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Abstract: Perovskite solar cells technology is one of the most advanced and fascinating technologies
in the field of photovoltaics due to its low-cost processing and delivering efficient power conversion
efficiencies. The ability to become transparent is another prolific property of the perovskite solar
cells, which this property has been tried to be exploited in recent times by researchers to serve the
environmental and energy needs of human beings. Using this transparency and enabling semitrans-
parent perovskite solar cells (ST-PSCs) to be placed on the windows and rooftops of buildings will
reduce room temperature along with fulfilling certain requirements of power needs. This review
pays attention to the recent developments in the semitransparent perovskite solar cells from the
perspective of the structure of ST PSCs, electrodes and others.
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1. Introduction

The International Energy Agency (IEA) reported that buildings consume greater than
30% of the energy produced globally; with the population growth increase in household
size, advancement in cooking and electrical appliances, and changes in the lifestyle of the
people, it is further expected to increase two-fold by 2050 [1]. Along with the consumption
of energy, these buildings will be solely responsible for the emission of carbon dioxide
by 30% globally [2]. Generally, the amount of solar radiation entering the room increases
significantly during a sunny day and thus, the consumption of the energy in the room
increases with the usage of the air-conditioner and rooftop fans. This is a serious issue in
buildings with high window-to-wall ratios [3]. Hence, the reduction of energy consumption
in buildings that are currently using fossil fuels [4] or other non-renewable energy sources
is of great interest. On the other hand, an effective approach will also be the proper
management of solar radiation entering the buildings, which helps to decrease cooling
loads and the spending of energy on air conditioning [5]. One such alternative to the
generation of energy is by harvesting solar energy [6,7]. Generating power using PV
technology could displace the energy generated by fossil fuels [8], with over 600 GW of
PV installed by 2020, with an expected increase of another 500 GW by the end of 2023 [9].
PV’s integration into building architecture has opportunities along with challenges [10,11].
The integration of PV into windows, shades and blinds can reduce the cooling loads
significantly [12]. The Integration of PV modules into the building parts, such as windows
and rooftops, is known as Building Integrated Photovoltaics (BIPV), and these can replace
traditional windows entirely (Figure 1) [13]. These BIPV windows can control the solar
radiation entering the room, which further reduces the power consumption of the cooling
aids [14], which traditional windows cannot do. Moreover, BIPV windows mitigate the light
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glare from windows [15]. With over 70% of market distribution in all segments, including
roof and facade applications, crystalline silicon PV dominates the current global BiPV
market (Figure 2) [16]. It is also expected to follow a similar trend for several more coming
years, predominantly since it is predicted that the price of crystalline silicon (c-Si) solar
cells price will drop in the future [17]. Glass is the structural backbone of buildings [18]
so it can be expected that solar cells can be directly developed on the glass as the current
world moves in the direction of nearly zero-energy buildings with the advancement of
smart technologies and the help of photovoltaics [19]. Even other PV technologies, such as
thin film technology consisting of copper indium gallium selenide (CIGS), copper zinc tin
sulfide (CZTS), organic photovoltaics (OPVs), and emerging Perovskite Solar Cells (PSCs)
are complementary to BIPV [20]. The advancement of these solar technologies enhances
flexibility, and the products are lightweight with customisable sizes and distinguishable
colours [21].

Energies 2023, 16, x FOR PEER REVIEW 2 of 28 

 

the solar radiation entering the room, which further reduces the power consumption of 
the cooling aids [14], which traditional windows cannot do. Moreover, BIPV windows 
mitigate the light glare from windows [15]. With over 70% of market distribution in all 
segments, including roof and facade applications, crystalline silicon PV dominates the 
current global BiPV market (Figure 2) [16]. It is also expected to follow a similar trend for 
several more coming years, predominantly since it is predicted that the price of crystalline 
silicon (c-Si) solar cells price will drop in the future [17]. Glass is the structural backbone 
of buildings [18] so it can be expected that solar cells can be directly developed on the 
glass as the current world moves in the direction of nearly zero-energy buildings with the 
advancement of smart technologies and the help of photovoltaics [19]. Even other PV tech-
nologies, such as thin film technology consisting of copper indium gallium selenide 
(CIGS), copper zinc tin sulfide (CZTS), organic photovoltaics (OPVs), and emerging Per-
ovskite Solar Cells (PSCs) are complementary to BIPV [20]. The advancement of these so-
lar technologies enhances flexibility, and the products are lightweight with customisable 
sizes and distinguishable colours [21]. 

 
Figure 1. Market segmentation of global building-integrated photovoltaics [13]. 

 
Figure 2. The market value of BIPV [16]. 

Though the current market is conquered by the highly efficient c-Si modules, they 
are not perfect for BIPV applications because of their poor and inadequate aesthetic 

Figure 1. Market segmentation of global building-integrated photovoltaics [13].

Energies 2023, 16, x FOR PEER REVIEW 2 of 28 

 

the solar radiation entering the room, which further reduces the power consumption of 
the cooling aids [14], which traditional windows cannot do. Moreover, BIPV windows 
mitigate the light glare from windows [15]. With over 70% of market distribution in all 
segments, including roof and facade applications, crystalline silicon PV dominates the 
current global BiPV market (Figure 2) [16]. It is also expected to follow a similar trend for 
several more coming years, predominantly since it is predicted that the price of crystalline 
silicon (c-Si) solar cells price will drop in the future [17]. Glass is the structural backbone 
of buildings [18] so it can be expected that solar cells can be directly developed on the 
glass as the current world moves in the direction of nearly zero-energy buildings with the 
advancement of smart technologies and the help of photovoltaics [19]. Even other PV tech-
nologies, such as thin film technology consisting of copper indium gallium selenide 
(CIGS), copper zinc tin sulfide (CZTS), organic photovoltaics (OPVs), and emerging Per-
ovskite Solar Cells (PSCs) are complementary to BIPV [20]. The advancement of these so-
lar technologies enhances flexibility, and the products are lightweight with customisable 
sizes and distinguishable colours [21]. 

 
Figure 1. Market segmentation of global building-integrated photovoltaics [13]. 

 
Figure 2. The market value of BIPV [16]. 

Though the current market is conquered by the highly efficient c-Si modules, they 
are not perfect for BIPV applications because of their poor and inadequate aesthetic 

Figure 2. The market value of BIPV [16].

Though the current market is conquered by the highly efficient c-Si modules, they are
not perfect for BIPV applications because of their poor and inadequate aesthetic appear-
ances, as they are opaque [22] and rigid in nature, even though they are economical and
highly stable [23]. This has paved the way for exploring different light-absorbing materials
for the expansion of the BIPV market [24]. For BIPV applications, CIGS-based thin film
technology gives a new perspective in which it showed power conversion efficiencies (PCE)
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of over 23% for lab scale cells and for modules yielding over 19% PCE [25]. With several
advantages, such as strong light-harvesting capacity, high stability and the capability to
fabricate on the curved surface, CIGS PV is presently the leading thin film solar technol-
ogy [26]. However, these technologies’ major drawbacks arise from insufficient indium
and expensive fabrication cost [27]. CZTS is another thin film candidate; although it does
not have rare earth metal indium, it endures from low power conversion efficiencies [28].
Along with thin film technologies, OPV and dye-sensitised solar cells have been studied for
decades and can provide visually attractive configurations with high transparency [29]. In
OPV modules, these technologies enable tuneable transparency and a range of colours from
blue to dark brown [30]. The main advantage of the OPV lies in its minimum fabrication
cost, which involves roll-to-roll printing, leading to easy fabrication [31]. The barrier of this
technology is its low module conversion efficiency (<9%) and operating life, which has not
yet been reached by the standard set of silicon-based PV modules [32].

