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Abstract: X-ray detection is widely used in medical diagnosis, industrial flaw detection, security
and other fields, and X-ray array detector is the key part of imaging equipment. High spatial resolu-
tion can be achieved by converting X-ray into electrical signals in one step using semiconductor ma-
terials. Perovskite material has become the star material of direct X-ray detector in recent years due
to its advantages of high X-ray decay ordinal number, long carrier diffusion distance and irradiation
stability. This paper briefly introduces the principle, critical nature and core materials of the direct
type of X-ray detection, indicates the advantages of halide perovskite in applying in direct X-ray de-
tector and expounds the characteristics and the latest research progress of both perovskite single pixel
detector and TFT integrated array detector. Finally, the current technical challenges and potential
solutions are put forward, and the future development trend of X-ray detector based on halide

perovskite is prospected.
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Fig.1 Scheme of three different X-ray imaging processes: (a)single pixel scanning, (b)linear detector array(LDA) scanning,

(¢)2D detector arrays scanning'®.
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Fig.2 (a) Schematic illustration of the isostatic-pressing process, while Cs,AgBiBr, powders were firstly modeled into a pie

shape and then subsequently subjected to a pressure of 200 MPa through a hydraulic press, and the additional annealing

process could enhance the crystallinity and grain growth. (b) The Schematic illustration of the imaging process, and the

X-ray image (top) and the optical image (bottom) of ‘HUST’ symbol. (¢) Optical image and X-ray image of the heart-

shaped logo obtained by the linear detector array, the dose rate for imaging is 138 wGy,, *s™'
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well as the linear detector array is shown at the bottom
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Fig. 3 (a)Schematic of a PFM. (b)Photographs of a large-area(400 cm’) flexible nylon membrane before(left) and after(right)
loading perovskites. (¢)X-ray current response of pixels from a linear detector array when the device is flat(left) and bent
(right). (d)Photograph of a pipe with a ‘+’-shaped hole in the wall, wrapped with black paper. (e)Schematic(top) and

experimental results (bottom) of imaging the hole from inside (under X-rays of 60 keV) and outside (under X-rays of 100

keV) of the pipe. All images were taken without noise subtraction. Scale bars, 4 mm
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Fig.4

(a) lHlustration of an all-solution-processed digital X-ray detector. (b) The left panel shows an optical image of spin-cast

PI-MAPbL, on an a-Si: H TFT backplane. The inset shows a single-pixel structure of TFT (scale bar 30 pum) in which the

collection electrode (white outline) is connected to the drain contact of the TFT through a via (circular pad). The right

panel shows a photograph of printed MPCs on the PI-MAPbL,. (¢) A hand phantom X-ray image obtained from an MPC de-

tector(using 100 kVp and 5 mGy,,+s™ for 5 ms exposure, resulting in a dose of 25 puGy,, and a bias voltage of 50 V) . (d)

Charge collection and sensitivity characteristics of the MPC detector measured at 100 kVp. The inset shows W, in the pix-

ellated(blue symbols) and diode(red symbols) detectors™ .
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Fig.5 (a)Exploded view of the different elements of the X-ray imager. (b)SEM image of the grid photoresist structure. The bird’s

eye view shows the regular shape of the grid. The width of the structure is 10 pm. The pixel pitch is 50 pm. (¢) Calculated

sensilivity (S) of the X-ray responses in the RQAS spectrum and a dose of 213 uGy,, *s™. (d)MTF curves of the pixelated

MAPDIL, imager for two different doses(blue and green) and MTF of commercial indirect conversion detector based on the

complementary metal-oxide-semiconductor technology(red)™*".
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Fig.6  (a) Comparison of the fabrication method for perovskite thick films, cross-sectional SEM images of MAPbL/TMTA thick
films. (b) With soft-pressing (the scale bar is 100 wm). (¢) Without pressing(the scale bar is 300 wm). (d) Bias-depen-

dent photoconductivity of the films. The Hecht equation was applied to fit the photoconductivity data ',
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Fig.7 Monolithic integration and imaging of MAPbL/TMTA thick film FPXI. (a)Schematic demonstration of a perovskite FPXI.

(b) Cross-section and operating illustration of a single-pixel in perovskite FPXI. Photo images and X-ray images of blank

(c), sheet metal edge(d), and steel nails(e) obtained from our integrated flat array detector. The scale bars in (¢), (d)

and (e) are 0.5 cm™?'.

