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Abstract: Due to the recent surge in silicon demand for solar modules, thin-film photovoltaic (PV)
modules have a potential to penetrate the market in significant numbers. As an alternate candidate, thin
film technologies in PVs have the ability to achieve better performance. The competing thin-film PV
technologies have the flexibility to adapt to any sort of curvature compared to rigid solar cells (SCs). Due
to the peculiar characteristics of newer solar materials, stability issues, reflection losses, advancements in
electrode materials and dopant materials with a photoactive layer are current challenges driving the
industrial-academic voyage of development of solar materials for the betterment of Photo-conversion
Efficiency (PCE). Based on the photoactive materials used over time, SC evolution was broadly classified
into first, second and third generation SCs. In this review, the basic working mechanisms, various
materials used, drawbacks and stability issues of different SCs are discussed extensively. Thin film
SCs tend to absorb certain elastic deformations due to their flexible nature and to a certain extent.
According to the NREL efficiency chart, multijunctional SCs exhibit enhanced efficiency as compared
to the other SCs. Among the third-generation SCs, the perovskite/Si tandem architecture shows a
maximum efficiency of approximately 29%. Thin film flexible SCs find application in various sectors
such as automobile, defense and/or energy storage devices

Keywords: solar cells; photo-absorber materials; working mechanism; thin film solar cells

1. Introduction

Solar energy is abundant, green and pure in the natural world and thermal and
electrical energy may be produced efficiently using solar irradiance [1].Electrical energy
generated through sunlight follows the principle of the photoelectric effect [2]. According to
this principle, an electron-hole pair is generated whenever higher energy photons impinge
on the photoactive material [3]. This in turn is connected through an external circuit to
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effectively employ the generated electrons. SCs are PV devices which make use of sunlight
and convert it into useful electrical energy [4]. In contrast to fossil fuels, the electrical energy
produced from post-manufactured PV devices do not emit CO;. As a result, solar-powered
electricity has minimum impact on the environment. However, conventional energy sources
cause the greenhouse effect, global warming, melting of polar ice bergs, gradual rise in sea
level, and so on. One of the biggest difficulties with fossil fuels is that their prices are rising
at an alarming rate, which brings an opportunity for the speeding up of various cutting
edge PV technologies suitable for various industries and consumers [5]. Hence solar energy
is perfectly suited to replace conventional fossil fuels in the near future. Irrespective of
solar cells, the refractive index of their different layers plays a vital role in transmission of
photons into the depletion region [6]. In addition, the surface reflection of incident light can
be minimized through antireflective thin film coatings [7]. The selection of antireflective
coatings should be based on a refractive index greater than that of the materials involved
in interfacial layers of SCs. The reflected photons from the SC surface can be decreased
through stronger antireflective films [8]. The coating thickness of antireflective films is
also determined by the refractive indices of coating material and substrate material. The
following flowchart represents the classification of SCs based on various factors.

As shown in Figure 1, SCs are typically classified by the rigidity of the solar material,
i.e., rigid and flexible SCs. At an earlier stage, SCs were developed over rigid substrates,
which has several disadvantages such as being somewhat heavier in weight, being difficult
to install over any curvatures, and having a higher production cost [9]. However, rigid
Silicon (Si) based SCs possess excellent stability, whilst. flexible thin film SCs are lesser
in weight, can be installed over convenient curvatures, can be folded or rolled easily
and fabrication cost is less. Stability is a major concern in flexible SCs. Based on the
photo-active materials used at various stages, they are classified into first, second and
third generation SCs. SCs are also categorized into homojunction and heterojunction SCs
depending upon the number of materials that make up the photo-active layer [10]. Among
all SCs, bulk heterojunction hybrid tandem SCs show the maximum PCE. Tandem SCs
were developed for overcoming the drawbacks occurring in single material SCs such as the
utilization of excess energy of incident light and easier transmission of low energy photons,
without participation in the energy conversion process. Some of the commonly observed
tandem architectures are two-terminal, mechanically ordered four-terminal and optically
coupling four-terminal. With the help of a two-terminal tandem configuration, easier
integration with the PV module was achieved than in single junction SCs. In mechanically
ordered -terminal SCs, the sub-cells work with their own terminals leading to the non-
requirement of the current-matching phenomenon [11]. Meanwhile, optically coupled
tandem architecture was not integrated physically, but the sub-cells were coupled through
an optical splitter positioned in an appropriate manner. Integration of sub-cells was more
flexible with optically coupled tandem architecture, but costlier due to the inclusion of
spectral filters [12]. In addition to capability in absorbing light which occurs at lower and
higher wavelengths, the performance of tandem SCs can further improve through doping
of impurities [2]. Because of the addition of impurities, there is a possibility of tuning
the energy band gap of the photo-active layer [13]. As rigid SCs have been significantly
engineered and have captured the entire solar market, we directly review thin film SCs and
emerging thin film SCs from various perspectives. Figure 2 depicts the many generations
of SCs as a flowchart.
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Figure 1. Classification of SCs based on various factors [9].
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Figure 2. Classification of SCs based on photo-absorber materials.

2. Second Generation Solar Cells
2.1. Amorphous Silicon Solar Cells

As a bon-crystalline direct band-gap semiconducting material, amorphous Si is utilized
as a photo-absorber, in the form of light emitting diodes. Amorphous silicon (a-Si) is a
non-crystalline form of silicon used for SCs as thin film transistors, used in LED displays.
Due to a direct band gap, the incident light becomes absorbed with fewer micrometers
of wavelength than for crystalline Si SCs [14]. For amorphous Si SCs, the tetrahedrally
bonded Si atoms are arranged in a disordered fashion [15].

Due to the disordered nature of the materials, some atoms have dangling bonds.
These dangling bonds are considered as defects in the structure of a-5i. The material can
be passivated by the hydrogen atoms which bond with the dangling bonds and hence
reduces their density. Hydrogenated a-Si (a-5i:H) possess sufficiently less defects and were
mostly used in the field of PVs. a-Si:H was initially fabricated in the year 1969 by Chittick,
Alexander and Sterling [16]. The major benefits of hydrogenation of a-Si are much easier
fabrication and a much shorter energy payback period. However, hydrogenation leads to
the material’s light-induced degradation due to the Steabler-Wronski effect. Hydrogenation
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also facilitates the possibility of doping in the a-Si:H SC. Furthermore, adding carbon
atoms to the a-Si:H might improve the cell’s electrical properties. This addition will lead
to the improved transparency of the cell, which results in intensified light trapping and
enhanced PCE [17]. The addition of carbon might also widen the band gap of a-Si:H. The
increasing carbon content influences electron mobility, resulting in enhanced disorder in
the elemental arrangement. More light can be transmitted into the depletion region of
a-Si:H through utilizing TiO, nanosphere electrodes which were further coated with ITO in
front contact [18].

The a-Six Gej.x:H based solar cell is a modified version of the hydrogenated amorphous
5i SCs. This type of SC was prone to photosensitivity, with lesser energy band gap. A major
drop in performance of a-Si:H due to the Staebler-Wronksi effect was rectified through
effective utilization of low band gap material [19]. By changing the composition of Si and
Ge, the energy band gap of SC can be varied from 1.6 eV to 1.1 eV. Hence, absorption of
light with longer wavelength was achieved [20]. Performance further improved through
employing back reflectors made of Ag, Au, Al etc. [21]

The p-n junction is not enough for efficient charge carrier collection because of the
restricted hole mobility, to a certain extent, and of the higher defect density. Hence, an
intrinsic absorber layer was introduced between the p- and n- region for charge carrier
mobility. The order of arrangement of a-Si:H cell architecture may start with n-type or
p-type material. Based on the deposition sequence, there are two possible architectures for a-
Si:H cell: superstrate or PiN configuration, and Substrate or NIP configuration [22,23].The
schematic diagrams in Figures 3 and 4 represent the simple architecture of a-5i SC in
superstrate and substrate configuration.

LIGHT

SnO2
Textured SnO2

p-Si

Figure 3. Superstrate configuration.
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Sn0O2

Textured SnO2
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Figure 4. Substrate configuration.

