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1. Introduction

High efficiency and superb performance of hybrid organic–
inorganic perovskite solar cells (PSCs) have attracted consider-
able research attention in recent years. Hybrid organic–inorganic
perovskites with ABX3 structure possess distinctive optoelec-
tronic properties, including a direct and adjustable bandgap
energy, low exciton binding energy, and a high absorption coef-
ficient. Moreover, they demonstrate broadband light absorption,

ambipolar behavior, and long charge
carrier diffusion length.[1–4]; These various
optoelectronic properties can be modified
by changing the composition of A, B,
and X ions in perovskite structure.[5–7]

Application of perovskite materials as the
light harvesting films has significantly
increased the power conversion efficiency
(PCE) of corresponding cells from 3.8%
in 2009 to 26.08%.[8–12]

The rapid progress in efficiency of PSCs
has indicated that deposition techniques
for the light-absorbing film, the electron
transporting layers (ETLs) and hole trans-
porting layers (HTLs), have extreme effects
on related uniformity and surface quality,
resulting in high efficiency and stability
of the devices.[13,14] Commonly, metal
oxides including titanium dioxide (TiO2),
tin oxide (SnO2), and zinc oxide (ZnO)
have been used as the ETL in PSCs.
Organic material including spiro-OMeTAD
(2,2 0,7,7 0-Tetrakis[N,N-di(4-methoxyphenyl)

amino]-9,9 0-spirobifluorene), PTAA (poly-[bi(4-phenyl)] (2,4,3-
trimethylphenyla-mine)), and polymer PEDOT:PSS (poly (3,4-
ethylenedioxythio- phene): polystyrene sulfonate) and inorganic
materials such as copper iodide (CuI), nickel oxide (NiO),
copper(I) thiocyanate (CuSCN), copper indium gallium
(di)selenide (CIGS), and copper oxide (CuO) have been employed
as an HTL.[15–18] However, our primary focus lies in the coating
process of the perovskite absorber layer rather than ETLs and
HTLs.
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Hybrid organic-inorganic perovskite solar cells (PSCs) have rapidly advanced in
the new generation of photovoltaic devices. As the demand for energy continues
to grow, the pursuit of more stable, highly efficient, and cost-effective solar cells
has intensified in both academic research and the industry. Consequently, the
development of scalable fabrication techniques that yield a uniform and dense
perovskite absorber layer with optimal crystallization plays a crucial role to
enhance stability and higher efficiency of perovskite solar modules. This review
provides a comprehensive summary of recent advancements, comparison, and
future prospects of scalable deposition techniques for perovskite photovoltaics.
We discuss various techniques, including solution-based and physical methods
such as blade coating, inkjet printing (IJP), screen printing, slot-die coating,
physical vapor deposition, and spray coating that have been employed for fab-
rication of perovskite modules. The advantages and challenges associated with
these techniques, such as contactless and maskless deposition, scalability, and
compatibility with roll-to-roll processes, have been thoroughly examined. Finally,
the integration of multiple subcells in perovskite solar modules is explored using
different scalable deposition techniques.
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The deposition of the perovskite absorber layer is crucial
for achieving high performance in PSCs. Different deposition
methods have been utilized for the fabrication of various struc-
tures of high-performance hybrid organic–inorganic PSCs.[19–22]

Commonly, the solution-based spin-coating method has been
used in lab-scale PSCs with great performance. Accordingly, with
increasing energy crisis, enormous efforts have been made for
commercialization and mass production of competitive and
economic perovskite photovoltaics. Owing to poor stability and
scalability challenges, deep gaps exist for industrial application
and market entry of perovskite technology. The main challenges
for large-area PSCs are the uniformity and controlling perovskite
morphology, which depend on deposition technique. On the
other hand, nonuniform absorber layers have intensified the
instability problem under moisture invasion.[23] Additionally,
surface defects and incomplete coverage of perovskite film
impose leakage paths, inefficient light harvesting, and as a result
lower filling factor and weak performance of solar cells.
Furthermore, cheap and effective scalable deposition techniques
are crucial parts for commercializing of PSCs. The most com-
mon used deposition methods for scalable fabrication of PSCs
can be divided into physical deposition techniques like thermal
evaporation and chemical deposition techniques, like spin coat-
ing, screen printing, gravure printing, slot die coating, inkjet
printing (IJP), and doctor blading.[8–12,24–27]

Generally, one-step and two-step coating processes have been
utilized in the various deposition techniques of perovskite layers.
The one-step process involves applying a solution containing
both organic and inorganic perovskite compounds onto a sub-
strate to coat a perovskite film. In the two-step process, a layer
of lead iodide (PbI2) is first deposited onto the substrate, followed
by the application and annealing of the methylammonium iodide
(CH3NH3I–MAI) solution to create methylamonium lead tri-
iodide (MAPbI3) perovskite. Poor morphologies with imperfec-
tions and incomplete surface coverage typically have been created
via simple solution-processed deposition technology. However,
achieving high uniformity, lower defect density, and fewer pin-
holes over a large area of perovskite is crucial for creating more
stable PSCs.[28] The irreproducible spin-coating technique used
in research labs, which results in the wastage of more solutions
and uneven coverage, is unsuitable for depositing large-area
PSCs.[29] Throughout the spin-coating process, a consistent cen-
trifugal force is applied to the perovskite solution, and its speed
significantly impacts the thickness and structure of the perov-
skite layer in the spatial distribution, presenting a challenge
for scalable deposition methods. It is important to have a uni-
form perovskite layer throughout the solar cell to ensure its effi-
ciency and stability. To commercialize PSCs, it is essential to
achieve a consistent and reproducible layer thickness across
large-area substrates.

In addition to applicable coating techniques for long-term
stable devices, upscaling design is crucial for high-efficiency
solar cells. Reducing dead area, adapting to flexible substrates,
and integrating architecture play crucial roles in scaling up single
cells into large and efficient modules, efficiently.[30] Commonly,
PSCs have been fabricated on the transparent conductive oxides
(TCO) with sheet resistance of ≈10Ω sq�1.[31] Unfortunately, the
sheet resistance of TCO increases at large scales, resulting in

enhanced current losses in the solar cell.[28] Additionally, the cre-
ation of pinhole-free and nondefect perovskite layer is fragile in
large area.[32] To optimize these challenges, a substrate is
usually divided into smaller subcells; hence, series and parallel
connections have been designed for large-area PSCs. The most
efficient way to achieve high-power output is through series con-
nection, rather than parallel connection. Series connections can
achieve high open-circuit voltage (VOC) but relatively low current
output, while parallel connections produce high current density
and lower VOC.

Typical perovskite solar modules are individual cells which are
serially interconnected on the same substrate, as a monolithic
integration. Monolithic interconnection is a complementary
option for reducing defects in perovskite thin film for fabrication
of perovskite solar modules. Mainly, in module design, narrow
interconnection zones reduce dead area and in consequence lead
to best performance in solar modules. Nonhomogeneous and
wide interconnection zones result in higher resistance for the
charge traveling from subcells to another. Moreover, smoothness
and homogeneity of interconnection zones enable us to fabricate
better modules without heat damage or surface roughness.

The mass production of PSCs has been hindered by the
degradation of perovskite under temperature, humidity, light,
and oxygen, as well as the challenge of achieving coating unifor-
mity and pinhole-free perovskite thin films with high stability
and reproducibility. The quality of the perovskite layer plays a
crucial role in charge transportation and recombination,
necessitating the creation of a pinhole-free full-coverage
perovskite film for highly efficient PSCs. Several strategies,
such as precursor engineering,[33–35] solvent selection,[36,37]

additives,[20,38] deposition methods,[39,40] and annealing pro-
cesses,[41,42] have been employed to obtain a compact and uni-
form perovskite layer with large crystal domains. Various
analytical techniques, including scanning electron microscopy
(SEM), X-ray diffraction (XRD), atomic force microscopy
(AFM), time-resolved photoluminescence (TRPL) measurement,
energy-dispersive X-ray spectroscopy (EDS), UV–vis absorption,
transmittance, and steady-state photoluminescence (PL) mea-
surement, have been utilized to characterize perovskite films.

Numerous studies have been conducted to overcome
barriers in fabricating highly efficient and stable solar cells.
These deposition techniques show promise in achieving higher
efficiencies and stability through easily accessible and, in some
cases, low-temperature approaches. However, the application of
these various technologies to scale up PSCs into modules and
achieve commercialized levels of perovskite photovoltaics is still
uncommon.

The review provides a summary of various deposition
techniques for upscaling perovskite thin films in photovoltaic
applications. It focuses on film quality and device performance,
examining the benefits and challenges of each technique as
shown in Figure 1. Outstanding perovskite deposition methods
play a key role in manufacturing high-efficiency and stable PSCs.
To scale up film production, various deposition techniques have
been explored. Furthermore, the application of these techniques
in PSC module fabrication is also discussed. The objective of this
review is to provide a comprehensive overview of these techni-
ques, focusing on film quality and device performance.
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2. Blade-Coating Technique

Blade-coating technique has been widely used for the deposition
of large-area thin films. In the blade-coating process, the precur-
sor solution is directly loaded onto the substrate and then spread
on the surface by a knife-type coater. The utilized blade (Meier
bar) must continuously move on the solution/substrate to form a
uniform film; it is an appropriate technique for roll-to-roll coating
methods and mass production. Researchers seek to manipulate
material compositions, solvent engineering, device structure,
and fabrication process to achieve high efficiencies. The nucle-
ation and growth of perovskite crystallites have a significant
impact on solar module performance. Fast nucleation and slow
growth production result in a perovskite film with larger grain
sizes. Techniques such as heat treatment, additive utilization,
addition of an antisolvent, gas quenching, or rapid solvent
removal by vacuum can lead to rapid nucleation and gradual
growth, consequently resulting in larger grain sizes of the perov-
skite layer.

Some researchers have been reporting the use of various ETLs
or HTLs to improve blade-coated PSCs. In 2015, Wang’s
group achieved an efficiency of 14.9% with C TiO2/ZrO2/
NiO/carbon(MAPbI3) structure by the blade-coatıng process.[43]

They utilized NiO as an inorganic HTL in PSCs with carbon elec-
trodes. The hole extraction NiO interlayer blocked the electron
pathway and enhanced the difference between electron and hole
Fermi levels, thereby improving the device VOC. The blade-
coating process applied by Wang’s group has demonstrated
the potential for scalability and cost-effectiveness in the fabrica-
tion of PSCs.

During the blade-coating process, the solution’s flow often
leads to defects and pinholes in the perovskite film. The island
structure of the blade-coated perovskite film forms due to differ-
ing surface energies between the perovskite solution and the sub-
strate.[44] Achieving full substrate coverage with the perovskite
solution is a challenge when aiming for a defect-free perovskite
layer. The solution’s wettability plays a crucial role in substrate
coverage and is influenced by the solvent of the perovskite ink.
Additionally, rapid crystallization at low temperatures during
blade coating results in small grains, low crystallinity, and a high
defect density in perovskite films. Common solvents for perov-
skite ink production, such as DMSO and DMF, have high solu-
bility for perovskite precursors. However, they are not suitable
for quickly depositing a compact and smooth blade-coated
perovskite film at room temperature. To enhance the quality
of perovskite film, it is suggested to either mix the solvents or
utilize solvent engineering techniques.[28] This can help to
improve the film’s morphology and enhance its electronic prop-
erties, ultimately leading to better performance in perovskite-
based devices. Mixing solvents can optimize the crystallization
process, while solvent engineering techniques can control the
nucleation and growth of perovskite crystals, resulting in a more
uniform and defect-free film. N,N-Dimethylformamide (DMF) is
usually used as a solvent in perovskite solutions, which is toxic
and should be replaced with nonhazardous materials. The mix-
ture of γ-butyrolactone (GBL) and dimethyl sulfoxide (DMSO) is
a suitable candidate as the perovskite solvent.[40,45] Huang et al.
demonstrated that the blending ratio of 9:1 by volume of DMSO
and GBL resulted in higher-quality perovskite films with larger
crystalline domains. Additionally, the surface of the blade-coated

Figure 1. a) Schematic diagrams of blade coating, b) IJP, c) screen printing, d) slot-die coating, e) spray coating, and f ) PVD techniques.
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perovskite film became smoother with the addition of polyethyl-
ene glycol (PEG) to the perovskite precursor. They finally
obtained the highest PCE of 17.02% on an active area of
0.09 cm2 in ambient conditions.[37] While the output efficiency
of subsequent solar cells may not be as high as when using toxic
solvents, the sustainability of the solar cell manufacturing
processes, environmental impacts, and the removal of toxic pre-
cursor materials are crucial factors for the commercialization of
ecofriendly perovskite photovoltaic devices.

The structural properties of blade-coated perovskite layers are
significantly affected by the rate of drying. The solidification or
evaporation rate of the solvent can be accelerated with a heat
treatment process. Zhong et al. studied the changes in the behav-
ior of solidifying perovskite films in situ with an increase in the
coating temperature from 50 to 150 °C.[46] Three solvate phases
were observed in this study for equimolar MAI and PbI2 in DMF,
along with MAI-rich and PbI2-rich crystalline solvates. At low
temperatures of 25–50 °C, the solidification process occurs at
≈47 s.

In this temperature range, the solidification rate is quite low
and forms a DMF-solvated lead iodide (PbI2)-rich film while the
perovskite phase is absent. The solvent evaporation rate was
much faster at 80 and 135 °C, it occurs only after ≈13.4 and
≈2.4 s, respectively. At intermediate temperatures of 50–80 °C,
an equimolar MAPbI3–DMF solvated phase incorporating
increasingly more methylamonium iodide (CH3NH3I/MAI) is
formed. The excessive coordination of lead and DMF at the exclu-
sion of MAI is circumvented due to rapid loss of the solvent at
elevated temperature (>100 °C). In this condition, the disordered
sol–gel state collapses into an equimolar crystalline solvated
phase, which is rather a PbI2-rich solvate. At 135 °C, the solidifi-
cation rate is high enough to prevent the formation of the PbI2-
rich phase and cause the direct conversion of precursors to perov-
skite phase. The schematics of perovskite film formation in
different regimes and corresponding SEM images are shown
in Figure 2. At intermediate temperatures between 80 and
100 °C, a combination of ribbon-like and compact morphologies

is observed compared to the PbI2 phase with ribbon-like mor-
phology. At temperatures above 100 °C, the perovskite crystals
nucleate and grow directly in the colloidal ink. These processes
produce films with compact structure and minimal solvent reten-
tion. The presence of the PbI2 phase results in reduced device
performance. However, temperatures above 135 °C prevent
the formation of the solvate or PbI2 phase. Hence, the colloidal
sol–gel precursor can directly convert into MAPbI3. Ultimately,
this group achieved a champion performance of 17.54% PCE at a
temperature of 150 °C.

