 cm2/V/s) [109] comparable to CdTe (10 cm2/V/s) [110] CIGS, 
Cu2ZnSnS4 (CZTS) (10–102 cm2/V/s) [111, 112], and polycrystalline Si (40 cm2/V/s) [101]. Film 
morphology plays an important role as the dark and light conductivities of CH3NH3PbI3−xClx 
deposited on a planar scaffold on mesostructured aluminum oxide are quite different [113]. 
To further increase the photovoltaic performance and radiative lifetime, solvent annealing 
has been applied to increase the grain size of the films to ~1 μm [114].

3.1.2. Extrinsic electrical properties:

The techniques used to measure the electrical parameters are given in subsections.

3.1.2.1. Impedance spectroscopy (IS) [115, 116]

This technique is used to identify the frequency dependence of capacitance, to measure 
charge diffusion lengths and lifetimes and to investigate carrier trapping and recombina‐
tion. The carrier diffusion length was derived and has been estimated to be about ~1 μm for 
CH3NH3PbI3−xClx [83].

3.1.2.2. Electron beam‐induced current (EBIC) [117]

Another method to obtain the electrical parameters is EBIC from which the calculated carrier 
diffusion length forCH3NH3PbI3−xClx is 1.5–1.9 μm [40]. The carrier diffusion length is compa‐
rable or longer than that of other polycrystalline semiconductors with direct bandgaps used 
in solar cells [76, 77, 118–120]

3.2. Optical properties

It is very important to understand the optical response of the materials, as optical properties 
are the most important feature of perovskite materials and they provide insights into the 
electronic and chemical structures. The ability to tune the optoelectronic properties with ease 
presents a major attraction among researchers. Few important parameters that are used to 
define these properties are discussed herein:

3.2.1. Optical constants

A lot of research has been conducted on tuning the bandgap of perovskite, but a more detail 
understanding of these materials awaits further research. The major problem that occurs in 
perovskite materials is the difficulty of producing continuous films of sufficient smoothness 
[121] to avoid measurement artifacts from spectroscopic measurements of transmittance, 
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reflectance, and ellipsometry. The absorption coefficients determined from the absorption of 
CH3NH3PbI3 films on quartz [122] and glass [123] yield values of ~104 cm−1 near the band edge 
without providing any corrections for the surface's inhomogeneity, so for accurate measure‐
ments is important to calculate the absorption coefficients based on the optical constants of 
CH3NH3PbI3 [124]. It is observed that the absorption spectrum for CH3NH3PbI3 differs, when 
deposited within a mesoscopic template and planar substrates, which might be due to the 
changes in the crystallite morphology that affects the optical transitions [125, 126].

3.2.2. Excitons

Exitons play an important role in perovskites. The studies indicate, however, that there is 
not significant population of excitons in photovoltaics made from CH3NH3PbI3, whose exci‐
ton‐binding energy has been reported between 20 and 50 meV, comparable to the thermal 
energy at room temperature [127, 128]. These values have been obtained by fitting temper‐
ature‐dependent absorption spectra using the measured [88] reduced mass of the exciton. 
Excitonic radius from the binding energy and an appropriate dielectric constant study is still 
a subject of debate [129]. The excitonic transition significantly enhances the absorption of 
hybrid perovskites near the band edge [130, 131].

3.2.3. Photoluminescence

The photoluminescence (PL) efficiency depends on the pump fluence. The trapping of pho‐
togenerated charges competes effectively with direct radiative recombination of electrons 
while holes reduce luminescence at low excitation energies. The PL efficiency ofCH3NH3PbI3is 
~17–30%. The PL efficiency falls at higher pumping and high charge carrier densities. The PL 
lifetime measurements reported shorter lifetime (between 3 and 18 ns) at low pump fluen‐
cies [127, 132–134]. These longer lifetimes have been found in a semiconductor in doped and 
undoped GaAs films. This might be due to the photon recycling and the PL lifetime depen‐
dency on surface recombination than radiative recombination. So we can conclude that photon 
cycling plays a major role in their excited state dynamics, when nonradiative decay pathways 
are suppressed. The absorption spectra and photoluminescence for perovskite materials are 
shown in Figure 9.

3.2.4. Vibrational spectroscopy

IR spectroscopy also plays an important role in determining the chemical composition. If 
we look into the chemical structure of CH3NH3PbI3, CH3NH3PbBr3, and CH3NH3PbCl3, the 
first one is tetragonal, while the other two are cubic. Raman‐active modes are precluded in 
the symmetry of the lattice for cubic structures [135], though a weak broadband at 66 cm−1 
is observed in CH3NH3PbCl3. For CH3NH3PbI3, the resonant Raman spectrum (DFT calcu‐
lations) has been observed with nodes below 100 cm−1 (approximately) related to the inor‐
ganic octahedron. The higher energy modes indicate the disorder of CH3NH3

+ cations. A lot 
of work in this field is still required to investigate how the modes shift occurs with the struc‐
tural changes. Raman nodes can provide better tool in understanding the in homogeneity of 
perovskite films with submicron spatial resolution.
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Figure 9. (a) Absorption spectra, (b) photoluminescence spectra of FAPbIxBr3−x (varying I:Br ratio), (c) XRD spectra of the 
phase transition Br‐rich cubic phase to the I‐rich tetragonal phase. Adapted with permission from reference [37].

4. Pitfalls

4.1. Hysteresis

Perovskite solar cells exhibit an anomalous hysteresis in the current‐voltage and resistiv‐
ity‐temperature dependence curves [136]. Though it was predicted that the hysteresis on 
resistivity verses temperature curves is associated with the structural phase transition while 
the reason for current‐voltage curves are still unknown. In an extensive [E‐CE6] studies car‐
ried out by Prof. Erik Christian Garnett et al. [136], several explanations have been proposed 
as ion migration, filling of interface, or surface trap states, accumulation of charges at grain 
boundaries and ferroelectricity, yet no convinced conclusion has been drawn. In structural 
perception, the cubic phases of the chloride and bromide perovskites do not allow a polar 
ferroelectric distortion. Various hypotheses have been suggested and it was further predicted 
that hysteresis should depend on the magnitude of the dipole moment of the organic cationic 
species and the connecting halide cage. Though the origin of this phenomenon is not yet 
understood properly, a number of possible causes have been proposed in which the noted 
causes are ferroelectricity or the presence of mobile ionic species [136]. The illustration for the 
hysteresis in the electrical transport in hybrid perovskites is given in Figure 10.

Here, it is necessary to mention that reporting results from single J–V sweeps, even in the 
absence of hysteresis, or choosing scan rates to report the highest efficiencies, will lead to 
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 misleading results. As it might be possible that the certified efficiencies for perovskite solar 
cells are deemed “not stabilized” though they were measured with negligible hysteresis.

4.2. Thermal and operational stability

There are so many reports that claim that perovskite solar cells have been shown to be stable 
for many hundreds of hours without any encapsulation. However, the solar cells were stored 
in the dark and only measured occasionally. So we can conclude that the sealing from envi‐
ronmental ageing is necessary because of operation at elevated temperature and humidity. 
Stability has become a bigger problem for tin (II) perovskites due to the decrease in stability 
of the oxidation state of tin (II) compare to lead (II).

4.3. Toxicity

Due to the toxic nature of lead, concerns have been raised on the possible environment and legal‐
ization problems from perovskite solar cells based on water soluble lead compounds. So efforts 
have been made to replace lead with other metal ions without degrading the photophysical proper‐
ties with quantum mechanical calculations. As lead halogen perovskites are water soluble, the most 
pessimistic view is the consequences of damaged solar cells and  panels with potential exposure to 
water followed by dissolution and distribution of lead ions into buildings, soil, air, and water.

Figure 10. Hysteresis representation in hybrid perovskites. (a) I‐V graph of CH3NH3PbI3 (single crystal) at room temperature, 
(b) schematic I‐V curve, (c) proposed phenomena for its origin. Adapted with permission from reference [104].

