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Supplementary Materials and Methods:

Materials: Cesium iodide (Csl), formamidinium iodide (FAI) and methylammonium bromide
(MABYr), lead iodide (Pblz), methylammonium chloride (MACI) and bathocuproine (BCP,
purity of 99.9%), Ceo, bathocuproine (BCP), and chromium (Cr) were purchased from Sigma-
Aldrich. The solvents, including dimethyl formamide (DMF), dimethyl sulfoxide (DMSO),
isopropanol (IPA) and chlorobenzene (CB) were purchased from Sigma Aldrich. PTFE
hydrophilic membrane was purchased from Amazon, supplied by Labfil (Part of ALWSCI,
REF C0002033), LOT L04488MF).

Preparation of the Teflon (PTFE) membranes: The membranes were immersed in ethanol
for 10 minutes to remove surface contaminants. Following the ethanol treatment, they were
dried in a vacuum oven at 40°C for 30 minutes to eliminate any residual ethanol and moisture
completely.

Preparation of the triple cation perovskite (TCP)solution: The perovskite solution was
prepared according to the approach published by Li et al (2022).! Typically, 1.73M perovskite
solution was prepared by dissolving MABr (3.68 mg), MACI (18.105 mg), Csl (22.47 mg),
FAI (276.98 mg), and Pblx (909.19 mg) were dissolved in a 5:1 DMF/DMSO in solvent
mixture, consisting of 833.33 pL of DMF and 166.66 pL of DMSO, and stirred at 55°C for 3
hours. Before use, the solution was filtered through a Teflon filter.

Preparation of the PEM: 80uL of triple-cation perovskite solution was spin-coated onto the
membranes in two steps; first 10s at 1000 rpm, then 40s at 5000 rpm. Twelve seconds before
the spin coating ended, 250 pL of chlorobenzene (CB) slowly dripped onto the center of the
membranes. The PEMs were then annealed in a preheated oven at 110 °C for 20 min.

Synthesis of Poly(methyl acrylate) PMA: Methyl acrylate (3 mmol, 258 mg, 275 pL), 2-
(((butylthio)carbonothioyl)thio)propanoic ~ acid  (0.0027 mmol, 0.64 mg), 2
((ethoxycarbonothioyl)thio)-2-methylpropanoic acid (0.0003 mmol, 0.1 mg) and 1,4-dioxane
(2728 pL) were added to a reaction vial (4 mL) equipped with a rubber septum. Oxygen was
removed by degassing the solution for 10 min using nitrogen. Then the reaction mixture was
irradiated for 3 h at 365 nm (44 W). Solvent and residuals were removed via precipitation in
cold diethyl ether.

Preparation of the PMA-PEM: 5mg of PMA was dissolved in 1ml of 5:1 DMF/DMSO
mixture. Afterwards, PMA containing solution was added to perovskite powder and stirred at
55°C for 3 hours Then, 80uL of the mixture was spin coated onto the membranes in two steps:
first 10s at 1000 rpm, then 40s at 5000 rpm. Twelve seconds before the end of spin coating,
250 pL of chlorobenzene (CB) slowly dripped onto the center of the membranes. The PEMs
were then annealed in a preheated oven at 110 °C for 20 min.

Solution-State Nuclear Magnetic Resonance: "H-NMR spectra were recorded on a Bruker
AVANCE NEO 400 MHz spectrometer using CDClI3 as solvent. The residual proton signal of
the solvent was used as an internal standard and chemical shift values were reported in ppm.

Size Exclusion Chromatography (SEC): Measurements were recorded with parallel RI and
UV detection, and the stationary phase was a 300 x 8 mm? PSS SDV linear M column at room
temperature and at a flow rate of 0.5 mL min™!. Tetrahydrofuran (THF) served as eluent, and a
polystyrene (PS) calibration was used.



Solid State-Nuclear Magnetic Resonance (SS-NMR): Solid-state NMR spectra were
recorded with a 400 MHz Ascend NEO spectrometer using a 1.9mm HX MAS probe. Rotors
were centre packed, closed with Vespel caps and spun to an MAS frequency of 40 kHz. 'H
MAS NMR spectra with direct excitation were collected using a 90-180-180 pulse sequence
for background suppression. A total of 64 scans were collected using an RF-field strength of
153 kHz and a recycle delay of 300 s. 2°’Pb MAS NMR spectra were acquired at 83.84 MHz
using a rotor-synchronized Hahn-echo sequence. Pulses were set to an RF-field strength of ~96
kHz to ensure that excitation width encompasses the spectral region of interest. A total of 32768
scans were accumulated with a recycle delay of 0.5 s. 2’Pb->'H cross polarization experiments
were optimized to a Hartmann-Hahn condition under MAS with RF-field strengths of 96kHz
for 'H and 60 kHz for 2°’Pb, whereas a 90° pulse of 2.6 ps was employed for 2°’Pb excitation.
An 80-100 ramp during the 5 ms long contact time, with recycle delay of 0.5 s and a number
of scans equal to 32768. Chemical shift scale of "H and 2*’Pb were calibrated using adamantane
(+1.8 ppm) and lead nitrate (-3494 ppm) as secondary references, respectively.

