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Abstract
Flexible perovskite solar cells hold great potential for lightweight and
conformal photovoltaics but their power conversion efficiency (PCE) still lags
behind rigid counterparts, particularly in large‐area modules, due to chal-
lenges in forming high‐quality films on flexible substrates. To address this
challenge, Tan et al. present a scalable gas‐quenching‐assisted in situ additive
coating strategy that enables dynamic control of crystallization and synergistic
optimization of bulk and interfacial properties (Nat. Photon. 2025, 19,
1255–1263). This approach yields wide‐bandgap perovskite films up to
30 × 40 cm2 on polyethylene terephthalate (PET) under ambient conditions,
featuring high crystallinity, low defect density, and pinhole‐free interfaces.
Using this method, they achieve a 27.5% PCE in flexible all‐perovskite tandem
cells (active area of 0.049 cm2) and a certified 23.0% efficiency in large‐area
modules (aperture area of 20.26 cm2). Slot‐die‐coated wide‐bandgap modules
(aperture area of 804 cm2) exhibit excellent flexibility, retaining 97.2% effi-
ciency after 10,000 bending cycles and outstanding thermal and operational
stability. This work narrows the performance gap between flexible and rigid
tandems, advancing scalable, high‐efficiency flexible photovoltaics.
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Driven by global carbon neutrality initiatives, competition
in renewable energy technologies has intensified mark-
edly. While silicon‐based solar cells have dominated the
photovoltaic market for decades, their rigidity, bulk, and

energy‐intensive fabrication constrain their use in
emerging applications such as wearable electronics,
building‐integrated photovoltaics, and space‐based energy
systems. Flexible photovoltaic technologies, defined by
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their lightweight and mechanically adaptable nature, are
therefore emerging as a central focus in next‐generation
energy development.1 In particular, flexible perovskite
solar cells (f‐PSCs) have advanced rapidly from laboratory
studies to the forefront of commercial prospects, owing to
their highpower‐to‐weight ratio, lowproduction costs, and
outstanding mechanical flexibility.2–6

In 2013, Docampo et al. reported the first f‐PSCs,
achieving only 6% efficiency on PET/ITO substrates.7

Although this early device exhibited poor efficiency and
limited stability, it marked the beginning of research into
flexible perovskite photovoltaics. Since the fabrication of
f‐PSCs currently relies primarily on spin‐coating and anti‐
solvent techniques, which present substantial challenges
in producing uniform, high‐quality perovskite films on
flexible substrates. Consequently, their power conversion
efficiency (PCE) remains generally lower than that of
rigid devices, particularly in large‐area modules, creating
a bottleneck that hinders industrial‐scale deployment.
Over the past decade, strategies including additive engi-
neering, interface modification, and strain management
have been developed to regulate crystallization kinetics,
suppress defect formation, and alleviate lattice stress,
thereby synergistically improving both optoelectronic
performance and mechanical durability.3,8,9 As a result,
the certified efficiency of f‐PSCs has now surpassed 25%.
For example, Liang et al. introduced 4‐boronobenzoic
acid (4‐BBA), a multifunctional additive with multiple
hydrogen‐bonding sites, to control the crystallization
process and enable stress relaxation, while simulta-
neously forming a stable cross‐linked structure at the
buried interface.10 This strategy yielded f‐PSCs with a
certified efficiency of 25.13% and retention of 95.3% of
their initial performance after 5000 bending cycles at a
curvature radius of 10 mm.

Beyond the aforementioned strategies, a promising
route to achieve high efficiency is the integration of wide‐
bandgap (WBG, Eg ≈ 1.8 eV) and narrow‐bandgap (NBG,
Eg ≈ 1.2 eV) perovskites to construct flexible all‐perovskite
tandem solar cells.11 This design mitigates thermalization
losses and enables efficiencies beyond the Shockley‐
Queisser limit of single‐junction devices. Nevertheless,
research on flexible tandem architectures—especially at
the large‐module scale—remains scarce. A central chal-
lenge arises from the poor crystallinity and inhomogeneity
of WGB perovskites on rough flexible substrates.12 To
address this challenge, Tan et al. propose a new gas‐
quenching‐assisted in situ coating additives strategy (MP‐
CW) for fabricating large‐area, high‐quality WBG perov-
skite films and high‐efficiency flexible all‐perovskite tan-
dem solar cells.13

In conventional strategy, buried voids and inhomo-
geneities tend to form at the interface between WBG

perovskite films and flexible substrates, largely due to
high‐boiling‐point solvents such as DMSO becoming
trapped near the film bottom and subsequently evapo-
rating during high‐temperature annealing.14 This process
severely compromises crystallinity and introduces struc-
tural and interfacial defects, ultimately limiting device
performance. In contrast, theMP‐CW strategy (Figure 1A)
is implemented within the perovskite crystallization win-
dow, where methylammonium chloride (MACl) and
phenethylammonium iodide (PEAI) additives are directly
introduced onto the wet film under continuous gas
quenching. This method leverages a MACl‐enabled Cl‐
DMSO coordination channel to promote PEA + diffusion
to the buried interface for defect passivation, while
concurrently regulating crystallization kinetics and
removing residual DMSO (Figure 1B). As a result, it yields
high‐quality, uniformWBGperovskite filmswith ~250 nm
grain sizes, pinhole‐free buried interfaces, low trap den-
sities, and suppressed non‐radiative recombination on
flexible substrates. The increased photoluminescence in-
tensity, longer recombination lifetime, and more uniform
photoluminescence validate the significantly improved
quality and homogeneity of the perovskite films prepared
using the MP‐CW method (Figure 1C–E).

