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Even though power conversion efficiency has already reached 25.8%, poor stability is one of the major

challenges hindering the commercialization of perovskite solar cells (PSCs). Several initiatives, such as

structural modification and fabrication techniques by numerous ways, have been employed by

researchers around the world to achieve the desired level of stability. The goal of this review is to

address the recent improvements in PSCs in terms of structural modification and fabrication procedures.

Perovskite films are used to provide a broad range of stability and to lose up to 20% of their initial

performance. A thorough comprehension of the effect of the fabrication process on the device's stability

is considered to be crucial in order to provide the foundation for future attempts. We summarize several

commonly used fabrication techniques – spin coating, doctor blade, sequential deposition, hybrid

chemical vapor, and alternating layer-by-layer. The evolution of device structure from regular to

inverted, HTL free, and ETL including the changes in material utilization from organic to inorganic, as

well as the perovskite material are presented in a systematic manner. We also aimed to gain insight into

the functioning stability of PSCs, as well as practical information on how to increase their operational

longevity through sensible device fabrication and materials processing, to promote PSC

commercialization at the end.
1. Introduction

Consumption of electricity is a necessary part of modern living.
Global power demand has continued to rise at a higher rate
than global energy production. Currently, fossil fuels such as
oil, coal, and gas are used as convenient sources to generate
electricity. Overall, these fossil fuels are dened as non-
renewable sources of energy, meaning their reserves will be
run out aer a certain period. Furthermore, the energy
conversion process from these sources releases a signicant
amount of carbon to the dwelling environment which creates
a greater risk for our existence.1 Thus, the transformation from
fossil fuel-based energy to clean, green, and renewable sources
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of energy is a critical issue and has a great demand. Undoubt-
edly, for the betterment of the world, it is vital to adopt envi-
ronmentally friendly technology together with renewable energy
sources. Albeit, the development of various technology relevant
to energy conversion and management is at pace for different
natural and renewable energy resources, such as wind, solar,
hydro, biomass, etc. However, among them, solar photovoltaic
(PV) technology is considered to be the most effective and
promising renewable energy technology. Particularly, solar
energy is the most profuse renewable energy source on the
planet. An approximate estimation shows that the sun emits
solar radiation at a rate of 3.8 × 1023 kW s−1, of which the earth
uses only a minute amount of 1.8 × 1014 kW s−1.1 The amount
of solar energy that strikes the earth per day is sufficient for the
current world population to consume it in 27 years.2 This fact
indicates that solar energy is extensively applicable on a small
(household level) to large scale (industry standard). Currently,
renewable energy sources generated 26% of the total 26 615
TW h of worldwide electricity output in 2019, with solar energy
accounting for 1.9%.3 Solar PV cells can directly convert light
energy into electricity without any interface. Solar PV uses less
power, delivers more, and is easy to handle because of less
complexity. The solar PV industry is a vast eld with many types
of solar cells which is divided into several generations. These
are the rst generation-wafer based solar cells such as single
RSC Adv., 2023, 13, 1787–1810 | 1787
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crystal or monocrystalline silicon (c-Si), poly or multi-crystalline
silicon (p-Si), the second generation-thin lm based solar cells
such as cadmium telluride (CdTe), amorphous silicon (a-Si),
gallium arsenide (GaAs) and copper–indium–gallium–selenide
(CIGS), and the third generation-nanocrystal based solar cells
such as copper zinc tin sulde (CZTS), dye-sensitized solar cells
(DSSCs), perovskite solar cells (PSCs), organic photovoltaics
(OPVs) and quantum dot solar cells, etc.However, there remains
a considerable issue concerning the generation and shape of
the solar cell, durability, reliability as well as price.4,5

Among the various types of 3rd generation PV devices, the
PSCs are received greater attention from the scientic
community. In the year 2009, based on the DSSC technology,
the PSC was introduced as a potential renewable energy PV
technology. In PSCs, key material is the perovskite which
formed by the organic–inorganic mixed compound with an
ABX3 crystal structure that works as an active light-harvesting
layer. The symbols A and B denote two cations, and X is an
anion. Particularly, “A” can be calcium (Ca), cesium (Cs),
methylammonium (MA), or formamidinium (FA); “B” can be
titanium (Ti), lead (Pb) or tin (Sn), and “X” can be chlorine (Cl),
bromine (Br) or iodine (I).6 Numerous techniques have been
employed for fabricating perovskites material and devices such
as spray coating, dip coating, two-step deposition, chemical
vapor deposition, ink-jet printing, blade coating, and screen-
printing method, etc.6–18 In the following section of this study,
the preparation techniques were shown schematically. Partic-
ularity, every technique has shown some advantages and limi-
tations. It should be noted that perovskites are already well
recognized for having remarkable and ideal characteristics for
solar cell applications, such as a direct bandgap,13 absorption
over a wide spectrum,14 high defect tolerance ability and over
a micrometer range of charge carrier diffusion lengths.15 PSC
with CH3NH3PbI3 perovskite was rst reported in 2009 by
Miyasaka et al.16 They used liquid electrolyte as hole transport
layer (HTL) to fabricate PSC with TiO2 scaffold perovskite
absorber layer. The reported PCE was 3.8%. However, it is found
that perovskites are soluble in these electrolytes, which causes
fast deterioration over a short period of time (less than an
hour).17 A major improvement in stability and PCE has been
primarily achieved by Kim et al. in 2012 using solid state HTL.11

They used spiro-OMeTAD (2,2′,7,7′-tetrakis (N,N-di-p-methox-
yphenylamine)-9,9′-spirobiuorene) instead of liquid electrolyte
which is commonly used in organic LEDs. The achieved PCE
was 9.7% and the device found to be stable for 500 h in room
ambient without encapsulation. In the same year, Lee et al.12

reported several key developments include improved PCE up to
10.9%. They fabricated mixed halide perovskite CH3NH3-
PbI3−xClx and found that he perovskite could transport both
electrons and holes. The also replace TiO2 scaffold layer with
insulating Al2O3. Also, the device shows better charge transport
properties and higher stability then CH3NH3PbI3 perovskite.
Numerous efforts were given by the researcher to improve the
PCE and stability of PSCs including structural modication,
developing novel materials, and modication of pre- and post-
fabrication techniques, etc., which is continuing till today yet
to get the expected stable and high efficiency PSCs. Leijtens
1788 | RSC Adv., 2023, 13, 1787–1810
et al.13 were successful in increasing the PCE to 19.1% for
monolithic tandem PSC which retained more than 80% of its
initial efficiency over 300 hours at 85 °C in air. Akin et al. also
fabricated a PSC with a PCE of 22% which shows excellent
stability over 2000 hours of continuous 1.0 sun illumination.18

Zhou et al.19 reported that during fabrication, low humidity (RH
30%) regulates the perovskite crystal formation and increases
the PCE to 19.3%.

High-efficiency devices with PCE of 20.26% on rigid
substrates and 17.41% on exible substrates have been reported
by Chen et al.20 in 2018 using Cu doped NiOx as a HTL. The
devices were inverted structure which showed stable perfor-
mance in ambient conditions with high humidity (50–65%) for
1000 hours. It has also been reported that alkali chloride
interface modication of the NiOx hole transport layer results in
improved ordering of the perovskite lms, which in turn lowers
defect/trap density, lowers interfacial recombination,
suppresses ion migration, and increases device stability and
efficiency.21 According to Song et al., p–p+ homojunctions such
a NiO/Cu:NiO bilayer can increase the PSC's effectiveness,
which is unquestionably higher than employing NiO or Cu:NiO
alone as HTM. In particular, the homojunction speeds up hole
transfer and block the electron transport in the HTL, improving
hole extraction and stiing carrier recombination at the NiO/
perovskite interface simultaneously. With a strong working
stability and a PCE of 18.3%, the PSC with bilayer HTM main-
tained 80% or so aer 350 hours.22 Min et al. recently fabricated
PSCs with highest PCE of 25.8% using inter-layer modication
which reduce the interface defects between the SnO2 ETL and
perovskite absorber layer.23 The devices maintained almost 90%
of their initial efficiency aer 500 hours of continuous light
exposure. Their ndings showed that the device efficiency and
stability could be improved via suppressing the interface
defects.

