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wide geographical areas in contrast to other energy sources that are concentrated in a limit‐
ed number of countries. Rapid deployment of renewable energy and energy efficiency and
technological diversification of energy sources would result in significant energy security
and economic benefits.

Solar power is the conversion of energy from sunlight into electricity, either directly using
photovoltaic (PV) or indirectly using concentrated solar power, or a combination of both.
Concentrated solar power systems use lenses or mirrors and tracking systems to focus a
large area of sunlight into a small beam. Photovoltaic cells convert light into an electric cur‐
rent using the photovoltaic effect. Photovoltaic materials include silicon (most prominent),
semiconductor compounds (thin film), and combinations thereof in multi-junction cells.
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1. Spectral characteristics of solar radiation

Solar radiation is a radiant energy emitted by the Sun as a result of its nuclear fusion reactions. 
Spectral characteristics of solar radiation, both external to the Earth’s atmosphere and at the 
ground, can be seen in Figure 1. Over 99% of the energy flux from the Sun is in the spectral 
region of 0.15–4 μm, with approximately 50% in the visible light region of 0.4–0.7 μm. The 
total amount of energy emitted by the Sun and received at the extremity of the Earth’s atmo-
sphere is constant, that is, 1370 W/m2/s. The amount of energy received per unit area of the 

Figure 1. Spectral distribution of radiation intensity [1].
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Earth’s surface is 343 W/m2/s. The standard spectrum for space applications is referred to as 
AM0. It has an integrated power of 1366.1 W/m2. Two standards are defined for terrestrial use: 
(1) the AM1.5 global spectrum is designed for flat plate modules and has an integrated power of 
1000 W/m2 and (2) the AM1.5 direct spectrum is defined for solar concentrator work. It includes 
the direct beam from the Sun and the circumsolar component in a disk of 2.5° around the sun. 
The direct and circumsolar spectra have an integrated power density of 900 W/m2 (Figure 1).

2. History of photovoltaic effect

The photovoltaic effect was discovered in 1839 by the French physicist, Alexandre Edmond 
Becquerel. While experimenting with metal electrodes and electrolyte, he discovered that con-
ductance increases with illumination. Willoughby Smith discovered the photovoltaic effect in 
selenium in 1873. Albert Einstein described the phenomenon in 1904. The first silicon mono-
crystalline solar cell was constructed in 1941. In 1951, the first germanium solar cells were 
made. Bell’s Laboratories published the results of the solar cell operation with 4.5% efficiency. 
The efficiency was increased to 6% within a few months. In 1957, Hoffman Electronics intro-
duced a solar cell with 8% efficiency. A year later, in 1958, the same company introduced a solar 
cell with 9% efficiency. The first radiation-proof silicon solar cell was produced for the pur-
poses of space technology in the same year. In 1960, Hoffman Electronics introduced another 
solar cell with 14% efficiency. In 1977, the world production of photovoltaic modules exceeded 
500 kW. In 1984, ARCO Solar introduced the first amorphous modules. In 1985, researchers at 
the University of New South Wales in Australia constructed a solar cell with more than 20% 
efficiency. In 1996, BP Solar purchased APS announced a commercial CIS solar cells produc-
tion. During 2000 and 2001, the production by Japanese manufacturers increased significantly.

3. Solar cell structure

When a solar cell is illuminated by sunlight, photon energy of the incident light is converted 
to direct current electricity through the process of photovoltaic effect of the solar cell. Incident 
light causes electron–hole pairs to be generated in the semiconductor, and there is an increase 
in the concentration of minority carriers (electrons in the p-type region and holes in the n-type 
region) in the depletion region. This increase in the concentration of minority carriers results 
in the flow of the minority carriers across the depletion region into the quasineutral regions. 
These photo-generated carriers cause the flow of photo-generated current. When the junction 
is in the open-circuit condition, no net current can flow inside the p-n junction; thus, the cur-
rent resulting from the flux of photo-generated and thermally generated carriers is balanced 
by the opposite recombination current (Figure 2).

If a load is connected between the electrodes of the illuminated p-n junction, some fraction 
of the photo-generated current will flow through the external circuit. The potential difference 
between the n-type and p-type regions will be lowered by a voltage drop over the load. Also, 
the electrostatic potential difference over the depletion region will be decreased, which results 
in an increase in the recombination current [2].

Solar Panels and Photovoltaic Materials2

4. Basic structure of a solar cell

Most solar cell technologies [3] have:

• Anti-reflecting coating (ARC), which is a very important part in solar cell fabrication. It is 
usually sprayed over bare silicon cell because silicon has a high surface reflection.

• Front contacts that are necessary to collect the current generated by a solar cell. They are 
usually made of metals.

• An emitter that absorbs the incoming photons and transports their energies to the excited 
state of charge carries. Pentavalent-doped silicon (n-type) has a higher surface quality than 
trivalent doped silicon (p-type), so it is placed at the front of the cell, where majority of the 
light is absorbed.

• In p-n junction, in its simplest form, the base (p-type) region is joined at a junction with 
emitter (n-type) region leading to majority electrons in the n-type side close to the junc-
tion to diffuse of to the p-type side and majority hole from the p-type to diffuse n-type 
side.

• Rear contact is a less important than the front contact because it is much way from the junc-
tion and does not need to be transparent.

5. Equivalent circuit of a solar cell

To understand the electronic behavior of a solar cell, it is useful to create a model, which 
is electrically equivalent and is based on discrete electrical components whose behavior is 
well known. An ideal solar cell may be modeled by a current source in parallel with a diode; 

Figure 2. Incident light on a typical PN solar cell.
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in practice, no solar cell is ideal, so a shunt resistance and a series resistance component are 
added to the model (Figure 3) [4, 5].

5.1. Characteristic equation

From the equivalent circuit, it is evident that the current produced by the solar cell is equal to 
that produced by the current source, minus that which flows through the diode, minus that 
which flows through the shunt resistor:

  J =  J  ph   −  J  s   −  J  sh    

where J is the output current, Jph is the photo-generated current, Js is the diode current, and Jsh 
is the shunt current.

The current through these elements is governed by the voltage across them:

Vj = V + JRS

where Vj is the voltage across both diode and resistor Rsh and V is the voltage across the out-
put terminals.

By the Shockley diode equation, the current diverted through the diode is:

   J  s   =  J  0   [exp  (  
V + J  R  s   _____ n  V  T    )  − 1]   

where J0 is the diode reverse saturation current (A), RS is the series resistance (Ω), Rsh is the 
shunt resistance (Ω) and n is the diode ideality factor. Here, the shunt current is:

   J  sh   =   
 (V + J  R  s  )  ______  R  sh  

    

Combining this and above equations results in the complete governing equation for the sin-
gle-diode model:

  J =  J  ph   −  J  0   [exp  (  
V + J  R  s   _____ n  V  T    )  − 1]  −   

 (V + J  R  s  )  ______  R  sh  
    

Figure 3. The equivalent circuit of a solar cell.
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The output power is given by:

  P = V ( J  ph   −  J  0   [exp  (  
V + J  R  s   _____ n  V  T    )  − 1]  −   

 (V + J  R  s  )  ______  R  sh  
  )   

5.2. Solar cell characteristics in practice

The J-V characteristic of a solar cell in practice usually differs to some extent from the ideal 
characteristic. The solar cell may also contain series (Rs) and parallel (or shunt, Rp) resistances, 
leading to a characteristic of the form where the light-generated current Jph may, in some 
instances, depend on the voltage, as we have already noted (Figure 4) [6].

5.3. Fill factor

As always in electrical engineering, optimal power output requires a suitable load resistor 
that corresponds to the ratio (Vm/Jm). Vm and Jm are, by definition, the voltage and current at 
the optimal operating point, and Mpp is the maximum achievable power output [7]. We now 
form the ratio of peak output (Vm. Jm) to the variable (Voc.Jsc) and call this ratio the fill factor 
(FF) of a solar cell:

  FF =   
 V  m   .  J  m  

 _____  V  oc   .  J  sc  
    

5.4. Efficiency

The efficiency of a solar cell is defined as the ratio of the photovoltaic-generated electric out-
put of the cell to the luminous power falling on it [8]:

  η =    
 V  m   .   J  m  

 _____  P  light  
   =     

FF .  V  oc   .  J  sc   ________  P  light  
    

The silicon solar cells have dominated the PV market for so many years. They have been 
produced to be used for both research and commercial purposes. They have dominated the 

Figure 4. The superposition principle for solar cells.
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market because of the abundance of silicon, nontoxicity, module efficiency, and excellent cell 
stability. There are various levels of skills for production of the evaluated technologies (mono-
crystalline [9], polycrystalline [10–13], amorphous [14], and inorganic and organics cells). The 
current operating data of the evaluated cells in their module state are compared in Table 1. 
These data were measured under the global AM1.5 spectrum (1000 W/m2) at 25°C.
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Abstract

The installations of photovoltaic (PV) solar modules are growing extremely fast. As a
result of the increase, the volume of modules that reach the end of their life will grow at
the same rate in the near future. It is expected that by 2050 that figure will increase to 5.5–6
million tons. Consequently, methods for recycling solar modules are being developed
worldwide to reduce the environmental impact of PV waste and to recover some of the
value from old modules. Current recycling methods can recover just a portion of the
materials, so there is plenty of room for progress in this area. Currently, Europe is the only
jurisdiction that has a strong and clear regulatory framework to support the PV recycling
process. This review presents a summary of possible PV recycling processes for solar
modules, including c-Si and thin-film technologies as well as an overview of the global
legislation. So far, recycling processes of c-Si modules are unprofitable but are likely to be
mandated in more jurisdictions. There is potential to develop new pathways for PV waste
management industry development and offer employment and prospects for both public
and private sector investors.

Keywords: recycling, life-cycle, photovoltaic, waste, end-of-life

1. Introduction

Photovoltaic (PV) solar modules are designed to produce renewable and clean energy for
approximately 25 years. The first substantial PV installations happened in the early 1990s and
since early 2000s solar PV electricity distribution has grown extremely fast [1].
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The cumulative worldwide PV generation capacity reached 302 GW in the end of 2016 [2] and
the predominant technology (90% of the market) is crystalline silicon (c-Si) cells [3]. Also,
during the last years there were several advances on renewable energy in general, including
significant price decline and a constant increase in attention to environmental impacts from
energy sources [4, 5]. Furthermore, the International Technology Roadmap for Photovoltaic
(ITRPV) prediction for the installed PV capacity in 2050 is 4500 gigawatts [6].

As a result of the increase in the global market for PV energy, the volume of modules that reach
the end of their life will grow at the same rate in the near future. At the end of 2016, the
cumulative global PV waste reached 250,000 metric tons, while it is expected that by 2050 that
figure will increase to 5.5–6 million tons [7].

Much PV waste currently ends up in landfill. Given heavy metals present in PV modules, e.g.
lead and tin, this can result in significant environmental pollution issues. Furthermore, valu-
able metals like silver and copper are also present, which represents a value opportunity if
they can be recovered. Hence, the landfill option cerates additional costs and it does not
recover the intrinsic values of the materials present in the PV modules.

Hence, methods for recycling solar modules are being developed worldwide to reduce the
environmental impact of end-of-life modules and to recover some of the value from old PV
modules. However, current recycling methods are mostly based on downcycling processes,
recovering only a portion of the materials and value, so there is plenty of room for progress in
this area. Moreover, currently only Europe has a strong regulatory framework in place to
support recycling, but other countries are starting to build specific frameworks related to PV
waste. It’s clear that sustainable development of the PV industry should be supported by
regulatory frameworks and institutions across the globe, which is not the case at the moment.
There must be adequate management policies for photovoltaic modules when they reach their
end-of-life (EoL) or when they are not able to produce electricity any longer.

As mentioned above, the European Union (EU) provides a legislative framework for extended
producer responsibility of PV modules in European scale through the Waste Electrical and
Electronic Equipment (WEEE) Directive 2012/19/EU [8]. The main objectives of this policy are
to preserve, protect and improve the quality of the environment, to protect human health and
to utilize natural resources prudently and rationally. Since February 2014, the collection, trans-
port and recycling of PV modules that reached their EoL is regulated in every EU country [8].

On the other hand, countries with fast expanding PV markets such as China [9], Japan [10],
India [11], Australia [12] and USA [13] still lack specific regulations for EoL PV modules. These
countries treat PV waste under a general regulatory framework for hazardous and non-
hazardous solid waste or WEEE. However, there are some exceptions.

In 2012 the Japanese government introduced a “feed-in tariff” [14] that guaranteed the rate for
electricity generated from renewable energy and exported to the grid, which supported rapid
growth of solar module installation in the country. Once all the installed capacity starts
reaching EoL (within 20–30 years) they will create a significant waste problem for Japan. In
late 2017, the Japan Photovoltaic Energy Association (JPEA) has published voluntary guide-
lines on how to properly dispose of EoL photovoltaic modules. Also, manufacturers, importers
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and distributors of photovoltaic modules have been invited to provide information on the
chemical substances contained in the product and to inform the waste disposal companies.
JPEA strongly recommend that industry follow the guidelines [15].

In USA, some states go beyond the Resource Conservation and Recovery Act which regulates
hazardous and non-hazardous waste management [13]. California, for example, has additional
threshold limits for hazardous materials classification based on the Senate Bill 489 that catego-
rizes end-of-life PV modules as Universal Waste (facilitating easy transport). This bill is cur-
rently pending United States Environmental Protection Agency approval [16].

In Australia, governments have recognized the significance of guaranteeing that regulations
are in place to deal with the PV waste issue. Ministers agreed that the state of Victoria would
lead innovative programs that seek to reduce the environmental impacts caused throughout
the lifecycle of photovoltaic systems. These efforts are part of an industry-led voluntary
product management arrangement to address the potential emerging risks of PV systems and
their waste. PV modules are listed under the National Product Administration Act to signal the
intention to consider a scheme to deal with such waste [17].

The non-inclusion of PV residues in waste legislation in some countries is due to different
reasons. Solar modules have a lifespan of up to 25–30 years [18] and so there has been limited
interest in investigating the aspects of EoL so far. Moreover, the quantity of this type of waste is
still considered insignificant compared to the quantity of other WEEE [19], which currently
makes setting up specific recycling plants for solar modules uneconomical. In addition, the
definition of mandatory requirements for EoL treatment could still be an obstacle to the
effective acceptance of these recycling processes [20]. Because of that, there should be a
continuous focus on scientific evidences on the potential impacts and benefits related to the
treatment of photovoltaic residues.

Furthermore, recycling processes for all the different PV technologies are not yet well devel-
oped. The processes are well developed for mono or multicrystalline silicon. FirstSolar [21] has
an established recycling process for CdTe, but for other thin films there are still room for
improvements. and are being tested and for generation 3 (new materials [22]) the recycling
technologies are not well developed yet.

Only about 10% of PV modules are recycled worldwide. The main reason for that is the lack of
regulation. Actually, it has been shown that, for the current recycling technologies, silicon-
based modules do not have enough valuable materials to be recovered and the cost of the
recycling process is always higher than the landfill option (not considering the externalities),
making recycling an economically unfavorable option [23]. However, the prediction for 2050 is
that the recoverable value could cumulatively exceed 15 billion US dollars (equivalent to 2
billion modules, or 630 GW) [7]. In addition, the recycling of solar PV modules can ensure the
sustainability of the long-term supply chain [24], thereby increasing the recovery of energy and
embedded materials and, also, reducing CO2 emissions and energy payback time (EPBT)
related to this industry.

For years, the PV industry and researchers have worked intensively in search of different types
of efficient and cost-effective materials to manufacture solar PV modules and specific ways of
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keeping them adequately bonded to withstand several years of outdoor exposure. The mod-
ules are made to minimize the amount of moisture that can come in contact with the solar cells
and their contacts while keeping manufacturing costs down. The current standard c-Si module
is bonded using two layers of EVA to bond the layers together. Because of that, recycling solar
modules is a relatively complex task, since these materials need to be separated. Once the
materials/layers of a solar module can be separated, metals such as lead, copper, gallium,
cadmium, aluminum and silicon can be recovered and reused in new products.

Originally created by PV CYCLE in 2007 and commercially available in Europe, the process of
recycling mono or multicrystalline silicon modules begins with the separation of the alumi-
num frame and the junction boxes and then a mechanical process is used for the extraction of
the remaining materials of the module (a process similar to recycling of glass or electronic
waste). The problems with this process are that the value of the material recovered is low (as it
is a downcycling process) and that the maximum amount of recovered materials is about 80%,
which is not sufficient for future requirements, and the value of recovered materials is smaller
than the original [25]. Thin film processes are under development or near implementation in
Italy, Japan and South Korea but costs are not yet competitive. Even up to 90% recovery of
materials is not sufficient when compared to production costs [26]. Lastly for recycling pro-
cesses aiming to generate new materials, the aim is to keep the materials intact for reuse or
direct recycling, recovering the frame, glass, tabbing and solar cells without breakages and in
good condition. The recovery rates can achieve up to 95% and the materials recovered have
higher commercial value. However, these processes are complex and are currently just at
laboratory scale, being studied by a few research groups [27].

Even with the difficulty of recovering rare, toxic and valuable materials from solar modules,
the recycling process has a remarkable environmental advantage [28]. Nevertheless, the need
to recycle this type of waste is imminent. The better knowledge of these technologies and
growth on the waste amounts that could generate profitable outcomes has supported the
development of the first PV recycling plants. Hence, PV manufacturing companies (e.g. First
Solar, Pilkington, Sharp Solar, and Siemens Solar) are investing in the research on solar
modules at EoL [29].

The challenges to design the ideal PV recycling process are many. The focus should be on the
avoidance of damage to the PV cells and module materials, economic feasibility, and high
recovery rate of materials that have some monetary value or are scare or are hazardous, that
can be reused in the supply chain. Finally, the next step for the industry and researchers is to
create module designs that are “recycling-friendly” [29].

2. Photovoltaic technologies

2.1. Crystalline silicon technology

Crystalline Si (c-Si) technologies dominate the current market share of PV modules (more than
90%). The aluminum back surface field (Al-BSF) [30] is the current industry standard technology
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but the passivated emitter and rear cell (PERC) [31] is gaining importance in the world market
and is expected to replace the Al-BSF technology in the future [3]. The heterojunction (HIT) cells
are also expected to gain some space with predictions of 15% of the total market share by 2027
[7]. Besides that, Si-based tandem solar technologies are expected to appear in mass production
after 2019 [7].

There are different cell structures for crystalline silicon-based PV cells [32]. The cells are
electrically interconnected (with tabbing), creating a string of cells in series (60 or 72 cells are
standard numbers used) and assembled into modules to generate electricity (Figure 1).

A typical crystalline silicon (c-Si) PV module contains approximately 75% of the total weight is
from the module surface (glass), 10% polymer (encapsulant and backsheet foil), 8% aluminum
(mostly the frame), 5% silicon (solar cells), 1% copper (interconnectors) and less than 0.1%
silver (contact lines) and other metals (mostly tin and lead) [33]. The rest of the components
have a small percentages of the module weight [29, 34].

The EU directive [8] established recycling targets in terms of module weight and also expresses
the intention to increase the collection rates to allow the progressive recycling of more material
and less to be landfilled. Even with targets aiming for 65% recycling product weight, some of
the current studied recycling processes can recycle over 80% of the weight of a PV module
(Figure 2). However there is still incentive to improve, considering that most of the weight is
from glass and frame, which are relatively easy to remove, depending on the recycling process.

2.2. Thin-film technologies

Thin-films represent less than 10% of the total PV industry [3]. The currently dominant tech-
nologies are cadmium telluride (CdTe), copper indium gallium selenide (CIGS) and amor-
phous silicon (a-Si) with, approximately, 65%, 25% and 10% of the total thin-film market
share, respectively [35].

Figure 1. Silicon solar module basic structure [32].
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modules at EoL [29].
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recovery rate of materials that have some monetary value or are scare or are hazardous, that
can be reused in the supply chain. Finally, the next step for the industry and researchers is to
create module designs that are “recycling-friendly” [29].

2. Photovoltaic technologies

2.1. Crystalline silicon technology

Crystalline Si (c-Si) technologies dominate the current market share of PV modules (more than
90%). The aluminum back surface field (Al-BSF) [30] is the current industry standard technology

Solar Panels and Photovoltaic Materials12

but the passivated emitter and rear cell (PERC) [31] is gaining importance in the world market
and is expected to replace the Al-BSF technology in the future [3]. The heterojunction (HIT) cells
are also expected to gain some space with predictions of 15% of the total market share by 2027
[7]. Besides that, Si-based tandem solar technologies are expected to appear in mass production
after 2019 [7].

There are different cell structures for crystalline silicon-based PV cells [32]. The cells are
electrically interconnected (with tabbing), creating a string of cells in series (60 or 72 cells are
standard numbers used) and assembled into modules to generate electricity (Figure 1).

A typical crystalline silicon (c-Si) PV module contains approximately 75% of the total weight is
from the module surface (glass), 10% polymer (encapsulant and backsheet foil), 8% aluminum
(mostly the frame), 5% silicon (solar cells), 1% copper (interconnectors) and less than 0.1%
silver (contact lines) and other metals (mostly tin and lead) [33]. The rest of the components
have a small percentages of the module weight [29, 34].

The EU directive [8] established recycling targets in terms of module weight and also expresses
the intention to increase the collection rates to allow the progressive recycling of more material
and less to be landfilled. Even with targets aiming for 65% recycling product weight, some of
the current studied recycling processes can recycle over 80% of the weight of a PV module
(Figure 2). However there is still incentive to improve, considering that most of the weight is
from glass and frame, which are relatively easy to remove, depending on the recycling process.

2.2. Thin-film technologies

Thin-films represent less than 10% of the total PV industry [3]. The currently dominant tech-
nologies are cadmium telluride (CdTe), copper indium gallium selenide (CIGS) and amor-
phous silicon (a-Si) with, approximately, 65%, 25% and 10% of the total thin-film market
share, respectively [35].

Figure 1. Silicon solar module basic structure [32].
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Thin-film solar cells were developed with the aim of providing low cost and flexible geome-
tries, using relatively small material quantities. CdTe, CIGS and a-Si are the main technologies
for thin-film PV modules [36]. CdTe is the most widely used thin-film technology. It contains
significant amounts of cadmium (Cd), an element with relative toxicity, which presents an
environmental problem that has been studied worldwide [37, 38]. CIGS has a very high optical
absorption coefficient because it is a direct band gap material (can be tuned between 1.0 and
2.4 eV by varying the In/Ga and Se/S ratios [39]) and efficiency of approximately 15.7 � 0.5%
for high bandgap [40]. A-Si has low toxicity and cost but also low durability and it is less
efficient compared with the other thin-film technologies [41]. Current projections expect the a-
Si module market to disappear in the near future, since they cannot compete on costs or
efficiency [3].

Basically, thin-film modules consist of thin layers of semiconducting material (CdTe, CIGS or
a-Si) deposited on a substrate (glass, polymer or metal) (Figure 3).

Figure 2. Total collection rate for WEEE in 2014 as a percentage of the average weight of EEE put on the market in the
three preceding years (2011–2013) [8].

Figure 3. Thin-film solar module basic structures [36].
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3. Photovoltaic recycling technologies

PVmodules are largely recyclable. Materials such as glass, aluminum and semiconductors can,
theoretically, be recovered and reused. Hence it is vital that consumers, industry and PV
producers take responsibility for the EoL of these modules. So far, the most common methods
for recycling c-Si PV modules are based on mechanical, thermal and chemical processes.

Although thin-film solar cells use far less material than c-Si cells, there are concerns about the
availability and toxicity of materials such as tellurium (Te), indium (In), and cadmium (Cd), for
example. Furthermore, the production processes also generates greenhouse gases emissions
during some reactor-cleaning operations. Because of these issues, it is very important to focus
on the recycling of PV modules for all the technologies.

PV Cycle is a not-for-profit organization which goal is to manage PV waste through their
waste management programme for solar PV technologies [42]. PV Cycle was the first to
establish a PV recycling process and PV waste logistics throughout the EU. In 2016 their
process of recycling PV achieved a record recycling rate of 96% for c-Si PV modules (fraction
of solid recycled) [25], which is a percentage that surpasses the current European WEEE
standards. The process begins with the removal of the cables, junction box and frame from
the PV module. Then, the module is shredded, sorted and separated. The separation of the
materials allows them to be sent to specific recycling processes associated with each material.
The summary of this process is shown in Figure 4.

FirstSolar [21] developed a recycling process for CdTe modules. The company manages the
collection and transportation of EoL modules to the recycling centre; however, the recycling
process itself must be financed. This is made by setting aside funds by the company itself at the
time of the module sale, which also happens with WEEE. The summary of this process is
shown in Figure 5.

The recycling process starts with the shredding of the modules into large pieces and subse-
quently in to small fragments (5 mm or less) by a hammer mill. During the next 4–6 h the
semiconductor films are removed in a slow leaching drum. The remaining glass is exposed to a
mixture of sulfuric acid and hydrogen peroxide aiming, to reach an optimal solid–liquid ratio.
After that process, the glass is separated again. The next step is to separate the glass from the
larger ethylene vinyl acetate (EVA) pieces, via a vibrating screen. The glass is cleaned and sent
to recycling. Sodium hydroxide is used to precipitate the metal compounds, after which they
are sent to another company where they can be processed to semiconductor grade raw mate-
rials for use in new solar modules. This process recovers 90% of the glass for use in new
products and 95% of the semiconductor materials for use in new solar modules [21].

Figure 4. Summary of PV cycle recycling process for c-Si modules [25].
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Also, for recycling CdTe modules, ANTEC Solar GmbH designed a pilot plant with a similar
technology to the First Solar process. It starts with a physical fragmentation of the modules.
After that, these small pieces are exposed to an atmosphere containing oxygen at 300�C. These
conditions result in the delamination of the EVA. Subsequently, these fragments are taken to a
400�C atmosphere containing chlorine gas which causes an etching process. This step of the
process generates CdCl2 and TeCl4 that are condensed and precipitated afterwards [43]. The
summary of this process is shown in Figure 6.

A company that has a well stablished c-Si recycling process is the SolarWorld [44]. This
company started recycling in 2003 with a pilot plant using a thermal process. Today, the take-
back of modules is organized via a “bring-in” system [44]. Their process is based on a thermal
process, which starts by pyrolising the modules. During this process, the plastic components
are burnt at 600�C. The solar cells, glass and metals are separated manually after that. The
glass and some metals are sent to other companies for recycling and the solar cells can be
turned into wafers again. The outcomes of this process are the recovery of more than 84% of
the module weight, being 90% of the glass and 95% of the semiconductor materials [44]. This
process can recover up to 98% unbroken cells depending on the conditions of the module and
the thickness of the cells. The summary of this process is shown in Figure 7.

A pilot project was funded by the Japanese Government via the New Energy and Industrial
Technology Development Organization (NEDO). The recycling process for Si or CIS is based
on pyrolysis of the polymers in a furnace. The process starts with the removal of the frames
and the backsheet foil before the thermal process begins. After that, for CIS only, the EVA resin

Figure 6. Summary of ANTEC solar GmbH recycling process for CdTe modules [43].

Figure 5. Summary of first solar recycling process for CdTe modules [21].
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is burned and the CIS layer is grated. For the c-Si modules, the semiconductor materials are
recovered as well as the glass cullet [45]. The summary of these processes is shown in Figure 8.

In 2014 the Environment Ministry of Japan, through NEDO, together with private companies,
began working on new technologies to pry the PV modules apart. The new technology
appeared to solve a clear problem, the firm attachment of the glass and the cells to the EVA,
and the consequent difficulty to separate them simply by smashing them to pieces and sorting
them out [46].

NPC incorporated is one of the companies that make solar module recycling equipment. The
process, called the “hot knife method”, can separate the cells of a module from the glass in
about 40 seconds. It places the module between two rollers, which move it along and hold it
steady until it runs into a 1 meter-long steel blade (“hot knife”) that is heated to 180–200�C and
slices the cell and the glass apart (Figure 9) [46].

In Japan, the scrap glass can be sold for 0.5–1 Yen/kg. At that price, the 10–15 kg of glass in a solar
module is worth about 15 Yen (approximately 0.14 US D). Their goal was to develop a recycling
technology that can cost less than 5 yen/watt (1000 yen for a 200-watt module, not including
transportation cost) by the end of April 2018, which they already did by January 2018 [46].

Furthermore, some innovative treatment processes for recycling PV solar modules have been
developed.

Loser Chemie has some collection points from where they gather several types of photovoltaic
systems (c-Si, CdTe, CIGS and GaAs). The company has developed and patented original

Figure 7. Summary of SolarWorld recycling process for Si modules [44].

Figure 8. Summary of NEDO recycling process for Si modules (pilot project).

Figure 9. Summary of “hot knife” recycling process for PV modules [46].
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processes using mechanical and chemical treatment to recycle solar cells [47]. The first step is
to crush and separate the materials mechanically. In the next stage, they use chemical treat-
ment to recover the semiconductor metals. After that, the aluminum metallisation is also
recovered and can be used for producing wastewater treatment chemicals as aluminum oxide
[47]. The summary of these processes is shown in Figure 10.

Reclaim PV has teamed up with major solar module manufacturers who distribute in Australia
and is refining its processes. The company is developing a process of reclaiming efficient cells
from damaged solar modules. Their cell recycling system is able to extract efficient compo-
nents (but not unbroken cells) from end-of-life solar modules in order to develop new green
products or be reintroduced into the PV industry as new solar modules [48].

