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Abstract: Due to increase in demand of electricity and high environment hazard cause by fossil fuel in generation electricity,
renewable energy (such as solar energy, wind energy and so on) researches are becoming mandatory to researchers especially
scientists and engineers and in solar energy generation an electronic device is used to convert energy from sun into electricity
which is known as solar photovoltaic cell and the efficiency of this device is improving by improving the materials used in
manufacturing it. This paper was aimed to review the status of these materials for solar photovoltaic cell up to date, from the
review it was discovered that the materials are classified based on the generations whereby their efficiencies are increasing
from first generation to third generation. And the current market is mainly covered by the first two generations. The first
generation comprises well-known medium/low cost technologies that lead to moderate yields. The second generation (thin-film
technologies) includes devices that have lower efficiency albeit are cheaper to manufacture. The third generation presents the
use of novel materials, as well as a great variability of designs, and comprises expensive but very efficient cells. Although there
is fourth generation which their performance and stability was yet to be found as the review disclosed.
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in converting solar energy into electricity [5-8]. The power
conversion efficiency of photovoltaic (PV) solar cells has
been improved from 1% to over 12%, particularly through

1. Introduction

Generation of electricity from a source of energy that is

sustainable and pollutants free has increases the interest of
the researchers in a research environment. This source is
known as Solar energy source which is a limitless source of
energy and it is available freely [1, 2]. The major benefit of
solar energy over other conventional power generators is that
the sunlight can be directly harvested into solar energy with
the use of small and tiny photovoltaic (PV) solar cells [3, 4].
Photovoltaic solar cells conversion is the direct conversion
of sunlight into electricity without any heat engine to
interfere. The research focuses mainly in the field of
photovoltaic for use of new materials with higher efficiency

the efforts of the last decade [9-14].

Photovoltaic devices are rugged and simple in design
requiring very little maintenance and their biggest advantage
being their construction as stand-alone systems to give
outputs from microwatts to megawatts. Hence they are used
for power source, water pumping, remote buildings, solar
home systems, communications, satellites and space vehicles,
reverse osmosis plants, and for even megawatt scale power
plants [15]. With such a vast array of applications, the
demand for photovoltaic is increasing every year.

Despite of numerous applications of solar PV cells, the
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energy harnessed from solar PV cells has some limitations.
Firstly, solar energy doesn’t radiate at night. Secondly, the
solar energy is almost not constant all the time. There must
be plenty of sunlight available to generate electrical energy
from a solar PV device [16-18]. Moreover, apart from daily
fluctuations in the intensity of radiant energy, the solar
energy is hindered to reach the earth during bad climatic
conditions. For example, the amount of sunlight reaching the
earth’s surface depends on location, time as well as weather
as it falls during winter season as compared to the summer,
and the Sun’s radiation is less intense [17, 18]. To overcome
these problems, solar energy must be stored elsewhere at
night and the highly efficient solar cells and modules needs
to be developed.

Photovoltaic (PV) cells technology is developing fast in
recent years due to its unique advantages, such as, synthetic
variability of materials [19], the possibility of producing
lightweight, flexible, easily processed, and inexpensive solar
cells and environmental sustainability [20-25] and among
other photovoltaic cell technology in the past is hybrid
photovoltaic power generation (HPVPG) technology [26-38].

2. Materials for Solar Photovoltaic Cell

Solar photovoltaic cell efficiency depends on the quality of
the materials used in manufacturing solar cell. These
materials were classified based on generations viz [39-41]:

a. First generation: These are based on a bulk material p—n
junction is represented by the silicon PV cells made of
mono- or polycrystalline wafers.

b. Second generation: These are based on thin-film
technology and possibly using various materials
(Amorphus Silicon [a-Si], Cadmium Sulphate [CdS],
Cadmium Telluride [CdTe], Copper Indium Gallium Di-
selenide [CIGS], etc.).

c. Third generation: These are  high-efficiency
photovoltaic cells which overcome the SQ limit by
reducing losses due to non-absorbed photons and
thermalized HCs. It is using advanced concepts
employing several energy levels to harvest the solar
spectrum more efficiently. The main concepts include
tandem cells (TCs), light-frequency converters (up and
down conversion), multiple-exciton generation (MEG)
or carrier multiplication (CM), HC exploitation through
selective contacts, intermediate band (IB) cells, etc.

2.1. First (I") Generation Solar Cells (Wafer Based)

The first-generation cells was first produced in 1954 and
still representing the major part of the photovoltaic (PV)
production. This can either be mono-crystalline or poly-
crystalline silicon wafers as detail given below:

2.1.1. Mono-crystalline Silicon Solar Cell

The mono-crystalline Silicon Solar Cell technology has
achieved efficiencies of the order of 24.4% [44]. The mono-
crystalline Silicon solar cells include the growth of Si ingots
from small mono-crystalline silicon seeds [46], and

subsequently cut them to obtain mono-crystalline Silicon
wafers, which manufactured by the Czochralski process [47].
This process allows the production of crystals with diameters
ranging from 10 up to 300 mm, and lengths from 50 cm up to
2 m [46, 48].