It could be easily realized that the efficiency grew from 3.8%
to 25.8% in just a few years, beating numerous established
commercial PV technologies like Si, CdTe and GaAs-based solar
cells, however, the stability not yet to be comparable with those
commercial solar cells. One of the main reasons is that the
perovskite materials contain unstable elements due to extra
weak interactions such as van der Waals force and weak
hydrogen bond.23 Moreover, the stability of perovskite tech-
nology depends on its environmental sectors: humidity,
thermal treatment, and lighting.24 According to Bass et al.,25

perovskite crystallization might be regulated by humidity. The
aforementioned information indicates that the biggest hurdles
of a successful perovskite technology are to develop a low-cost
manufacturing technique and ensure the long-term stability
of the device. We believe that PSCs will be able to dominate the
market if these two concerns can be remedied.

The purpose of this review is to provide a comprehensive
overview of the structural evolution that inuences the stability
of perovskite devices. This article is organized into different
sections; the main factors that the stability and longevity
studies concerning the structure of PSCs have discussed in
detail, followed by processing methods. Also, this article has
addressed the economic feasibility depending on the current
© 2023 The Author(s). Published by the Royal Society of Chemistry
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studies which conrmed that the PSCs are more environmen-
tally and economically sustainable and competitive.

2. Key challenges in stability

The lack of stability of perovskite materials is a well-known
issue and it has been shown that at the device level, several
degradations occur simultaneously at various interfaces. Mois-
ture, UV light, hot temperatures, and exposure to the outside air
can all directly contribute to these degradations. The causes of
the stability issue can thus be determined to be intrinsic
stability, moisture ingress, oxygen ingress, and illumination
accelerated decomposition, just like with other materials
composed of organic materials.26,27 Intrinsic stability refers to
the chemical and structural stability of devices throughout
a wide range of photovoltaic working conditions in the presence
of contaminants, particularly oxygen and water, which were
introduced into the device during production. Extrinsic stability
is concerned with the failures of sealing and moisture blocking
layers. Under normal conditions, degradation mechanisms are
activated or accelerated. The instability issues are shown sche-
matically in Fig. 1. Therefore, the aforementioned conditions
may also contribute to the material's disintegration of the
organic layer, top electrode instability, photo-degradation, and
crystallization instability. Numerous degradations can begin
even in the absence of water or oxygen due to the intrinsic
deterioration produced by thermal stress or illumination.28

Both the employed charged transport material's instability and
the inherent instability of the perovskite material are to blame
for the stability's drawbacks.29

One of the key challenges remains in perovskite solar cell
fabrication process. We have not yet been able to manufacture
high efficiency PSCs on a big scale or in atmospheric condi-
tions. Limitation retained because the fabrication operations
Fig. 1 Several instability issues related to the PSCs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
must be completed in a controlled and inert ambient (glove box)
as the perovskites are very sensitive to oxygen and moisture.30

Moreover, when the built devices are measured under ambient
conditions, severe perovskite deterioration is noted. The unin-
tended decrease in efficiency caused by PSC deterioration may
restrict the use of PSCs outside.31 There are numerous data on
how oxygen and moisture affect the strength and effectiveness
of PSCs.32 PSCs are also degraded when exposed to light. In the
presence of air and UV radiation, CH3NH3I produces a brown
colour, which Zhao and his team attributed to the presence of
I2.32 This I2 may be comes from the decomposition perovskite
materials in presence of air and UV radiation.

In addition to the stability problems related to UV radiation,
oxygen, and moisture, the thermal stability of PSCs also causes
a lot of concern.33 Degradation of the perovskite layer can be
brought on by exposure to high temperatures. It is crucial to
keep in mind that during operation, the solar modules will be
subjected to temperatures as high as 100 °C. The impact of
higher temperatures on CH3NH3PBI3−xClx and CH3NH3PBI3
was researched by Philippe et al.34 Since XPS is better suited to
analyzing the chemical components of samples regardless of
their crystallinity, it was utilized to explain the breakdown of
these lms. In order to evaluate the sole effect of temperature
on the lm degradation, the lm was heated in an ultra-high
vacuum chamber at 100 °C in the absence of air and mois-
ture. The N/Pb and I/Pb proportions discovered by XPS were
used to characterise the lms. The decline in these ratios
illustrates how the perovskite material transforms into lead
iodide can be seen elsewhere.34 This elemental study makes it
very evident that perovskites cannot withstand temperatures
above 100 °C. Additionally, it was mentioned that while being
annealed at 85 °C, the CH3NH3PbI might disintegrate in an
inert atmosphere.35 It has been reported that the XA cation may
be responsible for the thermal stability, whichmay be enhanced
by switching the cation element.

Another key challenge is remains to nd the best suited
carrier transport materials as the stability of a PSC device is
signicantly inuenced by them.36 Using hydrophobic HTM,
signicant improve in stability has been observed.37 PSCs made
with poly(3-hexylthiopene) as the HTM and methylammonium
lead iodide bromide (CH3NH3PbI2Br) perovskite showed excel-
lent stability for 250 hours, but the measured efficiency was low
(less than 10%).38 To increase the stability of PSC, several
dopants, such as iridium complex, have also been proposed.39

According to certain theories, the instability of perovskite solar
cells is also caused by corrosive or hygroscopic chemicals
employed to increase the conductivity of the hole transport
material.40 The stability of perovskite solar cells improved when
spiro was employed in place of the typically utilized lithium
compound LITFSI (TFSI). To minimize the effect of HTM in
stability of PSCs, the HTM free PSCs have also been proposed by
many researchers. This topic has been discussed details in later
section. However, it has been reported that the PSCs without
HTM can only keep 35.5% of their efficiency aer being stored
in ambient conditions for 15 days, the involvement of the HTM
layer in the deterioration is likely to be less signicant than the
intrinsic degradation of the perovskite.41
RSC Adv., 2023, 13, 1787–1810 | 1789
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The using of metal electrodes has also been remaining as
a challenge yet to date. The kind of electrode utilized has
a signicant impact on the chemical stability of perovskite
devices.42 Due to its possible maximum efficiency, gold (Au) has
been widely used as an electrode in modern perovskite devices42

even it is rather pricey. To reduce the cost, it has been suggested
by Machui and colleagues that silver (Ag) paste can be used
instead of Au.43 However, compared to PSCs with Au-based cells,
Ag-back electrode PSCs exhibit low environmental stability. It
was conrmed that having a hydrophobic electrode or hydro-
phobic hole transport layer could be advantageous for
increasing the stability of PSCs.44 While electrodes and hydro-
phobic transport materials are thought to increase stability, the
fabrication techniques for creating the layers may also be
effective in terms of stability and productivity which has been
discussed in the later section.

Several strategies have yet to been suggested to increase PSC
stability. There were numerous suggestions to contain the
anomaly for each odd stability problem.45 Some suggested that
using organometallic halide PSC with a different chemical
structure could increase stability.34 They reported that the
devices with mixed bromide iodide perovskites, such as meth-
ylammonium lead iodide bromide, have been demonstrated to
have enhanced moisture stability as compared to pure methyl-
ammonium lead iodide devices. Iodide bromide, however, has
a greater bandgap than regular CH3NH3PbI, which results in
inferior efficiency when compared to classical devices.46 Addi-
tionally, it was reported that the increased encapsulation
approach may increase stability, however it was found that even
at high temperatures, material deterioration persisted.47 The
followingmethods have been suggested for tin-based perovskite
devices to improve stability and efficiency: (I) TiO2 replacement
with alumina, (II) UV lter application or doping of TiO2 to
reduce UV-induced photocatalysis, (III) use of additives, (IV)
replacement of hole transport materials, (V) replacement of the
top electrode, (VI) addition of buffer layers, and (VII) develop-
ment of perovskite material with different molecular
structure.35

