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Evolving solar cell manufacturing: the promising
outlook of open-air perovskite printing

Naresh-Kumar Pendyala,@*a Ankita Kolay,@b Yallam Naidu Ponnada,©
Antonio Guerrero®? and Lioz Etgar@d

Perovskite-based solar cells stand out as promising candidates due to their remarkable optoelectronic properties
and cost-effective processing methods. These advanced materials have garnered considerable research interest
owing to their rapidly increasing power conversion efficiencies. Additionally, perovskite solar cells (PSCs) can be
flexible, lightweight, and semi-transparent, expanding their applicability. While conventional spin-coating
techniques have achieved record power conversion efficiencies for PSCs, scalability remains a challenge.
Furthermore, these materials face two significant hurdles: instability when exposed to open air and concerns
regarding chemical toxicity, primarily from lead (Pb) and solvent use. Recent advancements have focused on
open-air printing techniques, which offer scalability and adaptability for large-scale production. However, the
lack of standardized fabrication protocols and the need to mitigate chemical toxicity remain ongoing
challenges. In this comprehensive review, we thoroughly examine the latest developments in perovskite solar
cell technology, with a particular emphasis on open-air printing processes. We explore the strategies
employed to enhance stability, efficiency, and scalability, highlighting the critical role of open-air printing in
achieving these objectives. Furthermore, this review addresses the challenges and opportunities associated
with open-air printing, including material synthesis, and device architecture. We analyze recent breakthroughs
in materials and interface, and solvent engineering, as well as device fabrication techniques, driving
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advancements in the field towards simplified, large-area fabrication protocols for PSCs.
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1. Introduction

Renewable and clean energy findings have become increasingly
important in recent years as a means to combat climate change.
The use of photovoltaic devices (solar cells) is a promising
technology, which convert the freely available solar energy to
electricity. According to current statistics, solar cells account for
just 3.6% of global electricity production.® However, current
solar cells face several limitations, including high production
costs, limited power conversion efficiency, heavy-weight
modules, and a lack of tunable transparency, making them
opaque and less versatile.”* To tackle these issues, researchers
have focused on exploring halide perovskites for solar cells.
However, fabrication of PSCs in open-air has remained
challenging.>” Open-air fabrication is a process where materials
are applied to a substrate within no sealed environment. This
allows for more flexibility and lower costs to produce large-area
solar cells.
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Perovskite materials have a distinctive crystal structure
characterized by the chemical formula ABX;, where ‘A’ repre-
sents a monovalent cation, ‘B’ a divalent cation, and ‘X’
a monovalent anion. In perovskite-based solar cells (PSCs), the
monovalent ‘A’ cations are typically alkyl amines or inorganic
cations such as Cs" and Rb". The divalent ‘B’ positions within
the lattice are occupied by metal ions like Pb, Sn, Cu, or Mn. The
anionic components (‘X’) in the perovskite lattice are halides,
such as I, Br, and Cl~, or a combination of these halides in
mixed compositions. The mixed halide composition in perov-
skites can significantly influence their optical properties.
Numerous research groups have explored mixed halide
compositions in PSCs to achieve an optimal optical bandgap,
enhancing both efficiency and transparency in solar cells. At the
same time, several studies have focused on improving the
stability of these solar cells by tuning the cationic
composition.®™°

Semiconductors in solar cells with a bandgap of 1.1 to 3.5 eV
are capable of absorbing solar radiation within the 1100-
350 nm range. Identifying a semiconductor with both a high
absorption coefficient and excellent charge mobility remains
a critical challenge for achieving efficient solar cells. Notably,
laboratory-scale PSCs have surpassed the efficiency of
commercial multi-crystalline silicon solar cells and are now
nearly on par with the performance of CIGS and CdTe thin-film
solar cells."*** Similar to the PSCs, the colored organic dye and
inorganic quantum dot solar cells have distinctive optical and
structural properties and can be solution-processed. Neverthe-
less, their lower power conversion efficiencies (PCEs) have
impeded their adoption in the photovoltaics field.”**¢ Even
though, the reached efficiencies for PSCs are high (Record PCE
>26%,””), and set a benchmark, their long-term stability,
chemical toxicity and scalability needs to be improved for
commercial viability. Moreover, PSCs must withstand towards
environmental factors like high temperatures, humidity, and
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UV-light over long duration of time. The morphology of perov-
skite solar cells has a significant impact on the efficiency and
stability of the device. The morphology of perovskite is highly
dependent on the fabrication process and has a significant
effect on the performance of the device. This can be achieved by
controlling the perovskite growth parameters such as temper-
ature, pressure, and deposition rate. For perovskite solar cells,
other than perovskite layer's quality, the electron transport layer
(ETL), and hole transport layer (HTL) also play an important
role. These layers provide a pathway for the electrons and holes
to move from the perovskite layer to the electrodes. In recent
times, the concept of structural confinement of perovskites has
been introduced. The regular perovskite films are considered as
bulk perovskite or 3D perovskites whereas if the A cite cation in
ABX; is larger than the BX¢ octahedra, it forms sheets of corner
shared 2D perovskite layers. Thus, the A cations used are alkyl/
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aryl amines with longer carbon chains that protect from mois-
ture, improving the stability of the perovskite solar cell. Addi-
tionally, the confinement of the perovskite structure in lower
dimensions allows for tuning of its optical properties.”*** Thus,
in this review, we have discussed the literature involved in
perovskite's structural and compositional tuning, additive
engineering, solvent engineering, surface treatments and
process engineering, etc., in improving the open-air fabrication
methodology.

