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Perovskite solar cells (PSCs) have emerged as leading candidates for next-generation photovoltaics owing to their
outstanding power conversion efficiencies (PCEs), low-cost materials, and compatibility with low-temperature,
solution-based fabrication techniques. While certified PCEs of 27.0% have been reached on rigid substrates,
transitioning to scalable, flexible architectures introduces new challenges. This review highlights recent
advancements in flexible PSCs (F-PSCs), including the development of low-temperature-processed charge
transport materials, flexible transparent electrodes, and encapsulation strategies that maintain mechanical
robustness under deformation. Scalable deposition techniques, such as blade coating, slot-die coating, and
spray coating, are also discussed, with respect to film uniformity, process control, and compatibility with roll-
to-roll (R2R) manufacturing. The integration of solvent and additive engineering, along with interfacial
modifications, is shown to be critical in optimizing film morphology and enhancing device performance.
Notably, recent studies report flexible perovskite modules achieving PCEs exceeding 17% across active areas
larger than 100 cm?. Beyond the PCE, this review addresses critical issues in ensuring long-term operational
stability, including mechanical reliability and environmental degradation from moisture, oxygen, light, and
thermal stress. Strategies such as multi-cation perovskite formulations, advanced interfacial modification, and
high-barrier encapsulants are evaluated for their role in enhancing long-term operational stability. Finally, we
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1. Introduction

As countries worldwide commit to achieving net-zero carbon
emissions by 2050, global electricity demand is expected to
double within the next few decades. The global solar photo-
voltaic (PV) market is projected to grow from approximately
USD 398.2 billion in 2024 to nearly USD 2.79 trillion by 2034,
highlighting the rapid expansion and economic significance of
PV technologies in the coming decade.* Meanwhile, crystalline
silicon (c-Si) PV technologies continue to dominate the global
market, accounting for around 90% of global production over
the past two decades and maintaining a leading position in
large-scale deployment.> With fossil fuels being progressively
phased out, governments and industries are increasing their
investments in renewable clean energy, driven by increasing
sustainability awareness and supportive policy frameworks.
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Among various renewable technologies, solar energy stands out
as a leading candidate. However, their inherent limitations,
such as high production cost and mechanical rigidity, have
motivated the search for alternative technologies. Recently,
solar cells fabricated from organic-inorganic hybrid perovskite
materials have been a rising star for the low-cost next genera-
tion of solar cells. Perovskite-structured materials (ABX;3) share
a common crystal framework originally discovered by Gustav
Rose in calcium titanate (CaTiO3), where A-site cations (e.g.,
MA", FA"), B-site metal cations (e.g., Pb*>", Sn**), and X-site
anions (e.g., C17, Br™, I") contribute to their outstanding opto-
electronic properties. These include strong light absorption,
low exciton binding energy,** and long carrier lifetimes, which
have driven PSC development from an initial PCE of just 3.8% to
record-breaking levels. Perovskite solar cells (PSCs) have
emerged as a promising next-generation PVs owing to their low-

Professor Su has a PhD from the
University of Massachusetts,
and is a postdoctoral fellow in
Northwestern University. She
was a research fellow at the
Westinghouse  Research — and
Development Center. She taught
in National Taiwan University
and became an Emeritus
Professor in 2021. At present,
she is a Visiting Chair Professor
in Ming-Chi University of Tech-
nology. Her research is focused
on the design, synthesis and
processing of novel polymeric materials and nanomaterials for
medical applications and electronic device/solar applications. She
has published 268 SCI papers, 2 textbooks for polymers (2013
Springer) and solar cells (2012 Wiley) respectively, 32 US patents
and 47 Taiwan patents.

Wei-Fang Su

Dr  Yu-Ching  Huang is
a Professor in the Department of
Materials Engineering at Ming
Chi University of Technology
(Taiwan) and a Jointly Appoin-
ted Associate Research Fellow at
Academia Sinica (Taiwan). He
received his PhD in 2010 at
National Taiwan University
(Taiwan). His research interests
focus on organic and perovskite
optoelectronic materials, photo-
voltaics and photodetectors,
scalable manufacturing
processes, and biomedical polymer applications. He has published
more than 120 peer-reviewed papers (h-index 32) and 20 patents
(Taiwan and U.S.).

Yu-Ching Huang

Sustainable Energy Fuels, 2025, 9, 5962-6006 | 5963


https://doi.org/10.1039/d5se00873e

Published on 10 October 2025. Downloaded on 11/21/2025 7:44:12 AM.

Sustainable Energy & Fuels

View Article Online

Review

Table 1 Comparative summary of solution-based coating methods for flexible perovskite solar cells, highlighting their advantages, disadvan-
tages, material utilization, scalability, and suitability for large-area and flexible device fabrication

Coating method

Advantages

Disadvantages

Suitability for flexible substrate

Spin coating

Blade coating

Slot-die coating

Spray coating

Inkjet printing

Produces highly uniform films with
excellent surface coverage at a small
scale. It is simple, fast, and widely
adopted in academic research,
making it ideal for high-efficiency
proof-of-concept devices and
enabling systematic optimization of
ink formulation and crystallization
mechanisms

Blade coating features relatively low
material waste compared to spin
coating, while maintaining a simple
setup that is compatible with
ambient processing. Film thickness
can be controlled by adjusting
coating speed and blade height,
making it scalable to medium-sized
substrates and providing a good
balance between simplicity and
reproducibility

Slot-die coating enables excellent
thickness control and
reproducibility across large areas. It
provides very low material waste
with high ink utilization and is
highly scalable, being fully
compatible with continuous roll-to-
roll manufacturing. The method
allows precise wet film deposition
followed by controlled drying

Spray coating is simple, low-cost,
and compatible with ambient
conditions. It can conformally coat
textured, curved, or rough surfaces,
which is advantageous for flexible or
non-planar substrates, and the
equipment is relatively inexpensive
and scalable

Inkjet printing enables digital,
mask-free patterning and highly
efficient material usage with
minimal waste. It allows the
fabrication of customized and
pixelated device architectures and is
compatible with localized
deposition, making it suitable for
wearable and portable electronic
applications

Very high material waste (>80%)
occurs due to excess solution being
spun off. The method is not scalable
to large or continuous substrates
and requires large ink volumes. It
also has poor compatibility with
roll-to-roll or continuous processes,
and film thickness control becomes
limited for large-area deposition
The method is highly sensitive to
ink viscosity, coating speed,
substrate roughness, and
environmental conditions.
Throughput is lower than slot-die
coating, and there is a risk of film
inhomogeneity, particularly at the
substrate edges

It requires careful optimization of
ink formulation, particularly
viscosity, surface tension, and
solvent volatility. Drying and
crystallization must be tightly
controlled to avoid defects, and the
setup is more complex compared to
blade coating

Film uniformity is often limited,
with defects such as pinholes and
surface roughness being common.
Thickness control is less precise
compared to other methods, and
post-treatments such as annealing
or solvent engineering are usually
required

The method suffers from low
throughput, limiting its industrial
relevance. Nozzle clogging and
droplet coalescence can lead to
nonuniform films, while film
crystallization and uniformity
require careful optimization of ink
properties. Scalability is limited
compared to slot-die coating

Mainly useful for lab-scale
fabrication of flexible test cells and
for studying new materials, but not
applicable for large-area flexible
PSC modules due to its lack of
scalability

Suitable for small- to medium-area
flexible substrates and pilot-scale
devices and often adopted as an
intermediate step before scaling up
to slot-die or roll-to-roll processes

Slot-die coating is considered one of
the most promising methods for
large-area flexible PSC modules and
is highly relevant for industrial
production lines and
commercialization

Attractive for large-area flexible
devices where surface conformity is
critical, such as textiles or uneven
substrates, although film quality
issues remain a barrier for
achieving high-performance PSCs

Inkjet printing is well-suited for
patterned flexible devices,
integrated sensors, and wearable or
portable electronics, but is more
appropriate for niche or specialized
applications rather than large-area
flexible PSC modules

cost solution processability, lightweight design, and ease of
power conversion efficiency (PCE) improvement.® The unique
properties of perovskite materials, such as low crystallization
activation energy and high tolerance for compositional vari-
ability, enable facile thin-film deposition via scalable tech-
niques.”” These materials exhibit wide tunable bandgaps
(1.5-3.2 eV), high defect tolerance (trap densities around 10"
em?), and long charge carrier diffusion lengths exceeding 1
um,® making them highly attractive for solar applications.
Remarkably, within just a decade, single-junction PSCs have
achieved a certified PCE of 27.0%,° despite persistent issues

5964 | Sustainable Energy Fuels, 2025, 9, 5962-6006

such as high defect densities and interfacial instabilities.'***
However, their success has so far been limited to lab-scale
devices, and scalability to large-area modules remains a major
challenge.” Nonetheless, as IDTechEx points out in its report
perovskite photovoltaics 2023-2033, PSCs could complement or
even replace conventional silicon-based solar cells in the future
because of their low cost, high efficiency, scalable
manufacturing capabilities, and potential to be both flexible
and lightweight.*®

Currently, most high-efficiency PSCs are primarily fabricated
using spin coating methods at the laboratory scale, due to the

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5se00873e

Published on 10 October 2025. Downloaded on 11/21/2025 7:44:12 AM.

Review

ability of spin coating to produce uniform, pinhole-free perov-
skite films with precise thickness control. Two spin coating
strategies are employed for perovskite layer formation: one-step
and two-step processes. In the one-step process, anti-solvents
are often introduced to improve film formation. For example,
Cheng's group used N,N-dimethylformamide (DMF) as the
primary solvent and chlorobenzene (CB) as the anti-solvent to
achieve highly uniform films.** Similarly, Seok's group
employed tert-butyl alcohol (TB) as the anti-solvent in a mixture
of dimethyl sulfoxide (DMSO) and gamma-butyrolactone (GBL)
solvent system to improve film morphology.*> Although the anti-
solvent procedure can yield high-quality films, precise control
over the anti-solvent step is difficult to scale up for large-area
production. In contrast, the two-step spin coating method
offers better control over perovskite morphology and interface
formation.'® However, it often suffers from incomplete phase
conversion and pronounced edge effects, particularly as the
coated area increases, further limiting its scalability. Overall,
spin coating is limited by intrinsic drawbacks that hinder scale-
up, including low material utilization, potential formation of
surface defects and pinholes, and difficulty in achieving
uniform coverage over large areas, all of which contribute to
performance degradation in large-area devices."” To overcome
these limitations, alternative scalable techniques such as blade
coating, slot-die coating, spray coating, and inkjet printing have
emerged as promising fabrication approaches. These tech-
niques offer better potential for large-area uniformity, material
usage efficiency, and process repeatability. To illustrate their
relative merits, Table 1 provides a comparative summary of
these solution-based coating methods, highlighting their
advantages, disadvantages, material utilization, scalability, and
suitability for large-area and flexible device fabrication. For
instance, blade coating uses a controlled blade to spread the
precursor solution evenly, slot-die coating relies on fluid
dynamics to deposit uniform films with high precision, spray
coating allows rapid film deposition by atomizing the precursor
solution onto the substrate, and inkjet printing enables digital,
mask-free patterning through the precise ejection of picoliter-
scale droplets. However, further optimization is still needed
in these scalable techniques, such as achieving consistent
thickness, uniformity, and reproducibility.

This review provides a comprehensive overview of the prog-
ress and challenges in the development of flexible perovskite
solar cells (F-PSCs), with a particular focus on scalable fabri-
cation strategies. It begins by highlighting the significance of F-
PSCs and recent advancements in the field, including the
development of flexible tandem PSCs that aim to overcome
single-junction efficiency limits through stacked absorber
architectures, and the emergence of all-printed F-PSCs that
enable fully solution-processed fabrication without vacuum
deposition. This is followed by an in-depth discussion of issues
related to scaling up to large-area devices. The review then
examines three prominent scalable coating technologies—
blade coating, slot-die coating, and spray coating—Dby first di-
scussing their applications on rigid substrates and subse-
quently extending to flexible substrates, offering a comparative
perspective on their process compatibility, film quality, and

This journal is © The Royal Society of Chemistry 2025
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device performance. Furthermore, the review explores the
transition from rigid to flexible substrate processing, including
the selection of flexible substrates, development of electrodes,
adoption of low-temperature processable charge transport
materials, and encapsulation strategies, all of which are critical
for ensuring mechanical flexibility and long-term operational
stability of F-PSCs. Key stability concerns, both environmental
and mechanical, are addressed in the context of real-world
durability. In conclusion, this review outlines the current
technical challenges and provides a forward-looking perspective
on the commercialization of F-PSCs, emphasizing the need for
materials innovation, scalable processing, and reliability testing
to accelerate the realization of next-generation photovoltaic
technology.

2. Flexible perovskite solar cells
(F-PSCs)
2.1 Why are F-PSCs important

F-PSCs have gained increasing attention as a promising next-
generation photovoltaic technology, not only due to their
impressive PCEs but also because of their unique combination
of mechanical flexibility, lightweight construction, and
compatibility with scalable manufacturing techniques. These
features collectively enable F-PSCs to meet application needs
that conventional rigid solar technologies cannot fulfill, thereby
expanding the scope and impact of solar energy utilization. One
of the most compelling advantages of F-PSCs is their mechan-
ical flexibility, which enables them to conform to curved,
textured, or movable surfaces without compromising perfor-
mance. This feature unlocks a wide range of application
possibilities, including building-integrated photovoltaics
(BIPV),"® vehicle-integrated photovoltaics (VIPV)," and wearable
electronics.”® Unlike traditional rigid panels, F-PSCs can be
seamlessly integrated into architectural components such as
windows, facades, and lightweight roofing materials, trans-
forming passive building surfaces into active energy generators.
This architectural versatility is essential for the realization of
smart, energy-autonomous buildings in densely populated
urban environments. In the realm of mobile and wearable
technologies, the ability to incorporate F-PSCs into fabrics,
flexible substrates, or curved devices positions them as ideal
energy sources for the rapidly growing fields of smart textiles,
health monitoring systems, and the Internet of Things (IoT).>*
Their ability to deliver continuous, lightweight, and unobtrusive
power makes them suitable for devices that demand compact-
ness, mobility, and reliability, particularly in scenarios where
access to traditional power sources is limited. Furthermore, the
low weight and rollable nature of F-PSCs enable them to be
easily transported and deployed in off-grid environments. This
feature is particularly advantageous for emergency power
supply systems, portable charging units, and renewable energy
solutions in disaster relief, humanitarian missions, and remote
infrastructure development. The practicality of F-PSCs in such
contexts underscores their value beyond urban environments,
helping to address global energy access challenges.

Sustainable Energy Fuels, 2025, 9, 5962-6006 | 5965
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Fig. 1 The progress of power conversion efficiency in flexible perovskite solar cells from 2013 to April 2025.24-3¢

In addition to these functional benefits, F-PSCs align well
with sustainability goals.”* Their fabrication often relies on low-
temperature, solution-based processes such as slot-die coating
and roll-to-roll (R2R) manufacturing, which significantly reduce
energy consumption and production costs compared to
conventional high-temperature silicon-based methods. These
scalable techniques support mass production on flexible
substrates, paving the way for industrial-scale deployment and
commercialization. The importance of F-PSCs is further
amplified by the rapid progress in materials engineering and
device architecture. Continuous innovation in encapsulation,
barrier films, and interface engineering has led to marked
improvement in both environmental stability and operational
lifetime of flexible perovskite devices. As the field evolves,
F-PSCs show promise for improved long-term stability
compared to traditional photovoltaic technologies, making
them a reliable option for long-term energy generation.”® In
summary, F-PSCs are not merely an incremental improvement
but a paradigm shift in how solar energy can be implemented
across diverse scenarios. Thanks to their versatility, ease of
large-scale production, and strong performance, they play an
essential role in accelerating the global transition toward more
sustainable, locally deployable, and accessible energy systems.

2.2 Advancements in F-PSCs

The development of F-PSCs has progressed substantially since
their initial investigation in 2013, with notable advancements
achieved to date. Over the past decade, extensive research
efforts have been dedicated to enhancing PCE, improving

5966 | Sustainable Energy Fuels, 2025, 9, 5962-6006

mechanical durability, and developing scalable fabrication
techniques suitable for large-area manufacture. These
advancements have progressively addressed many of the early-
stage challenges that hindered the practical deployment of
F-PSCs. A chronological overview of key technological mile-
stones and performance improvements is illustrated in Fig. 1
and further discussed in the following sections.

2.2.1 Early exploration (2013-2014): overcoming funda-
mental challenges. During the early development of F-PSCs,
significant efforts were directed toward integrating perovskite
materials with flexible substrates such as polyethylene tere-
phthalate (PET) and polyethylene naphthalate (PEN). However,
several critical challenges quickly became apparent. The rela-
tively high surface roughness of flexible substrates hindered the
formation of high-quality perovskite films, leading to poor
crystallization and film morphology, which in turn reduced
device performance. In addition, commonly used transparent
conductive layers like indium tin oxide (ITO) were prone to
cracking under mechanical stress, which significantly affected
electrical conductivity. Mechanical deformation during
bending or flexing further accelerated device degradation,
posing a serious barrier to the practical application of F-PSCs. At
this early stage, the highest PCE was approximately 7%,
reflecting both the infancy of the technology and its consider-
able room for further advancement.>**

2.2.2 Efficiency breakthrough and stability improvements
(2015-2016). Subsequent research efforts concentrated on
optimizing the electron transport layer (ETL) to enhance charge
extraction and improve perovskite film formation. Materials

This journal is © The Royal Society of Chemistry 2025
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such as titanium dioxide (TiO,) and tin oxide (SnO,) were
systematically refined, leading to more efficient charge trans-
port and improved perovskite crystallization. Concurrently, the
introduction of hybrid organic-inorganic perovskites, particu-
larly methylammonium lead iodide (MAPbI;), resulted in
significant efficiency improvements with PCEs reaching
15-17%.>%*" To address the mechanical fragility of conventional
ITO electrodes, alternative electrode materials such as metal
grids*” and carbon-based®® electrodes were explored, offering
improved mechanical durability and device flexibility without
compromising device performance.