2. Dye-Sensitised Solar Cells

In contrast, DSSC is a photovoltaic technology based on a photo-electrochemical
system, which imitates photosynthesis, where the photoactive sensitisers are attached to a
titanium dioxide transport layer which absorbs photons and produces charges [33]. These
solar cells can be tuned with a wide range of colours [34]. DSSCs are particularly suitable
for portable electronic applications which use smaller modules but are not that effective for
terrestrial power generations, which require bigger modules [35]. Due to their excellent
performance under indoor light conditions, they are attractive for portable electronics when
compared to other solar cell technologies [36]. Even in cases of greenhouse applications,
DSSCs play an important role [37] when compared to other technologies, as the colours
of the DSSCs can be tuned by varying the dye [38]. Thus, these dye solar cells can act as
plant growth regulators or photo-selective coverings by changing the light spectrum, which
helps in optimising plant growth [39]. Transparency in DSSCs can be adjusted, which can
minimise the negative impacts on plant growth which is not possible in Si cells which are
opaque [40]. Besides generating electricity, DSSCs can be integrated into smart farming in
rural areas [41].

It is essential to understand the degradation mechanisms in DSSCs to improve their
lifetime [42]. The factors included in the degradation of DSSCs are leaking of the electrolyte,
decrease in the I3-concentration, which results in the change from yellow colour to colour-
less liquid, and the instability of Pt in the electrolyte to avoid this liquid electrolyte should
be turned to solid electrolyte which was first reported by Bach et al. using 2,2′,7,7′-tetrakis-
(N,N-di-p-methoxyphenylamine)9,9′-spirobifluorene (spiro-OMeTAD) as a hole transport
material (HTM) [43]. Thereafter the spiro-OMeTAD was started to be used as HTM for
various technologies, including perovskite solar cells, which got an efficiency of more than
25% [44]. The degradation of counter-electrode is a major problem where Pt has commonly
used catalyst for coating electrodes because of its impressive electrocatalytic performance
and high electric conductivity [45]. However, Pt coatings are not stable and can corrode,
which leads to the formation of PtI4; moreover, Pt is rare there are several alternatives that
have been studied and replaced [46]. The other issue is improper sealing which leads to
electrolyte leakage and entry of moisture which results in the degradation of DSSCs [47].
The main challenge is maintaining cell efficiency as the DSSC module is constructed with
many interconnected cells in parallel or series architecture [48]. By adopting W-type in-
terconnection, the fabrication of the DSSCs module showed an efficiency of 8.2% [49].
However, there is still a gap between application obligation and reported performance [50].
Similarly to OPVs, these solar cells are also limited owing to their lesser efficiencies which
are less than 9% at the module levels, and there is a need for improvement for stability
which requires much engineering effort [51].



Energies 2023, 16, 889 4 of 25

3. Perovskite Solar Cells

Perovskite Solar Cells (PSCs) have been interesting topics among researchers glob-
ally due to their high-power conversion efficiency (PCE), low-cost materials and simple
fabrication procedure [52]. The crystal structure of the perovskite solar cells is similar
to Calcium Titanate (CaTiO3), and a formula with ABX3 [A=FA (NH2CH=NH2), MA
(CH3NH3); B=Pb2; X=Cl, Br or I] (where X is a halide) [53] Halide perovskites are of
two types they are alkali halide-based perovskite has monovalent alkali cation (A) as
(Cs, Rb, K, Na and Li), divalent cation (B) as (Pb, Sn, Ge) and halogen X as (Cl, Br, I, F)
and organic-inorganic halide based perovskites have organic monovalent cation (A) as
CH3NH3,CH3CH2NH3,NH2CHNH2 [54]. Perovskite material has exceptional optical and
electrical properties, which make them advanced photovoltaic technology. They are high
absorption coefficient, tunable band gap, long diffusion length, low carrier recombination
loss and high carrier mobility [55]. Due to these properties, it is possible to fabricate semi-
transparent solar cells where some part of the light is absorbed by the light-harvesting
layer, and some of it can pass through cells [56]. By tuning the band gap, it is achievable to
control the transparency by making a thin perovskite layer [57].

The first reported photovoltaic device is based on lead halide perovskite material
with an efficiency of 2.2% by Miyasaka using CH3NH3PbBr3 and by replacing bromine
with iodine achieved an efficiency of 3.8% [58]. Using spiro-MeOTAD as hole-transporting
material achieved an efficiency of 9.7% in the first solid perovskite solar cells fabricated
by Kim et al. in 2012 [59]. Later, PSCs reached a power conversion efficiency of 23% by
engineering the thin film deposition and the perovskite composition method [60]. Recently,
the power conversion efficiency of PSCs reached 25.2%, which is found in the NREL PV
chart [61]. The PCE of perovskite solar cells has enhanced quickly from 3.8% to 25.2% within
a decade [62]. So, these are considered to replace the most used silicon-based solar cells.
Despite the emerging results of perovskite solar cells with high power conversion efficiency
and low-cost fabrication, these devices still face a lot of challenges which include toxicity
of lead and short-term stability [63]. Researchers are showing curiosity in developing
lead-free perovskites with high stability and low toxicity. The layers in the perovskite
solar cells are transparent conductive oxide (TCO), an electron transport layer (ETL), a
light absorbing perovskite layer, a hole transporting layer (HTL) and a metal electrode [64].
Among these benefits, the fabrication process of perovskite is based on the solution process,
which allows a variety of deposition techniques which are screen printing, spin coating and
evaporation [65]. Flexible electronics have been attractive due to their unique properties,
which are lightweight and high flexibility [66]. In 2019, flexible perovskite solar cells
were progressing with improvements in stability and device efficiency. Huang and his
group achieved a record efficiency of 19.5% in single-junction perovskite solar cells [67].
Palmstorm and his co-workers fabricated tandem flexible perovskite solar cells with an
efficiency of more than 21% [68].

