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Abstract: The power conversion efficiencies (PCEs) of Perovskite solar cells (PSCs) have seen sig-
nificant performance improvements between 2012 and 2022. PSCs have excellent optoelectronic
properties and can be built using low-cost materials. In order to compete with first-generation
photovoltaic technologies, it will be necessary to scale up production. This review article explores the
advancements in several scalable perovskite deposition techniques, including recent developments
in the fabrication of high-quality perovskite film, their stabilities and commercialization status. Sev-
eral scalable deposition techniques are discussed, including user-friendly solution-techniques (spin
coating, slot die coating, etc.), vapour-assisted deposition approaches in the laboratory and full-scale
commercial applications. The aforementioned deposition techniques have advantages compared to
deposition techniques based on cost, effective mask-less patterning and unparalleled-design freedom.
Other potential advantages include optimal use of materials, scalability, contactless deposition in
high-resolution and a rapid transformation from small laboratory-scale work to large industrial-scale
roll-to-roll production. Most recent technological advancements and structural developments relate
to long-term thermal stability and moisture resistance. Many of the developments are still in the
evolving field of lab-scale devices. The improvement roadmap and commercialization aspects of
PSC manufacture involve two significant milestones: bridging the gap between the performance
characteristics of small-scale and large-scale devices and the scalable printing techniques for all the
layers in the device.

Keywords: commercial; fabrication; large-scale; perovskite; printing

1. Introduction

Photovoltaic (PV) technology installations worldwide have increased exponentially
to 800 GWP in 2020. An International Energy Agency (IEA) report predicts an addition
of 586 GWP and 726 GWP from 2020 to 2024 [1,2]. The market for PV has simulated the
module production of PV modules to achieve between 120 GWP and 135 GWP per year
in 2024 [2]. A significant proportion of this production is focused on silicon-based PV
modules [1]. When the Bell lab invented the first functional solar panels in 1954, they
achieved ~6% power conversion efficiency (PCE). Solar PV modules have shown a rapid
PCE enhancement to achieve ~20% in the 1980s. Various manufacturers have built >20%
PCE solar panel prototypes, including mono-poly crystalline Si modules, cadmium telluride
modules, etc.

While looking into the solar panel installation cost over a decade ago, it was around
$6/watt. However, the improvements in manufacturing technology and higher production
rates reduced the installation price to $2.29/watt. According to Swanson’s law, the solar
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module price decreases by 20.2% for every doubling in global solar installation [3]. The
rapid cost reduction of solar generation technologies enabled the cost-competitiveness of
unsubsidised solar PV with fossil fuels. In addition, the utility scape PV appeared as the
cheapest option for bulk electricity supply.

The next generation of solar cells, especially PSC, has achieved ~27% PCE in the last
few years. Perovskite films can produce larger grains, fewer pinholes and uniform distribu-
tion, significantly improving device performance which does not require highly technical
installations or expensive equipment. This has encouraged solar cell manufacturers to
consider the PSC for further developmental activities. Considering the PSC developments,
a comprehensive PSC commercial production pathway can enhance solar PV installation
promptness. Moreover, the better efficiency of third-generation solar cells will enable more
power production than first and second-generation solar cells.

Perovskite is a mineral named after the Russian mineralogist L. A. Perovski and was
first found in the Ural mountains [4]. The true mineral is in CaTiO3, but any compound
can be classified as a perovskite structure if it has a crystal structure identical to perovskite
and has a generic ABO3 form [5,6]. After the discovery of CaTiO3, several other similar
compounds, such as BaTiO3, were rapidly discovered. All these materials share the same
type of molecular structure, ABO3, where A and B are the two metallic cations (A =
CH3NH3

+, Ca, Ba, Bi, Cs, Ge, B = Ti, Zr, Pb, Sn) and O is the oxygen. Being a ternary
material, these chemical structures generate various other possible compounds. All these
materials share the same lattice structure, known as the ‘perovskite’ structure. Perovskites
became very famous with the introduction of halide perovskites. Halide perovskites
contain halide anions in place of oxide ones and are represented by ABX3 (X = Cl, Br,
I) chemical structure. Various organic and inorganic cations and halide anions like Cs+,
CH3NH3

+ (or MA+), CHN2H4
+ (or FA+) for A-site; Pb2+, Sn2+ for B-site; Cl−, I−, Br− for

X-site have been investigated to form the perovskite structure. Organic-inorganic hybrid
perovskites (OIHP) are halide perovskites with an organic cation at the A-site position.
In addition to methylammonium and formamidinium, several other organic cations like
propylammonium, ethylammonium, di-ethylammonium are also used. These OIHPs,
especially MAPbI3, show remarkable optoelectronic and electrical properties like high
optical absorption coefficient, long carrier diffusion length, ease of band gap engineering,
exceptional defect tolerance, excellent photoluminescence efficiency, low trap density and
finally, easy synthesis methods. The absorption coefficient of these materials goes well
>105, which makes this material work as a perfect absorber layer in a PV application, even
in thin film form [7]. Carrier diffusion length in MAPbI3 can go beyond a micrometre range
for polycrystalline film and tens of micrometres in a single crystal. This is one of the most
desired properties of PV material [8]. Long carrier diffusion length ensures the efficient
collection of the photo-generated carrier before its recombination lifetime. This is observed
even after high defect density in the polycrystalline film. That indicates extraordinary
defect tolerance of these materials. Now, after all these outstanding physical properties,
the beauty of these OIHP materials is their easy band gap tunability. Being a big family
of materials, the composition of these OIHPs can be altered easily by mixing more than
one anion or cation. This way, different physical properties like band gap, lattice structure
and chemical properties like stability can be tuned on a big scale, just like group III–V
semiconductors [9].

These materials demonstrate solar energy’s advantages in simulating energy conver-
sion research and provide an excellent agreement between thin structural-performance
relationships. In 2009, The perovskite structured material was first used as a replacement
for dye pigment in dye-sensitised solar cells, achieving a PCE of 1.81% [10]. However, the
low efficiency and poor stability due to the liquid electrolyte-based hole transport layer
diminished the significance of the breakthrough [11]. In 2012, perovskite nanocrystals were
used as a light absorber for solid-state mesoscopic solar cells and they obtained a PCE of
9.7% [12]. Instead of using the liquid electrolyte technique, they used Spiro-MeOTAD as
the hole transport layer and mesoporous-TiO2 as an electron transport material [11]. After
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that, perovskite solar cells attracted wide attention from worldwide researchers. So far, the
highest PCE is 25.7%, reported and certified by the National Renewable Energy Laboratory
and Ulsan National Institute of Science and Technology [13]. Now, the record efficiency of
PSCs, 25.7%, certified by NREL, is approaching the best silicon solar cells (26.7%) [14].

While the perovskite materials used for the solar cells are in ABX3, it combines an
organic-inorganic halide compound, metal cation and a halogen anion [11]. The perovskite
structure is classified as a cubic lattice-nested octahedral layered arrangement. A large type
A cation will be in the cube centre (usually methyl ammonium ion, CH3NH3). Furthermore,
the corners are occupied by the small cations of type B (usually Pb), and the cube faces
are occupied by the halogen anion of type X (usually I, Cl or Br) [15,16]. In contrast,
combining different materials into this structure is essential in determining the photo-
electric properties, bandgap, diffusion lengths and mobility [17].

The PSC’s general configuration contains a tin-doped indium oxide (ITO)/fluorine-
doped tin oxide (FTO), electron transport layer (ETL), perovskite layer, hole transport
layer (HTL) and metal electrode [18]. Usually, PSC consists of two main architectures,
mesoporous and planar structures. The mesoporous design enables the light absorption
layer to enhance the light-receiving area.

