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Broader context

Efficient inverted FA-Cs perovskite solar modules
fabricated by blade-coating on PET foil with robust
encapsulation
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The commercial deployment of perovskite photovoltaics (PVs) hinges on bridging the gap between high-efficiency
lab-scale devices and scalable, reliable modules. While flexible polymeric substrates offer a pathway to high-
throughput roll-to-roll (R2R) manufacturing, achieving long-term operational stability on these platforms remains
a critical challenge. Here, we report a robust strategy for the scalable manufacturing of efficient inverted
formamidinium-cesium (FA-Cs) flexible perovskite solar modules (FPSMs), complemented by an industrially
compatible encapsulation sequence. By employing a modified gas-assisted blade-coating process, combined
with a gradual annealing protocol utilizing the thermal mass of a polydimethylsiloxane (PDMS)-covered copper
plate (=100 °C), we demonstrate a unified processing framework applicable to FA-Cs perovskite compositions
of different bandgaps. In the device architecture, we employed a synergistic interface engineering approach
utilizing the self-assembling molecule 4-((5H-diindolo[3,2-a:3',2’ -clcarbazole-5,10,15-triyltris(butane-4,1-diyl))
tris(phosphonic acid) (TRIPOD-C4) as an effective hole-transporting layer, combined with propane-1,3-
diammonium iodide (PDAI,) for perovskite surface passivation. As a result, blade-coated FA-Cs PSCs with
bandgaps of 1.61 eV and 1.76 eV achieved power conversion efficiencies (PCEs) of 20.4% and 17.4%, respectively.
When scaled to modules, we recorded champion efficiencies of 17.0% and 15.1% for the medium- and wide-
bandgap absorbers, respectively. Furthermore, we demonstrate a production-compatible vacuum lamination
protocol utilizing ultra-high barrier foil. The encapsulated FPSMs exhibit promising durability, retaining 80% of
their initial efficiency after 1026 hours of damp-heat aging (ISOS-D3, 85 °C/85% RH).

The global transition to renewable energy demands photovoltaic technologies that go beyond rooftop and ground-mounted installations. Lightweight, flexible solar modules

can be integrated onto building facades, vehicles, portable devices, and other curved or weight-sensitive surfaces — applications where conventional rigid silicon panels are
impractical. Perovskite semiconductors, which can be deposited from solution at low temperatures, are uniquely suited for manufacturing such flexible devices using high-

throughput roll-to-roll processes on inexpensive plastic foil. However, moving from efficient small-area laboratory cells to large-area modules that remain stable under real-
world heat and humidity has proven difficult, and reports demonstrating the full fabrication-to-encapsulation chain on flexible substrates remain scarce. This work addresses
that gap by presenting a complete, industrially compatible process for blade-coated perovskite solar modules on plastic foil, achieving module efficiencies above 15% for two
different absorber bandgaps and demonstrating that encapsulated devices retain 80% of their initial performance after over 1000 hours of harsh damp-heat testing. By
bridging laboratory-scale results with production-relevant fabrication and packaging methods, this study provides a practical blueprint for manufacturing durable, light-

weight perovskite photovoltaics at scale.
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Introduction

Metal halide perovskite solar cells (PSCs) have rapidly ascended
as a frontrunner in the next generation of photovoltaics,
demonstrating the fastest increase in certified power conver-
sion efficiency (PCE) among all PV technologies.' PSCs are
characterized by a unique combination of exceptional opto-
electronic properties of the perovskite absorbing material and
commercially attractive solution processability, with low-
temperature post-processing.*” This enables the utilization of
lightweight polymeric foil, such as polyethylene terephthalate
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(PET) or polyethylene naphthalate (PEN), which in turn unlocks
high-throughput roll-to-roll (R2R) manufacturing.® The vast
majority of reported data on perovskite PV devices is centered
on those fabricated via spin-coating, a method not transferable
to industrial production.”’® To enable large-scale
manufacturing, it is essential to adopt scalable deposition
techniques (such as slot-die coating, blade coating, spray
coating, or inkjet printing) that minimize material waste and
provide uniform coatings over larger areas.'®"* These deposition
techniques are well-suited for integration into a continuous R2R
production process on flexible substrates.””* Besides
manufacturing innovations and implied cost efficiency, flexible
PV devices offer a high power-to-weight ratio and large design
versatility, which provide additional value propositions for
numerous commercial use cases.”” Mechanical conform-
ability enables lightweight integration onto curved surfaces,
textiles, and portable or airborne platforms.**° While certified
efficiencies for small-area cells now rival those of crystalline
silicon, translating these performance metrics to large-area
modules, particularly on flexible substrates, presents distinct
engineering challenges.'®*' The difficulty arises from the
complex interplay of reduced control over nucleation and crys-
tallization dynamics and a prolonged wet-film phase while
processing large areas, especially when compared to spin-
coating small-area samples.””>* This challenge is further exac-
erbated for perovskite compositions, such as the double-cation
formamidinium-cesium (FA-Cs) systems, and those with high
bromine content (typically used for wider bandgap perovskites),
where the differences in solubilities and ionic radius of the
precursor components result in rapid and inhomogeneous
crystallization.”®*® Furthermore, fabricating highly efficient
devices on flexible substrates remains more demanding than on
rigid counterparts.®** This is related to the properties of the
substrate itself, but also to the substrate handling. The most
commonly used and most economical PET foil impose inherent
thermal constraints on the device fabrication process, owing to
their thermal deformations (thermal expansion, release of
frozen-in strains, etc.).*** Furthermore, the mismatch in
thermal expansion coefficients between the polymeric substrate
and deposited layers can generate substantial internal
mechanical stresses within the device stack at elevated
temperatures.>** This mismatch must be carefully considered
during both device fabrication and subsequent lamination.
Most reported encapsulation protocols are optimized for rigid
devices with glass-glass lamination stacks, and are not suitable
for flexible architectures.***” To maintain the key qualities of
flexible devices, lamination protocols employing ultra-low-
permeability barrier foil and mechanically compliant adhe-
sives are essential.*® Moreover, minimizing strain accumulation
and reducing the temperature during the lamination process
are critical. In this context, damp heat (DH; 85 °C/85% RH)
testing serves as a rigorous, industry-standard accelerated-aging
protocol.* It combines heat and moisture to activate the main
extrinsic degradation pathways in perovskite PV devices. During
DH stress, water vapor ingress and high temperature accelerate
perovskite decomposition and lower the activation barriers for
ion migration, thereby destabilizing interfaces and the bulk
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material.*>** Performance failure is often caused by the edge
ingress: moisture enters through imperfect seals and spreads
inward.”** Flexible modules face additional challenges, as
differences in thermal expansion can cause delamination and
microcracks, creating new moisture entry points.*** Bending
and residual thermo-mechanical stresses further facilitate
defect formation and interfacial separation, linking mechanical
damage to faster moisture-driven chemical and ionic
degradation.®>*>¢