R1 TEMBHERHERE X SFRENFSHT L

Tab. 1 Parameter comparison of direct X-ray detectors constructed with different materials

- pr F/ A i/ RIGUE/ HLBHL R/ r—
(em™ V) (nGy,-s")  (pC-Gy,-em™) (Q-em) -
MAPDI, J5 i ~1.0x10™ 11 000 I
MAPDL, /TMTA J& 5" 6.8x107* 67 3.2x10° T
MAPBL, 4 F 1+ 4x107* 0.22 9300 T
MAPbBr, 2. 7 1.2x107 500 80 1. 7%10 LIS S
CsPbBr, #i g ~2.5x107 1256 7. 85%10’ LSS
CsPbBr, JE Y 1.32x107 215 55 684 3.06x10°" LSS
CsPbl, 3.63x107 219 2370 7.4x10° LEES
Cs,AgBiBr, 1 6.3x107 59.7 105 1. 6x10" LSS
Cs,AgBiBr, i " 5.51x107 95.3 250 1.6x10" o
BA,EA,Pb, Br, 815 1.0x107 5500 6 800 4.5x10" LE S
Cs,Tel JELRE " 5.2x107 19.2 4.2x10" LRCSS
Cs,Bi, I, #L 7.97x10™ 130 1652.3 2.79x10" LEE S
Rb,Bi,I, # & 2.51x107 8.32 159.7 2.3x10" g
MA,Bi,I, L 2.87x107 1947 83 3.74x10" LRSS

‘ , EEZ ST ST OEAT e 2/l oL SR =
4 RELHEZ

A AT A R i 2 1 o R 1 i

SO B E X SRR B H KM A SRR Sk =R R T A E AR

P JEAERTE FLHER X SRR S T — U, R BRI A T A7 78 25 1) 43 B R A



57 IVBIE L 55 BSR4 2 XS R AR A B 5T 1023
Fog T AT 58 S R T O 0 8 ) o 25 ) 20 B i R (3) Mts R ih O - e i 2 /N R R R

RS IR G R i, 5 ek — 20 AR BSR4
A BETT R SRR Sy T T

(1) AAAA L 7 T8« 98/ N 5 Bk 1 22 9 3 19
T%

X HHRME T By h A o 7 (%
ST ) B AR IR I R R AR R AR AR RO
., DA T — 350 0 S B i 5 Hh R 52 M) 50 265 i )3
T PRI AR 43 HE R o ke XS 4 T o R 2
(%) e ], Al A A XS 20 1 0 25 3 A i s
& DA % 5 5 00 1 i AR B HL 28 1 L R o T
DLW, DAPRIE A5 5T 5 o Bl 5 i L R R 3
M FL I U 23 B, SR T (0 B RO N R S LA
(1 FR R T, T BB IS Bk b R YR Y B AT
Bt LIS FER . b TIH B FiEs, %
LR RL T AT AR B AR B AR AR 2
TR IR A TR R R — i i
Bl AR 3 A A S A B . AN Yang RV AE
Cs,AgBiBr, Z & i A I 51 A BiOBr 1F 2l 55 & 4 4E
BiAL 2, BiOBr 1] LAt Br #1001 Br 55 457 (14 7=,
WD BT AR R A TR 22 A R, AT 0
BN 22 i PO B LR DAL AR R 5T AIK
M5 EEL A 14 9 R S5 R TR Y IR R A W LY 2
7 LB

(2) DR 45 46 75 T < A 7 PIN U 25 4 45 ) 5
1 A R A 4 ik

VEPERE LT L 1) T B8 2 sl HL R 4544 , BT A7
FUEE O B R R BT A LI A2 B RE R AR
RELF2 17 6 A 905 X7 A 1) S A 20 mT DA wk e il A
AR S . Bl G AE B 2% (510" em™) 1)
25 AL i 2 (N0 | Cul 58 ) F1HL 1% 4 12 (ZnO |
Sn0, 5% ) , ¥4 & PIN 7Y 4 FE )45 4, mf LU JL T4
E JIT 5 00 v AR F R T G0 2 T A b ) A
Ree AV F T A o B RS . 0 — i, X T
BRABRL i T LA AR SR BA 3D B RH 1 F R fll
051 40 SR AR B 8% 1 Ga H B BB V8 AL 145

& % X #:

KN

R T LA AN T B R L L O A
ML AT I R R R H UL AT T2, K
HASH ARG RN R, MR E KB — R R,
AR 75 8] 43 B3 58 4 AR R K /N IGE | 1T 5 6
AR TE G o PRI Sy T S B e g R A R
23 ] 43 FE S LA MR R R i 75 25k
Joit , DAAR A5 B A 77 %% -

