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Fig.1. (a) Schematic diagram of scattering and energy loss of a-particles propagating in air2%; (b)
Block diagram of the direct a-particle detection system based on FAPbBr; single crystall®%l; (c)
Device configuration for carrier collection under built-in electric field or reverse biasP!l; (d)
Schematic diagram of the indirect a-particle detection system!*?); (¢) Schematic illustration of
sequential signals produced by the interactions between B particles and solids via inelastic scattering;
(f) Schematic view of elastic scattering with nucleus and inelastic scattering with extranuclear
electrons for incident  particles; (g) Schematic presentation of the scattering events of incident p
particles??); (h) Interactions between gamma photons and the detector: photoelectric effect,
Compton scattering, and pair production?¥; (i) Sketch of the four main interactions between y-rays
and the detector®]; (j) Detection mechanisms of indirect and direct detection3l; (k) Schematic
diagram of a CsPbBr; detector (direct-type detector)®¥; (1) Schematic diagram of an indirect-type
detector!®>.
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Fig.2. (a) Schematic diagram of the detection principle of a BGaN detector (converter-free detector);
(b) Schematic diagram of the detection principle of a detector with a converter layer(*®]; (¢) Thermal
neutrons incident on variants of perovskite containing radionuclides (e.g.,'’B and °Li) undergo
nuclear reactions, generating y-rays and heavy charged particles such as o-particles*®l; (d) Fast
neutrons incident on hybrid perovskite interact with hydrogen atoms, resulting in nuclear recoil
reactions that produce protons; (e¢) Schematic diagram of the fast neutron detection principle of
(PEA):PbBrs*7l; (f) Comparison between direct and indirect X-ray detection methods!*?. (g) Energy

deposition mechanisms of high-energy X-rays; (h) Energy band diagram of direct detection; (i)



Mechanism of electron (e)-hole (h*) generation in semiconductors under high-energy photon
irradiation; (j) Schematic diagram of the transport process of electrons (e’) and holes (h*) toward
luminescent centers in an indirect detection pathway; (k) Basic features of interaction processes
between high-energy radiation and perovskites, formation process of secondary electrons, and

thermalization process!l.
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Table 1. Classification of metal halide perovskite material systems and their characteristics for

high-energy radiation detection.
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Fig.3. (a) The CsPb,Brs phase defects at different crystal thicknesses and The structure of CsPbBr3
and CsPb,Brs[?I; (b) Device schematic, cross-sectional SEM, HR-TEM lattice image, and EDS

elemental mapping of TOPCON-silicon-based integrated metal halide perovskite detectors®!l; (c)



A schematic diagram of the crystal growth setup; (d) The overall FPB SC device structure; ()
Molecular structure of the DPSI zwitterion; (f) The crystal structure of the FPB perovskite and the
interaction of the DPSI with the perovskite; (g) A polished FPB SC grown with the DPSI additive;
(h) PLM image of the DPSI SC. and PLM image of the DPSI:LS SCP?;(i) Crystal unit cell
structure of (PEA):Pbls. (j) Schematic diagram of the nucleation-controlled single crystal growth
process of (PEA),PbL41®%; (k) Schematic representation of the solid-state synthesis of CsPbBr;
from its constituents and the fabrication of free-standing PS-CsPbBrs composite films®!
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R @12-13mm 8 FE254nmif0R T, ZHUA AR5 24 HICs3(CuixLi)2Is F1(Cs1+Lix)sCuoly
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Fig.4. (a) [llustration of the setup of the system for scintillation test; (b) The obtained patterns; (c)
Diagrammatic presentation of the aqueous synthesis of STA,PbBr»; (d) Contact angle test of the
STA,PbBr; film!??); (€)A schematic illustration of 99mTc y-ray imaging by perovskite y-ray camera
using 4 X 4 pixelated CsPbBr3 detectors; (f) Crystal surface processed by a combination of
mechanical polishing and DMSO etching (scale bar: 0.2 mm); and pulse height mapping of crystal
surface processed by only mechanical polishing[®’!; (g) Photograph under visible light, XRD pattern,
top-surface SEM image, and cross-sectional SEM image of (PEA),PbBr; single crystal; (h) response
time of (PEA)2PbBr4 SC under a particles (>*' Am)and y-rays (!3’Cs) Exciation and the scatter plot
for a/y discrimination under the irradiation of >*' Am and '3’Cs source; (i) The n/y discrimination
scatter plot under the D-D mixed radiation field and the n/y resolution histogram with distance as
the abscissa under the same conditions!®®); (j) Schematics of the ITC process and grown CCI single-
crystal samples(®; (k) @12—-13 mm single crystals of undoped Cs3(CujxLix)2Is and (Csi«xLix)3Cuzla
inside the ampules under 254 nm excitation and Tl-doped crystals inside the ampules under natural
white light; (1) Polished samples of undoped and TIl-doped Cs3(Cui-xLix)2ls and (Csi«xLix)sCuzla
under natural white light.Li concentrations in the samples increased from left to right!”l.
4.4 fBEH T L IR

