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Abstract: The development of new scintillator materials with both high luminescence performance and environ-
mental friendliness is urgently needed for the high-sensitivity and low-dose development of X-ray detection and im-
aging technologies. Zero-dimensional antimony-based metal halides exhibit high photoluminescence quantum yield
(PLQY), large Stokes shifts, and excellent structural tunability by virtue of their unique 5s* electronic configura-
tions and self-trapped excitons (STEs) radiation mechanisms, which make them promising candidates for lead-free
scintillators. In this paper, we systematically review the luminescence mechanism and design strategy of zero-di-
mensional antimony-based hybrid metal halides and their research progress in X-ray detection and imaging. It is
shown that such materials exhibit excellent light yield and low detection limit under X-ray excitation, while high
spatial resolution imaging is achieved in X-ray imaging applications. Finally, we point out the main challenges cur-
rently faced by zero-dimensional hybridised antimony-based metal halides and provide an outlook on their future di-

rections.
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Fig.1 Mechanism of operation of an indirect X-ray detector (a) and the principle of luminescence of a hybridised antimony-based

scintillator (b)
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Fig.2 (a)Crystal structure of (TTA),SbCls and (TEBA),SbCL™'. (b) Diagram of the crystal structure of (EPT),ShCls as well

as the physical picture™’. (¢)Physical as well as crystal structure diagrams of (TMS),ShCly in different configurations™.

]

(d) Crystal structure change of (C¢N,H ) ShCls after introduction of water molecules™"’. () Crystal structure of DP-ShCl;

versus DP-SbCl, with physical luminescence'™’
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(a)Radioluminescence (RL) spectra and optical yield properties of (PPN),ShCls single crystals under X-ray excitation.

(b) Linear relationship between dose rate and RL intensity for (PPN),SbCls and CsI(T1) scintillators. The inset shows da-
ta for (PPN),SbCls measured at low dose rates™®’. (¢) Radioluminescence (RL) intensity spectra of (TEBA),SbhCls_Br,
with LuAG : Ce. (d) Detection limit of TEBA-2. (e) X-ray irradiation stability of TEBA-2""". () RL spectra of BGO, LuAG: Ce

and CsgHs6P,Sb,Clg crystals under X-ray irradiation. (g) Functional correlation between RL intensity and X-ray dose rate.

(h)RL spectra of C33H3P,Sh,Cyg crystals under different X-ray dose rates'*
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sunlight and X-ray irradiation. (e) MTF curves of scintillator films prepared based on powder-based and in-situ films.

(f) X-ray imaging of the chip with C;3H;5P,SbCls film'"".

tion screen. (c) Bright field photograph and X-ray image of the circuit board

(g) Photographs of transparent and polycrystalline screens with
different thicknesses (700-1 100 pwm). (h) Spatial resolution results of transparent and polycrystalline screens of differ-

ent thicknesses. (i) ( 1 ) Photographs of the chip, (
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blurred X-ray images of the chip based on polycrystalline screens'™
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Tab. 1  Summary of key parameters of hybridised Sh**-based metal halide scintillators for X-ray detection and imaging

) Fluorescence decay
Material

Light yield/

Detection limit/ Spatial resolution/

time/ps (photons*MeV™) (nGy, +s™) (Iprmm™)
(ETP),ShCl, 1. 074 8 500 — 19 [49]
(PPN),ShCl, 4.1 49 000 191. 4 — [60]
(TEBA),ShCLBr, 2.04 15 000 50. 1 10. 4 [61]
C.H,P,Sh,Cl 3.59 41300 45.6 8. 15 [62]
C4,H,,P,SbCl, 2.67 44 460 16.92 8.2 [70]
MTP,ShC, 3.16 39 800 78.4 10.2 [71]
(€, H,,P),ShCl, 3.58 12 535 3 160 30 [72]
[ Bmmim],ShCl, 8.9 9 987 3210 12.5 [73]
[FPPP],ShCl, 6.49 46 927 710 13 [74]
(NYP),ShCI 0.001 18 21 500 757.51 7.71 [75]




