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 26 

Abstract 27 

Hybrid organic–inorganic perovskites (HOIPs) are leading candidates for next-generation 28 

optoelectronics, driving rapid advancements in efficiency and applications, such as neutron 29 

detectors, due to their exceptional optoelectronic properties, including high-charge mobility and 30 

high-flux capability. High-flux neutron detector architectures have been investigated for real-31 

time dosimetry; however, robust devices suitable for boron neutron capture therapy (BNCT) 32 

remain limited. In this study, we present the use of HOIP thin-film sensors integrated with 33 

developed 10B conversion layer for neutron detection in BNCT monitoring. A self-biased 34 

ITO/SnO2/FAPbI3/Spiro-OMeTAD device was laser-patterned to a 5 × 5 mm2 active area and 35 

coupled with an electrosprayed 10B film having an equivalent thickness of 3.3 μm, which was 36 

optimized based on cold-neutron transmission measurements. Air gap elimination between the 37 

converter and Au electrode markedly increased neutron sensitivity. In the KUR-HWNIF BNCT 38 

field, converted devices yielded nA-level currents that were linear with neutron flux up to ~109 39 

s−1 cm−2. The γ-noise fraction of ~0.012% facilitated 1-s real-time readout and stable signal 40 

performance at neutron fluences up to 1013 cm−2. The stability, combined with negligible post-41 

irradiation current–voltage changes, establishes converted HOIP thin-film sensors as flexible, 42 

self-diagnosable real-time BNCT neutron monitors suitable for clinical use. 43 

 44 

Introduction 45 



3 
 

Neutron detectors are gaining considerable attention due to their use across a wide range of 46 

fields, such as nuclear security1-5, nondestructive inspection of critical structures6-9, and boron 47 

neutron capture therapy (BNCT)10-13. A detector must fulfil requirements defined by the specific 48 

application. The main characteristics of a detector involve the covered energy range, sensitivity, 49 

noise, and linear response. In addition, the flexibility and portability of a detector for monitoring 50 

tasks add value, as it broadens the potential use cases. As neutrons are uncharged, their direct 51 

detection is intrinsically difficult; hence, practical neutron metrology generally relies on nuclides 52 

with large reaction cross sections—such as 3He, 6Li, 10B, and 197Au—to convert incident neutrons 53 

into secondary charged particles or γ-rays that can be measured. Although diverse detection 54 

principles have been established, including scintillators, gas counters, semiconductor detectors, 55 

and activation methods, the choice of effective converter nuclides remains limited14-20. Moreover, 56 

in high-flux neutron environments, detector-signal saturation, radiation-induced degradation, and 57 

the need to discriminate γ-ray backgrounds become pronounced, making it challenging for existing 58 

approaches to simultaneously satisfy specific requirements. 59 

In the context of BNCT, the limitations are particularly critical, as therapeutic efficacy and 60 

safety depend on real-time, high-accuracy characterization of the neutron field21, wherein clinical 61 

guidelines22 specify stringent performance targets, such as neutron fluxes of ~109 s−1 cm−2, fluences 62 

on the order of 1013 cm−2, spatial resolution greater than 5 mm2, and measurement errors less than 63 

5%. Currently, dose evaluation commonly employs 197Au activation23-26 and LiCaAlF₆(LiCAF)-64 

based detectors21,27,28; however, the former lacks real-time capability whereas the latter cannot 65 

self-diagnose detector integrity during irradiation, complicating reliability assessment under 66 

prolonged high-flux exposure. Consequently, there is a strong need for new neutron sensors that 67 

can provide robust, real-time measurements under BNCT-relevant conditions. 68 
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Recently, hybrid organic–inorganic perovskites (HOIPs) have attracted considerable attention 69 

as platform materials for space and radiation-related devices29-33 due to their facile low-70 

temperature thin-film processing34-37 and laser-enabled patterning versatility38-41. We had 71 

previously predicted that integrating a boron neutron-conversion layer into HOIP thin-film 72 

devices42,43 enables real-time neutron sensing even in high-flux fields of 106–1013 s−1 cm−2. 73 

Moreover, HOIP-based sensors offer practical advantages well aligned with BNCT demands, such 74 

as flexible substrates that allow wearable and conformal implementations, pre-/post-use current–75 

voltage (I–V) characterization that enables straightforward integrity checks, and laser patterning 76 

that permits geometry optimization tailored to specific anatomical sites, which are capabilities 77 

difficult to realize with conventional detectors. In this study, we develop the device architecture 78 