4. Photovoltaic recycling technologies studied worldwide

Table 1 summarizes the recycling possibilities for silicon solar modules, as well as the advan-
tages and disadvantages of each process.

Studies show that the impurity levels are an important issue during the recycling processes.
For example, high temperature thermal processes and mechanical processes can create impu-
rities. Also, low temperature processes that are used with specific mechanical or chemical steps
can generate impurities as well. Hence, the ideal outcome can only be achieved with a combi-
nation of thermal, chemical or metallurgical steps [29, 61]. Once materials can be recovered
without impurities, then they will have a higher market value, which is one of the main
obstacles to the growth of the PV recycling industry with the current technologies.

An overview of possible thin-film recycling processes is show in Table 2.

The large-scale recycling of thin-film PV modules is well advanced and, as well as the Si solar
cells, thin-film PV modules are currently processed and recycled using a combination of
mechanical and chemical treatments to achieve meaningful outcomes.

Figure 10. Summary of loser Chemie recycling process for PV modules (pilot project).
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Process Advantages Disadvantages Status Ref.

Organic solvent dissolution • Easy access to the EVA
• Less cell damage
• Recovery of glass

• Delamination time
depends on area

• Harmful emissions and
wastes

Research [49]

Organic solvent and
ultrasonic irradiation

• More efficient than sol-
vent dissolution process

• Easy access to the EVA

• Expensive equipment
• Harmful emissions and

wastes

Research [50]

Electro-thermal heating • Easy removal of glass • Slow process Research [51]

Mechanical separation by
hotwire cutting

• Low cell damage
• Recovery of glass

• Other separation pro-
cesses required for full
removal of EVA

Research [52]

Pyrolysis (conveyer belt
furnace and fluidised bed
reactor)

• Separate 80% of wafers
and almost 100% of the
glass sheets

• Cost-effective industrial
recycling process

• Slightly worse
texturisation (damage to
cell surface)

Research
(pilot)

[53]

Solvent (Nitric acid)
dissolution

• Complete removal of EVA
and metal coating on the
wafer

• It is possible to recover
intact cells

• It can cause cell defects
due to inorganic acid

• Generates harmful emis-
sions and wastes

Research
(pilot)

[54]

Physical disintegration • Capable of treating waste • Other separation pro-
cesses required for full
EVA removal

• Dusts containing heavy
metals

• Breakage of solar cells
• Equipment corrosion

Commercial [55]

Dry and wet mechanical
process

• No process chemicals
• Equipment widely

available
• Low energy requirements

• No removal of dissolved
solids

Commercial [56]

Thermal treatment (Two
steps heating)

• Full removal of EVA
• Possible recovery of intact

cell
• Economically feasible

process

• Harmful emissions
• High energy requirements
• Cell defects and degrada-

tion due to high tempera-
ture

Commercial [57]

Chemical etching • Recover high purity
materials

• Simple and efficient
process

• Use of chemicals Commercial [58–60]

Table 1. Silicon solar modules recycling processes.
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Table 1. Silicon solar modules recycling processes.
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5. Environmental aspects

Several studies have analyzed the impacts of recycling processes for PV modules on the
environment. There are advantages and disadvantages of the different methods, considering
all the stages, from the collection of the PV modules to the end of the recycling process.

Process Advantages Disadvantages Status Ref.

Organic solvent
dissolution

• Easy access to the
encapsulant

• Less cell damage
• Recovery of glass

• Time for delamination
depends on area

• Harmful emissions and wastes

Research [62]

Irradiation by laser • Easy access to the
encapsulant

• Slow process
• Very expensive equipment

Research [63]

Mechanical separation
by hotwire cutting

• Low cell damage
• Recovery of glass

• Other separation processes
required for encapsulant

Research [52]

Vacuum blasting • Removal of semiconductor
layers without chemicals

• Recovery of clean glass

• Relatively slow process
• Emission of metals
• Further chemical/mechanical

treatments

Research
(pilot)

[55]

Attrition • No usage of chemicals
• Recovery of clean glass

• Further chemical or mechani-
cal treatments needed

Research
(pilot)

[55]

Flotation • Relatively simple process
• Low use of chemicals

• High losses of valuables dur-
ing rinsing and sieving process

• Flotation process required

Research
(pilot)

[55]

Dry etching • Simple process • High energy demand
• High effort for purification

Commercial [43]

Physical disintegration • Capable of treating waste • Other separation processes
required for encapsulant

• Dusts containing heavy metals
• Breakage of solar cells
• Equipment corrosion

Commercial [55]

Dry and wet
mechanical process

• No process chemicals
• Equipment widely

available
• Low energy requirements

• No removal of dissolved solids Commercial [56]

Chemical etching • High purity materials
• Simple and efficient

process

• Use of chemicals Commercial [58–60]

Thermal treatment • Full removal of
encapsulant

• Recovery of intact cell
• Simple and economical

• Harmful emissions
• High energy requirements
• Cell defects and degradation

Commercial [55]

Leaching • Complete removal of
metals

• High use of chemicals
• Generation of acidic fumes
• Complex control of chemicals

Commercial [64]

Table 2. Thin-film solar modules recycling processes.
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An environmental study made for the European Full Recovery End-of-Life Photovoltaic
(FRELP) project showed that environmental impacts from c-Si recycling processes come from
plastic incineration and some chemical and mechanical treatments (sieving, acid leaching,
electrolysis, and neutralization) for the recovery of metals [65].

Additionally, before the recycled silicon from solar cells can be used again, further
chemical treatment is necessary, as well as for silver and aluminum. The chemical treat-
ments have the potential of producing environmental impacts. Besides that, it is impor-
tant to note that no process can recycle 100% of recovered materials from solar modules
yet [28].

Nevertheless, for the PV Cycle [25] c-Si recycling process it was shown that there is a signifi-
cant decrease in Global Warming Potential impacts (up to 20% compared to the process of
making cells) [66] and for CdTe modules, there is and environmental benefit from the glass and
copper recycling [67].

When comparing c-Si recycling and landfill EoL scenarios it was found that the environ-
mental impacts from the recycling process are lower than for landfill, assuming that the
recycled resources go back to the PV cells and modules manufacturing. These results consid-
ered that the recycling process involving dismantling, remelting, thermal and chemical treat-
ments [28].

It can be seen that there are opportunities and challenges related to PV recycling processes.
Although it was already show that there are environmental benefits, the recycling methods
still need to improve in order to achieve better recovery rates and work on the transportation
issues.

6. Economic aspects

The recovery of valuable materials during the recycling of PV modules can have great eco-
nomical value. The extraction of secondary raw material from EoL PV modules, if made in an
efficient way, can make them available to the market again [68].

Attention has been paid particularly to silver. PV modules that reach their EoL will build up a
large stock of embodied raw materials (as mentioned previously), which can be recovered and
become available for other uses or even for solar cells again. However, this will not occur
before 2025, according to some forecasts [68].

The ITRPV predicts that, by 2030, the total material value recovered from PV recycling can
reach USD 450 million. With this amount it is possible to produce 60 million PV modules
(18 GW), which would be approximately 33% of the 2015 production [7]. Considering Si, up to
30,000 t of silicon can theoretically be recovered in 2030 [7], which is the amount of silicon
needed to produce approximately 45 million new modules. Considering a polysilicon current
prices at USD 20/kg and a recovery rate from commercial recycling processes of 70% this is
equivalent to USD 380 million [7].
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5. Environmental aspects

Several studies have analyzed the impacts of recycling processes for PV modules on the
environment. There are advantages and disadvantages of the different methods, considering
all the stages, from the collection of the PV modules to the end of the recycling process.
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Commercial [55]

Leaching • Complete removal of
metals
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• Complex control of chemicals

Commercial [64]

Table 2. Thin-film solar modules recycling processes.
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large stock of embodied raw materials (as mentioned previously), which can be recovered and
become available for other uses or even for solar cells again. However, this will not occur
before 2025, according to some forecasts [68].
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reach USD 450 million. With this amount it is possible to produce 60 million PV modules
(18 GW), which would be approximately 33% of the 2015 production [7]. Considering Si, up to
30,000 t of silicon can theoretically be recovered in 2030 [7], which is the amount of silicon
needed to produce approximately 45 million new modules. Considering a polysilicon current
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equivalent to USD 380 million [7].
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7. Conclusions

The current study presented an overview of possible PV recycling process for solar modules,
including c-Si and thin-film technologies. The motivation, legislation and current processes
were discussed and possible issues were addressed.

So far, recycling processes of c-Si modules results in a net cost activity when compared to
landfill (due to the avoidance of the true environmental costs and externalities for the latter)
but these processes can ensure the sustainability of the supply chain in the long-term, increase
the recovery of energy and embedded materials, while reducing CO2 emissions and energy
payback time (EPBT) for the whole PV industry. The unprofitability of the current methods
does not mean that the recycling of PV modules should be discarded. The PV waste manage-
ment has the potential to develop new pathways for industry development and offers employ-
ment prospects to investors, for both public and private sector [7].

It is well known that the recycling of EoL PV modules has positive influences on the environ-
mental impacts. Recycling of PV modules can remove and retain potentially harmful sub-
stances (e.g. lead, cadmium, and selenium), recover rare materials (e.g. silver, tellurium and
indium) and make them available for future use [8]. To achieve the best possible results at
acceptable costs, it is essential that future recycling processes stay up to date on the continuous
innovations in solar cells and modules technologies.

However, the current waste volumes are still low, which entails economical obstacles for the
development of the existing processes. If we compare the economics of recycling electronics
and telecommunications, where the profits are generated through the recovery of precious
metals and parts, it is unlikely for PV solar modules to have sufficient amounts of these
materials to pay for the associated costs of the steps of recycling processes [69].

It is important that specific legislation is established for PVwaste management and recycling and
that this step is given before the amount of waste from EoL PV modules becomes alarming, as
forecast for the year 2030 [7]. Regulation will help, but it might not be the only way. The
economic viability should be achieved as well. If a recycling process for PV waste that is revenue
positive (i.e. a good business) can be created, then it will happen regardless of regulations.

It was shown that recycling technologies for PV wastes are extensively explored not just on
labs and pilot plants, but some are also commercially available. It is also clear that a few
challenges (e.g. economic feasibility, recovery of more materials, and recovery of unbroken
cells), still remain in process efficiency, complexity, energy requirements and use of non-
environmentally friendly materials for the treatment of some elements.
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Abstract

While improving the performance of excitonic solar cells (XSCs) has been a central 
effort of the scientific community for many years, theoretical approaches facilitating the 
understanding of electron-hole interaction, recombination and electron-phonon coupling 
effects on the cell performance are still needed. We present a novel simple model which 
is based on the quantum scattering theory, in particular on the Lippmann-Schwinger 
equation; this minimizes the complexity of the problem while providing useful and non-
trivial insight into the mechanism governing photocell operation. In this formalism, both 
exciton pair creation and dissociation are treated in the energy domain, and therefore 
there is access to detailed spectral information, which can be used as a framework to 
interpret the charge separation yield. Our analysis helps to optimize the charge separa-
tion process and the energy transfer in excitonic solar cells.

Keywords: quantum model, two-level system, electron-hole interaction,  
electron-phonon coupling, charge separation yield

1. Introduction

Excitonic solar cells have attracted a broad interest in recent years due to their potential to 
provide an excellent alternative to conventional Si-based photovoltaic cells. The aim of this 
chapter is to discuss more details of this technology, their various types, basic operation prin-
ciples and important challenges. Excitonic solar cells are structures that employ organic mate-
rials (carbon-based compounds) such as small molecules, polymers or the hybrids of these 
material sets to absorb light and produce photovoltaic current. Carbon-based semiconductors 
exhibit desirable light absorption and charge creation properties with the capability of manu-
facturing by low-temperature processes [1–3]. According to the type of materials used in their 
structure, excitonic solar cells are classified into two main categories: dye-sensitized solar 
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cells (DSC) [4] and organic solar cells (OSC) [5] developed in single layers [6] and bi-layers [7] 
including planar [8] and bulk heterojunction configurations [9]. A schematic view of different 
excitonic solar cells is shown in Figure 1.

Historically, in the end of nineteenth century, by the emerging modern organic chemistry, 
the scientific and industrial interests in the research on organic materials enhanced. The pho-
toconductivity phenomenon by an organic compound “Anthracene” for the first time was 
observed by Pochettino in 1906 [12]. Since then, it was realized that many conventional dyes 
such as methylene blue can show the semiconducting characteristics [13], and enormous 
number of organic semiconducting molecules do exist such that their electrical and optical 
properties can be fine-tuned to address the special applications [14]. In the 1970s, (semi)con-
ducting polymers were discovered [15].

The first major breakthrough in the deployment of organic solar cells has been made in 1986 
by Tang who developed the donor-acceptor solar cell and reported an efficiency of 1% [16]. 
The energy conversion efficiency of this cell was very low, but it showed a promising poten-
tial of organic photovoltaics when electron donor and acceptor molecules are used together. In 
1992, Sariciftci et al. [17] displayed the photo-induced charge transfer within organic molecules 
that led to particular interests in OSC field. A report of 2.9%-efficient cells based on conducting 
organic polymers mixed with derivatives of C60 published by Yu et al. in 1995 [18] increased 

Figure 1. Different types of excitonic solar cells. (A) Single-layer OSC; (B) planar OSC; (C) bulk heterojunction OSC; 
(D) dye-sensitized solar cell. Figures adapted from [10, 11].
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the excitement in this research area. After these achievements, the number of publications rose 
dramatically. Based on the aforementioned explanations, common organic solar cells use a 
donor and an acceptor organic material to build up a heterojunction favoring the separation of 
the exciton into free charge carriers. The same organic materials are also responsible for charge 
transport to their respective contacts. That a material for organic photovoltaic devices should 
have both good light absorption and carriers’ transporting properties is a hard task to achieve. 
On the other hand, the dye-sensitized solar cell technology separates the two requirements as 
the charge generation is done at the interface of semiconductor dye and on the other hand, the 
semiconductor and electrolyte are the responsible for charge transport. Therefore, modifying 
the dye alone can optimize the spectral properties, while carriers’ transporting properties can 
be improved by optimizing the semiconductor and the electrolyte phases. The first significant 
study of dye sensitization of semiconductors also goes back to the nineteenth century, when 
Vogel utilized silver halide emulsions sensitized by dyes for providing a black and white pho-
tographic film [19]. The mechanism of electron injection from photoexcited dye molecules into 
the conduction band of the semiconductor dates only from the 1960s [20]. The concept of dye 
adsorption on the surface of the semiconductor was started in 1976 by Tsubomura et al. [21] 
and developed in 1981 by Dare-Edwards et al. [22]. However, exploiting the dye-sensitization 
mechanism in photovoltaic technology was an unsuccessful process until the early 1990s when a 
breakthrough happened by Grätzel et al. at the EPFL. The Grätzel cell (DSC) revealed an energy 
conversion efficiency exceeding 7% in 1991 [23] and 10% in 1993 [24]. DSCs offer large flexibility 
in color, shape, and transparency [25] and perform relatively better compared with other solar 
cell technologies at higher temperatures [26]. Furthermore, due to the utilization of cheap and 
Earth-abundant materials and also simple preparation and easy fabrication processes, they are 
highly cost effective when compared with the conventional inorganic counterparts [27].

All the cons and pros pointed earlier make the excitonic solar cells a prospective and interest-
ing research and innovation field. Although power conversion efficiencies (PCEs) of XSCs 
have represented a significant increase over the past 10 years, there are still problems in 
enhancing PCEs and stability to make them commercially available [28].

In 2005, the US Department of Energy published a report discussing the point that there exists 
insufficient microscopic intuition or theory to conduct material and device for better design 
of new-generation photovoltaic devices [29]. According to the mentioned report, developing 
theories that can provide unified, quantitative and comprehensive understanding of principle 
processes taking place in solar energy conversion such as photon absorption, exciton forma-
tion and dissociation, charge separation, and collection are essentially needed. Following this 
interesting report, here, we develop a new quantum formalism to describe the performance of 
excitonic solar cells in the presence of electron-hole interaction, recombination and electron-
phonon coupling. This model is based on quantum scattering theory and in particular on the 
Lippmann-Schwinger Equation [30]. Of specific interests of the model is its development on 
the energy domain such that it provides detailed spectral information to interpret the exciton 
creation and dissociation phenomena and their effects on device properties as well.
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2. Formalism and numerical methods

2.1. Two-level photovoltaic system

The basic idea of our methodology is described through the example of the two-level molecu-
lar photocell where the energy conversion process takes place in a single molecular donor-
acceptor complex attached to electrodes. The two-level system is characterized by the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 
Initially, the whole system is in the ground state with filled valence bands and empty conduc-
tion bands. Following the photon absorption by the molecule, one electron and one hole are 
created in LUMO and HOMO, respectively. Both charge carriers interact via the Coulomb 
potential and can be recombined in the molecule or can be transferred to their respective 
channels where they produce photovoltaic current (see Figure 2).

Here, the first coupling energies to the charge evacuation channels are denoted by  C . The 
hopping matrix element inside each evacuation channel is considered uniform (i.e., indepen-
dent of the electron-hole positions) and denoted by  J . The on-site energies of the electron at 
site ( x ) and the hole at site ( y ) are assumed to be   ε  

e
   (x)   and   ε  

h
   (y)  , respectively. Additionally, their 

Coulomb-type interaction  I (x, y)   is modeled by

  I (x, y)  =  
{

 
 U if x = 0 and y = 0

      V _____  (x + y)    if x ≠ 0 or y ≠ 0      (1)

Since  I (x, y)   is an attractive Coulomb potential,  U  and  V  have negative values. In the above equa-
tion,  U  represents the strength of short-range electron-hole interaction, that is, the situation 

Figure 2. A molecular photocell with one HOMO and one LUMO orbital attached to the electrodes in materials I (right) 
and II (left). The red wiggly line represents the electron-hole interaction and recombination and the hopping integrals of 
electron and hole are denoted by  C  and  J .
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where both charge carriers are in the same place, that is, the absorber molecule. Furthermore,  
V  is the strength of long-range electron-hole interaction, that is, the situation where at least 
one of the charge carriers is in its respective lead. It has to be noted here that this form of 
interaction is suitable for the mono-channel configuration where photo-generated electron 
and hole are directed toward different evacuation channels.

2.2. The electron-hole pair Hamiltonian

The effective Hamiltonian of the system is of the tight-binding type

  H =  ∑ 
i
      ε  i   |i〉  〈i|  +  ∑ 

i,j
      J  i,j   |i〉  〈j|   (2)

Here, the first term indicates the total on-site energy of each electron-hole basis state which 
is defined as a summation over the electron on-site energy, the hole’s on-site energy, and the 
Coulomb interaction energy between them:

  ε (x, y)  =  ε  e   (x)  +  ε  h   (y)  + I (x, y)   (3)

The second term in Eq. (2) represents the coupling energy between two adjacent basis states. 
In the other words, coupling represents either the hoping of a hole or of an electron from a 
given initial site of the electron-hole pair to a neighboring site. As pointed earlier, the coupling 
energies between molecular states and their first neighbors are taken to be different from the 
other coupling energies.

2.3. Fluxes & quantum yield

In this formalism, we consider a photovoltaic cell as a system submitted to an incident flux of 
photons and assume that the whole system (PV cell plus electromagnetic field) is in a station-
ary state that obeys the fundamental Lippmann-Schwinger Equation [31–34]. By applying 
quantum scattering theory, in particular the Lippmann-Schwinger equation, the photovol-
taic system is described by a wave function. The incoming state of the theory   | Φ  

inc
  〉   represents 

the photon field with the PV cell in its ground state. By the dipolar interaction between 
the photovoltaic system and the electromagnetic field, this incident state   | Φ  

inc
  〉   is coupled 

to a state where one photon is absorbed and one electron-hole pair is created. Based on the 
Lippmann-Schwinger equation, the total wave function of the system with incident photons 
of energy  E  is:

   |ψ (E) 〉  =  | Φ  inc  〉  +  G  0   V |ψ (E) 〉   (4)

The second term in the right-hand side of the above equation is called the scattered wave 
function,   | ψ  

P
   (E) 〉  =  G  

0
   V |ψ (E) 〉  , which represents the charge carriers photo-generated by absorp-

tion of a photon with energy  E  and plays an important role in this formalism. Knowing  
  | Ψ  

P
   (E) 〉   enables one to compute all the essential fluxes to describe the photocell operation. 

The main three fluxes are the following: (1) the flux of absorbed photons   Φ  
Ph

   (E)  , which is 
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hopping matrix element inside each evacuation channel is considered uniform (i.e., indepen-
dent of the electron-hole positions) and denoted by  J . The on-site energies of the electron at 
site ( x ) and the hole at site ( y ) are assumed to be   ε  

e
   (x)   and   ε  

h
   (y)  , respectively. Additionally, their 

Coulomb-type interaction  I (x, y)   is modeled by

  I (x, y)  =  
{

 
 U if x = 0 and y = 0

      V _____  (x + y)    if x ≠ 0 or y ≠ 0      (1)

Since  I (x, y)   is an attractive Coulomb potential,  U  and  V  have negative values. In the above equa-
tion,  U  represents the strength of short-range electron-hole interaction, that is, the situation 

Figure 2. A molecular photocell with one HOMO and one LUMO orbital attached to the electrodes in materials I (right) 
and II (left). The red wiggly line represents the electron-hole interaction and recombination and the hopping integrals of 
electron and hole are denoted by  C  and  J .
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where both charge carriers are in the same place, that is, the absorber molecule. Furthermore,  
V  is the strength of long-range electron-hole interaction, that is, the situation where at least 
one of the charge carriers is in its respective lead. It has to be noted here that this form of 
interaction is suitable for the mono-channel configuration where photo-generated electron 
and hole are directed toward different evacuation channels.

2.2. The electron-hole pair Hamiltonian

The effective Hamiltonian of the system is of the tight-binding type

  H =  ∑ 
i
      ε  i   |i〉  〈i|  +  ∑ 

i,j
      J  i,j   |i〉  〈j|   (2)

Here, the first term indicates the total on-site energy of each electron-hole basis state which 
is defined as a summation over the electron on-site energy, the hole’s on-site energy, and the 
Coulomb interaction energy between them:

  ε (x, y)  =  ε  e   (x)  +  ε  h   (y)  + I (x, y)   (3)

The second term in Eq. (2) represents the coupling energy between two adjacent basis states. 
In the other words, coupling represents either the hoping of a hole or of an electron from a 
given initial site of the electron-hole pair to a neighboring site. As pointed earlier, the coupling 
energies between molecular states and their first neighbors are taken to be different from the 
other coupling energies.

2.3. Fluxes & quantum yield

In this formalism, we consider a photovoltaic cell as a system submitted to an incident flux of 
photons and assume that the whole system (PV cell plus electromagnetic field) is in a station-
ary state that obeys the fundamental Lippmann-Schwinger Equation [31–34]. By applying 
quantum scattering theory, in particular the Lippmann-Schwinger equation, the photovol-
taic system is described by a wave function. The incoming state of the theory   | Φ  

inc
  〉   represents 

the photon field with the PV cell in its ground state. By the dipolar interaction between 
the photovoltaic system and the electromagnetic field, this incident state   | Φ  

inc
  〉   is coupled 

to a state where one photon is absorbed and one electron-hole pair is created. Based on the 
Lippmann-Schwinger equation, the total wave function of the system with incident photons 
of energy  E  is:

   |ψ (E) 〉  =  | Φ  inc  〉  +  G  0   V |ψ (E) 〉   (4)

The second term in the right-hand side of the above equation is called the scattered wave 
function,   | ψ  

P
   (E) 〉  =  G  

0
   V |ψ (E) 〉  , which represents the charge carriers photo-generated by absorp-

tion of a photon with energy  E  and plays an important role in this formalism. Knowing  
  | Ψ  

P
   (E) 〉   enables one to compute all the essential fluxes to describe the photocell operation. 

The main three fluxes are the following: (1) the flux of absorbed photons   Φ  
Ph

   (E)  , which is 
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the number of absorbed photons per unit time, (2) the fluxes of electron-hole pairs that 
recombine in the molecule   Φ  

R
   (E)  , and (3) the flux of pairs whose escape from the molecule 

results in the photovoltaic current   Φ  
C
   (E)  . The determination of these quantities gives access 

to a detailed analysis of the photovoltaic cell performance. The yield  Y (E)   of the photocell at 
a given photon energy  E  is proportional to the ratio of photo-generated electrons or holes 
that arrive at the electrodes and the total number of absorbed photons at this given energy.

  Y (E)  =   
 Φ  C   (E) 

 _____  Φ  Ph   (E)     (5)

The average yield or in other words the charge separation yield,  Y , which is the proportion 
of all electron-hole pairs, generated by different photons and giving rise to the photovoltaic 
current, can be defined as:

  Y =   
 Φ  C  

 ___  Φ  Ph  
   = ∫ n (E) Y (E) dE  (6)

where  n (E)   is the local density of states which is related to the flux of absorbed photons through 
Fermi’s golden rule [31].

3. Results and discussions

3.1. Two-level systems with local interaction

Relying on the new formalism described in the previous section, here we are going to inves-
tigate the effects of short-range electron-hole interaction on the performance of a molecular 
photocell. The short-range interaction term implies that interaction between the electron and 
the hole occurs only when they both are inside the absorber molecule. To simplify the discus-
sion, only mono-channel configuration, where there is just one possible evacuation channel 
for each charge carrier (i.e.,   C  

1
   &  C  

2
   ≠ 0 ), is considered. The discussion later could be generalized 

to cover the multi-channel configuration; interested readers are referred to [32].

3.1.1. Local density of states

For the numerical simulations, we use   J  
1
   =  J  

2
   = J = 0.2eV  and  Δ = 0.2eV ; therefore, the energy con-

tinuum lies between 1.2 and 2.8 ev. The energy continuum is the possible energy states of the 
independent electron-hole pairs far from the two-level system.

The total energy continuum is simply the sum of the electron and hole energies. In Figure 3, the 
LDOS is plotted as a function of the absorbed photon energy. In these plots, the dependence of 
LDOS on short-range interaction energy ( U ), strength of coupling parameters ( C ), and recombi-
nation rate (  Γ  

R
   ) is examined. As can be seen from panels (a) and (b), for a given set of coupling 

parameters and in the absence of recombination, the number of LDOS peaks is dependent on 
the interaction strength. For small values of    | U |   , there is a single peak which tends to become 
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narrower for larger    | U |   . This peak appears at an energy   E  
res

   ≃  ε  
e
   (0)  +  ε  

h
   (0)  − U.  Indeed,   E  

res
    is the energy 

at which photons are most easily absorbed. The peak eventually splits into two for growing val-
ues of    | U |    and the resulting two peaks separate further with increasing    | U |    as depicted in panel 
(b). The narrow peak outside the continuum is called excitonic state, which blocks the charge 
carrier injection to the energy continuum. Next, we study the effects of the coupling parameters. 
The corresponding LDOS is shown in panel (c). As discussed, increasing  C  enhances charge car-
rier transfer from HOMO and LOMO to the respective evacuation channels; it can be detected 
through the extended width of the LDOS line shape. In both cases, the effect of   Γ  

R
    is to slightly 

shift the LDOS peak to the left and slightly broaden the line shape width.

3.1.2. Charge separation yield

The other important quantity that can be investigated is the charge separation yield,  Y , which 
is computed as an average over all the absorbed photon energies.

The dependence of the charge separation yield of the interacting electron-hole pair is exam-
ined as a function of short-range interaction strength  U  and recombination rate   Γ  

R
   , for differ-

ent coupling parameters  C . As shown in Figure 4, in all cases, for small values of interaction 
energy, the yield remains 1 for   Γ  

R
   = 0 . The effect of   Γ  

R
    and  U  is to reduce the yield. The behavior 

can be understood based on the spectral information provided in Figure 3. For larger values 

Figure 3. Local density of states as a function of incident photon energy in a mono-channel system under different 
conditions. ((a) and (b)) for different values of interaction energy ( U ); (c) for different coupling parameters (  C  1   &  C  2   ); and 
(d) for different interaction energies and recombination rates ( U &  Γ  R   ).
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the number of absorbed photons per unit time, (2) the fluxes of electron-hole pairs that 
recombine in the molecule   Φ  

R
   (E)  , and (3) the flux of pairs whose escape from the molecule 

results in the photovoltaic current   Φ  
C
   (E)  . The determination of these quantities gives access 

to a detailed analysis of the photovoltaic cell performance. The yield  Y (E)   of the photocell at 
a given photon energy  E  is proportional to the ratio of photo-generated electrons or holes 
that arrive at the electrodes and the total number of absorbed photons at this given energy.

  Y (E)  =   
 Φ  C   (E) 

 _____  Φ  Ph   (E)     (5)

The average yield or in other words the charge separation yield,  Y , which is the proportion 
of all electron-hole pairs, generated by different photons and giving rise to the photovoltaic 
current, can be defined as:
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   = ∫ n (E) Y (E) dE  (6)

where  n (E)   is the local density of states which is related to the flux of absorbed photons through 
Fermi’s golden rule [31].

3. Results and discussions

3.1. Two-level systems with local interaction

Relying on the new formalism described in the previous section, here we are going to inves-
tigate the effects of short-range electron-hole interaction on the performance of a molecular 
photocell. The short-range interaction term implies that interaction between the electron and 
the hole occurs only when they both are inside the absorber molecule. To simplify the discus-
sion, only mono-channel configuration, where there is just one possible evacuation channel 
for each charge carrier (i.e.,   C  

1
   &  C  

2
   ≠ 0 ), is considered. The discussion later could be generalized 

to cover the multi-channel configuration; interested readers are referred to [32].

