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XU 2T 2 255 SRR, 5 mm () 5 A T R X
50 ke VI XPFTLMIHORA E40%. 5358, AR TAER
55 £ 7 o PR LR AR, a-SefF Ay H R XS R
f) AR, BRAEIE A AR A (thin film
transistor, TFT)E A4 K EFEHRES, (HHGFEA
JE IR RS HIAR S TOU AR F e, S EIR
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107V um ™A i F S I AR 4, e E PR T
R AR PR A5 B LR, [RIER2 T AR L
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it 1B AR 2R rp etk A7 R Y B R,
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55 3 AR T B T A A5k 40 i B O A AN R
FP L5 L, PeNCsHEIMEREM (L5 T- 20 nT £k, AL
R ISR A T R ISR R R, Ak B2
A KRN & R TTRE T8 1 B4

JLEPeNCs T 27 XS AR B 5 rh AR5 K /2 1Y
L, ABVE R Z M A gk, BAKIT S, 6 A
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Figure 1 (Color online) Schematic diagram of (a) an indirect detector
and (b) a direct detector
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(2) Jer=E. MRS, R 5 0 il
TR ST EUN,,), 1ZGE i SRR ST, AT L
MR @)HAEP:
Ny = NSO, (2)
Hoh, Nt O oL P-28 7O B, S5 ot
F-23 O RE 1) & 6 H U A B RICR AR & R e ad
TR0
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2 PeNCs XHTekizs

2.1 PeNCs

FLERE S5 G T R IR P ERIR S (CaTiOs), %1958
=S R o AL RS R B R B R, HE T T XS ER
W2 FARB R ITFRE Y, 4R i e s sk i 1k
FilACHABX;, S AT SR, TS A AL
MM, —BAhEEEFEEAIHEF(Cs™.
Rb". CH;NH;"(MA™). CH(NH,), (FA")), #&.>BA
FA B E TP, BiT, Sn?™4), IO K KB
F(CI™, Br~., I"%§). PeNCsEH5EH ZF 4 (zero dimen-
sional, OD)Z5HIE X, H: LRSS M R AE IR T4 12 1Y i
JAY.

3DESERE A K I B b R R B A AR AR S R
Fam B, — 4R E5M o B PRt TiE RS, Sl
T2 T BSes A B TACR (photoluminescence  quan-
tum yield, PLQY)SH e MABEkn b RHAA 455
BYUK R, REAE— 2 FREE LI DA B A A R
ML ES FAE88. SRR R 4K i 2 1 e AR 1Y) 52 il
S TR R T B R A AR R A b,
MUK i RT i — g N B BRI
(<10 nm), YRR BT ) SR B ET
RGN, 5 rGs st — RSl TS
25 UK PREL I T S RS BT, REH N L AE Ry 4y
SERYREGI, T o5 3 e SR TR S R L i R
WATREE A, I nT R AL G 3DESER A B4 AL T
I HYPLQY Al FAa @ TELO L Rtk 454k A4 Ak i
Yy RS IR ANCT LA B8 188, SeGERR R
A, dRet Rl AR G2 R, R XHTEIR
NP REE s N Rl s D A [
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[ F22 R X ARG v, DAL 2 00 P AT e
SN, 20HEZ0904FAR, AFFE A B A IR T HuAR ek
CsPbCLsARMT A6, HIZEWAMIENDR, 2R
DR 2 A e A 0L 20164F, Birowsuto[1 AR
T 3DA M- TCHLES R I IN KRR RE, & BL7E10 KAIK
TR MAPOBrs ELAT 520 5 5 ] WLOEHR S, Ser=#inT ik
1.5x10° pho MeV~'!'®. {HE, MAPbBr;1 TAEZ T
HEL TP PR RIS, I ARG R, B3
i IR 4 1 5 PR T B2 3DAT AR 4 8 - TR A BE ARAIR,
T R RV (8 5 e 2 A R, ()
WAL T2 Z B (W . FERSE), TR T TR
AR NS LOCERRRY R I, XA ENZ [FIFE TEFAPbBr;
DR AL e B,

