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Abstract The introduction of a practical solar cell by
Bell Laboratory, which had an efficiency of approximately
6%, signified photovoltaic technology as a potentially
viable energy source. Continuous efforts have been made
to increase power conversion efficiency (PCE). In the
present review, the advances made in solar cells (SCs)
are summarized. Material and device engineering are
described for achieving enhanced light absorption, electrical
properties, stability and higher PCE in SCs. The strategies
in materials and coating techniques for large area deposition
are further elaborated, which is expected to be helpful for
realizing high-efficiency SCs. The methods of light-
harvesting in SCs via anti-reflecting coatings, surface
texturing, patterned growth of nanostructure, and plasmonics
are discussed. Moreover, progress in mechanical methods
that are used for sun tracking are elaborated. The
assistance of the above two protocols in maximizing the
power output of SCs are discussed in detail. Finally,
further research efforts needed to overcome roadblocks in
commercialization were highlighted and perspectives on
the future development of this rapidly advancing field are
offered.
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1 Introduction

The consumption of non-renewable energy is rapidly
increasing. According to the statistical review of World
Energy 2020, fossil fuels accounted for 84% of the
world’s primary energy consumption in 2019 [1].
Consequently, this contributes to the problem of global
warming. There are limited non-renewable sources
available; its eminent depletion has made the international
community focus on other sustainable energy sources.
Thus, the research community has been continuously
working to produce energy from renewable resources like
sun, water, wind, etc. among which, the abundant
presence of solar energy worldwide makes it a promising
candidate to fulfill the energy needs of future generations
without any adverse effect on the environment. Under
this context, the conversion of sunlight into electricity,
often called photovoltaic (PV) or the solar cell (SC)
technology offers an environment-friendly way to
convert photon energy into electricity directly [2]. In
1839, French physicist Edmund Bequerel observed the
photoelectric effect and reported certain materials which
could generate small amounts of electric current under
light exposure [3]. Based on this concept, in 1954, Bell
Laboratories fabricated the first practical SC using
diffused silicon (Si) p-n junctions, with an efficiency of
6%. The power convergence efficiency (PCE) measures
the efficiency of SC in converting solar spectrum and is
given by Eq. (1) [4].

Je X Voo XFF

PCE = x 100%, ()

where FF represents the fill factor, V. is defined as the
open-circuit voltage, Ji is the current density under no
load, and Py, is the incident light power. The efficiency of
SC can be improved by simultaneous enhancement of the
Jse, Voe, and FF. This can be achieved by incorporating
suitable band-gap materials covering the maximum range
of the solar spectrum, deposition of high-quality
photoactive (PA) material film, interfacial engineering,
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thereby reducing the defect states. The current density is
proportional to the number of photogenerated charge
carriers, which strongly depends on the photon
absorption ability and absorption range of the PA
material. The basic SC is the single p-n junction device,
and there is a limit for light to electrical conversion,
which is determined by the Shockley-Queisser (SQ)
model [5]. The maximum theoretical efficiency of Si SC
estimated by the SQ model is approximately 30% [5].
The SQ model based PCE calculation takes solar
spectrum, optical absorption, and SC operating
temperature as inputs and considers their ideal values.
Thus, as the properties of the real PA material vary from
the ideal case, the practical single p-n junction-based SC
will always have PCE below the SQ limit. As a result, the
current density will always be lower than that of the ideal
case. For single p-n junction SCs, the output current
density with a resistive load is given by Eq. (2) [6].
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where J, is the reverse saturation current density, Jp is the
photovoltaic current density, J is the load current density,
Jq is the junction current density of diode, Rsy is the
parallel resistance, R is the series resistance, 4 is the
factor of diode quality, T is the absolute temperature, & is
the Boltzmann constant, and ¢ is the electronic charge.
The series resistance accounts for the bulk resistance of
the PA material and the contact resistance of the metal
electrode with the PA film. The shunt resistance is caused
by the non-ideal p-n junction and impurities near the
junction, which leads to partial shorting. Another

important parameter factor that directly affects the PCE
of SC is V., given by Eq. (4) [7]

T T
=M (5],
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where Vo, in the SCs is primarily controlled by the
reverse saturation current density, J,. J, is the diode
saturation current density under reverse bias, often called
leakage current, and corresponds to the recombination of
minority carriers across the junction. The leakage current
has a ¢/(kT) factor. Thus, it can be inferred that open V.
decreases with an increase in the temperature. As a result,
SCs have a negative temperature coefficient for V.. FF
signifies the efficiency of the photogenerated charge
carriers in reaching their respective electrodes, which is
estimated from the current-voltage (I-V) curve [8].
Overall, the key processes affecting Js, Voc, and FF,
which in turn governs the efficiency of the SCs can be
summarized as (D the solar spectrum absorptivity of PA
material and its ability to generate electron-hole pairs
[9-13], @ the effective separation and transportation
of photogenerated charge [14-18], ®) the interfacial

; 2

engineering for collection of charge carrier at respective
electrodes [19-22], and @ the control of the SC operating
temperature [23—-25]. Nowadays, researchers are developing
large scale fabrication of SC with low cost and high
efficiency. In this regard, they have studied various
combinations of chemical and physical engineering to
improve the PCE of the SC. In the present review, the
various modifications adopted to enhance the efficiency
of SCs have been discussed. The various topics covered
under this include different types of PA materials and
nanostructures layers incorporated to improve the spectral
responsivity of the device and efficient collection of
generated charge carriers, respectively. It also covers
methods to improve the light-harvesting in SC and
efficient technological advancement for large-area
fabrication of SCs. Overall, the review gives a broader
picture of the existing state-of-the-art technologies for the
fabrication of highly efficient SC.

2 Progress in solar power convergence
efficiency

The SC efficiency mainly depends on the efficient broad
range absorption of the solar spectrum radiation reaching
the earth’s surface, thereby generating the photogenerated
charge carriers and their collection at the respective
electrodes. To achieve this, the PA material must be of
high quality with the direct bandgap ranging between 1.1
and 1.7 eV and highly stable [26]. Various PA materials
have been explored, and based on the type and nature of
materials, the SCs are classified into three different
generations (Fig. 1). The first-generation SCs are based
on the simple p-n junction contact configuration, where
mono or polycrystalline bulk Si is used as a PA material.
The second-generation SC is based on the thin-film
technology, which includes families of materials like
amorphous/microcrystalline Si (a/pc-Si) SCs, copper
indium gallium selenide (CIGS)/copper indium selenide
(CIS), and cadmium telluride (CdTe)/cadmium sulfate
(CdS), among others. The third generation are cost-
effective SCs designed for high-efficiency extraction.
The various photovoltaic cells in this generation are
classified as organic or polymer SCs (OSCs), dye-
sensitized SCs (DSSCs), perovskite SCs (PSCs), and
multi-junction SCs, among others.

2.1 First generation SC

The first generation SCs used mono/poly crystalline Si
and gallium arsenide (GaAs) as the PA material for
device fabrication. In comparison to the 1.43 eV direct
band-gap of GaAs, Si has a bandgap of 1.1 eV and the
absorption of light is weaker in the latter case [26].
Despite this, the solar technology was initiated with Si
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Solar cell
generations

First Second Third
generation generation generation
» Mono-crystalline Si » Amorphous silicon (a-Si), » Organic solar cell
» Poly-crystalline Si » CIGS/CIG »DSSC
»GaAs » CdTe/CdS » Peroveskite

» Multijunction solar cell

Fig. 1 Photo-absorbing materials-based classification of SC technologies in various generations.

and still holds a majority of the market. This is because
there is a physical limitation of using the highly
crystalline and high purity material for enhancing the
efficiency of SC. During the initial stages of the
photovoltaic cell, the Si technology was already
established in terms of producing high-quality materials
on a large scale. Moreover, Si is an abundant material,
non-toxic, quite stable, and Si SCs would be compatible
with the well-established Si-based microelectronics
industry [27,28]. As a result, the research was confined to
the Si-based SC and ways to improve their efficiency
until new materials were investigated.

2.1.1 Mono-crystalline silicon solar cells

The highly pure Si ingot is produced from the small
mono-crystalline Si (m-Si) seeds by the Czochralski
process and later cut into wafers [26]. The first m-Si SC
was reported in 1954 with an efficiency of 6%. With
decades of research efforts, the m-Si SC with an
efficiency greater than 25% was reported [29]. Recently,
a large-area Si SCs combining interdigitated back contacts
and an amorphous/crystalline Si heterojunction were
fabricated with an efficiency of 26.3% (see Fig. 2) [29].
These SCs have a high conversion efficiency as they use
high purity m-Si called solar grade silicon. The
technology is very reliable; however, their manufacturing
cost is high, requiring more energy during their life cycle
due to heat losses via radiation/conduction [30-35].

2.1.2  Poly-crystalline silicon solar cells

Several other cost-effective methods were adopted to
produce crystalline Si (c-Si), which will eventually
reduce the fabrication cost of the m-Si based SCs. During
this time, the concept of using poly-crystalline Si (p-Si)
as the PA material came into existence and became more
attractive. The p-Si based SC has an efficiency of ~20.4%
and is somewhat less efficient than m-Si [36]. This is due

to the presence of randomly oriented small Si crystals
with smaller grain boundaries, defects, and high concentra-
tion of impurities. As a result, charge recombination
centers are increased, which in turn decreases the current
and lowers the voltage. With the introduction of p-Si, the
cost of manufacturing was reduced in comparison to the
m-Si. The other merits include a lesser greenhouse effect
and less energy requirement in its production [30-35].
The SC technology history was reviewed by Goetzberger
and Hebling [26], and the future prospects of the
technology were covered using Si as a PA material. The
advances in the metallurgical and chemical methods for
the production of Si were reviewed by Braga et al. [37]
who emphasized that the solar grade Si is more efficient
for the fabrication of high-efficiency SCs. In another
review, the dominance of Si as a PA material was
discussed in detail with respect to the increasing proportion
of p-Si and m-Si being used for high-efficiency SCs [38].
The economic aspects of the Si solar cell technology in
terms of electricity generation, installation, and fabrication
etc. were discussed by van der Zwaan and Rabl [39]. The
cost-effective testing of Si SCs was suggested by Keogh
and Blakers [40], where they carefully measured the cell
efficiency under natural sunlight. Apart from this, SCs
were also fabricated based on the Si ribbon and Si
nanowires [41,42].

2.2 Second generation SC

The research to make the SC technology more economical
gave advent to the thin-film-based SCs. Compared to the
first-generation SC, the thin-film technology requires
remarkably less PA material for almost the same
absorption of sunlight [43]. The technology is well
established in the market due to its long service life, easy
installation, a high flexibility, and a reasonable efficiency
of ~12% [44]. The thin-film SCs are manufactured in a
one-step process, where a thin-film of PA material is
deposited on a transparent conducting substrate.
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Fig. 2 Heterojunctions and interdigitated back contact-based Si SC.

(a) Schematic of the fabricated device architecture; (b) I-V characteristic and power-voltage (P-V) curve of the device (180 cm? designated area)

with PEC of ~26.3% (reprinted with permission from Ref. [29]).

