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ABSTRACT 

Robust, flexible, and scalable detectors for ionizing radiation are critically needed in advanced medical, environmental, and 
aerospace applications. Here, a polymer–perovskite composite fabricated by mechanical sintering is studied, which enables the 
production of thick (up to 0.5 mm) free-standing pellets. They are used in novel vertical detector architecture, with efficient charge 
collection, which fully exploits the large interaction volume with ionizing radiation, obtaining a low limit of detection of (37.2 ± 1.1) 
nGy s− 1 . The hybrid matrix ensures excellent radiation hardness and long-term operational stability preserving device properties 
over months. The addition of polymer not only enhances the device stability, but also confers mechanical robustness, enabling the 
thick perovskite-based detectors to maintain unchanged photoconductivity under extreme bending conditions (1 mm radius, > 10% 

strain), challenging the conventional trade-off between thickness and flexibility. Additionally, we demonstrate direct detection of 
5 MeV proton beam, obtaining a sensitivity of (9.3 ± 0.2) ∙10− 18 C/H+ with an applied electric field of 2 V µm− 1 . Moreover, we show 

the possibility of further sensitivity improvement by tuning the active layer thickness to maximize energy deposition. Overall, 
these results establish a scalable and conformable platform for next-generation radiation detectors, offering a unique combination 
of structural robustness, stability, and sensitivity to different kinds of radiation. 
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 Introduction 

he next generation of medical, environmental, and space radia-
ion monitoring technologies demands detectors that are not only
ensitive and stable, but also flexible and scalable [ 1 ]. However,
xisting inorganic semiconductors such as Si and cadmium zinc
elluride (CZT), though efficient, remain rigid and fragile, con-
training their integration into conformable or wearable systems.
oreover, they require demanding fabrication processes and are
usceptible to radiation-induced degradation [ 2, 3 ]. Metal halide
erovskites have emerged as promising candidates for next-
eneration ionizing radiation detectors due to their exceptional
ptoelectronic properties, resulting in high sensitivity, combined
his is an open access article under the terms of the Creative Commons Attribution License, which perm
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with good radiation hardness thanks to their high defect tolerance
and self-healing properties [ 4–8 ]. The possibility of integrating
high-quality perovskite films onto flexible substrates through
low-temperature and scalable fabrication methods makes them
attractive for applications requiring conformal and wearable
detection systems [ 1, 9 ]. Polycrystalline perovskite films are usu-
ally deposited by solution process or vapor deposition, which are
methods compatible with large-area processing, and have been
used extensively in photovoltaics obtaining high quality films
[ 10, 11 ]. However, with these methods, it is challenging to achieve
high-quality perovskite layers thicker than a few micrometers
[ 12–15 ]. Such thin films are flexible, transparent to radiation
and extraordinarily radiation tolerant [ 16 ]; yet, for high-energy
its use, distribution and reproduction in any medium, provided the original work is properly 
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adiation detectors, thick absorbing layers are needed to increase
he stopping power (i.e. the fraction of absorbed radiation)
nd boost the external quantum efficiency. For X-ray detection,
igh absorption maximizes sensitivity and signal-to-noise ratio
SNR) and is particularly important for health diagnostics and
nvironmental monitoring, where low dose detection is required.
erovskite single crystals have demonstrated high-performance
-ray detectors, as they have excellent charge transport properties
nd can be grown to considerable thicknesses up to millimeters
 17 ]. Polycrystalline or quasi-monocrystalline pressed pellets have
een investigated as an alternative route, exploiting the simplicity
nd versatility of powder-based processing to achieve thick
adiation-absorbing layers [ 18–21 ]. However, both strategies lead
o inherently rigid detectors, limiting their applicability in con-
ormable and wearable detection. Perovskite-polymer composites
ffer a valid solution that combines the strong radiation absorp-
ion and the favorable optoelectronic performance of perovskites,
ith the superior mechanical properties of polymers. Such
omposites are efficient visible photodetector, but the coplanar
lectrode configurations presented so far limited their use for
enetrating ionizing radiations, where the full volume should be
xploited [ 22 ]. 