2.2.3 Interface engineering and mechanical durability
(2017-2018). As research progressed, a concerted focus on
interface engineering emerged to address key limitations in
flexible PSCs. By minimizing defect states and suppressing
non-radiative recombination, researchers developed
self-healing interface materials incorporating hydrogen
bonding and covalent interactions, which significantly
improved the interfacial contact between the perovskite and
electrode layers. In parallel, the incorporation of stretchable
electrode materials such as silver nanowires (Ag NWs) and
graphene provided improved mechanical flexibility and resis-
tance to cracking under strain, directly addressing the
mechanical instability of earlier devices. The synergistic effect
of optimized interfaces and flexible electrodes not only pushed
the PCE beyond 18% but also substantially enhanced the
bending stability and mechanical durability of F-PSCs.>***

2.2.4 Breakthroughs in interface engineering (2019). In
2019, notable advancements in interface engineering propelled
the development of F-PSCs. Studies showed that precise control
over the thickness and morphology of SnO,-based ETLs could
effectively reduce optical losses and enhance light absorption
on PEN/ITO substrates. These improvements led to a record
PCE of 19.51%, with devices maintaining 95% of their initial
PCE after 6000 mechanical bending cycles.*® Key advancements
included enhanced charge transport, effective defect suppres-
sion, and increased open-circuit voltage (Voc), all contributing
to both improved PCE and mechanical reliability.

2.2.5 Suppressing non-radiative recombination (2020). In
2020, a novel passivation strategy using a herbal extract was
introduced, where a small amount of artemisinin (0.22 mol%)
was employed as a defect passivation agent. This approach
effectively suppressed the formation of deep-level defects
through lead ion (Pb**) complexation, leading to a significant
improvement in PCE to 21.10% and enhanced device stability.**
Under accelerated aging conditions, F-PSCs demonstrated
exceptional long-term performance.

2.2.6 Hybrid solar cells (HSCs) for near-infrared light
absorption (2021). To mitigate the limited absorption capabil-
ities in the near-infrared (NIR) region, researchers developed
hybrid solar cells (HSCs) by incorporating low-bandgap bulk
heterojunction (BH]J) layers into inverted perovskite architec-
tures. This innovation enabled remarkable PCEs of 23.80% for
rigid HSCs and 21.73% for their flexible devices,* thereby
highlighting their promise for wearable electronics and stable,
long-term operation.

This journal is © The Royal Society of Chemistry 2025
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2.2.7 Large-area manufacturing and interface modification
(2022). Further progress in interface engineering led to the
development of pentylammonium acetate (PenAAc) surface
treatments, which improved perovskite nucleation and crystal-
lization. As a result, F-PSCs achieved a notable PCE of 23.68% in
small-area devices and PCE of 21.52% for large-area devices (1.0
cm?), while retaining 91% of their efficiency after 5000 bending
cycles.®® These advancements marked a critical step toward
scalable and reliable manufacturing.

2.2.8 Buried interface engineering and stress-release
strategies (2023). In 2023, attention turned to the role of
buried interfaces in controlling perovskite film morphology and
suppressing defect formation. The introduction of proline
hydrochloride (PF) as a buried interlayer effectively stabilized
the a-phase of formamidinium lead iodide (FAPbI;) and miti-
gated stress-induced degradation. This breakthrough led to
a record PCE of 24.61% (certified at 23.51%), with the devices
meeting the stability standards set by the International Summit
on Organic Photovoltaic Stability (ISOS). This achievement
marks a significant milestone in the development of F-PSCs
with long-term operational durability.**

2.2.9 Self-assembled monolayers (SAMs) for interface
optimization (2024). In 2024, the implementation of asym-
metric m-extended self-assembled monolayers (SAMs), such as
(4-(9H-dibenzo[a,c]carbazol-9-yl)butyl)phosphonic  acid  (A-
4PADCB), brought notable improvements at the interface
between the flexible substrate and perovskite layer. These SAMs
promoted better grain growth, enhanced film uniformity, and
passivated interfacial defects. As a result, F-PSCs achieved
a record PCE of 25.05% in small-area devices, and a certified
PCE of 19.51% (with a measured PCE of 20.64%) for the large-
area module.*® These advancements significantly accelerated
the commercialization prospects of large-area F-PSC
technologies.

2.2.10 Crosslinking strategies for mechanical durability
and scalability (2025). Recent developments have focused on
enhancing mechanical robustness through crosslinking strate-
gies. A novel crosslinking monomer, (2,5-dioxopyrrolidin-1-yl)
5-(dithiolan-3-yl)pentanoate (FTA), was introduced to chemi-
cally passivate defects and control perovskite crystallization.
The resulting crosslinked FTA [CL(FTA)] structure effectively
stabilized grain boundaries, reduced residual stress, and
improved mechanical durability. Consequently, F-PSCs ach-
ieved a high PCE of 24.64% (certified PCE of 24.08%),*® while
a large-area module reached a PCE of 17.13%, underscoring
their potential for industrial-scale production.

2.2.11 Development of flexible tandem PSCs. While
significant advancements have been achieved in improving the
efficiency, stability, and mechanical durability of F-PSCs,
single-junction architectures are gradually nearing their theo-
retical efficiency limits. To overcome this performance plateau,
tandem device architectures—especially those incorporating
perovskite materials as one or both sub-cells—have emerged as
a promising strategy. By stacking two photoactive layers with
complementary absorption spectra, tandem solar cells can
more efficiently harvest the solar spectrum and thus surpass the
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Fig. 2 (a) Schematic illustration of 4-terminal (4T) and 2-terminal (2T) perovskite tandem solar cell (TSC) architectures. (b) Structure of flexible
perovskite (PVK)/CIGS 4T TSCs. Shown are the J-V curves of flexible CIGS (F-CIGS), filtered F-CIGS, and flexible single-junction perovskite solar
cells (S-PSCs) with ARP surface modification. Also shown are the EQE spectra of ARP-treated S-PSCs and filtered F-CIGS, with integrated Jsc
values of 18.75 and 18.57 mA cm™2, respectively.® (c) Device structure and cross-sectional SEM image of a flexible all-perovskite tandem solar
cell. The EQE spectra and stabilized power output of the champion flexible tandem cell are shown for a device with an aperture area of 0.049
cm? 50 (d) Schematic diagram and J-V characteristics of a flexible perovskite/thinned silicon tandem solar cell. Images of the fabricated flexible
tandem device are also shown.*® (e) Energy level alignment of a 2T perovskite—organic tandem solar cell. EQE spectra of the wide-bandgap
perovskite top subcell and low-bandgap OPV bottom subcell are presented, along with the J-V curve of the flexible tandem device under
simulated AM 1.5 G illumination. Inset: photograph of the flexible tandem device driving water splitting using NiFe LDH electrodes in a two-
electrode configuration.®”
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Shockley-Queisser limit of single-junction devices. Although
tandem integration has been successfully demonstrated on
rigid substrates, adapting these architectures to flexible plat-
forms introduces both new opportunities and challenges,
including mechanical compatibility, interconnection design,
and fabrication process integration. In recent years, various
types of flexible tandem perovskite solar cells (F-TPSCs) have
been reported, including monolithic two-terminal (2T) and
mechanically stacked four-terminal (4T) configurations, as
shown in Fig. 2(a). These flexible tandems span diverse material
combinations such as perovskite/copper indium gallium sele-
nide (PVSK/CIGS), all-perovskite tandems (PVSK/PVSK),
perovskite/silicon (PVSK/Si), and perovskite/organic photovol-
taics (PVSK/OPV). In the following sections, we review recent
developments in F-TPSCs, with a focus on materials engi-
neering, device architectures, and integration strategies adop-
ted in 2T and 4T configurations. Special emphasis is placed on
the interplay among flexibility, performance, and scalability, as
well as the emerging role of tandem technologies in enabling
next-generation lightweight, high-efficiency solar energy
solutions.

2.2.11.1 Flexible perovskite/CIGS tandem solar cells. Early
demonstrations of flexible perovskite/CIGS tandem solar cells
were reported by Pisoni et al. (2017), who directly deposited
perovskite layers onto flexible CIGS encapsulation front sheets,
achieving stabilized efficiencies of 10.9% on 1.03 cm”® and
13.2% on 0.15 cm” devices. By incorporating a transparent rear
electrode (In,O5:H), they obtained near-infrared-transparent
perovskite cells exceeding 12% efficiency, enabling flexible 4T
tandem devices to achieve combined efficiencies of 18.2%.%
Building upon this, Pisoni et al. (2018) introduced a multistage
hybrid vacuum-solution deposition process to improve Pbl,
layer morphology and film uniformity, resulting in F-PSC effi-
ciencies increasing from 14.2% to 15.8%. The use of amorphous
indium zinc oxide (IZO) as a transparent conductive oxide
enhanced mechanical durability, preserving over 80% efficiency
after 1000 bending cycles at a 4 mm radius, while tandem effi-
ciencies reached 19.6%.* Luo et al. (2023) advanced the field by
optimizing flexible CIGS absorbers through a modified
three-step co-evaporation process with controlled Ga distribu-
tion and Ag doping, achieving high crystallinity, enlarged grain
size, and double GGI grading, yielding bottom cell efficiencies
of 18.93% on polyimide substrates processed below 450 °C.
Coupling this with a semitransparent flexible perovskite top cell
(15.31%), they demonstrated fully flexible 4T tandems with
arecord PCE of 21.56%.""* Zheng et al. (2024) fabricated the first
monolithic perovskite/CIGS tandem on flexible conductive steel
substrates, achieving a PCE of 18.1%, combining mechanical
robustness with scalable tandem integration.”” Tang et al.
(2024) applied a dual passivation strategy targeting grain
boundaries and interfaces in wide-bandgap perovskite top cells,
which improved crystallinity, reduced non-radiative recombi-
nation, and enhanced charge transport, enabling a flexible 4T
tandem efficiency of 26.57%, the highest reported to date, as
shown in Fig. 2(b).** Tian et al. (2025) identified that the
commonly used aluminum-doped ZnO (AZO) transparent
conductive layer damages perovskite films and demonstrated
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that inserting an indium zinc oxide (IZO) interlayer protects the
perovskite top cell, resulting in 21.24% efficiency and improved
thermal stability; unencapsulated devices retained 80% of their
initial efficiency after 120 minutes at ~90 °C under continuous
maximum power point operation, whereas devices without the
1ZO degraded within 25 minutes.* Jeong et al. (2025) utilized
a polyimide-coated soda-lime glass substrate with a lift-off
process to suppress alkali diffusion, resulting in enhanced
CIGS grain growth and carrier concentration, and achieved
a certified PCE of 22.8% and a power-per-weight ratio of 6.15 W
g ' Tang et al (2025) introduced [4-(7H-dibenzo[c,g]
carbazol-7-yl)butyl]phosphonic acid (4PADCB) surface modifi-
cation on RF-sputtered NiO, films, improving band alignment
and reducing voltage losses at the hole transport layer/
perovskite interface, reaching a PCE of 22.8% and Voc of
1.82 V.** Ying et al. (2025) developed an antisolvent-seeding
approach to decouple SAM adsorption from dissolution and
enhance perovskite crystallinity on rough flexible CIGS surfaces,
achieving a certified PCE of 23.8% on devices (1.09 cm”) with
over 90% performance retention after 320 hours and 3000
bending cycles.*” Collectively, these advances in absorber engi-
neering, interface modification, substrate selection, and inter-
layer design have enabled substantial improvements in
efficiency, mechanical durability, and thermal stability in flex-
ible perovskite/CIGS tandem solar cells.

2.2.11.2 Flexible all-perovskite tandem solar cells. Several
recent studies have advanced flexible all-perovskite tandem
solar cells by addressing critical challenges in interface engi-
neering, material stability, and scalable fabrication. Palmstrom
et al. (2019) introduced a nucleophilic polymer nucleation layer
enabling conformal atomic layer deposition of aluminum zinc
oxide (AZO) as a recombination layer, preventing shunting and
protecting bottom subcells; simultaneously, they tuned wide-
bandgap perovskites via mixed A-site cations to improve
stability, achieving efficiencies of 23.1% on rigid substrates
(area not specified) and 21.3% on flexible substrates, respec-
tively.*® Lai et al. (2022) utilized SAMs as hole-selective contacts
combined with post-deposition 2-thiopheneethylammonium
chloride treatment to suppress recombination and achieve
high-quality 1.77 eV wide-bandgap films, resulting in flexible 4T
tandems with a PCE of 22.6% and 2-terminal tandems with
a PCE of 23.8% and a record Voc of 2.1 V.*° Li et al (2022)
developed a molecule-bridged hole-selective contact using
carbazole-based phosphonic acid self-assembled monolayers to
enhance interfacial charge extraction and mechanical dura-
bility, with devices retaining performance after 10 000 bending
cycles at a 15 mm radius, reaching a certified PCE of 24.4% on
flexible devices (area not specified), as shown in Fig. 2(c).** Babu
et al. (2022) demonstrated scalable blade-coating deposition of
both wide- and narrow-bandgap layers on flexible substrates,
producing 50 cm”® 4T tandem modules with a PCE of 15.3%;
their robust two-step lamination encapsulation ensured
thermal stability up to 800 h at 70 °C and outdoor Tg, exceeding
2000 h under MPPT.** Pious et al. (2023) investigated SnF,
additives in Pb-Sn narrow-bandgap perovskites, revealing the
formation of a fluorinated tin oxide passivation layer and fluo-
rine ion accumulation at interfaces, which reduced
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recombination and improved quasi-Fermi level splitting; opti-
mized SnF, concentrations led to flexible Pb-Sn single-junction
PSCs with 18.5% efficiency and flexible 4T all-perovskite
tandems with 23.1% PCE.** Geng et al. (2025) recently re-
ported flexible all-perovskite tandem solar cells using a bilateral
anchoring strategy at the NBG perovskite/PEDOT:PSS interface,
where 2-bromoethylamine hydrobromide (2-BH) enhanced
interfacial adhesion and suppressed Sn oxidation.*® As a result,
flexible narrow-bandgap single-junction devices achieved a PCE
of 18.5% with 95% retention after 3000 bending cycles, and
monolithic tandem cells reached a certified PCE of 24.01%.
Together, these works underscore the critical roles of interface
passivation, compositional engineering, and scalable process-
ing in pushing flexible all-perovskite tandem solar cells toward
higher efficiency and mechanical robustness.

2.2.11.3 Flexible perovskite/silicon tandem solar cells. Wang
et al. (2024) demonstrated the first flexible perovskite/silicon
tandem solar cell by enhancing the mechanical flexibility of
an ultrathin (~30 um) crystalline silicon bottom cell through
wafer thinning and light-trapping texture optimization, while
maintaining optical performance. The addition of a capping
layer on the perovskite top cell shifted the neutral mechanical
plane, further improving bending durability. The flexible
tandem device achieved a certified stabilized efficiency of 22.8%
with a power-to-weight ratio of 3.12 W g *, maintaining 98.2%
of its initial efficiency after 3000 bending cycles at a 1 cm radius
and 90.6% after 100 hours of maximum power point opera-
tion.** Shishido et al. (2025) advanced flexible perovskite/silicon
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tandems by integrating an inverted perovskite top cell onto
a bendable 60 pm-thick microtextured silicon heterojunction
(SHJ) bottom cell. The incorporation of a low-refractive-index
doped layer enhanced optical management, boosting the SHJ
cell efficiency to over 21%. Optimization of self-assembled
monolayers on the textured surface led to a flexible tandem
efficiency of 26.5% on devices with an active area not specified,
as shown in Fig. 2(d). This work also suggests further
improvements via current matching through bifacial SHJ
designs and emphasizes the need for comprehensive mechan-
ical durability evaluation.>® More recently, Sun et al. demon-
strated flexible perovskite/c-silicon monolithic tandem solar
cells with textured surfaces by emphasizing the importance of
perovskite phase homogeneity to simultaneously promote
charge transfer and mitigate residual stress at the perovskite/Si
interface.* This strategy enabled excellent mechanical stability
with a bending curvature of 0.44 cm and yielded a certified PCE
of 29.88% (steady-state 29.2%, 1.04 cm> aperture area), repre-
senting the highest performance reported for flexible
perovskite-based photovoltaic devices to date.

2.2.11.4 Flexible perovskite/organic photovoltaics tandem
solar cells. Li et al. (2020) demonstrated a monolithic perov-
skite-organic tandem solar cell combining a 1.74 eV wide-
bandgap perovskite top cell with a 1.30 eV low-bandgap
organic PBDB-T:SN6IC-4F bottom cell, achieving a PCE of
15.13% and a high V¢ of 1.85 V on a small active area device.
The low-temperature fabrication process and material flexibility
enabled the realization of flexible tandem devices with a PCE of
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(a) Structural diagram of the perovskite solar cell architecture. Photograph of a 10 cm x 12 cm perovskite solar cell. Hysteresis char-

acteristics measured at the maximum power point.>® (b) Schematic illustration of the R2R slot-die coating process used for fabricating perovskite
solar cells, featuring a fully printable carbon top electrode.*® (c) Workflow for manufacturing F-PSMs, including laser patterning, CO, snow jet
cleaning, R2R slot-die coating, doctor blading, and stencil printing. F-PSCs follow a similar process but omit certain laser patterning steps.®°
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13.61%, retaining excellent optoelectronic performance. Addi-
tionally, the tandem cells were integrated into a photoelectro-
chemical water splitting system, reaching solar-to-hydrogen
efficiencies of 12.30% (rigid) and 11.21% (flexible), as shown in
Fig. 2(e).”

