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Effect of electron irradiation on CsPbBr; perovskite nanocrystal
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Abstract: With excellent optical properties and high carrier mobility, perovskite materials have become
highly competitive materials in the field of space solar cells. However, space particle irradiation can change
the structure and optical properties of materials, leading to a rapid degradation of device performance. In or-

der to investigate the influence of electron irradiation on the structure and optical properties of CsPbBr; nano-
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crystals, we conducted electron irradiation experiments on CsPbBr; materials, characterized the microscopic
morphology of CsPbBr; nanocrystals by high-resolution transmission electron microscopy. Moreover, we in-
vestigated the variation trend of crystal structure by X-ray diffraction analysis and X-ray photoelectron spec-
troscopy analysis. The results revealed electron irradiation caused the CsPbBr; nanocrystals to become rough
and significantly decrease in size. The nanocrystal became compact and formed nanocluster under high-dose
electron irradiation. Furthermore, the optical properties of CsPbBr; materials were characterized using
steady-state UV-Vis absorption spectra and photoluminescence spectra. The analysis of lattice expansion-in-
duced bandgap changes after irradiation was performed using first principles calculations. It is demonstrated
that electron irradiation deepened the color of nanocrystals and affected the light transmittance of CsPbBr;
nanocrystalline, thereby enhancing the optical absorption performance of the samples. However, electron ir-
radiation also led to the decomposition of CsPbBr3 nanocrystals, resulting in a significant reduction in lumin-
escence intensity of the CsPbBr; by 53.7%—78.6% after high-dose irradiation. These findings provide valu-

able data support for the study of spatial radiation damage mechanisms and the application of perovskite

nanocrystals.

Key words: CsPbBr; perovskite; electron radiation; crystal structure; optical properties
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incidence of electrons with an energy of 2 MeV
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Fig. 4 (a-d) The TEM images and (e-h) HRTEM images of PNC-0, PNC-5, PNC-25, and PNC-50



182 RED2E (RgEs)

17 %

J T IRAEIRE S IR ZS A ARt i B, 4y
FIXT 4 FPAE G AT X S 24T 9T 43 A (X-Ray dif-
fraction, XRD) fll X HF £k B F BE 1t 7 M ( X-ray
Photoelectron Spectroscopy, XPS), U& 5CZ K W,
W TR BTk . B 1&] 5(a) AT, K48 B CsPb-
Br; 20K i HHEL(110) F1(200) S TIAT S04, HL 46
HEJS, CsPbBry 442K f i F 19.2°F1 30.1°9(110)
F1(200) FH TSR AFAE . BRI, 7E 25 Mrad (Si) Al
50 Mrad (Si) 7 & T, CsPbBr; (1 (110) £1(200) £i7
PPV A7 AE — AR E A 1 55, IE BH R 30) e Fl - A R
SRS 45 S . B 5(b)~5(d) BR T
CsPbBr; 44K i i Pb 4f, Br 3d LA K Si 2p HLiE &l
TERESE MR Ak . AT L. BEE R i,
Br 3d #LiA M 455 BEMIRAE X B ah, X & Kk Br i
TR BT =% BB T B2, Br [543

(2) (b)

T, LT BrJR 145468, R Br3d #liE
1) XPS W R A 245 /)N, UEBH CsPbBr; 449K fi 77
TEM RIS . XFT Pb 4f Bi, CsPbBry 40K S iz
T 141.1 eV fil 145.2 eV {7 B W4 8 T 4 8 A1k
Y1 PbO,, I HAE 5 Mrad(Si) 75 T WA A7 & I
JEASEANA &, {H 2450 gk sk Kk, HEL T R T
43 )& Pb ({15 (142.8 eV F1 138.1 eV), [A] A M5
| # Pb [0 1] 25 5 REMRRE X B 20 (143.6 eV
F1138.8 eV), A Pb WA IFLAS /N, XS 52
HE—HESL T CsPbBr; 7EHL T4R T 2 H B i
MY EERE o3t o BLAR, T H -4 RS G SR B B
FEAE T H TS O B Si 2p A H B
WA, A R R 2 5 s R
25, I R (60 o PRI Si 2p A% HBRRH S
4354, I FLUG ) TR & A B S AR Ak