eyond X-ray detection, perovskite films have recently shown
onsiderable promise for other types of ionizing radiations, such
s gamma-rays [ 23 ], fast neutrons [ 24 ], and charged particles
 25–27 ]. In particular, the latter is essential for personal dosimetry
n several fields of applications such as proton therapy and
pace missions [ 25, 27 ]. Current technologies for direct proton
etection, such as diode arrays [ 28, 29 ], photomultipliers tubes
oupled with scintillators [ 30 ], ionization chambers [ 31, 32 ],
nd microdiamonds [ 33 ], are limited by low radiation hardness,
igidity, and complex fabrication. The emerging of new, flexible,
asy-processable and scalable materials for reliable and efficient
roton sensing will strongly contribute to the rising of novel
edical therapies and to space exploration. Charged particles
ose energy in matter primarily through Coulomb interactions,
s described by the Bethe formula, resulting in a pronounced
eak (i.e. the Bragg peak) [ 34 ] in the energy deposition at
 well-defined depth. Consequently, achieving optimal device
erformance requires the possibility to tune the perovskite layer
hickness to position the Bragg peak within the active region of
he detector. 

n this work, we present a robust, and flexible perovskite-polymer
omposite detector where vertically stacked architecture has
een specifically engineered for both X-ray and proton detection.
e investigate the composite as the active layer of ionizing
adiation detectors implemented in a vertical photoconductor
rchitecture, which fully exploits the possibility of thickness
caling leading to the increase of the total active volume of the
etector which allows advanced detection performances while
eeping the device flexibility. The possibility to easily tune the
ctive layer thickness up to hundreds of micrometers is used
o match the device full absorption of the impinging ionizing
adiation and consequently maximize the external quantum
fficiency of the detector, both for X-rays and for 5 MeV protons.
he vertical architecture provides a uniform and intense electric
ield across the active layer, with straight field lines. If compared
o the fringe-dominated field in planar interdigitated geometry,
t is evident how vertical electrode architecture improves device
of 11
sensitivity and detection limit. Furthermore, we demonstrate the
long-term stability of the proposed devices and their radiation
hardness, suggesting their applicability in real-life scenarios
in medical imaging, radiation therapy, and space and medical
radiation personal dosimetry. We show the advantage brought
about by the polymer in terms of mechanical robustness to strain
for wearable and conformal applications, demonstrating how
these devices can merge high sensitivity with real-life needs of
flexibility. Indeed, the capability of achieving detector thickness
of several hundred micrometers, for high energy photons and
charged particles detection with a single device, while retaining
mechanical flexibility is unique among literature. Altogether, this
study opens the route to a new class of perovskite-based devices
that combine high sensitivity with mechanical compliance, offer-
ing a promising alternative to conventional rigid sensors for broad
spectrum ionizing radiation detection. 

2 Results and Discussion 

2.1 Polymer-Perovskite Composites 

The polymer-perovskite composites are fabricated through the
dry milling for CsPbBr3 and polybutyl methacrylate (PBMA)
precursors in the ratio of 50:50 (wt%), which are then hot-pressed
to form free-standing pellets of the desired thickness in the
range from tens to hundreds of micrometers. To select the best
composite, in our pervious paper, different polymers have been
compared for their mechanical flexibility properties and their
ability to be laminated onto substrates [ 22 ]. Moreover, different
perovskite-polymer ratios have been explored, and 50% wt. was
selected as the best compromise between performance and device
stability [ 22 ]. 

Scanning electron microscopy (SEM) coupled with energy dis-
persive X-ray spectroscopy (EDX) was employed to investigate
the spatial distribution of CsPbBr3 and PBMA at the microscale.
Figure 1 reports the SEM micrographs with the corresponding
elemental maps, where carbon identifies the PBMA polymer and
caesium, lead and bromine identify the perovskite. The cross-
section analysis (Figure 1a ) shows a matrix of inter-dispersed
polymer and perovskite-rich domains, the latter with dimensions
in the tens of µm. These domains are uniformly distributed
on the pellet (Figure 1b ), with no detectable compositional
gradient along or parallel to the pressing direction. Notably,
PBMA is consistently present throughout the pellet, including
near-surface regions, forming a diffused encapsulation that
penetrates in depth. Perovskite domains are observed to form
vertically connected pathways (dashed circle in Figure 1a ) which
are necessary to facilitate efficient charge extraction, CsPbBr3 
retains its standard orthorhombic crystalline structure within the
composite pellet as confirmed by X-ray diffraction measurements
(Figure S1 ). 