For effective exciton generation and hole collection, the cell is designed in such a
way that the light incidence occurs initially only with the p-type material. Typically, the
a-Si:H cell architecture consists of TCO, p-type a-Si:H, an intrinsic a-Si:H absorber layer,
n- type a-Si:-H and metal contact [23]. In order to obtain better electrical contact for SC,
TCO must be the front contact while the back contact may be either conductive metal or
TCO. The open circuit voltage was enhanced by a wider bandgap for the active intrinsic
absorber layer [24]. Some foreign elements such as oxygen, carbon, etc., when reinforced
with the a-5i:H might also widen the bandgap. The superstrate and substrate were also
differentiated by means of transmissivity behavior. The superstrate configuration is most
probably temperature resistant and transparent in nature, hence all PIN configurations were
preferred for the fabrication of solar modules [25], but the substrate configuration is opaque
in nature and preferred for flexible SCs. There are various thin film-based silicon materials
such as nanocrystalline silicon, proto-crystalline silicon and polymorphous silicon. The
nanocrystalline silicon (pc-Si:H) has a narrow bandgap material as compared to wider
band gap a-5i:H material. Here, the crystallite size varies from a few micro- to nano-meters.
The continual nucleation phase of pc-Si:H possesses an undeveloped crystallite structure,
known as proto-crystalline silicon (pc-Si:H) [26]. These are formed by the hydrogen dilution
of SiH4, which is much closer to the interfacial phase of a-Si:H to pc-Si:H. Some of the
major advantages of pc-Si:H are wider bandgap material and less density. Soon after,
the attainment of critical thickness layers always seemed to consist of a microcrystalline
structure [27]. If the silicon is grown in the plasma phase in the intermediate structural
appearance, between the a-Si:H and uc-Si:H, then it is known as polymorphous silicon
(pm-Si:H) [28]. During the deposition process, pm-Si:H was deposited over the entire layer
depth with uniform homogeneity. Among all other silicon based structures, light induced
degradation gives a faster rate for pm-Si:H. Defects of a-Si:H are band-tail state defects and
mid-gap defect states [29]. Doping of foreign elements into the a-Si:H absorber layer might
result in a change of fermi level. The heterojunction architecture might also utilize the
fraction of unabsorbed incident light, in addition to the absorbed light, for the betterment
of PCE in a-5i:H based SC. In a single junction SC, the chance of light absorption is at a
particular wavelength, but in a multijunction SC, the cell has a capability to absorb light
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at varied energy levels [30]. Figure 5 represents the a-Si:H&a-SiGe:H heterojunction SC,
which is capable of converting more photons into electrical energy.

GILASS

a-Si:H p-type

a-Si:H i-layer

a-Si:H p-type

a-SiGe:H i-layer

Figure 5. a-Si:H&a-SiGe:H heterojunction SC.

Mid-gap defect states possess sites of effective recombination centers, a major threat
to all electronic devices [31]. Band tail states have been described as some of the energy
states which are constrained to a particular extent, but only in between the valence and
conduction band. Table 1 represents a comparison of the various a-Si cells, developed with
various materials, along with their output parameters. This is a distribution of Urbach
energy exponentially. Some of the advantages of a-Si:H over C-Si are [32]

Simple working mechanism and inexpensive

With optimal thickness, light absorption is higher than in the C-5i
Lesser raw material is required

The capability to adhere over any sort of surfaces.

In addition to these advantages, some of the disadvantages of Si:H SCs are as follows

Lesser working life due to low hole-mobility
Harmful gases were needed during fabrication process [33]
Mostly absorbs light at a wavelength not greater than 700 nm.

Table 1. Comparison of PV performance of various a-Si:H based SCs.

S.No Absorber Material X(;)C {IS: Alem?) FF eff Ref
1 uc-Si:H 0.542 27.44 73.8 10.97 [31]
2 uc-Si:H 1.411 12.6 67.8 12.1 [34]
3 a-Sin type 0.704 424 82.6 24.7 [35]
4 a-Si:H 0.877 17.28 66.6 10.09 [36]
5 uc-Si:H 0.548 29.39 73.1 11.77 [37]
6 a-Si:H 0.896 16.36 69.8 10.22 [37]
7 uc-Si:H 1.322 13.02 69 11.9 [38]
8 a-Si:H pe-Si:H ue-Si:H  1.936 8.96 715 12.41 [39]
9 ue-Si:H 0.521 28.17 71.6 10.5 [40]
10 a-Si:H pe-Si:H pe-Si:H - 1.901 9.92 72.1 13.46 [41]
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2.2. CIGS Solar Cell

Because of its higher absorption coefficient, CIGS was employed as primary absorber
material with generalized structure as Culn_,)GaxSe, similarly to the CdTe architecture.
The energy bandgap can be altered by modifying Cd and Ga composition [42]. The junction
behavior of CdS and CIGS with respect to the defects does not cause any major change to
the device performance [43]. The following mathematical equation (1) gives the bandgap
of the CIGS with an active material structure Cu In(1-x)GaxSe;.

Eg = 1.01 + 0.626x — 0.167x(1 — x) eV )

For example, if the value of x is 0.1 which might be the composition of Ga, then the
energy bandgap was approximated as 1.058 eV. The band gap significantly changes in
accordance with the doping level of Ga. In case of CIS, the band gap can be estimated by
substituting the value of x as 0, hence the band gap will be 1.01 eV. So, for commercial CIGS,
the bandgap varies between 1.01 to 1.1 eV. Their melting point was 985 °C. Generally, CIGS
is a p-type material and CdS is a n-type material, which combine together to obtain a p-n
junction. In such devices, there is the existence of selenium, which influences the electrical
properties of the material [44]. The presence of four elements makes the fabrication process
more challenging.

The CdS in the CIGS SC can be deposited through chemical bath deposition. It can
be synthesized with the use of salts such as CdSO,4, CdCl,, Cdl,, etc., of an aqueous
nature. In addition to this complexing agent, NH3 and thiourea were stirred and heated
to optimal temperature and concentration to obtain the CdS material. CdS should be
grown in a pseudo-epitaxial manner and seems to be an intermediate structure between
polycrystalline and single crystalline structures. At the interface of CdS and CIGS, there
is an option of accommodation of the foreign material CdSe, which hinders the cell’s
performance. With proper design under optimal conditions, CdSe accumulation can be
avoided. In this device, there are also transparent conducting electrodes such as InSnO,
5Sn0O,, which were synthesized through sputtering, evaporation or by atomic layer chemical
vapor deposition [45,46]. On top of this layer. there is a buffer layer which is probably ZnO,
possessing higher resistivity. This in turn reduces the defect intensity at the interfaces and
improves the diode quality. It also increases the shunt resistance; hence, the leakage has
been reduced. The top contact will be the metal contact with an aluminum grid on top. The
various possible fabrication techniques of CIGS SC are evaporation, sputtering, closed space
sublimation, spray pyrolysis, chemical bath deposition and the two-step process: metal
deposition followed by salinization [47]. A cross sectional diagram of the CIGS SC, whose
cell architecture is glass substrate/Mo/p-type CIGS/n-type CdS/i- ZnO/Zno:Al/MgF,
ARC/Metal grid, is depicted in Figure 6. In case of substrate configuration, the light
enters through TCO, and over the substrate the back contact material is deposited. For the
superstrate configuration, incident light enters through the glass surface and that performs
as a window for the photocurrent generation process.
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MgF, Antireflection

coating

Al metal contact

Nickel
Aldoped ZnO

High resistive ZnO
CdS window layer

/ p-type CIGS absorber

Mo back contact

Soda-lime glass/
polyamide substrate

Figure 6. Diagrammatic representation of CIGS cell architecture.

CIGS SCs can be used in place of conventional Si solar cells. In flexible CIGS SCs,
which are a multilayered device, a crucial performance inhibitor was interfacial layers,
which need to be selected based on stability against mechanical stress, resistance towards
temperature and thermal expansion coefficient [48]. In general, Mo was used as back
contact for flexible as well as rigid CIGS SCs. In the case of flexible solar cells, Mo with
bigger grains are prone to exert internal minor cracks during plastic deformation of flexible
SCs. The thickness of buffer layer CdS also plays a major role in performance of the solar
cell. An increase in thickness of the CdS layer facilitates absorption of more photons of
shorter wavelength. This leads to a smaller quantity photons reaching the depletion region
and is also involved in the power conversion process. In addition to this, the charge carrier
mobility of the CdS bulffer layer was low compared to the CIGS absorber layer, which also
degrades the current conversion efficiency of CIGS SC. Hence, the thickness of buffer layer
CdS should be kept as low as possible for the attainment of elevated cell performance [49].