& TCHLAS R A Sy S A e ik 2 ) 850 1) A 34
B2 20184F, Chen®F AP IRIZHL T 2 THLPeNCs
XA, WF5E & I CsPbBry 7E 1 PR B0
TSRS T R AR (K 2(a)), ARSI TR
TR AR R . 38 FaX —HLH, PeNCsINKR
PRSI 44.6 s BT i 20 14 [ i REAS 76 25 T T 1R
Femsdm gt ko, #E—2LH, flfi 18 LACsPbBr; PeNCs
IR DR RS2 45 4 RE G L T A T AR
PWAH13 nGy s~ HEBARKIMIBR, 249 Rl A H ) 5
(5.5 uGy s HY0.24%. E2(b)E7R T PeNCsHRIN A
1S B A S @ EDPY. EIR TR UBR T
S TCHLPeNCsIN BRI A FERIAT R BE, Wit — A T
K ISR T A W) AR BSIE, S 4 TCHLPeNCs I Kk
TRBY K B 2E5E T A, HeolATZH I 38 £ T PeNCsIA 5k
IR PR AR FH PR R, I #E A i 0t
FEAEIR1.77x10° pho MeV™'HYCsPbBry; PeNCs#IK,
BRI R BEPI R R S OMMA) S il 5 1 4 2040
KRR, JRK S TR E A B IR AL R
#5[%:%) (complementary metal-oxide-semiconductor ima-
ging sensor array, CMOS)FIfiEIIEH A A THECXT
(1E12(c)), Fay AR XA RGN 5 7 3 1 £ 136 R 5 (modula-
tion transfer function, MTF) k0.2 %25 [0] 3 FER = A
9.8 Ip/mm. [E2(d)ER T CsPbBrsREFR I 75 % Wi A 51 B
XL UG, P8 A /L £ (gadolinium oxy-
sulfide detector, GOS)JEIRIMZHETIII60% . 7Ek4 %}
JZTH I, PeNCsElt 3 T IE G INIRATES =5z I . A8
3 OIA 2 T AN -2 Y o N 5 3 VP o8 o D P TS R



(a) (b) X-ray imaging
Chem. Binding X-ray-excited ¢
o
Compos. PLQY (%) Energy (meV) Luminescence
CsPbBr, 58.6 45-120 Strong
nanocrystals
Bulk CsPbBr, <0.1 35-40 Very weak
Bulk MAPbBr, <0.1 <15 Very weak
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. © gl & 3
. ¢’ i _0 _— 404 3
/ v . High-Z sensitization ve - HOMO 4 g
ry &
Substrate / 9 o0 J02
Guided luminescence Detectors Z '.' 0.0 : 0 : 00
Perylene dyad (1 ) O %

B 2 (MM )(a) CsPbBrs PeNCs 5HURCsPbBryFIMAPOBr;7E300 KN FIPLQY S FHAFAERY; (b) M2 Hukk i W1 7 62 R 1% B FL R o
XGTLR B SRR, XGTLRAE RS E 50 kV, FEREEEZI80 um™Y; (c) ZE T CsPbBry PeNCs 1 XS L H I 325 1 (1 45 H4) 7 78 ] (B PR BR AT 1 iR 3R
A WI(CFRP)JE . 442K F A2 FISi-PD/CMOS G LIRS ) (d) CsPOBrs AR (F7 )5 GOSIRIRIA(H b M S I Bk 48 XS LR R (T
PEHBIRS0 KV, UGN L AR IR T B01; (¢) CsPbBrs NC5PPORYZ il it i 25 %) () CsPbA, PeNCs S PPOZS sS4 H i & s 5
1%, (g) CsPbBry PeNCs M PPOFAR ST 5 Ml (XE LR IE(E HLUIE 70 kVp) % (h) 5 ZIE AL SDRHA R ) 7% 25 1 (PMMA LS JSLE 40,4 mm,
%212.0 wt% CsPbBr; PeNCs'50.15 wt% PPO)*; (i) CsPbBry NCHA HLYLEHIE — BAR B R R, B ExR TR RSN, IR E
TTRESZ AR, () CsPbBr; PeNCs(i & I Kdpx = 405 nm)FIA HLYLEHAex = 500 nm) MBS RIS E BB (e, HELR)RIPLYGHE(5:4k)0Y

