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Abstract

research, medical imaging, industrial detection, and other fields. Lead-free metal halides have many advantages, such as low

High-energy radiation detection and imaging technology has important applications in high-energy physics

toxicity, good stability, high light yield, and large stokes shift; they exhibit excellent potential in indirect X-ray detection. The
latest research progress of lead-free metal halide scintillators and imaging devices is reviewed herein. First, the material
composition and luminescence mechanism are introduced. The key parameters of scintillator performance are listed. The
synthesis methods of single crystal, powder, and nanocrystal are summarized. Some recent novel ideas about improving the
resolution of imaging devices are also described. We focus on the new-type scintillator imaging devices, including composite
film, ceramic, glass, and structured scintillators. Finally, we have summarized the challenges and potential problems of
scintillator imaging detectors and provided some suggestions.
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Fig. 1 Review of materials, synthesis, parameter, luminescence mechanism, and application of lead-free metal halide scintillator™”

2 RIGCHLEE

4 4 i AL A RHE A 7 B4
BT E XALBI B FI A, WHK B4 E TR
A Mn . Cu.Zr.Sn.,Sb %, &5 §i 2 1 1R 25 4 o0 241 5% A
PR G5 H0 B 2R R e S R R Y R Ay . A PH
1] 0] B 22 1A A R, T2 B AR E A AR T 4 A A
X OB e i85 Ak E oK, W CLBr 15, =3 3k[A]
YEF B E T M ORI 2 3R BUR D™ 8 DL BUR Ot 4
fiv . Stokes {3 B | HL 45 F4 77 B S5 51 o

1R BB S e 5 DN KRR W oA AR 2 2 R 3L

il 2 e R R AT B 0 S L OE R X B R, 3 R
ML 0580 5 B T e B R O A S BE R . e R &
A G fe = T ILE keV B, B U00H o5 9% 32 S b7,
FERXFPIEOLT , A G & e T R R — /N v g i
HAemEEd/EZm FRE ;s AHERES T
1.02 MeV, Al & A= GE L F X5 B B 1 MR B
JEALEE I F % B A ST BE AT L E keV 19 5 BE T 46
PR, 32 A ' W TR R AR 1) i A DR T A
YER & S6T

DA R A 11 1 L TR A = 2 A 3 A e - 1) MR R A
WO, RTERE LB OIS T bR SR

0316005-2



F61EF3IH/2024 F2 A/BAERBEFEHRHRE

B S e S R L O A A R o A R T S OB A

W 2)Rei A R IE T R o RS A Y L T A A U
AR IR 45 e B BUROE LR, VF 2 H T AE T
SERET—110 "~10 "siE B R, XA
e DN B A R B 25+ 0 B P RE 2 AP BL
FEARRR AT G ST R A ROEIYAEIR | X L B A
T o TR A A A K R DN AR R ) 2 T R AT K
Mo o 3) RS AR . S bl R DN R A 5O T Y
IS5 B B BRSO A AT GE o i A2 O B A Bl
L5 RO T B AR e A o JOAL IR R A G R A
BB A SR BE 5™ A2 G T BN, B E - N, =
NuSQ= (Episen/ Ecr) SQ= (Epaen/ PE,) SQo HH Ny,
S\ Q73 F /R A G B By AR B HL A3 SO RCRE | RE B4
DRSO3 € -8 ol SR R e Y € S0 O | B O3 7 |
F 7R A RL - RE B A7 A SRR L -2 SO T Y fE

(a)

i E RN BERI B, 5 o 2~3 Z A1 L9 52 88

INKRAR BT R DL E EA M TR AL B
T RS PG AL IR KOG 3F . BiLCu.Zr.Sn 4
BRI R ZE ST E AR T  EZE R
Gy KA LT RS TR A BT (STE) e
VLA B TR A ML L. BT TR B s
WA AR, T B RN 28 X s ) g, RO, 3 T A 0o
FEAZF 2 A 2, S STEME T AR FE &R
WK W A5, B 2(a) iR . WL K224 1% 3
B m At R STE ML e B 085 2k 5 41 R
Cs,Ag, :Na, JIn, Bl -Cl 958 5 & i 72 < 58 5 g il
2o s R A7 A A A R S e RO Bk Y R
WS, 7= A R i AV, AR 3 4 H 7 PR 1 e ) R
B AGE AR R e b AR e A R TR
BEOET