3.1.1. Local density of states

For the numerical simulations, we use   J  
1
   =  J  

2
   = J = 0.2eV  and  Δ = 0.2eV ; therefore, the energy con-

tinuum lies between 1.2 and 2.8 ev. The energy continuum is the possible energy states of the 
independent electron-hole pairs far from the two-level system.

The total energy continuum is simply the sum of the electron and hole energies. In Figure 3, the 
LDOS is plotted as a function of the absorbed photon energy. In these plots, the dependence of 
LDOS on short-range interaction energy ( U ), strength of coupling parameters ( C ), and recombi-
nation rate (  Γ  

R
   ) is examined. As can be seen from panels (a) and (b), for a given set of coupling 

parameters and in the absence of recombination, the number of LDOS peaks is dependent on 
the interaction strength. For small values of    | U |   , there is a single peak which tends to become 
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narrower for larger    | U |   . This peak appears at an energy   E  
res

   ≃  ε  
e
   (0)  +  ε  

h
   (0)  − U.  Indeed,   E  

res
    is the energy 

at which photons are most easily absorbed. The peak eventually splits into two for growing val-
ues of    | U |    and the resulting two peaks separate further with increasing    | U |    as depicted in panel 
(b). The narrow peak outside the continuum is called excitonic state, which blocks the charge 
carrier injection to the energy continuum. Next, we study the effects of the coupling parameters. 
The corresponding LDOS is shown in panel (c). As discussed, increasing  C  enhances charge car-
rier transfer from HOMO and LOMO to the respective evacuation channels; it can be detected 
through the extended width of the LDOS line shape. In both cases, the effect of   Γ  

R
    is to slightly 

shift the LDOS peak to the left and slightly broaden the line shape width.

3.1.2. Charge separation yield

The other important quantity that can be investigated is the charge separation yield,  Y , which 
is computed as an average over all the absorbed photon energies.

The dependence of the charge separation yield of the interacting electron-hole pair is exam-
ined as a function of short-range interaction strength  U  and recombination rate   Γ  

R
   , for differ-

ent coupling parameters  C . As shown in Figure 4, in all cases, for small values of interaction 
energy, the yield remains 1 for   Γ  

R
   = 0 . The effect of   Γ  

R
    and  U  is to reduce the yield. The behavior 

can be understood based on the spectral information provided in Figure 3. For larger values 

Figure 3. Local density of states as a function of incident photon energy in a mono-channel system under different 
conditions. ((a) and (b)) for different values of interaction energy ( U ); (c) for different coupling parameters (  C  1   &  C  2   ); and 
(d) for different interaction energies and recombination rates ( U &  Γ  R   ).
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of    | U |   , the charge carriers will stay on the molecule to form a localized state because their 
energy does not lie in the energy continuum of the contacts. Besides, for large values of the 
coupling parameters (  C  

1
    and   C  

2
   ), more charge carriers will transfer to the evacuation channels 

and hence the cell remains efficient over a wider range of the recombination parameter.

3.2. Two-level systems with non-local interaction

This section is intended to investigate the effects of non-local interaction on the performance of 
photovoltaic cells. This means that in contrast to the results presented in the previous section 
there are interactions even if the charge carriers are outside the molecule. An important case 
of non-local interaction is the long-range Coulomb interaction between the photo-generated 
electron and hole. This means that the electron and the hole do interact even if they are not both 
inside the molecule. Here of course the Coulomb interaction is not the bare interaction but is 
screened by all the charges of the materials around the electron-hole pair. This screening effect 
is well represented by considering an effective dielectric constant of the medium. The other 
case of non-local interaction is the coupling between the electron (or the hole) with the lattice 
distortion around it when the electron (or the hole) moves out of the initial two-level system. 
The first part of this section is devoted to the long-range Coulomb interaction case and the 
second part deals with the coupling to the optical phonon modes.

3.2.1. Long-range electron: hole Coulomb interaction

Similar to the previous section, we consider the mono-channel case where there is only one 
evacuation channel for each charge carrier. We analyze photon absorption, energy conversion 

Figure 4. Photovoltaic yield as a function of interaction energy ( U ) and recombination rate (  Γ  R   ) in a mono-channel 
system for different values of coupling parameters (  C  1    and   C  2   ).
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and quantum yield of the molecular photocell by considering the effects of long-range electron-
hole interaction and non-radiative recombination.

3.2.1.1. Local density of states

For the numerical simulation, the same parameters as in the previous section are used. In all 
the calculations,  C  stands for the first coupling parameters and we treat the symmetric condi-
tion, that is,  C =  C  

1
   =  C  

2
   .

In Figure 5, the LDOS is plotted as a function of the absorbed photon energy. In these plots, 
the dependence of LDOS on short- and long-range interaction energy ( U  and  V ) and strength of 
coupling parameters ( C ) is examined. Here, the coupling parameter related to the panels of top 
and bottom rows is  C = 0.1 eV  and  C = 0.2 eV , respectively. As shown, under the influence of the 
long-range interaction, a series of excitonic peaks appears outside the energy continuum, below 
the lower band edge. This was expected, as it is known that the long-range Coulomb interaction 
creates localized states. It should be noted that upon increasing the interaction strength, the 
total weight of excitonic states increases. Furthermore, in all cases, as the coupling parameter 
increases, the width of the LDOS peak inside the energy continuum increases as well.

3.2.1.2. Charge separation yield

The dependence of the charge separation yield of the interacting electron-hole pair is exam-
ined as a function of  U  and   Γ  

R
    for different coupling parameters  C  and long-range electron-hole 

Figure 5. LDOS as a function of the energy of the absorbed photon. The impact of the coupling parameter  C  and the 
strength of the electron-hole interaction  U & V  are illustrated in the various panels.
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The first part of this section is devoted to the long-range Coulomb interaction case and the 
second part deals with the coupling to the optical phonon modes.

3.2.1. Long-range electron: hole Coulomb interaction
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evacuation channel for each charge carrier. We analyze photon absorption, energy conversion 
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and quantum yield of the molecular photocell by considering the effects of long-range electron-
hole interaction and non-radiative recombination.

3.2.1.1. Local density of states

For the numerical simulation, the same parameters as in the previous section are used. In all 
the calculations,  C  stands for the first coupling parameters and we treat the symmetric condi-
tion, that is,  C =  C  
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2
   .

In Figure 5, the LDOS is plotted as a function of the absorbed photon energy. In these plots, 
the dependence of LDOS on short- and long-range interaction energy ( U  and  V ) and strength of 
coupling parameters ( C ) is examined. Here, the coupling parameter related to the panels of top 
and bottom rows is  C = 0.1 eV  and  C = 0.2 eV , respectively. As shown, under the influence of the 
long-range interaction, a series of excitonic peaks appears outside the energy continuum, below 
the lower band edge. This was expected, as it is known that the long-range Coulomb interaction 
creates localized states. It should be noted that upon increasing the interaction strength, the 
total weight of excitonic states increases. Furthermore, in all cases, as the coupling parameter 
increases, the width of the LDOS peak inside the energy continuum increases as well.

3.2.1.2. Charge separation yield

The dependence of the charge separation yield of the interacting electron-hole pair is exam-
ined as a function of  U  and   Γ  

R
    for different coupling parameters  C  and long-range electron-hole 

Figure 5. LDOS as a function of the energy of the absorbed photon. The impact of the coupling parameter  C  and the 
strength of the electron-hole interaction  U & V  are illustrated in the various panels.
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Figure 6. Charge separation yield as a function of the interaction energy ( U ) and recombination rate (  Γ  R   ). The various plots 
are obtained upon the variation of the electron-hole interaction and for different strengths of the coupling parameters.

interaction strength  V  (see Figure 6). The coupling parameters in the panels of left and right col-
umns are  C = 0.1 eV  and  C = 0.2 eV , respectively. As shown, upon increasing interaction strength 
inside the molecule ( U ), less charge carriers exit through the contacts because of localized state 
formation and hence the yield decreases. The interesting point is that in the case of  U = V , the 
effect of the Coulomb interaction is to diminish the global potential nearly uniformly, which 
has a small effect on the localization of the electron-hole pair. Therefore, the maximum of the 
charge separation yield is at  U ≃ V . In panels (a) and (b) where the effect of the long-range 
interaction has been neglected, the maximum in the charge separation yield is at  U = 0 eV ; in the 
other panels, as a consequence of the electron-hole long-range interaction ( V ≠ 0 eV ), the maxi-
mum of the yield is at lower values of the interaction energy.

Additionally, for a given coupling parameter, the yield is higher for weakly interacting elec-
tron-hole pairs. This behavior can be understood based on the spectral information provided 
in Figure 5; explicitly under the influence of the strong interaction, the weight of localized 
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states increases and consequently the possibility of recombination and annihilating the charge 
carriers enhances. For a given electron-hole interaction strength, the yield improves with 
increasing values of the coupling parameter. Since the strong coupling extends the width of 
the DOS line shape and consequently improves the escaping rate, this behavior is understand-
able. Furthermore, the effect of non-radiative recombination is to diminish the yield, and its 
impact is more important under the influence of the strong long-range interaction condition.

3.2.2. Charge injection in polaronic bands and quantum yield of excitonic solar cells

In the performance of excitonic solar cells, coupling to the phonon modes can play a major role 
as it may lead to the occurrence of polarons, where a polaron is a moving charge surrounded 
by a cloud of virtual phonons. To address how the electron-phonon coupling (in addition 
to the electron-hole interaction) can affect the charge separation process, here we propose a 
simple tight-binding-based model. We analyze the spectrum of polaronic bands and focus on 
their effects on the charge separation yield, which is defined as a proportion of emitted elec-
trons that arrive at the cathode electrode. We start the discussion by the model description.

3.2.2.1. Coupling to the phonon modes: theoretical model in the small polaron limit

We present a mathematical model to investigate the influence polaron formation has on the 
charge separation process of excitonic solar cells. This model can be applied to any type of 
excitonic solar cells. We suppose that an electron emitted at first site ( l = 0 ) of a chain that rep-
resents the acceptor material and hole is fixed at the interface. We construct a simple vibration 
chain model which is schematically illustrated in Figure 7.

Figure 7. Schematic depiction of the chain model to describe the electron-vibration coupling which can occur on every 
single acceptor site when the electron arrives at that site.  C  represents the coupling parameter between interface state 
and initial acceptor site. The coupling between adjacent sites on the acceptor chain is shown by  J .  g  is the strength of 
coupling to the phonon chains.
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states increases and consequently the possibility of recombination and annihilating the charge 
carriers enhances. For a given electron-hole interaction strength, the yield improves with 
increasing values of the coupling parameter. Since the strong coupling extends the width of 
the DOS line shape and consequently improves the escaping rate, this behavior is understand-
able. Furthermore, the effect of non-radiative recombination is to diminish the yield, and its 
impact is more important under the influence of the strong long-range interaction condition.

3.2.2. Charge injection in polaronic bands and quantum yield of excitonic solar cells

In the performance of excitonic solar cells, coupling to the phonon modes can play a major role 
as it may lead to the occurrence of polarons, where a polaron is a moving charge surrounded 
by a cloud of virtual phonons. To address how the electron-phonon coupling (in addition 
to the electron-hole interaction) can affect the charge separation process, here we propose a 
simple tight-binding-based model. We analyze the spectrum of polaronic bands and focus on 
their effects on the charge separation yield, which is defined as a proportion of emitted elec-
trons that arrive at the cathode electrode. We start the discussion by the model description.

3.2.2.1. Coupling to the phonon modes: theoretical model in the small polaron limit

We present a mathematical model to investigate the influence polaron formation has on the 
charge separation process of excitonic solar cells. This model can be applied to any type of 
excitonic solar cells. We suppose that an electron emitted at first site ( l = 0 ) of a chain that rep-
resents the acceptor material and hole is fixed at the interface. We construct a simple vibration 
chain model which is schematically illustrated in Figure 7.

Figure 7. Schematic depiction of the chain model to describe the electron-vibration coupling which can occur on every 
single acceptor site when the electron arrives at that site.  C  represents the coupling parameter between interface state 
and initial acceptor site. The coupling between adjacent sites on the acceptor chain is shown by  J .  g  is the strength of 
coupling to the phonon chains.
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In this model, the charge separation process follows an interesting scenario: after the exciton 
dissociation at the interface, the electron either recombines with the hole which is fixed at the 
interface or moves through a set of acceptor sites where it can be coupled to one single phonon 
mode. The physical interpretation of the model is that the charge-transfer process is viewed as a 
hopping process when the electron interacts sufficiently strongly with intramolecular vibrations. 
The Hamiltonian of the considered system can be written based on the Holstein model [35]:

  H =  ε  0    c  0  +   c  0   +  ∑ 
l=1

  
N
      V __ l    c  l  +   c  l   + C ( c  0  +   c  1   +  c  1  +   c  0  )  + J  ∑ 

l=1
  

N−1
   ( c  l  +   c  l+1   +  c  l+1  +    c  l  )  + ℏ  ω  0    ∑ 

l=1
  

N
     a  l  +   a  l   + g ∑ 

l=1
  

N
     c  l  +   c  l   ( a  l  +  +  a  l  )   (7)

where   a  
l
  +  ( a  

l
  )   and   c  

l
  +  ( c  

l
  )   are, respectively, the phonon and electron creation (destruction) opera-
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to characterize the strength of the electron-phonon interaction [36]. In the calculations, we 
consider only the nearest neighbor’s tight-binding interaction and study the model at zero 
temperature. This assumption is justified as the electronic and vibrational energies are much 
larger than   k  
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   T . Furthermore, we examine the model in the small polaron limit, which means 

that there are excited phonons only on the site where the electron arrives. The small polaron 
effect is present in a variety of materials, including many polymers (trans-polyacetylene, 
etc.) and most transition metals (MnO, NiO, etc.) [37]. Now we intend to examine the charge 
separation yield in the presence of electron-hole and electron-phonon interactions.
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Let us recall that the yield is the proportion of the electrons that arrive at the cathode electrode, the 
other electrons recombining at the interface with the hole. We assume that the hole is localized at 
the two-level system (called site  l = 0 ). The effects of hole propagation can be described by extend-
ing Hamiltonian Eq. (7) and normally it is expected that the hole propagation decreases the effec-
tive Coulomb potential. To study the effects of lattice distortion, we consider a coupling between 
electron and single intramolecular vibration mode. Besides, a Coulomb interaction between the 
photo-generated electron-hole pair is considered but in principle other types of interaction poten-
tials should not significantly affect the results [38]. Since both electronic and vibrational energy 
scales are much larger than   k  

B
   T , the investigation is done at zero temperature [39]. In the follow-

ing we examine the charge separation yield in the presence of electron-phonon and long-range 
electron-hole interaction. The charge separation yield under the influence of long-range Coulomb 
interaction and a given strength of electron-phonon coupling is represented in Figure 8.

As can be seen, first, the yield keeps the periodic resonance structure as a consequence of polar-
onic band formation. Second, the combined effect of Coulomb interaction and polaronic  dressing 
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of the carriers leads to a strong overall suppression of the yield such that it never reaches one. 
To have clear understanding, again we refer to the spectral information. Figure 9 represents the 
yield and corresponding LDOS. The LDOS is represented in the bulk part (far from the inter-
face) and also at the interface for different injection energies. The electronic structure in the bulk 
part gives a view of all possible polaronic bands and the energy gap regimes. For a given injec-
tion energy   ε  

0
   , the electronic structure may contain the energy states on the allowed polaronic 

bands and also localized states in the energy gap (compared to the bulk DOS).

The charge carriers lying in a polaronic band can evacuate and arrive at the electrodes. On 
the other hand, the charge carriers localized in the bound state in the gap recombine quickly 
and cannot lead to photovoltaic current which diminishes the yield. Through this physical 
interpretation, yield values around the red marked points are in good agreement with the 
corresponding electronic structure. As shown, the long-range Coulomb interaction leads to 
an intricate spectrum with many localized and nearly localized states. This tendency to local-
izing the spectrum induces a lowering of the efficiency of the cell. Figure 10 represents the 
effect of recombination (  Γ  

R
   ) on the yield. The effects of recombination can be detected through 

the global reduction of yield.

4. Conclusions

The aim of this chapter was to acquire a deep understanding of the working mechanism of 
excitonic solar cells and to improve the device performance. Therefore, we developed a new 
quantum formalism based on the wave function of excitonic solar cells. The basic idea of 
this new methodology was shown through the example of two-level excitonic solar cells. We 

Figure 10. Yield as a function of incoming electron energy   ε  0    in the presence of long-range electron-hole interaction  
V = − 1eV  for the given electron-phonon coupling constant  α  and different electron-hole recombination rate   Γ  R   . The 
legend presented in the first panel is valid for all the other panels.

Solar Panels and Photovoltaic Materials42

demonstrated that this new methodology provides a quantitative picture of the fundamental 
processes underlying solar energy conversion, including photon absorption, exciton disso-
ciation and charge separation as well as an understanding of their consequences on the cell 
performance. Interestingly, this theory could successfully analyze excitonic solar cell in the 
presence of strong Coulomb interaction between the electron and the hole. Here we highlight 
some of the important achievements of this study.

I. We showed that there is a competition between injection of charge carriers in the leads 
and recombination in the two-level system. This competition depends sensitively on the 
parameters of the model such as the local electron-hole interaction, the recombination 
rate, the coupling to the leads, and the band structure of the leads.

II. We found that the electron-hole Coulomb interaction and non-radiative recombination 
reduce the photocell yield, especially under the weak coupling condition where the 
charge carriers cannot readily escape into the contacts.

III. Finally, we provided microscopic evidence that the efficiency of charge transfer is sub-
tly controlled by interplay of electrostatic confinement and coherent coupling of charge 
carrier(s) to high-energy quantized vibrational modes.
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Abstract

Reducing the cost of solar cells and improving the photoelectric conversion efficiency
have attracted great attention in recent years. Forming a textured surface using suitable
texturing methods was demonstrated as an effective means of increasing the ray trapping
efficiency. The effects of different ray trapping structure, as formed on the surface of
silicon solar cells to increase the light trapping efficiency, are different on the optical
reflectance and absorptance. The aim of this chapter is to study the effects of the novel
textured surface formed mechanically on the light trapping efficiency. The base angle size
can be controlled mechanically to break through the limitation of crystal structure. In
order to calculate the weighted reflectance of different structure, a numerical algorithm
was developed in this work. The weighted reflectance was calculated numerically. The
light transmission process was tracked. The ray trapping efficiency of novel texture with
different parameters was calculated. The weighted reflectance in different conditions was
obtained respectively.
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1. Introduction

As solar energy is a kind of infinite and clean energy, it has been the focus of research on solar
energy by reducing the reflectance to improve the photoelectric conversion efficiency. Silicon
solar cell is a kind of widely used solar cell [1], and the surface texturization of silicon cells is
one of major way to improve photoelectric conversion efficiency. Dominant preparation
methods of light trapping structure in silicon solar cells are acid etching techniques [2], alkaline
corrosion [3], mechanical grooving [4], laser grooving [5–7], reactive ion etching RIE [8–10],
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silicon solar cells to increase the light trapping efficiency, are different on the optical
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can be controlled mechanically to break through the limitation of crystal structure. In
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solar cell is a kind of widely used solar cell [1], and the surface texturization of silicon cells is
one of major way to improve photoelectric conversion efficiency. Dominant preparation
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mask etching [11], mask growing [12], electro-chemical corrosion [13], electrical discharge
machining [14]. These methods have positive influence on improving photoelectric conversion
efficiency.

At present, wet etching is the most mature method to fabricate the light trapping structure on
the surface of silicon solar cells. Because of the isotropy of polycrystalline silicon, the morphol-
ogy of porous silicon can be etched on the surface of polycrystalline silicon solar cells by acid
etching. Compared with pyramidal textured surface, the light trapping efficiency of porous
silicon is lower, and the optical reflectance is higher. As for monocrystalline silicon solar cells,
pyramidal textured surface can be formed due to the anisotropy of material by alkaline
etching. However, the limitation of crystal structure makes the largest base angle of the
pyramid is 54.74�, some experimental studies believe that the angle is closer to 50–52�. The
reflectance shown dependence on the base angle, with larger base angle size resulting in
reduced reflectance. The lowest reflectance of the pyramidal textured surface formed by
alkaline etching is about 10.5%.

Etching with alkaline solution such as NaOH, KOH, the texture obtained is a generally well-
distributed pyramidal texture with solid top angle of 70� due to the different corrosion rate in
different crystal orientation [13]. Reflectance of light when propagating from one media to
another media with different refractive indices is determined by incidence, wavelength and
polarization of light. Some researchers studied the effects of pyramidal structure with different
top angles fabricated by mechanical way on weighted reflectance. The reflectance can reach 6%
when the top angle is 60� and the reflectance is less than 10% when the incident angle of light is
less than 30�. When the incident angle of light is larger than top angle, the structure tends to be
a primary reflection area [15], in the light of Fresnel equations, the results could be consider-
ably not precise. Hua et al. [16] proposed four different structures including triangular pyra-
mid, rectangular pyramid, hexangular pyramid and cone structure. Ray-Tracing technology
was employed to investigate the influence of many factors like geometrical shape, density and
the top angle of the unit structure on sunlight absorption. In addition, mechanical tools
develop in a trend of miniaturization and facilitation presently, Dehong et al. [17], Choong
et al. [18], Rusnaldy et al. [19] have investigated and proved that single-crystalline silicon can
be removed by micro machining in the ductile mode under the condition of appropriate
parameters of mechanical grooving. Because of isotropy of polycrystalline silicon surface,
pyramidal structure with large ratio of depth to diameter cannot be fabricated by alkaline
corrosion, which appear to be a limit of this dominant fabrication method. Recently, the metal
assisted chemical etching method [20–22] has been utilized to prepare SiNW(Silicon Nanowire)
or nanopore structure in silicon crystalline surface called “black silicon”, which has a relatively
low reflectance at all angles, but the trade-off between low reflectance and low PCE (Power
Conversion Efficiency) resulting from surface recombination efficiency caused by high surface-
to-volume ratio of SiNW arrays is a problem [23]. Besides, preparing a homogeneous and dense
light trapping structure is difficult for chemical etching way, and the acid etching and alkaline
corrosion produce contaminative water and cause pollution on the surface of the finished
products, the quality could be influenced. The aim of this paper is to investigate the reflectance
of arc-shaped and rectangular-shaped groove structure prepared by common cutting tools,
while mentioned by few papers(for our knowledge). The reflectance of light trapping structure
on rectangular groove can reach 3% and even lower without ARC (Antireflection Coatings).

Solar Panels and Photovoltaic Materials48

In this chapter, numerical analysis method is developed to simulate the reflection path of rays
in the different groove light trapping microstructures, and reflectance of ray at each reflection
point is determined according to Fresnel equations. Then the weighted reflectance of each
structure with different incident angle of light and structural parameters was calculated and
precise results were obtained. The reflection law of rectangular groove structure is strictly
deduced by formula, and the best angle and optimized parameters of rectangular groove
structure were proposed.

2. Textured surface models and calculated methods

2.1. Textured surface models

The normal pyramidal textured surface morphology depicted in Figure 1.

The size-independent behavior of the reflectance was clearly explained by a simple mathemat-
ical model in the perspective of geometric-optical. A profile was shown schematically in
Figure 2. The orange (second reflection) and green (third reflection) areas play the role of light
trapping efficiency. When the model size changes, if the ratio of the orange area to the green
area does not change, the reflectance will not change. This principle also applied to the three-
dimensional pyramid structure. Therefore, the height of the structure was defined as a unit
length. The reflectance of the whole wafer was not affected by the change of the parameters in
the subsequent stage.

The schematics of cross-sectional views for ideal model with no fillet on the included angle and
the model with a fillet on the included angle were depicted in Figure 3(a) and (b), respectively.
If there exists a fillet on the included angle between neighboring pyramidal structures fabri-
cated by mechanical way, the second model was proposed. The height of structure was set to a
unit length in the algorithm. The size and angle of the structure was shown in Figure 3.

For convenience of calculation, a simplified two-dimensional model of arc-shaped groove
structure formed under ideal mechanical condition (without uncut part, and will be mentioned
below) is depicted in Figure 4. As Figure 5 shows, θp is the primary incidence angle of light
projects on arc-shaped groove trap of cell, θi1, θi2, and θi3 are the incidence angle of rays at

Figure 1. Normal pyramidal textured surface morphology.
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each point of reflection, r is radius of arc-shaped light trap. The height of grooveH is defined as
the dimensionless unit length in this model.

2.2. Calculated model and numerical algorithm

To analyze light trapping efficiency of ideal arc-shaped grooved microstructure, curve equa-
tion of microstructure should be obtained first, which is determined by radius r and height H

Figure 3. Schematic of (a) ideal model with no fillet on the included angle and (b) the model with a fillet on the included
angle.

Figure 4. Simplified two-dimensional arc-shaped groove model.

Figure 2. A simplified two-dimensional model of multiple reflections.
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of the groove. After one reflection in microstructure, the ratio of reflected light intensity to
incident light intensity is defined as primary reflectance R, and after t reflections, the ratio of
reflected light intensity to incident light intensity is defined as exitance β:

β ¼ Rt (1)

As depicted in Figure 6, a beam of parallel light projects into the light trapping microstructure.
This beam of parallel light can be evenly divided into n rays in the direction of horizontal
width (AB). It is assumed n is large enough, and the number of reflections of the ith ray is noted
as tj, then the exitance β ¼ Rtj , and the ratio of total escaped light intensity to incident light
intensity is defined as weighted reflectance γ:

Figure 6. Multi-reflection schematic of parallel light in trap.

Figure 5. Schematic of arc-shaped groove structure model.

Effects of the Novel Micro-Structure on the Reflectance of Photovoltaic Silicon Solar Cell
http://dx.doi.org/10.5772/intechopen.74972

51



each point of reflection, r is radius of arc-shaped light trap. The height of grooveH is defined as
the dimensionless unit length in this model.

2.2. Calculated model and numerical algorithm

To analyze light trapping efficiency of ideal arc-shaped grooved microstructure, curve equa-
tion of microstructure should be obtained first, which is determined by radius r and height H

Figure 3. Schematic of (a) ideal model with no fillet on the included angle and (b) the model with a fillet on the included
angle.

Figure 4. Simplified two-dimensional arc-shaped groove model.

Figure 2. A simplified two-dimensional model of multiple reflections.

Solar Panels and Photovoltaic Materials50

of the groove. After one reflection in microstructure, the ratio of reflected light intensity to
incident light intensity is defined as primary reflectance R, and after t reflections, the ratio of
reflected light intensity to incident light intensity is defined as exitance β:

β ¼ Rt (1)

As depicted in Figure 6, a beam of parallel light projects into the light trapping microstructure.
This beam of parallel light can be evenly divided into n rays in the direction of horizontal
width (AB). It is assumed n is large enough, and the number of reflections of the ith ray is noted
as tj, then the exitance β ¼ Rtj , and the ratio of total escaped light intensity to incident light
intensity is defined as weighted reflectance γ:

Figure 6. Multi-reflection schematic of parallel light in trap.

Figure 5. Schematic of arc-shaped groove structure model.

Effects of the Novel Micro-Structure on the Reflectance of Photovoltaic Silicon Solar Cell
http://dx.doi.org/10.5772/intechopen.74972

51



γ ¼ 1
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Xn

j¼1
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n

Xn

j¼1

Rtj (2)

the number of rays after tj reflections is noted as ni (1 ≤ ni ≤ n, i = tj), hence the Eq. (2) can be
shown as following:

γ ¼ 1
n

Xn

j¼1

Rtj ¼
X∞

i¼1

ζiRi (3)

where ζi is the proportion of rays after i reflections relative to total rays, which can be depicted
as following:

X∞

i¼1

ζi ¼ 1, ζi ¼ ni
n
, i ¼ 1, 2,⋯ (4)

The reflectance R of ordinary silicon wafer is about 0.33 [24], which can be considerably not
precise for the weighted reflectance calculation. On the basis of Fresnel equations, the reflec-
tance for s-polarized light (the component of the electric field of photons perpendicular to the
plane of incidence) is explained by [25]:
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the reflectance for p-polarized light (the component of the electric field of photons parallel to
the plane of incidence):

Rp ¼ Z2 cosθt � Z1 cosθi
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where Z1 and Z2 are the wave impedances of media 1 and media 2, respectively, μ1 and μ2 are
the magnetic permeability of two materials, ε1 and ε2 are the electric permeability of two
materials. θi and θt are the incident and refracted angle of rays respectively, they are showed
in Figure 7.

For non-magnetic materials such as silicon (i.e. materials for which μ1 ≈μ2 ≈μ0, where μ0 is the
permeability of free space), we have

Z1 ¼ Z0

n1
, Z2 ¼ Z0

n2
(7)

The parameters n1 and n2 are the refractive index of media 1 and media 2 respectively. Using
Snell’s law and trigonometric identities, by eliminating θt in Fresnel equations, the reflectance
for s-polarized light becomes
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the reflectance for p-polarized light becomes

Rp ¼ n1 cosθt � n2 cosθi
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Sun light consists of short wave trains with equal mixture of polarizations, which can be seen
as unpolarized light, the reflectance for unpolarized light

R ¼ 1
2

Rs þ Rp
� �

(10)

To derive the reflectance at each reflected point in light trap on silicon cell, we need to know
refractive index of air and silicon and incidence angle at each reflected point on the interface,
the refractive index of light for air is seen as 1 here, refractive index for silicon differing with
wavelength of ray is shown in Figure 9. We used numerical software to pick out points from
original refractive index curve [26], and the curve in Figure 8 can fit original curve well by 4th
order polynomial function and exponential function.