2.2.12  All-printed F-PSCs. Beyond advancements in small-
area F-PSCs, one emerging technology that has demonstrated
significant progress is fully printed F-PSCs, which are compat-
ible with high-throughput R2R manufacturing. A critical chal-
lenge in scaling up such devices lies in controlling interfacial
recombination losses that limit overall device performance. In
2021, Gao et al. successfully demonstrated fully inkjet-printed
CH;NH;PbI; PSCs incorporating all functional layers—includ-
ing a PEN/Ag NWs bottom electrode, PEDOT:PSS hole transport
layer, CH;NH,;PbI; absorber, PC,;BM electron transport layer,
PEI interfacial modifier, and Ag NWs top electrode. This
comprehensive printing strategy enabled the formation of
highly uniform and well-controlled films, leading to the fabri-
cation of large-area devices up to 180 cm”. Remarkably, the
device with an active area of 120 cm? achieved a PCE of 16.78%
(Voc = 1.02 V, Jsc = 21.96 mA cm ™%, FF = 75%),*® representing
one of the highest PCEs reported for fully printed perovskite
cells, as shown in Fig. 3(a). In addition, outstanding environ-
mental stability was observed: unencapsulated devices retained
90% of their initial performance after six months under
ambient conditions, while devices encapsulated with fluori-
nated thermoplastic polyurethane (FTPU) exhibited only a 5%
degradation, underscoring the long-term reliability of this
scalable, all-printed architecture for future commercial appli-
cations. In a groundbreaking advancement toward scalable
manufacturing, Beynon et al. in 2023 demonstrated the first
fully R2R coated perovskite solar cell, overcoming a long-
standing limitation in printable back electrodes, as shown in
Fig. 3(b). By employing a low-temperature n-i-p device archi-
tecture comprising SnO,/perovskite/PEDOT/carbon, the team
successfully replaced vacuum-deposited metal contacts with
a fully solution-processable carbon electrode. This design
enabled the formation of an ohmic contact between the p-type
interlayer and the printable carbon electrode, mitigating inter-
facial incompatibilities and recombination losses. The resulting
small-area devices exhibited power conversion efficiencies of
13-14%, comparable to their gold-contacted counterparts.
Notably, the fully R2R-coated prototypes achieved a stabilized
PCE of 10.8% without encapsulation, and demonstrated excel-
lent operational durability, retaining 84% of their initial
performance after 1000 hours under 70% relative humidity at
25 °C.*”® This work represents a pivotal step toward cost-
effective, high-throughput production of perovskite photovol-
taics via R2R processing. To address this, researchers intro-
duced a fullerene-substituted alkylphosphonic acid dipole layer
between the R2R-printed SnO, electron transport layer and the
perovskite active layer. This strategic interface engineering
reduced energy barriers and effectively suppressed buried
interface recombination, enabling fully printed F-PSCs to ach-
ieve a PCE of 17.0% with negligible hysteresis and excellent
mechanical durability, maintaining 95% of their initial perfor-
mance after 3000 bending cycles. Furthermore, fully printed
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flexible perovskite solar modules (F-PSMs) with an aperture area
of 20.25 cm? demonstrated a remarkable PCE of 11.6%, as
illustrated in Fig. 3(c). Notably, encapsulated F-PSMs exhibited
excellent environmental stability, retaining 90% of their initial
efficiency after 500 hours of damp-heat testing under ISOS-D3
conditions (65 °C, 85% RH). These advancements highlight
the viability of fully printed architectures for large-area, flexible
photovoltaic applications and underscore the importance of
interfacial design in overcoming scalability barriers for
next-generation perovskite solar technologies.

2.3 Issues of large-area F-PSCs

The development of large-area F-PSCs involves distinct tech-
nical challenges concerning material stability, mechanical
reliability, and scalable process engineering. This section
outlines five key issues that must be addressed to achieve
industrial feasibility and ensure the long-term deployment of
large-area F-PSCs.

2.3.1 Process scalability and cost-effective manufacturing.
Scaling up from laboratory-scale devices to large-area flexible
modules involves complex trade-offs among throughput,
uniformity, and cost. Fabricating high-quality perovskite layers
over flexible substrates using scalable methods such as blade
coating or slot-die coating often results in non-uniform film
thickness, inconsistent crystallinity, and interfacial defects.
Moreover, flexible polymeric substrates generally cannot
tolerate high-temperature post-processing, which necessitates
the development of low-temperature or photonic annealing
techniques. To ensure commercial feasibility, the overall
production cost, including that of flexible substrates, encapsu-
lation materials, and conductive electrodes, must be minimized
while maintaining high yield and reproducibility. Although
integration with R2R processing offers great potential for mass
production, it remains technologically challenging due to these
limitations.

2.3.2 Mechanical stability and stress-induced degradation.
Unlike rigid devices, flexible solar cells are frequently exposed
to mechanical stress such as bending, folding, or rolling. These
repetitive mechanical deformations can lead to microcracks in
the perovskite layer or delamination at material interfaces,
which compromise device performance. The mechanical
mismatch between brittle active layers and soft polymeric
substrates further increases the risk of structural failure. To
address this issue, researchers are exploring the use of
stretchable or ductile transport layers, flexible electrodes such
as silver nanowires or carbon nanotubes, and stress-tolerant
encapsulation materials. Nevertheless, ensuring mechanical
durability while maintaining electrical performance remains
a significant challenge.

2.3.3 Intrinsic and environmental stability of perovskite
materials. Perovskite materials are highly sensitive to external
factors such as moisture, oxygen, ultraviolet (UV) light, and
elevated temperatures. In flexible devices, the mechanical strain
introduced during deformation can accelerate the formation of
defects, which in turn amplifies environmental degradation
pathways. Furthermore, flexible polymeric substrates typically
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offer inferior barrier properties compared to rigid glass, leading
to faster ingress of moisture and oxygen. This increases the
risks of phase instability, ion migration, and interfacial degra-
dation. To resist these issues, advanced encapsulation strate-
gies employing multilayer barrier films or atomic layer
deposition (ALD) coatings are essential. In parallel, material
innovations aimed at developing environmentally stable
perovskite compositions and robust interfacial layers are crucial
for enhancing long-term operational stability.

2.3.4 Electrical performance and charge extraction in large
areas. As the device area increases, maintaining uniform elec-
trical performance becomes more difficult. Longer charge
transport paths can lead to increased series resistance and
reduced fill factors. Additionally, non-uniform depositions can
cause spatial variations in current density and localized
recombination losses. The selection of transparent conductive
electrodes (TCEs) is particularly critical in flexible devices,
which must combine high optical transparency, low sheet
resistance, and mechanical flexibility. Traditional ITO is often
unsuitable due to its brittleness. Alternatives such as metal
nanowire networks, conductive polymers, or hybrid composites
are promising, but scaling them up without compromising
device efficiency remains a significant obstacle.

2.3.5 Interface engineering and layer compatibility on
flexible substrates. Effective charge transport and device effi-
ciency require optimal interfacial contact and energy-level
alignment between successive layers. However, achieving this
in flexible devices is more challenging due to the surface char-
acteristics of polymeric substrates, which may exhibit high
roughness, poor wettability, and limited chemical compati-
bility. These factors can hinder uniform film formation and
weaken adhesion between layers. Furthermore, the limited heat
tolerance of flexible substrates restricts the use of conventional
solvent systems and annealing conditions. Interface engi-
neering strategies such as self-assembled monolayers, surface
modification treatments, and tailored buffer layers play
a crucial role in promoting uniformity, adhesion, and charge
transfer while preserving mechanical compliance. Balancing
these demands with the requirements of scalable processing
continues to be a critical area of research.

2.4 Key challenges of coating processes on flexible
substrates

The development of scalable coating methods for flexible
perovskite solar cells faces several critical challenges that must
be addressed to enable reliable large-area manufacturing.
Unlike rigid glass substrates, flexible polymeric substrates
exhibit increased surface roughness, reduced thermal stability,
and enhanced mechanical compliance, all of which complicate
film formation and adhesion. These characteristics amplify the
influence of solvent drying dynamics, interfacial compatibility,
and mechanical strain distribution, making process optimiza-
tion significantly more complex. The quality of the perovskite/
transport layer interfaces is strongly influenced by the chosen
coating method, as film formation dynamics directly affect
wetting, adhesion, grain boundary distribution, and ultimately
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defect density. These interfacial properties, in turn, determine
charge extraction efficiency, trap-assisted recombination, and
the mechanical durability of F-PSCs. In this context, each
coating technique, including blade coating, slot-die coating,
spray coating, and inkjet printing, presents distinct limitations
that require critical evaluation in terms of scalability, film
uniformity, and defect control. A systematic analysis of these
challenges provides a foundation for assessing which method-
ologies can be adapted for industrial roll-to-roll fabrication and
for identifying targeted process innovations that may overcome
the bottlenecks unique to flexible substrates.

2.4.1 Blade coating. The main challenge for blade coating
lies in translating laboratory-scale demonstrations into
continuous R2R manufacturing. At the lab scale, film thickness
is easily tuned by the blade gap and coating speed, but under
R2R conditions, the coating environment is far less controlled.
Solvent evaporation becomes strongly influenced by air flow,
substrate movement, and ambient humidity, leading to vari-
ability in crystallization dynamics. The shear-driven spreading
of precursor inks promotes relatively smooth coverage but is
highly sensitive to ink viscosity and substrate wettability.
Insufficient wetting often induces interfacial voids and poor
adhesion, which weaken mechanical robustness during
bending. Grain boundary distribution is often less uniform,
leading to localized trap formation unless solvent engineering
or additives are employed. These interfacial shortcomings
typically translate into reduced fill factor and accelerated effi-
ciency loss under cyclic bending. In particular, R2R processes
require higher throughput, where solvent volatility and drying
uniformity are much harder to maintain compared with static
coating. Moreover, flexible polymeric substrates introduce
additional complexity because surface roughness and
mechanical compliance affect wetting behavior, often resulting
in film non-uniformities or discontinuities during bending. A
critical comparison between blade coating in the laboratory and
its R2R adaptation would therefore highlight the gap between
proof-of-concept fabrication and scalable production, and
underscore the need for innovations in solvent engineering, in-
line drying control, and substrate surface modification
strategies.

2.4.2 Slot-die coating. For slot-die coating, the most critical
aspects that need deeper discussion include the stability of the
liquid meniscus, substrate preheating, and in-line drying
control. Meniscus stability is governed by coating speed and ink
rheology, and instability often results in thickness fluctuations
and nonuniform edge coverage. Substrate preheating is often
employed to adjust drying kinetics and improve nucleation, but
excessive heating may accelerate solvent evaporation and
induce pinhole formation. In-line drying methods, such as
N,-knife or IR-assisted heating, help regulate the wet-to-dry
transition, yet their effectiveness depends strongly on solvent
composition and coating width. Another important consider-
ation is the adaptability of slot-die coating to different perov-
skite compositions: formamidinium-based, mixed-halide, or
triple-cation systems each require unique solvent environ-
ments with distinct viscosities and drying rates. Without careful
optimization, achieving uniform large-area films remains
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difficult. The controlled meniscus and continuous flow typically
yield highly uniform films with low interfacial roughness.
However, variations in drying rate across wide flexible
substrates can generate interfacial stress and nonuniform grain
boundaries. Appropriate preheating and solvent engineering
mitigate these issues, resulting in reduced trap density and
more stable interfaces under mechanical strain. Consequently,
slot-die coated devices often exhibit higher reproducibility and
longer bending lifetimes compared with blade-coated devices,
making this method particularly attractive for scalable fabrica-
tion. Overall, slot-die coating offers high scalability but requires
precise integration of process parameters to ensure reproduc-
ibility across different material systems.

2.4.3 Spray coating. The scalability of spray coating
depends strongly on the control of spray parameters, which
directly determine film morphology and uniformity. Nozzle type
is central: pneumatic nozzles generate broader droplet distri-
butions, whereas ultrasonic nozzles produce more uniform and
finer droplets. Carrier gas pressure regulates the velocity and
density of deposition, and the nozzle-substrate distance influ-
ences droplet impact dynamics and film coverage. Improper
parameter tuning can result in nonuniform thickness, coffee-
ring morphology, or excessive porosity. In addition, solvent
evaporation during droplet flight and impact governs nucle-
ation and grain growth, making it difficult to achieve uniform
crystallization across large flexible substrates. Droplet-based
deposition often produces rougher interfaces due to splash-
ing, droplet coalescence, and incomplete film merging. These
irregularities increase trap density and weaken adhesion to

View Article Online

Sustainable Energy & Fuels

underlying transport layers. Optimizing spray parameters
(nozzle type, distance, carrier pressure) and applying in situ
heating can significantly improve film-substrate interaction
and reduce defect-assisted recombination. Nevertheless,
without precise control, spray-coated films tend to show
increased leakage current, larger variability in performance,
and poor durability under repeated mechanical strain. Without
systematic optimization, significant inhomogeneity appears in
large-area modules. A thorough understanding of the interplay
between spray parameters and film formation is therefore
essential for engineering spray coating toward reliable large-
area flexible PSC fabrication.

2.4.4 Inkjet printing. For inkjet printing, three aspects
deserve more critical analysis, including ink formulation,
substrate compatibility, and printhead reliability. Ink formula-
tion requires a careful balance of viscosity, surface tension, and
solvent volatility to ensure stable droplet ejection while pre-
venting the formation of satellite drops. Substrate compatibility
is equally important, since polymeric substrates with different
surface energies can cause either droplet spreading or dewet-
ting, both of which result in film non-uniformities. Printhead
clogging remains a persistent problem because perovskite
precursors may crystallize at the nozzle, especially under
ambient conditions. These issues directly affect printing reso-
lution, defect density, and device reproducibility. The digital
deposition of discrete droplets can cause local thickness varia-
tion and interfacial roughness at droplet boundaries, which are
prone to defect formation and charge trapping. Proper ink
formulation combined with surface energy modification

Table 2 Post-deposition steps, impacts, challenges, and possible solutions for F-PSCs

Post-deposition step Impact on flexible substrates

Challenges Possible solutions

Ink formulation
(solvent and additive
engineering)

Governs wetting behavior,
nucleation uniformity, and
stress distribution during
bending

Anti-solvent treatment Promotes rapid crystallization,
reducing pinholes and

improving coverage

Thermal annealing Essential for grain growth and
defect passivation; governs
stress relaxation on bendable

substrates

Solvent annealing/vapor
treatment

Enhances crystal orientation,
reduces grain-boundary
density, and improves ductility

Interface modification Reduces trap density,
improves adhesion under
bending, and buffers

mechanical stress

This journal is © The Royal Society of Chemistry 2025

Flexible substrates often
exhibit higher surface
roughness and lower surface
energy, resulting in
incomplete wetting and
dewetting

During dynamic coating on
flexible substrates,
synchronization of anti-solvent
application is difficult; uneven
dripping leads to nonuniform
film crystallization

Flexible polymers deform or
shrink at elevated
temperatures (>150 °C),
resulting in cracks or
interfacial delamination
Excess solvent vapor may cause
swelling or chemical attack of
polymer substrates; achieving
spatially uniform exposure on
large-area films is difficult
Interlayers must be ultrathin,
flexible, and resistant to
cracking; some SAMs may
dissolve in coating solvents

Surface energy modification,
mixed-solvent systems with
controlled polarity, and functional
additives to tune nucleation and
enhance film continuity

Vapor-assisted crystallization, in-
line gas quenching, and
programmable spraying with
precise timing relative to the
coating front

IR-assisted annealing, and low-
temperature chemical annealing
routes compatible with polymer
substrates

Controlled humidity/solvent
chambers, inert-gas dilution, and
short-pulse vapor dosing
optimized for polymer stability

Nanometer-thick cross-linked
polymer interlayers, robust SAMs,
and mechanically compliant
treatments such as elastomeric
coatings
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improve wetting uniformity and interfacial adhesion. Printhead
clogging, however, often leads to inconsistent film quality. These
interfacial issues directly impact reproducibility, often resulting
in lower efficiency and accelerated mechanical degradation
compared with slot-die and blade coating. Despite its advantages
in patterning precision and material efficiency, inkjet printing
remains limited in throughput and long-term stability. Beyond
these intrinsic challenges, the realistic potential of inkjet printing
should be evaluated in comparison with other scalable methods
such as blade coating and slot-die coating. Although inkjet offers
distinct advantages in patterning precision and material utiliza-
tion, it remains constrained by limited throughput and cost-
effectiveness. A comparative discussion on manufacturing cost,
scalability, and interfacial defect formation would clarify where
inkjet printing can realistically compete, and where conventional
scalable methods remain superior.

Taken together, the choice of coating method plays a deci-
sive role in defining interfacial roughness, trap density, adhe-
sion, and mechanical stability. Among these methods, slot-die
coating generally offers the most favorable balance between
interfacial smoothness, defect suppression, and durability,
whereas spray coating and inkjet printing require more exten-
sive optimization to mitigate their inherent interface-related
drawbacks. Interface engineering strategies, including the use
of SAMs, polymeric interlayers, and surface treatments, remain
indispensable to further reduce interfacial defects and ensure
that coated films achieve both high electronic performance and
reliable mechanical robustness on flexible substrates.

Post-deposition engineering plays a decisive role in defining
the microstructural quality and operational stability of perovskite
films fabricated on flexible substrates. Each processing step, from
ink formulation to interface modification, directly influences
nucleation, crystallization kinetics, film continuity, and stress
management during bending. However, transferring these
processes from rigid glass to polymer supports introduces addi-
tional challenges, including low surface energy, high roughness,
poor thermal tolerance, and susceptibility to solvent-induced
damage. Table 2 summarizes the impacts, challenges, and
possible solutions of the key post-deposition steps for flexible
perovskite devices. To overcome these barriers, a combination of
tailored approaches is required. Ink formulation strategies can be
optimized through surface energy tuning and additive engi-
neering. Anti-solvent treatments must be adapted to dynamic
coating processes by employing vapor-phase or programmable
methods. Annealing protocols need to shift from conventional
thermal heating toward rapid photonic or low-temperature
chemical methods that are compatible with flexible polymers.
Solvent and vapor annealing need to balance crystal orientation
improvement with substrate safety, which requires precise control
of exposure environments. Finally, interface modification is
indispensable for maintaining adhesion and reducing defect
densities, where robust interlayers and self-assembled systems
provide mechanical compliance. In summary, the careful inte-
gration of these post-deposition strategies enhances perovskite
film performance and simultaneously addresses the intrinsic
weaknesses of polymer substrates. This comprehensive approach
paves the way for scalable, durable, and high-performance F-PSCs.
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3. Various coating technologies for
PSCs

Although PSCs have achieved remarkable PCEs, their typical
device area remains below 1 cm?, which is significantly smaller
than that of commercial silicon solar cells. To enable
commercialization, scalable and high-yield production tech-
niques are essential for fabricating large-area devices. This
requirement is not only critical for the mass production of PSCs
but also for emerging applications such as tandem solar cells
and BIPV, where large-area uniformity and process stability are
of particular importance. To address these needs, various
scalable coating methods have been developed, such as blade
coating, slot-die coating, and spray coating. These solution-
based techniques offer precise control over film thickness,
allow for continuous deposition, reduce material waste, and
improve production throughput. Early research efforts have
primarily focused on applying these methods to rigid substrates
such as glass, which offers excellent thermal stability and
surface uniformity, providing favorable conditions for
high-quality perovskite film formation. Building on these
advancements, recent studies have extended these scalable
processes to flexible substrates, aiming to transfer the benefits
of large-area, low-cost manufacturing to F-PSCs. However, the
mechanical properties and lower thermal tolerance of flexible
substrates introduce additional challenges in terms of film
uniformity, adhesion, and stability. For F-PSCs, interface engi-
neering on polymeric substrates is essential not only for elec-
tronic optimization but also for ensuring layer compatibility
with mechanically compliant substrates. Interfacial layers
improve adhesion between the perovskite and underlying flex-
ible substrates, suppress interfacial defects, and promote
uniform crystallization, which together minimize the risk of
fracture during bending and enhance charge transport path-
ways. By tailoring both the surface energy and mechanical
compliance at critical interfaces, such strategies reduce
delamination, maintain film continuity, and preserve PCE
under repeated deformation. This demonstrates that achieving
high PCE on flexible substrates requires addressing both
interfacial chemistry and mechanical compatibility through
deliberate interface engineering. By simultaneously enhancing
mechanical stability and facilitating effective charge extraction,
interfacial layers are essential for the realization of high-
performance F-PSCs. Consequently, optimizing these scalable
coating techniques for flexible devices has become a key focus
in advancing the industrialization of F-PSCs. This review high-
lights recent progress in scalable deposition methods, di-
scussing their development from rigid to flexible substrate
applications, and examining the advantages, limitations, and
critical factors that influence their implementation in
commercial PSC manufacturing.

