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Emerging strategies for the large-scale fabrication
of perovskite solar modules: from design
to process

2 and Feng Yan (2 *3°

Bochun Kang
Perovskite solar cells (PSCs), recognized as a promising third-generation thin-film photovoltaic technology,
offer notable advantages including low-cost production, high power conversion efficiency, and tunable
bandgap characteristics. Despite these advancements, scaling up PSCs to large-area perovskite solar modules
(PSMs) presents substantial challenges. To overcome the obstacles, alternative deposition methods such as
solution-based blade coating, slot-die coating, spray coating, inkjet printing, and screen printing, as well as
solvent-free methods like chemical vapor deposition and physical vapor deposition, are being explored to
eliminate film inhomogeneity and defects when applied to a larger area. These emerging strategies aim to
enhance film quality, uniformity, and scalability, which are essential for large-area applications. This
comprehensive review systematically summarizes the manufacturing status of PSMs from fundamental
theoretical principles to practical applications in processing, discussing various deposition techniques, and
simultaneously exploring strategies to enhance PSM performance in terms of solvent, additive and interface
engineering. Additionally, it delves into the stability challenges faced by large-scale manufacturing of
commercial products, analyzing and summarizing the latest scribing processing and encapsulation
technologies, and providing prospects for module development.

With the onset of the fossil energy crisis, the efficient utilization of solar energy has become critically important. This has led to significant commercial and

research investments in the photovoltaic industry. The promising third-generation photovoltaic solutions, perovskite solar cells, recognized, have garnered

substantial attention and made significant advancements in recent years. Certified small-area perovskite solar cell efficiencies have reached 26.7%, rivaling

those of silicon solar cells. To facilitate commercialization, developing stable and efficient large-scale perovskite solar modules remains a crucial challenge. The

commonly used small-scale spin-coating method in laboratory settings is less effective for large-area applications due to uneven centripetal forces. This

comprehensive review addresses the emerging strategies for the large-scale fabrication of perovskite solar modules. Large-area coating techniques primarily
include liquid-phase deposition methods (meniscus coating and droplet spraying) and non-liquid-phase deposition methods (physical and chemical vapor

deposition). Furthermore, device design, encapsulation, and stability testing of solar modules are essential steps on the path to commercialization.

1. Introduction

Perovskite solar cells (PSCs), as a promising third-generation
thin-film photovoltaic technology, are considered one of the

Solar panels, as simple and efficient devices for converting
renewable solar energy into electricity, have contributed to
mitigating the depletion of traditional fossil fuels."”> From the
client’s perspective, the rapid and sustained demand for photo-
voltaics (PV), which is forecast to grow by over 30% over the next
five years, which has further attracted substantial commercial
investment in the scale production of solar cells. As of 2023, the
global cumulative installed capacity has exceeded 1 TW-scale.>*
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most potentially applicable photovoltaic technologies for the
future due to their ease of fabrication, low cost, high power
conversion efficiency, and tunable bandgap characteristics.>™
Based on the photovoltaic effect, when photons with energy
greater than the bandgap of perovskite are absorbed, excitons
are generated.”'° Due to the low exciton binding energy in the
perovskite absorbing layer, excitons rapidly dissociate to form
electron-hole pairs.'* Subsequently, electrons pass through an
electron transport layer (ETL) composed of an n-type semicon-
ductor with matched energy levels while holes diffuse across a
hole transport layer (HTL) based on a p-type semiconductor in
the opposite direction, generating a directed output current.’*°
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Currently, PSCs have undergone rapid development at the
laboratory scale. Over the past decades, the power conversion
efficiency (PCE) record has been continuously broken, soaring
swiftly from 3.8% to over 26%, nearing the record held by
silicon solar cells.">"?

Typically, small-area PSCs are extensively studied to inno-
vate while conserving materials. However, in terms of real-world
PV applications and industry, the scaling up of PSCs is an
irresistible trend. In practical applications, large-area PSCs may
necessitate the integration of multiple sub-cells into large-area
perovskite solar modules (PSMs). The built-in series-connection
cells enhance the output voltage while effectively relieving sub-
stantial losses due to parasitic resistance arising from charge
transport distances within the transparent electrodes."® The
majority of PSCs now being explored are based on the spin-
coating approach, with effective areas in the range of 0.04-
1 em®."™'® When attempting to adopt spin-coating for large-
area perovskite production, the radial centrifugal force can
severely affect the film quality and form films with severe non-
linear inhomogeneous thicknesses along the radial direction."”
These morphological defects are manifested as numerous ring-
shaped pinholes in thinner regions and non-radiative recombi-
nation in thicker areas.'® Nevertheless, the PSMs’ requirement
for film uniformity, non-pinhole, and nice crystallographic prop-
erties are mandatory for the sake of the series circuit. This
conflict has stimulated the emergence of new processes for
scaling up. Since the first report of PSM by Carlo et al'® in
2014, research groups worldwide have made significant progress,
reaching up to 23.3%,>° in the development of scalable processes
for large-area PSMs and film deposition over the past decade.

Currently, various strategies have been developed in two
dominant technique routes, solution-based and solvent-free eva-
poration, for depositing high-quality large-area perovskite films.
These include solution-based blade coating,®" slot-die coating,
spray coating,>® inkjet printing,>* and screen printing,* as well as
solvent-free vapor-based chemical vapor deposition (CVD)*® and
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physical vapor deposition (PVD).”” In response to these blossom-
ing technologies, strategies such as solvent engineering,®® inter-
face engineering, and additive engineering,® etc. have been
employed to enhance the crystallization, carriers transport later-
ally and vertically among every single subcell, thereby paving the
way for achieving high photovoltaic performance in PSMs.

This review systematically summarizes and discusses PSMs
fabricated via various deposition technologies. Beginning with
fundamental principles, we focus on the captivating and ben-
eficial progress in the production of high-efficiency large-area
modules and explore strategies for enhancing PSM perfor-
mance from the perspectives of auxiliary processes and micro-
scale science. Furthermore, we analyze the challenges faced by
the large-scale fabrication application of PSMs and propose
potential development pathways for future modules.

2. Device configuration
2.1 Perovskite solar modules

The exploration of PSCs performance is typically conducted on
individual cells with very small areas in labs, usually ranging
from 0.04 to 1 em>.'>'®" As these small cells are poised for
commercial applications, there is an inevitable trend towards
scaling up to larger areas. However, when the effective area is
increased, the efficiency often experiences a significant decline.
This is primarily due to the increased carrier transport distance
within the PSC device, resulting in more charge loss over this
extended distance. Additionally, the increase in cell area leads
to higher internal resistance, hindering the flow of current and
reducing current output, thereby resulting in lower PCE.**"?
Therefore, in response to the challenges of scaling up
laboratory-scale photovoltaic cells for commercial applications
and to drive commercialization, researchers have begun to shift
their focus towards the development and optimization of solar
modules.
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Since the diverse applications and fabrication processes of
different-sized PSC devices, there is an urgent need for a
standardized classification criterion to categorize module sizes
and mitigate conflicting comparisons. The National Renewable
Energy Laboratory (NREL) has proposed a universally applic-
able standard for module size classification, which finds wide
application in various photovoltaic technologies such as Si and
cadmium telluride (CdTe) solar modules.** In the champion
photovoltaic module efficiency chart, NREL has classified mod-
ules larger than 200 cm” into distinct categories. Modules
ranging from 200 to 800 cm” are designated as “submodules”,
while those spanning 800 to 6500 cm” fall under the classifica-
tion of “modules”. Modules with an area between 6500 and
14000 cm? are identified as “‘standard modules”, and modules
exceeding 14 000 cm” are referred to as “large modules”. NREL
has chosen to disregard modules smaller than 200 cm? in their
classification. Research findings indicate that large-scale mod-
ules are typically manufactured by commercial enterprises,
whereas laboratory investigations predominantly focus on mod-
ules ranging from 10 to 100 cm?. However, NREL’s classification
framework still necessitates complementary information to pre-
sent a comprehensive categorization of modules. Encouragingly,
Green et al.>® have bridged this gap in their continually updated
solar cell efficiency tables over three decades. They define
modules ranging from 10 to 200 cm* as “minimodules”, while
modules smaller than 10 cm? are referred to as “cells”. Over the
years, outstanding performers have emerged in various fields,
with some already transitioning to large-scale commercial pro-
duction, which is a highly promising development. Table 1
provides a record of the outcomes from the different classifica-
tion categories to date.

2.1.1 Device design. To mitigate the issue of charge losses
in large-scale production, modular manufacturing can be
implemented in either parallel or series configurations to
alleviate this pressure.*® In principle, the parallel configuration
of PSMs yields an increased aggregate working current under
voltage-stabilized benchmarks. As shown in Fig. 1a and b, the
parallel PSMs exhibit an even dispersion of parallel metallic
grids adjacent to individual cells, facilitating the collection and
integration of current. The paramount merit of this architecture
lies in its inherent fault tolerance. In the event of a malfunction
in a single cell, the remaining sections continue to work
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normally, greatly enhancing robustness. However, the presence
of metallic grids in parallel PSMs results in inevitable energy
dissipation, predominantly attributed to the intrinsic grids
resistive losses, the elevated contact resistance with transparent
conducting oxide (TCO) and the declining utilization of effec-
tive area. These three factors severely curtail the advancement
of PCE, impeding its widespread scalability.***> Owing to these
factors, the research on parallel PSMs have not garnered the
same level of focal attentions as the series ones, leading to
scarcity outputs dedicated to this field. Presently, the record is
upheld by Chen et al,*> who achieved a remarkable PCE of
16.63% on an effective area of 20.77 cm” through perovskite
precursor engineering utilizing the Lewis base additive diphe-
nyl sulfoxide (DPSO) via slot-die coating.

In contrast, series-connected PSMs enhance the open-circuit
voltage while maintaining a stable current, which thereby limit
the total current passing through the TCO and enable a greater
reduction of resistive losses. Consequently, the series connection
is regarded as a more promising module industrialization strat-
egy. Normally, series modularization for PSCs is commonly
achieved through a built-in circuit established by a P1-P2-P3
scribing process. This can be rapidly accomplished within
microseconds under laser irradiation.*” This approach shows
advantageous for large-scale batch production. The three-step
sequential laser scribing process, the P1-P2-P3 interconnection
process, is employed to achieve the formation of multiple
interconnected independent PSCs for constructing a PSM, as
depicted in Fig. 2c-e. Initially, the P1 laser scribing step is
performed on the indium tin oxide (ITO) layer deposited on
the glass substrate, creating isolated ITO substrates. Subse-
quently, in the P2 step, the entire structure is selectively removed
before the top electrode is deposited, allowing the interconnec-
tion of individual cells through the deposition of the top
electrode, resulting in a series-connected structure. Disparate
from P1, the energy requirement for P2 is much higher depend-
ing on the material and the increase in thickness. P3 removes
the top electrode with the assistance of laser, creating a con-
ductive pathway eventually. It is noteworthy that the three
scribing lines are required to be kept in strict geometrical
parallel, preventing cells failure and leakage caused by the
cross.*® The distance from P1 to P3 (scribing lines included)
called the ‘dead area’, which act as wires and does not make any

Table 1 Definition of different PSCs and PSMs sizes and record analysis in various classifications

Combined PCE Active

Size (cm?) criteria records (%) area (cm®) Year Stability description Contributors Ref.

<1 Small cells 26.7 0.0519 2024 Undisclosed University of Science and Technology 35

1-10 Cells of China

10-200 Minimodules 23.30 27.22 2024 Decrease to 94.66% after Ecole Polytechnique Fédérale de 20
1000 h light soaking under Lausanne
room temperature

200-800 Submodules 20.6 215.53 2024 Undisclosed Korea Research Institute of Chemical 36

Technology and Unitest

800-6500 Modules 20.7 810 2024 Pass IEC61215 Wuxi Utmolight Technology 37
IEC61730

6500-14 000 Standard modules 18.4 7200 2024 Undisclosed Renshine Solar 38

>14000 Large modules 19.04 20000 2024 Undisclosed Kunshan GCL Photoelectric Materials 39
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Fig. 1 (a) Architecture of the parallel PSMs.*° Copyright 2021, Wiley-VCH GmbH. (b) Metallic grids on parallel PSMs.** Copyright 2021, American
Association for the Advancement of Science. (c) P1-P2-P3 laser scribing on series PSMs. (d) The overall plane view and (e) the current flow path in the

side view of the series PSMs.** Copyright 2020, MDPI, Basel, Switzerland.
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Fig. 2 (a) Schematic diagram of subcells distribution segment. (b) Current
flow in one arbitrarily segment.*° (c) Schematic of the vertical current flow

received from the back bottom and collected from the edge of the TCO
contact in subcells.>! Copyright 2013, John Wiley & Sons, Ltd.

3920 | Energy Environ. Sci., 2025, 18, 3917-3954

contributions to the photoelectric effects. In contrast to the
“dead zone”, the ‘“‘active region” bears the responsibility for
the entire power conversion process. These two zones together
compose the aperture area. And the geometric fill factor (GFF),
determined by the ratio of ‘active area’ and ‘aperture area’ is an
essential parameter for describing the effectively utilized area of
PSMs. GFF plays a pivotal role in PSMs, serving as a crucial
determinant of the module’s light utilization capacity and con-
version efficiency per unit area. A higher GFF signifies an
augmented capability of the module to harness sunlight effec-
tively, thereby establishing a positive correlation with the
reduction of ‘dead area’. Simultaneously, it represents a para-
mount objective pursued in the development of PSMs scribing
techniques.***” Compared to traditional mask-based patterning,
laser scribing technology has the capability to elevate the GFF
from 50% to a stable level exceeding 90%.*%*°

2.1.2 Numerical analysis of the subcells design. The mod-
ules in the literature are reported to have various sizes and
shapes, however, how to proceed with quantitative analysis is
an essential numerical theoretical issue to define the best
shape. The fundamental basis for this analysis lies in the
resistance loss. To achieve balanced load distribution among
the subcells in a module, each subcell is typically designed with
the same width (Fig. 2a). Suppose in the case of inconsistent
subcells’ widths, the variation in the active area will hinder the

This journal is © The Royal Society of Chemistry 2025
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performance of the PSMs due to the differences in current load
between adjacent subcells.

The initial work is to determine the shapes. It is known from
the published paper that high-performance PSMs are typically
designed in a rectangular configuration. Here, we will analyze
the reasons behind this design through numerical analysis.”®
Starting from the principle, under AM 1.5 solar illumination,
the photovoltaic effect generates electron-hole pairs at each
point distributed across the active area, resulting in a local
current density. Subsequently, these electrons move vertically
through the p-i-n junction and reach the top electrode edge to
enter the series circuit loop as shown in Fig. 2c. Assuming that
the subcell’s length is the same as the module’s length L, the
area of every single subcell A can be illustrated as:

L
A = Auetive/m = [ g(x)dx (1)
0
where A,.qve is the active area, m is the number of subcells and
g(x) is defined as the width of a single cell as a function of x in
the L direction (Fig. 2b). Here, Alam et al.’® assumed that g(x) is
expressed as:

glx) = (n + DAL (2)

which ensures that the cell area is preserved for all exponent n
so that the amount of sunlight absorption is the same. Building
on this, the total power loss of a single subcell, Py, is a
monotonically increasing function with respect to n (n > 0).
This implies that when n = 0, the shape of the subcell corre-
sponds to the rectangles with the lowest Py, making it the
most ideal subcells geometry.