© (d)

Br 3d
PNC-50) i~
\ PNC-50)
T |, PNC25| S 2
< < PNC-25
2 pNC-s| £ o
(=] =] .
g g
PNC-0

Pb 4f P Sizp
7 N - A
~ PNC-50 7 NaNeell
s s :
z PNC-25| = PNC-25
= po(nyar BNC B F
a A PNC-5
PNC-0

10 20 30 40 50 60
2-Thera/degree

71 70 69 68 67
Binding energy/eV

146 144 142 140 138
Binding energy/eV

106 104 102 100 98
Binding energy/eV

%5 PNC-0, PNC-5, PNC-25, PNC-50 [ (a) XRD [&l; (b) Br 3d HiEi 1Y) XPS [E3; (c) Pb 4f FLIE 19 XPS &li%; (d) Si 2p i

) XPS [&lj

Fig. 5 (a) The XRD patterns of PNC-0, PNC-5, PNC-25, and PNC-50; (b-d) the XPS patterns of Br 3d, Pb 4f, and Si 2p orbits

3.2 HEFEBIEET MRS F M EERIFN
FEERW GRS RS R B TR OC,
M FHAR AR 2240 AT DRSO3 1] (Ultraviolet and
Visible Spectrophotometer, UV-VIS) 52k itk
&l (Photoluminescence, PL)J3#r B T-4& HE X CsPb-
Br; 49K iR R e . AR 204 h-1T ULk
WOt (KL 6, 2 K W W) ) vT A1, Bl
I B HE I, CsPbBry 2 K i G W i M e b =z 3
SR, 3K PR A 7 A R R A A R B B 0O
W T, A L 40 RS, 3l B 3 1 6 i
i, I ELBERE A B G, BhiE S350 (4.0 RE RS A 31
2T, ST AR AR S IR It R AR R
St [ I BRSO G i WSe B TIR
AR B 6(b) AT UV-VIS JE ik i i

Tauc-plot J7 75 15 21| i) 48 BT 5 AR S iy B As A1
o AN 6(b) I i, BEZE 7R 3, 5
G SE=RY Ryl NS EEAN

BRIGCIISCMERE A1, YEBUE I A Ak 1) E 22
JeAMERE, R PL J543HT T CsPbBrs 44K A1
SeBORSEERE . AnlE 7O & DL TR BT
7, CsPbBrs 44K it A7 B S 1 a6 & 48, & e
JFE 525 nmPFHIT . Rl 7R S A BN, BEE G &
5ER I T TR , X T B 2 2 AL A0 i A S 1Y
RPTEL A6, FERIERLIEL T I B AR, 5
A BR A E AL —30. Hong SF4RIE 1 —Fhidid iy 1
TR HR R RN BR PAMT 4K 45 638 & 6 (PL)
VR 7 e, WLEEE] P3MT 44K &V W PL I
Bt 25 L SRR R A 388 T BRAT R, I I U 07 AR



%1

FKIESC, 45 CsPbBrs 492K & HL 758 HE RN AT 50 183

b5 IS 1 PSSO B S AH DGR, X TR
L AL SRR R GaN| ZnO Al CdS 4, Fifi
BRI, MR B S TRE . R T4
SR B IR PR K T B0 -7 T AH BLVE R G 5
(IR RK 5% e/ ), DTG HS B PL 2T % . 4K
1M, Pb ILAGERH™ A Pb e SRYE IR T =i, 2
S PL G H BT H WA RS . Meloni 5538 1 M Fe
KAH (VBM) Fl1-5747 Fe/IME (CBM) R fiff B 3 i 57
WA, 5&50E R ARRE), Pb IEESERD AL
Y1) VBM il CBM ¥/ Bns-Xmp F1Bnp-Xms %
SEEHIEIE L. UL, S 2 558 VBM
Fl CBM Wy #ge & AR R AR 1k, B0 By
K. Wang SE0F5E T AR T —4EE5EK0 17 B
(AR ka3, 3R BHAE B K AH B AR F R 75 7
AHEAE ARG st nm A I 00, BAREHT B 2 bifi iR
BT e,

@
—PNC-0
—FPNC-5
—PNC-25
—PNC-50

Absorbance (a.u.)