3.1 Blade coating

Blade coating has made notable progress in fabricating PSCs on
glass substrates due to its simplicity, low cost, and scalability.
This technique enables the deposition of uniform and
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Fig. 4 (a) Morphological comparison of doctor-bladed perovskite films with and without 5 mol% MACL additive. The
MAg.6FAG.38CS0.02Pbl2.975Br0.025 thin films exhibit significantly improved surface smoothness and grain uniformity upon MAClincorporation. The
scale bars are 2 pm and 100 pm, respectively.®? (b) Photographic images of Pbl,@MAFa and Pbl,@DMF:DMSO precursor solutions, accompanied
by a schematic diagram illustrating molecular interactions within each solution system. The Pbl,@MAFa solution leads to better crystallization
behavior and improved film quality.®® (c) A schematic illustration of the blade coating process used for fabricating FA-dominated perovskite films
is presented, alongside the molecular structure of the N,N'-dimethylpropyleneurea (DMPU) additive. Photographs of the film backsides, with and
without DMPU, highlight the enhancement in film uniformity and coverage achieved through DMPU incorporation.®® (d) A schematic repre-
sentation of the effects of PEACL modification is shown, demonstrating the suppression of the nonperovskite 3-phase, effective defect
passivation, and improved water repellency. These features collectively enhance device stability and performance.” (e) Comparison between
traditional blade coating and the meniscus-modulated blade coating technique. The schematic diagrams highlight key differences in fluid
control and film formation. Photographs of 6 cm x 6 cm FAPblIs films fabricated using both methods clearly show the superior film uniformity
achieved via the meniscus-modulated approach.”
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crystalline perovskite films, significantly improving device
performance. However, achieving precise control over film
thickness, uniformity, and stability, particularly for large-area
applications, remains a challenge. To address these limita-
tions, recent research has focused on optimizing solvent engi-
neering, anti-solvent treatment, and compositional
modifications. For instance, Yang et al. extended the narrow
processing window of anti-solvent treatment by using a mixed
N-methyl-2-pyrrolidone (NMP)/DMF solvent, allowing process-
ing within approximately 8 minutes. Their approach achieved
PCEs of 18.55% (0.12 cm?), 17.33% (1.2 cm?), and 13.3% for
a 12.6 cm® four-cell module, respectively.®* Building on this,
Tang et al. improved the perovskite composition by introducing
cesium ion (Cs') and bromide ion (Br~) into a (MAPbI;), (-
FAPDI;)y,4 system, forming MAg¢FAg 35CSo.02PbIy.975BI 025-
With methylammonium chloride (MACI) as an additive, they
achieved smooth, pinhole-free films and a stable PCE of 19.3%**
(Fig. 4(a)). Xu et al developed an NMP/N-methyl-2-
pyrrolidinium ion (NMPH") solvent system that enhanced lea-
d(un) iodide (PbI,) solubility and stabilized o-FAPDbI;. Their
method yielded PCEs of 21.35% (small-area), 17.07% (12.32
cm?), and 14.17% (55.44 cm®), respectively.®* Two-step deposi-
tion has also proven effective. By sequentially depositing Pbl,/
DMSO and formamidinium iodide (FAI)/isopropyl alcohol (IPA),
researchers exploited strong coordination between DMSO and
Pb** to form intermediate PbI,-DMSO complexes, facilitating
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the formation of high-quality «-FAPbI; films.** Compositional
engineering has played a critical role in enhancing stability and
performance. Cs' incorporation into FA-based perovskites
lowers the d-to-a. phase transition temperature, enhancing
phase stability and moisture resistance.®® Additives such as
MACI can delay crystallization, promoting larger grain sizes and
better film uniformity, thereby improving device perfor-
mance.**®” Hui et al. introduced methylammonium formate
(MAF) via a two-step process to further stabilize o-FAPbI;.
Combined with MACI, they achieved a high PCE of 24.1%. The
unencapsulated devices retained 80% of their initial PCE after
500 hours under 85 °C thermal stress (Fig. 4(b)).*® Li et al
utilized N,N’-dimethylpropyleneurea (DMPU) to enhance film
morphology and passivate grain boundaries. Their 10 cm?®
module achieved a PCE of 17.71% and demonstrated excellent
thermal and moisture stability (Fig. 4(c)).* To suppress surface
defects, hydrophobic additives have also been applied. Wu et al.
incorporated phenylethylammonium chloride (PEACI) into
a CsFAMA-based triple-cation precursor, enhancing «-FAPbI;
stability and defect passivation. This strategy resulted in a PCE
of 22.0% with improved operational stability (Fig. 4(d)).”
Interface engineering has also contributed significantly. Li et al.
added a surfactant-like zinc phthalocyanine (ZnPc) compound
into MAPbI;, enabling better crystal growth and surface
passivation. This approach allowed the formation of large-area
(up to 16 cm?) perovskite films, achieving a PCE of 18.3% (1.96
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Fig. 5 (a) J-V curves of large-area F-PSCs (1 cm?) utilizing a poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (35 nm)/
PTAA bilayer as the hole transport layer. The insets show a photograph of the device and its key performance parameters.” (b) Schematic
illustration of the F-PSC device architecture. The inset displays a photograph of a large-area flexible PSC (scale bar: 1 cm), and additional photos
demonstrate its application as a wearable power source.”® (c) J-V curves of blade-coated large-area F-PSMs with an active area of 100 cm?.77 (d)
J-V curve of the champion flexible PSC with an active area of 0.09 cm?, along with the J-V curve of an F-PSM featuring an active area of 117.7

cm2.78
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cm?®) and 20.5% (0.1 cm?), respectively.” Notably, Huang et al.
achieved the highest blade-coated PSC efficiency to date using
a meniscus-modulated blade coating technique (Fig. 3(e)). They
optimized a high-concentration DMF/NMP-based precursor
and applied high-speed nitrogen flow to control crystallization,
improving film uniformity and grain size. This method resulted
in a record PCE of 25.31% (0.09 cm?) and 23.34% (12.4 cm?),
with a certified PCE of 23.09%, demonstrating the scalability
and potential of blade coating for high-performance PSCs.””
Blade coating has demonstrated significant progress in the
fabrication of PSCs on glass substrates. However, transitioning
to flexible substrates introduces new challenges. Flexible
substrates such as PET and PEN typically exhibit lower thermal
stability and higher surface roughness, both of which can
compromise film uniformity and crystallinity. Moreover,
ensuring reliable mechanical durability and effective encapsu-
lation is critical for the practical deployment of F-PSCs. To
address these challenges, recent research has focused on opti-
mizing processing conditions, selecting suitable flexible
substrates, and developing scalable coating strategies to
improve the performance and stability of F-PSCs. For instance,
Wang et al. introduced thiourea (TU) as an additive in the
perovskite precursor solution to regulate crystal growth,
resulting in improved film density and morphology on rough
substrates. This approach enhanced interface engineering and
led to a PCE of 19.41% and a record fill factor (FF) of 81%, as
shown in Fig. 5(a).”” In addition to morphology control, defect
passivation has emerged as a crucial strategy. Additives such as
ammonium chloride (NH,Cl) can slow down nucleation and
improve surface coverage, enabling the formation of small-area
F-PSCs with PCEs of up to 19.72%, and large-area modules
reaching 15.86%.”* Mechanical robustness is another key
concern. To this end, Xue et al. developed a temperature-
responsive shape-memory polyurethane (SMPU) that can self-
heal grain boundary cracks. By enhancing grain connectivity
and passivating defects, SMPU effectively alleviated mechanical
stress. As a result, blade-coated F-PSCs retained over 80% of
their initial PCE after 6000 bending cycles at an 8 mm radius,
achieving a peak PCE of 21.33%, as illustrated in Fig. 5(b).”® To
facilitate ambient and scalable fabrication, Jafarzadeh et al
proposed a DMF-free two-step deposition method using DMSO
and IPA as solvents. PET/ITO flexible substrates were laminated
onto glass carriers for sheet-to-sheet blade coating, yielding F-
PSMs with PCEs of 6.58% (18.55 cm?®) and 3.92% (82.45 cm?),
respectively.”® The strong coordination between DMSO and
perovskite precursors enhanced solubility and crystallization,
while air knife drying and a heated coating stage helped offset
the low volatility of DMSO. To further improve film uniformity,
Gong et al introduced glycerol monostearate (GMS) as
a dispersant in DMF/NMP-based ink. GMS stabilized perovskite
colloidal particles, prevented aggregation, and enhanced crys-
tallization control. This enabled the fabrication of a 72 cm?
blade-coated F-PSM with a PCE of 15.87%, as shown in
Fig. 5(c).”” Pushing the boundaries of ambient blade-coating
fabrication, a recent study developed a Csg ¢sFAg.95Pbl; perov-
skite ink based on a DMF/NMP solvent system, incorporating
1-butyl-3-methylimidazolium thiocyanate (BPySCN) to fine-tune
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crystallization dynamics. This formulation enabled the fabri-
cation of a large-area (117.0 cm?) flexible n-i-p PSM with a PCE
of 17.52% and a high specific power density of 1969.1 W kg~ *,7®
as shown in Fig. 5(d).

Although blade coating has demonstrated remarkable
progress in fabricating both small- and large-area PSCs on rigid
glass substrates, its adaptation to flexible substrates continues
to face persistent and multifaceted challenges. The impressive
efficiencies and stabilities achieved through solvent engi-
neering, interface modification, and compositional tuning
highlight the potential of blade coating for scalable
manufacturing. Nevertheless, the technique remains highly
sensitive to various processing parameters such as substrate
temperature, coating speed, ambient environment, and solvent
volatility, which can hinder reproducibility and device unifor-
mity, especially in industrial-scale production. Despite recent
innovations such as the use of shape-memory polymers and
surface passivation strategies that have improved the mechan-
ical durability of flexible devices, intrinsic limitations of flexible
substrates, including lower thermal stability and higher surface
roughness, still obstruct optimal crystallization and long-term
operational stability. A clear performance gap remains
between rigid PSCs, which can achieve efficiencies of up to
25.31%,”* and their flexible counterparts, whose efficiencies
typically remain below 22%.7*7® To bridge this gap and move
blade coating toward commercial viability, future research
should prioritize the development of standardized
inline-compatible coating systems specifically designed for
flexible substrates. These systems should incorporate feedback
mechanisms for real-time film quality control. Furthermore,
engineering solvent systems with tunable rheological proper-
ties, implementing low-temperature annealing strategies, and
designing universal additives that balance crystallization
dynamics with mechanical resilience are crucial steps toward
enhancing both performance and stability. The successful
transition of blade coating from a promising laboratory-scale
technique to a robust and scalable manufacturing process
relies on interdisciplinary collaboration among materials
science, process engineering, and device physics.

3.2 Slot-die coating

Slot-die coating is a precise thin-film deposition technique
widely used in PSC fabrication. Ink is delivered through
a syringe pump to a coating head, forming an upstream and
a downstream meniscus that control film formation. Integrated
into R2R systems, slot-die coating enables high material utili-
zation and large-area uniformity, making it suitable for multiple
device layers, including the perovskite layer, hole transport layer
(HTL), and ETL. Vak et al first demonstrated slot-die-coated
PSCs, achieving over 11% PCE with a sequential deposition
method using nitrogen-assisted drying.”” Hwang et al. later re-
ported a fully slot-die-coated PSC, attaining 11.96% efficiency.*
Despite its uniformity, challenges such as pinholes and cracks
persist, necessitating drying optimization.** Rapid solvent
evaporation often leads to precursor aggregation, particularly
on metal oxide substrates.*” Cotella et al. addressed this by
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Fig. 6 (a) Microstructures of perovskite layers observed under an optical microscope, including CHzNHzPbls layers dried at 140 °C using slow
and fast temperature ramping, as well as Csq 15FAq g5Pbl> g5Bro 15 layers dried under similar conditions. The figure also includes an SEM image of
the Csg.15FAq.85Pbl2 g5Bro 15 layer processed with fast ramping, and a cross-sectional FIB-SEM image showing SnO, and perovskite layers coated
on PET/ITO substrates.®4 (b) Slot-die coating machine integrated with NIR heating, along with performance statistics of devices processed under
different heating conditions.®¢ (c) Formation of a porous semi-amorphous Csl—Pbl, (DMSO) precursor phase after vacuum drying the deposited
Csl—-Pbl; ink. This structure is unstable and gradually converts into dense Pbl, over time. In contrast, thermal annealing of the wet Csl-Pbl, ink
leads to the formation of highly crystalline, dense Pbl,, which, due to its compactness, cannot be completely converted into perovskite through
slot-die coating.® (d) Schematic comparison of the relative orientations of Pbl, films fabricated by MET and conventional heat treatment, along
with the corresponding MAPbI3 films.®* (e) Comparison of thin-film homogeneity using two different precursor inks: 0% and 46% ACN in a 2-
methoxyethanol (2-ME)/ACN mixed solvent. Column (ii) shows as-coated wet perovskite films; column (iii) presents schematic drawings of the
meniscus and ribbing phenomena; column (iv) displays annealed film images; and column (v) includes SEM top-view and cross-sectional images
of the perovskite films after annealing.®”

preheating the substrate and using a cold air knife to promote illustrated in Fig. 6(a).*® To overcome the limitations of
lateral crystal growth, yielding comparable performance to spin-  conventional annealing, Huang et al. explored NIR annealing
coated devices.® Thermal processing also plays a key role, with and achieved a PCE of 11.4%.% By modifying the precursor with
Galagan et al. showing that slow heating results in needle-like n-butanol, uniform slot-die deposition was achieved overa 12 cm
crystals, while fast heating forms plate-like structures, as x 12 cm area within 20 seconds, improving device
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performance.® A fully printed PSC module with an area of 4 cm
x 4 cm attained 10.34% PCE, as shown in Fig. 6(b). Gas-
blowing-assisted drying, such as high-pressure nitrogen
extraction (HPNE), further enhances film quality. Du et al
optimized slot-die coating conditions to achieve a stable PCE of
19.4% in a 40 mm x 40 mm module.*” Anti-solvent bathing
offers another approach, although scalability remains chal-
lenging. Two-step sequential deposition, first applied to TiO,-
mesoporous PSCs, involves slot-die coating of Pbl,, followed by
MAI infiltration. Gas quenching, which simulates spin coating,
enhances porosity but necessitates sealed storage,*®* as illus-
trated in Fig. 6(c). Heo et al. improved PCE by incorporating MAI
into the Pbl, precursor.* Extending this approach to triple-
cation perovskites, R2R slot-die coating has been successfully
employed under ambient conditions, yielding a maximum PCE
of 13.0%. In place of gas quenching, Kim et al. developed the
medium extraction technique (MET), which efficiently removes
DMSO from PbI,-DMSO films and leads to a PCE of 18.3% on
10 cm x 10 cm substrates, as shown in Fig. 6(d).* Additives also
play a crucial role in improving perovskite films. Bu et al. used
potassium hydroxide (KOH) to treat the SnO, ETL, eliminating
hysteresis and enabling the formation of a 0.16 cm> PSC device
with 20.50% PCE.”> Lewis base additives, such as diphenyl
sulfoxide (DPSO), stabilized precursor films, allowing slot-die-
coated PSMs to reach 16.63% PCE over 20.77 cm’.® Rana
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et al. employed a fluorinated phenylphosphonate to enhance
cesium formamidinium (CsFA) perovskites, achieving 19.28%
PCE over 58.5 cm® with improved stability.* Post-passivation
strategies, including amino acid-based passivation®® and
benzylammonium iodide (BAI) treatment,* further improved
crystallization and charge extraction, pushing module efficien-
cies above 20%. Li et al. highlighted the need to optimize
precursor solutions and process parameters for scaling up
perovskite absorber deposition.”” By introducing acetonitrile
(ACN) into a 2-methoxyethanol (2-ME)-based FAPDbI; precursor
solution, they reduced issues such as non-uniform thickness
and ribbing effects, as shown in Fig. 6(e). This non-uniformity,
if not leveled before solidification, persists in the final film.
Scanning electron microscopy (SEM) analysis revealed defects
such as grain irregularities and voids. With an optimized ACN
content of 46%, they achieved a certified PCE of 22.3% and
a tandem mini-module with an area greater than 12 cm” and an
efficiency exceeding 17%. A quantum dot (QD) Solar cell also
achieved 23.2% efficiency with slot-die coating, demonstrating
its scalability for industrial production.®®

In recent years, slot-die coating technology has shifted from
glass substrates to flexible ones to meet the demands of flexible
devices. To enhance the quality of perovskite layers, various
fabrication strategies have been explored, all aimed at control-
ling the crystallization dynamics of perovskite materials.
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Fig. 7 (a) J-V characteristics of a fully slot-die coated device with a gold top electrode, fabricated and measured in an uncontrolled humid air
environment (relative humidity: 65% and 75%). The best photovoltaic performance parameters and the average values obtained from 9 devices
are shown.?® (b) Photograph of F-PSCs fabricated on a 3.25 cm x 7.5 cm substrate, each with 0.049 cm? active pixels, along with the J-V curve
of the champion device.'*? (c) Statistical distributions of photovoltaic parameters for F-PSCs with and without phenylethylammonium (PEA)
additive.X*® (d) J-V curve of an R2R fabricated perovskite module. The inset shows a schematic diagram of the module structure.***
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(a) The use of a chlorine-containing perovskite ink with a broad processing window, combined with antisolvent extraction. This approach

yielded perovskite films with relatively rougher surfaces compared to those produced by spin coating. The corresponding devices achieved
a maximum PCE of 17.3%, with an average PCE of 16.3% across 24 devices.**? (b) The schematic crystal structure of the Ruddlesden—Popper
phase (BA)>(MA)sPbyli3.** (c) SEM images (top-view and cross-sectional) of spray-deposited CsPbl,Br perovskite films incorporating varying
amounts of Pb(Ac),. A schematic comparison of CsPbl,Br films with and without the Pb(Ac), additive is also provided.*?® (d) A co-solvent strategy

in which IPA is added to the perovskite precursor to modify the local m

icroenvironment during ultrasonic spray coating (USC). The champion

device achieved a PCE of 22.43% (active area: 0.13 cm?) and retained 80% of its initial efficiency after 1000 hours of continuous illumination 12!