The crystallinity of the blade-coated perovskite layer can be
affected by additives, as well. The grain sizes of perovskite layer
were increased from 50 to 200 nm by 0.5% mol Pb(SCN)2 with
respect to the perovskite concentration. Ernst et al. fabricated the
blade-coated modules with a stabilized efficiency of 12.6% with
an aperture area of 66 cm2, in comparison with 18.1% on a
small-area spin-coated device using FA0.83Cs0.17PbI3 perovskite
precursor solution (with 1mol% Pb(SCN)2 as an additive).[47]

As mentioned before, mainly perovskite is deposited in two
methods, one-step and two-step or sequential depositionmethod.
In two-step route of perovskite deposition, first PbI2 solution was
blade coated on the substrate, followed by coating MAI solution
and annealing the wet film to fabricate MAPbI3 perovskite layer.
The main challenge in this coating process is that PbI2 film is
unstable and incompletely converts to the crystallized perovskite
layer. Several studies are reported to solve this problem. For
example, Matteocci et al. added a small amount of MAI to
PbI2 (M-PbI2) precursor, which increases the nuclei density dur-
ing crystal growth, leading to the formation of cuboid crystals
with a higher absorbance coefficient.[48] They achieved a PCE
of 14.7% with an aperture area of 47 cm2 with air jet-assisted
blade coating of PbI2 layer.

The additives can assist in the crystallization of the perovskite
film in a two-step deposition method. The use of additives can
also improve the film’s morphology and enhance its stability,
making it more suitable for use in various electronic and
optoelectronic devices. Huang et al. observed that MAI associated

Figure 2. Schematic representation and SEM images of blade-coated perovskite film formation at a) low (≈25�50 °C), b) intermediate (≈80 °C), and
c) high (>100 °C) temperatures. Reproduced with permission.[46] Copyright 2018, ACS Eneg Letters, ACS.
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with polyurethane (PU) added in PbI2 (MP–PbI2) precursor
forms an intermediate complex (MAI–PbI2–PU) with an oriented
crystal structure, resulting in a compact perovskite thin film with
fewer pinholes.[39] Glancing incident X-ray diffraction (GIXRD)
patterns were used to analyze the evolution of PbI2 films depos-
ited from different precursor inks. Figure 3a shows that all PbI2
films exhibit a prominent diffraction peak at 12.7°, which corre-
sponds to the 001 lattice plane of crystallized PbI2. Furthermore,
the pristine PbI2 film shows a distinct diffraction peak at 9.6°. It
has been indicated that a complex of PbI2 and dimethyl sulfoxide
(DMSO) formed. To convert PbI2 to perovskite, a blade-coated
MAI solution was used; following the deposition process, the
sample underwent thermal annealing at 100 °C for 10min.
Figure 3b displays the GIXRD patterns of perovskite films made
from each PbI2 precursor ink. The diffraction peaks located at
14.2, 28.5, and 31.9° correspond to the 110, 220, and 310 lattice
planes of CH3NH3PbI3 perovskite, respectively. The synergetic
impact of trace MAI and PU enhances these peaks.
Additionally, the standard diffraction peak intensity of PbI2
decreases significantly, indicating complete conversion from
the intermediate complex to the perovskite crystal. Using
MAI–PbI2–PU precursor ink in the blade-coated planar p–i–n
PSCs exhibits PCE up to 19.01% with an aperture area of
0.12 cm2 and PCE of 11.07% on an active area of 25 cm2 solar
modules.

Another research for solving the problem of incomplete con-
version of the compact PbI2 layer to perovskite film was done
using a two-step method. Zhang et al. found a nonvolatile solvent
like 4-tert-butylpyridine (TBP) that has low solubility with PbI2
and assists in forming a nanoporous PbI2 film.[40] The removal
of the additive solvent leaves the pores in the PbI2 films, which
helps in better penetration of MAI to PbI2 layer. However, the
large amount of the solvent leads to the formation of too large
pores and undesired porous structure in the perovskite films.
Figure 3c indicates the diagram of the perovskite converted from
pristine PbI2 films and perovskite seed-assisted porous PbI2
films, respectively. The high PCEs of 16.54% and 13.32% were
achieved for 5� 5 and 10� 10 cm2 perovskite solar modules,
respectively.

In one-step deposition, a stoichiometric solution including
both organic and inorganic contents is cast onto a substrate.
Afterward, the resulting film is annealed on a hot plate to obtain
the perovskite phase. Antisolvent is drop cast on the film or addi-
tives are used in order to control the solidification and crystalli-
zation.[49,50] Addition of thiourea (TU) can effectively improve the
permeation of perovskite precursor solution into the mesoporous
scaffold, leading to the formation of more ordered and well-
defined perovskite crystals.[51] Thiourea enables deposition of
the high-quality dense perovskite film with uniform and large
crystalline size.[52] The schematic of how thiourea influences
the growth of perovskite crystals is illustrated in Figure 3d.
Thiourea can create hydrogen bonds with the perovskite crystals
or Lewis acid–base adducts to retard their growth. Essentially, a
strong coordination is established between thiourea and PbI2,
which proves effective at grain boundaries. Wang et al. utilized
the Lewis base thiourea (TU) into the perovskite precursor in
one-step deposition method for constructing flexible solar devi-
ces.[52] Figure 3e–j shows the top-view SEM images of perovskite
film deposited on flexible polyethylene naphthalate/indium tin

oxide (PEN/ITO) substrates and on rigid glass/ITO substrates,
with varying molar ratios of TU. By adding TU, the dense
and large crystal grains were obviously obtained. However, at
7% and 10% amount of TU, diameters of crystals grains enlarged
over 1 μm, and visible holes were generated in the film. Finally,
optimized PCE up to 19.41% and filling factor exceeding 80%
were obtained with the incorporation of 5% TU, for flexible
perovskite cells on a low-cost plastic substrate.

Li et al. fabricated high-quality mirror-like monoammonium
zinc porphyrin (ZnP)-doped perovskite film on fluorine-doped
tin oxide (FTO) with an area of 16 cm2 by blade coating.[35]

ZnP binds to the surface of the perovskite crystal and prevents
the cations from escaping, effectively reducing the formation of
defects through molecular encapsulation. Efficient crystallization
control of the perovskite film led to achieving efficiency as high
as 18.3% on active area of 1.96 cm2.

As discussed earlier, interface engineering and defect passiv-
ation in PSCs are vital to obtain the maximum performance. In
solution deposition, the surface of perovskite film is full of
imperfections such as defects, trap-state Pb–I antisites (PbI3�),
metallic Pb clusters, MA ion, and undercoordinated halide
and Pb ions defects which can act as nonradiative charge recom-
bination sites and significantly influence the performance of the
device.[53–55] Qiu et al. used a cost-effective and ecofriendly bio-
material ploy-L-lysine (PLL) as an additive to passivate the defects
of blade-coated perovskite film.[38] A simple and effective strategy
to decrease perovskite surface defects is the usage of functional
polymers as a surface passivator. Particularly, hydrophobic
polymers on surface PSCs can serve as a moisture barrier layer,
which helps to reduce cell deterioration. PLL polymers with
many -COO� anions and -NH2þ cations enable to chelate the
undercoordinated Pb2þ and suppress the formation of metallic
Pb which will otherwise form trap states. They found that the
device with PLL additive delivered the PCE of 19.45% with
VOC of 1.1 V, which is nearly 100mV higher than the control
device.

In 2021, Castro-Hermosa et al. fabricated fully printed
inverted PSCs, except for electrodes, by the blade-coating tech-
nique.[56] They incorporated the nanometer-thick bathocuproine
(BCP) hole-blocking buffer layer in PSCs at a relative humidity
up to 50%. The charge accumulation and recombination reduced
at the PCBM/Ag interface with blade-coated BCP layer. The fully
printed PSCs yield the maximum efficiency of 14.9% on an aper-
ture area of 0.5 cm2. Yang and co-workers demonstrated a fully
scalable deposition scheme for perovskite module fabrication.
They utilized spray-coated TiO2 ETL and blade coated both a
perovskite absorber layer and a spiro-OMeTAD-based HTL.[57]

The results indicated that the performance of perovskite modules
is critically affected by the thickness of TiO2 ETL film. The mono-
lithic interconnection contact (FTO/TiO2/Au) in modules leads
to different impacts of ETL thicknesses on modules and small-
area cells, which are absent in small-area cells. Ultimately, after
optimizing the behavior of the interconnection junction, perov-
skite composition, and blade coating HTL, a stabilized PCE of
15.6% was achieved for a four-cell MA0.7FA0.3PbI3 perovskite
module with an aperture area of ≈10.36 cm2.

As mentioned, the series resistance of TCO increases in large-
area devices. Thus, redesigning of perovskite solar modules has
been applied to reduce its effect when scaling up devices, and
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Figure 3. GIXRD patterns: a) pristine PbI2, M�PbI2, and MP�PbI2 inks. b) CH3NH3PbI3 perovskite films converted from pristine PbI2 films and M�PbI2,
and MP�PbI2 films, respectively. Reproduced with permission.[39] Copyright 2020, Journal of Physical Chemistry C, ACS. c) Diagram of perovskite con-
verted from pristine PbI2 films and perovskite seed-assisted porous PbI2 films, respectively. Reproduced with permission.[40] Copyright 2015, Journal of
Materials Chemistry A, RSC. d) Schematic illustration explaining how thiourea affects the growth of perovskite crystals. During the annealing process,
DMSO easily evaporates from the PbI2 framework, and the combination of thiourea with PbI2 in the films slows down the reaction between PbI2 and MAI,
resulting in larger perovskite grains.[51] Copyright 2018, Solar RRL, Wiley. e–j) SEM images of perovskite films processed with varying amounts of TU-level
blade on PEN/ITO and glass/ITO flexible and rigid substrates, respectively. Reproduced with permission.[52] Copyright 2020, Advanced Functional
Materials, Wiley.
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rapid crystallization at low temperature results in small grains,
low crystallinity, and high defect density in perovskite films
during blade coating.[58] In 2019, Hung’s group reconciled fast
and safe deposition with large grains and high crystallinity of the
perovskite layer by engineering a new ink design.[58] Even though
common solvents such as DMSO and DMF have high solubility
for perovskite precursors, they are not suitable for rapid, smooth,
and compact perovskite film deposition at room temperature
using the blade method. Highly volatile solvents such as
2-methoxyethanol (2-ME) and acetonitrile (ACN), due to rapid
evaporation during fast deposition, result in perovskite films with
low crystallinity and poor contact with the substrates. To improve
perovskite crystallinity, a combination of the two solvents was
used in a certain ratio. Using a combination of these two solvents
in a certain ratio allowed for a slow release from the as-coated
film, which provided enough time for the perovskite grains to
grow into large sizes with high crystallinity and good contact with
the substrate. Perovskite modules with a PCE of 16.4% and
an aperture area of 63.7 cm2 were achieved by uniformly blade
coating perovskite films at a speed of 99mm s�1 at room
temperature.

In the roll-to-roll manufacturing process of perovskite
modules, flexible substrate plays an important role. Corning
Willow glass is a moisture barrier that simplifies the encapsula-
tion procedure and is compatible with the high-throughput
roll-to-roll process. The efficient flexible perovskite solar module
with blade-coating technique was demonstrated by Dai and
co-workers in 2020.[59] High-quality perovskite films on flexible
Corning Willow glass were obtained using additive engineering.
Ammonium chloride (NH4Cl) was added in precursor solution to
retard perovskite nucleation and as a result, improve morphology
and passivation of perovskite film. In addition, Willow glass is a
moisture barrier that simplifies encapsulation procedure and is
compatible with the high-throughput roll-to-roll process. Finally,
the efficiency of a flexible perovskite module approached 16.0%
for aperture area of 42.9 cm2. In 2021, Seok’s group reported that
air knife-assisted bar coating can be used to deposit dense and
uniform perovskite films.[60] Two different chemicals, 2- methox-
yethanol as a solvent and n-cyclohexyl-2-pyrrolidone as an addi-
tive, were used to create high-efficiency and large-area perovskite
mini-modules. Due to the additive, a balance between rapid
nucleation and slowed crystal growth in the precursor solution
improved the uniformity of perovskite.

Deposition process of the perovskite film is a major part of
fabrication for highly efficient solar cells compared to other func-
tional layers. Hence, nucleation and growth of perovskite crystal-
lites are critical, and fast nucleation and slow growth produce
perovskite film with larger grain sizes. Heat treatment, utilizing
additive, addition of an antisolvent, gas quenching, or generally
quick removal of solvents by vacuum lead to rapid nucleation and
gradual growth and as a consequence larger grain sizes of perov-
skite layer.[60–71]

In summary, the comparison of the published blade-coating
technique in PSCs and modules is tabulated in Table 1.
Here, we can conclude that the blade-coating technique with
minimized materials waste is a low-cost approach for fabricating
large-scale PSCs, in which one-step and two-step deposition tech-
nique could be used in this method. The intermediate phase film
is critical for the compact and pinhole-free perovskite absorber

layer. Temperature and additives have an essential effect on
the morphology and structure of perovskite film, as well as
stability and efficiency of PSCs. Although it is a simple and
cost-effective technique, it is restricted to the automation process
and ink supply.

3. The Inkjet Printing Technique

Various printing techniques including gravure, screen, flexogra-
phy, and inkjet have been used to deposit different materials on
various substrates.[72–74] In recent years, IJP with easily change-
able digital print patterns has been utilized for coatingmicro- and
nanolayers on various wide substrates.[75] The IJP technique is an
effective and promising method in photovoltaic technology
which has been considered with significant advantages such
as contactless and maskless. On the other hand, various multi-
layers with different shapes can be deposited by this technique.
Moreover, the IJP is a streamlined technique with low cost and
low materials consumption.

