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ABSTRACT

Flexible perovskite light-emitting diodes (f-PeLEDs) hold great promise for next-generation optoelectronics, but their efficiency

and operational half-lifetime (Ts,) remain limited by poor film quality on deformable substrates. Herein, we develop a polymer

interfacial permeation strategy by incorporating poly(2-ethyl-2-oxazoline) (PEOXA) into the hole transport layer (HTL). Through

an antisolvent-free one-step spin-coating process, PEOXA spontaneously partitions between the HTL and perovskite emitting

layer, forming a 3D interpenetrating network that simultaneously passivates defects and enhances mechanical flexibility. The

carbonyl groups in the polymer chains act as Lewis bases, simultaneously improving luminescence efficiency and enhancing

crystallinity. Meanwhile, the polymer incorporation reduces the Young’s modulus, significantly boosting device flexibility. These

synergistic effects enable green f-PeLEDs to achieve a record-high peak external quantum efficiency of 23.4% along with a power

conversion efficiency of 26.7%, and demonstrate exceptional operational stability, with a measured T, lifetime of 3.2 h at an initial

luminance of 1000 cd/m?. This work thereby establishes a versatile and robust strategy for the development of high-performance,

flexible perovskite optoelectronics.

1 | Introduction

Metal halide perovskites have emerged as highly promising
candidates for next-generation optoelectronic applications, par-
ticularly in flexible displays and solid-state lighting [1-3]. Recent
research has demonstrated substantial improvements in the per-
formance of perovskite light-emitting diodes (PeLEDs) fabricated
on rigid substrates. Through systematic optimization approaches
including morphology engineering [4, 5], dimensionality control
[6, 7], and defect passivation [8-10], the external quantum
efficiencies (EQE) of PeLEDs have approached their theoretical

© 2026 Wiley-VCH GmbH

limits [11-13]. However, flexible perovskite light-emitting diodes
(f-PeLEDs) typically exhibit lower device efficiency and oper-
ational half-lifetime (T5,) compared to their rigid counterparts
[14-22]. This performance gap primarily stems from the crys-
talline quality of perovskite films on flexible substrates struggling
to match that on rigid substrates. Moreover, f-PeLEDs currently
exhibit significantly higher turn-on voltages (V) than their
corresponding bandgap voltages, which inevitably compromises
power conversion efficiency (PCE) and operational stability.
For example, state-of-the-art green f-PeLEDs (EQE,., = 22.1%)
currently achieve a maximum PCE of 8.6% and a V; of 3.5V, yet
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exhibit a limited Ts, of 52 min at initial luminance of 1000 cd/m?
[23]. Therefore, developing f-PeLEDs that combine high PCE,
long Tsy, and excellent mechanical robustness is crucial for
meeting and advancing the developmental needs of future flexible
display technologies.

Improving the optoelectronic performance and mechanical sta-
bility of f-PeLEDs remains a critical challenge. Recent efforts
have focused on optimizing flexible electrodes/substrate [24-26],
additive engineering [27], morphology control [28], and light
extraction engineering [29]. For instance, Qin et al. developed
a poly(methyl methacrylate) (PMMA)-modified label paper sub-
strate. The PMMA coating not only physically smoothed the
rough surface of the paper but also enhanced wettability through
its porous structure and hydrophilic surface properties [30]. Wei
et al. successfully fabricated dendritic CsSnl; structure by pre-
cisely modulating precursor concentration, thereby significantly
enhancing the bending durability of flexible devices [28]. While
existing approaches enhance f-PeLEDs performance, they often
overlook critical interfacial challenges in multilayer architec-
tures, particularly the mechanical mismatch between perovskite
and charge transport layers. Conventional organic hole transport
layers (HTLs), for instance, exhibit significantly different Young’s
moduli compared to inorganic emissive layers. This mechanical
disparity becomes particularly problematic under external stress,
where strain incompatibility leads to interfacial delamination,
film cracking, and defect proliferation, ultimately accelerating
device degradation [31]. Thus, an integrated, facile strategy con-
currently enhancing interfacial integrity and suppressing defects
is urgently needed for high-performance and stable f-PeLEDs.