Bisconti et al. explored slot-die coating as a scalable one-step
method, successfully preparing high-quality perovskite films
on flexible PET substrates,* as shown in Fig. 7(a). To reduce the
use of toxic solvents, the research team employed a methyl-
amine (MA)-assisted strategy, partially replacing ACN and 2-ME,
resulting in an environmentally friendly perovskite ink con-
taining 70% ethanol (EtOH). This ink was successfully applied
to both rigid and flexible substrates, with rigid devices
achieving a PCE of over 19.0%.' Kiani et al. used a mixed
EtOH/ACN (1:1) solvent to prepare MAPbI;-based F-PSCs via
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slot-die coating, achieving a PCE of 10%.'"* In the latest
research on flexible devices, researchers prepared MAPbDI;
perovskite inks using pure DMF as the solvent and applied the
slot-die coating technique, successfully demonstrating a fully
scalable fabrication process for flexible n-i-p structured PSCs
with a PCE of 17.6%,'** as shown in Fig. 7(b). Bu et al. used KOH
to treat the SnO, ETL, eliminating hysteresis and enabling the
formation of a flexible 16.07 cm® PSC module with a PCE of
14.89%.%* Slot-die coating equipped with a gas quenching
system was utilized to deposit the perovskite layer, promoting
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rapid crystallization and uniform film formation. The process
was optimized for F-PSCs, with the resulting device exhibiting
a PCE of 20.21% for an active area of 0.1 cm?.'* Afterward,
a  2,2,7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spiro-
bifluorene (spiro-OMeTAD) HTL was applied, and a molyb-
denum oxide (MoO,)/copper (Cu) mixed electrode was
deposited via thermal evaporation, as shown in Fig. 7(c). The
first demonstration of fully R2R-fabricated PSMs was carried
out by Weerasinghe et al.'* The research team deposited all
functional layers, except for the PET/transparent conductive
oxide (TCO) electrode substrate, at room temperature using
industrially applicable manufacturing methods such as slot-die
coating, reverse gravure printing, and screen printing.
Furthermore, they successfully replaced the expensive vacuum-
deposited metal electrode with a carbon/silver (Ag) hybrid
electrode. The resulting small-area R2R-coated flexible devices
achieved a PCE of 15.5%, while the series-interconnected solar
cell module (with an active area of 50.0 cm?) reached a PCE of
11.0%, as shown in Fig. 7(d).

Slot-die coating has emerged as a promising technique in the
fabrication of PSCs, offering advantages such as high material
utilization, uniform large-area coating capability, and strong
compatibility with R2R manufacturing. Although numerous
studies have highlighted its potential for high efficiency and
scalable production, several key challenges must still be over-
come before widespread industrial adoption can be realized.
One major issue is the control of crystallization dynamics,
which continues to limit the reproducibility and long-term
stability of slot-die-coated films. Despite the introduction of
various drying strategies, such as cold air knives, gas extraction,
and gas quenching, as well as precursor modifications involving
Lewis bases, less toxic solvents, and functional additives,
uniform film formation over large areas remains difficult.
Defects such as voids, pinholes, and incomplete crystallization
persist, indicating that the complex interplay among processing
parameters (e.g., substrate temperature, coating speed, drying
environment) is still not fully understood or optimized. Another
challenge lies in the transition from rigid to flexible substrates.
Although progress has been made, F-PSMs typically lag behind
their rigid counterparts in terms of efficiency and operational
stability. Issues such as mechanical stress, electrode compati-
bility, and durability under bending stress remain unresolved.
This highlights the need for innovations in materials and device
architectures, such as elastic conductive layers, advanced
thermal management strategies, and robust flexible encapsu-
lation techniques, to enable reliable performance on flexible
platforms. Lastly, while impressive device efficiencies have been
achieved on small-area (<1 ¢m?) and intermediate-area (>10
cm?) modules, true R2R integration that meets industrial scal-
ability requirements is still a work in progress. Challenges such
as system-level machine design, stable ink delivery, and
continuous process control must be addressed. To date, most
high-performance demonstrations rely on lab-scale, batch-
processing conditions that fall short of replicating the
demands of continuous production environments.

This journal is © The Royal Society of Chemistry 2025
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3.3 Spray coating

Spray coating is a scalable and low-temperature deposition
technique that is well-suited for the fabrication of large-area
perovskite films.'** This method enables uniform film forma-
tion through four main steps: ink droplet generation, deposi-
tion, coalescence into a wet film, and drying. Various
atomization techniques, such as high-flow gas, ultrasonic
vibrations, and ink cavitation, have been adopted to support
industrial-scale production.’” Compared with conventional
antisolvent drop-casting, spray coating not only reduces anti-
solvent usage but also accelerates supersaturation, enhances
nucleation uniformity, and improves film quality over large
areas. Ultrasonic spray coating (USC) further refines droplet size
distribution, airflow control, and spray cone stability, making it
a cost-effective approach for PSC fabrication.'”” Initially, spray
coating was applied only in the second deposition step to
improve surface morphology, resulting in increasing PCEs from
10.2% to 12.5%.” Later, researchers extended this approach to
a one-step process by directly depositing MAPbI; precursor
solutions. Rapid drying and crystallization during this process
enhanced film uniformity and led to a PCE of 11%,'*® which was
further improved to 11.3% by optimizing the ink formulation.**®
Chou et al. adjusted the precursor concentration to fabricate
active layers with an area of approximately 3 cm? achieving
a PCE of 12.3%."° Silvano's team incorporated gas-quenching
into the USC process, which improved crystallization and yiel-
ded a PCE of 16.88%.'"* Uli¢na et al. developed a cost-effective
USC system suitable for large-area deposition and achieved
a PCE of 17.3% using chloride-containing inks,*** as illustrated
in Fig. 8(a). In addition to one-step fabrication, spray coating
has also been applied to replace conventional dripping methods
in two-step PSC fabrication. For instance, Huang et al. opti-
mized the spray deposition of Pbl, and achieved PCEs of 16.0%
for 0.1 cm” devices and 13.1% for 1 cm” devices."™*'** Liu et al.
developed a reproducible spray-coating method for two-
dimensional PSCs, achieving a PCE of 10.4%,'* as shown in
Fig. 8(b). Environmentally friendly approaches to spray coating
have also been introduced. Sansoni et al. successfully deposited
perovskite films on textured silicon substrates without using
toxic solvents, demonstrating excellent optoelectronic proper-
ties.'*® Furthermore, additive engineering and post-deposition
passivation strategies have significantly enhanced the perfor-
mance of spray-coated PSCs. Gao et al. improved device effi-
ciency to 18.2% by incorporating binary additives,"” and Cai
et al. further optimized spray conditions to achieve a PCE of
20.6%."* Chen et al. applied an antisolvent spray treatment
using methylamine acetate (MAAc) and a small-molecule addi-
tive, resulting in a PCE of 17.18%."*° Yu et al. developed a scal-
able one-step crystallization approach for CsPbl,Br films by
introducing lead(u) acetate (Pb(Ac),) and employing vacuum
extraction, which led to a PCE of 10.06% (Fig. 8(c))."** Xu et al.
implemented a co-solvent strategy by adding IPA into the
perovskite precursor solution, thereby modifying the local
microenvironment during USC.'”* By optimizing the DMF:
NMP : IPA volume ratio to 11:2: 1, they successfully fabricated
high-quality FAPbI; films. This strategy enhanced crystallinity,
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Fig. 9 (a) Normalized PCE of flexible devices after bending tests with radii of curvature of 7 mm and 3 mm. The inset shows a photographic
image of the flexible devices.’® (b) Photographic image of a flexible device with a large area of 5.0 cm x 5.0 cm, along with the J-V charac-
teristics of a typical F-PSC (active area: 13.5 cm?) measured without a mask. The inset shows a typical F-PSM.224 (c) Schematic cross-sectional
view and photograph of a F-PSM, accompanied by the /-V curves of a flexible perovskite mini-module with an active area of 35.1 cm?.25 (d) J-V
curves of a F-PSM fabricated with spray-coated SnO, films. The inset displays a photograph of the F-PSM.*?7

suppressed the formation of PbI, and the undesired 3-phase,
and improved overall film stability."*>*** The resulting cham-
pion PSC achieved a PCE of 22.43% with an active area of 0.13
em” and maintained 80% of its initial efficiency after 1000
hours of continuous illumination (Fig. 8(d)).***

Building on the success of spray-coating techniques for PSCs
on rigid glass substrates, recent studies have demonstrated
their feasibility for flexible substrates, enabling the formation of
scalable and high-performance F-PSCs. Das et al. developed
a high-throughput ultrasonic spray-coating method, applying it
to PET substrates coated with TiO, and ITO. The resulting F-
PSCs achieved a PCE of 8.1% and retained 60% ~90% of their
peak PCE after over 1000 bending cycles,'*® as shown in
Fig. 9(a), highlighting the potential of ultrasonic spray-coating
for high-performance F-PSC fabrication. In some cases, the
entire PSCs can be fabricated using spray-coating alone. Zhou
et al. deposited TiO, nanoparticles onto polymer substrates via
ultrasonic spray-coating, optimizing the spray parameters to
achieve uniform thin films. The resulting F-PSCs, fabricated on
PEN/ITO substrates, achieved a PCE of 10.87% with an active
area of 0.4 cm x 0.4 cm.* They further demonstrated process
scalability by fabricating large-area F-PSCs measuring 5 cm X
5 cm, as shown in Fig. 9(b), underscoring the potential of spray-
coating for scalable manufacturing. A 2022 study introduced
the “Film-Growth-Megasonic-Spray-Coating” (FGMSC) system,

5982 | Sustainable Energy Fuels, 2025, 9, 5962-6006

which utilizes ultrafine perovskite precursor droplets (<10 pm)
for continuous, uniform deposition on large-area flexible
substrates.” Focusing on a perovskite composition of
(CsPbl;)o.02(FA¢.2MAg 2 Pb(I;.5Brg.5))o.0s, the study employed
a gamma-butyrolactone (GBL) : DMF : DMSO solvent system (1 :
0.8:0.2). Despite the high boiling points and low vapor pres-
sures of these solvents, high-quality perovskite films were
produced without the use of an air knife. By carefully control-
ling the precursor droplet supply and implementing multiple
spray-coating steps, the FGMSC system enhanced process
scalability and efficiency while addressing challenges in film
uniformity and rapid drying. Ultimately, a F-PSM with an active
area of 35.1 cm? achieved a PCE of 16.10%,"* as shown in
Fig. 9(c). Huang et al. proposed a low-temperature (<150 °C)
spray-coated compact TiO, (c-TiO,) process, yielding devices
with an average PCE of 13.95%."*° Zhou et al. also applied
ultrasonic spray-coating to deposit TiO, nanoparticle layers,
resulting in flexible PSCs with a PCE of 14.32% on ITO glass and
10.87% on ITO-PEN substrates."” In another approach, Taheri
et al. combined laser scribing optimization with automated
spray-coating of SnO, layers. By varying laser power and evalu-
ating cell interconnections, they determined the optimal
parameters, achieving flexible PSCs with spray-coated SnO,
layers that delivered nearly 15.3% PCE under 1 sun
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illumination, which is comparable to that of devices fabricated
via spin-coating,'*” as shown in Fig. 9(d).

Based on the above literature review, spray coating has
undoubtedly demonstrated significant potential and versatility
in the fabrication of both PSCs and F-PSCs. Its strengths lie in
scalable processing, cost reduction, and improved environ-
mental compatibility. However, to fully transition this tech-
nique toward commercial application and industrial
deployment, several critical aspects still warrant deeper inves-
tigation and optimization. First, process reproducibility and
film uniformity remain major challenges. Although many
studies have improved crystallization through strategies such as
gas quenching, additive engineering, solvent system tuning,
and post-treatment methods, the intrinsic nature of spray
coating—being influenced by factors including spray cone
angle, substrate temperature gradients, solvent evaporation
rates, and droplet size distribution—makes it more difficult to
ensure consistent film quality over large areas. This underscores
the need for future research to focus on systematic modeling of
processing parameters and the development of multivariable
control strategies to enhance process predictability and
stability. Second, although recent results for flexible devices
highlight the promising potential of spray coating, most high-
efficiency outcomes are still limited to small-area devices and
often rely on stable rigid glass substrates. Long-term stability,
mechanical durability under repeated bending, and encapsu-
lation compatibility of F-PSCs still require further verification.
Future studies could benefit from incorporating multilayer
material engineering strategies within the spray-coating
process, such as graded layer designs, interfacial modifica-
tions, or spatial thickness control, to improve the overall
mechanical and environmental robustness of the devices.
Moreover, while innovative systems such as the FGMSC have
been introduced to enhance continuous coating capabilities,
most current developments remain at the laboratory scale and
have not yet been validated on integrated R2R manufacturing
platforms. Greater collaboration with equipment manufac-
turers is recommended to develop modular, high-throughput
spray-coating systems and to conduct long-term trials under
industrial roll-to-roll conditions to evaluate scalability and
compatibility with real-world production.

4. Transitioning from rigid to flexible
substrates in PSC processing

The shift from rigid to flexible substrates in PSCs represents
a significant advancement toward the realization of lightweight,
portable, and adaptable photovoltaic technologies. Unlike
conventional glass-based PSCs, F-PSCs must endure mechan-
ical deformations while maintaining high efficiency and long-
term operational stability. This transition requires compre-
hensive modifications across various aspects of device fabrica-
tion, including material selection, processing techniques, and
structural design. Flexible substrates present unique challenges
in film deposition and mechanical integrity. Due to their
limited thermal tolerance, low-temperature processing

This journal is © The Royal Society of Chemistry 2025
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methods must be employed to ensure high-quality perovskite
film formation without compromising substrate stability. In
addition, the selection of electrode materials becomes critical,
as ITO, commonly used in rigid devices, lacks the mechanical
flexibility necessary for sustained durability under bending or
deformation. Therefore, the development of alternative trans-
parent conductive materials that combine mechanical resil-
ience with sufficient electrical conductivity is essential for the
advancement of F-PSC technology. Beyond structural consid-
erations, the charge transport layers must also be adapted to
support efficient charge extraction while remaining compatible
with flexible substrates. Many conventional hole and electron
transport materials require high-temperature annealing,
prompting the need for low-temperature-processable alterna-
tives. These alternative materials must not only facilitate
effective carrier transport but also maintain their functionality
under mechanical stress. Furthermore, robust encapsulation
strategies are vital to protect the perovskite layer from envi-
ronmental factors such as moisture and oxygen, while simul-
taneously accommodating mechanical deformation without
causing performance degradation. Effective encapsulation
ensures device stability and longevity, which are particularly
important for practical deployment. This section explores the
critical factors influencing the transition to F-PSCs, with a focus
on the properties of flexible substrates, the selection of suitable
electrode materials, the development of low-temperature charge
transport layers, and encapsulation techniques. Together, these
elements form the foundation for the successful fabrication of
durable and efficient F-PSCs.

4.1 Flexible substrates

An ideal flexible substrate must meet several key criteria that
significantly influence the performance, stability, and manu-
facturability of PSCs. It must exhibit sufficient mechanical
durability to withstand the stresses encountered during both
device fabrication and daily operation.'® Flexibility is also
essential, particularly for R2R processing, which is critical for
large-scale production.’” Additionally, the substrate should
possess chemical resistance to perovskite solvents and endure
high-temperature processing without deformation. Transparent
substrates are preferred as they enable greater light harvesting,
thereby enhancing the photovoltaic performance. To ensure
long-term operational stability, excellent barrier properties
against moisture and oxygen are necessary. Furthermore, flex-
ible substrates typically exhibit higher surface roughness
compared to rigid ones, which can adversely affect subsequent
layer deposition. Therefore, selecting a suitable substrate is vital
for improving both the PCE and the long-term reliability of F-
PSCs."®  Currently, three primary categories of flexible
substrates are utilized in F-PSC fabrication: polymers, metals,
and flexible glass, each presenting distinct advantages and
limitations.