Compared to other solar technologies, different wavelengths of light can affect the PSC
performance and as a result, they can convert a proportionately higher amount of sunlight
into electricity. Thus, enhancing the material quality of the perovskite-based material
increases carriers’ mobility and lifetimes and decreases defect density. Aside from the
material quality, reducing the active layer thickness is also a way to implement the above-
mentioned electrical benefits. There are two classifications in the planar configuration,
conventional n-i-p and inverted p-i-n systems; both are depicted in Figure 1. As Figure 1
signifies, a mesoporous structure comprises an additional layer between the electron
transport and perovskite layers. Generally, TiO2 is used as a mesoporous layer, allowing
perovskite material to penetrate the pores of the TiO2 solution and, hence, improving the
surface area of the perovskite layer.
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Figure 1. Schematic representation of different PSC configurations [18]. Figure 1. Schematic representation of different PSC configurations (a) planar and (b) mesoporous [18].

Additionally, the mesoporous layer supports inhibiting electron-hole pairs’ recombi-
nation process and improving the PSC’s PCE [15,19]. As the perovskite material possesses
hole-transporting properties, PSC with a hole-transport material-free structure is also possi-
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ble. A thick perovskite layer with a smooth surface and a reliable back contact is needed
to achieve greater efficiency [20]. While the first perovskite solar cell with an HTM-free
structure achieved a PCE of 5.5%, it used the TiO2/CH3NH3PbI3/Au configuration in an
FTO sheet [21].

The commercialisation of PV technology is influenced by several factors like efficiency,
stability and easiness in manufacturing technology. The rapid progress in PSC’s efficiency
and stability gained massive attention among researchers and is considered an environmen-
tally and economically viable PV technology. The most pronounced setback of the PSCs is
their poor stability in ambient conditions. This setback put a restriction on the robustness of
the PSCs. The degradation of perovskite materials in PSC starts from multiple sources [22].
Moisture adsorption and photo-dissociation in the presence of UV light are at the top of
the list [23]. Other weak but significant source of degradation includes photo-oxidation,
ion migration and light-induced halide segregation. These degradation sources apply to
PSC materials and solar cell devices [24]. Besides, some device-only sources of degradation,
like metal ion diffusion and mechanical stress, are also there [25]. Even though modern
packaging almost eliminates the chance of moisture or oxygen penetration to the solar
cell, high-quality packaging can be expensive and bear a high percentage of the total cost
of the solar panel [26,27]. In addition, before the final packaging, all solar cells must be
transported in an open atmosphere for some time [27]. Therefore, a degree of intrinsic
resistance against environmental factors is always required.

However, solar PV development’s central aim is to enhance efficiency and improve
manufacturing technology to reduce the overall cost. Furthermore, since the efficiency
between the PSC and other commercially available PV modules is comparatively similar,
PSC testing for commercial-scale production is essential to enhance solar PV deployment
swiftness [28].

Despite potentially replacing silicon-based solar cells with high device efficiency and
low-cost fabrication, PSC also faces significant commercialization challenges (Figure 2a).
Considering the rapid PCE revolution, PSC’s scaling up from lab cells to industrial modules
is necessary. This can be achieved by lifetimes comparable to legacy PV technologies [28].
The most pronounced setback of the PSCs is their poor stability in ambient conditions.
This setback put a restriction on the robustness of the PSCs. The degradation of perovskite
material, as well as device, starts from multiple sources [29]. The technological challenge is
using the entire solar spectrum with better sensitisers and overcoming the fundamental
power-loss mechanism [30].

As the solvents vary due to tolerant evaporation rates at distinct locations, the halide
perovskites crystal growth fluctuates. Ion migration can occur during the deposition of
precursor solution concentration in the large-area substrate, leading to inhomogeneous
crystallisation formation [31]. Often the direct contacts of pinholes in perovskite films
initialise the direct contact between the HTL and ETL or other layers can influence the
modules’ current leakage and voltage loss. Factors like device hysteresis due to a selection
of materials, material toxicity, ambient stability, and costlier and corrosive noble metal
electrodes are classified as the significant challenges for PSC commercialization on a wide
scale. Moisture adsorption and photo-dissociation in the presence of UV light in PSC
are at the top of the list [32]. Other weak but significant degradation sources include
photo-oxidation, ion migration and light-induced halide segregation. These sources of
degradation apply to PSCs.

Besides, some device-only sources of degradation, like metal ion diffusion and me-
chanical stress, are also there. Even though modern packaging almost eliminates the chance
of moisture or oxygen penetration to the solar cell, high-quality packaging can be expensive
and bear a high percentage of the total cost of the solar panel. In addition, before the final
packaging, all solar cells must be transported in an open atmosphere [33]. Therefore, a
degree of intrinsic resistance against environmental factors is always required. Best encap-
sulation can be applied to a PSC to keep moisture at bay. However, when it comes to PV
material, photostability is the prime demand [34]. Here, the robustness of an encapsulated
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PSC under light illumination is essential. Halide segregation alters the uniformity of spatial
distribution of different halides in the perovskite film. This effect is claimed to be reversible,
but in normal operating conditions, the solar cell is under illumination. Changes in halide
ions’ redistributive optical band gap affect the PV performance of the cell. Whatever the
decomposition route is, the ultimate solid left over is PbI2, the origin of the yellow colour
of decomposed MAPbI3. MAPbI3 undergoes quick dissociation in an oxygen environment
when light is present. Photo-assisted oxidation of perovskite has two channels of mecha-
nism, namely the first one is the direct diffusion of oxygen molecules into the perovskite
lattice through halide-vacancy. The broadband gap oxide type ETM mediates the second
channel of oxygen-induced degradation halide in the PSC. UV light can be blocked or, more
efficiently, be down-converted visible light, producing photocurrent.

In addition to addressing the concerns regarding mass production and stability, a so-
phisticated life cycle assessment should be performed, which includes production processes,
an evaluation of materials and environmental impact [35,36]. The life cycle assessment
of PSCs has also raised concerns about the environmental effects [37]. Other upgrades
will need to include recycling methods to address concerns regarding the toxicity of lead,
industry-scale electronic-grade films and the adoption of standardised testing protocols
to predict the operation lifetime of PSCs [38,39]. Modules must endure degradations due
to light, partial or complete shading stress and mechanical shock [40]. The field can learn
to form the commercialisation pathway of mature PV technologies as it strives to define
and overcomes the hurdles to PSC commercial impact [41]. PSC’s cost analysis depends on
various factors like base materials price, cost of labour, factory product yield and the usage
of instruments. A significant cost contribution will be for the electrode parts like transpar-
ent conductive glasses like fluorine-doped tin oxide (FTO), ETL and HTL materials [42].
Alternatively, researchers must consider the sustainable, affordable preparation of PSCs by
employing ETL-free or HTL-free layers and transparent-low-cost conductive oxide glasses.
This offers a competitive levelized cost of electricity (LCOE) with the other commercially
available PV technologies [43]. The United States Department of Energy Solar Energy
Technologies Office’s (SETO) has established a 2030 goal for silicon PV technologies to
achieve $0.02 per kWh over the module’s lifetime. For perovskite PV to compete with this,
modules will have to last at least 20 years in the field, requiring a significant improvement
in long-term stability [44]. In 2020, the global PSCs market held to be USD 352.2 Million
and is calculated to gain at least USD 2012.7 Million by 2027 [45]. The market is anticipated
to register a CAGR of 28.7% during the forecast period. The LCOE of the commercial
perovskite PV modules requires evidence of the system’s reliability and a holistic approach
(Figure 2b) [46].