Polymers, with their extended molecular chains and versa-
tile functional groups, offer a dual advantage in modulating
perovskite crystallization while simultaneously enhancing the
mechanical stability of flexible devices. Studies have demon-
strated that polymers with specific functional groups (e.g.,
isocyanate (—N=C=0), disulfide (—S—S—)) strengthen perovskite
interactions, thereby improving device mechanical properties
[32]. These modifiers are typically introduced either by direct
mixing into the perovskite precursor solution [33, 34] or via
antisolvent-assisted crystallization [23]. For instance, incorporat-
ing diphenylmethane diisocyanate polyurethane into precursor
solutions enable heat-activated self-healing of bending cracks
due to the intra/intermolecular hydrogen bonds [34]. Choy et al.
demonstrated that introducing polyvinyl acetate through antisol-
vent engineering yielded green f-PeLEDs achieving a record 22.1%
EQE [23]. Nevertheless, this approach faces limitation as most
antisolvents are both toxic and poorly suited for scalable produc-
tion. More fundamentally, these strategies remain inadequate for
addressing the performance bottlenecks, as their singular focus
on monolayer optimization fails to tackle the intricate interfacial
challenges inherent to multilayer heterostructures.

In this study, we propose a polymer interfacial permeation
strategy by incorporating poly(2-ethyl-2-oxazoline) (PEOXA),
into the HTL. PEOXA simultaneously modulates perovskite
crystallization and passivates grain boundary defects. During
spin-coating of the emissive layer, partial PEOXA dissolves into
dimethyl sulfoxide (DMSO), enabling its permeation into the
perovskite film. It then permeates into the grain boundary
regions of the perovskite film, forming a 3D interpenetrating

network structure at the HTL/perovskite interface and within the
perovskite bulk. The 3D interpenetrating network simultaneously
improved mechanical compliance and device performance, yield-
ing green f-PeLEDs with a PCE of 26.7%. The resulting devices
also demonstrated exceptional operational stability, exhibiting
a measured Ty lifetime of 3.2 h at an initial luminance of
1000 cd/m?.Consequently, this work establishes a promising and
practical pathway for the integration of perovskite materials into
next-generation flexible electronics.

2 | Results and Discussion

During spin-coating process, flexible substrates frequently
undergo deformation, leading to inhomogeneous crystallization
in subsequently deposited perovskite films. This crystallization
non-uniformity represents a key factor contributing to the
performance disparity between flexible and rigid devices. To
address these challenges, we evaluated three common substrate-
fixation strategies in f-PeLEDs fabrication (Figure 1a). Three
fixation approaches were implemented: direct mounting of the
PEN substrate on a porous vacuum chuck (Strategy A); adhesive
attachment to a size-matched glass slide using polyimide tape
prior to spin-coating (Strategy B); and polydimethylsiloxane
(PDMS)-mediated bonding to a rigid glass slide via screen-
printing (Strategy C). Notably, the f-PeLEDs exhibited substantial
EQE variations depending on the fabrication strategy (Figure
S1 and Table S1), with values of 4.2%, 11.9%, and 19.9% achieved
for Strategies A, B, and C, respectively. The normalized EL
spectra exhibit a narrowing of full width at half maximum
(FWHM) from 22.2 to 17.1 nm, suggesting enhanced crystalline
uniformity achieved via substrate fixation optimization. These
spectral improvements, together with the EQE enhancement,
demonstrate the critical role of PEN substrate flatness and rigidity
in spin-coating processes. Strategies A and B produced substantial
PEN substrate undulations exceeding the total functional layer
thickness, leading to non-uniform perovskite morphology.
Further observations showed that even with Strategy C,
bubbles in the PDMS adhesion layer are detrimental to device
performance. In the region with bubbles, the EQE dropped from
an initial 19.9% to 9.4% (Figure S2). This phenomenon supports
our hypothesis that substrate flatness critically influences film
quality and ultimate device performance.

