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Figure 1. Morphological and structural characterization of thick films without and with PVP:
(a) Optical microscopy images (illumination from the glass side); (b) Surface SEM images; (c)
Cross-sectional SEM images; (d) XRD patterns of thick films without and with PVP;

(e) XPS spectra: Cs 3d, Bi 4f, 1 3d, Br 3d; (f) Surface electrostatic potential distribution of PVP-
modified films.
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Figure 2. Optical properties of Cs3BizIsBr thick films without and with PVP: (a) Tauc plots;

(b) Photoluminescence (PL) spectra; (¢) TRPL spectra; (d) Temperature-dependent PL mapping
(10-300 K); (e) Integrated PL intensity and FWHM as a function of temperature.
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Tablel.Fitting parameters of the TRPL spectra

Sample Ar 71(ns) Az 72(ns) Tavg(DS)
w/o PVP 7.01 3.51 0.54 9.91 4.65
with PVP 2.50 4.70 0.94 13.40 9.20
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Figure 3. Effect of PVP incorporation on the electrical performance: (a) I-V curves under dark

conditions; (b)-(c) I-V curves under dark and illumination (38.3 pGy.ir S™'); (d) Carrier mobility

extracted from fitting the [-V curves using the Hecht model; (¢) Comparison of X-ray absorption

coefficients for different semiconductor materials; (f) Variation of X-ray attenuation efficiency

with film thickness for different materials.

DNSSUENIN PVP | X X5 2emi BERFPE A e, R HAE AR R X G2k

&

FE N EEAT T IR 4). 7E 4.1 uGyair S F 38.3 uGyar S MIFIEICEF, WiE

HA B R I 8L, 3B R Y B R R OBRRE, RERS IS R SR 1 X G
AR IRAA N T S R LA S S, BT RN PVP (3844, I PVP 183
PR R B (A 4(a)). {5 MEH(Signal Noise ratio, SNR)Z X S 28440
WAEZEWNSH, TSR R AR /7,

=1 photo — 1 dark

I

signal

1 N

I Y j1_j ar] 2
noise \/NZ( d k)

i=1

10

Hoa Rk e

)

(6)



[signal
SNR= el (7)

Hr, Lignals Tphotos Laark A1 Inoise 73 RS 5 BV PRI HIUR . T~ 350 FRL A0 g
FHR. 2 E (- 4b)), 15 SNR=3 FIRHE, P2 I IR (Limit of detection,
LoD)73 49 170, 30 nGyair S5 /N H R FZIZ W BT B 5500 nGyair S'o X
AR T HO GO0 25 R A0 S SR A AS T AR AL E R o ERLE, PVP B8 58
255 AR S F R SRR LLBEK, AR BRIk IR . #E— DAt T
i 3 L SR 2 (a5 R (K 4(c)). TTUAR Y, 7EMLRTEH A, PR s fEr
M %7 FEL 7 35 I 711) B2 2 3 I T I AR M SR T, R BN X SR R e O AR AR R
TF I ZR IR AIE o IX R AR 8 I B 56 2R 10 A P AOR R AE — 5 771 BV FE 9 35 2L &
SERIRN X LRIV 1. REUE (Sensitivity, )& X SRS EE S, H
AR B

S — Iphoto - Idark (8)
DRxA

HAH, Lhoto WIEHLIR, Taan NEEHLIR, DR OANFIER, A NGHEHM, LdilaE
BRI PVP SR PVP &4 R 737 9 833 11250 pC Gyai' em?,

HE AL Se MR (REUEA 200C Gyair! em?) B% 400, i FKif [ IR 6 /E X
SPERHRIRT R, SRR SRR ) R AT AT v Yo DRI SR R A e )3
B X A SLFEAT I, 45 R R AR R ER R FR G A (R R 4(d)). i
X P 2H B B S (R AT G U E 0 A, AT RUE N PVP 2 JE YR 4y
AT A, XYL T BRI SR L RS E MR . ] AR T 20 AR
PR R A R Gt 4 . WTRVE tH, AHECTARESIN PVP #8840 (h
BR AN R A AR AEZE > BN 10.81, 80.44), NI PVP & 84+ FLAT B A4S H R
MRBUE, HEBREEBUNGAREZE SN 6.77, 63.51, Hriid 2 341k th
BR AN R A 23 53k B 23 nGyair ST, 1333 UC Gyair' ecm?)o N T IPAGREHLE KSR
BErp K R, SRR SR IEAT T RIE 90 R R BUERMI (K 4(H). 4R BERA
TN PVP 281 1) R GUE BERHAZ I T 0 B R RE, Bk 2 5Ok I 53%, RILH
BB, M2, NN PVP 53 E A A7 I R BUZ AR
MR TR, SR SR K AR T M GRBUE 4ERFTE S SR 1 93%). N T &4k