2.2.1 Amorphous/micro-crystalline silicon solar cells

The amorphous/micro-crystalline silicon (a-Si) SC is
distinct from the first-generation Si SCs, as it incorporated
the thin-film of non-crystalline disordered Si structures,
where Si atoms are randomly located with each other.
Due to the random arrangement of the atoms, it offers a
large band-gap of 1.7 eV [45] and shows a better light
absorptivity compared to m-Si [46]. Matsui et al. [47]
incorporated hydrogenated a-Si in the improved p-i-n
configuration and apprehended an efficiency of 10.22%.
Later, Sai et al. [48] applied hydrogenated pc-Si having a
layer thickness of ~2 pm, and the fabricated device
exhibited an efficiency of 11.9%. The efficiency was
further improved by the combined deposition of the a-Si
and p-Si on one another. The configuration enhanced the
sun light absorption as a thin layer of a-Si on the top
which effectively absorbs the shorter wavelengths, and
the bottom p-Si layer which effectively absorbs longer
wavelengths. Based on the layer thickness and device
structure, the efficiency was increased by 8%-9%
compared to a-Si SCs.

2.2.2 CdTe/CdS solar cells

The CdTe band-gap is ~1.45 eV, which is nearly an ideal
band-gap for improved absorbance in the solar spectrum
[49]. This material has a high absorption coefficient, and
SCs based on the heterojunction formed between the
inherent p-type CdTe and n-type CdS have been reported
with an efficiency of ~16.5% [50]. Initially, a thin layer
of CdS (~100 nm) is deposited on the transparent
conducting substrate, followed by a deposition of CdS,
using evaporation processes at a temperature of 400—
600 °C [51]. As the materials are inherently doped, no
further external doping is required, and deposited films
are chemically stable. To improve the quality of the
heterojunction, the deposited polycrystalline films are
annealed at 400-500 °C in the atmosphere of CdCl,.
Though the highest efficiency of the SC is reported as

~16.5%, the commercial module efficiency lies in the
range of 10%-11% [50]. The issue is with the back
electrical contact, which is compensated by depositing a
p* layer between the electrode and CdTe [52]. In a recent
research, an efficiency of ~21.1% was reported for CdTe-
based single-junction SC [53]. The other technical issue
is with the use of a toxic Cd environment during the
activation step. Moreover, the SC itself is based on the
toxic material, and there is a problem with the telluride
(Te) raw material. As a result, the technology did not
receive much exposure for commercialization and
research was focused on the other materials.

2.2.3 Copper indium gallium selenide/copper indium
selenide solar cells

In the current scenario, more than 90% of the SC market
is based on the c-Si. The cost of production of c-Si based
SC is high, and 50% manufacturing cost includes the cost
of Si wafer. The sunlight gets efficiently absorbed within
the few micron-sized thick Si layer. However, thicker
wafers are used in the fabrication process to provide
mechanical support, which increases the production cost.
In thin-film-based photovoltaics, the a-Si SCs suffer from
a lower efficiency of ~12% due to light-induced
degradation of material and CdTe SCs are not preferred,
as the toxic nature of Te gives concern over their
disposal. On the other hand, CIGS thin-film-based SCs
seem to be promising candidates to replace c-Si, which
also have a comparable efficiency. The CIGS film is
deposited on the transparent glass or flexible plastic
substrates, which makes them cost-effective and a ~2 ym
thick film is sufficient for good absorption of light. As a
result, the PA material wastage is low in comparison to
the first-generation SCs. However, the increased cost
issue can arise with the unstable price of indium once the
CIGS SCs are commercialized on a large scale. In the
beginning, CulnSe,/CdS (CIS) based photovoltaic cells
were synthesized with an efficiency of 4%-5% [54].
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Later, by using the co-evaporation deposition technique,
Mickelsen and Chen [55] reported the CIS-based SC with
an efficiency of 9.4%. Thereafter, various efforts have
been made to improve its efficiency, such as introducing
Ga in the alloy of CIS material often called Culn;_,Ga,Se;
(CIGS), use of thinner CdS layer, sodium doping, and
zinc oxide (ZnO) as a buffer layer etc. The CIS has a
band-gap of 1.04 eV, and by replacing In with Ga, the
bandgap increases up to 1.7 eV [56], which offers a large
Voe- The chalcopyrite family includes alloys of Cu(In, Ga,
Al)(Se, S),. Thus, by altering the proportion of Ga/In in
the CIGS or S/Se in CIGSSe compound, the bandgap of
the PA material can easily be tuned to match the solar
spectrum [57]. Apart from being a good light absorber,
the other advantages of the CIGS include a high absorption
coefficient (10° cm™!) and a direct bandgap of 1-1.1 eV
[58—65]. For the high efficiency of CIGS SCs, it is
desirable to have a Cu/(In + Ga) atomic ratio in the range
of 0.88-0.92 and Ga/(Ga + In) as ~0.26 [66,67]. As the
Ga atomic ratio increases above 0.3, the defects tend to
increase in the film, thereby decreasing the cell efficiency
[68]. Over the decades, various deposition techniques and
buffer layers have been studied for efficiency improvement
[69]. With CdS as a buffer layer, the best result shows an
efficiency of 22.6% [70]. Several Cd-free buffer layers
like Zn(S, O, OH) [71] and Zn(O, S) [72] (Fig. 3) are
pursued in CIGS SC, resulting in an efficiency of ~19.7%
and ~18%, respectively. Recently, an efficiency of 22.8%
was achieved when a Cd-free buffer layer (Zn, Mg)O/Zn
(O, S, OH) was incorporated in the cell [73]. In another
study, Cd-free Cu(In, Ga)(Se, S)»(CIGSSe) SCs with
Zn(O, S, OH),/Zny sMg( 20 double buffer layers exhibited
an efficiency of ~23.3% [74]. The theoretical efficiency
limit for 1.14 eV bandgap CIGS SC is estimated to be
33.5% [75]. An improvement from the currently reported
PCE of 22.8% to 25% is expected in the near future by
incorporating  approaches like enhancing CIGS
absorbance by doping methods, minimizing the defects
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by surface passivation, using large bandgap Cd-free
layers and light-harvesting by redirecting the unused light
due to reflection [76].

2.3 Third generation SC

2.3.1 Organic solar cells

Organic SCs (OSCs) are an attractive alternative to the
Si-based photovoltaic technology and have been the
subject of extensive research over the last decade. The
OSCs use organic molecules or conducting polymer as
PA materials and are usually flexible. The various
advantages of OSCs include high flexibility, lower
weight, simple fabrication process, easier integration, etc.
The PA material used in the OSC tends to govern the
efficiency of the cells. Earlier, the C60 derivative 6,6-
phenyl-C61-butyric acid methyl ester (PC61BM), and
C70 derivative (PC71BM) were used as acceptors in
OSCs. The PA blend of poly(3-hexylthiophene)(P3HT):
PC61BM was used by Li et al. [77], and the device
responded with an efficiency of 4.4%. The incorporation
of thieno-[3,4-b]thiophene (TT) and benzo[1,2-b; 4,5-b]-
dithiophene units in the low bandgap donor PTBI1
polymer resulted in an efficiency of 5.6% [78]. In another
study, the efficiency of PBDTTT-C-T based SC was
improved to 7.59% by conjugating it with the PBDTTT-
E-T polymer and attaching functional group to BDT [79].
An efficiency of 9.35% was reported by studying the
ITO/ZnO-C60/PTB7-Th:PC71BM/Mo00O3/Ag structure in
inverted device configuration. Further, the inclusion of
dual doping of the ZnO layer in the structure improved
the efficiency to 10.31% (see Fig. 4(a)) [80]. The single-
junction OSC using PC71BM binary fullerene reached
the highest efficiency of 11.7% in 2016 [81]. The use of
trialkylsilyl as polymer donor side chains (J71) showed
an efficiency of 11.41% [82]. Recently, the use of a non-
fullerene acceptor (C8-ITIC) in ITIC showed an increased
crystallinity, a high absorption, and the PCE attained the
value of 12.4% (see Fig. 4(b)) [83]. In one of the study,
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Fig. 3 Photovoltaic performance of second generation SCs.
(a) J-V curve; (b) spectral response curve of ZnO:B /ZnS(O, OH)/CIGS based SC (reprinted with permission from Ref. [72]).
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Fig. 4 Photovoltaic performance of OSCs.

(a) Chemical configuration of the materials used for SC fabrication along with a schematic of cathode interlayer and J-V curves of the SC
ITO/cathode interlayer/PTB7-Th: PC7;BM/Mo0Os/Ag (reprinted with permission from Ref. [80]); (b) J-V curve (device structure inset) (reprinted
with permission from Ref. [83]); (c) energy level diagram (left), J-V plot (middle) and device architecture of tandem OSCs (right) (reprinted with

permission from Ref. [86]).

the OSC based on PBDBT-SF:IT-4F resulted in a PCE of
13.1%. The same group synthesized PBDB-T-2Cl
polymer, which is a modified version of the polymer used
in the previous study by substituting fluorine with
chlorine, and the yield of PCE increased to 14% [84].
The PCE of the polymer cells can further be improved by
the use of tandem SCs. The tandem cell fabricated by Cui
et al. [85] consisted of PTB7-Th:IEICO-4F as bottom cell
and J52-2F:IT-M as front cell exhibited an outstanding
efficiency of 14.9%. The highest efficiency of ~17.3%
was achieved by the tandem OSC fabricated by Meng et
al. [86] (see Fig. 4(c)). A detailed review of the PCE of
OSCs in terms of various PA materials was done by Xue
et al. [87]. di Carlo Rasi and Janssen [88] reviewed the
multi-junction OSCs fabricated by the solution-based
method. The interfacial processes affecting the perfor-
mance of OSCs were also reviewed [89].

Non-fullerene acceptors are of tremendous importance
in high-efficiency OSCs. Chen and Zhang [90] reviewed
the recent progress on non-fullerene small molecule-
based acceptor materials and compared their performance
in OSCs by using the same donor materials. Chen et al.
[91] investigated the performance of perylenediiimide
(PDI) based acceptor materials in solution-processed
OSCs. The PCE of the fabricated device reached up to
2.73% which demonstrates that the 3D structural design
of acceptors can be an effective way to improve the
performance of fullerene-free OSCs. In another work,
Sun et al. [92] successfully synthesized a novel PDI-
small molecule acceptor by fusing PDI units and a spiro

core 4,4'-spirobi[cyclopenta[2,1-b; 3,4-b'] dithiophene]
(SCPDT) via B-position coupling with thiophene bridges.
The OSCs fabricated using SCPDT based molecules as
acceptors and PTB7-Th as donors were demonstrated to
show an excellent performance with a PCE as high as
8.89%. Li et al. [93] designed and synthesized non-
fullerene acceptors with branched side chains and
improved molecular packing for OSCs applications. The
acceptors were designed by replacing the beta position of
the thiophene unit on a Y6-based diethienothiophen [3,2-
b]-pyrrolobenzothioadiazole core with branched alkyl
chains. Such modifications to the different alkyl chains
lead to the change in the molecular packing behavior of
non-fullerene acceptors, thereby improving the structure
order and charge transport in thin films. They developed
a series of non-fullerene acceptors, L8-R (with R as the
alkyl chain). The single-junction OSCs based on L8-BO
(2-butyloctyl substitution) combined with polymer donor
PMB6 yielded a high PCE of 18.32%, with a low E}yss of
0.55 eV and a high fill factor of 81.5%. The high PCE
and fill factor suggest that optimizing morphology and
the modification of electronic structure is a feasible
option for enhancing the performance of solution-
processed OSCs.