200 300 400 500 600
Wavelength/nm

(ahvy?

—PNC-0
—PNC-5
] —PNC-25
/ —PNC-50

1.75 2.00 2.25 2.50 2.75 3.00
hv/eV

6 PNC-0, PNC-5, PNC-25, PNC-50 1 (a) W IO 3% il
(b) 7B oA
Fig. 6 (a) The optical absorption spectra and (b) the band
gap distribution of PNC-0, PNC-5, PNC-25, and
PNC-50

T REE T R B K A BT s Y G
Z, IR — PRI B0 M A 5] il 6 2 i

B AR B . B 5, M @ AR A AU CsPbBr,
A 3 Xt A L At N 1%-5% F4 7 28 LAREADUAS ]
P2 A S A B, B Z5 P 8 Fis . M 8
AL SN N AR B, AR BRAE N 2.22 eV,
5 FRSEAE T (2.24 eV) . Bl 1N 748 328 Wi 1
K, CsPbBr; A BHIHE BB 2 . 1% 25 5 A
T 90 IE T S B K 2 S SO Ak AR A B T
o UL, PG 151 M B SO BN 2 53
CsPbBrs 442K fiih 1)1 W Fifi 25 105 B2 79 - o 171 38 4 34
K, AT PL U BLEE RS

CsPbBr,@Si0,

Intensity (a.u.)

450 560 5%0 600
Wavelength/nm
Kl 7 PNC-0, PNC-5, PNC-25, PNC-50 Y8R Lt
Fig. 7 Photoluminescence spectra of PNC-0, PNC-5, PNC-
25, and PNC-50

2.7
261 y
2.5t g

24f /

Energy gap/eV
%

23}

220 &

0 1 2 3 4 5
Strain/%

18  CsPbBr Bkl BRBEN AL A A2 4k

Fig. 8 The band gap of CsPbBr; material changes with

strain

F ARG 45 SR PR, S AR 4K i Y &
FEbE B Z OSSO . T HE—25
IS UF X — 4518, X B U A5 R R T R TR
Fr WL LI RN W = D L LN 3 o7 8 VS
RACTEM AR K S &R . BRI
TR (D) WFEERE S, il CsPbBrs 402K i/ A
1R 5], B Z AL Q) KR E TR
Hr, 7E 500 °C f i NBBE 12 4/ AT IR K



184 A

(330

17 %

1B K5 CsPbBrs 20K Sy FE AL AN 151 9 CR2 151 WL 1)
TR0 B . ATRUE , BER @ R A T2 1k,
P04 3T A 8 M AR o ) B 0, T EL A (L B T
PURLIA 2%, UEPAE5 88T 1R KR B0 2R . 1B
G BYESERA G A PERE AT 10 CR2 1] WL ) He ¥
FEO BT 7R

(a) (b) (c)

"‘}h) gg “
¥ SN d‘
9 (a) PNC-5, (b) PNC-25, (c) PNC-50 & i iE k Ji5 kf
i
[2]5]
Fig. 9 The sample diagrams of annealed (a) PNC-5, (b)
PNC-25, and (c) PNC-50

—PNC-0
\ —PNC-5

After annealing

Intensity (a.u.)

450 500 550 600
Wavelength/nm

10 i# Gt fE PNC-0, PNC-5, PNC-25, PNC-50 fy %5
SR
Fig. 10 Photoluminescence spectra of PNC-0, PNC-5,
PNC-25, and PNC-50 after annealing

58 & B, CsPbBr; 40K i o7 LR 2 &
AR BRI, SRIMRE T 00 & oI FARIKE . 1E

S 3CHk:

5 Mrad(Si) T, B I PERER 81— K E, SR
M7 25 Mrad(Si) #l & T, R AHEREEE TR T
53.7%, 7E 50 Mrad(Si) & F, ZEPERE TR T
78.6% Lifi o IRRAELE FUEI AT R A HE
B RCEGUK S IEAERE . S RIS, T
CsPbBr; 40K s o ff i T 42 )& Pb, I HA B4
J& Pb # AL PbO,, F5EKW 2544 A& A I i A4k,
A FECO AR R A28k