Fourier Transform-Infrared Spectroscopy (FT-IR): FTIR spectra were recorded in
extinction mode using a Nicolet iS10 FTIR spectrometer (Thermo Fisher Scientific) equipped
with a Smart OMNI-Transmission accessory. Data collection and processing were performed
via OMNIC software, where the y-axis was set to extinction to accurately account for both
absorption and scattering effects within the film samples.

X-Ray Transmission Images: X-ray transmission images were captured by placing the
perovskite films and a blank membrane between the X-ray source and the detector. A 4 mm
mask and a Ni filter were used to prevent detector saturation. The measurements were
performed using an X-ray diffractometer (Empyrean Series 3, Malvern Panalytical) operated
at a current of 5 mA and a voltage of 15 kV, and image collection was performed using a 3D
PIXel detector (Medipix3 collaboration).

Photoluminescence (PL) Imaging: PL imaging was performed using a fluorescence
microscope (Olympus BX51) with a halogen lamp (Olympus U-RFL-T-200) as the excitation
source. Samples were placed on a custom-designed holder and exposed to blue light in the 400—
440 nm range. The emitted photoluminescence from the perovskite was collected using a CCD
camera (Hamamatsu Photonics C4742-80-12AG) equipped with a long-pass filter (> 475 nm)
to block the excitation light.

Scanning Electron Microscope (SEM): Scanning electron microscopy (SEM) imaging was
performed using an FEI Quanta FEG 250 equipped with an Everhart-Thornley Detector (ETD)
under high vacuum conditions. The measurements were conducted at an accelerating voltage
of 10 kV.

Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS): Grazing-incidence wide-
angle X-ray scattering (GIWAXS) measurements were performed using the Empyrean Series
3 diffractometer with Cu anode X-ray source (primary K, emission line), operating at 40 kV
and 40 mA. The incident X-ray beam was directed onto the sample via a collimating mirror,
and the scattered X-rays were collected using a 3D PIXcel detector (256 * 256 pixels of 55 pm
pitch). To investigate the crystallographic orientation and molecular packing of the films,
measurements were conducted at 20 angle of 16°, with an incident angle (®) of 3° and an ®
offset of —5°. Structural investigation in reciprocal space was facilitated by mapping the raw
GIWAXS data to g-space using PyGIX based azimuthal angle integration. This process



followed a rigorous geometric calibration of the detector's distance and spatial orientation
(tilts), conducted with a Cr2O3 reference through the PyFAI library.

X-ray Diffraction (XRD): X-ray diffraction (XRD) patterns were acquired using an Empyrean
Series 3 X-ray diffractometer (Malvern Panalytical) in Bragg-Brentano geometry with Cu
anode X-ray source (primary K, emission line), operating at 40 kV and 40 mA. Data collection
was performed using a 3D PIXel detector (Medipix3 collaboration), ensuring high-resolution
diffraction analysis.

Absolute Photoluminescence Measurements: Photoluminescence (PL) measurements were
performed using a 520 nm continuous-wave (CW) laser coupled with an optical fiber into an
integrating sphere. The laser intensity was adjusted to match the equivalent of 1 sun intensity.
A second optical fiber connected the output of the integrating sphere to an Andor SR393iB
spectrometer equipped with a silicon CCD camera (DU420A-BR-DD, iDus). The system was
calibrated with a halogen lamp of known spectral irradiance, which was directed into the
integrating sphere. A spectral correction factor was established to align the detector's spectral
response with the lamp's spectral irradiance. The spectral photon density was calculated from
the corrected detector signal (spectral irradiance) by dividing by the photon energy (4f), and
the photon counts for both excitation and emission were determined through numerical
integration using a Matlab script.

Preparation of the X-ray detectors: A thermal evaporator was used to fabricate a complete
device from free-standing perovskite membranes. Using a 6-pixel mask, 30 nm Ceo at 0.2 A/s,
8 nm BCP at 0.2 A/s and 20 nm Cr at 0.1 A/s were evaporated on one side of the membrane.
On the opposite side, only 100 nm Cr was deposited at 0.1 A/s using a u-shaped mask. All
layers were evaporated under 10”7 hPa vacuum.

X-Ray Response Measurements Under Continuous Illumination: The X-ray response
curves were obtained using a Cu anode X-ray source with primary K, emission line, integrated
into an X-ray diffractometer (Empyrean Series 3, Malvern Panalytical). The X-ray tube
operated at an acceleration voltage of 40 kV and a current of 40 mA, positioned perpendicularly
to the perovskite embedded membranes PEMs at 22 cm. The X-ray dose rates were modulated
by placing a series of filters between the source and the sample. The filters used for attenuation
were 0.1 mm Cu, 0.2 mm Cu, 0.3 mm Cu, and 0.4 mm Cu combined with 0.02 mm Ni. The
dose rates were calibrated using the dosimeter (STEP OD-01, Pockau, Germany). The response
of the PEMs to X-rays were measured directly with a Keithley 2400 Source Meter.
Additionally, a Keithley 617 programmable electrometer was utilized for 0 V measurements,
and a Keithley 237 was used for measurements exceeding 210 V.