Hence, IJP method is suitable in scalable fabrication techni-
ques for all types of PSC devices, such as n–i–p and inverted
p–i–n architectures.[76] The inkjet-printed technique developed
a uniform perovskite thin film with a columnar crystal structure
and free of horizontal grain boundaries throughout its entire of
thickness.[77] As mentioned, this method is applicable for large
areas, the roll-to-roll process, and fabricates flexible solar cells. In
the IJP technique, ink in the nozzle is dropped on a substrate; the
common transfer methods are classified as continuous IJP and
drop-on-demand IJP.[78] Figure 4a displays the schematic contin-
uous drop ejection from the printhead for continuous inkjet tech-
nology. These drops are charged while passing through an
electric field, and then deflection plates divert the charged drop-
lets to the substrate. The extra ink that is not needed is collected
by gutter and recirculated back to the reservoir. Despite the con-
tinuous IJP technique, in drop-on-demand technology, droplets
are ejected from the nozzle only when required. Consequently,
this dripping technique has benefits like noncontact printing, the
use of small amounts of materials, mask-free designs, and cost-
effectiveness.

The schematic diagram for the drop-on-demand IJP is also
shown in Figure 4b. In general, in drop-on-demand method,
the drops are formed by the creation of a pressure pulse within
the printhead. The common mechanisms for generating this
pressure are “thermal” and “piezoelectric,” which are shown
in Figure 4c,d. The process of creating high-performance IJP
perovskite thin films involves three main steps, as shown in
Figure 4e. First, ink preparation. The perovskite precursor
solution is formulated with a solvent system to produce a
printable ink. Second, drop-on-demand IJP process. A waveform
is used to control the ejection of individual ink droplets from a
piezoelectric transducer. The printed droplets on the substrate
merge to form a wet film. The amounts of ink deposited and
layer thickness are determined by the printed resolution.
Third, drying and annealing. The printed TCP wet film is trans-
ferred to a vacuum chamber to accelerate the evaporation of sol-
vents and promote nucleation of the perovskite thin film. The
crystallization of the perovskite thin film begins, and the cham-
ber is then vented. The perovskite crystallization is completed in
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a final annealing step on a hot plate; therefore, nucleation
and crystallization are completed in a pinhole-free perovskite
thin film.

The first report on using inkjet-printed technique Copyright s
in PSCs was reported by Wei et al. in 2014.[79] They improved the
efficiency from 8.51% to 11.60% by improving the interface

Table 1. A comparison of the published blade-coating technique in PSCs and modules.

Structure PCE [%] VOC [V] Active area
[cm2]

Coating methods
for different layers

Coating process of perovskite film References

ITO/PEDOT:PSS/1,8-diiodooctane:
MAPbI3�xClx/PCBM/C60-bis/Ag

9.29 0.92 0.031 Spin coating/blade coating/spin
coating/thermal evaporation

One step using precursor
solution with

1,8-diiodooctane additive

[33]

ITO/PTAA/1,3-diaminopropane-MAPbI3/
PC60BM/Cu

20 1.14 1.1 Blade coating/blade coating/thermal
evaporation/thermal evaporation

One step anchoring bilateral alkyl
amine additives

[34]

FTO/PEDOT:PSS/MAPbI3/C60/BCP/Ag 13.03 5.41 10.56 Spin coating/blade coating/thermal
evaporation

One-step method using TABC*
process

[36]

FTO/TiO2/MAPbI3/spiro-OMeTAD/Au 17.55 1.05 0.16

FTO/NiOx/MAPbI3/PCBM/PEI/Ag 17.02 1.09 0.09 Spin coating/blade coating/spin
coating/thermal evaporation

One step controlling the morphology
of perovskite using green solvent

[37]

ITO/PTAA/ploy-L-lysine: MAPbI3 /BCP/
PCBM/Ag

19.45 1.11 0.09 Spin coating/blade coating/spin
coating/thermal evaporation

One step using ploy-L-lysine to
passivate defects of perovskite film

[38]

FTO/SnO2/MA0.7FA0.3PbI3/spiro-
OMeTAD/Au

13.32 11.826 53.64 Spin coating/blade coating/spin
coating/thermal evaporation

Two steps using 4-tert-butylpyridine
(TBP)

to produce porous PbI2 film

[40]

16.54 6.71 10

20.49 1.09 0.16

ITO/PTAA/FA0.4MA0.6 PbI3/ICBA/C60/
BCP/Cu

18.3 1.03 Not
mentioned

Spin coating/blade coating/spin
coating/thermal evaporation

One step tuning the absorption onset
by perovskite composition

[44]

FTO/TiO2/MAPbI3/spiro-OMeTAD/Au 17.06 1.08 1 Chemical bath deposition/blade
coating/spin coating/thermal evaporation

One step study the phase transition in
blade and spin coating of perovskite

[45]

18.74 1.07 0.09

ITO/MeO- 2PACz/Pb(SCN)2;
FA0.83Cs0.17PbI3/PCBM/BCP/Al

16.2 0.99 1.1 blade coating/blade coating/blade
coating/thermal evaporation

One step by the addition of lead(II)
thiocyanate (Pb(SCN))

[47]

PEN/ITO/PEDOT:PSS/PTAA/thiourea:
MAPbI3/PCBM/BCP/Ag

16.61 1.1 1 Spin coating/blade coating/spin
coating/thermal evaporation

One step using thiourea to modulate
the crystal growth

[52]

17.29

FTO/TiO2/MA0.7FA0.3PbI3/spiro-
OMeTAD/Au; four cell module

15.6 4.35 10.36 Spray pyrolysis/blade coating/blade
coating /thermal evaporation

One-step ETL thickness optimization
by spray coating

[57]

FTO/TiO2/MA0.7FA0.3PbI3/spiro-
OMeTAD/Au; cell

17.9 1.09 0.12

MgF2/glass/ITO/PTAA/MAPbI3/C60/
BCP/Cu

19.72 1.09 10.36 blade coating/blade coating/thermal
evaporation

One step adding NH4Cl into
perovskite precursor to prevent void

formation

[59]

15.86 13.142 42.9

FTO/TiO2/FA0.95MA0.05I2.85Br0.15/
spiro-OMeTAD/Au

20.99 5.79 15 Spin coating/blade coating/spin
coating/thermal evaporation

One step formation of a uniform film
by addition of 2methoxyethanol to

perovskite precursor

[60]

FTO/TiO2/MA0.7FA0.3PbI3/
spiro- OMeTAD/Au

15.6 4.38 10.36 Spray pyrolysis/blade coating/blade
coating/thermal evaporation

One step using NMP/DMF as solvent
to optimize TiO2 thickness

[61]

FTO/SnO2/
Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/
PEAI/spiro- OMeTAD/Au

16.13 18.15 0.5 Blade coating/hybrid blade, slot-die
coating/slot die coating thermal

evaporation

Two-step method using hybrid blade,
slot-die coating technique

[62]

ITO/PEDOT:PSS/MAPbI3/PCBM/
BCP/Ag

13.1 1.01 0.5 All-roll-to-roll blade coating One step with focus on the BCP
deposition method

[63]

FTO/SnO2PbO/MAPbI3/spiro-
OMeTAD/Au

16.5 1.08 1 Spin coating/blade coating/spin
coating/thermal evaporation

One step using DMF-free solvent for
low-lighting indoor applications

[64]

ITO/PTAA/SAM/MeO-2PACz/MAPbI3/
C60/BCP/Ag

14.64 1.073 1.008 Spin coating/spin coating/blade
coating/thermal evaporation

One-step method [65]

ITO/PTAA/Al2O3/MAPbI3/PCBM/
BCP/Ag

19.83 1.135 0.09 Spin coating/spin coating/blade
coating/thermal evaporation

One step with 2-guanidinoacetic acid,
l-aspartic acid, l-glutamic acid, and
3-guanidinoproponaic acid (3gpa), as

passive agents

[66]
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Figure 4. Schematic illustration of a) continuous-, b) drop-on-demand-, c) thermal-, and d) piezoelectric IJP, as described in another study.[74,75,76]

Copyright 2021, Woodhead Publishing, 2015, Wiely, 2010, Physics Report e) Schematic illustration of the main steps involved in IJP of triple-cation
multicrystalline perovskite thin films. The steps include ink preparation, drop-on-demand IJP process, drying, and annealing. First, the ink is prepared.
Then, the drop-on-demand IJP process is used to print the TCP wet film. The printed TCP wet film is then transferred to a vacuum chamber where the
evaporation rate of the solvents is increased to induce nucleation of the perovskite thin film. The perovskite crystallization is initiated and the chamber is
vented. Finally, the perovskite crystallization is completed in a final annealing step on a hot plate. Reproduced with permission.[77] Copyright 2019,
Advanced Energy Materials, Wiley. f–i) Top-view SEM images of perovskite layer fabricated by IJP with 1:0, 2:1, 1:1, and 0:1 MAI and FAI respectively
on PbI2-coated substrate at various ratios. Inset: Magnified SEM of the same substrate. Reproduced with permission.[81] Copyright 2016, Materials
Letters, Elsevier. j) Multipass printing for one-step MAPbI3 ink, followed by an extra vacuum drying step to remove excess solvents and create a uniform
perovskite layer. Reproduced with permission.[84] Copyright 2016, Journal of Materials Chemistry A, RSC. k) AFM images of printed MAPbI3 on FTO/TiO2

substrates after annealing at 100 °C with various printing parameters, including the number of depositing processes and the dropping spacing and spin-
cast reference. l) SEM images with variations in the thickness of the perovskite layer in IJP triple cation PSCs based on drop spacing. The thicknesses are
as follows: I, 180 nm from 60 μm ds; II, 380 nm from 45 μm ds; III, 520 nm from 35 μm ds; and IV, 780 nm from 25 μm ds. The perovskite layer is marked
in yellow, while the TiO2 layer is marked in blue. However, the spiro-MeOTAD is partially damaged by the focused ion beam. Grain boundaries are
outlined by a black line in another study.[85] Copyright 2018, ACS Applied energy materials, ACS.
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between CH3NH3PbI3 and C electrodes through instant chemi-
cal transformation. This was achieved by implementing the
CþCH3NH3I ink formulation which creates an interpenetrating
interface between CH3NH3PbI3 and C electrodes, as opposed to
using bare C. Consequently, lower charge recombination at the
interface improves cell performance and efficiency. Li et al
successfully deposited the perovskite CH3NH3PbI3 layer on a
mesoscopic TiO2 film using the IJP technique in 2015 by incor-
porating nanocarbon as a hole extraction layer.[80] Various
amounts of methylammonium chloride (CH3NH3Cl3, MACl)
as a dopant and different temperatures were investigated in
the printing solution as well. Heating the substrate and using
additives have an impact on the morphology and structure of
the printed perovskite films. As mentioned earlier, different addi-
tives decrease imperfections and trap states in the perovskite
layer, resulting in a uniform film with high reproducibility.
Particularly, nucleation and crystallization of the perovskite film
will change with heating sublayers and using additives. The grad-
ual change in the morphology of the perovskite film at the fixed
table was observed at the temperature of 50 °C. Reduction of
disc-like crystal plates, full surface coverage, and a continuous
uniform perovskite layer were formed when � increased to
0.6. High crystallization and improved interconnectedness of
the perovskite film on the mesoporous (mp) TiO2 led to achiev-
ing a PCE of 11.60%. In 2016, Bag et al. produced PSCs using a
compatible roll-to-roll technique with a multichannel inkjet
printer.[81] Figure 4f–i demonstrates the formation of perovskite
crystals from various compositions of MA to FA, showing the
uniform formation of the perovskite layer through this method.
The highest efficiency of 11.1% was achieved with a 2:1MA to FA
ratio.

Carbon-based PSC with high stability and reproducibility was
fabricated by the IJP method by Hashemi et al in 2017. They
achieved long-term stability for 1002 h under UV light illumina-
tion in air with the simple epoxy glue sealing of cells.[82] Due to
high durability, the carbon layer enables the use of easily acces-
sible slow-drying, thick epoxy as the sealant for the cells. The
epoxy without penetration into the pores of the printed carbon
electrode or the photoactive area acts as a barrier against mois-
ture and humidity intrusion. Jiang and co-workers reported a
one-step method for aqueous-processed perovskite active layer
via reactive IJP in 2016.[83] Although green solvents have poor
solubility and produce lower efficiency compared to fabricated
PSCs with organic solvents such as DMF, they are ecofriendly
and are preferred for large-scale manufacturing. In their
research, lead (II) acetate trihydrate [Pb(OAc)2·3H2O] and
CH3NH3I aqueous solutions were used as reactive inks to form
the perovskite layer; in consequence, the PCE over 3.73% was
achieved. Mathies et al fabricated and optimized PSCs by the
multipass digital IJP approach.[84]

The number of printed sublayers and the drop spacing were
controlled with digital IJP, which influenced perovskite film
thickness and crystal size. In addition, a vacuum annealing pro-
cess was used for extracting excess solvents and forming uniform
perovskite film. The multipass printing approach of the one-step
MAPbI3 ink for the formation of a perovskite layer is displayed in
Figure 4j. Figure 4k presents AFM images of MAPbI3 printed on
FTO/TiO2 substrates after annealing at 100 °C.

The analysis included evaluating different printing parameters
such as the number of depositing processes and dropping spac-
ing. It was noticed that increasing these parameters led to a larger
grain size. When printing multiple layers, the first layer dried
and formed seed crystals, while the subsequent layer partially dis-
solved the surface and allowed crystals to grow from the seed
crystals. Additionally, an image of the spin-cast layer was pro-
vided for comparison with the IJP perovskite films. The effi-
ciency and reproducibility of PSCs with 11.3% were found to
be higher with better crystallinity and homogeneity of the light
harvester layer. In 2018, the same research group used a noncon-
tact IJP technique to create PSCs with triple-cation perovskite
layers containing 10% in a mixed composite.[85] The thickness
of the perovskite film was varied between 175 and 780 nm by
modifying the drop distance during IJP. SEM cross-sectional
images of IJP triple-cation PSCs with different absorber layer
thicknesses in various drop spacing are shown in Figure 4l.
The size of the grain and its thickness tend to increase when
the drop spacing is decreased due to solvent annealing. The
PCE of 12.9% with more stability and heat resistance was dem-
onstrated for best inkjet-printed PSCs with a thickness of 520 nm
in ambient conditions.