2.3.2 Dye-sensitized solar cells

The dye-sensitized solar cells (DSSCs) have a unique
way of harvesting solar energy and convert into electrical
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energy. Compared to other SC technologies, the DSSCs
use dyes that govern the light absorption, charge genera-
tion, and charge carrier injection into the semiconductor.
The concept of DSSC originated in 1991 when O’Regan
and Grétzel [94] demonstrated that incorporating
mesoporous metal oxides framework could result in
efficient PCEs. The classical device structure of DSSC is
shown in Fig. 5(a). The device structure consists of two
conducting sheets, one being the working electrode or
photo electrode, and the other, a counter electrode. The
working electrode usually has n-type ZnO, TiO,, Nb,Os,
and SnO, deposited on the ITO/FTO substrate [95].
These layers are often called blocking layers, as they
avoid direct contact with an electrode. The redox
electrolyte is responsible for the regeneration of the
oxidized dye and charge transport between the electrodes.
The other device structure is called solid-state DSSCs
(ssDSSCs). In ssDSSCs, the liquid electrolyte junction is
replaced by a solid redox hole transport material, which
makes contact with the electrode and forms an
intercalated network with the mesoporous TiO,. The
efficiency of the DSSCs mainly depends on the
performance of the dye used in the SC. The dye should
be able to absorb the light from UV to the visible region.
It should firmly be grafted on the surface of the
semiconductor. Moreover, its HOMO should be more
positive than the redox potential of the electrolyte, and
the LUMO has to be more negative than the conduction
band of the semiconductor and should be stable to sustain
at least ~108 redox turnovers which correspond to about
20 years of cell operation [96]. The various dye sensitizer
incorporated in the DSSCs can be classified as metal
complex, metal-free, and natural sensitizers [97,98]. The
electrolyte in the DSSCs helps in the regeneration of the
dye and transport of the charge carrier; thus, it determines
the stability and functionality of the SC over the period of
time. The electrolyte must be highly conducting, should
not degrade the dye or assist desorption of dye from the
semiconductor surface, and must establish a good
interfacial contact with the electrode and semiconductor
oxide. The various electrolytes used are liquid, organic,
ionic, and solid-state electrolytes [99,100]. An efficiency
of 6.17% was achieved by using 3-D hybrid material
comprising of TiO, nanotubes (NTs) array filled with
CNT-G-TiO; nano-paste as a photoanode [101]. Qiu
et al. [102] demonstrated an enhancement in efficiency
by modifying the photoanode with different size nano-
spindle anatase TiO,. They reported a two-layer structure
with variable size. The single crystalline TiO, nano-spindles
exhibited an efficiency of 8.3% (see Fig. 5(b)).
Maheswari and Venkatachalam [103] deposited a photo-
anode with composite of TiO, nanowires (TNPWs) as the
base material and zirconia as the doping metal. Hafnium

oxide (HfO,) was applied on the zirconia doped TNPWs
(zirconia/TNPWs) film and served as a blocking layer.
The fabricated DSSC SC with zirconia/TNPWs doped
photo-anode and blocking layer revealed an efficiency of
9.93%. Recently, an efficiency of 10.3% was reported by
Huang et al. [104] by incorporating a single-layer film of
mesoporous TiO, resulting in outstanding dye loading
and light scattering abilities as well as attenuated charge
recombination (see Fig. 5(c)). Furthermore, they reported
that an impressive efficiency of 11.2% can be obtained
after TiCly post-treatment. The highest efficiency of 12.3%
was reported for cobalt(II/IIl) based redox electrolytes
[105].

In another study, a PCE of 1.37% was reported using a
pair of carbon-based electrodes [106]. The conducting
carbon nanotubes (CNTs) films were modified with
titanium sub-oxide (TiO,) and used as working electrodes.
Further, a bilayer of CNTs and carbon black was used as
a counter electrode. The modification of the working
electrode using TiO, enhances the performance of the
device. Moreover, the device performance was further
improved when carbon black was included in the counter
electrode. The efficiency enhancement was attributed to
the restriction of mass recombination by TiO, at the
interface between electrode/electrolyte and the accelera-
tion of the electron transfer kinetics by carbon black at
the counter electrode. The same group of researchers
reported a PCE of 1.8% for DSSC fabricated using
transparent electrodes based on TiO, modified CNT
[107]. They demonstrated that the TiO, modified CNT
film served as a potential window electrode for liquid-
type DSSCs [107]. Tantang et al. [108] fabricated
nitrogen-doped CNT-based bilayer thin films as
transparent counter electrodes for DSSCs and achieved a
PCE of 2.18% and a transmittance of ~57% at 550 nm.
The fabricated DSSC device consisted of FTO/TiO; as
working electrode and bilayer CNT films as counter
electrodes (Fig. 6). They demonstrated that the DSSCs
with bilayer CNT-based transparent electrodes signifi-
cantly improved performance compared with normal
CNT-based counter electrodes. Moreover, the solar cell
device with transparent bilayer counter electrodes was
found to harvest energy at back illumination, which
meant that the light was back-illuminated via diffuse
reflections of sunlight.

2.3.3 Perovskite solar cells

The typical perovskite structure is an organic-inorganic
hybrid with a formula ABX3, where A is a monovalent
cation (e.g., rubidium (Rb), cesium (Cs), formamidinium
(FA), and methyl ammonium (MA)), B is a divalent
cation (e.g., Tin (Sn) and lead (Pb)), and X is a halide
(e.g., bromine (Br), chlorine (Cl) and iodine (1)) [109,110].
The PSCs efficiency was improved from ~3.8% [111] to
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Fig. 5 Photovoltaic performance of the DSSCs.

(a) Device configuration of conventional DSSC; (b) DSSC is based on double-layer TiO, nano-spindles: (i) SEM image of synthesized large and
small TiO, nano-spindles, (ii) J-V plot of fabricated DSSCs incorporating single and double layers of large and small nano-spindles (reprinted with
permission from Ref. [102]); (c¢) TiO, sphere photoanode incorporating DSSC: (i) FESEM and TEM image TiO; spheres, (ii) J-V curve and EQE

curve of fabricated DSSC (reprinted with permission from Ref. [104]).

~24.8% [112] with a time scale of 2009 to 2020,
respectively (see Fig. 7(a)). This speedy improvement in
the efficiency of the PSCs is due to unique properties
such as direct bandgap (~1.5 eV), high carrier mobility,
charge diffusion length of 100-1000 nm and high
absorption coefficient. The PSCs are classified into two
types of structures i.e., p-i-n and n-i-p device configura-
tions. The p-i-n configuration is based on the OSCs and
consists of the ITO/hole transport layer (HTL, p-type)/
perovskite/electron transport layer (ETL, n-type)/metal
electrode [113,114]. On the other hand, the n-i-p configura-
tion is based on the DSSCs and consists of the FTO/
(ETL, n-type)/perovskite/(HTL, p-type)/metal electrode
[115,116]. The n-type SnO,, ZrO,, ZnO, Al,03, and TiO,
etc., are chosen as ETL materials due to the suitable band
alignment with the perovskite material [117]. The PSCs

are synthesized by the solution-based methods at a lower
processing temperature of ~150°C and can form high-
quality crystalline films [118]. Moreover, based on the
nature of the halogen in the perovskite, the energy
bandgap can be tuned from 1.5 to 2.3 eV. This bandgap
engineering is found to be more effective for CH;NH3Pb
(Is—Bry); perovskites [119]. An efficiency of 3.8% was
reported in 2009 using CH3NH3PbBr; and CH3;NH;3Pbls
nano-crystals with TiO, as ETL [111]. In 2011, with a
systematic study of the perovskite, the efficiency was
improved to 6.5% [120]. Further, an efficiency of 9.7%
was reported by employing spiro-MeOTAD as HTL and
CH;NH;PDbI; as the perovskite material [121]. The mixed
halide perovskite was studied in a porous alumina
template, and the reported efficiency was 10.9% [122].
Along with the mixed halide when graphene was
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normal conducting CNT film and injection of electrons back to the electrolyte via the redox reaction between N-doped CNT and redox species

(reprinted with permission from Ref. [108]).

incorporated, it resulted in an enhanced charge collection
and an efficiency reached 15.6% (see Fig. 7(b)) [123]. In
another study from CH3;NH3Pbl; perovskite, an efficiency
of 15.7% was reported using ZnO as the photo-cathode
[124]. To further improve the perovskites properties and
photovoltaic performance, efforts were made to partially
replace the Pb?" ions in the B-site with metal ions. These
studies revealed that the incorporation of particular hete-
rovalent metal ions, in turn, affects the crystallographic
and optoelectronic properties of perovskite films.
However, the influence of the partial replacement of PbZ*
ions with alternative metal species at the B-site on the
properties and photovoltaic performance of the materials
still remains unclear [125]. For example, experimental
studies demonstrated that the partial replacement of Pb
with several alternative divalent metal species such as
Co, Cu, Fe, Mg, Mn, Ni, Sn, Sr, and Zn affects the
photovoltaic performance and optical properties of
methylammonium lead triiodide perovskite films [125].
The perovskite film was found to be tolerant to most of
the homovalent metal species and the combination of Pb-
Co in the mixed metal perovskite resulted in the highest
PCEs with only 6% Pb%" replacement [125]. Another
study indicated that the incorporation of Bi*" into
MAPDBBr; led to the reduction in the bandgap and the
enhancement in the conductivity via electronic doping
[126] while In3" and alkali metals such as Na* and K*
affected the morphology and crystallinity of MAPDI;
[127,128]. Similarly, the incorporation of AI*" led to the
reduction in the nonradioactive recombination rate and
improved crystal quality by reducing the microstrain in
the MAPDI; lattice [129]. However, very few reports are
available on the homovalent Pb2" substitution. For
example, van der Stam et al. [130] reported a post
synthesis cation exchange method that allowed the partial

substitution of Pb2* with other divalent cations such as
Sn2*, Cd?* and Zn?* that resulted in the blue shift of
photoluminisence  (PL) bands, narrow emission
bandwidth, high PLQYs, and sharp absorption
transitions. Kour et al. [131] demonstrated that the
divalent cations of alkaline earth metals such as Mg?"
Ca?" and Sr?* can be effectively used as a substitute for
Pb2". Several researchers suggested that Sn?" could also
be used to replace some portion of Pb%" at the B-sites
resulting in the reduction of bandgap [132-134].
However, one of the main drawbacks of Sn?" is that it
gets oxidized to Sn*" readily when exposed to air,
thereby causing destabilization of perovskite into
multiple phases and subsequently reducing the
photovoltaic performance [125]. Moreover, it was shown
that Sn-based perovskites are toxic in nature and they
pose serious health issues due to environmental
acidification caused by degradation [135]. Thus, finding
an alternative divalent metal species capable of tuning the
optoelectronic  properties of perovskites without
damaging the stability and without intensifying the
toxicity of the inherent materials remains an attractive
pursuit. Recently, Zn(II) received much attention due to
its considerable stability resulted in dense and smooth
films with reduced pinhole defects. Kooijman et al. [136]
reviewed the stabilization of the perovskite film with
Zn(I1) doping and its role in improving the efficiency of
the PSC. An efficiency of 16.3% and 18.35% was
reported by including 0.1% and 3% Zn(Il) in the film,
respectively [137,138]. With the incorporation of
different concentrations of Zn2" ion, the quality of the
target film was improved with a lesser trap state density
and a bigger grain size (Fig.7(c)). Various research
groups improved the efficiency to ~20% by incorporating
1% Zn(II) [139]. Jung et al. [140] used P3HT as an HTM
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Fig. 7 Photovoltaic performance of PSCs.