Using the MP‐CW strategy for perovskite film fabrica-
tion, Tan et al. achieved a PCE of 18.48% in flexible single‐
junction WBG solar cells and 27.5% in small‐area (active
area of 0.049 cm2) flexible all‐perovskite tandem cells
(Figure 2A). Remarkably, a flexible tandem module with
an aperture area of 20.26 cm2 (Figure 2B) realized a certi-
fied PCE of 23.0% (Figure 2C), representing the highest
performance reported to date for flexible perovskite tan-
dem modules. In general, flexible modules exhibit greater
scaling losses (>20%) compared to rigid counterparts
(~15%), underscoring the scalability challenges for flexible
devices. However, the MP‐CW approach effectively nar-
rows this gap to just 12% (Figure 2D). The scaling efficiency
loss is defined as the relative PCE drop from a small‐area
reference cell (0.049 cm2 active area) to a module with a
specified aperture area (20.26 cm2), calculated as: (PCE-
cell—PCEmodule)/PCEcell. All comparisons are made
within the same device stack (flexible all‐perovskite tan-
dem) andunder identicalmeasurement protocols (reverse‐
scan J‐V under AM 1.5 G illumination, with aperture‐area
correction for modules). The ‘12% gap’ refers to the
reduction in scaling loss achieved by MP‐CW strategy
compared to conventional flexible fabrication approaches.
This improvement arises because the MP‐CW method fa-
cilitates the vertical diffusion of PEA + toward the buried
interface through the Cl‐DMSO coordination channel,
enabling effective defect passivation while concurrently
eliminating residual DMSO. Such dynamic regulation of
the crystallization process improves film uniformity and
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F I G U R E 1 (A) The scheme of the additive‐assisted in situ coating strategy; (B) Cl‐DMSO coordination channel enabling vertical
additive diffusion and elimination of residual DMSO; (C–E) steady‐state PL, TRPL and two‐dimensional PL mapping spectra of control and
MP‐CW perovskite films. PL, photoluminescence; TRPL, time‐resolved photoluminescence. Reprinted with permission.13 Copyright 2025,
Springer Nature.

F I G U R E 2 (A) The J‐V curve of the flexible all‐perovskite tandem solar cell; (B) the schematic illustration of the flexible all‐perovskite
tandem module structure; (C) the J‐V curve of the MP‐CW flexible tandem modules; (D) A statistical comparison of scaling‐induced
efficiency losses between rigid and flexible architectures; (E) photograph of the WBG perovskite module with an aperture area of
approximately 804 cm2. Reprinted with permission.13 Copyright 2025, Springer Nature.
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interfacial quality, thereby suppressing grain boundary
defects and interfacial voids typically induced by the
roughness of flexible substrates. As a result, efficiency
losses during module upscaling are substantially miti-
gated. This approach also demonstrates excellent
compatibility with industrial‐scale slot‐die coating,
enabling the fabrication of large‐area modules with an
aperture area of 804 cm2 (Figure 2 e). The resulting devices
retained 97.2% of their initial efficiency after 10,000
bending cycles at a 10 mm radius, confirming outstanding
mechanical flexibility and fatigue resistance. Beyond
exceptional mechanical bending stability, the MP‐CW
modules also exhibited robust long‐term operational sta-
bility undermultiple stringent conditions. Under ISOS‐L‐1
continuous illumination, glass‐encapsulated devices
retained over 80% of their initial PCE after 715 h, demon-
strating performance comparable to state‐of‐the‐art rigid
counterparts. In addition, the modules showed strong
tolerance to damp‐heat environments. Accelerated UV
aging tests, equivalent to approximately 1 year of outdoor
exposure, resulted in only a 4% decrease in performance,
highlighting their excellent UV durability. Collectively,
these results underscore the potential of the MP‐CW
strategy to enable reliable long‐term operation across a
range of harsh environmental conditions. Beyond perov-
skite photovoltaics, the demonstrated superiority of the
MP‐CW strategy makes it highly promising for applica-
tions in perovskite light‐emitting diodes, transistors, and
photodetectors.

In conclusion, Tan et al. introduce an innovative gas‐
quenching‐assisted in situ coating strategy for perovskite
film fabrication. Under continuous gas quenching, addi-
tives are precisely delivered to defect sites in the wet
perovskite film through ion transport channels, enabling
accurate control of crystallization dynamics and effective
passivation of interfacial defects. Using this approach,
large‐area, uniform, and high‐quality WBG perovskite
films were successfully fabricated on flexible substrates.
Moreover, flexible all‐perovskite tandem solar cells
achieving a PCE of 27.5% and large‐area flexible tandem
modules reaching 23.0% were demonstrated—both rep-
resenting record‐breaking performances. This strategy
not only reduces the efficiency loss between modules and
single‐junction cells to 12% but also establishes a uni-
versal and scalable route toward high‐efficiency, high‐
stability flexible perovskite photovoltaics. While the
MP‐CW strategy represents a significant advance for
flexible perovskite tandem modules, future work could
investigate its compatibility with roll‐to‐roll (R2R)
manufacturing, particularly on ultra‐thin and lightweight
substrates such as polyimide (PI). In addition, extending
this approach to other functional additive systems or
multi‐component perovskite compositions may further

improve device stability under extreme stressors,
including elevated temperature, high humidity, and
space radiation, thereby accelerating the deployment of
flexible photovoltaics in wearable electronics, building‐
integrated applications, and space‐based power systems.
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