Generally, solvent evaporation in the nonscalable spin-coating
method is faster than in printed techniques; in addition, the anti-
solvent has been used for the formation of extremely uniform
and dense perovskite layers.[27,86] However, IJP method is appli-
cable for large-area PSCs, where the rate of solvent evaporation is
critical for perovskite crystallites. Furthermore, the vacuum-
assisted process can accelerate the evaporating of solvents and
produce a perfect and dense perovskite thin film. Liang et al.
in 2018 achieved a pure-phase, high-quality MAPbI3 perovskite
layer using the one-step IJP method, along with the vacuum-
assisted processing and thermal annealing post-treatment.[87]

After printing perovskite precursor solution, the liquid film
was transformed into a vacuum heating chamber and exposed
to a pressure of 50 Pa for a duration of 2min. The purpose
was to facilitate the rapid crystallization of the perovskite through
a technique called vacuum flashing and thermal annealing. In
addition, carrier extraction performance and surface wettability
of the low-temperature TiO2 substrate were optimized by treating
it with buckminsterfullerene (C60). The PCEs of inkjet-printed
PSCs with 5 nm C60 interlayer with percentages of 17 and
13.3 were obtained for active area sizes of 0.04 and 4 cm2, respec-
tively, with high stability and scalability.

In 2018, Li and co-workers covered mp-TiO2 with a homoge-
neous PbI2 film, resulting in a compact perovskite film with
microscale crystalline grains.[88] A uniform liquid membrane
was created using precisely controlled microdroplets through
IJP. Furthermore, limited random diffusion of the precursor
solution enabled them to obtain a homogeneous PbI2 film
and in consequence a compact perovskite film. The uniform
perovskite layer led to high PCEs of 18.64% for a small active
area (0.04 cm2) and 17.74% for a large active area (2.02 cm2).

In addition to the two-step method for depositing perovskite, a
one-step method was used in IJP technique. In 2019, Schlisske
et al. demonstrated tuning the color perception and freedom in
the design of the PSC’s shape with the bright color of lumines-
cent downshifting layers (LDS) by IJP.[89] Color photovoltaics,
with different shapes, variable translucency, and flexible designs,
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will be fascinating to utilize in the building or automotive
market. LDS layers work by absorbing high-energy photons from
the solar spectrum, which has lower quantum efficiency than
visible range.

Organic fluorescent dyes exhibit emission in the visible
wavelengths that escape from the device and reach the human
eye. The results demonstrated that application of luminescent
materials of various colors can be achieved with a relatively
small (≈17%) reduction of PCE. In the same year, Eggers and
co-workers demonstrated enabling of unprecedentedly high
PCEs over 21% and stabilized power output efficiencies of about
18% for inkjet-printed PSCs.[76] Generally, three key challenges
were considered to ameliorate cell performance in IJP technique.
First, the solvent composition was engineered to achieve optimal
printability of perovskite film. Second, wetting of printed ink
droplets and charge carrier extraction in charge transport layer
were optimized. Third, nucleation and crystallization of perov-
skite wet film to form a highly crystalline perovskite layer, for
example, by vacuum-assisted crystallization, are controlled.[72,86]

SEM images of cross sections of inkjet-printed PSCs with
different resolutions are shown in Figure 5a. It can be observed
that the thick IJP perovskite thin films possess a columnar crystal
structure, without any horizontal grain boundaries, which
extends throughout the thickness. The thickness of the
perovskite thin film varies from ≈400 nm (600 dpi) up to nearly
4 μm (2000 dpi).

In 2020, Li et al. were able to decrease the amount of perov-
skite defects through retarding the crystallization rate of the
perovskite layer via ink engineering of IJP perovskite layer.[90]

The printing solvent consisted of n-methyl pyrrolidone (NMP)
and DMF, and PbX2 was replaced by PbX2-DMSO (X= Br,
I) complex. Figure 5b shows a schematic diagram of inkjet-
printed perovskite films, which shows four different strategies
of ink engineering references processed on the substrate
glass/ITO/NiOx. Top-view SEM images of the IJP perovskite film
based on different ink systems are illustrated in Figure 5c. The
new ink system created a high-quality perovskite layer with high
homogeneity and large grain size (over 500 nm). Subsequently,
the efficiency of PSCs by combining mentioned advantages were
about 19.6% (0.04 cm2) and 17.9% (1.01 cm2). The devices with a
lower defect concentration retained their original efficiency of
89% after being exposed to air for 1000 h. In 2021, PSCs with
the all-inkjet-printed absorber and charge transport layers were
recorded by Schackmar et al.[91] A high-quality IJP triple-cation
perovskite layer with columnar crystal structures was deposited
with exceptional thicknesses of 1 μm. The inkjet-printed PSCs
with p–i–n-architecture and nickel oxide hole transport layer
demonstrated PCE of over 17%. The PSC exhibited a stable
short-time-operated (>40 h) PCE at 85 °C with no loss in
efficiency.

In 2022, Pathak and co-workers optimized Cs0.05FA0.79MA0.16

Pb(Br0.17I0.83)3 PSCs with inks containing the polymer PTB7 as
an additive in both spin-coating and IJP deposition methods.[92]

The results exhibited that PSCs with the IJP technique
have higher differences between samples with and without
the polymer ink additive compared to the spin-coating method.
The polymer PTB7 affected the crystallization dynamics of the
perovskite layer in the IJP method and improved the quality
of the resulting perovskite layers. In comparison, the PCE of

8.0% reached 10.35% for cells prepared with the polymer
additive. Yang et al. controlled the perovskite film quality by
solvent engineering technique in IJP method in 2022.[93]

Formamidinium iodide (FAI) is completely dissolved in a mix-
ture of n-butanol and isopropanol (IPA) in order to react with
films made of PbI2/CsBr. When n-butanol is added to IPA
solvent, drying time is prolonged and it prevents the contact line
from getting pinned. Ultimately, the inkjet-printed CsxFA1�xPb
(IyBr1�y)3 perovskite film with large grain size and high unifor-
mity achieved a PCE of 18.26% in 0.15 cm2 active area.

The comparison of the published IJP deposition techniques in
PSCs is summarized in Table 2. Wide studies have been intro-
duced about utilizing IJP technique in PSCs, which demon-
strates that that is a promising method for scalable and highly
efficient solar cells. The contactless and mask-free properties
of this technique give us the ability to design our favorite patterns
with lowest damage to the substrate. Moreover, the IJP technique
consumes less material compared to spin-coating methods, and
green solvents can be used in perovskite precursor.[94] Cost-
effectiveness and ecofriendliness are essential parameters for
economical manufacturing procedures. However, IJP has certain
limitations such as slow deposition speed and the possibility of
nozzle clogging.[95] Despite all the challenges, IJP is a bright
technique for commercializing the new generation of perovskite
photovoltaic devices.

4. Screen-Printing Technique

Screen-printing technique is another popular method for
depositing various layers of nanostructured devices. In this coat-
ing technique, meshes have been equipped with different sizes
of stencils defining the printing pattern. This method includes
two types of flatbeds and rotary screen printing.[96] In the flatbed
screen-printing technique, a squeegee swipes over the screen to
transfer the ink through the mesh. The repeating process is
required to deposit a high-quality layer. In the rotary screen-
printing technique, the resolution, printing speed, and achiev-
able wet thickness are better than flatbed screen printing.
However, in the first studies on perovskite photovoltaic devices,
the perovskite absorber layer was coated on a mesoporous TiO2

photoanode in a liquid electrolyte-based electrochemical cell.
A variety of device architectures has been introduced for solid-

state PSCs, such as n–i–p structures and p–i–n structures.
Typically, in n–i–p or normal structures, first metal oxides like
TiO2, SnO2, and ZnO are deposited as ETLs on FTOs or
ITOs.[97] Then, perovskite absorber layer, scaffold layer, and
HTL are coated on the substrate and finally, Au or Ag metal back
contact is deposited on HTL. Figure 6a illustrates schematics of
the screen-printing technique for coating ETL, scaffold layer, and
carbon layer films for printable mesoscopic applications.

Figure 6b exhibits a schematic structure and the cross-
sectional SEM image of the screen-printed scaffold.[98] In the
p–i–n architecture, which is known as an inverted structure, first
p- type layer is coated on ITO or FTO. Then, perovskite film and
after that n-type ETL are deposited on the substrate, respectively.

Metal back contact commonly used in PSCs presents low
chemical stability and high costs, which are the main barriers
to large-scale production of perovskite devices. Therefore, a
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low-cost carbon-contact layer with proper work function is uti-
lized on mesoporous-insulating layer using the screen-printing
technique in the fabrication process. Followed by preparing
the scaffold, the perovskite solution is dropped onto the carbon
electrode and infiltrated into the scaffold.

In 2013, Ku et al. reported an efficiency of 6.64% using this
structure and screen-printing technique for the first time in
PSCs.[99] Figure 6c displays the schematic of the crystal structure
of CH3NH3PbI3 perovskite, structure of a carbon-based mono-
lithic device, and the corresponding energy levels of different
layers. In 2014, a fully printable HTL-free mesoscopic TiO2 nano-
sheet/CH3NH3PbI3 heterojunction solar cell was developed by
Rong et al. The best PCE of up to 10.64% was obtained from this
inexpensive photovoltaic device.[100]

In another study, Liu and colleagues were able to boost effi-
ciency by over 39% using NiO as the HTL in the TiO2/NiO/

carbon structure in 2015.[16] NiO enhanced the photocurrent
and open-circuit voltage, leading to an efficiency of 11.4% under
AM1.5G conditions. Chan and co-workers utilized solvent extrac-
tion crystal growth for highly efficient HTL-free carbon-based
mesoscopic PSC.[101] They developed a drop-casting method
utilizing solvent extraction to achieve the growth of dense and
uniform perovskite nanocrystals at room temperature.
Perovskite solution (40% in NMP) was dropped onto the pre-
heated (70 °C) mesoporous substrate with TiO2/Al2O3/C layers.
After 10min at 70 °C, the substrate was immersed in diethyl
ether at 25 °C for 30min to complete the solvent extraction
process. The solvent extraction precursor implemented homoge-
neous nucleation of perovskite inside the mesoporous layers.
The PCE of 12.3% was achieved for printable HTL-free
carbon-based mesoscopic PSCs and continued to exceed 12%
for 5000 h in 2016.

Figure 5. a) SEM images of cross sections of PSCs with IJP perovskite absorber layers printed at different resolutions. Spin-coated reference samples were
also included. Reproduced with permission.[77] Copyright 2019, Advanced Energy Materials, Wiley. b) Schematic diagram of perovskite films that have
been printed using an inkjet printer. It describes four strategies of processing ink engineering references on the substrate of glass/ITO/NiOx Reproduced
with permission.[90] Copyright 2020, ACS AppliedMaterials Interfaces, ACS. c) Top-view SEM images of the inkjet-printed perovskite film using various ink
systems Reproduced with permission.[90] Copyright 2020, ACS Applied Materials Interfaces, ACS.
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Photovoltage of triple-mesoscopic PSCs was increased
with the post-treatment of mesoporous scaffolds by Sheng in
2020.[102] Post-treatment of the triple-mesoscopic base on
TiO2/ZrO2/carbon architecture caused a shift in the conduction
band of the mp TiO2 layer from �4.22 to �4.11 eV. This shift
facilitated electron transfer from perovskite absorber layer to
TiO2 ETL, resulting in an improved VOC of 1.02, FF of 0.7,
and PCE of 16.51%. These PSCs demonstrated reasonable stabil-
ity, 91.7% of the initial efficiency after 1000 h of continuous oper-
ation at the maximum power point under AM1.5G one sun
illumination. The results suggest that employing the screen-
printing technique simplifies the production of effective PSCs
with mp charge transport layers, due to its simple procedure
and significant photovoltage improvement. In 2021, Alon and
co-workers observed the highest reported efficiency of 15% using
two-step deposition of perovskite in all-printable mesoporous
carbon-based PSCs.[98] After dropping the PbI2þ PbBr2 solution,
the dipping time of FAIþMABr solution was tuned to prepare a
highly stable perovskite layer, and the best time was about

20min. Figure 6d displays an EDS line scan of a solar cell’s cross
section, revealing the perovskite elements throughout the device
structure. Iodine, bromine, and lead are detected from the top to
bottom layers.

In 2022, Raptis and et al. fabricated highly scalable, stable, and
low-cost fully printable carbon-based PSCs.[103] The pinhole-free
screen-printed compact layers, with optimum thickness were
investigated and compared with TiO2 compact layer deposited
via spray pyrolysis. Accordingly, TiCl4 treatment of compact layer
was used to reduce surface traps and charge recombination at the
TiO2/perovskite interface in PSCs. Furthermore, TiCl4 treatment
improved the quality of the screen-printed films and increased
PCE of 11.86 to 13.11% with the corresponding devices.

The screen-printing method due to low viscosity and instabil-
ity of perovskite links presents challenges for coating the perov-
skite layer. Most published papers using the screen-printing
method focus on printing ETL, HTL, and carbon electrodes.
In 2022, Chen et al. concentrated on depositing the perovskite
layer using the screen-printing technique.[104] They employed

Table 2. Literature overview of PSCs that applied the IJP deposition technique in the fabrication process and coating perovskite layer.

Structure PCE [%] VOC [V] Active
area [cm2]

Coating methods
for different layers

Coating process of
perovskite film

References

ITO/NiOx/Cs0.1MA0.15FA0.75Pb(I0.85Br0.15)3/
C60/bathocuproine (BCP)/gold

21.6 1.11 1 Electron beam evaporation/IJP/
evaporation/thermal evaporation

One step using different solvents
GBL, DMF, and DMSO

[77]

FTO/TiO2/CH3NH3PbI3/Nanocarbon 11.6 0.95 Not
mentioned

TiCl4 treatment/spin coating and
dip coating/IJP

Two steps adding carbon
to CH3NH3I ink

[79]

FTO/TiO2/CH3NH3PbI3/CH3NH3PbCl3/
spiro-OMeTAD/Au

12.3 0.91 0.04 Spin coating/IJP/spin coating/
thermal evaporation

One step adding MACl in the printing
solution

[80]

ITO/PEDOT:PSS/perovskite/PCBM/Al 11.1 0.87 Not
mentioned

Spin coating /IJP/spin coating/
thermal evaporation

Two steps mixing multiple cations via
multichannel IJP

[81]

ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Al 3.73 0.87 Not
mentioned

Spin coating/reactive IJP /spin
coating/thermal evaporation

One step using multichannel IJP for
perovskite precursor

[83]

FTO/TiO2/CH3NH3PbI3/spiro-OMeTAD/Au 11.3 1 0.135 Spin coating/digital IJP/spin coating/
thermal evaporation

One step using digital IJP [83]

FTO/TiO2/Cs0.1(FA0.83MA0.17)0.9
Pb(Br0.17I0.83)3/spiro-OMeTAD/Au

12.9 1.13 0.09 Spin coating/IJP /spin coating/
Thermal evaporation

One step control perovskite
morphology by variation of the

drop spacing.