Perovskite as Light Harvester: Prospects, Efficiency, Pitfalls and Roadmap
http://dx.doi.org/10.5772/65052

263



Lead is known to damage the nervous system and cause brain disorders. In this direction, a 
theoretical study carried out by De Angelis and group [137] has replaced Pb by Sn (Figure 11) 
with effective development of the GW method with spin‐orbit coupling to accurately model 
the properties of CH3NH3SnI3 and then compared it to the CH3NH3PbI3. They predicted that 
MASnI3 is a better electron transporter than MAPbI3 by the SR‐DFT method. Another study 
carried out by Jesper Jacobsson and group [138] has provided deep physical insights into the 
photophysical nature of a metal‐halogen perovskite by removing lead with strontium, which 
is relatively nontoxic and inexpensive. CCSD calculations and DFT study were performed on 
the two basic structures of CH3NH3SrI3 and CH3NH3PbI3 to extract and compare the electronic 
structures and the optical properties. This is based on the fact that the ionic radii of Sr2+ and 
Pb2+ are almost identical, so the exchange could be made as it will not affect the crystal struc‐
ture. CH3NH3SrI3 gives a bandgap of 1.6 eV, which is fairly close to the experimental value 
reported to be around 1.55 eV [5, 42]. The second effect that was caused by shifting Sr for Pb 
is that the shape of the pdos graphs for both the halogen and the organic ion is shifted and 
slightly distorted. The lower electronegativity of Sr compared to Pb shifts the electronic cloud 
closer to the iodine atoms in the lattice, which perturb the local dipole moment as well as the 
bonding angles between the iodine octahedra and consequently their columbic interaction 
with the methylammonium dipoles. The charge distribution is similar to the two structures, 
with higher charge density around lead compared to strontium due to the higher atomic 
number of lead.

5. Roadmap

The Perovskite solar cell (PSC) field has now become an emerging field and reports on fur‐
ther improvement in performance are expected in the near future, achieving PCE of more 
than 30% efficiency has now become a realistic goal. Furthermore, PSC can be used as top 
cells in two‐level tandem configurations using crystalline silicon or copper indium gallium 

Figure 11. Pictorial representation of replacement of lead by strontium in perovskite solar cells [138].
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selenide‐based photovoltaic devices as bottom cells. It is expected that by using silicon‐
based tandems, PCEs of 28–30% can be achieved. Yet there are issues related to the stability 
and toxicity, hysteresis in perovskite solar cells, which has to be solved. Experimental and 
theoretical investigations have demonstrated that that halide perovskites exhibit a series of 
superior electronic and optical properties for solar cell applications, such as proper band‐
gap and band alignment, high optical absorption, bipolar carrier conductivity, tunable 
doping ability, and benign defect properties. A lot of studies are required to optimize the 
material properties and to find new perovskite candidates for high‐efficiency, stable solar 
cells. Band structure engineering of CH3NH3PbI3 needs to be extensively investigated by 
replacing organic cations, Pb or I, with other choices. Furthermore, the mechanisms of per‐
formance degradations have to be resolved in a more prominent manner. Water‐corroded 
perovskites as rapid degradation occur in moist environments. So the reaction mechanism 
between H2O and the perovskite surface could be carefully studied, leading to the develop‐
ment of new methods for stabilizing perovskites. Although some groups have fabricated 
the long‐term stable perovskites in the laboratory through chemical composition engineer‐
ing [32, 88], the fundamental reason for alloy stabilization of the structures requires more 
study. However, it is predicted that the study should converge to the p‐i‐n planar hetero‐
junction perovskite solar cell to understand the device structure and properties from single 
crystal.

6. Conclusions

The intense appeal of hybrid organic‐inorganic perovskite materials such as solar cells is 
exceptionally promising. Their enhance optoelectronic properties, deposition techniques, and 
device structure have led to the higher power conversion efficiencies. Due to the high absorp‐
tion coefficients and panchromatic absorptions of perovskite, they have become ideal materi‐
als for thin film solar cells. However, some complexities as the poor stability in humid air and 
the toxicity of lead used are a matter of concern. In some perovskite materials, the hysteresis 
is also pronounced due to the strong dependence of photocurrent to the voltage scan condi‐
tions. Still the exceptional performance of hybrid perovskite materials has created revolution 
in the field of renewable energy with cheap solar cells. Highly efficient solar cells with record 
performance are still an important milestone to be achieved. The highly innovative and new 
elegant designs, deep insights into the photophysics and mechanisms of cell operation should 
now be the main focus of future research.

Finally, we can conclude that the recent advances with perovskite materials will motivate the 
researchers to expand their horizons to other inorganic or organic pigments, for which the power 
of mesoscopic solar‐cell architectures will emerge to offers more promising opportunities.
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Abstract

Perovskite solar cell (PSC) can be regarded as a continuation of dye sensitized solar cell
(DSSC)  in  terms  of  the  sensitization  phenomena  that  occurred  in  the  functioning
molecules. In 2012, a breakthrough propose has been made for the sensitization of PSCs,
in which a solid‐state structure is offered as an equivalent sensitizer used in DSSC. The
power conversion efficiency (PCE) of those solid‐state cells reached about twofold of its
initial value during the past several years. Immediately after, the researchers followed
this propose worldwide. They have introduced an improved efficiency of as much as
20%, which was originally started from its initial value of 4%, just in 4 years. Thus, the
new  concept,  solid  perovskite  molecules,  has  eliminated  the  need  for  the  liquid
electrolyte in DSSC while still carrying the advantages of organic solar cells (OSCs).
Therefore, the distinctive material of PSC—the organometallic halide molecules (also
known as OMH or organic‐inorganic trihalides)—inclined an unexpected reputation for
solar cell (SC) researches. Hence, it seems that we will witness a new age for solar
conversion devices depending on the recent hopeful progresses on PSCs. The high rate
of photovoltaic (PV) conversion capacity in PSC is generally expressed by the basic
properties possessed by the organic‐inorganic perovskite crystal, such as better optical
properties and well diffused charges along huge distances during the charge transport.
In addition, a low temperature processing is applicable during its production. Moreover,
the perovskite  layer provides a  tunable band gap.  Therefore,  depending on better
developments on designed molecules, PSC may gain extreme performances compared
to the other competitors, such as OSC or DSSC devices. This chapter starts with a general
discussion on the need for an affordable clean energy conversion device that is urgent
for the future of humanity, due to publicly well‐known global warming issue. In Section
2, basic properties of PSC are mentioned together with their structure and working
principles.  Section  3  continues  with  an  overview  on  organometallic  perovskite
molecules after a brief introductory history is presented. The absorption and band gap
properties are also discussed. Since most perovskite materials need a hole transporting
material (HTMs) within the PSC, the kinds of HTMs that are designed for PSCs are
described in Section 3. The rendering of long‐term stabilization has special importance
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for PSCs since the instability issue remained idle in spite of those recent increased
efficiency values attained by various research groups. Therefore, the stability issues are
discussed in a separate part in Section 4. We finally close the chapter discussing the
challenges and opportunities relying on the chapter content. We note that the recent
investigations on PSCs have special importance for its large‐scale realization in order
to make them ready for the photovoltaic industry of the future. Hence, there are various
announced meetings focusing on its mass production due to the unexpected sharp rise
of the perovskite efficiency in the last 6 years. Hence, all the new cutting‐edge scientific
findings are also dealt with commercialization issues now, in order to attain the desired
low cost fabrication, including the yield of high purity and the formation of smooth
films during the continual manufacture of perovskite layers.

Keywords: perovskite solar cells, hole transport materials, spiro‐OMeTAD

1. Introduction: the need for new and affordable power converters

The novelties in solar cell (SC) technology may be attracting the widest human attention in the
world due to its  significance on its  effectiveness on electricity production from free and
abundant sunlight [1–3]. Namely, petroleum is the main source of energy in the world by a
percentage of 40, where most of the petroleum is produced just by a few oil exporting countries.
The other countries are the consumers. They exist with increasing petroleum dependency,
which means that the most of the countries rely on exporters. Unfortunately, the petroleum
consumption accelerates quickly because of energy needs due to expanding industrial zones.
It is expected to grow further unless an affordable novel clean energy technology becomes
available.