Mono-crystalline material is widely used because of its
high efficiency level as compared to multi-crystalline. Zhao
et al. [42] reported the honeycomb textured mono-crystalline
solar cells, with an efficiency of 24.4%. However, it is
essential to note that module efficiency is always lower than
the cell efficiency.

One fundamental limitation of mono-crystalline silicon is
its indirect bandgap, which leads to weak light absorption
and requires wafers with thicknesses on the order of 100 mm
in the absence of advanced light-trapping strategies. Key
technological challenges for mono-crystalline silicon include
stringent material purity requirements, high material use,
restricted module form factor, and batch based cell
fabrication and module integration processes with relatively
low throughput [43].

2.1.2. Poly-crystalline Silicon Solar Cell

The poly-crystalline silicon solar cells are manufactured
on poly-silicon wafers, which consist of small Silicon
crystals randomly oriented. They possess many feature merits
compared to the mono-crystalline Silicon solar cells among
which are:

a. They involve less energy in their production and less

associated greenhouse effects.

b. However, this type of PVCs can only reach efficiencies
of 19.9% [10], smaller than mono-crystalline Silicon
based cells. The main reason for this smaller efficiency
is the lower material quality due to grain boundaries
and defects, and the higher concentration of impurities.
Therefore, the influence of recombination in poly-
crystalline silicon solar cells is higher than in mono-
crystalline Silicon solar cells, which leads to a slightly
lower voltage. Current is also lower due to incomplete
carrier collection in these devices [44].

Adamian et al. [48] worked on the possibility of using
porous silicon layers as anti-reflection coating instead of anti-
reflection coatings in common silicon solar cells (ZnS) and
made comparison of the photovoltaic and optical
characteristics of investigated samples of solar cells with ZnS
anti-reflection coating and with porous silicon anti-reflection
coating. Bruton asserted that silicon technology has been the
dominant one for the supply of power modules into
photovoltaic applications and the likely changes are an
increasing proportion of poly-crystalline silicon and mono-
crystalline silicon being used for high-efficiency solar cells
while thinner wafers and ribbon silicon technology continue
to grow [49]. Schlemm et al. [50] presented a magnetic field
enhanced linear microwave plasma source and its application
for deposition of silicon nitride anti-reflective and
passivation layers on photovoltaic cells. Van der Zwaan and
Rabl [51] presented current photovoltaic (PV) production
cost ranges, both in terms of capacity installation and
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electricity generation of mono-crystalline silicon, poly-
crystalline silicon, amorphous silicon and other thin film
technologies assessing possible cost reductions as expected
according to the learning-curve methodology.

The result of the research conducted by McCann et al. [52]
revealed that excellent bulk lifetimes and surface passivation
can be maintained with a low pressure chemical vapor
deposition (LPCVD) silicon nitride layer deposited on a
silicon wafer, even following high-temperature treatments,
provided a thin layer of silicon oxide is present under the
nitride.

The solar cell efficiencies stand at 25.6% for mono-
crystalline silicon and 20.8% for poly-crystalline silicon solar
cells; large-area module records are 22.4% for mono-
crystalline silicon and 18.5% for poly-crystalline silicon solar
cells [53, 21].

2.2. Second (2") Generation Solar Cells (Thin Film)

The main aim of this generation is to reduce the high costs
associated with the first generation by using lower amount of
material and of poorer quality, deposited on cheap substrates
based on thin-film technologies [54]. It includes amorphous
silicon  (a-Si), cadmium telluride/cadmium  sulfide
(CdTe/CdS) and copper indium gallium selenide (CIGS)
solar cells.

2.2.1. Amorphous Silicon (a-Si) Solar Cell

Amorphous silicon (a-Si) solar cell is the most popular
thin film technology with cell efficiencies of 5-7% and
double- and triple-junction designs raising it to 8-10%, but it
is prone to degradation. Some of the varieties of amorphous
silicon (a-Si) are amorphous silicon carbide (a-SiC),
amorphous silicon germanium (a-SiGe), micro-crystalline
silicon (p-Si) and amorphous silicon-nitride (a-SiN) [15].

Hydrogen is required to dope the material, leading to
hydrogenated amorphous silicon (a-Si: H).

The use of a-Si: H can lead to operational problems since
it can be degraded by sunlight: the thickness of the layer
would decrease over time, and thicker layers would be
required to ensure long-term operation. However, single-
junction and multi-junction devices with high efficiency and
moderately good stability have been developed [55]. In
addition, if the process involves a high concentration of H,
pc-Si can be formed, which has fewer defects than a-Si and
is more stable in the presence of solar radiation; the lab
efficiencies of pc-Si are in the range of 11.9% for single-
junction cells and 14.0% for multi-junction cells [21].

