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Metal halide perovskites (MHPs) combine excellent optoelectronic
properties with strong X-ray attenuation, offering a promising platform
for high performance and adaptable radiation detectors beyond the
limitations of conventional rigid semiconductors. However, state of the
art performance has so far been restricted to rigid single crystal
perovskite devices, while flexible film-based counterparts have signifi-
cantly lagged. Here, we close this gap by embedding a polymer-
perovskite composite into a mechanically robust yet flexible Teflon
membrane. Through comprehensive spectroscopic analysis, we pro-
vided direct evidence for a dual-action interaction mechanism, where
PMA passivates the inorganic Pb?* lattice to enhance phase stability
while also interacting with the organic FA* cations to promote a more
ordered local environment. This interaction enhances crystallinity and
suppresses non-radiative recombination. As a result, our flexible detec-
tors deliver an outstanding sensitivity of 2.3 x 10° pC Gy, * cm 2 and an
ultra-low detection limit of 0.09 nGy,;, s Importantly, this high
performance is accompanied by excellent device to device repro-
ducibility, long term stability in ambient conditions, and robust
mechanical durability under bending. This work presents a compre-
hensive strategy for developing flexible perovskite based X-ray
detectors that simultaneously achieve record sensitivity and prac-
tical reliability, enabling the development of next-generation wear-
able and medical imaging applications.
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New concepts

This study demonstrates a development in flexible electronics by introdu-
cing a polymer-perovskite composite fabricated via a scalable spin coating
route directly onto robust hydrophilic Teflon (PTFE) membranes. This
approach allows us to investigate factors contributing to high performance
in X-ray detection, specifically the role of the poly (methyl acrylate) (PMA).
Our findings highlight the important role of a dual-action interaction
mechanism, investigated via spectroscopy (FTIR, solution-state and solid-
state NMR). This dual-action influence is apparent: the PMA additive
appears to not only passivate the inorganic Pb>" lattice (enhancing phase
stability) but also interact with the organic FA" cations (promoting a more
ordered environment). By utilizing polymer-perovskite composite (PMA-
PEM), we achieve higher sensitivity (2.3 x 10° uC Gy,;; ' em™~?) and a lower
detection limit (0.09 nGy,i; s ') than a control (PEM) at 100 V. Notably,
this high performance is paired with improved mechanical durability. The
devices retained ~56% sensitivity after 1000 bending fatigue cycles and
~77.6% (corrected) sensitivity during static bending. Our work suggests
that this rational molecular level design, addressing both sub-lattices,
offers a promising strategy for bridging the performance-flexibility gap
and developing efficient flexible detectors.

Introduction

The most commonly used materials for radiation detectors in
medical diagnostics, radiation therapy, nuclear safety and
environmental monitoring, are based on inorganic semicon-
ductors like silicon,” germanium,’ amorphous selenium (a-
Se),> cadmium telluride (CdTe),” and cadmium zinc telluride
(CzT).> Despite the high performance obtained with such
materials, they are compromised by high manufacturer costs,
rigidity and high challenges for the mass fabrication of large
area pixelated detector arrays, which could be used in flexible
or curved substrates.* As a result, their limited flexibility poses
challenges for integration into wearable radiation monitors,
portable medical devices, and curved imaging applications.
While mechanical constraints remain a major bottleneck, there
is also a growing strong emphasis on reducing the radiation
doses in the medical imaging. Next generation detectors with
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lower detection limits would allow to use lower doses, thereby
lowering cancer risks in computed tomography (CT) scans of e.g.
the chest, which is known to cause about 2% of cancer diagnosed
in the US.> This highlights the urgent need for new generation
radiation detectors with high sensitivity and lower detection
limits to reduce radiation exposure without compromising ima-
ging accuracy. Metal halide perovskites (MHP’s) have marked
considerable interest owing to their high atomic number, excel-
lent X-ray absorbing property, low exciton binding energy, and
unique electronic structure, which can accelerate the mobility
and collection efficiency of charge carriers under a flexible form
factor.®”® On the other hand, organic-inorganic hybrid materials
based on bismuth (Bi) have drawn interest as promising Pb-free
alternatives. Based on variations in their composition and degree
of crystallinity, the Young’s moduli of MHPs range from 2.51 to
20 GPa, which is comparable to, or even lower than, those of
typical polymers (0.92-4.3 GPa).’ This mechanical softness allows
MHPs to better accommodate stress in flexible devices, thereby
minimizing issues such as delamination. To leverage these
excellent properties, researchers have developed Pb-based per-
ovskite X-ray detectors in various forms, including single
crystals,'®™"® wafers/pellets,”® > and films on/in both rigid and
flexible substrates.>*® Similarly, these emerging Bi-based
materials offer remarkable X-ray detection performance across
diverse forms, including single crystals,>*** pellet/wafers,**™>"
and flexible/rigid films.>>”>> However, while acknowledging the
potential of lead free alternatives, this study focuses on
Pb-based perovskites. Among these forms (single crystals, pel-
lets and thin/thick films), single crystals demonstrate outstand-
ing performance due to their near perfect crystallinity and lack
of grain boundaries. However, a significant challenge remains;
single crystals are too fragile for integration into flexible sub-
strates, and the fabrication method requires time demanding
processes. Flexible X-ray detectors come with several advan-
tages: they are lightweight, and can be bent onto uneven or
curved surfaces, making them especially advantageous for wear-
able X-ray imaging applications, and potentially reducing cone-
beam computed tomography (CBCT) distortion.>® Beyond redu-
cing distortion, recent strategies adding organic frameworks and
polymer matrices have significantly enhanced environmental
robustness for new imaging possibilities. Notably, waterproof
copper halide screens have enabled advanced 3D X-ray imaging
via color and space reconfiguration.”” While solvent-free synthesis
combined with polymer addition has facilitated stable and dual-
functional flexible films for wireless communication and X-ray
imaging.”® One common approach to achieve flexibility is to
fabricate thin perovskite films, usually in the range of tens of
nanometers up to a few micrometers, which have been success-
fully applied in devices such as flexible solar cells and LEDs.”**"
However, due to the exponential dependence of X-ray attenuation
on thickness, substantially thicker films are required to achieve
effective attenuation.*® To address this fundamental challenge of
achieving sufficient thickness while maintaining flexibility, porous
membranes have recently been applied as a substrate to improve
the trade-off among mechanical flexibility, structural integrity, and
detection performance.”®>®® This membrane based approach has
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shown great promise in several early studies. For example, Liu
et al. reported a high performance flexible detector based on
MA;Bi,Io-filled nylon membranes, achieving a sensitivity of
2065 PC Gy, - cm > and an ultra-low detection limit of
2.71 NGy, s~ %" Zhao et al. fabricating perovskite infiltrated nylon
membranes through a vacuum-assisted method that achieve an
outstanding sensitivity of 8696 + 228 uC Gy, ' cm >.° Many
reports typically utilize porous nylon membranes,”****** and as a
membrane filling strategy, use a process that adds time consum-
ing and expensive steps, such as vacuum filtration. In some cases,
dip coating has also been applied to simplify and expedite the
process.® In Fig. 1, several reported X-ray detectors are summar-
ized and compared with the present work, including the state of
the art of the Pb-based and non-Pb-based X-ray detectors in recent
years. This work is highlighted by pink triangles, showing that our
polymer-treated device outperforms previously reported flexible
Pb-based and non-Pb-based X-ray detectors in terms of both
sensitivity and detection limit, and even exceed commercial X-
ray detectors. Despite these advances, a fundamental challenge
remains. Developing a simple, scalable fabrication route for a
flexible device that does not compromise on the high sensitivity
characteristic of the best rigid detectors. In this work, we directly
bridge this performance-flexibility gap by introducing polymer-
perovskite composite architecture. We demonstrate that by
embedding triple-cation perovskite solution into a mechanically
robust and chemically inert hydrophilic Teflon (PTFE) membrane
(~200 pm) and free standing active layer can be fabricated via a
simple spin coating process. The perovskite embedded membrane
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Fig. 1 Performance comparison of Pb-based and non-Pb-based X-ray
detectors, including flexible films (FlexF), rigid films (RF), solution-grown
single crystals (SC), wafers/pellets (W/P), and commercial detectors. Sensi-
tivity and detection limits were obtained from literature, with pink triangles
representing this work. Our results indicate that PMA-PEM devices achieve
one of the highest reported sensitivities and among the lowest detection
limits compared to previously reported Pb-based and non-Pb- based
flexible detectors. Additionally, both detectors exhibit a detection limit
below the medical imaging standard, demonstrating their potential for real
life applications. References corresponding to each data point, along with
details, are provided in Table S1 of the Supporting Information.