1228 K b/

¥R % 46 &

5 BEREZ

BT IR 5700 T Y A 4 A 10 B Ak ALY
DR PR A S B L B Dl B 777 4 ORI E e S
1088 LA e 5 M B PR B R e, R T — FRAIR R
R R XA S AR R Y BRAR i e A
Fo MON, T YA TORT G Jm k LE 4 o3 R 2R
ERZREERRAE , it — BB I R EEE PR RE AL
S Xk DN R AR R R L T R B B s ()
SR, MR R R, - 4E 86 54 B B I H
AT Ak T 5 6 = B B, MG oMb Ak 7 T T i 1 22 Pk
o HAKITE , T STEs 58 S AL 9 F7 78 %250

b3 i 2 B R R R AR A R A (RO R ) L X
— PR R T AR B A XS LR AR S Y o v
Ji o TRIIRE, X 2 A% 5 1 i 4 T 2 AT o i — 20 A
A, R AR DR T R g 3 W L R G S A A Y
TN DN S5 184 1 28 152 AR T T AT A 7 1 22 iR o i 2
g REA A, R IE T BE— P LA BE R 5 8 3
J15 TP RAR A AL & BB A, DL 3l A R
J7 2 W5 b A I 25 e 1y 52 P AL 2 7

AR SR G R I B AR I AN AR b
http://cjl.lightpublishing.cn/thesisDetails#10.37188/
CJL.20250108

& £ X #:

[ 1 ] DUDIPALA KR, LET H, NIE W Y, et al. Halide perovskites and their derivatives for efficient, high-resolution direct
radiation detection: design strategies and applications [J]. Adv. Mater. , 2024, 36(8): 2304523.

(2] awfe, MR, BN, 5. JENREGBTTE R (1] £F $4R, 2019, 48(10): 1148011.
LV S C, ZHOU S F, TANG J Z, et al. Research progress in development of glass scintillator [J]. Acta Photon. Sinica,
2019, 48(10): 1148011. (in Chinese)

[ 3 ] SILVA M I, MALITCKII E, SANTOS T G, et al. Review of conventional and advanced non-destructive testing tech-
niques for detection and characterization of small-scale defects [J]. Prog. Mater Sci. , 2023, 138: 101155.

[ 4 ] HOIAAS 1, GRUJIC K, IMENES A G, et al. Inspection and condition monitoring of large-scale photovoltaic power
plants: a review of imaging technologies [ J]. Renewable Sustainable Energy Rev. , 2022, 161: 112353.

[ 5 ] HAJAGOSTJ, LIU C, CHEREPY N J, et al. High-Z sensitized plastic scintillators: a review [J]. Adv. Mater. , 2018,
30(27): 1706956.

[6] B, EX, 2ja, F. HTHEEE AR T WA BRI R X LGN 5 Qi it g (1], 5 5®,
2022, 42(17): 1704002.
MA W B, KUANG C F, LIU X, et al. Research progress of X-ray detection and imaging based on emerging metal halide
semiconductors and scintillators [J]. Acta Opt. Sinica, 2022, 42(17): 1704002. (in Chinese)

[ 7] GAN N, ZOU X, DONG M Y, et al. Organic phosphorescent scintillation from copolymers by X-ray irradiation [J].
Nat. Commun. , 2022, 13(1): 3995.

[ 8 JLIUJ, LIUPL, SHITL, et al. Flexible and broadband colloidal quantum dots photodiode array for pixel-level X-ray to
near-infrared image fusion [J]. Nat. Commun. , 2023, 14(1): 5352.

[ 9 ] OLIVEIRA J, CORREIA V, COSTA P, et al. Stretchable scintillator composites for indirect X-ray detectors [J]. Com-
pos Part B, 2018, 133: 226-231.

[ 10 ] ZDESENKO Y G, AVIGNONE III F T, BRUDANIN V B, et al. Scintillation properties and radioactive contamination of
CaW Oy, crystal scintillators [J]. Nucl. Instrum. Methods Phys. Res. Sect. A, 2005, 538(1-3): 657-667.

[11] YAMAMOTO S, TOMITA H. Comparison of light outputs, decay times, and imaging performance of a ZnS (Ag) scintil-
lator for alpha particles, beta particles, and gamma photons [ J]. Appl. Radiat. Isot. , 2021, 168: 109527.