The subsequent task behind is to ascertain the ideal number
of subcells within the fixed module width W. We supposing that
the module is divided into m subcells, the m — 1 scribings are
required to complete the module fabrication. The total output
power P, within the module can be approximated as a com-
pensation relationship between the power of a unscribed perfect
device Pjgeal, Pioss and the scribing power 10sS Pycriping as follows:

JS‘C
Poy = < - ) . (n’lVOC) -FF
m

= Lideal — mploss - (I’}’l - I)Pscribing (3)

Pscribing = ﬂpoul (4)
Aaclive
where J,. is the short-circuit current density, V,. is the open-
circuit voltage, FF is the fill factor, and Wye,q is the width of the
dead area. Combined with the series circuits law we find that P
independ of the number m. Also at the same scale of the W and L,
Pigear is fixed. Thus, the value of m turns out to be completely
dependent on the resistive contribution of the subcells. Ideally,
PSMs have Wye.q < W, at which it can be assumed that Py, —
Pigeal, Pioss and Pycriing is negligible. To summarize, the amount
of m can be considered as a function, whose key determining
factors within this relationship are the current density and the
PCE, which is proportional to the ratio of Poy to Aaetive. On the
other hand, the current density is influenced by the bandgap of

This journal is © The Royal Society of Chemistry 2025
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the perovskite materials. Consequently, for various perovskite
precursor systems, the module size needs to be recalculated to
achieve the optimal arrangement structure. As a result, we can
conclude that the number is directly proportional to the current
density and inversely proportional to the materials’ bandgap and
efficiency. Currently, several solar module design software such
as SETFOS and LAOSS provide rapid structural aids.>>>* Apart
from the investigation of the distribution expansion in terms of
the L scale, researchers have also examined the design of the W
scale length to ensure the attainment of optimal efficiency in
PSMs. Gao et al.> tested cells ranging from 5-35 mm in length
based on a fixed width of 2 mm. They discovered a pattern of
increasing and then decreasing efficiency in the PSCs, with the
best optimal PCE achieved at a length of 10 mm. The J,. exhibited
a decreasing trend with the incase of the length, while the V.
showed an increasing trend.

2.1.3 Modularization process. The establishment of PSMs
starts with the large-area deposition of functional layers. The
specific implementation methods can be divided into two
categories. One is based on solvent methods, such as spin
coating, blade coating, screen printing, and slot-die. One type is
based on dry coatings, such as electrospraying, PVD and CVD.
Precursor materials and solvents such as dimethyl formamide
(DMF)/dimethyl sulfoxide (DMSO)** and highly volatile aceto-
nitrile (ACN)*' have been proven effective in manufacturing
large-area PSMs during the cell-to-module process. Therefore,
the key lies in the optimization of processing techniques and
parameters.

Laser scribing is undoubtedly the most widely used technol-
ogy in the module process. Functional materials can be vapor-
ized through high-intensity lasers in an instant by absorbing
laser photons.>>™’ By taking advantage of the different absorp-
tion ranges of materials for wavelength, selective removal of
materials can be achieved. Longer durations of laser pulses lead
to higher energy output, resulting in a larger thermal impact
zone. However, if the laser power is too high or the pulse
frequency is not appropriate, it may lead to excessive damage to
the perovskite layer or other functional layers, even causing
burnout, thereby increasing the reject rate and lowering man-
ufacturing yield. This also corresponds to higher process
improvement costs. Generally, the smaller laser processing area
in the PSMs, the larger GFF, indicating higher light utilization
efficiency. Therefore, picosecond and femtosecond lasers have
greater advantages compared to nanosecond lasers. Huang
et al.>” performed dead area optimization, reducing the dead
zone to 70 um with the assistance of a picosecond laser,
resulting in a GFF of 99%. Apart from laser scribing, another
common scribing method is mechanical scribing.*® Unfortu-
nately, mechanical scribing is a relatively unstable scribing
process. During the P2 and P3 stages, excessive stress during
mechanical scribing can cause damage to the bottom TCO,
resulting in poor contact between the top metal electrode and
TCO. This increases the series resistance of the device and
leads to a decrease in the device’s FF and GFF. Additionally,
during the P3 stage, there is a risk of directly pressing the top
metal electrode onto the TCO during mechanical scribing,

Energy Environ. Sci., 2025, 18, 3917-3954 | 3921
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which can result in a short circuit in the device. Unidirectional
scribing can also lead to the accumulation of detached material
at the trailing end along the direction of motion, causing
serious defects. However, the energy saving of the mechanical
one has also attracted the attention of the industry. For both
scribing methods, the issue of electrode peeling after the P3
stage is unavoidable. The integrated dust removal functional-
ities have been developed to effectively alleviate this problem.
Interestingly, it has been demonstrated that beyond the process
itself, the design of scribing patterns can also enhance the
performance of PSMs. Rakocevic and colleagues® have innova-
tively designed a module with a point-contact configuration,
achieving an enhancement in GFF from 95% to 99% as well.
The record of GFF was broken by Carlo et al.,*® reaching a
remarkable 99.6% improvement. They designed an unconven-
tional discontinuous P2 pattern that miraculously reduced the
dead area from a small size of 45 pm to an incredible limit of
the average of 19.5 pum (Fig. 3a-c). And they proved the
feasibility of a PCE of 20.7% on a miniature size of 2.6 cm?.
Hence, the choice of the final commercial modularization
process should be a decision that respects both production
yield requirements and manufacturing costs. This is dependent
on multiple constraining factors. For instance, opting for laser
scribing implies substantial energy consumption, while enhan-
cing precision using shorter pulse widths results in slower
production efficiency.

It is worth noting that the process inhomogeneities may have
a negative impact on the PSMs in the cell-to-module fabrica-
tions. Especially in perovskite materials, their soft lattice struc-
ture makes them prone to deformation and aging. The presence
of functional thin film defects in the layered structure of PSCs
can lead to the exposure of the perovskite layer. When the
perovskite material overflows or encounters the top electrode,

Conventional Narrow

Anti-diffusion layer

Fig. 3
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irreversible reactions may occur, resulting in device damage. To
address this issue, thin insulating layers such as bathocuproine
(BCP)*® are used for longitudinal protection. These protective
layers can be deposited above the perovskite layer, preventing its
exposure to the external environment and thereby improving the
device’s lifespan. However, merely controlling the vertical diffu-
sion is not sufficient to ensure the stability of PSMs. The severe
lateral exposure in the cross-sectional area caused by laser scribing
becomes a specific issue for PSMs. In the P2 and P3 layers, this
leads to direct contact between perovskite materials and the
external environment. Although subsequent encapsulation can
isolate the environment, it cannot completely prevent stability
losses caused by ion migration. Therefore, several efficacious
strategies for lateral protection have been investigated. Mai
et al® used ozone (O;) treatment to obtain PbO, at the cross-
section, innovatively providing a solution to block lateral diffusion,
while protecting P2 and P3, greatly reducing leakage caused by
burrs generated by metal electrodes in laser scribing, and improv-
ing efficiency as shown in Fig. 3d. Additionally, low-dimensional
diffusion barriers (DBL) were demonstrated by Han et al®® as
excellent lateral protection measures, increasing the potential
barrier for ion diffusion as illustrated in Fig. 3e. The experiments
illustrated that two-dimensional graphitic carbon nitride (g-C;N,)
effectively inhibits the lateral migration of iodide by reducing it by
a factor of 10°-10’. These modules achieved a stable PCE exceed-
ing 15% for over 1000 hours under 85 °C.

2.2 Flexible/semitransparent solar modules

For catering to achieve broader commercial application scenar-
ios such as building integrated photovoltaics (BIPV), research-
ers are developing a range of attractive module solutions,
especially focusing on enhancing flexibility and transparency.
The flexible PSMs (F-PSMs) are an emerging solar technology

b C

(a) Schematic diagram of conventional, narrow, minimized and discontinuous laser scribing designs. (b) Scanning electron microscope (SEM)

figures of minimized and (c) discontinuous P2 interconnection.®® Copyright 2024, Wiley-VCH GmbH. (d) Anti-diffusion layer treated by Os.5* Copyright
2023, Wiley-VCH GmbH. (e) DBL for blocking lateral diffusion.®? Copyright 2019, Elsevier Inc.
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that has demonstrated a significant efficiency increase to 18.84%.*
A flexible substrate is a critical component of the F-PSM, providing a
flexible support structure for the perovskite material. These sub-
strates can be made of flexible plastics, films, or fiber materials,
enabling the solar module to have characteristics such as light-
weight, bendable, and customizable properties, usually polyethylene
terephthalate (PET) and polyethylene naphthalate (PEN). However,
the primary challenges of this technology involve designing efficient
flexible electrodes and ensuring the bending stability of device
structures and materials. From the perspective of large-scale produc-
tion, flexible substrates often present challenges in achieving high-
quality perovskite crystallization due to their relatively rough sur-
faces. During annealing, uneven thermal conduction and the
presence of solvent trapped in substrate crevices in air-assisted
coating processes can exacerbate this issue. The evaporation of
retained solvent can lead to a significant number of defects at the
grain boundaries.*> Gao et al.*® took inspiration from tendons and
incorporated supramolecular poly(dimethylsiloxane) polyurethane
materials with self-healing properties, resulting in a significant
enhancement in the bending durability of F-PSMs. Even after
undergoing 8000 bending cycles, the F-PSMs retained 80% of
their initial efficiency. Meng et al®” introduced glue-like
poly(3,4-ethylenedioxythiophene):poly(ethylene-co-vinyl acetate)
(PEDOT:EVA) as HTL, which lent its strong cohesion as shown
in Fig. 4a to obtain 17.55% PCE on 31.20 cm” and maintained
85% of the initial efficiency after 7000 mechanical bends.
Additionally, semi-transparent PSMs (ST-PSMs) are considered
a significant research direction due to their effective photovoltaic
conversion while maintaining high visible light transparency,
meeting both architectural aesthetics and functional require-
ments. Since the light absorption capacity and photoelectric
conversion capacity of perovskite are mutually restricted, how
to balance PCE and average visible transmittance (AVT) becomes
thought-worthy. In 2014, Eperon et al.”' first proposed semi-
transparent PSCs, which triggered extensive subsequent research.
Compared with traditional PSMs, the key technologies of ST-
PSMs lie in the transparent top electrode and the preparation of
high-quality semi-transparent perovskite films. Typically, trans-
parent electrodes include TCO,”* ultra-thin metal electrodes,”
dielectric/metal/dielectric multilayer electrodes,”* etc. Normally,
the method for depositing the top transparent electrode is
magnetron sputtering, but this technique frequently causes
damage to the exposed substrate layer. To mitigate this Magliano
et al.”” incorporated a vanadium oxide protective buffer layer,
resulting in an efficiency of 15.7% over an area of 1 cm’, while
preserving the AVT of 42%. The conductivity of these materials is
generally lower than that of opaque materials, and they also lose
the ability to reflect unabsorbed photons, allowing the perovskite
layer to engage in secondary absorption. Another critical con-
straint on transparency is the composition and thickness of the
perovskite. The size of the halide ions in the perovskite deter-
mines its bandgap; as the radius of the halide ions decreases, the
bandgap of the perovskite widens, thereby increasing the visible
light transmission region. Typically, an increase in bromide
content leads to a noticeable enhancement in transparency.
Additionally, employing diluted solvent concentrations to reduce
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View Article Online

Review

the thickness of the perovskite layer can more effectively increase
the AVT, as illustrated in Fig. 4b. Differently, a recent research
proposed a method to achieve visual transparency without the
conventional increase in AVT. This approach leverages the
optical properties of human eyes. Yoo et al® utilized laser
cutting to create micro-patterns with varying densities on the
non-wavelength-selective PSMs. As shown in Fig. 4c, they
achieved 32% AVT and 9.0% PCE over an aperture area of 4 cm>.
According to empirical investigations, diverse thin film coat-
ing processes exhibit disparate levels of selectivity and compat-
ibility within distinct functional layers, each presenting unique
merits and drawbacks. To facilitate expedited industrial man-
ufacturing, the amalgamation of multiple technologies is
imperative. For instance, realizing highly efficient and econom-
ically viable roll-to-roll (R2R) ideal production paradigms is a
culmination of the synergistic integration of various methodol-
ogies. For example, Weerasinghe and colleagues’ achieved
sustainable production of 11% efficient F-PSMs using an R2R
process in an ambient environment. In this process, the ETL
was applied using gravure printing, while the perovskite and
HTL layers were coated through slot-die coating with air-knife
assist. The top carbon electrode was coated using screen print-
ing. As a trend for future development, this highly integrated
mode, leveraging the strengths of each process (Fig. 4d), has led
to breakthroughs in the final device, offering possibilities for
the realization of rapid flow in industrial-scale production.

3. Large-scale perovskite deposition
methods
3.1 Meniscus-based perovskite fabrication processes

3.1.1 Theoretical modeling of fluid mechanics. The current
research focus and highest expectations for the fabrication
methods of large-area PSMs lie in blade coating and slot-die
coating. The benefits of these two methods for coating from a
linear to a planar shape are found in their ability to effectively
control the quality, thickness, and consistency of the liquid film.
Theoretically, the fundamental reason for this coating controll-
ability is attributed to the fluidic mechanics of meniscus
structures.”® During the coating process, the solution is trapped
between the substrate and the coating head, forming a concave
meniscus maintained by capillary force. A curved liquid-air
interface, known as the meniscus, naturally forms near the edge
of the coating head and extends towards the substrate. According
to the move direction, the meniscus is divided into an advancing
meniscus and a receding meniscus. Generally, the receding
meniscus plays a more decisive role. During the coating process,
the relative motion of the head creates a shearing force on the
precursor solution filling the space between the head and the
substrate and initiates a Couette flow as shown in Fig. 5a.”” The
pressure difference between the two meniscus affects the magni-
tude and direction of this flow. Levich and Landau’® were the first
to analyze the flow characteristics of fluids under the motion of a
plate in terms of fluid mechanics and established the Levich-
Landau regime (Fig. 5b). The viscous forces act as the dominant
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affect factor in this regime. The viscous forces become strong where the thickness ¢ is related to the surface tension y, density
enough under high coating speed to drag a liquid film out of the p, dynamic viscosity g, the gravitational acceleration g and board

meniscus. The liquid thickness e is given by: moving speed v. In these calculations Ca = uv/y is capillary
number and «~* = pg*?/y presents the capillary length. The

foet = 094 1Ca%3 = 0.9 vll/jz (;w)w ) prerequisite for applying the Levich-Landau regime above

P8 depends on a higher coating speed, and drying timescales are
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perovskite thickness under evaporation and Landau—Levich regimes.8° (c) Measured film thickness h as a function of deposition speed v.”° Copyright

2009, American Chemical Society.

comparable to movement speeds. Under the low speeds situation,
the fluid obeys evaporation mode which lead the liquid film
adhere directly to the blade instead of substrate. The gradually
accumulating barriers will disrupt the stability of receding menis-
cus and hinder the film formation. Le Berre et al.” firstly discuss
the two regimes’ speed critical point (Fig. 5c). They proved that
the two regimes have blanket relationships tye. oc v o is a
constant which equals —1 and 2/3 respectively for evaporation
and Levich-Landau regimes. Subsequently, Huang’s team®°
applied and verified its feasibility in perovskite precursors. Under
the assumption of negligible evaporation during blade coating,
and evaporate fast after the wet film formation, Le Berre et al.
developed the blade coating model based on the lubrication
approximation within the Levich-Landau regime building upon
the research on polymer thin films. They envisaged that the
meniscus coated wet film thickness is affected by the geometry
of the solution contact process, the relationship is given by:

C H
twet = 1.34—

2/3
—Ca* (6)
costy +costh — —

1 R
where C is the geometric parameter curvature, H is the height of
the advancing meniscus, 0; and 0, are the contact angles between
the advancing meniscus and the substrate and the blade, respec-
tively. Beyond this work, Davis and colleagues®® introduced a
solvent evaporation approach to receding meniscus, replenishing
the mathematical relationship between dry film thickness ¢4y,
and tye: as follow:

Wsolute
lary _ Psolute (7)
" Wsolut Wsolvent
Fyet solute solven
Psolute Psolvent

where Psolutey Wsolutey Psolventsy Wsolvent Al denSit}’ P and mass
fraction w of solute and solvent. Two commonly employed coat-
ing techniques that are in line with this theory are blade coating
and slot-die coating. In the following discussion, we will explore
the characteristics and advancements of these two processes.
3.1.2 Crystal growth dynamics by solution process. The
performance of perovskite photovoltaic devices relies heavily
on the quality of the light-absorbing layer, known as the
perovskite thin film. A well-developed crystalline structure in
this film plays a crucial role by increasing grain size, and
reducing the formation of defects and the number of grain

This journal is © The Royal Society of Chemistry 2025

boundaries, thereby minimizing the detrimental effects of non-
radiative recombination. Achieving an ideal perovskite thin film
requires a research approach that stems from the principles of
crystal growth kinetics, in order to devise effective strategies for
improvement.®" By following the LaMer crystal growth mechan-
isms, the crystallization process of perovskite films unfolds in a
series of three distinct steps: starting from the precursor state,
transitioning into nucleation, and culminating in crystal growth.
Initially, the evaporation of the solvent in the precursor induces
the entire system to reach an oversaturated and unstable state,
thereby triggering the onset of crystallization. Let us direct our
attention to the microscopic nucleus. Building upon the classical
theories proposed by Volmer,** Becker-Déring,** the nucleus is
considered to be a condensed phase in the form of a sphere.
Assuming uniform nucleation, the thermodynamically defined
free energy, AG(r) is closely related to the radius r, of the nucleus.
Their relationship can be expressed as:

4

AG(r) = 4mry + gnr3AGV (8)
RT1

AG, = _%g 9)

where y represents the surface free energy and AG, denotes the
difference in free energy before and after nucleation, which is
determined by the degree of supersaturation S, molar volume ¥,
temperature T and the ideal gas constant R. By combining the
positive surface free energy term (4nr’y) and the negative bulk
free energy term (4/3nr°AG,), their relationship is graphically
depicted (Fig. 6a). From the plot of the AG(r) function, a distinct
nucleation critical size, r., can be observed. When the crystal
nucleus size is smaller than r,, re-dissolution phenomena occur,
leading to a decrease in AG(r). Conversely, when the nucleus size
exceeds ., the crystal nucleus continues to grow. In this context,
the competition between cluster nucleation and growth deter-
mines the cluster size. The nucleation rate J, can then be
expressed as a Boltzmann-type Arrhenius expression as follows:

16my3 172

AGN
J = Aexp (f—kT ) = Aexp <3k3 3(in S)2> (10)

where A is the kinetic prefactor which is predominantly influ-
enced by the rate at which vapor molecules strike and the
effective surface area involved in this interaction, k is the
Boltzmann constant. Due to the energy potential barrier AGy,
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the supersaturation level for homogeneous nucleation is usually
much higher than that for colloidal particle growth. The presence
of a uniform nucleation energy barrier is crucial for controlling the
distribution of size in the synthesis of nanocrystal colloid. After
nucleation, the crystals enter the growth stage, which is a diffusion
process following Fick’s diffusion law. The process of monomer
diffusion to the particle surface and the relationship between
monomer concentration [M] and position can be observed in
Fig. 6b and c.