tReb 7 5 KR ZH AR EAR AR/, SRS AR R AR, A hE
Rk B 7 AN y 5, NEEYTHE X2 H 78 y 55 25K
AU BeAh, AL SRR PR A T BRI S AAAE G BN R A & RRRR . 72
A AARSE W), TZT AR RIS T PR b 000, AN B4 B P T
AR REE VIR, IEERM B BA B po AL RS A8 E T
ARG n/y BalEe ). 6T #4000, T Re RIS, Gl T 2R H OLiL
"B, Gd S RABRI A TSI TR IE SR, K TR 5 TR
HIR s BRL T, DL B SRR AR L 2 T B e R AT R AT IS BE 05 e
T ES R He LA S 1 AT RIS T B o PR IR A ORI o 8 v PR S TR A e
TICLBARBRAS W] 5 0%, DA iR o R 4 1R AR %




SR T TR B TR A e, R G AR R e TR R
MISE BT, FERIAT RGEMH THRET 7. B # MAPbBrs #5454 Gd
JZE BT BRI G 0 BRI AT, AE P TR R AR NS T AR L FTE A DG A
Wi 8L, I 256 SR RIS SIS SRR EAT T 500, SEBL T SR 7E o - PR 45
I SN

LN E BRI BRI U S 2 . S R AT s A ER AR MA R
FH R AR L8 AN B — S5 B B — i A 2E 23 PR RE ISR AIE , 3BT e e
A AR (i CLy Bry TARRD  WAVLHE T SIAAIFIZRE 145k
B AR R BEAT X ELBFFE . 140, Gao 25 A #F k¥ Dion-Jacobson 7 — #4455 £k
i BDAPbBrs ([ 5a) HFEHEAP TR, X277 3.3 x 10* ecm?/V 1) pt
FAR 1.7 x 10* nA/KW B REEE, B3] 7y hkatm i, W& 5b s, fE D-
D AR RN, ) SR B, RSB TR B AR RE
ZJG s AT R W L s S R TE SR I MR O RE T A, BTN
SRR R A e 2 A s ALY R AR, i =4k MHYPbCls gk . Wil 5¢ fiw,
FERTFHRIUT , MHyPbCLs (g S UTAR & T4 oA WU ARA Stilbene, 7EA% %+
FRESAF T, MHyPbCl JZ 1R S UTAREITA #4005 i i, R 7 #R 0
(¥ — AT AT (e 4 R4,

Fratelli 25300 97 1 e PE iR 22 0: 750, 57 9% A 513% H Ruddlesden—~Popper % —
YEESERAT(PEA)POBrs (WLIE 5d) , FSAFRTEAR A 2510 v A 80 di HL A LB
JPRA T hRefaE TIE (B 5e) , hr4mif 5 e (RFRUF AR E M . S0 1
FEFE R 1.6, R 4.2s, XFT 4.05 um FIEE, REEZIES] T 3.7 10
' C/no AZMFFUUER T AT DU AT 3G 0 5 5 B A3 ey o B 2R i BRI R B, (R
BT y PHIRT AT . SV, SR E AR T e I BRI 5 AT Ak
TRIAR R B, B AT AT 2 AR AR RUPDRMA R AR R . BRINLEL 547 DL K
PRAF AT AT PEIGAIE S5 7 ], AEAS AR RIS vl R MBS, PR AR 1 4
LT B v A A PR DN TR O AT A8

ST AR ), BR e R 00 75 S5 1 v U L e A RS RO T U
SRR E SR . BT HL-TENL AR A S AR A S X B A, HURR < TE AL
2B AANE-TNE"ZIHAS, T TR LR M aRE TR . BTk,