To make a continuous delivery of the energy by means of an environmentally friendly manner,
it is mandatory for governments to make immediate precautions against fuel consumption,
particularly by strictly improving their alternative energy themes. Among a variety of energy
sources, electricity is known as “clean energy”. The best quality of electricity is its ease of
transformation in other energy forms; thereby, it is crucial for the human society. Accordingly,
half of the energy consumption is made by electricity using machinery, for that, conversion of
energy into electric energy from other resources is related to fuel saving. This property directed
countries to invest on renewable energy transformers (e.g., Germany has already announced
that much of the country’s consumption is fulfilled through renewables). Hence, many
researchers from various institutions worldwide developed new types of alternative energy
conversion devices in order to condense their capability more and more. Among them, SCs
are the most promising devices since sun energy is accepted to be almost infinite for human
needs.

Many new types of SCs in photovoltaic (PV) panels are used in new existing investments for
meeting the residential and commercial energy needs. Maximizing efficiency is a must to
satisfy those huge consumption needs. Hence, a majority of the investments obliged to use
silicon‐based PV panels, which have high conversion rates. Whereas for their production
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processes, we need to use huge amount of water and energy and to release lots of pollutants
to the environment as well. At this point, organic solar cell (OSC) technology attracts attention
especially for the utilization of environmentally friendly production procedures. By means of
this favorable property, in the last two decades, many new usages of organic materials in
electric energy producing devices are proposed and applied. These novel devices are basically
expected to satisfy low cost criteria and high efficiency; thereby, recent SC researches are
especially shaped around these related topics.

Among SCs, many efficient types of organic materials and devices are present today. For
example, commercial dye sensitized solar cells (DSSCs) are in the marketplace for a decade.
However, this type of SCs is weak for its possible leaking in electrolyte liquid and imperfect
encapsulation. The consistent and cutting‐edge studies on this challenge give the fruit of a
DSSC like but a novel SC: named, Perovskite Solar Cell (PSC). Relatedly, this chapter mainly
deals with the main issues of PSC, i.e., its ideal phenomena, device structure, materials, and
manufacturing challenges [4–17].

2. Operating principle and structural layout of PSC

As for the operating principle of PSCs, the present information obtained on “how they operate”
is rather insufficient for now. Moreover, the whole working principle is not even well ex‐
plained [18, 19]. There have already been many different approaches to point out a well‐defined
PSC operation mechanism. Nevertheless, the proficient working of methylammonium lead
iodide (corresponding chemical formula is CH3NH3PbI3 and the methylammonium inside the
formulas are also introduced as MA or CH3NH3

+ in the related literature)‐based PSC has not
yet been completely understood. Accordingly, this confusion raises the necessity for deriving
novel clues on (1) light absorption, (2) charge separation, (3) charge transport, and (4) charge
collection. This is because these are general SC parameters that are used to express the principal
working process during conversion of sunlight into electricity.

Selection of light harvesters is the first step for the determination of the physical layout of a
SC. Hence, investigation of perovskite’s optoelectronic properties has priority during the
design process. This is needed in order to theoretically construct the fundamental energy
conversion process, and therefore, to decide the respective SC layout [1]. In this term, we know
that organometallic perovskite —like CH3NH3PbI3— may exhibit both electron and hole
transport features, together. Hence, PSCs can be decided to be layered either using well‐known
p‐n junction layout or p‐i‐n junction layout. The decision between the two layouts is made as
follows: If the light harvester, perovskite, is an intrinsic semiconductor, a p‐i‐n junction is
needed. Whereas a p‐n junction is required if the light harvester, i.e. perovskite, has an n‐type
or p‐type property. This is because both types are able to carry electrons or holes to the light
harvester [1].

PSCs are fabricated depending on two typical structures of perovskites. These structures are
called mesoporous and planar structures. These structures are unique to the perovskite crystal.
Figure 1 illustrates the consequent scheme for the device layout for both mesoporous‐ and
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planar‐type PSC. The former contains a mesoporous‐type metal oxide layer (i.e., TiO2 or
Al2O3) coated with perovskite sensitizer. On the other hand, the latter includes a perovskite
film sandwiched between electron and hole transporting layers. Here, in case of perovskite
dots are stick to the surface of TiO2 layer, charge is separated through electron injection.
Namely, the charge certainly follows away from perovskite to the metal oxide (also known as
transparent conductive oxide layer, TCO), such as TiO2 [20]. Up to here, the operation principle
is considered to be analogous to DSSCs. The remaining operation mechanism, however, is
different from DSSCs for both mesoporous‐ and planar‐type PSCs due to the charge accumu‐
lation and charge transport characteristics that occur in the PSCs [18, 19, 21]. Comparing these
two architectures, it is evident that the charge transport rate is virtually the same for both of
them, while mesoporous‐type cell performs higher recombination rates [22]. The planar‐type
PSCs are found applicable to flexible solar cells since the typical high temperature rates are
not mandatory in order to fabricate them.

Figure 1. (a) The model structure of mesoporous halide PSC and (b) the model structure of planar hetero‐junction
structured halide PSC.

Besides these two structures, hole conductor‐free (HTM‐free) PSCs have also been investigated
by many scientists. The first report on HTM‐free CH3NH3PbI3/TiO2 hetero‐junction SC was
released by Etgar et al. [23]. In this study, the mesoporous TiO2 was coated with a thick
perovskite layer having large crystal functioning as both light harvester and hole transport
material, simultaneously. In order to obtain highly efficient PSCs and to avoid building shunt
pathways, a thick perovskite film having a smooth surface is required. The width of the
depletion layer at the CH3NH3PbI3/TiO2 junction plays an important role on the performance
of the HTM‐free PSC. For instance, it is possible to enlarge the width by increasing the depleted
part of TiO2 according to this study. Such arrangement has given an increased power conver‐
sion efficiency (PCE) of almost 11% [24]. Another HTM‐free PSC is the one that has tripled
layers that is implemented by Han et al. The respective multilayer arrangement consists of
simple layout from mesoporous TiO2/ZrO2/C layers [25]. Here, the ZrO2 film is especially used
as blocking layer so that the photo‐generated electrons could not flow back to the contact.
Accordingly, electron hole recombination process occurring inside the device is delayed. With
the help of such HTM‐free PSC, researchers have already achieved a PCE of around 13% [25].

The charge transfer processes and the latest progresses in PSC are summarized in Figure 2 and
Table 1 [26]. The explained photonic interaction matches well for a mesoporous‐type PSC.
Here, the energy level of the perovskite is designed in order to function in the following
junction architecture: TiO2/CH3NH3PbI3/spiro‐OMeTAD. The charge transfer process for
analogous mesoporous architecture requires the steps specified in Table 1 [26–28]. Here, the
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general PCE of mesoporous‐type PSC is controlled through the processes given in the table.
Where the rate of charge generation as well as charge transport occurred from (1) to (3) should
be much faster than the rate of undesired recombination occurred from (4) to (8) given in
Figure 2. In this way, a high power conversion efficiency can be obtained.

Step no  Event Occurrence

1 Photoexcitation of the Perovskite Perovskite+hv→(e‐…h+)Perovskite

2 Electron injection (e‐…h+)Perovskite→e‐
cb(TiO2)+h+(Perovskite),h+(Perovskite)→ h+

(HTM)

h+
(Perovskite)

3 Hole injection (e‐…h+)Perovskite→h+
(HTM)+e‐

Perovskite),e‐
(Perovskite)→ e‐

cb (TiO2)

4 Photoluminescence (e‐…h+)Perovskite→hv

5 Nonradiative recombination (e‐…h+)Perovskite→∇
6 Back electron transfer at TiO2/Perovskite interface e‐

cb (TiO2)+ h+
(Perovskite)→∇

7 Back charge transfer at Perovskite/HTM interface h+
(HTM)+ e‐

(Perovskite)→∇
8 Charge recombination at TiO2/HTM interface e‐

cb (TiO2)+ h+
(HTM)→∇

Table 1. The required charge transfer process for analogous mesoporous architecture [26–28].