Furthermore, interactions at the interface between the buried
layer and the perovskite precursor solution critically influence the
microscale morphology of the resulting emissive film. Building
on these insights, we developed a polymer-mediated interface
by incorporating PEOXA into the HTL. This approach harnesses
the dual functionality of PEOXA: its hydrogen-bonding groups
strengthen interfacial adhesion with the perovskite layer, while
its Lewis basic character passivates surface defects. This syner-
gistic effect arises from solvent-assisted interfacial reorganization
during perovskite deposition (Figure 1b). During spin-coating
process of the perovskite precursor solution (in DMSO), PEOXA
partially dissolves and migrates from the HTL into the forming
perovskite film. This dynamic process creates a 3D interpenetrat-
ing network that permeates both interfacial regions and grain
boundaries. The resulting architecture provides two key benefits:
(1) chemical passivation through Lewis base coordination, where
PEOXA’s carbonyl groups bind to undercoordinated Pb?* sites,
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FIGURE 1 | (a)Schematic illustration of various substrate fixing strategies. (b) Schematic illustration of the working mechanism of the polymer

interfacial permeation strategy. (c) Current density-voltage-luminance (J--V--L) characteristic curves and (d) power conversion efficiency (PCE) and
external quantum efficiency (EQE) versus V curves of the optimized f-PeLEDs. (e) Comparison of the ratio of turn-on voltage (V1) to bandgap voltage
(Vgg) for previously reported f-PeLEDs. (f) Comparison of the operational half-lifetime (Ts,) of our optimized f-PeLEDs devices with other works.

suppressing defect-mediated nonradiative recombination; and (2)
mechanical reinforcement via modulus reduction, as the PEOXA
network lowers the Young’s modulus of emissive layer, enhancing
both intrinsic flexibility and device bending durability.

To validate this polymer interfacial permeation modification
strategy, f-PeLEDs were fabricated using the optimized flexible
substrate fixing strategy (Strategy C), and their optoelectronic
properties were characterized. The device architecture was
PEN substrate/poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA)/poly(9-vinylcarbazole) (PVK) /perovskite/2,4,6-tris|3-
(diphenylphosphinyl)phenyl]-1,3,5-triazine ~ (PO-T2T)/LiF/Al.
To optimize device performance, we systematically varied the
PEOXA concentration from 0 to 4 mg/mL. The performance
metrics exhibited a clear optimum, with the highest efficiency
achieved at 2 mg/mL, which was consequently selected as
the optimal concentration (Figure S3 and Table S2). Device

performance was first evaluated by comparing the current
density-voltage-luminance (J-V-L) characteristics of the devices
(Figure Ic; Figure S4). The optimized PEOXA device achieved
a L,, of 79925 cd/m?, a nearly 2.5-fold enhancement over the
control device (32295 cd/m?).

As illustrated in Figure 1d, the PEOXA-modified PeLEDs achieve
a maximum EQE of 23.4%, coupled with a low V; of 1.8 V,
which is 75% of the bandgap voltage (~2.4 V). While some f-
PeLEDs architectures in the literature report high EQE, their
Vr values often substantially exceed the bandgap voltage (Vg,)
[22, 23, 29]. This high operating voltage severely limits the PCE,
which typically remains below 15% and is considerably lower than
the corresponding EQE (Table S3). Excessively high V; leads to
significant energy loss through Joule heating, raising the device
temperature and consequently degrading operational stability
and lifetime. Therefore, minimizing V' is essential for developing
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stable devices. In this study, our strategy uniquely delivers a com-
bination of high EQE and low operating voltage, resulting in an
exceptional PCE of 26.7%. This result surpasses the PCE of 23.7%
obtained from the control device (Figure S5). The inset depicts an
operational f-PeLEDs emitting bright green light at 519 nm, with
a narrow spectral bandwidth of 17.0 nm (Figure S6) [35]. To the
best of our knowledge, these values represent the highest reported
EQE and PCE for green f-PeLEDs to date (Figure 1e). To rigorously
confirm the performance enhancement provided by PEOXA and
exclude fabrication-related variations, we conducted a statistical
analysis of 30 individual devices (Figure S7). Control devices (w/o
PEOXA) showed significant performance fluctuations, with an
average EQE of 14.32% and a large standard deviation of 2.49%.
In contrast, the PEOXA-modified PeLEDs exhibited markedly
improved consistency, achieving a higher average EQE of 21.77%
with a narrow efficiency distribution (standard deviation =
0.98%).