Figure 9 shows the reflectance for different wavelength rays of various incidence angles, the
curve follows a trend similar to Figure 8 when wavelength increases, the curve of incidence
equal to 75� shows a lower descending gradient comparing with other smaller incidence angles,
and wavelength seem to have more significant influence than incidence on reflectance of light.

By analyzing the calculated results of reflectance, the maximal value of reflectance for silicon is
approximately obtained at wavelength 380 nm, Rmax = 0.535, After 20 reflections, the exitance

Figure 7. Variables used in the Fresnel equations.
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the plane of incidence):
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where Z1 and Z2 are the wave impedances of media 1 and media 2, respectively, μ1 and μ2 are
the magnetic permeability of two materials, ε1 and ε2 are the electric permeability of two
materials. θi and θt are the incident and refracted angle of rays respectively, they are showed
in Figure 7.

For non-magnetic materials such as silicon (i.e. materials for which μ1 ≈μ2 ≈μ0, where μ0 is the
permeability of free space), we have

Z1 ¼ Z0

n1
, Z2 ¼ Z0

n2
(7)

The parameters n1 and n2 are the refractive index of media 1 and media 2 respectively. Using
Snell’s law and trigonometric identities, by eliminating θt in Fresnel equations, the reflectance
for s-polarized light becomes
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the reflectance for p-polarized light becomes
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Sun light consists of short wave trains with equal mixture of polarizations, which can be seen
as unpolarized light, the reflectance for unpolarized light

R ¼ 1
2

Rs þ Rp
� �

(10)

To derive the reflectance at each reflected point in light trap on silicon cell, we need to know
refractive index of air and silicon and incidence angle at each reflected point on the interface,
the refractive index of light for air is seen as 1 here, refractive index for silicon differing with
wavelength of ray is shown in Figure 9. We used numerical software to pick out points from
original refractive index curve [26], and the curve in Figure 8 can fit original curve well by 4th
order polynomial function and exponential function.

Figure 9 shows the reflectance for different wavelength rays of various incidence angles, the
curve follows a trend similar to Figure 8 when wavelength increases, the curve of incidence
equal to 75� shows a lower descending gradient comparing with other smaller incidence angles,
and wavelength seem to have more significant influence than incidence on reflectance of light.

By analyzing the calculated results of reflectance, the maximal value of reflectance for silicon is
approximately obtained at wavelength 380 nm, Rmax = 0.535, After 20 reflections, the exitance

Figure 7. Variables used in the Fresnel equations.
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β20 ¼ Rmax
20 ¼ 3:69� 10�6, and ζi < 1 (in Eq. (4)), hence the calculations can be ignored when

i>20, and the weighted reflectance γ can be shown as:

γ ¼
X20

i¼1

ζiRi (11)

where Ri in formula (11) becomes

Ri ¼
Yi

j¼1

Rj (12)

where Rj is the reflectance of monochromatic ray at jth reflection.

Figure 9. Reflectance for different wavelength rays.

Figure 8. Refractive index for silicon to different wavelength rays.
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3. Results and discussions

3.1. Beam number determination

As shown in Figure 4, the incident light starting point was selected at point A, and then each
light beam increased a distance of 2H

n tanα at x-axis direction, and ended at point C. Different
weighted reflectance γ according to the flow chart were carried out when nwas set to different
values. γ can achieve exact value when n is larger than a certain value. The calculation results
under the model with no fillet (θ ¼ 55 ∘, r ¼ 0) on the included angle and the model with a fillet
(θ ¼ 55 ∘, r ¼ H=10) on the included angle were shown in Table 1 and Table 2 respectively.

A satisfactory result was obtained at n ¼ 200, following works were carried out at the condition
of n ¼ 200. At n ¼ 200, the relative errors between the adjacent dates were 0.148% and �0.491%
respectively which can meet the needs of engineering completely.

3.2. Effects of base angle size on optical reflectance

As depicted in Figure 4 (a), the calculation results were shown as curve (a) in Figure 10 with
different base angle size θ (from 30 ∘ to 75 ∘). It is notable that the structure lost light trapping
efficiency when θ ≤ 30 ∘, according to the geometric relationship between the incident and
reflected light.

The irregular curve can be discussed as follows:

The variation of reflection times changed with the base angle size was obtained after a rigorous
geometric calculation: the nth reflection area started occurrence when the base angle θ reached
180n�270

2n�1
∘, i.e., α ¼ 360

2n�1
∘; the whole light trapping area became nth reflection area when the base

angle θ reached 90n�1
n

∘, i.e., α ¼ 180
n

∘. Specifically speaking, all the incident lights reflected only
one time when θ ≤ 30 ∘, and the reflectance was stable at 33.333%; the 2nd, 3rd, 4th, 5th, 6th
reflection area starting occurrence when θ reached 30 ∘, 54 ∘, 64:286 ∘, 70 ∘, 73:636 ∘ respectively,
and the whole light trapping area became 2nd, 3rd, 4th, 5th, 6th reflection area when θ reached
45 ∘, 60 ∘, 67:5 ∘, 72 ∘, and 75 ∘, respectively. And the weighted reflection γ maintained constants

n 10 20 100 200 500 2000 5000 10,000

γ/% 9.630 10.370 9.926 10.000 9.985 9.985 9.984 9.986

relative error/% �7.143 4.478 �0.741 0.148 0 0.010 �0.014 0

Table 1. Calculated result and analysis by different n (θ ¼ 55 ∘, r ¼ 0).

n 10 20 100 200 500 2000 5000 10,000

γ/% 9.630 11.111 11.852 12.000 12.059 12.052 12.050 12.050

relative error/% �13.333 �6.250 �1.235 �0.491 0.061 0.012 0 0

Table 2. Calculated result and analysis by different n (θ ¼ 55 ∘, r ¼ H=10).
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As depicted in Figure 4 (a), the calculation results were shown as curve (a) in Figure 10 with
different base angle size θ (from 30 ∘ to 75 ∘). It is notable that the structure lost light trapping
efficiency when θ ≤ 30 ∘, according to the geometric relationship between the incident and
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geometric calculation: the nth reflection area started occurrence when the base angle θ reached
180n�270

2n�1
∘, i.e., α ¼ 360

2n�1
∘; the whole light trapping area became nth reflection area when the base

angle θ reached 90n�1
n

∘, i.e., α ¼ 180
n

∘. Specifically speaking, all the incident lights reflected only
one time when θ ≤ 30 ∘, and the reflectance was stable at 33.333%; the 2nd, 3rd, 4th, 5th, 6th
reflection area starting occurrence when θ reached 30 ∘, 54 ∘, 64:286 ∘, 70 ∘, 73:636 ∘ respectively,
and the whole light trapping area became 2nd, 3rd, 4th, 5th, 6th reflection area when θ reached
45 ∘, 60 ∘, 67:5 ∘, 72 ∘, and 75 ∘, respectively. And the weighted reflection γ maintained constants
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γ/% 9.630 10.370 9.926 10.000 9.985 9.985 9.984 9.986
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Table 1. Calculated result and analysis by different n (θ ¼ 55 ∘, r ¼ 0).
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is 11.111, 3.703, 1.235, 0.411 and 0.137%. In other areas when there existed a variety of
reflection areas, the weighted formula of reflectance was shown as in the following:

γ ¼ aRt þ 1� að ÞRtþ1 ¼ Rt � Rtþ1� �
aþ Rtþ1 (13)

Where a is the proportion of lights projected onto the tth reflection area. With increasing base
angle size, a decreased linearly from 0 to 1, t and t + 1 were the reflection times of the two kinds
of reflection area which existed in the light trapping area, and R is the reflectance. Obviously it
was a linear function, therefore, in each area which existed a variety of reflection areas, γ
decreased linearly with the base angle size.

In a word, 60 ∘ was chosen as the final structure base angle of the pyramidal structure consid-
ering that the reflectance had reached a relatively stable value. In addition, 60 ∘ was a suitable
value for the tool design.

3.3. Effects of r/H and incidence on the reflectance of arc-shaped grooved light trapping
microstructure

Figure 11a, b, c, and d show the variation curve of weighted reflectance for wavelength
400 nm,600 nm,800 nm,1000 nm respectively when primary incidence and value of r=H
change. Four graphs show similar variation tendency to each other, the weighted reflectance
tends to be the least for all incidence angles when r ¼ H. As the value of r=H increases, for
incidence θp ≤ 30

�
, the weighted reflectance increases monotonously and then tends to be

stable, and for θp > 30
�
, the result decreases first and then increases, and then tends to be

stable. When r/H reaches a specific value, rays tend to reflect once in the trap, the weighted
reflectance become stable at the value of one reflection reflectance under the condition of their

Figure 10. Relationship of weighted reflectance and the base angle size.
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incidence respectively. Every arc-length blocked by rays reflection in the arc equals each other,
therefore, the number of reflections of ray in arc-shaped groove is positively correlated with
the ratio of total arc-length to single arc-length blocked by each reflection. The rays of short
wavelength show higher weighted reflectance when incidence and structure parameters are
the same, which is similar to the variation trend of refractive index, it means when the other
conditions remain the same, silicon shows lower absorption efficiency for shorter wavelength
rays. In practical preparation process of arc-shaped micro-structure, reflectance will be higher
as the existence of one reflection area of uncut part.

4. Conclusions

An algorithm was designed to calculate the weighted reflectance of the light trapping struc-
ture. The light trapping mechanism was studied by numerical algorithm with the morphology

Figure 11. Effects of different ratio of r/H and primary incidence on the reflectance of arc-shaped grooves of rays of
different wavelengths. Wavelengths of (a) 400 nm, (b) 600 nm, (c) 800 nm, and (d) 1000 nm.
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incidence respectively. Every arc-length blocked by rays reflection in the arc equals each other,
therefore, the number of reflections of ray in arc-shaped groove is positively correlated with
the ratio of total arc-length to single arc-length blocked by each reflection. The rays of short
wavelength show higher weighted reflectance when incidence and structure parameters are
the same, which is similar to the variation trend of refractive index, it means when the other
conditions remain the same, silicon shows lower absorption efficiency for shorter wavelength
rays. In practical preparation process of arc-shaped micro-structure, reflectance will be higher
as the existence of one reflection area of uncut part.

4. Conclusions

An algorithm was designed to calculate the weighted reflectance of the light trapping struc-
ture. The light trapping mechanism was studied by numerical algorithm with the morphology

Figure 11. Effects of different ratio of r/H and primary incidence on the reflectance of arc-shaped grooves of rays of
different wavelengths. Wavelengths of (a) 400 nm, (b) 600 nm, (c) 800 nm, and (d) 1000 nm.

Effects of the Novel Micro-Structure on the Reflectance of Photovoltaic Silicon Solar Cell
http://dx.doi.org/10.5772/intechopen.74972

57



of the light trapping structure. The weighted reflectance of pyramidal textured surface was
calculated in different conditions, respectively. The optimized parameters of the pyramid
texture were proposed and the best incident angle was obtained by analyzing the values. A
basis method is provided for future fabrication of pyramidal textured surface by mechanical
way. The following conclusions were carried out.

1. The reflectance is more suitable for commercial production when the structure is smaller
and denser.

2. When the base angle size increased in the ideal pyramid model, the weighted reflectance
decreased monotonically. A satisfactory light trapping efficiency was calculated at θ ¼ 60 ∘

in the actual pyramid model with fillet.

3. After the whole structure determined completely, the light trapping efficiency of the
structure can reach a best level to accept the vertical incident light; a satisfactory light
trapping efficiency also can be obtained.
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3. After the whole structure determined completely, the light trapping efficiency of the
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Abstract

Plasma-enhanced chemical vapor deposition (PECVD) developed for thin film (TF) Si:H-
based materials resulted in large area thin film PV cells on glass and flexible substrates. 
However, these TF cells demonstrate low power conversion efficiency PCE = 11% for 
double and PCE = 13% for triple junction cells below predicted PCE ≈ 24%. PV cells on 
crystalline silicon (c-Si) provide PCE ≈ 17–19%. Cost of c-Si PV cells lowered continuously 
due to reducing price of silicon wafers and enlarging their size. Two factors stimulated a 
combination of PECVD films and c-Si devices: (a) compatibility of the technologies and (b) 
possibility for variation of electronic properties in PECVD materials. The latter results in 
additional build-in electric fields improving charge collection and harvesting solar spec-
trum. We describe a transformation of PECVD TF solar cell technology for 11% efficiency 
modules to heterojunction technology (HJT) c-Si modules with 23% efficiency. HJT  PV 
structure comprises c-Si wafer with additional junctions created by PECVD deposited 
layers allowing development of single wafer PV cells with PCE ≈ 24% and the size limited 
by wafer (15.6 x 15.6 cm2). The chapter starts with background in PECVD and c-Si PV 
cells. Then, in Section 2, we describe electronic properties of PECVD materials in HJT 
PV structures. Section 3 deals with structure and fabrication process for HJT devices. In 
Section 4, we present and discuss performance characteristics of the devices. Section 5 
describes implementation of the developed HJT module (1600 x 1000 mm2) based on HJT 
single wafer cells in industry with presentation and discussion of characteristics related to 
industrial production. Finally, Section 6 presents the outlook and summary of the chapter.
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1. Introduction

Market of PV devices shows continuous increase, for example, for only 1 year, that is, 
2016–2017, it has grown from 76 GW to about 100 GW (by more than 30%) [1]. PV devices 
based on silicon dominate in the market (>90%). Interdigitated back contact (IBC) cells on 
monocrystalline n-type silicon demonstrate mass production efficiency, PCE = 23% (2016) 
with prognosis to rise to PCE = 27% by 2027 [1]. Fabrication of these devices is complicated 
because of multiple deposition and etching steps required to form both p- and n-doped  
contact areas on rear surface of the cells. Moreover this fabrication is based on conventional 
crystalline silicon technology including high temperature processes. Alternative and rela-
tively simple approach to get high efficiency defined as heterojunction technology (HJT) 
includes deposition of thin layers by plasma-enhanced chemical vapor deposition (PECVD) 
conducted at low temperature. PECVD technique provides a wide range of possibilities 
for material engineering with variation of structure, electronic properties and doping of 
the films. These films can be used for surface passivation and for creation of additional 
built in electric field at interfaces with silicon. HJT solar cells exhibit PCE = 22% (2016) with 
prognosis for rise to PCE = 24% in 2027 [1]. Furthermore, a combination of HJT and back 
contact technology will allow to overcome PCE values predicted for conventional IBC cells 
made with diffusion approach as it is confirmed by a world record PCE values above 26% 
reported for such cells [2].

PECVD is a rather mature industrial technology exploited to fabricate both PV modules on 
both glass substrate with dimensions up to 2200 × 2600 mm2 and flexible plastic or metal foil 
substrates. The best developed PECVD PV structures provide efficiency, that is, PCE = 11% 
for “micromorph” two junction tandem [3] and PCE = 13% for triple tandem on stainless 
steel foil [4]. These values are less than those theoretically predicted PCE = 24%. Therefore, 
PECVD PV solar cell modules on glass are not able to compete with those based on crystal-
line silicon technology for terrestrial applications, though they occupy a segment of flexible 
solar cells in PV market. Advantages of PECVD technology for material engineering together 
with compatibility of this technique with c-Si technology made promising implementation 
of PECVD materials in c-Si  PV technology resulting in development of  HJT solar cells. The 
latter is attractive because of PECVD is a low-temperature process and also because of its 
performance demonstrated.

This chapter describes our experience in research and development of HJT solar cells and 
modules based on our previous background in fabrication of “micromorph” modules; imple-
mentation of HJT modules consisted of 60 cells in industrial production is also discussed.

2. Configurations and fabrication of HJT devices

In this section, we describe basic configurations of solar cells based on crystalline materials. 
Figure 1 shows cross-section diagrams for crystalline silicon solar cell (a) fabricated by standard 
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diffusion processes with typical efficiency of 17–19%, PECVD thin silicon film “tandem” struc-
ture (c) comprising two p-i-n junctions with efficiency of 9–11% and HJT silicon-based solar cell 
incorporating some PECVD films.

n-Type c-Si is a conventional material for HJT cells nowadays, although HJT solar cells 
based on p-type silicon with efficiency above 20% have been also reported, for example, see 
Ref. [5].

Despite using floating zone (FZ), c-Si for record cells and reasonable parameters obtained 
on high-quality multicrystalline wafers manufactured with direct solidification technique [6], 
crystalline silicon made by Czochralski (CZ) technique is conventionally used for HJT cells’ 
mass production. In this study, 6” CZ Si pseudo square n-doped <100> wafers with typical 
resistivity in the range from 1 to 5 Ohm⋅cm were used. The wafers were sliced with diamond 
wire technology from ingots with low impurity level providing bulk lifetime of minority car-
riers τ > 1 ms measured by transient photoconductance technique on ingots.

It is worthy of some comments in terms of different HJT configurations. Frontal side of solar 
cell is determined as that for penetration of incident light, and opposite side is determined 
as rare (or back) side. There is also not well-justified term “emitter” which nevertheless is 
widely used in the literature, it is referred to the position of p(or p+) layer. Two configura-
tions of HJT cells are possible: with frontal emitter meaning p-layer position on frontal side 
and rare (back) emitter meaning p-layer on rear side. For industrial production, to our mind 
rear emitter is preferable because of higher contribution of the wafer in lateral conductivity 
resulting in lower requirements for contact grid (lines may be narrower and separated by 
longer distance) and consequently, reducing shadow losses. In addition, employing n-layer 
made of nanocrystalline silicon (PECVD nc-Si) on frontal side results in reducing absorption 
losses from frontal side. However, lower holes diffusion length and nonuniform absorption 
of the incident light inside of c-Si wafer resulting in much higher carrier generation rate at 

Figure 1. Configurations of different solar cells: (a) crystalline silicon c-Si device fabricated with diffusion processes, 
(b) HJT cell comprising c-Si and PECVD materials and (c) thin film a-Si:H/mk-Si:H solar cell (two junction tandem).
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front interface lead to record efficiencies on laboratory cells with frontal emitter configuration 
[7]. As seen in Figure 1(b) and (c), the structures comprise different PECVD films such as un-
doped (e.g., amorphous silicon a-Si:H, microcrystalline mk-Si:H), p-doped (e.g. p-a-SiC:H, 
p-mk-Si:H) and n-doped (e.g. n-a-Si:H, n-mk-Si:H). Electronic properties of these films are 
discussed in Section 3 and film deposition in Section 5.

Here, we would like to provide some comments on functions of these films in device struc-
tures. Historically, first c-Si solar cells contained p- and/or n-doped layers prepared with dif-
fusion, and they contacted to metals. They are characterized by significant losses at interfaces 
due to several processes, for example, free carrier absorption, surface recombination, and 
so on, and efficiency achieved is 17–19%. Further progress is related to the development of 
significantly more complex structures such as passivated emitter rear locally diffused (PERL) 
[8] and passivated emitter and rear cell (PERC) solar cells [9]. Then PV structures prepared 
by heterojunction technology called HJT solar cells_ have been developed [9]. In these HJT 
structures crystalline silicon surfaces is passivated by PECVD films which also create hetero-
junctions providing additional built-in electric fields, reduce surface recombination and back 
diffusion of photocarriers and serve as anti-epitaxial buffer.

3. Electronic properties of PECVD materials used in HJT solar cells

Let us consider some principal electronic properties of PECVD films used in HJT solar cells. 
They are listed in Table 1 that contains some electrical and optical characteristics of the films. 
It is seen that properties of PECVD films differ significantly from those in crystalline materials 
comprising the same atoms. For example, optical gap for c-Si Eg = 1.1 eV and for amorphous 
silicon a-Si:H Eg = 1.62–1.65 eV, there is also a difference in activation energy of conductivity. 
These films can be also doped in n- and p-type though with less efficiency of doping com-
pared to crystalline one. Difference of these characteristics provides possibility creation of het-
erojunctions with crystalline silicon resulting in local built-in electric fields. Conventionally, 
PECVD films are deposited from hydride gases such as silane (SiH4), methane (CH4), and 

Layer type Eg (eV) n@500 nm k@500 nm Ea (eV)

i-layer(a-Si:H)* 1.65 4.79 0.61 0.75–0.82

p-layer(a-Si:H) 1.62 4.2 0.47 0.3–0.4

n-layer(a-Si:H) 1.63 4.72 0.6 0.25–0.35

p-layer (nc-Si:H) 1.87* 4.22 0.18 0.08–0.12

n-layer (nc-Si:H) 1.83* 4.16 0.20 0.02–0.04

p-layer (a-SiC:H) 2.02 3.49 0,24 0.45–0.50

*E04 values are presented.

Table 1. Electronic properties of PECVD films incorporated in HJT solar cells.
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germane (GeH4), which are often supplied as a mixture with hydrogen. Thus, glow discharge 
during film growth contains significant amount of hydrogen in the form of molecules, atoms 
and ions. The latter two are very active chemically promoting passivation of substrate surface, 
which is of principle importance during fabrication of HJT solar cells.

There are various techniques to grow thin device quality films, for example, atomic layer depo-
sition (ALD), hot wire (HW) deposition, inductively coupled plasma (ICP), direct current (DC), 
low frequency (LF), radio frequency (RF), very high frequency (VHF), microwave plasma in 
capacitance type reactors, and so on. Comparison of these techniques is out of the scope of 
the chapter; therefore, we only notice that the industry is mostly employed with RF and VHF 
PECVD systems. The latter type is used for fabrication of HJT solar cells in this chapter.

Nanometer-scale thicknesses of the PECVD films in HJT structures are really a challenge in 
material engineering and electronic characterization of such films. Conventionally, at initial 
stage, material of each film and its electronic properties are optimized by preparing the sam-
ples on appropriate substrate such as glass or silicon. Thickness of the film at this stage is more 
than 100 nm, while in HJT structures, we need 5–20 nm thickness. Therefore, questions arise: 
is it possible to characterize such thin films? Is it possible to apply electronic characteristics 
measured in thicker films in device design? Up to now, there are contradictory data reported. 
Some researchers have observed changes in electronic properties with thickness [10], while 
others have revealed such behavior. Here, we present some data obtained in thin films by 
attenuated total reflection infrared spectroscopy (ATR IR) spectroscopy technique allowing 
characterization of rather thin films. To our mind, both spectral ellipsometry and ATR IR are 
widely used technique for thin film characterization. ATR IR spectroscopy allows measure-
ments of the films with thickness less than 20 nm, that is, in the range of thickness of the films 
in HJT device structures. Figure 2 shows IR spectra (measured by transmission on silicon sub-
strate and ATR IR technique) of the films deposited on different substrate (glass and silicon) 
in the same run. The peaks for both curves are located at the value of k = 2000 cm−1suggesting 
practically the same hydrogen bonding structure in the samples.

Figure 3 presents ATR IR spectra around k = 2000 cm−1 (Si-H stretching mode) for the intrinsic 
and doped samples with different thicknesses. One can see in the figure that using ATR IR 
absorption spectra of a-Si:H film, it is possible to observe Si-H stretching mode in the films 
with thickness less than 20 nm; therefore, this technique can be effectively used for optimiza-
tion of the films with thickness required for HJT cells. It is clearly seen that all the curves are 
well centered at k = 2000 cm1. No detectable changes have been observed with thickness.

This is revealed even more clearly in Figure 4, where the spectra are normalized at maximum 
value for both intrinsic and p-doped layer. Thus, we have demonstrated some evidence for 
negligible effect of thickness on microstructure and consequently on electronic properties.

In other words, some basic material optimization can be performed by optical measurements 
with ellipsometry or ATR IR spectroscopy in the films deposited on some acceptable sub-
strates (e.g., on glass), which is of principal importance for optimization of uniformity and 
electronic properties in ultrathin films deposited in mass production PECVD systems.
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After the basic optimization, the characteristics obtained can be extrapolated to the thicknesses 
of the films in device structures. However, such optimization is only initial stage because 
always growth conditions for the films even in the same run (with fixed operator deposition 
parameters) are different for the film deposited on glass from those when the film is deposited 
on stack of previously deposited films. Therefore, it should be noted that final optimization of 
the films is performed in concrete device structures for concrete film inserted between other 
materials. Figures of merit for such optimization are performance characteristics of the device.

Figure 2. IR absorption spectra measured by transmission and ATR IR spectroscopy.

Figure 3. ATR IR spectra of intrinsic (a) and doped (b) a-Si:H layers of different thickness.
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4. Performance characteristics of HJT solar cells (single wafer 
devices)

Performance characteristics of both solar cells and modules allow obtaining finally power 
conversion efficiency (PCE) of solar energy into electric energy, to see harvesting photons of 
different energy of the Sun spectrum and to get insight into technological issues. In this sec-
tion, we describe and discuss these characteristics for single wafer HJT solar cells.

PCE values are conventionally determined from current–voltage J(U) characteristics measured 
with illumination of solar simulator providing incident light intensity Iinc = 1000 W/m2 and AM 
1.5 conditions. An example of J(U) characteristic is shown in Figure 7, and the characteristics 
calculated from this J(U) curve are given in the insert. PCE is defined by the following equation:

  PCE = η =  ( J  sc    U  oc  )  FF /  I  inc    (1)

where Jsc is the short circuit current density determined at U = 0, Uoc is the open circuit voltage 
determined at J = 0, Iinc is the incident light intensity and FF is the fill factor.

Progress in efficiency for single wafer HJT solar cells and some images of the samples as a 
function of R&D time in RDC TF TE are presented in Figure 5.

Starting in 2014, with small area prototypes RDC TF TE in 2017 achieved PCE = 22.8% for solar 
cell with 156 × 156 mm2 dimensions (corresponding area S = 244 cm2) in 2017. This cell is the 
base for large area modules with dimensions 1600 × 1000 mm2. Fabrication and characteristics 
of this module are presented and discussed in Section 5.

Figure 4. Normalized IR absorbance spectra for intrinsic i-a-Si:H (a) and p-doped p-Si:H layers (b).
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always growth conditions for the films even in the same run (with fixed operator deposition 
parameters) are different for the film deposited on glass from those when the film is deposited 
on stack of previously deposited films. Therefore, it should be noted that final optimization of 
the films is performed in concrete device structures for concrete film inserted between other 
materials. Figures of merit for such optimization are performance characteristics of the device.

Figure 2. IR absorption spectra measured by transmission and ATR IR spectroscopy.

Figure 3. ATR IR spectra of intrinsic (a) and doped (b) a-Si:H layers of different thickness.
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4. Performance characteristics of HJT solar cells (single wafer 
devices)

Performance characteristics of both solar cells and modules allow obtaining finally power 
conversion efficiency (PCE) of solar energy into electric energy, to see harvesting photons of 
different energy of the Sun spectrum and to get insight into technological issues. In this sec-
tion, we describe and discuss these characteristics for single wafer HJT solar cells.

PCE values are conventionally determined from current–voltage J(U) characteristics measured 
with illumination of solar simulator providing incident light intensity Iinc = 1000 W/m2 and AM 
1.5 conditions. An example of J(U) characteristic is shown in Figure 7, and the characteristics 
calculated from this J(U) curve are given in the insert. PCE is defined by the following equation:

  PCE = η =  ( J  sc    U  oc  )  FF /  I  inc    (1)

where Jsc is the short circuit current density determined at U = 0, Uoc is the open circuit voltage 
determined at J = 0, Iinc is the incident light intensity and FF is the fill factor.

Progress in efficiency for single wafer HJT solar cells and some images of the samples as a 
function of R&D time in RDC TF TE are presented in Figure 5.

Starting in 2014, with small area prototypes RDC TF TE in 2017 achieved PCE = 22.8% for solar 
cell with 156 × 156 mm2 dimensions (corresponding area S = 244 cm2) in 2017. This cell is the 
base for large area modules with dimensions 1600 × 1000 mm2. Fabrication and characteristics 
of this module are presented and discussed in Section 5.
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In order to improve light trapping in the device structures, Si wafers were textured using 
isopropanol alcohol (IPA) free alkaline process. Despite diamond wire, sliced wafer can be 
successfully textured from as cut state without surface damage etch (SDE) step, we used SDE 
because it facilitated uniform texturing, improved process stability and reduced production 
costs by lower consumption of surfactants providing anisotropic Si etching along <111> direction. 

Figure 5. PCE increase of HJT single wafer solar cell during the development in RDC TF TE.

Figure 6. AFM image of textured Si wafer surface (a) and distribution function of heights (b).
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As a consequence, textured wafers have pyramidal surface topology with size and distribu-
tion of pyramids controlled by parameters of etching process. An example of AFM image of 
textured wafer is shown in Figure 6. One can see in the figure that surface of textured wafer is 
uniformly covered by pyramids with average height about 1.5 mkm.

Special attention has been paid to final cleaning of wafers surface from organic and metal impuri-
ties. We used several cleaning steps followed by final HF-dip and hot nitrogen drying procedure.

Current-voltage characteristic of our best cell measured under standard test conditions (STC) 
is shown in Figure 7 for single wafer HJT solar cell (156 × 156 mm2). This cell exhibits such 
parameters as efficiency PCE = 23.04%, Uoc = 735 mV, Isc = 9.45 A and FF = 81.0%.