2.2 Photoconducting Properties 

To obtain a photoconducting device, the free-standing polymer-
perovskite composites are adhered by hot roll lamination onto a
substrate (glass or plastic) with pre-patterned indium tin oxide
(ITO) contacts. Then, 300 nm thick Cu electrodes are deposited
Advanced Optical Materials, 2026
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FIGURE 1 SEM and EDX maps of a CsPbBr3 –polymer composite: (a) cross-section and (b) top surface. For each panel, images are arranged from 

top-left to bottom-right starting from the SEM micrograph followed by the corresponding elemental maps. In the cross section EDX map, it is visible a 
12 µm thick Al foil disk on which the composite is attached to facilitate the lamination process. 
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n top by thermal evaporation using a shadow mask, followed
y Al2 O3 encapsulation via atomic layer deposition (thickness =
0 nm), for improved environmental device stability. Figure 2a
eports a schematic of device structure. 

e initially evaluated devices laminated onto glass substrates.
urrent-voltage ( I–V ) measurements of a 100 µm-thick device are
hown in Figure 2b . The best performing pixel exhibits a SNR
 48 at 100 V under one sun illumination, the same order of
agnitude of the planar counterpart [ 22 ], demonstrating robust
hotoconductive behavior. 

he photocurrent response was measured under X-ray irradia-
ion, using a Hamamatsu L12161 Microfocus X-ray tube with a
ungsten target operated at an accelerating voltage of 40 kVp.
uring all measurements, the devices were kept in ambient
onditions (i.e. air and room temperature) and in dark. 
dvanced Optical Materials, 2026
Figure 3a presents the mass attenuation coefficients of CsPbBr3 ,
PBMA, and their composite matrix as a function of photon
energies from 1 keV to 1 MeV [ 35 ]. Due to its composition of high
atomic number elements, CsPbBr3 exhibits strong photon absorp-
tion, characterized by distinct absorption edges corresponding to
Cs, Pb, and Br. In contrast, PBMA displays significantly lower
attenuation, with smooth and gradual decrease in absorption
as photon energy increases. The composite material exhibits a
mass attenuation coefficient slightly lower than pure CsPbBr3 
with the same characteristic edges, as the heavy atoms of the
perovskite dominate the photon interaction compared to the light
atoms of the polymer. Based on the composite’s energy-dependent
absorption behavior, the depth-dependent attenuation can be
calculated (Figure 3b ), allowing for precise tuning of the pellet
thickness to optimize radiation absorption. In the mechanical
sintering fabrication used here, it is possible to easily tune the
thickness by changing the spacer dimension during the pressing
3 of 11
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FIGURE 2 (a) Device structure, the reported order is from top to bottom (b) Current as a function of voltage in dark and under 1 sun illumination. 
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rocedure, ranging from a few tens of micrometers to hundreds
f micrometers. In this study, we investigate two representative
hicknesses: 100 µm, which yields 69.3% absorption of incident
-rays at 40 kVp (using a simulated spectrum of a W target),
nd 470 µm, which achieves near-complete photon absorption at
9.6%. 

igure 3c presents the current dynamics under X-ray fluxes, at
n applied electric field of 1.6 V µm− 1 , corresponding to the
alue for photocurrent saturation, as shown by the photocurrent
easurements at different biases reported in Figure S2 . The
evice’s dynamic response shows a stable dark current and a
ast step-like signal, as desirable. We acquired three peaks per
ose rate to ensure the stability of the photocurrent response.
he extracted sensitivity for 100 µm pellets at 1.6 V µm− 1 reaches
119.5 ± 1.6) µC Gy− 1 cm− 2 , as shown in Figure 3d . A reference
BMA-only 100 µm thick layer with the same geometry under
he same bias conditions was used to assess the contributions
f air ionization and other parasitic effects, which have been
xtensively reported in literature [ 36, 37 ]. The reference data are
lotted in Figure 3d . The sensitivity of the control sample is
2.98 ± 0.05) µC Gy− 1 cm− 2 , two order of magnitude less than
he perovskite-polymer composite sample, guaranteeing that the
evice’s response is given by perovskite absorption and charge
ransport. 