Timeline of PSC Progression

In 2009, The perovskite structured material was first used as a replacement for dye
pigment in dye-sensitised solar cells, achieving a PCE of 1.81% [7]. Nevertheless, the
low efficiency and poor stability due to the liquid electrolyte-based hole transport layer
diminished the significance of the breakthrough [8]. In 2012, perovskite nanocrystals
were used as a light absorber for solid-state mesoscopic solar cells, and they obtained
an efficiency of 9.7% [9]. Instead of using the liquid electrolyte technique, they used
2,2′,7,7′-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (Spiro-MeOTAD)
as the hole transport layer and mesoporous-TiO2 as electron transport material [8]. After
that, perovskite solar cells attracted wide attention from worldwide researchers. Table 1
illustrates the efficiency improvements of PSC over the last decade. In 2020, Nishigaki et al.
demonstrated a simulation study that implies a maximum of 38.7% PCE for crystalline
Si/perovskite tandem structure [19]. However, the PSC performance improvements have
been carried out through various device architecture modifications, such as adding a new
version of carrier transport materials (HTLs and ETLs) and enhancing the absorber layer.
Apart from these properties, the film deposition technique handles a significant role in the
formation of the PSC performance.
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Table 1. Perovskite solar cell developments over the years.

Year Device Configuration PCE(%) Voc (v) Jsc (mA/cm2) FF Ref.

2009 Pt-FTO/Electrolyte solution/CH3NH3PbI3/TiO2 3.8 0.61 11 0.57 [47]

2012 Au/spiroOMeTAD/CH3NH3PbI3/m-TiO2/FTO 9.7 0.88 17 0.62 [48]

2013 Au/spiroMeOTAD/TiO2/CH3NH3PbI3/Glass 15 0.993 20 0.73 [49]

2015 Au/PTAA/Perovskite/(bl/m-TiO2)/FTO 20.2 1.06 24.7 0.775 [50]

2016 Au/Spiro-OMeTAD/Perovskite/m-
TiO2/Perovskite/bl-TiO2/FTO 21.6 1.14 23.7 0.78 [51]

2019 FTO/c-TiO2/m-TiO2/NBH/P3HT/Au 22.7 1.14 24.92 0.792 [52]

2020 FTO/c-TiO2/m-TiO2/perovskite/Spiro-
OMeTAD/Au. 25.5 ——- —— —— [53]

2022
FTO/c-TiO2/m-TiO2/perovskite/Spiro-
OMeTAD/Au. (Used PAA-QD-SnO2 as

electron-selective contact)
25.7 1.142 26.4 0.807 [54]

bl: blocking layer; Pt-FTO: Platinum—fluorine doped tin oxide, CH3NH3PbI3: Methylammonium lead halide,
TiO2: Titanium dioxide, m-TiO2: Mesoporous titanium dioxide, P3HT: poly(3-hexylthiophene-2,5-diyl), c-TiO2:
Compact titanium dioxide, PTAA: poly(triaryl amine), NBH: Ammonia borane, PAA-QD-SnO2:polyacrylic
acid–stabilized tin(IV) oxide quantum dots.
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2. PSC—Fabrication Techniques

PSCs are a leading force in the area of photovoltaic. Explored theories are streaming
regarding the fabrication and analysis of the high-efficient PSC and its layer material.
Long-term stability and PCE are two significant parameters for applying PSCs in the
industry. Many manufacturing techniques have been tested and documented for PSCs,
including spray coating, drop-casting, ultrasonic spray coating, electrodeposition, slot-
die coating, chemical vapour deposition, thermal vapour deposition, vacuum deposition,
screen printing, inkjet printing, etc., with various product architectures. Figure 3 men-
tions the classification of PSC deposition techniques and the lab-based and large-scale
fabrication methods.
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One of the critical parameters in determining the PSC performance is the quality of
the layers, yet various fabrication techniques have been established to enhance the PSC
layers’ quality. Among researchers, the most well-known method for PSC fabrication is
spin coating. Nevertheless, it suffers from issues like scalability and poor reproducibility.
However, the rapidly mounting community of researchers is widely investigating several
scalable deposition techniques such as inkjet printing, slot-die coating, spray coating,
blade coating, etc. Generally, we can categorize the printing technologies into lab-scale
and large-scale processes; Table 2 indicates the coating technology’s classification and
properties.

2.1. Slot-Die Coating

Slot-die coating is widely used and well suited for deposition perovskite and other
PSCs perovskite solar cell coating layers. This technology is classified as a pre-metered
coating technique and a highly scalable technology, enabling uniform thin film coating with
low operational cost and minimal material waste [55]. As shown in Figure 4, a standard slot-
die coating mechanism includes an ink reservoir, coating head or slot-die head positioned
towards the substrate, and through a syringe pump, the prepared ink is forced into the
coating head [55]. Afterwards, the ink will come out of a narrow slit in the coating head,
creating a liquid bridge between the substrate and slot-die head [55]. When the substrate
moves across the coating head, deposition happens, and the layer thickness is controlled
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by varying the slit size of the coating head and the moving speed of the substrate [55]. The
fluid rheological property can also impact the wet and dry film thickness.

Table 2. Characteristics of Different Coating Methods.

Type of Coating Technology Type Advantages Disadvantages

Slot-die Coating Large Scale/Lab
Scale

• A positive displacement pump is
utilised at high production speeds,
so the drying units’ workload
decreases. Hence, this leads to
increased production rates.

• As slot-die, the system is closed,
reducing fluid coating
contamination.

• Complex process and need
multiple optimisations.

• Need more and extensive
supporting infrastructure for
commercialisation.

Spin Coating Lab Scale

• Simple process, capable of
producing thin and uniform
coating.

• Airflow due to the high spin
speed can lead to fast drying,
resulting in greater homogeneity
and consistency at nano-length
scales and macroscopic levels.

• The spin coating process’s
material is shallow, and around
10% is being flung off the side and
wasted.

Blade Coating Large Scale/Lab
Scale

• A scalable process fabricates thin
films at large or industrial scales.

• An efficient and faster procedure
to fabricate thin films.

• Cost-effective to install and
creates a high-output.

• The complicated process for
creating under 10 s of microns
thickness films

• It is challenging to create
homogenous films.

• The system can be contaminated,
and that breaks the process.

Dip Coating Lab Scale

• Comparatively simple procedure
and easy to set up.

• Better for flat substrate coating.
• Able to produce uniform coatings

with nano-meter surface
roughness.

• Less expensive than other coating
techniques.

• Complex to coat on flexible or
curved substrates.

• Material shrinkage can lead to
cracking in films, which worsens
film quality with high thickness.

• Wastage of solution die to the ink
reservoir

Bar Coating Lab Scale

• Easy and a flexible process
• Controlled drying time and

produced homogenous films
• Able to make a homogeneous film

on a large area flexible or rigid
substrate.

• Film thickness is limited to at least
~10 microns.

• Modelling is impossible, it can
produce only vertical or
horizontal films.

• Slows the fabrication process
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The slot-die coating has some common problems like breakup, air-infiltration and
the effect of fluid properties. Split in the downstream meniscus causes a discontinuity in
the layer. Furthermore, the miscalculation of the low-flow limit facilitates the separation.
The low-flow limit is the minimum thickness coated at a given substrate speed [56,57].
During the low-flow limit calculation, the fluid’s parameters, like viscosity, capillary action
and inertial forces, were measured [56]. Air infiltration in the upstream meniscus can
lead to the creation of bubbles in the wet film. Additionally, this can create defects like
rivulets and multiple smaller stripes with gaps [55]. As indicated in Figure 4, the critical
parameters during the slot-die coating are the gap distance, coating speed, and pumping
rate. Perovskite film coating by slot-die printing is classified into one- or two-step coating
methods. The one-step method, also known as the single-step method, provides better
control over the final perovskite compositions than the two-step. Compared to the two-step
coating, the one -step method has the advantages of low solvent wastage and a faster
and simplified process. One disadvantage of the one-step method is the potential rapid
crystallisation of material upon deposition resulting in the complex crystallisation control.

In 2021, Yang et al. used slot-die coating and additive method and an area of 20.77 cm2

PSC was fabricated with a certified quasi-stabilised efficiency of 16.63% [56]. Additionally,
in the same year, Xu et al. adapted the infiltration technique into the slot-die coating
mechanism, produced triple mesoscopic perovskite solar mini modules with an active area
of 60.08 cm2 and showed an efficiency of 12.87% [57].