(a) Schematic illustrating an improvement in the efficiency of PSCs with respect to timescale; (b) (i) schematic representing of energy levels of the
elements used in the fabrication of SC along with electrical parameters of champion SC (TiO, + graphene), (ii) comparison of J-V cure of SC
fabricated by varying the device configuration (reprinted with permission from Ref. [123]); (c) J-V characteristics 0.1% Zn*" doped PSC and inset
show the cross-sectional SEM image of the fabricated SC (reprinted with permission from Ref. [137]); (d) J-V curves of the best performing SC
fabricated by incorporating fluorinated Spiro-OMeTAD as HTM (reprinted with permission from Ref. [112]).

without any dopants in the device architecture. A thin
layer of wide bandgap halide perovskite is formed on the
top of the narrow bandgap light perovskite layer by an in
situ reaction of n-hexyl trimethyl ammonium bromide.
The best device with configuration of FTO/dTiO,/mp-
TiO2/NBH(FAPDI3)0.95(MAPDbBr3)0.05/P3HT/Au
displayed an efficiency of 23.3%. Jeong et al. [112]
developed fluorinated isomeric analogs of Spiro-
OMeTAD to improve the non-covalent interaction and
conjugate energy levels. The synthesized spiro-OMeTAD
was used as HTM in SC, and the champion cell exhibited
an efficiency of 24.82% (see Fig. 7(d)).

In the last decade, the PSCs technology witnessed
tremendous growth as a next-generation SCs for practical
applications because of their low cost and facile

fabrication process and enhanced PCEs. However, there
is still a huge scope to improve the efficiency of PSCs by
systematic material composition and device engineering
[141,142]. Gu et al. [142] developed an Azacene
derivative (QCAPZ) as a promising electron transport
layer for inverted PSCs through solution processing
without adding any dopants or additives. Figure 8(a)
shows the structure of an inverted PSC device fabricated
using QCAPZ as an electron transport layer. Figure 8(b)
shows the optimized current density-voltage curve of the
fabricated PSC device. The fabricated inverted PSC
displayed a PCE as high as 10.26% with a current density
of 16.55 mA/cm?2, an open-circuit voltage of 0.86 V, and a
fill factor of 72.1%. Figure 8(c) displays the incident
photon-to-electron  conversion  efficiency  (IPCE)
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(a) Device structure and corresponding energy level; (b) photovoltaic
performance of PSC device; (c¢) Incident photon-to-electron conversion
(IPCE) efficiency response of the device (reprinted with permission
from Ref. [142]).

spectrum of the PSC device. The maximum absorption
was observed to be ~450 nm and a reduction in IPCE in
the short-wavelength region that can likely be attributed
to parasitic absorption in ITO. Moreover, the integrated
current density for the fabricated device was 16.7 mA/cm2,
which was in good agreement with the measured value of
16.55 mA/cm?. In another report [143], the same group of
researcher demonstrated a new sulfur-containing
azaacene (TDTP) small molecule as an electron transport
layer to improve the performance of metal oxide-free
solution-processed PSCs. The inverted PSC device based
on sulfur-containing azaacene shows a PCE of 18.2%,
which is higher than non-sulfur containing azacene
(PYPH) [143]. This superior performance can be
attributed to the strong interaction between TDTP and the
perovskite surface than that between PYPH and the
perovskite surface. These results suggest that simple n-type

Front. Energy 2022, 16(4): 548-580

sulfur containing small molecules can be a promising
electron transport layer for further development and
practical applications of inverted PSCs [143].

Recently, Jeong et al. [144] introduced an anion
engineering concept where pseudo-halide anion formate
(HCOO™) was used to suppress anion vacancy defects
presented at the grain boundaries and on the surface of
the solar cell films. This method is an easy route to
remove the lattice defects present in metal halide
perovskites, and it also provides easy access to the
solution-processed films with an enhanced performance.
The PSC device was fabricated using formamidinium
lead triiodide (FAPDI3;) in a configuration as shown in
Fig. 9(a). The J-V curves of the reference and target PSCs
are depicted in Fig. 9(b). The reference cell attained a
PCE 0f23.92%, a J,. of 25.72 mA/cm?2, a Vo, of 1.153 V,
and an FF of 80.69. On the other hand, the target PSC
attained a maximum PCE of 25.59%, a J, of
26.35 mA/cm?, a V. of 1.189 V, and an FF of 81.7%.
Figure 9(c) shows the statistical distribution of the
measured PCEs of the reference and target PSCs. The
external quantum efficiency (EQE) of the reference cell
was lower than that of the target cell within the whole
visible light region (Fig. 9(d)) [144]. The EQEgL of the
PSCs is shown in Fig. 9(e) with values of 2.2% and
10.1% for reference and target cell with respective
injection current densities of 25.5 mA/cm? and 26.5
mA/cm?2, respectively. Figure 9(f) shows the linear
relationship between V,. and the logarithm of light
intensity. The ideality factor (17iq) of the reference and the
target cell was 1.18 and 1.52, respectively. Furthermore,
the FAPbI; based PSCs attained a PCE of 25.6% with an
operational stability of 450 h [144].

2.3.4 Multi-junction/tandem solar cells

The prime focus in the SC is to efficiently absorb the
complete solar spectrum radiation, resulting in the
generation of the charge carriers and thereby increasing
the PCE of the device. This is practically not possible by
a single PA material in a single p-n junction device.
Thus, to increase the solar spectrum absorbance, different
PA materials are combined, forming multiple p-n
junctions, and each material responds to a different range
of wavelengths for generating electricity. The layer
thickness and bandgap of materials are tuned to achieve
current matching. The cells are usually series-connected
using a tunnel junction and monolithically integrated
[145]. Guha [146] reported the efficiency of the single,
double, and triple junction as 9.3%, 12.4%, and 13%,
respectively. The multi-junction SCs efficiency status
was reviewed by Yamaguchi et al. [147]. Takamoto et al.
[148] reported InGaP/GaAs/InGaAs based triple junction
SCs with a high efficiency of 44.4% by inverted lattice
mismatch fabrication procedure. In another study,
Dimroth et al. [149] adopted the wafer bonding method
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(a) Configuration of FAPbI; based PSC device; (b) J-V curves of target and reference cells with respect to forward to reverse voltage scans;
(c) distribution of the measured PCEs of PSCs; (d) EQE and the integrated J;. of PSCs; (¢) EQEEL measurements of PSCs under current densities
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to combine III-V compound materials to apprehend the
best possible material properties for multi-junction SCs.
They demonstrated an efficiency of up to 46.1% for a
wafer bonded GalnP/GaAs//GalnAsP/GalnAs grown on
InP engineered substrate. Geisz et al. [150] proposed
strategies for practical six junctions (AlGalnP/AlGaAs/
GaAs/GalnAs) inverted metamorphic multi-junction
concentrator SC designs with the potential to exceed 50%
efficiency using moderately high-quality junction
materials.

Crystalline Si SCs dominate the current photovoltaic
market because of their high efficiency and well-
established fabrication techniques [151,152]. The present
record PCE of crystalline silicon SCs is 26.7%, which is
close to their intrinsic limit (29.1%) [29,153]. Recently,
Si-perovskite tandem SCs have attracted worldwide
attention. SCs fabricated with two semiconductors having
different bandgaps can be beneficial in attaining higher
efficiencies when utilized in tandem than as individual
SCs. The conventional silicon SCs primarily convert the
infrared components of light efficiently into electrical
energy, while certain perovskites can effectively utilize
the visible components of sunlight, making this a
powerful combination. Furthermore, the tuned bandgap
of perovskites provides an opportunity for the fabrication
of Si-perovskite SCs with a tremendous potential of
enhancing the intrinsic PCEs of each subcell. In tandem
cells, the high transparency and good conductivity of the
top electrode of the top cell are the two key factors [154].
Si heterojunction cells have a high efficiency and an ideal
bandgap; therefore, it would be interesting to combine Si

heterojunction bottom cells and perovskite top cells.
Besides, Si-perovskite tandem cells offer an easy way to
fabricate high-efficiency SCs without affecting the
fabrication cost [154]. Recently, Al-Ashouri et al. [155]
reported Si-perovskite tandem SCs with a PCE greater
than 29%. Moreover, Si-perovskite tandem SCs
demonstrated an improved stability and compatibility
when textured Si substrates were used [156-158].
However, the practical limit for all these tandem SCs is
over 30% which indicates that these SCs still have some
room for improvement [155]. Figure 10(a) demonstrates
the mechanically stacked device structure of Si-perovskite
SCs where perovskite top cell is used to absorb short-
wavelength photons while the Si heterojunction as the
bottom cell is used to capture the sunlight in the near-
infrared region [154]. The efficiency of Si-perovskite
tandem SCs was calculated by testing Si bottom cell
filtered by perovskite top cell. Figure 10(b) depicts J-V
curves of different SCs. The pristine Si heterojunction SC
attained a PCE of 23.4% with a V. of 708 mV, a Js. of
40.1 mA/cm?2, and a fill factor of 82.5%. The filtered Si
bottom cell attained a PCE of 8.5% with a V. of 698 mV,
a Ji of 145 mA/cm?, and a fill factor of 83.5%.
Figure 10(c) demonstrates the EQE of perovskite top and
Si bottom cells. The photocurrent densities of perovskite
top and Si bottom cells are 21.3 mA/cm? and
14.1 mA/cm?, respectively. For the perovskite top cell,
the EQE in the wavelength range of 500-820 nm showed
a decreasing trend, while for the Si bottom cell, a
response was observed around 500 nm. These results
were in good agreement with the transmittance
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Fig. 10 Device performance of Si-perovskite tandem SC.
(a) Si-perovskite device architecture; (b) J-V curves; (c) EQE for different SCs (reprinted with permission from Ref. [154]).

characteristics of the perovskite device. The reduced V
of the filtered Si cell was attributed to the low intensity of
sunlight in the Si bottom cell than in the original Si
device [159]. Moreover, the high fill factor of the Si
bottom cell is attributed to the low photon-induced
charge carrier concentration resulting from the relatively
fewer photons within the filtered Si SC [160]. Table 1
illustrates the photovoltaic parameters of a few high-
performance SCs reported to date.