As mentioned above, operating voltages below the Vg, reduce
Joule heating and suppress electric field-driven ion migration
within the perovskite emitter, which significantly enhances oper-
ational longevity [36, 37]. The champion device demonstrated a
Ts, lifetime of 3.72 h at an initial brightness of 2500 cd/m?. Based
on the accelerated lifetime equation (Lj x T, = constant, where
n is an acceleration factor, calculated to be 1.73 in this case), the
projected T, lifetime reaches 1380 h at 100 cd/m?. The optimized
f-PeLEDs exhibits exceptional operational stability, exceeding
previously reported benchmarks (Figure 1f). To validate the
general applicability of our approach, we fabricated rigid devices
with an identical architecture. As anticipated, these devices
exhibited comparable performance improvements (Figure S8).
These results demonstrate that the polymer interfacial pene-
tration strategy is a robust and broadly applicable method for
realizing high-performance f-PeLEDs.

To verify the effectiveness of our polymer interfacial permeation
strategy and understand its underlying mechanism, we first
examined the distribution of PEOXA within the perovskite films
using X-ray photoelectron spectroscopy (XPS) depth profiling.
By tracking the characteristic oxygen (O) signal, we observed
a slight increase in oxygen content near the surface (within
~15 nm depth), which may originate from surface-adsorbed
oxygen or minor surface oxidation [23]. Beyond this surface
region, the oxygen concentration increases significantly with
etching depth (Figure 2a). This distinct gradient indicates that
PEOXA, carried by the solvent from the HTL, permeates into
the perovskite film during spin-coating of the emissive layer and
accumulates near the HTL interface. These results suggest that
PEOXA forms a polymer-enriched interfacial zone during film
deposition, which likely modifies local nucleation conditions and
enhances perovskite crystallization.

To further understand PEOXA behavior during spin-coating,
we analyzed the surface morphology of PEOXA-containing
HTL layers using atomic force microscopy (AFM) before and
after DMSO washing (Figure 2b). The root-mean-square (RMS)
roughness of the PVK:PEOXA surface increased substantially
from 0.65 to 1.96 nm following solvent treatment, revealing
significant microstructural changes. Control experiments with
pure PVK and PEOXA films showed minimal roughness changes
under identical conditions (Figure S9). These pronounced mor-

phological alterations suggest DMSO-induced dissolution and
subsequent redistribution of PEOXA within the HTL surface.

XPS depth profiling also monitored binding energy changes
with depth for various elements (Figure 2c,d). With increasing
etching depth, perovskite Pb 4f;, and 4f,, binding energies
rose from 142.9 and 138.1 eV (surface) to 143.6 and 138.7 eV
(~45 nm depth), respectively. Concurrently, O 1s binding energy
trended oppositely, decreasing from 532.4 eV (surface) to 531.7 eV.
These opposing depth-dependent binding energy trends evidence
interaction between PEOXA and perovskite components [38].
Given the PEOXA molecular structure, we speculate that its
chain carbonyl groups (—C=0) act as Lewis base sites. These
sites then form effective chemical interactions with Lewis acidic
uncoordinated Pb?* ions in the perovskite, thereby passivating
these defects. Furthermore, additional peaks observed at 141.6
and 136.8 eV correspond to the 0D Cs,PbBr, phase, consistent
with prior reports [39]. The formation of the 0D phase stems
from an excess of CsBr and FABr in the perovskite precursor.
Specifically, FABr promotes the conversion of excess CsBr into
the 0D phase on the surface of the 3D perovskite phase and aligns
with our prior findings [36].