In recent years, PSCs with an inverted (p-i-n) architecture
have attracted significant research interest, driven by major
advancements in device stack engineering and corresponding
improvements in performance parameters, as well as their
inherent compatibility with high-efficiency tandem configura-
tions.*”** Nevertheless, there remains a notable knowledge gap
regarding the scalable fabrication of flexible PV modules -
a variant of perovskite technology with substantial commercial
potential.**=>* Mature photovoltaic technologies typically follow
an inverse scaling law, with efficiency dropping by less than 1%
with an increase in device area by an order of magnitude.**
Although substantial progress has been made in narrowing the
efficiency gap for flexible PSCs, achieving devices that are both
sufficiently efficient and stable at scale remains a key challenge.

Herein, we report the scalable fabrication of efficient and
stable inverted FA-Cs PSCs and PSMs. This work details the entire
process, including solution blade-coating on large-area polymeric
foil and subsequent device lamination with barrier foil,
compatible with production-scale processes. Solution deposition
was conducted directly on unsupported (free-standing) foil, with
a maximum post-deposition thermal annealing temperature of
100 °C. Building on our previous work, we utilized the self-
assembling molecule (SAM) 4-((5H-diindolo[3,2-a:3',2'-c]
carbazole-5,10,15-triyl)tris(butane-4,1-diyl))tris(phosphonic acid)
(TRIPOD-C4) as a hole-transporting layer, which significantly
improved the devices' fill factor.>® We further incorporated
propane-1,3-diammonium iodide (PDAL,) to passivate the top
surface of the perovskite layer. This approach enabled the fabri-
cation of blade-coated FA-Cs PSCs with bandgaps of 1.61 eV and
1.76 eV, exhibiting PCEs of 20.4% and 17.4%, respectively. The
optimized layer stack and processing sequence were successfully
transferred to large-area modules, achieving champion efficien-
cies of 17.0% (E; = 1.61 eV) and 15.1% (E, = 1.76 eV). Further-
more, the laminated modules demonstrated robust reliability
against moisture and elevated temperature, retaining up to 80%
of their initial performance after 1026 hours of rigorous damp
heat (ISOS-D3) testing (85 °C, 85% relative humidity). In this
study, we combine blade-coating on free-standing PET foil,
application of the same processing parameters to two perovskite
compositions, vacuum lamination, and degradation analysis
under damp-heat conditions within a single workflow.

Results and discussion
Solar cell blade-coating

We employed the inverted device architecture of the following
structure: polyethylene terephthalate coated with indium tin
oxide (PET-ITO)/nickel oxide (NiOy)/self-assembling molecule

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(SAM)/perovskite/fullerene (Cqp)/bathocuproine (BCP)/silver (Ag)
(Fig. 1a). The NiOx and SAM layers were sequentially blade-coated
on 18.5 x 29.0 cm” substrates, which were subsequently sectioned
into six equal pieces, each approximately 90 cm?, for deposition of
the perovskite layer using gas-assisted blade coating.

Initially, we focused on blade-coating the wide-bandgap
(WBG) perovskite. The perovskite composition, precursor
solvent system, and additives were kept identical to those previ-
ously reported for WBG PSCs fabricated via spin-coating with gas-
quenching, ensuring direct comparability between the two
deposition methods and highlighting the importance of devel-
oping scalable fabrication techniques by mimicking large-area
deposition conditions during small-area device fabrication.*®
The WBG perovskite of nominal composition Cs,,FA gPb(Ip 6s5-
Bry 35); displayed an optical bandgap of 1.76 eV (Fig. S1, SI). To
ensure uniform hotplate annealing of the perovskite, the heating
surface was covered with polydimethylsiloxane (PDMS), following
the approach reported by Oh Yeong Gong et al.*® This enabled
sample planarization and prevented air gaps beneath the
substrate, while allowing non-destructive transfer without
inducing mechanical strain. To obtain compact and uniform
films with low surface roughness, we systematically optimized
the blade-coating speed and coating gap to control wet-film
thickness. Two modifications to the conventional blade-coating
process were introduced to improve control over the formation
and conversion of the intermediate phase. First, a shielding
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element was mounted perpendicular to the deposition surface
directly behind the blade, with a narrow gap maintained between
its lower edge and the substrate (Fig. 1b). This element acts as
a physical barrier between the liquid meniscus and the air-knife,
decoupling the initial film deposition from the gas-quenching
step and creating a more controlled evaporation environment
around the deposition area. Second, a gradual annealing protocol
was implemented in which the sample, planarized on a PDMS-
covered copper plate pre-cooled to approximately 20 °C, was
placed directly on a hot plate set to 100 °C (Fig. 1c). The thermal
mass of the copper plate causes the sample temperature to
increase gradually from room temperature to the target anneal-
ing temperature, effectively extending the low-temperature
conversion window. This approach is particularly well-suited to
flexible PET substrates: conventional gradient annealing typically
requires transferring the sample between two hotplates held at
different temperatures, which, for flexible foil, risks mechanical
damage at each transfer step. Here, the sample remains contin-
uously adhered to the heating surface throughout the annealing
process thanks to the conformal adhesion of the PDMS layer,
providing planarization and eliminating repeated attachment
and detachment steps, making the protocol gentler and more
practical for large-area flexible devices.