(active area, electrode configuration, and encapsulation) and 10B conversion-layer parameters 79 

(thickness and deposition conditions) of conversion-layer-integrated HOIP sensors. We 80 

systematically evaluate the neutron response and γ-ray noise characteristics within BNCT fields. 81 

By benchmarking performance against clinical guidelines, we clarify the detection behavior and 82 

operational limits required for accurate, real-time performance under high-flux irradiation, thereby 83 

establishing HOIP thin-film sensors as a compelling option for real-time neutron metrology in 84 

BNCT environments. 85 

 86 

Results and Discussion  87 

Optimization of HOIP sensor architecture for neutron detection 88 

The steps to prepare the HOIP-based neutron sensor include HOIP photovoltaic device 89 

fabrication, 10B neutron-conversion film deposition on a polyimide substrate, and assembly of both 90 

components to create the complete sensor, followed by characterization of the assembly responses 91 
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under neutron and γ-ray irradiation. The HOIP device was fabricated with an FTO 92 

glass/SnO2/Cs0.05FA0.95PbI3/HTL/ITO multilayer structure (Fig. 1a), mimicking a solar-cell 93 

configuration that enables self-biased operation. Using laser patterning (Fig. 1b), the active area 94 

was defined as 5 × 5 mm2, consistent with the BNCT clinical guidelines requiring position 95 

sensitivity within this scale. Gold electrodes were subsequently fabricated on the HOIP device by 96 

a thermal evaporator (Fig. 1c). 97 

The 10B neutron-conversion film was deposited onto a polyimide substrate via electrospray 98 

coating (Fig. 1d) and trimmed to 6 × 6 mm2 to cover the entire HOIP active area (Fig. 1e). Previous 99 

studies on thin-film neutron converters indicate that an effective 10B thickness of 3–4 μm (at 100 

theoretical density) maximizes detection efficiency because the ranges of the reaction products (α 101 

particles and 7Li ions from 10B(n,α)7Li reaction) are also on the order of 3–4 μm; thicker layers 102 

prevent charged products generated deep inside the film from reaching the semiconductor15,16,44. 103 

Therefore, we quantified the converter areal density by cold-neutron transmission measurementsat 104 

1.3 meV (Fig. 1f), yielding an equivalent 10B thickness of approximately 3.3 μm. Owing to inter-105 

particle voids inherent to electrosprayed films, the physical thickness was ~12 μm, corresponding 106 

to a volume density of 0.655 g cm⁻³ (vs. 2.34 g cm⁻³ for theoretical 10B); however, the effective 107 

thickness relevant to charge-particle escape remained within the optimal range. 108 

Therefore, we first quantified the effective converter areal density by cold-neutron 109 

transmission measurements at 1.3 meV (Fig. 1f), which yielded an equivalent 10B thickness of 110 

approximately 3.3 μm45. Although electrosprayed films inherently exhibit a reduced packing 111 

density, we compensated for this limitation by deliberately increasing the physical thickness of the 112 

converter layer. As a result, a ~12 μm-thick electrosprayed film with a volume density of 0.655 g 113 

cm⁻³ (compared with 2.34 g cm⁻³ for bulk 10B) provided an effective !" B thickness of 114 
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approximately 3.3 μm. Guided by this design strategy and considering the escape range of the 115 

reaction products, we therefore conclude that the converter layer was successfully tuned to the 116 

target value, enabling near-ideal detection sensitivity. 117 

The converter film was laminated directly onto the Au electrode and encapsulated with a 118 

barrier film during assembly (Figs. 1g and 1h). Monte–Carlo simulations (PHITS: Particle and 119 

Heavy-Ion Transport code System) 46 revealed that an air gap between the Au electrode and the 120 

converter layer reduces the energy deposited in the HOIP device by the charged reaction products 121 

owing to their finite range in air (Fig. 1i), thereby decreasing the neutron-induced current. 122 