2. Perovskite solar cell structure

The potential PSC device architectures are illustrated in
Fig. 1(a—c), showcasing various construction approaches. These
designs highlight different configurations and structural
components crucial to optimizing the performance and
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Fig.1 The schematicillustration details the sandwich structure of a perovskite solar cell in two configurations: n-i-p and p-i-n (a and b). It further
illustrates the n-i-p configuration with a mesoporous structure (c), and demonstrates the process of charge generation under light, highlighting
potential charge recombination pathways, including radiative (hv) and thermal (4) recombinations (d).
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efficiency of perovskite solar cells. Printed perovskite solar cells
typically consist of multiple layers, including a transparent
conductive electrode (such as indium tin oxide, ITO), a perov-
skite absorber layer, hole transport layer (HTL), electron trans-
port layer (ETL), and metal contacts. Based on the solar cell
construction, top layer's stability, fabrication temperatures, and
device performance, one can choose to work with either n-i-p or
p-i-n structures. The ETL, Perovskite, and HTL layers are
deposited in a sequence over the conducting substrate to
produce n-i-p structure and vice versa.
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Upon absorption of a photon from the solar radiation, the
electron will be excited from the valence band to its conduction
band (CB), leaving holes in the valence band (VB), as it is rep-
resented in Fig. 1b. Since the perovskite layer is sandwiched in
between the ETL and the HTL. The photoelectron is transported
to the load by the ETL, and the hole will be scavenged by the
HTL. This directional movement of charges is driven by the
built-in potential and the electric field within the device. Thus,
the perovskite layer can produce electricity continuously out
from the device until we stop irradiating the PSC. Under

diffusion

? Long e~
15 longth
12 leng

)
%)
()
=

X
2

=

F_

\6\“51'6"'

*
‘taagpunr®

Interface

snsmmg,
- Yo
L]
’.

Surface
Roughness—Rq

»
*aanmnns®

Double-layerg®
capacitor

lon-migration

lonic
penetration
(h) 4 'y 4 4
>
] 2 o) 2
> = c =
“13s 3 8
b |s = = )
o L
cja >
o
& > B

Crystallization Time

Phase Purity

Phase Uniformity

Fig. 2 Key performance-influencing factors are identified, such as grain boundaries (a), dangling bonds on the perovskite surface (b), excessive
thickness causing charge trapping (c), cracks and pinholes (d), and charge traps from all these lattice defects (e), surface roughness (f). lllustration
of possible chemical reactivity, ion diffusion, double-layer capacitor formation, and ionic penetration within the perovskite layer under applied
bias conditions (g). Additionally, the schematic explores the relationship between perovskite phase purity and perovskite crystallization time, the
correlation between PSC efficiency and phase purity, and the impact of phase uniformity on device stability (h).
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irradiation, three key processes occur in PSCs. The first is
charge generation, where the perovskite layer acts as the
primary light-absorbing material. The second is charge sepa-
ration, facilitated by the interfaces between the perovskite, HTL,
and ETL, which are crucial for efficient charge extraction.
Finally, charge recombination can occur, often due to the
presence of pinholes, cracks, or poor interfacial properties,
which lead to the loss of charge carriers and diminished device
performance.

The potential charge trapping defects and other challenges
faced by perovskite materials are illustrated schematically in
Fig. 2a-f. This figure highlights the key issues affecting perov-
skite performance, providing a visual representation of the
various defects and obstacles that impact charge transport and
overall efficiency. Compared to the lab-scale spin-coating
method, open-air printing techniques encounter significant
challenges in growing perovskite films. In open-air conditions,
there is no control over oxygen and moisture exposure. If the
perovskite formulation is not optimized, this can result in
uncontrolled and non-uniform perovskite crystallization,
leading to grain boundaries and surface dangling bonds. These
imperfections are particularly vulnerable to air and moisture,
resulting in poor interfaces and reduced charge separation
efficiency. Additionally, the thickness of the perovskite film in
large-scale production tends to be irregular, in contrast to the
more consistent layers produced in lab-scale settings. This
irregularity can cause photoelectrons to become trapped at
defect sites, hindering their transport to charge collectors.
Moreover, the lack of control over surface roughness in large-
scale production further exacerbates the problem, increasing
the series resistance (Rg) and hampering efficient charge sepa-
ration. Controlling perovskite thickness remains a significant
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challenge. The formation of cracks and pinholes during large-
scale production further degrades performance, as these
defects reduce shunt resistance (Rsy), promote radiative charge
recombination, and ultimately lead to poor PCE. Moreover,
PSCs exhibit hysteresis in current-voltage measurements,
primarily attributed to ion migration. Under applied voltage,
halide ions and organic cations tend to migrate, causing
chemical reactions at interfaces, penetration into electrode
materials, and the formation of ionic double layers (Fig. 2g).
These processes contribute to reduced device efficiency and
stability. Additionally, the phase purity and uniformity of the
perovskite material are strongly influenced by crystallization
time (Fig. 2h). In open-air conditions, delayed crystallization
often leads to suboptimal perovskite growth, significantly
impairing both the overall efficiency and the long-term stability
of PSCs.

To address this issue, researchers have employed various
strategies such as encapsulation with moisture-resistant mate-
rials, interface engineering to minimize moisture ingress, and
developing moisture-resistant perovskite compositions.