(4) P\ B 7 T8« FH HR iy AR 0 R ) 5l - 3 4508
EE[GSJ

X FE T TAER SR X B R #8 , —
PR L far LA AN B R S 5 Oy X A
TR S 3O I 255 A — o B T) P9 0B 1) 5 R ki
IR R B T 1 8o M aE &, i
B = mT LI ar A Y BRAS X ROE F RE AL
F AR L BB 114 3 e iR R G ) Y o
T H5 XS R R A5 R R 1 2 0 TG 5 A
U E R SR I0 o BT A R AR, =
8 18 Y6 F (>100 J7 photons/(mm*«s™) 11 %4 32 #| 3¢
BRI, B AT 2 A CdTe Fil CdZnTe #1 K}
ST G AR X R R

5B T b ORE Y R e, 0 R 4 e AL
CsPbBr, #5850 1l 5 1% 42 1 1 2 34Kk CdZnTe #4
BHIE DG | 78 Ak 24 820 M RN 28 1 FReE 1k O T b B A
(ENSEYE 3s 2/B S S 7 O U o o i |
X5 2R PR, 75 22T 63 we 17 5 R T B AR
SHRM A . B ETF 2 800 7 A SIS R ok
W2, IRl Bl 2 A K A I FLTAD , G 1k A R i A e
Sy, P JC 8 S8 MO 1. e B Y A Bk T R
fn AL AL I 28 PR 25 4 A % R 3 Ol i 40
P XI5 2 T B PR £

AR G2 R R WL R A N A T A
http://cjl. lightpublishing. ¢n/thesisDetails#10. 37188/
CJL.20220119.

[ 1 ]ZHOU S A, BRAHME A. Development of phase-contrast X-ray imaging techniques and potential medical applications

[J]. Phys. Med. , 2008,24(3):129-148.

[ 2 ] DUZ,HU Y G,ALI BUTTAR N,et al. X-ray computed tomography for quality inspection of agricultural products: a re-

view [J1. Food Sci. Nutr. , 2019,7(10):3146-3160.

[ 3 ] OLIVO A, CHANA D, SPELLER R. A preliminary investigation of the potential of phase contrast X-ray imaging in the



1024 % Jt 2% Eivd %4385

field of homeland security [J]. J. Phys. D:Appl. Phys. , 2008,41(22):225503-1-9.

[ 4 ] MADDALENA F,TJAHJANA L,XIE A Z,et al. Inorganic, organic, and perovskite halides with nanotechnology for high-
light yield X- and ~y-ray scintillators [ J]. Crystals, 2019,9(2):88-1-29.

[ 5 ] NIKL M. Scintillation detectors for X-rays [J]. Meas. Sci. Technol. , 2006,17(4):R37-R54.

[ 6 ] WEIHT,HUANG J S. Halide lead perovskites for ionizing radiation detection [J]. Nat. Commun. , 2019,10(1) :1066-
1-12.

[ 7 ] KASAP S O, ROWLANDS J A. Direct-conversion flat-panel X-ray image sensors for digital radiography [J]. Proc.
IEEE. , 2002,90(4) :591-604.

[ 8 ] ZHOU Y,CHEN J,BAKR O M, et al. Metal halide perovskites for X-ray imaging scintillators and detectors [ J]. ACS En-
ergy Lett. , 2021,6(2):739-768.

[ 9 ] XIAML,YUAN J H,NIU G D,ez al. Unveiling the structural descriptor of A,B,X, perovskite derivatives toward X-ray de-
tectors with low detection limit and high stability [J]. Adv. Funct. Mater. , 2020,30(24):1910648-1-8.

[10] GUERRA M, MANSO M,LONGELIN S, et al. Performance of three different Si X-ray detectors for portable XRF spec-
trometers in cultural heritage applications [J]. J. Instrum. , 2012,7(10):C10004-1-9.

[ 11] LUKE P N, AMMAN M, TINDALL C, et al. Recent developments in semiconductor gamma-ray detectors [J]. J. Radio-
anal. Nucl. Chem. , 2005,264(1):145-153.

[ 12 ] KASAP S 0. X-ray sensitivity of photoconductors : application to stabilized a-Se [J]. J. Phys. D:Appl. Phys. , 2000,33
(21):2853-2865.

[ 13 ] DU H,ANTONUK L E,EL-MOHRI Y, et al. Investigation of the signal behavior at diagnostic energies of prototype , direct
detection , active matrix, flat-panel imagers incorporating polycrystalline Hgl, [J]. Phys. Med. Biol. , 2008,53(5) :1325-
1351.