Figure 2 (Color online) (a) PLQY and exciton binding energy of CsPbBr; PeNCs, bulk CsPbBr;, and MAPbBr; at 300 K. (b) Bright-field optical
image of a beetle specimen and its corresponding X-ray transmission image. The X-ray tube voltage was set to 50 kV, and the sample thickness was
about 80 um®¥; (c) Schematic illustration of the X-ray detector device architecture employing CsPbBr; PeNCs, including a carbon fiber reinforced
polymer (CFRP) substrate, a nanocrystal scintillation layer, and a Si-PD/CMOS photodetector module®. (d) X-ray images of two ballpoint pens
acquired using CsPbBr; scintillator (lower right) and GOS scintillator (upper right). The operating voltage was 50 kV, and the imaging contrast was
obtained under the same dose conditions®. (e) Schematic illustration of the hybridization process between CsPbBr; PeNCs and PPO!?.
(f) Radioluminescence mechanism of CsPbA; PeNCs and PPO hybrid structure!®. (g) Radioluminescence spectra of CsPbBry PeNCs and PPO under
X-ray irradiation at a tube voltage of 70 kVp!®?. (h) Schematic diagram of high-Z sensitized plastic scintillator (PMMA substrate with thickness of
0.4 mm, doped with 2.0 wt% CsPbBr; PeNCs and 0.15 wt% PPO)!*., (i) Sketch of a CsPbBry PeNCs sensitizing the perylene dyad, with energy level
diagrams of both systems shown to highlight their resonant energy levels®. (j) Molar extinction coefficient (¢, dashed lines) and PL spectra (solid lines)
of CsPbBr; PeNCs (excitation wavelength Jzx = 405 nm) and organic dye (igx = 500 nm)**
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ChoZ AJF & T —#PHCsPbBr; PeNCs52,5- %
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Hu, ME2()R. BEZ RS RRM, PPOST
i3 N-Pb# 5 CsPbBry; PeNCs#E M R4S & (454 fE
—1.03 eV), HBUREA MR B AT HE 7 A R BB 57
WIE, (EXSH% T PPOM IS 31 N B T RT3
e, MEK LS T4 A mN-Poig % 2
CsPbBr; PeNCsi)'gaf, b E Tz ik R &t
FER(EI2(E, g)), [ e L TR e SO e P (o U s [
60~100 ns), VA 1EHCsT TN BRAK (~us 2% 208 (1)
1/1000. % TAE & UCKPeNCsIR&A BT H TR IN
SRR, P20 T 2R XL SRR, KT
A BRI SR = BT A R 290

CsPbBr; PeNCs#I A RPLQY, HAL 5 X SRl
RE S FIREAR W] 200, 383 S s i (4 iCsPbBrs PeNCs
Fo AL TRVRE T LS A A R 104, Marina
K CsPbBry  PeNCsE N S5 LY RIE R %
B HT R A 2 TS (PMMA) L BTS2 B0 T s 3y 424
RN KRR (E2(0) ). 52K B CsPbBr; PeNCs 54
BLor ¥ REZL R BE DL L (12(h)), [ s 1 Sy A 5 s ok
FRETZCHE T>95% M RE LR, E20) I f@m i
BLY RIS K S S A7 i TG v i 3 7% i 2
il RIS, R — Yt AR R AR R X
AR YR AT HIT30£5(~9000 pho MeV ™).
XSO 5T 3 B PeNCs A Ak 1] 52 BHL7E B £k 7] — e e A
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£ 48] ] S, FEIR T PeNCsTEE SRR P iy & R
TP, (RIS GIE BH 40— SOHOR R 425 e 1 e A% 2 4
PeNCs H WIS . $5 =68 BGE .
222 HREE

PeNCs i 2 i 3¢ [ it [ AR B AU 5 P B0k 4R
AR RAREYE TR, B N MR A S T 45
AT 5 1 ) PR A 7 o 3 R A 3 T i mT o 50 DX
— [ RIOSO6 R K Fh— LR RGP, 4k nE N
FOH, BB 7 YIRS X S SO M, RS
PEAE R RE R TR U T Rk, LR A
AT EL £ 05 B X X 26 B RE 70 DA B & S A &
ik B RO CHE, AT RER B A MR G 3T . T
L A o Fo TR A L B B e o 5.