Second @
Heavy atom Secondery Do mm—) ¢ \
(Cs, Ag, In or Bi) & FE rﬂ
S |
= o= ~ " '
>, Electron @ STE l° L
y ' ejecton @ e ’ D
. T ; o
\:l-_«’ i 0'0 Thermalization S . hv
Scattered S’ ~ W y High energy electrons o [\[\>
X-ray a
Photoelectric =
Compton effect 5 8
scattering -} ) ) b @ =
difl
GS
Conversion Luminescnece
(b) (c) 66
gﬁgo% caM g /
Qo .y ’H__E'I:__\ S ¢ (] {‘?o
© o0 N2E
—— © L/
FE ", ‘%‘ Rtse
FE: Free Exciton hv
ET: Energy Transfer 6
——— Asg \4
o h g VBM g /

B2 AR 4 Jm s A ROEHLEE R B L (a) STE, W77 TR £ 5 1R Sk i A8 T8 i T, BRI =LA 20 s (W B F R0,

K B 200 38 4o A T A 4 0 B Mn™ 9 &Pl il 1 d-d BREEROE; (o) STE 5 TADF,

I REST L IR R = A = A

WA 5 AR IR B AR IR OB L AL, DL BT R A i RO

Fig. 2 Schematic diagrams of luminescence mechanism of lead-free metal halides. (a) STE, the coupling of electron-phonon causes

lattice distortion to form self-trapping excitons, and self-trapping excitons recombine to emit photons"”; (b) ionoluminescence,

low-energy carriers are transferred to the luminescent center of Mn*' by energy migration and emit photons by d-d transition"";

(c) STE and TADF, singlet and triplet exciton states are produced under the irradiation of high-energy rays, which are

transformed into each other through intersystem crossing and reverse intersystem crossing, and emit photons in the form of self-

trapping exciton recombination””’
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Fig. 4 Metal fluoride longer afterglow nanocrystals scintillator for X-ray 3D imaging””. (a) Proposed mechanism of long-lived

persistent radioluminescence of Th* -doped Nal.uF, nanocrystals; (b) radioluminescence emission spectra of the core-shell

nanocrystals, recorded after cessation of X-rays (50 kV) for 0. 5-168 h; (c) afterglow photographs of Nal.uF, : Tb (15 mol%)

@NaYF, nanocrystals dispersed in 1 mL cyclohexane; (d) schematic diagram of 3D imaging using a flexible detector integrated