Polymer substrates, such as PET and PEN, are widely favored
for their cost-effectiveness, high transparency, and flexibility.***
However, their relatively low glass-transition temperatures
(approximately 70 °C for PET and 120 °C for PEN) restrict their
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suitability for high-temperature processing.’** To address this,
Skafi et al. developed a dual low-temperature process (<100 °C)
for fabricating stable F-PSCs on PET substrates,"** while Chen
et al. achieved similar results using 120 °C annealing on PEN
substrates.”** Polyimide (PI) offers superior thermal stability
(from —200 °C to 400 °C), but its relatively low optical trans-
parency and higher cost are notable drawbacks.** Colorless
polycarbonate (PC) exhibits excellent heat resistance but has
inferior corrosion resistance compared to PET, PEN, and PI,
which limits its use in F-PSC applications.'*® Skafi et al. reported
the first perovskite solar cells on PC substrates by introducing
a blade-coated planarizing layer with a commercial ambient-
curable resin, reducing roughness from 1.46 pm to 23 nm and
simultaneously enhancing solvent resistance."®” Using custom-
ized transparent ITO electrodes (78% average visible trans-
mittance (AVT), 25 Q sq_ ', bending radius 20 mm), the devices
reached 13.0% PCE and maintained 80% of their initial PCE
after 1776 h of ISOS-D-1 testing, demonstrating the potential of
PC substrates for commercial integrating F-PSCs. Additionally,
PI and PC substrates show lower compatibility with TCO elec-
trodes than PET and PEN."*® Recent advances have explored the
development of ultra-lightweight polymer-based F-PSCs. For
instance, Zhang et al. reported a device with a PCE of 14.19%
and a high power-to-weight ratio of 23.26 W g~ using a 1.4 um-
thick PET substrate.”® Other studies have enhanced perfor-
mance through interfacial engineering and novel charge
transport layers, achieving PCEs up to 22.41% alongside opti-
mized power-to-weight ratios.**® Metal foil substrates, such as
titanium and copper foils, offer high thermal resistance, low
permeability to moisture and oxygen, and excellent mechanical
durability. Their conductive nature simplifies the device archi-
tecture by serving as both the substrate and a functional
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electrode. However, their opacity necessitates the use of trans-
parent top electrodes for light harvesting.*** Lee et al first
demonstrated F-PSCs fabricated on titanium foil, achieving
a PCE exceeding 6%, although performance was limited by the
high resistance of an ultra-thin silver top electrode.'*> Heo et al.
later improved device performance by integrating a graphene-
based transparent electrode, resulting in efficiencies
exceeding 15%.'* While metal substrates are promising for
large-area flexible solar panels, further optimization of the
transparent top electrode is necessary to improve conductivity
and light transmittance. Lee et al. successfully fabricated ITO-
free F-PSCs on 127 pm-thick titanium foil, and Feleki et al
introduced an all-inorganic transport layer system that
demonstrated excellent mechanical durability after 1000
bending cycles.****** Flexible glass substrates, when thinned to
a few hundred micrometers, provide a balance between flexi-
bility and the benefits of conventional glass, including chemical
stability and superior barrier properties.**> Tavakoli et al. pio-
neered the use of 50 pm-thick willow glass, achieving a PCE of
12.06% and retaining device performance after 200 bending
cycles at a bending radius of 4 cm."® Dai et al. applied blade
coating to fabricate a 42.9 cm? perovskite module on flexible
glass, obtaining a PCE of 15.86%.”* Despite these advance-
ments, scalability and long-term reliability remain challenges
for widespread deployment. Studies on flexible willow glass
substrates (FWGSs) have demonstrated promising stability and
superior moisture and oxygen barrier properties while retaining
the intrinsic advantages of glass, thereby positioning FWGSs as
a strong candidate for R2R processing. In one notable case,
FWGS-based PSCs demonstrated a PCE of 22.6% after 1600
bending cycles at a bending radius of 20.5 mm, offering a 55%
higher specific power compared to PET-based devices.'

(b)

Glass/ITO PET/AgNWs

PET/AgNWs/ZnO

PET/AgNWs/ZnO/TiO,

)

Fig. 10 (a) Schematic illustration of SNO,-based flexible planar perovskite solar cells (SnO,-F-PSCs).**° (b) Photographs comparing various
flexible substrates with a conventional glass/ITO substrate. **® (c) Structure of F-PSCs employing an electrode platform composed of a conductive
elastomeric polymer (CEP) film and graphene sheet (GCEP), along with the corresponding cross-sectional scanning electron microscopy (SEM)
image.*>® (d) Device architecture of flexible PSCs utilizing all-carbon electrodes.*”*
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However, bending rigidity remains a major constraint—glass
must be significantly thinner than polymer alternatives to
achieve comparable flexibility, which complicates handling and
large-scale fabrication.'*® Beyond flexible glass, zirconia (ZrO,)
substrates have also been investigated for photovoltaic appli-
cations.' Zirconia features exceptional thermal stability (up to
1000 °C), low thermal expansion, and outstanding resistance to
moisture and oxygen ingress. However, its high cost, consider-
able weight, and relatively high surface roughness (~25 nm)
present significant challenges. If these issues can be addressed,
zirconia may emerge as a viable alternative for the fabrication of
high-performance F-PSCs.

4.2 Electrodes

The development of F-PSCs typically relies on plastic substrates
coated with TCO. Among these, ITO is widely used due to its
high transmittance in the visible spectrum and low sheet
resistance, as shown in Fig. 10(a).”®® However, its brittleness
limits durability under repeated mechanical stress, making the
search for alternative transparent electrodes a key research
focus.” Various materials, including Ag NWs, conductive
polymers, graphene, and carbon nanotubes (CNTs), have been
explored for their potential to combine high conductivity,
optical transparency, and mechanical flexibility."*>*** Pandey
et al. highlighted the impact of bottom electrode sheet resis-
tance on F-PSC performance.'® They fabricated inverted PSCs
on PEN, PET, and glass substrates with an ITO/PEDOT:PSS/
perovskite/Cqo/BCP/Ag structure, comparing devices with active
areas of 0.1 cm? and 1 cm?. For small-area devices, substrate
sheet resistance had minimal effect, except for PET-ITO (98 Q
D’i). However, in 1 cm? devices, increased series resistance
significantly reduced the short-circuit current density and fill
factor, leading to lower PCEs on PET-ITO (49 Q 00 *,98 Q@ O
compared to PEN-ITO (12 Q [0 ') and glass-ITO (3.8 @ OO 1.
This performance drop was evident in the V¢ region of the J-V
curves. To enhance ITO properties, Kim et al. developed high-
quality ITO electrodes on PET using plasma arc ion plating.'*
The method produced ITO films with a sheet resistance of 15.75
Q O ' and transmittance above 83%, outperforming conven-
tional sputtered ITO. F-PSCs utilizing these electrodes achieved
a PCE of 16.8%. Despite these advances, ITO's brittleness
remains a challenge for flexible applications.'*® Metallic elec-
trodes, such as nanogrids and nanowires, offer a promising
alternative to TCOs, as illustrated in Fig. 10(b) and (c).**”**° Li
et al. developed an ultrathin silver grid electrode coated with
PH1000, achieving a smooth surface with an RMS roughness of
2.0 nm and a sheet resistance of 3 Q [17".'° F-PSCs fabricated
with this electrode (PET/Ag grid/PH1000/PEDOT:PSS/MAPbI,/
phenyl-Cg;-butyric acid methyl ester (PCBM)/aluminum (Al))
demonstrated a PCE of 14.0% with minimal hysteresis and
retained 95% efficiency after 5000 bending cycles (5 mm
radius). Sun et al. introduced a plasmon-enhanced Ag periodic
grid electrode, fabricated using polystyrene microsphere
templates and reactive ion etching.'** The electrode exhibited
66% transmittance and 19 Q [0~ sheet resistance, enabling F-
PSCs to achieve a PCE of 16.47% with 90% efficiency retention

This journal is © The Royal Society of Chemistry 2025
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after 1500 bending cycles (3 mm radius). While Ag NWs are
attractive for their flexibility and conductivity, their chemical
instability in perovskite environments and poor adhesion
remain concerns.'”®'*>'% Lee et al. addressed this by designing
an amorphous aluminum-doped zinc oxide (a-AZO)/Ag NWs/
AZO electrode, which achieved 88.6% transmittance at
500 nm and a sheet resistance of 11.86 Q [J~".1** F-PSCs using
this electrode exhibited superior bending resistance, main-
taining stable performance at a 12.5 mm radius. Carbon-based
electrodes, such as graphene and CNTs, have emerged as viable
alternatives due to their excellent electrical properties, flexi-
bility, stability, and low cost.*®*™”® Luo et al. fabricated fully
carbon-based F-PSCs using chemical vapor deposition (CVD)-
grown graphene as the bottom electrode and cross-stacked
CNTs as the top electrode (Fig. 10(d))."”* While single-layer
graphene offered higher transmittance, double-layer graphene
achieved the best performance, yielding a PCE of 11.9%. These
devices retained 90% efficiency after 1000 hours of operation at
60 °C under 1-sun illumination. Tran et al. developed a low-
temperature (150 °C) plasma-assisted thermal CVD method
for directly synthesizing graphene on polyethersulfone (PES)
substrates with a Ti buffer layer."”” Using an AZO/Ag/AZO
composite counter electrode, they demonstrated improved
bifacial photovoltaic output. In our recent work, we developed
perovskite solar cells with screen-printed carbon top electrodes
(C-PSCs) as a cost-effective alternative electrode. By introducing
poly(3-hexylthiophene) (P3HT) into the antisolvent CB, we
enhanced perovskite crystallization, reducing defect density
and improving charge transport. This resulted in a significant
PCE improvement of 11%, with the low-temperature C-PSCs
achieving 10.90% and retaining 90% of their initial efficiency
after 1200 hours in ambient air.'”

4.3 Selection of low-temperature processable charge
transport materials

The charge transport layer (CTL) plays a vital role in perovskite
solar cells by enabling efficient charge extraction and transport
of electrons or holes. An ideal CTL should exhibit high electrical
conductivity, optical transparency, suitable energy level align-
ment with the perovskite absorber, and strong chemical and
environmental stability. These characteristics not only
contribute to high PCE but also improve long-term device
stability—key factors for commercial viability. In the develop-
ment of flexible and scalable perovskite solar cells, especially
those fabricated on temperature-sensitive substrates, low-
temperature processable CTL materials are essential. Such
materials enable compatibility with plastic substrates, reduce
thermal damage during fabrication, and support roll-to-roll or
printing-based manufacturing. The following sections intro-
duce various hole and electron transport materials that can be
processed at low temperatures, highlighting their properties
and recent advancements.

4.3.1 Hole transport materials. To address the thermal
constraints of flexible substrates and enable scalable
manufacturing, the development of
processable HTLs has attracted

low-temperature-

significant attention.
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Fig. 11 (a) Schematic illustration of the nucleation, growth, and conversion processes involved in the fabrication of final F-PSCs.*”® (b) Bio-
inspired structural concept showing the analogy between vertebrae and perovskite solar cells, emphasizing the application of nature-inspired
design principles.*’® (c) Device architecture of the F-PSC along with the corresponding J-V characteristics, illustrating its photovoltaic perfor-
mance.””® (d) Schematic representation of the flexible printing process for PSCs, featuring a meniscus-guided blade-coating technique for
perovskite film deposition at a blade speed of 5 mm s™%, and the associated bio-inspired design and device structure of the printed PSC .12
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Materials such as PEDOT:PSS, poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA), NiO,, and spiro-OMeTAD have
been widely investigated for their compatibility with solution-
based or low-temperature deposition methods, offering prom-
ising alternatives to conventional high-temperature or doped
organic HTLs. Recent studies have also focused on improving
the performance and stability of these materials, especially in
the context of scalable fabrication techniques such as blade
coating, slot-die coating, and spray coating.

PEDOT:PSS was the first HTL used in inverted F-PSCs. Yang
et al. employed PEDOT:PSS in a low-temperature, solution-
based process and achieved a PCE of 9.2%."* Later, Chen's
group introduced MAAc as an ink additive and 4-chloro-
benzenesulfonic acid (Cl-BSA) for defect passivation, signifi-
cantly improving both performance and stability. Their flexible
device (1.01 ¢cm?) achieved a remarkable PCE of 18.12%,'” as
shown in Fig. 11(a). Meng et al. further enhanced mechanical
robustness by adopting a design inspired by biological struc-
tures. They employed a conductive and adhesive poly(3,4-
ethylenedioxythiophene):ethylene vinyl acetate (PEDOT:EVA)
as the HTL, acting as an “articular cartilage”-like buffer layer to
absorb and redistribute mechanical stress. Finite element
simulations confirmed that PEDOT:EVA effectively reduced
localized stress on the perovskite layer during bending. More-
over, it promoted oriented crystallization of the perovskite layer.
As a result, flexible devices reached PCEs of 19.87% (1.01 cm?)
and 17.55% (31.20 cm?), retaining over 85% of their initial
efficiency after 7000 bending cycles,'”® as shown in Fig. 11(b).

Despite these improvements, PEDOT:PSS still presents
drawbacks such as its acidic and hygroscopic nature, which may
corrode electrodes and degrade the perovskite layer, ultimately
limiting device stability. Additionally, its relatively low work
function restricts the V¢ of the inverted F-PSCs. To overcome
these limitations, PTAA has emerged as a promising alternative
due to its low-temperature solution-processability, excellent
moisture resistance, and chemical stability."”” A bilayer struc-
ture of PEDOT:PSS and PTAA has shown enhanced carrier
extraction and transport, achieving PCEs of 19.41% (0.09 cm?)
and 16.61% (1 cm?), with excellent mechanical and environ-
mental stability.”” Furthermore, ultrathin PTAA layers (2-10 nm)
deposited via thermal evaporation have optimized energy level
alignment with the perovskite, enabling inverted F-PSCs to
reach a PCE of 17.27%, with negligible hysteresis and superior
stability.”® Currently, PTAA-based HTLs hold the record for the
highest PCE (20.50%) among inverted F-PSCs,'”® as illustrated
in Fig. 11(c).

Nickel oxide (NiO,), an inorganic HTL, is another widely
studied material due to its earth abundance, intrinsic p-type
conductivity, high optical transparency, and low hygroscop-
icity. Najafi et al demonstrated flexible PEN/ITO devices
incorporating room-temperature-processed NiO, and zinc oxide
(znO) nanoparticle transport layers, achieving a PCE of 16.6%
and a stabilized efficiency of 16.1%. These devices retained over
90% of their initial performance after 500 hours (triple-cation
perovskite) and over 85% after 1000 hours (MAPDI;), high-
lighting excellent stability.’** Compared to organic HTLs, NiO,
offers advantages in cost and scalability, especially when

This journal is © The Royal Society of Chemistry 2025
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deposited via sol-gel or nanoparticle ink-based slot-die coating.
Wang et al. enhanced NiO, nanoparticle films using hydrogen
iodide treatment, improving the PCE from 17.86% to 20.51%.
Their flexible module also achieved 16.15% efficiency.’®" In
a bio-inspired approach, Fan et al addressed evaporation-
induced thickness variations by introducing a dopamine-
based adhesion strategy. Levodopa was incorporated into the
NiO, layer to form a bio-inspired interfacial layer (Bio-IL),
improving both mechanical and environmental stability. This
approach enabled a F-PSM (14.63 cm?®, CsgosMAg07FAg gs-
Pbl, ;¢Bry,4) to achieve a PCE of 16.87%,'" as shown in
Fig. 11(d).

4.3.2 Electron transport materials. To enable scalable
fabrication and integration into flexible devices, considerable
efforts have been devoted to developing low-temperature-
processable ETLs. Traditional ETLs such as compact and
mesoporous TiO, typically require high-temperature sintering,
limiting their compatibility with flexible substrates. In
response, alternative materials such as SnO,, ZnO, and PCBM
have garnered increasing attention due to their favorable energy
alignment, good electron mobility, and potential for low-
temperature or solution-based processing. Recent studies
have shown that these ETLs can be effectively deposited using
scalable coating techniques such as blade coating, slot-die
coating, and spray coating, demonstrating promising photo-
voltaic performance in both rigid and flexible PSCs.

For example, Xue et al. employed blade coating to deposit
a compact SnO, nanoparticle film (2.67 wt%) at a blade-to-
substrate distance of 100 pm, followed by thermal annealing
at 120 °C in ambient air. The HTL, spiro-OMeTAD, was also
processed at low temperature, resulting in a device fabrication
process that did not exceed 130 °C. This low-temperature
approach enabled flexible PSCs to achieve a peak PCE of
21.33%.7° To improve film uniformity and reduce void forma-
tion, low-surface-tension solvents such as IPA have been intro-
duced. Wu et al. applied this strategy in an R2R slot-die coated
SnO, layer using an IPA-containing ink formulation (I3),
achieving a PCE of 14.36% (Voc = 1.06 V, Jsc = 19.43 mA cm 2,
FF = 69.30%). In contrast, the IPA-free device (10) yielded only
10.23%, highlighting the beneficial role of IPA in enhancing
ETL film quality and reducing interfacial recombination. Slot-
die coating was used to deposit the SnO, ETL, with annealing
temperatures maintained at 120 °C to avoid thermal damage to
the flexible substrate. This careful thermal control allowed
successful integration into F-PSCs, yielding PCEs of 12.1% and
11.2% for devices with large active areas of 167 cm> and 300
cm?®, respectively.’®® In another study, Taheri et al utilized
automated spray coating for the SnO, layer combined with
optimized laser scribing to enhance cell interconnections. By
tuning the laser power, the resulting F-PSCs achieved a PCE of
nearly 15.3% under AM1.5 G illumination, which was compa-
rable to that of devices fabricated using spin-coated ETLs."”
Despite these advancements, challenges remain—particularly
regarding the surface roughness of polymer substrates. Surface
protrusions can rival the thickness of the entire functional layer
stack, negatively impacting film coverage and quality. To miti-
gate this issue, researchers introduced a phase-transfer agent
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(phenyltrimethylammonium chloride, PTACI) into SnO, inks to
improve nanoparticle distribution and film uniformity. With
this modification, a flexible device fabricated using a blade-
coated ETL and HTL, a slot-die coated perovskite layer, and
an evaporated top electrode in an n-i-p structure achieved
a PCE of 17.6% over a 0.1 cm” area.'?