3 Recent advances in SC fabricated by
popular scalable solution deposition
methods

3.1 Spray coating

Spray coating is a solution-based process in which a
liquid precursor is mechanically forced by a carrier gas
toward the target surface and deposits a thin film of
liquid. The atomization is generated by different ways
like cavitation of the precursor, ultrasonic simulation, and
flow rate of carrier gas. Compared to other spray coating
techniques, ultrasonic spray coaters have a more precise
control over airflow, droplet size and spray cone. The
main drawback of spray coating is the inhomogeneity and
quality of the layers, with respect to those produced by
standard reference techniques such as spin coating. In
addition, the quality of the ink atomization is the main

factor that affects the homogeneity of the film. The SCs
fabricated using spray coating usually have lower
efficiencies than those fabricated by spin coating and
similar laboratory-scale methods. The spray coating of
OSC was first reported in 2007 by Vak et al. [161], where
the PA layer of P3HT:PCBM was spray-coated, and the
fabricated device showed an efficiency of 2.83%. In
2009, Hoth et al. [162] demonstrated the multilayer spray
coating of PA P3HT:PCBM layer with PEDOT:PSS as
HTL, and the device apprehended a PCE of 2.7%. It was
found that the topography of the spray-coated films
depends on the selection of the solvent. Considering this,
a mixed solvent was used by Girotto et al. [163], and a
PCE of 3.75% was achieved. This study highlighted the
improvement in the surface coverage of the film by the
mixed solvent system. In another work, the HTL, ETL,
and PA layer, i.e., PEDOT:PSS, ZnO, and P3HT:PCBM,
were deposited by spray coating, and the devices exhibited
a PCE of 3.17% with an active area of 0.36 cm [164].
Further, an efficiency of 5% was reported by Wang et al.
[165]. Later, a PCE of 8.06% was reported by spray
coating PBDTTT-EFT:PC7;BM film and PEDOT:PSS on
a large-area substrate (25 cm?) with an active area of
6.45 mm? (see Fig. 11(a)) [166]. The introduction of the
perovskite material made a mark in solar technology, and
several studies were reported on spray-coated PSCs. For
the first time, the ultrasonic spray coater was used by
Barrows et al. [167] to deposit the precursor solution of
CH;3NH;3PbI;-Cl,. The study revealed that to minimize
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Table 1 Photovoltaic parameters of high-performance SCs reported in the literature

Material Jse /(mA-cm2) Voo IV FF/% Efficiency/% Ref.
m-Si 423 0.744 83.8 26.30.5 [29]
a-Si 16.36 89.6 69.8 10.22+0.3 [47]
pe-Si 41.14 0.711 793 23.2403 [48]
CdTe 31.69 0.887 78.5 22.1+0.5 [53]
ZnS(0,0H)/Cu(In,Ga)Se, (CIGS thin-film) 354 0.683 76.1 18.4 [72]
CIGS (thin film) 39.4 0.721 78 223 [73]
CIGS (Cd-free) with Zn(O,S,0H),/Zny sMg 2O buffer layer 39.58 0.73 80.4 23.35+0.5 [74]
OSC (thin film) 17.24 0.8 74.1 10.31 [80]
OSC (thin film) 19.8 0.78 73 11.7 [81]
OSC (thin film) 17.4 0.94 68 11.20+29 [82]
OSC (thin film) 19.3 0.93 69 12.4+0.4 [83]
OSC (thin film) 12.8 0.86 77 14 [84]
OSC (thin film) 13.3 1.65 68 14.9 [85]
OSC (thin film) 14.32 1.636 72 17.36 [86]
DSSC 17.16 0.65 55 16.7 [97]
DSSC 16.4 0.76 66.8 8.3 [98]
DSSC (TNPWs/ZrO,/HfO,) 20 0.73 68 9.93 [99]
DSSC 17.38 0.77 76.6 10.3 [100]
DSSC 17.66 0.93 74 12.3 [101]
FTO/graphene/TiO,/CH3NH;3Pbl3 Cl,/spiro-OMeTAD/Au 21.9 1.04 73 15.6 [123]
FTO/TiO,/CH3NH;3Pb_,Zn,I3 ,Cl,/ spiro-OMeTAD/Ag 21.98 1.06 70 16.3 [137]
FTO/dTiO,/mp-TiO/NBH(FAPbI3)o 9s(MAPbBr3) 05/ P3HT/Au 24.88 1.15 81.4 233 [140]
FTO/TiO,/F APbls/fluorinated spiro-OMeTAD/Au 26.35 1.16 80.9 24.28 [112]
InGaP/GaAs/InGaAs - - - 44.4+2.6 [148]
GalnP/GaAs/GalnAsP/GalnAs 46£2.2 [149]
AlGalnP/AlGaAs/GaAs/GalnAs - - - 47.1£2.6 [150]

the pinholes and improve the film uniformity, it is
necessary to control the drying rate of the film. The
fabricated device in an inverted configuration of
ITO/PEDOT:PSS/Perovskite/PCBM/Ca/Al displayed an
efficiency of 11% (see Fig. 11(b)). In a similar study, the
device configuration of FTO/compact TiO,/Perovskite/
Spiro-OMeTAD/Au fabricated by Das et al. [168]
exhibited a PCE of 13% (see Fig. 11(c)). Further, Tait et al.
[169] reported an efficiency of 15.7% for small-scale
devices and 11.7% for 3.8 cm? area modules using spray
coating of lead acetate perovskite precursor (see
Fig. 11(d)). An efficiency of 16.03% was obtained from
CH3;NH;3PbI; PSC by the two-step spray coating method,
and a scale-up device of 1 cm? area displayed an
efficiency of 13.09% (see Fig. 11(e)) [170]. In another
study, Heo et al. [171] made a slight modification in the
technique, where they balanced the incoming flux of the
precursor with the outgoing flux of evaporating solvent.
The champion cell fabricated using this technique
achieved an efficiency of 17.8% (forward scan), 18.3%
(reverse scan), and (16.08+1.28%) (average) for unit cells
under 1 Sun condition (see Fig. 11(f)). The commercial

acceptance of the technology will be there if all the layers
of the SC can be deposited by spray coating under
ambient conditions. Mohamad et al. [172] demonstrated
this in 2016, where they spray-coated PEDOT:PSS,
CH;NH;Pbl;_Cl,, and PCBM and reported an inverted
configuration based device with the highest and average
efficiency of 9.9% and (7.1+1.7%), respectively. Using a
normal device configuration of FTO/TiO,(compact)/TiO,
(mesoporous)/perovskite/spiro-OMeTAD/Au, Bishop et al.
[173] reported an efficiency of (9.2+0.6%). Thus, in the
future, an efficiency of 18% is expected to be attained
using the spray coating technique. However, a
considerable amount of work needs to be done for its
optimization.

3.2 Dip coating

Dip coating is a conventional method of dying to provide
quick and easy deposition of materials over a large area
[174]. In the case of SCs, deposition via dip coating is a
suitable technological tool for large-scale production of
OSCs. Dip coating enables a single pass and prompt
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Fig. 11 Photovoltaic performance of SC fabricated by the spray deposition technique.

(a) J-V plot of devices, along with the schematic of the device structure and image of arrays of the fabricated device (reprinted with permission
from Ref. [166].); (b) J-V curves spray deposited CH3NH;3Pbl;_ ,Cl, planar SC, along with SEM image of spray-coated CH3NH;Pbl;_Cl, on
PEDOT:PSS and cross-sectional SEM image of device (reprinted with permission from Ref. [167]); (c) Schematic illustrating ultrasonic spray-
coating process along with SEM images perovskite films on TiO,/ITO/glass substrates and J-V plot of a fabricated PSC with device architecture in
the inset (reprinted with permission from Ref. [168]); (d) schematic of implemented device architecture. SEM images of spray deposited
perovskite films. Efficiency versus time plot of ITO/TiO,/CH3NH3Pbsl3/spiro-OMeTAD/Au SCs (reprinted with permission from Ref. [169]);
(e) J-V plot of the spray deposited PSC, along with photographs and SEM of the spray deposited CH;NH3Pbl; films (reprinted with permission
from Ref. [170]); (f) cross-sectional SEM image of MAPbI;_,Cl,/TiO,/FTO film deposited by spraying coating; J-V characteristic of MAPbI;_,Cl,

mixed halide PSC (reprinted with permission from Ref. [171]).

formation of thin films with free pin holes [175,176]. In
addition, dip-coated films undergo slow natural drying to
enable the development of active layer morphology with
desired film properties. The fabrication of SCs, especially
by dip coating, provides a simple, reliable, and
reproducible method particularly designated for thin
films, whereby a wet liquid film is deposited on the
substrate by immersion. However, the production of the
dip-coated film suffers from the disadvantage of slow

drying and hence renders incompatible results for high-
scale production [177]. The disadvantage of the dip-
coating process is that it is slow and can block the screen,
hereby creating a major impact on the final product. Dip
coating strategically induces the growth of thin films
while undergoing an appropriate set of programmed
parameters. Additionally, dip coating enables the
facilitation of self-assembly of well patterned thin films
over a large area coverage with nanoscale control and
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optimizations [178]. The controlled optimization allows
easy integration on a large scale, thereby benefitting
device fabrication. The thin films produced via dip-
coating exhibit the least viscous stress toward organic
molecules compared to spin coating. The spin-coated film
possesses irregular edge effects, formation of cracks, and
shrinkage [179]. In photovoltaic, the polymers-based SCs
were reported following the dip-coating approach to
achieve high performance. An SC composed of poly (3-
hexythiophene) and [6,6]-phenyl-C61-butyric methyl
with optimized active layers was fabricated. The dip-
coated polymer cells displayed a PCE of 3.93% with an
FF of 0.63, a J of 10.62 mA/cm?, and a V. of 0.60 V.
The SCs were synthesized in the air without
incorporating any annealing treatment [174]. In another
study, SCs incorporating ZnO-coated TiO, as working
electrodes in DSSC were fabricated by the dip-coating
method and displayed a high performance. The electrode
fabrication followed two working procedures, first spin
coating of TiO, colloid on FTO glass with consecutive
treatment of TiCly and second simple dip coating of ZnO
on TiO, coated FTO electrodes. The electrodes fabricated
via the dip coating method also involved utilization of the
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TiO; film in zinc acetate dehydrate and ethanol solution
followed by electrode immersion in solution containing
N-719 (ruthenium dye) at a working temperature of 70°C.
The photovoltaic performance of the SC fabricated by dip
coating reveals a clear dominance with a power
conversion efficiency of 6.62% in comparison to spin-
coated electrodes with an efficiency of 5.45% [180].
Adnan and Lee [181] used a successive dip-coating
method for the synthesis of ZnO-covered mesoporous
TiO, electrodes from a non-halide lead precursor and
subsequently used an aqueous system for the formation
of thin perovskite films (see Fig. 12). The presence of
ZnO induces interfacial layer interactions and causes
significant enhancement in adsorption capacity. The
successive solid-state ion exchange reaction (SSIER) was
optimized to improve the surface morphology, crystallinity,
and surface coverage. The fabricated SC demonstrated a
PCE of 12.4% with a cost-efficient fabrication approach.
The same group reported planar heterojunction PSCs
with MAPbDI; perovskite films using the successive dip-
coating method. The devices fabricated with the
configuration of FTO/c-TiO,/ZnO/(CH3NH3)Pbls/spiro-
OMeTAD/MoOs/Ag showed an efficiency of 12.41%

(@

-

Y

-

'

——
OSNNBNXONBAON®

——1st SSD
——2nd SSD
——3rd SSD
——4th SSD

0 0.10.20.30.40.50.60.70.8091.01.1
Voltage/V

L~"Tb (NO,), LT MAL N
NN EtOH/HzO — ' N inlPA A Successive
Successil.vle solid-state -/
sequential ion-exchange
[ ——— deposition T & reaction Dryin,
(SSD) (SSIER) Tyng

500 nm
Lo

Fig. 12 Photovoltaic performance of dip coating based SC.