This process remains closely related to the particle size and
is primarily influenced by solubility. From a morphological
perspective, both small and large particles reach the same size
at the end of the growth period. This indicates that smaller
particles have a higher growth rate. Theoretically, according to
the Gibbs-Thomson relationship, when particles are too small,
the chemical potential of their monomers is lower than that of
the monomers in the solution. This favors the dissolution of
solute particles in Ostwald ripening, leading to larger average
crystalline sizes (Fig. 6d). The growth rate which is determined
by radius r and time ¢ can be expressed as:

g — DI}([M]b_[M}r) (11)
dt r—D/k

where [M], and [M]; represent the bulk concentration of the
solution and the solubility of the spherical particle of radius r,
respectively, k is the reaction constant, and D is the diffusion
rate. Here, the Damkohler criterion RTD/2yVk can be used to
determine whether diffusion or reaction is the main factor in
the growth process. Overall, throughout the nucleation and
growth process, the average size of the particles and the relative
standard deviation o, of the size distribution slowly increase. In

3926 | Energy Environ. Sci., 2025, 18, 3917-3954

the later stages of Ostwald ripening, the size distribution of the
particles reaches a stable state, where the average size is
primarily determined by the surface free energy as shown in
Fig. 6e. This provides a theoretical basis for the high-quality
growth of the perovskite layer.

3.1.3 Blade coating technology. Blade coating technology,
by virtue of its simplicity, raw material savings (usage is about 10%
of conventional spin coating), low equipment requirements, scal-
ability, area adjustability has been widely studied and favored for
application in large-scale production.’®*"#*% In 2000, Padinger
et al® pioneered the first application of the blade coating
approach to solar cells and coated with an active layer consisting
of Poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene]
(MDMO-PPV) mixed with Cg, to obtain effective organic solar cells
devices. With the iterative development of solar cells afterward, the
blade coating process has also been utilized in the large-scale
production of copper indium gallium selenide (CIGS) solar
cells,*”®® dye-sensitized solar cells (DSSC),*>*" and organic solar
cells (0SC).”** In PSC, the application of blade coating has seen
an explosive and massive exploration since it was first published by
Jen’s team®* in 2014 to enhance environmental stability. As of now,
Huang and his colleagues® keep the lead, achieving a champion
PCE of 24.6% on a 0.08 cm” p-i-n structure PSC and an NREL-
certified PCE of 21.8% on a 26.9 cm®> module.

In the typical blade coating process, the precursors are
dripped parallel to the doctor blade or the gap between the
doctor blade and the glass, where it is spread uniformly using
the liquid’s surface tension. Subsequently, the blade moves
relatively to the substrate and drags the solution onto the
substrate to form a uniform film. Based on the fluid mechanics
theory discussed at the beginning of this chapter, it has been
determined that the coating speed and the distance between

This journal is © The Royal Society of Chemistry 2025
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the blade and the substrate play decisive roles in the thickness of
the film. However, when it comes to the quality and uniformity of
crystallization, there is still a lack of quantitative control. Under
constant velocity conditions, as the film coating progresses, the
amount of perovskite precursor stored within the gap decreases.
This significantly leads to uneven film thickness caused by
meniscus deformation. In addition, the property of the content
of precursor storage in blade gap can limit its development in
terms of film expandability. In 2015, Tsai et al.°® proposed a
coating method with constant acceleration, increasing the uni-
formity under the acceleration of 6 mm s> (Fig. 7a). For the same
principle, uniformly accelerated variation of the distance of the
blade head from the substrate may be a worthwhile option to
explore for guiding high quality films. There are still no attempts
in this process. In addition, higher speeds lead to severe viscous
resistance exerted on the meniscus, resulting in higher solution
consumption, thickness gradients along the coating direction,
and prolonged drying time.”*®” Therefore, several strategies have
been developed to reduce the viscosity of precursor solutions. The
alteration of solvents can condition the viscosity, and Zhuang
et al.”" adjusted the high-evaporation solvent ACN in the blade-
coated bromide surface modifier and perovskite precursor
(Fig. 7b), resulting in the preparation of PSCs with an efficiency
exceeding 24%. Moreover, in 2018, Deng et al.* introduced trace
amounts of the surfactant r-a-phosphatidylcholine (LP) into the
precursor solution. This approach modulated the fluid drying
kinetics of the MAPDI; precursor where MA is methylammonium
and increased the adhesion of the perovskite ink to the underlying
non-wetting charge transport layer. This strategy enabled them to
achieve a PCE of around 15% with an effective area exceeding
50 cm® LP subsequently emerged as a widely influential pre-
additive surfactant. Furthermore, temperature and the volume of
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the added solution are also important controllable parameters.
Arun et al.’® conducted temperature control on the doctor blade
and explored the different effects of substrate temperature,
solution volume, and speed parameters on the crystalline mor-
phology (Fig. 7c and d). The early-stage process exploration of
this system discovered that the size of perovskite islands
increases with the increase in solution volume and substrate
temperature. Overall, the effects of these parameters are based
on the hydrodynamic tuning of the Levich-Landau regime, a
quest to achieve an optimal balance between the equipment and
the fluid flow characteristics.

3.1.4 Slot-die coating. In the slot-die coating process, the
liquid material is contained in a reservoir and is fed into a
narrow slot or channel within the die head. The die head is
positioned above the substrate, and a small gap is maintained
between the die head and the substrate surface. As the liquid
flows through the slot, a meniscus is formed at the exit of the die
head. The liquid coating material is then pulled down onto the
substrate either through capillary action or by controlling the
pressure difference, resulting in the deposition of a thin and
uniform film (Fig. 8a and b).°® Unlike blade coating, slot-die
coating utilizes a continuous liquid supply system, allowing for
precise control of the solution volume within the gap by adjust-
ing the liquid drawing rate, which ensures high uniformity in
the thickness of the perovskite film by accurately controlling the
amount of solution delivered. The thickness and quality are
determined by the supply and demand relationships between
solution coating and extrusion. Slot-die coating was first intro-
duced by Vak et al.'® to perovskite photovoltaic devices in 2014
with a PCE of 4.57% on over 45 cm”. Subsequently, Cai et al.'™
pioneered the fabrication of PSMs using MAPbI; as the material,
achieving a PCE of 10.6% on an active area of 17.6 cm®. These
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Copyright 2018, Springer Nature. (e) Plots of the perovskite island size variation with the solution volume and (f)
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pioneers have led the flourishing development of slot-die coating
in perovskite photovoltaic devices. The current record for the
highest slot-die-coated PSMs is held by Rana et al.'® designed a
organic molecular passivation strategy, which achieved 19.28%
minimodule on a limited area of 58.5 cm”.

From the perspective of process parameters, both slot-die
coating and blade coating belong to the meniscus coating
model, sharing fundamental process parameters. However,
due to the slot-die mode, the precursor flow rate, or the
injection rate, becomes an additional influential parameter in
slot-die coating. Its matching with the motion speed of the slot-
die is a key approach to addressing film formation defects. It is
worth noting that it is a double-edged sword as it provides a
more sustained solution supply, but the liquid reservoir in the
slot-die introduces complex and unpredictable fluid changes in
the meniscus. In this regard, Ding et al'®® systematically
discussed the causes of defects in slot-die processes. They
identified five defect formation mechanisms. Firstly, a too low
solvent injection flow rate affects the minimum wet film thick-
ness, leading to the rupture of the receding meniscus and the
formation of an incomplete film (Fig. 8c). Additionally, imbal-
ances in dynamic wetting, such as interruptions during the

3928 | Energy Environ. Sci., 2025, 18, 3917-3954

coating process, result in film discontinuity. The introduction of
bubbles during liquid reservoir injection creates bubble-related
voids within the wet film and uncoated areas of the substrate.
Exceeding speed limitations causes ink to gradually accumulate
on the coating head and leads to loss of pre-measured and
expected film thickness. Lastly, the mismatch of vacuum pressure
results in the appearance of ribbings (Fig. 8d and e). These four
defects are all caused by variations in the advancing meniscus.”
In addition, they designed a different coating head to try to widen
the machining window and eliminate defects caused by meniscus
variations. In 2021, Zimmermann et al.'°® explored a two-step
sequential deposition process to achieve precise control over the
porosity of lead-based intermediates for optimal perovskite con-
version efficiency. They successfully obtained a uniform perovs-
kite layer with an area of 5 x 10 cm®. Furthermore, they achieved
an efficiency of 15.2% on an effective area of 12 cm?.

Similar to blade coating, slot-die coating also lacks the
crystallization driving force inherent in traditional spin coat-
ing. Therefore, additional quenching assistance is necessary."®”
The volatility rate of the solvent is crucial for the quality of
perovskite thin films. Rapid solvent evaporation may result in
defects in the film, such as pinholes or cracks, while slow

This journal is © The Royal Society of Chemistry 2025
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solvent evaporation can lead to incomplete crystallization of the
film, affecting device performance. The crystallization assistance
process following film coating is discussed in detail in Section 3.1.5
including methods such as air-knife and fast-vacuum-assisted flash
evaporation. Furthermore, the unique structural characteristics of
slot-die coating allow for more intriguing approaches to crystal-
lization assistance, such as utilizing the synergistic heating of the
slot-die head and substrate to facilitate crystallization (Fig. 8f). This
method effectively suppresses the coffee-ring effect and enhances
crystallization quality. A temperature-adjustable slot-die head was
designed by Seo et al'®™ under the heating condition of 75 °C,
together with the substrate environment of 150 °C (Fig. 8g), they
used a one-step method to prepare PSCs with a PCE of 17.05%,
which is an improvement of more than 15% compared to the
control. However, it is important to note that when the temperature
of the slot-die head exceeds 80 °C, solute precipitation at the outlet
can obstruct the precursor flow in the ink reservoir. Their findings
demonstrate that this strategy significantly enhances the controll-
ability of nucleation. A more appropriate nucleation rate reduction
provides sufficient time for the formation of larger grains. Notably,
in the absence of hot substrate assistance, merely adjusting the
temperature of the hot-head resulted in a significant performance
degradation with increasing temperature (Fig. 8h). This is attributed
to the negative temperature gradient from the outlet to the sub-
strate, which reduces solvent evaporation and consequently
diminishes the crystallization driving force.'® Despite the superior
scalability of slot-die coating due to its continuous liquid supply
design, the fine delivery tubes and complex feeding structures of
this method increase the difficulty of equipment cleaning and
maintenance. Additionally, the significant cost of consumables
associated with daily laboratory use is also a noteworthy concern.
3.1.5 Assist process for meniscus coating crystallization.
The volatility characteristics of perovskite precursors are
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contingent upon solvent selection, and the efficient evapora-
tion of solvents plays a crucial role in achieving high-quality
crystallization in meniscus coating. On the scale of small cells,
the anti-solvent-assisted rapid extraction approach has been
extensively investigated.'® However, in the ideal R2R produc-
tion scenario, the significant anti-solvent usage introduces
additional processing costs. During the early stages of module
research, the concept of anti-solvent baths was proposed, but
the purification of the anti-solvent under continuous contam-
ination proved to be a challenging issue.'® Hence, in large-scale
PSMs fabrications, to enhance the crystallinity to an exceptional
level in more effective and efficient ways, researchers have
adopted advanced techniques such as air-knife-assisted, heat-
assisted, and vacuum-assisted methodologies.

Among these options, the air-knife-assisted process has
emerged as one of the most extensively employed techniques
for accelerating solvent evaporation, primarily due to its instan-
taneous switching capability and exceptional control (Fig. 9a).
Typically, inert gases such as nitrogen and argon are commonly
employed in this process. The pioneer is the work by Huang
et al.™" in 2014 introduced the utilization of gas-assisted crystal-
lization on perovskite films. The fundamental principle under-
lying this strategy involves the direct removal of surplus solvents
through the introduction of enhanced airflow, leveraging gas
diffusion mechanisms."">'** The net mass flow rate j, governs
the evaporation process and can be determined using the follow-

ing equation:
1
() (L2
~ \2nR VT \/TE

where M is the molar mass, P and P, are the saturated vapour
pressure and the partial pressure of the evaporated gas phase.

(12)
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(a) Schematic illustrations of air-knife assist, (b) vacuum assist and (c) in situ heat assist modes. (d) Schematics of main, side and top views of

uneven evaporation during blade coating. (e) Schematic diagrams of the flow tracks of the Marangoni and capillary convective flows under meniscus

coating process.!**
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T and T, are the solution and gas temperatures, whose the
difference is usually minimal. Consequently, the air-knife brings
about rapid airflow, which reduces P, and consequently leads to
an increase in solvent diffusion flux. Besides, changes in the
position of the air knife can alter the level of diffusion of solvent
molecules, depending on the concentration gradient d given by:

_9C _AP

d oh~ h

(13)
where C is the gas concentration, AP is the pressure difference
between solvent and environment and % represents the distance
of air-knife to the wet perovskite film. These relationships
demonstrated the closer the distance, the higher the diffusion
flux. Gao et al."*? systematically discussed these core parameters
of the air knife and summarised and reported a multi-flow air
knife (MAK) air-knife assist mode in which a wind circulation
system with slots was constructed inside the air-knife to clean up
saturated DMF evaporated during the proceeding. They found
that narrowing the gap can promote the diffusion of solvent
molecules, while the composite airflow can reduce the wavy
coffee rings formed by unidirectional wind action and effectively
improve the film-forming quality. Eventually, a 300 L min™" flow
rate and 1 mm gap were adapted to obtain a compact MAPbI;
film. The current certificated-record for the highest PSMs was
also achieved with N, knife assistance from blade coating.
Besides, vacuum assistance is also a fast and proficient solvent
removal solution (Fig. 9b). By rapidly evacuating the chamber to a
negative pressure state, the solvent can be quickly evaporated and
dried within seconds. Guo et al."*>"* first introduced this tech-
nique in the meniscus process in 2019 and analyzed the reasons
for the improvement in the filling factor from the perspective of
crystallization kinetics control. In this flow, vacuum pumping rate
and duration are two important factors affecting nucleation and
crystallization, and their relationship is as follows:

P = Pyexp(—oat) + Plimit (14)

where P, P, and Py, present the chamber pressure, the standard
vapor pressure and the limit vacuum value respectively. « is the
pumping rate constant and ¢ is the pumping time. Xiao et al.'"
quantitatively analyzed the relationship between vacuum level and
the crystallization and growth of wet perovskite films in blade
coating process. They found that a faster pumping rate, at the same
duration, greatly facilitated the formation of intermediates, which
aided in the nucleation of crystals. Additionally, solvents with high
coordination energy, such as N-methyl-2-pyrrolidone (NMP), posed a
hindrance to pumping, leading to the formation of complex solva-
tion intermediates and inducing the formation of the &-phase. This
method has been proven to have extremely high feasibility, and
currently one of the highest-performing PSMs, with a certified PCE
of 23.28% on a 22.96 cm” aperture area, was achieved by Xu et al.""®
harnessing the vacuum-flash process. They employed the Lewis base
ligand solvent N-ethyl-2-pyrrolidone (NEP), which has a weak coor-
dination ability, as a substitute for NMP and DMSO to regulate the
formation of intermediates. Under the condition of a volume ratio
of 94:6 between DMF and NEP, they achieved champion perfor-
mance. They discovered that at this volume ratio, there was only a
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1-second difference in nucleation rate during the cell-to-module
scaling process, providing a surprisingly scalable solution.
Ultimately, during the scaling process from 0.08 c¢m® to
22.96 cm?, there was only approximately a 0.9% efficiency loss.
This highlighted the tremendous commercial prospects of
vacuum-assisted technology.