3. Charge transport layers in PSCs

It should be noted that the type and crystalline structure of
perovskite (PSK) and charge transport materials, as well as the
device structure, all play important roles in determining device
durability. Particularly, a perovskite active layer is sandwiched
between an ETL and HTL in a typical high-performance PSC
where the ETL and HTL assist the extraction of the light-
generated carrier in the PSC. Numerous n-type semiconductor
materials have been experimented with as an ETL in PSCs which
has been listed in Fig. 2(a). In the case of ETL, it should be
remembered that the conduction band of the ETL should be
lower than the absorber's, and the absorber's VB (valence band)
should be higher than the ETL's for efficient charge extraction.48

The interface between the ETL and the perovskite absorber is
critical to the device's performance since poor band alignment
of the ETL with the perovskite absorber can enhance carrier
recombination and have an impact on the device's series and
1790 | RSC Adv., 2023, 13, 1787–1810
shunt resistance. To address these issues, materials with good
band alignment and high carrier mobility should be carefully
chosen to improve electron injection and hole blocking at the
ETL/perovskite interface, resulting in high current density (Jsc)
and device performance.49 Fig. 2(b) depicts the many features of
an ETL that must be taken into account while constructing high
PCE PSC devices. Many techniques are being investigated to
nd the ideal ETL for PSC use with better mobility, strong
thermal stability, low trap density, and low-temperature proc-
essability. The HTL, on the other hand, is primarily responsible
for transporting holes created in the perovskite layer to the
back-contact metal electrode. It also prevents reverse electron
transmission by acting as a barrier between the perovskite layer
and the counter electrode. It affects the device's Voc (open circuit
voltage) by affecting the splitting of the perovskite's quasi-
Fermi-energy levels.50,51 A perfect HTL would be low-cost, have
excellent thermal stability, low electron affinity, strong hole
mobility, and be compatible with perovskite energy levels.
Several HTLs like polymeric, carbon, small molecules, and
inorganic compounds have been identied and examined as
HTLs for PSCs as shown in Fig. 2(c), with expected features for
higher PCE as illustrated in Fig. 2(d).

Even though this is paradoxical, however, it has been
claimed that the inclusion of HTL and ETL layers complicates
the fabrication process, affects device stability, and increases
the cost. To commercialize this technology, it is crucial that the
structure of PSCs be simplied further without losing their
photovoltaic performance. As a result, structural modication
including ETL-free or HTL-free PSCs is gaining popularity in the
research community. In this section, the development of diverse
device structures of PSCs is discussed including their PCE and
stability, and future perspectives.

4. Structural evolution of PSCs
4.1 Mesoporous PSCs

Mesoporous PSCs are recognized for high PCE,50 simple fabri-
cation methods, and low material cost. The mesoporous struc-
ture of ETL and the thickness of the active perovskite layer is the
main factor in this solar cell. Primarily, a PCE of 9.7% has been
achieved for nanocrystal mesoporous MAPbI3 perovskite mate-
rial.10 First, a compact layer, in most cases TiO2 is deposited on
FTO (uorine-doped tin oxide) coated glass substrate as shown
in Fig. 3(a) which causes blocks the holes and brings out the
electrons. Then a mesoporous layer, in most cases TiO2 or Al2O3

or mixed of both is deposited on top of the compact layer.52 The
mesoscopic layer has been fabricated by using several tech-
niques, such as screen printing,53 spin coating, magnetron
sputtering,54 electrospinning,55 etc. Particularly, reducing the
thickness of the mesoporous layer gradually increases the
PCE.56 Kojima et al.57 is the pioneer in developing a mesoporous
PSC using MAPbI3 and found PCE of 3.8%. Later, Park and
Graetzel's group claimed improved PCE of 9.7% by using the
liquid-state electrolyte.58 A new sandwich-type structure is
developed where 3D nanocomposites of mesoporous-TiO2 with
CH3NH3PbI3 and polymetric HTMs were used and found a PCE
of 12%. With this structure but mixed halide CH3NH3PbI3−xBrx,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 ETL and HTLmaterials used for PSCs (a) different ETL materials for PSCs, (b) properties of an ideal ETL, (c) different HTLmaterials for PSCs,
and (d) properties of an ideal HTL.
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Seok's group has improved the PCE to 12.3%.59 However, Snaith
et al. used Al2O3 thin lm z80 nm instead of TiO2 to fabricate
a regular junction thin-lm solar cell with the PCE of 12.3%.60

For higher electron mobility and proper bandgap (3.7 eV) at 25 °
C temperature, ZnO is found as the new alternative to the TiO2

layer. Mahmood et al. have designed such PSCs with the PCE of
12% by using the electro-spraying method.61 In the end, the
stable active layer remains the main focus to increase the
stability of the PSC.
4.2 Planar PSCs (n–i–p or p–i–n)

Particularly, planar PSCs have two basic structures with respect
to the position of the carrier transport layers; (i) regular planer;
n–i–p conguration: ETL/perovskite/HTL and (ii) inverted
planer; p–i–n conguration: HTL/perovskite/ETL.59,62 The
structures including the band diagram are schematically shown
in Fig. 3(b) n–i–p planar and Fig. 3(c) p–i–n planar PSCs. The
energy band diagram of PSC with structure of n–i–p and p–i–n
are shown in Fig. 3(d) and (e) respectively.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Easy processing, low cost, and low-temperature process are
some unique features of planar PSCs.61 The normal planer
structure is similar to the mesoporous PSCs but it does not use
mesoporous materials.63 The device performance of PPSC
(perovskite piezo-phototronic solar cell) depends on each layer
including the properties of HTL and ETL.64 Many strategies have
already been reported that the high performance of planar p–i–
n PSCs is very much inuenced by crystalline regulation and
band to band matching in between the different active layers,65

modication of perovskite materials via elemental variation,66

control of geomorphology,67 and carriers transport layers'
modication.68 To regulate the energy level, the perovskite layer
is usually sandwiched by PCBM as ETL and PEDOT:PSS as HTL.
Yu et al. reported a 31% improvement in device performance,
with an average PCE of 14.61%.69 Also, the interfacial modi-
cation method showed an efficiency rate of 16% and also
guaranteed long-term stability. Nearly 19.5% efficiency was
found when the planar device was developed with SnO2 as an
electron selective layer via the atomic layer deposition (ALD)
process. SnO2 is useful for its well-aligned conduction band in
RSC Adv., 2023, 13, 1787–1810 | 1791
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Fig. 3 Device structures of PSCs (a) n–i–p mesoscopic, (b) n–i–p planar and (c) p–i–n planar PSCs and energy band diagram of PSC with
structure of (d) n–i–p and (e) p–i–n.
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planar conguration.70 For large-scale manufacturing low
temperature is suitable, as claimed by Anaraki et al.71 Luo et al.72

came out with 21.11% efficiency and also stabilized power
output of 20.83%. For planar PSCs, high efficiency is yet to be
found and relentless efforts are in process.

On the other hand, high stability, easy fabrication method,
and negligible hysteresis are some features of inverted structure
PSC devices.73 For exible and high-performance photovoltaic
devices, inverted PSCs are preferable.71 PEDOT:PSS has been
widely used as HTL for inverted solar cells because its
conductivity and transparency in the visible range are good
enough72 as well as it shows unique hydrophilic and water
absorbing properties.74 Most of the high-efficiency inverted
PSCs are built with HTL (PEDOT:PSS) and ETL (PCBM, ICBA,
C60-SAM) organic semiconductors.75–77 Particularly, the concept
of organic photovoltaics has inspired the fabrication of the rst
inverted planar PSCs which used PEDOT:PSS and PCBM as
carrier-transporting material. Comparing between normal
structure (FTO/TiO2/MAPbI3/PTAA/Au) with the inverted struc-
ture (ITO/PEDOT:MAPbI3/Au/PCBM), Heo et al.78 found that the
normal structure had less efficiency than the inverted structure.
It has been found that the modied PEDOT:PSS HTL resulted in
a 15.7% increase in PCE, 1.06 V increase in Voc, and also shows
better long-term stability.79 Wang et al.80 doped PEDOT:PSS
solution with sodium chloride (NaCl) and have fabricated
highly efficient PSCs with high FF and Voc yields. NaCl affects
the nucleation and development of PEDOT:PSS as well as the
1792 | RSC Adv., 2023, 13, 1787–1810
electrical characteristics of PEDOT:PSS. At the optimal NaCl
doping dose of 5 mg mL−1, a high FF (80%) and a high Voc (1.08
eV) have been achieved, as a result, PCE reached 18.2% for the
MAPbI3−xClx based PSCs and DA-PADOT:PSS based PSC shows
long term performance compared to PEDOT:PSS in un-
encapsulated circumstances according to Huang et al.81 Jsc
and PCE both kept 89.2% and 85.4% of their initial values
respectively. With a PCE of 14.82%, Yang et al.82 demonstrated
a high-performance planar heterojunction PSC. By putting the
Ca between the PCBM and electrode, Chiang et al.83 attained the
best PCE of 16.31%. By developing the inverted device with
structure ITO/PEDOT:PSS/MAPbI3/PCBM/Au; Li et al. were able
to reduce hysteresis that is less than the planar MAPbI3 perov-
skite hybrid solar cells with 18.1% of PCE.81