Experimentally, devices assembled with a controlled air gap and those laminated under mechanical 123 

tension to eliminate the gap exhibited systematic and reproducible differences in sensitivity under 124 

cold-neutron irradiation at 2.4 × 10⁴ s⁻¹ cm⁻² (1.3 meV) (Fig. 1j), in quantitative agreement with 125 

the simulation results in Fig. 1i. These results demonstrate that gap-free lamination is a key 126 

engineering requirement to maximize energy transfer from the reaction products to the 127 

semiconductor and thus to preserve neutron sensitivity. In addition, the rapid onset of the induced 128 

current immediately after irradiation and the stable signals acquired at 1-s intervals indicate a 129 

negligible transient response (Fig. 1j), supporting the suitability of the device for hour-scale BNCT 130 

monitoring. 131 

γ-ray sensitivity was evaluated using a 60Co source (Fig. 1k), comparing devices configured 132 

with the converter (WC) and without the converter (WoC). WC devices consistently exhibited 133 

lower γ sensitivity than WoC devices, suggesting that the conversion-layer assembly may 134 

introduce additional degradation pathways—potentially via moisture release from the 10B film or 135 

polyimide within the encapsulation—an effect that is under further investigation. Overall, tailoring 136 

the active area to 5 × 5 mm2 and equivalent 10B thickness of 3.3 μm enabled BNCT-compatible 137 
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spatial resolution and maximized neutron sensitivity while maintaining fast, stable real-time 138 

response. 139 

 140 

 141 

 142 
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Fig. 1 | Structure and detection characteristics of HOIP neutron sensor: (a) layered architecture of 143 

the HOIP device (FTO glass/SnO2/Cs0.05FA0.95PbI3/HTL/ITO) operated in a self-biased 144 

photovoltaic configuration, (b) laser patterning to define a 5 × 5 mm2 active area, (c) top electrode 145 

geometry formed by Au evaporation, (d) schematic of 10B conversion film fabrication, (e) 146 

schematic of the fabricated 10B conversion film, (f) converter thickness determined from cold-147 

neutron (1.3 meV) transmission measurements, (g) assembly structure of the HOIP device with 148 

the 10B conversion film and barrier encapsulation, (h) photograph of the assembled HOIP neutron 149 

sensor, (i) simulated energy deposition in the HOIP device as a function of the air gap between the 150 

Au electrode and 10B conversion layer, (j) cold-neutron response of the HOIP sensor with and 151 

without eliminating the air gap during encapsulation, and (k) γ-ray response under 60Co irradiation 152 

for WC and WoC devices. 153 

 154 

High-flux neutron irradiation in a BNCT facility 155 

We evaluated HOIP sensors in a clinically relevant BNCT environment, i.e., the Heavy Water 156 

Neutron Irradiation Facility (HWNIF) at the Kyoto University Research Reactor (KUR)25, where 157 

BNCT has been implemented in clinical practice47. The irradiation port (Fig. 2a) and sample-158 

transport rail enabled reproducible positioning of the HOIP sensors fixed on a holder (Fig. 2b) at 159 

the standard irradiation position (Fig. 2c), whose neutron and γ-ray fields are well characterized in 160 

prior reports25. Neutron flux and γ-ray dose were tuned by opening/closing the HWNIF spectrum 161 

shifters (SS1–SS3; Table 1). 162 

Figs. 2d and 2e show the time-resolved, radiation-induced currents, recorded at 1-s intervals, 163 

for WoC and WC devices, respectively. Increasing the openings of the spectrum shifter (SS) 164 

resulted in higher neutron and γ-ray fields, and both device types exhibited clear increases in signal 165 
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that scaled with the irradiated neutron flux. WC devices produced currents in the tens-of-nA range 166 

whereas WoC devices generated only pA-level currents—nearly four orders of magnitude lower—167 

demonstrating that the measured response in WC devices is dominated by neutron-conversion 168 

events rather than γ-ray background. Notably, the background currents measured before and after 169 

irradiation remained unchanged, indicating negligible activation-induced self-emission from the 170 

readout cables, electrodes, or encapsulation materials and supporting robust in situ monitoring. 171 

Figures 2f and 2g show the induced currents as a function of γ-ray dose (WoC) and neutron flux 172 

(WC). The red line in Fig. 2f represents the γ-induced current predicted from 60Co calibration (Fig. 173 

1k). Although the HWNIF γ response was comparable in magnitude, a ~1.3× deviation emerged 174 

with increasing SS opening, presumably due to spectral differences between 60Co and facility γ 175 

fields, besides reported 20%–30% uncertainties in reference γ-dose values following recent core-176 

configuration changes. While the γ-induced signals were four orders of magnitude smaller than 177 

the neutron-induced signals under BNCT-relevant conditions, facility-specific γ-field 178 

characterization using WoC devices remains essential. This requirement arises from BNCT 179 

operational guidelines that impose upper limits on accompanying γ doses and from the need to 180 

accurately subtract γ contributions when performing quantitative neutron dosimetry. Accordingly, 181 