The typical production process of a-Si: H cells is a roll-to-
roll process [56]. Firstly, a cylindrical sheet, usually stainless
steel, is unrolled to be used as a deposition surface. The sheet
is washed, cut to the desired size, and printed with an
insulating layer. Then, the a-Si: H is deposited on the
reflector. Subsequently, the transparent conductive oxide
(TCO) is deposited on the silicon layer. Laser cuts are then
made to interconnect the different layers and, finally, the
module is encapsulated.

The technology of a-Si: H for PV is based on two types of

device design: a single-junction and multi-junction pi-n
structure. Although major progress has been made in recent
years in improving the deposition processes, material quality,
device design, and manufacturing processes, the
improvement of cell efficiency appeared to hit a bottleneck.
It is generally recognized that any significant increase in
efficiency can only be achieved by using multi-junction
devices. It is indeed the case as shown by the achievement of
a world-record stable efficiency of 13% (initial efficiency of
14.6%) in a triple-junction structure [57]. The previous best
stable efficiency was 11.8%. This was accomplished by
optimization of factors such as hydrogen dilution for film
growth, bandgap profiling, current matching, and micro-
crystalline tunnel junction. Similarly, a new record in
stabilized efficiency of 9.5% for 1200-cm” a-Si: H/a-SiGe: H
has been reported recently [58].

Amorphous silicon is typically deposited by plasma-
enhanced chemical vapor deposition (PECVD) at relatively
low substrate temperatures of 150-300°C. A 300 nm film of
a-Si: H can absorb approximately 90% of above-bandgap
photons in a single pass, enabling lightweight and flexible
solar cells [59]. Amorphous silicon PV technologies held a
global market share of 2% and a thin-film market share of
22% in 2013 [60]. An a-Si: H cell can be combined with
cells based on nano-crystalline silicon (nc-Si) or amorphous
silicon—germanium (a-SiGe) alloys to form a multi-junction
cell without lattice-matching requirements. Most
commercial a-Si: H modules today use multi-junction cells.
Silicon is cheap, abundant, and non-toxic, but while a-Si: H
cells are well suited for small-scale and low-power
applications, their  susceptibility to  light-induced
degradation (the Staebler—Wronski effect) [61] and their
low efficiency compared to other mature thin-film
technologies (13.4% triple-junction cell record and 12.2%
dual-junction module record) limit market adoption [53].

Due to random structure, a-Si has a high band gap of 1.7
eV [62] and hence, compared to mono-crystalline silicon, it
has 40 times higher rate of light absorptivity [63]. It also
holds the first position in current market amongst all thin film
materials. The first amorphous thin film solar cell of ~1 um
thick was reported in 1976 with an efficiency of 2.4% by
Carlson and Wronski [64]. In 1999, further improvements
and potential of thin film solar cell is discovered by Rech and
Wagner [65].

Yang et al. [57] discussed the advances made in
amorphous-Si PV technology that led to the achievement of
an AM 1.5, 13% stable cell efficiency and set the foundation
for the spectrum splitting triple-junction structure being
manufactured by the roll-to-roll continuous deposition
process [66]. Lund et al. [67] reported on laboratory and field
studies being undertaken on the nature of the Staebler—
Wronski effect in amorphous silicon solar cells and how the
stability of these cells is affected by different operating
conditions and proposed a number of possible ways to reduce
the Staebler—Wronski effect in a-Si: H solar cells. Tawada et
al. [68] developed a series of production technologies for
stable 8% efficiency direct-super-straight-type modules along
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with large area a-Si deposition technique.

2.2.2. Cadmium Telluride (CdTe) and Cadmium Sulphide
(CdS) Solar Cell

Cadmium telluride (CdTe) is the leading thin-film PV
technology, with a global PV market share of 5% and a thin-
film market share of 56% in 2013 [60]. CdTe is a favorable
semiconductor for solar energy harvesting, with strong
absorption across the solar spectrum and a direct bandgap of
1.45 eV [59]. Record efficiencies of 21.0% for cells and
17.5% for modules are among the highest for thin-film solar
cells, and commercial module efficiencies continue to
improve steadily [53, 21].

The fundamental properties studied and presented in this
research are the physical, electrical and optical characteristics
of the deposited CdS layer. The discovery of the photovoltaic
effect (PV) started with the discovery of Selenium in 1817 by
Bezeluis who was the first to prepare elemental silicon. The
PV effect was first observed in 1839 by French physicist,
Edmon Becquerel [69-71]. This was followed by the
discovery of photoconductivity in Selenium in 1873 by
Willoughby Smith. This latter effect increased a flurry of
activities which included the discovery of spectral sensitivity
of Selenium photoconductors, the proposal of a light meter
and the observation of the PV effect in a solid state Selenium
structure by Adams and Day in 1876 [69, 71].