This journal is © The Royal Society of Chemistry 2026
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(PEM) device already achieves a high sensitivity of 0.9 x
10° uC Gyai[1 cm ™2 and a low detection limit of 0.46 NGYair st
at bias voltage of 100 V. We then show that the incorporation of
poly (methyl acrylate) (PMA) as a bulk additive is crucial for
modulating perovskite crystallization and enhancing optoelectro-
nic quality. Consequently, with the PMA additive, the sensitivity of
our flexible detector dramatically increases to a remarkable
2.3 x 10° pC Gy, * em 2 while the detection limit improves
to an ultra-low 0.09 nGy,;, s~ ' at 100 V bias, outperforming most
flexible X-Ray detectors reported to date. We provide compre-
hensive evidence for the practical viability of this approach
through extensive characterization of the devices’ high operational
stability, device to device reproducibility, excellent durability under
mechanical stress, and reliable operation over a broad X-ray energy
spectrum (7-15 keV). In addition, PMA-PEM device exhibits shelf
life stability, retaining ~ 90.5% of its initial sensitivity even after
17 months of aging in mixed ambient/glovebox conditions.

Results & discussion

1. Polymer selection, membrane choice, and film deposition

To fabricate flexible PEMs, we chose hydrophilic PTFE mem-
branes supported on polypropylene (PP) with high melting
point, chemical resistance to dimethylformamide (DMF)/
dimethyl sulfoxide (DMSO) solvent system and non-stick prop-
erties. In contrast, other substrates can compromise the per-
ovskite layer, leading to reduced optoelectronic performance.®”
PTFE is chemically inert, preventing protonation as well as
other adverse reactions in the perovskite film. The PTFE
membrane used in this study (see SI for supplier details)
features a pore size of 0.45 pm at a thickness of ~200 um, as
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shown in the photograph in Fig. 2a. The infiltration is achieved
through a facile spin-coating process, schematically illustrated
in Fig. 2b, which enables the deposition of the triple-cation
triple-halide perovskite Csg o5(MAg.02FA¢.08)0.05Pb(10.08BT0.02Cly)3
into the porous network. The resulting perovskite embedded
membrane is shown in the photograph in Fig. 2c, confirming the
successful formation of the active layer. During the deposition, we
used an antisolvent treatment (chlorobenzene) to promote uni-
form rapid crystallization and subsequently annealed the coated
membranes at 110 °C. To stabilize the precursor solution and
regulate crystallization, PMA was introduced as a bulk additive.
First, PMA was fully dissolved in a mixed solvent system of DMF
and DMSO (5:1 v/v). Subsequently, the perovskite precursors (CslI,
FAI, MABr, MAC], and Pbl,) were added to the polymer solution.
The final PMA concentration was fixed at 5 mg mL™ ', a ratio
optimized to yield uniform films without causing polymer pre-
cipitation. For this purpose, PMA was synthesized via xanthate-
supported photo-iniferter (XPI)-reversible addition-fragmentation
chain-transfer (RAFT) polymerization,®® as detailed in the SL
Fig. 3a shows the chemical structure of PMA, while the proton
nuclear magnetic resonance ("H-NMR) spectrum and size exclu-
sion chromatography (SEC) results for this polymer are shown in
Fig. S1a and b. PMA was selected as an ideal additive over more
common polymers like PMMA for our flexible device architecture.
The established backbone structure of PMA can coordinate with
perovskite through its carbonyl (C=0) group to Pb>" and leads to
enhanced carrier lifetimes and film morphology.®® While it shares
the beneficial carbonyl group with PMMA for passivating Pb>"
ions,”® PMA is intrinsically more flexible. It lacks the alpha-methyl
group found on the PMMA backbone, which reduces steric
hindrance and chain rigidity, making PMA better suited to
accommodate mechanical stress.”’ Additionally, PMA’s excellent