El

NI



Xia & HIRAGARIE T 445545 (PEA)2Pb(Bro.osCloos)s B i N R4 7E TR & 45
SR AR B R ST (IR SE) , SEEL T 41000 Y6 T/MeV [EFAA, ki ve A
2.97ns, HMINSELHL T ET AT A (TOF) (# n/y BLHI(K Sg). 7EMLIER |,
Xie 5K ¥ MBI, Wil Sh, 4 7 HEKEL Cl153 2% (1(PEA)2Pb(Bro.9sClo.os)s
L, RATIA T CLBARIREER d iR ROGIERE I mel, 45 KW, 5%0) Cl
IAEOEROGE T 7% (PLQY) MRBIAI 21.2%38THE 28.5%. 1Zdnfk
TERZ IR L B)) 7350 T« SRR 2% B o1 7= 200 s 0 A R A% Jo g TS s e B Pt 9 7 T 8
I HE T R 1 S 5

B WO A A DA R4k, TN GO R~ DA R0 1 e
B A TN A AR R R o A LT A& G S L B I SRR A R, 4
TSR AT OB I R 8 TR S SR, T T g 5 25 18] o ik e 05 T A A
. Wan %558 — 4 TCHUESERE™ CssCusClly 1 A INARAAEL, 456k
Cl TR *Cl(n,p)™S B MM R T, WAL S E e (B 5D , feEd
BRI G BOE /N, SEBLT 1.31 Ip/mm 25 (8143 HE R A 31597 a1/ MeV 167"
B CLIONTE ] BI200 SRR KRR 3 /%) o PR PG SIeH, % B Th
Sy ¥ PTFE 25 ORI 40450 (K Sj-k) , B0AE T FAER IR 7 5 b kbt
FAG R AT AT PED T o i AR Dy e R SR AR IIAE ML TCHRG I A% 27 5 40
sl ) N R AR TR

AR, B BDRHE i R0 St e I R AT LR ), R R E
RS INBRER I 2% BB 2k . @I 5IN Gd. Li S PR )2 DL R 4
AT AR A TGS R0 S8 B RMA 2R, BF 75 N G2 E PR o~ B 1 U
.0/ y BRI RS T TS T R R . SR, H RTAR SRR AT AL T
FEBT B, SR ROERINACRE . KINFE AR e v RS ) 25 A BRI LR Wt 70 55 )5 TH
A RHARTE . Kok, BEEM R . B0 E5 MR DA P P H LRI 7 1)
RN ESERT G S EAZ RE MR I P BUAR SR A2 W A5 A3 K 4 58 I = 2 1 4 1



(l) Nuclear recoil Scintillator screen

cco
- A
P
® o _{
Yl -
3

Conventional concept: *H (n,n)  Large energy Low spatial
hydrogen-rich scintillators diffusion

supply
DT Nuclear reaction
neutron

<
tube ® O ﬂ 0 o

New concept: #CI (n, p) reaction Small energy High spatial
Cs:CuClely diffusion resolution

(b) Fast neutrons

o+

X - = Au -* i
Scan direction BOARGRY; YRl *Cotlimator Rapid Cycling
First Second Sy:!;lgg;mn B
X —
e pulse Time Standard patter 2

Target station

1 - wee
= I Nuclear Selactor chart ‘ ,
104 ! fusion yrays
— =i Neutrons at,, |
0 10 20 30 40 50 60 70 80 . o .,I Scintillation i
screen

ta=NZEfm by =lfc

@ Neutron
CMOS @ Proton
e i camerd

& Tungsten target

(i) n/y discrimination (ii) Neutron energy discrimination

Atll/‘l = tll - !Y Atll - tﬂl " th

o (K)

Reflecter

Photomultiplier

i

2D PEROVSKITE

flexiblt_a.dlletector ’\
7

w7

EJ301 Liquid
scintillator

® ° ®
o b +.N+. - (h) Add seed crystal gasthleutrons
g« o :-";- é °Be target
l i 35, LNL-CN 0° beamline
oS ;
&L
Ay, PR -
Pep By *‘+’ S e
QOVS(%E N o é ° _
< \ < Filter 4 Dissolve & Evaporate |
e < PEA" = CH,C,H,NH;* {
M L 1 “ 'l y
Rop, ~ | |
N on° = | —) ~
"csu O: OH 50 °C ® Power
es’“«re "onN ® Temp @ Mott

K5 (a) BDAPbBr &AL #); (b) BDAPBraR il 25 () 1 Rl A5 45 J1731; (¢) MHyPbCls
MR EETY; (D) (PEA)POBrs —4EAALESERT 1> PR BB (o) PR FHafiE st
56 (4 B R R R RIS M RS AR PRI A SR U)o -t 2
B (@) HTonyBE0 KT REE S FIITOFJVER:  (h) #E/N(PEA)PbBraff iy AL KT F2
MmARES,  G) FE TR R IR (FEEERU) 1w SRR S R A R R AR
(33CI(n,p)*>S) fAICssCusClela A R I T- P -7 AR FIME BE ELL: () v B HGR TR (CSNS)
P 7 RR RGN & TAEREE: (k) BREIB AN (PTFE) A4 BEINTE i 2 [ H:
R 7 R o e B A IR AR TE 3 S A A T R )