After the light incidence, the CdS layer of an energy bandgap greater than 2.4 eV allows
the photons to reach the absorber layer. The exciton is generated in the active layer. Because
of the built-in electric field across the interfaces of p- and n- type material, the generated
electrons diffuse into the n-type material and, further, reach the n-electrode, while the
generated holes diffuse into the p-type material and then collect at the p-electrode. The
back surface field created near the Mo back contact layer helps the escaped electrons to be
redirected towards the p-n junction, then reach the n-electrode. Si SC is predominantly used
all over the world at present, due to its eases of use and abundant availability compared to
other raw materials. Many other alternatives are currently under as effective replacements
for Si SC [50]. CIGS are engineered and used in place of Si SC. They are less prone to
mechanical damage compared to Si SCs. The losses incurred with Jsc were rectified by the
use of different layers. Monolithic integration during fabrication is not possible with Si SC,
but is possible with the CIGS.

Si is an indirect bandgap semiconductor and its absorption coefficient is rather low
(104 cm 1), while CIGS is a direct band gap semiconductor with much higher absorption
coefficient. For this reason, CIGS can be fabricated with a thickness as much as 100 times
that of Si SC [51]. The CIGS cell architecture is much similar than that of the tandem SCs,
where the high energy photons are absorbed by the CdS layer, while the photons with less
energy are simply transmitted to the active layer. There, these latter photons are absorbed,
resulting in better utilization of the incident photons. Exciton recombination occurs at the
interface of the window buffer layer and the active layer, mainly due to the conduction
band discontinuity. The level of discontinuity directly affects the energy bandgap, which
increases in accordance with the increase in the discontinuity [52]. Thin-film flexible SC
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opens up a new field in the SC market. Flexible substrates are easy to adopt any sort of
curvature, lighter in weight and rolled easily. Their production cost is also less and they
are likely to be fabricated through Roll-to-Roll manufacturing. Polyimide substrates have
been used for flexible CIGS SCs [53]. There are three different substrates used in CIGS SCs:
polymer sheets, ceramics and metallic foils. A higher efficiency of CIGS has been reported
with the usage of polyimide substrates

Regarding the chemical composition of CIGS, it is clear that they are a quaternary
compound. Uniform constitution of elements over the entire surface of the SC results in
optimal photocurrent generation, but attaining uniformity over larger areas is very difficult.
For SCs of larger area, PCE is generally low. For large area substrates, sputter coating is
most suitable for obtaining uniformity in distribution [54]. Thickness of the deposited layers
and chemical composition can be examined through optical characterization techniques.
Coming to the commercialization of long range CIGS, there is a conflict between the
size increment and the PCE. These factors cannot be compromised. Cds possess higher
toxicity and are harmful to the surrounding environment. As they are toxic, their proper
disposal is arduous [55]. Hence, Cd free CIGS solar panels have been focused on instead.
Indium is the key element which is responsible for the price of CIGS panels. The main
source of Indium is as a by-product of Zn production. This can be overcome through a
preference for flexible, thin, solar CIGS in place of rigid CIGS. without disturbing the PV
parameter/Jsc. In addition to this, the time taken to process TCO and CIGS layers seems to
be much higher. This should be reduced by adopting a thin CIGS layer and quicker growth
techniques [56]. Table 2 represents a comparison of the various CIGS cells developed with
various architectures, along with their output parameters.
Some of the major advantages and disadvantages of CIGS SCs are as follows:
They are more resistant to heat than Si SCs.
The active material (CIGS) does not contain harmful components.
Holds easily tunable bandgap, facilitating tandem architecture.
Its grain boundaries acts as buffer layer, which inhibits the surface recombination.

Some of the disadvantages of CIGS SCs are:

Achieving improved performance takes longer than Si SCs.
Less efficient than conventional SCs.
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Table 2. Comparisons of PV performance of various CIGS based SCs.

. Jsc FF Eff

S.No Cell Architecture Inference Voc (V) (mA cm-2) (%) (%) Ref
Mo-N back contact diffusion barrier deposition in

1. CIGS SC 0.622 28.67 67.53 12.05 [57]

2. alkali post deposition treatment of RbF 0.741 37.8 80.6 22.66 [58]

. CdS buffer layer deposition through chemical bath

3. glass/Mo/CIGS/CdS/i-ZnO/TCO/Au method, effect of i-ZnO high resistive layer 0.661 32.08 78.9 15.50 [59]

4. high mobility TCO with 1 eV absorbers 0.609 42.3 74.6 19.20 [60]
impact of silicon inclusion to reduce the cell thickness

5. Mo/Si/CIGS/ZnS/ZnO and influence of thickness and gallium concentration of 0.6903 37.57 81.03 21.08 [61]
the CIGS absorber layer on the performance

. enhanced performance achieved by ZnO NWs with
6. ZnO NWs/AZO/ZnS/CIGS/Mo/Thermal electric CIGS SC along with series connection of Thermal 0.85 38.55 67.2 22.02 [62]
generator :
electric generator
. . 3 influence of light-soaking, heat-soaking, and combined
7. ;h]gé/Aé)I/Gl\g)g /%/?gggO/CdS/(KF LS and HS on KF-treated and KF-free CIGS SCs with [63]
© CBD-CdS buffer layer

8. ZnO/Buffer n-ZnS/p-CIGS/Mo effect of ZnS buffer layer 0.804 35.66 82.14 23.54 [64]

9. AlL,O3/MgF,)/AZO/i-ZnO/CdS/CIGS/Mo effect of thickness of ARC over CIGS cell 31.22 [65]
gallium oxide deposited by plasma-enhanced atomic

10. (Al/Ni)/TCO/CdS/GaOy/CIGS/Mo/Soda-lime glass layer deposition, as a surface passivation material at the 0.056 1 8.22 2.60 [66]
interface of CdS buffer layer of CIGS SC

11 (glass/stainless steel)/Mo/CIGS/CdS/ZnO NWs/ITO ZnO NWS incorporated in CIGS and the effect of 11.40 (stress) [67]

externally applied stress (rigid) and strain (flexible)

5.96 (strain)
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2.3. CdTe Solar Cell

Cubic tetrahedral crystalline natured CdTe contains Cd and Te with two and six
valence electrons and a band gap of 1.44 eV. The obtained band gap is below mono-junction
SC’s limiting optical band gap range [68]. Inclusion of Selenium with the CdTe was also
a reason for better performance of this cell [69]. This was performed by an interdiffusion
process with the use of a CdSe precursor, especially at the elevated temperatures of CdTe
deposition [70]. However, selenium, including CdTe via diffusion, find it difficult to absorb
light of longer wavelength. Hence CdSeyTe;. synthesized through close space sublimation
of about 600 nm thickness increases the ability of long wavelength light absorption, which
also results in enhanced PCE. The substrate temperature of CdS deposition has a direct
effect on the crystal structure. As the temperature increases, the grain size and crystallinity
increases, then interdiffusion is easier for the various layers of semiconductor. Figure 7
represents the simple cell architecture of the CdTe SC [71]. The band gap of CdTe is 1.5V,
which was within the range of photo-absorber material for generating the photocurrent
from incident light [72]. A theoretical efficiency of about 30% was not achieved practically
(10-15%) due to various factors, such as the short lifetime of the charge carrier, higher
opaqueness of window layer and TCO glass, less stability of doped CdTe films and poor
ohmic contact within the interfacial layers of CdTe SC [73].

Incident light

CdTe Absorber layer
CdS F 4 Window layer

Glass

Figure 7. Pictorial representation of simple CdTe SC [74].

In CdTe SCs, conductive, stable and transparent natured TCO was preferred. However,
using TCO as front contact of the cell architecture leads to the superstrate configuration
as illustrated in Figure 7 [74]. The most commonly used materials as TCO were Al doped
ZnO(ZnO:Al) and SnO;:InyO3(ITO) in CdTeSCs. The major advantage of these materials
are much higher transparency and lower electrical resistance [74]. The main drawback
of ZnO:Al as TCO is that they tend to breakdown easily at temperatures greater than
400 °C. The ITO at higher temperatures also makes the indium diffuse into the CdTe layer.
However, the most suitable material at higher process temperatures greater than 500 °C is
SnO;:F, which is commonly known as FTO. Other than these materials, the most suitable
alternative, especially for CdTe, is CdySnOy [75].