The degradation mechanisms of halide perovskites in open
air typically involve the reaction of the halide ions (e.g., iodide,
bromide, or chloride) with moisture and oxygen. One of the key
reactions is the oxidation of the halide ions by oxygen, leading
to the formation of halogen gases (e.g., iodine, bromine, or
chlorine) and other byproducts. For example, in the case of
methylammonium lead iodide perovskite, results in the
formation of lead iodide (Pbl,), methylamine (CH;NH,),
molecular iodine (I,), and water (H,0), leading to the degra-
dation of the perovskite structure and a decrease in device
performance. Halide perovskites are also prone to thermal
degradation, especially at elevated temperatures encountered
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Fig. 3 The schematic depicts the perovskite thin film formation from its solution phase.
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during device fabrication processes or under operational
conditions.*>?**

Regardless of the perovskite deposition method, a critical
step in device fabrication involves precisely controlling the
perovskite layer's thickness, morphology, and crystallinity
during the crucial phase transition from solution to solid film,
as illustrated in the schematic (Fig. 3). The most commonly
used solvents in the spin-coating approach are N,N-dime-
thylformamide (DMF) and dimethyl sulfoxide (DMSO).
However, these solvents are less frequently used in large-scale
printing techniques. For instance, Mai and his team used N-
methyl-2-pyrrolidinone (NMP) that forms a stronger coordina-
tion with PbI, compared to DMF or DMSO. This characteristic
plays a crucial role in achieving uniform crystalline perovskite
thin films through the blade-coating approach.’” However,
aprotic solvents are not suitable for all perovskite formulations.
For example, 1-methoxy-2-propanol (PM) has proven to be an
effective co-solvent in the inkjet printing of uniform perovskite
thin films.*® Similarly, in the blade-coating approach, 2-
methoxyethanol is identified as an efficient solvent.*® This
underscores the importance of carefully selecting appropriate
solvents for perovskite processing. The illustration below
demonstrates how lead halide coordinates with solvent mole-
cules and alkylamines in the precursor solution state. This
coordination also persists in the adduct state, where the thin
film is initially deposited. However, the adduct form remains
stable for only a few seconds, as the solvent molecules rapidly
evaporate. To achieve better and more uniform crystallization,
techniques such as antisolvent treatment or air-knife-assisted
perovskite crystallization are employed. These methods facili-
tate the removal of solvent molecules, promoting the formation
of crystalline films. In particular, the interaction between the
antisolvent or the compressed air pressure, as well as the air-
knife's duration over the film, plays a crucial role in ensuring
the complete extraction of residual solvent molecules from the
evolving perovskite lattice.***

3. Large-scale deposition methods

Printed perovskite solar cells represent a promising avenue in the
field of photovoltaics, combining the high efficiency potential of
perovskite materials with the scalability and cost-effectiveness of
printing techniques. These solar cells are fabricated by depositing
of perovskite materials and other functional layers onto
a substrate using various printing methods such as inkjet
printing, screen printing, blade coating, or roll-to-roll coating.
Inkjet printing, for example, enables precise droplet deposition,
while screen printing allows for large-area patterning can be used
for producing semi-transparent layers without chemical modifi-
cations for building-integrated photovoltaics (BIPVs). Whereas,
the blade coating and slot-die coating offer continuous deposi-
tion over large areas. The Perovskite inks are formulated by dis-
solving perovskite precursors, such as lead halides and organic
cations, in suitable solvents. Additives may be included to opti-
mize ink properties, such as viscosity, surface tension, and drying
behavior. Formulating stable and reproducible inks is essential
for successful printing. Once the successful ink is formulated, the

1638 | Sustainable Energy Fuels, 2025, 9, 1633-1655
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next step is printing the so + lar cell. Printing techniques allow for
precise deposition of each layer, facilitating the fabrication of
efficient solar cells. However, in recent times, the current research
is highly focused on finding protocols of developing perovskite
layer. This includes the development of stable perovskite
compositions, interface engineering to improve moisture resis-
tance, and the integration of advanced encapsulation techniques
to protect against both moisture and heat-induced degradation,
discussed below for every printing method.

The importance of low-temperature processability has led to
the use of multiple approaches for producing the PSCs. Thus,
the perovskite precursors are used as inks suitable for printing/
coating approaches. However, the perovskite morphology and
crystallization is highly dependent on each method with pro-
cessing conditions. Two different approaches can be used to
fabricate the perovskite layer, in the first approach (contact
method), this technique involves contact between the perov-
skite precursor and a sharp metal part of the instrument, thus
the distance that is maintained between the substrate and the
metal contact controls the perovskite layer thickness. In this
contact approach, the perovskite layer will be grown from blade
coating, roll-to-roll slot-die, and screen printing or mesh-
assisted methods. Whereas in the second approach (non-
contact method), there is no direct contact between the drying
perovskite layer and the instrument. In this non-contact
approach, the perovskite layer will be grown from spray
coating, inkjet printing. Based on the required perovskite layer
thickness, morphology, dimensional control and the feasibility,
the contact or non-contact perovskite printing approach can be
chosen. Both contact and non-contact approaches are sche-
matically shown in the Fig. 4.

In printing techniques, the key strategy is to apply materials
during the critical adduct transition phase. Consequently,
much of the research has focused on ink and solvent engi-
neering. To optimize open-air printable methods for PSCs
several innovations have emerged recently. These include
solvent engineering, ink formulation, passivation strategies,
modifications of the interfacial layers, improvements in depo-
sition methods, and advancements in both pre-and post-
deposition processes. The table below (Table 1) summarizes
key findings from the literature concerning the development of
various printing technologies. It specifically details the perfor-
mance metrics of PSC configurations produced under open-air
conditions, with efficiency parameters provided for each
perovskite printing method.

For the fabrication of stable PSCs, the formulation of mixed
cations and mixed halides has been widely reported as an
effective strategy.®**® This review examines key advancements
in ink engineering, including perovskite formulations with
additives, solvent optimization, surface treatments, and process
innovations, all implemented across various open-air printing
techniques are discussed below.