[85]

FTO/TiO2/C60/CH3NH3PbI3/
spiro-OMeTAD/Au

13.3 1.08 4 TiCl4 treatment/thermal evaporation/
IJP/spin coating/thermal evaporation

One step using vacuum-assisted
thermal annealing post-treatment

and optimized solvent composition.

[87]

FTO/TiO2/CH3NH3PbI3/spiro-OMeTAD/Au 17.74 1.08 2.02 Spin coating/IJP/spin coating/
thermal evaporation

Two steps controlling microdroplets
by IJP

[88]

FTO/TiO2/
Cs0.1(FA0.83MA0.17)0.9Pb(Br0.17I0.83)3/spiro-
OMeTAD/Au

21 1.05 0.09 Spin coating/IJP/spin coating/
thermal evaporation

One step [89]

FTO/TiO2/C60/Perovskite/spiro-OMeTAD/Au 14.5 1.1 4.04 TiCl4 treatment/thermal evaporation/
IJP/spin coating/thermal evaporation

One step using new mixed-cation
perovskite ink system

[90]

ITO/NiOx/Cs0.10FA0.75MA0.15Pb(Br0.15I0.85)/
PCBM/BCP/Au

12.3 1.02 1 IJP/IJP/IJP/thermal evaporation One step fully IJP PSCs [91]

ITO/SnO2/PerovskiteþPTB7/spiro-
OMeTAD/Au

10.35 1.07 Not-
mentioned

Spin coating/IJP /spin coating/
Thermal evaporation

One step using polymer additive [92]

ITO/SnO2/Perovskite/spiro-OMeTAD/Au 18.26 1 0.15 Spin coating/thermal evaporation
and IJP /spin coating/thermal

evaporation

Two steps using mixed ink
composition

[93]
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methylammonium acetate ionic liquid solvent with higher
viscosity to prepare the perovskite inks and address low-viscosity
issues. The cohesive and adhesive ink improved the printing
quality and efficiency, thereby enhancing the overall perfor-
mance. This was enabled by a methylammonium acetate ionic
liquid solvent which stabilized and adjusted the viscosity of
the perovskite ink, with a viscosity range of 40–44 000 cP. The
thickness of the perovskite thin film was controlled from about
120 nm to about 1200 nm, from 0.5� 0.5 to 5� 5 cm2, and pat-
terned on different substrates. The best efficiencies of 20.52%
(0.05 cm2) and 18.12% (1 cm2) were obtained with the screen-
printing technique in ambient air conditions. The obtained
PCEs were comparable with efficiencies of 20.13% (0.05 cm2)

and 12.52% (1 cm2) for the spin-coated thin films in normal devi-
ces with thermally evaporated metal electrodes.[104]

In 2022, Kamino and co-workers strived to remove evaporated
metallization of the front contact instead of the industry standard
screen-printed silver grids.[105] They applied a low-temperature
silver paste (≈140 °C) for the front-metal grid of two-terminal
perovskite–silicon tandem structures by the screen-printing
process. Finally, they achieved a steady-state efficiency of
22.6% over an aperture area of 57.4 cm2.

In summary, we observed that screen printing method is
another depositing technique of thin films based on the solution
process, which can be used in ambient conditions. Table 3 sum-
marizes the published screen-printing coating techniques in

Figure 6. a) Schematic of screen-printing technique for coating ETL, scaffold layer, and carbon layer films toward printable mesoscopic. b) A schematic
structure and cross-sectional SEM image of the screen-printed scaffold. Reproduced with permission.[98] Copyright 2021, Solar RRL, Wiley.
c) CH3NH3PbI3 perovskite crystal structure and the corresponding energy levels of TiO2, CH3NH3PbI3, and carbon. Reproduced with permission.[99]

Copyright 2013, Sientific Reports, Nature. d). EDS line scans of cross section of the PSC. The various elements are indicated in different colors in the
figure. Reproduced with permission.[98] Copyright 2021, Solar RRL, Wiley.
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PSCs. Generally, screen printing technique has been used for
mesoporous structures, and it is a proper method for pastes
or highly viscous ink. The thickness and structure of mesoporous
layers have an important impact on pore filling and device
performance. Full screen-printed layers with high-quality, pin-
hole-free surfaces and lower surface traps could facilitate the
industrialization of PSCs. Coating of the photoactive absorber
layer by scalable printing technologies demonstrates the great
potential of perovskite technology for industrial applications.
However, cleaning the meshes after coating may impose a higher
cost on the application of screen-printing technology. Moreover,
transferring the ink through themesh requires swiping squeegee
over the screen and repeating the process. Therefore, flatbed
screen printing is more time-consuming than rotary screen
printing for large-scale roll-to-roll processing.

5. Slot-Die-Coating Technique

One of the most suitable routes for deposition of large-area thin
films with uniform and homogenous coverage is slot-die coat-
ing.[106] In this process, the substrate moves across the slot
die head, which is very close to the substrate. The schematic
of slot die-coating process is represented in Figure 7a, where
ink is pumped into the die using a syringe pump and distributed
toward the slot. While the ink is forced out the narrow slot, it fills
the gap between the head andmoving substrate, finally forming a
wet layer of ink on the substrate. After evaporation of the solvent,
a uniform thin film is formed on the substrate. The waste of
materials in this method is lower than other methods such as
spin coating and spray pyrolysis. Moreover, the wet film’s thick-
ness can be accurately controlled by adjusting the ink flow rate of
ink into the die and the speed of the moving substrate.[107–109]

The perovskite absorber layer is the most important layer in
the PSCs. Therefore, good crystallinity with a large grain size of
the perovskite film results in uniform coverage with the fewest
defects and imperfections. Like other coating techniques in the

slot die-coating method, two procedures including one or single-
step and two-step or sequential deposition process have been
used for coating perovskite thin films. The two-step deposition
process is identical in both slot die coating and spin-coating
methods.

First, the PbI2 precursor is slot die coated on the substrate and
then dried followed by MAI solution deposition onto the PbI2
layer by slot die coating or dip coating.[110–113] On the other side,
in one step deposition, perovskite layer is deposited from a single
precursor.[114–116] Schmidt et al. studied how these two methods
affect the slot die-coated perovskite film on the flexible
substrate.[117] They found that the sequential method is more
sensitive to the substrate change in comparison with the one-step
method while scaling up in p–i–n structure, where the PCE
changed from 9.4% to 4.9% with the upscaling process.
However, the sequential method is more affected by altering
the deposition from spin coating to slot die roll-to-roll coat-
ing.[118,119] Generally, TCOs have been utilized for PSCs while
they have high rigidity, weight, and fragility, which make a bar-
rier for roll-to-roll processing on a large scale.[120] Additionally,
the film drying mechanism in slot die coating is dissimilar to
spin coating.[121] In spin coating, the extra solution spreads
simultaneously when the substrate spins and the wet film dries
while spinning continues at high speed. However, in slot die
coating, the solution can flow and lose uniformity during drying
and then a highly nonuniform film forms due to slow drying.

In order to accelerate the solvent evaporation, a nitrogen (N2)
gas jet is employed to externally speed up the film’s drying.[122] In
2015 for the first time, Hwang et al. fabricated a fully slot
die-coated PSC using gas quenching.[123] In this technique, a
flow of compressed nitrogen gas on the just-deposited wet film
causes accelerated solvent drying with the second slot head added
to the first slot.

Finally, dense PbI2 is formed on the substrate through gas
quenching. The naturally dried PbI2 film has a less uniform
appearance, while the gas-quenched PbI2 film has a glassy
appearance. The difference between the gas-quenched PbI2 film

Table 3. Literature overview of utilization of the screen printing deposition technique in coating mesoscopic structure ETLs, HTLs, and contact electrodes
in PSCs.

Structure PCE [%] VOC [V] Active
area [cm2]

Coating methods for different layers Coating process of perovskite References

FTO/TiO2/ZrO2/Perovskite/carbon 15 0.93 0.085 Spin coating and TiCL4 treatment/
screen printing for other layers

Two steps modifying the perovskite
precursors’ concentration and the

dipping time

[98]

FTO/TiO2/ZrO2/CH3NH3PbI3/carbon 6.64 0.878 0.125 Spray pyrolysis/screen printing for
other layers

One step using spheroidal graphite [99]

FTO/TiO2/ZrO2/CH3NH3PbI3/carbon 10.64 0.868 0.13 Spray pyrolysis/screen printing for
other layers

Two steps using TiO2 nanosheets [100]

FTO/TiO2/Al2O3/CH3NH3PbI3/carbon 12.3 0.846 0.09 Spray pyrolysis/screen printing for
other layers

One step using solvent extraction
crystal growth

[101]

FTO/TiO2/ZrO2/CH3NH3PbI3/carbon 16.5 1.02 0.1 Spray pyrolysis/screen printing for
other layers

Using post-treatment method with
2-Phenyl-5-benzimidazole sulfonate-Na

[102]

FTO/TiO2/ZrO2/CH3NH3PbI3/carbon 12.87 0.9 0.49 Screen printing compact ETL and
TiCL4 treatment/screen printing for

other layers

One step using 5-ammonium valeric
acid iodide

[103]
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Figure 7. a) Schematic of the slot die-coating technique. b) The effect of different gas-quenching strategies on PbI2 film. Reproduced with permission.[124]

2015, Advanced Materials, Wiley. c) Schematic diagram of the MET procedure and optical images of the resulting films. Reproduced with permission.[139]

2018, Journal of Materials Chemistry A, RSC. d) Top-view and e) cross-sectional SEM of pristine and KSCN-modified MAPbI3 films deposited on PTAA.
Reproduced with permission.[143] 2021, Small Science, wiley. f ) Absorptance, steady-state PL, and g) TRPL spectra of pristine and KSCN-modifiedMAPbI3
films.[143] 2021, Small Science, wiley.
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and PbI2 film dried under ambient conditions is shown in
Figure 7b. Furthermore, to achieve a dense and compact perov-
skite layer, efficient diffusion of MAI through the PbI2 film is
necessary. A dense PbI2 film imposes weak penetration of
MAI; consequently, the PbI2 film poorly converts to the perov-
skite film. To solve this problem, the dense PbI2 film was soaked
in the vapor solvent in an enclosed chamber. This method causes
the formation of more porosity within PbI2 film, resulting in con-
verting to perovskite film efficiently. The cloudy PbI2 film has
microcracks that allow MAI to permeate through PbI2 film
and forms a dense perovskite layer. The whole slot-die PSCs
reached the efficiency of 11.96%; moreover, the main disadvan-
tage of this technique is that the storage is time-consuming,
which is not appropriate to scale up the process.

DMF, N-methylpyrrolidone (NMP), DMSO, and GBL are the
typical solvents for the perovskite ink.[124–127] DMF and DMSO
are usually used for the preparation of the perovskite precursor;
however, due to their toxic nature, these solvents are unsuitable
for mass production. These solvents facilitate the growth of
perovskite crystals by the formation of the intermediate
phase.[128,129] DMSO is less toxic than DMF; however, due to
its high surface energy and high boiling point, its wettability
on the most substrates is lower than that of DMF. Generally,
perovskite film quality such as crystallinity, uniformity, and sur-
face morphology has direct influence on cell performance.
Hence, many strategies have been developed to regulate the
one-step deposition of perovskite films. These include hot cast-
ing, antisolvent quenching, gas quenching, and processing
additives.[86,130–137]

In 2017, Jung and et al. optimized cell performance by improv-
ing solidification dynamics of the perovskite precursor solutions
into the crystallized films.[138] Due to the rapid evaporation of
DMF and different solubilities between MAI and PbI2 which
result in MAI–PbI2–DMF formation, the needle-like morphology
of perovskite film is formed. Thus, by adding N-cyclohexyl-2-
pyrrolidone (CHP) to DMSO in precursor solvent, crystallization
occurs at an optimum speed. CHP with a high boiling point and
low vapor pressure produced a homogenous perovskite layer
with better performance and PCE of 12.56%. Galagon and co-
workers demonstrated the feasibility of upscaling PSCs technol-
ogies to high volume production using roll-to-roll slot die coating.
Besides, the addition of 10% vol 2-butoxyethanol reduces the sur-
face tension of DMSO solution; subsequently, it improves the
wettability and coverage of the perovskite precursor on the sub-
strate.[127] Ultimately, the best value obtained for the manufactur-
ing of flexible PSCs with roll-to-roll deposition technology was
over 13.5%.

Kim et al. in 2018 first reported mediator extraction treatment
(MET) for PbI2 deposition to reach the high-quality perovskite
layer in sequential deposition method.[139] The complete conver-
sion of compact PbI2 layer to perovskite layer required a long
reaction time in the two-step coating technique. Additionally,
the compact and high-crystalline PbI2 layer prevented in convert-
ing the whole inner parts of lattice to perovskite film. Therefore,
changing the morphology of the compact PbI2 film to a macro-
scopically porous scaffold allowed for rapid and effective penetra-
tion of the MAI solution, resulting in complete conversion to a
perovskite film over a large area. Figure 7c schematically shows
the entire procedure of the MET and heat treatment process for

fabricating the perovskite film. In this method, dissolved PbI2 in
DMF:DMSO (9:1) is slot die coated on the substrate, then com-
pressed air flow is used to form PbI2þDMSO complex. DMSO
mediator is extracted by dipping in IPA bath; afterward, the wet
film is converted to a perovskite film by dipping in MAI solution.
The MET process, dipped in IPA, created a relatively randomized
crystal orientation compared to heat treatment with specific ori-
entation. The randomized crystal orientation of PbI2 produced a
porous structure which accelerated the penetration of MAI solu-
tion into the PbI2 layer. Finally, the maximum PCE of 18.3% was
obtained in 10� 10 cm2 FTO for porous PbI2 with slot die
coating.