To verify the interaction between PEOXA and perovskite pre-
cursors, we performed Fourier transform infrared (FTIR) spec-
troscopy on both pure PEOXA and PEOXA/PbBr, mixtures
(Figure 2e). The characteristic carbonyl (—C=0) stretching vibra-
tion of pure PEOXA appears at 1636 cm™!, while in PEOXA/PbBr,
mixtures the corresponding peak shifts significantly to 1623 cm™.
The redshift demonstrates strong coordination between Pb?* ions
and the lone pair electrons located on the carbonyl oxygen,
corroborating our XPS observations of interfacial interactions
[40]. To gain deeper insight into solution-phase interactions, we
conducted 'H nuclear magnetic resonance (NMR) spectroscopy
on PEOXA-perovskite precursor mixtures in deuterated solvents
(Figure 2f). The NMR spectra revealed chemical shifts in proton
signals from PEOXA as well as from the organic cations PEA*
and FA*. These shifts indicate that the carbonyl groups of
PEOXA interact not only with Pb** ions but also form hydrogen
bonds with the amino groups (-NH;* or -NH,*) of the organic
cations. Such interactions modify the local chemical environ-
ment, accounting for the observed spectral changes [41, 42]. These
solution-phase findings complement our FTIR results, collec-
tively demonstrating that PEOXA effectively passivate defects
through multiple coordination mechanisms.

The optical properties of perovskite films critically influence f-
PeLEDs performance. Photoluminescence (PL) measurements
reveal that PEOXA-modified films exhibit sharper emission peaks
(Figure S10) with a 20% increase in PL intensity and a marginal
narrowing of the FWHM from 18.8 to 18.5 nm compared to control
films. While FWHM alone does not directly reflect crystallinity
[43], the combined enhancement in PL intensity and spectral
narrowing suggests suppressed non-radiative recombination and
reduced defect density [44, 45]. These observations provide initial
evidence that PEOXA incorporation effectively passivates trap
states in the perovskite films. To quantify the effect of PEOXA
modification on trap state density, hole-only devices with an
architecture of ITO/PTAA/PVK/perovskite/MoO,/Ag were fabri-
cated (Figure S11). The trap-filled limit voltage (Vp; ), determined
from space-charge-limited current (SCLC) measurements, serves
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FIGURE 2 | (a)Depth profile of the oxygen content in PEOXA-treated films. (b) AFM images of the HTL before and after DMSO treatment. Depth
profiles of elemental binding energy for (c) lead, and (d) oxygen. (e) FTIR spectra of pure PEOXA and the PEOXA/PbBr, mixture. (f) 'H NMR spectra
of PEOXA and a mixture of PEOXA with perovskite precursor components in deuterated solution.

as a sensitive indicator of trap state density. PEOXA incorporation
reduced the Vi significantly from 0.97 to 0.80 V, suggesting
a substantial decrease in trap states. The corresponding defect
density (n,) of the film is obtained by the following equation [46]:

2VrrLEg
n = ———
! el?

where ¢ is the relative permittivity, ¢, represents vacuum per-
mittivity, L is the thickness of the perovskite layer, and e is
the elementary charge (e = 1.6 X 107 C). The calculated
defect density decreases froml.44 x 10 to 1.19 x 107 cm=3,
demonstrating that PEOXA modification effectively reduces trap
states in the perovskite film.