The impact of the two processing modifications on film
quality and device performance was assessed. Introduction of
the shielding element improved lateral film uniformity, as

b) gas knife modified blade
a) d)
PEROVSKITE
coating direction
c)
PDMS  perovskite film
Copper plate E : '
cool plate & hot plateat 100°C
e) f) 9)
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Fig. 1 (a) Scheme of the inverted WBG PSC layer stack, (b) scheme of the modified blade with a shielding element, (c) scheme of the gradual

annealing step using a PDMS-covered copper plate, (d) picture of 90 cm?-sized blade-coated samples up to perovskite from which individual
solar cells were extracted, (e) structure of TRIPOD-C4, and (f and g) statistics of the fill factor and efficiency for blade-coated WBG PSCs

employing TRIPOD-C4 and Me-4PACz as a SAM.
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evidenced by spectroscopic ellipsometry thickness maps recor-
ded over the central area of the substrate, which showed
a reduced spread of thickness deviation from the mean value
(Fig. S2, SI). Concurrently, XRD patterns of the annealed films
showed reduced reflex intensities at 8.12° and 11.4° relative to
the unshielded reference (Fig. S3, SI). We assign the feature at
8.12° to the solvent-coordinated intermediate phase (likely
a solvated lead halide framework), consistent with reflections
reported in the 8-9° 26 range for both DMF and NMP-based
perovskite precursor systems, and the feature at 11.4° to the
d-phase of the FA-Cs composition.””* The persistence of the
solvent-coordinated intermediate in the annealed film is
consistent with the reported thermal stability of lead halide
solvent adducts formed in DMF/NMP-based precursor systems,
whose complete decomposition has been shown to require
temperatures exceeding 100 °C.°>*® The blade modification
prevents non-uniform evaporation induced by turbulent gas
flow from the air-knife. The concurrent decrease in both the
8.12° and 11.4° peaks suggests that the reduced volatilization
rate affects the formation of the intermediate phase, supporting
a transition to the desired a-phase rather than being trapped as
a residual solvate or contributing to the formation of the &-
phase. However, the precise mechanism introduced by the
shielding element requires further investigation. Additionally,
a gradual annealing step was introduced to ensure controlled
solvent removal and uniform film formation. Both the 8.12° and
11.4° reflexes were absent in the gradually annealed films
(Fig. S4a, SI), indicating that the gradual temperature increase
effectively extends the low-temperature crystallization window,
providing a wider temporal range for the system to navigate the
complex solvate-to-perovskite transition. While the suppression
of the 8.12° reflex indicates a more complete conversion of the
intermediate solvate, the concurrent disappearance of the 11.4°
feature suggests that the gradual temperature increase reduces
the d-phase formation. We assume that this behaviour aligns
with a kinetic regime where a slower, more controlled solvent
removal favours direct crystallization into the a-phase. This is
consistent with previous reports on intermediate-phase control
in DMF/NMP-based precursor systems, where stabilising the
solvent-coordinated intermediate phase is essential to suppress
the formation of non-perovskite phases during crystalliza-
tion.>»** SEM imaging revealed larger perovskite domains in the
gradually annealed films (Fig. S4b, SI), consistent with a lower
nucleation density when intermediate conversion occurs, as
previously reported for multi-step thermal annealing
approaches.®*® Photoluminescence (PL) mapping across
different substrate positions showed improved spatial homo-
geneity of emission intensity, while single-spot PL spectra
exhibited reduced spectral inhomogeneity and increased
intensity (Fig. S5, SI). These improvements in film quality
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translated directly into enhanced device performance, with J-V
characteristics showing increased open-circuit voltage (Vo) and
fill factor (FF) together with a reduced spread of the results,
confirming that the gains in phase purity and spatial homoge-
neity are reflected at the device level (Fig. S6, SI). We obtained
uniform NiOyx and WBG perovskite layers with average thick-
nesses of approximately 14 nm and 490 nm, respectively, as
derived from ellipsometry mapping (Fig. S7, SI). Full processing
details are provided in the Experimental section.