Another challenging layer in upscaled PSCs is HTL. The most
used p-type material as organic HTLs in n–i–p architecture
is 2,2 0,7,7 0-Tetrakis(N,N-di-p-methoxyphenylamine)-9,9 0-
spirobifluorene (spiro-OMeTAD). It shows highest perfor-
mance for hole extraction in PSCs; despite that, it is expensive
and hydrophilic due to using lithiumbis (trifluoromethanesul-
fonyl) imide.[140,141]

Due to the slow drying process in the slot die technique, the
weak wettability of spiro-OMeTAD is more critical compared
with spin coating. Researchers have presented solutions in order
to overcome the limitation of spiro-OMeTAD. One of these sol-
utions abovementioned is the fabrication of HTM-free carbon-
based PSCs in which the mesoporous carbon layer is used as
scaffold.[142] In this structure, the perovskite precursor infiltrates
through the micrometer-thick mesoporous scaffold due to capil-
lary force. The infiltration of perovskite precursor occurs from
carbon to ETL, and then perovskite phase simultaneously nucle-
ates and grows in the pores. In slot die coating of perovskite, infil-
tration through the mesoporous scaffold and evaporation
compete with each other. In high-speed movement of the die,
the precursor infiltration may lag behind the precursor casting,
resulting in pores being left free from the precursor. On the
other hand, if the die moves so slowly, the bead will crystalize
at the front of the slot and prevent the further infiltration of pre-
cursor. In this situation,evaporation occurs faster than infiltra-
tion. At moderate moving speeds, the precursor continuously
infiltrates into the pores of the scaffold, leading to concurrent
infiltration and evaporation.

Xu et al. fabricated slot-died triple-mesoscopic PSCs with
different speed movements of dies (slow: <5mm s�1; moderate:
10–15mm s�1; fast: >20mm s�1).[125] A maximum PCE of
12.87% on an active area of 60.08 cm2 was obtained at interme-
diate moving speed; with short-circuit current density of
22.49mA cm2.

F. Xu and co-workers improved the crystal size and quality of
slot die-coated perovskite film via additive engineering using
potassium thiocyanate (KSCN).[143] Figure 7d,e shows top-view
and cross-sectional SEM images of pristine and KSCN-modified
MAPbI3 films deposited on PTAA. Potassium can effectively pas-
sivate surface defects. KSCN was applied as an additive in
MAPbI3 precursor solutions. KSCN enlarged crystal grain sizes
significantly up to 11 μm; eliminated defects in perovskite film;
and increased charge carrier parameters that are comparable
with single-crystal perovskites. To examine optical characteriza-
tions such as absorptance, steady-state PL, and TRPL spectra,
refer to Figure 7f,g. The films modified with KSCN demonstrate
notably higher PL intensity compared to the pristine MAPbI3
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films, indicating the elimination or passivation of defects that act
as nonradiative recombination centers. Reducing crystal defects
improves all carrier-related parameters by eliminating both
recombination and scattering centers for charge carriers. The
TRPL spectra showed an increase in carrier lifetime from
0.16 μs to a maximum of 1.89 μs. Maximum PCE of 21.38%
was achieved for planar inverted PSCs with negligible hysteresis.
Recently, Abate et al. were able to create reproducible and uni-
form perovskite films at room temperature without controlling
humidity, using a slot die coater.[144] They employed a novel arti-
ficial peptide, sulfonyl-γ-AApeptide (F-GLU-S), to modify the
perovskite surface, grain boundaries, and electronic defects.
F-GLU-S has multifunctional components including carbonyl,
carboxyl, sulfonyl, benzene, and chloro groups, which effectively
interacted with the perovskite layer and repaired the uncoordi-
nated Pb2þ ions and halide vacancies. As a result, the slot
die-coated perovskite device demonstrated outstanding perfor-
mance, achieving efficiency of 21.44% with remarkable moisture
stability.

Giacomo and co-workers demonstrated scalable sheet-to-sheet
slot die-coating processes for PSCs and modules in 2018.[145] The
drying condition and annealing atmosphere were crucial for the
perovskite layer processed using the slot die method to exhibit
the same morphology as the one produced through one-step spin
coating. The process was modified to produce large-area modules
(168.75 cm2) with efficiencies exceeding 10%. In order to deposit
a high-quality perovskite layer in a large area, Liu’s group applied
high-pressure nitrogen-extraction strategy.[146] The formation of
an intermediate solid film or perovskite film during solvent evap-
oration depends on thermal annealing and drying conditions.[147]

High-pressure nitrogen-extraction method had a significant
impact on solvent evaporation and formation of fully crystallized
perovskite thin film. The film that was solidified without any
post-treatments was mostly amorphous. However, the perovskite
layer that underwent high-pressure nitrogen extraction exhibited
significant crystallinity and was primarily composed of the
yellow nonperovskite phase. Eventually, they extended controlled
printing to assemble perovskite solar modules with an area of
40� 40mm2, and the best PCE was 19.6% for an active area
of 7.92 cm2.

In 2022, Xu et al. reported by slot die coating an efficient triple-
halide perovskite absorber with optimized bandgaps of
1.63 eV.[95] Excellent optoelectronic properties and no-phase
segregation were obtained with adding 5mol % of MAPbCl3 into
the double-cation perovskites Cs0.22FA0.78Pb(I0.85Br0.15)3. Thus,
perovskite single-junction cells that are coated with slot-die tech-
niques have achieved high stability and performance. These cells
were able to reach a stabilized power output of 19.4%.
Additionally, they integrated the halide perovskites into tandem
architecture with industrial silicon bottom cells, which demon-
strated scalable industrially relevant perovskite silicon tandem
solar cells with PCE of 25.2% on a 1 cm2 active area. Li et.al
recently conducted a study to eliminate the ribbing effect in slot
die coating and adjust the viscosity of precursor ink.[148] They
achieved this by adding acetonitrile, a low-viscosity cosolvent,
to n 2-methoxyethanol-based FAPbI3 precursor inks. The team
was able to achieve a PCE of 17.1% for an active area of
12.7 cm2. Additionally, the encapsulated devices exhibited great
stability, nearing 100% for 1 year.

A comparison of published slot die coating techniques in
PSCs and modules is tabulated in Table 4.[86,95,111–151] In sum-
mary, the slot die coating method with its optimization is an effi-
cient and high-throughput technique for creating compact
perovskite layers. This method is compatible for roll-to-roll pro-
duction of large-area perovskite photovoltaics. However, control-
ling the uniformity and crystallization quality of thin films is
challenging over a large area. In general, thermal annealing
and drying conditions have a significant impact on perovskite
layer. Moreover, the addition amount of solvent dramatically
changes perovskite thin-film morphology and crystallinity. The
stream of nitrogen has been applied in drying wet perovskite
films to avoid the use of antisolvents and produce high reproduc-
ibility as well. Upscaling PSCs will be reproducibly manufactured
with high performance by optimizing parameters such as speed
of movement and solvents.

6. Spray Coating

Spray coating is another solution-based deposition technique for
large-area photovoltaic devices. In this method, precursor solu-
tion spreads across a substrate via shear forces.[152] Therefore,
it is significantly faster and cheaper than other manufacturing
process. In comparison with the lab-scale deposition method
via spin-coating technique, the spray-coating technique widely
attracts exploration on scalable PSCs. Already spray coating is
extensively utilized in the industry which is its remarkable advan-
tage for high volume, as well. Despite the benefits of spray coat-
ing, there are several challenges like ink perpetration with low
concentration, optimization of fluid flow rate, the height or speed
of the spray head, and the temperature of the substrate being
coated.[153] In the deposition process, the droplets wet the sur-
face, and then the substrate is heated to evaporate the solvent
from the layer. The surface tension of ink is an important factor
for the contact angle of droplet and substrate and the conse-
quence on thin-film quality. In addition, ink density, droplet size,
velocity, viscosity, and nature of the substrate affect formation of
the uniform layer.[154,155]

Spray-coating techniques like other deposition methods
use the “one-step” or “two-step” deposition process for the
organic–inorganic perovskite layer. In a series of published
papers on the two-step spray-assisted perovskite coating process,
typically, the spin-coating technique was used for deposition of
inorganic PbI2 in the first stage.[156–160] Then, organic solution
was sprayed onto the surface to form perovskite thin film. In con-
trast to the high efficiencies of these types of PSCs, the wasteful
spin-coating technique is limited to the scalability process.

To fabricate large-area PSCs based on solution processing,
Huang and co-workers developed a two-step ultrasonic spray
deposition.[161] In ultrasonic spray, piezoelectric transducers at
the nozzle tip generate high-frequency vibrations. These high-
frequency vibrations create capillary waves in a liquid film that
increase the uniformity of droplet size and film formation. The
application of ultrasonic spray in their work produced a uniform
and smooth centimeter-scale of perovskite CH3NH3PbI3 film.
Figure 8 demonstrates a schematic diagram of the two-step spray
method for the deposition of perovskite CH3NH3PbI3 film. First,
the dissolved PbI2 in DMSO was ultrasonically sprayed onto the
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Table 4. Comparison of published PSCs and modules that utilized slot-die technique in fabrication process and coating perovskite layer.

Structure PCE [%] VOC [V] Active
area [cm2]

Coating methods
for different layers

Coating process of perovskite References

FTO/ETL/Cs0.05MA0.4FA0.55Pb
(I0.96Br0.04)3/Sprio-OMeTAD/Au

Spray pyrolysis/spin coating/slot-die
coating/spin coating/thermal

evaporation

Two steps optimizing the
deposition parameters

[111]

15.9 1

ETL1: SnO2 18.4 1.06 12

ETL2: compact-TiO2/SnO2 16.7 1.07

ETL3: compact-TiO2/meso-TiO2

ITO/SnO2/
Cs0.1(MA0.15FA0.85)0.9Pb(I0.85Br0.15)3/
spiro-OMeTAD/Ag

10.57 0.98 0.07 Roll-to-roll microgravure printing/slot
die coating/spin coating/thermal

evaporation

Two steps roll-to-roll printing
technology enables flexible PSCs

under ambient conditions

[112]

ITO/SnO2/Cs0.1(MA0.15FA0.85)0.9Pb
(I0.85Br0.15)3/Sprio-OMeTAD/Ag

13 1 1 Full roll-to-roll printing of PSC
Full slot die coating

Two steps improving crystallinity and
morphology by nitrogen blowing and
controlling substrate temperature

[113]

15.1 1.03

FTO/c-TiO2/m- TiO2/MAPbI3�xClx/
Sprio-OMeTAD/Au

9.2 0.73 0.0625 Spray pyrolysis/bar coating/slot die
coating/spin coating/thermal

evaporation

One step postprocessed rapid air
knife application to appropriate
crystallization of perovskite film

[114]

ITO/poly-TPD/MAPbI3/PCBM/Au 3.3 0.96 0.16 Full roll-to-roll printing of PSCs One step using a polymer starch
template to assist the perovskite

growth

[116]

ITO/PEDOT-PSS/MAPbI3�xClx/PCBM/
ZnO/Ag

4.9 0.9 0.2–0.5 Full roll-to-roll printing of PSCs One step printing back electrode [117]

ITO/ZnO/PCBM/MAPbI3/P3HT/PEDOT:
PSS/Ag

2.6 0.81

ITO/PEDOT-PSS/C3-SAM/MAPbI3�xClx/
PCBM/ZnO/Ag

5.1 0.98 0.5 Full slot die coating One step applying 3-aminopropanoic
acid to modify the crystallinity and

coverage of perovskite film

[118]

ITO/ZnO/MAPbI3/BiflouOMeTAD/
MoO3/Ag

14.7 1.1 0.1 Full slot die coating Two steps using amorphous Bifluo-
OMeTA as HTL

[119]

ITO/ZnO/MAPbI3/spiro-OMeTAD/
MoO3/Ag

11.7 1.06

ITO /PEDOT:PSS/MAPbI3�xClx /
PCBM/Ag

2.91 0.68 0.12 Full slot die coating One step fabrication of flexible PSCs
in ambient condition and low

temperature

[120]

FTO/NiOx/MAPbI3/PCBM/TBAOH-
SnO2/Au

14.3 1.01 1.44 Full slot-die coating One step dynamic thermal annealing
using once-thorough process

[121]

FTO/SnO2/FA0.84Cs0.16PbI2.83Br0.17/
Sprio-OMeTAD/Au

18 1.02 0.09 Spin coating/slot die/spin coating/
thermal evaporation

One step using Methylammunium-
free precursor

[122]

ITO/ZnO/MAPbI3/P3HT/Ag 11.96 0.95 0.1 Full slot-die coating Two steps using N gas blowing to
rapidly evaporate the solvent

[123]

ITO/PEDOT-PSS/
Cs0.1(MA0.15FA0.85)0.9Pb(I0.85Br0.15)3/
PCBM/LiF/Ag

13.41 0.97 0.12 Full roll-to-roll slot-die coating One step using antisolvent
processing

[126]

ITO/SnO2/Cs0.15FA0.85PbI2�xBrx/spiro-
OMeTAD/Au

15.2 1.029 0.09 Full roll-to-roll slot die coating One step performance by nontoxic
solvents at ambient temperature

[127]

ITO/PEDOT:PSS/MAPbI3�xClx /PCBM/
BCP/Ag

12.2 0.75 7.84 Full roll-to-roll slot-die coating One step using acetonitrile/
methylamine solvent

[128]

FTO/NiMgLiO/FA0.83Cs0.17PbI2.83Br0.17/
LiF/C60/BCP/Bi/Ag

16.63 1.084 20.77 Spray coating/slot die/thermal
evaporation

One step enhance the nucleation
barrier by diphenyl sulfoxide(DPSO)

[129]

FTO/TiO2/Cs0.17FA0.83Pb(I0.83Br0.17)3/
Sprio-OMeTAD/Au

17.5 1.14 0.09 Spin coating/slot die/spin coating/
thermal evaporation

One step introduction of
methylammonium chloride in the

precorsore formulation

[137]
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FTO/TiO2 substrate at 60 °C. In the second step, the solution of
CH3NH3I in isopropanol is sprayed onto the PbI2 film at 80 °C.
In the final step, to promote the reaction and crystallization of
CH3NH3PbI3, the as-prepared film was heat treated. Large-area
perovskite layer with higher smoothness showed better crystal-
linity and thermal stability, resulting in efficiency of 13.09%
for the large area of 1 cm2.

Jiang et al. fabricated perovskite solar minimodules in using
the two-step deposition technique with a combination of raster
ultrasonic spray coating and chemical vapor deposition
(CVD).[162] In the first stage, lead iodide layer was deposited
by the raster-scanned ultrasonic spray coating method with neg-
ligible Pb-waste compared to the spin-coating method. To create
a FAPbIxBr3�x perovskite, the organic components composed
of formamidinium bromide (FABr), FAI, and MACl are
incorporated via CVD in the next stage. Ultimately, the environ-
mental-friendly and transferable technique to the industry
produced a high-quality and uniform perovskite and PCE of
14.7% for 12 cm2 modules.