The optoelectronic properties such as high absorption coefficient (105 cm−1), high
charge carrier mobilities (>10 cm2 V−1 s−1), long carrier diffusion length (>1 µm), small
tunable bandgap (1.2–3.0 eV) and exciton binding energy (≈20 meV) with compositional
engineering and enabling various crystallisation methods which are vapour deposition and
solution process [69] PSCs are suitable for BIPV applications for their following properties:

3.1. High Optical Absorption Coefficient

Even with a thin absorbing layer, efficient light harvesting is guaranteed as perovskites
have high absorption coefficients, which offer high transparency that is necessary for BIPV
applications [70]. The absorption coefficient is critical for light-absorbing materials, but it
is not the exact parameter in the balance limit inferences for the maximum PCE of solar
cells [71]. The maximum efficiencies of different light absorbers as a function of absorber
thickness suggest a close correlation to the absorption coefficient of the active semiconductor.
In thin-film technologies, perovskite PV(CH3NH3PbI3) shows much higher PCE than CIS,
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GaAs and CZTS at any thickness. To achieve high power conversion efficiencies, the optical
absorption in perovskites allows the use of ultrathin absorber layers (500 nm) [72].

3.2. Bandgap Tunability

The capability to tune the optical bandgap in perovskites is one of the principally
promising properties for various optoelectronic applications. The easiest and straight
process is through compositional mixing. Formamidinium (FA), methylammonium (MA)
and caesium (Cs) are mostly used as monovalent A-site cations for PSCs [73]. The mostly
known halide perovskite is MAPbI3, with a bandgap of nearly 1.57 eV. At present, compo-
sitional engineering in perovskite absorbers is followed from the point-of-view of bandgap
tenability and as an approach for improving stability, reproducing process and high PCE.
Bandgap and structural device tunability suggest the fabrication of colourful PSCs [74].

3.3. Versatile and Scalable Fabrication Processes

Deposition of light absorbing layer uniformly on a substrate is the key factor to
achieving high PSCs of more than 25%. The perovskite precursor solution is directly
spin-coated over the substrate, resulting in pinholes formation and thickness, which is
uncontrollable and morphology. The antisolvents where the perovskite is insoluble are
dropped onto the substrate while spinning was the key to accomplishing PSCs with
more than 20% efficiency [75]. This accelerates heterogeneous nucleation and leads to
supersaturation, improvement in morphology, uniformity, and pinhole-free perovskite
layer. The spin-coating method is not an ideal technique for PSCs due to material wastage.
In blade-coating, [76] slot-die coating [77] and roll-to-roll printing, [78] the precursor
solution is transferred to a substrate as a wet film which is crystallised by air-knife and
heating. The precursor properties such as viscosity, concentration, volatility of the ink and
substrate wetness play an important role in perovskite film formation.

3.4. Excellent Mechanical and Flexible Properties

High durability is one more essential requirement for BIPV because the solar panels
would be subjected to erratic weather conditions. PSCs have displayed outstanding me-
chanical characteristics, including great bending resistance and strong pressure endurance.
In 2015 Park et al. demonstrated that perovskites had a very low elastic modulus of
13.5 GPa and yield stress of 17.3 MPa, which is thought to have contributed to their great
flexibility and endurance [79]. With flexible PSCs obtaining PCEs exceeding 20% from
solution process technology and 19% from the co-evaporation process, the sector has ex-
panded quickly [80]. Recently, Finkenauer et al. created an interpenetrating composite that
allows mechanical self-healing in perovskite by incorporating a self-healing polymer into a
thin layer of polycrystalline perovskite. In addition to having high durability, mechanical
robustness, and outstanding stability, self-healing PSCs with PCEs > 13% also preserve 94%
of their early efficiencies after 3000 bending cycles [81]. Perovskites may develop over both
rigid and flexible surfaces due to low crystallisation temperatures.

4. Materials Design Strategy for Perovskite Solar Cells to Suit BiPV Applications:
Each Component of the Perovskite Device Has Been Redesigned and Is Suitable for
BIPV Applications as Discussed in the following Sections
4.1. Ultrathin Semitransparent Perovskite Solar Cells (ST-PSCs)

The transparency of the PSC device, decreased by the perovskite, turns out to be the
game changer. When the thickness of the perovskite is less than the penetration depth, then
the ultrathin absorber can transmit visible light. One such method to produce an ultrathin
PSC is a spin coating with low concentration, and co-evaporation is a suggested technique.
In this aspect, Enrico and the group developed PSCs with thin layers of perovskite ranging
in size from 54 nm to 289 nm, for which they achieved PCE of 4.6 and 11.7%, respectively.
They increased the perovskite film thickness from around 50 nm to 300 nm by raising
the precursor concentration gradually. The grain size of perovskite, which was seen from
the SEM image, was found to be smaller in thin films (100 nm) than in 300 nm film [82].
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Although pinholes were observed, these films appeared to be continuous and homogenous
at every thickness in which they were assessed [83]. With 7% average transparency (AVT),
the semitransparent devices developed using different thicknesses showed a record PCE
of 13.6%. These results inspire in fabricating the solar cells with high transparency and
efficiency for building-integrated PVs (Figures 3 and 4). Im et al. reported that the charge
extraction properties of the PSC were also influenced by the thickness of b-MoO3 due to its
limited conductivity. A thin layer of MoO3 (≈1 nm) was coated over the spiro-OMeTAD,
which produced lesser sheet resistance and better efficiencies [84]. Studies also showed
that the usage of additives in the perovskite solution could also increase the stability of the
PSCs. In the precursor solution of perovskite, HI additives were added, which helped in
achieving an ultrathin and uniform film by using the spin-coating technique. By controlling
the thickness of MAPbI3, the AVT was controlled from 17.3% to 6.3%.
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The PbI2 grid is first created and annealed, after which the entire electrode is submerged in the MAI
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evaporated dielectric-metal-dielectric contact during the final stage. (b) Semitransparent device. [83].
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Figure 4. HRSEM images for 0.2 M PbI2 grid obtained using: (A) 85 µm size of mesh before annealing.
(B) With annealing, mesh size. (C) PbI2 chemical mapping (A grid developed during annealing using
a mesh size of 85 µm is coloured yellow for the Pb metal and red for the inset I). (D) 240 µm without
annealing mesh. (E) 240 µm mesh size with annealing (F) PbI2 chemical mapping (A grid developed
during annealing using a mesh size of 240 µm is coloured yellow for the Pb metal and red for inset I).
When the grid was formed, the temperature was 70 ◦C for samples B, C, E and F. [83].
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4.2. Microstructured ST-PSCs

Further, semitransparency was achieved by creating transparent regions by using
microstructures perovskite devices. By using de-wetting techniques or microscale templates,
these microstructures ST-PSCs can be created. By controlling the perovskite region, this
structure can be used to create solar cells which are neutral-coloured. In the fabrication
of ST solar cells, ordered microstructures have also been recommended. By usage of the
polystyrene microsphere method, the microporous type was developed by Yong Su and
co-workers [85]. By modifying the polystyrene (PS) diameters precursor solution, the AVT
was found to be about 20% to 45% after the tuning. Developed semitransparent type PSC
demonstrates a noteworthy PCE of around 11.7% and AVT of 36.5%. This can also be used
in tandem solar cells and BiPV. It is understood that microporous structures help PSCs
to achieve high PCE along with other benefits, such as reducing the recombination. One
more study found that changing the concentration of perovskite in the solution and the
mesh openings could control the transparency of mesh-structured solar cells. The device
has 5% efficiency and approximately 20% transparency. The perovskite grid is placed on
a mesoporous TiO2 layer, and then HTM is deposited. The transparencies were adjusted
by increasing the assembly concentration solution from 7.5 to 20% by weight. Because
of the ability to calculate the specific coverage of the perovskite grid in the active area,
transparency control via perovskite grid formation is far more advantageous. Solar cells
made with gold contacts have an efficiency of 8% and average transparency of 26%, while
devices made of MoO3/Au/MoO3 have a PCE of about 5.5%. The mesh-assisted deposition
was used to create the PSCs [86]. Snaith et al. reported template microstructural ST-PSCs
as a reason to improve open-circuit voltage and fill factor in comparison to unstructured
partly de-wet perovskite thin film. The device has a PCE of 9.5% and an AVT of 37% [87].
Microstructured PSC has been disclosed in another report. The devices used a unique
transparent cathode, allowing the fabrication of neutral-coloured semitransparent solar
cells. The devices are more than 5% efficient for a 30% average visible transparency.