Figure 2. Electron and hole transport process for mesoporous PSC.

It is known that for a single‐junction SC the ideal band gap should start from 1.1 and ex‐
tend to 1.4 eV [27]. One of the most important characteristics related to perovskite material
processes is that it is possible to vary this band gap by altering its composition. Fortunately,
in PSC, the band gap may be arranged by changing from 1.2 and extend to 2.3 eV. This
band gap control can be made by substituting halide composition of CH3NH3Pb(I1‐xBrx)3 as
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described by Noh et al. [23]. Another way to alter the respective band gap is to increase the
cation size, nevertheless it may also result in a decrease in the band gap, unfortunately [28].

The solid‐state HTM was first implemented to DSSCs to substitute the undesired liquid
electrolyte since it causes fast degradation of the cell if it is used with perovskite crystals. This
advancement in structural layout has showed an increase in the open circuit voltage (Voc) of
the cell due to the high redox potential of the liquid. Within those cells, HTM layer gradually
becomes a solid‐state layer instead of a liquid one. Accordingly, the stability of PSC improves.
Since after the development of solid‐state DSSCs, the most common HTM utilized in PSCs is
spiro‐OMeTAD (2,2′,7,7′‐tetrakis (N,N‐di‐p‐methoxyphenylamine)‐9,9′‐spirobifluorene). This
is a kind of small molecule which has improved the PCE of PSC up to 19% [29]. It was shown
that an HTM with high conductivity decreases the series resistance and gives rise to improve‐
ment in the fill factor (FF) of the device [30]. For example, Seok et al. improved the Voc and FF,
just by substituting spiro‐OMeTAD with polytriarylamine‐type HTM [31]. The FF in turn can
also be increased through improving the film quality by achieving enlarged grains and reduced
grain boundaries [32].

In addition to replacing organic HTMs with other organic HTMs for the purpose of increasing
PCE of the PSCs, there are also some other studies on substitution of organic HTMs with
inorganics in order to increase the stability of the PSCs. It is well known that perovskite used
as light harvester are rather susceptible to moisture and air resulting in degradation of the cell
because of perovskite’s low energy of formation [14]. One of the most important reasons why
HTM usage is necessary is to protect the photoactive perovskite layer from moisture and air
exposure to achieve highly stable PSCs. It is also known that metal oxides have much higher
mobility as well as good stability than the generally used organic HTMs mentioned above [33,
34]. In an attempt to increase the stability, therefore, You et al. replaced organic HTM with
inorganic charge transport layers [14]. In this study, p‐type (nickel oxide, NiOx) and n‐type
(zinc oxide, ZnO) metal oxides were used as electron and hole transport layers, respectively.
The device architecture was composed of glass/indium tin oxide/NiOx/ CH3NH3PbI3/ZnO/Al,
where NiOx was used to provide a perovskite layer with better crystallinity and ZnO acted as
a coverage layer for perovskite layer, thus preventing degradation. According to the results of
this study, the metal oxide‐based PSCs demonstrated PCE of around 16% and higher stability
compared to those fabricated with other common organic HTMs.

3. PSC materials

3.1. Perovskite as a solar device material: structure

Perovskite is a crystal with a special structure constituting ABX3 formulation. It contains three
same kind cationic ions and two different anionic ions. Here, A, B, and X represent large‐
dimension earth metal cation, rather smaller‐dimension metal cation compared to A, and,
either oxygen or halogen, respectively. The perovskite structure is symmetric. Within this
structure, A is always larger than X (see Figure 3). Here, A‐cations hold the octahedral corner
coordinates while B‐cations hold the octahedral holes; in 3‐D structure. Within the composi‐
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tion, X can be substituted with numerous elements of O, Cl, Br, I, and S. The placements of
atoms in 3‐D structure are mainly regarded to be related with chemical charge neutralization
process that is required for stability [8]. The crucial thing for the perovskite minerals is that,
although the fundamental structure appears simple, they perform quite different characteris‐
tics under special circumstances, i.e., against structural distortion.

Figure 3. Crystal structure belonging to perovskite structure.

Gustav Rose, a German mineralogist, first recognized perovskite. Nevertheless, its entitlement
is given after another mineralogist, Lew Perovskii, from Russia [35–37]. Perovskite is therefore
originally a name for the mineral calcium TiO2 (CaTiO3) discovered by Perovskii, where it is
basically used to refer a crystal structure that is the same as CaTiO3. Starting from its discovery,
perovskite structure has widely been used in diverse fields of research, such as superconduc‐
tors, ferroelectricity, thermoelectric, dielectric, magnetoresistive, piezoelectric, conducting,
electrooptic, semiconducting, [5, 8, 9, 38–47], etc. The wide range of their application carried
out in scientific research is mostly due to their tunable behaviors within the crystal structure
observed since its discovery [4]. In particular, researchers have focused on organometallic
perovskites which must include anionic halogens (I, Cl, F, and Br) and cationic metals of carbon
family like Ge, Pb, and Sn. The attention on them is basically due to their unique structure and
their promising response to photovoltaic applications [5–7].

The well‐known perovskites are crystals of MgSiO3, SrFeO3, SrZrO3, BaTiO3, LiNbO3, and
KMgO3. They originally give clear diffraction peaks at 110, 112, 220, 310, 224, and 314. In spite
of its applicability to the mentioned diverse areas, the attention on the original molecules
remained rather idle. Mostly, its actual fame has begun with the discovery of organometallic
halide perovskite (OMH perovskite) related to the studies made for searching the interactions
between the organic‐inorganic materials. Namely, a research result claimed that a perovskite
material shifts from the semiconducting state to the conduction region along with increased
dimensionality [8, 9, 38]. In the mentioned and other related researches, A is exchanged by a
cationic organic molecule, B is exchanged by an inorganic transition metal, and X is exchanged
by an anionic halide. Hence, the new structure becomes inherently referred to as “OMH
perovskite”. Among many transition metal alternatives, Sn+2 and Pb+2 metals substituted for X
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are the ones which have collected the scientific interest on the following formulas:
“CH3NH3SnI3“and “CH3NH3PbI3.” This attention increases day by day since the respective
new molecules inherently carry significant optoelectrical properties and they are able to be
processed in rather low temperatures compared to other OMH molecules with rather different
formulas [47–49]. Even more, Pb+2 and Sn+2 cations are nonreactive, stand stable at room
temperature, and their supply channels are wide due to being abundant, which makes them
easily accessible cheap materials [50].

As for PV applications, Miyasaka et al. are the first group who used perovskite in SC panel
production in 2009 [10]. They fabricated a SC with a liquid phase electrolyte based on meso‐
porous TiO2 sensitized with CH3NH3X3. Here, X is able to be substituted by I, Cl, or Br,
depending on the application purpose. Similar to this first study on PSCs, the most prevalent
organic compound used to fabricate PSCs are (1) CH3NH3

+ (methyl ammonium), (2)
CH3CH2NH3

+, (ethyl ammonium), and, (3) NH2CH=NH2
+ (form amidinium) [20, 51, 52].

Though, among all, the most common perovskite material implemented to the recent SC
applications perhaps have been methylammonium lead iodide (CH3NH3PbI3) with other lead
halide structures (CH3NH3PbI3‐xBrx or CH3NH3PbI3‐xClx) [37, 53].

3.2. Perovskite’s absorption properties

It is beneficial to remind the absorbance of DSSC device here. Namely, the previous form of
PSC, DSSCs, contains an n‐type TiO2 that has mesoporous structure. The dyes are stick to
TiO2 where the light is absorbed by dye molecules impregnated in a redox electrolyte sea,
meantime. Here, the electrolyte regenerates the stable dye again and again by supplying
electrons after having each excitation followed by charge transfer. The TiO2 plays the role of
helping the enlargement of the electrode surface as much as possible on behalf of the electrode’s
job. In this term, the soaring of incident photons become eased. In practice, an approximate 10
µm film thickness of TiO2 is generally enough in DSSC to make a complete absorption of the
visible light [9, 54, 55].