[ 14 ] CHEN F, WANG K, FANG Y, et al. Direct-conversion X-ray detector using lateral amorphous selenium structure [J].
IEEE Sens. J. , 2011,11(2) :505-509.

[ 15 ] SZELES C. CdZnTe and CdTe materials for X-ray and gamma ray radiation detector applications [J]. Phys. Status Solidi
(B), 2004,241(3):783-790.

[16] CHEN Q S, WU J,OU X Y, et al. All-inorganic perovskite nanocrystal scintillators [J]. Nature, 2018, 561(7721) :
88-93.

[17] YAKUNIN S, DIRIN D N, SHYNKARENKO Y, et al. Detection of gamma photons using solution-grown single crystals of
hybrid lead halide perovskites [J]. Nat. Photonics, 2016,10(9) : 585-589.

[ 18] WANGYANG P H,GONG C H,RAO G F,et al. Recent advances in halide perovskite photodetectors based on different
dimensional materials [J]. Adv. Opt. Mater. , 2018,6(11):1701302-1-30.

[ 19 ] SUN S B,YUAN D,XU Y,et al. Ligand-mediated synthesis of shape-controlled cesium lead halide perovskite nanocrys-
tals via reprecipitation process at room temperature [ J]. ACS Nano, 2016,10(3) :3648-3657.

[20] PAN A Z,MA X Q,HUANG S Y, et al. CsPbBr, perovskite nanocrystal grown on MXene nanosheets for enhanced photo-
electric detection and photocatalytic CO, reduction [J]. J. Phys. Chem. Lett. , 2019,10(21):6590-6597.

[21] ZHANG P,HUA Y Q,XU Y D, et al. Ultrasensitive and robust 120 keV hard X-ray imaging detector based on mixed-ha-

lide perovskite CsPbBr,_ I single crystals [J]. Adv. Mater. , 2022,34(12):2106562.

[22 ] PENG Z X,YANG D D, YIN B Z, et al. Self-assembled ultrafine CsPbBr, perovskite nanowires for polarized light detec-
tion [J1. Sei. China Mater. , 2021,64(9):2261-2271.

[23] WANG Y,XIA Z G,DU S N, et al. Solution-processed photodetectors based on organic-inorganic hybrid perovskite and
nanocrystalline graphite [J]. Nanotechnology, 2016,27(17) :175201-1-7.

[ 24 ] ZHANG M,ZHAO W,XIN D Y,et al. Solvent free laminated fabrication of lead halide perovskites for sensitive and stable
X-ray detection [J]. J. Phys. Chem. Lett. , 2021,12(29):6961-6966.

[25] HUM X,JIA SS,LIU Y C,et al. Large and dense organic-inorganic hybrid perovskite CH,NH,PbI, wafer fabricated by
one-step reactive direct wafer production with high X-ray sensitivity [J]. ACS Appl. Mater. Interfaces, 2020, 12(14) :
16592-16600.

[26] WANG X,WU Y,LI G W,et al. Ultrafast ionizing radiation detection by p-n junctions made with single crystals of solu-
tion-processed perovskite [ J]. Adv. Electron. Mater. , 2018,4(11):1800237.



%7 INGIIR, S5 B BRT B HE BN XU LRI AR AT 5T ik R 1025

[27] YE F,LIN H, WU H D, et al. High-quality cuboid CH,NH,PbI, single crystals for high performance X-ray and photon
detectors [J]. Adv. Funct. Mater. , 2019,29(6):1806984-1-7.

[ 28] PAN W C,YANG B,NIU G D, et al. Hot-pressed CsPbhBr, quasi-monocrystalline film for sensitive direct X-ray detection
[J]. Adv. Mater. , 2019,31(44):1904405-1-8.

[29] L1JC,DUX Y,NIU G D, et al. Rubidium doping to enhance carrier transport in CsPbBr, single crystals for high-perfor-
mance X-ray detection [J]. ACS Appl. Mater. Interfaces, 2020,12(1):989-996.

[30] YUAN W N,NIU G D,XIAN Y M, et al. In situ regulating the order-disorder phase transition in Cs,AgBiBr, single crystal
toward the application in an X-ray detector [ J]. Adv. Funct. Mater. , 2019,29(20) :1900234-1-9.