Perovskite
embedded membrane

(c)

NG

r

Antisolvent

Spreading of perovskite precursor

Spin coating of perovskite “

Fig. 2 Fabrication process of flexible perovskite films. (a) Photograph of the bare membrane before the deposition of the perovskite precursor. (b)
Schematic illustration of the spin coating process used to apply the perovskite precursor onto the membrane. (c) Photograph of the perovskite
embedded membrane after the spin coating and annealing process, demonstrating the flexible structure of the final film.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Spectroscopic evidence for the dual-action mechanism of PMA. (a) Chemical structure of the PMA additive. (b) FT-IR spectra showing a shift in
the C=N stretching vibration upon PMA incorporation, indicating interaction with the organic cation. (c) 2°’Pb MAS NMR spectra revealing that PMA
enhances phase stability (suppression of the §-phase) and directly interacts with the Pb>" lattice (chemical shift). (d) 2°’Pb — H CP-MAS NMR spectra

confirming an interwoven nanostructure via the detection of PMA protons near P|

solubility in our precursor solution was critical for achieving the
uniform membrane embedding necessary for high performance
devices.

2. Spectroscopic investigation of PMA-perovskite interaction

To understand the mechanism behind the PMA-PEM perfor-
mance enhancement, we employed spectroscopic techniques,
including Fourier transform infrared spectroscopy (FT-IR) and
advanced solid-state NMR. The results, summarized in Fig. 3,
provide direct evidence for dual interaction between the PMA
polymer and both the organic and inorganic components of the
perovskite. The interaction between PMA and the organic
cations of the perovskite was first characterized by FT-IR
spectroscopy (Fig. 3b). The spectrum of the PEM shows a peak
at ~1712 em™ ", which is characteristic of the C=N stretching
vibration of the FA" cation.”>””* Upon PMA incorporation, this
peak clearly shifts to a lower wavenumber of ~1708 cm™*. A
shift in a vibrational frequency is a classic indicator of a change
in a molecule’s local chemical environment, and interpreting
such shifts as proof of molecular interaction is a well-
established method.” This result therefore provides strong
evidence of a direct interaction between the PMA polymer
and the organic FA" cation. To further corroborate the inter-
action with the FA' cation observed in FT-IR, we also investi-
gated the effect of PMA on the FAI solution using solution-state
'H NMR spectroscopy (Fig. S2a). The "H NMR spectrum of FAI

Mater. Horiz.

b2* nuclei.

in DMSO-d¢ shows two distinct signals for the FA" cation: a
singlet at ~7.9 ppm corresponding to the imine (—CH) proton,
and a doublet at ~ 8.8 ppm corresponding to the amino (-NH,)
protons.”® Upon the addition of PMA, the =CH proton peak
broadened, with its FWHM nearly doubling from 0.011 ppm to
0.020 ppm, and more strikingly, the coupling constant of the
amino proton doublet increased substantially from 78.8 Hz to
126.4 Hz. The splitting of FA" protons is known to be related to
the formation of hydrogen-bonding complexes.”” These changes
therefore corroborate the FT-IR findings, strongly suggesting a
direct interaction between the PMA and the FA" cation in the
solution phase, likely occurring via hydrogen bonding. To directly
probe interactions between PMA and the inorganic perovskite
lattice, we performed **’Pb MAS NMR on scratched films
(Fig. 3c). The spectrum of the scratched perovskite exhibits the
main perovskite resonance near +1550 ppm, but also displays an
asymmetric shoulder around +1200 ppm, which is attributed to
the 5-FAPbI; degradation phase.”® Strikingly, this degradation
related feature is completely suppressed in the scratched perovs-
kite with PMA, which shows a very symmetric line shape,
providing clear evidence that PMA enhances the phase stability
of the perovskite. Furthermore, the main resonance shifts from
1579 ppm in the scratched perovskite to 1549 ppm with PMA.
Since the *”’Pb chemical shift is highly sensitive to the local
electronic environment, this shift confirms a direct interaction
between the polymer and the Pb®" ions, which alters the average