X-ray Response Measurements Under Pulsed Illumination at the KMC-3 XPP Beamline
at BESSY II: X-ray measurements were performed at the KMC-3 XPP beamline of the BESSY
II synchrotron (Helmholtz-Zentrum Berlin) using photon energies from 7 keV to 15 keV. The
photon flux was calibrated using a Hybrid Photon Counting detector (DECTRIS PILATUS
100k) and adjusted by the combination of aluminum absorbers with thicknesses ranging from
50 to 900 pum. The experiment was conducted under BESSY’s standard operational mode,
commonly referred to as the multibunch mode, in which X-ray timing is dictated by the charge
distribution of short electron bunches circulating in the storage ring at 2 ns (60 cm distance)
intervals, with bunch lengths varying between 45 ps and 80 ps (rms).? Despite these operational
conditions, the detectors under investigation exhibited a stable and reliable response. A



Keithley 2400 Source Meter was used in both measurement setups to apply the bias voltage
and record the photocurrent. All characterizations were carried out at room temperature and
under ambient air conditions, with optical and electrical shielding in place to mitigate the
effects of electromagnetic interference and ambient light.

Dose Rate Calculations for the Continuous Illumination Measurements: The STEP OD-
01 dosimeter (Pockau, Germany) has been used to calculate the dose rate, D. The ionizing
radiation dose in air, D, was evaluated as

u

D-A (E)
Tk U
k-To7 (5)
where 4 is the contact area of the detector, (u/p) air and (w/p) tissue are the mass attenuation
coefficients of 8 keV photons in air and soft tissue, respectively. k represents the energy-

dependent response of the dosimeter at 8 keV and 7y7 denotes the transmittance of photons
through 0.07 mm of soft tissue.>*

-~ p-A-1.286 () (1)

tissue

X-Ray Sensitivity: The X-ray sensitivity (S) is defined as the signal current density per unit
of radiation exposure, and is calculated as follows:*

S = I_photo_l_dark _ Isignal
A-Dgir A-Dgir

2

with 4 being the electrode area and D is the dose rate of the X-Rays.

Signal-to-Noise (SNR) Ratio: The signal-to-noise ratio (SNR) is defined as the ratio of the
signal current (Zsignas) to the noise current (Zuoise). The signal current is determined by subtracting
the average dark current (lgerk) from the average photocurrent (Ipnoto). The noise current is
calculated as the standard deviation of the photocurrent.’”’

SNR = Isignal _ Iphoto—ldark
Inoi _
noise 2SN (1i-Tonoto)’
Detection Limit (LoD): The International Union of Pure and Applied Chemistry (IUPAC)

defined the dose rate with a signal to noise ratio (SNR) value of 3 as the detection limit at a
specified electric field.®

)




Supplementary Data

Table S1. Comparison of the sensitivities and limits of detection (LoDs) of Pb based, non-Pb-
based and commercial X-ray detectors across different operating biases, including those
above 0.1 V bias.

Sensitivity Limit of detection Fabrication
Materials Flexibility Ref.
.ol
(uC Gy, cm?) (LoD) (nGyairs™) method
PEA>PbBra
2.99% 10° 0.79 No SC growth ?
(80)
CsPbBr3
8x 103 0.02 No SC growth 10
(8O
MAPbI3
7x 10° 1.5 No SC growth 1
(80)
MAPbBr3~Cly
N 8.4x 104 7.6 No SC growth 12
(80)
FAo.8sMA0.1Cs0.05
Pbl2ssBro.s (3.5+0.2) x 10° 42 nGy s No SC growth 13
9]
MAPbI; Solvent evapora-
4.2x10° 350 No tion+ Hot Press- 14
(Pellet) ing+ Annealing
CsPbBrs- Coprecipitation+
CsPb2Brs-CsP- .
) pressing+ spray 15
2% 10* 127,7 nGy s'! N
blxBr3x noy's © coating+ anneal-
(Wafer) ing
MAGelz
-1
4.2% 10*uC Gy 4.1nGys
(SC) HeY No SC growth 16
1 -2
cm
CsPbBr; Ball milling+
1.44x 104 564 No pressing+ anneal- 17
(Pellet) ing
MA:Bi2lo
1.06x 10* 0.62 No SC growth 18
(50)
FAPbI;
415 10 1.1 No SC growth 19
(80
GAMAPbI;
2.3x10° 16.9 No SC growth 20
(86




FAo.96 DMAo.oa

Pbl3 2.24 % 10° 1.57 No SC growth 21
(8O
MAPbBr3 Low temperature 2
1.14 x 105 149 No ,
(wafer) hot pressing
BiVO. Pressing+ sinter- 23
2413 62 No ,
(Pellet) ng
MAsBidy Cold isostatic 24
563 9.3 No :
(Pellet) pressing
Cs3Cuals
3.4x 103 33.17 No Hot pressing 23
(Wafer)
(DPA):Bily
2x 10 0.98 No SC growth 26
(0D SC)
MAPbBr;
2x 10° 0.85 No SC growth 27
(8O
Cs3Bi2ly
4.38x 10° 7.93 No SC growth 28
(80)

Cd(Zn)Te 318 5x 10 No 29
a-Se 20 5.5% 10° No 30
Hgl 1.6x 10° 1% 10* No 31

Si 8 <8.3x 10° No 29

MAPbI;