WoC-based in-facility γ calibration constitutes a necessary quality-assurance procedure at each 182 

BNCT site. 183 

WC currents scale linearly with neutron flux up to the ~109-s⁻¹ cm⁻² regime (Fig. 2g), indicating 184 

that HOIP sensors are effective for BNCT-relevant high-flux measurements. Because WC signals 185 

include both neutron- and γ-induced components, we estimated the γ contribution using the WoC 186 

response together with the ~2.6× lower γ sensitivity of WC (Fig. 1k). This analysis yields an 187 

extremely small γ-noise fraction of ~0.012% in HWNIF, far below clinical error tolerances. 188 
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Collectively, these data demonstrate that HOIP sensors enable accurate, second-scale, real-time 189 

neutron-flux monitoring in BNCT fields with essentially negligible γ-ray interference. 190 

 191 

 192 
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Fig. 2 | Response of HOIP sensors in a BNCT-relevant high-flux neutron field: (a) photograph of 193 

the HWNIF at KUR, (b) photograph of the sample holder used for irradiation tests, (c) schematic 194 

illustration of the standard irradiation position in HWNIF where the HOIP sensors were placed, 195 

(d) time-resolved radiation-induced current of the HOIP device without the 10B conversion layer 196 

(WoC) during HWNIF irradiation, (e) time-resolved radiation-induced current of the HOIP device 197 

with the 10B conversion layer (WC) under identical irradiation conditions, (f) radiation-induced 198 

current of the WoC sensor plotted as a function of γ-ray dose rate in HWNIF, and (g) radiation-199 

induced current of the WC sensor plotted as a function of neutron flux in HWNIF. 200 

 201 

Table 1 | Neutron flux and γ-ray dose at the standard irradiation position of the KUR-HWNIF as 202 

a function of spectrum-shifter settings. 203 

Condition SS1 SS2 SS3 

Thermal neutron flux 

(s
−1

 cm
−2

) 

Gamma ray dose rate 

(Gy/h) 

A Close Close Close 5.90×10
8
 0.4 

B Open Close Close 2.01×10
9
 1 

C Open Open Close 3.34×10
9
 1.8 

D Open Open Open 4.98×10
9
 3.3 

 204 

Long-term stability under BNCT-level fluence 205 

BNCT monitoring requires detectors that can withstand neutron fluences up to ~1013 cm⁻² 206 

without performance loss. To assess operational stability, we performed prolonged high-flux 207 

irradiation of HOIP sensors at HWNIF (D condition). (Fig. 3a). Fig. 3b shows the normalized 208 

induced current during irradiation plotted against accumulated neutron fluence. No detectable 209 
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degradation was observed up to 1013 cm⁻², indicating excellent radiation tolerance under BNCT-210 

relevant exposure. 211 

In HOIP sensors, degradation is expected to be driven more strongly by energetic charged 212 

products (α particles and 7Li ions) generated in the 10B layer than by non-ionizing neutron energy 213 

loss in the semiconductor42. Nevertheless, WoC devices—serving as a reference without charged-214 

particle injection—exhibited fluctuation trends similar to WC devices, suggesting that time-215 

dependent signal variations mainly reflect reactor-power instability rather than intrinsic device 216 

deterioration. 217 

We compared I–V characteristics before and after neutron exposure to capture subtle irradiation 218 

effects (Fig. 3c). A modest increase in current was observed at biases above ~1 V, consistent with 219 

an increased density of recombination centers. Such defect formation can contribute to radiation-220 

induced current; however, it does not necessarily translate into immediate sensitivity loss48. The 221 

induced signal degrades only when the carrier diffusion length becomes shorter than the HOIP 222 

layer thickness49,50. Given the ultra-thin (~500 nm) HOIP absorber used in this study, the device 223 

is relatively insensitive to moderate recombination-center increases, explaining the stable neutron-224 

induced currents51. Although longer exposures may eventually cause degradation, these results 225 

demonstrate that HOIP sensors retain high stability up to the clinically required BNCT fluence. 226 

 227 

 228 
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 229 

Fig. 3 | Degradation behavior of HOIP sensors under BNCT-relevant irradiation: (a) time evolution 230 

of the radiation-induced current of the WC HOIP sensor during prolonged high-flux neutron 231 

irradiation in HWNIF, (b) retained (normalized) current signals of WC and WoC devices as a 232 

function of accumulated neutron fluence during long-duration irradiation, and (c) I–V 233 

characteristics measured before and after irradiation, revealing subtle changes in device properties. 234 
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Benchmarking against BNCT real-time monitoring requirements 235 