Burkitt et al. used slot-die coating to fabricate all four layers of PSC (n-i-p structure)
and achieved an efficiency of 7% [58]. In this process, TiO2 is used as the mesoporous scaf-
fold layer, CH3NH3PbICl2 as the perovskite layer and the spiro-MeOTAD hole-transport
layer [58]. The slot-die-coated films were deposited at 1.0 m/min with an ink flow rate
(pump rate) of 0.5 mL/min for the perovskite layer [58]. Subsequently, the coated films
were placed in a coating machine’s in-line oven at 105 ◦C by giving an oven residence time
of 3 min, then dried in a fan oven at 100 ◦C for 90 min [58]. The mesoporous TiO2 layer
was deposited at a 0.1 m/min coating speed with a 0.05 mL/min pump rate and obtained
10 µm wet film thickness. Afterwards, it undergoes a heating process of 10 min at 140 ◦C
and another 30 min at 550 ◦C [58]. The hole transport layer was deposited at a 1.0 m/min
coating speed with a 0.5 mL/min pump rate. Later, the material was left for overnight
drying (around 16 h) at room temperature and placed in a box with desiccants to reduce
humidity and enhance the films’ oxidation [58].

Schmidt et al. fabricated a PSC with a one-step coating of DMF solution containing
PbCl2 and MAI and achieved an efficiency of 4.9% [59]. They found that the spin-coated
device’s low efficiency is the primary reason for its low efficiency, the inferior quality of a
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flexible polyethene terephthalate ITO substrate and the perovskite films’ morphology [59].
Cotella et al. used a one-step deposition of mixed lead halide perovskite on a preheated sub-
strate and an air knife-blow drying technology to improve the film morphology with crys-
tallisation [60]. They found that surface roughness was reduced due to the drying process
enhancement, and the surface coverage increased, gaining a PCE of 9.2% [60]. Similarly, Kim
et al. fabricated PSC with planar n-i-p structure (ITO/ZnO/MAPbI3/HTM/MoO3/Ag)
using blow-drying N2 gas to acquire better morphology of the perovskite film and achieved
an efficiency of 12.7% [61].

Verhees et al. fabricated a perovskite PV module with an area of 12.5 × 13.5 cm2, and
they used a scalable sheet-to-sheet slot die coating method and the laser ablation process.
For the experiment, perovskite solar cells with planar n-i-p architecture (Glass/ITO/c-
TiO2/CH3NH3PbI3−xCl/Spiro-OMeTAD/Au) were used and achieved a PCE of 10% [62].
The NH4Cl addition to the perovskite layer enhances the perovskite film’s crystallinity
and morphology [63]. Zuo et al. found that the inclusion of NH4Cl into the precursor
solution improved the slot-die-coated perovskite film morphology [64]. Moreover, blow-
drying using N2 has been used for annealing and received an efficiency of 15.57% [64].
The N2 blow-drying process is widely used in the two-step and one-step coating methods
to produce uniform coating and controlled crystallinity for the slot-die-coated device.
While the blow-drying process needs a controlled flow of gas and an optimised location,
Kim et al. reported that device performance’s reproducibility is complex [65,66]. M. Xu et al.
recently demonstrated the slot-die coating process of a novel precursor ink for an efficient
triple-mesoscopic solar mini-module with a PCE of 13% for an active area of 60.08 cm2 [67].

2.2. Inkjet Printing Technology

Inkjet printing is famous for printing images or computer data into a porous surface,
and this technology is considered a material-conserving deposition method for liquid-
state materials [68]. Until 2000, inkjet printing was used to print digital images or data
from a computer to a porous surface. In 2014, researchers started using inkjet printing
technology to fabricate the PSC. However, they started to print the functional material; in
2007, the first heterojunction organic solar cell was fabricated through inkjet printing. In
2021, Li et al. developed a new ink system which has n-methyl pyrrolidone (NMP) and
dimethylformamide (DMF) as solvents [69]. The NMP solvent can adjust the viscosity,
which influences the precursor solution’s surface energy; this ink developed a device of
4.00 cm2 area with a PCE of 14.5% [69]. The basic operating principle involves the ejection
of a fixed quantity of ink through a nozzle, carried out by piezoelectric action [68]. When
the external voltage is applied to the chamber filled with ink, a quasi-adiabatic reduction
will occur, and the nozzle ejects the ink into droplets [68]. The ejected drop will be under
the influence of both gravity and air resistance.

The rapid ink-jet printing process can transform lab-scale devices into large-scale
ones. Panasonic demonstrated a large-area perovskite module using the ink-jet printing
method and showed an efficiency of 16.09%. They used ink-jet printing for depositing all
the layers, including the perovskite layer. The key advantages of inkjet printing are that it
provides flexibility in thickness and shape and is considered a material-efficient technol-
ogy. Moreover, ink viscosity, contact angle, surface tension and momentum influence ink
spreading [70,71]. As illustrated in Figure 5, inkjet printing technology is classified into
two, continuous and drop-on-demand (DoD) inkjet printing [72]. In the constant inkjet
printing technology, a steady voltage supply is provided throughout the operation, and in
the drop-on-demand type, the voltage is supplied as per the demand [72].
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On the other hand, the crystallisation control through the anti-solvent application
techniques is limited, and the printing speed is comparatively slower for PSC fabrication.
This enhances the complexity of the upscaling process as well. Considering the significant
parameters, it will be similar to the slot-die coating method, the gap distance, coating speed,
the rheological characteristics of the inks and the pumping rate.

X. Peng et al. applied the technology in manufacturing mesoporous-perovskite solar
cells. Z. Wei et al. reported the first inkjet printing of planar-perovskite solar cells in
2014, achieving a PCE of 11.60% [73]. In this process, ink consists of carbon and methyl
ammonium diode (MAI) coated on the PbI2 layer. After one hour of annealing, the pho-
toactive MAPbI3 layer formed due to the PbI2 layer conversion [73]. Moreover, in 2015, the
first mesoporous-perovskite solar cells were fabricated through inkjet printing. They also
investigated the importance of printing table temperature by conducting experiments at
different temperatures like 25, 40, 50 and 60 °C [74]. After analysing the results, the printing
table with 50 °C is suitable for forming large crystals with a high surface area and received
a PCE of 7.9% [74]. The ink used in the process was constituted by mixing MAI and PbI2 in
γ-butyrolactone [74].

Furthermore, in 2017, hole transport layer-free mesoporous PSC was fabricated through
inkjet printing [75]. The device comprised glass/FTO/TiO2/ZrO2/MAPbI3/Carbon, and
the precursor ink was a mixture of PbI2 and MAI with 5-AVAI, ammonium valeric acid
iodide [75]. The ammonium valeric acid iodide acts as an emplacing agent and improves
the crystalline property and the charge-carrier lifetime of MAPBI3 [75]. The perovskite solar
cell achieved a PCE of 7.83% during the forward bias scan and 8.74% on the reverse bias
scan [75]. While the ink properties play an essential role in determining the fabricated solar
cell performance, the fluid dynamics calculation of ink is crucial. While the ink properties
play an indispensable role in determining the fabricated solar cell performance, the fluid
dynamics calculation of ink is vital. The rocket ride of the PSC efficiency in comparison
to other new-generation PVs is shown in Figure 6. This improvement is so huge in such a
small timeframe that it has attracted tremendous research for renewable energy research for
cheap yet excellent solar cells.
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2.3. Spin Coating

Spin coating is a technique that deposits the film by dispensing the solution into
a platform which rotates or begins to rotate. The centripetal force created during the
rotation spreads the material, and the thickness is controlled by adjusting the rotational
speed [76]. The steps involved in the spin coating process are spin-up, deposition, spin-off
and evaporation. During the spin-up process, the substrate reaches the desired rotation
speed, and then the solution drops into the substrate using a pipette. In this stage, the fluid
and the substrate’s spinning rate differ and expel out from the substrate [76], while both
will match up when the rotational acceleration matchup up with the drag of the solution.
The duration of the rotation changes according to the required thickness. After that, the
spin-off’s rotational speed is reduced, and the process stops. Then, the coated material is
placed on the hot plate for evaporation and annealing. The factors like pressure, external
conditions and volatility of the solvent can influence the evaporation rate. Even some high
viscous fluid nature can affect the evaporation rate factors, leading to the buildup of solvent
on the substrate.