To evaluate the impact of the hole-selective interlayer,
identical devices were fabricated employing two different SAMs:
TRIPOD-C4 and (4-(3,6-dimethyl-9H-carbazol-9-yl)butyl)
phosphonic acid (Me-4PACz), both prepared at equivalent
molar concentrations. TRIPOD-C4 is a carbazole-based mole-
cule with three phosphonic acid anchoring sites (Fig. 1e), which
promotes favourable planarization of the conjugated aromatic
system - a molecular design that is particularly advantageous
for solution-based deposition over large areas.*>** We previously
reported that spin-coated WBG PSCs utilizing TRIPOD-C4
exhibit improved efficiency and enhanced phase stability
compared to those using Me-4PACz. These improvements were
attributed to a more uniform coverage of NiOyx, improved hole
extraction, and reduced non-radiative interfacial recombina-
tion.>® Statistics of photovoltaic parameters derived from
current density-voltage (/-V) characterization of WBG PSCs with
distinct SAMs are summarized in Table 1. The devices utilizing
TRIPOD-C4 demonstrated superior performance, primarily
originating from a substantial increase in the fill factor (FF),
which averaged 75.6% compared to 58.0% for Me-4PACz-based
devices (Fig. 1f and g). The best-performing TRIPOD-C4 device
delivered a PCE of 15.7%. This result extends the applicability of
TRIPOD-C4 from spin-coated devices, as previously reported, to
a blade-coated configuration, confirming that the multi-
anchoring molecular design remains effective under scalable
deposition conditions.

Additionally, we subjected WBG PSCs to a bending durability
test, where devices retained over 90% of their initial perfor-
mance after 10 000 bending cycles at a radius of 10 mm (Fig. S8,
SI).

Next, to assess the universality of the developed approach,
we reduced the bromide content in the perovskite composition
from 35% to 10%, while maintaining the same precursor
molarity, solvent system, and additives. As a result, a medium-
bandgap (MBG) perovskite with an optical bandgap of 1.61 eV
was obtained (Fig. S9, SI). The selection of these two composi-
tions was motivated by their complementary relevance to the
broader photovoltaic landscape: the WBG absorber (E, ~1.76
eV) is a key component in perovskite-based tandem architec-
tures, where the top sub-cell harvests high-energy photons
while matched with the narrow bandgap absorber, whereas the

Table 1 Summary of photovoltaic parameters extracted from the J—V measurements of blade-coated WBG PSCs with different SAMs

SAM PCE (%) FF (%) Voc (V) Jsc (mA em™?)

TRIPOD-C4 15.7 (14.8 £ 0.8) 77.7 (75.6 & 1.5) 1.14 (1.10 =+ 0.02) 18.7 (17.8 £ 0.8)
Me-4PACz 12.6 (11.2 £ 0.9) 61.6 (58.0 + 2.5) 1.12 (1.08 + 0.02) 18.4 (17.7 £ 0.6)
EES Sol. © 2026 The Author(s). Published by the Royal Society of Chemistry
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MBG composition (E, = 1.61 eV) is well-suited for single-
junction applications and represents a compositional regime
with markedly more controlled crystallization dynamics. A
central motivation of this work was to demonstrate that a single
optimized processing framework, encompassing the same
solvent system, additives, layer stack, and blade-coating
parameters, can yield high-quality films and efficient devices
across both compositions, despite the substantially different
crystallization kinetics imposed by the bromide content.

The X-ray diffractograms of WBG and MBG perovskite films
revealed intense reflexes at around 14.4° and 28.9° (26), corre-
sponding to the pseudocubic (100) and (200) crystallographic
planes, respectively (Fig. S10, SI). The WBG perovskite exhibited
diffraction peaks shifted toward higher 26 values relative to the
MBG composition, consistent with lattice contraction induced
by the increased bromide content. This shift arises from the
smaller ionic radius of Br~ (1.96 A) compared to I" (2.20 A),
which results in contracted unit cell parameters and higher-
angle Bragg reflections.® The diffractogram of the WBG perov-
skite composition additionally revealed a negligible peak at
12.8°, which corresponds to the (001) plane of residual hexag-
onal lead iodide (PbI,).*® Consistent with this observation, top-
view SEM imaging revealed trace amounts of residual Pbl,,
visible as bright intrusions protruding from the film surface
(Fig. S4b, SI). In contrast, no Pbl, reflection was detected in the
diffractogram of the MBG perovskite film, reflecting the
compositional dependence of the crystallization dynamics
between the two perovskite compositions.®”*® To further eval-
uate the optoelectronic quality and phase homogeneity of the
two absorbers, steady-state photoluminescence (ss-PL) spectra
were collected from the perovskite films prior to device
completion (Fig. S11, SI). Both compositions exhibit single,
well-defined emission peaks with no secondary features or
shoulders indicative of halide phase segregation, confirming
the phase purity of both blade-coated films. Nevertheless, the
MBG perovskite film exhibits approximately one order of
magnitude higher PL intensity than the WBG perovskite, indi-
cating higher optoelectronic quality, consistent with the greater
susceptibility of bromide-rich compositions to trap-state
formation and compositional heterogeneity during crystalliza-
tion.®”*® Taken together, the XRD and PL data confirm that,
although both absorbers are phase-pure, the WBG composition
exhibits inherently lower phase homogeneity than the MBG
composition.

Next, we fabricated MBG and WBG PSCs by applying the
same optimized processing conditions and TRIPOD-C4 as
a SAM. To further improve device performance, the perovskite
top surface was passivated with propane-1,3-diammonium
iodide (PDAIL,). PDAI, has been reported to form a surface
dipole that increases the n-type character of the perovskite
surface, thereby repelling holes near the electron-transporting
layer (ETL) and suppressing interfacial recombination.**”
The PDAI, treatment increased the ss-PL intensity and elevated
the Vo of both WBG and MBG devices (Fig. S12 and S13, SI),
suggesting suppressed non-radiative recombination at the
perovskite/ETL interface. The schematic of the optimized PSC
layer stack is shown in Fig. 2a. The blade-coated PSCs yielded

© 2026 The Author(s). Published by the Royal Society of Chemistry
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average PCEs of 19.5% and 16.0% for the MBG and WBG
perovskite, respectively (Fig. 2b). The champion MBG PSC
delivered a PCE of 20.4% (FF = 76.6%, Voc = 1.17 V, Jsc = 22.5
mA cm?), while the best-performing WBG PSC yielded 17.4%
(FF = 80.1%, Voc = 1.22 V, Jsc = 17.7 mA cm™2), both with
negligible hysteresis (Fig. 2¢). The statistics of all photovoltaic
parameters are listed in Table 2.