BNCT clinical guidelines emphasize real-time neutron monitoring, motivating direct 236 

comparison with established dosimetry approaches. Table 2 summarizes the performance of the 237 

fabricated HOIP sensors relative to 197Au activation26 and Eu-doped LiCAF scintillator27 methods. 238 

The HOIP sensors meet the required spatial resolution by design (<5 × 5 mm2), and their active 239 

area can be further reduced by laser patterning for higher localization, if needed. Although smaller 240 

areas decrease signal magnitude, the present noise floor indicates that signals an order of 241 

magnitude lower than neutron induced current levels remain detectable, suggesting that 242 

miniaturization to ~2.5 mm² is feasible in future implementations. 243 

The aggregate measurement error of HOIP sensors—accounting for γ-ray noise, radiation 244 

effects, and signal fluctuation—remains less than 5%, comparable to conventional monitors and 245 

within clinical tolerances. Linearity over broad neutron-flux ranges has been indicated previously 246 

(105–1012 s⁻¹ cm⁻²)42, and we confirm the linear response in the BNCT-relevant ~109-s⁻¹ cm⁻² 247 

regime. Moreover, as HOIP devices employ a photovoltaic architecture, pre-irradiation optical 248 

inspection and I–V measurements provide a practical route for integrity screening, offering an 249 

additional quality-control advantage over existing techniques. 250 

With 1-s signal acquisition, simple electrical cabling, and standard current readout, real-time 251 

operation is achieved. Although copper cables can exhibit minor activation immediately after 252 

irradiation, the resulting impact is expected to be manageable; nonetheless, engineering low-253 

activation conductors (e.g., carbon-based cables) will further strengthen clinical translation. 254 

Overall, these results verify that HOIP sensors provide guideline-compliant, high-accuracy real-255 

time neutron-flux monitoring in BNCT fields, establishing their utility as practical dosimetry and 256 

safety-assurance tools during therapy. 257 



15 
 

 258 

Table 2 | Performance comparison of BNCT monitoring requirements with conventional neutron 259 

dosimetry methods (197Au activation and LiCAF scintillators) and the present HOIP sensor, 260 

based on clinical BNCT guidelines. 261 

 Specification Reqirement 

HOIP 

Current study 

LiCAF 

Au Foil 

Activation 

Method 

HOIP 

further 

study 

Position 

resolution 

x:≦5 mm 

y:≦5 mm 

x:5 mm 

y: 5 mm 

x:<1 mm 

y:<1 mm 

x:1–5 mm 

y:1–5 mm 

x:1–5 mm 

y:1–5 mm 

Calibration test Necessary 

High-flux 

neutron field 

High-flux 

neutron field 

Wight of 

Au foil 

Light 

calibration 

method 

γ-ray noise 

(Few Gy/h) 

<5% 0.01% close to zero 0%  

Radiation 

degradation 

(1013 cm−2) 

<5% close to zero close to zero close to zero  

Neutron 

sensitivity 

(s
−1

 cm
−2

) 

~10
9
 10

5
~10

12
 10

5
 ~ 10

10
 All  

Time resolution Few second 1 s 1 s -  

Signal 

Fluctuation 

<5% <1% 3.3% -  
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(1 h) 

Response to 

B drugs 

No 

correction 

No correction 

1/v behavior 

correction 

1/v behavior 

correction 
 

Install on 

human body 

- Medical tape Medical tape Medical tape 

Wearable 

sensor 

technology 

Measurement 

error 

<5% <1% 3.3% -  

Signal transport 

method 

- Coaxial cable Carbon cable - 

Carbon 

cable 

Signal 

Measurement 

- Ammeter PMT, MCA HPGe  

Pre-use check Necessary 

I–V 

characteristics 

Difficult 

Eu γ-ray 

 for HPGe 
 

 262 

Methods  263 

Preparation of HOIP thin-film devices 264 

The device structure we employed was FTO glass/SnO2/Cs0.05FA0.95PbI3/HTL/ITO. FTO glass 265 

substrates were ultrasonically cleaned sequentially with ultrapure water and ethanol followed by 266 

UV-ozone cleaning. The compact SnO2 layer was deposited from a mixed aqueous solution of 267 