A major development in solar cell technology was
evidenced in thel940’s and 1950°s when the “Czochralski
method” was developed for producing highly pure crystalline
silicon [72]. In 1954, work at Bell Telephone laboratory
resulted in a Si cell with 4% efficiency, which was later
increased this to 6% and then to 11% efficiency. Also in 1954
Cadmium Sulphide (CdS) p-n junction was produced with an
efficiency of 6% [69]. CdS has a direct band gap of 2.42 eV
and usually has a wurzite hexagonal structure. CdS is a
semiconductor with resistivity ranging from10—-3 to 108 Qcm
[71].

Cadmium telluride solar cells are formed from cadmium and
tellurium. Because of its ideal band gap of 1.45 eV, and longer
stability [72], it is one of the promising materials in thin film
technology. There are several remarkable results reported by
Compaan [73], Schock and Pfisterer [74], Razykov et al. [75]
and an efficiency of 10.6% and 11.2% was obtained on thin film
0.55- and 1-mm-thick CdTe by Nowshad et al. [76]. In addition,
CdTe on plastic foil with an efficiency of 11.4% is reported by
Upadhayaya et al. [77]. In general, 15% to 16% cell efficiency
has been obtained by Britt and Ferekides [78], Aramoto et al.
[79] and Wu et al. [80].

Reasonable progress has been made in recent years on
CdTe/CdS thin-film solar cells in which CdTe is the p-type
absorber material enormously. The optimum bandgap (1.44
eV) and high absorption coefficient due to direct optical
transition make it an ideal PV material with theoretical
efficiency of 30%. One of the major advantages of CdTe/CdS
thin-film solar cells is its relatively easy and inexpensive
manufacturing process. However, its conversion efficiency is
low, similar to that of a-Si [63]. Some of the dominant

problems of CdTe solar cell development include the
difficulty of doping p-type CdTe, the difficulty in obtaining
low-resistance contacts to p-type CdTe, there combination
losses associated with the junction interface [81], and
cadmium toxicity related precautions that have to be
considered during the manufacturing process. The main
problem in developing CdTe for PV application is the
instability of cell and module performance. The fundamental
mechanisms that govern carrier transport and the effects of
the diffusion length L, depletion width W, and primary
heterojunction vs. back junction on the CdTe thickness t or
back contact have not yet been well investigated and
understood [82]. Recently, Tang et al. [83] fabricated
cadmium sulfide core/copper sulfide shell nano-wire solar
cells using a low-temperature solution-based cation exchange
reaction. The open-circuit voltage and fill factor, which
determine the maximum energy that a solar cell can produce,
promote the inexpensive and convenient manufacturing
method of nano-wire solar cells. These new nano-wire solar
cells also demonstrate 5.4% energy conversion efficiency,
which is comparable to those of planar solar cells. The ability
to produce efficient nanowire-based solar cells with a
solution-based process and using earth-abundant elements
[84] can significantly reduce fabrication costs compared with
existing high-temperature bulk material approaches. A
number of relatively simple, low-cost methods have been
used to fabricate solar cells with efficiencies in the range 10-
16%. Some of the low-cost deposition methods that show
promise include:

a. Closed-space sublimation,

b. Spray deposition,

c¢. Electrodeposition,

d. Screen printing, and

e. Sputtering.

Most recently, a record 16% efficiency has been reported
in a CdS (0.4-um)/CdTe (3.5-um) thin-film solar cell in
which CdS and CdTe films are deposited by metal-organic
CVD deposition (MOCVD) and CSS techniques,
respectively [80]. Most of the high-efficiency solar cells use
a superstrate device configuration in which CdTe is deposited
on the CdS window layer. A typical device structure consists
of glass/CdS/CdTe/Cu-C/Ag. In most cases, the post-
deposition heat treatment of the CdTe layer in the presence of
CdCl, is essential for the optimization of device
performance.

Ferekides et al. [85] presented work carried out on
CdTe/CdS solar cells fabricated using the close spaced
sublimation (CSS) process that has attractive features for
large area applications such as high deposition rates and
efficient material utilization. Pfisterer [86] demonstrated the
influence of surface treatments of the cells (Cu,S—CdS) and
of additional semiconducting or metallic layers of
monolayer-range thicknesses at the surface and discussed
effects of lattice mismatch on epitaxy as well as wet and dry
topotaxy and preconditions for successful application of
topotaxy. Concerns about the toxicity of elemental cadmium
and the scarcity of tellurium have motivated research on
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alternative material systems that exhibit similar ease of
manufacturing but rely on abundant and non-toxic elements
[87]. Richards et al. [88] demonstrated using ray-tracing
simulations that the short-wavelength response of cadmium
sulfide/cadmium telluride (CdS/CdTe) photovoltaic (PV)
modules can be improved by the application of a luminescent
downshifting (LDS) layer to the PV module that exhibit a
poor internal quantum efficiency.