In utilizing a one-step spray-coating technique, Barrows et al.
explored the initial work for depositing a CH3NH3PbI3�xClx
perovskite solution in inverted architecture PSCs in 2014.[163]

This group deposited the perovskite absorber layer in a single-
spray pass using an ultrasonic system onto a heated substrate
under ambient conditions. After annealing in air and crystalliza-
tion of the perovskite film, best efficiency of 11% was achieved.
The sensitive role of the substrate temperature was investigated
on perovskite morphology and on the efficiency of the resultant
solar cells during spray casting, as well. In 2015, Das et al.
produced a highly uniform and efficient surface coverage of
the perovskite layer with an high-throughput ultrasonic spray-
coating process.[164] The highly crystalline and uniform
CH3NH3PbI3�xClx films produced PCE of 13% on the glass sub-
strate. In addition, the deposition process at low temperatures
was investigated on the polyethylene terephthalate (PET) sub-
strates PCE as high as 8.1% was exhibited. The reasonable cell
performance on the PET substrate demonstrated that spray-
coating technique is an efficient method for flexible PSCs.

In 2016, Tait and co-workers demonstrated that ultrasonic
spray coating was a scalable and versatile linear deposition tech-
nique for high-efficiency perovskite photovoltaic.[165] The combi-
nations of Pb-containing precursors (Pb(CH3CO2)2·3H2O, PbI2,
and lead chloride (PbCl2)) with CH3NH3I were sprayed to deposit
MAPbI3 perovskite absorber layer. Ratios and concentrations of

Table 4. Continued.

Structure PCE [%] VOC [V] Active
area [cm2]

Coating methods
for different layers

Coating process of perovskite References

ITO/PEDOT-PSS/MAPbI3/PCBM/BCP/Ag 12.52 1 0.10 Spin coating/slot die/spin coating/
thermal evaporation

One step addition of cyclohexyl-2-
pyrrolidone (CHP) and dimethyl

sulfoxide (DMSO) to perovskite ink

[138]

ITO/FrGO/MAPbI3/PCBM/BCP/Ag 9.57 0.87

FTO/SnO2/MAPbI3/spiro-OMeTAD/Au 18.8 1.12 0.096 Spin coating/slot die/spin coating/
thermal evaporation

Two step producing porous PbI2
by MET

[139]

FTO/c-TiO2/m-TiO2/m-ZrO2/carbon/
Cs0.05(FA0.4MA0.6)0.95PbI0.8Br0.2

17.02 1.08 0.129 Full slot die coating One step cosintering of layers for
increased manufacturing speed

[142]

ITO/PTAA/KSCN -MAPbI3/C60/BCP/Ag 21.38 1.11 0.089 Blade coating/slot die coating/
thermal evaporation

One step improved using potassium
thiocyanate as additive

[143]

FTO/TiO2/MAPbI3-xClx/spiro-
OMeTAD/Au

16.8 1.03 0.09 Full sheet-to-sheet slot die coating One step laser ablation processes for
conven- tional monolithic cell

interconnections

[145]

FTO/TiO2/FA0.91Cs0.09PbI3 /M4N[BF4]/
PCBM/Ag

22.7 1.12 7.92 Chemical bath deposition/slot die
coating/thermal evaporation

One step using high-pressure
nitrogen extraction to assist

crystallization

[146]

ITO/2PACz (SAM)/MAPbI3/C60/BCP/Cu 20.55 1.13 2.2 Spin coating/slot die coating/thermal
evaporation

One step using 2-methoxy-ethanol
and dimethyl-sulfoxide based ink

[147]

FTO/SnO2/Cs0.16FA0.84Pb(I0⋅88Br0.12)35%
þ5% mol MAPbCl3/spiro-OMeTAD/Au

18 1.02 0.09 Spin coating/slot die coating/thermal
evaporation

One step varying annealing
conditions to improve single junction

and tandems

[95]

ITO/MeO-2PACz/FAPbI3/LiF/C60/
SnOx/Cu

22.54 1.088 1.58 spin coating/slot die/thermal
evaporation/thermal evaporation

One step to study rheological
properties of the precursor inks

[148]

17.1 5.36 12.7

ITO/NiOx/MAPbI3 /PCBM/BCP/Cu 11.68 1.98 2.1 All slot die coating One step in an inverted structure [149]

ITO/NiOx/Cs0.2FA0.8PbI3 /PCBM/BCP/Cu 14.9 2.03

FTO/SnO2/3-cation perovskite/
spiro-OMeTAD/Au

13.5 0.939 0.09 Spin coating/hybrid slot
die–evaporation/spin coating/

thermal evaporation

Two steps using hybrid slot die
coating and thermal evaporation

technique

[150]

FTO/NiOx/MAPbI3/PCBM/PEI 13.86 Not
mentioned

0.09 All slot die coating One step using nontoxic solvent at
room temperature

[151]

13.54 0.75
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perovskite precursors are essential factors for controlling the
crystallinity and overall morphology. SEM images, XRD, and
absorbance spectra (where A= 100-T-R %) were utilized to exam-
ine the characteristics of sprayed perovskite films, as shown in
Figure 8b–d. The mixed precursors displayed greater consistency
in the crystal lattice compared to single precursors. Ultimately,
highly crystalline and pinhole-free layers produced initial PCE of
15.7% for small-scale devices and 11.7% for 3.8 cm2 modules. In
the same year, Heo et al. utilized a new approach to fabricate
spray-coated PSCs, in which they sprayed the solution of
MAPbI3 in DMF and GBL solvents onto a substrate held at
120 °C continuously.[166] The continuously sprayed perovskite
solution moistened the underlying polycrystalline perovskite
layer. The small perovskite grains were partially redissolved
and merged in the solvent blend and then regrown, and reaching
micrometer-length scales. The novel perovskite-coating tech-
nique produced the efficiency of 15.5% for 40 cm2 modules.

Similar to other coating techniques, perovskite film quality
greatly depends on nucleation during solvent evaporation.
Heat treatment and various solvent evaporation rates play a criti-
cal role in nucleation and as a result, in the formation of a

compact and uniform perovskite layer. In 2018, Lidzay’s group
fabricated triple-cation-based PSCs with a peak PCE of 17.8%
using a combination of ultrasonic spray coating and vacuum-
assisted solution processing.[167] Utilizing low vacuum removed
trapped solvent and initiated crystallization through controlled
nucleation; the produced perovskite films had comparable qual-
ity with those produced via spin coating. In 2019, Cai’s group
applied both an antisolvent extraction method and addition of
MACl additives to perovskite ink.[168] They were able to achieve
horizontal grain boundary-free perovskite films by the spray-
coating method. Ultimately, the PCE of 15.07% was obtained
for square-centimeter rigid device PSCs and 13.21% for flexible
PSCs. Comprehensively understanding of the nucleation, crystal-
lization, and growth process was attempted in another work of
Cai group.[169] The thickness of the perovskite thin film was sys-
tematically optimized by the antisolvent bath and thermal anneal-
ing time. Nonpolar diethyl ether was used as an antisolvent to
extract polar precursor solvents in the wet film. Higher nucle-
ation density and improved coverage were promoted in the
low-temperature processes for perovskite films. After optimiza-
tion of spray conditions, a high efficiency of 20.6% was attained

Figure 8. Schematic diagram of the two-step spray method for coating perovskite CH3NH3PbI3 film. Reproduced with permission.[153] 2017, Scintific
Reports, nature. SEM images of perovskite films sprayed from inks of b) PbCl2/MAI, c) concurrently pumped PbAc2/MAI with PbCl2/MAI at 75mol%
PbAc2, and d) PbAc2/MAI. e) XRD (equally scaled with arbitrary units) and f ) absorbance (A= 100-T-R%) spectra for each layer with an optical bandgap of
1.55 eV. The reference substrate is also included in the XRD. Reproduced with permission.[165] 2016, Journal of Materials Chemistry A, RSC.
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under ambient conditions. The PCE of 19.4% was obtained on a
small area with fully spray-cast PSCs in another work of Lidzay’s
group in 2020.[170] An ultrasonic spray coater operated inside a
nitrogen-filled glovebox and low-humidity air, which showed
control drying and crystallisation dynamics of the perovskite
layer. Perovskite thickness was optimized via fluid flow rate, head
height, and velocity across the substrate. The PCE of 12.7% was
achieved by connecting seven 15.4mm2 devices in parallel on a
single substrate in active area of 1.08 cm2.

In Table 5, the comparison of published spray-coating tech-
nique in PSCs is arranged. The spray-coating method has advan-
tages compared to other scalable techniques; it is a faster
technique and spray head can move across a substrate at more
than 5m per minute.[152] Optimizing complex parameters such
as solution flow rate, solvent choice, surface temperature, and
spray head height and speed is essential for creating high-quality
films. Moreover, ink preparation with higher concentration and
viscosity is required to deposit the desired thickness of the
perovskite.[171] Spray-cast method suffers less from poor process
reproducibility, scalability, and nearly time used in the fabrica-
tion of PSCs.

7. Physical Vapor Deposition Coating

Among the diversity of deposition mechanisms, physical vapor
deposition (PVD) is another option for scaling up photovoltaic
devices. The PVD process takes place in high vacuum, and then
materials in vapor phase transfer to the substrate; after

condensation of vapor, a dense and uniform layer is produced.
Evaporation and sputtering are the most known PVD methods
for producing thin and dense films. Liu and his co-workers cre-
ated simple planar heterojunction solar cells by integrating dual-
source vapor deposition, which produced uniform flat films of
the mixed-halide perovskiteCH3NH3PbI3�xClx,.

[172] The PCE
of 15.4% demonstrated that perovskite absorbers can achieve
high efficiencies in simple device designs without requiring
complex nanostructures. Figure 9a shows a schematic illustra-
tion of the PVD setup with one, dual, and triple sources which
include both organic and inorganic sources for coating the
perovskite absorber layers. High-quality contacts and cost-
effectiveness are important factors for large-scale solar cell
manufacturing. Unfortunately, PVD technology is prepared
under high vacuum conditions and high temperature; conse-
quently, it uses lots of energy, time, and cost in production
process. In 2017, Tong et al deposited a high-quality compact
perovskite film via well-controlled lower temperature
(<120 °C) and lower-temperature fast chemical vapor deposition
(LFCVD) process within 20min.[173] Figure 9b shows the config-
uration of the low-temperature-zone furnace tube and the fabri-
cation procedure of LFCVD for synthesizing perovskite film.
Fan’s group applied single-source thermal evaporation for coat-
ing CH3NH3PbI3 perovskite thin film. The obtained large-area
perovskite layers with 100 cm2 area. were nearly dense, uniform,
and smooth. Although, due to the high volatility of organic cat-
ions at 150 °C, the optoelectronic properties and morphology
were poor in large-area perovskites. Consequently, low PCEs
of about 7.73% were achieved for these photovoltaic cells. The

Table 5. Comparison of published PSCs that applied spray-coating technique in the fabrication process and coating perovskite layer.

Structure PCE [%] VOC [V] Active
area [cm2]

Coating methods
for different layers

Coating process
of perovskite

References

FTO/TiO2/CH3NH3PbI3/spiro-OMeTAD/Au 13.09 1 1.0 Spin coating/spray coating/spin
coating/thermal evaporation

Two-step ultrasonic spray method [153]

FTO/TiO2/FAPbIxBr3�x/spiro-OMeTAD/Au 14.7 6 12.0 Sputtering/spray coating and
chemical vapor deposition/spin
coating/thermal evaporation

Two-step combining raster ultrasonic
spray coating and chemical vapor

deposition

[154]

PEDOT:PSS/CH3NH3PbI3_xClx/PCBM/Ca/Al 11.1 0.92 0.025 Spin cast/spray coating/spin coating/
thermal evaporation

Optimization of processing
parameter space

[155]

FTO/TiO2/CH3NH3PbI3_xClx/
spiro-OMeTAD/Ag

13 1.03 0.23 Spin coating/spray coating/spin
coating/thermal evaporation

One step ITO coated on PET
substrates

[156]

ITO/TiO2/CH3NH3(IXBr1�X)3
spiro-OMeTAD/Au

11.7 3.31 3.8 Electron beam evaporation/spray
coating/spin coating/thermal

evaporation

One step using combinations of Pb-
containing precursors

[157]

FTO/TiO2/CH3NH3PbI3�xClx/PTAA/Au 15.5 10.5 40.0 Spray coating/spray coating/spin
coating/thermal evaporation

One step using controlled
composition of the solvents

[158]

ITO/np-SnO2/perovskite/spiro-OMeTAD/Au 15.4 1 0.16 Spray coating/spray coating/Spin
coating/thermal evaporation

One step using vacuum treatment [159]

ITO/SnO2/perovskite/spiro-OMeTAD/Au 15.07 1.138 1 Spin coating/spray coating/spin
coating/thermal evaporation

One-step antisolvent extraction and
addition of MACl additives to

perovskite ink

[160]

ITO/SnO2/perovskite/spiro-OMeTAD/Au 20.6 1.2 1.0 Spin coating/spray coating/spin
coating/thermal evaporation

Optimization of coating parameters [161]

ITO/nanoparticle SnO2/triple-cation
perovskite/spiro-OMeTAD/gold.

12.7 1.06 1.08 Spray coating/thermal evaporation One step full spray coating [162]
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PSCs obtained an efficiency of 15.1% in 120 °C and exhibited
excellent air-exposure stability for more than 60 days without
requiring specific encapsulation. Li and et al. fabricated the excel-
lent scalability of thermal coevaporated PSCs. They combined
strategies such as active layer engineering, surface treatments,
interfacial optimization, and light management.[174] Figure 9c,d
shows the absorbance, PL spectra, TRPL measurements, and top-
view SEM images of the coevaporated materials. The absorption
and PL spectra of MAPbI3 exhibit a distinct absorption peak at a
bandgap of 1.61 eV and a PL peak at 780 nm, both before and after
the treatment procedure. The defect passivation and reduction in
nonradiative recombination led to an increase in PL intensity and
fluorescence lifetime observed in the TRPL measurements.
Ultimately, the PCEs as high as 20.28% and 19.0% were achieved
for 0.1 and 1 cm2 PSCs and a PCE value of 18.13% for a 21 cm2

minimodule was recorded. FAPbI3 shows higher thermal stability
than MAPbI3, despite its weaker phase stability. At temperatures
below 150 °C, FAPbI3 underwent a transition from the cubic black
α-phase to a hexagonal yellow δ-phase. A research group led by
Xie aimed to create pure and stable α-FAPbI3 that underwent a
rapid and complete phase transition from the δ-phase to the
α-phase.[175] To achieve this, they introduced high humidity
(relative humidity [RH]: 75%≈>90%) during the sequential

vapor deposition of the perovskite thin film. The energy difference
between the two phases decreased under humidity, which accel-
erated the transformation to a pure δ-phase instead of a mixture of
α- and δ-phases. After annealing the pure δ-phase perovskite thin
film, a pure α-phase of FAPbI3 was formed. The enhanced purity
of the δ-phase and moisture led to the swift phase transition to
pure α-phase during subsequent annealing. High-quality, vapor-
deposited pure α-FAPbI3 PSCs achieved a PCE of over 20%.
The process of moisture-induced phase transition demonstrated
excellent repeatability and increased the size of the thin film.