The CdS is most likely to be used as a window layer in CdTe SCs. The window layer’s
main function is collecting the generated excitons from the CdTe active layer. The window
layer does not absorb incident light of wavelengths less than 520 nm. Hence there is a
degradation in overall performance. The solution for this problem is reducing the thickness



Energies 2022, 15, 8688

12 of 34

of the window layer [76]. The thickness should not be less than 100 nm, as this might lead
to substantial losses in Voc and fill factor. Furthermore, reduction of thickness might create
voids in the microstructure of CdS, which also degrades the cell performance. This can
be avoided by the implementation of buffer layer between the CdS and CdTe materials.
The CdS layer is generally a n-type material and can be deposited through the following
techniques: chemical bath deposition, RF sputtering, close space sublimation and thermal
evaporation. The oxidized CdS layer presents an increased energy band gap than the actual
CdS layer, hence light absorption is further increased. In recent research, an alternative
material for CdS is Mg; —xZnxO (MZO) [77].

CdTe is a thin film active material which is usually polycrystalline in nature. The
PV performance of the absorber layer is usually based on the techniques with which the
absorber layer was deposited [78]. Some of the techniques preferred for the deposition
of the active layer are RF sputtering, electrodeposition, thermal evaporation, close space
sublimation, etc., and among these, close space sublimation is highly preferred. The major
drawback of CdTes is that they hold lower carrier lifetime. Due to the presence of dangling
bonds, the interstitial spacing between the grains will act as the active site for the exciton
recombination. With the use of characterization techniques such as electron back-scattered
diffraction, the level of orientation of grain boundaries, crystalline nature of the deposited
film, etc., can be examined [79].

The design and implementation of back contact in CdTe SC is rather challenging. CdTe
is a material with higher ionization potential. Hence, its work function is greater than
5.2 eV for ohmic contact. Lower work function materials lead to the creation of a Schottky
junction especially at the interface of CdTe and the metal surface [80]. Some of the materials
whose work function is nearer to the above specified are Ni and Pt, but they readily react
with the telluride, hence they remain unusable. Some of the materials with higher dopant
densities and better stability are ZnTe, Al doped Te, FeS;, NiP, etc., capable of forming
ohmic contacts. These materials with better ohmic contact can increase the working life of
a module by up to 20 years [81].

CdTe is generally stable in nature. However, some problems were encountered, such as
degradation due to improper encapsulation in the cell architecture. Diffusion of copper into
the cell architecture also reduces cell performance, which can be overcome through reducing
the copper content with the addition of a barrier layer of Zinc Telluride, As,Tes [82]. In
the case of CdTe solar modules, there is no issue with the photo-stability, while in the
case of a flexible CdTe cell, more factors affect the stability of the cell. The problem is due
mainly to the thin films” bending, tension and compression. This literature studied the
effect of compressive and tensile stresses experienced by thin films installed over different
architectures. Thus, efficiencies were not dependent on the substrates, but on stresses (9).
CdTe with different substrates has also been studied for the effect of stresses. It is found
that the thin film’s polyimide exhibits more incremental distortion than the rigid glass
substrate. Polyimide substrates were also easily affected by UV-irradiation, can which can
be overcome through anti-UV coatings. Table 3 gives the comparison of various CdS SCs,
along with their cell architectures. Some of the major advantages and disadvantages of
CdTeSCs are as follows:

e  The preparation of CdTe SCs was performed in minimal time duration, compared to
other SCs.

e Ithasa direct band gap with energy of 1.4 eV.
It can absorb much shorter wavelengths than silicon solar panels.

e  Raw material Cd was obtained as a sub-product of zinc extraction, hence has less price
fluctuation than Si.
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Table 3. Comparison of various CdS SCs along with their cell architectures.
S.no Cell Architecture Voc (mV) Jsc (mAcm~—2) FF 1 (%) Ref.
1. Glass/FTO/n-CdS/n-CdTe/p-CdTe/Au 730 33.8 0.62 15.30 [83]
2. Glass/FTO/CdS/CdTe 838 25 0.72 15.20 [84]
3. glass/FTO/CdS/CdSe/CdTe/ZnTe:Cu/Au 791 27.4 13.47 [85]
4 861 26.9 0.754 17.50 [71]
5. 863 28.6 0.781 19.25 [86]
6. Glass/Zn0O:Al/n-CdS/p-CdTe/ZnTe 1528.5 28.355 0.497 21.57 [87]
7. Glass/n-FTO/n-Cd(S,0)/p-CdTe/p-CuZnTe/Au 848 26.6 0.733 16.60 [88]
8. ZnO/CdS/CdTe (0.25/0.05/2.5 micrometers) 859 28.4 0.737 17.66 [89]
9. Quartz/Ti/SiO, /CdTe/ITO 40.36 [90]
10. Sodalime glass/SnO,:F/SnO,/CdS:0/CdTe/(Cu/Au) 857 23.6 0.672 14.10 [91]
11. Si0, /Si(DBR)/ZnTe (BSF)/CdTe/CdS/ZnO/FTO. 109,820 1201 0.8203 10.39 [92]
1. glass/SnO,:F(FTO)/n-CdS/ 806 248 07 14 [84]

p-CdTe/Cu/V,05/Cu/Au

Some of the disadvantages of CdTe SCs are:

e  Delivers less power output than Si SCs.
Even though Cd was easily available, Te was rarely found in the crust.
e (Cd was highly toxic and its disposal was a rather difficult process.

3. Third Generation Solar Cells
3.1. Dye sensitised Solar Cells

Dye sensitized solar cell (DSSC) is a SC which mimics the photosynthesis process
of plants leading to generation of photoelectrons [93]. DSSCs generally comprise photo-
electrolyte, TCO electrode, TiO; electrode and encasing glass [94]. The electrolyte in
DSSC should be stable, non-hazardous, solvent, with high ionic conductivity and better
interaction with dye. Meanwhile, the counter electrode (metal or non-metal) should hold
a higher surface area and high catalytic activity. Hence, platinum is the most commonly
used counter electrode. Initially, light absorbed dye molecules become sensitized. The
sensitized dye molecules in addition to the TiO, molecules lead to electron generation and
oxidation of the sensitized dye. The schematic diagram Figure 8 represents the simple
DSSC architecture [95]. Operation of DSSC varies with conventional semiconductor based
SCs as absorption of incident light and exciton generation do not occur cordially as in
conventional cells. In this cell, the light is initially incident over the cell surface. Over
the glass surface, the electrode TCO was coated, via which the generated electrons were
transferred to another electrode by means of an external circuit [96]. From the NREL
efficiency chart, it is evident that a maximum power conversion efficiency of 13.0% was
experienced by the DSSCs. Room temperature synthesis of DSSC is a major advantage, but
maintaining stability and photodegradation was difficult [97].

GLASS

TiO2 with Dye |

Electrolyte (I-/I3- Redox Couple)

GLASS

Figure 8. Simple cell architecture of DSSC.
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Due to technical advancements, instead of TCO, graphene has been used because of
its better conductivity at very minimal thickness, and it also holds better transmittance.
Both nano-fibred TiO, and graphene can also be used as a photoanode. Redox reaction
at the electrolyte significantly helps dye regeneration. This electron then enters into the
counter electrode, which brings the TiO2 back to its original state. The electrons that flow
back to the circuit react with the iodine ions [98]. Then the iodine ions are converted from
one state to another; this, in turn, is responsible for conversion of the excited dye molecules
to their original unexcited state. In this way, regeneration of dye occurs. The electron
transfer between the counter electrodes leads to electricity generation. The electrode may
be nanostructured TiO; or ZnO can be used. Optimization of photoelectrode thickness
is extremely important through experimentation and simulation. The photosensitizer
basically consisted of polypyridyl compounds of ruthenium or osmium. Anthocyanins,
flavonoids, belatins, etc., are some of the dyes used in DSSC. The most commonly used
electrolyte is I' /I3 redox couple, while Nal, Lil dissolved in non-protonic solvents such as
acetonitrile, propylene carbonate, etc., are used as electrolytes. These electrolytes transform
the excited dye to an unexcited state. For obtaining better PCE, the ionic conductivity of
electrolyte must be higher [99]. Instead of liquid dye, the thin absorber material is used for
light trapping; then such a cell is known as an extremely thin absorber SC.

The leakage of liquid electrolyte may be a major drawback in DSSCs, which is over-
come through the use of quasi-solid state electrolytes [100]. The main advantage of this
particular electrolyte is enhanced ionic conductivity with better mechanical strength. In
place of the dye incorporated electrode, the perovskite infused electrode might give rise
to the development of a new field of SC, i.e., Meso-structured SC. PCE is mainly affected
by the nature of the excited and ground state photo-sensitisers, Fermi level of the photo-
electrode and redox potential of the electrolyte [101]. In Table 4, various cell architecture
materials of DSSC are compared with their output PV performance.