To gain a deeper understanding of the effect of PEOXA mod-
ification on the carrier dynamics of perovskite films, we per-
formed femtosecond transient absorption (TA) spectroscopy tests.
Figure 3a,b respectively show the pseudo-color TA maps of
perovskite thin film with various modification strategies under
400 nm excitation. To ensure the study was conducted under
low carrier density conditions and to exclude the influence of
many-body interactions among carriers and Auger recombina-
tion processes, we used a low pump energy of 1.07 uJ cm=2 [47].
In the spectra of both samples, a typical ground-state bleach
(GSB) signal located at approximately 505 nm can be observed
[36]. Subsequently, we performed a global fit on the TA decay
kinetic curves using a tri-exponential decay model convoluted
with the instrument response function (Figure 3c), and the
parameters of the fitted decay components are summarized
in Table S4. According to the fitting results, we deconvoluted

the carrier decay process in the perovskite films into three
stages: the fastest decay stage (I) is mainly attributed to the
rapid trapping of carriers by shallow traps; the intermediate
decay component (II) is related to defect-assisted non-radiative
recombination processes; and the slow decay process (III) rep-
resents the radiative recombination of electron-hole pairs [48,
49]. By comparing the fitting parameters, we found that in the
PEOXA-modified film, the increased amplitude proportion (A;)
coupled with a shorter radiative recombination lifetime (z;) indi-
cates enhanced radiative recombination rates. Meanwhile, the
reduced contribution from defect-trapping process (;) suggests
suppressed non-radiative recombination pathways, these effects
lead to significantly improved photoluminescence efficiency in
the PEOXA-modified films.

We further performed time-resolved photoluminescence (TRPL)
spectroscopy measurements (Figure 3d). TRPL decay curves were
fitted using a bi-exponential decay model to calculate average
carrier lifetimes (t,,.). Detailed fitting parameters and t,, are
summarized in Table S5. Fitting results show PEOXA-modified
perovskite films exhibit a 7,,. of 63.9 ns, approximately 20% longer
than that of control films (53.8 ns). To quantify luminescence
efficiency, we further measured photoluminescence quantum
yield (PLQY) (Figure 3e). The PEOXA-modified films achieved a
PLQY of 84.52%, representing a significant improvement over the
control films (63.22%). The radiative (k,) and non-radiative (k,,)
recombination rates in perovskite films can be calculated using
the following equations [50, 51]:

k,

PLQY = ———
Q k., +k,,
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1
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Data analysis indicates that PEOXA incorporation moderately
increased the radiative recombination rate (k,) from 11.7 to 13.2
ps™!, while significantly decreasing the non-radiative recombina-
tion rate (k,,) from 6.8 to 2.4 us™! (Figure 3f). The results suggest
that the high PLQY achieved through PEOXA modification is
primarily due to the suppression of non-radiative recombination
via defect passivation [52].

To highlight the advantages of PEOXA, we compared it with
poly(ethylene oxide) (PEO), a structurally similar and widely
referenced polymer. We first used density functional theory (DFT)
calculations to compare the coordination ability of the carbonyl
group in PEOXA with the ether (C—O—C) linkages in PEO.
The results show that PEOXA has a significantly more favor-
able adsorption energy (—0.124 eV/atom) on undercoordinated
Pb** sites than PEO (—0.069 eV/atom). Molecular electrostatic
potential (ESP) mapping further identifies electron-rich regions
in PEOXA that facilitate strong anchoring to Pb** centers (Figure
S12). Experimental measurements of PLQY and lifetime support
these theoretical predictions. Although PEO-modified films show
notable improvements over the pristine sample, they underper-
form relative to PEOXA. The PEO-treated film exhibits a lifetime
of 60.8 ns and a PLQY of 78.6% (Figure S13), both lower than
those achieved with PEOXA. Consistently, the radiative and
non-radiative recombination rates for PEO are less favorable
than those for PEOXA (Figure S14 and Table S6), in excellent
agreement with our calculations.