5.2x 106 0.1 No SC growth 32
(50)
(2.6 £0.1) x 10*
CsFAGA:Sr
(2.5402)x 106 7.09 No SC growth 3
(SC) . .
N/A
Csa2Tels (Film) 76.27 170 Yes Electrospraying 34
CsPbBr3
5.57x 10* 215 No Hot pressing 3
(Film)




CsPbLBr

1.48% 10° 280 No Acrosol-liquid- 36
(Film) solid processing
CsPbIBr2 :
1.4x 103 33% 10° No Preumatic spray- - 37
(Film) mng
MA;Biz2lo
2.07% 10° 2.71 Yes Membrane filling 3%
(Film)
CsAgals Vapor assisted 39
515.49 1.46x 104 Yes
(SC Microbelts) growth
MAPbI3 -liquid-
7.3% 10° 154 No Acrosol-liquid-— 49
(Film) solid processing
DABCO-N2Hs-1 6.20+0.27) x
o )2 5-I3 ( o ) 102.3 Yes Membrane Filling 41
ilm
MAPDI3 Aerosol-Jet- 42
2.2x 108 120 nGy s™! No .
(Film) Printed
(BA2PbBr4)o.sFA
Pbls 1.36x 10* 42 No Spin Coating 43
(Film)
FA0.92Cs0.04MAo.0
4 Pbly 1.3% 104 7.84 No Spin Coating 44
(Film)
MAo.42 FAo.5sPbl3 Ultrasound-as-
uasi-monoc- 16x . 0 sisted crystalliza-
(Quasi 1.16x 106 374 N isted crystalli 45
rystalline Film) tion+ hot pressing
MDABCO-NH4I3 . 46
(Film) (6.52+0.7) x103 77 Yes Membrane filling
ilm
BA2MAPbI10l51
. Scraper-based 47
(Quasi-2D perov- 2.97x10% 20.9 No .
. . coating
skite Film)
CsPbBr3
823,12 14.61 Yes Electrospraying 48
(Film)
CsPbBr3
1.6x10* 321 No Screen-printing ~ +°
(Film)
806+6 uC Gy!
PEA2PbBr4 H_z Y 4244 nGy s’! Yes Spin coating >0
cm

(Micro-crystalline
film)




Electrochemical

MAPbBBr3 (1.61+0.12) intercalation+ ac-
*x10° uC Gy 3x10% nGy s’ Yes tivation+ deposi- 1
(Film) cm? tion+ epitaxial
growth
1.62x103
on glass
CsBisho (on glass) 220 (on glass)  No .
. 911.70 (on Spin coating
(Film) 1130 (on PET) Yes
PET)
[(CH3CH2)3S]6Bil mechanosynthesis
30 1.41x10* 90 No and isostatic com- 4
(Pellet) pression
[(CH3CHZ)3S]Ag' mechanosynthesis
Bils 1.519x10* 78 No and isostatic com-  #
(Pellet) pression
Cs0.0s(MAo.02F Ao,
98)0.95Pb(l0.98Bro.02 0.9 x 10° Membrane fill- This
0.46 Yes . . .
Clys @100V ing& Spin coating ~ work
(Film)
Cs0.05(MAo.02FAo.
98)0.95Pb(T0.98Bro.02 23 %105 0.09 v Membrane fill- This
. es
Cly); -PMA @100V ing& Spin coating  work
(Film)

Note: Not all relevant studies are included in this table. The availability of both sensitivity and
limit of detection (LoD) values was the focus, as these parameters are plotted in the manuscript.
While an effort was made to include relevant literature, some studies may not be listed.



Table S2. Comparison of the sensitivities of Pb-based and non-Pb-based X-ray detectors
operating at or below bias voltage of 0.1 V.

Sensitivity Operating Volt- Fabrication
Materials Flexibility Ref.
(1C /Gyair.cm?) age(V) method
Cso.1(FAo.83MAao.1
7)0.9Pb(Bro.171
083)3 59.9 0.1 Yes Inkjet printing >3
(Film)
17. uC Gy!
CsPbBr3 (QD 2
il ’ )(Q cm 0.1 Yes Inkjet printing >4
ilms
(on PET)
NH3(CHz2)sNH
[ 1;(,1 le)“ 2 394 + 67 0 Yes Membrane filling 7
ils films
Cso.05(FAo.s3s MA
0.17)095PbI 3xBrx 9.3+0.5 0 Yes Spin coating 36
films
2D/3D (MAPbL)
perovskite bilayer . 57
heteroiuncti 292 0 Yes Membrane filling
eterojunction
films
Thermal co-evap-
FAPbI; films 1225 0 Yes orevapm 8
oration
Cs0.0sFA0.79MAo.1
6 Pb(los Bro2)s 3.7+0.1 0 No Spin coating 59
films
FAP-
bBr3/NiOx hetero-
junction 402 0 No SC growth 60
(8C)
FAo.55sMAo0.45Pbl3
8.7 x 10 0 No SC growth 61
(8C)
(1.43£0.01)x10°
MAPbI;-PDI-EAT  (on ITO) No o =
(Film) 0 Spin coating
ilm
(1.030.02)x10° Yes
(on PET)
MAo.02FA
Cs00s(MAo.F Ao 5 2% 107 0 v Membrane fill- This
98)0.95Pb(T0.98Br0.02 . €s ing& Spin coating  work

Cly)s (Film)
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Cs0.05(MAo.02F Ao.