with nanocrystalline scintillators
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Table 1 Performance parameters of free-lead metal halide scintillators in recent five years
) L PL decay time  Light yield Detection Spatial o
o Synthesis Emission o . Radiation
Scintillator or afterglow  /(photons/  limit / resolution - Reference
method /nm ) stability
time /ns MeV) (nGy/s) /(lp/mm)
(CyH,P,)MnBr, Antisolvent/ 1.5 4 h@0. 0894
st JVNEG Antseven 517 318000 66256 461.1 @ [62]
SCs/PDMS mold (0.322 mm) mGy/s
(ETP),MnBr, , , 13.4
Melt-quenching 520 295000 35000 103.0 . [60]
transparent wafer (MTF is 0. 2)
CsMnCl,: 1% Pb L 2h@18
. Hot-injection 660 490000 2500 4.3 [42]
NCs/PMMA mGy/s
Solvent
(TBA),MnBr, , 15.4
. evaporation/ 512 445000 68000 63.3 . [52]
SCs/PMMA (MTF is 0.2)
mold
Seed-crystal-
. 265000/ 15.7 )
TPP,MnBr, wafer  induced cold 520 78000 8.8 ) [53]
. 0.5% @3 ms (MTF is 0. 2)
sintering
(C:H,N),MnBr, 442520/1% @ 6 h@]1. 34
e VAVIBI g lution growth 515 S20/1%@ 24400 24.2 5 @ [13]
SCs 2.06 ms mGy/s
758950/1% @ 6 h@1. 34
C,H,NMnCl, SCs Solution growth 635 @ 50500 36.9 5 C/‘ [13]
3.43 ms mGy/s
Solution- 10 h@
BA,PbBr,: Mn , 10.7
processing/ 440,610 727830 85000 16.0 . 0.2763 [14]
(11)/PMMA _ (MTF is 0. 2) ’
blade-coating mGy/s
Low-
(HTPP),MnBr,
| temperature 519 190400 8600 185.0 10.0 [54]
ss
& melt-quenching
Solvent
(TBA)CuBr, . i
evaporation/ 498 232050 24134 3.0 [63]
SCs/PVDF . .
spin-coating
Rb,CuBr,/ Anti-solvent/ 1.7
400 61040 91056 [43]
polystyrene mold (0.29 mm)
Rb,CuBr,/films Slow cooling 385 41400 91056 121.5 [69]
Ball milling/ 6.8 1 h@O0. 1838 .
Cs,Cu,L,/PDMS _ , 445 960 123736 , [46]
drip coating (MTF is 0. 2) mGy/s
0.5 h@
C,H, NCuBrl/ Antisolvent/ ©
. 464, 630 2230, 2520 25000 40. 4 5.6 0.0104 [64]
PDMS physical press N
mGy/s
Cs,Cu,l;/ Anti-solvent/ 17
polydimethylsiloxa  spin-coating/ 445 969 48800 48.6 . [65]
. (MTF is 0. 2)
ne/PDMS blade-coating
Cs,Cu,ClL:2% .
o Hot-injection/
K'NCs/ 530 107570 63.5 5.0 [66]
mold
polystyrene
Hot-injection/
Cs;Cu,l; NC . 1.5
. solution- 445 1920 79279 [21]
films/glass . (0.32 mm)
deposited
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F1 (%)
. L PL decay time  Light yield Detection Spatial o
o Synthesis Emission o ) Radiation
Scintillator or afterglow  /(photons/  limit / resolution N Reference
method /nm . stability
time /ns MeV) (nGy/s) /(lp/mm)
Cs,Cu,l;-AAO . 10. 4 )
; Hot-pressing 440 936 31700 ) [56]
films (MTF is 0. 2)
(C¢H,,N),Cu,Br, Cold Pressi 6 h@0. 096
LB LOICTTESSIE 68 56000 91300 52.1 9. 54 ¢ [34]
wafer Sintering mGy/s
(18-crown-6),Na, o 1 h@2. 4
) Ball milling 536 1980 109000 59.4 24.8 [57]
(Hzo ):Cu; mGy/s
(CH,,NH,),SnBr,/ Cooling/spin— 06 4340 ) = 0. 22 h@40 (61]
PMMA coating kV/0.07 mA
Cs,Agy Na, .1 Modified 4.8 50h@
S, 6N Ao 41N g5 .
SR8 o rothermal 610 2800 39000 19.0 , [12]
Bi, sCl; SCs . (MTF is0.2) 0.012mGy/s
reaction
o 2 h@2. 52 _
Cs,ZrCl,/PDMS Spin-coating 447 83550 49400 65.0 18.0 . [16]
mGy/s
Antisolvent
C.H,.P,ShC,. SCs Soe 592 2670 44460 16. 29 8.2 [48]
precipitation
Modified
Cs,Agl; . _
. antisolvent 16.2 0. 33 h@
polycrystalline o 470 192.8 82900 77.8 . [40]
crystallization/ (MTF is0.2) 0.19mGy/s
powders/PDMS ) )
spin-coating
Cs,CdBr,Cl,: Hydrothermal
L Joe 5040000 1h@0.0323
5%Mn*" SCs/ reaction/spin- 593 ) 64950 17.8 12.3 ) [20]
. 1% @34. 64 mGy/s
PDMS coating
Cu,L(pr-ted), L 2h@ 2.85
QPO Hotinjection 535 8000 22.0 20.0 @ [41]
microcubes mGy/s
Cs,EuBr; single Bridgman
462 3720 78000 [49]
crystal method
Cs,Eul; singl Brid
St Sl ridgman 470 3330 53000 [49]
crystal method
Cs,Cal;: Eu singl Bridgma
S SIS raeman 474 2100 51800 [50]
crystal method
Cs,Srl;: Eu singl Brid
ST B SIS nasman 474 1900 62300 [50]
crystal method
Cs;Cu,l;: Tl single Bridgman
500 304,839 51000 [70]
crystal method
(PPN),SbhCl, Antisolvent 2h@ 0.09
. . . 635 4100 49000 191.4 [67]
single crystal diffusion mGy/s
Cs,NaTbClj Hydrothermal X
548 760000 46600 [68]
powder method
A BB 4 B AR I KR R 6 R ) % Ik S A A A B ol B BRGE AR A T AR A ER T
S i ‘ . .
- Cs,Cu, LA A &, il £t 0 DR R A 98 L 25400 S 1 0 ™
ZE B SR RE TP 5(a) () R . Wang % fi
BARS ZCMCHE MR &8 kb kL, — FHPRE A LA B4 A 75 K i IN PR A Cuy L (prted).,