Fig.5. (a) Crystal structure of BDAPbBr; (b) The fast-neutron imaging result by BDAPbBrs
detector”]; (c) Structure schematic of MHyPbCly74); (d) The molecular structure of the

(PEA),PbBrs 2D hybrid perovskite.(e) Schematic diagram of the fast neutron irradiation



experimental setup and photograph of the flexible 2D perovskite-based detectorl’>]; (f) The testing
setup for the measurement of neutron response; (g) The TOF method for ny/y discrimination and
neutron energy resolution*’]; (h) Flow chart of the entire(PEA),PbBry single crystal growth
process!™®); (i) Comparison of fast neutron imaging performance between hydrogen-rich scintillators
based on the nuclear recoil process (predominantly elastic scattering) and CssCusClel» scintillators
utilizing the nuclear reaction process (**Cl(n,p)**S); (j) sSchematic and operating principles of the
fast neutron imaging system at CSNS; (k) Fast neutron image of an N-shaped hollow cylinder
composed of PTFE. The inset shows the cross-sectional photograph of the cylinder in bright-field!””.
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Abstract

High-energy radiation detection, covering o particles, B particles, y rays,
neutrons, and X-rays, is of critical importance for numerous strategic and
societal fields, including nuclear safety monitoring, medical imaging, high-
energy physics experiments, industrial nondestructive evaluation, and
space exploration. Nevertheless, conventional semiconductor and
scintillation detectors still encounter considerable challenges associated
with limited detection efficiency, insufficient energy resolution, complex
fabrication processes, and difficulties in large-area integration and flexible
device development. Therefore, the exploration of novel semiconductor
materials with high radiation sensitivity, efficient charge transport, and
tunable device functionalities has become increasingly important.

Metal halide perovskites have recently attracted extensive attention as
promising materials for next-generation radiation detection owing to their

unique combination of high effective atomic numbers, strong radiation



absorption capability, excellent carrier transport characteristics, long
carrier diffusion lengths, large carrier mobility—lifetime products (ur),
defect tolerance, and highly tunable chemical compositions and electronic
structures. These intrinsic advantages enable perovskite-based
semiconductor devices to achieve remarkable progress in both direct
charge-collection detectors and indirect scintillation-based detection
systems.

In this review, we systematically summarize the recent advances of metal
halide perovskite semiconductor devices for high-energy radiation
detection. First, the fundamental interaction mechanisms between different
radiation types and semiconductor materials are introduced, including
energy deposition, electron—hole pair generation, carrier transport, and
signal conversion processes for a particles, B particles, y rays, neutrons,
and X-rays. Subsequently, the key performance parameters for evaluating
radiation detectors are comprehensively discussed, including the carrier
mobility—lifetime product (ut), sensitivity, energy resolution, detection
efficiency, and response time. The relationships between material
properties, device structures, and detector performance are further
analyzed to provide a comprehensive understanding of performance
optimization strategies.

Furthermore, recent achievements of perovskite-based radiation detectors

are reviewed according to different radiation detection scenarios. Three-



dimensional perovskite, two-dimensional layered perovskites, and other
low-dimensional perovskites have demonstrated outstanding potential
through advances in crystal growth, defect regulation, compositional
engineering, interface modification, and device architecture optimization.
In particular, perovskite detectors have achieved significant breakthroughs
in y-ray and X-ray detection due to their high atomic-number constituents,
excellent charge collection capability, and superior radiation interaction
efficiency. Meanwhile, emerging applications in a-particle, B-particle, and
neutron detection highlight the versatility of perovskite materials in
complex radiation environments and multifunctional detection systems.

Finally, the current challenges and future perspectives of metal halide
perovskite radiation detectors are discussed, with particular emphasis on
long-term operational stability, lead toxicity, scalable crystal ‘growth,
reproducible fabrication, interface engineering, and practical device
integration. Future developments combining advanced material design,
defect management, device engineering, and environmentally sustainable
strategies are expected to further promote the transition of perovskite
radiation detectors from laboratory demonstrations toward practical
applications in high-performance, flexible, and multifunctional radiation

sensing platforms.
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