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Abstract: X-ray imaging has widespread demands in the fields of nuclear radiation safety, nondestructive test-
ing, security inspection, and medical diagnosis. However, traditional scintillation single crystals have been im-
peded by high cost and time-consuming process, limited size, and intrinsic brittleness, which leads to extreme dif-
ficulty in achieving efficient and flexible X-ray imaging. In contrast, scintillator films based on metal halide nano-
crystals/microcrystals have significant advantages such as simple fabrication, large area, flexible deformation, and
efficient luminescence, providing a huge potential for X-ray imaging applications. In this work, the X-ray imaging re-
search progress of metal halide scintillator films has been reviewed in detail in recent years. Firstly, according to
whether the metal halide nanocrystal/microcrystal is synthesized individually or not, the preparation strategies of scin-
tillator films have been generalized into two categories: crystal composite strategy and in-situ crystallization strategy,
the advantages and disadvantages of which have been further analyzed in comparison. Secondly, the luminescence
mechanism of metal halide crystals has been investigated, which has been utilized to improve the luminescence per-

formances of scintillator films, gathering the effective methods for increasing the luminescence efficiency of scintillator
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films. Furthermore, various performances related to X-ray imaging of metal halide scintillator films have been further

summarized, mainly including spatial resolution, flexibility, stability, and self-healing. Finally, the summarization

and prospect have been put forward according to the current performances of scintillator films.

Key words: metal halide crystals; scintillator films; X-ray imaging; radioluminescence; preparation methods

e

1 3l

X5 S R N 25 A O A AR I 4
RN e TR B Ry S P N N i
e G R A X I AR BN 25, DN R A R 500 2% 1 T4
Ji 3R K X IR R B A Ry AR T 56 A1 O sl T IO, 22
O FL A% 1 4 O AR B A BT B AE S H
A, T XS R AR I 8 %) TN MR AR 2 225 CsT(TD™
Nal(TD"™ BGO"' LYSO"% fh{A , SR 1fij , 1 46 i {4
il 20 E i AT Z1 R . A, kY
Foft DA o i A T, CsT(TD) ( Nal (TD) f 4 oA K 4y
JEE B 5 BX B R R S AR s BGO
s R ' 7 AR 6 BEAIR, B e AR A5 T 43 R RN 3K
25 X B8 A% R LY SO Sk B BAT A0l X BT 4R
BAGAE BE  ARAEFE = AR ) f B, I R AR
AT TRT SR R R ' R L DR R A R X XS
L AUG A EEE L.

VAR, 42 JE B AW A bR FE X5 2R R
5 THT R B L LR 1 X A8 A TR M RHE AL
S0 TE O R . 4 A AR P Z R
T (Z AR 7 80 BA B R BH 180w, 7T & 3L
RO X AR, B OE RSO EOE L T AER
(PLQY) 5 6 & AR 3R Pk 4 Ja wi £k i 1Ak hy
K AL AT S BR T (APbX;) o (B2 IZ M BHE X 4L
1§ L A7 AE WG 7 T Bk - — 2 kOGS R G
Z [B] A7 5 /N ) Stokes 1 B , 26 30 8 7™ HE 11
AR A R N R T R A L M
DA 2 A A O BE SR 7E b b A T BR T L il
b PR AN RAR S TRIT R 24 4R
i A AR B RE I B (S B (Ge™ ) B
TR B B TR AR T A S R — M AR
(Ag") 4 (Au’) R =48 (In) (B (Bi™) B 2 [H]
BACAY B T AT XU BR Y (Cut) A
(Mn™) B AR B 7 AT A AR R 5 5k 2 R
AR BRSSP AS TR Ak 2 By Bl 2 1 4 T 1
ARy TR Jo it A Sy 52 B0 e 2R 8 2 TR) 9 R XU
LM GREt TE 2RSS, AN, AFRES
& @ AR SRR X2 R AR AR 2 R

A T 20 b bR T 2RI RS A B DL R A e
PE S5 Gk B, 4 )8 )k Y 48 K (Nanocrystal,
NC) . % f (Microcrystal, MC) A 52 B AG A A | 17
&, R SREMWE SBT3
A DR i A RSSO R O [ 3 5 v X AR
UG EEK .