Spectral characteristics for different c-Si solar cells, including single wafer HJT solar cell, are 
presented in Figure 8. Comparing spectral curves in Figure 8, we can see that PERC solar 
cell has higher response in short wavelength range (λ < 500 nm) and lower response in long 
wavelength region (λ > 900 nm) than HJT device resulting in a small difference about 2% 
in integral current. Multicrystalline solar cell made by the BSF technology currently domi-
nating in PV market has a little bit better response for λ < 350 nm and worse response for 
λ > 900 nm when compared to that for HJT device resulting in lower value of integral cur-
rent. Both PERC and HJT silicon solar cells provide high and close values of integral short 
circuit currents.

Average values of characteristics are presented in Table 2.

Dispersion values for the measured characteristics indicate rather good reproducibility of 
electronic properties observed in the device structures. For comparison, record data on HJT 
single wafer solar cell reported by “Kaneka Corp,” Japan in 2017 [2]. This company increased 
its previous record in 2015 from PCE =25.1% to PCE = 26.6% in 2017 and the predicted effi-
ciency exceeded 27% soon. It is worth to note that cells with record characteristics require 

Figure 7. Current-voltage I(U) graph and characteristics for single wafer HJT cell (156 × 156 mm2).
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usually special design and materials which may not be compatible with mass production 
conditions and/or facilities; however, such high efficiency level of laboratory cells demon-
strates definitely potential for further improvement of HJT technology.

5. Implementation of the developed single wafer HJT structures in 
1600 × 1000 mm2 modules in industrial production

PECVD films for previous optimization were deposited in RDC TF TE laboratory system from 
“Oerlikon Solar,” Switzerland, model Gen 5 KAI, photo is presented in Figure 9(a). Reactor 
of this system is similar to the industrial system “KAI MT R1.0 Modular PECVD System” 
installed for industrial fabrication of the large modules S = 1600 × 1000 mm2. Photo of this sys-
tem is shown in Figure 9(b). In both PECVD systems, capacitive glow discharge at frequency 
f = 40.68 MHz, is used, deposition temperature is about Td = 200 C, technological gases of 
semiconductor purity.

Isc (A) Voc (V) Pmax (W) Vpmax (V) Ipmax (A) FF (%) Eff (%)

Avg. value 9.45 ± 0.01 0.73 ± 0.01 5.52 ± 0.01 0.63 ± 0.01 8.80 ± 0.01 79.9 ± 0.1 22.6 ± 0.1

“Kaneka” 2017 [2] 10.37* 0.740 Not reported Not reported Not reported 84.7 26.6

*Calculation based on data in [2]: area S = 180 cm2, density of short circuit current Jsc = 42.5 mA/cm2.

Table 2. Performance characteristics of HJT single wafer (156 × 156 mm2) HJT solar cells.

Figure 8. Spectral response of PV cells fabricated with crystalline silicon, PECVD silicon films and combination in HJT 
structures.
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We shall skip description of technological process details and discuss only some specific 
issues related to HJT with crystalline silicon wafers large area module fabrication. Initially, 
these systems were employed for fabrication of thin film double junction tandem module 
on glass substrate (see diagram in Figure 1(c)). For HJT solar cell module, silicon wafers are 
placed on a special wafer carrier developed by RDC TF TE and then loaded into reactor. More 
details (process sequence, equipment, project milestones, etc.) on process of conversion sili-
con thin film solar module to high efficiency HJT module production can be found in ref. [11].

An important issue for large area modules is uniformity of electronic properties of the films 
deposited on large area substrate (or the carrier with 60 wafers).

Map of thicknesses for a-Si:H films deposited on large area glass substrate is shown in Figure 10 
with mean thickness value <d > = 48.5 nm and deviation of thickness <Δd> =7.1%. In other words, 
thickness of the films over entire reactor active area (1300 × 1000 mm2) is better than 10%.

Figure 11 shows five-point average thicknesses and five-point bandgap values for the array 
of 5 × 5 silicon wafers, with mean values of thickness < d > =94.7 and deviation 3.4% and with 
mean value of optical gap <Eg > =1.72 eV and deviation <ΔEg > =HJT 1.1%. These characteristics 
meet uniformity requirement for fabrication of HJT cells on wafer distributed over entire reac-
tor area with thin films incorporated in the device structure.

Performance characteristic of “Hevel” HJT solar cell module is shown in Figure 12. Comparison of 
this characteristic with that for HJT module reported by “Meyer-Burger” is presented in Table 3.

One can see in Table 3 that the values reported by “Hevel Solar” are still less than those of 
“Meyer Burger.” However, this difference partially comes from using full square wafers in 
MB modules, which results in reduced dead space area and corresponding gain in current 
value. It should be noted that it is difficult to perform correct comparison because of the dif-
ference in the form of silicon wafers (not always reported), in normalization over area taking 

Figure 9. Laboratory installation (a) and industrial PECVD system (b).
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into account substrate area occupied by contact grid or not, and so on resulting in some uncer-
tainties when comparing the devices.

Interesting data on outdoor 1-year testing of “Hevel Solar” HJT modules can be found in Ref. 
[13] (Figure 12).

Figure 11. Thickness and optical gap mapping for the films deposited on silicon substrate (wafer dimensions 156 × 
156 mm2). Data are obtained by spectral ellipsometry.

Figure 10. Thickness mapping for a-Si:H films deposited on glass substrate. Data are obtained by spectral ellipsometry.
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6. Summary and outlook

We have briefly described a successful transformation of technology for thin film solar cell 
modules (1000 × 1300 mm2) with efficiency 11% to heterojunction technology (HJT) for c-Si 
solar cell modules (1000 × 1600 mm2) with efficiency around 20% with employing the same 
essential equipment for PECVD materials. Now, the developed HJT modules are commer-
cially produced by “Hevel Solar” (Russia) [14].

PECVD technique being principal in HJT module fabrication for both passivation and growth 
of semiconductor films is very versatile technology with high potential for further material 
engineering.

Well-known theoretical estimation of efficiency for one bandgap material c-Si gives value 
around PCE ≈ 30–34%, while record value achieved in 2017 by “Kaneka Corp.” (Japan) is 
about PCE ≈ 27%. Thus some potential still exists for PCE increase for one gap c-Si HJT solar 

Module Pmax Vmp (V) Imp (A) Voc (V) Jsc (A) FF (%) PCE (%)

“Hevel Solar” 317 35.78 8.85 43.88 9.44 76.4 19.1

“Meyer Burger” 329 37.04 8.89 44.28 9.66 77.0 19.8

Note: PCE indicated in table are effective values calculated with integral module area without subtraction area occupied 
by electrode stripes and elements of hermetization and assembling.

Table 3. Comparison of performance characteristics of 1600 × 1000 mm2 HJT modules consisted of 60 single wafer cells 
made by “Hevel Solar” and “Meyer Burger” [12].

Figure 12. Current-voltage I(U) characteristics of HJT module 1600 × 1000 mm2 (60 cells 156 × 156 mm2), developed by 
RDC TF TE and fabricated by “Hevel solar”.
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cells, which can be realized by improving passivation, electrodes, improving short wave-
length collection by frontal interface, and so on.

General road to increase conversion efficiency is related to multijunction (MJ) design and fab-
rication of PV structures comprising materials with different bandgaps adjusted for harvest-
ing maximum of solar energy spectrum. This has been demonstrated by MJ solar cells with 
A3B5 semiconductors provided the highest reported values of PCE = 46% [15].

Therefore, MJ approach should be taken into account considering further development of HJT 
c-Si solar cells with efficiency above 34%.
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Nomenclature

PECVD plasma-enhanced chemical vapor deposition

ATR IR attenuated total reflection infrared spectroscopy

FTIR Fourier transform spectroscopy

HJT heterojunction technology (devices, solar cells)

IBC interdigitated back contact (solar cells)

PCE, η, power conversion efficiency

Eg optical gap, eV

PV photovoltaic (structures, solar cells)

TCO transparent conductive oxide

ITO indium tin oxide

i-a-SiH un-doped amorphous silicon

p-a-Si:H p-doped amorphous silicon

n-a-Si:H  n-doped amorphous silicon

c-Si, (p)c-Si, (n) c-Si un-doped crystalline silicon, p- and n-doped crystalline silicon

i-μc-SiH un-doped microcrystalline silicon

n-μc-SiH  n-doped microcrystalline silicon

p-μc-SiH p-doped microcrystalline silicon

p-SiC:H p-doped microcrystalline silicon carbide
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BSF back surface field (solar cell)

CZ silicon silicon fabricated by Czochralski technique

PERC passivated emitter (usually p-Si) and rear cell (silicon solar cell).

PERL passivated emitter rear locally diffused (silicon solar cell).

PERT passivated emitter rear totally diffused (solar cells).

Jsc short circuit current density, mA/cm2.

Isc short circuit current, A

Uoc open circuit voltage, V, mV

Rsh effective shunt resistance, Ohm

Rs effective series resistance, Ohm

STC standard test conditions, output performance conditions used by most 
manufactures AM 1.5, I = 1000 W/m2, T = 25°C

TMB trimethyl boron
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Abstract

In this chapter, we provide the historical background and overview of perovskite-struc-
tured photovoltaic materials. The organolead halide perovskite-structured solar cell is 
considered as one of the most promising photovoltaic technologies due to its rapid prog-
ress in power conversion efficiency. However, the existence of lead in perovskite-struc-
tured photovoltaic materials raises toxicological and environmental issues. Therefore, 
many scientists focused on discovering new materials that can replace the lead and 
improve photovoltaic performance. There are still some issues to be overcome before 
commercialization of perovskite-structured photovoltaic materials. The fast degradation 
phenomenon under humidity or constant irradiation is one such issue. The hysteresis 
phenomena could cause inaccurate estimation of power conversion efficiency. The choice 
of selective contact also plays an important role in obtaining high performance device. 
Therefore, the interaction between each layer should be considered. Overall, we reported 
on state-of-the-art perovskite-structured photovoltaic materials and discussed the essen-
tial factor for fabricating high-performance perovskite-structured solar cells.

Keywords: perovskite, photovoltaic, active layer, lead-reduced, solar cells

1. Introduction

For several decades, there has been substantial development in solar cells. Solar cells can be 
roughly divided into three generations, including (1) single-crystalline and polycrystalline silicon 
solar cells, (2) thin film solar cells (CIGS, CdTe, and amorphous silicon), and (3) new generations 
of solar cells (organic solar cells, dye-sensitized solar cells, and perovskite solar cells). Among 
these solar cells, the third generation of solar cells, which adopt organic materials and nanotech-
nology, shows relatively low cost; the fabrication process is relatively uncomplicated. Therefore, 
the booming of research interest in third generation solar cells has taken placed. Particularly, 
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Figure 2. The number of articles related to the “perovskite solar cell” in the science citation index (SCI;Thomson Reuters) 
from 2012 to 2017.

Figure 1. Efficiency chart of perovskite-structured solar cells.
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the perovskite solar cells (PSCs), bearing the advantages including feasible solution process, low 
material cost, and rapid progress of efficiency, has drawn much attention. As one of the third 
generation photovoltaic material, the development of the perovskite solar cells (PSCs) efficiency 
chart, which was recorded by the National Renewable Energy Laboratory (NREL), is illustrated 
in Figure 1 [1]. In 2009, Japanese scientist T. Miyasaka’s group first reported methylammonium 
lead halide (CH3NH3PbI3) as a light absorber in dye-sensitized solar cells with a power conversion 
efficiency (PCE) of 3.8% [2]. After that, many research groups dedicated to constructing various 
perovskite solar cells in the past eight years. By the apparent increase in the number of publica-
tions per year (Figure 2), PSCs have attracted the scientific community’s attention for several 
years. Owing to the scientists’ contribution, the PCE of PSCs has rapidly improved, and the latest 
record is up to 22.7% by the S. I. Seok group. However, the presence of lead ions in perovskite-
structured materials is so toxic to both environment and human community that it will be an 
obstacle for possible commercialization. During the fabricating process of PSCs, the commonly 
used solvents, such as dimethylformamide (DMF, C3H7NO), acetonitrile (ACN, C2H3N), and chlo-
robenzene (CB, C6H5Cl), are also highly toxic, which may even result in cancer. Therefore, future 
development will focus on the reduction of lead content and the use of low-hazardous solvents.

2. What is perovskite?

In 1839, Gustav Rose, a German mineralogist, first discovered a kind of calcium titanium 
oxide mineral, composed of calcium titanate (CaTiO3), in the Ural Mountains of Russia [3]. 
This mineral was then named after Russian mineralogist Lev Perovski. However, the mate-
rial currently used in perovskite solar cells is not CaTiO3 but a material that has a similar 
crystal structure to perovskite. The chemical formula of this material is commonly denoted as 
ABX3, where A is a monovalent cation, B is a bivalent metal cation, and X is a halogen anion. 
Furthermore, the A cation with larger ionic radii occupying a cuboctahedral site is shared 
with 12 X anions. The 6 X anions surround the B cation with the smaller ionic radii occupying 
octahedral coordination and form a stable structure. The octahedron will connect with each 
other by corning sharing arrangement, and the center of each octahedron is the location of A 
cation [4]. The crystal structure of ABX3 is shown in Figure 3.

The proposed perovskite structure and its stability can be determined by Goldschmidt’s toler-
ance factor (TF) and octahedral factor (μ) [5]. For an ideal cubic perovskite, the unit cell axis, 
a, is geometrically related to the ionic radii and can be described with Eq. (1):

  a =  √ 
__

 2   ( R  A   +  R  X  )  = 2 ( R  B   +  R  X  )   (1)

where RA, RB, and RX are the ionic radii of A cation, B cation, and X anion, respectively. 
Goldschmidt’s tolerance factor is the ratio of the two expressions of the unit cell axis. The 
equation of TF is as follows.

  TF =   
 ( R  A   +  R  X  ) 

 _______ 
 √ 

__
 2   ( R  B   +  R  X  )     (2)
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The perovskite structure is stable when the TF is in the range of 0.82 < TF < 1.00. The octahe-
dral factor calculated by Pauling’s rule can determine the coordination numbers of the metal 
cation and the halogen anion. The equation of the octahedral factor is described in Eq. (3).

  μ =   
 R  B  

 ___  R  X      (3)

Figure 4. Comparison of calculated octahedral and tolerance factors for metal cations as a candidate for replacing toxic lead.

Figure 3. Crystal structure of an organic–inorganic metal halide perovskite.
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For the stable perovskite structure, the coordination number is 6, and the corresponding μ 
will be in the range of 0.414 < μ < 0.732. Calculating the tolerance factor and the octahedral 
factor could be an effective way to construct a new structural map leading to new principles 
of the formability of perovskite compounds.

To further complement the suitable metal cation candidates to replace toxic lead in perovskite 
while not to destroy its structure, Figure 4 summarizes the comparison of tolerance and octahedral 
factors based on Goldschmidt’s rule for non-toxic alkaline-earth metal cations. The homovalent 
substitution of Pb to alkaline-earth metal cations shows that it can meet the requirement of not only 
the charge balance but also the tolerance factor of Goldschmidt’s rule in perovskite. As a result, 
alkaline-earth metal cations are widely considered as suitable candidates for replacing toxic lead.

3. Development of perovskite-structured photovoltaic materials

Perovskite-structured photovoltaic materials can be divided into four groups according to the 
demand of the research objectives. The first group, organolead halide perovskite, is used to 
improve the power conversion efficiency up to its theoretical limit ~31%. The second group 
is lead-free perovskite. The purpose of the lead-free perovskite-structured material is to find 
an alternative to replace the toxic lead. The third group is lead-reduced perovskite-structured 
material. Owing to the unstable performance of lead-free perovskite, partial substitution of lead 
can not only reduce the lead content but also retain the power conversion efficiency. The last 
group, two-dimensional (2D) perovskite-structured material, with the presence of hydropho-
bic alkyl ammonium, exhibits good moisture resistance. In this section, we provide a report of 
the four types of perovskite-structured photovoltaic materials and their relevant applications.

3.1. Organolead halide perovskite-structured materials

Up to now, the organolead halide perovskite is still the highest performance material for 
PSCs. The high performance perovskite-structured solar cells are commonly based on 
MAPbI3, where MA is CH3NH3. To obtain high efficiency, one of the effective approach is 
to improve the grain boundaries of MAPbI3 thin film. The grain boundary is a critical factor 
of charge carrier kinetics and recombination, and thus influences the photovoltaic perfor-
mance. It is believed that less non-radiative pathways in grain boundaries can lead to higher 
photovoltaic performance. However, formation of grain boundaries is unavoidable while the 
MAPbI3 is forming on the substrate during the solution process. Therefore, the N. G. Park 
group reported a grain boundary healing process and achieved a PCE of 20.4% [6]. The grain 
boundary healing process involves adding a slight excess of MAI to the precursor coating 
solution of MAPbI3. After spin coating the non-stoichiometric precursor solution with slightly 
excess MAI, the excess MAI will not influence the crystal structure but form MAI on the sur-
face of the MAPbI3 grain. This MAI film prevents carrier recombination at the grain boundar-
ies and also maximizes the extraction ability of the electron and hole.

Another notable organolead halide perovskite solar cell is based on FA1–xMAxPbI3–γBrγ. The 
architecture of PSCs, deposition process, and compositional manipulation have been seen as 
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important factors for high-efficiency PSCs. The S. I. Seok group devoted themselves to over-
coming these obstacles. They proposed a sandwich-type architecture consisting of CH3NH3PbI3 
perovskite as a light harvester on mesoporous TiO2 and achieved a PCE of 12% [7]. Then, they 
demonstrated a solution-based process to deposit a uniform and dense perovskite layer. The 
adoption of γ-butyrolactone and dimethyl sulfoxide (DMSO) mixed solvent followed by tolu-
ene drop-casting will form an intermediate phase, CH3NH3I–PbI2–DMSO, which leads to the 
formation of a uniform layer and significantly enhances the PCE to 16.2% with no hysteresis 
[8]. They also developed a two-step process based on an intramolecular exchange between 
organic cations and DMSO molecules to fabricate FAPbI3-based PSCs with 20.2% of PCE [9]. 
To date, the S. I. Seok group have combined the contributions mentioned earlier and modified 
the content of iodide in FAPbI3 for efficient PSCs as shown in Figure 5. The addition of iodide 
ion by a two-step process can decrease the deep-level defects that are seen at the nonradiative 
recombination centers and improve the PCE to 22.1% [10].

3.2. Lead-free perovskite-structured materials

The development of lead-free perovskite-structured absorbers for solar cells is an important 
step toward commercializing this technology. For the perovskite-structured solar cells, lead 
is a critical component in the archetypical FA1-xMAxPbI1-γBrγ material. However, the presence 
of lead has raised questions as to whether toxicology issues will become problematic in the 
future for widespread deployment of PSCs [11]. Among various metal, tin is seen as the most 
viable metal to replace lead in perovskite-structure materials. The H. J. Snaith group reported 
the first completely lead-free CH3NH3SnI3 perovskite solar cell prepared on a mesoporous 
TiO2 scaffold with a PCE of 6.4% [12]. Although Sn shows excellent carrier mobility, the insta-
bility state of Sn2+ also makes it prone to become metallic in ambient air. Furthermore, the sig-
nificant difference between Sn-based perovskite and Pb-based perovskite is the crystallizing 
condition; Sn-based perovskite crystallizes without heating and can suppress the formation 
of the uniform film. All of the aforementioned factors have become obstacles for fabricating 
high-efficiency lead-free PSCs.

Sn-based lead-free perovskite-structured materials still have some problems that make it lag 
behind lead-contained PSCs. For instance, the Sn vacancies with low formation energy lead to 
high-doped holes, which will cause severe carrier recombination in PSCs. Zhao et al. reported 
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FAxMA1-xSnI3 served as the light harvesting layer with SnF2 employed as an additive in DMSO 
[13]. Mixing cations such as MA and FA is a conventional method in the composition engi-
neering to improve the PSCs performance. The addition of additives to perovskite precursor 
solution can reduce the doped-hole density and enhance the stability of Sn-base PSCs. Due 
to the fast crystallization of MASnI3, which makes it difficult to control the film morphology, 
DMSO is further introduced to the perovskite precursor solution. Adding DMSO is seen as a 
critical step because it will react with SnI2 and form an intermediate phase, SnI2·3DMSO, that 
suppresses the fast crystallization and thus obtains a homogeneous film. Up to date, the lead-
free perovskite-structured material, FA0.75MA0.25SnI3, with SnF2 as an additive can achieve a 
PCE of 8.12% as shown in Figure 6.

3.3. Lead-reduced perovskite-structured materials

Although lead-free perovskite-structured photovoltaic materials solve the toxicity issues, 
efficiency is sacrificed for the replacement of lead. Partial substitution of lead in perovskite-
structured materials is the alternative solution which can not only reduce the toxicity but also 
maintain the power conversion efficiency. Many literature indicates that owing to the facile 
oxidation of Sn2+ to Sn4+, lead-free CH3NH3SnI3 perovskite-structured material usually exhib-
its reduced efficiency and lack of reproducibility [14]. Therefore, many scientists attempted 
to prepare perovskite film with partial replacement of lead. The M. G. Kanatzidis group fab-
ricated a perovskite material with 50% of Sn doping concentration (CH3NH3Sn0.5Pb0.5I3), and 
found that doping Sn into the perovskite active layer can efficiently regulate the band gap of 
the perovskite material from 1.55 to 1.17 eV [15]. With the tunable band gap, it is also observed 
that light absorption extends to the near-infrared region. In addition, CH3NH3Sn0.5Pb0.5I3 shows  
superior film coverage and better film morphology, which ensures connectivity between 
grains and overcomes short-circuiting and charge leaking issues.
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important factors for high-efficiency PSCs. The S. I. Seok group devoted themselves to over-
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The J. Navas group reported a theoretical study on partially replaced Pb2+ in CH3NH3PbI3 
with Sn2+, Sr2+, Cd2+, and Ca2+ [16]. By doping the dopant into the perovskite-structured mate-
rial, the different crystal structure and band gap will further affect the optical properties. In 
addition, the change in band gap mainly depends on the crystal structure of the perovskite-
structured material. Undoped perovskite-structured material in company with the dopant 
of Sn2+, Sr2+, and Cd2+ is present in the tetragonal crystalline structure. In the case of Ca2+ 
doped perovskite, the predominant crystalline phase is a cubic phase. The values of the band 
gap with different dopants is in the trend of Sr2+ (1.50 eV) < Cd2+ (1.54 eV) < CH3NH3PbI3 
(1.57 eV) ≈ Sn2+ (1.57 eV) for the tetragonal structure and Ca2+ (1.52 eV) < CH3NH3PbI3 (1.57 eV) 
for the cubic structure. With the greater ionic nature of the dopant–iodine interaction, a lower 
band gap can be obtained. By understanding the characteristic of the dopant, the growth of 
highly lead-substituted PSCs and high-efficiency PSCs will become a breakthrough for the 
commercialization in the near future.

The M.-C. Wu group adopted four kinds of alkaline–earth metal cations, including Mg2+, Ca2+, 
Sr2+, and Ba2+, to replace lead cations partially [17]. Among the four alkaline-earth metals, Ba2+ 
is most suitable for Pb2+ replacement in perovskite films; it also exhibits high power conver-
sion efficiency. The Ba2+-doped perovskite films that can be processed in the environment 
containing moisture (1.0% relative humidity) are stable. At the optimal 3.0 mol% Ba2+ replace-
ment, the PCE of the fabricated solar cell is increased from 11.8 to 14.0%, and the PCE of 
champion devices is as high as 14.9% with increased storage stability (Figure 7).

3.4. Two-dimensional perovskite-structured materials

The three-dimensional (3D) perovskite-structured material shows outstanding power conver-
sion efficiency owing to its tremendous advantage, including long carrier diffusion lengths for 
electrons and holes, small exciton binding energy, appropriate band gap, and high extinction 
coefficient. However, moisture instability results from the hygroscopic nature of MA and sup-
presses the commercialization of 3D PSCs. The two-dimensional (2D) perovskite-structured 

Figure 7. Schematic diagram of a perovskite device and crystal structure based on CH3NH3Pb1-xBaxX3 an active layer.
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material based on (BA)2(MA)n-1PbnI3n + 1, where BA is a long-chain aromatic alkylammonium cat-
ion, opens a new trend for optoelectronic devices. Its long organic side group with hydropho-
bic property seems to be beneficial for improving moisture stability. The inorganic layer of the 
2D structure stack with each other by intercalated bulky alkylammonium cations and maintain 
structural integrity by weak van der Waals forces [18]. The band gap and the thickness of the 
2D layer can be tuned by increasing the n values. For n = 1 structure, the 2D perovskite is a sim-
ple structure with the thinnest layer. At n = ∞, the structure becomes the typical 3D perovskite 
structure. An attempt to introduce 2D perovskite into the solid-state solar cell as a light-absorb-
ing material showed poor efficiency (~4.0%) [19]. The poor device efficiency can be explained 
by the difficult charge transport in the out-of-plane direction. The long-chain organic cation 
between the conducting inorganic layers is similar to the insulating spacing layers. The H. Tsai 
group overcame this obstacle by fabricating near-single-crystalline thin films with the hot-cast-
ing process; they reported a PCE of 12.52% with no hysteresis [20]. It also shows outstanding 
light-soaking stability and moisture resistance that retains over 60% of its initial PCE after 
2250 h irradiation without encapsulation. Furthermore, when the 2D PSCs is encapsulated, 
it shows no degradation after irradiation or under humidity. The significant breakthrough of 
power conversion efficiency for 2D PSCs is attributed to the enhanced charge mobility, which 
is facilitated by the near-perfect vertical orientation of the {(MA)n − 1PbnI3n + 1}2− layer. The 2D 
perovskite layer fabricated using the hot-casting technique can form a high-quality film, which 
is ideal for a photovoltaic device. Compared with conventional spin-coating film, the hot-cast-
ing technique provides a uniform and substantially large grain size film that is much more 
reflective. The film also presents a low density of pinhole, which is profitable for improving 
efficiency. Based on these results, the S. Liu group further doped Cs+ into a 2D perovskite to 
replace MA2+ (Figure 8) [21]. The Cs doping enhances the optoelectronic properties attributed 
to the improvement of charge transfer kinetics, charge carrier mobility, and decreased of trap 
density. With this modification, the PCE can be successfully improved from 12.52% to 13.7%.

Figure 8. Schematic diagram of a perovskite device and crystal structure based on Cs+ doped 2D perovskite as an active 
layer.
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4. Current issues and future challenges

To date, perovskite-structured photovoltaic devices have presented considerable progress to 
achieve high efficiency. However, many issues have to be overcome before the commercial-
ization. The fast degradation phenomenon under humidity or constant irradiation bears the 
brunt. The other crucial factor is the presence of J − V hysteresis. With the existence of the 
hysteresis phenomena, the accuracy of power conversion efficiency will fall under suspicion. 
The fundamental mechanisms of the efficient carrier transport in perovskite should also be 
considered. The complication of the synthesis methods and the construction of PSCs make it 
much more difficult to overcome these obstacles. Recently, many researchers have devoted 
lots of effort to address these issues and adapt the properties of corresponding materials.

4.1. Instability under humidity

The stability of PSCs is dominated by lots of factors, such as high humidity, intense illu-
mination, and increased temperature [22]. Exposure to such a severe condition leads to the 
rapid degradation of efficiency and restricts PSCs from outdoor application. Many studies 
have revealed that when the MAPbI3 is exposed to moisture, it will immediately degrade into 
methylammonium (MA), hydrogen iodide (HI), and lead iodide (PbI2) owing to its solubil-
ity in water [23]. Hence, how to effectively prevent the invasion of moisture in the environ-
ment should be considered thoroughly. Prior to developing the encapsulations material, it 
is important to understand what happens during the degradation. CH3NH3PbI3 taken as an 
example of the degradation mechanism of perovskite is shown as follows:

   CH  3    NH  3    PbI  3 (s)    ↔  PbI  2 (s)    + CH  3    NH  3    I   (aq) 
    (4)

   CH  3    NH  3    I   (aq) 
   ↔  CH  3    NH  2 (aq) 

   +  HI   (aq) 
    (5)

  4  HI   (aq) 
   +  O  2 (g) 

   ↔ 2  I  2 (aq) 
   +  H  2    O   (l)     (6)

   HI   (aq) 
    hν   ↔    H  2 (g) 

   +  I  2 (s)     (7)

First, the CH3NH3PbI3 will degrade into PbI2 and CH3NH3I owing to the sensitivity to water. 
The formation of CH3NH3I results in the co-existence of CH3NH3I, CH3NH2, and HI toward 
the progress of equilibrium reaction. After that, the HI tends to decompose in two ways, 
redox reaction and photochemical reaction. Based on the aforementioned equilibrium reac-
tions, it is easy to understand that not only the moisture in the environment but also the oxy-
gen and UV radiation affect the stability severely [24]. The design of the encapsulant should 
consider the permeation mechanisms of the organic and inorganic materials. For an organic 
polymer encapsulant, gas or vapor permeates into the PSCs by the typical solution—the diffu-
sion model. Although an organic polymer encapsulant possesses lots of advantages including 
flexibility, conformability, and processability, the permeability of gas is too high, which is not 
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conducive to PSCs. In the case of inorganic material, it provides a barrier toward permeant 
penetration. Defect-free inorganic thin films as encapsulant material show the characteris-
tic of brittleness, which will not be break resistant to moisture conditions [25]. Therefore, 
constructing a material consisting of both organic and inorganic materials can combine both 
advantages and meet the flexibility and gas barrier conditions.