[31 ] KESHAVARZ M, DEBROYE E, OTTESEN M, et al. Tuning the structural and optoelectronic properties of Cs,AgBiBr,
double-perovskite single crystals through alkali-metal substitution [J]. Adv. Mater. , 2020,32(40):2001878-1-10.

[32] YIN W J,SHI T T, YAN Y F. Unusual defect physics in CH,NH,Pbl, perovskite solar cell absorber [J]. Appl. Phys.
Lett. , 2014,104(6) :063903-1-4.

[33] DE ARQUER F P G, ARMIN A,MEREDITH P, et al. Solution-processed semiconductors for nexi-generation photodetec-
tors [J1. Nat. Rev. Mater. , 2017,2(3):16100-1-17.

[ 34] BAHTIAR A,RAHMANITA S,INAYATIE Y D. Pin-hole free perovskite film for solar cells application prepared by con-
trolled two-step spin-coating method [J]. IOP Conf. Ser. :Mater. Sci. Eng. , 2017,196:012037-1-7.

[35] WELJJ,TAO L T,LI L Q,et al. Tuning the photon sensitization mechanism in metal-halide-perovskite-based nanocom-
posite films toward highly efficient and stable X-ray detection [ J]. Adv. Opt. Mater. , 2022,10(7):2102320.

[36] KIMY C,KIM K H,SON D Y, et al. Printable organometallic perovskite enables large-area, low-dose X-ray imaging [ J].
Nature, 2017,550(7674) :87-91.

[ 371 PROKESCH M, SOLDNER S A,SUNDARAM A G. CdZnTe detectors for gamma spectroscopy and X-ray photon counting
at 250 % 10° photons/(mm’+s) [J1. J. Appl. Phys. , 2018,124(4):044503-1-8.

[38] ZHU H L,LIN H,SONG Z L,et al. Achieving high-quality Sn-Pb perovskite films on complementary metal-oxide-semicon-
ductor-compatible metal/silicon substrates for efficient imaging array [J]. ACS Nano, 2019,13(10):11800-11808.

[39] LIUY C,ZHANG Y X,ZHAO K, et al. A 1 300 mm® ultrahigh-performance digital imaging assembly using high-quality
perovskite single crystals [J]. Adv. Mater. , 2018,30(29):1707314-1-11.

[ 40 ] DENG W,ZHANG X J,HUANG L M, et al. Aligned single-crystalline perovskite microwire arrays for high-performance
flexible image sensors with long-term stability [J]. Adv. Mater. , 2016,28(11) :2201-2208.

[41] ZHANG M J,WANG L X,MENG L H,et al. Perovskite quantum dots embedded composite films enhancing UV response
of silicon photodetectors for broadband and solar-blind light detection [J]. Adv. Opt. Mater. , 2018,6(16) : 1800077-
1-7.

[42] LIU J Y,SHABBIR B, WANG C J,et al. Flexible, printable soft-X-ray detectors based on all-inorganic perovskite quan-
tum dots [J]. Adv. Mater. , 2019,31(30):1901644-1-8.

[43] XIA M L,SONG Z H,WU H D, et al. Compact and large-area perovskite films achieved via soft-pressing and multi-func-
tional polymerizable binder for flat-panel X-ray imager [J]. Adv. Funct. Mater. , 2022,32(16):2110729-1-10.

[ 44] DEUMEL S,BREEMEN AVAN,GELINCK G, et al. High-sensitivity high-resolution X-ray imaging with soft-sintered metal
halide perovskites [ J]. Nat. Electron. , 2021,4(9) :681-688.

[45] GUO J,XU Y D,YANG W H,er al. High-stability flexible X-ray detectors based on lead-free halide perovskite Cs,Tel,
films [J]. ACS Appl. Mater. Interfaces, 2021,13(20):23928-23935.

[ 46 ] SHRESTHA S,FISCHER R,MATT G J, et al. High-performance direct conversion X-ray detectors based on sintered hy-
brid lead triiodide perovskite wafers [J]. Nat. Photonics, 2017,11(7) :436-440.

[47] PANW C,WU HD,LUO JJ,et al. Cs,AgBiBr, single-crystal X-ray detectors with a low detection limit [J]. Nat. Photon-
ics, 2017,11(11) :726-732.

[48 ] LIUY C,ZHANG Y X,ZHU X J,et al. Triple-cation and mixed-halide perovskite single crystal for high-performance X-
ray imaging [J]. Adv. Mater. , 2021,33(8):2006010-1-10.

[ 49 ] JANSEN-VAN VUUREN R D,ARMIN A,PANDEY A K, et al. Organic photodiodes: the future of full color detection and
image sensing [J]. Adv. Mater. , 2016,28(24) :4766-4802.