T 48 KLY NC MCBFFE BLR , AR SCE %6
DL 75 Bl B B4 T 1 Ak R R A A X TR AR
AR R B ) 5 T vk R AT MRS 43 25, O X L 4 BT AR g
R IRV & R o Ak d R ) R AL B
8 84 % 6 D v s E— 25 Ay 2R A g 4 IR i Ak N
R R TR IR 1) XS R A M B L I R 45 E 9 IR
XF I BRI B AT 2 S R B
2 A B R AL N R AR B R &

Iy ik

A £ o A 2 7 Bl A i 4 ) Ak NC/
MC A A 445 DA o A% 38 55 1% ol 2% 5 32 ABE 45 o 7
K&, 5300 s w2 A RRE T R0 AL 2 A AR
3
2.1 BEEEHEE

a5 A LR S AR S B B R 4 TR i Ak
P NC/MC 1B 1A S0 MR 1 28 J Ak BT 25 4R 45 A
PR AR I 1) O v % 7 iR v I 4 g i Ak NC/MC
A BB (I 1(a) (b)) FJ5 4b B2 A W B Bt
(FE 1(e) (d) . B84 E Kk NC/MC & sy
T A BAT ¢ SRS R B  CAA Bl B U vE
D7 N 57 SN R 15 1| B/ > ¥ 37 e PV
Bl G B, 3 Ty 3k RS T R R 4 ) 1 Ak i 1
NS B INL I €L S E o e
fE. FEULEERE I, @ik NOMCIRA ZER AW K
FLSE IR AR W AR RE IR (I TR T R L
T Pess0303 L syl P YA D8 SRLIE AR SR g S
IR A [ A S e U R D 4 K 3 T AR AT TN B
PRV . 7E S Ab B A A B D AR T A S 50T
B AR A R Y I R R R ORLRS B LA
75 W] B S ) SRR

i 5 HE S 4 A NC/MC A R By B A Ak 35



1268 K ot

1l %45 5

e

Crystal composite strategy for fabricating scintillation films
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Fig. 1

Crystal composite strategy for fabricating scintillator films. (a) Thermal injection strategy for preparing Cs;Cu,ls: Zn®™

nanocrystals”™. (b)Solid ball milling strategy for preparing MAPbI; microcrystals™”. (¢)Simple casting strategy for pre-

paring Cs;Cu,l5: Zn® NC@EVA scintillator films™®. (d) Vacuum filtration strategy for preparing ultrathin CsPbBr;: Ce™

NC@PVDF scintillator films"
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Tab. 1 Advantages and disadvantages of crystal composite strategy and in-situ crystallization strategy

Methodology Advantages Disadvantages

(1) Cumbersome process; costly and excessive
Crystal (1) High universality, suitable for the preparation of most scintillator

material

composite films

(2) Poor dispersion of nanocrystal powders in
strategy (2) Precise control of crystal structure and scintillation performance

polymers, and not to achieve high crystal loading

(1) Simple technological process, suitable for rapid preparation of large

size and flexible X-ray display screen
In-situ

(2) Avoiding excessive waste and waste liquid in the crystal synthesis process

crystallization

(1) Having certain limitations in preparation

methods

(3) Providing a domain-limited environment for crystal growth, avoiding (2) Poor regulations of crystal structure and

strategy

the aggregation of nanocrystals to form clusters, and achieving high

crystal loading in thin films

luminescence properties
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Tab.2 X-ray imaging properties of metal halide scintillator films