FHLRE YIRS R e YA B
JF. MarinaZ: A CsPbBry; PeNCs#x APMMAA HLIEF
Tl N R, G 9k e S iEfre A s
S PRFFRI G KO EHERE, ZEMICK T°800 Gy il e XS4 E
MR IE 78 5% & o Y. Wang A SR 4% (0, R s 57
AT Cs3Cuyls PeNCs, 0T84 215 (PSS)
il T INERBE(EI3(a)), BFSE K IRAEPSSHE T (04 fE
b ] S el A K R TR, HEPLQY A $87.2%, [F]
I8 S5 D' 5 B 5 X ) R S M 7 (11 3 (b)),
KBRIRZ63 nGy/s. ILAF, MNEI3(c)FiR, PeNCsHEE
S50 WK XSTERAR IR & OE RN T 5%, (AR
i, A A I AR L P S8 ) A B K A LA BT 1k
RAEEBOCB PR, Katefina® A7E K CsPbBr;
PeNCsix A R LM HH I IR AL — F 360 e
B (DDAB)E S b v R Al TR A L. K13(d, e)ffiid
T AL S AE A R 5 DD ABC A Hh 44 K S A 78 1Y
5 R R SR M ol A5 T P 40K T AL TE LU BIE 10%
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Figure 3 (Color online) (a) Schematic diagram of the Cs;Cu,ls-PSS screen structurel®. (b) Linear relationship between the radioluminescence
intensity of Cs;Cu,Is-PSS screen and X-ray dose rate (X-ray tube operated at 40 kV, 15 mA, with a dose rate range of 0-25 nGy,,/s)!*\. (c) Variation of
radioluminescence spectral intensity for the scintillation screen under 176.2 uGy,;/s X-ray irradiation during 120 min exposure, detected by a silicon
photomultiplier (Si-PM, model TN3050-SMT)®!, (d) Transmission spectra of OA+OAM series samples with a thickness of 100 um (blue, green, and
red lines represent filling factors of 1%, 5%, and 10%, respectively)!*”). (¢) Transmission spectra of DDAB series samples with a thickness of 100 pm!®”),
(f) Schematic bandgap alignment between CsPbBr; core and Cs4PbBrg matrix”*). (g) Large-area CsPbBr;@Cs4PbBr; scintillation film (360x240 mm?)
and corresponding X-ray image of a capsule containing a spring, acquired under an X-ray tube voltage of 50 kV and current of 200 A, with the dose
rate calibrated by an ion chamber dosimeter’”). (h) Fabrication process of the CsPbBr;-AAO array, with optical images of a bare AAO template (pore
size ~300 nm, depth ~20 um, left) and the CsPbBr;-infiltrated array (right)"®. (i) Schematic illustration of X-ray energy deposition and scintillation light
transport, measured under 365 nm excitation with a power density of 0.2 W cm™"); (j) X-ray imaging results of an SD card (dashed box) and a fish
specimen, tested at the SSRF synchrotron radiation source (beamline BL3W1)"®!
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Figure 4 (Color online) (a) Photographs of BrG samples under daylight and 365 nm excitation, along with their PL spectra and normalized PL
spectral’”). (b) Comparison between CsPbBr; PeNCs scintillators encapsulated in inorganic glass and commercial BGO scintillators in terms of light
yield, decay time, and cost”®!. (¢) Contrast between Eu®"-doped CsPbBr; PeNCs glass and undoped thin films, with X-ray imaging of a chip obtained at
an X-ray tube voltage of 50 kV shown on the right””*. (d) CsPbBr; and CsPbBry:Lu®* PeNCs thin films under daylight and UV irradiation®”.. (¢) Crystal
structure of double perovskite Cs,NaBiClg®". (f) PLE and PL spectra of Mn>" doped Cs,NaBiCls under 348 nm excitation at different doping
concentrations!™*. (g) Partial energy level diagram of Mn?* doped Cs,NaBiClg*¥. (h) Energy transfer mechanism in CsPbX; PeNCs@BaF, composite
scintillation screens'™!. (i) Schematic illustration of the luminescence mechanism in Cs4PbBr6@CsI:Na[86]. (j) Three-step fabrication process for flexible
polymer-perovskite-polymer (PPP) thin-film scintillation screens (50 pm)®”
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Table 1 Summary of key performance metrics for PeNCs X-ray indirect detection