4.3. Nanostructured ST-PSCs

When considering device performance, the structure is critical. Therefore, one cannot
overlook the significance of device structure. The mixed structure with oxide materials has
an efficiency of 10.06% and an AVT of about 27% [88]. The MAPbI3-xClx-NiO composite
with inter-facial layers of Al2O3 and NiO is critical for improving carrier extraction and
transport. Additionally, the impenetrable and sufficiently thicker but semitransparent
MAPbI3-xClx-metal oxides composite layer improves light harvesting and air stability [89].
The devices demonstrated exceptional stability without encapsulation over 270 days, with
the device retaining approximately 98% of its preliminary efficiency under ambient condi-
tions. Chao Li et al. reported improved transparency across the visible wavelength range
created by using a low-temperature PCBM-assisted growth method. This technique is
responsible for the formation of perovskite-PCBM hybrid materials at grain boundaries,
as observed by EELS mapping as well as proved by steady-state photoluminescence (PL)
spectra and X-ray photoelectron spectroscopy (XPS) transient photocurrent (TP) measure-
ments, With an AVT of 18%, efficiency was reported to be 9.1% [90] These findings point
to a simple method for producing high efficiency, of more solar cells for use in building
integrated PVs (Figure 5).
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similar to those for PCMB-assisted growth. Scale bar: 1 µm [90].

With 12.32% PCE, there was another semitransparent report with extremely thin
around 100 nm perovskite film with dual scaffolds [91]. By using aluminium oxide as a
scaffold layer, Kwon et al. developed a highly efficient ST nanostructured PSC [92]. In
another report on perovskite film, Nano pillars in parallel were discovered, which also helps
in the development of easy making of semitransparent devices. By controlling the size of
the pore in the perovskite film, the neutral colour of the device can be achieved. The device
achieved around 9.6% of PCE with 33.4% AVT. Some other group studies the dynamics
of charge carriers and recombination. They examine the effects of the 1-D nanostructure
CH3NH3PbI3-xClx on these processes. It was discovered that 1-D perovskite outperforms
its planar counterpart in terms of charge transport/extraction, bulk resistance, and defect
density [93]. A p-type Nickel oxide nanoparticles were deposited on the perovskite film
to avoid the damage caused during sputtering on the transparent conducting oxides.
Noh et al. showed that this acts as both a hole transporting and buffer layer. Even under
high temperatures and harsh sputtering conditions, these NiOx-based ST-PSCs showed
high durability, producing high-quality transparent electrodes. Enhanced PCE of 19.5%
was achieved by this ST-PSC device, which is increased when compared to an opaque
device, which showed 19.2% when ITO was sputtered on a transparent top electrode. The
device retained 90% of its initial PCE even after 1000 h, which displayed high storage
stability. By controlling the molar concentration of perovskite film, an ST-PSC device was
fabricated with 12.8% PCE, which showed 30.3% high AVT was showed by Jun Hong et al.,
and they believed the device architecture of n-type oxide/perovskite halide/p-type oxide
shows a basis for the better performance and commercialisation of ST-PSCs [94].

Despite the fact that numerous studies have demonstrated how small molecule addi-
tives can enhance ST-PSC properties, this study is the first to employ relatively enormous
microgel particle (MGs) additives such as poly(N-isopropylacrylamide) polymer colloids.
Unusually, these MGs formed highly ordered particle arrays in 2D non-close packed struc-
tures when deposited. Surprisingly, the perovskite layer’s arrays reflect this morphology.
The MGs in the nanopores block shunts. The themes-based device achieved an AVT of
25.3% with a PCE of 11.64%. For an ideal system, the average light utilisation efficiency
(LUE) is 2.60%, higher than that without MG and a control system and higher than the 2.50%
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threshold necessary for application in theory. The Pb2+ ions are bound by the MGs, which
passivates the perovskite film. According to simulation data from the finite difference time
domain (FDTD), MGs cause the AVTs of the films to increase when compared to uniform
MG-free films. It is suggested that the MGs function as nanoscale optical windows. The
new method developed by Brian and his team for making ST-PSCs produces perovskite
films with 2D nanopore arrays in a single step, improving PCEs and AVTs and possibly
speeding up the development of ST-PSC applications in the future [95].

4.4. Transparent Electrodes

In terms of device transparency, in order to develop semitransparent PSCs, both the
cathode and anode should be transparent. Normally, electrodes have a direct impact
on the properties of semitransparent cells. Electrodes which are transparent are mostly
determined by the device’s processing and optical properties, as well as its electrical
conductivity. In the case of organic solar cells, transparent electrodes are usually made
of transparent conductive oxides (TCO), such as Indium tin oxide (ITO), which must be
manufactured at high temperatures (Figure 6) [96]. As a result, innumerable materials
with required transparency and conductivity have been introduced to the semitransparent
devices, such as Aluminium doped Zinc oxides, Fluorine-doped tin oxides and indium tin
oxides. Conductivity and transparency, as listed below, have been introduced into ST-PSCs
as transparent electrodes [97–99].
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However, due to its outstanding optoelectronic properties and commercial availability,
the most commonly used electrode for opaque and ST devices is ITO. Even though owing
to commercial availability, ITO is good for transparency, it does suffer from a few draw-
backs, such as they are inconsistent for moving electronic devices because of its excessive
mechanical brittleness. Even when compared with the cost, electroplating, sputtering and
pulsed laser deposition high cost is involved [100]. More likely, in future, the oxide-based
electrodes for transparency will include amorphous, easily depositional materials. Amor-
phous ITO derivatives, as well as InSiO, [101] InZnAlO, [102] and ZnSnO3, [103] maintain
moderate conductivity and are currently being tested as capable transparent electrodes in
flexible devices.