Particularly, the highest PCE of 23.56% in planar PSCs is
achieved with spiro-OMeTAD as HTL instead of PEDOT:PSS.84

Also, another popular organic HTL is P3HT where the highest
PCE of 23.3% has been reported elsewhere.85 In contrast, several
low-cost inorganic HTLs were also proposed and implemented
for enhancing the stability of PSCs, among them, some of HTMs
are CuSCN,86 NiOx,87 Cu2O or CuO,87,88 CuI,89 CuGaO3 (ref. 90)
and CuAlO2,91 MoOx,92 CuS,93 MoS2 (ref. 94) and polymer elec-
trolyte.69,95 The above-mentioned HTMs have shown potential as
they offer suitable properties for application in PSCs including
the suitable band to band alignment with the perovskite layer,
low resistivity, and low-cost solution-process ability. The high-
est PCE of 21.66% has been reported for NiOx HTM where cell
© 2023 The Author(s). Published by the Royal Society of Chemistry
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PCE retains 90% over 1200 h of exposure in the normal
ambient.69 In the case of inorganic HTM, increased demand will
dramatically reduce the cost of any large-scale manufacturing,
but organic HTM is likely to remain costly due to the prepara-
tion methods and high purity needed for solar cell applications.
This is the primary reason why researchers have concentrated
their efforts on the development of an inorganic HTM.
Consecutively, the quest for the perfect HTM is a great topic yet.
There is a lot of literature on various HTMs, but only a few of
them show promise in terms of improving the overall efficiency
and stability of the PSCs. Several approaches have been evolved
to utilize inorganic p-type semiconductor materials, such as
NiOx, CuOx, etc. focusing on developing non-hygroscopic and
highly conductive HTMs. Also, carbon-based materials
including graphene, carbon black, graphite powder, carbon
nanotube (CNT), activated carbon, etc. have been used in the
case of HTM-free PSC.96,97 Composite and/or doped graphene
(GR) also provides several advantages including high optical
transmittance, ease of work-function management, and high
chemical stability.98 When it comes to device stability, carbon
derivatives like graphene,99 graphene oxide,100 and reduced
graphene oxides100 are very attractive. Kim et al.78 used GR
doped with gold(III) chloride (AuCl3) as a protective layer
between ITO and PEDOT:PSS for improving the efficiency and
endurance of PSCs. For low temperature processed inverted
planar PSCs, Chowdhury et al.101 employed reduced graphene
oxide (rGO)/copper(I) thiocyanate (CuSCN) as an efficient bilayer
HTL and up to 14.28% of PCE has been attained with 100 hours
of light soaking stability. Instead of PEDOT:PSS, Yeo et al.102

proposed uorinated reduced graphene oxide (MFGO) for
utilizing as an alternative HTL. In planar inverted MAPbI3 PSCs,
Zhou et al.103 recommended using a bilayer consisting of rGO
and PTAA as the HTL. In particular, current approaches to
HTMs are low cost, high mobility, low absorption in the visible
region, ease of synthesis, and good chemical stability that could
ensure high efficiency and stable PSCs. Here, we are summa-
rizing different types of inorganic HTMs which have been
employed in the fabrication of PSCs focusing on their impact on
device efficiency and stability.

Aside from that, fullerene-based ETLs are the most common
inverted PSCs due to their simple device architecture, low-
temperature preparation technique, and minimum hysteric
activity.104 The PFN-2TNDI has also been introduced as
a replacement for PCBM as the ETL in inverted PSCs.105 In
addition, devices based on the PFN-2TNDI increased efficiency
by 16.7% and demonstrated long-term stability. Zhang et al.
designed and synthesized a novel NDI-based polymeric ETL to
replace PCBM in an inverted PSC.105 In the realm of polymeric
ETLs, the highest photovoltaic performance was attained with
a PCE of 17% and negligible hysteresis. This method improves
the light-induced and long-term stability of these devices in
ambient circumstances. Carbon nanoparticles, which have
been widely employed in n–i–p PSCs, are emerging as feasible
options for metallic electrodes due to their inexpensive cost,
excellent electrical characteristics, and amazing stability.104

Carbon materials have the advantages of copious supplies,
excellent electrochemical stability, and hole extraction that
© 2023 The Author(s). Published by the Royal Society of Chemistry
metal electrodes do not have.104 As a result of the absence of the
hole transport layer, the production process of carbon-based
structures is reduced. Furthermore, the hydrophobicity of the
carbon material structure can considerably improve the
stability of the solar cells.
4.3 HTL free PSC

Currently, high-performance PSCs typically include a perovskite
active layer sandwiched between an ETL and HTL.85,106 Despite
its numerous advantages, the HTL/ETL may have signicant
drawbacks. For starters, each extra layer makes the fabrication
process more difficult and increases the cost.107 Furthermore,
some metal oxide HTL or ETL (such as TiO2, NiOx) require high-
temperature sintering, which is incompatible with exible
substrates and consumes a lot of energy. Moreover, these layers
may have hydrophilic nature and/or photocatalytic activity
which leads to the quick degradation of PSCs.108 Finally,
harmful organic solvents are frequently required in the HTL or
ETL deposition process, which results in signicant contami-
nation during the production process. Many researchers have
attempted to design novel charge-transport materials to avoid
these detrimental consequences.109 Moreover, HTL free PSCs
have also been investigated by numerous researchers as an
alternative approach as discussed hereaer. The PCE of the rst
HTL-free PSC was 5.5% which conrmed that perovskite can act
as an effective hole transporter in this study. Snaith et al.110

substituted mesoporous TiO2 with insulant Al2O3 later that year
and reported PCE of over 10%, indicating that perovskite could
also successfully transmit electrons. Using ultrafast spectros-
copy in 2013, perovskite was conrmed to be an ambipolar
semiconductor with a long charge carrier diffusion length.111 All
of these groundbreaking discoveries lay the groundwork for
future PSC device architectural simplication. The photovoltaic
performance of the HTL-free PSCs is summarized in Table 1.

The HTL-free design is a unique category in the history of
PSC development, exhibiting good stability. Lowering the cost
of production and streamlining the process would make the
devices more competitive, which is crucial for commercializa-
tion. In this regard, inverted hole-transport-layer-free (HTL-free)
PSCs developed and have garnered a lot of interest. Inverted
HTL-free PSC efficiency has currently topped 20%, and aer
1000 hours of nonstop illumination, 90% of the initial efficiency
may still be maintained.112 Also, HTL-free devices can signi-
cantly reduce the complexity of processing and the fabrication
costs, which can make them suitable for large-scale fabrica-
tion.113,114 This year, Zhou et al. reported HTL free PSC with
highest PCE of 22%.115 The higher PCE found by fabricating
high quality and pin hole free perovskite with bigger average
grain size (above 1 mm) via synergistic doping Cu(thiourea)Cl
(Cu(Tu)Cl) and thiosemicarbazide into the perovskite precursor
solution. Additionally, they noted that the effective passivation
of defects at grain boundaries and point defects in the perov-
skite lmmay be achieved by the synergistic doping of Cu(Tu)Cl
and TSC. This helps to facilitate hole transit and lessen charge
carrier recombination. The device also showed long term
operational stability as shown in Fig. 4. This nding suggested
RSC Adv., 2023, 13, 1787–1810 | 1793

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05903g


T
ab

le
1

Su
m
m
ar
iz
e
d
p
h
o
to
vo

lt
ai
c
p
e
rf
o
rm

an
ce

o
f
th
e
H
T
L-
fr
e
e
P
SC

s

Y
ea
r
of

pu
bl
ic
at
io
n

St
ru
ct
ur
e

PC
E
(%

)
St
ab

il
it
y

St
ab

il
it
y
te
st

pa
ra
m
et
er
s

R
ef
.