Some of the major advantages of the DSSC are as follows:

Easier to fabricate under normal ambient condition.
Lower fabrication cost.
Better performance under higher working temperature and diffused light.

Major drawbacks of DSSC are and further distinguished in Table 4:

Usage of liquid dye might leak which leads to defective SC.
Platinum is used as a counter electrode in order to improve the dye regeneration,
redox reaction and PCE, which was available only at higher cost when TiO2 was used.
e  Ruthenium or osmium-based dye is versatile and not easily available at wider range;
it is better to prefer dyes based on simple elements.
e  The maximum PCE reported until now was 14.3%, which used a silyl linker with the
triarylamine and cobalt redox couple.
Degradation of electrolyte materials.
Electrolytes possess a low freezing temperature, while at higher temperatures a sealing
issues might arise. Solid state dyes were engineered to overcome the liquid state dyes’
drawbacks [102].



Energies 2022, 15, 8688

15 of 34

Table 4. Various materials used as essential parts of DSSCs with their PV performance.

S.No Dye Used Electrode Used Counter Electrode Used Electrolytes Used  Max. PCE (%) Max. Fill Factor ~ Voc (V) Jsc (mA cm—2) Ref.
1. Chlorophyll pigments TiO, graphite 0.49 0.44 [103]
2. gcam}“‘? sennii chiovenda flowerand 1 (PEDOT-coated FTO glass) polymer gel 0.15 & 0.136 047 t0 0.6 0.475t0 0.507  0.352 to 0.642 [104]
uphorbia cotinifolia leaf electrolyte
cobalt-nickel selenide I /1y redox
3. N-719 dye TiO, nanoparticles dispersed on 3 9.42 0.683 0.75 18.33 [105]
electrolyte
graphene nanosheets
4 N-719 dye TiO, activated coconut shell I" /I3 redox 785 0.62 0.65 19.49 [106]
charcoal electrolyte
5. Betalains and anthocyanins TiO, platinum metal clusters 2.06 0.316 to 0.419 8.8 [107]
6. Co/Se and Nl/Se I" /I3 redox 6.43 & 5.23 [108]
nanocomposite electrolyte
. aqueous
7. Rhoeo spathacea dye T1O2adso'r bed Au Pt electrolyte of 1.49 [109]
nanoparticles Ces* /a*
egt /3" system.
. . conductive plastic sheets
8. Anthocyanin dye TiO, containing graphite [110]
nano sized Cu /P red
9. N3 dye with carbon recox 2.8&23 0.55-0.70 0.76 to 0.81 6.1-7.4 [111]
di din TiO electrolyte
ispersed in TiO,
20% Basella alba(green dye) and 80% - .
10. Amaranthus dubius (Red dye) TiO, carbon coating 0.847 0.515 0.385 [112]
11 Dye from .Pawpaw Leaf and Flame Tree TiO, Pt 027 0.69 0518 0.744 [113]
Flower mixture
double layered )
12. C106 dye TiO Pt 7988 electrolyte 9 0.762 0.694 8.702 [114]
p)
13. Male flowers Luffa cylindrica TiO, Pt 0.13 0.60, 0.52 0.44 [115]
14. Spinach and ipomoea TiO, Pt 0.131& 0.278 0.51 & 0563 0.5 & 0.54 [116]
15. Bixin, annato, Norbixin from TiO; & ZnO, Pt 0.37 (max) 0.59 0.57 1.1 [117]

Achiote seeds
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3.2. Perovskite Solar Cells

Perovskite solar cells (PSC) with ABXj3 architecture showed a faster rate in terms of
PCE within a shorter period of time. On the other hand, A, B and X are often referred
to as monovalent cation, divalent cation and monovalent anion. Perovskite material
possesses better photophysical properties such as tunable band gap, high absorption
coefficient, etc., [118]. Because of these properties, these materials find application not only
in the field of SCs but also in LEDs, photo detectors and photodiodes [119]. Initially, BaTiO3
and CaTiOj3 perovskites were mainly utilized for photodetectors due to their extensive
ferroelectric properties. Various ferroelectric materials were fabricated with CaTiO3 or
BaTiOj3 as base material. With suitable substitution of the organic cation and changing of
the crystal structure, perovskite with a tunable band gap were easily developed. Some of
the superior properties of organic perovskite in comparison with the conventional inorganic
perovskites are [120]:

e  Higher PCE.

e  Higher absorption coefficient.

e  Fabrication can be carried out through solution processing technique and wafer-based approach.
e  Diffusion length is higher with higher charge carrier mobilities.

Some of the drawbacks encountered in perovskite SCs are as follows:

Poor encapsulation leads to the degradation of perovskite material.
e  Lead based Perovskite material is toxic in nature.

Due to these properties, the generated electron might travel much more distance,
generate current before recombining and avoid energy loss due to heat within the cell. In
the case of single perovskite, the stoichiometry appears to be AMX3. At the same time, X
is oxide or halide anions and B refers to a metal cation with a coordination number of 6.
A can be Ca, K, Na, Pb, Sr, etc. In a crystalline structure, M lies at the center of the cell, X
occupies the facing center of the cell and A occupies the eight corner atoms. The measure
of the degree of distortion in the crystal structure of perovskite in an ideal cubic form is
represented in following Equation (2) [121].

(I‘A + I‘M)
2 (rm + 1x)

t= )

where rp is the radius of A cation, rg is the radius of B cation and ry is the radius of
halide anions.

The tolerance factor for oxide-based perovskites and oxide halides ranges from
0.89 <t <1to00.85 < t < 1.11. The most commonly used perovskite material for obtaining
high efficiency SC is methylammonium lead iodide. CH3NH;3Pblj; is a semiconducting ma-
terial with a direct band gap of about 1.55 electron volts, in addition to a higher absorption
coefficient ranging from 104 to 105 cm ™! [122]. Various research has been carried out with
this material and by also altering the B site and X site materials using materials with similar
property [123]. Whenever sunlight occurs over the perovskite material, A site cations might
migrate along the crystal structure. This phenomenon is known as ion migration, which
leads to the poor photo-stability of the cell. Due to the ion migration, the 3D perovskite
structure becomes converted into a 2D perovskite structure and hence the device becomes
photodegradable.

In order to increase the stability of the perovskite device, the size of the A site cations
must be bulky, i.e., longer chain A site cations. Due to the steric hindrance, the cations are
not free to move. Longer chain A site cations were chosen within the specified tolerance
range. In place of halide anions such as cl-, a mixture of two halide anions was utilized
for analyzing the PCE of SCm known as mixed halide perovskites. Thus, by permutating
organic and halide anionic sites without disturbing the tolerance factor, ionic migration
was hindered leading to the enhancement of the intrinsic photo-stability. Increasing the
photo-stability using different anionic and cationic sites with acceptable tolerance limits is
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known as compositional mapping. However, opting for longer chain cationic sites might
lead to distortion in the network with respect to various temperatures [124].

Bandgap tuning was performed to increase the light absorption without disturbing
the absorption coefficient. Changing any of the A, B and X sites in ABX3 will have a serious
effect on the energy band gap. Altering any of the sites in the perovskite structure changes
the tolerance factor, leading to a changed morphology of the crystal (Orthorhombic or
Tetragonal or Cubic structure). This results in modification of the energy band gap of the
perovskite PV cell [94]. Table 5 represents various perovskite materials with their energy
band gaps. From the table, it is evident that changing any of the sites in perovskites alters
the energy band gap from 2.3 eV to 1.3 eV. The performance of perovskite SC was improved
by replacing the TiO, sheet with TiO, nanoparticles in a thin film as counter electrode.
The stability of various compositions of perovskite SCs was evaluated through a humidity
soaking test. Of various compositions, the humidity resistant composite perovskite based
SC was considered for obtaining photocurrent generation at a higher rate [125].

Table 5. Energy gaps of various perovskite materials.