Another way of accelerating evaporation is the in situ heating
(Fig. 9c). Initially, determining the thermal processing window
is essential to achieve an equilibrium that prevents the excessive
capillary flow from transporting solutes to the interface, forming
coffee rings that disrupt homogeneity and morphology. In this
context, it becomes necessary to consider a new fluid mechanics
factor, the Marangoni effect (Fig. 9d and e).”®''* As the solvent
evaporates during the coating process, the formation of tem-
perature gradients causes the surface tension modification at
the contact phase. The hot environment intensifies to a reverse
Marangoni flow, offsetting capillary flow, to help mass transport
from the edges towards the solution center. Here, the Maran-
goni number Ma is used to represent a dimensionless quantity
that characterizes the relationship between surface tension and
viscous forces. The relationship is as follows:

ﬂATL

Ma = —
4 dT uo

(15)

where o is thermal diffusivity and L the height of the gap. Siegrist
et al.”” investigated the influence of substrate temperature on the
deposition of SnO, thin films by blade coating. Under a constant
speed of 30 mm s, they found that a temperature close to the
solvent boiling point (70 °C) was the proper window for balancing
capillary and Marangoni flows and forming a uniform film.
Eventually, they attained high homogeneity of functional layer
coating over a 5 cm X 5 cm area and obtained PSMs with up to
18.8% PCE. Furthermore, they discussed and demonstrated that
the tempering effect caused by the residence time of the solution
had a negligible impact. In addition, heat casting can often
shorten or even eliminate the post-annealing process, allowing
for high throughput rapid industrial production. Deng et al.,*
whom we mentioned in the previous section, introduced a very low
concentration of surfactant LP to modify the drying kinetics of the
liquid film in the blade coating. They also introduced in their
process that by adding a preheated substrate at 145 °C, they
enhanced the process of perovskite film formation.

In summary, the meniscus coating process and crystallization-
assisted techniques in terms of processing to aid in understanding
and obtaining more perfect crystal films have been developed.
Additionally, innovative material engineering approaches that
enhance performance through solvent and additive solutions in
subsequent discussions were explored.

3.2 Droplets-based fabrication process

Controlled contact-free droplet splatting is a viable solution for
large-area manufacturing in the fields of electronics, bioengineer-
ing and nanotechnology, etc. Disparate from the direct fluid
coating, this approach utilizes a nozzle to disperse droplets,
forming uniform functional films onto a substrate, thereby
enabling customizable and scalable fabrication techniques.

This journal is © The Royal Society of Chemistry 2025
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The outcome of this process is determined by the specifica-
tions of the nozzle (distance to substrate, speed, flow rate), the
ink (viscosity, surface tension), and the substrate (temperature,
wetting properties). From the perspective of theoretical physics
models of the process, it is summarized as droplet impact
dynamics (DID), within which, the factors mentioned above are
quantified using three evaluation criteria for printing adapt-
ability: Weber (We), Reynolds (Re), Ohnesorge (Oh) and Z. We
and Re determine the relative importance of inertial forces
compared to viscous effects and the ratio of inertial forces to
capillary forces, respectively. Oh and Z refer to the dimension-
less quantifications of the balance between viscous forces,
inertial forces, and capillary forces, and are used to determine
whether the ink can be sprayed stably. These can be expressed
using the following equations:
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VWe
Re (18)

Oh:%:,u/\/pU =
where U represents the impact velocity of the droplet, D
represents the characteristic length of the droplet. Researcher
found that the stable printable zone of DID is restricted
through these four ‘gates’ with 1 < Z < 10, We > 4 and
We'?Re* < 50 as illustrated in Fig. 10a.'*°

Spray coating and inkjet printing are the most promising
processing techniques in the field of PSMs that apply this
underlying physical model. In this chapter, these two techni-
ques will be discussed in detail.

3.2.1 Spray coating. Spray coating is a large-scale manu-
facturing method for PSMs by dispersing micro-sized droplets
onto a substrate with nozzles’ favor. It enables high throughput
and large-area processing, and area expansion can be achieved

2 . .
We — pUD (16) by adding nozzle arrays. Presently ETL, HTL, perovskite, and
Y even electrode coverage can be realized by the spray coating
process. The desired thin film is formed by the sequential
Re — pUD (17) processes of droplet formation, atomization, and droplet mer-
H ging to form a wet film and subsequent drying, resulting in the
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Fig. 10 (a) The processing parameter window for DID.?° Copyright 2023, Elsevier Ltd. (b) Schematic illustration of the spray coating and crystallization
mechanism.*?! (c) Schematic diagrams of pressure-assisted spray,'?? (Copyright 2012, Elsevier B.V.) (d) sonication-assisted spray*?* (Copyright 2023,

Wiley-VCH GmbH) and (e) electrospray coating.'?* (Copyright 2023, Wiley-VC
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spray coating.}?® (g) Schematics of CIJ and DOD inkjet printing methods.**® Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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uniform coverage and crystallization of the perovskite films
(Fig. 10b). External aids are required during the process of
atomizing the solution into droplets, which leads to three branch-
ing approaches: pressure-assisted spray, sonication-assisted spray,
and electrospray. Regarding pressure-assisted spray (Fig. 10c), ink
is fragmented into small droplets using high-speed airflow, which
are then deposited onto the substrate under the influence of the
airflow through the nozzle. Kang et al.'*® successfully prepared
PSMs with 15.8% PCE on a 13 c¢cm’ area by incorporating
propylene carbonate (PC) into the precursor. The addition of PC
facilitated the formation of porous and highly oriented porous
Pbl, films, effectively mitigating film defects. Sonication-assisted
spray utilizes ultrasonic atomization to refine the precursor ink of
perovskite into extremely fine droplets, which are subsequently
deposited onto the substrate through a nozzle (Fig. 10d). Im
et al'® fabricated CsPbI,Br/CsPbl; ,Br, gradient perovskite
structures with sonication-assisted spray. By broadening the
absorption range, they achieved a significant enhancement in
PCE of nearly 30% to 13.82% on a 112 cm” PSM. Furthermore, the
PSM demonstrated only a 9% performance degradation after a
1000-hour light soaking test. Electrospray employs electrostatic
repulsion to drive the droplets towards the substrate for deposi-
tion. Indeed, there have been few reported studies on the
electrospray-fabricated modules (Fig. 10e). However, significant
progress has been made in terms of the perovskite films optimi-
zation. Chen et al'** proposed an approach to mitigate the
composite X-site perovskite recipes’ severe photoinduced phase
segregation by utilizing the coulomb fission and electric polariza-
tion effects in electrospray. They achieved a champion PCE of
20.77% in large-area (1 cm?®) cells based on Csg;FAq74sMAg o5
Pb(Iy.05_Br,Clyos); perovskite with a wide bandgap of 1.68 eV.
The size and uniformity of the droplets are crucial for achieving a
perfect-morphology coating and are influenced by factors such as
the fluidic properties of the coating solution (viscosity and surface
tension determined by precursors concentration), nozzle type,
substrate temperature, spray distance and spray velocity etc.
Deferme et al'*® employed the one factor at a time (OFAT)
methodology to systematically investigate the variables involved
in the gas quenching process during solution drying. Their study
revealed that a crucial factor in enhancing the quality of the thin
film was the combination of high gas pressure and a short
quenching distance. To sum up, spray coating demonstrates
favorable cost-effectiveness and reduced material waste compared
to alternative techniques. However, its limited control over
solution uniformity leads to non-uniform film thickness, distin-
guishing it from approaches such as blade coating and slot-die.
This non-uniformity can exacerbate interface defects and ion
migration, ultimately affecting the performance of PSMs. Unlike
the predictable radial force-induced circular uniformity variations
in spin coating, the non-uniformity in spray coating is often
irregular, which also poses barriers for small lab-scale trials.
3.2.2 Inkjet printing. Drawing inspiration from the
remarkable achievements of office printers, inkjet printing
has been explored in electronic device manufacturing fields
in recent years."””'*® In PSMs, Yang et al.'*® demonstrated the
first use of a perovskite precursor MAPbI; as an ink for PSCs

3932 | Energy Environ. Sci., 2025, 18, 3917-3954

View Article Online

Energy & Environmental Science

inkjet printing, resulting in 11.60% PCE. Similar to spray coat-
ing, it involves the use of a nozzle to release droplets and create
patterns. However, what makes inkjet printing unique is its
brilliant precision, which enables exceptional flexibility and
control in terms of printing thickness, area, and patterns.'*”
Continuous inkjet (CIJ) and drop-on-demand (DOD) are the
primary techniques employed in inkjet printing (Fig. 10g). CIJ
operates by continuously generating droplets and deflecting
them toward the desired pattern direction using an applied
external electric field. The extra ink is recollected to a gutter.
In contrast, DOD straightly prints droplets onto the designated
pattern location with higher accuracy and smaller droplet size,
which is considered more competitive. Furthermore, DOD can
be categorized into thermal and piezoelectric inkjet modes,
depending on the type of stress pulse employed. Chalkias
et al."° utilized a piezoelectric-assisted inkjet printing process,
achieving 10.07% PCE on a 52.4 cm’ effective area PSM. They
introduced a green, fast-volatile solvent, gamma-valerolactone
(GVL), to minimize solvent-solute coordination complexes. This
facilitated a fast and efficient crystallization film formation
process without requiring annealing.

In addition to the light-absorbing layer, Schackmar et a
developed all-functional-layer inkjet-printed PSCs using a full-
functional layer. They conducted a step-by-step optimization of
inks such as NiO,, phenyl-C61-butyric acid methyl ester
(PCs;BM), and BCP, as well as the specifications for nozzles
and the substrate interface. The resulting PSCs achieved PCE of
17.2% and 12.3% for devices with areas of 0.11 cm” and 1 cm?
respectively. Wei et al.’** investigated the feasibility of utilizing
the passivating agent 2-adamantylamine hydrochloride (2-
ADAHCI) through inkjet printing. By controlling the deposition
surface density at 2.5 ug cm™ 2, they achieved a remarkable PCE
of 24.57% in their PSC devices. Gao et al.">* have achieved large-
area MAPDI; perovskite solar cells based on full inkjet printing.
They utilized PEN as the inkjet printing substrate and, following
vapor annealing in ethyl acetate, obtained a dense and uniform
morphology perovskite film over a sizable area of 120 cm” with
16.78% milestone PCE.

The relatively slow processing speed of inkjet printing,
compared to other large-area techniques, can be attributed to
the smaller size of the nozzle. This may explain the limited
number of published results regarding the successful applica-
tion of inkjet printing in large-area PSMs research. Moreover,
achieving synchronized crystallization at different positions
during the printing process is a significant challenge, given
the critical importance of timing for perovskite precursors. This
complex crystallization kinetics problem greatly impacts the
uniformity of the resulting films. Along with the high demand
of the DID process on the quality of inks, the development of
inks is an extremely important topic.

l 131

3.3 Contact pattern printing process

3.3.1 Screen printing. Screen printing is a versatile techni-
que that uses a mesh screen to transfer patterns onto a
substrate. It is a dominant process in both silicon solar cells
and DSSCs. In perovskite photovoltaic system, it has become an
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ideal choice for R2R production due to its excellent compat-
ibility with perovskite precursors, substrates glass, PET, PEN,
TiO,, NiO,, SnO,, and carbon electrodes."****® Initially, the
precursor ink is poured into the printing mesh. Subsequently,
under the compulsion snap-off of the doctor blade, the ink
permeates the screen and is transferred onto the substrate.
Ultimately, as the droplet disengages from the screen, a liquid
bridge is formed and propelled by surface tension, it undergoes
flattening to yield a thin film as shown in Fig. 11a. The whole
process is a convoluted dynamic process which can be attrib-
uted to the Hagen-Poiseuille fluid model**”"*® which presents
the relationship between the volume flow rate Q and ink
viscosity u as in the following equation:

nD* A
¢= {128 }_p
u| L

(19)

where Ap is the printing process pressure drop, D and L are the
diameter and length of the mesh channel. Ku et al.* first reported
the utilization of screen printing technology in PSCs, achieving a
PCE of 6.6%. Chen et al'®® developed a solvent engineering
approach utilizing high-viscosity methylammonium acetate
(MAAc) to modulate the perovskite precursor ink, achieving an
astonishingly high ink utilization rate close to 100%. Additionally,
they summarized the process trends from 0.25 cm* to 25 cm®
substrates for achieving cell-to-module fabrication at various sizes
and achieved the champion PCE of 11.80% and 20.52% on a
16.37 cm” minimodule and PSCs respectively through precursors
ink screen printing. On this basis the boundaries of solvent
engineering have been renewed and expanded, in 2023, their
another work'*’ illustrated the introduction of the strong ligand
solvent methylamine propionate (MAPa) at 25% v/v to MAAc,
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forming a Pb>* anchorable co-solvent system. Along with this
approach, they break the all-screen printing record, pulling the
PCE of PSCs up to almost 17%. The mechanism of ink separation
between the mesh and the substrate during the screen printing
process is crucial for producing defect-free, smooth, and high-
performance continuous printed films. Potts et al. employed an
image-assisted screen-printing visualization (SPV) technique and
demonstrated the lowest printing defects when adjusting the
viscosity of the TiO, ETL ink to a 1:0.75 paste to dilutant ratio.
Their study achieved an efficiency close to 9.9% on PSMs with an
area of 224 cm®,

Overall, the excellent compatibility of screen printing
enables the realization of large-area printing for the full func-
tional layer of PSMs. Currently, it exhibits outstanding perfor-
mance in processing high-viscosity inks within mesoporous
carbon electrode device structures. Notably, in scalable produc-
tion, how to clean the mesh poses a complex and costly issue
compared to other processes.

3.3.2 Flexographic printing. Flexographic printing (relief
printing) is a mature R2R manufacturing method in the printing
industry. It involves the stable transfer of ink onto a ceramic anilox
roller from a flexographic plate roller. The surface of the ceramic
anilox roller contains tiny cavities that collect the ink and further
transfer it to the raised areas on the printing plate cylinder. Finally,
the ink is transferred onto the substrate as illustrated in Fig. 11b.