3.1. Blade-coating approach, advancement strategies

Blade coating, also known as the doctor-blading approach,
involves depositing a thin layer of perovskite precursor solution

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The diagram illustrates both contact and non-contact methods for applying a perovskite solution onto a substrate.

onto a substrate using a moving blade apparatus. In blade
coating, the thickness of the deposited film is determined by the
gap between the blade and the substrate, as well as the prop-
erties of the solution, such as viscosity and surface tension. In
the coating, the substrate will be placed over the stage then the
perovskite precursor will be dropped, without further delay,
a blade will be moved over the solution, to form a thin layer on
top of the substrate. The concentration of the perovskite ink,
blade moving speed, solvent evaporation rate etc., influences
the quality of the perovskite film morphology. During this

This journal is © The Royal Society of Chemistry 2025

process, there is a precise control over the thickness of the
solution deposited onto the substrate. Compared to Spin-
coating, it has very low material waste and reduced
manufacturing costs. This method can be also used to deposit
various layers in the perovskite solar cell stack, including the
perovskite absorber layer, HTL, and ETL. This versatility makes
it a valuable technique for the fabrication of multi-layered
devices. However, there are a few challenges, perovskite
precursor solutions need to be carefully formulated to ensure
stability during the coating process. Achieving optimal coating
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conditions requires careful optimization of parameters such as
solution concentration, coating speed, blade geometry, and
substrate temperature. Variations in these parameters can
affect film morphology, crystallinity, and device performance.
Here we focus on the improvements achieved by incorporating
additives, engineering solvents, and utilizing low-dimensional
perovskites via blade-coating approach.

The key challenges in this method lie in optimizing the
perovskite ink to achieve the appropriate wettability and in
stabilizing the perovskite film under open-air conditions. This
includes high-end crystallization process, protecting the surface
of the blade-coated perovskite layer making it rigid towards
moisture air, and thus the required interfacial engineering, and
ink-engineering techniques, which are critically examined
based on recent advancements in the literature.

3.1.1 Air-knife or air-blade assisted perovskite layer crys-
tallization. After depositing the perovskite layer, carefully
controlling the drying process is essential for achieving well-
crystallized perovskite films. Unlike the lab-scale spin-coating
method, where a controlled environment is often maintained,
larger-scale processes can suffer from uncontrolled solvent
evaporation, leading to poorly crystallized films. Addressing
this challenge, Jin-Song Hu's group developed an air-knife-
assisted perovskite deposition technique in 2019, enabling
stable, large-scale device fabrication.*

In the air-blade-assisted deposition method (Fig. 5a), nitrogen
(N,) is applied with constant pressure in the direction of the
substrate's movement immediately after the perovskite layer is
deposited via blade coating. The airflow serves to dynamically
remove solvent molecules, facilitating the formation of a perov-
skite layer with enhanced crystallinity. This approach resulted in
perovskite films with larger grain sizes, the surface view seen

Precursor solution

(a) (b)

(I) Precursor dropping

N2 flow v

(c)

(I1) Air blading

v
Perovskite

(IIT) Annealing

Fig. 5
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from scanning electron microscopy (SEM) images, compared to
those produced by spin-coating (see Fig. 5b and c¢). XRD analysis
also supports the air-blade technique, showing narrower FWHM
values relative to spin-coating, indicating improved crystallinity.
Furthermore, devices produced with air-knife-assisted deposition
demonstrate enhanced stability (Fig. 5e).

3.1.2 Interfacial engineering through additives. The PSCs
consist of several layers, with the protection of the top layer
being crucial for the overall stability of the cell. Failure to
adequately protect this layer can lead to delamination of the
device. To prevent such issues, the top layer of the printed solar
cell must be sufficiently rigid to resist air and moisture pene-
tration. In 2022, Chen et al.®®* demonstrated the fabrication of
a PSC using the blade-coating approach. The authors opted for
a p-i-n configuration, sequentially coating the HTL, perovskite
layer, and ETL using the blading technique. Notably, the
hydrophobic poly(ethylene-vinyl acetate) (EVA) was incorpo-
rated into the ETL phenyl-C61-butyric acid methyl ester (PCBM),
improving the top layer's morphology and acting as a barrier
against water and oxygen.

The study found that the distribution of PCBM was influ-
enced by the additive, which also caused a significant change in
the zeta potential. The EVA additive further prevented the
diffusion of halide ions through the ETL, as illustrated in Fig. 6.
As a result, the blade-coated device achieved a PCE of 19.32%,
with 80% retention of its initial efficiency after 1500 hours of
storage under ambient conditions (52% humidity), notably
without encapsulation. Additionally, when the active area of the
solar cell was increased to 25 cm?, a PCE of over 10% was re-
ported. Thus, the use of EVA significantly enhanced the blade-
coating method for PSC fabrication.*

FWHM = 0.186° —— Air-blading
/

P —

FWHM = 0.203° —— Spin-coating
/

Intensity (a.u.)
-

A Ll Vi A

—
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©
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—a— Spin-coating

Normalized PCE
o =]
~ o«
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0.5

(a) Schematic illustration of perovskite film deposition using the air-knife-assisted approach. (b and c) Top-view SEM images of perovskite

(MAPDIs) films deposited by air-knife (b) and spin-coating (c) methods, showcasing the differences in grain structure. (d) XRD patterns of MAPbls
films, highlighting crystallinity improvements with the air-knife technique. (e) Stability comparison for solar cells made with each method; the
inset displays a 15 cm x 15 cm perovskite module. This figure has been adapted from ref. 89 with permission from Elsevier, copyright 2018.
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(a) Schematic illustration depicting the molecular stacking order regulation of PCBM with the addition of an EVA (ethylene-vinyl acetate)

additive. (b) Diagram of PSC utilizing a PCBM-EVA ETL, highlighting improved charge transfer capability, enhanced water and oxygen barrier
properties, and reduced ion migration. (c) Schematic showing the blade-coated PCBM buffer layer incorporating EVA additive. (d) Current
density—voltage (J-V) curves of the larger-area PSC module based on the PCBM ETL with best efficiency. This figure has been adapted from ref.