This journal is © The Royal Society of Chemistry 2026
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electronic structure of the perovskite lattice. Direct excitation "H
MAS NMR was used to confirm the film compositions (Fig. S2b)
revealing the expected presence of FA" and MA" (at 7.5 ppm and
3.5 ppm) cations as well as of PMA (at 0.5 ppm) for PMA-treated
samples. Finally, to definitively probe the spatial proximity
between the polymer and the perovskite lattice, we utilized
27ph — 'H cross-polarization (CP)-MAS NMR (Fig. 3d), a tech-
nique that selectively detects protons within nanometers of the
lead atoms. The resulting spectrum of the scratched perovskite
with PMA reveals two critical features that are not present in the
scratched perovskite: a new resonance at 0.5 ppm, assigned to the
PMA methyl groups, and a significant narrowing of the FA" cation
peak at 7.5 ppm. The detection of the PMA signal is direct and
strong evidence for interwoven structure at the nanoscale, ruling
out the hypothesis of large, segregated domains. In parallel, the
narrowing of the FA" peak indicates that PMA also creates a more
uniform and ordered local environment for the organic cations.
Together, these results confirm a true molecular level integration
and a dual-action interaction that affects both the inorganic
lattice and the organic cations. Specifically, we highlighted that
the reduced steric hindrance around the carbonyl group in PMA
resulting from the absence of the alpha-methyl group present in
PMMA facilitates stronger coordination with Pb** defects, a
structural advantage supported by previous studies on acrylate
side-group orientations.” Fig. S3c shows **’Pb — 'H CP-MAS
NMR spectra of PMA-PEM signal where a maximum at 1.3 ppm is
observed, whereas no sharp signal is observed in that range for
the scratched perovskite with or without PMA. This is the
position of the maximum for the "H direct polarization peak of
the pure membrane (Fig. S3a). These results indicate that per-
ovskite crystallites were successfully grown in the pores of Teflon
membrane supported on polypropylene.

(a) . ‘
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3. Infiltration and morphology

To gain insight on the role of PMA for perovskite infiltration, we
measured X-ray transmission images and cross-sectional photo-
luminescence images. As displayed in Fig. 4a and d, these reveal
similar X-ray absorption suggesting comparable infiltration for
PEM and PMA-PEM. The cross-sectional photoluminescence (PL)
images of the two Fig. 4b and e show comparable emission
intensities between PEM and PMA-PEM, with just a slight
increase in the membrane with PMA. However, scanning electron
microscopy (SEM) reveals significant differences in the quality of
the film and microstructure. Top view SEM images at high
magnification (Fig. 4c and f) show that while the PEM consists
of dispersed perovskite aggregates with noticeable voids, the
PMA-PEM exhibits a much smoother, more continuous, and
interconnected morphology. This enhanced large area uniformity
of the PMA-PEM is further highlighted in low magnification SEM
images provided in Fig. S4. This morphological improvement
from isolated aggregates in PEM to a dense, continuous layer in
PMA-PEM is driven by the polymer-assisted modulation of
crystallization dynamics. Specifically, the morphological improve-
ment stems from two key mechanisms supported by the inter-
action between PMA and the perovskite precursors. First, the
incorporation of the polymer modifies the rheological properties
of the precursor solution. As described in recent studies on
polymer-perovskite composites, adding long chain polymers
typically transitions the fluid behavior from Newtonian to
pseudoplastic.?® This rheological modification is critical; the
pseudoplastic nature allows the solution to spread easily under
shear force, but immediately regain high viscosity once spin
coating ends. This prevents the solution from retracting or
dewetting on the porous membrane surface, ensuring that the
material forms a stable, continuous liquid film rather than

2500

2000

300,0

PL Intensity

2000

Fig. 4 X-ray transmission, cross-sectional photoluminescence (PL), and scanning electron microscopy (SEM) images of perovskite embedded
membranes with and without PMA. (a) and (d) X-ray transmission images of the PEM and PMA-PEM, respectively, show no significant difference in
transmitted X-ray intensity, indicating similar perovskite loading in both films. (b) and (e) Cross-sectional PL images of the PEM and PMA-PEM under blue
light illumination show a slight increase in PL intensity for the PMA-PEM, suggesting improved perovskite crystallization and reduced non-radiative
recombination. (c) and (f) SEM images at high magnification illustrate morphological differences: the control film exhibits a more granular structure with
distinct perovskite domains, while the PMA-PEM appears more uniform and interconnected, implying enhanced perovskite distribution and improved
film formation.
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breaking into discontinuous islands.*® Second, PMA acts as a
supramolecular template that regulates nucleation. Consistent
with findings on biopolymer-mediated crystallization, the coor-
dination between the polymer functional groups and lead species
induces the disruption of colloidal aggregates in the solution
phase.®" This suppression of uncontrolled aggregation promotes
a heterogeneous nucleation mechanism, where the polymer net-
work guides the growth of interconnected perovskite grains and
fills the interstitial voids (binder effect).*®' Consequently, PMA
effectively stitches the crystallites into a continuous composite
layer. This structural interconnectivity stabilizes the morphology
against crack propagation and delamination, resulting in the
superior film continuity observed in SEM without requiring an
increase in total material loading. Such improvements in film
morphology are consistent with previous reports, where carbonyl
rich polymers such as poly(vinyl alcohol) (PVA), poly(acrylic acid)
(PAA), and PMA have been shown to alter the crystallization
kinetics and help guide nucleation pathways and thereby improv-
ing the uniformity and reducing pinholes of the films.*® Further
cross-sectional SEM micrographs of PEM and PMA-PEM can be
found in Fig. S5 and Fig. S6. Ideally, the active layer thickness in
this porous membrane should be defined by the effective absor-
ber thickness rather than the geometric membrane thickness.
While SEM cross-sections indicate a geometric thickness of
200 pm (porous membrane), the actual amount of X-ray absorb-
ing material was quantified via gravimetric analysis. The average
perovskite mass loading was determined to be 11.60 mg cm ™.
Based on the theoretical density of the triple-cation perovskite
4.09 g cm™?, this corresponds to an equivalent active thickness
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(teq) ~28 pm. Therefore, the perovskite occupies approximately
14.2% of the total membrane volume (detailed data in Table S4).
As shown in Fig. S7b, the attenuation efficiency curves indicate
that the triple-cation perovskite achieves >95% attenuation with
a thickness of only ~28 pm at 8 keV. This performance signifi-
cantly outperforms Si and is comparable to CdTe, highlighting its
potential for use in low-energy X-ray detection.