4 % i

ARSCHFGE T AN [ 390 L P A B
%) CsPbBr; éﬂﬂéa% P 5 2 1 A AR AR
A A LU EEL5: (DB TS, CsPbBr,
YK AT ?uitﬂﬂ@ Ly, HLBEE = B3,
£ AN T AR % L ) PN RE . (2) HL A RS
CsPbBrs 4K iU T 55 A8 A5 RS, R ST B S ik
JIN, FE A L R IR oK SR AR K02, TR Il
KA o 2K 4R IECT, CsPbBrs 48K i
2 I RS R R G, TE R 4R Pb DL
AL PbO, Hy/NRL . (3)CsPbBr; 40K itk
WAL B s RS e i R, P 4 RS B
B3 B, I FLREE R =3, B2
D BFE RERS T IR T 2 67, DT s A i ) 3%
M PERE . (4) FRAEM R RE L 5IE A
L BB 6% 3 i CsPbBrs 442K i, 5 )2 151 711

2 5 RS HOBBUR G BEFE AL 53.7% ~ 78.6%.
AR SCHF ST S5 TG R 94 K s 1) 8 S A0 ML
PR 0 e S e S

(1] BHH, T4, Kb, F. ]S 90K S fbe 2otk [J]. 441405, 2023, 51(5): 642-651.
ZHAI T T, LI Y H, ZHU J W, et al.. Progress in electrochemiluminescence of halide perovskites nanocrystals[J].

Chinese Journal of Analytical Chemistry, 2023, 51(5): 642-651. (in Chinese)

(2] E24F, #r, AH3%, . 5EREOLIRR MBS T ZMTFE bR 0], 2 A AL

,2022,39(9): 1321-1344.

WANG T, WEI Q, FU Q, et al.. Review of perovskite photovoltaic cell encapsulation material and technology[J].
Chinese Journal of Applied Chemistry, 2022, 39(9): 1321-1344. (in Chinese)
(3]  FE4&, AT, KA, F. i T RGO BHE AT v B R0 K BH AR i b b i BRI S8 8 0. 2 R4 5, 2022,

39(5):707-722.

DONG G H, HAO L J, ZHANG W ZH, et al.. Recent progress on the application of carbon quantum dots nano-materials

in lead halogen perovskite solar photoelectric devices[J]. Chinese Journal of Applied Chemistry, 2022, 39(5): 707-

722. (in Chinese)

[4] GREEN M A, HO-BAILLIE A, SNAITH H J. The emergence of perovskite solar cells[J]. Nature Photonics, 2014,


https://doi.org/10.1038/nphoton.2014.134

- S, 45 CsPbBr; 44K i HL T4 RS % s

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

23]

8(7):506-514.

STOUMPOS C C, KANATZIDIS M G. The renaissance of halide perovskites and their evolution as emerging
semiconductors [J]. Accounts of Chemical Research, 2015, 48(10): 2791-2802.

LIU X, LI J, WANG X, et al.. Inorganic lead-based halide perovskites: from fundamental properties to photovoltaic
applications [J]. Materials Today, 2022, 61: 191-217.

TUY G, WU I, XU G N, et al.. Perovskite solar cells for space applications: progress and challenges[J]. Advanced
Materials, 2021, 33(21): 2006545.

Wi, 25, B R R, . By SR AN SR ST V], P B, 2018, 11(4): 610-614.

WU W D, YUT, TAO M M, et al.. Experimental investigation of gamma-ray irradiation effect on Tm-doped fibers[J].
Chinese Optics, 2018, 11(4): 610-614. (in Chinese)

LANG F, JOST M, BUNDESMANN 1, et al.. Efficient minority carrier detrapping mediating the radiation hardness of
triple-cation perovskite solar cells under proton irradiation[J]. Energy & Environmental Science, 2019, 12(5): 1634-
1647.

KANAYA S, KIM G M, IKEGAMI M, et al.. Proton irradiation tolerance of high-efficiency perovskite absorbers for
space applications [J]. The Journal of Physical Chemistry Letters, 2019, 10(22): 6990-6995.