On the other hand, such broad thickness is not appropriate for the solid‐state SCs. Because
there are various factors that restrict the increase in film thickness. Due to these restrictions,
the thickness is limited below 2 µm [9, 30]. In order to relieve these limiting effects, different
active semiconducting layers are jointly coated with different thin film types in many research
groups. Another approach to resolve this issue is the use of nano‐sized quantum dots (QDs).
These additional cares are taken in order to increase the sensitivity against the photons. As a
result, the absorption band becomes carried to around near‐infrared region (NIR) in several
researches [30, 56–60].

Under the light of these facts expressed about improved absorption, more sensitization of
DSSCs to the incident light worked in 2006 where CH3NH3PbI3 and CH3NH3BrI3 were used in
the redox couple [9, 61, 62]. In some studies, on the other hand, they are applied as solid‐state
hole conductors. Nevertheless, those applications could only give efficiency as low as 0.2%.
Whereas when they were applied to liquid‐based DSSCs, it has reached as high as 10 times of
this value escalating to around 2%. Therefore, the solid‐state applications remained rather idle.
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The first fascinating application on the absorbing sensitizer of perovskites is the one that is
made with redox couple. Namely, one of the studies reached to around 3.5% efficiency level
[9, 20]. Fortunately, improving the surface morphology and perovskite’s processing carried the
attained efficiency as high as 6.5% in the preceding years [9, 20, 63]. As may be easily guessed,
the main obstacle to make a reasonable device was dissolution of the perovskite material inside
the liquid electrolyte. Hence, its stability in the electrolyte sea has always remained question‐
able, since it is distorted after a while and eventually it is dissolved [9, 20, 63]. The removal of
this problem needed realization of two ideas: (1) blocking the dissolution in any way, or (2)
using them in a HTM that is insoluble in the liquid environment. The latter alternative idea
has been applied to devices fabricated in 2006 [9, 64, 65]. Namely, researchers benefited from
the insolubility of metilamonium trihalogenplumbate in nonpolar organic solvents. Hence,
perovskites became used as sensitizer on TiO2 as a target. These studies made up a ground for
applying this idea to many different materials. Especially, different groups of spiro‐OMeTAD
have been tested as HTM [9, 11]. The results were surprising, because the use of perovskite
molecules reached a respectable efficiency value of around 10% [9, 10, 66]. This result also
emphasized the importance of usability of HTMs within the PSC. These records had been a
jumping‐of‐point in terms of their use as alternative to classical dyes since the acquired
advantages made PSC more visible among others [9, 67]. This advantage is particularly due to
the fact that perovskite (1) makes a stronger absorption in a very wide range of visible colors
and (2) realizes this strong absorption in rather small thicknesses compared to the liquid‐type
DSSCs, namely, a thickness of around 500 nm layer. This property emerged a reform in DSSCs,
namely, the replacement of redox liquid with solid‐state HTM materials found attractive for
solid‐state type SCs since the thickness issue become relieved for them. The gain of such
property practically meant that the problem of limited thickness of 2 µm for solid‐state type
SCs has been overcome by use of perovskite. Till those dates, the perovskite material including
solid‐state type SCs have gained an advantage over other types of solid‐state SCs in the
scientific community.

Typically, the absorption properties of the PSC are related to the ABX3‐type crystal structure
of the perovskite that is coated on the TiO2 surface as a thin film. Technically, CH3NH3PbI3

structure gives 1.5 × 10‐4 cm‐1 of absorption at 450 nm wavelength, whereas it only satisfies
0.3 × 10‐4 cm‐1 of absorption at 750 nm wavelength. Relatedly, the soared light is diffused to a
depth starting from 0.7 to 2.2 µm. This typical property of CH3NH3PbI3 specifically shows that
the perovskite material in the form of a thin film is well enough to absorb the big part of the
solar spectrum just being around 2 µm of thickness. This derived fact shows that the
CH3NH3PbI3 has enough capability in order to be easily used as a solid‐state sensitizer material
in SCs.

In order to identify the lack of interpretations about the photocarrier dynamics in lead iodide
perovskites, the transient absorption should be characterized. These photophysical relations
are observed where a quantitative work is presented in a recent paper [68]. Also, photon
recycling has been investigated in the papers [69] where the energy transport is found out not
to be restricted by diffusion of charge transport. It is figured out that this may occur at distant
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intervals by means of several events including absorption, diffusion, and emission together.
By means of all, high Voc values are attained [69].

3.3. Optical band gap

Among different atoms, Pb and Sn included in perovskite materials are fair due to that they
yield higher efficiency levels due to their tunable band gap values and improved absorption.
The main contribution to the tunable band gap comes from the orbitals of additive metals and
halides [70–73]. Hence, the metals which will make the electronic contribution should be
carefully selected from among numerous metals. Yet, the band gap harmony and proper
valence arrangement requires watching the outermost orbital of the metal and one can see that
there are highly less metals constituting mentioned configuration. With that, there is no specific
procedure or sharp method to eliminate this hardness. Hence, these theoretical issues should
be carried along with the observations and some experimental works.

The intrinsic properties of OMH led them to be used in many diverse engineering applications
till now, including thin film diode‐based devices, such as SCs, transistors, and light‐emitting
diodes (LEDs). Moreover, it has also been reported that the band gap of OMH perovskite is
decreased when the structure is shifted from 2‐D to 3‐D [9]. The less spaced band gap intervals
are especially found applicative for constructing SC devices. Hence, the developed 3‐D
structure of CH3NH3PbX3 is initially tested as an inorganic semiconducting sensitizer in 2009
in DSSCs. Nevertheless, the researchers got unsatisfactory amounts of PCE from the test results
compared to those most efficient DSSCs performed till that time (∼3.5% versus ∼11%) [74].
With that, the testing groups reached a PCE efficiency of 6.5% [10, 11] later on.

The interest on the perovskite material remained poor until a research is exhibited in 2012. The
corresponding research results reported 500 hours of stable lifetime of a perovskite thin film
coated on TiO2. The distinguishing specialty of this kind perovskite was its 10 times enlarged
absorbing coefficient compared to that of the widely known ruthenium‐based sensitizers. The
new molecule has been recognized as a breakthrough discovery. In addition to all, the band
gap intervals could be reduced more along with the processing of perovskite materials. And
more, they can even be processed more to make them gain highly absorbing structure. Together
with these improving arrangements, the optical adsorption can become tunable and recom‐
bination properties can also become enhanced [50, 75]. Consequently, as a cation for B, Pb is
exclusively preferred for SC applications for the assumed reasons when they are put into
perovskite molecule. Neatly, Pb including PSC are found to be theoretically ideal. They
practically constitute small spaced band gap intervals as well [8–11].

Through the characterization work, the satisfaction of band gap values can be attained through
ultraviolet photoelectron spectroscopy and UV‐Vis spectral measurements for any kind of
material. Namely, the research [8] made for CH3NH3PbI3 has revealed that the minimum and
maximum valance values are between –5.5 and –3.95 eV interval, giving out approximately 1.5
eV of band gap for this structure [8, 20]. Through looking at the given typical valence‐band
and conduction‐band values, we infer that perovskite material satisfies enough hole and
electron separation. The separation gives a band gap value of 1.5 eV that reveals us enough
absorption is made using an onset wavelength of 830 nm.
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more, they can even be processed more to make them gain highly absorbing structure. Together
with these improving arrangements, the optical adsorption can become tunable and recom‐
bination properties can also become enhanced [50, 75]. Consequently, as a cation for B, Pb is
exclusively preferred for SC applications for the assumed reasons when they are put into
perovskite molecule. Neatly, Pb including PSC are found to be theoretically ideal. They
practically constitute small spaced band gap intervals as well [8–11].