4.2. J-V hysteresis phenomena

In the characterization of photovoltaic performance, a hysteretic response appears with dif-
ferent scanning conditions; thus the accuracy of the cell efficiency is doubted. The photo-
current density-voltage (J-V) hysteresis behavior will be affected by scanning direction, 
scanning rate, and applied voltage [26]. The hysteresis J-V behavior remains a challenge for 
the advancement of PSCs. Here are some situations that result in erroneous device efficien-
cies. For operating in different scanning directions, the forward scan that holds at short-circuit 
conditions to open circuit voltage conditions tends to have a lower efficiency than holding at 
the reverse scan. Hence, the forward scan is inclined to underestimate the power conversion 
efficiency of PSCs. In contrast, the reverse scan tends to overestimate the power conversion 
efficiency. If the scan rate of measuring the device is faster than its response time, hysteretic 
behavior will also be deteriorated. While holding at the reverse scan, the efficiency increases 
with the increasing scan rate. On the other hand, the efficiency measured at the forward scan 
decreases with the increasing scan rate. Moreover, the J-V hysteresis phenomenon becomes 
more intense under the faster scan rate in both scanning directions. Another important fac-
tor that can also affect the J-V hysteresis is the starting biases. The tendency is similar to the 
previous condition. The more positive the starting voltage holding at the reverse scan, the 
higher the efficiency can be measured; whereas, while holding at the forward scan, the more 
negative the starting voltage, the lower the efficiency of PSCs can be recorded. The existence 
of J - V hysteresis plays a crucial role in the accuracy of power conversion efficiency; hence, 
many scientists have dedicated research to searching for the solution. One of the possible 
methods of J - V hysteresis elimination is to measure the device with a slow scan rate. That 
hysteresis influenced by applied voltage can be solved by light-soaking at different biases 
was reported by the M. D. McGehee group [27]. Prior to the characterization, the precondi-
tion for perovskite-absorber devices with different biases presents a significant effect on the 
photovoltaic performance. The short-circuit current density, fill factor, and power conversion 
efficiency under reverse scan can be suppressed by light-soaking with a more negative bias. 
In contrast, the photovoltaic performance under the forward scan will be enhanced by light-
soaking with a more positive bias. Hence, the declined performance under the reverse scan 
and the increased performance under the forward scan prevent PSCs from the J-V hysteresis 
phenomenon.

4.3. Carrier transport behavior

Although a perovskite-structured active layer presents high efficiency of light-harvesting 
behavior, finding the suitable electron transport layer (ETL) and hole transport layer (HTL) is 
a critical issue for improving the performance of the photovoltaic device. After solar irradia-
tion, an electron-hole pair will be generated at the perovskite-structured active layer. How to 
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transport the electron and hole efficiently to ETL and HTL, respectively, has been discussed 
thoroughly. Therefore, selecting the appropriate materials for the carrier transport layer is 
considered as a primary issue to prevent charge recombination and diminish energy loss at 
the interface between the perovskite active layer and ETL or HTL. In recent studies, the elec-
tron transport materials and the hole transport materials have been explored to construct an 
optimal band alignment for achieving high efficiency [28–30].

A good electron-transporting material should exhibit (1) good electron mobility to facilitate elec-
tron collection, (2) wide band gap for not hindering the absorption behavior of the perovskite 
active layer, and (3) both the valence band/conduction band should be lower than that of 
perovskite-structured material to promote electron migrate to ETL and block the hole to trans-
port. Metal oxides, such as TiO2, ZnO, and SnO2, are widely applied as ETLs, especially TiO2, 
owing to their electrical and optical properties [31]. A good hole-transporting material should 
exhibit (1) efficient hole mobility to promote hole collection, (2) the valence band/conduction 
band both should be higher than the perovskite-structured active layer to promote hole migration 
to HTL and further transport to the electrode, and (3) there should be photochemical stability. 
The most widely-explored materials for HTL has been divided into 3 groups: (1) small molecules 
(e.g., spiro-OMeTAD), (2) inorganic materials (e.g., CuI, CuSCN, NiO, etc.), and (3) conducting 
polymers (e.g., P3HT, PEDOT, PTAA, etc.) [32, 33]. Figure 9 examines the proposed band align-
ment for the commonly used materials for ETL and HTL which is helpful for understanding 
interface properties and constructing high-efficiency perovskite-structured photovoltaic devices.

5. Conclusion

Perovskite-structured photovoltaic materials attract a lot of interest due to its facile fabrica-
tion process and rapid progress in device performance. A series of perovskite-structured 

Figure 9. Energy band diagram of different electron and hole transport layers with respect to perovskite-structured 
photovoltaic devices.
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 photovoltaic materials with high power conversion efficiency, including (1) organolead halide 
perovskite-structured materials, (2) lead-free perovskite-structured materials, (3) lead-reduced 
perovskite-structured materials, and (4) two-dimensional perovskite-structured materials, are 
reported herein in detail. Many problems that occur with these materials must be overcome 
before commercialization. It has been proved that the element in perovskite-structured mate-
rial plays an important role in enhancing stability under humidity or constant irradiation and 
achieving high power conversion efficiency. Numerous alternative materials for ETL and HTL 
have been discovered to facilitate carrier transport at perovskite-structured material interface/
ETL and perovskite-structured material/HTL interface. If there is a breakthrough development 
in fabrication methods, enhancement of stability, and optimized device structure can be realized, 
the commercialization of environmental-friendly high-efficiency PSC will be in the near future.
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Abstract

In order to evaluate a photovoltaic (PV) plant performance, payback time, profitability 
and environmental impact, an analysis must be made of plant maintenance needs, mod-
ule and wiring degradation, mismatches and dust effects and PV cell defects and faults. 
Although a wide range of studies can be found that show the theory and laboratory 
testing of how these circumstances may affect PV production, very few studies in the 
field have covered or quantified real degradation effects and faults using a systematic 
procedure. The authors have therefore reviewed the conditions of PV plants operating 
in Southern Europe, examining the most frequently found faults and types of degrada-
tion, and they look at how novel technologies, such as geographic information system 
(GIS) applications, can help maintainers, owners, and promoters to supervise and locate 
damaged PV modules and monitor their evolution and impact on plant working condi-
tions. GIS applications in this field allow the organization of a geo-referenced database of 
the system, locating and supervising the thirds of each PV cell in the power plant. With 
this information, investors and maintainers can exert increased control on the PV plant 
performance and conduct better preventive maintenance measures. The examples given 
demonstrate that these sorts of applications can be applied both to large PV plants and 
to domestic installations.

Keywords: photovoltaics, PV plants, PV faults, geographic information system,  
PV supervision, maintenance

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[28] Correa Baena JP, Steier L, Tress W, Saliba M, Neutzner S, Matsui T, Giordano F, Jacobsson 
TJ, Srimath Kandada AR, Zakeeruddin SM, Petrozza A, Abate A, Nazeeruddin MK, 
Gratzel M, Hagfeldt A. Highly efficient planar perovskite solar cells through band align-
ment engineering. Energy & Environmental Science. 2015;8:2928-2934. DOI: 10.1039/
C5EE02608C

[29] Wang J-F, Zhu L, Zhao B-G, Zhao Y-L, Song J, Gu X-Q, Qiang Y-H. Surface engineering 
of perovskite films for efficient solar cells. Scientific Reports. 2017;7:14478. DOI: 10.1038/
s41598-017-14920-w

[30] Zhou H, Chen Q, Li G, Luo S, Song T-B, Duan H-S, Hong Z, You J, Liu Y, Yang Y. Interface 
engineering of highly efficient perovskite solar cells. Science. 2014;345:542-546. DOI: 
10.1126/science.1254050

[31] Mohamad Noh MF, Teh CH, Daik R, Lim EL, Yap CC, Ibrahim MA, Ahmad Ludin N, 
ARb MY, Jang J, Mat Teridi MA. The architecture of the electron transport layer for a 
perovskite solar cell. Journal of Materials Chemistry C. 2018;6:682-712. DOI: 10.1039/
C7TC04649A

[32] Yu Z, Sun L. Recent progress on hole-transporting materials for emerging Organometal 
halide perovskite solar cells. Advanced Energy Materials. 2015;5:1500213. DOI: 10.1002/
aenm.201500213

[33] Vivo P, Salunke J, Priimagi A. Hole-transporting materials for printable perovskite solar 
cells. Materials. 2017;10:1087. DOI: 10.3390/ma10091087

Solar Panels and Photovoltaic Materials92

Chapter 7

Degradation Monitoring of Photovoltaic Plants:
Advanced GIS Applications

Miguel de Simón-Martín, Ana-María Diez-Suárez,
Laura-Álvarez de Prado, Alberto González-Martínez,
Álvaro de la Puente-Gil and Jorge Blanes-Peiró

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75650

Provisional chapter

DOI: 10.5772/intechopen.75650

© 2016 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. 

Degradation Monitoring of Photovoltaic Plants: 
Advanced GIS Applications

Miguel de Simón-Martín, 
Ana-María Diez-Suárez, Laura-Álvarez de Prado, 
Alberto González-Martínez, Álvaro de la Puente-Gil 
and Jorge Blanes-Peiró

Additional information is available at the end of the chapter

Abstract

In order to evaluate a photovoltaic (PV) plant performance, payback time, profitability 
and environmental impact, an analysis must be made of plant maintenance needs, mod-
ule and wiring degradation, mismatches and dust effects and PV cell defects and faults. 
Although a wide range of studies can be found that show the theory and laboratory 
testing of how these circumstances may affect PV production, very few studies in the 
field have covered or quantified real degradation effects and faults using a systematic 
procedure. The authors have therefore reviewed the conditions of PV plants operating 
in Southern Europe, examining the most frequently found faults and types of degrada-
tion, and they look at how novel technologies, such as geographic information system 
(GIS) applications, can help maintainers, owners, and promoters to supervise and locate 
damaged PV modules and monitor their evolution and impact on plant working condi-
tions. GIS applications in this field allow the organization of a geo-referenced database of 
the system, locating and supervising the thirds of each PV cell in the power plant. With 
this information, investors and maintainers can exert increased control on the PV plant 
performance and conduct better preventive maintenance measures. The examples given 
demonstrate that these sorts of applications can be applied both to large PV plants and 
to domestic installations.
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1. Introduction

The operation and maintenance of a photovoltaic (PV) power plant is of extreme importance 
to guarantee its optimal performance. Effective maintenance involves at the least semi-auto-
matic analysis and alerts. In this way, the maintenance operator is capable of making immedi-
ate decisions to solve safety problems and minimize power losses [1].

Moreover, monitoring is not just a regular recording of data but involves a more detailed 
analysis in order to prevent possible malfunctions associated with power and, in the end, 
economic losses.

Thus, the development of automatic supervision tools to help maintainers to carry out an 
effective supervision of the power plant and, what is more important, to monitor the evolu-
tion of the modules behavior in an easy and feasible way is of great interest in the industry. 
Furthermore, the detection of operating failures in a timely fashion through the evaluation 
of panels over time means that automated monitoring is, in fact, absolutely necessary. Such 
monitoring will lead to the early replacement of poorly performing components, preventive 
maintenance policies, and better management of plants.

For device manufacturers, performance evaluations of their products can be used as a bench-
mark of their quality manufacturing processes. On the other hand, researchers and R&D 
divisions from companies can take advantage of such evaluations, using that information to 
identify future needs in the industry and to test real working conditions. For PV plant pro-
moters and owners, realistic performance data is essential for investment decision-making.

Although several techniques for the detection of real and/or potential failures in the PV field 
can be found in the literature [2–4], few of them attempt to detect anomalies such as power 
loss, module failure, or health and safety dangers until after they occur and the effects are felt. 
These techniques, moreover, do not address preventative maintenance strategies or effective 
economical programs for the replacement of components. In addition, these systems do not 
integrate geo-references that may help to improve the application of preventative mainte-
nance strategies.

New methodologies are needed to locate and analyze performance and malfunction of plant 
components on a global scale. Despite the great value of analysis carried out in the labora-
tory, it can often be of little help when applied to the real operation of maintenance plans. 
Test conditions in a laboratory may allow for a complete analysis of PV components, but 
owners can ill afford to close an entire installation or part thereof for equivalent testing in 
the field. Besides, laboratory test conditions are unlikely to fully typify working conditions 
in a real field. As such, laboratory test results and, more importantly, any conclusions drawn 
from them are likely to be decontextualized. On the other hand, carrying out systematic 
procedural techniques in the field under changing environmental and climatic conditions 
is in no way easy.

Integrated geographic information system (GIS) platforms will allow test-related informa-
tion to be comprehensively organized and geo-referenced, providing significant benefits. 
One such benefit is the fact that the impact of a single defective component on the overall 
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 performance of a plant can be analyzed. Predictive techniques can then be used to analyze 
deviations in the behavior of supposedly viable components and forecast possible outage in 
areas of the PV plant.

This chapter is organized into four further sections. First, a systematic review of the most 
common PV faults is undertaken. Then, the fundamentals of GIS and how they can be applied 
to PV maintenance and fault supervision are presented. In section three, the application of 
a GIS tool to both a large PV plant (100 kWp) and a domestic installation (9 kWp) is fully 
described and results of the implementation of both examples are shown. Finally, the last sec-
tion includes the main conclusions and some future research directions.

2. Photovoltaic module defects and faults

Prior to going deeper into this topic, the term “failure” in the PV context must be properly 
defined. The bibliography defines a failure in a photovoltaic module as an effect that degrades 
the module power output which is not reversed by normal operation or which, on the other hand, creates 
a safety issue. Evidently, both of these effects can occur at the same time.

As such, degradation of wiring or modules, PV cell defects and malfunctions, dust, and mis-
matches can be considered to be failures of PV modules [5] and purely esthetic problems are not.

The following subsections describe briefly all potential PV module failures.

2.1. Delamination

This consists of the loss of adhesion between the glass, the encapsulation, the active layers, 
and the subsequent layers [6], which can cause loss of current (power) in the photovoltaic 
modules. Loss of adhesion may occur for various reasons. Large thin film modules and certain 
other types of modules sometimes contain an additional transparent conductive oxide (TCO) 
layer, which may lose adhesion with the adjacent glass layer [6]. If the loss of adhesion is due 
to contamination, perhaps from cleaning, or environmental factors, then delamination will 
often take place, followed by moisture entering and, in due course, corrosion. Delamination 
leads to reflection of light and a subsequent loss of power in the modules.

In most cases delamination can be detected by visual inspection, with the degree of layer 
detachment being quantified by use of a reflectometer. Some delaminations, however, cannot 
be identified in this way and so methods such as pulsed active thermography or lock-in ther-
mography can be used, while smaller delaminations can be detected with ultrasound scanners 
and X-ray tomography. The latter methods are slow [7] but provide a much higher resolution.

2.2. Loss of adhesion in backsheet films

The multilayer composites that make up PV module backsheet films comprise three or more 
polymer layers. Outer layers provide resistance to weathering factors such as sunlight and 
humidity and are often made from fluoropolymers with polyvinyl fluoride (PVF), polyamide 
(PA), or polyethylene terephthalate (PET) [8] being popular choices.
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Backsheet failures include yellowing, brittleness that leads to cracking, and delamination 
within the multilayer composite. Delamination and cracking allow water vapor and oxygen 
into the PV module and are considered to be the worst kind of failures within backsheets as 
they cause problems with isolation and subsequently can cause safety issues [9]. Water vapor 
critically affects degradation phenomena such as decomposition of the encapsulation, cor-
rosion of the metal parts, and potential induced degradation (PID) of the PV modules. Such 
failures impact on the performance of a PV module and shorten its lifespan. Yellowing, on 
the other hand, has not been reported as having an influence on the electrical performance of 
modules.

2.3. Junction box faults and mechanical breakage

Junction boxes are attached to the back of modules and protect the connections to the external 
terminals. Bypass diodes in the junction boxes protect cells in a series when hot spots occur 
due to partial shadowing of the module [5]. The formation of moisture due to faulty adhesive 
can lead to wiring degradation that can be the cause of electrical arcing resulting in the poten-
tial for fire or threat to human life.

Mechanical breakages usually consist of cracks in the frame produced by poor handling or 
extreme winter snow loads.

2.4. Discoloration of the encapsulation material and bubble formation

Degradation of the encapsulation material (normally ethylene vinyl acetate or EVA) is an 
esthetic issue that does not usually affect the performance of a module. It can, however, lead 
to an average current loss of 0.5%/year or 0.8%/year for Si PV modules [10].

Rising temperatures, the photo-degradation of EVA by UV radiation, and the existence of 
molecular oxygen lead to the production of acetic acid and volatile gases, that are trapped 
within the module, and can produce delamination or the formation of bubbles [11].

The presence of acetic acid in a PV module is linked to several PV module failures due to its 
corrosive effects on cell metal, which may lead to an increased series resistance and hence 
losses in module performance [12, 13].

Some studies refer to discoloration as degradation rather than failure, as discoloration leads 
typically to lower performance but not necessarily to failure [6].

On the other hand, inappropriate temperatures or an excessively long lamination procedure 
[14] during the manufacturing of the photovoltaic module can cause bubbles of gas to be 
formed either as a direct or as an indirect consequence of melting and solidification processes 
(Figure 1). In Figure 1(a) an EVA discoloration can be appreciated while in  Figure 1(b) we can 
observe an example of a bubble formed over a metal contact.

2.5. Cell cracks

PV cells are made of silicon so they are very brittle. Cell cracks are formed in different lengths 
and orientations in the substrate of the photovoltaic cells and often cannot be seen easily. 
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Figure 2 shows a clear example. Cell cracks may occur during or after production. Major 
sources of cell cracks are during packaging and transport or during the reloading of PV mod-
ules and installation in the field.

Small cell cracks show a great tendency to develop into larger, wider cracks during opera-
tion of the solar module due to mechanical stress [15] from wind or snow load and thermo-
mechanical stress [16] from temperature variations due to changes in weather and intermittent 
cloud cover.

An inactive cell area of 8% or more is unacceptable. Apart from the risk of power loss there is 
also the chance of hot spots being formed. This can happen when a cracked cell has a localized 

Figure 1. Examples of (a) EVA discoloration and (b) bubble formation.

Figure 2. Example of cracks in a PV cell.
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reverse current path in the still active cell part. The cell may reverse bias and the full current 
will be able to flow along the localized path as a consequence of the missing cell area. This can 
cause hot spots and subsequently burn marks [17].

2.6. Snail tracks

Snail tracks are discolorations of the silver fingers on solar cells. A significant example can 
be seen in Figure 3. The effect looks like a snail has passed across the front glass of the PV 
module. The discoloration takes place on cell cracks that are not visible at the edge of the solar 
cell. This typically happens between 3 months and 1 year after installation of the PV modules 
[18]. Discoloration speed is initially dependent on seasonal and environmental conditions, 
such that snail tracks seem to spread faster during summer months and in hot climates [5]. PV 
modules affected by snail tracks have been compared with reference modules under labora-
tory conditions [19] and results showed a 40% reduction in maximum power under standard 
conditions with a 25% lower yield than expected when measured over a 30-day period.

2.7. Hot spots and burn marks

A typical and very common failure in silicon PV modules is burn marks. This failure occurs 
due to part of the module becoming very hot and can be because of ribbon breakage, solder 
bond failure, or localized heating from reverse current flow or other hot spots [5]. Burn marks 
can produce power losses and serious safety problems. They are usually located on or closed 
to the metal contacts of the PV solar cells, such as it can be seen in Figure 4.

Hot spots are areas in a photovoltaic module that have very high operating temperatures 
when compared to surrounding areas. This may be due to interconnection failures, defects in 
the cell, dispersion of characteristics between modules of a generator and between cells of the 
same module connected in series, potential-induced polarization in modules manufactured 
with novel techniques, or when a cell generates less current than other cells connected in 
series as a consequence of intermittent cloud cover or partial shading [20]. As a consequence, 
the cell becomes polarized (the voltage between the terminals becomes negative) and starts to 
dissipate the power generated by the other serial cells in the form of heat.

Figure 3. Example of a snail track over a PV cell.
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Recently, a new maximum power point tracking (MPPT) method was proposed to avoid the 
consequences of hot spots. It is based, firstly, on a bidirectional buck converter to control the 
operating point of each module and uses a boost converter to control the terminal voltage of 
each branch. Secondly, MPPT is modeled as an large-scale global optimization (LGSO), and a 
novel, multicontext, cooperatively coevolving particle swarm optimization (PSO) algorithm 
(CCPSO-m) is proposed to solve this large-scale problem [21].

2.8. Potential-induced degradation

Potential-induced degradation gives rise to power losses owing to the presence of eddy cur-
rents in the PV modules. Its effect can potentially reduce the power of the equipment [22].

The principal cause of these currents is reported to be voltage gaps between the ground and 
the module. In photovoltaic systems without a grounding system, this effect occurs when 
modules have a non-zero voltage, which is normally negative especially under high ambient 
humidity and/or temperatures and high voltage conditions [23].

2.9. Disconnected cells and string interconnected ribbons

Cell strings can become disconnected if string interconnected ribbons are weak, which may 
be caused by large deformations, by the quality of the welds during the production process, 
or by weak connections between the string and the ribbon. Small distances between cells can 
also contribute to interconnected ribbon breakage [5].

The consequences of this may be a broken cell interconnected ribbon and a subsequent decrease 
in maximum power point current [24] or a shunt by a cell interconnected ribbon and a subsequent 
decrease of open circuit voltage.

Figure 4. Example of a burn mark on a PV cell.
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also contribute to interconnected ribbon breakage [5].

The consequences of this may be a broken cell interconnected ribbon and a subsequent decrease 
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Figure 4. Example of a burn mark on a PV cell.
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2.10. Defective bypass diode

Bypass diodes reduce the effects of intermittent cloud cover and partial shading on power gen-
eration by limiting reverse voltage potentials [5]. Power output is decreased significantly with-
out bypass diodes and partial shading may cause local overheating, hot spots, and damage [25].

A new bypass system has been designed [26] allowing significant hot spot temperature reduc-
tion in both partial and full shading conditions. It relies on a series-connected power metal 
oxide semiconductor field effect transistor (MOSFET) that subtracts part of the reverse volt-
age from the shaded solar cell, thus acting as a voltage divider. The authors claim that it 
would be possible to cool up to 24°C with respect to the case in which standard bypass diodes 
are adopted.

2.11. Blue cells

This consists of the lightening of the dark blue tone of certain cells in the PV module. Some 
authors classify this as an esthetic defect, but others have noted that its appearance can cause 
a 17% yield loss under certain conditions [27].

3. Energy geographic information system applications

A geographic information system or GIS consists of a set of applications and programs that 
manage spatially referenced databases, which can be visualized through the use of maps [28]. 
It is a powerful and dynamic tool for the analysis of geographical and spatial data, which can 
also include non-spatial data.

A correctly implemented GIS tool provides comprehensive analysis of an area for any activity 
that entails a spatial component, meaning that GIS technology has wide application in resource 
management and can be an important tool in any decision-making task with a spatial element. 
GIS can thus be found applied to the development of solar atlas, resource location tools, and so 
on. Some authors have used GIS together with global positioning systems (GPS) and unmanned 
aerial vehicles (UAV) to propose efficient inspection and maintenance of PV plants [29].

3.1. Development of geographic information system tools for advanced photovoltaic 
plant supervision and management

The collection and compilation of a dataset of a number of PV power generation variables 
into a GIS tool for the easy visualization, location, and prediction of current problems in a 
PV power plant is of great worth. This involves the creation of a database and base map, and 
adequate procedures for systemizing data introduction and analysis, which in turn should 
lead to the simplification of the study of existing electrical and thermal defects.

Furthermore, the application of a GIS tool allows for the novel correlation of cell defects with 
not only power losses on the affected PV module but also with overall performance of the 
power plant.
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The complete PV power plant should first be introduced into the GIS software (ESRI ArcGIS) 
through aerial orto-photography before geometrical parameters are projected. The geograph-
ical position of the PV serial strings and limitation of plots can thus be set.

Furthermore, it is necessary to identify the exact position within the panel of any possible 
faults that may appear. For this reason, split installation of photovoltaic panels and the thirds 
of cells within each panel are taken into account. The maps have been geo-referenced by 
assigning them projected coordinates ETRS89 UTM 30 N.

PV modules are identified by their rack number and by a code that includes the serial string 
and the relative position of the string within the series.

A systematic procedure needs to be set up to identify the geographical position of a defect 
within a panel. A photovoltaic module is made up of 180 thirds of cells so the following 
nomenclature is suggested. Each cell in the panel can be split into 6 columns (A–F) and 10 
rows (0–9). Each cell is, in turn, split into three thirds (X, Y, or Z). In this way, the position of 
a defect can be indicated in the third of the cell where it is located by an alphanumerical code 
(e.g., 4EY). Figure 5 shows such an identifying code applied to a panel.

With the graphical part of the GIS tool delimited and the identification procedure for each 
PV cell established, a geo-referenced database or geo-database can be implemented. The geo-
database consists of a set of various kinds of geographical datasets in a common file system 
folder. From this a comprehensive information model can be created to represent and manage 
all the geographical information related to the power plant. This information model is real-
ized as a series of tables storing entity classes, raster datasets, and attributes.

The model can be divided into three sorts of information: measurements of electrical variables, 
graphic information (pictures and thermographs), and defects and their description. Figure 6  
shows the schematic diagram of the relational database that has been created. According to 

Figure 5. Adopted nomenclature for PV defect identification.
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the three sorts of information, the model has been organized into four main tables and four 
additional tables. The PV MODULES main table includes information related to a given PV 
module, such as its identifier code (ID_MOD) which is the primary key and uniquely identifies 
each record, the string series (SERIES), the inverter associated with the module (INVERTER), 
its relative position in the series (POSITION IN SERIES), its rack number (RACK NUMBER), 
and its manufacturing reference code (PV MODULE REFERENCE NUMBER).

The MEASUREMENTS main table includes the measured electrical variables that allow for 
analysis of the performance. Each measurement is assigned a unique identifier (ID_MEASURE) 
that relates each measurement record to the PV module using the ID_MOD. The date of the 
measurement (DATE) and the inspector who took the measurement (INSPECTOR) are also 
included. The installation date and factory settings of the module (FACTORY) can be included 
under the INSPECTOR setting. In order to assure an adequate analysis, the measurement quality 
(MEASURE QUALITY) is also included in the form of metadata, an eight-digit code described in 
the QUALITY auxiliary table. The quality code is a number between 0 and 9, that describes if the 
record is a calibration value (0), if the record has no validation (1), if the record has been checked 
for being in a suitable range (2), and so on. There is one digit for each measured electrical value.

The DEFECTS table records PV defects and faults. Each record shows the module affected 
(ID_MOD), the location code of the cell (CELL), which third of the cell is affected (POSITION 
IN CELL) along with the date (DATE), inspector recording the defect (INSPECTOR), type of 
defect (TYPE), and defect evolution within the module (EVOLUTION). The DEFECT TYPE 
auxiliary table records identifiers for the type of defect found in the form of a digit—0: snail 
track, 1: cell crack, 2: hot spot, 3: busbar discoloration, 4: cell discoloration, 5: EVA discolor-
ation, 6: blue cell, and 7: other. The EVOLUTION field in the DEFECTS table is associated 
with the EVOLUTION auxiliary table. The following descriptors show the defect evolution 
in the PV module in this table—0: new defect or not detected before, 1: already detected but 
remains the same as the previous inspection, 2: has increased from the previous inspection, 
and 3: has decreased from the previous inspection.

Figure 6. Schematic diagram of the database organization and relations.
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Finally, graphic information can also be included in the form of front and rear photographs 
and thermographs of each analyzed module. Furthermore, diagrams and figures can also be 
stored such as the I-V curve obtained by a PV curve tracer. This information is recorded in 
the FIGURES table, which includes hyperlinks to files (FILE), the type of graphic information 
(TYPE OF FIGURE), and its quality (FIGURE QUALITY). The type of figure is also related 
to the TYPE OF FIGURE auxiliary table. Figure quality is especially pertinent in the case of 
thermographs and consists of a one-digit code with the same description as is found in the 
previously described QUALITY auxiliary table.

As shown in Figure 7, pictures, thermographs, and I-V curves are spatially referenced and 
associated with each module. This is extremely useful as it means graphic information can be 
spatially related to the measured attributes in each panel. Furthermore, all graphic informa-
tion is available both from the geo-database and through the GIS map.

Inspection entails the characterization of the performance of a PV module by measurement 
of its I-V curve within normal working conditions and its extrapolation to standardized stan-
dard test conditions (STC) conditions (cell temperature of 25°C, incident global irradiance of 
1000 W/m2, and air mass of 1.5).

There must be absolutely no shadow on the PV modules during this process, as it can cause irreg-
ular thermal areas leading to a misinterpretation of the results. Furthermore, windy conditions 
should be avoided as thermal exchange by convection may also cause a diffuse thermal image.

The most favorable conditions for taking quality, representative thermal images is when the panel 
is working at maximum power, which generally occurs at noon with clear sky conditions [30]. 
This means that thermographs should be taken only when there is a minimum of 700 W/m2 of 

Figure 7. Instantaneous access to a PV module frontal thermography.
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global irradiance on the horizontal surface. Furthermore, frontal and rear thermographs should 
be taken in order to minimize interference on the measurements due to reflections from the front 
of the PV module. However, special care needs to be taken when using rear thermographs for 
corrections, as temperatures may be higher due to a lack of thermal dissipation when compared 
to the front part [31].

Once the electrical measurements, fault detection, and graphic information have been 
obtained, all data can be compiled into a complete project constituting a GIS.

4. Examples

The GIS tool was applied to two case studies in Spain. The first was a fixed 108 kW peak 
power PV plant connected to the grid, which has been operating since mid-2008. The second 
was a fixed domestic 9 kW peak power PV plant installed on the rooftop of a family home. 
This installation has been in operation since the beginning of 2017.