[ 12 ] XIANG W J, SHEN D P, ZHANG X Z, et al. Transparent and planar Cs;Cu,Cls crystals for micrometer-resolution X-ray
imaging screen [J]. ACS Appl. Mater. Interfaces, 2024, 16(4): 4918-4924.

[ 13 ] KOSHIMIZU M. Fundamental processes and recent development of organic scintillators [J]. J. Lumin. , 2025, 278:
121008.

[14 ] ZHANG M Y, WANG X M, YANG B, et al. Metal halide scintillators with fast and self-absorption-free defect-bound
excitonic radioluminescence for dynamic X-ray imaging [J]. Adv. Funct. Mater. , 2021, 31(9): 2007921.

[15] ZHU W J, MA W B, SU Y R, et al. Low-dose real-time X-ray imaging with nontoxic double perovskite scintillators [J].



%7 W ARAEAR, A TR A TR B p AL A XIS e RN I B 5 T 1229

Light: Sci. Appl. , 2020, 9(1): 112.

[ 16 ] YANAGIDA T. Inorganic scintillating materials and scintillation detectors [ J]. Proc. Jpn. Acad. Ser. B, 2018, 94(2):
75-917.

[17] CAOJT, GUO Z, ZHU S, et al. Preparation of lead-free two-dimensional-layered (CgH;;NH;),SnBr, perovskite scintilla-
tors and their application in X-ray imaging [J]. ACS Appl. Mater. Interfaces, 2020, 12(17): 19797-19804.

[ 18 ] NAGARKAR V V, TIPNIS S V, GUPTA T K, et al. High speed X-ray imaging camera using a structured CsI(Tl) scintil-
lator [J]. IEEE Trans. Nucl. Sci. , 1999, 46(3): 232-236.

[ 19 ] NIKL M, YOSHIKAWA A. Recent R&D trends in inorganic single-crystal scintillator materials for radiation detection [J]. Ado.
Opt. Mater. , 2015, 3(4): 463-481.

[20] HAN K, QIAO J W, ZHANG S, et al. Band alignment engineering in ns electrons doped metal halide perovskites [J].
Laser Photonics Rev. , 2023, 17(1): 2200458.

[21] ZHAO JJ, ZHAO L, DENG Y H, et al. Perovskite-filled membranes for flexible and large-area direct-conversion X-ray
detector arrays [J]. Nat. Photonics, 2020, 14(10): 612-617.

[22] THIRIMANNE H M, JAYAWARDENA K D G I, PARNELL A J, et al. High sensitivity organic inorganic hybrid X-ray
detectors with direct transduction and broadband response [J]. Nat. Commun. , 2018, 9(1): 2926.

[23] CULH X, ZHU W J, DENG Y J, et al. Lead-free organic-inorganic hybrid scintillators for X -ray detection [J]. Aggre-
gate, 2024, 5(2) ; e454.

[24 ] PENGQC, SIY B, YUAN J W, et al. High performance dynamic X-ray flexible imaging realized using a copper iodide
cluster-based MOF microcrystal scintillator [J]. Angew. Chem. , 2023, 135(40): ¢202308194.

[25] 3%, Fx=x, Rd, F. XS LBUEH T TCE 2210 050 A1 N IR AR B 58 F Ji8 (i) [D]. #ok B k& F 5t
JE, 2024, 61(3): 0334001.
LIW, LIY Y, CHI X H, et al. Research progresses of zero-dimensional lead-free hybrid halides scintillators for X-ray
imaging (Invited) [J]. Laser Optoelectron. Prog. , 2024, 61(3): 0334001. (in Chinese)

[26 ] LIAN L Y, ZHANG P, ZHANG X W, et al. Realizing near-unity quantum efficiency of zero-dimensional antimony
halides through metal halide structural modulation [J]. ACS Appl. Mater. Interfaces, 2021, 13(49): 58908-58915.

[27] ZHANG R Q, XIE H D, ZHAO Q Y, et al. Zero-dimensional hybrid antimony chloride with near-unity broad-band
orange-red emission toward solid-state lighting [ J]. Inorg. Chem. , 2023, 62(48): 19771-19779.