Spin coating is widely used in perovskite solar cell fabrication because of its low-
material requirement and simplicity. However, this is not scalable and can only be used
for lab-based research. However, one-step spin coating and two-step spin coating are two
approaches for depositing perovskite solution. Figure 7a indicates the one-step coating, and
Figure 7b implies the two-step coating. To deposit (MAPbI3) solution onto the substrate
through a one-step coating method, both the MAI and PbI2 are mixed in solvent dimethyl-
formamide (DMF) or dimethyl sulfoxide (DMSO), and this solution is dropped over the
substrate for the spin coating [19]. For depositing perovskite solution (MAPbI3) through
a two-step spin coating, the PbI2 key is dropped onto the spinning substrate to create a
PbI2 film [19]. Afterwards, a 2-propanol solution of MA+ was released on the film. The
coating parameters like spinning rate, temperature, time and viscosity of the solution have
a role in the PSC performance. Studies show that two-step coating produces a cuboid-like
crystal morphology [77]. These techniques coat other layers like hole transport and electron
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transport layers of PSC. A considerable amount of PSC lab fabrication is carried out through
the spin coating.
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2.4. Thermal Evaporation

In this technique, perovskite films are prepared through the thermal evaporation
of chemicals and are generally carried out in high-vacuum conditions [15]. Figure 7c
shows that the thermal evaporation method is classified into single and multiple-source
evaporations. The perovskite absorber is deposited into the ceramic crucibles and placed in
the nitrogen-filled glove box to begin the process during the coating process. Subsequently,
MAX and PbI2 were deposited on the FTO-coated glass with a TiO2 layer [78]. While the
method requires a high temperature to evaporate PbI2, this makes the process complex and
potentially releases toxic gases. Additionally, MAPbI3 coating in the planar heterojunction
PSC were reported through dual-source evaporation and achieved a PCE of 15.7% [78].
Figure 3 indicates that this method is used for lab and large-scale PSC fabrication.

Afterwards, to overcome the drawbacks vapour-deposition method, the vapour-
assisted solution method was introduced. PbX2 was deposited into the TiO2-covered
FTO-coated glass through the solution method. Due to the MAX vapour reaction at
120–165 ◦C in a nitrogen atmosphere for 2–4 h, MAPbX3 grains will be developed [74].
Nevertheless, the incomplete response of PbX2 films bottom with MAX vapour decreases
the cell’s power output due to the enhancement of internal resistance [71]. Therefore,
perovskite cells with sequential vapour deposition have achieved a power conversion
efficiency of 15.4% [73] in 2020. Lei et al. fabricated an all-evaporation processable PSC
with an active area of 16 cm2 and obtained an efficiency of 13% [79]. Additionally, recent
development for vacuum-processed flexible perovskite solar modules demonstrated a PCE
of 14% [80]. These results from the thermal evaporation techniques implicate the potential
of PSC’s scale-up.
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2.5. Spray Coating

Spray coating is a solution-based deposition technique used in the automotive painting
industry. The roll-roll compatibility drew the scientific community’s attention to use this
technology for PSC fabrication. The printing setup for the PSC fabrication consists of
atomising and deposition systems connected to the quartz nozzle, enabling the perovskite
precursor solution addition. The atomiser initiates the conversion of the precursor solution
into tiny droplets [81]. Afterwards, low-pressure gas streams direct the droplets into the
substrate, and the deposition system enables solvent evaporation and the perovskite film
deposited on the substrate. The perovskite film’s quality over the substrate was determined
by examining the characteristics of precursor liquid droplets. Accumulation of perovskite
solution due to the surface tension can lead to low wettability. The liquid injection rate
over the spray coating head determines the film thickness. Concerning the coating speed,
the meniscus coatings are classified into two low-speed and Landau-Levich regimes. The
Landau-Levich regime has a higher coating speed, and the evaporation regime has a
lower coating speed. However, increasing the solvent evaporation rate by keeping the
substrate high reduces the irregularities [82]. Barrow et al. used ultrasonic spraying to
print perovskite and the ETL layers for the first time and attained a PCE of 11% [83].
Even though the spray coating’s experimental arrangement is identical to inkjet printing,
the spray coating has been classified into ultrasonic spraying, pneumatic spraying and
electrospraying. The classification is based on droplet dispersion over the substrate [81].
In addition, Table 3 depicts the newly fabricated stable perovskite devices and shows the
usage of spray coating.

The Electrospray-assisted deposition technique involves depositing any layers in the
perovskite solar cells. It is carried out by pumping the solution through a capillary needle at
a higher voltage. Kavadiya et al. validated this technique by depositing MAI over the PbI2
layer and achieved an efficiency of 12%, with 4000 h of stability [84]. The film formation
reaction has controlled, enhanced strength and facilitated a highly stable-moisture-resistant
perovskite layer [84]. A substrate-to-needle distance and the solution’s flow rate have a
crucial role in shaping the perovskite layer throughout the process.

Additionally, they demonstrated the self-healing capability of the layer in the stability
test. Water vapour was sprayed over the coated film until it degraded to PbI2 and heated at
100 ◦C. Then, they observed that the PbI2 layer reverted to perovskite and the film colour
changed from yellow to dark brown [84]. Before and after the water exposure, the film
showed similar XRD spectra [84].

In 2017, this technology used electro-sprayed CuxO as the hole transport layer and
attained an efficiency of 5.8% [85]. They found that the electro-sprayed layer’s excessive
thickness leads to the solar cell’s degradation due to the enhanced light absorption and
series resistance [85]. Simultaneously, low surface coverage due to insufficient thickness
reduces the cell’s performance [85]. However, this technique is considered scalable and
losses are minimal due to the material deposition quantity control. Even though this
technology is not widely used for perovskite fabrication, the electrospray-assisted technique
is promising for PSC’s commercial making.

2.6. Screen Printing

The screen-printing technique is classified based on printing platform, flat-bed screen
printing and rotary screen printing [82]. Screen printing is widely used to manufacture
traditional silicon solar cells and PSCs. It can produce a sizeable wet film thickness and
requires low volatility and a high-viscosity coating solution. At first, this technique was
widely used in making dye-sensitised solar cells with a large area and then applied in PSC
fabrication [86,87]

Emulsion application into the spaces makes provisions for printing patterns. Usually,
screen printers have a screen of woven material like synthetic fibre or steel mesh and are
glued to a frame under tension; Figure 8 indicates the screen-printing technique. After
that, the squeegee moved over the screen, packed with the coating solution. The squeegee
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movement in the screen printer helps coat the material at emulsion-free paces. The printed
layers’ wet thickness depends on the volume between threads of the emulsion’s mask
and thickness [87]. Additionally, the variation of the screen’s tensions, ink properties and
squeegee velocity affect the reproducibility.
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The screen-printing technique facilitates the solution’s deposition up to several square
meters and the material utilisation is comparatively higher for the continuous process.
However, screen printing consumes low material during small-scale applications and
provides low-cost PSC testing. Priyadarshi et al. reported a fully screen-printed mesoporous
PSC with an active area of 70 cm2 and achieved a PCE of 10.74% [88]. A screen-printed
module with an active area of 198 m2 was fabricated and delivered a PCE of 5% [89]. After
storing the perovskite module in the dark at ambient conditions, the efficiency increased
to 6.6% [89]. Considering the stability of the PSC with this printing technique, Table 4
mentiones the stability advancement with different architecture.