Light yield/
) Fabrication Emission/ | Spatial
Scintillator film Dimension (ph-MeV™")/ ) Detection limit ) RL stability ~Ref.
strategy nm time resolution
PLQY
CsPbBr, Hot-injection + 9.81lp-mm™” .
’ — 550 177 000 2.87 ns — >40 Gy, +s” [40]
NC@PMMA Spin coating (MTF=0. 2)
CsPbBr,
’ 4lp-mm”  1h(45kV-
QD@acrylate- Lamination Thickness: 200 um 534 21 500 175ns  104.23 uGy-s"' [80]
(MTF=0.2) 10mA, 8keV)
resin sheets
N Hot-injection +
CsPbBr,: Ce™ 580 Ip-mm' 0.3h
) Suction filtration/  Thickness: 30 pm — 33 000 — . [55]
NC@PVDF/PS (MTF=0.2)  (4mGy-s™")
Spin coating
CsPbBr, Hot-injection+ 8lp-mm™ 108h (5.5
e 100 cm® 532 — 8.25ns 40.1nGy, s [81]
NC@PMMA  Template-casting (MTF=0.2)  pGy,s")
CH,NH,PbBr,  Solution preparation+ 5.35Ip-mm™  21h(0.45
o — 525 — 40.2ns 1.7 Gy, s" [82]
QD@LM Spin-coating ’ (MTF=0. 3) kGy,, h™)
~10.78
(C,H,NH,),PbBr,:  Solution method + . .
) 15 emX8 cm 610 85 000 179.6ns 16 nGyuir-s_ Ip-mm™ — [51]
Mn@PMMA Blade coating
(MTF=0.2)
Cs,Cu,ly Hot-injection +
cC — 445 79 279 1.92 ps — 0.32 mm — [66]
NC@glass Drop coating
Ball-milling + 127 376; 6.8lp-mm™  1h(183.8
Cu,Cu,l,@PDMS Thickness: 100 pm 445 957 ns — [46]
’ Drip coating PLQY> 90% (MTF=0.2)  pGy,*s")
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o o Light yield/ )
Fabrication Emission/ . Decay ~ Spatial )
Scintillator film Dimension (ph-MeV™)/ Detection limit RL stability ~Ref.
strategy nm time resolution
PLQY
Antisolvent+ 20 emX20 cm; .17 Ip-mm™
Cs,Cu,l;@PDMS 445 48 800 969ns  48.6nGy, s — [36]
i : Spin coating Thickness: 50 wm (MTF=0.2)
Antisolvent+ , 20.0 Ip-mm™
Cs,Cu,l,@PMMA — 440  PLQY=76.65% 1 s 124 nGy,, *s” — [45]
: Blade coating 106 pm
@=5cm;
Hot-injection+ 107. 57 . .
quCuzCkZ K'@PS Thickness : 530 — 63.5 nGyw'si 51lpmm” — [38]
: X Casting ns
0. 15 mm
CSQCUZI;Ian* Hot-injection+ 157 Ip-mm™ 1h(0.2
o Thickness: 210 um 440 — 3.7ps  0.31 uGy, s . [56]
NC@EVA Casting ’ (MTF=0. 2) mGy, +s™)
A 130 min
Rb,CuBr, Hot-injection+ . 27.91p-mm-
’ 4 cmx4 cm 390 PLQY=85% 47.65ps 63nGy, s (49.26 [39]
NC@PMMA Casting (MTF=0. 2) ,
WGy, ")
Ligand-assisted
& 6cm;
Rb,CuBr,@PS reprecipitation + 385 PLQY=59.06% 61.04 s — 0.29 mm — [42]
’ Thickness: 100 um
Casting
(C, H N)- Solvent evaporation +
) — 498 24 134 232 ps — 166 pm — [83]
CuBr,@PVDF Spin coating
( CH N )ZSnBrA@ Solvothermal + 10 emX10 c¢m; )
596 — 3.34 s 104.23 uGy+s  0.2mm — [41]
PMMA Spin coating Thickness: 100 wm
(C,H,P)- . 4h(89.4
Grinding + Casting 4.5 ¢cmX8. 2 cm 517 ~80 000 318 ps  461. I nGy,, s - . [48]
MnBr,@PDMS ’ mGy-s™)
Cs,ZnBr,: Mn*'@ Solution preparation + 255.9or , 5.06 Ip-mm™'
10 emX10 em 526 or 655 15 600 1. 16 p,Gy_m,-sf — [50]
PDMS Spin coating 163. 6 s ‘ (MTF=0.2)
Solution method + . . 120 min (2.52
Cs,ZrCl,@PDMS 20 emX20 cm 447 49 400 15.56 ws 650Gy, +s” 18 Ip-mm~ , [53]
Spin coating : mGy_ +s™)
Solution method + .
20 emx20 cm; . 1L.2lpmm
Cs,HfCI Blade coating and 427 21 700 12.29 ps = 550Gy, s — [54]
Thickness: 200 pum i (MTF=0.2)
soft pressing
NaSLugFulTb3+— Hydrothermal+ 3.5 emXx2. 5 emX
) 544 15 800 — — - — [84]
HNT@PUF Immersion 1. 5em
CsPbBr, . . 1h(0.6
In=situ crystallization 5 emXS5 em 513 — — 120 nGy, +s~  12.51lp-mm” ' [60]
NC@PMMA mGy-s™)
10 emX10 cm; 125 Ip-mm™
Cs,Cu,l,@PMMA  In-situ crystallization 448 PLQY=64% — 2.87 uGy,, *s — [57]
: Thickness: 30 um ’ (MTF=0.2)
(C,,H,P),MnBr, 16.45 0. 608 14.51p-mm™  0.5h (0.2
- In-situ crystallization Thickness: 115 um 520 PLQY=85. 68% ' , [58]
NC @TPU s PGy, s (MTF=0.2)  mGy_+s")
Cs}Cuzlsi'I‘l* Thickness : . 16.3 Ip-mm’I 7d(2
X k In-situ crystallization 510 48 800 — 305 nGy,, *s” . [59]
NC@PMMA ~220 pm ’ (MTF=0.2)  mGy_+s")
10 emX10 c¢m;
CsPbBr,@PP  In-situ crystallization — PLQY=78% 43 ns — — — [9]

Thickness: 0. 1 mm

PP-Polypropylene; EVA-Ethylene-vinyl acetate; PVDF-Polyvinylidene fluoride; PS-Polystyrene; PMMA-Poly-methyl methacrylate; TPU-Thermo-

plastic polyurethane ; LM-Lauryl methacrylate; PUF-polyurethane foam; HNT-Halloysite nanotube.