SnO2 and an alkali halide dopant through a spin-coating process followed by annealing for 30min. 268 

The FTO/SnO2 layer was exposed to the UV-ozone cleaner and quickly transferred to the glove 269 

box, where mixed solution of PbI2 and CsI was deposited by spin coating method. Then, FAI and 270 
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additives dissolved in IPA were spin-coated onto the PbI2+CsI layer followed by annealed. For the 271 

HTL layer, Spiro-OMeTAD was dissolved in chlorobenzene with some dopants and dynamically 272 

spin-coated on the passivation layer. Then ITO was deposited by DC sputtering. The area of each 273 

cell is designated as 25.0 mm2 (5.0 x 5.0 mm) by means of a laser pattering. Finally, gold was 274 

thermally evaporated using a mask as a grid on ITO. The spin-coating processes described above 275 

are performed in a dry air condition up to the annealing of perovskite layer and switch to N2 from 276 

the following process.  277 

 278 

Preparation of 10B conversion films 279 

HOIP devices were supplied by PXP Co., Ltd. 10B-enriched boron powder (>96% 10B, d90 280 

< 23 μm; 3M) was milled into nanoparticles using a planetary bead mill (Thinky, NP-100). For 281 

each milling cycle, 4-g boron powder, 12-g deionized water, and 35-g 500-μm-diameter Al2O3 282 

beads were loaded into an Al2O3 container. Milling was performed at 1500 rpm for 1 min per cycle, 283 

repeated for 30 cycles with 2-min cooling intervals between cycles. The resulting nanoparticles 284 

exhibited a size distribution shown in Fig. 4 (d90 < 257 nm). 285 

For electrospray deposition52,53, 26 mL of the boron nanoparticle dispersion was mixed with 286 

16 mL of propylene glycol to obtain a boron concentration of 2 wt%. The solution was 287 

electrosprayed through a 0.1-mm-diameter metal needle under an applied voltage of 10 kV at a 288 

flow rate of 0.02 mL min⁻¹. The spray was deposited onto polyimide films (thickness: 0.1 mm) 289 

maintained at 90°C. The substrate was translated on an XY stage at 10 mm s⁻¹ to achieve uniform 290 

coating over the full substrate area, and the scan was repeated 30 times. 291 

The areal density of the fabricated 10B conversion films was evaluated by cold-neutron 292 

transmission measurements (>1.3 meV) at the MINE beamline of JRR-3. The transmission was 293 
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determined by comparing the 3He detector count rates for three configurations listed in Table 3: 294 

(i) a bare beam (no sample), (ii) a polyimide film only, and (iii) a polyimide film coated with the 295 

10B layer. Here, “Counts (vol.1)” and “Counts (vol.2)” indicate two independent measurement runs 296 

performed under identical beam and detector conditions to confirm reproducibility. From these 297 

measurements, the neutron transmission of the 10B-coated film was estimated to be 59.3%. hich 298 

was converted into an equivalent !"B thickness using the Monte–Carlo simulation results shown 299 

in Fig. 1f. Because the cold-neutron beam at 1.3 meV has a finite energy spread, the equivalent 300 

10B thickness of 3.3 μm derived from the transmission measurements represents a spectrum-301 

averaged effective value, and the true physical-equivalent thickness may slightly deviate from this 302 

value. 303 

 304 

Fig. 4 | Particle-size distribution of 10B boron nanoparticles; size distribution of the milled 10B 305 

powder after bead milling, showing d90 <257 nm. 306 

 307 
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Table 3 | Cold-neutron transmission of the !"B conversion film. 308 

“Counts (vol.1)” and “Counts (vol.2)” denote two independent measurements conducted under 309 

identical experimental conditions. 310 

Condition Counts (vol.1) Counts (vol.2) 

(i) Bare 1800011 1790248 

(ii) Polyimide film 1671701 1722638 

(iii) Sample 1 1012526 1008229 

(iv) Sample 2 1006455 1001806 

(iii) Sample 3 1008466 1004230 

 311 

Radiation-induced current measurements 312 

Radiation-induced currents from the HOIP sensors were recorded using a source-measure 313 

unit (SMU; Keysight B2912A) connected via a coaxial cable. All irradiation measurements were 314 

performed in a self-biased mode with 0-V applied voltage. The current was acquired with a 315 

sampling integration interval of 1 s. I–V characteristics were measured using the same SMU before 316 

and after irradiation for degradation assessment. 317 

 318 
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