he sensitivity is calculated over a linear response. This approx-
mation is valid over limited dose rate ranges, as when spanning
hrough a larger dose rate range (Figure S3 ) the device’s response
ollows an exponential trend Photocurrent = Dose Rateα with
= 0.79, as observed in many perovskite-based devices under

onizing and non-ionizing radiation [ 38–40 ]. 

hen increasing the pellet’s thickness, the higher radiation atten-
ation leads to significant sensitivity enhancement, as observed
n Figure 3e . Specifically, sensitivity improves from (57 ± 2) µC
y− 1 cm− 2 (100 µm) to (106 ± 1) µC Gy− 1 cm− 2 (470 µm) at an
lectric field of 0.426 V µm− 1 . Moreover, also when considering
he same film thickness and the same applied electric field, the
ertical configuration allows a doubling of the device sensitivity
ith respect to the planar geometry (22.7 ± 1.3) µC Gy− 1 cm− 2

or 100 µm pellet in planar configuration with same beam
onditions at E = 0.426 V µm− 1 [ 22 ], which confirms the benefits
f vertical of device architecture in boosting the efficacy of the
lectric field and thus the improvement of the charge collection
fficiency. 
of 11
The increased thickness not only enhances sensitivity but also
allows for a reduced limit of detection (LoD). As shown in
Figure 3f , at an electric field of 0.426 V µm− 1 , the root mean
square (RMS) deviation of the photocurrent is 0.257 pA, leading
to an extrapolated LoD of (37.2 ± 1.1) nGy s− 1 , much lower
than typical dose rates used in medical diagnostics (5.5 µGy s− 1 )
[ 41 ] and compatible with the best state of the art rigid devices
[ 18, 19, 42 ], and flexible ones but with much smaller active
area [ 43, 44 ] (see Table S1 ). The LoD value is extrapolated by
the intercept of the linear fit of low-dose rate measurements
with three times the RMS deviation of the photocurrent. The
current dynamic response of the detector at the very low inferior
detected dose (58 nGy s− 1 ) is reported in Figure S4 . The low
value of LoD is enabled by the low dark current of (16.5 ±
0.2) pA at the applied bias, obtained thanks to the mixing of
perovskite and polymer, while the vertical electrode configuration
effectively enhances the charge collection obtaining two orders of
magnitude improvement with respect to the values obtained with
planar geometry [ 22 ]. 

The devices exhibit remarkable stability under continuous
X-ray irradiation, as demonstrated in Figure 4a . The radiation
hardness of the devices ensures that the X-ray photocurrent
changes less than 1% after a total exposure of 90 Gy provided
at 2350 µG s− 1 , delivered in 10 h and 36 min while biasing the
sample at 1.6 V µm− 1 . The stability of the photocurrent and
the low and stable dark current, might be due to reduced ion
migration, consequence of the encapsulation at the microscopic
level provide by the polymer [ 45, 46 ]. Dark current stability was
further tested by applying 1.6 V µm− 1 for 14 h 40 min, showing
no drift and a standard deviation of 7.8 pA (Figure S5 ). Polymeric
micro-encapsulation may also play a role in the devices’ lifetime,
as shown in the aging test of Figure 4b . The measurement,
conducted after seven months of storage in a glovebox, reveals
no significant degradation in photocurrent response under X-
rays. We suggest that the diffused encapsulation formed by
the PBMA likely contributes to the environmental stability of
the composite, thanks to the partially hydrophobic nature of
PBMA [ 47 ]. 

2.3 Flexible Photoconductors 

To fully exploit the advantages given by polymeric matrix in
increasing the mechanical robustness of the perovskite, 100 µm
pellets were laminated onto flexible PET substrates. The detectors
Advanced Optical Materials, 2026
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FIGURE 3 (a) Mass Attenuation coefficient spectrum as a function of photon energy of CsPbBr3 , PBMA and CsPbBr3 /PBMA 50% composite. The 
mass attenuation coefficient spectrum of silicon is also reported for comparison. (b) Percentage of absorbed radiation of the CsPbBr3 /PBMA as a function 
of penetration depth considering a 40 kVp X-ray beam generated by a W target. The vertical dashed lines mark the thickness of the two studied samples: 
100 µm pellet absorbs the 69.3% of the incident beam, while 470 µm pellet reaches the 99.6%. (c) Dynamic response of one pixel based on 100 µm thick 
perovskite/polymer matrix biased at 1.6 V µm− 1 exposed to X-rays produced by a W-target X-ray tube at 40 kVp. The device is exposed to three subsequent 
10 s irradiation cycles at different dose rates in the range [410 – 2140] µGy s− 1 . (d) Calibration curve of the 100 µm sample biased at 1.6 V µm− 1 , from 