[281LID Y, SONG J H, XU Z Y, et al. Reversible triple-mode switching in photoluminescence from 0D hybrid antimony
halides [J]. Chem. Mater. , 2022, 34(15): 6985-6995.

[29 ] DENG Y J, LIANG X, LIF Y, et al. Large cation engineering in organic antimony halides for low-loss active waveguide [ J].
Laser Photonics Rev. , 2023, 17(8): 2300043.

[30] 2o, kot te, 23, 5. &R (L4 DN BRI 00 X S5 LR s wF e ki [J]. 2k 53R, 2024, 45(8) : 1266-
1280.
WANG LK, LIN HJ, WU K, et al. Research progress in X-ray imaging of metal halide scintillator films [J]. Chin. J.
Lumin. , 2024, 45(8): 1266-1280. (in Chinese)

[31] MCCALL K M, MORAD V, BENIN B M, et al. Efficient lone-pair-driven luminescence: structure-property relationships
in emissive 5s” metal halides [J]. ACS Mater. Lett. , 2020, 2(9): 1218-1232.

[ 32 ] PYYKKO P. Relativistic effects in structural chemistry [J]. Chem. Rev. , 1988, 88(3): 563-594.

[ 33 ] STOUMPOS C C, FRAZER L, CLARK D J, et al. Hybrid germanium iodide perovskite semiconductors: active lone
pairs, structural distortions, direct and indirect energy gaps, and strong nonlinear optical properties [J]. J. Am. Chem.
Soc. , 2015, 137(21): 6804-6819.

[34] SWAINSON I, CHIL S, HER J H, et al. Orientational ordering, tilting and lone-pair activity in the perovskite methylam-
monium tin bromide, CH;NH;SnBry [J]. Acta Crystallogr. B, 2010, 66(Pt4): 422-429.

[35] SCHUELLER E C, LAURITA G, FABINI D H, et al. Crystal structure evolution and notable thermal expansion in hy-
brid perovskites formamidinium tin iodide and formamidinium lead bromide [J]. Inorg. Chem. , 2018, 57(2): 695-701.

[36 ] FABINI D H, LAURITA G, BECHTEL J S, et al. Dynamic stereochemical activity of the Sn** lone pair in perovskite
CsSnBry [J]. J. Am. Chem. Soc. , 2016, 138(36): 11820-11832.

[ 37 ] LAURITA G, FABINI D H, STOUMPOS C C, et al. Chemical tuning of dynamic cation off-centering in the cubic phases



1230 % Jt 2% Eivd %546 B

of hybrid tin and lead halide perovskites [J]. Chem. Sci. , 2017, 8(8): 5628-5635.

[38 ] MCCALL K M, STOUMPOS C C, KOSTINA S S, et al. Strong electron-phonon coupling and self-trapped excitons in the
defect halide perovskites A;M,ly (A= Cs, Rb; M= Bi, Sb) [J]. Chem. Mater. , 2017, 29(9) : 4129-4145.

[39] LISR, LUOJJ, LIU J, et al. Self-trapped excitons in all-inorganic halide perovskites: fundamentals, status, and poten-
tial applications [J]. J. Phys. Chem. Lett. , 2019, 10(8): 1999-2007.

[ 40 ] PENG H, TIAN Y, WANG X X, et al. Bulk assembly of a OD organic antimony chloride hybrid with highly efficient
orange dual emission by self-trapped states [J]. J. Mater. Chem. C, 2021, 9(36): 12184-12190.

[41] WANG J, DONG J C, LU F F, et al. Two-dimensional lead-free halide perovskite materials and devices [J]. J. Mater.
Chem. A, 2019, 7(41): 23563-23576.

[42] WEI W J, JIANG X X, DONG L Y, et al. Regulating second-harmonic generation by van der Waals interactions in two-
dimensional lead halide perovskite nanosheets [J]. J. Am. Chem. Soc. , 2019, 141(23): 9134-9139.

[ 43 ] SAPAROV B, MITZI D B. Organic-inorganic perovskites: structural versatility for functional materials design [J].
Chem. Rev. , 2016, 116(7): 4558-4596.