S.No Material HOMO Energy Level (V) LUMO Energy Level (eV)  Energy Bandgap (eV)
1 MAPbBr3 —5.68 -3.38 2.3

2 MAPbDI; -5.43 —3.88 1.55

3 FAPDI; —5.42 -3.92 1.5

4 MAPb;._, Snyl; (x = 0.25) —548 —424 1.24

5 MAPb_, Snyl; (x = 0.5) —5.61 —4.44 117

6 MAPDb1 Snyl3 (x = 0.75) -5.77 —4.60 1.17

7 MASnI3 —5.47 —4.17 1.3

With the help of compositional mapping, there is a possibility of obtaining a 3D
perovskite structure. As a result of band gap changes, there is a change in exciton generation
leading to a more highly efficient perovskite device. The electronic properties of the
perovskite material mainly depend on the heteropolar bond between the B and X sites.
The size of the A site might show slight distortion in the heteropolar bonds, leading to
change in the electronic properties of the perovskite device. The perovskite device structure
can be fabricated as a mesoscopic nanostructure or a planar structure, stable only in the
controlled environment. It starts degrading once exposed to the ambient conditions, due to
thermal degradation, moisture sensitivity, intrinsic photo-instability, etc., [5]. For an ideal
perovskite SC, thermal degradation and stability factors need to be more concentrated.
Perovskite SC can be fabricated through solution-based and vapor-based approaches. The
PV performance of perovskite SC was purely based on the concentration of A site cations.
The simple perovskite SC is comprised of an electron transport layer, photoactive layer and
hole transport layer [126].

The schematic diagram Figure 9 represents the simple architecture of the perovskite
based SC. Table 6 collectively indicates the commonly used materials in perovskite SCs [127].
In general, the light becomes incident over the transparent conducting electrode. Initially,
Indium Tin Oxide (ITO) was used as transparent electrode in perovskite technology. Due
to their poor stability and higher cost of the indium element, there is a need to identify al-
ternative materials as transparent electrode [126]. Fluorine Tin Oxide (FTO) was used as an
alternative transparent conducting oxide for SCs. Then, the incoming light was transmitted
into the hole transport layer. The electron and hole transport layer (copper thiocyanate)
was selected based on its transparency, to allow incoming light and conduct the generated
excitons to the external circuit. Here, sprinkled carbon enhances hole transportation, which
is cheaper than using gold particles. Thereafter, the photons reach the absorber layer
(perovskite layer), which is photoactive in nature. The photons with energy greater than
the energy band gap of the absorber layer have the ability to generate electron-hole pairs.
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Then, the electrons and holes are transferred to the external circuit through the electron
transport layer (TiO,) and hole transport layer. The surface textures of electron transport
materials (photoanodes), such as rods, cones, spheres or undefined micro-level shapes, also
influence the PCE of SC [128]. Finally, excitons recombine at the photoactive layer.

Metal contact

Hole extraction

Perovskite

Electron extraction
ITO
Glass

Figure 9. A schematic diagram represents the simple Perovskite Architecture.

Table 6. Most commonly used PSC part materials.

Various Interfacial Layers

Commonly Used Materials

Metal Contacts Al, Au, Ag
Small molecules HTM Spiro-OMeTAD, TPBC, OMe TPA-FA
Hole Transport Materials Polymer Based HTM P3HT, PTAA, PEDOT:PSS
Inorganic HTM CuSCN, Cul, NiO, CuO
Perovskite materials MAPb(I3,Brs), Csp AgBiBrg, FAPbI3, MASNI;
Electron transport materials Zn0O, TiO,, PCBM, SnO,
Conducting Oxide ITO

Even though perovskite SCs have started to boom in the PV market, they also possess
some disadvantages such as chemical instability, thermal instability, atmospheric moisture,
excessive UV exposure, sealing issues and structural modifications [5]. Figure 10 represents
the various stability issues occurring commonly in perovskite SCs. Distortion of crystals
might influence the photoelectric parameters leading to degradation in crystallite perovskite
structure. Temperature also influences the structural change in the crystal level. Table 7
represents the various structural modifications with respect to temperature change for
various halogen ions.

Table 7. Structural changes of X site elements with respect to temperature change.

Structural Change with Respect to the Temperature Variation (°C)

El t

emen Cubic Tetragonal Orthogonal
Iodine >54.25 From 54.25 to —110.95 <—110.95
Bromine >—36.25 From —36.25 to —123.65 <—123.65

Chlorine >—94.35 From —94.35 to —200.25 <—200.25
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Figure 10. Various Stability Issues in Perovskite SCs.

Hole transport material is one of the predominant materials required for photocur-
rent generation. Changes in the chemical arrangement and structure of hole transport
material leads to PSCs’ instability [129]. Hence, PSCs without hole transport materials
have the chance to avoid thermal instability. An appropriate percentage of atmospheric
oxygen in contact with the perovskite structure leads to the oxidation of organic based
components [130]. This further drives towards the degradation of elements from the cell
architecture, lowering the cell’s PCE. Improper sealing is prone to the inclusion of foreign
materials with the elements of the various layers of the SC. This also decreases the perfor-
mance of the PV cell. Suitable sealing materials such as UV curable resin and thin cavity
glass material overcome foreign particle inclusion in the proposed device architecture [131].
Detailed comparison of various cell architectures of perovskite based SCs can be compared,
along with their PV performance, in Table 8.

3.3. Organic Solar Cells

Only after the discovery of electrically conducting materials did organic SC enter
the picture. In the case of organic SCs, the organic semiconducting polymers are cru-
cial components because they lack prolonged chains. Smaller molecules have a lower
molecular weight, whereas polymers have a much larger molecular weight [132]. These
are semiconducting materials fabricated by a simple processing technique at lab scale,
especially at lower temperatures. Between the organic molecules of conducting polymers
along the carbon chain, there is a stronger bond, the o-bond, while at the periphery the
bonding is much weaker, referred to as m-bonds. There are two possible architectures
which were noticed through various experimentation: normal and inverted architecture.
In some circumstances, inverted architecture shows enhanced PCE compared to actual
architecture [133]. The example of polymer-based cell architectures in normal and inverted
structures arediagrammatically represented in Figures 11 and 12.
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Table 8. Various perovskite based SCs with their PV parameters.

. Voc Jsc PCE
S.No Photo-Absorber Material (@mV) (mA cm-2) FF (%) Ref.
1 (5-AVA)X(MA )1 Pbl3 / ZrO, / TiOp& (5-AVA)(MA),Pbl; /TiO, 740, 592 21.68,12.51 0.64, 0.56 103, 4.18 [134]
2 CH;3NH;3Pblz /TiO, /Carbon 0.76,0.89, 0.97 & 0.92 14.3,15.1,16.7 & 16.3 0.404, 0.415, 0.558 & 0.466 35,51,91 & 90 [135]
3 ITO/(PEDOT:PSS)/CH3NH;3Pbl; /PCBM/ (0.5 nmLiF/ Al) 0.846, 0.846 20.2,19.2 0.767,0.708 13.1,11.5 [136]
ITO/PTAA/MA0‘6FA0.38CSO'02Pb12A975BI‘0.02525 mol%
4 MACI film /C60/BCP/Cu 1000 23.1 0.77 19.50 [137]
5 ITO/PEDOT:PSS/CH3NH3Pbl; /C60/BCP/ Al 780 19.7 0.736 11.30 [138]
6 FTO/TiO, /CH3NH;Pbl;s., Cly /spiro-MeOTAD/ Ag 987, 946 18.72,19.87 0.64,0.6 12.14, 11.47 [139]
7 ITO/PEDOT:PSS/CH3NH3Pbl; /PCBM/LiF-Ag 800, 950 15.89,12.7 0.71, 0.64 9.05,7.75 [140]
Glass/TCO/NiO/Perovskite/PCBM/PEI/Ag & )
8 Glass/TCO/NiO/Perovskite with 5% Cl/PCBM/PEL/ Ag 1022, 1085 213,212 0.71,0.79 15.5,18.2 [141]
FTO/TiO, Dense/TiO, /ZrO, / perovskite/Spheroidal graphite & )
? FTO/TiO, Dense/TiO, / ZrO, / perovskite/Flaky graphite 878, 825 124,106 0.61,0.46 6.64,4.08 [142]
10 FTO/FAPDbI3/Spiro-OMeTAD/Au 970 21.6 0.62 13 [143]
11 FTO/TiO, /CH3NH3Pbl3/spiro-oMeTAD/Au 1090 & 1090 23.50 & 17.62 0.61 & 0.69 11.70 & 17.71 [144]
12 FTO/TiO/ (FAPbI3 )0 g5(MAPDBrs)o.15/PTAA/ Ag & 1010, 1010 23.20,22.34 0.7858 & 0.7826 20.05 & 19.23 [145]

FTO/TiO, / (FAPbI3)0.55(MAPbBr3).15/PCBM/BCP/In
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Figure 11. Actual Architecture.

Ag
PEDOT:PSS

P3HT:PCBM

/Zn0O

GLASS

RERREREN

LIGHT

Figure 12. Inverted Architecture.