2.2.3. Copper Indium Gallium Di-selenide (CIGS) Solar
Cells

The copper Indium Gallium di-selenide is another material
in form thin-film of solar PV cell with general formula of Cu
(In,Ga,)Se, that varies its band gap value between 1.0-1.7
eV depending on the proportion of the elements in the
compound [99]. Until 2006, the best efficiency of CIGS cells
was 20% [90] and about 13% for modules [91]. In December
2013, Siva Power has reported highest cell efficiency of
18.8%, which was confirmed by NREL [92].

Key technological challenges include high variability in
film stoichiometry and properties, limited understanding of
the role of grain boundaries, low open-circuit voltage due to
structural and electronic inhomogeneity, and engineering of
higher-bandgap alloys to enable multijunction devices [93-
95, 59]. Scarcity of indium could hinder large-scale
deployment of CIGS technologies.

CIGS solar cells are designed in a standard substrate
configuration, and it is also possible to deposit CIGS at
relatively low temperatures on metal or polymer substrates to
enable flexible solar products [96]. CIGS thin films are
primarily deposited using co-evaporation/evaporation or
sputtering, and to a lesser extent electrochemical deposition
[97], or ion-beam-assisted deposition [98]. Since they are
quaternary compounds, control of thin-film stoichiometry
during manufacture is critical. There are also efforts to
fabricate all or partly solution-deposited CIGS solar cells,
with some predicting these could provide the ultimate path to
ultra-low-cost  (<$1/Wp), roll-to-roll, and flexible PV
modules [99, 100]. CIGS module power conversion
efficiencies typically range from 7 to 12%, with small area
modules yielding 14%. The problem of CdS UV absorption
is also of concern for CIGS, though suitable replacements to
CdS have been shown in research and development and
production CIGS technologies [101].

2.3. Third (3") Generation Solar Cells

Third generation solar photovoltaic technologies are solar
PV cells that provide both a relatively high efficiency
(approximately >20%) and low cost (approximately
<$200/m” or <$1/Wp) as defined by M. Green [102].

Its aim is to develop devices with high efficiencies using
the thin layer deposition techniques employed for the second
generation and/or new configurations or materials [41]. In
addition, third generations use non-toxic and very abundant
materials, hence are suitable for the large-scale
implementation of photovoltaic cells [41]. Further, they may
employ new nanostructured or organic materials that could

achieve high conversion efficiencies (greater than 60%) using
phenomena such as the hot carriers collection [39], the
generation of multiple carriers (impact ionization), or new
semiconductor architectures that contain multiple energy
levels.

Considerable attention is paid to charge and energy
transfer processes, and routes to optimize charge collection
and improve the energy capture within the solar spectrum
[103].

The most important technologies included in the third
generation solar PV cells are:

a) Multi-junction (MJ) solar cells;

b) Quantum dot (QD) solar cells;

¢) Dye-sensitized solar cells (DSSCs);

d) Perovskite solar cells; and

e) Organic and polymer solar cells;

2.3.1. Muti-junction Solar Cells

Multi-junction (MJ) solar cells comprise multiple p—n
junctions made of different semiconductor materials, and each
of them produces electric current in response to different
wavelengths of light, thus increasing the conversion of incident
sunlight into electrical energy and the device efficiency [43].
The idea of using different materials with different band gap is
proposed to take advantage of the maximum possible photons
and it’s also called tandem solar cell. The whole cell can be
made of the same material or different ones, offering a wide
range of design possibilities [104].

The cells are typically monolithically integrated and series
connected using a tunnel junction, with current matching
between the cells provided by adjusting the bandgap and
thickness of each cell [105]. The theoretical entitlement of
multiple bandgaps has been analyzed and shown to be 44%
for two bandgaps, 49% for three bandgaps, 54% for four
bandgaps, and 66% for an infinite number of bandgaps [106].

The tandem arrangement can be achieved with the
different thin film materials, according to their band gaps
[107]. Yamaguchi et al. [108] reviewed efficiency and status
of multi-junction solar cells. The theoretical efficiency of a
single-junction cell is around 31% [109]. Guha [110]
discovered that the stabilized efficiency of single junction
cell was 9.3%, for double junction 12.4%, whereas 13% was
for triple junction. The strategy of double junction of
Hydrogenated amorphous silicon (a-Si: H) intrinsic layers
was developed by Fuji Electric and Co. (Japan) and
Phototronics (Germany) (part of RWE Schott) with a
stabilized laboratory efficiency of approximately 8.5% for
cells and 5.5% for commercially available module efficiency
[111]. On the basis of concept intermediate Transparent
Conducting Oxides (TCO) reflector layer for light trapping,
Yamamoto et al. [112] showed the efficiency of 14.7%.
Nevertheless, in June 2013, Sharp hit a world record of
44.4% triple junction solar cell, which was verified by
Fraunhofer Institute [113].