which the sensitivity is extracted as the slope of a linear fit. The response of PBMA-only 100 µm sample biased at 1.6 V µm− 1 is plotted as a reference 
(empty circles). The error bars are plotted but not visible. (e) Comparison of the photocurrent from the 100 µm sample and 470 µm one, both biased with 
an electric field of 0.426 V µm− 1 . (f) Limit of detection for the 470 µm sample biased at 0.426 V µm− 1 . The intersection of the data fit and 3 times the RMS 
deviation is marked with a diamond marker for clarity. 

Advanced Optical Materials, 2026 5 of 11
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FIGURE 4 (a) Radiation hardness test of the 100 µm sample, irradiated by a total dose of 90 Gy (dose rate: 2350 µGy s− 1 ) delivered in 10 h and 
38 min, biased with an electric field of 1.6 V µm− 1 . (b) Aging test of the 100 µm sample after 7 months of glovebox storage. Irradiations performed at 
410 µGy s− 1 , biasing the sample with an electric field of 1.6 V µm− 1 . 
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ere initially tested in a flat configuration, observing an average
ensitivity of (40.8 ± 1.1) µC Gy− 1 cm− 2 over 4 pixels, slightly
ower than the counterpart on glass, suggesting that there could
e some non-idealities in the lamination process. However, the
oss of sensitivity is less than 30%, and the repeatable, box-
haped responses under X-ray suggest a good charge extraction
Figure S7 ). A detailed electrical characterization of the devices
rior to bending, both in dark conditions and under X-ray beam,
s provided in the Figures S6 and S7 . 

echanical stability was assessed through a series of bending
ests. Initially, the bending radius was progressively reduced from
 flat configuration down to 1 mm (Figure 5a ), a configuration
here the strain on the perovskite layer is > 10%. The devices were
ested under bending by performing I-V measurements in dark
nd dynamic X-ray photocurrent response tests (Figure 5b,c ). The
evices demonstrated exceptional mechanical stability, with neg-
igible changes in the dark current at high bias and photocurrent
etween the flat and 1 mm radius configurations. A subsequent
ending stress test was performed on the same devices, where
he sample was measured in flat configuration before and after
epeatedly bent at a 5 mm of bending radius for 1500 cycles
Figure 5d ). The stability of the photocurrent response post-
ending confirms the mechanical robustness of the device, with a
ecrease of less than 0.1 nA after 1500 bending cycles (Figure 5e ),
einforcing its suitability for flexible radiation detection appli-
ations. After 2000 repetitive cycles, the perovskite/polymer
omposite delaminated from the plastic substrate and the ITO
lectrodes. However, the active layer does not present any relevant
ign of degradation, as visible by SEM cross section images of
he bent and a not-bent samples (Figure 5f,g ; Figure S8 ). As
he failure of the device happens solely due to delamination, to
urther elongate the lifespan of the flexible sensor, we suggest
hat the composite could be laminated onto thinner plastic to
educe the total strain acting on the device [ 48 ]. Further, by
mploying polymeric encapsulating layer and plastic substrate of
imilar thicknesses, the total strain onto the perovskite is strongly
educed. Indeed, this strategy will place the neutral mechanical
lane (zero strain plane) within the active layer. Alternatively, the
of 11
composite could be used as a free-standing device by depositing
electrical contacts directly on it. 

The bending tests were performed on the 100 µm-thick devices,
which already represent a substantial thickness increase com-
pared to conventional perovskite flexible films. Increasing the
thickness to several hundreds of micrometers, although benefi-
cial for radiation absorption and sensitivity, lead to a progressive
increase of strain in the active layer, thus reducing the tolerance
to extreme bending conditions. 