2.7. Blade Coating

This technique is relatively simple and a scalable fabrication method for perovskite
films. The critical tool involved in the coating process is the doctor blade or knife, also
known as doctor blading or knife coating [90]. The precursor solution is applied between
the coating head and substrate; then, it is coated over a preheated substrate by moving
the blade or knife across the substrate. Furthermore, the perovskite film obtained after
the solvent evaporation, this technique can cover PSCs with an area of more than 10 cm2.
Figure 9 represents the blade coating method. The operation principle resembles the screen-
printing approach [91]. However, the controllable substrate temperature can impact the
quality of the perovskite film. Table 2 clearly explains the characteristics of blade coating
and how blade thickness and coating speed play a vital role in determining the film’s
efficiency [92,93].

Huang et al. introduced perovskite ink to enhance perovskite films’ quality at higher
coating speeds or Landau-Levich mode [94]. Using L-α-phosphatidylcholine enhanced the
film’s adhesion to the hydrophobic substrates and reduced the drying process’s solution
flow dynamics [94]. They obtained a stabilised efficiency of 15.3% and 14.6% for devices
with an active area of 33 cm2 and 57.2 cm2, respectively, at a coating speed of 180 mh−1 [94].
However, the coating of uniform large-area perovskite films is rugged at a higher rate, so
they side-stepped the problem by adding surfactant additives. Also Table 5 reports the PSC
advancements with different architectures and how other coating techniques are used.
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Table 3. Developments in the large area PSC fabrication.

Cell Area (cm2) Sub Cells Printing Method Configuration Voc (V) Jsc (mA cm−2) FF (%) PCE (%) Ref.

168.75 25 Slot-die Coating
(One-step) Glass/ITO/TiO2/MAPbI3−xCl/Spiro-OMeTAD/Au 21.02 (0.848 per cell) 17.3 67.9 11.1 [62]

149.5 23 Slot-die Coating
(One-step) Glass/ITO/TiO2/MAPbI3−xCl/Spiro-OMeTAD/Au 20.8 (0.904 per cell) 19 70.6 11.2 [62]

16 _ Spray Coating FTO/bl-TiO2/m-TiO2/(HC(NH2)2PbI3)0.85
(CH3NH3PbBr3)0.15/spiro-OMeTAD/Au 1.13 17.3 61.9 12.1 [83]

10 4 Slot-die Coating
(One-step) Glass/ITO/PEDOT:PSS/MAPbI3/C60/PCBM/BCP/Ag 3.8 4.1 52 8.3 [96]

ITO: Indium tin oxide, PCBM: Phenyl-C61-butyric acid methyl ester, BCP: Biphasic Calcium Phosphate.

Table 4. Advancements in the stability of PSC.

Device Structure Perovskite Material Dimensionality PCE (%) Stability References

FTO/c-TiO2/m-TiO2/perovskite/spiro-
OMeTAD/Au (HOOC(CH2)4NH3)2PbI4/CH3NH3PbI3) 2D/3D 14.6 Zero loss in efficiency for

10,000 h [21]

FTO/mp-TiO2/perovskite/4,4-
dimethoxytriphenylamine/Au (FAPbI3)0.85 (MAPbBr3)0.15 3D 19.17 600 h of stability under 40%

relative humidity [97]

FTO/mp-TiO2/perovskite/DM/Au (FAPbI3)0.95 (MAPbBr3)0.05 3D 21.7 95% stable after 500 h [98]

FTO/TiO2/perovskite/spiro-OMeTAD/Au MA2PbI4 2D 16.6 97.8% stable after 1512 h with
a relative humidity of 55% [99]

FTO/TiO2/perovskite/spiro-OMeTAD/Au (PDA)(MA)3Pb4I13 2D 13.3 95% stable for 4000 h with
40–70% relative humidity [100]

FTO/c-TiO2/m-TiO2/perovskite/spiro-
OMeTAD/Au (Cs0.1FA0.9)Pb(I0.9Br0.1)3 2D/3D 20.8 92% stable after 2400 h with

55% relative humidity [101]

FTO/Sn O2/perovskite/spiro-OMeTAD/Au Cs0.05(FA0.83MA0.17)0.95 Pb(I0.83Br0.17)3 2D/3D 21.06 90% stable after 3000 h in the
air [102]

2D = two-dimension; 3D = three-dimension.
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Table 5. Recently reported perovskite solar cell device designs with different techniques for the layers.

Perovskite ETL HTL Structure Architecture Contacts Precursor Ink Area (Active Area cm2) PCE (%) Substrate Year Ref.

Solution-bathing Spin-coating Spin-coating Single-cell p-i-n Gold

Mixed solvent: DMF/ DMSO, 4/1,
v/v)
FAI (1.09 M), PbI2 (1.15 M), MABr
(0.14 M), PbBr2 (0.20 M) and CsI (0.06
M)

5 × 5 (1.00) 18 ITO-glass 2020 [103]

Spin-assisted
solvent
extraction

Spin-coating Spin-coating Modules n-i-p Silver

Equal-amount of MAI and PbI2
dissolved in 2-pyrrolidinone to make
a precursor solution with a
concentration of 1.5 M

10 × 10 (25.2) 14.36 ITO-glass 2020 [104]

Slot-die coating Slot-die coating Slot-die coating Single-
cell/module p-i-n Silver

Mixed solvent: GBL and DMSO: 96
mg MAI, 276 mg PbI2 and 0.18 mg
PEG

2 2 (0.09; cut from 12
12)/4 4(3.78) 11/10.34 FTO-glass 2020 [105]

Slot-die coating Slot-die coating Slot-die coating Modules n-i-p Chromium/Gold

A mix of 15.6 mg CsI and 553.2 mg
PbI2 dissolved in 0.9 mL DMF and 0.1
mL DMSO; 2.5 mg FACl and 75 mg
FAI dissolved in 1 mL isopropanol

8 × 8 (35.80) 15.3 FTO-glass 2021 [106]

Spin coating Chemical bath
deposition

Thermal
evaporation
method

Modules n-i-p Gold

A mix of 0.0675 M CsI and 1.35 M
PbI2, dissolved in a mixed solution
(1.9 mL DMF and 0.1 mL DMSO); FAI
1000 mg; MAI 110 g; MABr 110 mg;
MACl 110 mg, dissolved in 15 mL IPA

10 × 10 (91.8) 21.70 FTO-glass 2021 [107]

Spin coating Spin-coating Spin-coating Modules n-i-p Au

A mix of 28 mg CsI and 2.2 M PbI2,
dissolved in 1 mL DMF solution with
different molar ratios of NH4Cl (0, 0.1,
0.2, 0.3, 0.4, 0.5, 0.7 and 1.0 M)

10 × 10 (91.8) 10.25 ITO-glass 2021 [108]

Spin coating Spin-coating Spin-coating Modules n-i-p Gold

Mixed solvent: DMF: DMSO (8/1;
v/v) Lead iodide (1.51 M), lead
bromide (0.03 M) and
methylammonium chloride (0.6 M),
formamidinium iodide (1.47 M),
methylammonium bromide (0.03 M),

10 × 10 (45.6) 17.97 FTO-glass 2022 [109]
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3. Advancements in Perovskite Solar Cell Modules