98)0.95Pb(T0.98Bro.02 Membrane fill- This

4.2x 103 0 Y
Clx)s /PMA e ing& Spin coating ~ work

(Film)

Note: This table summarizes Pb-based and non-Pb-based X-ray detectors operating below 0.1V
bias. While an effort was made to include relevant literature, some studies may not be listed.

Table S3. Copper and Nickel absorber thicknesses and their corresponding dose rates in the
X-ray setup.

No Absorber thickness Dose Rate, (Duair)
uGyairs!
1 0 184.66325
2 0.1mm Copper 4.51061
3 0.2mm Copper 0.81258
4 0.3mm Copper 0.26527
5 0.4mm Copper +0.02mm Nickel 0.09391
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Figure S1. 'H-NMR spectra of the reaction mixture after polymerization measured in

deuterated chloroform (CDCls) (b) SEC curve of purified PMA. Eluent was tetrahydrofuran
(THF), and a polystyrene (PS) calibration was used.
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Figure S2. NMR investigation of the PMA-FA" interaction in solution and solid-state.
(a) Solution-state 'H NMR spectra of FAI with and without PMA in DMSO-de. The addition
of PMA causes a broadening of the FA* -CH peak (~7.9 ppm, top) and a substantial increase in
the J-coupling constant of the -NH> proton doublet (~8.8 ppm, bottom). (b) Solid-state 'H
MAS NMR spectra of the final perovskite films. The change in the line shape of the main FA*
peak at ~7.5 ppm in the scratched perovskite with PMA sample (blue) compared to the
scratched perovskite (red) indicates that this interaction iis maintained in the solid state,
influencing the local environment of the organic cations.

In Figure S2b, the spectra of the all scratched perovskites confirms the presence of the expected
FA® and MA" cations, with characteristic signals centered at 7.5 ppm and 3.5 ppm,
respectively, which is in excellent agreement with the assignments reported for similar triple-
cation perovskites.®> The minor peak at high field is attributed to remaining solvent molecules
from the spin coating procedure. The spectrum of the scratched perovskite with PMA exhibits
these same perovskite signals in addition to a new, sharp resonance at 0.5 ppm, which is
assigned to the PMA methyl groups and confirms its successful incorporation into the final
film.
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Figure S3. Solid-state NMR analysis of all samples. (a) 'TH MAS NMR spectra confirming the
composition of the scratched perovskite, PMA-PEM, and the pure membrane. (b) 2°’Pb NMR
spectra revealing that PMA enhances phase stability by suppressing the d-phase degradation
(~1200 ppm). Furthermore, a chemical shift of the main resonance is observed for both PMA-
containing samples (blue and green lines) compared to the scratched perovskite without PMA
(red line), with the shift being most pronounced for the final PMA-PEM device, confirming a
direct interaction with the Pb*" lattice. (c) 2°’Pb->'H CP MAS NMR spectra of all samples.

Supporting Figure S3a compares the 'H MAS NMR spectra of the membrane (from PTFE
supported on polypropylene (PP)) to PMA-PEM. The broad baseline of these spectra is due to
the only partial averaging of strong homonuclear dipolar couplings within the PP fibers. Such
a broad baseline is absent for the scratched perovskites with PMA sample. This suggests a
higher mobility of polymer chains. Whereas all three signals expected from the polypropylene
monomer are observed in both samples, a clear signal is present at 7.5 ppm for PMA-PEM. In
combination with insights from 2°’Pb NMR, this signal can be assigned to FA* cations of the
perovskite phase and further supports the successful embedding of the membrane with
perovskite, as shown in supporting figure S3b.
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Figure S4. Top view SEM images of the perovskite embedded membranes without and with
PMA at 5000x magnification. (a) PEM exhibits rough surface morphology with distinct
perovskite aggregates and visible voids, showing incomplete coverage of the underlying
membrane fibers. (b) In contrast, PMA-PEM shows a significantly smoother and more
continuous surface. This indicates that the PMA additive promotes a more uniform film
formation and better coverage of the membrane.
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Figure S5. Cross-sectional SEM images of the PEM. (a) Low magnification (400x) image
showing the overall cross-section of the thick perovskite layer supported by the porous
membrane structure. (b) High magnification (3000x) image detailing the morphology of the
embedded perovskite crystals on top of and within the fibrous support.
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Figure S6. Cross-sectional SEM images of the PMA-PEM. (a) Low-magnification (400x)
image showing the overall cross-section of the thick perovskite layer supported by the porous
membrane structure. (b) High magnification (3000x) image detailing the morphology of the
embedded perovskite crystals on top of and within the fibrous support.
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Table S4. Gravimetric determination of perovskite mass loading and calculation of the

equivalent active thickness and volume fraction for the perovskite embedded membrane.