2.3.2. Quantum Dot (QD) Solar Cells
The quantum dot is a nano-crystalline structure between 2—
10 nm in size [115, 116], like porous Si or porous TiO, [114].
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Solar cells made from these materials are called Quantum
Dot (QD) Solar cells which are also known as Nano-crystal
Solar cells.

It is made by the method of epitaxial growing on a
substrate crystal. The quantum dots are surrounded by high
potential barriers in a three dimensional shape, and the
electrons and electron holes in the quantum dot become a
discrete energy as it is confined in a small space.
Consequentially, the energy state of the ground-state energy
of the electrons and electron holes in the quantum dot would
be subject to the size of the quantum dot [117, 118].

Current research on quantum dot solar cell discovered the
cell efficiency from approximately 1-11.6% [119-122] when
combined with other third generation technologies such as
DSSCs [123], and its theoretical efficiency was estimated to
be 63% [124]. Antolin et al. [125] investigated the
photocurrent produced by double-absorption of sub band gap
photons predicted by the IBSC model that has been measured
in QD-IBSCs (Quantum dot-Intermediate band solar cells)
fabricated with InAs/GaAs material using a modulated
technique with two light beams.

2.3.3. Dye Sensitized Solar Cells (DSSC)

Dye-sensitized solar cells (DSSC) are among the best
nanotechnology-based for harvesting material for solar
photovoltaic technologies [126-128]. The first dye-sensitized
(DSSC) solar cell was introduced by Gratzel M. in Swiss
federal institute of technology [129, 17].

This is a hybrid organic-inorganic design, in which a
porous, nano-crystalline titanium dioxide (TiO,) film is used
as the electron conductor, which is in contact with an
electrolyte solution that also contains organic light-absorbing
dyes near the interfaces. Charge transfer occurs at the
interface, such that holes are transported in the electrolyte.
Power conversion efficiencies of approximately 11% have
been demonstrated and commercialization of dye-sensitized
photovoltaic modules is under way [130]. The novelty in the
dye-sensitized (DSSC) solar cells arise due to the
photosensitization of nano grained TiO, coatings coupled
with the visible optically active dyes, thus increasing the
efficiencies greater than 10% [131-134].

Millington et al. [135] studied the performance of 49
commercial mordant dyes as sensitizers in DSSCs and
compared them to that of N3 ruthenium complex. Although
N3 led to the highest output, six mordant dyes produced
photocurrents higher than 0.2 mA, and the UV-visible
spectra of the dye-complexed photoanodes suggested that
some mordant dyes are more strongly bound to the TiO,
surface than N3.

Kim et al. [136] reported a synthetic strategy of organic
dyes to achieve high photovoltage for DSSCs. They
employed organic dyes with non-planar spacer groups, and
proved that non-planar geometry in organic dyes is one of the
important factors that affect photovoltage. Using natural dyes
as sensitizers are promising since they are potential
alternatives to expensive and rare organic dyes. They also
offer environmental friendliness, low-cost production,

designable polychrome modules, simple preparation
technique, and wide availability. Hara and Arakawa [137]
worked on different components and operating principles of
dye-sensitized solar cells (DSSC). The four-energy levels of
the DSSC are:
a. The excited state, the ground state, and the fermi level
of TiO, electrode and;
b. The redox potential of the iodide/triiodide present at the
electrolyte.

2.3.4. Polymer and Organic Solar Cells

Organic solar photovoltaic cells are solar cells that use
conductive organic polymers or small organic molecules for
light absorption and charge transport to produce electricity
from sunlight [139-145]. Polymer solar cells are generally
flexible solar cells due to the polymer substrate. The first
polymer solar cells were invented by the research group of
Tang et al. [146] at Kodak Research Laboratory. The
maximum possible power conversion efficiency is difficult to
obtain from first principles due to the difficulty in modeling
complex junction geometries and the corresponding exciton
dissociation dynamics; however, an upper bound of ~20%
has been estimated [147]. Polymer and organic solar cells
have estimated efficiency of 11.1%, with module efficiencies
reaching 8.7% [21, 53].