Flexographic printing technology is widely used to produce
transparent electrodes and interface layers in polymer and
organic solar cells."**™* It is considered to have great potential
in customized flexible PSMs. However, currently, there is limited
research and most of it focuses on non-absorb ink development,
such as Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

Patterned
Flexo Plate

~———Doctor blade

Ink bath

Fig. 11 (a) Schematic diagram of screen printing: transfer of ink from the screen to the substrate.**® Copyright 2022, Springer Nature. (b) Schematic
diagram of flexographic printing process. (c) Viscosity of perovskite ink (black line) and thickness of deposited perovskite film (blue line) as a function of
lead concentration in the perovskite precursor. (d) Precise graphic printing by flexographic.*** Copyright 2023, Wiley-VCH GmbH. (e) Schematic diagram

of gravure printing process.}*2 Copyright 2015, Elsevier Ltd.
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(PEDOT:PSS),"*® NiO,,"* etc. Thus far, the team of Scheideler and
Huddy is the only one that has published their exploration of the
flexographic process for perovskite ink (Fig. 11c and d).*** They
successfully prepared MA, ¢FA( 4Pbl; films with controlled thick-
nesses ranging from 100-500 nm under N,-assisted conditions.
Also, their precise edge control resolved the challenge of uneven
edges in the P2 scribing process. Ultimately, they achieved large-
scale manufacturing on a 140 cm® substrate and realized a
champion PCE of 20.4% on a 0.134 cm? PSC. Unfortunately, they
did not continue the exploration of PSMs, but they have already
paved a significant milestone in this area.

3.3.3 Gravure printing. Gravure printing is a sophisticated
printing method that involves creating recessed patterns, filling
them with ink, and transferring the inked pattern in a cyclical
printing process onto a substrate as shown in Fig. 11e. How-
ever, gravure printing is not ideal for printing on mechanically
sensitive rigid substrates, which limits its applications. The
shape and thickness of the printed pattern depend on the depth
of the recessed pattern and the working speed of the gravure
cylinder. The printing speed of gravure printing machines can
exceed 18 m min~", but the optimal process parameters vary
depending on the ink being used."*® The initial development of
gravure printing in the electronic device field was practiced on
organic photovoltaics (OPVs), Light-emitting diodes (LEDs),
photodetectors, etc.'**™'** As for the PSMs segment, it is still
at the beginning stage. In 2019, the initially published gravure
printing in flexible perovskite photovoltaic devices was raised
by Kim and colleagues.'>* They figured out the printing condi-
tions for fully functional layers and obtained a PCE of 17.2% on
small-area flexible PSCs (F-PSCs), and they confirmed the
feasibility of the R2R process. Later on, this research team
utilized a tert-butyl alcohol (tBuOH) and ethyl acetate (EA) co-
solvent bathing approach to improve the crystal morphology of
(FAPDI;)).95(MAPDbBr3)005. This led to a remarkable achieve-
ment of a new PCE record of 19.1% for gravure-printed
F-PSCs.''° Regrettably, they did not continue with the manu-
facturing of modules based on this technique. Furthermore, it
seems that there have been no significant further advance-
ments in the research related to this particular approach, with
Kim and his colleagues being the primary contributors to the
progress made thus far.

3.4 Solvent-free fabrication techniques

The solvent-free processing technique is an environmentally
friendly method for manufacturing PSMs. In comparison to
the traditional solvent-based process, it completely has no or
minimal use of organic solvents. This method reduces the
negative environmental impact by minimizing the emission of
volatile organic compounds, thereby mitigating potential risks to
air quality and human health. In general, solvent-free vapor
deposition is an environmentally friendly large-area coating
strategy that offers excellent reproducibility. It also allows for
flexible control of patterns through the use of masks. Addition-
ally, it enables the production of high-quality crystalline films
with uniform and controllable thickness. Unfortunately, the
energy consumption and equipment costs associated with
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high-vacuum and high-temperature environments are unavoidable
drawbacks. However, despite these limitations, vapor deposition
remains a highly promising and competitive large-area coating
strategy with significant potential.

3.4.1 Chemical vapor deposition. CVD technology plays a
crucial role in PSMs for the preparation of high-quality func-
tional thin films, such as ETL and perovskite, to enhance the
performance and stability of solar cells. At high temperatures,
the reactant gases undergo chemical reactions to produce
reactive species, which adsorb and react on the substrate sur-
face, forming uniform and dense film structures. Due to the
relatively low vacuum requirements of CVD, it is possible to
simultaneously reduce costs and shield against external stimuli
during the fabrication process.'>® In 2014, Leyden et al.">® were
the first to utilize hybrid-CVD to produce PSCs with a PCE of
11.8% that remained stable in a nitrogen environment for 1100
hours by evaporating MAI powder in dual-temperature furnace
(Fig. 12a). In the CVD process, precise control of parameters
such as the composition, temperature, and pressure of the
reactant gases enables accurate manipulation of the thin film
growth process. Shen et al.'®” attempted low-pressure hybrid
chemical vapor deposition, revealing the influence of working
pressure and reaction time on the deposition of perovskite.
They achieved a PCE of 6.22% on a 8.4 cm® PSMs active area at a
working pressure of 1 Torr. Remarkably, by coordinating pre-
cursor material quantities through calculations, they increased
material utilization to 50% under these conditions. Since then,
Qi’s group®® has continued to research in this field, committed
to scale-up, and used hybrid-CVD to tightly and evenly incorpo-
rate Cs into FA-based perovskite films. With the help of this A-
site cation doping strategy (Fig. 12b), PSMs with good stability
were prepared. For the first time, a PCE of nearly 10% was
achieved on an area of 10 x 10 cm>. In this process, they also
found that the vacuum process of CVD has a universally
harmful effect on the hole-blocking. As a result, the dual-ETL
interface was designed and the interfacial carrier flow was
successfully improved.

3.4.2 Physical vapor deposition. At the same time, PVD
illustrates a promising potential in the production of functional
layers with high quality and various functionalities in the PSMs
industry. The resulting thin films exhibit excellent chemical
stability and mechanical properties, making them desirable for
PSM applications. In the PVD process, the reaction chamber is
first evacuated to a high vacuum state, and then the solid-state
material is transformed into a vapor phase using a heat source.
Subsequently, the vapor-phase material deposits onto the sub-
strate surface, forming a layer of dense and uniform thin film.
Among the various methods used in PVD, evaporation and
sputtering are the most commonly employed techniques for
producing dense thin films. Yi et al'®® discovered that an
increased abundance of chlorine in the precursor leads to
improved surface smoothness and more uniform and rational
crystallization in perovskite films through PVD (Fig. 12d). They
achieved an efficiency of 19.87% on a 14.4 cm> minimodule. In
addition to precursor engineering, the implementation of a
multi-source co-evaporation strategy has emerged as a viable

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 (a) Schematic diagram of the HCVD furnace and MAI deposition onto metal halide seeded substrates.'>® (b) Hybrids-CVD of the FAI organic
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Springer Nature Limited. (f) PCE has been enhanced to 18.13% on a 21 cm? platform with co-evaporation.’®* Copyright 2020, Elsevier Inc.

and sophisticated approach. The pioneering work by the Snaith
group'®® showcased the successful utilization of the co-evaporation
technique, yielding a commendable PCE of 15.4% on a minimo-
dule scale with great crystallization morphology (Fig. 12¢). Building
upon this achievement, the research conducted by the Bruno
team'®" unveiled impressive advancements, achieving a record-
breaking efficiency of 18.13% on a larger 21 cm” platform (Fig. 12f)
through the incorporation of interface modifications using MAI
and potassium acetate (KAc). Furthermore, their endeavors
extended beyond conventional perovskite materials to explore
the fabrication of ST-PSMs, showcasing a noteworthy efficiency
of 11.2%. These remarkable strides not only contribute to the
progress of photovoltaics but also hold significant potential for
fostering the advancement of BIPV. There are also techniques that
combine the advantages of both methods to prepare high-
performance perovskite films. Lu et al'®® proposed a two-step
recrystallization strategy, which involves the application of PVD to
prepare CsBr/Pbl, films, followed by the deposition of an FAI/FACI
liquid film with a molar ratio of 2 : 1 using CVD. This hybrid vapor
deposition approach induced the formation of PbL,-DMSO inter-
mediate phases at grain boundaries. Through recrystallization, a
dense and low-defect Cs,FA,_,PbI;_,Br, light-absorbing layer is
formed. This approach achieved a champion PCE of 19.9% on
PSMs with an area of 10 cm®. More recently, Zhou et al.,'*® as the

This journal is © The Royal Society of Chemistry 2025

holders of the efficiency record, fabricated high-quality FAPbI; thin
films by combining a dual-source two-step co-evaporation method
(Fig. 12c), achieving a record-breaking certified efficiency of
26.21% on small-area devices and a PCE of 21.45% on a mini-
module with an area of 14.4 cm®.

Through the comparison of the deposition processes of various
large-area PSMs, we have summarized the differences between
different techniques in Table 2 to aid in understanding the
distinctions among them. Spin-coating consistently leads with
the highest efficiency records; however, concerning scalability, a
majority of high efficiency PSMs are generated through meniscus-
based technologies and PVD. Despite their ability to provide high-
quality thin films, CVD and PVD processes are constrained in high-
throughput manufacturing due to their demanding processing
environments and slower deposition rates. Droplets-based and
pattern-based methods exhibit relatively lower efficiencies but
possess the advantage of patterned manufacturing, suitable for
specific application scenarios. Techniques such as flexographic
and gravure printing have yet to witness successful PSM attempts,
leaving room for further research in the future. Overall, we believe
that blade coating and slot-die coating strike a balance between
manufacturing efficiency and device performance, serving as
robust tools for the industrialization of large-scale PSMs. Future
process selections should weigh efficiency, material utilization,
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Table 2 The comparison of parameters in mainstream large-scale PSMs production processes

Perovskite deposition Materials PCE records PCE records
methods Process type consumption Cycle time Environment requirement of PSCs (%) of PSMs (%)
Spin coating Centrifugal High Medium Glove box 26.7% 22.96'%
Blade coating Meniscus-based Low Fast Ambient, low humidity 25.31'% 23.3%¢
Slot-die coating Meniscus-based Low Fast Ambient, low humidity 24.1'6° 21.9'¢°
Spray coating Droplets-based Low Fast Ambient, low humidity 22.43'°° 18.0'%°
Inkjet printing Droplets-based Low Fast Ambient, low humidity 18.26'7 16.78'%
Screen printing Pattern-based Low Fast Ambient, low humidity 20.52138 18.12138
Flexographic printing Pattern-based Medium Fast Ambient, low humidity 204" Undisclosed
Gravure printing Pattern-based Medium Fast Ambient, low humidity 19.1'1° Undisclosed
CVD Evaporation High Slow Controlled gas environment 21.98'¢® 16.16'°®
PVD Evaporation High Slow Vacuum 26.21"%% 21.45"8

process speed, and environmental adaptability to drive the com-
mercial application of PSMs.

4. Large-scale deposition of other
layers

Apart from the perovskite light-absorbing layer, the deposition
of other functional layers (such as the HTL, ETL, and back
electrode) exerts a significant influence on both device perfor-
mance and stability. Similar to the perovskite layer, the fabrica-
tion of these functional layers can be broadly classified into
solution-based and vapor-phase techniques. The selection of an
appropriate deposition method depends on factors such as
material solubility, dispersibility, and the stringent quality
requirements for thin-film uniformity and functionality.

4.1 Solution-based techniques

Due to its cost-effectiveness and procedural simplicity, solution
deposition is widely employed for the deposition of soluble or
dispersible materials. Solution deposition is suitable for the
deposition of soluble or dispersible materials. Spray coating and
chemical bath deposition are commonly utilized for depositing
metal nanoparticles. Chang et al.'® utilized a spray coating process
to deposit ZnTiO; ETLs on FTO, producing a minimodule with a
PCE of 20.27%. Bi and colleagues®® achieved a PCE of 15.6% by
spray-coating NiO, on a 36 cm” area. Chen et al.’”° also employed
spray coating to deposit a novel HTL Ni,Mg, _,LiO, enabling high-
speed charge carrier extraction while preventing pinholes on a
large scale. Furthermore, the meniscus coating technique is
suitable for the deposition of high solubility transport layers.
Huang’s research group®'”'”? has successfully employed the
blade-coating deposition technology for poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)Jamine] (PTAA), demonstrating impressive stability
and PCE in modules using a 2.2 mg mL ™' PTAA solution within a
150 pum coating gap. Wang et al'’”® deposited the new hole
transport material poly-DBPP self-assembled monolayer (SAM)
via blade coating at a coating speed of 20 mm s ' and a 200 um
coating gap. This approach yielded one of the most outstanding
PCE of 25.1% in PSCs and achieved a high PCE of 22% on PSMs.

Research indicates that the cost of metal electrodes accounts
for over 40%"7* of the total cost of perovskite PV devices. In the
PSC industry striving for low-cost production to replace silicon-
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based cells, Carbon materials exhibit good stability, inertness
to ion migration, and inherent waterproof properties, making
them a promising alternative material to address the high-cost
issue. Carbon paste, a back electrode material known for its
carrier selectivity, is typically deposited using solution methods
such as blade coating, screen printing.'”>'”® After calibrating
the multilayer functional level for level matching, Yang et al.'”’
achieved high-performance PSMs with a PCE of 15.3% based on
MA, oGa, 1Pbl; using a blade-coated low-temperature carbon
electrode. Xu et al.'’® utilized high-temperature screen printing
deposition for all functional layers except the perovskite layer
and electrodes, achieving an impressive PCE of 12.87% on an
active area of 60.08 cm® While devices based on carbon
electrodes lag behind those using metal electrodes due to
moderate hole extraction capabilities, energy mismatches,
and limited lateral conductivity, they hold significant potential
for the complete R2R manufacturing of perovskite devices.
Furthermore, substituting carbon for metal electrodes will
reduce the use of rare contact metals, thereby lowering costs.
However, solution methods may face challenges in ensuring
adequate uniformity and precision for ultra-thin films with
thickness requirements as low as a few nanometers.

4.2 Vapor-phase techniques

For insoluble organic compounds and inorganic oxides that
require high thickness accuracy, vapor-phase deposition meth-
ods are more suitable. Vapor-phase deposition techniques
include sputtering, PVD, CVD, atomic layer deposition (ALD).
These methods allow materials to be deposited in gaseous form
onto substrates in vacuum or specific gas atmospheres, offering
advantages such as high precision, uniformity, and controll-
ability. PVD deposition of metal electrodes, ETL Cg,, buffer layer
BCP, etc.,**17*1797181 hag been widely reported and is a mature
technology. However, other techniques are still being explored
in this field. Xu et al.''® employed radiofrequency sputtering at
room temperature in a pure Ar, atmosphere to deposit a 10 nm
thin nickel oxide layer. Through the collaborative blade-coating
of perovskite deposition, they successfully obtained the second
highest PCE ranking currently certified PCE 23.28% on a 22.96
cm® minimodule. Lan et al'®® achieved notable results by
depositing a 15 nm SnO, buffer layer using ALD, enhancing
charge extraction and reducing interface recombination. They
obtained a respectable efficiency of 17.30% on a relatively large

This journal is © The Royal Society of Chemistry 2025
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900 cm® module. Broadly speaking, the utilization of vapor-
phase processes in large-area modules is widespread, however,
due to the vacuum environment required, the production speed
in large-scale industrial production lines is slower compared to
solution-based methods. Moreover, participation in ideal R2R
continuous production processes poses significant challenges.

5. State-of-the-art PSMs improvement
strategies

To further enhance the performance and explore prospects the
of PSMs, researchers incessantly investigate novel strategies for
improvement. This chapter primarily focuses on the latest
enhancement approaches, including additive engineering, sol-
vent engineering, and interface modification, to optimize the
performance of PSMs. By synergistically employing these
cutting-edge strategies, the overall performance and stability
of PSMs can be significantly enhanced, thus providing robust
support for the widespread application and adoption of sus-
tainable energy solutions.

5.1 Solvent engineering

The pioneering work by Snaith et al.'® in 2012 revealed the use
of DMF as a solvent for perovskite precursors, and Conings
et al'® then demonstrated that the addition of DMSO can
further enhance the solubility of perovskite. Hence, this dis-
covery laid the foundation for the classical DMF/DMSO mixed
precursors solvent system. With gamma-butyrolactone (GBL),
NMP they are recognized to be the most effective solvent
options.'®>'¥® These high-boiling polar solvents can be effec-
tively eliminated through the centrifugal force exerted during
spin-coating techniques. However, in the aforementioned pre-
valent pathways for large-scale PSMs production, as indicated by
our fluid analysis, the drying process of the solvents becomes
considerably more arduous, leading to defect-ridden perovskite
films. Consequently, there is an urgent demand for solvents
possessing high evaporation flux, which can alleviate this issue
and enhance the quality of the films.