90 with permission from John Wiley and Sons, copyright 2021.

3.1.3 Two-dimensional (2D)-perovskites as the protecting
layer. Strategies have also been developed to enhance the
rigidity of the perovskite layer for better durability in open-air
conditions. Ink engineering plays a crucial role in the
advancement of 2D-perovskites. In the development of 2D
perovskites, structural modifications to the organic cation
moiety are pivotal. Increasing the length of the alkyl ammo-
nium chains makes the perovskite layer more hydrophobic.
Although this hydrophobic nature enhances the layer's stability
towards open-air conditions, it also introduces electrical insu-
lation challenges that limit the use of 2D perovskites in full
device construction. However, using 2D perovskites as a pro-
tecting layer over bulk perovskite has been identified as
a promising approach to improve the stability of PSCs and
enhance their efficiency in converting harvested light into
electricity. Studies have shown that integrating 2D perovskites
with 3D perovskites can significantly boost solar cell perfor-
mance, leveraging the strengths of both materials to create
more stable and efficient devices.”* In a report by F. Guo's
team, a 2D/3D PSC was fabricated using a blade-coating
approach, the structure of the spacer molecule, S-benzyl-i-
cysteine (SBLC), along with the device fabrication process, is
schematically illustrated in Fig. 7a and b. Detailed cross-
sectional SEM images, showcasing the layer formation and
structural integrity, are provided in Fig. 7c. This study demon-
strates that in a single-step printing process, a 2D perovskite
layer was grown over the 3D methylammonium lead triiodide
(MAPbDI;) layer, resulting in improved device performance
compared to PSCs without the 2D passivation layer. Despite the
inherent insulating behavior of the additional 2D perovskite,

1644 | Sustainable Energy Fuels, 2025, 9, 1633-1655

which could potentially reduce device efficiency, the challenge
was effectively addressed in this work. The enhanced perfor-
mance was achieved through a three-step charge transport
process: first, photogenerated charge carriers diffuse to the 2D/
3D perovskite interface; next, lateral diffusion occurs as the
carriers move towards regions where the PCBM is in direct
contact with the 3D perovskite; and finally, since the 3D
perovskite film is only partially covered by the 2D layer, suffi-
cient area remains for effective charge extraction. This strategic
integration of 2D and 3D perovskites ultimately enhanced the
overall efficiency and stability of the device (Fig. 7d).**

3.1.4 Solvent engineering. Powalla et al have demon-
strated that using 100% DMSO in a blade-coating approach can
achieve nearly the same efficiency as perovskite films produced
with conventional solvent mixtures. Their research indicates
that DMSO alone can effectively facilitate the crystallization of
perovskite films, yielding results comparable to those obtained
with traditional solvent combinations, even in non-inert
conditions. This finding challenges conventional under-
standing and suggests that DMSO, when used as the sole
solvent, may enhance perovskite crystallization more effectively
than previously recognized in open-air conditions.”” In addi-
tion, the combination of DMSO:GBL is compatible with stan-
dard ETLs, leads to highly dense films with very low leakage
currents making the devices adequate for devices that operate
under low lighting conditions.”® Further, fine tuning of the
process using hexafluorobenzene in small proportions lead to
efficiencies of 20.7% for PSCs, blade coated in air.®” Thus,
solvent engineering is a highly promising strategy for fabri-
cating open-air solar cells using the blade-coating method.

This journal is © The Royal Society of Chemistry 2025
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3.1.5 Formulation engineering towards less toxicity. The
concept of ink engineering also addresses the challenge of lead
toxicity in perovskite formulations. Efforts are underway to
replace lead (Pb) with tin (Sn) in these formulations to mitigate
environmental and health risks. However, this substitution has
been reported to compromise efficiency. Consequently, the
long-term goal is to refine ink-engineering techniques to effec-
tively replace Pb with Sn while maintaining or even enhancing
solar cell efficiency.*®*® Leveraging the concept of 2D/3D quasi-
perovskite and employing the blade coating approach, Ivan and
his team developed a flexible mini-module of Sn-PSC measuring
25 cm?, achieving a PCE of 5.7%.'%

Thus, in the blade coating approach, all the above strategies
are employed in recent times for the fabrication of large-scale
modules in open-air conditions as we have discussed above,
and the attention to be paid for further development of the high
efficient PSCs of reduced chemical toxicity.

3.2. Roll-to-roll slot-die printing approach, advancement
strategies

This approach is commonly referred to as roll-to-roll (R2R)
printing or the R2R-based slot-die printing technique. Similar
to R2R, flexographic printing and gravure printing are two
additional techniques that operate in a comparable manner.
However, due to its suitability for versatility, and higher

This journal is © The Royal Society of Chemistry 2025

resolution printing, R2R is specifically utilized for PSCs.'** R2R
processing is a high-throughput manufacturing technique that
involves the continuous fabrication of flexible electronic devices
on a roll of flexible substrate material, such as plastic or metal
foil. Ensuring compatibility with perovskite materials and
deposition processes is crucial to achieving high-quality
devices. Maintaining precise control over deposition parame-
ters such as coating speed, temperature, and atmosphere in
a continuous roll-to-roll environment can be challenging.
Variations in these parameters can affect film quality, device
performance, and yield. R2R processing holds great promise for
the scalable production of flexible perovskite solar cells. In
a conventional roll-to-roll slot-die approach, there will be a slot-
die coater, where the perovskite will be coated and then the
substrate will be passed through a compressed air flow, fol-
lowed by passing through a thermal heater which leads the
perovskite crystallization. However, the drying process is often
ineffective in producing high-quality perovskite films. As
a result, researchers are actively seeking alternative methods to
improve the fabrication process.