L JEr= i (pho MeV™) TR E] (ns) MR (nGy s™") 23 [A] 4395 (Ip/mm) (MTF) SCH

CsPbBr, / 44.6 13 2.0 (0.72) [54]
CsPbBr; 1.77x10° 2.87 / 9.8 (0.2) [55]
CsPbBr;+PPO / 60~100 / 235 [62]
CsPbBr; @PMMA ~9000 3.4,14.1 / / [64]
CsPbBr;+PTP 1.67x10* 29.6 / / [60]
Cs;Cu,ls / / 63 73 [68]
CsPbBr;@3D Cs,PbBrg 1.5x10* 12.8 130 / [74]
CsPbBr;@0D Cs,PbBrg 6.4x10* 13,67 / / [75]
CsPbBr;-AAO 1.11x10* 9 33 250 [76]
CsPbBry:Eu®" 1.01x10* / / 15 [79]
CsPbBry:Lu®" / 27 13 16.8 [80]
CsPbBr;:Ce®" 3.3x10* 7.09 / ~1160 [81]
Cs,NaBiClg:Mn* @PMMA 2.84x10* / 452 14.76 [84]
CsPbBr;@BaF, 6.3x10° 11 / 1.67 [85]
CsPbBr;-Csl:Na / 1.22 / / [86]
Cs,NaTbClg:Sb*" 2.35x10* 7.5x10° 140 7.9 [82]
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X-rays are high-energy electromagnetic radiation with wavelengths between 10 nm and 10 pm. They are important
technical supports in fields like industrial non-destructive testing, medical CT imaging, and space radiation detection.
Conventional X-ray detectors have been widely deployed but still face inherent limitations. Indirect detectors, typically
based on scintillators such as CsI:T1, Nal:T1, and Bi;Ge;0;,, benefit from mature fabrication yet suffer from long afterglow,
hygroscopicity, low light yield, or poor spectral matching, which restrict their performance in high-resolution and fast
imaging. Direct detectors employing semiconductors like a-Se, Hgl,, and CdZnTe provide high sensitivity and low
detection limits but are constrained by limited carrier transport, material toxicity, high cost, and challenges in large-area
fabrication, making it difficult to balance performance with scalability. In recent years, halide perovskite nanocrystals
(PeNCs) have become key materials to break traditional bottlenecks. This is because they have a high X-ray attenuation
coefficient, tunable band structure, and can be processed in solutions. Thanks to PeNCs’ unique size confinement effect,
they show higher light yield and fast luminescence decay lifetime in radiation detection. Their large Stokes shift eases the
self-absorption problem that is common in single-crystal and thin-film systems. This paper systematically reviews recent
research progress of PeNCs in X-ray detection, based on the two working modes of X-ray detectors (indirect and direct
detection). First, it introduces the basic principles of detectors and the structural characteristics of PeNCs. Then, it focuses
on the key issues of PeNCs in indirect detection. As scintillators, their performance is mainly limited by the self-absorption
effect and environmental stability. To solve these problems, researchers have used strategies like molecular sensitization,
matrix encapsulation, ion doping, and composite structure design. These methods effectively reduce the self-absorption
effect, significantly improve light yield and material stability, and thus achieve excellent detection performance with low
detection limit and high spatial resolution. In the field of direct detection, strategies such as defect passivation and confined
assembly have effectively alleviated the problems of insufficient sensitivity and excessive dark current in nanocrystal
devices. Although their direct conversion performance for ionizing radiation has not yet reached the level of bulk materials,
perovskite nanocrystals have unique advantages in device processing and structural design. Their good solution
processability helps realize composite integration with various functional materials. The controllable preparation of
uniform and dense thin films improves device stability and reproducibility. Low-cost deposition processes like printing lay
the foundation for their compatibility with photodetector arrays. Overall, the primary challenge for further
commercialization of PeNCs is service stability. In indirect detection, although existing PeNCs scintillators have higher
light yield than traditional materials, how to effectively suppress non-radiative recombination and self-absorption to
approach the theoretical limit of light yield remains a core issue for improving scintillation performance. In direct
detection, it is necessary to balance film thickness and structural integrity. It is important to ensure sufficient X-ray
absorption capacity while avoiding cracks and stress accumulation caused by excessive thickness. Meanwhile, further
optimizing charge transport efficiency is also a key factor to promote breakthrough applications of PeNCs in direct
detection.

X-ray detection, perovskite nanocrystals, scintillator, direct detection, radiation detection
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