4. Structural and optoelectronic properties

To further investigate the impact of PMA on perovskite crystal-
lization and optoelectronic properties, we performed grazing
incidence wide-angle X-ray scattering (GIWAXS). GIWAXS pat-
terns (Fig. 5a) show that the incorporation of PMA intensifies the
diffraction signal at g, ~ 10 nm ™", corresponding to the (100)
crystallographic plane. Notably, no shift is observed in any of the
peak positions. The increased intensity of the diffraction rings
suggests that there is an increased preferential orientation along
the (100) plane. Bragg-Brentano (B-B) X-ray diffraction (XRD)
scans (Fig. 5b) further corroborate that PMA enhances crystal-
linity, evidenced by higher (100) and lower (110) and (200)
diffraction peaks, indicating that it stabilizes the perovskite
structure rather than inducing a new phase or lattice strain. A
closer look at the (100) diffraction peak reveals a broad diffraction
peak from the bare membrane (gray curve) that overlaps with the
higher angle side of the (100) diffraction peak. For the PEM
sample (red curve), a small shoulder is evident at this position,
directly correlating with the peak from the underlying membrane
support. This finding suggests that X-rays are diffracting from the
membrane support through pinholes or discontinuities in the
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Fig. 5 Structural and optoelectronic characterization of PEM and PMA-PEM. (a) Grazing incidence wide-angle X-ray scattering (GIWAXS) patterns of
bare membrane (left), PEM (middle), and PMA-PEM (right). (b) X-ray diffraction patterns of the bare membrane, PEM and PMA-PEM, comparing the (100),
(110), and (200) crystal planes. The PMA-PEM exhibits an enhanced (100) peak without a shift in peak position, suggesting improved crystallinity without
phase transition. (c) Photoluminescence (PL) spectra of flexible films, showing an increase in PL intensity and photoluminescence quantum yield (PLQY)
from 6.2% (PEM) to 8.1% (PMA-PEM), indicating reduced non-radiative recombination.

Mater. Horiz.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh02084k

Open Access Article. Published on 28 May 2026. Downloaded on 6/20/2026 9:28:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Horizons

perovskite layer. Notably, this shoulder is entirely absent in the
PMA-PEM (blue curve). This result indicates that PMA provides
a more complete and uniform coverage, effectively masking the
diffraction signal from the membrane support. This finding is
in good agreement with our SEM observations, which showed a
denser, more continuous film morphology for PMA-PEM sam-
ple. These structural improvements in our system are a direct
consequence of the dual-action interaction mechanism we
identified in the interaction section. The interaction of PMA
with both the Pb** ions and FA" cations effectively modulates
the crystallization and slows down nucleation, promoting con-
trolled growth along more thermodynamically stable facets,
leading to a more ordered and preferentially oriented film.*>**
Next, we evaluated the optoelectronic quality of PEM and PMA-
PEM by measuring their photoluminescence (Fig. 5c). The
incorporation of PMA leads to significant enhancement in PL
intensity. This is quantitatively confirmed by the photolumines-
cence quantum yield (PLQY), which increased from 6.2% for the
PEM to 8.1% for the PMA-PEM. This enhancement in PLQY is a
clear indicator of reduced non-radiative recombination losses,
and has been previously reported for PMA additives.®® This
reduction of defects can be directly attributed to the passivation
of defect sites (such as uncoordinated Pb>") and the improved
structural order resulting from the interwoven nature of the
PMA and perovskite, as proven by our NMR analysis. This result
is consistent with the established principle that suppressing
trap-mediated, non-radiative recombination enhances carrier

(a) (b)
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lifetime and the mobility-lifetime (ut) product, which directly
correlates with improved sensitivity and lower detection limits
in perovskite X-ray detectors.?*™5°

5. Fabrication of perovskite embedded membrane device and
their X-ray performance under continuous and pulsed source
illumination

5.1. Device fabrication. Having achieved uniform infiltra-
tion of the PTFE membranes using PMA-treated triple-cation,
triple-halide perovskites, we fabricated flexible X-ray detectors
by thermally depositing chromium (Cr) and a Cgo/bathocu-
proine (BCP)/Cr contact stack on the back and front sides,
respectively, following the structure reported by Zhao et al.’ The
final device architecture is shown in the inset of Fig. 6b. The
active area of the devices was 0.06 cm?, defined by the overlap
between the top and bottom electrodes.