4.1

Z= | 5 3 2
DAL A S S 1) X5 25 1) 3R 5 A ROt
ROR B HARSG , BRI RORCR I Nk B 4R T

3,294y, xR 28, A T ARG T A, E
A 4] B 10 Tl W TR M A S B LA A B 1) X B s i)
AR G, JEREE 0. 5 mm A9 Rb,CuBr;@PMMA [A]
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HLX 2 W A B3R (5 500 nGy,,es™) 24 AR A4
HEE 19 JE FE DA 0. 10 mm 3l /1N 3] 0. 01 mm B, 25 1] 43
BN 7.0 lp-mm™ $2 5 ] 27.9 lp-mm™ (MTF=
0.2), fic i 4 (B 43 98 R ) WA & T Cs1 i FH A X
SR AR 28 5 Cs3Culs@PMMA [R5 A% 38 Ji55 193¢ 30 1y
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(MTF=0.2) , 254 106 pwm , 7] = 50845 26 N 43 i
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Fig. 4 High spatial resolution X-ray imaging of typical scin-
tillating films. (a) Cs;Cu,@PMMA scintillator films'*".
(b)CsPbBrs: Ce* NC @PVDF/PS scintillator films"™"’

WA, CsPhBry 855K & A [N R B 1 32 30 AR
S X SRR T . nE 4(b) TR, 8% Ce™ B
Ze e ¥ 30 wm JEEE ) CsPbBrs NC@PVDF/PS [A 1k
AR S SN 233 1] 43 % AT 3K %) 580 lp mm ™ (MTF=
0.2), %94 862 nm, J& 4 Hif 5 £k 7 A HR 44 3 i
T I 1) 25 8] 43 BEoR 25 5 T s T g T X5 46
OB R AR RN ER TN 454
4.2 FHMHE

FVEIN SRR S AE AR A B AR iRy X
SRS Ty A B RN LR XTI FRE
YR AFI S vERE . BT, BT IR R AR S ) 2R
AW FEA PP.EVA . PVDF.PS . PMMA . TPU .
HEWNmRAER(LM) S REY . £ LRREEY
o, PVDF % & %) W 7 (C,6H:N)CuBr,@PVDF [ £k
A R R G ) 2R R S P R PR A RS TR S
X PR A% (K 5(a)) s PDMS A W) BA 1

FAE, TTE Cs,ZrCls@PDMS [A) 45 A JHE 5152 i
150% AR 25 F 5S¢ B0 F X5 & 1%, o] il
Cs3Cu,ls@PDMS [N K 4% i JIEE0e 522 300 1 o A 4 47
gl AT S S A AR A RS R ) 3
IG5 X P 8% (E 5(h)) s Rb,CuBrs@PS [N R 1A
THEBETI] A S 400 YRS PR AR R A TR 4 BER SR
PMMA % & ¥ &4 PSR AW, Rb,CuBr; NC@QPM-
MA (A A B85 RE 95 7K A2 11 35 2 000 Yk 2 25
6 35, HOH PLQY A5 O/ £ ) 46 {H 19 85% . 1L A,
CH;NH3PbBr; QD@LM [A] J 44 3 JIE" ] 512 21 75 IK
4 X G4 B OG R AR X B 2R BUIR B TE
2.5 mm 425 [l 242 R AR S AT R S IR S Y
92%(El5(c)) s

~ Frontview
(a) =<

(TBA) CuCL, (TBA) CuBr,

uv

(b) ?
Befiding

T

Twisting

= 02)
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060 120 180 240 300 360
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BS INFRAR MR A R B - (a) (CioH36N) CuBr,@PVDF [H
o A T 1 25 il X O R A5 5 (B) Cs;Cu,ls@PDMS
DR o A 8 JE ) 2 AR 24675 (@) CH3NH;PbBr; QD@ILM
DARIREST ¥ NCIRDIITE SR R R/€ @ =R EPO
oy iy )
Flexibility of scintillator films. (a)X-ray imaging of
(C1sH3N) CuBr,@PVDF scintillator films under bend-
ing state™. (b)Shape change of Cs;Cu,;@PDMS scin-
tillator films". (¢) Relative light output of CH;NH;Pb-
Br; QD@LM scintillator films at different bending radii

Fig. 5

and bending times"™’
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