N
or
m
al

st
ru
ct
u
re

20
12

FT
O
/c
-T
iO

2
/T
iO

2
n
an

os
h
ee
t/
M
A
Pb

I 3
/A
u

5.
5

—
—

11
7

20
13

FT
O
/c
-T
iO

2
/m

-T
iO

2/
M
A
Pb

I 3
/A
u

8.
0

—
—

11
8

20
14

FT
O
/c
-T
iO

2
/m

-T
iO

2/
M
A
Pb

I 3
/A
u

10
.8
5

—
—

11
9

20
15

FT
O
/c
-T
iO

2
/m

-T
iO

2/
M
A
Pb

I 3
/C
/A
l

13
.5
3

—
—

12
0

20
16

FT
O
/c
-T
iO

2
/C
sP

bI
B
r 2
/A
u

4.
7

—
—

12
1

20
18

FT
O
/c
-T
iO

2
/m

-T
iO

2/
M
A
Pb

I 3
−x
C
l x
/C

14
.3

PC
E
of

ar
ou

n
d
97

.7
%

re
ta
in
ed

21
0
d,

20
°C

,R
H

(4
0–
70

%
)

12
2

20
18

FT
O
/c
-T
iO

2
/m

-T
iO

2/
M
A
Pb

I 3
-S
W
C
N
T
/S
W
C
N
T
-C

15
.7
3

PC
E
of

ar
ou

n
d
10

0%
re
ta
in
ed

90
d,

da
rk
,(
i)
R
H

[6
5
�

5%
],
25

�
5
°C

12
3

(i
i)
R
H

(2
5
�

5%
),
75

�
5
°C

20
18

T
O
/c
-T
iO

2/
M
A
Pb

I 3
/C

13
.5
2

PC
E
of

ar
ou

n
d
10

0%
re
ta
in
ed

12
00

s
co
n
ti
n
uo

us
li
gh

t
(1

su
n
,1

.5
A
M
)

12
4

20
19

FT
O
/c
-T
iO

2
/m

-T
iO

2/
Pb

T
iO

3/
M
A
Pb

I 3
/C
N
T

16
.3
7

(i
)
PC

E
of

ar
ou

n
d
95

%
re
ta
in
ed

(i
)
70

d,
da

rk
,R

H
20

%
,2

5
°C

12
5

(i
i)
PC

E
of

ar
ou

n
d
70

%
re
ta
in
ed

(i
i)
40

d,
da

rk
,R

H
70

%
,2

5
°C

20
19

FT
O
/c
-T
iO

2
/m

-T
iO

2/
M
A
Pb

I 3
/M

A
Pb

I x
B
r 3

−x
/C

16
.3

PC
E
of

ar
ou

n
d
85

%
re
ta
in
ed

Fe
w
da

ys
,R

H
30

%
,2

3
°C

12
6

In
ve
rt
ed

st
ru
ct
u
re

20
15

IT
O
/M

A
Pb

I 3
/P
C
6
1
B
M
/b
is
-C
60

/A
g

11
.0
2

—
—

12
7

20
15

T
O
/M

A
Pb

I 3
/C

6
0
/B
C
P/
A
g

16
PC

E
of

ar
ou

n
d
80

%
re
ta
in
ed

3
d,

gl
ov
e
bo

x
am

bi
en

t
(H

2
O

<0
.0
1
pp

m
,O

2
<5

0.
00

pp
m
)

12
8

20
16

IT
O

gl
as
s/
M
A
Pb

I 3
/P
C
6
1
B
M
/A
l

11
.7

PC
E
of

ar
ou

n
d
99

%
lo
st

30
0
m
,R

H
30

%
,2

0
°C

12
9

20
17

IT
O
/M

A
Pb

I 3
(C
u(
T
u)
I)
/C

6
0
/B
C
P/
A
g

19
.9

(i
)
PC

E
of

ar
ou

n
d
89

%
re
ta
in
ed

(i
)
55

d,
da

rk
13

0
(i
i)
PC

E
of

ar
ou

n
d
50

%
re
ta
in
ed

(i
i)
14

h
,i
llu

m
in
at
io
n
an

d
w
or
ki
n
g
co
n
di
ti
on

20
18

IT
O
/M

A
Pb

I 3
-F
4T

C
N
Q
/C

6
0
/B
C
P/
C
u

20
.2

PC
E
of

ar
ou

n
d
92

%
re
ta
in
ed

50
0
h
,a

m
bi
en

t
co
n
di
ti
on

,R
H

20
%
,2

5
°C

10
7

20
19

IT
O
/T
A
PC

-M
L/
M
A
Pb

I 3
−x
C
l x
/C

6
0/
B
C
P/
A
g

19
.4

PC
E
of

ar
ou

n
d
10

0%
re
ta
in
ed

60
0
s,

co
n
ti
n
uo

us
li
gh

t,
R
H

40
%

13
1

20
22

IT
O
/C
s 0

.0
5
(F
A
0
.9
2
M
A
0
.0
8
) 0
.9
5
Pb

(I
0
.9
2
B
r 0

.0
8
) 3
/E
T
L/
B
C
P/
C
u

22
PC

E
of

ar
ou

n
d
90

%
re
ta
in
ed

10
00

h
,c

on
te
n
ti
ou

s
w
h
it
e
li
gh

t,
N
2
am

bi
en

t
11

5

1794 | RSC Adv., 2023, 13, 1787–1810 © 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 2
/1

2/
20

26
 7

:4
3:

53
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05903g


Fig. 4 (a) Schematic diagram (b) corresponding band diagram of HTL free PSC, and (c) operational stability of the encapsulated device under
MPP tracking and constant light illumination from a white LED lamp (100 mW cm2) operating at room temperature in a test box filled with N2,
(reproduced from ref. 115 with permission from Elsevier, copyright 2022).
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that in the case of HTL free PSC, p-type doping in perovskites is
required for fabricating operationally stable devices with high
PCE. However, the carrier recombination at the perovskite/
electrode interface may increase and electron blocking is diffi-
cult. Besides, a comparison study of planar and mesoporous
PSCs with printed carbon electrodes has been published by
Chen et al.116 Mesoporous TiO2 was discovered to have a better
PCE because it allows for effective electron extraction from the
perovskite absorber, which prevents substantial carrier recom-
bination in the hole transport layer free device caused by hole
buildup. In short, organic HTLs like spiro-OMeTAD, PTAA, and
others are used by the majority of high-efficiency PSCs. Because
these molecules have well-aligned energy levels with perov-
skites, energy loss during carrier transport is considerably
decreased. However, most organic HTLs are thermally unstable,
and ionic additives are frequently added to improve their
conductivity, again worsening the device stability.112 On the
other hand, inorganic HTLs and HTL-free techniques have been
shown to improve the stability of PSCs, conversely, their low
device efficiency is a key barrier to their commercialization.
4.4 ETL free PSC

ETLs are particularly useful for extracting electrons and block-
ing holes from PSCs' active layer. They're n-type semiconductors
with the smallest number of vacant molecular orbitals and the
highest electron mobility. Fullerene derivatives like PC61BM
and C60, as well as inorganic metal oxides like TiO2, SnO2, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
ZnO, are the most oen utilized ETLs. Finding the best-suited
ETL for highly stable PSC remains a challenge. As it was
mentioned earlier that organic materials are prone to the
ambient condition, especially humidity and light that lead to
the PSCs' instability. Metal oxide lms appear to improve the
stability of PSCs, but their deposition necessitates high-
temperature sintering or a complicated synthesis method,
which may have an impact on the underlying layers and
encourage perovskites degradation.