4.1. Geographic information system applied to a 108 kWp PV power plant

The first case study is a commercial plant with 100 kW nominal power on the inverters and 
108 kW peak power on the PV modules, operated by the Spanish company Sobarriba Leon 0. 
The PV modules are installed on fixed structures, pointing south, and inclined at 28 degrees 
to the horizontal. The PV field consists of 432 GFM 220-250 monocrystalline 250 Wp silicon 
modules manufactured by Wuxi Guofei Green Energy Source Co. Ltd. They are organized 
in 24 strings with 18 modules on each string. There are six electrical protection boxes for the 
strings in total. Figure 8 shows all electrical parameters for each PV module, while Figure 9 
shows the PV faults log.

The effective application of the GIS tool allows the observation of all electrical parameters in a 
holistic way. As shown in Figure 8(a), critical peak power performances can be easily detected 
among more than 400 PV modules. Other electrical parameters, such as fill factor, open circuit 
voltage, or short circuit current dispersion, can also be observed in the context of the facilities.

4.2. Geographic information system applied to a 9 kWp PV power plant

This is a home PV power plant operated by Himalaya Sol, a Spanish company. It consists of 
a fixed 9 kW peak power plant on the roof of a family home. It began operating in February 
2017 and is made up of 36 GFM 220-250 monocrystalline silicon modules manufactured by 
Wuxi Guofei Green Energy Source Co. Ltd. The modules are fixed with a tilt of 32 degrees 
oriented to 6 degrees east and have a peak power of 250 W per unit. A P300 optimizer from 
Solar Edge is used to optimize power output given that the installation is affected by shadows 
due to the architectural configuration. The PV modules are arranged in 3 serial strings of 13, 
13, and 10 modules, respectively.

Figure 10 shows all electrical parameters for each PV module, while Figure 11 shows the PV 
faults log.
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Once again, it is considerably easier for staff to supervise and monitor the PV plant state. 
However, distribution of electrical parameters may be less significant as only 36 PV panels 
are included in this installation.

Results for the GIS implementation in the 9 kWp home power plant do not have much rel-
evance as of the moment. Due to the fact that the installation only recently started working, 

Figure 8. Electrical parameter distributions: (a) STC peak power, (b) STC fill factor (c) max. power voltage, (d) max. power 
current, (e) open circuit voltage, (f) short circuit current, (g) serial resistance, (h) parallel resistance (108 kWp PV plant).
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Figure 9. PV faults and defects in the 108 kWp PV plant: (a) snail tracks (b) hot spots and burn marks.

Figure 10. Electrical parameter distributions: (a) STC peak power, (b) STC fill factor (c) max. power voltage, (d) max. power 
current, (e) open circuit voltage, (f) short circuit current, (g) serial resistance, (h) parallel resistance (9 kWp PV plant).
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almost no degradation has yet been observed. However, Figure 11(a) and (b) show some snail 
tracks and cell discoloration that might lead to the modules needing future maintenance. The 
distribution of these defects does not appear homogeneous and seems to be concentrated at 
string series extremes.

5. Conclusions

The GIS tool presented here has shown itself to be of great use when analyzing degradation 
effects on a PV field, the location of the most common PV defects, and their overall correlation 
with the plant. Although useful information was found in both case studies, the application 
of GIS to large plants seems to be more viable than for small installations.

The GIS tool is extremely useful for supervising the degradation of electrical parameters in a 
power plant and the evolution and distribution of defects in a PV field. Researchers and main-
tainers are encouraged to use it on their installations and compare results. We will continue 
to add periodical measurements and inspections to the geo-database and the real degradation 
effects of the PV field will then be completely analyzed. Such analysis will lead to more eco-
nomical and effective maintenance and replacement strategies.

A systematic organization and analysis of measurements thanks to the implementation of 
GIS applications not only allows preliminary preventive maintenance actions to be carried 
out, such as replacing damaged PV modules, redistributing PV modules according to their 
performance, and developing specific supervision, cleaning, and maintenance procedures for 
modules affected by PV faults, but also makes feasible the supervision of the degradation of 
electrical parameters in the power plant and the evolution and distribution of defects in the 
PV field.
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Abstract

Despite its highest efficiency, concentrated photovoltaic (CPV) technology is still find-
ing its way into the current photovoltaic market which is saturated with conventional 
flat-plate photovoltaic systems. CPV systems have a great performance potential as they 
utilize third-generation multi-junction solar cells. In the CPV system, the main aspect is 
its concentrating assembly design which affects not only its overall performance but also 
its operation and fabrication. Conventional CPV design targets to use individual solar 
concentrator for each solar cell. The main motivation of this chapter is to propose a novel 
concentrating assembly design for CPV that is able to handle multiple solar cells, with-
out affecting their size, using single solar concentrator. Such proposed design, named 
as multicell concentrating assembly (MCA), will not only reduce the assembly efforts 
during CPV module fabrication, but it will also lower the overall system cost with simpli-
fied design. In this chapter, a detailed design methodology of multicell concentrating 
assembly (MCA) for CPV module is presented and developed with complete verification 
through ray tracing simulation and field experimentation.

Keywords: novel concentrator, homogenizer, CPV, concentrator photovoltaic,  
multi-junction solar cell

1. Introduction

Due to dependency of global energy need on fossil fuels, the global warming situation is hit-
ting to an alarming level with record amount of greenhouse gas emissions. Under such circum-
stances, renewable energy resources are seen to be able to provide sustainable energy source to 
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meet global energy needs [1–4]. However, solar energy, being the energy source with the high-
est energy potential [5–7], can provide a sustainable source of future primary energy supply 
if captured with high efficiency and simple configuration. Photovoltaic system provides the 
most simple configuration to convert solar energy into high-grade energy form, i.e., electricity. 
However, in the current photovoltaic market with 99% share of single-junction solar cells, the 
multi-junction solar cells (MJCs) have yet to exploit their potential of the highest solar energy 
conversion efficiency. This is due to the fact that the multi-junction solar cell (MJC) can respond 
to a full spectrum of solar radiation, with less loss and as a result higher efficiency [8–12]. On 
the other hand, due to their high material cost, MJCs are not available in the form of flat-plate 
panels like conventional single-junction solar cells. But rather, they are utilized in the form of 
concentrated photovoltaic (CPV) system where low-cost solar concentrators concentrate solar 
radiations onto the small area of solar cell material, thereby reducing the use of expensive solar 
cell material by 500 or 1000 times [13–17]. This is possible because MJC can withstand high con-
centrations. However, all of the commercial CPV modules, available hitherto, can only accom-
modate single solar cell per concentrator [18, 19]. Such conventional system requires increased 
assembly efforts. Therefore, by keeping the cell size same, this chapter discusses a novel CPV 
module design which can accommodate multiple MJCs with single solar concentrator.

2. Multicell concentrating assembly (MCA)

The simple concept of proposed multicell concentrating assembly (MCA) is shown in Figure 1, 
for novel CPV module design. The concentrating assembly is based upon a multi-leg homog-
enizer concept which allows the rays, collected from specially arranged pair of solar concen-
trators, to be uniformly distributed and transferred to four MJCs. In a simple form, received 
parallel solar radiations are transformed into a concentrated collimated beam, with the help of 
a pair of parabolic concentrators which are arranged in Cassegrain form. The concentrated col-
limated beam strikes at the inlet aperture of multi-leg homogenizer where it is uniformly split 
and distributed among MJCs, placed at the four outlet apertures of the homogenizer. In con-
ventional CPV module design, the homogenizer is placed to accommodate the tracking errors 

Figure 1. Schematic of novel multicell concentrating assembly (MCA) for CPV module.
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associated with the two axis solar tracking, during CPV operation. However, in the proposed 
novel multicell concentrating assembly (MCA) design, the homogenizer not only serves as part 
of conventional homogenizer, but it also helps to split the collimated beam received from a pair 
of parabolic concentrators. Such ray splitting is achieved because of the fact that the collimated 
beam, at the inlet aperture of homogenizer, makes an area concentration unlike conventional 
concentrating assembly design in which point concentration is achieved. By using the concept 
of concentrator photovoltaics (CPV), the expensive semiconductor multi-junction solar cell 
material was replaced with cheap solar concentrators. However, with the proposed multicell 
concentrating assembly design, the cost and assembly efforts of CPV modules will be reduced 
as a less number of solar concentrators will be needed for same capacity of the system.

3. Theoretical design of MCA

The theoretical design of proposed multicell concentrating assembly (MCA) is explained in 
Figure 2. It can be seen that the design is based upon the Cassegrain arrangement of two para-
bolic concentrators, with the intention of achieving the area concentration. Such concentrating 
assembly acts as a collimating reflector where the parallel solar radiations are converted into 
concentrated collimated beam. Both parabolic reflectors are arranged such that their focal 
points coincide with each other. In addition, one of the reflectors uses its inner surface for 
reflection, while the other uses its outer surface. The primary reflector converges the incoming 
parallel rays at its focal point. However, these converging rays interact with the outer surface 
of secondary parabolic reflector which is placed in their way to the focal point. The second-
ary reflector introduces the cancelation effect which converges rays and diverges them as 
parallel rays. However, due to smaller contact surface of secondary reflector, the diverged col-
limated rays become concentrated before they hit the inlet aperture of homogenizer. In order 
to design multicell concentrating assembly (MCA), the edge ray is traced such that it hits 
point ‘b’ of secondary concentrator after being reflected by point ‘a’ of primary concentrator. 
As the foci of both reflectors are coinciding, therefore, the edge ray become parallel again after 
being reflected by the outer surface of secondary reflector and enter the homogenizer through 
its inlet aperture. This edge ray, after entering into the homogenizer, hits point ‘c’, which is 
located at its lower tapered portion. This lower tapered portion of multi-leg homogenizer is 
designed such that the edge ray, after being reflected by total internal reflection from point 
‘c’, hits point ‘e’ of outlet aperture of homogenizer and falls on the MJC, placed there. The 
distribution of such parallel ray distribution is easily explained in simple schematic shown in 
Figure 2(b). The back surface of MJC is attached to the heat spreader and heat sink assembly, 
to effectively dissipate the heat during CPV operation. It can be seen that the rays, after being 
reflected by secondary reflector, become concentrated over an area and size of such area con-
centration depends upon the size of secondary reflector.

There are three phases in which the design of proposed multicell concentrating assembly 
(MCA) is divided. The first phase is related to the calculations needed for the sizing of pri-
mary reflector. The main factor determining the size of primary reflector is the concentration 
requirement, depending upon the MJC specifications. The second phase is related to the form 
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point ‘b’ of secondary concentrator after being reflected by point ‘a’ of primary concentrator. 
As the foci of both reflectors are coinciding, therefore, the edge ray become parallel again after 
being reflected by the outer surface of secondary reflector and enter the homogenizer through 
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There are three phases in which the design of proposed multicell concentrating assembly 
(MCA) is divided. The first phase is related to the calculations needed for the sizing of pri-
mary reflector. The main factor determining the size of primary reflector is the concentration 
requirement, depending upon the MJC specifications. The second phase is related to the form 
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and the design of multi-leg homogenizer, which is also depending upon the specification of 
MJC as the outlet apertures of homogenizer must have dimensions same as MJC size. After 
finalizing the design of multi-leg homogenizer, the third phase is related to the secondary 
reflector sizing as it depends upon the size of inlet aperture of homogenizer. The detailed 
procedure associated with the overall design of multicell concentrating assembly (MCA) will 
be explained in this section.

The design parameters associated with the sizing of primary parabolic reflector are given in 
Table 1. It can be seen that the concentration ratio selected for the targeted prototype of MCA 
is 165, for the MJC of size (5.5 × 5.5 mm). Concentration ratio of 165 is only chosen to limit 
the overall size of the primary reflector due to budget limitations as larger reflector will cost 

Figure 2. (a) Design and (b) ray distribution of proposed multicell concentrating assembly (MCA).
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higher at the prototyping stage. Therefore, a reasonable concentration ratio of 165 is chosen 
to prove the concept. This concentration is only chosen for prototype design purpose, while 
the MCA can be designed for any concentration ratio of ×500 or ×1000, depending upon the 
specification of MJC. In order for the rays to enter homogenizer, a center hole of square size 
(50 × 50 mm) is cut in the primary parabolic reflector, as demonstrated in Figure 3.

From Figure 3, it can be seen that the effective area of MCA, to capture the solar radiations, is 
the one highlighted in white, which is calculated by Eqs. (1) and (2).

  Effective area of concentrating assembly  A  CA   =  CR  g   ×  A  M   × 4  (1)

  Area of primary concentrator =  d  1  2  =  A  CA   +  A  H    (2)

Parameter ‘d’ defines the dimension of square parabolic reflector. It must be noted that the 
square shape of primary reflector is firstly considered because of uniform distribution of 

Sr. no. Parameter Symbol Units Value

1 Geometric concentration ratio CRg — 165

2 Area of MJC AM m2 0.00003025 (5.5 × 5.5 mm)

3 Area of center square hole AH m2 0.0025 (50 × 50 mm)

Table 1. Primary reflector design parameters.

Figure 3. Simple schematic for primary reflector size calculations.
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rays over cell area as MJC is of square shape. Secondly, the square shape primary reflector 
provides maximum packing density and perfect arrangement within CPV module, without 
leaving any empty pocket.

In Eq. (1), factor ‘4’ is used because of four outlet apertures of homogenizer, with the size 
same as MJC. By using the concentration ratio of 164, the size of square primary parabolic 
reflector is calculated as 15 × 15 cm. Before proceeding to the design of multi-leg homogenizer, 
it is important to trace the position of edge ray. It must be noted that, as per Figure 3, the 
primary parabolic reflector is actually a square-cut piece of circular shape, and the diagonal 
of square reflector gives the diameter of the circular shape, as given by Eq. (3):

   D  1   =  √ 
______

  d  1  2  +  d  1  2    =  √ 
____

 2 d  1  2     (3)

Besides the size of primary reflector, it is also very important to keep the overall height of 
CPV modules minimum as it can make shipping and handling easy and cheap. It can also 
lessen the mechanical problems faced during CPV operation. Therefore, in order to keep the 
overall height of MCA minimum, the focal point of primary parabolic reflector is kept same 
as its depth ‘t’. By using the parabolic curve equation, the focal point ‘f1’ of primary parabolic 
concentrator can be calculated by Eq. (4):

   f  1   =   
  ( D  1   / 2)    2 

 ______ 4  t  1  
   =   

  D  1     2  ____ 16  f  1  
    ( f  1   =  t  1  )    f  1     2  =   

  D  1     2  ___ 16    (4)

Diameter ‘D1’ of corresponding circular shape of primary reflector can be calculated as 
21.2132 cm, by using the 15 cm size in Eq. (3). As a result, Eq. (4) gives the focal point value of 
primary parabolic concentrator as 5.3033 cm. The simple parabolic Eq. (5) can now be used to 
calculate the coordinates of the parabolic surface of primary reflector:

   x   2  = 4fy  (5)

The multi-leg homogenizer is consisting of four similar sections, joined together as a single 
unit. Therefore, for easy understanding, the design of single section will be explained in 
detail first, which will be combined together to form the proposed multi-leg homogenizer. 
The simple 2D schematic of multi-leg homogenizer is shown in Figure 4 where only its two 
sections are shown. Each single section of multi-leg homogenizer has two tapered section, 
i.e., above and below line ‘eb’. The tapered section below line ‘eb’ is designed such that it 
uniformly distributes solar radiations over the cell area in case of parallel rays. However, the 
tapered section above line ‘eb’ is designed to accommodate the tracking error by guiding the 
non-parallel incoming solar radiations towards the outlet aperture of homogenizer. In order 
to discuss the homogenizer design, it is better to discuss the case for parallel rays first, for easy 
understanding.

Edge ray ‘j’ which is parallel to the primary reflector axis, as shown in Figure 4, is the same 
edge ray explained in Figure 2(a) that is coming from secondary reflector. However, after 
entering into the homogenizer, it hits point ‘b’ located at the start of lowered tapered portion 
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of homogenizer. Such a ray must exit through edge point ‘c’ of the outlet aperture of the 
homogenizer, to ensure uniform distribution of solar radiations over the cell area. Therefore, 
the dimensional parameters of lower tapered portion of homogenizer, i.e., height ‘h’ and 
slope angle ‘θ’ of side line ‘bl’, are of prime importance here. As explained, the value of these 
two parameters must be tuned such that the parallel edge rays, after passing through the 
homogenizer, must exit through end point ‘c’ of outlet aperture. Figure 4 shows the angular 
position of such tapered portions as defined by the trigonometric laws. The angle between 
line ‘bl’ and the hypothetical line ‘bg’ is taken as ‘θ’. As these lines are perpendicular to each 
other, therefore, the edge ray also makes same angle ‘θ’ with the hypothetical line ‘bg’. By 
considering the triangular section ∆ckb, the height ‘h’ of lower tapered portion of homog-
enizer is given by Eq. (6):

  h =  [OD +  (  ID − OD ______ 2  ) ]  . tan  (2θ − 90)   (6)

It can be seen that there are two unknowns in Eq. (6), i.e., ‘θ’ and ‘h’. Therefore, such equation 
cannot be solved for the mentioned unknowns. For the solution of such equation, the triangle 
∆blk can be considered to get Eq. (7):

Figure 4. Multi-leg homogenizer design and schematic.
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sections are shown. Each single section of multi-leg homogenizer has two tapered section, 
i.e., above and below line ‘eb’. The tapered section below line ‘eb’ is designed such that it 
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tapered section above line ‘eb’ is designed to accommodate the tracking error by guiding the 
non-parallel incoming solar radiations towards the outlet aperture of homogenizer. In order 
to discuss the homogenizer design, it is better to discuss the case for parallel rays first, for easy 
understanding.

Edge ray ‘j’ which is parallel to the primary reflector axis, as shown in Figure 4, is the same 
edge ray explained in Figure 2(a) that is coming from secondary reflector. However, after 
entering into the homogenizer, it hits point ‘b’ located at the start of lowered tapered portion 
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of homogenizer. Such a ray must exit through edge point ‘c’ of the outlet aperture of the 
homogenizer, to ensure uniform distribution of solar radiations over the cell area. Therefore, 
the dimensional parameters of lower tapered portion of homogenizer, i.e., height ‘h’ and 
slope angle ‘θ’ of side line ‘bl’, are of prime importance here. As explained, the value of these 
two parameters must be tuned such that the parallel edge rays, after passing through the 
homogenizer, must exit through end point ‘c’ of outlet aperture. Figure 4 shows the angular 
position of such tapered portions as defined by the trigonometric laws. The angle between 
line ‘bl’ and the hypothetical line ‘bg’ is taken as ‘θ’. As these lines are perpendicular to each 
other, therefore, the edge ray also makes same angle ‘θ’ with the hypothetical line ‘bg’. By 
considering the triangular section ∆ckb, the height ‘h’ of lower tapered portion of homog-
enizer is given by Eq. (6):

  h =  [OD +  (  ID − OD ______ 2  ) ]  . tan  (2θ − 90)   (6)

It can be seen that there are two unknowns in Eq. (6), i.e., ‘θ’ and ‘h’. Therefore, such equation 
cannot be solved for the mentioned unknowns. For the solution of such equation, the triangle 
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  h =  (  ID − OD ______ 2  )  . tan θ  (7)

If Eqs. (6) and (7) are compared, then we can find the expression for the lower slope angle ‘θ’ 
as given by Eq. (8):

   [OD +  (  ID − OD ______ 2  ) ]  . tan  (2θ − 90)  =  (  ID − OD ______ 2  )  . tan θ  (8)

Parameter ‘OD’ represents the dimension for the outlet aperture of homogenizer, which is 
same as the size of MJC, i.e., 5.5 mm. On the other hand, a suitable value of ‘16’ is also con-
sidered for parameter ‘ID’ so that ray can easily be propagated to the outlet aperture. If the 
value of ‘ID’ is small, then the height ‘h’ will also be small, same for ‘OD’. Otherwise, the ray 
will have multiple total internal reflections (TIR) inside the homogenizer if the value of ‘h’ is 
higher for smaller ‘ID’. Or, there may be a chance that the ray can propagate back if the value 
of ‘h’ is very big. However, the large value of ‘ID’ also requires a larger value of ‘h’, same for 
‘OD’. For the given value of ‘ID’ and ‘OD’, the value of ‘θ’ and ‘h’ can be calculated as 81.33o 
and 34.43 mm, respectively.

After finalizing the design of lower tapered portion of the homogenizer, now the upper tapered 
portion of homogenizer is considered, which is needed to be designed to accommodate the rays 
which are not parallel to the axis of concentrating assembly. From the design point of view, 
a tracking error of 1o is selected which can be handled by the homogenizer. This means that 
the homogenizer design will be able to handle the deviated ray for maximum angle of 1°. By 
using the graphical method and trigonometric laws, it has been shown in Figure 5 that if there 

Figure 5. Acceptance angle calculation for multicell concentrating assembly.
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is 1° deviation in the incident ray from the primary reflector axis, such deviation increases to 
2° after being reflected by the primary reflector. Similarly, after being reflected by secondary 
reflector, this deviation increases to 4°. Therefore, to handle such 1° deviation in the incident 
ray, by the homogenizer, its half width is found to be 19 mm, by the graphical method.

In the third phase of MCA design, the size of secondary reflector is calculated. As shown in 
Figure 2(A), the edge ray, after being reflected by point ‘b’ of secondary reflector, hits point ‘c’ 
of the homogenizer which is the edge point of lower tapered portion of ‘ID’. Therefore, for the 
calculation of the focal point of secondary reflector, the value of D1 = ID should be used in Eq. 
(4). The main reason for this consideration is that the focal point of both reflectors is coincid-
ing as the parallel ray pattern is needed to be achieved after secondary reflection, which must 
hit the lower tapered portion of the homogenizer with size ‘ID = 16 mm’. However, the radius 
of secondary reflector will be according to ‘ED’ which is found to be ‘19 mm’. The coordinates 
for parabolic surface of secondary reflector can be found using Eq. (5), for the value of ‘x’ 
being varied from 0 to 19. The size of secondary reflector is same as that of the inlet aperture 
of the homogenizer, to account for the tracking error.

4. Development of MCA-based CPV prototype

To verify and analyze the field performance of proposed and designed MCA, a prototype 
of CPV is fabricated as per designed concentration ratio of ×165. The prototype of fabricated 
MCA is shown in Figure 6 and the MCA-based novel CPV unit is shown in Figure 7. The 
primary and secondary reflectors are machined from aluminum blocks. However, to improve 
the surface quality and reflection characteristics, the reflecting surface of both reflectors was 
coated with thin optical graded reflecting aluminum layer, using sputter-coating method. The 
multi-leg homogenizer was fabricated in the form of four symmetrical pieces which were 
joined together to form a single unit. Each homogenizer piece is similar to the half of schematic 
shown in Figure 4. The individual pieces of homogenizer were machined using N-BK7 glass 
material. To form a single homogenizer unit, all four pieces were joined together using optical 
graded UV glue. It must be noted that the machining method of fabrication is an expensive 
fabrication technique, and that is why smaller concentration ratio was chosen at the start to 
keep the overall cost minimum. However, for mass production of reflectors and homogeniz-
ers, injection molding techniques for plastic and glass materials are used.

Four MJCs were attached at the four outlet apertures of the homogenizer. However, the back 
side of MJCs was attached to the heat spreader and heat sink to dissipate the heat during CPV 
operation and to keep the cell temperature within optimum limit.

In order to test the performance of developed novel MCA-based CPV module, a two-
axis solar tracking unit was used with tracking accuracy of 0.1° [20, 21]. The developed 
CPV module was mounted onto the top frame of solar tracker. The tracking system is 
based upon the hybrid tracking algorithm which defines the solar position through both 
active and passive techniques. After calculating the position of sun, based upon the solar 
geometry model, the actual position of the sun is verified by taking the real-time feedback 
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is 1° deviation in the incident ray from the primary reflector axis, such deviation increases to 
2° after being reflected by the primary reflector. Similarly, after being reflected by secondary 
reflector, this deviation increases to 4°. Therefore, to handle such 1° deviation in the incident 
ray, by the homogenizer, its half width is found to be 19 mm, by the graphical method.

In the third phase of MCA design, the size of secondary reflector is calculated. As shown in 
Figure 2(A), the edge ray, after being reflected by point ‘b’ of secondary reflector, hits point ‘c’ 
of the homogenizer which is the edge point of lower tapered portion of ‘ID’. Therefore, for the 
calculation of the focal point of secondary reflector, the value of D1 = ID should be used in Eq. 
(4). The main reason for this consideration is that the focal point of both reflectors is coincid-
ing as the parallel ray pattern is needed to be achieved after secondary reflection, which must 
hit the lower tapered portion of the homogenizer with size ‘ID = 16 mm’. However, the radius 
of secondary reflector will be according to ‘ED’ which is found to be ‘19 mm’. The coordinates 
for parabolic surface of secondary reflector can be found using Eq. (5), for the value of ‘x’ 
being varied from 0 to 19. The size of secondary reflector is same as that of the inlet aperture 
of the homogenizer, to account for the tracking error.

4. Development of MCA-based CPV prototype

To verify and analyze the field performance of proposed and designed MCA, a prototype 
of CPV is fabricated as per designed concentration ratio of ×165. The prototype of fabricated 
MCA is shown in Figure 6 and the MCA-based novel CPV unit is shown in Figure 7. The 
primary and secondary reflectors are machined from aluminum blocks. However, to improve 
the surface quality and reflection characteristics, the reflecting surface of both reflectors was 
coated with thin optical graded reflecting aluminum layer, using sputter-coating method. The 
multi-leg homogenizer was fabricated in the form of four symmetrical pieces which were 
joined together to form a single unit. Each homogenizer piece is similar to the half of schematic 
shown in Figure 4. The individual pieces of homogenizer were machined using N-BK7 glass 
material. To form a single homogenizer unit, all four pieces were joined together using optical 
graded UV glue. It must be noted that the machining method of fabrication is an expensive 
fabrication technique, and that is why smaller concentration ratio was chosen at the start to 
keep the overall cost minimum. However, for mass production of reflectors and homogeniz-
ers, injection molding techniques for plastic and glass materials are used.

Four MJCs were attached at the four outlet apertures of the homogenizer. However, the back 
side of MJCs was attached to the heat spreader and heat sink to dissipate the heat during CPV 
operation and to keep the cell temperature within optimum limit.

In order to test the performance of developed novel MCA-based CPV module, a two-
axis solar tracking unit was used with tracking accuracy of 0.1° [20, 21]. The developed 
CPV module was mounted onto the top frame of solar tracker. The tracking system is 
based upon the hybrid tracking algorithm which defines the solar position through both 
active and passive techniques. After calculating the position of sun, based upon the solar 
geometry model, the actual position of the sun is verified by taking the real-time feedback 
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from solar tracking sensor. Such real-time optical feedback avoids any chance of tracking 
error which may arise due to passive tracking method and possible backlash in the driving 
assembly.

Figure 7. Experimental prototype of MCA-based novel CPV unit.

Figure 6. Developed prototype of multicell concentrating assembly (MCA)-based CPV module.
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5. Results and discussion

In order to analyze the optical performance of proposed multicell concentrating assembly 
(MCA), the ray tracing simulation was conducted using TracePro software. The concentrating 
assembly was analyzed in terms of division of rays among four outlet apertures, uniformity of 
rays at the outlet aperture and investigation of deflected path of incident rays. The simulation 
model for proposed MCA, according to the discussed design, is shown in Figure 8. To con-
duct ray tracing simulation, a square grid of parallel rays was selected as the primary reflector 
is also of square shape. As the received solar radiation is not exactly parallel in nature, that 
is why the simulated MCA model was not only investigated for parallel ray grid but also for 
the grid with angle same as the solar subtended angle. The ray tracing simulation results 
of proposed MCA design with parallel ray grid are shown in Figure 9. It can be seen that a 
perfect division of rays among four outlet apertures of homogenizer is experienced. In addi-
tion, the rays are also uniformly distributed over the whole surface area of outlet aperture. 
Moreover, a concentrated collimated beam is also achieved after reflection of parallel incident 
rays from secondary reflector. As per discussed design, this concentrated collimated beam is 
being divided among four sections of homogenizer and also hitting the lower tapered portion 
of the homogenizer.

In order to simulate the optical performance of proposed MCA in real field environment, the 
simulation results for grid of rays with solar subtended angle are shown in Figure 10. These 
rays are not exactly parallel to the axis of primary reflector but have a small deviation which 
is same as the actual solar radiations, received during real field operation. It can be seen 
that there is still a perfect division of received radiations among four sections of the homog-
enizer and uniform distribution of these radiations over the outlet apertures of homogenizer. 
However, one of the differences which can be seen here is that the rays are also hitting the 
upper tapered portion of the homogenizer, without any induced ray deviation. The reason 

Figure 8. TracePro model of multicell concentrating assembly (MCA) for ray tracing simulation.
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from solar tracking sensor. Such real-time optical feedback avoids any chance of tracking 
error which may arise due to passive tracking method and possible backlash in the driving 
assembly.
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Figure 8. TracePro model of multicell concentrating assembly (MCA) for ray tracing simulation.
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is that the incoming rays are already not parallel to the axis of primary reflector, and that is 
why they are reflected by the upper tapered portion which is designed to accommodate the 
tracking error or rays which are not parallel to the primary reflector axis.

Figure 10. Ray tracing simulation of multicell concentrating assembly for solar subtended angle.