3.2.1 Process engineering

3.2.1.1 Infrared pulsed light (IPL) annealing treatment. In 2018,
Michael Saliba and his team pioneered the Infrared Pulsed Light
(IPL) Annealing treatment, a breakthrough technique specifically
designed for halide perovskites with a high level of phase purity,
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which has significantly advanced the efficiency and stability of
these materials in solar cell applications."”

In 2024, Dong Seok Ham's research group made significant
progress in understanding the phase purity of perovskite layers
within the realm of ink engineering. Their study focused on
incorporating cesium salts, such as cesium iodide (CsI) and
cesium formate (CsF), into the PbI, solution. This approach
notably improved the preservation of phase purity in the
perovskite layer, particularly when combined with for-
mamidinium jodide (FAI) and followed by IPL annealing treat-
ments. As illustrated in Fig. 8, this innovative ink engineering
method resulted in a higher-quality perovskite layer, with IPL
treatments yielding better outcomes compared to conventional
thermal drying methods.”

3.2.1.2 Dry press deposition (DPD). The fabrication of fully
printed perovskite solar cells (PSCs) necessitates the careful
addition of a top contact layer, which plays a critical role in
achieving proper ohmic contact. A major challenge in this
process is protecting the sensitive perovskite layer from
damage, particularly due to solvent exposure. Additionally, the
use of vacuum-assisted metal deposition significantly drives up
the cost of solar cell technology. To address these challenges,
Hasitha W.'s team developed a novel approach that involves
mechanically pressing the top contact onto the device without
the need for solvents (Fig. 9). This technique significantly
reduces the risk of solvent-induced damage, making it a prom-
ising innovation in PSC fabrication. However, the success of
this method hinges on the precise optimization of pressing
conditions to ensure that the fragile perovskite layer remains
undisturbed. Furthermore, the exceptional bending durability
of flexible PSCs with printed DPD electrodes underscores their
potential for various flexible electronic applications. This
approach represents a crucial advancement towards the
commercial viability of PSCs, offering a cost-effective, vacuum-
free, and solvent-free alternative to the traditionally expensive
evaporative deposition of metal electrodes. Such innovations
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are pivotal in driving the widespread adoption and practical
implementation of perovskite solar technology.'*

3.3. Screen-print or mesh-assisted perovskite deposition,
advancements

The screen-printing technique excels in rapidly coating
micrometer-thick films over large areas, leveraging a screen or
mesh as a support structure. These screens, often crafted from
durable polymer materials, are resistant to the chemicals used
during the process. As a result, this method yields highly
uniform films and enables efficient production on a large scale,
with the ability to achieve rapid processing times.

3.3.1 Introducing ionic liquids. By the screen-printing
technique, mostly the metal oxide films are grown. However,
in 2022, Wei Huang's team reported the screen-assisted perov-
skite layer deposition from a viscous perovskite ink prepared
using the methylammonium acetate ionic liquid. In this
approach, the author has reported an efficiency of 20.52%. This
work reports the fabrication of solar cells based on a screen-
printing approach that can be completed in ambient air,
regardless of humidity.***

3.3.2 Process engineering. While much of this review
emphasizes scientific strategies to simplify the fabrication
methodologies, and to improve PSC efficiency and operational
stability, this section highlights advancements geared toward
integrating PSCs into BIPVs using the screen-printing strategy.
For integration into windows, PSCs must be designed to be
semitransparent, which can be achieved by reducing the
perovskite film thickness to below 300 nm or by modifying the
perovskite composition. However, these approaches often entail
a trade-off between transparency and PCE. In a recent
advancement, from our lab a mesh-assisted technique has been
employed to structure the perovskite layer into a grid, allowing
for precise control over the film's transparency. In these
perovskite grids, a thickness gradient within the perovskite
layer effectively tunes the transparency. A transparent
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Fig.8 Schematic representation of the R2R two-step processing method utilizing an IPL treatment (a); FE-SEM and XRD graphs of the perovskite
surface (pristine Pbl,) (b); FE-SEM and XRD (pristine Pbl,) analysis of perovskite surfaces treated with IPL (c). This figure has been adapted from ref.

71 with permission from American Chemical Society, copyright 2024.

1646 | Sustainable Energy Fuels, 2025, 9, 1633-1655

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se00002e

Open Access Article. Published on 19 Februar 2025. Downloaded on 02.04.2026 07:24:47.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Slot-die coating:

@) Spiro-OMeTAD

Slot-die coating:
perovskite

Reverse—g ravure
4= coating: Sn0:

(@) (e)

View Article Online

Sustainable Energy & Fuels

(b)
4 Release layer
e Printed Ag
Printed Carbon
Spiro-OMeTAD
At ¢

. Perovskite
£ -

SnO:2
PET-TCE

®

1.0 12% 17%

[ ]
[

Normalized PCE
£ Ls

12 17 20 25 40 60

P (%)

comp

20%

L]
L]

25% 40% 1.0

d PCE

o
=

T

Normalize
>

5 10 15 30 40 S50 70
Carbon dry film thickness (um)

Fig. 9 The diagram illustrates the R2R fabrication process for the PSC precursor stack (a); the PSC device architecture is depicted, highlighting
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alongside the equation used to calculate the compressive pressure applied during fabrication (c); a graph displays the normalized PCE results for
devices fabricated under varying levels of compression pressure, illustrating the impact of pressure on device performance (d); light-beam
induced current (LBIC) maps provide a visual representation of PSCs fabricated at different compressive pressures, indicating how pressure
variations affect the uniformity and performance of the cells (e); another graph presents the normalized PCE results for devices fabricated with
varying carbon film thicknesses, demonstrating the relationship between carbon layer thickness and overall device efficiency (f). This figure has
been reproduced from ref. 103 with permission from John Wiley and Sons, copyright 2022.

dielectric-metal-dielectric structure is then applied as the top
contact, enhancing light transmission while maintaining elec-
trical performance. The process involves dropping perovskite
precursor solution from a defined height and angle onto a mesh
in direct contact with the substrate. The perovskite fills the
mesh's contact points, creating a uniform grid over the meso-
porous TiO, (m-TiO,), with the empty spaces forming thin
perovskite layers. This design allows for free light passage with
minimal absorbance in these regions, making the technique
well-suited for producing various semi-transparent perovskite
films.