(a) Schematic description synthesis of perovskite films using the successive sequential and designated number of SSIER repetitions; (b) SEM
images of synthesized MAPDI; films by SSD and SSIER repetitions along with sample photographs in the inset; (c) J-V curves characteristic of
device prepared by a mentioned number of SSD cycles followed by 3 SSIER repetitions; (d, e) cross-sectional SEM image of device synthesized
by 3 SSDs and 3 SSIER cycles and photograph of perovskite film synthesized on the glass substrate of 780 cm?, respectively (reprinted with

permission from Ref. [181]).
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[182]. Recently, the group reported the sequential all dip-
coating deposition of (CHj3);NPbl;_(Cl, perovskite
materials in the aqueous non-halide lead precursor
solution, followed by dip coating in a (CH3);NI and
(CH3);NCI. The fabricated devices exhibited a high
stability and a high photovoltaic performance with a
notable efficiency of 15.3% [183].

3.3 Spin coating

The spin coating technique is commonly used to fabricate
uniform thin films with a thickness in the range of
micrometer to the nanometer. The depositing substrate is
mounted on a rotating chuck that rotates the substrate
under the action of centrifugal force and surface tension,
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thereby driving the liquid radially outwards. The
combined effect of viscous force and surface tension
enables flat deposition on the surface. The thin film
formation is ensured through evaporation. The spin
coating consists of stages like liquid dispensing, spin up,
stable fluid outflow, spin-off and evaporation (drying)
[184]. The SC deposition via spin coating allows high
thickness and quality assurance of the film based on
speed and time optimizations along with ink formulation
[185]. The spin coating technique also ensures high
reproducibility and uniformity. However, one of the main
drawbacks of spin coating is the substrate size. When the
substrate size is large, high-speed spinning becomes
difficult, and so does film thinning. The efficiency of the
spin coating material is very low, and generally,

aw

8]
(=}

—_
N

oo

Area=1.2 cm?

Current density/(mA-cm2)
)

I

| —a— Forward scan, 12.6%

—a— Reverse scan, 16.3%
1 1 1

0
0.0 0.2 0.4 0.6 0.8 1.0
Voltage/V

(©) o
. Gold
* Spiro-OMeTAD

- Perovskite

-
-

GO-Li .
Graphene + mTiO, !
cTiO, . \™N Faj
Glass+FTO
(i) Voltage/V
2 4 6 8

S S B
i 'x"‘l'ﬂ‘l‘

.......

0 ; v
—d— PSM-A: Control

| —#—PSM-B: GO-Li
—0— PSM-C: G+mTiO, / g

—40 + _a_ PSM-D: G-mTiO,/GO-Li

Current/mA

Voltage/V

Fig. 13 Photovoltaic performance of spin-coating based SCs and modules.

(a) (i) Cross-sectional TEM image of the fabricated PSC; (ii) high-resolution TEM image of CH3NH3Pbl; film; (iii) SAED image of the green spot
section pointed out in (a.i); (iv) J-V curve for champion SC with 1.2 cm? active area (reprinted with permission from Ref. [189]); (b) (i) cross-
section SEM image of the device; (ii) J-¥ plot of the 4 cm? PSC (inset shows the photograph of 4 cm? aperture PSC having 4 sub-cells) (reprinted
with permission from Ref. [190]); (c) (i) device architecture PSC; (ii) J-V curve of tested modules (inset shows the photograph of the PSC module

with an active area of 50 cm?) (reprinted with permission from Ref. [191]).
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95%-98% of the material is disposed of during the
spinning process, and only 2%—5% of the material is
spread onto the substrate. The efficiency values of
~22.1% were achieved in SCs fabricated via spin coating
with an active area of ~0.1 cm? [186]. The SC fabrication
by spin coating with dimensions greater than 1 cm? or
larger cells yields a gauging performance to limit their
photovoltaic parameters. For instance, enhancing the SC
area from 0.1 to 1 cm? leads to a 10%—15% drop in the
efficiency of SC [187]. Recently Cui et al. [188]
incorporated a fine modification in flexible side chains of
non-fullerene electron acceptor sand fabricated single-
junction OSCs. The cells employing the BTP-4Cl-12 and
polymer donor PBDB-TF yield an efficiency of 17%.
Yang et al. [189] apprehended CH3;NH;Pbl; based SCs
with an efficiency of 16.3% for an active area of 1.2 cm?
(see Fig. 13(a)). In addition, Qiu et al. [190] reported a
PSC module with an aperture area of 4 cm2. They spin-
coated pinhole-free absorber films with a precursor
combination of CH3NH;I, PbCl, and Pb(CH3CO;),.3H,0.
The module exhibited an aperture area PCE of 13.6% and
12.6% after 5 min of maximum power point tracking (see
Fig. 13(b)). In another study, Agresti et al. [191]
demonstrated an efficiency of 12.6% for large area PSC
modules, assembled on a 10 cm x 10 cm substrate area,
with eight cells having an active area of 6.32 cm? each (see
Fig. 13(c)). The study paves the way for the industrial
exploitation of graphene/perovskite SCs.

3.4 Slot-die

Slot-die coating is well suited for the deposition of
organic, perovskite, and other layers in the device stack.
As a pre-metered coating method, it is highly efficient in
terms of materials used. It results in very low wastage
levels of inks compared to other deposition methods such
as spin coating, spray, and screen printing. A coating
head is positioned close to and across a substrate or web
for a typical slot-die coating process. Ink is then pumped
into the head, using a syringe pump, with the ink forced
out of a narrow slit along the length of the coating head
[192]. The ink forms a liquid bridge between the coating
head and the substrate. Thereby, when the substrate is
moved past the head, the deposition of a wet film is
achieved. Over a given coating width, the thickness of the
dry film deposited is controlled by adjusting the flow of
ink to the coating head and the speed at which the
substrate moves past the head. This allows very fine
control of the dry film thickness to within a few nm, as
well as the ability to deposit very thin dry films, of tens
of nm, up to much thicker films of tens of microns simply
by adjusting the ink flow rate or substrate speed. Slot-die
coating stands out with a unique blend of enclosed
reservoir for coating solution, high degree of film
thickness control, low material waste, and ease of
integration in roll to roll (R2R) manufacturing for
scalable production. In the slot-die method, the thin film
coating properties depend on the thickness and stability
of wet film [193]. Slot-die coating has several limitations,

such as the low-flow limit which causes the break-up of
the downstream meniscus and discontinuous formation of
films [194,195], the defects related to discontinuous film
formation such as rivulets, where the coating breaks into
several smaller stripes having gaps, the defects related to
air-entrainment which are associated with the upstream
meniscus breakup that lead to ‘bubbles’ within the wet
film and area around the uncoated substrate, and the
dripping or flooding where the ink flow to the head is
higher than the coating speed. This leads to the gradual
accumulation of the ink at the coating head and the loss
of control over film thickness [195]. The slot-die
fabrication approach was widely applied and explored for
photovoltaic cells based on organic materials due to the
non-viscous and low boiling points of the material.
Moreover, organic materials exhibit the least changes in
composition during solvent evaporation. Specifically,
slot-die coating was deployed for deposition of
perovskite using single or two-step coated layers
[196—198]. The morphology of PSCs coated via the slot-
die method varied in the single-step coating procedure.
However, air and vacuum quenching yielded a promising
and better morphology of the deposited films when
procured using dimethylformamide [199]. Lee et al. [199]
employed mixed lead precursors consisting of PbAc; and
PbCl, to fabricate PSC via slot-die coating. The device
exhibited an improved photovoltaic performance with an
efficiency of 13.3%, a large-area module with an active
area of 10 cm2, and an efficiency of 8.3% (see
Fig. 14(a)). Heo et al. [200] reported organic cation
additives in lead iodide solutions as a practical approach
for the R2R production of PSCs. The sequential
deposition was performed in air with the slot-die
technique to fabricate SC on glass that exhibited an
efficiency of 14.4%. On the other hand, the SC
synthesized on the flexible substrate via the R2R method
in air displayed an efficiency of 11.0% (see Fig. 14(b)).
In another study, the slot-die coating process for
manufacturing of PSC and modules was successfully
demonstrated with an efficiency of 16.8% and 11.2%
(12.5 cm x 13.5 cm), respectively (see Fig. 14(c)) [197].
Recently, Kim et al. [201] reported a two-step slot-die
protocol for the preparation of a high-quality perovskite
film. A mediator extraction treatment was adopted to
convert pre-deposited PbI,-DMSO complex film into the
peculiar porous Pbl, film with unusual crystallographic
orientation. The mediator exchange process in
CH;3;NH;3PDbI; based SC resulted in an efficiency of 18.3%
using slot-die coating on a 10 cm x 10 cm substrate (see
Fig. 14(d)). Dou et al. [202] fabricated all blade coated
metal halide perovskite cells with an efficiency of 19.6%.
However, slot-die coated and partially R2R slot-die
coated flexible glass-based cells showed an efficiency of
17.3% and 14.1%, respectively. The developed printing
method can be applied to diverse perovskite
compositions, enabling a variety of bandgaps to pave the
way for the future R2R printing of highly efficient
perovskite-perovskite tandem cells. Table 2 lists the
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Fig. 14 Photovoltaic performance of slot-die coating-based SCs modules.

(a) Schematic illustrating slot-die mechanism of the perovskite film (left) and J-J plot of the synthesized module (right) (reprinted with permission
from Ref. [199]); (b) J-V plot of SC with device architecture having P3HT and Bifluo-OMeTAD as HTL layer (left) (inset represents PCE of
Bifluo-OMeTAD based SC.); R2R slot-die coated perovskite layer (right) (reprinted with permission from Ref. [200]); (c) I-V characteristic and
power curve of the 6 in. x 6 in. module, with 168.75 cm? actual dimension having 25 cells and the inset showing the schematic of device structure
(left); photograph of 6 in. X 6 in. fabricated perovskite module (right) (reprinted with permission from Ref. [197]); (d) J-V curves of the best
performance SC prepared by slot-die method (left); photograph of 10 cm X% 10 cm perovskite layer, along with Pbl,-DMSO, Pbl,, and
CH3NH;Pbl; films (right) (reprinted with permission from Ref. [201]).
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photovoltaic parameters of high-performance SCs

fabricated by scalable wet synthesis methods.