2.4 Proton Detection 

After having assessed the advantages of polymeric micro-
encapsulation of perovskites in terms of increased thickness,
flexibility, aging and stability under X-ray irradiation, we stud-
ied them as candidates for proton detection. As high-linear
energy transfer (LET) particles, low-energy protons deposit large
amounts of energy in matter, making their monitoring criti-
cally important for personal dosimetry across a wide range of
applications, from aerospace to medical fields. Protons interact
with matter through a continuous release of energy due to
Coulomb forces acting between the charged particle and the
orbital electrons of the absorbing medium. The release of energy
increases as the particle loses energy and slows down, showing
a final peak known as the Bragg peak . Indeed, according to the
Bethe-Bloch equation [ 49 ], the LET is approximately inversely
proportional to the square of the proton velocity, 

−
( 

𝑑𝐸 

𝑑𝑥 

) 

=
4 𝜋𝑁𝐴 𝑧

2 

𝑚𝑒 𝑐2 𝛽2 

𝑍𝑝 

𝑀𝑢 𝐴 

( 

𝑒2 

4 𝜋𝜀0 

) 2 [ 
𝑙𝑛

( 

2𝑚𝑒 𝑐
2 𝛽2 

𝐼 ( 1 − 𝛽2 ) 

) 

− 𝛽2 
] 

where β = v / c is the reduced particle velocity. Moreover, the
LET is proportional to the density ( ρ) of the medium, meaning
that the incorporation of the highly dense CsPbBr3 into the
polymer significantly enhances the total absorbed energy and
enables efficient generation and transport of charge carriers,
which are responsible for the detector signal. The polymer
Advanced Optical Materials, 2026
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FIGURE 5 (a) Picture of the final 1 mm bending reached during the increasing bending radius test. (b) Current voltage characteristics in dark 
conditions measured in bent condition while increasing the bending radius (c) X-ray photoresponse dynamics obtained in bent condition while 
increasing the bending radius (applied electric field: 0.426 V µm− 1 , dose rate = 410 µG s− 1 ). (d) Bending stress measurement protocol (e) Deviation of 
photocurrent measured in flat configuration during repetitive bending stress measurement (applied electric field: 0.426 V µm− 1 , dose rate = 410 µG s− 1 ). 
(f) Cross-section SEM image of the bent portion of the device. (g) Cross-section SEM image of the edge of the composite where no bending has occurred. 
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atrix, while contributing to energy absorption, primarily plays
 structural role by improving the mechanical stability, flexibility,
nd durability of the device (see Figure S9 ). 

e tested the perovskite-polymer pellets under proton beams at
he LABEC ion beam center (Laboratory of Nuclear Techniques
or the Environment and Cultural Heritage, INFN Firenze, Italy)
 49 ]. The facility provides a 5 MeV proton beam extracted
nto atmosphere, provided by the 3 MV Tandetron accelerator.
he beamline provides proton fluxes in the range [105 – 109 ]
+ cm− 2 s− 1 . 

he interaction of 5 MeV protons with the detector was simulated
sing SRIM Monte Carlo code [ 50 ]. The release of energy by
onization inside the active polymer-perovskite layer is shown
n Figure 6a . The proton flux penetrates through the whole
hickness of the 100 µm device, with the Bragg peak being at
pproximately 250 µm in depth from the entry point. By using
he same thicker detector characterized under X-rays (470 µm
hick), we were hence able to include the Bragg peak inside the
bsorbing perovskite pellet, completely stopping the proton beam
nd potentially enhancing the sensitivity. Figure 6b shows the
roton-induced current response as a function of proton flux
or the two detectors of different thickness (100 and 470 µm).
he response is linear in the tested range for both active layer
hicknesses. The sensitivity extracted by performing a linear fit
s (1.1 ± 0.1) ∙10− 19 C/H+ for the 100 µm sample, and it increases
o (6.3 ± 0.3) ∙10− 19 C/H+ for the 470 µm one at 0.11 V µm− 1 .
hese values are comparable to those reported for perovskite-
dvanced Optical Materials, 2026
based proton detectors thin films without any polymer at similar
electric fields (see Table S2 ) [ 16 ], indicating that the presence
of the insulating polymer does not significantly hinder charge
transport. Testing the 100 µm thick devices at different biases
(Figure 6c ) we observe an increase of current with increased
bias, as expected. The sensitivity obtained with an applied electric
field of 2 V µm− 1 of (9.3 ± 0.2) ∙10− 18 C/H+ is among the highest
sensitivity reported in literature for perovskite-based detectors, to
the best of our knowledge [ 16 ]. The response of the detector does
not show the saturation at high bias, which was observed with
X-rays, suggesting that the sensitivity value is limited only by the
charge collection efficiency and it could be further enhanced by
applying higher biases. 