The mesh size and precursor concentration are critical
factors in tuning the film's transparency and thickness. The
non-viscous nature of the perovskite solution enables it to
spread uniformly over the mesh, forming a grid structure with
voids that are later covered by a thin perovskite layer. The
crystallization of the perovskite layer, and thus the device's
efficiency, is further controlled by adding surfactants and
adjusting the substrate temperature. Mixed cation and halide

This journal is © The Royal Society of Chemistry 2025

perovskite formulations have shown excellent stability and
efficiency with this approach. Initially, perovskite grid-based
solar cells achieved PCEs of around 5% with an average
visible transparency (AVT) of 30%. Through compositional
modifications and a refined 1.5-step deposition process (seen in
Fig. 10), PCEs were later increased to 10%, with a slightly
reduced AVT of 28%. This technique demonstrates significant
potential for developing high-performance, semi-transparent
PSCs for building-integrated applications.'*

3.4. Ink-jet printing, advancements

Inkjet printing has garnered considerable attention in the
fabrication of PSCs due to its advantages in low-cost, scalable
production and precise material deposition. This technique
minimizes material wastage by applying only the necessary
amount of perovskite solution onto the substrate, which helps
reduce costs associated with material consumption. Inkjet
printing’s non-contact nature enables precise patterning of
films by controlling droplet deposition and allows for the

Sustainable Energy Fuels, 2025, 9, 1633-1655 | 1647
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incorporation of other functional materials into the perovskite
layer at specific locations and quantities. Furthermore, inkjet
printing is more environmentally friendly, as it releases fewer
solvents into the environment compared to other printing
technologies. Despite these benefits, there are notable chal-
lenges in using inkjet printing for perovskite solar cells.
Developing stable, high-quality perovskite inks that are
compatible with inkjet printing is crucial, requiring careful
control of ink stability, viscosity, and overall compatibility with
the printing process. Additionally, managing the crystallization
of printed perovskite is essential to achieve the desired
morphology and optoelectronic properties. After the perovskite
precursor is printed, the film undergoes a crystallization
process, typically involving vacuum treatment followed by heat
treatment at carefully controlled temperatures as discussed
below. Rapid ink drying can result in non-uniform film forma-
tion and defects, impacting the performance and reliability of
the solar cells. These subsequent processing steps ensure the
formation of a high-quality perovskite layer with optimal
structural and optoelectronic properties. However, challenges
also remain with the chemical compatibility of the printer's
head. The efficiency of inkjet printing also depends on the
viscosity and chemical behavior of the solvents used, and
clogging of any nozzles can cause significant damage to the
entire solar cell.

3.4.1 Ink engineering. In 2024, Jae-Wook's research group
conducted an in-depth study on how the boiling points of
solvents impact the properties of perovskite films, focusing on
their effects on film roughness, thickness, and overall
morphology. The study also examined how these factors influ-
ence the efficiency of PSCs. A key finding was that the

1648 | Sustainable Energy Fuels, 2025, 9, 1633-1655

crystallinity of perovskite films is markedly affected by the
solvents' evaporation kinetics, particularly during the transition
phase. To elucidate these kinetics, the researchers incorporated
1,3-dimethyl-2-imidazolidinone (DMI) and y-butyrolactone
(GBL) into a solvent mixture of DMF and DMSO. This method
enabled a comprehensive evaluation of how different solvent
combinations influence the film formation process and the
resulting quality of the perovskite layers. The study also
involved analyzing the entire printing setup, including the
viscosity versus shear rate and the chemical interactions within
the ink, as depicted in Fig. 8. After comparing PSCs based on
DMI with those using GBL over a storage period of 1680 hours,
it was found that the DMI-based devices demonstrated signifi-
cantly better efficiency retention (Fig. 11).'*”

Extensive research has been conducted on utilizing inkjet
printing technology for fabricating fully printed PSCs. In a 2021
study, Ulrich and his team reported the development of a p-i-n
structured PSC using a triple cation perovskite formulation.
This innovative design achieved a reported efficiency of over
17%. The uniformity of the layers within this structure is
illustrated in Fig. 12. The authors emphasized that controlling
wettability plays a crucial role in enhancing both the stability
and efficiency of the device.**®

3.4.2 Maximum solubility factor. The “coffee-ring” effect,
a common issue in ambient air, arises from the uneven distri-
bution of deposits during the evaporation of solvent from
printed droplets. This phenomenon occurs due to the slower
evaporation rate of the ink solvent on the substrate, leading to
capillary flows that cause material to accumulate more at the
edges of the droplet while leaving less in the center. To address
this challenge and enhance the performance and stability of

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 Schematic illustration of the p-i-n perovskite solar cell architecture featuring all printed layers (a). The SEM image showing a cross-
section of the device (b). This figure has been adapted from ref. 108 with permission from John Wiley and Sons, copyright 2020.