[44] ZHOU Y Y, CHEN W. Hybrid organic-inorganic halide perovskites [J1. J. Appl. Phys. , 2020, 128(20): 200401.

[45] WANG Z P, ZHANG Z Z, TAO L Q, et al. Hybrid chloroantimonates (I1I) : thermally induced triple-mode reversible
luminescent switching and laser-printable rewritable luminescent paper [J]. Angew. Chem. Int. Ed., 2019, 58(29):
9974-9978.

[46 ] ZHOU C K, LIN H R, TIAN Y, et al. Luminescent zero-dimensional organic metal halide hybrids with near-unity quan-
tum efficiency [J]. Chem. Sci. , 2018, 9(3): 586-593.

[47 ] ZAFFALONM L, WU Y, COVA F, et al. Zero-dimensional GuasShClg crystals as intrinsically reabsorption-free scintilla-
tors for radiation detection [J]. Adv. Funct. Mater. , 2023, 33(48): 2305564

[48] LIZY, LIY, LIANG P, et al. Dual-band luminescent lead-free antimony chloride halides with near-unity photolumines-
cence quantum efficiency [J]. Chem. Mater. , 2019, 31(22): 9363-9371.

[49] XUZW, LIN, YAN X Y, et al. Transparent OD antimony halides glassy wafer with near-unity photoluminescence quan-
tum yield for high spatial resolution X-ray imaging [J]. Adv. Opt. Mater. , 2024, 12(3): 2301477.

[50] LIAO J F, ZHANG Z P, ZHOU L, et al. Achieving near-unity red light photoluminescence in antimony halide crystals
via polyhedron regulation [J]. Angew. Chem. , 2024, 136(24): ¢202404100.

[51] SONG GM, LIM Z, ZHANG S Z, et al. Enhancing photoluminescence quantum yield in 0D metal halides by introduc-
ing water molecules [J]. Adv. Funct. Mater. , 2020, 30(32): 2002468.

[ 52 ] ZHOU L, LIAO J F, KUANG D B. An overview for zero-dimensional broadband emissive metal-halide single crystals [ J]. Adw.
Opt. Mater. , 2021, 9(17): 2100544.

[53]1 ZHAO J Q, HAN M F, ZHAO X J, et al. Structural dimensionality modulation toward enhanced photoluminescence effi-
ciencies of hybrid lead-free antimony halides [J]. Adv. Opt. Mater. , 2021, 9(19): 2100556.

[ 54 ] MENG H X, ZHU W J, ZHOU Z ], et al. High-efficiency luminescent organic-inorganic hybrid manganese ( 1l ) halides
applied to X-ray imaging [J]. J. Mater. Chem. C, 2022, 10(34): 12286-12291.

[55] LU J, GAO J, WANG S H, et al. Improving X-ray scintillating merits of zero-dimensional organic-manganese ( 1T )
halide hybrids via enhancing the ligand polarizability for high-resolution imaging [J]. Nano Lett. , 2023, 23(10) : 4351-
4358.

[56 ] ZHANG Z Z, WEI J H, LUO ] B, et al. Large-area laminar TEA,Mnl, Single-crystal scintillator for X-ray imaging with
impressive high resolution [J]. ACS Appl. Mater. Interfaces, 2022, 14(42): 47913-47921.

[57] WEIQ L, CHANG T, ZENG R S, et al. Self-trapped exciton emission in a zero-dimensional (TMA),ShCls- DMF single
crystal and molecular dynamics simulation of structural stability [J]. J. Phys. Chem. Lett. , 2021, 12(30): 7091-7099.

[ 58] SUNSQ, LUM, GAO X F, et al. OD perovskites: unique properties, synthesis, and their applications [J]. Adv. Sci. ,
2021, 8(24): 2102689.

[ 59 ] SMITH M D, CONNOR B A, KARUNADASA H I. Tuning the luminescence of layered halide perovskites [J]. Chem.
Rev. , 2019, 119(5): 3104-3139.

[60] HE Q Q, ZHOU C K, XU L J, et al. Highly stable organic antimony halide crystals for X-ray scintillation [J]. ACS
Mater. Lett. , 2020, 2(6): 633-638.