Fig. S14 in the SI presents an overview of the most recent
reported PSCs fabricated using scalable techniques on both
rigid and flexible substrates, categorized based on the perov-
skite bandgap. The data clearly demonstrate that devices pro-
cessed on flexible substrates exhibit lower performance and
represent a minority of the reported work. Similarly, the fabri-
cation of flexible modules using scalable methods remains
limited. This scarcity is particularly evident for wide-bandgap
compositions (E; = 1.7 eV) on flexible substrates, where few
reports employing scalable deposition methods are available.
The present work contributes to this underexplored area by
demonstrating efficient blade-coated devices at both 1.61 eV
and 1.76 eV using a unified processing framework.

Solar module blade-coating

We leveraged our optimized architecture and blade-coating
process to fabricate perovskite solar modules (PSMs). For the
module stack, BCP was replaced with tin oxide deposited by
atomic layer deposition (ALD-SnOy) to enhance device stability.
At elevated temperatures, BCP is prone to morphological
degradation, leading to interface deterioration and perfor-
mance loss.”>’* In contrast, a dense, conformal ALD-grown
inorganic layer provides an effective diffusion barrier, retard-
ing thermally and humidity-driven degradation pathways.”*”*
Additionally, an ITO layer was introduced between ALD-SnOx
and the Ag electrode to prevent silver ion migration and silver
electrode degradation caused by halide ions from the perovskite
layer, which often leads to device failure.”® The schematic of the
module layer stack is shown in Fig. 2d.

We fabricated 8-cell modules with an active area of 15.2 cm?.
The WBG PSMs yielded an average PCE of 13.7%, whereas the
MBG PSMs delivered 15.9% (Fig. 2e). The best-performing WBG
module achieved a PCE of 15.1% (FF = 73.9%, Voc = 9.77 V, Jsc
=16.9 mA cm™*) and the champion MBG module yielded 17.0%
(FF = 73.1%, Voc = 8.84 V, Jsc = 21.1 mA cm ?), both with
a negligible hysteresis (Fig. 2f). The statistics of all photovoltaic
parameters extracted from the modules’ J-V measurements are
listed in Table 2. Table S1, SI summarizes the state-of-the-art
inverted PSCs and PSMs fabricated using scalable deposition
methods on polymeric foil. The data reveal a cell-to-module PCE
loss, which could be attributed to increased area and/or inter-
connection losses. Notably, the results achieved in this work
represent some of the highest reported PCE values, with the
lowest cell-to-module loss. The WBG module is of particular
interest for use as a sub-cell in flexible all-perovskite tandem
architectures. Notably, reports on scalable fabrication of inver-
ted flexible modules employing WBG FA-Cs perovskite
absorbers (E, = 1.7 eV) remain limited, highlighting the
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Fig. 2 (a) Scheme of the optimized inverted PSC stack, (b) statistics of efficiency for flexible, blade-coated solar cells employing WBG and MBG

perovskite absorbers, (c) J-V curves (forward and reverse scan directions) of top-performing solar cells with the WBG and MBG absorbers, (d)
scheme of the optimized inverted PSM stack, (e) statistics of efficiency for flexible, blade-coated solar modules employing WBG and MBG
perovskite absorbers, and (f) J-V curves (forward and reverse scan directions) of the top-performing solar module with the WBG and MBG

perovskite absorbers.

Table 2 Summary of photovoltaic parameters extracted from the J—V measurements of blade-coated solar cells and modules with WBG and

MBG perovskite absorbers

Device type PCE (%) FF (%) Voc (V) Jsc (mA em™?)

WBG PSCs 17.4 (16.0 £ 0.4) 80.1 (75.2 & 2.0) 1.22 (1.19 £ 0.02) 17.7 (17.7 £ 0.3)
WBG PSMs 15.1 (13.7 £ 1.0) 73.8 (68.0 & 5.3) 9.78 (9.65 =+ 0.09) 17.4 (16.8 & 0.6)
MBG PSCs 20.4 (19.5 £ 0.4) 76.6 (75.5 & 2.0) 1.17 (1.14 £ 0.02) 22.5 (22.4 £ 0.2)
MBG PSMs 17.0 (15.9 + 1.2) 72.5 (69.2 + 4.9) 8.98 (8.87 &+ 0.10) 21.5 (20.7 + 0.5)

relevance of these results for the development of future flexible
tandem devices.