5.2. X-ray performance under continuous source illumina-
tion. Fig. 6a presents dark current-voltage (I-V) characteristics
of PEM and PMA-PEM devices, revealing a lower dark current in
detectors utilizing PMA. The addition of PMA facilitates the
formation of homogenous and compact perovskite film with
minimized pinholes that physically reduce leakage paths. Thus,
this leads to higher shunt resistance. Moreover, the interaction
of the carbonyl groups of PMA with defects effectively passi-
vates trap states. In addition, the improved crystallinity con-
firmed by XRD indicates reduction in bulk defects. This
minimizes thermally generated carriers, leading to lower dark
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Fig. 6 Electrical and X-ray detection performance of PEM and PMA-PEM devices under continuous Cu anode irradiation (primary Ko (8.05 keV) emission
line). (a) Dark current—voltage characteristics of PEM and PMA-PEM devices, demonstrating lower dark current with PMA. (b) Current—voltage
characteristics under continuous Cu anode irradiation, showing increasing photocurrent with dose rate for both PEM and PMA-PEM devices, and the
enhanced response of the PMA-PEM device. The inset shows the device structure. (c) Signal to noise ratio (SNR) as a function of dose rate at 0 V bias,
highlighting the enhanced performance of PMA-PEM device and its lower detection limit compared to PEM. Inset shows the current response at a dose
rate of 11 nGy,;, s_* and sensitivity trends as a function of dose rate at 0 V bias. (d) Current response of the devices as a function of dose rate at different
bias voltages (1V, 25V, and 100 V) (e) Current density as a function of dose rate at different bias voltages (1 V, 25V, and 100 V). (f) Sensitivity as a function
of dose rate at different bias voltages (1 V, 25V, and 100 V), indicating superior sensitivity in PMA-PEM device across all conditions.
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current. The enhanced PL intensity and PLQY observed in PMA-
PEM films show that a decrease in the density of non-radiative
recombination centers (traps). Collectively, this minimized
defect density results in lowering the dark current. We then
investigated the X-ray response under varying exposure condi-
tions by recording I-V characteristics at multiple dose rates (0.09
to 184.7 PGy, s ') for both the PEM and PMA-PEM devices
under continuous Cu anode irradiation (primary Ko (8.05 keV)
emission line) without encapsulation of the device. The results
show an increase in photocurrent, see Fig. 6b with an increasing
dose rate, confirming the consistent X-ray responsivity of both
devices. Notably, the PMA-PEM device demonstrates a higher
photocurrent across all dose rates. Investigating the sensitivity
as a function of applied bias voltage under continuous Cu anode
irradiation at the dose rate of 184.7 uGy,;. s reveals a clear
trend of increasing sensitivity with voltage, with the PMA-PEM
device outperforming the PEM across the entire voltage range as
shown in Fig. S8c. This behavior suggests that a stronger
internal electric field facilitates more efficient charge transport
and extraction. Notably, both detectors allow reliable operation
under both reverse and forward biases even up to a high voltage
of £200 V that enables high sensitivity, see also photocurrent
response measurements during repeated X-ray on/off switching
displayed in Fig. S8(a,b) and S9(a,b). Furthermore, although the
typical operating bias does not exceed £200 V, the detectors
remained electrically stable under a continuously increasing
bias from 0 to +1000 V, highlighting their exceptional dielectric
strength. As shown in Fig. S8d, no breakdown was observed
under dark conditions. In addition to the high voltage stability
that previously has been associated with thick single crystal or
pressed pellet based devices, our flexible membrane detectors
also allow the self-powered operation of the detectors, as
indicated in Fig. S10 displaying time dependent photocurrent
response of both PEM and PMA-PEM devices at different X-ray
dose rates (0.01-184.7 uGya;; s~ ') at 0 V bias. These measure-
ments demonstrate stable and reproducible on/off switching
behavior. This self-powered capability arises from the asym-
metric device architecture, depicted in the inset of Fig. 6b. The
asymmetry is also evident in the dark current-voltage character-
istics (Fig. 6a), which show clear rectifying behavior. This is
because the different work functions of the bottom electrode
(Cr) and the top contact stack (Ceo/BCP/Cr) create a built-in
potential across the perovskite absorber layer. This internal field
is sufficient to facilitate the separation and collection of X-ray-
generated charge carriers even at zero applied external bias,
enabling the self-powered operation. Fig. 6¢ presents the 0 V
bias detection performance of the devices, highlighting the
impact of PMA on sensitivity and detection limits. The PMA-
PEM detector achieves a significantly lower limit of detection
(LoD) of 0.22 nGy,; s ', compared to 0.46 nGy,, s ' for
PEM. Additionally, the exceptional sensitivities are 4.2 x
10° uC Gy, ' ecm 2 for PMA-PEM and 2.2 x 10° uC Gy, - cm 2
for PEM, demonstrating a two-fold improvement by using PMA
as bulk additive even under the dose rate of 11 nGy.; s~ ".The
insets illustrate the current response at the lowest dose rate and
the sensitivity trend vs. dose rate, further confirming the
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superior low dose detection capability. Next, we investigated
the X-ray response at 1 V, 25 V, and 100 V applied bias over a
broad dose rate range (0.09 to 184.7 uGy.; s ') to showcase
robust detector performance across different bias and dose rate
conditions. As shown in the time dependent current response in
Fig. 6d, the PMA-PEM detectors deliver a higher photocurrent
response across all bias voltages and throughout the full range of
X-ray dose rates, down to 0.09 uGy,; s '. Consistently, the
current density versus dose rate curves in Fig. 6e further confirm
this enhancement, revealing that the PMA-PEM devices generate
significantly higher photocurrent than the PEM devices at each
dose rate and bias condition. Fig. 6f presents the sensitivity of
the detectors as a function of X-ray dose rate at different voltages.
The ability to operate effectively at 1 V bias, that is, at almost/
practically zero bias, further highlights the potential of these
detectors for low power X-ray detection applications. Maintain-
ing low operation voltages further will be crucial to ensure long-
term stability for commercial products using halide perovskites
where ion migration, electromigration of contact materials, and
electrochemical degradation of the active halide perovskite
material may impact stability.?””*° At a low dose rate of
0.09 UGy, s~ " under 1 V bias, the PMA-PEM detector achieves
a sensitivity of 8 x 10° uC Gy, ' cm™?, compared to 4 x
10° pC Gy,ir * ecm 2 for the PEM. At 100 V bias, the sensitivity
increases to 2.3 x 10°> pC Gy, - em™ 2 for the PMA-PEM device,
significantly higher than the 0.9 x 10° uC Gy,;, ' cm™ > of PEM. We
note that the trend of increasing sensitivity with decreasing
dose rate (Fig. 6f) is attributed to a gain factor enhancement at
lower X-ray intensities, commonly observed for perovskites and
PbS quantum dot-based photodetectors.”’ Such behavior is
typically linked to enhanced photoconductive gain mechan-
isms, arising from long-lived carriers and injection assisted
amplification under bias.”> We extrapolated the limit of detec-
tion (LoD), according to the IUPAC standard where LoD is
defined as the dose rate at which the signal-to-noise ratio
(SNR) reaches 3,”® see also Fig. S12. At a bias of 100 V, the
LoD values were approximately 0.09 nGy,;; s~ for the PMA-PEM
device and 0.46 nGy,; s~ ' for PEM device. As evident in Fig. 1,
these values are low especially in comparison with all the Pb
and non Pb-based flexible detectors. They also lie below the
typical medical imaging threshold of 5.5 pGya;; s '. These ultra-
low detection limits make these devices promising candidates
for next generation radiation detection applications, where
high sensitivities at low levels of exposure are required.