Through the characterization work, the satisfaction of band gap values can be attained through
ultraviolet photoelectron spectroscopy and UV‐Vis spectral measurements for any kind of
material. Namely, the research [8] made for CH3NH3PbI3 has revealed that the minimum and
maximum valance values are between –5.5 and –3.95 eV interval, giving out approximately 1.5
eV of band gap for this structure [8, 20]. Through looking at the given typical valence‐band
and conduction‐band values, we infer that perovskite material satisfies enough hole and
electron separation. The separation gives a band gap value of 1.5 eV that reveals us enough
absorption is made using an onset wavelength of 830 nm.
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Shortly, the fundamental request for a SC is its strong and wide absorption range. In these
terms, OMH perovskite is suitable for its tunable crystal sizes. Namely, with that condition,
the band gap value of the absorber material may be arranged by differently utilized cations
and anions [23, 28, 76, 77] within the crystal arrangement, as well. As an example, PbIyBrI3‐y

crystal structure can be modified to derive different absorption levels through varying the “y”
value here. Derivation of varied absorption levels is generally referred as “tuning band gap.”
This is essential for perovskite’s future, because the development of various types of advanced
molecules is allowed by means of such procedure that makes perovskite attain a tunable band
gap [23, 78, 79]. Here, the usability of this strategy is shown for CH3NH3PbBr3‐xClx SCs, where
Voc of 1.5 V is derived. This shows the availability of this idea as a method. One more parameter
for getting high power values is reaching high photocurrent values. Namely, this can be made
through an engineering on n‐type and p‐type materials in order to match wider band gap
perovskites. Also, the widened band gap of perovskite may require synthesizing new hole
transport materials since valence band is shifted [78–81]. Therefore, engineering for deriving
appropriate hole transporters is especially important for PSCs, too.

4. Hole transport materials

The HTMs for PSCs are similar to that of solid‐state DSSCs, in view of the general structure.
The main distinction between them is that the HTM layers do not fill the pores of TiO2, and it
is because they are currently coated by the perovskite material in a PSC. Fortunately, during
the practical selection of the materials, this property eases the determination of HTM molecules
for PSC devices for us. This is because it becomes more possible to choose them from a large
range of materials—compared to the selections that are made for solid‐state DSSCs. Once
decided to be used for PSC, the produced HTM layer from chosen molecules should meet the
similar requirements as requested for solid‐state DSSCs, as follows:

1. The molecules should maintain better hole mobility.

2. They should be good soluble in terms of better film formation.

3. In order to supply a good hole transfer they should carry appropriate HOMO energy level
with that of OMH perovskites.

4. They have to be produced by eased synthesis procedure and be low cost molecules.

Among them, spiro‐OMeTAD has been the most used HTM as small‐molecules in PSCs till
now. Because it has already been tested and evaluated as a HTM layer in solid‐state DSSCs
and OLED devices [67, 74, 82, 83]. Therefore, its interlayer functioning is well known by
researchers. Namely, use of hybrid lead halide with spiro‐OMeTAD‐based HTM has given an
efficiency of around 15% PCE [82, 84]. On the other hand, the biggest obstacle yielding spiro‐
OMeTAD in wide range of applications is its high cost that still remains high due to its difficult
synthesis process. This obstacle has been a hindrance for further improvements of PSCs in
terms of maintaining high efficiency and low cost production together [74]. At this point, new
HTMs that are alternative to spiro‐OMeTAD have been an issue for improving cost‐effective
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designs in recent years. These new molecule designs are generally separated to organic and
inorganic HTMs as for PSC applications. Organic molecules can either be polymers or other
small molecules. Different types of HTM structures that are already used are given in Figure 4
with their corresponding HOMO values within the cell.

Figure 4. (a) Recently used HTM materials used for PSCs and (b) their corresponding HOMO values.

Spiro‐OMeTAD and other small molecule type HTMs have more availability compared to the
organic and inorganic HTMs [74] due to its ease of design where the triarylamine is an essential
part of the molecule. Here, nitrogen is used as a doping site and can be stabilized through
aromatic rings. The nonplanar triarylamine leads to have longer distances between molecules
and thus reduces the hole mobility, here. Nevertheless, this makes the molecules more
applicable as HTMs for SCs fortunately. Due to the advantages among different molecules,
spiro‐OMeTAD has been a standard HTM for researchers, where the new small molecules are
comparable to that of the standard HTM for this reason. During the application of new types
of spiro‐OMeTAD and other small molecules some key issues for increasing the efficiency
levels are (1) thickness optimization and (2) inclusion of additives, such as making composites
[74]. There are also some works done for searching the device’s physics on the interface between
HTM layer and perovskite layer, as well.

4.1. Early device materials as hole transporters

A HTM layer is needed for sensitizing the TiO2 layer to satisfy the working of PSCs. The
working principle of HTM‐based PSC originally depends on DSSCs developed in 1991 by
O’Regan and Gratzel based on a liquid electrolyte layer. These cells are photoelectro‐chemical
cells with a wide surface area of TiO2 film layer that is sensitized by molecular dyes [54]. The
same principle is valid for solid‐state sensitized SCs and PSCs, as well. In Gratzel’s works, a
final efficiency of 12% has been reached. Nevertheless, a leakage is always possible within the
corresponding device structure. Shortly, the liquid may leak from the bordered edges.
Therefore, the same structure for that of DSSC has been protected in solid‐state SCs in principle,
on the other side, the electrolyte is altered by a solid hole conductor material instead.

Figure 5 represents the general structure of such solid‐state SC and its electron transfer
properties. Here, the layered device structure benefits from the TiO2 layer for blocking the
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direct touch of TiO2 layer to HTM. The working principle of the solid‐state SC is the same as
that of DSSC, where the only distinction stems from the difference in electron transmission
processes occurred inside the liquid electrolyte and solid HTM. Namely, the electron is hopped
through the solid HTM instead of reducing in the liquid electrolyte.

Figure 5. (a) General structure of solid‐state solar cells and (b) working principle.

In order to satisfy the HTM’s working within the other film layers, the corresponding layer
should fill the pores of the mesoporous TiO2 film layer. With that a heterojunction is produced.
For filling process, a molecular HTM structure may be determined. This molecule may be
selected from various types of structures, such as small molecule HTM (mostly spiro‐OMeTAD
is used), and an inorganic or organic HTM. During the layer design, the hole diffusion length
and conductivity of HTM is selected at the meantime, because these are parameters directly
affecting the layer thickness of the mesoporous TiO2. Namely, the TiO2 film layer thickness is
inversely proportional to the absorption coefficient. In other words, the less TiO2 layer
thickness, the more the absorption coefficient value. Here, unfortunately, the mesoporous film
thickness can only be stretched up to 2 µm, i.e., when spiro‐OMeTAD is used [85]. Hence, a
breakthrough development in a solid‐state DSSC is not expected with typical molecular dyes
that constitute ∼103 cm–1 of absorption coefficient. Neatly, in order to wholly collect the incident
light arrays using those dyes, a TiO2 layer with a thickness of 10 µm is needed.

The main problem in the early HTMs leads researchers to think that they may achieve a high
efficiency solid‐state sensitizer for SCs by means of a stronger light absorbing material. This
becomes realized by means of the perovskites’ property that has superiority against traditional
dyes in terms of absorption. Namely, it has a stronger adsorption over a broad range and
therefore full coverage absorption becomes realized within a very low thickness of 500 nm.
This property of Perovskite becomes a real advantage for solid‐state SCs. Because the previous
obstacle for them were that a mesoporous TiO2 film thickness restricted at around 2 µm length
is needed in order to generate photocurrent with the given light absorption [30].

4.2. New small molecules as hole conductors: spiro‐OMeTAD

The perovskite basically yield high series and shunt resistances which results in lower FF for
SC devices. This is mainly because of the perovskite layer with higher conductivity in contact
with the thicker layer of HTM that has lower conductivity. Hence, reduced thickness and better
conducting HTM layer is a must to develop more efficient PSC devices [50].
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Recently, some efforts on spiro‐OMeTAD molecules used as HTM are under attention of
researchers in view of their increased hole conductivities [86, 87]. For example, lithium
bistrifluoromethanesulfonimide (Li‐TFSI) has been found out to increase the hole conductivity
when doped to spiro‐OMeTAD, within some researches [87]. Using various techniques, spiro‐
OMeTAD has widely been used for enhancements in conductivity through increasing the hole
mobility and charge density in HTM layers [88, 89].