Solar module lamination and stability testing

Next, the MBG perovskite modules were vacuum-laminated
with foil having ultra-high barrier properties to preserve their
inherent light weight and facilitate large-scale processing.
Conventional silicon PV (Si-PV) encapsulation protocols are not
directly transferable to perovskite PV devices due to their higher
thermochemical sensitivity. Encouraging damp-heat stability
has recently been demonstrated for flexible perovskite solar
modules encapsulated with high-barrier foil.””””* However, the
reported encapsulation architectures frequently rely on wide
lateral margins rather than a dedicated edge sealant, thereby
constraining the achievable aperture-to-total-area ratio and
limiting compatibility with high-throughput manufacturing.
The incorporation of a dedicated edge sealant alongside

EES Sol.

vacuum lamination, a process well-established in conventional
silicon PV manufacturing, not only improves the aperture-to-
total-area ratio but also mitigates the risk of residual gas
entrapment. Nevertheless, reports on combining industrially
scalable vacuum lamination, a dedicated edge sealant, and
ultra-barrier foil for flexible perovskite modules remain excep-
tionally scarce in the literature. The encapsulation sequence
reported here is therefore of practical significance, as it
demonstrates the feasibility of adapting the established silicon
PV lamination method to flexible perovskite modules while
maintaining the mechanical compliance and low thermal
budget required by polymeric substrates.

Here, the MBG PSMs were encapsulated with a commercial
barrier foil, using a thermoplastic polyolefin (TPO) encapsulant
adhesive. Both the barrier foil and the encapsulant film had
thicknesses on the order of 200 pm and were applied symmet-
rically on both sides of the device. The edges were sealed with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a polymer-based polyisobutylene edge-sealant. The use of
a dedicated perimeter seal, rather than wide lateral encapsulant
margins, supports a more favourable aperture-to-total-area ratio
of the laminated module. Electrical interconnection to the
external circuit was realized via a current-collector tape. The
schematic of the employed encapsulation layer stack is shown
in Fig. 3a.

Si-PV modules are typically vacuum-laminated at 135-150 °C
under high vacuum, conditions that are not compatible with
PSMs fabricated on PET foil.”” Here, the vacuum lamination was
performed at 120 °C with the pressure step omitted. To ensure
reliable sealing between the edge-seal material and the barrier
foil, the lamination was followed by a supplementary heated
pressing step applied along the perimeter of the lamination
stack. A picture of the encapsulated MBG PSM is shown in
Fig. 3b. The PV parameters extracted from I~V curves of lami-
nated modules are provided in Table S2, SI. The best-
performing laminated MBG PSM delivered a PCE of 14.8%
from the J-V scan (14.6% from maximum power point tracking
(MPPT)). The WBG PSMs were not encapsulated in this study, as
their target application is integration as a sub-cell in an all-
perovskite tandem architecture. In such a configuration, the
layer stack introduces additional thermo-mechanical
constraints and distinct moisture ingress pathways that differ
substantially from those of a single-junction package.?®' The

© 2026 The Author(s). Published by the Royal Society of Chemistry

encapsulated modules were subjected to an accelerated damp-
heat stability test (ISOS-D3) at 85 °C and 85% relative
humidity. The most resilient module maintained 80% of its
initial performance over a 1026 hour test duration (Fig. 3c).
Performance declined rapidly within the initial 66 hours, driven
by a simultaneous increase in Rg and decrease in Rgyy, as shown
in Fig. 3d and e. Interestingly, after the initial 66 hour period,
performance partially recovered, accompanied by a reduction in
Rs. In contrast, Rsy showed a consistent, gradual decline
throughout the entire test. The four remaining modules fol-
lowed similar Rs and Rsy trends; however, a more pronounced
increase in Rg and a steeper drop in Rgy led to their compara-
tively lower final stability. The PCE recovery after the initial dip
at 66 h suggests that the early performance loss is unlikely to
originate from irreversible chemical degradation of the perov-
skite material. Instead, it is consistent with thermo-mechanical
stress arising from a mismatch in thermal expansion coeffi-
cients or the release of frozen strain in plastic foil within the
encapsulation stack.

To complement the charge extraction and optoelectronic
quality of the perovskite absorber, spatially resolved character-
ization, encompassing PL mapping under open and short-
circuit conditions (PLoc and PLgc) was carried out (Fig. S15
and S16, SI). To investigate the spatial evolution of carrier
extraction during the DH test, we calculated the extraction
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coefficient (EC) maps from PLo¢ and PLg¢ images, defined as EC
= ((PLoc — PLsc)/PLoc) X 100% (Fig. S17, SI). Horizontal line
profiles were extracted at selected positions to evaluate the EC
distribution across the cell stripes (Fig. 4). At 0 h, the EC profiles
exhibited a flat, square shape within each stripe (~80-85%),
with sharp transitions at the stripe boundaries, and full spatial
homogeneity, as confirmed by overlapping profiles at different
y-positions. After 66 h, the EC dropped uniformly across the full
stripe width to approximately 65-73%, consistent with the
concurrent Rg increase derived from I-V measurements and
indicating a homogeneous degradation of carrier extraction
across the active area of the module. At 180 h, as Rg partially
recovered, the EC level also increased; however, the stripe edges
recovered more rapidly than the centres, resulting in a U-shaped
profile. From 506 h onward, the EC profile inverted: the edges
exhibited lower EC than the centers, yielding a dome-shaped
distribution that was maintained through 1026 h, with central
EC values of approximately 80-86%. This inversion occurred
during the period when the monotonic Rgy decline became the
dominant driver of PCE loss, suggesting a distinct degradation
mechanism. In parallel, the absolute PLoc signal decreased
progressively over the test duration (Fig. S15). At the end of the
aging test the EC remained relatively preserved but with
reduced homogeneity. The PLoc reduction reflects degradation
of the optoelectronic quality of the perovskite absorber,
consistent with the formation of Pbl,, as confirmed by XRD of
the aged module (Fig. S18, SI).