To evaluate the influence of PEOXA interfacial modification
on perovskite crystal structure, we performed X-ray diffraction
(XRD) on the resulting films (Figure S15). The PEOXA-modified
film exhibited enhanced diffraction peak intensities compared to
the control, indicating improved crystallinity. Both films showed
signatures of coexisting 0D and 3D phases. Peaks at 15.2°, 21.4°,
and 30.4° correspond to the (100), (110), and (200) planes of
the cubic CsPbBr; phase, respectively, while peaks at 12.6° and
30.9° confirm the presence of the OD Cs,PbBr, phase, a finding
consistent with our earlier XPS observations. The presence of 0D
phase effectively passivates defects in the 3D phase, leading to
a significant enhancement in the luminescent performance of
the film [36]. Ultraviolet-visible (UV-vis) absorption spectroscopy
(Figure S16) shows nearly identical spectra for both PEOXA-
modified and unmodified perovskite films, with no observable
shifts or additional absorption features. These results confirm
that PEOXA incorporation preserves the original bandgap, phase
composition, and emission characteristics of the perovskite mate-
rial [45]. Concurrently, we investigated the impact of PEOXA on
the energy level alignment of the device (Figure S17). For the pris-
tine PVK HTL, the highest occupied molecular orbital (HOMO)
level is —5.60 eV. Incorporating PEOXA shifts the HOMO upward
to —5.35 eV. Although this shift could, in principle, increase the
hole injection barrier, we observed no significant rise in the
turn-on voltage. Instead, PEOXA modification clearly enhances
both the EQE and maximum luminance of the device. These gains
are attributed primarily to the improved perovskite crystallinity
and defect passivation afforded by PEOXA, rather than to changes
in interfacial energy-level alignment.

The mechanical stability of flexible perovskite devices critically
depends on the Young’s modulus of their functional layers. To
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accurately assess this property, we prepared perovskite films on
PTAA/PVK substrates matching actual device architectures and
measured their Young’s modulus using continuous stiffness mea-
surement (CSM) [31]. PEOXA incorporation reduced the Young’s
modulus from 22.3 to 20.3 GPa (Figure 4a,b), indicating enhanced
elastic deformability. This mechanical softening provides two key
benefits: (1) improved bending endurance by facilitating elastic
deformation under stress, and (2) reduced mechanical mismatch
with the underlying organic HTL, which minimizes interfacial
stress concentration and suppresses mechanical failures like film
cracking and delamination. These effects collectively enhance the
structural integrity of multilayer flexible devices [31]. As shown
in Young’s modulus distributions and load-displacement curves
(Figures S18 and S19), the significant modulus reduction induced
by PEOXA is further confirmed.

The quality of perovskite films critically governs charge carrier
dynamics and ultimately device performance. AFM characteriza-
tion reveals that PEOXA modification reduces surface roughness
from 1.29 to 0.94 nm (Figure 4c), indicating improved film
uniformity. The morphological enhancement corresponds with
reduced surface defect density and suppressed non-radiative
recombination [53]. To evaluate the effect of PEOXA on mechan-
ical stability, we compared the surface morphology of perovskite
films before and after bending for 2000 cycles. As shown in the
scanning electron microscopy (SEM) images, the control film
appears significant cracks after bending (Figure 4d,e), whereas
PEOXA-modified film shows only minor microcracks under

identical conditions (Figure 4f,g). This marked contrast demon-
strates the effectiveness of PEOXA in improving the mechanical
durability of perovskite films. Figure 4h,i illustrates the proposed
protection mechanism: PEOXA permeates the perovskite film,
forming an interconnected polymer network throughout the
bulk and along grain boundaries. When subjected to bending
stress, this network effectively dissipates localized mechanical
stresses, thereby enhancing the film’s fracture resistance. The
stress redistribution prevents crack initiation and propagation,
significantly improving mechanical stability.