Figure 9. Ray tracing simulation of multicell concentrating assembly for parallel rays.
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After verifying the design of developed multicell concentrating assembly (MCA) through 
ray tracing simulation, it is also important to verify its performance under real conditions 
during field testing. The developed prototype of CPV system, with MCA-based design, was 
tested under field condition, and the output from each of the MJC, at four outlet apertures of 
homogenizer, was logged in real time using data logging unit. The power and voltage output 
of each of four MJCs is shown in Figures 11 and 12. From both figures, it is clear that there is 
equal distribution of solar radiations among four MJCs, during whole-day operation as their 
power and voltage plot look similar. It must be noted that the solar tracking unit was operated 
with tracking accuracy of 0.3°, instead of 0.1°. The equal output of all four MJCs, with such 
tracking accuracy, verifies the proposed design of multicell concentrating assembly (MCA) 
and its compatibility in fulfilling the objective.

Another important test to investigate the response of concentrating assembly against different 
angular deviations of incident rays is expressed in the form of normalized power curve. So far, 
the performance of MCA, either simulated or experimental, is tested for parallel rays or rays 
with smaller deviations. In order to test the maximum response limit of concentrating assem-
bly over different deviation angles, the normalized power output of the system is plotted 
against the angular deviation. Such normalized power curve also helps to predict the accep-
tance angle of concentrating assembly for efficient operation. The normalized power curve 
for developed multicell concentrating assembly (MCA)-based CPV is shown in Figure 13. The 
red line indicates the normalized power curve obtained from ray tracing simulation against 
different deviation angles of parallel rays. The simulated normalized power is obtained by 
taking the ratio of the total number of rays at the outlet apertures to the total incident rays. 
However, the blue line indicates the true normalized power output curve obtained through 

Figure 11. Power output for individual cell of MCA-based CPV system.
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experimentation. In order to obtain such plot, the tracker movement was stopped, while the 
CPV module was exactly facing the sun, during noontime. The angular deviation was calcu-
lated by taking the difference in the initial and current position of sun. The power output of 
all four MJCs, connected in series, was logged under real time for constant output load. It is 
clear from Figure 13 that the simulated normalized power output is almost 100% for angular 
deviations up to 1°. It is also true for experimental results, which verifies the proposed design 
of MCA. If there is further increase in the incident ray deviation, than 1°, the normalized 
power starts to drop.

Figure 13. Normalized power curves for multicell concentrating assembly-based CPV system.

Figure 12. Voltage output for individual cell of MCA-based CPV system.
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It can be seen that there is a good agreement between simulated and experimental normalized 
power curves, until point ‘A’. However, the experimental curve starts deviating from simu-
lated curve after point ‘A’. There is gradual decrease in the simulated power curve. However, 
a stepwise drop is observed for experimental curve. Such a different response of simulated 

Figure 14. Simulated irradiance map at outlet apertures of multi-leg homogenizer for different angular deviations of 
parallel rays.
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and experimental normalized power curves can be explained with the fact that the simulated 
power output is just based upon the number of radiation received at the outlet apertures 
of homogenizer. However, for experimental curve, the power output is the actual electrical 
power obtained from CPV module but at a constant load. As the load across CPV module 
is constant, therefore, excessive ray loss causes its maximum power point to shift, resulting 
in a decrease in its output and performance. That is why it also deviates from the simulated 
curve. To carefully understand the varying trend of simulated and experimental normalized 
power curves, the simulated irradiance map at all four outlet apertures of homogenizer is 
shown in Figure 14. The irradiance maps are plotted against different points mentioned on 
experimental normalized curve. It can be seen from Figure 14(A), which shows the irradiance 
map at point ‘A’, that the solar cells 3 and 4 are coming under shadow. For simulated curve, 
this shadow is just a decrease in the number of rays coming out of the homogenizer. However, 
in actual system, the electrical output of the CPV system is greatly disturbed as all MJCs are 
connected in series. The maximum power point for cells under shadow changes, and they also 
pulls down the performance of other MJCs due to their series connection. Therefore, overall 
electrical output of complete CPV module decreases. At points ‘B’, ‘C’ and ‘D’, the normalized 
electrical power output of CPV system is almost same as 50%. This is because of the fact that at 
this point, only two cells are operating, while the other two cells are under complete shadow, 
as shown in Figure 14(B)–(D). However, for simulated power curve, there is still a gradual 
decrease for these points which implies that the net flux output is not reduced to 50% for all 
these three points, i.e., ‘B’, ‘C’ and ‘D’. The main reason for half of electrical output is because 
of the shift in the maximum power point for the entire CPV system, which is effected by the 
two cells under shadow.

After increasing deviation angle beyond point ‘D’, the experimental curve again starts to drop 
till point ‘E’. This is because of the fact that now the other two cells are also coming under 
shadow, as can be seen in Figure 14(D). At point ‘E’, the remaining two cells are under only 
partial concentration. That is why the power output reduced to a low value. The power out-
put remains stable for a while after point ‘E’ which is just because of partial concentration 
that moves around the cell area due to leftover and scattered radiations. With further increase 
in the deviation angle, the power output slowly dies to zero. The normalized power output 
curve shows that the develop CPV system, based upon the proposed MCA, has acceptance 
angle of 1° as designed. However, it has a capability of operation for deviation angle as high 
as 6.5°. However, the power output drops significantly, but the system can still respond to the 
received radiations.

6. Summary of the chapter

In the current photovoltaic market, with dominating share of single-junction solar cells, 
the highly efficient concentrated photovoltaic systems (CPV), utilizing third-generation 
multi-junction solar cells, have yet to exploit their market potential due to their design com-
plexities. The conventional CPV module design utilizes individual concentrator for each 
MJC. This chapter has introduced a novel design of CPV concentrating assembly where single 
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concentrator can handle four MJCs, named as multicell concentrating assembly (MCA). Such 
proposed design will not only reduce the overall cost of the system, but it will also reduce the 
assembly and alignment efforts during CPV module fabrication.

In this chapter, a detailed design of such multicell concentrating assembly is discussed and 
explained. For prototype purpose, the detailed calculation of concentrating assembly size is 
presented for concentration ratio of ×165. Such proposed design is transformed into working 
prototype of CPV module for actual field testing. The design was targeted to handle angular 
deviations of 1° without any loss in performance.

A detailed performance investigation strategy was adopted to verify the proposed design 
with its prototype and its limitation during field operation. An optical simulation was con-
duction in TracePro to verify the optical performance of MCA. An equal division and uniform 
distribution of rays were observed at the outlet apertures of homogenizer. From the field 
testing, equal and uniform power output of each MJC verified the proposed design of mul-
ticell concentrating. However, to analyze the response of MCA against angular deviation of 
incident ray, normalized power output curve was presented against angular deviation, for 
both experimental and simulated performances. The system showed 100% power output for 
angular deviations up to 1°, as designed. However, the system showed maximum capability 
of handling 6.5° angular deviations. A great agreement was observed among simulated and 
experimental results.

Nomenclature

d1  dimension of square primary reflector of multi-leg homogenizer concentrating 
assembly (mm)

t1 depth of primary reflector of multi-leg homogenizer concentrating assembly (mm)

f1 focal length of primary reflector of multi-leg homogenizer concentrating assembly (mm)

AM area of multi-junction solar cell (mm2)

D1  corresponding diameter of primary reflector of multi-leg homogenizer concentrat-
ing assembly (mm)

θe tracking error (degree)

CRg geometric concentration ratio

d2  dimension of square secondary reflector of multi-leg homogenizer concentrating 
assembly (mm)

t2 depth of secondary reflector of multi-leg homogenizer concentrating assembly (mm)

f2  focal length of secondary reflector of multi-leg homogenizer concentrating assem-
bly (mm)

ACA area of concentrating assembly (mm2)
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concentrator can handle four MJCs, named as multicell concentrating assembly (MCA). Such 
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assembly and alignment efforts during CPV module fabrication.

In this chapter, a detailed design of such multicell concentrating assembly is discussed and 
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testing, equal and uniform power output of each MJC verified the proposed design of mul-
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AH  area of center hole in primary reflector of multi-leg homogenizer concentrating 
assembly (mm2)

θc critical angle of glass material (degree)

MJC multi-junction solar cell
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Abstract

The partial shading on a photovoltaic (PV) panel consisting of multiple substrings poses
serious issues of decreased energy yield and occurrence of multiple maximum power
points (MPPs). Although various kinds of differential power processing (DPP) converters
have been proposed to prevent the partial shading issues, multiple switches and/or mag-
netic components in proportion to the number of substrings are necessary, hence increas-
ing the circuit complexity and volume. This chapter proposes a novel single-switch DPP
PWM converter to achieve simplified circuit. The proposed DPP converter is essentially
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verter, local MPPs of a partially shaded PV panel were successfully eliminated, and
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panels as possible. However, even with such efficient converters, energy yield from PV panels
are known to be significantly reduced due to partial shading. A standard PV panel comprising
three substrings and its characteristics under a partially shaded condition are shown in
Figure 1. A shaded substring, PV3, is less capable of generating current is bypassed by a
parallel-connected bypass diode, and therefore, it no longer contributes to power generation,
though it can potentially generate power to some extent. In addition, a partially shaded panel
exhibits multiple power point maxima including global and local MPPs, which likely confuse
ordinally MPPT tracking algorithms.

Partial shading issues originate from characteristic mismatch among series-connected
substrings. With differential power processing (DPP) converters, power differences among
substrings are transferred so that all substring characteristics are virtually unified, thus pre-
cluding the partial shading issues. Various kinds of DPP architectures have been proposed.
The most straightforward architecture is the adjacent substring-to-substring equalization sys-
tem, shown in Figure 2(a), in which adjacent substrings exchange power difference through a
DPP converter, depending on shading conditions. Bidirectional converters, such as PWM

Figure 1. Characteristics of (a) substrings and (b) string under partial shading.

Figure 2. DPP architectures based on (a) adjacent substring-to-substring equalization, (b) substring-to-bus equalization,
(c) string-to-substring equalization, and (d) integrated converter.
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converters [1–3] and switched capacitor converters [4, 5], are used as DPP converters in the
adjacent equalization architecture. With the substring-to-bus equalization architecture shown
in Figure 2(b), respective bidirectional isolated flyback converter-based DPP converters trans-
fer power between the bus and each substring [6–8]. The architectures in Figure 2(a) and (b)
require multiple DPP converters in proportion to the number of substrings, likely increasing
the system complexity and cost. The string-to-substring equalization architecture, on the other
hand, can reduce the DPP converter count, as shown in Figure 2(c). Single-input multi-output
converters, such as a multi-winding flyback converter [9], multi-stacked buck-boost converters
[10, 11], and LLC resonant voltage multiplier [12], can be employed as a DPP converter in this
architecture. Integrated converters having a DPP converter function have also been proposed
[13, 14]. The simplified system and reduced cost of the integrated converters are appealing
features, but the performance as a DPP converter cannot be optimized because two converters
are combined into a single unit to form the integrated converter.

From the perspective of the performance and cost, string-to-substring DPP converters are
considered the most viable solution to the partial shading issues. Representative circuit topol-
ogies of the string-to-substring DPP converters are shown in Figure 3. Although the multi-
winding flyback converter [9] (Figure 3(a)) is very simple as it needs only one switch, the
design difficulty of the multi-winding transformer is a top concern. The multi-stacked buck-
boost converter-based DPP converter is also a single-switch circuit [10, 11], but it may be bulky
as multiple inductors are necessary. From the viewpoint of magnetic components, the DPP
converter based on the LLC resonant voltage multiplier (VM) [12] (Figure 3(c)) would be the
best solution, but the switch count is doubled compared to that of other string-to-substring
DPP converters.

A string-to-substring single-switch DPP PWM converter based on the forward-flyback reso-
nant inverter (FFRI) and VM is proposed in this chapter. In addition to the single-switch
topology, the magnetic component count is also one, realizing the simple, easy-to-design, and
miniaturized circuit. The circuit derivation and description of the proposed single-switch DPP
converter are presented in Section 2, followed by the detailed operation analysis in Section 3.
The current sensorless control strategy suitable for the proposed single-switch DPP converter

Figure 3. String-to-substring equalizers based on (a) multi-winding flyback converter, (b) multi-stacked buck-boost
converters, and (c) LLC resonant voltage multiplier.
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will be discussed in Section 4. The experimental results of the laboratory and field testing for a
standard 72-cell PV panel consisting of three substrings will be presented in Section 5.

2. Proposed single-switch DPP converter

2.1. Key elements for proposed DPP converter

The proposed string-to-substring DPP converter is essentially the combination of the FFRI and
VM, shown in Figure 4(a) and (b), respectively. As the switch Q is turned on, the FFRI operates
in the forward mode, in which the leakage inductance of the transformer, Lkg, resonates with
the resonant capacitor Cr placed on the secondary side. At the same time, the magnetizing
inductance Lmg stores energy. As Q is turned off, the FFRI operates in the flyback mode, and
the stored energy in Lmg is released to the secondary side. The energy stored in Lkg is absorbed
in a snubber circuit in order to prevent a voltage spike applied to Q. In summary, AC voltage/
current is generated across the secondary winding. The detailed operation analysis will be
discussed in Section 3.

The VM basically comprises multiple voltage doublers stacked in series—three voltage dou-
blers, each consisting of a coupling capacitor, diode pair, and a smoothing capacitor, are
stacked in Figure 4(b). The VM is driven by AC current/voltage produced by the FFRI. The
upper and lower diodes (i.e., the even- and odd-numbered diodes) alternately conduct as AC
current/voltage is applied. Voltages of smoothing capacitors Cout1–Cout3 are automatically
unified without feedback control, and therefore, voltages of PV substrings that are connected
in parallel with respective smoothing capacitors are automatically equalized. Detailed voltage
equalization mechanisms can be found elsewhere [12, 14].

2.2. Circuit description of single-switch DPP converter and its features

The proposed single-switch DPP converter for three substrings is shown in Figure 5. The
output of the FFRI is connected to the input of the VM, and therefore, the VM is driven by
AC voltage/current produced by the FFRI [15]. A bias resistor Rbias is added to stabilize
voltages of the resonant capacitor Cr and coupling capacitors C1–C3; Cr and coupling capaci-
tors C1–C3 are connected in series, and therefore, their voltages become unstable if without a
bias resistor. Although a lossless LCD snubber is employed in Figure 5, any snubber circuits,
including traditional lossy RCD snubbers, can be used to protect the switch Q. The input of the
FFRI is tied to the string, whereas the outputs (i.e., Cout1–Cout3) of the VM are connected in
parallel with respective substrings. Therefore, a fraction of the string power is redistributed to
shaded substrings through the proposed DPP converter so that all the substring characteristics
are virtually unified even under partial shading conditions.

In addition to the single-switch topology, the magnetic component count is also only one,
realizing not only simplified circuit but also miniaturized circuit design. Although the circuit
shown in Figure 5 is for three substrings, the number of substrings can be arbitrarily extended
by adding diodes and capacitors in the VM, allowing a flexible design.
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3. Operation analysis

3.1. Automatic voltage equalization mechanism

As mentioned in Section 2.2, the voltages of substrings are automatically nearly unified with the
VM in the proposed DPP converter. The VM is driven by AC voltage/current generated by the
FFRI, as illustrated in Figure 4(b). Since capacitors C1–C3 are connected to the AC terminal, these

Figure 5. Key elements for proposed single-switch DPP PWM converter: (a) forward-flyback resonant inverter (FFRI) and
(b) voltage multiplier (VM).

Figure 4. Proposed single-switch DPP PWM converter based on FFRI and VM.
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capacitors can be regarded as AC-coupling capacitors that allow AC components only to flow
through them. Hence, substrings as well as parallel-connected voltage doublers, each comprising
diode pairs and a coupling capacitor, can be equivalently separated and grounded, as shown in
Figure 6. All the substrings with respective voltage doublers in this equivalent circuit are
connected in parallel, and therefore, AC current preferentially flows through a voltage doubler
that is connected to a shaded substring whose voltage tends to be lower than the others.

3.2. Operation principle

This section discusses the operation analysis in the case that PV1 is partially shaded. The
proposed DPP converter operates either in continuous conduction mode (CCM) or discontin-
uous conduction mode (DCM). The DCM operation, which contains more operation modes, is
discussed in this section. Key operation waveforms and current flow directions are shown in
Figures 7 and 8, respectively. The lossless snubber is depicted as a voltage source Vsn with a
diode Dsn, in Figure 8, for the sake of clarity.

The average voltage of Cr is zero thanks to Rbias and the transformer secondary winding whose
average voltage must be zero under steady-state conditions. Hence, the input voltage of the
VM, vVM, is nearly identical to the voltage of secondary winding, vS.

Mode 1 (T0–T1) (Figure 8(a)): The switch Q is turned on, and the DPP converter operates in the
forward mode. The current of Lmg, iLmg, starts linearly increasing from zero, as

iLmg ¼
Vstring

Lmg þ Lkg
t� T0ð Þ (1)

Figure 6. Equivalent circuit of voltage multiplier.

Solar Panels and Photovoltaic Materials136

Meanwhile, Lkg resonates with Cr on the secondary winding, and sinusoidal current iCr flows;

iCr ¼
Vstring

N � VVM:O

Zrj j sinωr t� T0ð Þ (2)

where Zr and ωr are the characteristic impedance of the resonant tank and resonant angular
frequency given by

Zr ¼ N

ffiffiffiffiffiffiffi
Lkg
Cr

s
,ωr ¼ 2πf r ¼

Nffiffiffiffiffiffiffiffiffiffiffi
LkgCr

p (3)

The current of Lkg, iLkg, is equal to the sum of iLmg and iCr reflected on the primary side. In the
VM, the upper diode corresponding to PV1, D2, conducts whereas other diodes are off. Since
the voltage of Cr can be approximated to be zero, vVM during the even-numbered diodes are
on, VVM.E, is given by

Figure 7. Key operation waveforms when PV1 is partially shaded.
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VVM:E ¼ VC1 þ Vf ¼
LmgVstring

N Lkg þ Lmg
� � (4)

As iCr reaches zero, this mode ends, and the operation moves to the next mode.

Mode 2 (T1–T2) (Figure 8(b)): Q is still on, but all resonant currents become zero. Since iCr is
zero, iLkg is identical to iLmg. No current flows in the VM, except for the current from the
smoothing capacitor Cout1 to PV1. In order for Mode 2 to exist, Mode 1 must be longer than
half the resonant period. Hence, the following equation needs to be satisfied;

d ≥
f S
2f r

(5)

where d is the duty cycle of Q. The peak value of iLmg at the end of this mode, ILmg.peak is

ILmg:peak ¼
VstringdTS

Lmg þ Lkg
(6)

Mode 3 (T2–T3) (Figure 8(c)): Q is turned off, and the DPP converter starts operating in the
flybackmode. The energy stored in Lkg inModes 1 and 2 is absorbed by the snubber. Meanwhile,

Figure 8. Current flow directions in (a) mode 1, (b) mode 2, (c) mode 3, and (d) mode 4.
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iLmg begins to decrease as Lmg starts releasing its energy stored in the first two modes. iLmg is
transferred to the secondary side, and the lower diode corresponding to PV1, D1, conducts. This
mode ends as iLkg becomes zero—the length of this mode is practically very short compared to
other modes.

Mode 4 (T3–T4) (Figure 8(d)): iLmg keeps decreasing, and its energy is released to the secondary
side. iLmg in this mode is expressed as

iLmg ¼ ILmg:peak �NVVM:E

Lmg
t� T3ð Þ (7)

vVM during odd-numbered diodes are on, VVM.O, is expressed using (4) as

VVM:O ¼ VPV1 þ Vf � VC1 ¼ VPV1 þ 2Vf �
LmgVstringmg

N Lkg þ Lmg
� � (8)

The duty cycle of Mode 4, d’ = (T3–T4)/TS, is

d0 ¼ dVstring

N VPV1 þ 2Vf
� � LmgþLkg

Lmg
� Vstring

(9)

If the operation meets d’ < (1 � d), the DPP converter operates in DCM. The critical duty cycle
for DCM operation, dcritical, is given by

dcritical < 1� VstringLmg

N Lmg þ Lkg
� �

VPV1 þ 2Vf
� � (10)

Mode 5 (T4–T5) (not shown): This mode is unique to the DCM operation. No currents flow in
the DPP converter, except for Cout1 providing a current to the shaded substring PV1.

In summary, the upper and lower diodes that are connected in parallel with the shaded
substring alternately conduct. The shaded substring PV1 receives the current from the DPP
converter, whereas no current flows toward unshaded substrings.

Since the average voltage of Cr is nearly zero, vVM can be assumed equal to vS. Based on volt-
second balance on the transformer secondary winding with Eqs. (4) and (8), the voltage
conversion ratio of the proposed DPP converter in DCM can be yielded as

VPV1 ¼
LmgVstring dþ d0ð Þ
Nd0 Lkg þ Lmg

� � � 2Vf (11)

The voltage conversion ratio in CCM can be obtained by applying d’ = 1 – d into (11), as

VPV1 ¼
LmgVstring

N 1� dð Þ Lkg þ Lmg
� �� 2Vf (12)

Eqs. (11) and (12) suggest that the voltage conversion ratio is PWM-controllable, and d should
be properly adjusted depending on the degree of shading. The control strategy suitable for the
proposed DPP PWM converter is discussed in the next section.
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iLmg begins to decrease as Lmg starts releasing its energy stored in the first two modes. iLmg is
transferred to the secondary side, and the lower diode corresponding to PV1, D1, conducts. This
mode ends as iLkg becomes zero—the length of this mode is practically very short compared to
other modes.

Mode 4 (T3–T4) (Figure 8(d)): iLmg keeps decreasing, and its energy is released to the secondary
side. iLmg in this mode is expressed as

iLmg ¼ ILmg:peak �NVVM:E

Lmg
t� T3ð Þ (7)

vVM during odd-numbered diodes are on, VVM.O, is expressed using (4) as

VVM:O ¼ VPV1 þ Vf � VC1 ¼ VPV1 þ 2Vf �
LmgVstringmg

N Lkg þ Lmg
� � (8)

The duty cycle of Mode 4, d’ = (T3–T4)/TS, is

d0 ¼ dVstring

N VPV1 þ 2Vf
� � LmgþLkg

Lmg
� Vstring

(9)

If the operation meets d’ < (1 � d), the DPP converter operates in DCM. The critical duty cycle
for DCM operation, dcritical, is given by

dcritical < 1� VstringLmg

N Lmg þ Lkg
� �

VPV1 þ 2Vf
� � (10)

Mode 5 (T4–T5) (not shown): This mode is unique to the DCM operation. No currents flow in
the DPP converter, except for Cout1 providing a current to the shaded substring PV1.

In summary, the upper and lower diodes that are connected in parallel with the shaded
substring alternately conduct. The shaded substring PV1 receives the current from the DPP
converter, whereas no current flows toward unshaded substrings.

Since the average voltage of Cr is nearly zero, vVM can be assumed equal to vS. Based on volt-
second balance on the transformer secondary winding with Eqs. (4) and (8), the voltage
conversion ratio of the proposed DPP converter in DCM can be yielded as

VPV1 ¼
LmgVstring dþ d0ð Þ
Nd0 Lkg þ Lmg

� � � 2Vf (11)

The voltage conversion ratio in CCM can be obtained by applying d’ = 1 – d into (11), as

VPV1 ¼
LmgVstring

N 1� dð Þ Lkg þ Lmg
� �� 2Vf (12)

Eqs. (11) and (12) suggest that the voltage conversion ratio is PWM-controllable, and d should
be properly adjusted depending on the degree of shading. The control strategy suitable for the
proposed DPP PWM converter is discussed in the next section.
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4. Control strategy

There is only one single switch in the proposed DPP converter, whereas it has three outputs for
PV1–PV3. Hence, the DPP converter needs to be properly controlled so that shaded substrings
only receive a current from the DPP converter while no currents flow toward unshaded ones.
To this end, the current sensorless ΔV-controlled equalization strategy [11] is employed.

The mechanism of the ΔV-controlled equalization is illustrated in Figure 9(a). The proposed
single-switch DPP converter can be equivalently depicted as a single-input multi-output converter
with Ve and blocking diodes. Based on the ΔV-controlled equalization, the DPP converter is
operated so that the voltage difference among substrings ΔV = VH – VL (where VH and VL are the
highest and lowest substring voltages, respectively) is controlled to be a non-zero positive value.
In this scenario, the DPP converter supplies the equalization current only for the shaded substring
PV1 whose voltage is equal to the output voltage of the DPP converter Ve. Meanwhile, unshaded
substrings’ voltages are higher than Ve, and therefore, currents do not flow toward them.

The control block diagram of the ΔV-controlled equalization is illustrated in Figure 9(b). All
the substring voltages are individually measured to calculate ΔV. The reference of ΔV, ΔVref, is
set to be slightly greater than zero to be unaffected by noise.

Figure 9. (a) Mechanism and (b) block diagram of ΔV-controlled equalization.

Solar Panels and Photovoltaic Materials140

5. Experimental results

5.1. Prototype

A 30-W prototype of the proposed single-switch DPP converter for standard 72-cell PV panels
comprising three substrings was built, as shown in Figure 10. Table 1 enlists the circuit elements
used for the prototype. The prototype was operated at a switching frequency of 100 kHz, and
a TMS320F28335 control card (Texas Instruments) was used to implement the ΔV-controlled
equalization.

5.2. Fundamental performance

Key operation waveforms and power conversion efficiency were measured using the experi-
mental setup shown in Figure 11. All substrings were removed, and the DPP converter was

Figure 10. Photograph of the 30-W prototype.

Table 1. Circuit element list.
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powered by an external power supply Vext. A variable resistor Rvar was connected to Cout1 in
order to emulate current flow directions under the PV1-shaded condition shown in Figure 8.

The measured key operation waveforms in DCM are shown in Figure 12. Although oscilla-
tions due to the resonance between the output capacitance of the MOSFET and Lmg were
observed in vQ and vVM, the measured waveforms matched well with the theoretical ones
shown in Figure 7. The measured power conversion efficiency is shown in Figure 13. In the

Figure 11. Experimental setup for waveform and efficiency measurement.

Figure 12. Measured key operation waveforms when PV1 is partially shaded.
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light load region, the DPP converter operated in DCM and its efficiency was around 90%. The
heavy load region corresponded to CCM, in which the efficiency gradually declined due to the
increased Joule loss.

5.3. Laboratory testing

Solar array simulators (E4361A, Keysight Technologies) were used to emulate shaded and
unshaded PV substring characteristics, as shown in Figure 14(a). The short circuit current of
the shaded substring PV1 was set to be half that of unshaded substrings. String characteristics
as a whole were manually swept using an electronic load operating in the resistance mode. The

Figure 13. Measured power conversion efficiency.

Figure 14. (a) Individual PV substring characteristics and (b) string characteristics with and without DPP converter.
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ΔV-controlled equalization with ΔVref = 1.0 V was implemented. As a reference, the string
characteristic without the proposed DPP converter was also measured.

Measured string characteristics with and without the DPP converter are shown and compared
in Figure 14(b). Without the DPP converter, two MPPs were observed, and the maximum
power was merely 110 W at Vstring = 23.6 V. With the proposed DPP converter, on the other
hand, the local MPP disappeared, and maximum power increased to as high as 130 W at
Vstring = 34.0 V, corresponding to 18.2% improvement. Thus, the experimental results demon-
strated the proposed DPP converter drastically increases the power yield from a partially
shaded string.

The prototype of the proposed DPP converter was operated in conjunction with a commercial
MPPT converter (SS-MPPT-15 L, Morningstar) to demonstrate its compatibility. The measured
Vstring and extracted power are shown in Figure 15. The MPPT converter periodically swept the
string characteristic in search for the global MPP location and subsequently kept extracting the
maximum power of approximately 130 W.

5.4. Field testing

The field test using a real PV panel was also performed emulating a partial shading condition,
as shown in Figure 16. A standard 72-cell monocrystalline PV panel was used for the experi-
ment, and one of the substrings was covered with a postcard to emulate a partial shading
condition. The irradiance in the field test was measured using a pyranometer. The measured
string characteristics with and without the proposed DPP converter prototype are shown in
Figure 17. Without the DPP converter, two power maxima were observed, and the extractable
maximum power was approximately 39 W at the irradiance level of 372 W/m2. With the DPP
converter, the maximum power increased to as high as 46.1 W, in spite of the lower irradiance
level of 356 W/m2.

Figure 15. Measured power conversion efficiency.
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6. Conclusions

The single-switch DPP PWM converter to preclude the partial shading issues has been pro-
posed in this chapter. The proposed DPP converter can be derived by integrating the FFRI and
VM into a single unit. The switch count of the proposed DPP converter is only one, thus
achieving the simplified circuit. The operation analysis was performed, and the voltage con-
version ratios in DCM and CCM were mathematically yielded.

Figure 16. Field test setup.

Figure 17. String characteristics with and without DPP converter in the field test.
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The 30-W prototype of the proposed DPP converter was built, and its fundamental operation
performance was measured. Experimental equalization tests emulating partial shading con-
ditions were performed using solar array simulators or a real PV panel. With the prototype
of the proposed DPP converter, local MPPs disappeared, and extractable maximum powers
significantly increased, demonstrating the efficacy and performance of the proposed DPP
converter.
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The 30-W prototype of the proposed DPP converter was built, and its fundamental operation
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of the proposed DPP converter, local MPPs disappeared, and extractable maximum powers
significantly increased, demonstrating the efficacy and performance of the proposed DPP
converter.
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