Taken together, the EC analysis reveals three distinct stages:
(i) a uniform EC reduction at 66 h, concurrent with the Rg
increase, suggesting a homogeneous process across each stripe;
(ii) a spatially non-uniform recovery (180-343 h), with faster
extraction recovery at stripe edges, indicating position-
dependent kinetics; and (iii) a progressive EC profile inversion
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from 506 h onward, correlating with dominant Rgy decline and
absorber degradation. We attribute the initial uniform EC drop
to thermo-mechanical stress originating from the encapsula-
tion stack, causing partial loss of interfacial contact, an effect
absent in unencapsulated modules aged at the same tempera-
ture in an inert atmosphere (Fig. S19, SI). The observed
performance degradation mode highlights the dual role of the
encapsulation stack, which must simultaneously provide an
effective moisture barrier without
mechanical stress within the device.

inducing deleterious

Conclusions

In this work, we have demonstrated the fabrication and lami-
nation of inverted perovskite PV devices using scalable tech-
niques and a methodology suitable for polymeric substrates.
Interface engineering, employing TRIPOD-C4 as a SAM and
PDAI, to passivate the perovskite/ETL interface, enabled the
fabrication of blade-coated FA-Cs PSCs with bandgaps of 1.61 eV
and 1.76 eV to reach PCEs of 20.4% and 17.4%, respectively. The
optimized layer stack and fabrication process were successfully
transferred to large-area module manufacturing, achieving
champion efficiencies of 17.0% (E, = 1.61 eV) and 15.1% (Ey =
1.76 eV). Furthermore, the laminated modules exhibited robust
environmental stability, retaining up to 80% of their initial
performance after 1026 hours of damp heat testing (ISOS-D3,
85 °C, 85% RH). This stability result, achieved with a produc-
tion-compatible vacuum lamination protocol on a flexible
substrate, represents an encouraging step towards meeting the
durability requirements of commercially viable flexible perov-
skite PVs. We have demonstrated that a single optimized blade-
coating framework, incorporating a shielding element for
controlled intermediate-phase formation and a gradual

© 2026 The Author(s). Published by the Royal Society of Chemistry
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annealing protocol compatible with thermally sensitive PET
substrates, can yield efficient devices and modules across FA-Cs
perovskite compositions with bandgaps of 1.61 eV and 1.76 eV,
despite the markedly different crystallization dynamics
imposed by the bromide content. The synergistic interface
engineering approach, employing TRIPOD-C4 and PDAI,,
proved effective for efficiency improvement under scalable
deposition conditions. Taken together, this work provides an
integrated demonstration of the scalable fabrication and envi-
ronmental validation of flexible FA-Cs perovskite solar modules.
The methodology presented in this work, from blade-coating on
free-standing PET foil, through vacuum lamination, to ISOS-D3
stability testing, establishes a scalable processing route
compatible with large-scale manufacturing. We anticipate that
the insights into the degradation modes of flexible modules
under damp heat conditions will facilitate the optimisation of
encapsulation architectures, thereby advancing the long-term
reliability of flexible perovskite photovoltaic devices toward
commercial deployment.

Experimental section
Materials

Unless otherwise stated, all the materials were purchased and
used as received. Indium tin oxide (ITO)-coated polyethylene
terephthalate (PET) substrates (sheet resistance of 60 Q/[1])
were bought from Eastman Chemical Company. Lead iodide
(PbI,, 99.99%), cesium bromide (CsBr, 99.9%), and [4-(3,6-
dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz,
>99.0%) were purchased from Tokyo Chemical Industry Co.
Ltd. Lead bromide (PbBr,, 98%), cesium iodide (CsI, 99.9%),
fullerene-Cgy (Ceo, 99.9%), bathocuproine (BCP, 99.99%), and
lead thiocyanate, (Pb(SCN),, 99.5%) were purchased from
Sigma-Aldrich. Formamidinium iodide (FAI, 99%) was obtained
from Ajay North America, and formamidinium bromide (FABr,
99.99%) from Dyenamo. 4-Fluorophenethylammonium iodide
(4FPEAI) and propane-1,3-diammonium iodide (PDAI,, >98.0%)
were bought from GreatCell Solar. N-Metylopirolidon anhy-
drous (NMP, 99.5%), N,N-dimethylformamide anhydrous (DMF,
99.8%), dimethyl sulfoxide (DMSO, 99.9%), and 2-propanol
(IPA, 99.9%) were purchased from Sigma-Aldrich. Ethanol
(EtOH, 99.8%) was bought from ChemPur. Silver pellets (Ag,
99.99%) and the indium-tin oxide target (ITO, 99.99%) were
purchased from Kurt. J. Lesker. TRIPOD-C4 was synthesized
using a previously reported method.*® NiOx was synthesized
internally, following the procedure described in the SI.

Perovskite precursor preparation

The WBG perovskite precursor solution (nominal perovskite
composition:  Csy,FAq sPb(Iy65B1.35)3) prepared with
a molarity of 1.15 M, following the recipe: 0.15 mmol of Cs],
0.08 mmol of CsBr, 0.6 mmol of FAI, 0.32 mmol of FABr,
0.4 mmol of PbBr, and 0.75 mmol of Pbl,, dissolved in 1 mL of
DMF:NMP (9:1, v/v). The solution was continuously stirred
overnight at around 20 °C. After overnight stirring, the additives
were dissolved in the perovskite precursor solution. The

was
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molarities of the additives were 1.5 mol% with respect to perov-
skite (4FPEAI) and 2 mol% Pb(SCN),. The solution was left to
dissolve for 1-2 hours without stirring. The precursor solution
was filtered with a 0.22 pum polytetrafluoroethylene (PTFE)
membrane before use. The MBG perovskite precursor solution
(nominal perovskite composition: Csy,FAggPb(Ip.90Bro.10)3) Was
prepared with a molarity of 1.15 M, following the same recipe and
procedure as for the WBG perovskite precursor but with
a reduced bromide fraction: 0.20 mmol of CsI, 0.02 mmol of
CsBr, 0.8 mmol of FAI, 0.09 mmol of FABr, 0.12 mmol of PbBr,,
and 1.1 mmol of Pbl,.