Considering the upscaling and implementation phase, some companies have already
started manufacturing large-area perovskite solar cell modules. A Chinese PSC company
named Microquanta Semiconductor manufactured a large perovskite module with an area
of 200 cm2–800 cm2 and achieved a record efficiency of 11.98% [110]. Before that, they
manufactured a perovskite mini-module with an area of 20 cm2 and attained an efficiency
of 17.9% [111]. Table 6 elaborates the recently reported large scale PSC devices and their
architecture, area and efficiency. Solliance, a perovskite solar company from the Nether-
lands, manufactured a module with an area of 169 m2, showing an active area efficiency
of 11% [112]. It has a geometrical fill factor of 90%, and the perovskite coating involves
a sheet-to-sheet slot die coating performed inside the glove box [113]. Figure 10 shows
large-scale roll-to-roll printers and the specificities of the PSC pattern [114]. Additionally,
applying three-dimensional (3D) printing technology to large-scale PSC fabrication can
enhance the transferability and production feasibility. Because the technology improved
drastically after the Charles Hull commercialisation in 1980, the technology has been used
in various industries. Additive manufacturing technologies are developed because of
massive and innovative e fields of computing power, automated machines, 3D graphics
and improvements in computer-aided designs. AM is known as 3D printing, but some
industries describe this process as rapid prototyping (RP). RP is widely used in a product
development context and is described as creating physical prototypes directly from digital
model data. At first, AM was used to develop product visualisation models and developed
over time as a final output technology. Some AM technologies are used for commercial
production, and high-power laser technology enables the machine to make parts from
various materials. The ASTM (American Society for Testing and Materials) standards F2792
classifies 3D printing technologies into seven groups: directed energy deposition, binding
jetting, material jetting, material extrusion, powder bed fusion, vat photopolymerisation
and sheet lamination. In 2022, Q.Emery et al. demonstrated the Lab encapsulation of
the perovskite solar cells and checked the outdoor stability of the PSC device [115]. They
continuously monitored the device’s performance for ten months under the maximum
power point tracking roof-top site and retained more than 93% of efficiency even after
1566 h [115]. In 2021, Z.Song et al. verified the theoretical side of PSC application on the
bifacial PV system; they considered the parameters by analysing the equivalent circuit and
theoretical efficiency limits. Additionally, they advocated that integrating PSCs into the
bifacial system enables the feasible commercialisation of PSCs [116]. Table 7 mentions the
commercialization status of the PSC and their module area and the printing methord.
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Figure 10. Photographs of some large-area perovskite solar modules [117].

Regarding suitable additive manufacturing technology, Vat Polymerization uses ul-
traviolet light to cure the material; this printing method damages the perovskite layer.
Considering the other types of 3D printing technologies like Binder jetting, powder bed
fusion, energy deposition and sheet lamination, they all need a solid-state form material
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where PSC layers are liquid. Even though the material jetting is suitable for perovskite layer
printing, it is not adequate for coating the remaining layers in PSC. Therefore, the fused
deposition model or the material extrusion with a proper nozzle and ejecting mechanism is
suitable the PSC making.

Stability of Perovskite Solar Cells

While there are no standard testing protocols for the PSC community, comparing
different PSC research results is difficult. Some of those were done with encapsulated
PSC during the shelf-life stability experiments, and others were not encapsulated. Recent
advancements in the PSC’s stability are shown in Table 6. Gracini et al. developed an ultra-
stable 2D/3D PSC (HOOC(CH2)4NH3) 2PbI4/CH3NH3PbI3) and obtained an efficiency
of 12.9% for carbon-based cells and 14.6% in standard mesoporous architecture [21]. The
HTM-free configuration achieved remarkable long-term stability of 400 days (greater than
10,000 h) with zero loss of efficiency. It has an active area of around 50 cm2, measured
under oxygen and moisture [21]. Using Polytetrafluoroethylene, a phobic polymer used
on the PSC, Hwang et al. observed minimal degradation for over 30 days in standard air
conditions [118].

Moreover, Wang et al. used hydro-bromic acid (HBr) as an additive agent [119]. They
found that the halogen ion in the acid interacted strongly with the Pb2+ and formed a
homogeneous solution [119]. It enhanced the growth of high-quality films and fabricated
a PSC with improved surface coverage. Additionally, the addition shortened the crys-
tallisation time and reached an efficiency of 15.67%. Still, the perovskite film’s grain size
was insufficient to produce higher efficiency PSC [119]. In 2018, Bao et al. presented an
additive formamidine acetate salt (FAAc) to optimise film morphology and crystalline
quality [120]. Additionally, they proved that the FAAc could eliminate trap density and
defects in the perovskite film, enhancing the charge transport efficiency [120]. By adding
5 mol% formamidine acetate into the precursor solution, they obtained an efficiency of
18.90%, over 20%, compared to the HBr-doped PSC [120]. In 2021, S. Chen et al. reported
blade-coated p-i-n structured PSC through stabilizing perovskite-substrate interfaces and
obtained PCE of 23.6% with zero efficiency loss for 550 h. Moreover, the mini-modules
showed a PCE of 18.2% for an aperture area up to 60 cm2, and five of the modules retained
85% of initial PCEs after 1000 h [121].

Currently, solvent engineering in the one-step deposition process is getting pop-
ular. Nazeeruddin et al. introduced an anti-solvent treatment in the one-step deposi-
tion method [122]. The process involves dripping non-coordinate solvents like toluene,
chlorobenzene or dichlorobenzene onto the perovskite film during spinning [122]. This
method fabricated a PSC using the anti-solvent as trifluorotoluene and obtained an effi-
ciency of 20.3% [122]. The high cost and toxicity of these anti-solvents reduce mass produc-
tion’s viability. Thus, a non-toxic and less expensive anti-solvent is needed. However, Deng
et al. used di-isopropyl ether as the anti-solvent to produce extraordinarily uniform and
high crystalline perovskite film [123]. The di-isopropyl treatment demonstrated extensive
crystalline nature compared to other anti-solvents like toluene or chlorobenzene. The
fabricated PSC reported an average PCE of 17.67%, having the highest PCE of 19.07% [123].

Table 6. Recently reported large-scale devices with different perovskite inks.

Architecture Perovskite Ink Active-Area (cm2) PCE (%) Year Ref.

FTO-
Glass/TIO2/SnO2/ink/BJ-
GO/Spiro-
OMeTAD/Cr/Gold

Mix 18.2 mg CsI and 645.4 mg
PbI2 dissolved in 0.9 mL DMF
and 0.1 mL DMSO for the first
solution. Second solution: 4 mg
FACl and 90 mg FAI mixed in 1
mL isopropanol.

35.8 15.3 2021 [106]
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Table 6. Cont.

Architecture Perovskite Ink Active-Area (cm2) PCE (%) Year Ref.

FTO-Glass/ZnO–ZnS/mp-
TiO2/CH3NH3PbI3/
SpiroOMeTAD/Gold

1 mmol of MAI, 1 mmol of PbI2
and MACl (<20 mol% of MAPbI3)
were dissolved in an 800 mL
solution of CH3NH2 solution in
ethanol and 200 µL of CAN

12 16 2020 [124]

PEN/hc-PEDOT
PSS/NiOx/perovskite
ink/PCBM/Silver

Mixed solvent: 1.5 mL of DMSO
and 1.5 mL of DMF: mix of
150 mg FAI, 547 mg of PbI2,
46 mg of PbBr2, 0.02 wt% PU and
39 mg of MAI

15 16.15 2021 [125]

FTO-Glass/TiO2/perovskite
ink/[M4N]BF4/Spiro-
OMeTAD/Silver

Perovskite precursor
(FA0.91Cs0.09PbI3) mixed in DMF:
DMSO 1

4 4.75:1 with a
concentration of 1.25 M: and
23 mol% MACl added

7.92 19.0 2020 [126]

Table 7. Commercialisation status of PSC.

Country Company Name Cell Type Module Area Printing
Technology PCE (%)

Belgium IMEC Perovskite solar
cells 100 cm2 Sputter coating &

slot-die coating 10 [96]

Switzerland EPFL Perovskite solar
cells 100 cm2 unknown 11.2 [97]

China

Huazhong
University of
Science and
Technology

Triple mesoscopic
perovskite solar

cell
100 cm2 Screen Printing 10 [97]

Netherland Solliance Perovskite solar
cell 169 cm2 Slot-die coating 11.1 [98]

China Microquanta Perovskite solar
cell 160,000 cm2 Unknown 17.9 [99]

United Kingdom Oxford
Photovoltaics

Perovskite-silicon
tandem solar 1 cm2 per cell Unknown 29.52 [127]

Researchers worldwide report lab-based and large-scale techniques to introduce a
novel approach to perovskite film deposition. Wong et al. presented a “one and a half” step
deposition for the perovskite films [127]. Furthermore, the proposed technique combines
the benefits of both sequential and one-step coating methods. The mesh-assisted grid
deposition technique is used to acquire the perovskite phase. Afterwards, the deposited
grid is dipped in a hot solution of FAI (Formamidinium Iodide) in isopropanol [127]. This
additional step transfers the perovskite phase to a good film, termed the “half step”. Stabil-
ity compared to the one-step coated device. Moreover, the mesh-assisted grid technique
can perform large-scale fabrication and effectively control transparency [119]. Furthermore,
this makes using the technology for BIPV (Building-integrated PV) applications, which
need large-scale semi-transparent PSCs [127].