Wang et al. described a two-step coating method to produce
uniform and dense CsFA-based perovskite films without
MA.[176] Initially, they spin coated a blend of lead halide and
cesium halide and then thermally evaporated FAI under vacuum.
Their research revealed a maximum PCE of 24.1% under stan-
dard AM1.5G illumination for CsFA-based PSCs without MA.
They also achieved a PCE of 22.8% for an aperture area of
1 cm2 with great stability over 20 000 h of storage. In another
study, Yi’s group utilized a Cl alloy-mediated sequential vacuum
deposition method to fabricate PSCs.[177] Initially, cesium iodide
(CsI), PbI2, and PbCl2 were simultaneously evaporated onto the
substrate. In the subsequent stage, formamidinium iodide was
deposited using a thermal evaporating process. They

Figure 9. a) One-, dual-, and triple-source thermal evaporation systems which include both organic and inorganic sources for coating the perovskite
absorber layers. b) Schematic diagram of the synthesizing procedure of perovskite (CH3NH3PbI3) films with the configuration of the low-temperature-
zone furnace tube and the LFCVD process. Reproduced with permission.[173] Copyright 2017, RSC Advances, Royal Society of Chemistry. Thermally
evaporated pristine MAPbI3 (black line) and treated MAPbI3 (blue line) thin-film characterizations: c) Absorption and PL spectra (in the inset) and
d) TRPL decays. Top-view SEM images are reported in the inset. Reproduced with permission.[174] Copyright 2020, Joule, Cell Press
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documented efficiencies of 24.42% and 23.44% for devices with
areas of 0.1 and 1 cm2, respectively. The resulting perovskite
films exhibited excellent coverage and morphology, leading to
high-performance solar cells. The researchers attributed the
improved efficiency to the use of the Cl alloy-mediated sequential
vacuum deposition method, which allowed for precise control
over the film formation and composition. After being stored
in dry air for over 4000 h, the unencapsulated devices
showed desirable stability with minimal reduction in perfor-
mance. This study demonstrated the potential for further
advancements in PSC technology through innovative fabrication
techniques.

Some published vapor deposition techniques in PSCs are
compared and summarized in Table 6. The table includes infor-
mation on the deposition method, substrate, perovskite material,
and device performance. It is a useful resource for researchers
looking to optimize their PSC fabrication process. Generally,
vapor deposition has a low environmental impact processing
method by reducing the waste of perovskite precursor solutions
and eliminating the use of harmful organic solvents. As men-
tioned earlier, solvent extraction from the wet perovskite layer
poses a challenge in the printing technique. The main advantage
of the PVD method is that the evaporation process does not
require any incorporation of solvents, producing uniform and
high-quality perovskite thin films directly from powders. The
thickness of layers is controllable and repeatable. In other words,
being solvent free makes this technique ecofriendly and less
toxic, eliminating the utilization of toxic solvents such as
DMF, CB, DMSO, and so on. These positive properties still make
this technique a good option for scalable PSCs.

Additionally, in the PVD process, the patterns of designed
solar cell pixels are flexible and easily accessible with the help
of relative masks. The PVD method offers better control over
the crystallization process, resulting in improved film morphol-
ogy and reduced defect density. This ultimately leads to higher
efficiency and stability of PSCs. While PVD is a controllable and
repeatable thin-film coating method, the processing speed is
too slow, which is inadequate for mass production costs.
Nevertheless, due to its potential for large-scale production

and environmental benefits, the PVD method remains a prom-
ising approach for the fabrication of efficient and sustainable
solar energy devices”.

8. Challenges and Outlook

The perovskite stability and coating process are essential chal-
lenges for industrious fabrication of hybrid perovskite photovol-
taic. Some challenges in PSC technology include stability,
toxicity, integration with existing infrastructure, and scaling
up production. Although these cells can be produced using sim-
ple and low-cost methods, scaling up production to industrial lev-
els remains a challenge. A variety of techniques have been used
to prepare large-area PSCs and are aimed to emit the huge gap
between lab and factory. As perovskite stability and the perfor-
mance of the devices are approximately correlated with its quality
and uniformity; deposition techniques have critical effects on
scalable PSCs. The coating methods used for PSCs should be
optimized to reduce time and material requirements, employ
a straightforward and cost-effective technique, and yield uniform
layers that fully cover the substrates. The common deposition
technique in research laboratories is the spin- coating technique,
which is irreproducible, wasteful, and produces nonuniformity
for large-area PSCs. Therefore, alternative scalable deposition
techniques were investigated for large-area production of hybrid
organic–inorganic PSCs in this review paper. Blade-coating tech-
nique, IJP method, screen-printing technique, slot die-coating
technique, spray-coating, and PVD methods are developing tech-
niques for large-scale PSCs.

In the blade-coating technique, a blade moves over the surface
and spreads the solution on the substrate; it is an economical
method for large-area and perovskite solar modules. However,
the adjustable and low cost of blade coating is convenient for
small scale; there are some challenges for application of this
method in large scale. Incomplete coverage, pinholes, and non-
uniformity of perovskite layers lead to main issues utilizing blade
coating. In addition, blade coating suffers from the automation
process and ink supply. IJP technique commonly is used in the
graphics and publishing industries, which environmentally is

Table 6. Comparison of published PSCs that deposited perovskite layer through vapor deposition technique.

Structure PCE [%] VOC [V] Active
area [cm2]

Coating methods for different layers References

FTO/TiO2/CH3NH3PbI3�xClx/spiro-OMeTAD/Ag 15.4 1.07 0.076 Spin coating/vapor deposition/spin coating/
thermal evaporation

[172]

FTO/TiO2/CH3NH3PbI3/spiro-OMeTAD/Ag 15.1 1.03 0.1 Spin coating/vapor deposition/spin coating/
thermal evaporation

[173]

FTO/SnO2/PCBM/MAPbI3/spiro-OMeTAD/Au 18.13 6.71 21 Spin coating/Spin coating/vapor deposition/spin
coating/thermal evaporation

[174]

ITO/SnO2/FAPbI3/spiro-OMeTAD/Au 18.91 1.07 1 Spin coating/vapor deposition/spin coating/
thermal evaporation

[175]

20.19 0.1

ITO/SnO2/perovskit/spiro-OMeTAD/MoO3/Au 22.8 1.16 1 Spin coating/Spin coating/vapor deposition/spin
coating/thermal evaporation/thermal evaporation

[176]

24.1 0.1

FTO/SnO2/perovskit/spiro-OMeTAD/Au 19.87 1.14 14.4 Spin coating/vapor deposition/spin coating/
thermal evaporation

[177]

24.42 0.1
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an effective fabricating method in printed electronics. IJP is dem-
onstrated as a well-performed and noncontact strategy to prepare
high-quality films. Optimization and configuration of devices
and printing parameters are improved to enhance device perfor-
mance. The IJP PSCs with acceptable efficiency and using lower
material are promising for cheap and effective photovoltaic devi-
ces compared with spin-coated PSCs. Furthermore, IJP tech-
nique could be applied in tandem PSCs for more stable and
highly efficient devices. Additionally, different materials could
be incorporated into the perovskite solution to enhance grain
boundaries and enhance resistance to light and humidity
in the absorber layer, ultimately leading to the production of
PSCs with satisfactory stability and efficiency. Solution engineer-
ing is an approach to improve the grain boundaries and crystal-
linity of perovskite film. The humidity and illumination stability
of the absorber layer are directly affected by the crystallinity of the
perovskite film. In another printing technique, screen printing
has been used for depositing different layers of solar cells.
Commonly, screen printing techniques have been utilized for
carbon-based PSCs in ambient conditions. However, this is a
cheap solution-processing method; the creation of compact
and pinhole-free layers is a critical factor for depositing large-area
perovskite photovoltaics. Solvent extraction from the precursor is
an effective solution to improve the homogeneity nucleation of
perovskite crystallites inside the mesoporous layers and prevent
defect formation in perovskite film. Low-cost and versatile print-
ing technologies demonstrate the promising potential of perov-
skite technology toward industrial applications. In slot-die
coating method, ink is spread from a thin channel (metal die)
over a moving surface. This coating process for solvent evapora-
tion with low boiling point is suitable for plastic and flexible sub-
strates, in particular in roll-to-roll deposition method. However,
the formation of nonuniform films has been observed in this
method due to the solution flowing and slow drying of solvents.

Therefore, a nitrogen gas jet is employed to accelerate the solvent
evaporation and speed up the films drying.

The other simple and accessible technique for manufacturing
PSCs is spray coating. Spray-coating method generally has been
used in industrial paint equipment, wherein the precursor solu-
tion spreads over the substrate. Solution density, temperature,
and ultrasonic atomization have an effect on nucleation and for-
mation perovskite absorber layer. Besides the solution-based
coating methods for perovskite films, the PVD technique with
the vapor phase of the precursor materials is applied for scalable
PCSs. This alternative technique due to high vacuum conditions
is widely energy consuming. Although it produces pinhole-free
and uniform layers, it is unsuitable and inefficient for commer-
cializing perovskite photovoltaics.

In addition to the many challenges of depositing perovskite
layers, depositing an HTL and an ETL is also a significant hurdle
in producing scalable PSCs. While printing methods are effective
and convenient for coating large areas of ETLs, they may pose
difficulties in depositing organic HTLs. The spraycoating
method is commonly used for coating the blocking layer in most
articles. Developing a reliable and efficient method for depositing
both the HTL and the ETL is essential for the commercialization
of PSCs. However, achieving high quality in the perovskite layer
is crucial for high efficiency and stability in devices, and there-
fore, the main concentration is on it. The current review focused
on finding innovative solutions to overcome these challenges and
improve the overall performance of the devices. Additionally,
advancements in deposition techniques and material design
were explored to enhance the scalability and stability of PSCs.

Figure 10 showcases the PCEs of up-scale PSCs and modules
with an active area larger than 1 cm2. The inset graph provides a
summary of the efficiency of PSCs and modules with different
active areas. Despite these challenges, the outlook for PSCs is
promising. Researchers are working on developing more stable

Figure 10. The PCEs of upscale PSCs and modules with active area larger than 1 cm2. The graph inset provides a summary of the efficiencies of PSCs and
modules with varying active areas.
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and efficient materials, as well as improving the manufacturing
process. PSCs also have the potential to be used in a wide range
of applications, including building-integrated photovoltaics and
portable electronic devices.

9. Conclusion

In summary, various deposition techniques are investigated in
scalable perovskite photovoltaics. High-quality and defect-free
perovskite films cause a longer diffusion length for electrons
and holes and consequently, higher filling factor with lower
recombination.[34–36] The comparisons of fabricated different
PSCs via various techniques have indicated that solution-based
methods are promising techniques for commercial hybrid
organic–inorganic PSCs. The mixture of coating techniques,
for instance, spray coating, slot-die coating, IJP, and screen print-
ing, can be utilized for various layers and scalable perovskite pho-
tovoltaic devices. For instance, spray-coating method is proper
for deposition of the blocking compact layer compared with
the other technique. Printing deposition techniques are more
controllable, economic, and appropriate for coating perovskite
layer and other layers. On the other hand, the optimization pro-
cess of perovskite coating with arbitrary compounds is more con-
venient in solution base processes than the physical coating
method. However, perovskite solutions have a tendency to flow
unevenly over the substrate due to their low viscosity, which can
hinder achieving the desired thickness. This issue is common in
most printing methods, thus necessitating drying and solvent
extractions to ensure the production of high-quality perovskite
films. Moreover, we have actively sought innovative approaches
to address this challenge. Table 7 provides a summary of the
benefits and difficulties associated with different deposition
techniques for coating perovskite films.

In addition to scalability techniques, the application of
ecofriendly materials and solvents is a major challenge for
scalable PSC technology. Using green solvents with nontoxicity
and lead-free precursors shows promise as an alternative,
particularly in printing slot-die coating, IJP, and screen-printing
techniques.
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Table 7. The summary of advantages and challenges of various deposition techniques for coating of perovskite thin films.

Deposition technique Advantages Challenges

Blade-coating technique Minimizing material usage, Adjustable and cost
effective, Scalable technique

Limited by the automation process and ink supply Flow of the
solution and losing uniformity

The inkjet-printing technique Contactless and maskless, Appropriate for printing on uneven,
curved, or pressure-sensitive surfaces, Low cost and low

material consumption, Scalable technique

Limited by the slow coating speed and potential nozzle
clogging, Producing destabilized and inhomogeneous layer

Screen-printing technique Cost-effective, scalability, rapid film formation, Easy pattern,
Reproducibility

Limited by inside cleaning and mesoporous layer architectures,
Challenging with low viscosity of perovskite precursor solution

Slot-die coating technique Scalable and compatible for roll-to-roll production in ambient
condition, Avoid the using antisolvents, rapid and controllable

with little solution waste

Limited by the time-consuming speed and ink supply, flow of
solution and losing uniformity

The risk of partial delamination of the perovskite film from the
substrate

Spray coating Fast and cheap method, controllable over film thickness and
composition at relatively low temperatures

Limited by the waste materials, Ink perpetration and
meticulous optimization

PVD coating Dense and uniform layer reducing the waste of materials,
Eliminating harmful organic solvents, Controllable and
repeatable, High deposition rates, Capable to deposit

various materials

Limited by the slow coating and time-consuming, Complex and
high cost of maintaining high-vacuum environments, Limited

by compatibility for temperature-sensitive substrates,
Difficulties to control the deposition rate of organic halide

materials at high vapor pressures
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