P LA K i B N 22 OB R RPIR S AT A, HATE A
TRl T R2ER T 2Rl T 2R R

4.1 K&

WL A A e AW K i B T A G

R TR MR Al B A

UUVE L5 . FE VL HOR A B il

i 5Cc)~Ce) B , i N BRAARXT X5 2k 32 304 1= o) iy
PR R0 58 G PR X A R R SR R AR e

Guan 557 5% FH ol ok 19 #0346 T 4 e LA JE 45
B CsMnCL A8 K &b 38 1k 38 45 90 R 55 il i B 44 10
FUEL A 6 40K b 0 TE 355 Al Al & 6 (a) s o #A0E
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Table 2 Characteristics of various synthesis methods

Synthesis method Advantage

Disadvantage

Hot-injection
Coprecipitation
Ball milling
Solvent evaporation
Anti-solvent

Slow cooling Large single crystals

High crystallinity and controlled size
Needless of high temperature
Simple process without solvent
Adjustable size and shape
High crystal quality and fast synthesis

Inert gas and high temperature
Impurity precipitation, and require purification
Poor optical property of product
Long synthesis period
High solvent requirements

Precise control of temperature
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F5 W PLQY &M Cs,Cul 48Kk 5 5 R sE it i 568 14 AT 5% 32357 07 IN BRI < (2) Cs;Cu, L AK f i1 TEM EHZ ™5 (b) Cs,Cu,ls
4K S AR E 9 PLQY ™5 (¢) ~(e) ¥ 51 0K 37 5 I Bt Cu(pr-ted), 19 SEM IR KB M A IR AR e e

Fig. 5 High PLQY, stable Cs,Cu,l; nanocrystals and highly stable, radiation-resistant cluster microcubes scintillator. (a) TEM image

of Cs,Cu,l; nanocrystals™”; (b) PLQY stability of Cs,Cu,l; nanocrystals in ambient atmosphere”’; (c)—(e) SEM image, water

stability, and X-ray tolerance of Cu,I,(pr-ted), microcubes'"!

