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Fig. 1. (a) Schematic diagram of scattering and energy loss of a-particles propagating in air®); (b) block diagram of the direct a-
particle detection system based on FAPbBrj single crystal?®; (c) device configuration for carrier collection under built-in electric
field or reverse biasP!; (d) schematic diagram of the indirect a-particle detection system[®?; (e) schematic illustration of sequential
signals produced by the interactions between 3 particles and solids via inelastic scattering; (f) schematic view of elastic scattering
with nucleus and inelastic scattering with extranuclear electrons for incident 3 particles; (g) schematic presentation of the scatter-
ing events of incident 3 particlesi??; (h) interactions between gamma photons and the detector: photoelectric effect, Compton scat-
tering, and pair production®; (i) sketch of the four main interactions between Y-rays and the detector®); (j) detection mechanisms
of indirect and direct detection®!; (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 de-
tection principle of a detector with a converter layer®; (¢) thermal neutrons incident on variants of perovskite containing radionuclides
(e.g., "B and SLi) undergo nuclear reactions, generating Y-rays and heavy charged particles such as a-particles!d; (d) fast neutrons in-
cident on hybrid perovskite interact with hydrogen atoms, resulting in nuclear recoil reactions that produce protons; (e) schematic dia-
gram of the fast neutron detection principle of (PEA)yPbBr,*7; (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 elec-
trons (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 processl’.
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Table 1.  Classification of metal halide perovskite material systems and their characteristics for high-energy radiation detec-

tion.
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Fig. 3. (a) The CsPb,Br; phase defects at different crystal thicknesses and The structure of CsPbBry and CsPb,Br;?; (b) device
schematic, cross-sectional SEM, HR-TEM lattice image, and EDS elemental mapping of TOPCON-silicon-based integrated metal

P

Casted PS-CsPbBr; composite

)

halide perovskite detectorsP!; (c) a schematic diagram of the crystal growth setup; (d) the overall FPB SC device structure; (e) Mo-
lecular 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 DPSL:LS
SCP; (i) Crystal unit cell structure of (PEA),Pbl,; (j) schematic diagram of the nucleation-controlled single crystal growth process
of (PEA),PbL®: (k) schematic representation of the solid-state synthesis of CsPbBry from its constituents and the fabrication of
free-standing PS-CsPbBr; composite films!®!l.
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(e) i FH 4 x4 18 Z Ak CsPbBry #1985 87 v AHHLXT 4-99m (9 Te)y S 4 BAR B9/ 22 1815 () 254 ML ' Al DMSO Z ik b 3
S5 R (LR : 0.2 mm) AL Z WAL O Ak 2L () 5 1 2R T 0% Jok v 25 188 43 713 /€1 ©91; () (PEA),PbBry 8l DO 19 HRA-
XRD K3 . |21 89 SEM R4 A #% 1 #9 SEM [#1%; (h) (PEA),PbBr, B 575 o ki T (24 Am) Fly 548 (137Cs) #0k T B9 W A7 i
] A B 75 21 Am 1 97Cs PR IR T o/y B (9 B (1) D-DIR-G 4R 5555 T 04 n/y B0 1B LR AR TR] 2% A0 T LLBE 8 9 8 Ak B 11
n/y 43 HER 7 B () ITC a3 2 A 7R & B AR K ) CCT B b BE 5 990 (k) e3P ¢ 12—13 mm B9 30 4, 7F 254 nm R F, %
TR N ARABAHY Cs(Cuy o Liy)ols M (Csy,Li,)sCuoly SR LR TE B 4K FOG T LM N B9 THB A i (1) ZE BAR DL R, RiBA M
TLB 24 Csy(Cuy Li,)ols & (Csy Li,)sCuoly BYHGAE G A & v 5y Li v B2 A2 1 47 3 34 (70

Fig. 4. (a) Illustration of the setup of the system for scintillation test; (b) the obtained patterns; (c) diagrammatic presentation of
the aqueous synthesis of STA,PbBry; (d) contact angle test of the STA,PbBr, filmP?; (e) a schematic illustration of 99 mTc Y-ray
imaging by perovskite Y-ray camera using 4x4 pixelated CsPbBr; detectors; (f) crystal surface processed by a combination of mech-
anical 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),Pb-
Br, single crystal; (h) response time of (PEA)2 PbBr4 SC under « particles (**!Am)and y-rays (}¥"Cs) excitation and the scatter plot
for o/ discrimination under the irradiation of ! Am and ¥7Cs 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 samplesl®); (k) ¢ 12-13 mm single crystals of undoped Css(Cuy_Li,)sl; and
(Csy ,Li,)3Cuyl, inside the ampules under 254 nm excitation and Tl-doped crystals inside the ampules under natural white light;
(1) polished samples of undoped and Tl-doped Csz(Cuy ,Li,)oI5 and (Cs; ,Li,);Cusl, under natural white light, Li concentrations in

the samples increased from left to right[™.