[50] LILD,YES,QU JL,et al. Recent advances in perovskite photodetectors for image sensing [J]. Small, 2021,17(18) :



1l 543 &

3

1026 K b/

2005606.

[51 ] ZENG L. H,CHEN Q M,ZHANG Z X, et al. Multilayered PdSe,/perovskite schottky junction for fast, self-powered, polar-
ization-sensitive , broadband photodetectors, and image sensor application [ J]. Adv. Sci. , 2019,6(19):1901134-1-9.

[52] YANG B,PAN W C,WU H D, et al. Heteroepitaxial passivation of Cs,AgBiBr, wafers with suppressed ionic migration for
X-ray imaging [J]. Nat. Commun. , 2019,10(1):1989-1-10.

[53] DU X Y,LIU Y M, PAN W C,et al. Chemical potential diagram guided rational tuning of electrical properties: a case
study of CsPbBr, for X-ray detection [J]. Adv. Mater. , 2022,34(17):2110252.

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

[55] WUHD,GE Y S,NIU G D, et al. Metal halide perovskites for X-ray detection and imaging [J]. Matter, 2021,4(1) :
144-163.

[56] CHEN H,YE F,TANG W T,et al. A solvent- and vacuum-free route to large-area perovskite films for efficient solar mod-
ules [J]. Nature, 2017,550(7674) :92-95.

[57] SHAO Y C,FANG Y J,LI T, et al. Grain boundary dominated ion migration in polycrystalline organic-inorganic halide
perovskite films (1. Energy Environ. Sci. , 2016,9(5):1752-1759.

[58] WEIHT,FANG Y J,MULLIGAN P, et al. Sensitive X-ray detectors made of methylammonium lead tribromide perovskite
single crystals [J]. Nat. Photonics, 2016,10(5):333-339.

[59] ZHANG HJ,WANG F B,LU Y F, et al. High-sensitivity X-ray detectors based on solution-grown caesium lead bromide
single crystals [J]. J. Mater. Chem. C, 2020,8(4):1248-1256.

[ 60 ] ZHANG B B, LIU X, XIAO B, et al. High-performance X-ray detection based on one-dimensional inorganic halide
perovskite CsPbl, [J1. J. Phys. Chem. Lett. , 2020,11(2):432-437.

[61]JICM,WANG SS,WANG Y X,et al. 2D hybrid perovskite ferroelectric enables highly sensitive X-ray detection with low
driving voltage [J]. Adv. Funct. Mater. , 2020,30(5):1905529.

[62] XU Y D, JIAO B,SONG T B, et al. Zero-dimensional Cs,Tel; perovskite : solution-processed thick films with high X-ray
sensitivity [ J]. ACS Photonics, 2019,6(1):196-203.

[ 63 ] ZHANG Y X,LIU Y C, XU Z, et al. Publisher correction: nucleation-controlled growth of superior lead-free perovskite
Cs,Bi,l, single-crystals for high-performance X-ray detection [J]. Nat. Commun. , 2020,11(1):3007-1-2.

[64] LIUY C,XU Z,YANG Z,et al. Inch-size OD-structured lead-free perovskite single crystals for highly sensitive stable X-
ray imaging [ J]. Matter, 2020,3(1) :180-196.

[65] HE X, XIA M L, WU H D, et al. Quasi-2D perovskite thick film for X-ray detection with low detection limit [J]. Adw.
Funct. Mater. , 2022,32(7):2109458.

[66 ] HEY H,HADAR I,DE SIENA M C,et al. Sensitivity and detection limit of spectroscopic-grade perovskite CsPbBr; crys-
tal for hard X-ray detection [ J]. Adv. Funct. Mater. , 2022,32(24):2112925.

FhSB IR (1999-) , 2, i b Ut A,
HAFFEA, 2021 4F F SR A AR AR A
T, BB NG ER X I R R
J7 ] BB 5 &

E-mail: sun1511351@163. com

H 773K (1988-) , 5 bR B AL A,
Bz T S0, 2016 4F Fi5 K2
A2, BB SR ) L X
SRR 5 B BUARE A T 18] (R 5%

E-mail: guangda_niu@hust. edu. ¢n

EHH(1989-), 2o, WAL ERIN A, 18
+ BB, 2017 4 T RO TR 2
PAF A4y, BTN F Ry L T
PARE A5 5 SR AR 28 A 5

E-mail: xiamengling@whut. edu. ¢n