To exclude device degradation due to proton irradiation, I–V
characteristics were acquired immediately before and after the
irradiation of 1.1 ∙1013 H+ cm− 2 (Figure 6d ), showing no degrada-
tion of the transport properties of the device. While perovskites
have demonstrated good proton tolerance [ 51 ], possibly due to
processes such as instantaneous self-healing [ 8 ]; the radiation
tolerance of the organic part is not trivial, as different polymers
have shown degradation under high energy proton beams [ 52, 53 ].

3 Conclusions 

This work presents a simple but effective strategy toward
flexible perovskite-based ionizing radiation detector. The
polymer-perovskite composites enable thick active layers while
7 of 11
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FIGURE 6 (a) SRIM simulations of the linear energy transfer of a proton beam of initial 5 MeV energy inside the CsPbBr3/PBMA matrix, taking 
into account the energy loss in dead layers before the active matrix itself (200 nm of Si3 N4 beam extraction window, 8 mm of mixed air-He, 14 µm of 
Al box entrance window and 14 mm of air); the total energy released in the 100 µm pellet is 1 MeV, while in the 470 µm pellet it is 4.4 MeV. On the 
bottom the SRIM simulations are schematically represented inside the samples. (b) Proton induced current as a function of proton current for 100 µm 

and 470 µm thick pellets, at applied electric field = 0.1 V µm− 1 . (c) Proton induced current as a function of the applied bias. (d) I–V characteristics of the 
100 µm device before and after the irradiation with 1.1 ∙1013 H+ cm− 2 . 
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aintaining mechanical flexibility, overcoming the limited
adiation absorption of other flexible thin-film detectors, and
reaking the trade-off between flexibility and interacting
olume. We show that vertical device architectures enhance
harge collection and very low values of detection limit,
utperforming planar configurations. We demonstrate how
he polymer-perovskite composite has exceptional radiation
ardness ( > 90 Gy) and good long-term stability ( > 7 months).
he high polymer loading provides outstanding mechanical
tability under extreme bending conditions ( > 10% strain) for
ery thick active layers (100 µm), overcoming the traditional
radeoff between thickness and flexibility; thus, proving to be
uitable for conformal integration with the human body, as well
s for wearable and portable radiation detectors. Importantly,
he devices showed a good response under 5 MeV proton
eams, obtaining one of the highest reported responses for
erovskite-based proton detectors so far. This result is a strong
of 11
proof of concept of their promising performances for charged
particle detection. Crucially, we show that the device sensitivity
can be tuned via its thickness to fully exploit Bragg peak
energy deposition, offering a route toward application-specific
optimization and obtaining a value of (9.3 ± 0.2) ∙10− 18 C H+− 1 .
These results establish an appealing platform for robust, flexible,
and high-performance perovskite-based detectors, with direct
relevance to medical imaging, radiation therapy monitoring, and
aerospace personal dosimetry. 

4 Experimental Section 

4.1 Chemicals 

Caesium bromide (CsBr, > 99.0%) and lead bromide (PbBr2 ,
≥ 98.0%) were purchased from Tokyo Chemical Industry Co.,
Advanced Optical Materials, 2026
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td. (TCI). Polybutyl methacrylate (PBMA, MW 

200.000) was
urchased from Merck KGaA. 