%7 W ARAEAR, A TR A TR B p AL A XIS e RN I B 5 T 1231

[61 ] CHEN HY, CUIH X, JIANG T X, et al. Highly luminescent antimony-based organic-inorganic hybrid halides for X-ray
imaging and detection [J1]. J. Mater. Chem. C, 2024, 12(32): 12325-12331.

[62 ] MENG H X, LI Y, ZHANG F, et al. Stable organic-inorganic hybrid Sb( 1l ) halide scintillator for nonplanar ultra-flexi-
ble X-ray imaging [ J]. Adv. Funct. Mater. , 2025, 35(2): 2412597.

[ 63 ] ISKANDRIAN A E, HAGE F G. Nuclear Cardiac Imaging: Principles and Applications [M]. 6th ed. Oxford: Oxford
University Press, 2024.

[ 64 ] SAKHATSKYI K, TUREDI B, MATT G J, et al. Stable perovskite single-crystal X-ray imaging detectors with single-pho-
ton sensitivity [J]. Nat. Photonics, 2023, 17(6): 510-517.

[65] WANG J X, GUTIERREZ-ARZALUZ L., WANG X J, et al. Nearly 100% energy transfer at the interface of metal-organic
frameworks for X-ray imaging scintillators [J]. Matter, 2022, 5(1): 253-265.

[66 ] WANG J X, GUTIERREZ-ARZALUZ L, WANG X J, et al. Heavy-atom engineering of thermally activated delayed fluo-
rophores for high-performance X-ray imaging scintillators [ J]. Nat. Photonics, 2022, 16(12): 869-875.

[ 67 ] TREISTER N S, BRENNAN M T, SOLLECITO T P, et al. Exposed bone in patients with head and neck cancer treated
with radiation therapy: an analysis of the observational study of dental outcomes in head and neck cancer patients (Ora-
Rad) [J]. Cancer, 2022, 128(3): 487-496.

[ 68 ] BOOIJ R, KAMMERLING N F, OEL E H G, et al. Assessment of visibility of bone structures in the wrist using normal
and half of the radiation dose with photon-counting detector CT [J]. Eur. J. Radiol. , 2023, 159: 110662.

[69 ] DOLATIS S K, MALLA P, ORTIZ J D, et al. Identifying NDT methods for damage detection in concrete elements rein-
forced or strengthened with FRP [J]. Eng. Struct. , 2023, 287: 116155.

[70 ] MENG H X, CHEN B, ZHU W J, et al. Stable organic antimony halides with near-unity photoluminescence quantum
yield for X-ray imaging [J]. Laser Photonics Rev. , 2023, 17(7): 2201007.

[71 ] MENG H X, LIY, WANG Y, et al. Highly efficient flexible antimony halide scintillator films with in situ preparation for
high-resolution X-ray imaging [J]. Laser Photonics Rev. , 2025, 19(4): 2401703.

[ 72 ] FENG T, ZHOU Z, AN Y, et al. Large-area transparent antimony-based perovskite glass for high-resolution X-ray imag-
ing [J]. ACS Nano, 2024, 18(26): 16715-16725.

[73 ] LI H, TENG Z W, ZHOU M, et al. A thermoplastic organic metal halide scintillator [J]. ACS Mater. Lett. , 2023,
5(9): 2481-2487.

[74] WANG Y Y, JIA G H, HUO M R, et al. A lead-free zero-dimensional hybrid antimony halide perovskite X-ray scintilla-
tor with exceptional emission efficiency and excellent stability as a highly sensitive fluorescent probe [J]. Inorg. Chem.
Front. , 2024, 11(16) : 5034-5042.

[75] CAOSJ, WANG Y J, LAIJ A, et al. Tunable luminescence based on structural regulation in organic antimony halides
for X-ray scintillation [Jl. Inorg. Chem. Front. , 2024, 11(16): 5221-5232.

KR (2002-), 5, WAL RN, il B EE(1989-), &, WAL A, 1
LR, 2024 4 TR VT R34S % L WS B T O, 2016 4F T AR
ToE L, FENE T X SRS ZRILTR ARG A0, N
AR IR AR B T JEHL T RERT BRI

E-mail: yul263625569@163. com E-mail: gaoyt@cug. edu. cn