Particularly, there is an unfavorable chemical interaction
between ZnO and metal halide perovskites has been reported,
which causes the perovskite to degrade rapidly.132 Moreover,
defects in the SnO2 layer can vary greatly depending on the
deposition technique, which affects the J–V characteristic and
the performance of PSCs. Ionic charge accumulation and non-
radiative recombination can be caused by defects at the SnO2/
perovskite interface, which have an impact on the hysteresis
effect and device performance.133 Additionally, SnO2's terminal
state may have an impact on how perovskite absorbers
develop.134 Besides, the use of a high-temperature deposition
process of ETL may increase the manufacturing cost and energy
consumption. Particularly, if we can omit ETL from the struc-
ture, we can fabricate PSCs with a simpler procedure and
improved stability. As a result, ETL-free PSCs with comparable
performance to their ETL counterparts are regarded to be
commercially viable. However, in comparison to conventional
ETL-embedded devices, performance and stability of ETL-free
RSC Adv., 2023, 13, 1787–1810 | 1795
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devices are much lower. Poor-quality perovskite layers with low
charge mobility, inadequate surface coverage and uniformity,
high defect densities, low built-in potential, short diffusion
lengths, and misaligned energy levels between perovskite and
conductive substrates are the main factors preventing further
improvement of the cell efficiency.135 The photovoltaic perfor-
mance of the ETL-free PSCs is summarized in Table 2.

It should be noted that due to the absence of ETL, the elec-
tron extraction behaviors of ETL-free PSCs differ from those of
typical PSCs with n–i–p or p–i–n structure. Some believe that
electron extraction in ETL-free PSCs is driven by the built-in
electric eld at the TCO/perovskite interface, while others
believe that charge accumulation in the perovskite layer is the
driving element for charge transfer across the TCO/perovskite
interface.136 The ETL-free PSC has been reported early in 2014
(ref. 137) and found that the ETL-free PSCs show signicantly
lower PCE than those of PSCs with ETL. Numerous efforts have
been taken in recent years to improve the performance of ETL-
free PSCs, but their stability has not been thoroughly investi-
gated. Particularly, the operating mechanism of ETL-free PSCs
has been thoroughly investigated in seven years of develop-
ment, and device performance has greatly increased. The
highest PCE achieved in ETL-free PSCs is 20.55% so far,107

which is similar to the PCE of PSCs with ETL. ETL-free PSCs are
projected to have a bright future and substantial research
initiative has been conducted toward large-scale
manufacturing, exible devices, and long-term stability.
Particularly, the barrier is the energy level mismatch between
perovskite and conducting oxide (ITO) and a weak built-in
electric eld, which leads to poor charge extraction and
substantial charge recombination that occurred at the TCO/
perovskite interface. These obstacles can be overcome by
increasing the carrier lifetime in perovskite that offered enough
time for sufficient electron extraction, and/or by modifying
interfacial band alignment by employing an additional layer.
Excess PbI2 has been discovered to signicantly increase the
carrier lifetimes and PL quenching rate of perovskite (MAPbI3)
lms, hence increasing the device performance. By using thick
perovskite lms (about 700 nm) and analyzing the microsecond
carrier lifetime of perovskite lms, Han et al. achieved a high
PCE of 18.1% for HTL-free PSC with negligible hysteresis.78

Thus, the built-in electric eld was found to be the driving force
of electron extraction at the TCO/perovskite interface and
proposed a practical technique for improving the electron
extraction at the interfaces. Actually, a high amount of electron
generation in perovskite raises the electron quasi-Fermi level of
perovskite lms, as opposed to the hole quasi-level in HTLs
which inuences the electron extraction. However, the mecha-
nism by which ETL-free PSCs function is not clear yet,
demanding further research and in situ characterization.
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4.5 Tandem PSCs

The tandem structure has been a stride forward in PSCs
commercialization. There are additional processing steps
needed to fabricate a tandem cell and are expecting improved
efficiency and stability of the cell. An exhaustive review
1796 | RSC Adv., 2023, 13, 1787–1810 © 2023 The Author(s). Published by the Royal Society of Chemis
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luded that the separation layer between the two cells should be
stable and that the best choice for reducing recombination in
the cell/intermediate layer interface is a solution-processed thin
layer based on Ag nanostructure. In early 2013, Heliatek
revealed organic polymeric tandem solar cells with a PCE of
12%, with vacuum evaporated cells outperforming solution-
processed cells.153 The fabrication process optimization and
investigation of interconnection losses have pushed up effi-
ciency,107 however, only a PCE of 13.8% has been achieved,131

and still far below the maximum projected PCE of 21% for
organic tandem cells.154 In addition, the perovskite/Si tandem
exhibits the greatest promise of all the varieties. Inverted
perovskite/silicon V-shaped tandem solar cells with a PCE of
27.6% were reported by Zheng et al. Beside, for monolithic PSC/
Silicon tandem solar cells,156 Al-Ashouri et al. reported a PCE of
29.15%.155 However, the equivalent parameter used in the PSC/
Si tandem cells is still signicantly lower than that of the high-
performing single junction c-Si cells. As a result, there is still
more space for advancement in tandem solar cells that use
bottom cells. It should be noted that the Si-based tandem cells'
theoretical maximum efficiency might be raised from 29 to
42.5%.157 Furthermore, as the photocurrent of monolithically
integrated tandem solar cells is controlled by the two subcells'
photocurrents, any mismatch in the current of top and bottom
cell will result in a signicant loss of power. The transparent
Fig. 5 (a–d) Schematic diagram of different perovskite–Si tandem solar c
and 4T configuration, and (d) highest reported efficiency by a different c
158 with permission from ACS publications, copyright 2017).

© 2023 The Author(s). Published by the Royal Society of Chemistry
electrode, ETL, and HTL sheet resistances are also be crucial in
guring out the total PCE.

Particularly, tandem photovoltaics is a realistic approach for
reducing thermalization losses in solar energy conversion by
integrating two absorber layers into a single device with unique
bandgap energies. Recently, perovskite-silicon tandem solar
cells have risen to prominence as the preferred energy conver-
sion device, with the potential to achieve ever-higher efficien-
cies. However, if the top and bottom cells can operate near to
their theoretical limits, then only the higher PCE is possible.
Tandem devices have typically been built utilizing two-terminal
(2T) or four-terminal (4T) congurations as shown in Fig. 5(a)
and (d).158 In 2T conguration, two devices are connected in
series, and the connection requires current matching which
limits the device performance, whereas the standard 4T
conguration needs a minimum of three transparent electrical
contacts, which may increase unavoidable parasitic absorption
and reduces total collected power. Electronically and optically
linking the top and bottom cells in 2T arrangements can help
reduce non-radiative recombination loss and reections
between the devices, which are frequent in 4T tandem cells.
However, even with the best design, this current matching
condition in 2T tandem can only be achieved for a single optical
spectrum, and under diffuse light conditions, major variations
in the illumination spectrum can result in signicant efficiency
losses.159 On the other hand, electronic decoupling of the two
ells, (e) EQE of perovskite and silicon tandem solar cells for 2T, 3T (IBC),
onfiguration of perovskite–Si tandem solar cells, (reproduced from ref.
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cells in 4T devices reduces the need for current matching, but
thick spacer layers in 4T tandem oen affect the optical benets
and the additional contact contributes a 10% relative efficiency
loss.160 As a result, the 3-terminal (3T) arrangement has been
proposed, as illustrated in Fig. 5(b) and (c), to achieve a tandem
device that is optically connected but electrically decoupled,
and to gain the benets of both traditional topologies while
avoiding their principal shortcomings. The EQE curves as
shown in Fig. 5(e) conrm the benets of the 3T over 2T and 4T
tandem PSCs. Fig. 5(f) shows the highest PCE for different
tandem congurations reported so far. The continuous
improvement in PCE is observed over the year for all types of
tandem devices.