Notably, 2-methoxyethanol (2-ME) is considered an effective
primary solvent due to its low boiling point (124 °C) and high
vapor pressure (6 Tor). It has been proven to assist in the
crystallization and shaping processes in meniscus coating.”""'®
The feasibility of post-treatment-free 2-ME was first used and
demonstrated by Hendriks et al.'® ACN has a great potential to
optimize the rapid formation of high quality perovskite films
without external forces due to its extremely high evaporation flux.
Deng et al.'® employed a solvent mixture strategy by combining
the nonvolatile, coordinating solvents (NVCS) DMSO with two
volatile, noncoordinating solvents (VNCS) ACN and 2-ME ina 3:2
volume ratio. As the proportion of ACN increased, the processing
speed was found to grow within the window of 40-99 mm s~ *. At
the same time, the grains become larger with the help of DMSO
(Fig. 13b). Based on this solvent strategy, they achieved an NREL-
certified efficiency of 16.4% on an aperture area of 63.7 cm” and
kept a high stability for over 1000 hours of maximum power point
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(MPP) testing (Fig. 13c). In the absence of Lewis base solvent
additives, the rapid crystallization of the 2-ME/ACN combination
leads to severe crystal defects. However, through experimentation,
it has been found that the addition of 20% DMSO effectively
regulates and delays the crystallization process, thereby assisting in
improving the grain size and crystallinity. Similarly, other Lewis
base solvents have shown similar effects.'®>**° Chung et al'**
discovered that incorporating the Lewis base solvent 1,3-dimethyl-
imidazolidinone (DMI) into 2-ME enhances the nucleation rate of
the stable FAI-PbI, coordination complex intermediate phase. This
successful inhibition of &-phase perovskite formation contrasts
with the traditional addition of DMSO. By carefully adjusting the
proportions, they found that the optimal crystal formation was
achieved with a volume ratio of 925:75 for 2-ME and DMI,
respectively (Fig. 13d and e). Overall, they achieved an impressive
PCE of 20.8% on a larger substrate exceeding 100 cm? with an
effective area of 81 cm”, using gas-quenched blade coating. Abate
et al."® developed a DMSO/2-ME/ACN binary and ternary solvent
system suitable for slot-die coating in wide-bandgap inorganic
CsPbl, ;,Br, ,3 perovskite with Lewis base as the primary solvent.
By utilizing dynamic light scattering, they discovered that the
optimal dispersion of colloidal particles and the resulting
improved crystalline surface, leading to enhanced charge transport
and an impressive PCE of 19.05%, can be achieved at a DMSO to
ACN ratio of 0.8: 0.2. However, the ternary solvent system exhibited
severe surface pinholes. Electrochemical impedance spectroscopy
(EIS) revealed a tenfold reduction in composite resistance, from
over 2000 to 177.40 Q. Furthermore, in their attempts on large-area
substrates of 100 cm?, they achieved a PCE of 8.07%. ACN also
serves as a primary solvent. Yuan et al'®® have developed a
precursor ink strategy with high-evaporative ACN as the primary
component and DMSO/DMF as auxiliary additives. This innovative
approach effectively suppresses the formation of the coffee ring
phenomenon. The low-coordination solvent environment provided
by ACN reduces the phase transition barrier of 3-FAPbI; from
—4.2 eV to —4.6 eV. Additionally, it mitigates the defect collapse
caused by non-evaporative DMSO at the buried interface, thereby
significantly enhancing stability. Remarkably, this strategy enables
an exceptionally wide blade coating processing window ranging
from 5 to 180 mm s~ ', realizing a 15.64 cm”> minimodule with an
outstanding PCE of 21.9%.

5.2 Additive engineering

Additive engineering is a widely used and practical approach
for enhancing the performance of PSMs. Some organic mole-
cules can induce better perovskite crystallization. Jiang et al.***
conducted a study on a series of carbonyl additives with large n-
electron conjugated structures, and observed a positive correla-
tion between dipole moment polarization and the defect-
constraining ability of perovskite as shown in Fig. 14a. Among
them, 4-(N,N-diphenylamino) benzaldehyde (DLBA) stood out
with a high dipolarity of 5.88 D. Additionally, DLBA was found
to be capable of modifying the surface hydrophobicity of
perovskite, thereby reducing the interfacial potential barrier
caused by polarity differences. This successful adjustment
resulted in lower charge recombination, as evidenced by EIS
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Fig. 13 (a) Vapor pressure and donor number (Dy) of VNCS ACN, 2-ME, GBL and NVCS DMF, DMSO. (b) SEM images of perovskite films fabricated with

ACN/2-ME w/ and w/o DMSO. (c) Long-term operational stability of an encapsulated perovskite module loaded at MPP under 1-sun equivalent
illumination.*®® (d) J-V curves with different DMI dosage. (e) Nucleation distribution of 2-Me/DM| complexes.*! (f) Aximal steady-state photocurrent
output of FAPbls perovskite films (g) the corresponding intensities of 9 platforms in the large-area FAPbls perovskite films.*** Copyright 2023, Wiley-VCH

GmbH.

showing a significant decrease in charge transfer resistance. Ulti-
mately, the researchers fabricated PSMs with an area of 14 cm” and
achieved a PCE of 20.18%, highlighting the potential of carbonyl
small molecules. The long-standing challenges of large-scale fabri-
cation and stability in PSMs can be mitigated by incorporating the
organic molecule tris(pentafluorophenyl)borane (TPFB) into the
HTL. Gu et al'® discovered that the addition of the water-
resistant material TPFB greatly protected the devices from water
intrusion as illustrated in Fig. 14b. In a groundbreaking study
involving a double-sided perovskite configuration, they achieved
exceptional stability with Ty, exceeding 6000 hours.

Additionally, it is worth mentioning that the addition of the
salt has been demonstrated as an excellent modulation strategy.
Uddin et al.’®” incorporated a zinc metal salt, zinc trifluoro-
methane sulfonate (Zn(OOSCF;),), which effectively suppressed
iodine vacancies by utilizing the iodine reduction capability of
CF;SOO™. During the crystallization process, the presence of
Zn*" ions accelerated the nucleation rate. Furthermore, a series
of experiments involving the replacement of the anion verified
the synergistic passivating effect of this couple of ions. This

3938 | Energy Environ. Sci., 2025, 18, 3917-3954

strategy successfully achieved large-area modules exceeding
100 cm’ with a certified efficiency of 19.21%. Chen et al."”* explored
a costeffective and efficient reducing additive, benzylhydrazine
hydrochloride (BHC), which suppressed the molecularization ten-
dency of iodine in the aging solution (Fig. 14c). In addition, Shi
et al'® introduced the small molecule salt pentanamidine hydro-
chloride (PAd) and utilized the strong interaction between amidi-
nium and Pbl, to induce unidirectional crystal growth along (100),
skipped the inferior intermediate &-phase (Fig. 14d). As a result, a
21.4% certificated minimodule was fabricated to prove the scaling
up ability. This characteristic extended the shelf life of the precursor
solution and significantly reduced the time and material costs
associated with large-scale production. Their efforts resulted in a
blade-coated module achieving a certified efficiency of 18.2%.
Methylammonium chloride (MACI) is widely used as an powerful
organic halide salt additive in FA-based perovskite systems, but
previous investigations have mainly focused on small-scale
explorations."*® % Bu et al."*® conducted a study on the application
of MACI in large-scale films. They discovered that MACI can
significantly reduce the formation energy in the FA-Cs co-A-site

This journal is © The Royal Society of Chemistry 2025
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system, bypassing the intermediate perovskite-DMF phase and
directly transforming into a dense o-phase. Through observing the
annealing processes, tiny crystals gradually merged, accompa-
nied by the volatilization of MACI, as a ripening process that
resulted in the formation of complete crystals without the anti-
solvent extraction. The omission of anti-solvent undoubtedly
paved the way for large-scale production. Encouragingly, they
achieved a blade-coated submodule with an area of 205 cm” and
a minimodule with an area of 22.4 cm? exhibiting PCEs of
15.30% and 20.5% (Fig. 14e), respectively. Further, the addition
of ionic liquids can modulate the potential aggregation pro-
blems of organic halide additives. Ding et al.>® developed an
ionic liquid additive, 1,3-bis(cyanomethyl)imidazolium chloride
([Bemim]Cl), that synergistically interacts with MACI, and reg-
ulates the aggregation of MACI. Through a series of attempts
with fixed cation [Bemim]+ and various anions, it was observed
that Cl™ resulted in stronger proton exchange, manifested by
the increased acidity trend in the solution and broadened peaks
in 'H NMR spectra. Helium ion microscopy coupled with
secondary ion mass spectromet (HIM-SIMS) analysis demon-
strated that the incorporation of this ionic liquid dispersed the
aggregated MACI, with [Bemim]" being dispersed at the grain
boundaries, inducing larger crystal formation and reducing
defect density. Ultimately, this strategy enabled them to achieve
a certified-PCE record of 23.30% for a blade-coated minimodule.

5.3 Interface modification

Interface modification regulates charge transfer and reduces
energy losses in PSMs by introducing functional materials at
the interfaces. These functional materials can adjust the energy
level alignment, enhance light absorption, improve charge
separation efficiency, and thus enhance the photovoltaic con-
version efficiency and stability.?>>°12%3

This journal is © The Royal Society of Chemistry 2025

Defect trap states are highly detrimental as they significantly
impact both the stability and efficiency of perovskite materials
in PSMs. Currently, researchers have identified a range of
interface passivation agents that can effectively mitigate the
trap states on the surface. For instance, inorganic salts are
being utilized to reconstruct the perovskite surface, thereby
enhancing carrier mobility and reducing recombination.
Additionally, organic polymer materials are being employed
to crosslink and anchor free ions, minimizing ion migration
and improving the interface characteristics. Rana et al.'% intro-
duced a hydrophobic fluorinated anilinium benzylphospho-
nate (FABP) as a fully organic passivation agent. By utilizing
ammonium and phosphonate groups, they employed a double
recombination anchoring mechanism that highlighted the
inherent thermal stability of the FACs organic-inorganic hybrid
perovskite Csg15FAq gsPb(Iys3Bro.17)3, while maintaining over
90% of the initial efficiency after 850 hours of sunlight expo-
sure. They demonstrated the feasibility of this large-scale
module fabrication process using slot-die coating and achieved
an efficiency of 19.28% on an active area of 58.5 cm” (Fig. 15a).
Fei et al.®® incorporated PTAA with BCP to chelate the free Pb>*
ions at the interface of perovskite, effectively eliminating the
formation of a several tens of nanometers thick amorphous
layer caused by DMSO evaporation (Fig. 15b). This approach
addressed the bottom surface defects that commonly occur
during the top-down crystallization of FA, oCs, 1Pbl; perovskite
films using the N, air-knife-assisted blade coating process.***
As a result, the efficiency of the minimodule was improved to
21.8% while the small blade-coated cells’ was 24.6%. Here,
our research group published a surface modifier called
N,N-diphenylguanidine monohydrobromide (DPGABr), which
can reconstruct the surface within a few hundred milliseconds
under blade coating, achieving over 24% PCE on blade-coated
small-area PSCs in the ambient air.”"
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of publication.

In addition, there has been a wave of research focused on
the design of novel transport layers. Instead of repairing the
interfaces, the strategy of creating new interface systems with
materials that exhibit higher charge carrier mobility has gained
attention. The development of efficient transport layers can
induce a more favorable energy level alignment, thereby redu-
cing losses due to non-radiative recombination. Kim et al.**
designed a new ETL composed of polyacrylic acid (PAA)-
stabilized tin(iv) oxide quantum dots (QD-SnO,) as an alterna-
tive to the traditional mesoporous titanium dioxide (m-TiO,) to
reduce optical losses at the interface caused by reflection and
interference (Fig. 15c). They achieved a minimodule PCE of
21.7% with a 20 cm? active area. The carboxyl groups of PAA are
tightly cross-linked with compact-TiO, (c-TiO,), forming an
excellent electron-selective contact and optimizing energy level
alignment. External quantum efficiency (EQE) measurements
confirmed that the J;. of the FAPbI; system was increased to
over 26 mA cm™ 2 Moreover, the electro-luminescence EQE
(EQEg;,) decreased from 8.3% to 2.5%, indicating a significant
reduction of non-radiative recombination by 80%. Besides,
Zhou et al.'*® synthesized a novel HTL material T2, which
possesses a deeper highest occupied molecular orbital (HOMO).
They achieved a PCE of 21.45% on a solvent-free, dual-source
CVD platform with an effective area of 14.4 cm®. The introduc-
tion of thiomethyl groups with sulfur atoms in T2 allowed for
the anchoring of non-coordinated Pb*" ions at the perovskite
interface. Additionally, from a band alignment perspective, T2
exhibited better system-level energy level alignment with both
the perovskite and top Au electrode compared to the traditional
2,2/ ,7,7'tetrakis(N,N-di-p-methoxyphenylamine)-9,9"-spirobifluorene
(spiro-OMeTAD).

3940 | Energy Environ. Sci., 2025, 18, 3917-3954

Moreover, SAM materials have been considered a promising
and effective solution for fixing or replacing HTL by reinforcing
anchoring effects. For instance, the three-tooth structure
strengthened the anchoring effect of the phosphate groups in
SAM directly with TCO to improve the current leakage®*® and the
NiO,-SAM strong linkage modification for the perovskite buried
interface.””” Regarding the application of SAMs in large-scale
PSMs, their utilization is still relatively uncommon. Fortunately,
Ren et al>*®> made preliminary explorations in this area. They
polymerized a well-investigated tiny molecule SAMs, (4-(3,6-
dimethyl-9H-carbazol-9-yl)butyl)phosphonic acid (Me-4PACz),
into a long-chain structure. By implementing the N, air-knife
assisted blade coating process, they achieved a PCE of 20.7% on
a module with an aperture area of 25 cm® and enhanced the
stability to over 1400 hours. Unlike single unit molecules, this
denser polymerized structure exhibited reduced sensitivity dur-
ing anchoring to the TCO, thereby widening the processing
window. It resulted in a longer fluorescence lifetime of 633 ns.
Additionally, the phosphonic acid groups passivated the buried
interface of the perovskite, reducing non-radiative recombina-
tion and significantly improving the FF to 83.9%. By optimizing
the perovskite thin film and modifying the interface, the photo-
voltaic efficiency of HTL-free and ETL-free PSCs has significantly
surpassed 24%. Zhu et al®® introduced the SAM into the
perovskite precursor solution to deposit and bind it to ITO,
ultimately achieving a high-efficiency HTL-free inverted structure
device with a record PCE of 24.5% with the assistance of larger
Me-4PACz molecules. Additionally, using spin-coating techni-
ques, they achieved a high PCE of 22.5% on a 1 cm” area. These
findings collectively demonstrate the significant potential and
advantages of TL-free structures. These structural optimization

This journal is © The Royal Society of Chemistry 2025
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and innovations will further promote the development of PSCs
as a renewable energy technology with promising applications.