4.5. Transparent Conductive Oxide

To promote transparent electrodes, many efforts have been made. Given that Transpar-
ent Conductive Oxides have low resistivity and broadband transparency, it is reasonable to
expect that the use of TCO electrodes on both sides will improve the transmittance and effi-
ciency of semitransparent devices [104]. The most commonly used conductive electrodes are
FTO, ITO and Al-doped zinc oxide. When compared to metallic electrodes, ITO has a higher
resistivity. It is still difficult to fabricate large devices without PCE losses, even though
the metallic grids help improve conductivity [105]. Because of their excellent optical and
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electrical properties, Transparent Conductive Oxide electrodes are accepted widely. One of
the limitations is that the perovskite film might get affected due to magnetron sputtering,
which is used to deposit TCOs. To avoid sputtering, Heo et al. Laminated a device with
a dry coating of PEDOT:PSS on ITO onto the wet substrate of HTL/MAPbI3/TiO2/FTO.
This device with PEDOT:PSS showed an efficiency of 12.8% whereas (Figure 7). The device
having FTO/TiO2/MAPbI3/PTAA with additives PEDOT:PSS/ITO exhibited around PCE
of 15.8% and AVT between 6.3 to 17.3% [106].

 392 
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architecture, (b) A typical SEM cross-sectional image of a complete sandwich cell included 394 
FTO/TiO2/MAPbI3/HTM/PEDOT:PSS/ITO/Glass and its enlarged image of (c) 395 
FTO/TiO2/MAPbI3/HTM part and (d) HTM/PEDOT:PSS/ITO/Glass part. [Ref. 106]. 396 
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Figure 7. (a) MAPbI3 planar sandwich solar cell schematic illustration for device fabri-
cation and architecture, (b) A typical SEM cross-sectional image of a complete sandwich
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(c) FTO/TiO2/MAPbI3/HTM part and (d) HTM/PEDOT:PSS/ITO/Glass part [106].

For processing conditions, light gripping materials respond quickly; the device perfor-
mance can be degraded by increasing the temperature during post-annealing and sputter
deposition. As a result, a barrier layer between the transparent electrodes and the perovskite
absorber could provide protection during deposition [107,108]. However, a significant
separation carrier could be produced by the chemical reaction of the iodine in the MoOx
layer. A protection layer of MoO3 was applied to the spiro-OMeTAD by Fan Fu et al. before
sputtering 170 nm of In2O3:H as a transparent electrode, which achieved a semitransparent
device with AVT of 72% and PCE of 14.2% [109]. Huang et al. used two transparent
plastic-coated ITO substrates as the top and bottom electrodes [110]. The pronounced
advantage of this plastic substrate is that it efficiently covers the device, preventing the
entry of oxygen and moisture from entering the active layer. Devices showed PCE of
around 3% under standard illumination of AM 1.5, which, when compared with opaque
devices, the results are similar. ITO is a fantastic material that is both transparent and
conducive. However, it is fragile and cracks when bent, making it unsuitable for solar
cells, which are flexible [111]. The flexible device architecture is typically based on ITO-
coated flex substrates, but sadly, under severe bending conditions with a bending radius
of about 4 mm, the power conversion efficiency of the ITO-based adaptable PSCs tends
to be drastically reduced due to crack formation on the brittle ITO. In another report, Xa
LI et al. showed highly flexible and efficient semitransparent devices with the usage of
ultrathin Au and dielectric/metal/dielectric multi-layered films as the bottom and top
electrodes. In the 500 to 2000 nm wavelength range, the PCE was 8.67%, and the average
light transmittance was 15.94%. With a bending radius of 3.9 mm after 1000 bending cycles,
the device retains 88% of its original efficiency [112]. Another study found that adding a
polystyrene (PS) passivation interlayer to prevent TiO2 PTAA from being straight contacted
resulted in much better and more efficient ST-PSCs. The device with the PS layer showed
an AVT of 20.9%, whereas it showed 18.9% AVT in the absence of the PS layer [113].
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4.6. Metal Electrodes

If the film thickness is less than 20 nm, visible light metal films are thought to be ex-
tremely transparent, conductive, and ductile. Because metal films which are ultrathin have
good flexibility and high conductivity, they are a good choice for transparent electrodes
in semitransparent PSCs [114]. In solar cells, commonly used electrode materials are Ag
and Al. As a result, more attention is required from researchers in order to be a better trans-
parent electrode in device applications in all contexts. Various strategies for overcoming
this situation have been reported [115,116]. The reaction of perovskite semiconductors
with Ag can be avoided by the addition of a protective layer on the cathode. By using two
dielectrics with high refractive indices when ultrathin metal films are sandwiched, such as
V2Ox/Ag/V2Ox, ZTO/Ag/ZTO, ZnS/Ag/WO3, MoO3/Ag/MoO3, and MoO3/Ag/WO3,
their optical transmittance can be increased without losing their electrical properties
(Figure 8) [117]. The inner dielectric layer helps to enhance selective charge extraction,
while the outside dielectric layer alters the optical characteristics. Dangerous interference
develops in the visible region when two dielectric layers are separated using a thin metal
film to achieve antireflective coating effects. Top-tier potential in multiple optoelectronic
devices, including various types of solar cells, photodetectors, and light-emitting diodes,
has extensively examined these highly transparent conducting electrodes with numerous
dielectric layers, such as MoO3, WO3, and V2O5 [118]. Y.B. Cheng et al. used this method to
create a multi-layered MoO3-Au-MoO3 top electrode with a perovskite absorber thickness
of up to 50 nm [119].
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Figure 8. (a) Schematic representation of the PSC architecture (not to scale). (b) SEM image of a
complete device in cross-section. (c) Detailed illustration of the multilayer top electrode and its
structural schematic. (d) Experimental data (solid lines) and simulation results (shaded dashed lines)
depict the transmittance of Au(black), b-MoO3/Au (red), and b-MoO3/Au/t-MoO3 (blue). (e) Au
film SEM image. (f) b-MoO3/Au film SEM image. The insets show photos of the two samples [117].

Here is 3% with AVT 31%. It is demonstrated that when the thin gold film is cou-
pled with an optimised dielectric layer, it keeps current density along with improved
transparency [120]. By clinching the Au electrode with a layer of LiF and by reducing the
thickness layer, significantly lower parasitic absorption in the film was achieved. Here
LiF can also act as an antireflective coating and also secures the Au electrode, which helps
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to adapt the division of electric field intensity in the device structure; as ETL and HTL
layers, PCBM60 and PEDTO:PSS were used respectively. This type of device could give
new possible directions for the ST-PSCs [121].

4.7. AgNWs Electrodes

It is considered that multilayer and thin film electrodes are much better electrodes for
obtaining better transparency. It involves the usage of high vacuum evaporation techniques
to fabricate these layers. As a result, it is not well suited to the applications of large-scale or
low-cost. In the alternative, with better conductivity, ease of processing, fantastic stability,
and to make transparent devices, AgNWs are the suitable option [122]. However, the
problem lies with AgNW electrodes, as their surface topography is quite rough. When
AgNWs are used as bottom electrodes, it causes interelectrode shunting, and things get
complicated further. In the literature, many other strategies have been reported to overcome
these issues, such as the usage of polymer matrices such as poly-acrylates or polyvinyl
alcohols, along with supplying high pressure to flatten the surface mechanically [123]. Jin
et al. showed that AgNWs composite-based transparent electrodes with improved stability.
They added an antioxidant which is a modified chitosan polymer, to the smooth AgNWs,
which can protect the electrode from the perovskite side reactions. This cell showed a PCE
of 7.9%; when compared to the reference device with the ITO electrode, its around 75%
efficiency. With a large-scale device size of 50 m, it showed roughness of less than 10 nm
with an excellent flat surface (Figure 9). The device shows improved stability without any
adjustments even after 45 days with a temperature of 85 ◦C in sheet resistance [124].