inkjet-printed perovskite layers in ambient conditions, Chalkias
et al. implemented a concentration regulation strategy for the
perovskite precursor ink. By increasing the molar concentration
of perovskite precursors in the ink to the maximum solubility
limits, the ink's ability to jet and achieve optimal wetting
properties on the mesoscopic substrate was significantly
improved. This adjustment facilitated a more uniform deposi-
tion of the perovskite layer, ultimately leading to enhanced
performance and greater stability of all-printed perovskite
photovoltaic systems.**

3.4.3 Polymer pillar integrity: transparent PSCs for BIPVs.
Inkjet printing allows for the precise incorporation of func-
tional materials, enabling uniform spatial distribution with
high control over material placement within the perovskite
layer. Leveraging this capability, our lab developed a semi-
transparent perovskite solar cell by printing polymeric pillars

This journal is © The Royal Society of Chemistry 2025

on the substrates before applying the perovskite layer (Fig. 13a).
By varying the dimensions of these transparent polymer pillars,
the transparency of the perovskite film was tuned between 10%
and 30%. The addition of surfactant significantly impacted the
surface morphology of the perovskite layer. After introducing
Triton X-114, pinholes and cracks were effectively eliminated,
resulting in a notably smoother and more uniform morphology
(Fig. 13b and c). Furthermore, the integration of polymer pillars
enhanced the transparency of the perovskite layers. These
findings highlight that inkjet printing can be used to achieve
tunable optical properties in PSCs without modifying the
chemical composition or concentration of the perovskite
precursor solution (Fig. 13d and e). Overall, this work demon-
strates the successful development of flexible and semi-
transparent PSCs through an inkjet printing approach,
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incorporating polymer pillars in precise patterns within the
perovskite layer.®®

While inkjet-printed PSCs have demonstrated promising
efficiencies, further optimization is necessary to enhance device
performance, stability, and long-term environmental resilience.

3.5. Spray-coating, advancements

Spray coating is another promising technique for fabricating
perovskite solar cells, in this method, a solution containing
perovskite precursors is atomized and sprayed onto a substrate,
forming a thin film upon drying. Proper optimization of spray
parameters, such as nozzle size, spray distance, solution
concentration, and substrate temperature, is crucial for
achieving uniform perovskite films with controlled thickness
and morphology. As such, a diluted precursor solution is

1650 | Sustainable Energy Fuels, 2025, 9, 1633-1655

sprayed over the substrate at room temperature or at desired
temperatures. Currently, spraying is often done manually, but
mechanical sprayers can achieve spatial uniformity.

3.5.1 Wettability. The poor wettability of the perovskite
precursor solution leads to the formation of pinholes and
suboptimal interfaces, significantly compromising device effi-
ciency. To mitigate this, additives in the perovskite solution and
targeted surface treatments are frequently used to improve
wettability. Notably, UV-ozone surface treatment partially
hydroxylates the metal oxide surface, thereby significantly
increasing its hydrophilicity."® In 2024, Yi Ding's team made
significant advancements in enhancing the interface between
NiO and the perovskite layer by introducing self-assembled
monolayer (SAM) molecules, specifically 2-(9H-carbazol-9-yl)
ethyl]phosphonic acid (2PACz), [2-(3,6-dimethoxy-9H-carbazol-

This journal is © The Royal Society of Chemistry 2025
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from American Chemical Society, copyright 2024.

9-yl)ethyl]-phosphonic acid (MeO-2PACz), and [4-(3,6-dimethyl-
9H-carbazol-9-yl)butyl]phosphonic  acid (Me-4PACz). The
researchers focused on ink engineering by incorporating
a methylammonium acetate (MAAc) additive into the precursor
solution. Their work demonstrated that 2PACz and MeO-2PACz
facilitate the formation of uniform perovskite films with high
crystallinity, which in turn improves hole extraction at the
buried interface. The improved wettability for different SAM
molecules has been shown in Fig. 14. This approach led to an
impressive PCE of 20.3%, highlighting the potential of SAM
molecules in optimizing perovskite solar cell performance.'**

This journal is © The Royal Society of Chemistry 2025

4. Conclusions and challenges

Perovskite solar cells are in high demand for commercializa-
tion. The focus should be on fabricating larger PSCs with
improved lifetime at a lower cost using less-toxic approaches.
Printable approaches, such as blade-coating, ink-jet printing,
slot-die approach, spray-coating, and screen-printing, are useful
for constructing solar cells in open-air conditions that could
produce larger-area modules. Each approach presents its own
benefits and challenges. The R2R process, for example, is
limited by flexible substrates, while inkjet printing struggles
with chemical and coagulation issues that affect jetting. Spray

Sustainable Energy Fuels, 2025, 9, 1633-1655 | 1651
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coating encounters spatial uniformity problems, and screen
printing often results in poor perovskite crystallization.
However, many of these challenges are being addressed. Addi-
tives in perovskites have been shown to enhance crystallization
and morphology, surface treatments improve wettability, and
low-dimensional perovskites boost device stability. Further-
more, simplifying processes and modifying device structures
have proven effective in improving optical properties. Thus, in
this review, we have discussed the literature on printing PSCs,
with improved properties, including PSCs with more advanced
and simplified fabrications, and with digital control over the
semitransparency for BIPVs, etc. It is important to note that the
chemical compositions of the hybrid perovskite materials and
solvents should be less toxic in particular when working in open
air. While most open-air processing currently focuses on Pb-
based perovskites, directing printable approaches toward the
development of Pb-free PSCs offers promising potential. Addi-
tionally, it is important to highlight that employing open-air
techniques for constructing all layers is crucial for the
successful production of PSC modules. Equally significant is the
need to recycle PSCs to mitigate the adverse environmental
effects of the materials used.
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