4 Methods to increase light harvesting in
solar cell

4.1 Surface texturing and nanostructured anti-reflection
coatings

Changes in the design or structure of SCs are very crucial
in order to ensure a maximum light absorption with a
significant carrier extraction ability. Researchers have
conducted numerous studies on light absorption, carrier
collection, electrode design, and structure design, which
will help to improve the design of the SCs [204]. It is
known that the incident light is not completely absorbed;
thus, several device structures have been introduced with
light trapping patterns. These patterns increase the
generation rate of the photocarrier, which in turn helps to
enhance the Jy. of an SC. Due to the increased use of light
trapping patterns, thinner cells are used for controlling
the light because it has a beneficial effect on the V. It is
observed that the light with a comparatively small angle
of incidence gets dispersed in SCs consisting of a light-
trapping design. Currently, Si SCs are equipped with
random texture structures, but these structures treat the
light of all wavelengths in a similar manner and are not
capable of controlling the propagation behavior of light.
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Moreover, random textures do not concentrate on the
weak absorption band of SCs, mostly those being near
the infrared region. Many researchers are developing
light trapping materials and designs to productively
utilize incident light. Usually, a quarter wavelength thick
anti-reflecting coating (ARC) with real index value which
is calculated as the geometric mean of the substrate and
air indices, is added to reduce the reflection [205]. Thin
transparent films of silicon nitride or silicon dioxide with
real index equal to 2 or 1.5, respectively, are used as
ARCs in c-Si cells. However, these ARCs give good
results only for a certain set of wavelengths and angles of
incidence in which the back-reflected wave is reduced
due to destructive interference. Other methods such as
deposition of several layers with a graded-index can be
used to minimize the light reflection. Though this method
is considered better for the reduction of light reflection,
on the other hand, its processing may be very
complicated and costly [206]. To get rid of these issues, a
packed array of semiconductor nanostructures is used as
a substitute to ARCs, as they provide many advantages:
first, they are thin, and secondly, they work effectively
for a wide wavelength and angular range. Adiabatic or
graded refractive indexes that differ as the area increases
(area ~1 m?) are easily being developed due to the
advancement in nanofabrication methods. Production of
random designs through wet-chemical etching [207],
synthesis of ordered arrays of biomimetic Si nanotips
[208], nanocones, domes [209,210], nanowires [211], and

Table 2 Photovoltaic performance of SCs fabricated by scalable wet synthesis methods

Material Jso/(mA-cm2) Voo/V FF/% Efficiency/% Ref.
Spray active layer and HTL 15.83 0.78 65.28 8.06 [166]
Spray deposited CH3NH3Pbls_,Cl, planar SC 16.8 0.92 72 11.1 [167]
Spray deposited CH3NH3Pbl;_,CLSC 20.6 1.03 61.5 12 [168]
Spray coating of CH3NH3Pbl; SC 22.5 0.95 73 15.7 [169]
Spray coating of CH3;NH3Pbl; SC 20.27 1.04 75.5 16.03 [170]
Spray deposited MAPbI;_Cl, planar hybrid SC (reverse scan) 21.4 1.10 77.6 18.3 [171]
Complete spray deposited SC 16.7 0.87 70 9.9 [172]
Complete spray deposited SC 19.5 0.85 67 9.2 [173]
Dip coating (CH3NH3)Pbls 21.53 0.93 62 12.4 [181]
Dip coating (CH;NH;)Pbl; 20.33 0.95 63 12.41 [182]
Dip coating (CH;3);NPbI;_,Cl, 21.31 1.04 69 15.29 [183]
Spin coating PBDB-TF:BTP-4Cl-12 25.6 0.85 77.6 17 [188]
Spin coating (CH3NH3)Pbl; 21.9 1.10 67.1 16.3 [189]
Spin coating (CH3NH3)PbI;_Cl, 19.9 0.91 75 13.6 [203]
Slot-die (CH3NH;3)Pbls 19.9 0.89 74 13.3 [199]
Slot-die (CH3NH3)Pbl3 21.3 1.8 62.3 14.4 [200]
Slot-die (CH;NH;)Pbl; 22.1 1.03 74 16.8 [197]
Slot-die (CH3;NH3)Pbl3 22 1.12 76.3 18.8 [201]
Slot-die (CH3NH;3)Pbl; 22.4 1.11 69.7 17.31 [202]
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dual-diameter nanopillars [212] are a few of the texturing
methods used in SCs fabrication. An array of nanocones
by nano-sphere lithography patterned into a planar a-Si
film is shown in Fig. 15(a) [209]. It is observed that the
texture of the surface could reduce the reflection up to
~40% from the planar a-Si surface [209]. Besides, studies
on the base diameter, height, and aspect ratio of
nanocones were done to realize broadband, omni-
directional ARCs [210]. It is observed that at higher
values of aspect ratio, structures could be used as better
ARCs. Likewise, at lower values of aspect ratio,
structures were found to disperse light productively and
can easily be integrated for guided resonances of SCs.
Moreover, reflection can be reduced with the help of
structures that are produced on the front surface. These
structures provide a productive way to couple light into a
semiconductor layer and thus, resulting in a reduction of
light reflection. For instant, to obtain a certain amount of
light trapping, transparent conductive oxides (also used
as electrical contacts) in several SCs are coarsened.
Dielectric nanoparticles (NPs) with high index values
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such as TiO; are highly capable of redistributing light in
the absence of parasitic absorption of metallic back
reflectors [213]. A triple-layer coating of TiO,/SiO;
structure was proposed by Ye et al. [214] to serve as a
broadband abrasion-resistant antireflective film in SC. On
the other hand, trapping techniques were introduced by
Chen et al. [215], and these techniques were developed
from ZnO microspheres and are depicted in Fig. 15(b). A
CdS-CdTe p-n junction of nanotube array was proposed
by Liyanage and Nath [216]. A 50% boost in the light
conversion efficiency was noticed, as shown in
Fig. 15(c). Moreover, for a light absorption layer of 10%
or even lesser, it was capable of producing the exact
photocurrent as the bulk film. The range of the solar
absorption can be increased, and an effective charge
separation can be obtained with the help of ternary [ZnS-
CdS-Cuy-,S] hetero-nanorods developed by Zhuang
et al. [217] (see Fig. 15(d)). An increase of 5% in Jy and
a 17.1% enhancement in the PCE was recorded when an
ARC based on randomly distributed micro-scale pyramids
was introduced on the glass side of an inverted p-i-n
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Fig. 15 Various surface engineering methods in SCs.
(a) SEM of nanocones array on a-Si SC (reprinted with permission from Ref. [209]); (b) SEM image of ZnO microsphere (reprinted with
permission from Ref. [215]); (¢) SEM image of CdTe nanotubes deposited on CdS layer (left) (inset shows the schematic of deposited layers)
(reprinted with permission from Ref. [216]); (d) (i) schematic showing the synthesis of ternary ZnS-CdS-Cu,-,S; (ii—v) TEM, HRTEM, HAADF-
STEM image and EDS of ZnS-CdS-Cu,-,S, respectively; (vi) absorption curve of ZnS-CdS-Cu,-,S (reprinted with permission from Ref. [217]);
(e) schematic representing light interaction with OSC in the presence and absence of microlens array, along with EQE spectra of the fabricated

device (reprinted with permission from Ref. [219]).
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PSCs [218]. The anti-reflecting coating in OSCs is
mostly based on a microlens array. For instance, a light-
trapping arrangement in concurrence with an aligned
micro-apertures array is shown in Fig. 15(e) [219]. It is
found that the angular and polarization distributions of
the scattered light need to be controlled when the shape
and size of the nanostructure are altered. Considering
this, several nanostructures in different morphological
dimensions were studied to improve light trapping
[220-222]. Altering the parameters of these nanostru-
ctures is expected to improve the PCE of the SC. A light-
trapping structure and a composite functional coating
with a low reflectivity, a high conductivity, and a high
absorption can help in efficient light harvesting.

4.2 Plasmonic assisted light harvesting

Light absorption can be increased with the help of
structures exhibiting plasmonic properties. This can be
done by trapping the free-propagating plane waves via
NPs, or it can be done when the plasmon polaritons at the
surface propagate all over the interface or when it acts as
a coupling semiconductor for the near-field sub-
wavelength antenna Plasmon [223,224]. Periodic metal
nanostructures suited at the top surface of SCs assist in
the dispersion and guiding of light via phenomena like
localized surface plasmon and surface plasmon polariton
[225]. The overall interaction creates a longer optical
path and thus, results in an improved light absorption.
Using the concept of periodic plasmonic layer, Pala et al.
[225] demonstrated an increase in the efficiency of the
SC. This was achieved by integrating an SC structure
made of a thin layer of Si and combining it with Ag
nanostrips of ~50 nm at the front surface of the cell. In
another study, Lee et al. [226] reported the improvement
of trapping light from the guided-mode resonance in SCs.
Two-filling factor asymmetric binary grating was used
for this study, and it was found that about 40% of
efficiency can be improved in comparison with a planar
Si thin film. Chao et al. [227] used the finite difference
time domain method and observed an increase in light
trapping when a plasmonic amorphous Si photovoltaic
cell is used. On the other hand, Rockstuhl et al. [228]
investigated the techniques which were based on the
optimal design of 1D and 2D plasmonic SCs. Moreover,
the efficiency of the SC can be enhanced by texturing the
back surface. Bai et al. [229] conducted simulations to
study the correlation between the structure of the Si SC
and the absorption efficiency. They pointed out that an
increase of about 12.5% in efficiency is achieved at
certain optimized parameters. For amorphous Si SC,
Ferry et al. [230] investigated nano-imprinted hole
patterns covered with plasmonic Ag structures and served
as back reflectors. Sai et al. [231] used a honeycomb-like
Al pattern to deposit the Ag layer and incorporated it as a
back reflector to realize pc-Si based SC. The patterned

back reflector improved the external quantum efficiency
by 23%, i.e., from 16.8% to 20.7%. Likewise, the two-
dimensional plasmonic grating was applied on the back
surface of the Si SC by Mokkapati et al. [232], and it was
concluded that there is the possibility of ideal design
parameters. Mendes et al. [233] studied a new type of
plasmonic light trapping back reflector, consisting of
colloidal metal particles produced via solution
techniques. An improvement in Jy. and absorption is
observed since the metal particles distribute themselves
uniformly at the Si surface. Many researchers did not
limit their study to plasmonic structures applied at the
front and back surface of the cells; instead, they also
investigated the effect of plasmonic NPs in the layers of
the SC. Controlling several parameters of the metal
particles, such as the composition and morphological
dimensions etc., can help regulate the light absorption
efficiency in the visible-near-infrared region. Metal NPs
have a remarkable effect on plasmon resonance due to the
recent design of SCs [204]. Nakayama et al. [234]
examined the Ag NPs of numerous dimensions and
studied the effect of the non-uniform distribution of NPs
on the surface of the single-junction GaAs SC. Skrabalak
et al. [235] explained that the physical procedure of the
surface plasmon resonance effect of metal nanostructures
increased the photoabsorption of SCs (see Fig. 16(a)).
Among all the nano-crystals, it is found that Au nano-
crystals have significant advantages in light absorption as
they easily mix with semiconductors and a steady
composite coupling structure is formed. Lee et al. [236]
incorporated Au NPs in the transport layer and reported
an enhanced light absorption. On the other hand, Yuan
et al. [237] added Au NPs in the dense layer of a thin-
film SC, which had a planar heterojunction structure. It
was concluded that the electrons got excited by hot
electron injection, which remarkably increased the
efficiency of SCs. The relationship between the size and
charge separation of Au NPs via photovoltaic conversion
was investigated by Reineck et al. [238]. They concluded
that both the parameters were inversely proportional to
each other; in other words, the charge separation process
would become significantly effective when the size of the
Au particle is decreased. Moreover, the internal quantum
productivity reached 13.3% when very small Au particles
of approximately 5 nm were used. Schaadt et al. [239]
described the significance of the relationship between the
dimensions of the metal NPs and the efficiency of SCs.
Processes influencing the transfer of energy like
illumination conditions, the structure of the device and
morphologies etc. was studied by Xu et al. [240]. This
study concluded that the energy transfers in different
arrangements of plasmonic metallic semiconductors in
combination with dielectric layers. TiO;-Al,03-Au
electrode was found to be the best of all the composite
structures of TiO, nanotubes and exhibited a better
response to light not only in the UV region but also in the
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Fig. 16 Various strategies for light harvesting in SCs.