In terms of device stability, by using fully solution-based conductive electrodes, which
are transparent and found that these devices were shown good stability in ambient air for
30 days. These AgNWs were used as bottom electrodes in the ST-PSCs. ITO film AgNW
film was deposited onto the ITO film, and the concentration of AgNWs was controlled
by the spin coating speed [125]. Another method for lowering sheet resistance in ST-
PSC has been reported, which involves spray coating AgNWs, which causes the density
of AgNW electrodes to increase. The AgNW electrode was coated with a thin layer of
ZnO nanoparticles. This device achieved an efficiency of around 7.30% with 23.3% AVT
using an AgNW electrode. It was noticed that there was an improved PCE of 11.13%
with the same AVT upon deposition of the ZnO layer [126]. Yang et al. reported room
temperature deposition of AgNWs with spray coating with device yield efficiencies of up
to 10.64% [127]. It was noticed that sheet resistance was found to be 11.86/sq with 88.6%
transmittance at 550 nm and found to be comparable with the FTO, which is commercially
available. The rigid substrate had an efficiency of 13.93%, and the flexible substrate had
an efficiency of 11.23%. The device retained up to 94% of its initial efficiency even after
400 bending cycles with a 12.5 mm radius. According to the report, ZnO, which is doped
with amorphous aluminium (a-AZO), showed good compact morphology when compared
to c-AZO; hence a-AZO can assure AgNW. The conductivity of the composite electrode
with a-AZO/AgNW/AZO could be maintained after the deposition of perovskites [128].
Due to the lack of consistency of silver with the perovskite, solution-processed AgNW has
demonstrated an incredible ability to achieve much greater transparency over a broad range
of wavelengths with a sheet resistance minimum. With solution-based AgNWs, an ST-PSC
was reported by J. Brabec et al., they used AgNWs as a top electrode onto which they
sandwiched a fine layer of zinc oxide nanoparticle between the electrode and ETL. Between
the electrode and the ETL, this can ensure ohmic contact. In the absence of ZnO between
PC60BM and AgNWs electrode, extracting the charges to the electrode efficiently would
be difficult, owing to the high energy barrier between PC60BM and AgNWs (Figure 10). It
showed a PCE of 8.49% with an AVT of 28.4% for the prepared semitransparent device [129].
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Figure 10. (a) The perovskite reference device’s schematic architecture. (b) Perovskite crystals grown
on PEDOT:PSS/ITO are shown in the XRD pattern (red line), and a control sample of the PEDOT:PSS-
coated ITO substrate is shown for comparison (black line). (c) Top-view SEM image of the perovskite
film in its growing state. (d) J-V curves of the two devices with and without a ZnO layer between the
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Energies 2023, 16, 889 14 of 25

Kang et al. demonstrated that semitransparent perovskite solar cells require transpar-
ent electrodes for achieving optical transparency (ST-PSCs). They used (IO:GT) a gallium
and titanium-doped indium oxide to replace the ITO used in an inverted semitransparent
device between ETL and the top electrode. The shallower work function of IO:GT (4.23 eV)
compared to conventional ITO (4.69 eV) helps to prevent the Schottky barrier from forming
and improve the transport of charge at the interface of the electron transport layer and
cathode. By adopting IO:GT, the device reached maximum efficiency of 17.90% with an AVT
of 21.9%, whereas in the absence of that, it showed 8.59%. Amongst all reported ST-PSCs
data, this is the highest PCE achieved to date. A tandem solar cell by a four-terminal
perovskite-perovskite device yielded a whopping PCE of 23.35% of these ST-PSCS were
combined as a top cell. Additionally, the ST-PSCs’ stability has been demonstrated that
even after 77 days, roughly the device retained almost 96% of its initial PCE in an air
environment, even in the absence of encapsulation, outperforming a device using a metal
cathode. By looking into these results using IO:GT, there is cause for optimism in the area
of inverted ST-PSCs [130].

Bolink et al. showed that Transparent conductive oxides (TCO) are typically deposited
under severe conditions that frequently harm organic/soft under layers. By using a
special industrial tool called pulsed laser deposition, they directly deposited ITO films
on ST-vacuum deposited PSC successfully without disturbing the device pack. The PLD-
deposited ITO films’ morphological, electronic, and optical characteristics are enhanced. It
is noticed that there exists a direct correlation between the pressure of the PLD chamber
and the performance of the solar cell. The vacuum-assisted methods alone were used to
make semitransparent PSCs with 78% FF and PCEs exceeding 18%. This result shows that
efficient devices can be created by directly depositing TCO-based top electrodes without
the use of shielding buffer layers [131].

4.8. Carbon Nanotubes

To calculate the resistance of the CNT network, contact resistance between carbon
nanotubes and individual resistance of each carbon nanotube is required; this, in turn,
depends on various factors such as synthetic methods, diameter, length, purity, and a few
other factors. Multi-walled CNTs, which are free-standing, were reported by Kim et al.,
and sheets were put on the transparent top electrodes at room temperature (Figure 11). In
comparison to metal electrodes, the cell showed PCE of around 1.5% and FF of around 58%,
reduced leakage currents, and enhanced stability [132]. In 2014, the first attempts were
made by Li et al., to fabricate a device based on an electrode made of carbon, where they
laminated the CNT films on the perovskite layer and studied its device fabrication of a hole
collector [133]. This investigation showed the creation of efficient electrodes without the
use of costly metal deposition by vacuum.