In addition to SnO,, low-temperature spray-coating methods
have also been explored for TiO,-based ETLs. Huang et al.
developed a sub-150 °C spray-coating process for compact TiO,,
which yielded PCEs of 14.30% for rigid PSCs and 8.52% for their
flexible counterparts.’*® Similarly, Zhou et al. employed ultra-
sonic spray coating to deposit TiO, nanoparticle layers,
achieving efficiencies of 14.32% on ITO-glass and 10.87% on
ITO-PEN substrates.” In another notable advancement,
a bilayer ETL structure composed of SnO, and mesoporous TiO,
was introduced, resulting in a device PCE of 14.8%, approxi-
mately 30% higher than that of a device using SnO, alone
(11.4%). This fabrication strategy was further scaled up to
produce a 12 cm” flexible module in which all layers were
patterned by laser scribing (P1, P2, and P3), achieving a module
PCE of 8.8%.'%

While significant progress has been made in the develop-
ment of low-temperature-processable HTLs and ETLs for F-
PSCs, several critical challenges remain that could hinder
large-scale commercialization and long-term device stability.
For example, although PEDOT:PSS has been widely used as an
HTL due to its ease of processing and reasonable performance,
its intrinsic acidity and hygroscopicity pose serious threats to
device longevity by accelerating the degradation of the perov-
skite layer and electrode materials. Despite recent innovations,
such as chemical doping, biomimetic interfacial designs (e.g:,
PEDOT:EVA), and bilayer structures incorporating PTAA, there
is still a pressing need to assess the long-term durability of these
systems under realistic environmental and mechanical stress
conditions. Similarly, while PTAA-based HTLs have demon-
strated record efficiencies and enhanced environmental
stability, their high cost and batch-to-batch variability raise
concerns about feasibility for large-scale production. Thus,
further efforts are needed to develop alternative HTLs that
retain the solution-processability and tunable energy levels of
organic materials, while offering the robustness and stability
typically associated with their inorganic counterparts. On the
ETL side, materials such as SnO, and ZnO have shown
considerable promise due to their compatibility with low-
temperature and scalable deposition techniques like blade
coating, slot-die coating, and spray coating. However, the
inherent surface roughness of flexible substrates such as PET
and PEN can impede the formation of uniform ETL layers,
leading to poor interfacial contact and increased defect density.
While strategies like solvent engineering, nanoparticle surface
modification, and the incorporation of interfacial additives
(e.g., PTACI) have shown potential in addressing these chal-
lenges, there is currently a lack of standardized evaluation
protocols for assessing film uniformity and scalability over large
areas. To overcome these limitations, future research should
focus on the development of transport layers with self-leveling
or self-healing properties, enhanced tolerance to substrate-
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Table4 A summary of representative F-PSCs and F-PSMs based on various fabrication techniques, including blade coating, slot-die coating, and
spray coating. The table compares device structures, active areas, and optoelectronic properties—such as open-circuit voltage (Voc), short-
circuit current (Jsc), fill factor (FF), and power conversion efficiency (PCE)—along with providing the corresponding references

Voc Jsc FF PCE Active area
Deposition method ~ Structure V) (mAcem™?) (%) (%) (ecm?) Ref.
Blade coating PEN/ITO/PEDOT:PSS/PTAA/MAPDbI;/PCBM/BCP/Ag 1.09 21.98 81 19.41  0.09 73
PEN/ITO/PEDOT:PSS/PTAA/MAPDbI;/PCBM/BCP/Ag 1.10 20.97 72 16.61 1 73
MgF,/willow glass/ITO/PTAA/MAPbI;/C4,/BCP/Cu 1.092  22.83 791 19.72  0.052 74
MgF,/willow glass/ITO/PTAA/MAPDI;/Ce,/BCP/Cu 13.142  19.71 73.5 15.86  42.9 (module) 74
PEN/ITO/SnO,/perovskite/spiro-OMeTAD/Au 1.18 24.21 74 21.33 0.1 75
PEN/ITO/SnO,/perovskite/spiro-OMeTAD/Au 1.14 23.84 73 19.81 1.01 75
PET/ITO/SnO,/Csq 15FAg gsPbl;_,Br,/PTAA/Au 1.03 19.18 71.4  14.08 0.09 76
PET/ITO/SnO,/Csg 15FAg g5Pbl;_,Br,/PTAA/Au 6.43 2.58 39.69 6.58 25 (module) 76
PET/ITO/SNO,/Cs¢.15FA gsPbI;_,Br,/PTAA/Au 10.36  0.58 33.49 3.92 94 (module) 76
PET/ITO/Meo-2PACz/perovskite/PEAI/PCBM/BCP/Ag 1.173 24.96 83.51 24.45 1.01 77
PET/ITO/Meo-2PACz/perovskite/PEAI/PCBM/BCP/Ag 15.87 72 (module) 77
PET/ITO/SnO,/perovskite/PEAI/spiro-OMeTAD/Au 1.16 24.85 79.9 23.01 0.09 78
PET/ITO/SnO,/perovskite/PEAI/spiro-OMeTAD/Au 32.49 0.69 78.5 17.52  117.7 (module) 78
PET/PEDOT:PSS/CI-BSA/perovskite/PCBM/BCP/Ag 1.10 22.13 74.44 1812 1.01 175
PET/ITO/PEDOT:EVA/perovskite/PCBM/BCP/Ag 1.18 21.26 79 19.87 1.01 176
PET/ITO/PEDOT:EVA/perovskite/PCBM/BCP/Ag 4.73 5.34 68 17.55 31.20 (module) 176
PEN/PEDOT:PSS/NiO,/perovskite/PCBM/Ag 1.09 22.32 78.26 19.04 1.01 181
PEN/ITO/Bio-IL/perovskite/PCBM/BCP/Ag 1.11 23.50 80.76  21.08 0.1 182
PEN/ITO/Bio-IL/perovskite/PCBM/BCP/Ag 1.08 21.59 77.94 18.12 1.01 182
PEN/ITO/Bio-IL/perovskite/PCBM/BCP/Ag 5.39 4.52 69.26 16.87 14.63 182
Slot-die coating PET/ITO/SnO,/Csg 15FA¢ g5Pbl, g5Br 15/Spiro-OMeTAD/Au  1.03 20.7 72 15.2 0.09 84
PET/ITO/SnO,/perovskite/spiro-OMeTAD/Au 1.090 20.48 76 17.18 0.16 92
PET/ITO/poly-TPD/MAPbI;/PCBM/Au 0.96 10.27 34 3.3 0.16 99
PET/ITO/Cu:NiO,/MAPbI;/PCBM/BCP/Ag 1.13 21.75 79.4 19.56  0.09 100
PET/ITO/SnO,/MAPbI;/spiro-OMeTAD/Au 0.958 16.6 62.9 10.01  0.03 101
PET/ITO/PTACI-SnO,/MAPDI;/spiro-OMeTAD/Au 0.95 22.97 79.8 17.6 0.049 102
PET/ITO/PTACI-SnO,/MAPbI;/spiro-OMeTAD/Au 0.97 21.7 60.2 12.7 1 102
PET/ITO/SnO,/perovskite/spiro-OMeTAD/MoO,/Cu 1.11 23.04 78.92 20.21 0.1 103
PET/ITO/SnO,/perovskite/spiro-OMeTAD/MoO,/Cu 34.2 0.61 57.7 12.1 185 (module) 103
PET/ITO/SnO,/perovskite/spiro-OMeTAD/MoO,/Cu 35.9 0.55 56.8 112 333 (module) 103
PET/TCE/SnO,/FAl, 4sMA, 55PbL,/HTAB/P3HT/carbon 1.02 19.9 761 155  0.08 104
PET/TCE/SnO,/FAI,_4sMA, 5sPbI,/HTAB/P3HT/carbon 4.59 3.88 62.3 11.0 495 104
PET/ITO/SnO,/perovskite/spiro-OMeTAD/Au 6.542 3.30 69 14.89  16.07 (module) 92
MgF,/PET/ITO/perovskite/ PCBM/BCP/Ag 1.09 24.5 79.7 21.3 0.09 201
PEN/ITO/SnO,/perovskite/spiro-OMeTAD/Ag 0.98 16.82 63.99 10.57 0.07 212
Spray coating PET/ITO/TiO,/MAPbI;_xCly/spiro-OMeTAD/Ag 1.03 15.3 514 8.1 0.065 106
PEN/ITO/TiO,/CH;NH;Pbl;/spiro-OMeTAD/Au 0.945 20.68 55.6 10.87 0.16 124
PEN/ITO/TiO,/CH3;NH;Pbl;/spiro-OMeTAD/Au 5.68 1.87 40.8 4.33 13.5 (module) 124
PEN/ITO/PTAA/perovskite/Cqo/BCP/Cu 1.07 22.17 76.27 18.14 0.078 125
PEN/ITO/PTAA/perovskite/Cqo/BCP/Cu 12,92  1.73 7219 16.10 35.1 (module) 125
PEI/ITO/TiO,/perovskite/spiro-MeOTAD/Ag 0.892 18.82 50.76  8.52 0.1 126
PET/ITO/SnO,/perovskite/spiro-OMeTAD/Au 0.989 20.39 76 15.3 0.1 127
PET/ITO/SnO,/perovskite/spiro-OMeTAD/Au 7.72 2.55 60.8 12 16.84 (module) 127
PET/ITO/SnO,/perovskite/spiro-OMeTAD/Au 7.57 2.45 57.7 11.7 21.84 (module) 127

induced roughness, and improved mechanical adhesion.
Moreover, integrating R2R-compatible fabrication techniques
with in situ diagnostic tools could improve layer-by-layer quality
control, thereby facilitating the transition from lab-scale
demonstrations to manufacturable device architectures.
Lastly, comprehensive techno-economic analyses are crucial to
evaluating the practical viability of emerging materials and
processing techniques, ensuring that enhancements in device
performance and stability do not compromise scalability or
affordability.
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To provide a comprehensive overview of recent advance-
ments in scalable PSC technologies, Table 3 summarizes
representative PSCs and PSMs fabricated on rigid substrates
with active areas =1 cm?”. The table focuses on key scalable
coating techniques—blade coating, slot-die coating, and spray
coating—by comparing device structures, active areas, and key
optoelectronic parameters, including Voc, Jsc, FF, and PCE.
This comparison highlights the performance trends associated
with each deposition method. Complementarily, Table 4 pres-
ents representative examples of F-PSCs and F-PSMs utilizing the
same scalable coating approaches. It emphasizes the
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Fig. 12 PCE distribution of (a) PSC devices and (b) PSC modules as a function of active area, fabricated using three scalable deposition tech-
niques reported in the literature: slot-die coating, spray coating, and blade coating.

adaptability of these techniques to flexible substrates and
benchmarks their corresponding device configurations, active
areas, and photovoltaic performance metrics. Together, these
two tables provide a side-by-side comparison between rigid and
flexible device development, offering insights into the scal-
ability, versatility, and performance potential of each coating
strategy. Fig. 12 illustrates the distribution of PCEs for cells and
modules as a function of active area, categorized by the three
large-area deposition techniques: blade coating, slot-die
coating, and spray coating. Among these, blade coating
exhibits the most consistent and outstanding performance. For
active areas smaller than 1 cm?, device efficiencies reach up to
25%, while module efficiencies remain stable between 10% and
20%, even as the active area increases to approximately 200 cm?.
In contrast, slot-die coating achieves similarly high efficiencies
in small-area devices (up to 25% for areas <0.5 cm?), but its
performance declines significantly with increasing module
size—particularly for active areas larger than 100 cm?”. Spray
coating, on the other hand, generally exhibits lower overall
efficiency, and the available data are limited, especially for
large-area applications, making it difficult to draw definitive
conclusions regarding its scalability. In summary, both blade
coating and slot-die coating stand out as the most promising
technologies for the scalable fabrication of high-efficiency
small-area devices and large-area modules due to their
process stability and performance reproducibility. In contrast,
spray coating still requires further optimization to unlock its
full potential for large-area solar cell manufacturing.

4.4 Encapsulation

The performance of PSCs is determined not only by their PCE
but also by their operational stability and lifetime, given the
intrinsic sensitivity of perovskite materials to moisture and
oxygen.”**** To enhance device stability, effective encapsula-
tion techniques are essential. While conventional rigid PSCs
typically use glass plates sealed with thermosetting epoxy resin,
such methods are unsuitable for F-PSCs, prompting the need
for novel encapsulation materials and strategies. An ideal

encapsulation material should possess high optical

This journal is © The Royal Society of Chemistry 2025

transmittance, excellent barrier properties (i.e., low oxygen and
water vapor transmission rates), UV resistance, chemical
stability, mechanical flexibility, and long-term durability. ALD is
one promising approach due to its excellent film uniformity and
barrier performance, making it suitable for flexible electronics.
However, its high-cost limits large-scale adoption. Alternative
encapsulation techniques include thermal sealing with polymer
adhesives, which form durable encapsulation layers upon
heating, and thin-film encapsulation methods such as physical
vapor deposition (PVD), which effectively block oxygen and
moisture. Plasma-enhanced chemical vapor deposition
(PECVD) can deposit multilayer barriers like silicon oxide and
silicon nitride, greatly enhancing long-term stability. Plasma-
enhanced atomic layer deposition (PEALD) also offers precise
thickness control and dense films, making it suitable for ultra-
thin, high-performance barriers. Encapsulation methods for
flexible devices can generally be classified into two categories:
single-layer and multilayer thin-film encapsulation.>**>*¢

4.4.1 Single-layer thin-film encapsulation. This method
employs a single inorganic layer as the barrier. While it is
straightforward to implement, its effectiveness is often limited
by defects and pinholes that allow oxygen and moisture to
penetrate. A representative material in this category is
aluminum oxide (Al,O3), deposited via ALD, which offers
excellent uniformity and can be processed at low temperatures.
Al,O; films have demonstrated a water vapor transmission rate
(WVTR) as low as 1.7 x 10> g per m? per d.*'” However, due to
surface defects, single-layer encapsulation may still permit the
ingress of oxygen or moisture. In contrast, multilayer encap-
sulation combines an inorganic layer with an organic one, such
as poly(1,3,5-trimethyl-1,3,5-trivinylcyclotrisiloxane) (pv3D3), to
mitigate defects in the inorganic barrier and enhance overall
device stability. Organic materials are considered promising
candidates for creating long-lasting and low-cost F-PSCs. For
instance, Ma et al. successfully utilized paraffin wax as an
encapsulation material to achieve durable PSCs.**® Their study
showed that paraffin wax can be processed at temperatures
below 100 °C to form a stable barrier. After encapsulation, the
device retained 80% of its initial PCE after 1000 hours of
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exposure. This solvent-free encapsulation method presents
strong potential for the large-scale production of F-PSCs.

4.4.2 Multilayer thin-film Encapsulation. Multilayer thin-
film encapsulation typically integrates alternating inorganic and
organic layers. The inorganic components, such as Al,Oj, silicon
dioxide (SiO,), silicon nitride (SizN,), and silicon oxynitride
(SiOxN,), act as barriers that block moisture and oxygen ingress,
while the organic layers, such as polyurethane (PU), polyethylene-
1-octene (POE), and pV3D3, help to mitigate defects in the inor-
ganic layers and enhance the overall reliability of the device. This
encapsulation strategy has been widely applied in organic opto-
electronic devices, significantly extending their operational life-
times under ambient conditions. For instance, encapsulated F-
PSCs have retained approximately 80% of their initial PCE for
over 400 hours before showing noticeable degradation.*?
Furthermore, studies have demonstrated that F-PSCs with
multilayer encapsulation maintained 97% of their initial PCE
after 300 hours of exposure at 50 °C and 50% relative humidity
(RH).>* To further improve moisture resistance, PEN is consid-
ered a more suitable flexible substrate than PET due to its lower
WVTR. Additionally, carbon-based materials—known for their
hydrophobicity, flexibility, and electrical conductivity—have been
proposed as alternative encapsulants, offering a promising
pathway toward more durable F-PSCs. Continuous research
efforts are being directed toward the development of novel
encapsulation materials and techniques to further extend device
longevity. If multilayer encapsulation can be implemented in
a cost-effective manner while providing high-performance barrier
properties, it will become a critical step toward realizing durable
and affordable F-PSCs.”**

The advancement of F-PSCs heavily relies on overcoming key
challenges related to encapsulation techniques. One of the
primary issues is selecting the appropriate flexible substrate that
balances mechanical robustness with minimal impact on device
efficiency. This requires innovations in low-temperature pro-
cessing and encapsulation methods to protect the devices from
environmental degradation, such as moisture and oxygen infil-
tration. Flexible substrates, such as polymers, are prone to
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permeability, making effective encapsulation critical to main-
taining device performance and longevity. Multilayer encapsula-
tion, which combines inorganic layers (e.g., Al,O;, SiO,) with
organic layers (e.g., polyurethane, pv3D3), offers a promising
solution to enhance the barrier properties of encapsulation
systems. These multilayer systems are capable of reducing defects
in the inorganic layers, thereby improving the overall durability of
the F-PSCs. In addition to material selection, interface engi-
neering plays a crucial role in improving encapsulation reliability
by enhancing charge transport and reducing interfacial defects
that could lead to degradation over time. To meet the require-
ments for large-scale production, scalable fabrication methods
such as roll-to-roll processing are essential for producing uniform
encapsulation layers efficiently. However, challenges remain in
ensuring consistent layer quality and uniformity to guarantee
high throughput in mass production. Addressing these encap-
sulation challenges is crucial for improving the overall stability of
F-PSCs, ensuring their viability for practical applications.

5. Stability

The long-term stability of PSCs is crucial for commercialization
and practical use. While PSCs achieve high efficiency, their
environmental and mechanical stability remains a key chal-
lenge. Environmental stability refers to resistance against
moisture, heat, light, and oxygen, which can degrade the
perovskite and other materials. As discussed, encapsulation
plays a vital role in mitigating these effects. Mechanical
stability, particularly for flexible devices, ensures PSCs maintain
functionality under bending or stretching. Enhancing both
environmental and mechanical stability is essential for devel-
oping efficient, durable, and reliable PSCs suitable for real-
world applications. This section explores key strategies and
advancements in improving PSC stability.