11



R ERIRLL, 51N AR A & R TR FE bR . RIUARAIN PVP (¥
A RBUE TN 0.54%/K, I PVP J& (a8 F RS T B2 B35 b,

R 0.06%/ K - 1X R B PVP (1751 N Re A 250 il JE BE7E it A7 1 2 o 1 1 e a4k,

PRELH FAE KR M T M B AR - X PTRER BT — 71l , PVP 4> 185/
R i I 5 JE 168 3 T 4 R AL AR M AL R AR AR AR R SR B AT — 8 PR E (1 B
., deffiaErE B9, 5—J5, PVP B fE— SR FIRm R RSk, 6
F5HM TR AR ARG AR L 2 PEREROREIR P4, 128 R W PVP B 1HaR 1 A
AT X PR SR RIS E S A EE 1), A S T — AR T A T
PHERHT X SR SR 45 1) K Je

(2) 6 () ©10
2 1000 Y woPWVP
2 - ~ g} ® winpve
4l ~ E
E g . ! /
7] F
=2} z = oaf
= g 10 =
& B o 2t §=833 pC Gy'em™
0 w S=1250 pC Cﬁ em™
1 -l .
0 10 20 30 40 50 0.01 0.1 1 10 1 100 0 1{I Z{I 3{I 4{I
(@ Time (s) Dose rate (nGy S7) . _’Dose rate (nGy S1)
3 — W PVP — wihPVP |
-2 F 2.0 o
=0 L6
=3 3.0
U= 2F 28
1F 2.6 —— t::,
0 =L = 2.4
300 400 500
(e) (0 Time(s)
%, 200 b = 100 foer —=—wlo PVP——with PVP [
("5—. L-L.- r::_\ h.___l\\ i o . ——a
Z 100 g 90} “u...
(=) 0 = !}H" -—|u | TR 1 ﬁ[l
SR 280} T S
" 1600 O s 405
o e % 0f Tm
71200 = i - ]
o SR Tt e
& so0} = i T,
&) f 50 L . . . . . . . . ]
= 400 . . 0 10 20 30 40 50 60 T0 80 90
@ w/o PVP with PVP Aging time (day)

Kl 4 PVP FIIIAKS g X S ZRmi N RISENAL: - (a) 23 R I PVP RIS PVP &1
ANFIFER X LIS A fa] R S i 26 (b) M SSER 5 MR LE BB B R AR G R
Bls (o) PIERELHIRERERARMMZE; (d) PIRAS IR ADES: X HETT R TN
MBI (o) 20 AR BR 5 RBUIZ RIS A K () PSSEREAE 90 RN IIAEfEAR

12



M
Figure 4. Effect of PVP incorporation on the X-ray response of the devices: (a) Time-dependent
photocurrent response of devices without and with PVP under X-ray irradiation at different dose
rates; (b) Relationship between signal noise ratio and dose rate; (c) Photocurrent versus dose rate
curves; (d) Long-term continuous X-ray response measurements; (e) Statistical distribution of
detection limits and sensitivities for 20 devices;(f) Storage stability of the two types of devices

over 90 days.
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Figure 5. Comparative parameters of X-ray detectors based on all-inorganic low-dimensional
bismuth-based perovskites.
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Table 2. Summary of the parameters of X-ray detectors based on all-inorganic low-

dimensional perovskites
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[43]
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[47]
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Lead-free metal-halide perovskites have attracted considerable

attention in X-ray detection due to their high atomic numbers, solution

processability, and environmental benignity. Among them, all-inorganic

bismuth-based halide perovskites are regarded as promising candidates

because of their low toxicity, tunable halide composition, and excellent

environmental stability. However, spray-coated thick films often suffer

from insufficient interfacial adhesion to substrates and film cracking,

which severely deteriorate film quality and device performance. In this

work, polyvinylpyrrolidone (PVP) is introduced into the precursor solution

as an additive to regulate the film formation process and enhance the

interfacial adhesion of spray-coated thick films.

The results demonstrate that the PVP effectively suppresses interfacial

delamination and crack formation, leading to the formation of compact and

18



continuous thick films. Compared with the film without PVP, the PVP-

modified film exhibits significantly improved crystallinity, with the

diffraction intensity increased by 1.9 times, longer photoluminescence

lifetime of 9.20 ns, and a high resistivity of 4.55x10!" Q-cm, indicating

suppressed leakage current. Based on the optimized thick film, the

fabricated direct X-ray detector exhibits a low dark current of 0.03 nA at 4

V, a large mobility—lifetime product (uz = 7.62 x 10 cm? V1), and a low

detection limit of 30 nGy,;; S! and a sensitivity of 1250 uC Gy, em™.

In addition, the introduction of PVP improves the environmental stability

of the device, and retained 93% of the initial sensitivity under the

atmospheric environment after 90 days. These results demonstrate that

PVP additive engineering is an effective approach for improving the

microstructure, interfacial adhesion, and optoelectronic properties of

spray-coated Cs3;BirlBro— thick films, thereby enhancing the performance

and long-term stability of direct X-ray detectors. This work provides a

practical strategy for developing high-performance, low-toxicity, and

stable thick-film X-ray detection materials.

Keywords: Bismuth-based halide perovskites: Spray-coating: X-ray

detector: Sensitivity; Limit of detection
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