In another study, a CNT which is single-walled was reported by Sakaguchi et al. as the
top electrode, which showed a PCE of 11.8%. In this study, the cell was made without HTM,
and in place of metal electrodes, SWNTs were used [134]. CNT was used by Jeon et al. as
the cathode and anode to produce PSC, which is processable fully in solution. By doping
n-type CNTs with PC61BM, they claimed that CNTs soaked in P3HT could serve as an
anode and those soaked in PC61BM as a cathode [135]. The device’s efficiency was 7.32%,
while its flexibility was increased (Figure 12). Among single and multi-walled CNTs, Yoon
et al. recently reported a CNT which is double-walled (DWNT), and this double-walled
CNT device showed a PCE of 17.2%. Compared to previously reported CNTs, these double-
walled CNTs showed higher conductivity and transparency. When these double-walled
CNTs were doped with single-walled carbon nanotubes, the doping effect was reduced.
The PSCs, which are of the inverted type, is made by using double-walled CNT films,
which showed efficiencies of 15.6% prior to doping and were found to improve to 17.2%
after Nitric acid and trifluoromethanesulfonic acid (TFMS) doping, respectively [136].
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Figure 12. (a) a schematic representation of a PSC structure using transparent electrodes made of
solution-processed DWNTs. (b) SEM image of a PSC in cross-section using the DWNT electrode (scale
bar: 300 nm) (c) The J-V curves of the top-performing DWNT-PSCs with or without acid treatments
(d) Energy level diagram of the PSCs fabricated in the current work [136].
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On to the top electrode doping of MoO3 in perovskite solar cells, carbon nanotubes
serve multiple purposes by facilitating p-doping, advantageous such as enhanced hole
mobility and proper energy level alignment. In order to reduce the sheet resistance of CNT
electrodes without compromising the perovskite film Jasieniak et al. made, the ideal MoO3
layer thickness (8 nm) is identified. A significantly better outcome compared to the earlier
result of CNT doping with acid on the top electrode results in a reduction in sheet resistance
of about one-third from its initial value. The carbon nanotube electrode’s Fermi level is
decreased by MoO3 deposition, which enhances the electrode’s ability to transfer holes and
align energy levels. MoO3 crystallises on the carbon nanotubes after being brushed with
2,2′,7,7′ Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-Spirobifluorene (spiro-MeOTAD),
which improves hole collection. With a transmittance of about 60%, the ST-PSC, which are
CNTs doped with MoO3, showed PCE of 17.3% (at a wavelength of 1000 nm). Through
computer simulations, these PSCs, when studied with silicon solar cells in tandem, showed
their advantageous transparency in the infrared region. The expected device efficiency
(23.7%) is greater than typical tandem solar cells made of indium-tin-oxide (23.0%) [137].

4.9. Graphene-Based Transparent Electrodes

Reports suggest that the materials containing graphene are unique in nature compared
to FTO and ITO. In improving the performance of various solar devices, graphene gives a
new path altogether due to its mechanical strength, highly chemically stable, comparatively
cheaper, and improved transparency. Graphene is a suitable choice for electrodes which
are transparent in ST-PSCs owing to its clean surface and enhanced conductivity [138].
There are few reports in ST-organic solar cells where graphene, which is single-layered,
has been put onto P3HT and PCBM as a top electrode [139]. With PEDOT:PSS solution
and Au nanoparticles, the conductance of solar cells was altered, and the active layer and
single-layer graphene work function were tuned. On the FTO glass substrate, the cell
should contain TiO2 as the electron transport layer, a layer which is photoactive, an HTL
(spiro-OMeTAD/PEDOT:PSS), and a graphene layer. PEDOT:PSS will most likely improve
the electrical conductivity of the graphene film in this case. The efficiency upon the usage
of graphene electrode, the semitransparent device showed is 2.7%. When the device size
increased from 6 to 50 mm2, efficiency dropped to 2.3 (Figure 13) [138].
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Figure 13. (a) Diagrammatic representation of the two methods for producing graphene/PEDOT:
PSS top electrodes in organic solar cells. (b) Under a solar simulator, J-V characteristics of semi-
transparent organic solar cells with a pure or Au-dopped graphene top electrode were measured
on both sides. The devices’ dark currents are also shown. (c) Organic solar cell with Au-doped
graphene/PEDOT:PSS top electrode. EQE was measured from both sides. The results from the ITO
and graphene sides are represented by the open and solid symbols, respectively [138].
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In producing solar devices with graphene with multilayer stacking, the most suitable
method is Chemical vapour deposition (CVD). During the lamination process, a fine layer
of PEDOT:PSS was used as an adhesion layer to perovskite film, which also enhanced
the conductivity of graphene. When illuminated from the FTO and Graphene sides, the
devices showed approximately 12.02% and 11.62% PCE, respectively. Tran et al. recently
published a flexible monolayer graphene in a large-scale and translucent bottom electrode.
Plasma-assisted thermal chemical vapour deposition on a polymer substrate was used to
directly synthesise graphene at 150 degrees Celsius without the usage of a transfer method.
The top electrode was AZO/Ag/AZO, and the thickness of the cell around 300 nm showed
a transmittance of 26% and PCE of 14.2%. The cell had the lowest sheet resistance of roughly
82/sq, the highest mechanical flexibility, and—perhaps most intriguingly—retained 90% of
its initial efficiency even after 1000 bending cycles [140].

4.10. Plasmonic Au Nanorods

Etgar et al. showed that perovskite film could be thinned to achieve semitransparency,
which has numerous advantages along with cost-effectiveness and lead reduction. However,
this leads to limited light absorption. Thus, it is feasible to use metal nanostructures which
are plasmonic to increase the electromagnetic field by trapping the incident light at the
resonance peaks in order to prevent this loss. Here, non-harmful Au nanorods (NRs), whose
resonance peak overlaps with the perovskite band gap, are applied on a thin (200 nm)
ST perovskite layer. This device showed 13.7% of PCE with 27% AVT with 6% up from
the reference cells. The trap density, nonradiative recombination, and defect density of
these ST-PSCs, which are Au NR-treated, are further elucidated by space-charge restricted
current, electrochemical impedance spectroscopy (EIS), and Mott-Schottky measurements
(Figure 14). Additionally, Au NR implementation improves the solar cell’s stability in
ambient conditions. This demonstrates the use of the plasmonic effect to offset the light-
harvesting of semitransparent perovskites [141].
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Figure 14. Perovskite without Au NR treatment in top-view and cross-sectional SEM images (a,c) and
AuNR treatment with perovskite (b,d), (e) The PSC structure is shown schematically. (f) Perovskite
film’s XRD pattern as a function of Au NR treatment. 100% v/v denotes no dilution, while v/v
indicates the degree of dilution [141].

As the transparent and conductive contact, ITO film is deposited onto the ST-PSCs.
It is quite difficult to produce ITO layers of high quality as it requires processing at low
temperatures below 50 ◦C. It is suggested in this study by Chen et al. that the transparent
rear contact for a semitransparent device is a sandwiched structure of ITO/Ag/ITO and
ITO/Cu/ITO formed at room temperature by sputtering. It is shown that by modifying the
metal interlayer’s thickness and surface shape, the AVT can be increased to 92.6%, and the
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sheet resistance is less than 15.0. By utilising the good opto-electrical qualities, it is possible
to increase the Jsc and FF of a semitransparent device with IAI and ICI rear contacts by
around 1.0 mA/cm2 and 10%, respectively. The PCE of ST-PSCs can be maintained above
13.0% even when the perovskite layer thickness is decreased to 488 nm. The PCE for a
semitransparent perovskite solar cell lit from the IAI rear contact, and the glass substrate
was around 9% and 15.8%, respectively [142].

4.11. Encapsulation of ST-PSC

Among all the drawbacks faced by the PSCs, poor device stability is one such promi-
nent factor which remains the major challenge for commercial applications. Several in-
dependent factors, such as moisture, light illumination temperature, and oxygen, cause
interfacial and perovskite-related degradations. Upon exposure to these factors, the pho-
toactive medium gets destroyed, and the decomposition of halide-containing materials will
degrade the pivotal layers of PSC severely, such as the metal electrodes. Hence, there is a
need to protect the PSC from these factors; an effective and critical way of stabilisation was,
in fact, found using encapsulation strategies and the development of new barriers, which
will be helpful in protecting the sensitive part from the damage of the external factors.