Within the cell, the holes are injected from the perovskite into the spiro‐OMeTAD and electrons
are passed from perovskite to the mesoporous TiO2 layer. Here, therefore, the TiO2 is an active
counterpart of the photovoltaic conversion event which makes it a main element of the PSC.
Lately, it was fortunately shown that TiO2 scaffold has leaded a PCE of up to almost 10% [20,
74]. In some studies, spiro‐OMeTAD has also been used while coupled with other scaffolds
(i.e., Al2O3). Where it is mixed with perovskites and good PCE has been attained in [30, 74].
These are famed as meso‐super‐structured SCs where the CH3NH3PbX3 is served as an electron
transport material (ETM) in addition to its basic sensitizer duty. Besides with all that, the metal
oxide only acts as an insulator with a wide band gap and therefore do not take part in charge
transport. Hence, the metal oxide becomes an inactive scaffold here. For that, these are referred
as passive scaffolds in the PSC literature. It is good to say that a more uniform perovskite layer
formation is applicable with a wide thickness in both of the scaffolds which improves the light
absorption of PSCs, thus lead an increase in efficiency [74].

Besides all, new kinds of small molecules as for HTM are continuously introduced to the
literature. For example, a Trux‐OMeTAD small molecule is reported where an excellent hole
mobility is achieved [90]. Here, the constructed PSC has given efficiency as close as to 19%.

4.3. Inorganic and polymer HTM

Inorganic HTMs: The inorganic HTMs are rather low cost materials; on the other hand, they
have progressed less in recent years due to the poor existence of such materials. The most
known inorganic HTMs are listed as CuI, CuSCN, and NiO with respective PCEs of around 6,
12, and 11%. These inorganic HTMs are evaluated in mesoporous‐type PSCs. The main
advantage is their stability yielding property in ambient conditions compared to the organic
HTMs. On the other hand, they yield a low‐quality performance compared to the organic
HTMs which makes them disadvantageous against others, as well.

Polymer HTMs: Compared to the inorganic counterparts, organic‐based HTMs have tunable
oxidization potentials and surface morphology. In addition, high Voc values can be attained
together with advanced HOMO levels [78, 91–93]. Basically, polymer HTMs have some
drawbacks related to filling the pores which was tested in solid‐state DSSCs before. Some kinds
of polymer HTMs are known to be PTAA, P3HT, and PANI. It has been shown that they have
generally good hole mobility and satisfies a better film formation. Among them, PTAA and
P3HT have yielded an efficiency level of around 12 and 6%, respectively [31]. The efficiency of
PTAA has later been reported to reach more than 16% using a mixed structure with perovskite
material [31, 94, 95]. There has been a study where P3HT is used together with carbon nanotube
and formed a novel composite [96] in which the conductivity of the new structure is increased
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more. Besides PTAA and P3HT, PANI is also known to satisfy a long‐term stable device, which
is tested through characterizations.

5. Film formation and stability

The optical and electrical properties of perovskite films show varieties depending on the film
formation conditions, such as atmospheric conditions and materials’ ratios, which affect the
device performance significantly. Up to the present time, several film techniques for fabrica‐
tions of perovskite have been reported. Generally, these are grouped as (1) solution process
and (2) vapor deposition process. The solution processes can be carried out either as a (a) one‐
step coating technique, or (b) sequential two‐step coating technique. The vapor deposition
processes are considered through two types of production as well, using (a) the dual‐source
evaporation process and (b) vapor‐assisted solution process (see Figure 6).

Figure 6. Fabrication of perovskite cells through (a) one‐step solution‐based, (b) two‐steps solution‐based, (c) two‐step
solution and deposition‐based, and (d) one‐step deposition‐based processes.

5.1. Solution processed methods

Two solution process methods have been developed in order to create perovskite film onto
substrates: (1) one‐step coating and (2) sequential (two‐step) coating methods.The first
deposition method is the most widespread film coating method for PSCs because of its ease
of processing and low production cost. In general, the precursor solution contains the mixture
of CH3NH3X (or other OMH perovskites) and PbX2 (where X: I, Br, Cl) at 1:1 or 3:1 molar ratios.
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This mixture is dissolved in a polar aprotic solvent, such as N,N‐dimethylformamide (DMF),
γ‐butyrolactone (GBL), or dimethyl sulfoxide (DMSO). Nevertheless, it is still a challenging
issue to form a homogeneous pinhole‐free perovskite film using the one‐step deposition
process. Therefore, the device efficiency is significantly reduced by a poorly coated perovskite
layer which causes decreased light absorption and also poor shunting path for charge recom‐
bination process [6, 97].

The second deposition method is another kind of solution‐based coating process for PSCs. This
is first introduced by Mitzi et al. [98], and first used by Burschka et al. [82] for PSC fabrication.
In this method, PbX2 is coated on TiO2 layer under optimal conditions that is adjusted through
spin‐coating speed and solution concentration. The optimal coating conditions should yield
full penetration of this material into the mesoporous layer. Subsequently, the perovskite layer
is obtained either by dipping the substrate into a solution of CH3NH3X/isopropanol [82] or by
spin‐coating of CH3NH3X molecules on to the substrate [99]. Here, the perovskite films coated
by using the two‐step process have a cuboid‐like crystal structure, while the one‐step method
provides a shapeless morphology. Among them the process can be much better controlled to
form perovskite morphology by using the two‐step method. Namely, better PbX2 confinement
into the nanoporous network of TiO2 is obtained using this method. Moreover, the two‐step
sequential coating process provides more uniform and dense perovskite films compared to
the single‐step coating process. Hence, high efficiency perovskite devices can be fabricated
using this process. In addition to all, the two‐step process is both well controlled and provides
a reproducible treatment.

In the two‐step coating process, the perovskite grain size can be controlled by changing molar
concentration of the CH3NH3X solution. Nevertheless, there are some drawbacks of this
coating method related to the trade‐off between surface smoothness and perovskite grain size.
The perovskite films which have larger grain size also have poor surface morphology which
may negatively affect the device efficiency.

The incomplete perovskite conversion is another challenging issue within the two‐step coating
process. This problem can be overwhelmed using some developed device engineering
techniques expressed in the study performed by Song et al. [100]. Recently, the PCE of a
perovskite SC has reached 20% through the second‐coating method [101].

5.2. Vapor deposition methods

One of the vapor deposition methods consists of a dual‐source evaporation process. The vapor
deposition method through using dual evaporation sources of PbCl2 and CH3NH3PbI3 was
first used by Snaith et al. These were realized for CH3NH3PbI3‐xClx‐based planar SCs. The
manufactured PSCs attained an efficiency level of 15% [84]. In this process, the dual sources
contain PbCl2 and CH3NH3PbI3. Here the two sources are simultaneously heated to about 120
and 325°C, respectively. Thereafter, the evaporated materials are codeposited onto the
TiO2/FTO substrate in a high vacuum chamber. The pinhole‐free and extremely uniform
perovskite films can be produced by using this method. However, since it is crucial to use high
vacuum for this method, thermal evaporation method is limited because of high cost, low
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thermal stability of sources, and unsuitability to mass production. Hence, only a few research
groups have published high efficiency PSCs using this method [102, 103].

The other vapor deposition method is called vapor‐assisted solution process. The vapor‐
assisted solution process is almost same as the two‐step solution process except an additional
modification. In this method, the first step of the two‐step solution process is applied initially.
Then, CH3NH3X is coated onto substrate by vapor deposition. This method provides better
grain size and surface morphology control through gas‐solid crystallization. In contrast, liquid‐
solid interactions, which occur in the two‐step coating process, may result in delamination of
the film. On the other hand, this deposition method allows uniform surface, large grains, and
full conversion to the perovskite structure. Nevertheless, this method is restricted by its long
processing time passed during the manufacture. For example, the gas‐solid reaction takes tens
of hours for the full conversion. With all that, the PSCs produced using this method could only
attain device efficiencies of up to 12% [104, 105].