Dou et al. [148] designed a special low band gap polymer
poly{2, 6 -4, 8-di (5-ethylhexylthienyl) benzo [1, 2-b; 3, 4-b]
dithiophene-alt-5-dibutyloctyl-3, 6-bis (5-bromothiophen-2-
yl) pyrrolo [3, 4-c] pyrrole-1, 4-dione}(PBDTT-DPP) with
band gap of ~1.45 eV. This material is specially designed
with narrow absorption to avoid the overlap with wide band
gap polymer P3HT. Regular and inverted structure single
junction devices both showed6—7% efficiency with fill factor
close to 70%. This forms an excellent combination with a
P3HT: ICBA cell as the wideband gap cell resulting in a
tandem efficiency of 8.62%. Jorgensen et al. [149] presented
an understanding of stability/degradation in organic and
polymer solar cell devices and discussed the methods for
studying and elucidating degradation and enhancing the
stability through the choice of better active materials,
encapsulation, application of getter materials and UV filters.

Dennler et al. [150] showed that to achievel5% efficiency
in a tandem solar cell, the WBG cell donor should have a
band gap of 1.6 eV, and the LBG cell donor should have a
band gap of 1.3 eV, under the assumption that both cells have
a flat quantum efficiency of 65%. Yue et al. [151] developed
an organic PV device based on triplet complex Re-Phen with
power conversion efficiency of 4% which is high compared
to the devices based other metal complexes, state increasing
the PV efficiency owing to the existence of a charge transfer
absorption. Mozer et al. [152] presented successful strategies
towards improved photovoltaic performance using various
novel materials, including double-cable polymers,
regioregular polymers and low bandgap polymers
demonstrating that the bulk heterojunction concept is a viable
approach towards developing photovoltaic systems by
inexpensive solution-based fabrication technologies.
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Shrotriya et al. first demonstrated a semi-transparent
version of MEH-PPV based polymer solar cell, and stacked it
directly with another non-transparent solar cell to realize the
concept [153].

Wei et al. [154] demonstrated efficient white organic light-
emitting device based on exciplex with higher luminance and
luminous efficiency and this bi-functional device with
electroluminescence (EL) and PV performances is promising
to be used as white displays or backlight source in the future
as it can be charged by solar energy through additional
apparatus free of work and can also be used as an optical
sensor to UV light. Bernede et al. [155] studied different cell
configurations: two-layer D/A organic solar cells deposited
by vacuum evaporation and bulk D/A heterojunction material
based on a discontinuous D/A network thin film obtained by
spin coating. Yakimov et al. showed that an ultra-thin
evaporated metal between two sub-cells can lead to the
addition of their photovoltages [156].

2.3.5. Perovskite Solar Cells

Perovskite is a crystal structure with a general crystal
structure ABX;, where A is a cation with +1 vacancy of
electron, B is also cation but with +2 vacancies and X is an
anion which can either be halogen or oxygen. The most
commonly studied perovskite solar cell is methylammonium
lead trihalide (CH;NH3PbX;, where X is a halogen ion such
as I-, Br—, Cl-), with an optical bandgap between 2.3 eV and
1.6 eV depending on halide content. Formamidinum lead
trihalide (H,NCHNH,PbX;) has also shown promise, with
bandgaps between 2.2 eV and 1.5 eV. The minimum bandgap
is closer to the optimal for a single-junction cell than
methylammonium lead trihalide, so it should be capable of
higher efficiencies [157]. A common concern is the inclusion
of lead as component of the perovskite materials; solar cells
based on tin-based perovskite absorbers such as CH;NH;Snl;
have also been reported with lower power conversion
efficiencies [158].

Perovskite cells have improved their efficiency from an
initial value of 3.8% in 2009 [159] to 22.13% in 2018 in
single-junction architectures [160, 161]. Also, various
research groups have already reported to have power
conversion efficiencies more than 20% [162]. The maximum
efficiency that can be obtained from two-junction series
connected solar cell is 47%. At this peak efficiency, the top
cell has a bandgap of 1.63 eV and the bottom cell has a
bandgap of 0.96 eV [163].

Park et al. first reported long- term stable perovskite solar
cells with PCE as high as 9.7% [164]. A long-term stable
perovskite solar cell was designed in 2012 by replacing
liquid with solid HTM. Since then, solid-state perovskite-
containing solar cells have been called perovskite solar cells.
Park et al. reported PCE of 6.5% using CH;NH;Pbl;. At the
given TiO, film thickness of about 3.6 mm, CH3;MH;Pbl;
perovskite showed an absorption coefficient that was 10
times greater than that of the conventional ruthenium-based
molecular dye [165]. Since organo-lead halide perovskite is
an ionic crystal, it easily dissolves in a polar solvent. Thus,

organo-lead halide perovskite is not suitable for liquid
electrolyte-based sensitized solar cells because of stability
concerns. This instability problem was solved by substituting
a solid hole conductor for the liquid electrolyte. Miyasaka et
al. applied 3D perovskite CH;NH;PbX; (X = Br, I) as an
inorganic sensitizer in dye-sensitized solar cells in 2009.
They demonstrated a power conversion efficiency (PCE) of
3.1% for X = Br and 3.8% for X =1[163]. As of June 10th
2014, the certified record PCE of 17.9% was achieved by the
Korean Research Institute of Chemical Technology (KRICT),
which was certified by the National Renewable Energy
Laboratory (NREL) [166].