In the case of ST-PSCs, degradation is more prominent because of ST top electrode is
based on metal films which are ultrathin. To combat this issue, Riedl et al. demonstrated
robust PSCs having a top electrode which is semitransparent, in which SnOx surrounds
the ultrathin Ag layers, which is grown by atomic layer deposition at low temperatures.
Grown SnOx acts as a permeation barrier, which is electrically conductive also, reduces
the impact of moisture and which protects both the ultra-thin Ag electrode along with the
perovskite film. This device showed PCE of greater than 11% and AVT of around 70% in
the NIR region and 29% AVT in the visible region. Even after 4500 h of exposure to ambient
temperatures and higher temperatures, this device showed good stability [143].

In another study, Chen et al. showed a self-encapsulated device without vacuum
evaporating the metal electrode. In between two perovskite layers, they have added
chlorobenzene, which helps in the interfusion of perovskite crystals which helps in obtain-
ing light absorption and high crystallinity in laminated cells. This device showed PCE of
6.9% upon chlorobenzene treatment and showed excellent stability even after soaking in
water for 24 h. Authors also suggested that this method is very effective in both making
and cost-wise, and this would make way for commercial applications [144].

In the recent report of Park et al., they devised an ST PSC by utilising a lamination-
assisted bifacial cation exchange technique involving a graphene electrode integrating with
polyimide. After the lamination, they obtained high-quality ST-PSC via cation exchange
reaction and showed PCE of 15.1%. Due to the presence of mechanically robust graphene
electrodes and its chemically inert nature, this device showed good operational stability,
moisture stability and mechanical durability [145].

In the case of ordinary PSCs, many other methods of encapsulating agents are used,
such as flexible glass sheets, polymer nanocomposites and thin-film barriers, are used.
Researchers need to focus more on customising these things when they need to be used in
Semitransparent PSCs [146] (Table 1).

Among all photovoltaic technologies, the third-generation solar cells are best for BiPV
applications based on their materials aspects, aesthetic colours and ease of fabrication
on a flexible substrate. Among third-generation solar cells, perovskite devices are more
encouraged towards BiPV based on their device efficiencies when compared to organic
solar cells. The reason is that the perovskite solar cell efficiencies are very high than other
technologies of this series. Therefore, one can expect more and more BiPV applications
based on perovskite technology in the near future.
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Table 1. Best efficiencies of flexible perovskite solar cells with different architecture.

Device Structure Voc
(mV)

Jsc
(mA/cm2) FF Efficiency

(%)
AVT
(%)

Perovskite
Thickness

(nm)
Ref.

Glass/FTO/TiO2/MAPbI3/spiro-OMeTAD/MoO3/Au
(10 nm)/MoO3

0.941 13.7 63 8.1 19 107 [82]

Glass/ITO/PEDOT:PSS/mixed-
halideperovskite/PCBM/ZnO/AgNWs 1.1 15.2 75 12.6 17.3 - [84]

FTO/TiO2/PS/MAPbI3/Spiro-OMeTAD/Au 0.950 19.2 64 11.7 36 400 [85]
Glass/FTO/c-TiO2/m-TiO2/MAPbI3

grids/spiro-OMeTAD/Au (40 nm) 0.68 14.87 49 4.98 19 - [86]
FTO/c-TiO2/CH3NH3PbI3−xClx/spiro-OMeTAD/Ag

SiO2.HC (Honeycomb scaffold) 0.84 17.1 66 9.5 28 [87]

Glass/FTO/TiO2/FAPbI3
islands/spiro-OMeTAD/transparent laminated cathode 0.74 11.8 58 5.2 28.1 - [88]

FTO/dual scaffold/ perovskite/Sprio-OMeTAD/Ag - - - 12.32 23 100 [91]
Glass/FTO/c-TiO2/AAO scaffold/MAPbI3−xClx
nanopillars/spiro-OMeTAD/MoOx (5 nm)/ITO 0.99 15.87 74.53 11.72 33.4 350 [92]

n-type oxide/perovskite halide/p-type oxide - - - 19.5 30 [94]
FTO/TiO2/MAPbI3/P3HT with additives/PEDOT:PSS/ITO

planar sandwich solar cell 0.95 18 76 12.9 - - [106]
Glass/ITO or thin

Au/PEDOT:PSS/MAPbI3−xClx/PCBM/b-MoO3/Au
(1 nm)/Ag(7 nm)/t-MoO3/Alq3

0.940 14.67 62.34 8.67 15.94 240 [112]

Glass/FTO/TiO2/MAPbI3 islands/PTAA/PEDOT:PSS/ITO 0.96 15.5 71.2 10.6 20.9 - [113]
Glass/ITO/CuSCN/MAPbI3/PC61BM/Bis-C60/Ag (20 nm) 1.06 13.0 73 10.73 13 240 [116]

Glass/FTO/TiO2/MAPbI3−xClx
islands/(CH3(CH2)17SiCl3)/spiro-OMeTAD/Ni microgrid 0.75 13.82 59 6.1 38 - [121]

ITO/AgNW/ITO 1.04 13.17 61.83 8.44 - - [125]
Glass/ITO/PEDOT:PSS/MAPbI3−xClx/PCBM/ZnO

NPs/AgNWs 0.964 13.18 66.8 8.5 28.4 150 [129]
ITO/NiOx/FA0.87Cs0.13Pb(I0.87Br0.13)3/PCBM/BCP/cathode 1.12 19.28 82.9 17.9 23.8 [130]

DWNT/poly(triaryl
amine)(PTAA)[35 nm]/MA0.6FA0.4PbI2.9Br0.1 [450 nm]/C60

[20 nm]/bathocuproine (BCP) [6 nm]/Cu [50 nm]
1.05 21.4 77.1 17.2 - - [136]

glass/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/graphene 0.612 9.66 44.15 2.61 - - [138]
FTO/SnO2/perovskite/spiro-OMeTAD/Au 1.094 16.80 62.12 13.7 27 - [141]

5. Conclusions

On the laboratory scale, PSCs have achieved almost 25% PCE, which brings the
demand for the need of the technology to market levels. With their transparency, these
PSCs could be introduced into the building ingredients to partially overcome the need in
the energy requirements. In spite of the challenges still present, perovskite-based BIPVs
still stand out due to their adaptability, flexibility and the large variety of capabilities that
can address not only power generation but also the aesthetics and contentment of the
building’s exterior and interior. Hence it can be concluded that these PSCs can be seen
in the buildings in the near future. These transparent devices give the freedom to install
and replace the conventional materials on the buildings or on the windows. Although it
is highly suggestible for the buildings, a few more aspects need to be addressed before
going to the market level such as the stability of the device, toxic nature involved and
environmental aspects. If these issues are addressed, we can see these devices installed in
buildings in the near future.
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