Device fabrication

Perovskite solar cells and modules were fabricated in a p-i-n
architecture. A blade-coater from Erichsen and an applicator
from Zehntner were used for blade-coating. The substrates were
planarized for deposition by applying IPA beneath the substrate
to promote capillary-assisted seating on the plate. To fabricate
the devices, a PET-ITO substrate measuring 18.5 x 29.0 cm was
patterned with a near-infrared laser (1064 nm) to delineate the
device design (cell or module). This large-area laser-patterned
substrate was subsequently used to blade-coat NiOx and SAM
layers. Following the laser patterning, the substrate was cleaned
using isopropanol, dried with nitrogen gas, and exposed to
oxygen plasma for 2 minutes. The NiOx powder was kept in a dry
and inert atmosphere, and the Milli-Q water was kept refriger-
ated. The NiOx dispersion was prepared by dissolving 20 mg of
NiOx powder in 1 mL of cold Milli-Q water, which was then
sonicated for 5 minutes in a cold water bath. Finally, the
dispersion was filtered through a 0.45 pm PTFE membrane prior
to deposition. 350 pL of NiOy dispersion was blade-coated in
a clean-room environment with a blade gap set at 450 pm height
and a 2.5 mm s~ speed, followed by annealing at 100 °C for 30
minutes in the oven. After NiOy deposition, the substrate was
transferred to a nitrogen-filled glovebox for SAM and perovskite
layer deposition. The Me-4PACz solution was prepared inside
a nitrogen-filled glovebox by dissolution of 1 mmol of Me-4PACz
in 1 mL of ethanol. The TRIPOD-C4 solution was prepared inside
a nitrogen-filled glovebox by dissolution of 1 mmol of powder in
1 mL of DMF. The TRIPOD-C4 solution was stirred overnight and
filtered just before deposition with a polyvinylidene fluoride
(PVDF) 0.45 um filter. The SAM (TRIPOD-C4 or Me-4PACz) solu-
tion was blade-coated twice on the NiOy layer in opposite direc-
tions. For each deposition, 800 pL of solution was applied using
a blade with a 400 um gap and a speed of 2.5 mm s, followed by
annealing at 100 °C for 10 minutes on a hotplate inside the
glovebox. After SAM deposition, the 18.5 x 29.0 cm substrate was
sectioned into six equal pieces, each about 90 cm?, for deposition
of the perovskite layer. The blade-coating procedure was the
same for WBG and MBG perovskite absorbers. 120 pL of solution
was applied using a blade gap set to 400 um height and a speed of
3.5 mm s ', with nitrogen quenching. To promote solvent
removal, gas quenching with nitrogen at 2.5 bar was applied
perpendicular to the substrate using an air knife. The gas flow
was terminated immediately after the pass. After a 20-30 s wait,
the sample was placed on a PDMS-covered, room-temperature
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copper plate and transferred to a hotplate set at 100 °C for
30 min. After cooling down, the perovskite surface was passivated
with PDAIL. The PDAIL, solution was prepared in a nitrogen-filled
glovebox by dissolving 2 mg of powder in 1 mL of IPA. 100 pL of
solution was applied using a blade gap set to 400 um in height
and a deposition speed of 10 mm s~ ', assisted by nitrogen at 1
bar. The sample was annealed at 100 °C for 10 minutes. Next,
30 nm of fullerene Cg, was deposited as an electron-transporting
layer, using thermal evaporation at ~10°® mbar. In the case of
solar cells, a 5 nm BCP buffer layer and 110 nm Ag electrode were
deposited by thermal evaporation at ~10 ¢ mbar. The metal
electrode was deposited through a shadow mask, resulting in an
active area of 0.1 cm”. For the modules, deposition of Cgo was
followed by a 10 nm-thick tin oxide layer via atomic layer depo-
sition (ALD-SnOy). The ALD-SnOyx process conditions follow
a previously published procedure.?” Then, the laser ablation step
was performed through the stack down to the TCO to create the
series interconnection (P2). Finally, 40 nm ITO and 110 nm Ag
were sputtered through a shadow mask (P3) to form the top
electrode. The ITO sputtering details follow a previously pub-
lished procedure.®” The module consisted of 8-cell modules
connected in series, resulting in an active area of 15.2 cm”® and
a total area of 25 cm® (GFF 60.3%).

Module encapsulation

Vacuum lamination was performed using commercial barrier
foil with WVTR <1 x 10~* g m~> day " (at 38 °C/90% RH) using
a TPO-based lamination encapsulant. A barrier foil and an
encapsulant film (each around 200 pm thick) were applied to
both sides of the device stack. The lamination process was
conducted under vacuum (<50 mbar) at 120 °C; the conven-
tional pressure step applied after the vacuum step was omitted.
The total residence time in the laminator was 480 s. The device
perimeter was sealed with a polybutylene-based edge-seal tape
(10 mm width, 0.6 mm thickness). To ensure proper sealing
between the edge-seal material and the barrier foil, the lami-
nation was followed by an additional heated pressing step
applied to the package sides. External contacts were formed
using a current-collector tape (4 mm width, 60 pm thickness).
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