3. Potential Applications, Challenges and
Future Trends of Solar Cells
Technologies

3.1. Potential Applications of Solar Cells Technologies

Solar cells having versatile potential applications, some of

which are as follows:

a. Power generation: Solar photovoltaic cells are used in
solar energy plant to generate steam which would then
use to rotate turbines through photoelectric technologies
and thermoelectric technologies, electricity would be
generated.

b. Lighting: Solar photovoltaic cells are used in lighting
houses as off-grid (the light of sun in day time are
stored in a batteries and it then converted into
electricity) or tie-grid to generate electricity to the
houses, offices, schools, companies etc.

c. Solar Cars: It is an electrical vehicle which is recharged
form solar energy. Solar PV cells are used on this car that
absorb light and then convert it into electrical energy. This
electrical energy is stored in batteries used with the car, so
that in night time the vehicles will used it to operate.

d. Swimming pools: Swimming pools are great joy for
kids and adults in all seasons. But during winters it is
tough to keep water hot in these pools with minimum
power usage. Solar energy can help many in this matter
as well. You can add a solar blanket in the pool that will
keep the water hot with energy generated from sunlight.
Besides this you can install a solar hot water heating
system with solar hot water heating panels.

e. Ventilation system: At many places solar energy is used
for ventilation purposes. It helps in running bath fans,
floor fans, and ceiling fans in buildings. Fans run
almost every time in a building to control moisture, and
smell and in homes to take heat out of the kitchen. It
can add heavy amount on the utility bills, to cut down
these bills solar energy is used for ventilation purposes.

f. Building-Integrated Photovoltaic (BIPV): The use of
photovoltaic (PV) modules in structural features whose
primary purpose is not electricity generation (e.g.,
windows, skylights, shingles, tiles, curtains, and canopies).
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3.2. Challenges and Future Trends of Solar Cell
Technologies

With improvement in efficiency of one generation to
another, there are some challenges in most of the solar cells
as mentioned viz:

a) The challenges for wafer-based solar cells include
stringent material purity requirements, high material
use, restricted module form factor, and batch based cell
fabrication and module integration processes with
relatively low throughput.

b) The technological challenges for thin-film Silicon solar
cells include enhancing light absorption by employing
advanced anti-reflection and light-trapping strategies,
reducing recombination losses by engineering higher-
quality  crystalline  films, reducing processing
temperatures to enable flexible substrates and modules
without sacrificing material quality, and developing new
methods for high-throughput inline module integration.

c) The key challenges for emerging multi-junction solar
cell technology include improving long-term reliability
and large-area uniformity, reducing materials use, and
optimizing cell architectures for variable operating
conditions.

d) Key challenges include incomplete understanding of
quantum dot (QD) surface chemistry [167-170] and low
open-circuit voltages that may be limited fundamentally
by mid-gap states or inherent disorder in quantum dot
(QD) films [171, 172].

e) Limited long-term stability under illumination and high
temperatures, low absorption in the near-infrared, and
low open-circuit voltages caused by interfacial
recombination is the key dye-sensitized solar cells [59].
Moreover, there are certain challenges like degradation
of dye molecules and hence stability issues [129]. This
is due to poor optical absorption of sensitizers which
results in poor conversion efficiency.

f) Key challenges include refined control of film
morphology and material properties, high sensitivity to
moisture, unproven cell stability, and the use of toxic
lead [173].

g) Organic and polymer solar cell’s challenges consist of
poor long-term stability [174], inefficient exciton
transport [141, 145, 175], low large-area deposition
yield, and low ultimate efficiency limits [176].

4. Conclusions and Recommendations

Due to increase in the global energy consumption and
several different technologies are used to meet the energy
demand. Solar energy technology has been developed as
one of the most demanding renewable sources of
electricity. In this article, the materials for solar cell are
extensively reviewed and finally it was discovered that the
current commercial products used to generate solar power,
such as silicon or thin-film based technologies, are
expensive because they are processed using vacuum-based

techniques. And also the Commercial thin-film
technologies could avoid critical material constraints and
remain viable at a deployment scale of up to hundreds of
gigawatts by 2050. Moreover, it was found that the
production process for perovskite panels is very
straightforward, but researchers still have to test the
material under different conditions to better understand its
properties, before companies embark on industrial-scale
production.

It was recommended that to achieve the objectives of
photovoltaics, the efficiency of solar cells should be
improved without any compromise on the processing cost of
these devices.
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