5.3. Device stability, reproducibility and durability. Beyond
high sensitivity, the practical viability of the detectors was
assessed through a comprehensive evaluation of their long-
term stability under irradiation, device to device reproducibility,
and mechanical durability. All tests were performed on non-
encapsulated devices under ambient condition, and the results
are summarized in Fig. 7. First, device stability was evaluated
under both pulsed and continuous X-ray exposure (Fig. 7a and b).
During 70 repeated X-ray on/off cycles at 100 V bias and exposed
the X-ray dose of 184.7 UGy, s~ (Fig. 7a), both PEM and PMA-
PEM devices exhibited highly stable and reproducible photo-
current responses. The PMA-PEM device demonstrated superior
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operational stability, with a mean photocurrent of 223 nA,
approximately 4.4 times higher than that of PEM (50.6 nA) and
a relative standard deviation (RSD) of only 1.50%, compared to
2.53% for PEM. Additionally, dark current measurements
revealed a significant reduction in baseline noise for the PMA-
PEM architecture, with a mean dark current of 0.84 nA and RSD
of 13.10%, compared to 1.76 nA and 9.66% for PEM. This
corresponds to an increase in dark resistance from 5.68 x
10" Q (PEM) to 1.19 x 10" Q (PMA-PEM) at 100 V. Under
extended continuous X-ray exposure of 120 minutes (Fig. 7b),
both detectors maintained stable photocurrent output with no
observable degradation, while the PMA-PEM consistently deliv-
ered higher current levels throughout the irradiation period.
Next, device to device reproducibility was statistically analyzed
across a range of dose rates (0.09-184.7 pGy;; s '), using six
independently fabricated devices per architecture. The inset in
Fig. 7b shows a representative box plot of sensitivity distributions
at 184.7 UGYair s™' under 100 V bias. Full distributions are
provided in Fig. S13, clearly revealing the enhanced mean
sensitivity and narrower statistical distribution of the PMA-PEM
devices. As summarized in Table S5, the PMA-PEM detectors
exhibited excellent reproducibility, with RSD values in sensitivity
remaining below 1% in most cases and never exceeding 0.85%.
Finally, mechanical durability was assessed via both cyclic bend-
ing fatigue and static bending tests (Fig. 7c and d). In the fatigue
test, after 1000 bending cycles at a fixed radius of 0.67 cm, the
PMA-PEM retained approximately 56% of its initial sensitivity,
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while PEM retained only ~30% (Fig. 7c). Table S6 provides a
detailed summary of sensitivity and corresponding retention
values at various bending cycles. In static bending tests, perfor-
mance was measured under decreasing bending radii. At the
smallest bending radius of 0.741 cm, the PMA-PEM retained
~60.5% of its initial sensitivity, significantly outperforming
PEM, which retained only ~45.5% (Fig. 7d). Since these mea-
surements were performed while the devices were bent, the
effective pixel area was geometrically reduced. Corrected sensi-
tivity values, using the projected pixel length under curvature,
reveal that the PMA-PEM retained ~ 77.6% of its initial sensitivity
at the bending radius of 0.741 cm, compared to ~58.3% for the
PEM. These corrected results, presented also in Table S7 along-
side a detailed description of the correction (SI, eqn (S7)), further
confirm the superior mechanical integrity and strain resilience of
the PMA-PEM architecture. To examine the mechanical durabil-
ity, we performed SEM analysis on films after 1000 bending cycles
(Fig. S14). The PEM films show brittleness, characterized by
numerous wide, deep cracks. In contrast, the PMA-PEM films
remain largely intact. While minor damage is expected, the
cracks in the PMA-PEM films are significantly fewer and appear
only as narrow, hairline fractures, unlike the wide gaps seen in
the PEM. This indicates that the crack widening and propaga-
tion are effectively suppressed. We attribute this resistance to
the synergistic interplay between the viscoelastic state and
chemical functionality of the PMA additive. First, unlike rigid
polyacrylates such as PMMA (glass transition temperature
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Fig. 7 Operational stability, device to device reproducibility, and mechanical robustness of PEM and PMA-PEM X-ray detectors. (a) Time-resolved
current response during 70 X-ray on/off cycles at 100 V bias and the dose of 184.7 Gy, s~ Right: Statistical summary of photocurrent and dark current.
The PMA-PEM device exhibits a significantly higher mean photocurrent (223 nA) with lower RSD (1.50%) compared to the PEM (50.6 nA, RSD = 2.53%).
PMA-PEM also shows lower dark current (0.84 nA vs. 1.76 nA). (b) Long term continuous X-ray exposure for 120 minutes confirms stable operation
without degradation, with PMA-PEM consistently generating higher current. (c) Sensitivity retention after cyclic bending fatigue (1000 bending cycles,

R = 0.6725 cm), where PMA-PEM retains ~56% of its initial sensitivity, outperforming PEM (~

30%). (d) Static bending test results under varying curvature.