5.1 Environmental stability

To ensure the long-term stability of F-PSCs in practical appli-
cations, verifying their environmental durability is crucial.
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Researchers have developed standardized testing methods to
assess PSC performance under various environmental condi-
tions, such as humidity, UV exposure, high and low
temperatures, and temperature cycling. Humidity tests simu-
late high-moisture environments to assess the degradation of
perovskite materials due to water exposure. UV exposure tests
evaluate the damage caused by UV radiation on the organic
components of the materials. High-temperature tests simulate
hot environments to examine the impact of elevated tempera-
tures on the material's structure and efficiency, while
low-temperature tests evaluate performance under cold condi-
tions. Temperature cycling tests simulate daily or seasonal
temperature fluctuations, assessing the thermal stability of the
materials. These tests help researchers understand perfor-
mance degradation and provide insights into strategies to
enhance the reliability and long-term stability of PSCs in real-
world applications. Standardized stability testing protocols,
such as those outlined in International Electrotechnical
Commission (IEC) 61215 and ISOS, are widely adopted for
evaluating PSC stability.>*>** As shown in Fig. 13, most studies
focus on device-level stability data,*** with limited research on
module-level stability. Nevertheless, several investigations have
successfully enhanced PSC performance in accelerated aging
tests by optimizing material properties and structural designs.
Defects located at grain boundaries in perovskite films act as
non-radiative recombination centers due to the presence of
under-coordinated Pb** ions, halide vacancies, and dangling
bonds. These defects introduce trap states within the bandgap
that capture carriers, accelerating trap-assisted recombination
and lowering the quasi-Fermi level splitting, which in turn
reduces VOC and overall PCE. Moreover, grain boundaries
provide pathways for ion migration—especially halide ions—
further compromising operational stability. To mitigate these
issues, diverse passivation strategies are widely employed.
Organic ammonium halides (e.g., phenethylammonium iodide)
can form hydrogen bonds or ionic interactions with under-
coordinated Pb*>" or halide vacancies, thereby reducing trap
densities. Fullerene derivatives (e.g., PCBM, ICBA) function as
electron-accepting passivators that neutralize charged defects,
while Lewis bases such as thiophene or pyridine derivatives
coordinate directly with Pb>" centers, effectively suppressing
defect-assisted recombination. Collectively, these passivation
interactions chemically stabilize grain boundaries, enhance
charge transport continuity, and improve resistance to
mechanical cracking, which is especially crucial for flexible
perovskite devices. For example, Han et al introduced
a bifunctional organic molecule, 5-ammonium valeric acid (5-
AVA) iodide, at the grain boundaries of MAPbI; crystals. This
approach localized the perovskite crystals at the nanoscale,
suppressed decomposition and reconstruction, and made ionic
migration reversible. PSCs using this (5-AVA),MA, ,Pbl; active
layer demonstrated stable operation for over 9000 hours at the
maximum power point (MPP) at 55 °C £ 5 °C with no significant
degradation, successfully meeting the IEC 61215:2016 qualifi-
cation standards.”” In 2022, Saule Technologies achieved
significant advancements in small perovskite cells. These cells
retained 84% of their initial efficiency after 1000 hours at the
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MPP under 0.6 sun, and showed no degradation after 1000
hours at 85 °C, highlighting improvements in thermal stability
and long-term performance.”” In 2023, Microquanta Semi-
conductor and Wuxi Utmolight Technology made considerable
strides in module-level stability. Microquanta developed stan-
dard perovskite modules with multi-layer encapsulation,
passing IEC 61215 and IEC 61730 tests, demonstrating reli-
ability under conditions such as UV exposure, damp heat, and
temperature cycling.”*® Similarly, Wuxi Utmolight Technology
fabricated modules with an area of 0.72 m” using advanced
encapsulation materials and laser scribing techniques, mini-
mizing interface defects and reducing vulnerability to environ-
mental degradation. These modules also passed IEC 61215 and
IEC 61730 certifications in November 2023, showcasing excep-
tional stability and strong commercial potential.*”

5.2 Mechanical stability

Mechanical properties are critical for F-PSCs, but mechanical
stability remains a challenge, especially for transparent electrodes
and perovskite layers. TCOs like ITO and fluorine-doped tin oxide
(FTO) are commonly used on polymer substrates, but they are
brittle. After several bending cycles, cracks can form, degrading
the device. Additionally, convex bending of perovskite layers can
cause damage.”® Cracks in perovskite films reduce conductivity
and mechanical stability. In this context, standardized testing
methodologies have recently been introduced, such as the
consensus protocol proposed by Fukuda et al. for characterizing
the mechanical performance of flexible photovoltaics under
bending tests.”” This complements the established ISOS proto-
cols for stability testing of PSCs and provides a valuable frame-
work for ensuring consistent evaluation across different studies.
Recently, designs aimed at mitigating bending damage by
promoting mechanical strain distribution have shown potential
for practical applications.'”**** Various ultra-flexible transparent
electrodes have been developed to replace TCOs, focusing on the
bending radius and test cycles. ITO-based devices typically cannot
withstand bending radii smaller than 5 mm, while flexible
perovskite solar cells without ITO electrodes can endure radii
even below 1 mm. This is due to the brittleness of the ITO layer,
where cracks negatively affect the perovskite layer, resulting in
lower PCE. Enhancing bending resistance requires improvements
not only in functional layers and substrates but also in the
perovskite layer itself. Inspired by spinal structures, Meng et al.
proposed a biomimetic design to enhance F-PSC flexibility by
absorbing and distributing stress. They used PEDOT:EVA as the
HTL, likening it to articular cartilage for its flexibility and adhe-
sion. Simulations of stress distribution showed that PEDOT:EVA
reduced local stress on the perovskite layer during bending,
compared to traditional PEDOT:PSS. Additionally, the ionic
nature of halide perovskites gives them high tolerance to strain,
making them suitable for flexible electronics.””® However, this
“flexibility” also makes PSCs mechanically fragile, posing chal-
lenges for long-term durability. Various strategies, compositional,
structural, grain boundary, and interfacial engineering, have been
developed to improve performance and mechanical
stability."*"**>*** Compositional engineering involves substituting
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elements or ions within the perovskite structure to enhance
mechanical and electronic properties. Examples include mixed-
cation or mixed-halide perovskites, where different cations or
halides improve stability and performance.***?** Structural engi-
neering optimizes the micro- and nanostructures of the perov-
skite layer, such as thickness, porosity, and morphology, to better
distribute mechanical stress and prevent cracks or delamination.
Since halide perovskites are polycrystalline, grain boundaries are
often weak points for failure.**>**¢ Interfacial engineering focuses
on improving interfaces between the perovskite layer and adja-
cent layers, where stress often accumulates, leading to delami-
nation. Approaches include using interfacial modification layers
or selecting materials with better mechanical compatibility with
perovskites.”®” Recently, Dong et al. proposed strategies to protect
the perovskite layer under bending conditions. By introducing an
insulating elastic material, trimethyl-triethynylcyclotrisiloxane,
they achieved grain boundary encapsulation, which suppressed
carrier recombination and ion migration, improving durability.
After 10 000 bending cycles, the cell retained over 73% of its initial
PCE.”® The device achieved a bending radius as small as 2.5 mm,
one of the best values for flexible perovskite solar cells based on
ITO substrates.

Environmental stability has seen improvements with the use
of additives like 5-AVA to enhance perovskite material dura-
bility. Continued research should focus on optimizing these
additives for broader scalability. The advancements in module-
level stability by companies like Microquanta and Wuxi Utmo-
light, especially through improved encapsulation, emphasize
the importance of developing more reliable encapsulation
materials for F-PSCs. On the mechanical side, the brittleness of
traditional transparent conductive oxides, like ITO, remains
a major challenge. The future of F-PSCs lies in exploring alter-
native electrode materials that provide greater flexibility while
maintaining high performance. Strategies such as grain
boundary engineering and interfacial modifications have
shown potential in improving the mechanical durability of the
perovskite layer under bending stress. Moving forward, greater
focus should be placed on developing materials that combine
both environmental and mechanical stability to ensure the
long-term reliability of F-PSCs for commercial use.

6. Challenges and outlook

Despite the significant attention that PSCs and related organic
optoelectronic devices have gained in both academic and indus-
trial circles due to their high efficiency and low-cost characteris-
tics, challenges still remain in their commercialization and large-
scale application. These challenges extend beyond processing
difficulties to include issues such as material stability, structural
integrity, and the potential for flexible applications. Below, we
explore these key challenges and potential solutions.

6.1 Large-area fabrication

Achieving uniformity and reproducibility of thin films is crucial
for device performance in large-area fabrication. Processes like
blade coating, slot-die coating, and spray coating often face
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difficulties in achieving consistent film thickness and crystal
structure, primarily due to uneven solvent evaporation rates and
changes in solution flow dynamics. For example, during blade
coating, uneven surface tension of the substrate (i.e., the Mar-
angoni effect) can lead to variations in solvent concentration,
affecting the crystal nucleation and structural integrity of the
films. To address this, researchers are focusing on optimizing
solution formulations with additives such as surfactants or
stabilizers and exploring localized heating techniques to
control solvent evaporation post-coating.

6.2 Non-uniform crystal nucleation: challenges and
monitoring

Non-uniform crystal nucleation remains a fundamental
obstacle in perovskite film fabrication, as rapid solvent evapo-
ration or excessively concentrated precursor solutions often
induce high defect densities, grain boundary formation, and
internal voids. These microstructural imperfections compro-
mise both efficiency and stability. Recent studies have demon-
strated that solution additives such as DMSO or ethylene glycol
monomethyl ether can effectively slow down nucleation
kinetics, thereby reducing defect density. In parallel, advanced
monitoring strategies including real-time crystallization
tracking using synchrotron X-ray diffraction are being devel-
oped to synchronize annealing processes with nucleation
dynamics, offering more precise control over film quality and
long-term performance.

6.3 Chemical insights into ink formulation

Perovskite ink formulation dictates the entire transformation
pathway from solution complexes to intermediate adducts and
final perovskite phases. Coordinating solvents (e.g., DMSO,
DMF, NMP) together with Lewis-base additives form transient
complexes with PbX,, thereby delaying uncontrolled nucleation
and promoting uniform film formation. The donor number,
volatility, and coordination strength of solvents collectively
determine the supersaturation trajectory during solvent evapo-
ration, which in turn governs nucleation density and subse-
quent grain growth behavior. Moreover, mixed-halide and
mixed-cation systems introduce additional coupling between
ionic speciation and solvent-solute interactions, thereby
modulating defect chemistry such as halide vacancy formation
and trap density. This chemical perspective underscores that
precise ink formulation is essential for minimizing defect
generation at the earliest stages of film formation.

6.4 Crystallization control strategies during film formation

Beyond ink design, controlling the conversion of intermediate
phases into the final perovskite lattice is equally crucial. Anti-
solvent quenching or gas-/vacuum-assisted extraction rapidly
increases supersaturation, generating dense nucleation while
mitigating coffee-ring effects; however, excessively fast extrac-
tion may entrap residual solvent and induce microvoid forma-
tion. Thermal annealing, including gradient or stepwise
protocols, facilitates solvent removal, collapse of intermediates,
and oriented grain growth, yet overheated or nonuniform
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annealing can induce stress, phase segregation, and interfacial
debonding, effects amplified on flexible substrates due to
a coefficient of thermal expansion mismatch. Alternatively,
humidity- or solvent-vapor-assisted annealing provides a wider
processing window by moderating nucleation and growth
kinetics while reducing pinhole density, though it requires
stricter control of ambient conditions. Collectively, these crys-
tallization control strategies highlight the delicate balance
between processing kinetics, defect mitigation, and mechanical
reliability.

6.5 Flexible substrate issues

For large-area devices on flexible substrates (such as PI or PET),
differences in thermal expansion coefficients between the
substrate and thin film can cause cracking or wrinkling during
thermal treatment, compromising the device's structural
integrity. To mitigate these thermal expansion issues, rapid
photothermal annealing techniques, such as intense pulsed
light annealing or near-infrared heating, can precisely control
the substrate's heating process. Additionally, introducing
elastic interface layers, such as polydimethylsiloxane (PDMS)
films, can effectively reduce stress transfer between the film and
substrate, thereby enhancing the stability and structural
strength of devices on flexible substrates.

6.6 Environmental stability

Environmental stability is a critical factor affecting the long-
term performance of perovskite solar cells, especially due to
the material's sensitivity to moisture, oxygen, and UV light,
which can lead to degradation. For example, humidity can
cause Pbl, and MAI to decompose, forming unstable interme-
diate phases that affect the lattice structure and reduce PCE.
Researchers have suggested using double-cation or multi-cation
systems, like Cs/FA" mixtures, to improve lattice stability and
reduce moisture sensitivity. The use of hydrophobic polymer
encapsulation materials, such as poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP),>** has also shown promise in
improving moisture resistance.

6.7 Photo-stability and ion migration

In addition to environmental stability, photo-stability and ion
migration remain significant challenges for PSC commerciali-
zation. Under light or external electric fields, migration of
iodide and lead cations can redistribute the internal electric
field, leading to performance degradation. To address this,
stable lattice design strategies, such as using passivating agents
like TiO,, aim to stabilize grain boundaries and reduce ion
migration. Interface-sensitive modifiers (e.g., small-molecule
SAMs, PEI, polymeric buffers) lower interfacial energy barriers
for nucleation on polymer substrates, improving wetting and
adhesion while passivating under-coordinated Pb**/halide
defects. Post-deposition chemical treatments (e.g., organic
ammonium halides, Lewis bases, fullerene derivatives)
passivate grain boundaries and reduce Shockley-Read-Hall
recombination, thereby improving Voc and bending durability
by mitigating crack initiation at intergranular weak points.

This journal is © The Royal Society of Chemistry 2025
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6.8 Mechanical flexibility

Lastly, the mechanical flexibility of PSCs remains a major
challenge, especially when used on flexible substrates. The
brittleness of the perovskite film can lead to cracking, particu-
larly under repeated bending. Researchers are optimizing the
directional alignment of crystal grains to form columnar
structures, improving resistance to cracking. Additionally,
metal passivating agents like zinc-based compounds are being
explored to enhance the toughness of grain boundaries and
improve the mechanical flexibility of the films. To address the
brittleness of the ITO transparent conductive layer, alternative
flexible conductive materials, such as oxide/conductive polymer
composite films like PEDOT:PSS/Ag NW, are being investigated.
Furthermore, introducing low-modulus polymer buffer layers,
such as PU-based composites, can reduce stress concentration
during bending, enhancing the overall mechanical stability of
the interface layer and electrodes.

6.9 Key challenges for F-TPSCs and all-printed F-PSCs

As F-TPSCs continue to advance, their future development
hinges on resolving key challenges in device architecture,
material stability, and scalable processing. The 2T monolithic
structure offers compact integration and lower series resistance
but requires strict current matching and reliable interconnec-
tion layers to prevent performance losses. In contrast, 4T
mechanically stacked tandems allow independent sub-cell
optimization and material diversity, yet face issues such as
optical losses at the interlayer and increased device thickness.
Material selection also critically influences performance and
flexibility. Perovskite/CIGS and perovskite/Si tandems benefit
from mature bottom-cell technologies but pose challenges in
interfacial engineering and mechanical robustness. All-
perovskite and perovskite/OPV tandems offer low-temperature,
flexible processing routes but still lag behind in long-term
stability and efficiency. In parallel, all-printed flexible perov-
skite solar cells have emerged as a promising alternative to
vacuum-based processing. By using fully solution-based tech-
niques—including inkjet and digital printing—for every func-
tional layer, recent demonstrations have achieved large-area
modules exceeding 16% efficiency, with strong mechanical
durability and air stability. To realize practical deployment,
future efforts must focus on improving interfacial contact,
transparent electrode resilience, and compatibility with roll-to-
roll, low-temperature manufacturing without compromising
device lifetime.

7. Conclusion

The future development of PSCs depends on innovations across
multiple technologies and interdisciplinary collaboration,
especially in the area of F-PSCs. Although F-PSCs offer advan-
tages such as lightweight design and high efficiency, their
commercial applications still face significant obstacles, partic-
ularly in mechanical stability, durability, and the realization of
flexible integration. Overcoming these challenges requires
advancements in materials, processing techniques, and
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structural designs to enable commercialization and large-scale
adoption. Material innovation would be a key driver, with
a focus on developing stable, efficient, and environmentally
friendly materials. For F-PSCs, it is essential to create perovskite
materials that are compatible with flexible substrates by
enhancing intrinsic stability and reducing structural damage
during deformation or bending. Research on hybrid cation
perovskites and inorganic perovskite materials is expected to
significantly improve the long-term performance and stability
of flexible devices. In parallel, the development of flexible
tandem PSCs represents a promising route to surpass the effi-
ciency limits of singlejunction architectures by stacking
complementary absorbers. Despite the challenges in current
matching, interlayer engineering, and mechanical integration,
recent progress has demonstrated the feasibility of high-
efficiency flexible tandem designs, which will be instrumental
in future high-performance applications. Breakthroughs in
processing technologies also play a crucial role in accelerating
commercialization. Developing scalable, low-cost, and envi-
ronmentally friendly fabrication methods such as solution
processing and vacuum-free techniques can reduce production
costs and enable high-efficiency, large-area manufacturing. In
particular, all-printed F-PSCs, which rely entirely on solution-
based printing methods for each functional layer, have
emerged as a key strategy to achieve fully roll-to-roll-compatible,
low-temperature fabrication for flexible devices. Compared to
rigid substrates, flexible substrates present greater challenges
in coating uniformity and mechanical strength, making these
areas critical for future technological development. In terms of
application expansion, F-PSCs hold great potential for use in
wearable electronics, BIPV, and flexible displays. Realizing
these applications will not only drive the advancement of F-PSC
technology but also contribute to broader adoption of green
energy solutions. However, to meet the demands of these fields,
F-PSCs must achieve higher standards in terms of lightweight
design, durability, and mechanical flexibility. Finally, inte-
grating the industrial supply chain is essential for driving
commercialization. Strengthening collaboration between
academia and industry can accelerate equipment development,
material supply chain integration, and standardization, all of
which are vital for scaling up production. Cross-disciplinary
collaboration and the sharing of technological knowledge
would help overcome current processing challenges and boost
the commercialization potential of F-PSCs. In conclusion, while
challenges remain, the future of F-PSCs is full of promise. These
challenges are not limited to materials and processing tech-
niques but also include the need to improve stability, durability,
and efficiency while maintaining mechanical flexibility. Future
research must address these areas through collaborative and
interdisciplinary efforts to drive technological advancement.
With continuing breakthroughs, perovskite solar cells are
poised to become a leading technology in the global transition
toward sustainable energy.
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