(a) TEM image and the resultant surface plasmon resonance plot of Au nanorods with varying concentrations of Ag* (reprinted with permission
from Ref. [235]); (b) schematic diagram of TiO, nanotube-Au, TiO; nanotube-Al,03-Au and TiO; nanotube-Au-Al,O3 (along with electric field
spatial distribution in the y-plane under 570 nm incident light irradiation (reprinted with permission from Ref. [240]); (c) schematic of PbS SC,
TEM images of Au nanospheres@SiO; and Au bipyramids@SiO, (J-V plot of SC with/without the mixture of Au nanospheres@SiO; and Au

bipyramids@SiO,) (reprinted with permission from Ref. [241]).

visible regions (Fig. 16(b)). Ma et al. [241] incorporated
di-pyramidal Au NPs and Au spheres and reported an
increase of 9.58% in the PCE of the SC with device
architecture 1TO/ZnO/PbS-TBAI/PbS-EDT/Au (Fig. 16(c)).
Moreover, in the recent generation of photovoltaic,
studies were mainly based on plasmonic materials
incorporated polymeric SCs [242]. The productivity of
the photoelectric conversion and the light harvesting is
highly improved with the use of plasmonic materials.
Furthermore, plasmonic materials evenly assist in the
absorption of light and carrier transport, resulting in the
development of cheap and high efficiency full spectrum
SCs.

4.3 Mechanical methods

4.3.1 Sun tracker systems

The solar tracking or the sun-tracking systems are an
important part of solar power plants to maximize the
absorption of solar light, thereby adjusting the panel
automatically to ensure maximum exposure of the panel
toward sun rays at 90°. The component to ensure this is
by utilizing photo-sensors, thereby measuring the solar

radiance and providing feedback signals based on the
current stature of the panel deployed. The automatic
positioning of the solar panel toward the direction of sun
rays is calculated based on the current position of the sun
and the seasonal movement. The panels are oriented
using two linear actuators. The first one controls seasonal
orientation or azimuth adjustment, while the second
optimizes day or zenith adjustments [243]. The sun-
tracking systems are divided into the controlling unit and
the hardware. The controlling unit optimizes the panel in
the form of programmed language while the hardware
consists of the mounting set up, solar panel, and the
micro-controller. The design of the sun tracker should be
considered before its mounting and applicability to
ensure durability and enhance mobility. The presence of a
solar tracker can greatly enhance the performance of solar
panels. The alignment of the solar tracker boosts the
energy gain on photovoltaic arrays. The solar trackers
must exhibit the following important characteristics
[244]: parallel console type or single-column structure,
single or binary moving motor setup, presence of light-
sensing setup, auxiliary or automatic energy supply,
moving setup in accordance to light calendar, sequential
or continuous movement, and qutomatic orientation
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adjustment.

Sun tracking systems are mainly classified as
mechanical or passive trackers and electrical or active
trackers. The mechanical trackers are generally based on
thermal expansion of matter (Freon) or shape memory
effect on alloys. The mechanical tracker is comprised of a
few actuators operating against each other and being
balanced by equal illumination. The differential
illumination of the actuators results in the unbalancing of
forces between them and hence is used to control the
orientation of the setup toward a direction of balanced
illumination. The mechanical tracking systems are the
least complex. However, they are functional at a low
efficiency with the limitation of being nonfunctional at
low temperatures. Passive trackers, despite being cost-
efficient, are not widely used [245]. Electrical or active
trackers are categorized as a microprocessor or electro-
optical sensor-based, computer-controlled time and data-
based, auxiliary bifacial based or a combination of all
three systems. The electro-optical sensor-based setup
comprises of a pair of photo-resistors or photovoltaic SCs
connected in an anti-parallel way to attain equal
illumination, which is electrically balanced to permit the
control on the driving motor. In a bifacial setup, SCs
perform sensing and controlling of the system toward
desired positions and finally, in the third setup, a
computer measures the sun position with respect to time
and date and controls the system with algorithms by the
creation of desired signals [246].

4.3.2 Reflective systems

Reflective systems are also used in tracking solar energy
via solar energy collectors. The reflective system
continuously monitors the positioning of the sun across
the sky in order to ensure their maximum reflection
toward the collector. The setup comprises a major
reflector mounted onto a movable platform to ensure
movement in all directions. The movement of the
reflective system is controlled via the reflection of light
from the reflector toward a position detecting target
through a minor reflector. When reflection takes place
toward a neutral position on the target, the major reflector
in the setup is positioned toward direct light from where
the energy is diverted toward the collector. In case of
reflection from the points other than the neutral position,
the major reflector is adjusted in one or both directions
until incident rays are normal to its surface before their
diversion toward the collector. Reflective systems form a
vital part toward the consideration of solar light in solar
thermal power plants. The reflectors must exhibit a good
stability, a high reflectivity, a low parasitic absorption,
and an excellent durability. The purpose of using
reflective systems is to couple large amount of incident
energy onto the layers of SCs [247]. The reflectors

mainly contain second surface silvered glass with glass
substrate coated with reflective layers of silver guarded
by a layer of copper and coatings of several protective
paints [248,249]. The protective layer in recent years
containing copper has been replaced by a cationic
solution with Pb(SnCl;) and an anionic solution
comprising of hydroxyl ions (with NaOH), forming a
water-soluble precipitate on the silver surface to avoid
corrosion [250]. Apart from silver reflective systems, a
cost-efficient alternative in the form of aluminum
reflectors has been explored with a layer of polished
aluminum deposited over the substrate along with the
protective coatings in order to improve durability. The
protective layers for aluminum-based reflectors are
composed of SiO, layers to ensure protection against
corrosion and abrasion [251]. Additionally, silvered
polymer-based films have also been procured for
reflectors [252]. This reflector is composed of a silver
layer deposited on a substrate protected by a polymeric
layer. These reflectors are flexible, lightweight exhibiting
ease of adhesion toward rigid substrates.

4.3.3 Fresnel lens

A light-concentrating technology is used to maximize the
capturing of solar intensity, and Fresnel lens performs the
same task. Fresnel lens provides advantages like small
volume, lightweight, low cost, mass productivity in
addition to an effective increase in energy density.
Earlier, Fresnel lenses made of glass were used as
collimators in lighthouses [253]. The lenses of glass are
an attractive option for use in temperature or glazing. In
contrast, poly-methyl methacrylate is an appropriate
material for lens-making due to characteristics like
lightweight, transparency, and stability at high
temperatures. These characteristics make it an ideal
choice for Fresnel lens. The quality of Fresnel lens has
seen a vast improvement with the developments in
modern plastics, novel molding methods, and computer-
controlled methods turning machines. These lenses can
be molded via pressure or injection molding methods,
sliced or extruded from various plastic materials,
reducing production costs. Fresnel lenses in solar
applications are used as solar concentrators due to their
high optical efficiency in addition to their lightweight and
cost efficiency [254].

However, Fresnel lenses as energy concentrators have
been used since the 1960s. The Fresnel lens for solar
energy concentrations is classified as an imaging and
non-imaging system. An imaging Fresnel prism consists
of a continuous chain of prisms with each prism
corresponding to the slope of the lens surface compared
to a normal lens. Initially, Fresnel lenses for solar
concentration were not designed for solar ray collection
despite being used for imaging devices. Such an imaging



572 Front. Energy 2022, 16(4): 548-580

Fresnel lens worked on the reflection, and the light was
reflected from the ion object to form an image in the
focal plane highly influenced by aberrations due to
defects in the prism tips and grooves. The photovoltaic
generation of electricity setups is often equipped with
imaging type Fresnel lenses with precise tracking by
monitoring the lens focus on the receiver [255]. The
imaging Fresnel lenses are used in photovoltaic
applications, solar lighting, and solar pumped laser.
Fresnel lenses are more widely used in solar applications
for non-imaging systems due to the non-demanding
nature of imaging quality in photovoltaic cells. Instead,
SCs require design flexibility with uniform flux
concentrators capable of adjusting solar disk size, solar
spectrum, and reduction in tracking errors. Hence,
Fresnel lenses dedicated for non-imaging solar tracking
are generally convex in shape to yield a high
concentration ratio and flux distribution while exhibiting
short focal length. The non-imaging Fresnel lenses work
on the effect of chromatic abrasions.

5 Future perspectives

Despite the substantial developments in recent years,
additional advancement is required for photovoltaic to
gain commercial success. Hence, it is essential to
discover and invent materials comprising direct bandgaps
and enhanced optoelectronic properties. Furthermore, the
exciton effect and electron-phonon coupling result in
unwanted electron-hole recombination hampering carrier
transport. These inherent electronic properties require
proper attention, and forthcoming research should
emphasize manufacturing efficient light-absorbing direct
bandgap materials. In the case of PA layers prepared by
solution-based methods, many intermediate steps are
involved. Thus, there is a need for standardized
methodology and processing environments to get a dense,
uniform, and pinholes deficit high-quality film.
Moreover, the grain boundary should be minimized, as it
consists of high defects density states acting as
recombination centers and hinders charge transport.
Apart from possessing a suitable optical gap and a good
structural ability, a PV absorber should have a high
defect tolerance without intrinsic deep defect levels. To
minimize the charge carrier loss, the interface of the
charge transporting materials and PA material has to be
optimized by band alignment through the use of rational
HTL/ETL in the device architecture. In addition, the
defect passivation still remains a major unresolved task in
photovoltaic. The defect passivation protocol should provide
strength against oxidation, compositional optimization of
the PA layer, and reduced interfacial recombination.
Moreover, the device structure is vital in formulating
high-efficiency SCs. Photovoltaic performance restraining

is caused due to the inefficient interaction and interfacial
recombination of transport layers and contacts.
Consequently, further exploration/optimization of charge
transport layers, the interfacial combination effects, and
appropriate device structure are needed for the
enhancement in photovoltaic efficiency. With the
investigation of new synthesis approaches and tailoring
of material properties, an improvement can be expected
in the performance of SC in the near future. We look
forward to high proficiency and environmentally friendly
SCs creating a big contribution in the field of
photovoltaic.

6 Concluding remarks

Research methods and directions toward high-efficiency
stable SCs were presented in this review. Different
absorber material and device architecture were covered
for achieving enhanced light absorption, electrical
properties, stability, and higher PCE in SCs. The
strategies in materials and large area deposition coating
techniques for achieving high-efficiency SCs were
elaborated. For further improvements of photovoltaic
performance, a proper coating procedure should be
applied to achieve defectless high-quality absorber films.
Various light-harvesting strategies like anti-reflecting
coatings, surface texturing, patterned nanostructure
growth, plasmonics, and mechanical methods are
discussed. The review summarized the results achieved in
the laboratory and is helpful for production of high-
efficiency SCs. Research strategies to further improve the
efficiency of SCs and future perspective of this rapidly
advancing field are highlighted.
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