5.3. The impact of film composition

The surface morphology of the perovskite film has an important effect on the device perform‐
ance. As mentioned above, high coverage and uniform crystallinity is required for high power
efficiencies. One of the most important effects that influence the surface morphology is the
composition of the perovskite films.

In order to increase PSC efficiency, mixed‐halide perovskite films have been studied by
modifying their film compositions [30]. For instance, a perovskite layer of (NH2CH =
NH2PbI3)1‐x, (CH3NH3PbBr3)x was used in a SC device. Here, in order to examine the influence
of the perovskite materials’ composition on the device performance, the proportion of
MAPbBr3 in the FAPbI3 was altered. When the composition value is kept at x = 0.15, an
extremely smooth morphology with EQE > 80% is attained without any noticeable pinholes
[106]. Another perovskite film material MAPbI3‐xClx was also studied to examine the effect of
the chlorine composition on morphology and device performance. It is reported that chlorine
allows lower temperature thermal annealing, therefore, it results in reduced pinholes and
voids [107, 108].

5.4. The stability of perovskite solar cells

The stability of PSCs is the most critical issue to obtain high performance devices. The stability
issues can be related to both perovskite material and SC devices. In order to resolve the related
problems and to develop effective strategies, physicochemical processes occurred during the
perovskite degradation should be understood. We note that the comparison of stability testing
results taken from different studies generally become a challenging issue due to different
experimental conditions, such as light intensities, humidity level, temperature, and atmos‐
pheric conditions [17].

Air stability: The two molecules in the air, H2O and O2, negatively affect the stability of PSCs.
Perovskite film color can change from brown to yellow. In order to obtain air stable perovskite
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devices, the degradation process should be clearly understood where there are few reports
about the effects of O2 on perovskite films. According to the study about the degradation
mechanism of the perovskite under water [109], it is shown that the hydrolysis reaction of
CH3NH3PbI3 arises under humid condition.

Photo‐stability: The mesoporous TiO2 layer in the device is preferred in order to easily transport
photo‐generated electrons. On the other hand, TiO2 is inherently sensitive to ultraviolet light,
which may cause degradation in PSCs. The instability of encapsulated and nonencapsulated
perovskite devices was investigated through considering the device efficiency by Snaith et al.
[110], and it is showed that the degradation of the first‐type device occurs faster than that of
the second type. Nevertheless, the first device has given a more stable condition in the lack of
UV light. In order to overcome this photo‐instability due to the TiO2 layer, the respective
authors suggest some methods such as pacifying the trap states, replacing the TiO2 layer with
other materials, and avoiding UV light from the TiO2 layer. For example, stability at over 1000
hours at 40°C is accomplished when mesoporous Al2O3 is used instead of TiO2 layer in the PSC
device. Nonetheless, the PCE was decreased to around by half of its first value after the first
200 hours. A continuing reduction is also observed in both Voc and FF values.

Thermal stability: Thermal stability is an issue regarding both perovskite material and in HTM
layer. The intrinsic thermal instability of a perovskite material was reported in the literature
[111], and it is showed that even though the film was maintained in an inert condition, the
degradation of perovskite is seen at 85°C. It means that the SCs may not be used properly in
cases where the SC temperature exceeds this temperature level.

6. Summary

Perovskite has been the most initiative and promising material in terms of energy harvesting
among organic, inorganic, and organic‐inorganic SCs [8]. In case the difficulties, which are
mainly about stability, are overcome, the humanity would face to a new and affordable solar
energy harvester for future use. Therefore, the novelties in PSC technology attract a large
amount of attention in our recent world due to its significance on its effectiveness on electricity
production from free and abundant sunlight.

The main prospects for the future cover the strategies in terms of reducing the band gap,
enhancing the light absorption capacity, and improving the conversion efficiency. In addition,
exposing the charge transport properties and improving interfacial engineering methods in
device fabrication are important. Especially, the chemistry work on chemical composition has
great value. Hence, the lion’s share for future work should be explaining the photo‐physical
mechanism of solid‐state SCs with respect to different chemicals.

Unfortunately, the present information obtained on “how PSCs operate?” is rather insufficient
at least for now. Because the complete working principle is not well explained [18, 19].
Therefore, deriving novel clues on (1) light absorption, (2) charge separation, (3) charge
transport, and (4) charge collection are needed during research since these four key issues are
general SC parameters to identify the principal working of solar conversion process.
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mainly about stability, are overcome, the humanity would face to a new and affordable solar
energy harvester for future use. Therefore, the novelties in PSC technology attract a large
amount of attention in our recent world due to its significance on its effectiveness on electricity
production from free and abundant sunlight.

The main prospects for the future cover the strategies in terms of reducing the band gap,
enhancing the light absorption capacity, and improving the conversion efficiency. In addition,
exposing the charge transport properties and improving interfacial engineering methods in
device fabrication are important. Especially, the chemistry work on chemical composition has
great value. Hence, the lion’s share for future work should be explaining the photo‐physical
mechanism of solid‐state SCs with respect to different chemicals.

Unfortunately, the present information obtained on “how PSCs operate?” is rather insufficient
at least for now. Because the complete working principle is not well explained [18, 19].
Therefore, deriving novel clues on (1) light absorption, (2) charge separation, (3) charge
transport, and (4) charge collection are needed during research since these four key issues are
general SC parameters to identify the principal working of solar conversion process.
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The PSC is mostly accompanied with a HTM layer. In view of the available HTMs, the inorganic
ones are rather less progressed reaching an applied efficiency of 11%. On the other hand, these
applications are promising in view of their improved stability against ambient conditions. With
respect to these, polymeric HTMs offer tunable oxidization potential and better surface
morphology. In addition, the researchers also attained advanced HOMO levels [78, 91–93]. The
efficiency of polymer HTMs‐based SCs is reported to reach more than 16% [31, 94, 95]. The
third kind of HTMs is small molecules. Among these, spiro‐OMeTAD has been the most used
HTM in PSCs till now since it has already been evaluated in solid‐state DSSCs and OLED
devices [67, 83, 112] (that is, spiro‐OMeTAD has already been a standard HTM for researchers).
The use of hybrid lead halide with spiro‐OMeTAD‐based HTM is reported to give an efficiency
of around 15% PCE [82, 84]; however, the cost of spiro‐OMeTAD remains high due to its
difficult synthesis process. Therefore, novel small molecules should be designed and synthe‐
sized in order to develop cost‐effective PSC devices.

We note that PSCs evolved rapidly and the semiconducting phenomena occurred within the
cell remained shaded until now. Hence, the semiconducting behavior is continuously investi‐
gated benefitting from the current‐voltage characteristics of SCs in some research groups [113].
Deriving an increased efficiency level in PSCs is also related to the way how deposition is
carried out. The perfection within the selected coating method is also important [114, 115].
Besides all discussion presented here, we note that the use of completely wet processing
method during the production of SCs is especially important for an easy fabrication. Therefore,
studies made on “all‐solution production process” are highly valuable since vacuum produc‐
tion is expensive and highly energy dependent [116].
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Nanostructured solar cells are very important in renewable energy sector as well 
as in environmental aspects, because it is environment friendly. The nano-grating 

structures (such as triangular or conical shaped) have a gradual change in refractive 
index which acts as a multilayer antireflective coating that is leading to reduced 

light reflection losses over broadband ranges of wavelength and angle of incidence. 
There are different types of losses in solar cells that always reduce the conversion 

efficiency, but the light reflection loss is the most important factor that decreases the 
conversion efficiency of solar cells significantly. The antireflective coating is an optical 

coating which is applied to the surface of lenses or any optical devices to reduce the 
light reflection losses. This coating assists for the light trapping capturing capacity 

or improves the efficiency of optical devices, such as lenses or solar cells. Hence, the 
multilayer antireflective coatings can reduce the light reflection losses and increases 

the conversion efficiency of nanostructured solar cells.
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