PMA-PEM maintains ~60.5% of its sensitivity at the bending radius of 0.741 cm. When corrected for projected pixel area, the retention improves to
~77.6%, compared to ~58.3% for PEM, highlighting the mechanical durability of PMA-PEM devices.
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(Ty) ~105 °C),”* PMA possesses a low glass transition tempera-
ture (T, ~8 °C),”” ensuring it remains in a highly viscoelastic,
rubbery state at room temperature. As highlighted in recent
studies on flexible perovskites, elevated viscoelasticity is critical
for facilitating interfacial adhesion and dissipating mechanical
stress.’® Crucially, the PMA is not merely confined to interfaces
but forms a homogeneously distributed network throughout the
perovskite film, as illustrated in the schematic in Fig. S15.
Within this network, the carbonyl (C—O) groups chemically
anchor to uncoordinated Pb*>" ions, while the flexible polymer
chains act as a bulk molecular shock absorber. This homoge-
nously distributed viscoelastic reinforcement effectively bridges
the micro cracks, preventing them from opening into wide
fractures and ensuring high sensitivity retention under static
and cyclic bending fatigue. To address long term reliability, we
remeasured unencapsulated devices aged for 17 months in
mixed ambient/glovebox conditions. Remarkably, PMA-PEM
devices demonstrated exceptional long term stability after 17
months of aging (Fig. S16), They exhibited a suppressed dark
current increase of only ~2.2-fold (vs. ~4.5-fold for PEM) and
retained ~90.5% of their initial sensitivity, significantly out-
performing PEM devices (~74% retention).

5.4. X-ray energy dependent response. To investigate the
energy-dependent response of the detectors, we conducted
experiments at the time-resolved hard X-ray diffraction end
station (KMC-3 XPP) at BESSY II, which allows excitation with
monochromatic X-rays covering an energy range of 2 keV to 16
keV utilizing a monochromatic X-ray beam. The X-ray beam at
BESSY II exhibits ~50 ps-long pulses spaced by 2 ns, with a
short gap of 56 ns containing only a single bunch middle.®” The
detailed experimental setup illustrated and described in
Fig. S17. The intensity of the X-rays varies with X-ray energy
according to the characteristic bending magnet output and was
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adjusted using aluminum absorbers of different thicknesses, see
Fig. S18. We then recorded the X-ray photocurrent, for different
X-ray energies as a function of time, while increasing the Al-
absorber thickness during X-ray off periods. The resulting photo-
current was normalized to the maximal X-ray photon current at
each photon energy without absorber, shown in Fig. 8a. This
reveals reliable X-ray detection across all photon energies, con-
sidering the increasing X-ray attenuation of the Al absorber at low
photon energies. Additionally, we wish to emphasize outstanding
dark current stability in the ambient (non-encapsulated) condi-
tion during nearly 2 hours of repeated X-ray on/off cycling at
different photon energies and intensities. Consistent and repro-
ducible dark current levels were observed for the same set of PEM
and PMA-PEM devices throughout the week long beamtime,
despite being kept under ambient (non-encapsulated) conditions
for the entire duration. In order to gain insight into energy
dependent response of the devices, we evaluated the detector to
beamline current ratio at bias of 100 V (see Fig. 8b) by choosing,
as indicated by the boxes in Fig. 8a, comparable photon flux
values of (2.9-4.6) x 10’ ph s ' Fig. $19a and b present the
corresponding data acquired at 25 V bias, using the same
methodology as in Fig. 8a and 8b. Across all photon flux levels,
the detector current at both 25 V and 100 V biases was normalized
to the incident photon current (derived from the beamline flux) to
determine the device efficiency across the tested energy range
(Fig. S19¢,d). We demonstrate that both detectors can detect X-ray
energies in the range of 7-15 keV. As illustrated in Fig. 8a,b and
S19a,b, the PMA-PEM detector consistently yields higher photo-
current and detector to beamline current ratio than the PEM
device across all tested bias voltages, X-ray energies, and photon
flux levels. This is in line with the performance of the PMA based
devices that we have observed using our continuous Cu anode
X-ray source (primary Ko (8.05 keV) emission line).

(b)

Energy (keV)

Fig. 8 X-ray energy-dependent detection performance of PEM and PMA-PEM devices at BESSY II. (a) Time dependent normalized current response of
PEM and PMA-PEM devices at 100 V bias under pulsed X-ray irradiation at different photon energies (7-15 keV). The PMA-PEM devices exhibit higher and
more stable responses across all energies. Highlighted boxes indicate the response peaks corresponding to selected irradiation conditions. (b) Detector
to beamline current ratio (%) as a function of X-ray energy, demonstrating enhanced response in PMA-PEM devices across the measured energy range.
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Conclusion

In conclusion, we have demonstrated a highly effective strategy
for fabricating high-performance flexible X-ray detectors by incor-
porating PMA as bulk additive into a triple cation perovskite
embedded Teflon membrane. Through the comprehensive spec-
troscopic investigation combining both solution-state and solid-
state NMR, alongside FT-IR analysis, we provided direct evidence
for the dual-action interaction mechanism, where PMA passivates
the inorganic Pb>" lattice to enhance phase stability while also
interacting with the organic FA' cations to promote a more
ordered crystal structure. This cascade of improvements at the
molecular level results in a device with not only exceptional
sensitivity (2.3 x 10° uC Gy,ir " ecm™ ) and an ultra-low detection
limit (0.09 nGy.;r s ') at 100 V bias, but also efficient self-powered
operation at 0 V bias with the sensitivity of 4.2 x 10° uC Gy, * ecm™2.
This high performance is coupled with proven reproducibility,
long term stability, and mechanical durability, as well as reliable
operation over a broad X-ray energy spectrum (7-15 keV). This
work establishes polymer embedded membrane scaffolds as a
robust and promising platform for next-generation, practical X-ray
detection technologies.
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