Parameter Value Unit Method / Formula
Physical measure-

Sample Area (A) ~6.25 cm?
ment (2.5 X 2.5)
Provided by manu-

Membrane Thickness | 200 um facturer & Cross-sec-
tional SEM

Average Infiltrated Gravimetric (Majier spin

Mass of the perovs- ~72.52 mg coating — Mbefore spin coa-

klte (mperovskite) ting)

Average Mass Loa- Mperovskite | A 0f the

' ~11.60 mg.cm™

ding film
Crystallographic cal-

Theoretical Density )

~4.09 g.cm? culation (based on

(pperovskite) .
unit cell volume)
Mass

Equivalent Active

) ~28.4 pm Loading

Thickness (teq)
X pperovskite-l

Volume Fraction ~14.2 % (teq)(teeo)™! X 100

Theoretical Density of Perovskite (pperovskite) = (Z * M) / (V * Ny)

e Z: Number of formula units per unit cell (often 4 for cubic perovskites).

e M: Molar mass of the compound (grams/mole).
e V: Volume of the unit cell (cm?).

e NA: Avogadro's number (6.022 X 1023 molecules/mole)
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Figure S7. Theoretical X-ray attenuation properties of the triple cation perovskite, Si and CdTe.
(a) The X-ray attenuation coefficients of Si (purple), CdTe (green), and triple cation perovskite,
Cs0.05(MA0.02FA0.98)0.95Pb(10.98B10.02Clx)3 (magenta) as a function of photon energy, showing
the superior absorption of heavy element materials particularly in the soft X-ray regime (1-20
keV). (b) Calculated X-ray attenuation efficiency at 8 keV as a function of material thickness,
based on the Beer-Lambert law. The triple cation perovskite achieves >99% attenuation with
only ~39 um thickness, outperforming Si and comparable to CdTe, highlighting its potential
for use in low energy X-ray detection.
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Figure S8. X-ray response and sensitivity of devices at different voltages under continuous Cu
anode irradiation (primary Ka (8.05 keV) emission line). (a) Time dependent X-ray
photocurrent response of PEM device at high dose rate of 184.7 uGyair s, measured under
varying applied bias voltages (0-200 V). (b) Corresponding X-ray photocurrent response of the
PMA-PEM device, demonstrating enhanced current generation compared to the PEM. (c)
Calculated sensitivity as a function of applied voltage for PEM and PMA-PEM device under
X-ray dose rate of 184.7 uGyairs™'. (d) The dark current versus voltage for PEM device. The
absence of sudden current increase indicates a breaking voltage exceeding 1000 V bias,
highlighting the high dielectric strength of the membrane-based architecture.
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Figure S9. X-ray response of devices under continuous Cu anode irradiation (primary Ka (8.05
keV) emission line) at various negative bias voltages (a) Time-dependent X-ray photocurrent
response of PEM device at high dose rate of 184.7 uGyairs™!, measured under varying applied
negative bias voltages (from 0 to -200 V). (b) Corresponding X-ray photocurrent response of

the PMA-PEM device, showing enhanced current generation compared to PEM.
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Figure S10. Dose rate-dependent current response of flexible perovskite X-ray detectors
measured under continuous Cu anode irradiation (primary Ka (8.05 keV) emission line) at 0 V
bias. (a) PEM device and (b) PMA-PEM device under varying X-ray dose rates. The stepwise
increase in current corresponds to the on/off cycling of X-ray exposure. The PMA-PEM device
demonstrates a higher photocurrent response compared to PEM, highlighting its enhanced
sensitivity to X-ray irradiation.
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Figure S11. Calculated maximum theoretical sensitivity of the triple cation perovskite.

The X-ray source used in this study is a Cu target tube operated at an accelerating voltage of
40 kV. It is important to clarify that the typically stated energy of ~8.05 keV corresponds
strictly to the unfiltered Cu Ka characteristic line. During our measurements, varying
thicknesses of metal filters (0.1-0.3 mm (Cu) or 0.4+0.02 mm (Cu+Ni) plates) were used
primarily to attenuate the X-ray intensity (dose rate). However, this attenuation introduces a
spectral hardening effect: as the Cu filter thickness increases, the spectrum shifts toward higher
energies, effectively modifying the average photon energy of the beam. Consequently, the
resulting field is not strictly monochromatic; the devices are exposed to a spectrum of
energies extending from the characteristic line up to the acceleration limit. To know the
theoretical performance limits across this range, we performed calculations at both the
characteristic and maximum energy levels.

At 8 keV (Unfiltered Characteristic Line): The calculated maximum theoretical sensitivity
1s ~21.63 pC Gyair ! cm™2 for our perovskite. Comparing this value to our experimental results
reveals that the measured values are approximately ~ 4160 and ~ 10633 times higher for PEM
and PMA-PEM, respectively. This magnitude of difference serves as strong evidence for a
dominant photoconductive gain mechanism. At 40kV (corresponding to the maximum energy
40keV), the theoretical sensitivity for our perovskite is calculated to be ~2972 uC Gyair™!
cm 2 (Figure S11).