The electrical conductivity in polymers mainly occurs through n-bonds. This is
possible through appropriate doping of material with organic compounds. Doping of
external elements easily delocalizes the 7-electrons regarding their mobility. For instance,
Sulphur doping in polymers transforms the benzene into thiophene which facilitates
electrical conductivity in polymers along the 7 channel. Due to the doping of external
elements with polythiophene, pentacene, etc., maintaining an extended sp, hybridization
state facilitates electron transfer [146]. Hence, they are called m-conjugated materials.
The dopants were responsible for improved electrical conductivity. SO3CF;3- dopant in
polythiophene and FeCl; dopant in poly-pyrole lead to increased electrical conductivities
of 10-20 S/cm and 3-200 S/cm. Such materials are employed as basic elements of organic
electronic devices [147].

Among them, organic SCs are one of the most promising. In general, the polymeric
SCs were mostly preferred, because synthesis of small molecules is a tedious process via the
solution processing technique [148]. Smaller molecules such as pentacene can also be easily
evaporated, but polymers such as Poly3-hexyl Thiophene (P3HT) cannot be. Polymer based
SCs are easily fabricated. Compared to the workflow of the normal p-n junction SC, the major
drawbacks of polymer SCs are complex exciton dissociation due to higher binding energy
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and transport, diffusion, and dissociation of the exciton. The exciton possess and shorter
diffusion length, and they should dissociate before recombination [149]. For inorganic SCs,
binding energy of the exciton will be approximately equal to thermal energy, while the exciton
binding energy of organic SCs might be 0.2 to 0.3 e V. Thus, the junction materials were chosen
based on an adequate electric field to overcome the binding energy. Organic SCs are mostly
synthesized at the lab scale, hence their properties can be tuned easily.

Some of the advantages are [150]:

easy to synthesize
available at low cost

high degree of tunability
high absorption coefficient
flexible in nature.

Major disadvantages of the Organic SCs are:
high exciton binding energy

low carrier diffusion lengths

low strength and stability.

Due to their higher absorption coefficient property, the thickness must be increased for
obtaining the intensified light traction. Due to the lower carrier diffusion length, there is a
very low possibility of increasing the thickness of the SC. These properties are contradictory
with each other and hence optimal thickness must be predicted without disturbing the
absorption coefficient and carrier diffusion length for better performance of the SC [151].
There are three possible cell architectures for organic SC.

3.3.1. Single Layer Device

The polymer SC material is a-periodic in nature. Hence, its energy bands are referred
to as Lowest Unoccupied Molecular Orbital (LUMO) and Highest Occupied Molecular
Orbital (HOMO). LUMO and HOMO might be equivalent to the conduction band edge and
valence band edge. Here, the electrons were excited from HOMO to LUMO. A working
strategy for a single layer device includes: formation of exciton, diffusion of exciton towards
the nearer electrode and dissociation of exciton at the interface, holding adequate energy
for dissociation [152]. They are very thin in nature and possess a shorter diffusion length,
making it difficult to absorb much more sunlight. As a result, quantum efficiency of the
device is lower and there is a risk of optimizing the thickness of the organic semiconductor.
The drawbacks of the single layer devices are overcome through bilayer devices [153].

3.3.2. Bilayer Devices

Bilayer SCs possess a donor (photoactive layer), an acceptor, two electrodes and carrier
selective layers. Bilayer devices generally have carrier selective layers for ensuring that
the specific carrier reaches the electrode. When light is incident over the donor material,
the excitons generated move towards the interfacial region of donor and acceptor [154].
Donors can absorb light more effectively than acceptors. Due to the difference in the energy
levels of HOMO and LUMO of donor and acceptor, there will be an internal electric field
which releases excitons into the free charge carriers. The PCE of the bilayer device is higher
than that of single layered devices (4-5%) because of its hetero-junctive nature. Due to the
lower device thickness, light absorption is limited to a certain extent, which is rectified
through bulk heterojunction SCs [155].

3.3.3. Bulk Heterojunction Device

A bulk heterojunction device is a mixture of p- and n- type materials in nanoscale.
Hence, the exciton readily finds the interface capable of providing an adequate electric
field to break up the exciton into charge carriers. The network of two phases (p & n type)
is continuous, thus there is a continuous flow of charge carriers through the external
circuit. A built-in electric field is developed at the interfacial area for effective breaking
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of the excitons [156]. By increasing the interfacial area, the exciton finds an interface
before recombination. With the intermixing of p & n types, the probability of finding the
interface within the diffusion length is higher. There are two possible cell architectures:
actual and inverted architecture. Inverted architecture can sometimes show enhanced
cell performance [157]. The comparison of various polymeric materials used as a photo
absorber layer, along with cell performance, is tabulated in Table 9.

In general, inorganic polymer SCs possess enhanced stability, but bulk heterojunc-
tion structured polymer SCs have certain difficulties in controlling side chain orientation
and entanglement [158]. A p-i-n structure might enhance the performance of the bulk
heterojunction, as it shows an increased internal magnetic field and mechanical stability
when subjected to thermal stresses. p-i-n structures also hold better strength and hence are
generally preferred [159]. Polymer acceptors play a vital role in photo electric generation. If
they possess larger crystals, this might lead to phase separation at a larger scale. This in turn
is reduced by the introduction of the fluorinated copolymer. This results in fewer crystal
boundaries and increased exciton mobility. The addition of copolymers in a calculated
quantity enhances the flexibility of polymer based SCs [160].

Table 9. Representation of various polymer based SCs with their cell performances.

S.No Cell Architecture Voc Jsc FF Eff Ref.
1 Glass/ITO/PEDOT:PSS/(CD1:PBN-12)/LiF/ Al 1017 13.39 0.64 10.1 [161]
2 ITO/ZnO/PTQ11-TPT10/MoOs3/Ag 880 24.79 0.74 16.32 [162]
3 glass/ITO/PEDOT:PSS/active layers/PDIN 854 23.01 72.27 14.2 [163]
4 ITO/PEDOT:PSS/active layer /PDIN /Al 0.853 25.68 78.61 17.22 [164]
5 glass/ITO/PEDOT:PSS/active layer/PDINO/Al 826 26.65 75.1 16.53 [165]
6 (ITO)/ZnO/]J71ITIC:BTF/MoOs3/Ag. 952 18.48 70.03 12.35 [166]
7 zggla;ss/ gggf?loi: g;%fffg%?ﬁgﬂm 970 18.19 68 12.06 [167]
8 Active layer-ITCF3/PM6 840 20.9 76 13.3 [168]
9 20% wt of IT-4F acceptor 844 25.4 75.9 16.27 [169]
10 ITO/PEDOT:PSS/Pt10:Y6/OTF/ Al 810 26.45 76.3 16.35 [153]
11 %TD%/ gg\%ﬁgﬁxﬁfmp 960 15.38 69 10.3 [170]
12 ITO/PEDOT:PSS/PM6:PZ1/7Zn0O/ Al 960 17.1 68.2 11.2 [171]

3.4. Quantum Dots Solar Cells

QD SCs have a tendency to improve the photogeneration process through predes-
ignated QD arrays. CdX was extensively involved in the research of QDs because of its
enhanced electrochemical and optical properties. X site elements may be S, Se, Te, etc.
Density of state is defined as the number of available energy states per unit energy per
unit volume. The total integral of the Fermi distribution function with maximum and
minimum energy intervals results in the total number of electrons or holes present in the
corresponding energy band. Whenever the dimension of the material changes, there is a
significant change in the corresponding density of states [172]. This indicates the number
of available charge carriers for occupancy. At particular energy state E, the probability of
electron states” occupancy by an electron is determined through the probability distribution
function [173].

Semiconducting materials which provide response to incident light were fabricated
as QDs for achieving higher output performance through an easily tunable energy band
gap [174]. The minimal optical density of thin film QDs was improved by the quantity of
light passed through it. Some of the nanostructures developed to transform the semicon-
ducting materials were nanosheets, nanorods, nanowires, etc. The QDs were sensitized due
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to light incidence and the redox electrolyte adheres over the surface of the QDs, facilitating
the electron and ion movement [175]. The stability of QDSCs depends on the type of
electrolytes used and the method of recombination and extraction of holes from QDs. In the
case of DSSCs, inorganic as well as amorphous coatings, made to adhere over the counter
electrode TiO2, deliver a consistent current output irrespective of the corrosive electrolyte
(I-/13- redox couple) utilized for charge carrier transfer [176].