4. Rheological Effects of PSC Inks

The PSC inks’ most important critical fluid properties are density, viscosity and surface
tension. This influences the printing quality and drops formation mechanism [128,129].
Additionally, it is difficult to predict the reliability of primary ink physical properties,
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like surface tension and a viscosity [129]. Many intrinsic physical and chemical factors
are involved in the PSC inks’ printability. As the non-newtonian fluid exhibits viscosity
changes under the force, which is a behaviour of the PSC inks, making the rheological study
more complex, especially temperature and other external factors into the ink properties. So
far, researchers have used various methods to modify the rheological properties of PSC inks.
A. Gauri et al. used starch biopolymer to alter the viscosity of the perovskite precursor and
solution and achieved a PCE of 17.2% [129]. Moreover, it is the highest reported PCE for a
polymer-perovskite blend and showed better moisture stability for more than 800 h [129].
This kind of addition can impact the layers’ morphology and absorption characteristics.

A. Giuri et al. explored the rheological tunability of PSC inks through the characterisa-
tion of poly(3,4 ethylene dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/graphene
oxide [130]. Moreover, graphene concentration is directly proportional to the viscosity im-
provements, which guarantees better substrate coverage. On the other hand, high viscosity
also reduces the composite film’s stability. However, more studies regarding the rheological
tunability of the different PSC layers, such as HTL and ETL, are essential for large-scale
manufacturing. In 2020, Z.huang et al. demonstrated the rheological effect of PbI2 inks over
the perovskite material and how that impacts the performance with different deposition
methods [131]. They varied the viscosity by mixing polyurethane and the traces of MAI,
which showed a slight enhancement of ~0.4 mPa viscosity affects the film morphology
and hence the PCE performance variation with blade coating and roll-roll coating over a
flexible substrate. Additionally, increased rheology films showed a better-oriented crystal
structure, favouring the large sale deposition process by enhancing the PCE by 2% [131].

5. Hazards of PSC

Considering the commercialization of the PSC devices, rather than the performance
or the stability effect, there are several issues to be aware of. The components like organic
cation, highly toxic Pb and halide anion included in the PSC are capable enough to pose
a risk to the environment via leakage [132]. The easily decomposing nature of perovskite
during water exposure can lead to water and soil contamination. Pb is an established toxi-
cant that includes carcinogenic and genotoxic to neurotoxic, nephrotoxic and reproductive
toxic [132]. Especially due to the rapid reaction of Pb with water molecules, the perovskites
undergo an enhanced dissolution and form a stronger Pb-I bond over the surface. Con-
sidering the PSC modules, during extreme weather conditions, the encapsulation of the
module can be destroyed or cracked, enabling the immediate environment exposure of the
perovskite layer. Mostly researchers use the life cycle assessment (LCA) method to evaluate
the environmental impact of PSC devices [133]. S.-Y. Bae et al. suggest that because the LCA
does not assess the relationship between biological systems and chemical systems, the LCA
assessment is insufficient for demonstrating the real environmental impacts of PSC [133].
Therefore, a toxicity testing study was conducted for the PSC by accidentally releasing the
PbO and the PbI2. That demonstrated the non-negligible hazardous potentialities of the
PSC through the cytotoxicity and ecotoxicity battery assay and implicated the need for
great caution taken for the large-scale fabrication of PSC devices [133].

Several laws and regulations have been established to confine Pb pollution. In 2020,
Moody et al. demonstrated how Pb leakage in the perovskite devices exceeds the current
standard according to the US Resource Conservation and Recovery Act (RCPA) and the
EU Restriction of Hazardous Substances (RoHS) Pb regulations [134]. Moreover, adopting
Pb-free PSC devices or augmenting the encapsulation process by introducing ion-migration
bars, waterproof structures and the chemisorption layers [135].

6. Future Scope & Summary

The improvement roadmap and the commercialization aspect of PSC involve two
significant milestones: bridging the gap between the performance characteristics of small-
scale and large-scale devices and the scalable printing techniques for all the layers in the
device. The easy manufacturing of the PSC made them more appealing to shift the burden
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of cost from the expensive solar PVs. However, this industry is still struggling to compete
in the PV market and obtain a sufficient economic return. In addition, for the progression
in PSC’s high-volume production capability, the rheological characteristics of the inks
play a crucial role. Therefore, besides the overall consideration of printing techniques, the
perovskite’s crystal growth process and the fluid properties are required to enhance PSC’s
commercialisation aspect.

In 2020, Ai.Bin et al. explained the possibility and future direction of perovskite mate-
rials coupling with the plasmonic structures and how it will contribute to next-generation
optoelectronic technologies [136]. Outstanding optoelectronic properties and the ease of fab-
rication attracted numerous researchers to the field of perovskite space solar cells [137,138].
As most space applications need less lifetime, like two years of a CubeSat satellite and
the low moisture content in space, the moisture sensitivity and stability aspect of the PSC
would not be a problem with the space applications [138]. In 2022, Z. Bi et al. demonstrated
a high-performance large-area PSC for low-lighting indoor applications [138]. They fabri-
cated a large-are (1 cm2) device and showed a PCE of 33.8% under 1000 l× illumination
with the white light-emitting diode (LED) lamp.

Additionally, they powered a LED lamp by connecting a series of connected stacks
of large-area (4 cm2) perovskite photovoltaic devices [139]. In 2022 L. Gu et al. suggested
the coupling of slot-die coating and vacuum quenching (VQ) as a potential route for the
large-scale production of perovskite-based PV modules [140]. They compared the VQ
method with the antisolvent method and found that VQ reduces the pressure to volatilize
the solvents, which does not destroy the perovskite film composition, directly enhancing
controllability [140]. VQ is a method that combines the gas-phase and solution methods,
which can enhance the quality of perovskite films by modifying the crystallisation and
nucleation process [140].

The advancements in the deposition or fabrication technologies for the perovskite layer
paved the way for PSC efficiency growth. However, researchers worldwide use different
methods to achieve high-quality perovskite films. It includes the usage of additives, solvent
engineering and finding novel printing techniques. After attaining the efficiency of 25.62%
for PSCs, researchers worldwide focus more on PSCs’ commercialisation. The primary
barrier is in the large-area fabrication technology. Establishing a scalable deposition process
that gives higher quality and uniformity to the perovskite films is necessary. It can be
concluded from this review that slot-die coating, blade coating and ink-jet printing is more
promising for industrial application.

The major challenge is the fabrication of high-performance PSCs and modules based on
innovative architectures and processes, which tackle efficiency boundaries while improving
stability and cost-effectiveness. An innovative idea to achieve high efficiency with low
cost by using tandem solar cells of perovskite and silicon solar cells were reported in
2014. The sharing of two different promising absorbers results in higher PCE to offer
better competitive competition to other multi-junction solar cells. The significant benefit
of assembling tandem solar cells with a concentrator is the reduction in solar cell device
area to receive incident spectrum with a focus lens and a parabolic mirror, resulting in a
cost-effective PV system [141]. This considerable benefit can lead to an increase in the PCE
of the solar system. Deposition of all PSC layers through roll-to-roll ambient printing and
coating methods can enable the low-cost target PSCs.
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