This chapter presents a thorough examination of the crucial
strategies for enhancing the performance of PSMs, which include
additive engineering, solvent engineering, and interface modifica-
tion. Table 3 and Fig. 15d and e have been utilized to respectively
encapsulate the recent progressions in PSMs, delineating them
based on effective area and chronological categorization, as well as
the processing methodologies and strategic approaches employed.
By analyzing these methods comprehensively, it becomes evident
that their shared principles and mechanisms primarily manifest in
three key areas. Initially, optimizing crystal quality and managing
defects is vital. The selection of additives and solvents can notably
improve the nucleation and growth processes of perovskite crys-
tals. For instance, by controlling solvent evaporation rates or
introducing Lewis basic additives, it is possible to enhance grain
size and reduce defect density, thereby boosting photovoltaic
performance.>*'8°79>1%7 Fyrthermore, interface modification stra-
tegies enhance carrier dynamics by improving energy level align-
ment. The utilization of organic polymers or inorganic salts as
passivation agents not only enhances interface charge transfer but
also improves the long-term stability of devices. Lastly, auxiliary
optimization strategies for large-scale processing are essential for
industrial production. Achieving uniformity and stability necessi-
tates addressing challenges such as optimizing solvent systems,
incorporating interface materials suitable for high-throughput
preparation, and developing adjustable film-forming processes.
Future research should explore the synergistic effects of these
strategies, emphasizing scalability and cost-effectiveness.'**2%>
Additionally, it is crucial to adopt environmentally friendly prac-
tices to mitigate recycling challenges. For example, the utilization
of green solvents like ACN is pivotal for advancing the commercial
development of perovskite solar technology.'®*"%

6. Device encapsulation and stability
tests

Researchers have made significant breakthroughs in the PCE of
PSMs as they gradually acquire the fabrication processes of the
functional layers on a larger scale.”*">%?°%*** However, to achieve
commercialization and large-scale production, enhancing the sta-
bility of PSMs is a topic that deserves deep consideration. The
instability issues of PSMs can be divided into two fields, intrinsic
and extrinsic. Intrinsic factors include the instability caused by
phase transitions and defects in perovskite materials, while extrin-
sic factors involve rapid aging and degradation induced by
environment heat, moisture, and oxygen.*>>>?%

The internal instability of perovskite materials is closely
intertwined with their structural and chemical stability. The
mathematical formulation of the Goldschmidt tolerance factor

£**° can be expressed as follow:
t = (ra+rx)/V2(rg + rx) (20)

where r,, g and rx represent the radius respectively. It has been
recognized that perovskite lattice structures can maintain

This journal is © The Royal Society of Chemistry 2025
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higher stability and symmetry within the range of t values
between 0.825 and 1.059.**° The tolerance factors of disparate
perovskite are shown in Fig. 16a. This methodology has been a
valuable tool in the analysis of perovskite crystal stability for
almost a century. Therefore, the introduction of additives can
change the tolerance factor and further affect the stability of
perovskite. Park et al.>*" incorporated guanidine derivatives as
additives, resulting in a 30% enhancement in aging stability. The
incorporation of X-site chlorides has facilitated more precise
control over the crystallization process, with MACI being exten-
sively utilized as an additive.>*'*®*° In addition, elements such
as Cs and Rb are considered to have excellent structural and
chemical stabilizing effects.>*> Simultaneously, extrinsic factors
significantly impact the stability of solar modules. Moisture
ingress can induce hydrolysis and ion dissociation in perovskite
materials and the presence of oxygen promotes oxidation reac-
tions in perovskite materials, leading to structural damage and
performance degradation. However, with the interest in long-
term stability mechanisms, the tolerance coefficient as a deter-
minant of stability is not comprehensive enough.

Additionally, UV radiation is a critical factor that triggers
photodegradation, charge defects, and lattice distortions in
perovskite materials. Elevated temperatures accelerate lattice
expansion and ion migration processes, contributing to
decreased material stability. Mechanical stress, such as bend-
ing and stretching, can cause cracks and fractures in the
perovskite layer, consequently reducing module performance
and lifespan. Furthermore, light intensity and spectral compo-
sition influence the stability of perovskite materials, with high-
intensity light and specific wavelengths leading to material
degradation and deterioration.”*> Take MAPbI; as an example,
the pathway of perovskite degradation is illustrated in
Fig. 16b.”** Simultaneously, during the real-life operation of
PSMs, it has been found that the stability of PSMs is also
affected by factors such as layer delamination and potential-
induced degradation (PID). The multi-layer structure of PSMs
inherently introduces challenges related to delamination, pri-
marily stemming from the lamination process and differential
thermal expansion characteristics across layers. Delamination
issues manifest in two key areas: the separation between
encapsulation materials and the device, and internal delamina-
tion within the device itself. The former is chiefly influenced by
the properties of the encapsulation materials, with considera-
tions such as water vapor and air barrier capabilities, as well as
mechanical resistance playing pivotal roles. Multi-layer
encapsulation®*®**” and advanced lamination processes®**%3°
can effectively improve the resistance to delamination. In rare
cases, delamination will occur immediately after an immature
lamination process.”*® However, the delamination phenom-
enon between layers inside PSMs is different. Erdil et al.>*
tested the relationship between each layer through indoor
thermal cycle testing and found that this phenomenon is
dominated by temperature fluctuations. The ETL part of Cgp
and SnO, is the most likely to fall off in the entire structure. We
were surprised to find that this coincides with the delamination
phenomenon of SnO, often encountered in vacuum annealing
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Aperture/
Perovskite PCE active
Perovskite composition Type Effective materials process type  Assist mode (%) area’ (cm?) Year Ref.
CS0.0sMAg 05FA¢ oPb(I; _,Cl,) Additive engineering [Bemim]Cl Blade coating N, air knife 23.3°  27.22' 2024 20
Cso.1FAg oPbI; Solvent engineering ~ NEP Blade coating Vacuum 23.28° 22.96' 2024 118
22.55¢ 57.13"
FAPbI; Solvent engineering ~ DMF Blade coating N, air knife 23.09° 12.4' 2024 164
((FA0.95CS0.05)PbI3)0.975 Interface treatment  SnO, with different oxygen Spin coating Anti-solvent 22.96 14> 2024 163
(MAPDBI3).025 vacancies level
Rby.03CS0.0sMAg 05FA¢.0oPbl; Advanced ETL TiO, nanoparticles Spin coating Vacuum 22.72°  24.63% 2022 209
Materials
FAPbI; Interface treatment  Trifluoroacetate (TFA™) and  Blade coating N, air knife 22.47 25" 2024 210
3,3-diphenylpropylammonium (20.50°)
(DPAY) 20.88 64"
FA, oCsg 1 Pbl; Additive engineering Ferrocenium hexafluoro- Blade coating Vacuum 22.13  36' (18Y 2024 211
phosphate (FcPFy) 20.27 100 (56?
FA(.oCsg 1 PbI; Advanced HTL [2-(9-Ethyl-9H-carbazol-3- Blade coating Regular 22.1 17.88" 2024 179
Materials yl)ethyl]phosphonic acid annealing
(EtCz;EPA)
MA, ;FA, ;Pbl; Advanced HTL Poly-DBPP Blade coating N, air knife 22 30.03" 2024 173
Materials
FAPDI; Additive engineering Perfluoroalkylsulfonyl Blade coating N, air knife 22 15.64” 2024 212
quaternary ammonium iodide
(FSAT)
FAg.02MA osPbI, 56Brg 4 Interface treatment  2-Chloro-5-(trifluoromethyl)-  Spin coating Regular 21.9 10> 2024 165
phenylammonium bromide annealing
FAPDI, Solvent engineering ~ ACN Blade coating N, air knife 21.9 15.64” 2023 193
FA(.oCsg 1 Pbl; Interface treatment  BCP Blade coating Regular 21.8¢ 26.9" 2023 95
annealing
CS0.0sMAg 05FA, oPbI; Advanced HTL A novel spiro-type HTM ‘DP’  Spin coating vacuum 21.78% 27.86" 2023 213
Materials
FAPbI; Advanced HTL Polyacrylic acid-stabilized Spin coating Anti-solvent 21.7°  20” 2022 205
Materials tin(iv) oxide quantum dots 20.6° 64>
Csp.0sMAg 1FAo gsPbI, oBry; Interface treatment  Phenethylammonium bro- Spin coating Anti-solvent 21.56 13.68> 2024 214
mide (PEABr) and polymethyl
methacrylate (PMMA)
FAPDI; Advanced HTL A novel spiro-type HTM 'T2’  PVD None 21.45  14.4' 2024 158
Materials
FAPDI; Additive engineering PAd Spin coating Vacuum 21.4¢  27.83" 2023 195
CSg.05FAg.85MAg 10~ Additive engineering Fullerene derivative Spin coating Vacuum 21.4 17.1" 2023 215
Pb(Io.07Br0.03)3 4-(1',5'-dihydro-1"-methyl-2'H- (19.69)
[5,6] fullereno-Ceo-Iy-[1,9-
clpyrrol-2’-yl) phenyl-
phosphonic acid (CPPA)
CS0.05(FA9.oMAg 1)0.95 Module protection 0O, Spin coating Anti-solvent 21.37° 12.84" 2023 61
Pb(To.0Bro.1)3
FAPDI; Interface treatment =~ Benzamidine hydrochloride  Spin coating Regular 21.2 13.44% 2023 216
(PFACI) annealing
FAPDI, Additive engineering Thermotropic liquid crystals ~ Spin coating Vacuum 21.1¢ 31! 2024 217
3,4,5-trifluoro-4'-(trans-4-
propylcyclohexyl)biphenyl
(TFPCBP)
MA, ;FA, ;Pbl; Interface treatment  Me-4PACz Blade coating N, air knife 20.7 25t 2023 202
FAPDI; Interface treatment  Carbon disulfide (CS,) vapour Blade coating Undisclosed 20.66  40.6> 2023 218
Csg.05FA(.95PbI; Interface treatment ~ Dimethylammonium Spin coating Vacuum 20.58 63.74" 2024 219
trifluoroacetate (DMATFA)
FA, 35CSg.12PbI; Additive engineering MACI Blade coating Air knife 20.5 22.411 2022 196
15.3 205
FA(.55Csg.17PbI; Solvent engineering NMP Slot-die Air knife 20.42 17.1° 2021 220
coating (19.39
19.54  65°
FA(.95sMA osPbI, ¢5Brg 15 Additive engineering 1-Butyl-3-methylimidazolium Blade coating Regular 20.4 10* 2022 221
thiocyanate (BMIMSCN) annealing
(FAPDI3)0.95(MAPbBI3)0.05 Interface treatment  Acetylcholine bromide (ACBr) Blade coating N, air knife 20.4 o 31t 2021 222
(17.53%)
MA, ;FA, ;Pbl; Additive engineering TPFB Blade coating N, air knife 20.2 o 221 2023 180
(19.29)
CSg.05MAg o5FAg oPbI; Interface treatment  Potassium borohydride (KBH,) Spin coating Vacuum 20.2 29' 2024 223
FAy.90MA¢.03CS.07- Additive engineering DLBA Spin coating Anti-solvent 20.18 14> 2023 194
Pb(Io.02Bro.08)s
(FAPDI;)0.95(MAPbBI3)0.05 Solvent engineering  DMI Blade coating Air knife 20.10 36" 2023 191
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Table 3 (continued)
Aperture/
Perovskite PCE active
Perovskite composition Type Effective materials process type  Assist mode (%) area” (cm?) Year Ref.
2015 81
MA, ,FA, ;Pbl; Additive engineering Zn(OOSCF;), Blade coating N, air knife 19.60¢ 84" 2024 197
19.21° 108"
FA;_ MA,Pb(I,_,Br,); Additive engineering 2-(N-Morpholino)ethane- Blade coating N, air knife 19.45  11.35° 2024 181
sulfonic acid potassium salt
(MESK)
Cs0.15FAg g5Pb(Io 83Bro17);  Interface treatment  FABP Slot-die N, air knife 19.28  58.5” 2023 102
coating 17.62 64"
MA, ;FA, ;Pbl; Additive engineering BHC Blade coating N, air knife 18.2 35.8" 2021 172

“The PCE has been certified by a recognised authority. *Aperture area. *Active area. “ Since authors use different statistical scales for area, in order
to avoid ambiguity, we use superscripts 1 and 2 to represent aperture area and active area (without considering GFF) respectively for ease of

understanding.
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Fig. 16 (a) Tolerance factors distribution of different perovskite compositions.?*3 Copyright 2022, Wiley-VCH GmbH (b) The instability stress sources of

perovskite materials.2%*

in Qi et al’s*® exploration of CVD preparation of PSMs in
Section 3.4.1. These findings have promoted in-depth research
on advanced thermally stable carrier transport materials and
thermal insulation packaging materials. Additionally, PID is
manifested as a significant decline in the performance of
photovoltaic devices under the influence of an external voltage
bias or internal electric field, which is caused by the high
voltage difference between the module and the ground during
operation.**! In traditional silicon solar modules (SSMs), PID is
observed as the migration of alkali metal ions, such as sodium
ions (Na'), in soda lime glass when the device is at a negative
potential to the ground, which can cause rapid and catastrophic
damage.”***** In addition to the impacts similar to those in

This journal is © The Royal Society of Chemistry 2025

SSMs, which mainly come from the packaging materials, perovs-
kite has unique ionic properties and the multiple impacts of PID
caused by its internal high ion migration activity are more serious
and fatal to stability.>*>*® Interestingly, Zhang et al.**' found
that after applying —1500 V negative bias for 18 hours, the diode
characteristics of the device gradually disappeared and could be
quickly recovered to 80% in dark storage. They believed that this
recoverability was due to the ion migration performance of
perovskite, which enabled the Na* driven by the bias to migrate
quickly out of the perovskite layer. Researchers are still exploring
the mechanisms involved, but some strategies have been found
to alleviate PID to a certain extent by selecting proper functional
layer and interlayer buffer strategies. Zeel et al>*® found that
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using PC¢;BM as ETL in n-i-p can temporarily reduce PID, with
only 4% performance loss under 18 hours of continuous bias.
NiO, barrier layer was found by Nakka and colleagues®”’ that
successfully kept Na+ away from perovskite and reduced the PCE
loss from 73% to 35%. Currently, the IEC 62804-1-1 technical
specification defines the test method for crystalline silicon PV
modules,**® but there is no specific PID test standard for PSMs.
Research papers generally utilize the horizontal comparison of
performance degradation under the condition of applying a
negative bias of —1000 V. Given this, we contend that with the
deepening industrial deployment, it is imperative to establish
more standardized and comprehensive industry testing stan-
dards to evaluate the stability factors of both internal and external
placements and operations at various stages. This initiative aims
to bolster the commercial impetus of PSMs and enhance custo-
mer assessment criteria.

Table 4 Specification parameters and criteria for common encapsulation
materials

Characteristics Specification or requirement
WVTR 1010 °gm 2> day ’
OTR 10 3-10"° cm® m > day ' atm '

Ty <—40 °C (during winter in deserts)
Total hemispherical light >90% of incident light
transmission over the wavelength
range from 400 nm to 1100 nm
Hydrolysis

Water absorption

Resistance to thermal oxidation
Mechanical creep

Tensile modulus

Chemical inertness

None (80 °C, 100% RH)

<0.5 wt% (20 °C/100% RH)
Stable (up to 85 °C)

None (90 °C)

<20.7 MPa (<3000 psi) at 25 °C
No reaction (with embedded

Cu coupons at 90 °C)

None (>350 nm)

None (80 °C, 100% RH)

UV absorption degradation
Hazing or clouding
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6.1 Device encapsulation

Encapsulation, which is considered by an increasing number of
scientists to be a consensus in development, serves as a direct
and effective bidirectional protective measure. It effectively
isolates the extrinsic complex environment that accelerates
aging while also preventing the leakage of lead in PSMs from
impacting the extrinsic environment.>** Due to the unique
degradation mechanisms and fragile stability of PSMs, the
primary task is to ensure isolation from water and oxygen.
For PSMs, although we all know that encapsulation technology
is a commercially indispensable technological barrier, the
exploration of encapsulating technology is still far behind the
focus on performance at the current stage. The main para-
meters affecting the encapsulation of the material are shown in
Table 4.>*°

Due to the light absorption window being restricted to the
bottom surface, the optimal encapsulating technique for PSMs
corresponds to that of SSMs, employing a single-sided glass
vacuum lamination process. This process can be categorized
into two distinct pathways, the thin-film encapsulation (TFE)
from the top to the bottom, and the edge seal (ES) from the side
to the center, as depicted in Fig. 17a.>°® Both these two
processes offer excellent encapsulating performance. ES is
considered a more cost-effective encapsulating solution as it
requires less material. However, in the field of flexible encap-
sulating, TFE surpasses ES since the encapsulation material
has a smaller contact area and mechanical side stress in ES,
leading to potential seal damage during bending. At present,
commercial polymer demonstrate excellent performance in
both TFE and ES processes and can be uniformly applied to
the device using spin coating or injection methods. Traditional
polymers such as PMMA,**'72*? ethyl vinyl acetate (EVA),>** and
polycarbonate (PC),>*” etc. have shown promising results in
TFE. With the increasing area of functional layer deposition,

a Cover sheet i

Cover sheet

Desiccant

Encapsulant

Electrode
HTL/ETL

Perovskite

ETL/HTL
TCO

TCO
Substrate

TCO

Cover glass :
CFDP composite 2wl S PY
Glass/ITO H,0 B i i-‘ L i ! l
§ 6= _ EE—— : ¥ | i ®E
& Water dropping started . -
= E 6 0.6 —
250 1122“_: é?o 300 Pb2*  GFDP composite
0 0.4 &8 @ 750hrs | g 1000hrs
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Fig. 17 (a) Schematic diagrams of different TFE and

c X d

Electrode == Single layer thin-film encapsulation
HTL/ETL Multilayer thin-film encapsulation
Perovskite = JHEEEZ B Edge seal gap encapsulation
s Edge seal non-gap encapsulation
ETL/HTL
TCO
Substrate

ES encapsulation approaches. (b) High stability performance under water drop stress.™® (c)

Schematic of CFDP package without UV irradiation.?>’ (d) The degradation performance after 750 and 1000 hours.2>® Copyright 2016, Elsevier Ltd.
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the TFE encapsulation mode also requires materials with
corresponding extensibility to serve PSMs and better facilitate
commercial applications. PMMA, known for its high impact
resistance and thermal stability, is widely utilized in the circuit
printing field. Typically prepared via spin coating, PMMA usage
aligns with the challenges faced in the laboratory-scale expan-
sion of PSCs. Hughes et al.>>> addressed this issue by adjusting
the solvent environment of PMMA, designing uniformly dis-
persed encapsulants in ethyl acetate. This innovative approach
provided a PSM-friendly solution idea for large-area coating
using a spray coating process. Moreover, PC is considered to be
a good packaging material due to its excellent flexibility, but its
high roughness is seldom used in large area packaging. Skafi
et al.**® used a blade coating method to reduce its roughness
from over 1400 nm to 23 nm by applying a resin mixture and
enhanced its chemical resistance, which provides an imagina-
tive way for PC to be used in large area PSMs.