All the tandem congurations have proven to be effective for
higher PCE, where the key problem in achieving near the
theoretical efficiency limit in tandem is to optimize the inter-
connecting layers.161 Importantly, because of the reduced use of
glass, manufacturing two-terminal tandem cells minimizes
environmental consequences by up to 30% compared to two
single-junction devices. Other than c-Si as the bottom cell, CIGS
and CZTS bottom cells, as well as a full perovskite tandem
(SnPb/Pb), have also been constructed and studied. The entire
perovskite (SnPb/Pb) (tin lead/lead) structure has considered to
be the most ecologically benecial technology; however, the
efficiency of the device should be near 30% and a 16 year life-
time to compete with Si technology.162 For the time being, PSC
on Si based solar cells is the alternative technology that is
rapidly being investigated as mentioned above, with a company
(Oxford PV Ltd) that may soon be able to commercialize it.163
4.6 Flexible PSCs

In high-efficiency exible solar cells, ITO-coated exible poly-
mer substrates, such as PET and PEN, are widely employed as
electrodes. Low conductivity, poorer transmittance, and poor
mechanical resilience are the main limitations of ITO on ex-
ible polymer substrates when compared to ITO-coated rigid
glass substrates.164 It is also well recognized that most polymer
substrates can't sustain temperatures above 250 °C. As a result,
all depositions and treatments must be performed at a lower
temperature, resulting in lower ITO resistivity (more than 20 U

sq−1).165 To compensate for the low conductivity, thicker ITO
coatings are used to boost conductivity. The commercial ITO
coating on PET is around 400 nm thick, but the ITO coating on
glass is just 150 nm thick. Thicker ITO, on the other hand,
reduces transmittance, which reduces short-circuit current
density (Jsc) and PCE. As a result, exible perovskite solar cells
(F-PSCs) oen have lower PCE than rigid perovskite devices.
Mechanical bending stability is another important measure in
F-PSCs. It has been reported by Seok's group that the effec-
tiveness of PEN/ITO-based exible PSCs was lowered aer 300
bending cycles and only retains 5% of its initial efficiency. With
a PCE of 12.2%, Kim et al.166 reported an F-PSC based on
identical substrates, however, aer 1000 bending cycles under
a 10 mm bending radius, 50% of the initial efficiency was lost.
Carlo et al.167 identied that ITO can be bent to a radius of
14 mm without cracking, however when the radius is smaller
1798 | RSC Adv., 2023, 13, 1787–1810
than 14 mm, the ITO covers cracks, causing signicant
conductivity degradation. By sandwiching a thin Ag layer
between PET substrates and ITO, Yang et al.168 recently obtained
a maximum efficiency of 18.40%. Even though the bending
radius was reduced, the PCE retained 83% of its initial effi-
ciency.169 Other exible electrodes, including conducting poly-
mer, carbon, graphene, Ag-NWs, etc. could also be a better
solution to improve F-PSC mechanical stability.169

Long-term environmental stability is an important factor for
assessing any solar cells for practical uses. However, the PSCs
have yet to overcome this obstacle. The instability is caused by
HTL's susceptibility to the environment and the deterioration of
perovskite. Due to their low temperature and ease of
manufacturing, spiro-OMeTAD, PTAA, and PEDOT:PSS has
been widely employed as HTLs in F-PSCs to date. To replace the
commonly used HTLs, some stable hole-transport materials
such as NiO, CuI, and poly(3-hexylthiophene) (P3HT), have been
produced at low temperatures.170 These HTLs have increased
the stability and performance of F-PSCs. Because perovskite
absorbers are extremely sensitive to dampness, oxygen, and UV
light, they degrade and undergo a phase transition in exible
devices. Given the importance of industrialization's stability,
encapsulation technology has emerged as a critical technique
for protecting delicate cells from corrosive environments.
Effective encapsulation of F-PSCs is a signicant difficulty. A
exible sealing lm with a low water vapour transmission rate
(WVTR) and low oxygen inltration can be utilized to cover the
surface of the front active region. On the backside, exible
materials with high transmittance, low oxygen inltration, and
lowWVTRmust be enclosed. Metal oxide deposition techniques
such as physical vapor deposition (PVD), atomic layer deposi-
tion (ALD), plasma-enhanced chemical vapor deposition
(PECVD), and other techniques have been shown to be effective
at sealing the backside.171
4.7 The development of single-crystal PSC and possibility for
commercialization

Perovskite single crystals (PSC) provide some unique advan-
tages such as lower trap densities and better transport charac-
teristics. It has been anticipated that perovskite single-crystal
solar cells might achieve a power conversion efficiency of 25%
with these properties.172 By using the cavitation-triggered
asymmetrical crystallization method, a single-crystal lm with
thicknesses of tens of micrometers and lateral dimensions
varying from hundreds of micrometers to 3 mm. The PSCSC
with the thinnest lm (1 mm) produced the maximum efficiency
of 6.53% by utilizing the structure of FTO/TiO2/MAPbBr3/Au.173

By using the space-limited inverse temperature crystallization,
thin single crystals with noticeably greater lateral sizes (6 mm×

8 mm) and the controllable thickness of micrometers (16 mm)
were produced also crystals attained 7.11% PCE when used in
the FTO/TiO2/MAPbBr3/spiro/Au structure.174 Single crystal
perovskite solar cells have grown and improved in efficiency
signicantly during the last three years. Single crystal perovskite
solar cells provide an ideal model system for future research
into the working principles relating to perovskite surface and
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05903g


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 2
/1

2/
20

26
 7

:4
3:

53
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
grain boundaries, in addition to having higher efficiency and
better stability. It is anticipated that single crystal perovskite
solar cells would soon outperform polycrystalline solar cells in
terms of efficiency and stability due to their better optoelec-
tronic features and stability. Therefore, its commercial appli-
cation is expanding globally. Also over the past few years, the
fabrication process for single crystal perovskite solar cells has
Fig. 6 Classification of PSCs fabrication process.

Fig. 7 Solution based PSCs fabrication processes (a) spin coating, (b) ele
drying process and (f) blade coating.

© 2023 The Author(s). Published by the Royal Society of Chemistry
made signicant progress. Basically the fabrication processes
for PSCs are of main two types such as solution based process
and vapor based process as shown in Fig. 6.

Some of the examples of solution based and vapor based
fabrication processes are shown schematically in the Fig. 7 and
8. The readers are suggested to follow the literature for details of
the fabrication process.175 Among the all processes, the spin
ctrochemical deposition, (c) drop casting, (d) spray coating, (e) blow-

RSC Adv., 2023, 13, 1787–1810 | 1799
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Fig. 8 Vapor based PSCs fabrication process (a) physical vapor deposition (sputtering) and (b) chemical vapor deposition.
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coating process is widely used and easy process to fabricate the
perovskite layer in PSCs. To achieve the practical application of
single crystal perovskite solar cells, large-area production
methods, specically those satisfying industrial requirements,
are more crucial.
5. Economic feasibility of perovskite
devices

There are various xed capital costs and operational costs which
must be addressed carefully before creating the technology for
any new kinds of solar cells. Examining the energy payback time
(EPBT) of various solar cells is a cost-effective method of eval-
uating solar cells. EPBT may be computed using the method
provided by Bhandari et al.176
EPBT ðyearsÞ ¼ Embedded primary

Annual primary energy produced by

1800 | RSC Adv., 2023, 13, 1787–1810
where, 3 is the light energy to electrical energy conversion factor
(oen 0.35), I denoted total incident solar insolation on a unit
surface per year, h is the average PCE of the modules, and PR
denoted the performance ratio of the system. A PV system's PR
over time is calculated as energy measured (kW h)/(irradiance
(kW h m−2) on the panel × active area of PV module (m2) ×
PVmodule efficiency). Another method to analyze the efficacy of
solar cells is to calculate the energy return on investment
(EROI),176 which is a function of EPBT and lifespan, as
indicated:

EROI ¼ Lifetime ðyearsÞ
EPBT ðyearÞ (2)