N AT L3 3 9 Y B R T R R T 9 S 4 K
9 RUSE SR, 2 7 2 3 T 2 i IR ST AR 4%
PF R F i G Y ) & . Han %8R F G R S
B AL 03 75 A B Rb,CuBry 44K &, an & 6 (b) B 7R o 18
] £ T G I IS A T EE B R B R (HA) L B 1k
Cul T )8 A Ak B A A o H 7 3% A 5 Y0 A R ¥ 51
25 850 T8 15 5] Rb,CuBr, 8 A, 8] B 4 15 31F 4 K
2l A Rb,CuBr,, 75 Z2KE 7= 9 76 21 141 (1) 28 065 38 5% b i 77
10K o M T HT—F o7k, 8 005 09 R

il % 17 B CARAIG, Ml B FH A S
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TR £ 2 R B
Fig. 6 The synthesis methods of single crystal, powder, and nanocrystal. (a) Synthesis of CsMnCl, nanocrystals by hot-injection

method"”; (b) ligand-assisted reprecipitation (LARP) method for Rb,CuBr,nanocrystals™; (c) (d) coprecipitation method™" and

mechano-chemical synthesis (ball milling)"" for power; (e) schematic diagram of single crystal preparation by anti-solvent vapor

method™, cooling-induced crystallization method , and solvent evaporation method™”
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4.3 HEF
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S5 1) U JBE 4 il U R 28 46 b i Bridgman 545 40
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B B BT B R ZE VRO | 6 A T R AR
FI /NN B STk K b, % B 4 K, 149 31045 £k
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Table 3 Advantages and disadvantages of different kinds of devices

Device type Advantage

Disadvantage

Composite film
Tabletting Simple process
Transparent solid medium

Structured film

Flexible and large-area preparation

High transmittance and low scattering loss

Strong light confinement

Low absorption coefficient and high scattering loss
Low transmittance and high scattering loss
Require vacuum and high temperature

Complex processing
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BI7 AR 4w o Ak N KRR E A T . () 2848 6T Cs,Cu,L,-PDMS Z2 M I 0 I8 4 5 (b) 3% 22 X 4 S IR 4 T RL 19 B
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Fig. 7 Lead-free metal halide scintillator composite films. (a) The appearance of Cs,Cu,I,-PDMS flexible film under UV light; (b) the
RL stability under continuously X-ray illumination; (c) the stabilities of PLQY of Cs;Cu,l; powder and Cs;Cu,I,-PDMS flexible
film"; (d) photographs of (TBA),MnBr,-PMMA film; (e) normalized PLQY versus bending times; (f) modulation transfer
functions (MTF) of an X-ray image"™; (g) X-ray images of Cs,ZrCl,-PDMS flexible films on flexible circuit boards; (h) schematic
diagram of the X-ray imaging system; (i) X-ray imaging of Cs,ZrCl,-PDMS flexible films on standard resolution card"”
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Fig. 8 Increasing transmittance and imaging resolution through ceramic and glass scintillators. (a) Fabrication process via the seed-

crystal-induced cold sintering process; (b) no light scattering as light travels through homogeneous grain ceramics; (c)(d) light

transmittance and modulation transfer functions of X-ray images obtained from SCSP, CSP, and SS; (e) comparison of spatial

resolutions in representative scintillators and direct X-ray detectors’™

' (f) X-ray imaging of a lead-made line pair card; (g) the

photograph of a 10 cm X 10 cm (HTPP),MnBr, glass; (h) [i], [ii] the photograph of a spring in a capsule and a chip under the

ambient light, [iii], [iv] X-ray imaging of the spring and the chip"™”
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Fig. 9 Improving device resolution through coupling micro-nano optical structures. (a) Imaging diagram of Cs,Cu,I.-AAO composite

film; (b) (c) schematic diagram of the light propagation path in the conventional scintillator and pixelated scintillator™;

(d) improving the spatial imaging resolution of CNCI scintillators through silicon hole array templates™”; (e)—(g) schematic diagram

of biconical fiber array structure, emission propagation path, and X-ray imaging of integrated circuits™; (h) “photonic crystal”

nanostructures enhance X-ray scintillation”™
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