662 keV(137Cs)y LT, LI T 0.7% HIRE T 51 HF BT IERS R, Zhang 55 7 £ T Cs,AgBiBrg AUHEL
R IR CdZnTe MK R T gtk W SR SCELT y SR ERI 5 RE I L 38 A AR
FERD BB HEE IR, BFFE N DAL T U R Bi JTE L, FEAR T IRRE R AR, AR
AR Ty BRI 45 . Hidh, Cs,AgBiBrg pt BUAF] 1.47x1073 cm?/V, 7E 59.5 keV(2*'Am)y
A AR E M HLBHA 6T M RE T ALY SRR, S RE R T HERIAEN T 13.91%, SLH
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Fig. 5. (a) Crystal structure of BDAPbBry; (b) the fast-neutron imaging result by BDAPbBr, detector(™); (c) structure schematic of
MHyPbCls™; (d) the molecular structure of the (PEA),PbBr, 2D hybrid perovskite; (e) schematic diagram of the fast neutron irradi-
ation experimental setup and photograph of the flexible 2D perovskite-based detector(™); (f) the testing setup for the measurement of
neutron response; (g) the TOF method for ng/y discrimination and neutron energy resolution!*; (h) flow chart of the entire(PEA),Pb-
Br, 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 Cs;CuzClgl, scintillators utilizing the nuclear reaction process (*Cl(n,
p)®S); (j) schematic and operating principles of the fast neutron imaging system at CSNS; (k) fast neutron image of an N-shaped hol-
low cylinder composed of PTFE, the inset shows the cross-sectional photograph of the cylinder in bright-field!™.

FIATAYBITSE 24 rP s BB RHA R R | BRI
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HEAT HL-TCHLARAL B BRA A 46 AL I Se 250, Hopl

Frf THUR-FE A PUZ-THUZ =A%, Wy
THRL BRI LR A TERE. FE T I, Xia 507 &
WARGARIE T —HEH5EK5 (PEA),Pb(Bro.5Clo.o5)a
BRI IRATER S AR SR P B BT (UL 5(1)),
SCELT 41000 Y6 /MeV G =R, ok i E B ok
2.97 ns, FIISI T HTF RATH I (TOF) iy
n/y Bl (18 5(g)). 7RI |, Xie 55 0 SRATKF b
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b (A7) Vi (51 175 B0 (e) W b Bl i R % 1A HE AR 54 B2, (£) BiCuSCl, 19 (Z2) Ml T8 (VBM) A1 (47) S IE (CBM) 4519
H o 2 B 4T 1] (g) BiCuSCLX S 2 I #5 9 X S 4 ARl 2 7m B B 590 (h) RF 24 4.60 cmx3.80 em (9 K I FLE ] (PEA),PbBr,
B 00 (1) H-CL b M 19 & B Zeom B IR, S S 25 0, HERRHE S O X, DA & H-CL A B 5 52 58 PXRD &% 89; (j) CspNaTbCl,
DPSCs 19 7K & iR 2 B S I = 4k 57 77 45445 (k) CsoNaTbClg i BEAE HOG L 848G T B HPR A T 19 M 7. AR 289 7k 7
Cs,NaTbClg WilIE /9 X G2 K15, A RELLE Cs,NaThClg R _E 19 s R s 214 1)

Fig. 6. (a) Schematic diagram of the MAPbI; lattice structure; (b) schematic diagram of three hydrogen bonds formed between deu-
terated MA* (D atom in red) and I" in octahedral cages of Pb (yellow) and I (purple), schematic diagram of Pbl; octahedron and
eight surrounding MA*(™; (c) illustration of FAPbBr3 crystal detector structure; (d) distribution of Vl‘; before (left) and during
(right) the preconditioning process!®); (e) packing structure viewed along the b-axis®¥; (f) charge density plots of (left)valence band
maximum (VBM)and (right) conduction band minimum (CBM)states for BiCuSCly; (g) schematic of X-ray imaging measurement
of the BiCuSCl, X-ray detector®); (h) the photograph of a large-area transparent (PEA),PbBr, SC with dimensions of 4.60 cmx
3.80 cml®l; (i) schematic diagram of the synthetic route for H-CI crystals, single crystal structure, the packing arrangement, and
simulated and experimental PXRD patterns of H-C1®¥; (j) schematic illustration of hydrothermal synthesis of Cs,NaThClg; DPSCs
and 3D cubic structure of Cs,NaTbCl; DPSCs; (k) photographs of the Cs;NaTbClg film under sunlight, UV light, and bending. X-
ray images of different types of objects (the patterned metal sheet, the circuit board, the capsule) on the Cs,NaTbCl; film; imaging
diagram of different models on the Cs,NaTbCl, film®.

50

BEVERNER SRR Pk ) R R ) 1 et —28 i . S AF R Z R I I AL G5k 1) £
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s AN W7 2 TH JC B A R ) I 4 BB Xia 45 159 BT A HL B (8.8%10° Q-m) FIAR S By 20 13T
58 T H5EKT 2 S0k BiCuSCly, WA 6(f), (g), /\If MR- TR (ur = 54x103 ecm?/V), LT
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Abstract

High-energy radiation detection, covering o particles, 3 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 in metal halide perovskite semiconductor

devices for high-energy radiation detection. First, the fundamental interaction mechanisms between different
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radiation types and semiconductor materials are introduced, including energy deposition, electron—hole pair
generation, carrier transport, and signal conversion processes for a particles, 3 particles, ¥ rays, neutrons, and
X-rays. Subsequently, the key performance parameters for evaluating radiation detectors are comprehensively
discussed, including the carrier mobility-lifetime product (u7), 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 perovskites, 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, (3-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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