Our strategy imparted perovskite films with excellent opto-
electronic and mechanical properties. We used these films as
emissive layers in f-PeLEDs to explore their potential for flexible
optoelectronic applications. To validate the scalability of our
approach, we fabricated large-area f-PeLEDs with a 4 cm? active
emissive area (Figure 5a). Mechanical bending tests revealed
superior performance of PEOXA-modified devices compared
to controls (Figure 5b). At a 5 mm bending radius, modified
devices maintained 80% of their initial efficiency after 4500
cycles, while control devices degraded to 20% of their initial
performance after only 1000 cycles (Figure 5c). This substantial
improvement highlights the effectiveness of our strategy for
flexible applications.

The devices exhibited excellent operational stability, attributable
to PEOXA-induced enhancement in perovskite film quality and
synergistic interfacial optimization. We measured operational
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Inset shows photographs of the device taken at various operational times.

lifetimes by tracking luminance decay under constant cur-
rent density. As the initial luminance increased from 2500 to
30000 cd/m?, the corresponding T, lifetime decreased from 223.2
to 3.5 min (Figure 5d). To further evaluate the device under
practical operating conditions, we measured the Ty; lifetime at an
initial luminance of 1000 cd/m?. The optimized device achieved
a measured Tys of 3.2 h (Figure S20). Extrapolation of these data
predicts a remarkable Ty, of 1380 h at 100 cd/m?, a value that
represents a record lifetime for green f-PeLEDs (Figure 5e). We
quantified Joule heating effects by monitoring device temper-
ature during operation using infrared imaging. Measurements
were performed at a constant current density of 30 mA/cm?,
producing an initial luminance of approximately 20000 cd/m?.
As predicted by our low-voltage operation principle, the device
exhibited minimal temperature rise, with only 0.4°C after run-
ning 25 min (Figure 5f) [36, 37]. These results confirm that
low driving voltage effectively suppresses Joule heating, thereby
substantially enhancing the operational stability of flexible f-
PeLEDs [54, 55]. Furthermore, the 3D polymer network formed
at the interface likely suppresses ion migration along perovskite
grain boundaries. To probe the ion migration dynamics, we
analyzed the J-V characteristics under different scanning modes
(Figure S21). The PEOXA-modified device exhibits negligible

hysteresis, with a hysteresis index (HI) of 0.09, markedly lower
than the 0.26 measured for the control device. Repeated cycling
tests further demonstrate enhanced stability: after 20 continuous
scans, the PEOXA-based device retains 87% of its initial efficiency,
outperforming the control device, which degrades to 74%. These
results indicate that the PEOXA-modified interface effectively
enhances operational stability by passivating interfacial defects
and inhibiting ion migration.

3 | Conclusions

This study proposes a polymer interfacial permeation modifica-
tion strategy to synergistically enhance the efficiency, operational
stability, and mechanical performance of f-PeLEDs. The introduc-
tion of functional polymer PEOXA into the HTL via a one-step
spin-coating process, PEOXA can partially permeate into the
perovskite emissive layer while partly remaining in the HTL,
thereby forming an 3D interpenetrating network structure at
the HTL/emissive layer interface and perovskite bulk regions.
This unique network structure endows perovskite films with
dual advantages. First, the Lewis base nature of PEOXA and
its interaction with perovskite components effectively passivate
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bulk and grain boundary defects in the perovskite, significantly
reducing trap state density and minimizing non-radiative recom-
bination. Second, this polymer network markedly lowers the
Young’s modulus of the perovskite film and enhances interlayer
adhesion, thereby substantially improving the mechanical tough-
ness and overall robustness of the film. Therefore, green f-PeLEDs
fabricated via this strategy exhibit outstanding performance. The
devices achieve a record-high EQE of 23.4%, a PCE of 26.7%,
and a low V;. Additionally, they demonstrate excellent mechan-
ical bending stability, retaining 80% of their initial efficiency
after 4500 bending cycles. Regarding lifetime, the estimated
Ty, lifetime of devices at 100 cd/m? reaches 1380 h, among
the most stable f-PeLEDs. We anticipate this research offers
a promising avenue for developing high-performance flexible
perovskite optoelectronic devices.
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