The generated electrons will be transferred to the conduction band of the semicon-
ductor through the TCO electrode to reach the external circuit. The holes generated in the
conduction band of QDs were regenerated with the help of I-/I3- redox couple. Because
of the quantum confinement effect, discrete energy band gaps were found to be easily
tunable in nature, especially in excited states [177]. The generated electrons might access
any of the energy levels, hence electron excitement from the ground state is multi-poled.
Table 10 represents the various density of states and the motion of electrons for differently
dimensioned materials. The device architecture represented in Figure 13 shows the simple
QD based SC structure. Here, the light entering through the counter electrode mainly
assists the hole transportation [178]. Then HTM adheres to the redox couple (I-/13- couple)
which is responsible for transfer of the generated holes. Following this phenomenon, QDs
adsorbed with the TiO2 film (photo absorber material) are chosen for exciton generation.
The conductive glass substrate, such as FTO glass, is placed next to the photo active material
responsible for transfer of generated electrons through the external circuit [179].

Table 10. Comparison of density of states and motion of electrons for various dimensioned materials.

S.No Type of Material Density of States  Motion of Electron
1 3D (Bulk material) VvE Free to move in all directions
2 2D (Quantum Well) EO Restricted to two directions
3 1D (Quantum Wire) % Restricted to one direction
4 0D (QD) Restricted in all directions
LIGHT

COUNTER ELECTRODE —

‘ HTM WITH REDOX COUPLE ‘

QDs DIFFUSED WITH TiO2 Film -

‘ BLOCKING LAYER ‘

Figure 13. Device architecture of QD SC.

Dimensionality of a material defines the motion of generated electrons in various direc-
tions. Density of states helps to determine carrier energy distribution and concentration of
carriers. QDs are tiny-sized semiconductor particles with electronic and optical properties
which are entirely different from larger-sized LED particles. Energy band gaps of QDs can
be tuned easily by changing their shape, size and material. With the change of material
and size, the photoemission property also changes. They are also referred to as artificial
atoms because they hold discrete electronic states similar to naturally occurring atoms.
QDs are generally intermediate between the discrete atoms and bulk semiconductors [180].
Their optoelectronic property changes in accordance with the size and shape of QDs. Large
sized QDs emit lights of longer wavelength, while smaller sized QDs emit lights of shorter
wavelength. However, the color of light emitted is purely based on the composition of
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the QDs. Due to their enhanced tunable property, QDs find application in the field of SCs,
LEDs, transistors, diode-based lasers, medical imaging, etc. QDs are fabricated through the
following techniques: lithography, colloidal synthesis and epitaxy. QD synthesis requires a
longer time period, ranging from liquid phase methods to vapor phase epitaxial growth
techniques [181]. The QDs are deposited on the electrode surface through electrophoretic
deposition, spin coating, drop casting, chemical bath deposition, bifunctional linker ap-
proach, etc., Among these, spin coating and the drop casting deposition technique are
simple coating and drying methods for synthesized colloidal QDs. The chemical bath
deposition technique requires precursors involving chemical reaction with the colloidal
solution, while electrophoretic deposition requires a DC electric field applied between the
electrodes dipped into the QD solution. Non-polar and polar solvent drives the negatively
charged QD particles towards the electrode surface [182].

In the lithography technique, a carbon copy (pattern) of the shape to be obtained is
initially generated [183]. Some of the types of lithography are electron beam lithography,
photolithography, ion beam lithography and X-ray lithography. In order to create a pattern,
an electron beam and light are used in electron beam and photo lithography [184]. For
the fabrication of QDs, the electron beam or ion beam lithography technique is usually
preferred, which is similar to quantum well fabrication. In quantum well fabrication, a
polymer mask is covered in accordance with the required pattern [185]. The electron or ion
beam is exposed gradually for etching of the unwanted surfaces. The main disadvantages
of this method are easy formation of defect or trap states, much lower density, proneness to
easier contamination and longer operating time [186].

The epitaxy-pattern growth technique is used to grow the lower bandgap material
over the surface of the larger bandgap material. For example, GaAs were grown over
the surface of AlGaAs material. Here, the growth of substrate was hindered by masking
compound coating [187]. The main disadvantage of this method is the density and number
of QDs influenced by the mask pattern used. In epitaxy-self organized growth technique,
epitaxy was grown based on the lattice constant of the substrate and the type of crystallizing
material [188]. Whenever the thickness of the crystallized layer is higher than the critical
thickness, then there is an occurrence of stronger strain over the layers. As a result,
breakdown occurs leading to the formation of randomly distributed islets of predefined
size and shape. The main disadvantages of this method are more fluctuations in the size,
shape and arrangement of layers [189].

Colloidal synthesis of QDs is a technique resulting in bulk material formation. There
is also a possibility of printing over flexible substrates through a roll-to-roll technique.
During the liquid and vapor phase synthesis, the liquid phase technique has the capability
of producing highly dispersed QDs in various solutions [190]. For instance, heating of
specific organic solvents followed by forced injection of semiconductor precursors results
in the synthesis of QDs. Depending upon the time interval for the heating process and
the required quantity of precursors, the distribution of various sizes and shapes of QDs
is achieved [191]. In the case of CdSeQDs synthesis, the Cd and Se precursors such as
Cd(CHj3)2 and elemental Se are taken in the presence of surfactant or stabilizing agent
(tri-n-octyl-phosphine) solutions mixed together and then injected into heated tri-octyl-
phosphine oxide solution under an inert atmosphere in a three necked conical flask [192].
A series of QDs was obtained at a temperature of 320 °C for a few hours. Compared to the
bulk material, the QDs were capable of generating more excitons, resulting in enhanced
PCE and PV performance [193]. The PCE can be enhanced by decreasing the possibility of
exciton recombination through surface passivation of the photo electrodes to which the
QDs were adhered through wider band gap semiconducting materials [194]. The coating
thickness of the passivating layer controls the hole transfer. If thickness of coating is higher
than the passivating layer, hole transfer is hindered. Thus, the optimal passivating layer
thickness should be decided initially [195]. Table 11 represents various QDs in QDSCs with
their corresponding output cell efficiency.
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Table 11. Comparing the various QDs in QDSCs with respect to surface passivation and obtained
cell efficiency.

S.No QD Material Voc Jsc FF Eff (%) Ref.
1 CdSe 710 7.51 0.5 2.7 [194]
2 CulnS,-Mn doped CdS 581 19.29 0.48 5.38 [195]
3 CdSeTe 653 20.78 0.605 8.21 [196]
4 CdSeTe with ZrOCl, treatment 21.04 72 0.642 9.73 [197]
5 PbS/CdS 416 22 0.453 42 [198]
6 CIS 586 20.65 0.581 7.04 [199]
7 ZnTe/CdSe 642 19.65 0.57 7.17 [200]
8 Cug23Ing 36 Tep.195e0.22 400 17.4 0.44 3.1 [201]
9 CdS/CdSe 575 13.68 0.63 4.92 [202]
10 InAs/GaAs with Si doping 840 27.6 0.734 17 [203]

Some of the advantages of QDSCs are:

Higher output performance with minimal fabrication cost.
Minimal area required for more power output.

Flexible nature leading to easier incorporation in any curvatures.
Lesser weight.

Some of the disadvantages noticed in QDSCs are:

e  Under the inclusion of moisture and UV radiation, degradation of QDs was found to
be higher.

e  Shells in atomic configuration may modify the optical properties, and hence the size
of particles is harder to control

e (CdSe QDs are more toxic in nature.

4. Conclusions

Thin-film SC modules are rapidly entering the market, providing a chance for these
potentially lower-cost techniques to prove their credentials. Several unique thin-film
technologies, based on silicon in amorphous, polycrystalline, or mixed phases, or on chalco-
genides, are presently available or nearing completion. More research has been conducted
on first-generation SCs. As a result, the second and third generation SCs were evaluated
based on their operating mechanism, various materials utilized in the cell, fundamental
properties, and so on. This review paper will help scholars and industrialists to understand
the current challenges and progress in thin-film SCs. This also allows researchers to experi-
ment with hybrid heterojunction SCs and tandem SCs. In addition, possible manufacturing
procedures have been considered. Each SC has distinct characteristics and has been used in
a variety of situations. However, high efficiency SCs are most likely discovered to be multi
junction SCs in the future because they can convert a larger spectrum of incoming light to
solar energy than any other solar design. The majority of the PCE indicated for various
solar materials were acquired exclusively at the lab scale. The major problem in solar PV
technology is successfully transitioning from laboratory to large-scale manufacture. This is
a time-consuming process that needs significantly more extra funding.
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