.2 Materials and Devices 

he CsPbBr3 powder was synthesized as previously reported
 22 ]. Briefly, in a N2 -filled glovebox, CsBr and PbBr2 were added
o a 10 mL zirconia ball-mill jar in a 1:1 molar ratio. To this,
wo zirconia balls with diameter of 10 mm were added and the
echanochemical synthesis of CsPbBr3 powder was initiated by
all-milling with a duration of 5 min at a frequency of 30 Hz
sing an MM-400 straight ball-mill from Retsch. The resulting
erovskite powder was subsequently mixed with PBMA in a 1:1
eight ratio for 3 min at a frequency of 30 Hz via ball-milling.
ree-standing CsPbBr3 /PBMA pellets are formed by hot-pressing
n adequate amount of the perovskite-polymer composite powder
n a mold at 110◦C for 10 s at 2 metric tons. Spacer rings in the mold
ontrol the thickness of the resulting pellets, and as such pellets
f 100 µm and 470 µm were formed. The free-standing pellets
ere attached to glass and plastic substrates with pre-patterned
TO contacts via hot-lamination at 100◦C with a 420 W hot/cold
aminator inside a N2 -filled glovebox. Top contacts of Cu with
00 nm thickness were deposited by thermal vacuum deposition
t a base pressure of 10− 6 mbar on top of the laminated pellets. To
ircumvent connectivity issues of the top Cu contacts caused by
he height difference of the top contacts on the pellet and on the
ubstrate, copper foil with electrically conductive acrylic adhesive
as adhered onto the deposited Cu contacts. Samples were coated
ith 30 nm thick Al2 O3 via atomic layer deposition for further
haracterization in air. 

.3 Structural Characterization 

-ray diffractograms were recorded with a Panalytical Empyrean
owder diffractometer equipped with a Cu X-ray source ( K α1,2 =
.54184 Å) operated at 45 kV and 40 mA and a Pixel 1D detector
n scanning line mode. Single scans were acquired in the 2 θ =
0◦ − 60◦ range, with a step size of 0.04◦ 2 θ in Bragg − Brentano
eometry in air. 

.4 SEM and EBS Measurements 

canning electron microscopy coupled with energy dispersive
-ray spectroscopy was performed with a Thermo Scientific Phe-
om XL SEM. Images were acquired at an accelerating voltage of
5 kV with backscatter electron detector. The elemental analysis
f the pellet surface was performed at a field width of 865 µm,
hile the analysis of the cross-section was performed at a field
idth of 260 µm. Electrical characterization of the devices with
isible light was performed using a Keithley 2612A Source Meter
n the − 100 to 100 V bias range. The CsPbBr3 /PBMA devices were
lluminated under a Wavelabs Sinus 70 AAA LED solar simulator.
rior to the measurement, the illumination intensity was adjusted
sing a calibrated silicon reference diode with an infrared cutoff
ilter (KG-5, Schott). The photo-response was measured with
n illuminated area of 0.050 cm2 defined by a metal shadow
ask, which is smaller than the device total area of 0.083 cm2 .
he temperature during measurements was stabilized at 298 K
dvanced Optical Materials, 2026
using a cooling system controlled by a Peltier element and the
measurements were performed in air. 

4.5 X-Ray Irradiation 

The X-ray source was a Hamamatsu L12161 Microfocus X-ray
tube with a tungsten (W) target operated at 40 kVp accelerating
voltage and with filament currents ranging from 10 to 500 µA. The
photocurrent was acquired using a Keithley 6517B Electrometer.
X-ray pulse duration was 10 s with a 50% duty cycle. For flat
configuration measurements, the device was connected though
a Nextron micro probe-station placed in front of the beam. For
the bending tests, a bend-to flex custom made setup controlled by
an Arduino was used. All the measurements were performed in
air. 

4.6 Proton Irradiation 

The 5 MeV proton beam was provided by the 3 MV Tandetron
accelerator of the LABEC ion beam center (INFN Firenze, Italy).
The proton beam was extracted into ambient pressure through
a 200 nm thick Si3 N4 membrane. Proton beam currents used in
this work were typically in the 1 – 100 pA range. The sample was
placed in a closed box with an aluminum window. SRIM Monte
Carlo simulation were used to determine the actual energy of the
protons arriving onto the device after passing through the several
layers interposed between the beam and the sensor, i.e. 200 nm of
Si3 N4 , 8 mm of mixed air-He, 14 µm of Al (box entrance window)
and 14 mm of air. The proton flux is measured with a graphite vane
covered with a thin nickel evaporation chopper which intercepts
the beam before the sample. The Ni X-ray yield is used as an
indirect measurement of the proton current. 
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