The maximum theoretical sensitivity (So) is calculated buy using this equation (assuming no
photoconductive gain);30,64,65
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(gir/Pair) W a

In this expression, q represents the elementary electron charge, while oair and pair denote the
energy absorption coefficient and density of air, respectively. Regarding the detector material,
a and oeqn correspond to the linear attenuation and energy absorption coefficients. The energy
required for electron-hole pair creation, W, is derived from the bandgap energy (Eg) using the
empirical relation W(eV) = 2.8Eg + 0.5.%

10? e AL
B PE
B PMA-PEM
'
Z 10" 5 .
w |
0,09 nGy,, s™
_______________ SNR=3 |
0,46 nGy,; s
@100V
100 bk B, L LLLL IR IR LY BRI, IR, I, B I |

102 102 10" 10° 10" 10° 10° 10* 10° 10° 107
Dose Rate (nGy,;/s)

Figure S12. Determination of limit of detection (LoD) based on signal-to-noise ratio (SNR)
SNR as a function of X-ray dose rate for PEM (red) and PMA-PEM (blue) perovskite detectors
at 100 V bias. The calculated LoD values are 0.09 nGyairs' for the PMA-treated detector and
0.46 nGyair s' for PEM detector, demonstrating lower detection threshold for PMA-PEM
device.
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Figure S13. Device to device reproducibility of PEM and PMA-PEM devices at different X-
ray dose rates. Box plots display the statistical distribution of sensitivities measured from six
individual devices per group (PEM: red, PMA-PEM: blue) under a constant applied bias of 100
V. While sensitivity increases with decreasing dose rate, PMA-PEM detectors consistently
exhibit higher mean sensitivity and narrower distributions, indicating both enhanced
performance and improved fabrication reproducibility. The corresponding numerical values,
including mean sensitivity, standard deviation (SD), and relative standard deviation (RSD), are
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Table S5. Statistical analysis of device to device reproducibility. Mean sensitivity, standard
deviation (SD), and relative standard deviation (RSD) calculated from six PEM and six PMA-
PEM devices at five different dose rates. All measurements were performed at an applied bias
of 100 V.

Mean Sensitivity Standard deviation in Relative standard Air dose rate
(LGyair's-cm?) Sensitivity deviation in Sensitivity pGyairs™!
(UGyairrs-cm?) (%)
PEM PEM PEM
4894.75418 91.69984 1.87343 184.66325
16992.30725 233.68393 1.37523 4.51061
40045.12259 819.17956 2.04564 0.81258
61353.78708 1347.39836 2.19611 0.26527
96005.43126 1744.04692 1.81661 0.09391
Mean Sensitivity Standard deviation (SD) in Relative standard Air dose rate
(UGyairrs-cm?) Sensitivity deviation (RSD) in uGYairs™!
(UGyairs-cm?) Sensitivity
(%)
PMA-PEM PMA-PEM PMA-PEM
13240.16427 85.3097 0.64433 184.66325
46386.16327 190.80159 0.41133 4.51061
98339.18189 704.31646 0.71621 0.81258
154396.27452 1239.02466 0.8025 0.26527
238471.81063 1457.11401 0.61102 0.09391
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Table S6. Raw data for the mechanical flexibility tests shown in Figure 7. All sensitivity and
retention values were measured at an applied bias of 100 V and a dose rate of 184.7 uGyair
s~!.The table lists the data for the cyclic bending fatigue test, showing performance after a set
number of bending cycles at a fixed radius of 0.6725 cm.

Bending Cycles Sensitivity Sensitivity Retention (%) Retention (%)
(Bending Radius: (1Gyairs-em?) (UGyairs-cm?)
0.6725 cm)
PEM PMA-PEM PEM PMA-PEM
Flat 4876.53715 13327.6152 100 100
100 4298.98135 13285.68101 88.15644 99.68536
500 2595.60472 10446.05885 53.22639 78.37905
1000 1463.58456 7463.49653 30.01278 56.00024

The formula relating to bending radius (R), chord length (c), and arc height (h) is:

R =(c?/8h)+ (h/2) (6)
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Table S7. Raw data for the mechanical flexibility tests shown in Figure 7. All sensitivity and
retention values were measured at an applied bias of 100 V and a dose rate of 184.7 pGyair s .
The table presents the performance data from static bending tests, where the device was
subjected to a series of defined bending radii. For each bending condition, both the raw
sensitivity and the corrected sensitivity values are provided. The corrected sensitivity values
account for the change in the projected area of the pixel during bending. Since the pixel surface
becomes tilted under bending, its projected area onto the detector plane decreases. This
geometrical effect was considered by calculating the projected length based on the bending
radius, allowing a more accurate comparison across different curvatures.

Bending Radius Sensitivity Sensitivity Retention (%) Retention (%)
(cm) (UGyairs-cm?) (UGyairrs-cm?)
PEM PMA-PEM PEM PMA-PEM
Flat 4844.1693 13928.3149 100 100
4.3065 4214.3251 13371.18238 86.99789 96
2.776 3631.2492 12538.4688 74.96124 90.02143
2.2505 3207.0631 11483.9668 66.2046 82.45051
1.3525 2809.6221 10143.2707 58.00008 72.82482
0.741 2203.6416 8428.386 45.4906 60.5126
Bending Radius Corrected Sensitivity Corrected Sensitivity Corrected Corrected
(cm) (1Gyair's!-cm?) (0Gyair's-cm?) Retention (%) Retention (%)
PEM PMA-PEM
PEM PMA-PEM
Flat 4844.1693 13928.3149 100 100
4.3065 4256.88978 13506.23132 87.87657 96.9696
2.776 3705.363 12794.37895 76.4912 91.85877
2.2505 3306.22549 11839.05105 68.25165 84.99988
1.3525 3021.07426 10906.65325 62.36517 78.30562
0.741 2825.17871 10805.61227 58.32122 77.58018
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During bending, the effective area of the pixel projected onto the detector plane decreases due
to curvature. To account for this, the corrected sensitivity was calculated by geometrically
correcting the pixel area using the projected length.