Furthermore, more recent research on advanced encapsula-
tion materials has also seen new developments, which espe-
cially affect several narrow protective capabilities. In addition to
glass encapsulation, Mai et al.»*® explored novel encapsulation
techniques by introducing Glaco, a commercialized thin nanos-
tructured super-repellent coating material. They successfully
induced an advancing contact angle greater than 167° and a
contact angle hysteresis less than 10°. This method significantly
enhanced the waterproofing performance of the devices from
nearly zero to over 12 hours of water tolerance (Fig. 17b). This
provides a promising avenue for enhancing the stability against
water-induced degradation. Based on existing materials and
processes, the isolation of water and oxygen has generally met
the requirements. However, there has been limited attention
given to external thermal management and the environmental
pollution caused by lead leakage. Thermal energy produced can
lead to rapid ion migration, resulting in the severe degradation of
perovskite materials. While Pb, as a highly toxic element, poses a
significant threat to human and environmental safety if it leaks.
Tong and colleagues®” developed a self-crosslinked fluoropropyl
methylsiloxane-dimethylsiloxane multiblock polymer (CFDP)
encapsulation material that can be processed at room temperature,
eliminating the thermal instability caused by high-temperature
lamination (Fig. 17c). The material maintained 95% efficiency after
undergoing 220 thermal cycles. Moreover, the incorporation of
carbonyl groups facilitated coordination and anchored Pb, leading
to 99% leaking inhibition during a rainwater exposure test. More-
over, Qi et al>® discovered that materials with high self-healing
properties at temperatures above Ty, can significantly reduce the risk
of Pb leakage. They made remarkable achievements by adopting
ternary additive engineering to a thermocrosslinking epoxy resin,
changing T, to 42 °C. This modification led to a staggering reduction
of 375 times in lead leakage under extreme and harsh hail simula-
tion conditions. Additionally, Mariani et al*® discovered a new
packaging material, viscoelastic (semi-solid)/highly viscous (liquid)
polyolefin, which can be operated in industrial high-throughput
solventless lamination. The addition of two-dimensional hexagonal
boron nitride (h-BN) in the solution further enhances its adhesive,
barrier, and thermal management properties. High stability was
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demonstrated through multiple cycles of aging tests involving light,
heat, and impact.

6.2 Standardized stability tests

The encapsulated perovskite module needs to undergo a series
of stability tests to evaluate its performance under different
environmental conditions. However, most research papers on
stability mainly focus on inconsistent simple tests like environ-
mental storage or light soaking at present, which do not meet
the stringent stability requirements for commercial products
under specific conditions, limiting the full potential of the
technology. Therefore, the development of guiding standards
for stability testing of PSMs is pressing and imperative.

Regarding traditional ground-mounted photovoltaics, which
mainly refers to silicon solar arrays, the International Electro-
technical Commission (IEC) has provided a set of on-site perfor-
mance testing standards known as IEC 61215.***°' However,
due to the differences in physical systems, these standards are
not applicable to the new generation thin-film cells such as OPV
and PSMs. In the battle to establish standards, many scholars
have proposed solutions, but the problem is the inability to form
unified standardized criteria. This undoubtedly hinders the
transition of experimental products to the industrial production
process.”®*2%* Therefore, in 2011, Reese et al.>*® integrated and
organized the major research advancements in the field and
introduced the International Summit on Organic PV Stability
(ISOS) protocols as a standardized aging experiment guideline.
This document is not a definitive verdict but rather a standar-
dized guidance to assist in conducting experiments in disparate
research environments. It serves as a starting point and will be
gradually improved as research progresses.>®®

The ISOS testing protocol is primarily defined by the combi-
nation of four stressors, namely, light exposure (one standard
solar simulator or complete darkness), ambient contaminants
(inert gases, atmospheric air, or controlled relative humidity),
temperature (ambient temperature, 65 °C, or 85 °C), and electrical
bias (open circuit (OC), maximum power point tracking, or +/—
fixed voltage).”®> Based on the different combinations of these
environmental stressors, the testing protocol is divided into five
stress testing tracks. ISOS-D and ISOS-L represent a complemen-
tary set of light environment stress controls. ISOS-D involves
testing the device’s resilience to atmospheric contents and mon-
itoring the degradation and the formation of defects in a dar-
kened setting. Conversely, ISOS-L entails prolonged continuous
light soaking, which expedites defect formation and phase
separation processes. In addition to these steady-state tests under
fixed conditions, ISOS-T and ISOS-LT explore cyclic conditions.
Their objective is to investigate the lifespan under the cyclic
interplay of heat and light-moisture-heat, which more faithfully
simulate the dynamic environmental variations of light and
temperature in real-world climates. The repetitive migration of
charge carriers during this process is regarded as a significant
acceleration factor for aging. Recognizing that indoor testing
alone cannot adequately reflect real-world scenarios like
building-integrated photovoltaics, such as BIPV, ISOS-O is speci-
fically devised for outdoor testing. It primarily focuses on
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statistically assessing the lifetime performance under actual out-
door conditions. Given the diverse climatic conditions across
different regions, this testing approach places greater emphasis
on comprehensive data collection to provide a wide range of
acceleration factor information.

The new edition of ISOS offers three targeted testing proto-
cols for PSCs to address their dual degradation mechanisms of
intrinsic and extrinsic stability. The light soaking and dark mode
alternating cycle testing, ISOS-LC, has been included as a supple-
ment to assess the reversible chemical processes of metastable
perovskite under light-induced degradation and recovery. In
addition, studies have shown that the shielded part of the PSMs
during operation will not generate current but will form a reverse
bias, which will cause internal ion migration and charge carrier
accumulation, forming a thermal trap. ISOS-V recommends
applying bias at the MPP or OC position in the dark to enhance
understanding of PSM degradation under bias. Moreover, due to
the potential masking effect of sensitive gas atmospheres on the
intrinsic stability performance of PSMs, the ISOS-I protocol has
been included in the assessment framework. It proposes
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maintaining a fixed atmospheric environment to eliminate this
potential drawback. This is not established as an independent
measure but rather serves as an addition to the aforementioned
protocols. If an inert gas environment is adopted, it is considered
to comply with the ISOS-I protocol.

Furthermore, within each pathway, there are three subdivi-
sions, allowing for fine-grained control of the testing condi-
tions. These are designed for various experimental conditions,
with Level 3 representing more stringent testing requirements
and higher equipment demands in the laboratory. Level 1, on
the other hand, utilizes commonly available equipment and is
considered the minimum requirement for stability testing. The
specific testing conditions can be found in Table 5.>6%¢

7. Conclusions and outlook

In summary, important issues for PSMs, including structural
design, scalable deposition theoretical models and methods,
fabrication technologies for high-quality functional layers, and

Table 5 1SOS test standard specifications2®®

Test ID Light source (stability) Temperature RH Environment/set-up  Light source (IV) Load

Dark storage (ISOS-D)

ISOS-D-1  None Ambient (23 £ 4 °C) Ambient Ambient air Solar simulator/ OC

sunlight

ISOS-D-2 None 65, 85 °C Ambient Oven, ambient air Solar simulator OC

ISOS-D-3 None 65, 85 °C 85% Env. chamber Solar simulator OC

Bias stability (ISOS-V)

ISOS-V-1  None Ambient (23 + 4 °C) Ambient Ambient air Solar simulator  Positive:

ISOS-V-2  None 65, 85 °C Ambient Oven, ambient air Solar simulator  Vypp;

ISOS-V-3  None 65, 85 °C 85% Env. chamber Solar simulator  Vi; Eg/q;
Jsc Negative:
V()ca ]MPP;\

Light-soaking (ISOS-L)

ISOS-L-1  Solar simulator Ambient (23 + 4 °C) Ambient Light only Solar simulator MPP or OC

ISOS-L-2  Solar simulator 65, 85 °C Ambient Light/temperature Solar simulator MPP or OC

ISOS-L-3  Solar simulator 65, 85 °C ~50% Light/temperature/RH Solar simulator ~MPP

Outdoor stability (ISOS-O)

ISOS-O-1  Sunlight Ambient Ambient Outdoor Solar simulator MPP or OC

ISOS-0-2  Sunlight Ambient Ambient Outdoor Sunlight MPP or OC

ISOS-0-3  Sunlight Ambient Ambient Outdoor Sunlight/solar MPP

simulator

Thermal cycling (ISOS-T)

ISOS-T-1  None RT to 65, 85 °C Ambient Hot plate/oven Solar simulator OC

ISOS-T-2 None RT to 65, 85 °C Ambient Oven/Env. chamber Solar simulator OC

ISOS-T-3  None —40 to +85 °C <55% Env. chamber Solar simulator OC

Light cycling (ISOS-LC)

ISOS-LC-1 Solar simulator/Dark Ambient (23 £ 4 °C) Ambient Light only Solar simulator MPP or OC

ISOS-LC-2 cycle period: 2, 8, or 24 h; 65, 85 °C Ambient Light/temperature Solar simulator MPP or OC

ISOS-LC-3 Duty cycle: 1:1 or 1:2 65, 85 °C <50% Light/temperature/RH Solar simulator =~ MPP

Solar-thermal cycling (ISOS-LT)

ISOS-LT-1 Solar simulator Linear/step ramping Monitored, Weathering chamber  Solar simulator ~MPP or OC

between RT and 65 °C ~ uncontrolled
ISOS-LT-2 Solar simulator Linear ramping between Monitored, controlled Env. chamber with Solar simulator ~MPP or OC
5 °C and 65 °C at 50% beyond 40 °C  a sun simulator
ISOS-LT-3 Solar simulator Linear ramping between Monitored, controlled Env. chamber with Solar simulator MPP or OC

—25 °C and 65 °C

3946 | Energy Environ. Sci., 2025, 18, 3917-3954

at 50% beyond 40 °C

sun simulator and
freezing
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product-oriented encapsulation and stability testing have been
systematically investigated in recent years. Encouragingly,
through collaborative efforts in both the academic and industrial
communities, minimodules and large modules exceeding 800
cm’® have achieved PCE of over 23% and 20%,”**” respectively,
gradually approaching the energy conversion performance of
silicon solar modules. However, considering commercialization
demands, efficiency, stability, and safety are all essential and
require further enhancement. In producing large PSMs, three
critical steps: functional layer deposition, scribing, and encapsu-
lation, will play decisive roles in addressing these urgent needs.

Several advancements can be observed from a materials-to-
devices perspective on the manufacturing steps of PSMs.
Firstly, interface, solvent, and additive engineering have been
identified as effective means to adjust the inherent crystal
structure and morphology, thereby enhancing efficiency and
intrinsic stability in materials and physical theory. Device perfor-
mance can be significantly improved by integrating chemical
mechanisms such as anchoring and intermediates, along with
energy level alignhment between functional layers. Recent develop-
ments in surface passivation molecules provide researchers with
improved methods for modifying shallow surface morphology.
Secondly, the exploration of high-throughput and uniform deposi-
tion processes has facilitated the rapid industrialization and scale-
up of PSMs. In particular, the mainstream meniscus coating
technology warrants further investigation into the harmonious
relationship between coating machine process parameters and
the fluid dynamics of precursor solutions. Currently, the highest
efficiencies in this process have been achieved through air knife-
assisted fluid dynamics engineering for interface morphology
control, indicating substantial potential for further development.
In contrast, meniscus coating and printing technologies present
more promising avenues for scalability. Thirdly, the limits of active
area utilization are being continuously pushed by enhancing laser
precision and patterning. Although breakthroughs such as the
low dead zone technology achieving over 99.5% GFF for mini-
modules have been reported, the application area remains less
than 3 cm? and further exploration into reliability and reprodu-
cibility in larger-area devices is warranted.®® Fourthly, in terms
of product durability and stability, perovskite materials are still
highly sensitive. During large-area deposition, mixed compo-
nents such as MA,FA;_Pbl; and FA,Cs(;_,Pbl; have demon-
strated superior chemical and operational stability within
existing technologies, which merits attention. When addressing
long-term operational concerns, encapsulation serves as a
robust protective measure that can significantly mitigate the
bidirectional penetration impacts on PSMs, including external
mechanical and environmental influences, as well as internal
material degradation and toxic material leakage. The single-
sided glass vacuum lamination process is regarded as a suitable
approach for application in PSMs due to its rapid and straight-
forward production workflow. Fifthly, the ISOS standards for
perovskite stability testing represent an essential framework for
the commercialization of PSMs, providing impetus for the
emergence of better products. However current literature pre-
dominantly focuses on stability testing related to light soaking
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and cycling, while further exploration of thermal cycling and
ultraviolet stability testing remains necessary.

On the basis of the increasingly mature technology in a single
junction, tandem PSMs with a high theoretical efficiency limit have
attracted wide attention. Among various technological pathways,
silicon/perovskite tandems have demonstrated the most outstand-
ing performance levels, reaching 34.6%." The control of interface
states between materials poses a significant challenge as the
number of layers increases. Simultaneously, with an increasing
number of interfaces, the phenomenon of delamination during
long-term device operation will become more complex. Further-
more, by exploiting the tunable bandgap properties of perovs-
kite, precise design of photoelectric matching for wide and
narrow bandgap subcells is necessary to avoid spectral overlap
and energy wastage.”®’?*® With the current emergence of
industrialization, the development of portable PSMs with func-
tionalities such as flexibility and semi-transparency is a promis-
ing direction to meet diverse commercial demands. This opens
up rich possibilities for wearable electronic applications. The
bending resistance of F-PSMs is critically important, posing
new challenges for the stability of their transport layers, per-
ovskite materials, and the secure contact at interfaces. More-
over, their compatibility with R2R production methods makes
it essential to explore large-scale printing processes that facil-
itate collaborative interactions among various material sys-
tems. Semi-transparent PSMs can be applied in contexts such
as solar windows, significantly enhancing solar energy utiliza-
tion, particularly in urban environments. Additionally, the
inevitable leakage of lead from high-performance PSMs poses
negative risks to both human health and the environment. The
fatigue of materials in F-PSMs can further accelerate this
leakage, making the exploration of lead-free perovskite compo-
nents a crucial research avenue. Furthermore, it is necessary to
develop specialized encapsulation materials and process to
address these concerns effectively for unavailability due to rigid
cover sheet.
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