The EROI is currently developed as a 3 for any feasible solar
cell technology. Besides the cell's design, the energy used in
energy
�
MJ m�2�

the system
�
MJ per m2 per year

� ¼ WI

I � h� PR=3
(1)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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material manufacturing has also a crucial impact on EPBT solar
insolation. In the electrical power sector, silicon-based PV
modules have played a part in the integrated circuits in
microelectronics and nanoelectronics based on silicon
complementary metal-oxide-semiconductor (CMOS). In recent
years, the declining prices of PV modules have led substantially
to the exponential expansion of the PV industry.177 The material
cost for the lead iodide perovskite absorber layer is quite inex-
pensive, with a module size of about US $2 per cubic meter with
perovskite layer thickness up to 400 nm.178 Here perovskite is
the most cost-effective component, whereas the cost of trans-
parent conductive substrates (FTO or ITO) with low sheet
resistance (10 U per square meters) is around $10 per square
meter. The market share of thin-lm PV modules is expected to
shrink from 8% in 2014 to 7% in 2015, down from 15% in
2010.179 On the other hand, Pb is poisonous; therefore, the
environmental impact of lead PSCs should be investigated
before industrialization.180 Despite the fact that Pb based PSCs
are more stable and well-performing, they can however signi-
cantly harm human health by polluting the environment.
Organic and inorganic lead salts are both very soluble in water,
making them possibly bioactive, that is, accessible to plants and
thus other living beings.181 The European Union's hazardous
substance limitation strictly controls the use of Pb in industry.
Costs have dropped dramatically throughout the world, and it is
anticipated that they will reduce by 66% by 2040.182 These
Fig. 9 Keno model for proposal of successfully commercialization of PS

© 2023 The Author(s). Published by the Royal Society of Chemistry
estimates are based on silicon-based solar cells, even though
PSCs are widely recognized to be low-cost. A solar cell's life cycle
was separated into four parts: module manufacture, module
functioning, raw materials, and disposal.183 Lifecycles are more
signicant when considering the commercialization and real-
world applications of PSCs. As per our competitive and
comparative analysis of high and medium PCE, the levelized
cost of electricity (LCOE) of perovskite PV must reach $0.055 per
kW per h to compete with the dominant c-Si PV (PCE of 21%).
Thus, we propose that a lifespan of 15 years is the standard for
perovskite PV (with a PCE of 19% and a minimum module size
of 100 cm2), which is a big step from the present status.184

Unfortunately, lengthy stability studies are still restricted.2

According to a separate report, the analysis discovered that,
while the cost of active layers and rear electrodes would be
reduced to null, the PCE of 18% with a 20 years lifespan would
be essential for the PSC module to meet the $0.09 per kW per h
target.
6. Future prospects

One of the main aspects of the commercialization of PSCs is
stability among the others such as high efficiency, easy fabri-
cation and low cost. However, the stability data provided by
various researchers can't be fairly compared because different
experiment uses different testing conditions, such as
Cs.

RSC Adv., 2023, 13, 1787–1810 | 1801
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humidity, temperature, and encapsulation technique. Partic-
ularly, PCE is a well-dened parameter that can be validated
according to standards, whereas stability-related characteris-
tics like lifetime and deterioration rates cannot. Thus, it is
crucial need to standardize the required test condition for
stability testing of PSCs focusing on mechanical stability,
thermal stability, device hysteresis, and stability under expo-
sure to light, moisture, and oxygen for each fabrication tech-
nique. It should be noted that inorganic solar cell stability
tests (ISOS) have approved techniques; however, they are rarely
employed in the investigation of PSCs stability. Furthermore,
R&D target should be set for advancement and successfully
commercialization of PSCs to cope the current market
demand. The Keno model imposed in Fig. 9 is a helpful tool to
understand the prioritization of the features of PSCs for
successfully commercialization.175

The Kano model stands out in particular for its strict focus
on customer perception; existing and/or prospective new
product features are ranked according to the potential level of
customer pleasure they may offer. The gure indicates such
categorized PSCs properties that are necessary for commer-
cialization in the current solar cell market. For market pene-
tration, there needs to be strong research activities in these
areas. The “one-dimensional” specications have a linear
connection to the quality and value of the product whereas
“must be's” are the essential requirements for the technology as
well as the bare necessities for market access.

7. Conclusion and recommendation

The rapid development of PSCs in recent times is governed by
the excellent and tuneable optoelectronic properties of mate-
rials which have been revealed by decades of research in the PV
eld. Recent ndings suggest that efficiency or cost are no
longer the primary concerns for PSCs, however, the short
operational lifetime under normal environmental conditions is
a great challenge towards commercialization. Particularly, the
so and ionic nature of perovskite materials makes it more
challenging to acquire the long-time stability of PSCs in the
commercialization of perovskite PV technology or to generate
operationally stable PSCs. Thus, the stability of PSCs must be
proven in the laboratory before their scale-up production. It
should bementioned that the stability of PSCs has recently been
improved from a few minutes to thousands of hours, but this is
still insufficient for practical implementation and the stability
of PSCs should extend more than 10 years for commercializa-
tion. Several aspects such as modication of the structural
design, use of different charge and electron transport materials
including different metal-oxide lms, different hole transport
materials which have hydrophobic nature, modication in the
electrode material preparation and encapsulation procedures,
have been considered by the various researchers for systematic
engineering of perovskites to improve their stability. In this
review, we critically analyzed the advancement of various
manufacturing techniques and structural variations of PSCs,
emphasizing the degradation and stability difficulties that exist.
It should be noted that a variety of degradation mechanisms
1802 | RSC Adv., 2023, 13, 1787–1810
have been reported in the literature that provides a basic
understanding and awareness for the augmentation of stability.
It has been observed that the current modication in perovskite
materials, device structure, and/or interface material is not
enough for achieving higher stability as well as efficiency, and
we recommend developing new materials and designs that may
play a great role to overcome the aforementioned issues in the
perovskite PV eld.

Moreover, it should be mentioned that the HTL and/or ETL-
free solar cells cannot compete with the HTL and ETL con-
taining regular structure which generally shows higher effi-
ciency. Similarly, lead-free solar cells clearly cannot compete
with lead-containing alternatives. However, from the reported
work, it is evident that HTL and/or ETL-free PSCs show lower
PCE, but higher stability than HTL and ETL-containing PSCs.
Also, it should be mentioned that most of the higher efficiency
PSCs are used spiro-OMeTAD as an HTL, however, due to the
complexity of its complex manufacturing route requiring toxic
solvents, it is expensive and has been identied as a signicant
source of environmental impacts. As a replacement for spiro-
OMeTAD, inorganic materials such as metal oxides, carbon
derivatives (PCBM, carbon, graphene, or carbon nanotubes), or
other organic materials (P3HT or small molecules) have been
successfully incorporated as alternatives that maintain good
PCEs and in some cases extending stability. In addition, the use
of FTO substrates has replaced costly ITO effectively without
sacricing efficiency or stability.

Numerous low-cost fabrication processes are commonly
used in PSCs, such as spin coating, doctor blade, sequential
deposition, hybrid chemical vapor deposition, and alternating
layer-by-layer deposition, etc. It is found that the most of high
PCE PSCs are fabricated using spin coating. Undoubtedly spin
coating is a cheap, low cost and easiest process of fabrication.
However, it does not have adequate commercial viability for
large size solar cell fabrication. Thus, we have to focus on the
alternate process which will ease fabricating of the commercial
size of solar cells. In that case, our recommendation is the
doctor blade technique which could be the most suitable for
low-cost and easy fabrication for high PCE and higher stability.
Finally, we would like to propose two recommendations for
achieving higher stability towards future commercialization of
PSCs: (i) stability tests of PSCs should be conducted using the
standard protocol, such as ISOS. This will allow for a more
accurate comparison of materials and device architectures, as
well as a clearer picture of the research path toward extended
lifetime, and (ii) the modication of fabrication technique as
well as device structure and materials should comply with the
ease of large-scale PSC fabrication. Moreover, new materials
and designs with high stability under harsh conditions are also
desirable to improve the performance of PSCs. The new mate-
rials can be used in a variety of ways, from improving existing
materials to building new ones.
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