The projected length £projected Was obtained via:

Eprojected ={ - cos ((d/ (2 - 2R - TC)) : 3600) (7)

Where:

- L is the original pixel length (in the bending direction)

- d is the distance between the pixels

- R is the bending radius

- The term inside the cosine corresponds to the angular tilt due to bending
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(a)

Bare membrane PMA-PEM

PMA-PEM

Figure S14. SEM images before and after bending cycles of 1000 times (a) SEM images of
bare membrane, PEM and PMA-PEM. (b) SEM images of PEM and PMA-PEM after bending.
PEM exhibits mechanical damage, characterized by a high density of wide, propagating cracks,
typical of brittle fracture behavior. The PMA-PEM maintains a highly coherent and smooth
morphology. Although minor hairline cracks are visible, their propagation and widening are
effectively suppressed.
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Figure S15. The schematic representation of how PMA prevents crack propagation. The cross-
sectional stack of the flexible perovskite X-Ray Detector (left). Schematic representation of the
soft backbone mechanism dissipating stress and bridge the film to maintain structural integrity

(right).
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Figure S16. Long term ambient reliability of unencapsulated X-ray detectors. (a) Dark current
transients measured at a bias of 100 V for PEM and PMA-PEM devices immediately after
fabrication and after aging for 17 months in mixed ambient/glovebox conditions. The aged
PEM device exhibits an increase in dark current by ~4.5 fold, whereas the PMA-PEM device
shows increase by only ~2.2 fold. (b) X-ray response (on/off cycling) was recorded under 100
V bias and a dose rate of 184.7 uGyairs'. (c) Sensitivity retention comparison. PEM device

retains ~74% of initial sensitivity, whereas PMA-PEM device retains ~90.5 %, demonstrating
the effective protection provided by the PMA additive.



(a)

(b)

Figure S17. Experimental setup and PCB electronic circuit for beamtime measurements. a)
Overview of the experimental setup at the beamline, including an ionization chamber, sample
PCB at the sample position without shielding, and the Pilatus 100k detector and close-up of the
sample mounted on the PCB in front of the Pilatus 100k detector. b) Schematic representation
of the PCB circuit used for electronic connections. ¢) Actual device integration on the PCB,
demonstrating the electrical contact configuration for in-situ X-ray response measurements.
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Figure S18. Attenuation Factor and Photon Flux as a Function of Al Thickness and Energy,
respectively, at the KMC-3 XPP beamline at BESSY II. (a) Attenuation factor as a function of
aluminum absorber thickness for different X-ray energies (7-15 keV). Increasing the absorber
thickness leads to a significant reduction in photon flux, with lower-energy X-rays being
attenuated more effectively. (b) Photon flux as a function of X-ray energy for different
aluminum absorber thicknesses. As photon energy increases, the attenuation effect of the
aluminum absorbers decreases, resulting in higher photon flux at higher X-ray energies. These
measurements were used to calibrate the X-ray intensity for detector response evaluation.

32

16



@25V

PEM PMA-PEM
5
3
‘©
s 1
N ]

T T T T T T T T T T T T
300 400 500 600 700 800 900300 400 500 600 700 800 900

Time (s)

—_
O
~—

10°

Time (s)

T
@25v

10% 4

10°

Detector to beamline current ratio (%)

T
PEM PMA-PEM

TkeV
8keV

. —e— 14keV

.m

.
“'b‘,...‘,

10° T
108

107 108
Photon flux (ph s7)

10°

(b)

14keV

8keV

TkeV

(d)

Detector to beamline current ratio (%)

Detector to beamline current ratio (%)

10

103_

102

10°

104

10%

VAYA
PEM PMA-PEM

T
@25V

@ 3.5-4.6 x107ph s’

T
10

T
11

T T T T
12 13 14 15 18

Energy (keV)

T
PMA-PEM
—m— Tkev
—&— BkeV

PEM

OkeV
10keV
11keV
12keV
13keV
14keV
15keV

T T
108 107

T T
10° 10°

Photon flux (ph s

Figure S19. X-ray detection performance of flexible perovskite detectors under varying photon
energy, flux and bias conditions at BESSY II. (a) The normalized time-dependent current
response of PEM and PMA-PEM devices at 25 V bias under pulsed X-ray irradiation at
different energies and photon fluxes. The boxes indicate the current response of the samples
corresponding to the photon fluxes. The PMA-treated device exhibits a higher and more stable
response. (b) Detector to beamline current ratio (%) as a function of photon flux at 25 V bias
for PEM and PMA-PEM devices at different X-ray energies (7 keV, 8 keV, and 14 keV). (¢)
Detector to beamline current ratio (%) as a function of photon flux at bias voltage of 25 V, and
(d) 100 V demonstrating the enhanced response in PMA-PEM devices compared to PEM.
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