BOLDYREVA A G, AKBULATOV A F, TSAREV S A, et al.. y-Ray-induced degradation in the triple-cation
perovskite solar cells[J]. The Journal of Physical Chemistry Letters, 2019, 10(4): 813-818.

BOLDYREVA A G, FROLOVA L A, ZHIDKOV I S, et al.. Unravelling the material composition effects on the gamma
ray stability of lead halide perovskite solar cells: MAPDI; breaks the records[J]. The Journal of Physical Chemistry
Letters, 2020, 11(7): 2630-2636.

3R ik AT, B T, ORGSR A FHAE AL b K Cs, A gBiBro £E HL T o8 IR BB fd T oM F 5 (0], 2 F 2%
4Rk, 2020, 39(1): 1-8.

FENG Y H, KE X X, SUI M L. Effect of electron irradiation on inorganic double perovskite solar cell material
Cs,AgBiBry[1]. Journal of Chinese Electron Microscopy Society, 2020, 39(1): 1-8. (in Chinese)

GAO L, TAO K ZH, SUN J L, et al.. Gamma-ray radiation stability of mixed-cation lead mixed-halide perovskite single
crystals [J]. Advanced Optical Materials, 2022, 10(3): 2102069.

DANG ZH Y, SHAMSI J, PALAZON F, et al.. In situ transmission electron microscopy study of electron beam-induced
transformations in colloidal cesium lead halide perovskite nanocrystals[J]. ACS Nano, 2017, 11(2): 2124-2132.

CHEN X Y, WANG ZH W. Investigating chemical and structural instabilities of lead halide perovskite induced by
electron beam irradiation[J]. Micron, 2019, 116: 73-79.

HOVINGTON P, DROUIN D, GAUVIN R. CASINO: A new Monte Carlo code in C language for electron beam
interaction—part I: description of the program[J]. Scanning, 1997, 19(1): 1-14.

KRESSE G, FURTHMULLER J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave
basis set[J]. Physical Review B, 1996, 54(16): 11169-11186.

KHUILI M, FAZOUAN N, EL MAKARIM H A, et al.. First principle study of structural, electronic, optical and
electrical properties of Ga doped ZnO with GGA and mBJ approximations[J]. Journal of Physics:Conference Series,
2016, 758(1): 012024.

HONG Y K, PARK D H, PARK S K, et al.. Tuning and enhancing photoluminescence of light-emitting polymer
nanotubes through electron-beam irradiation [J]. Advanced Functional Materials, 2009, 19(4): 567-572.

MELONI S, PALERMO G, ASHARI-ASTANI N, et al.. Valence and conduction band tuning in halide perovskites for
solar cell applications[J]. Journal of Materials Chemistry A, 2016, 4(41): 15997-16002.

WANG SH, MA J Q, LI W C, et al.. Temperature-dependent band gap in two-dimensional perovskites: thermal
expansion interaction and electron—phonon interaction[J]. The Journal of Physical Chemistry Letters, 2019, 10(10):
2546-2553.

GLEADOW A J W, DUDDY I R. A natural long-term track annealing experiment for apatite [J1. Nuclear Tracks, 1981,
5(1-2): 169-174.


https://doi.org/10.1021/acs.accounts.5b00229
https://doi.org/10.1016/j.mattod.2022.11.002
https://doi.org/10.1002/adma.202006545
https://doi.org/10.1002/adma.202006545
https://doi.org/10.3788/co.20181104.0610
https://doi.org/10.1021/acs.jpclett.9b02665
https://doi.org/10.1021/acs.jpclett.8b03222
https://doi.org/10.1021/acs.jpclett.0c00581
https://doi.org/10.1021/acs.jpclett.0c00581
https://doi.org/10.1002/adom.202102069
https://doi.org/10.1021/acsnano.6b08324
https://doi.org/10.1016/j.micron.2018.09.010
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1002/adfm.200801088
https://doi.org/10.1039/C6TA04949D
https://doi.org/10.1021/acs.jpclett.9b01011
https://doi.org/10.1016/0191-278X(81)90039-1

186 R EDEE (FRgEso)

17 %

EEEN:
HRIESC(1999—), i, IR, A
WS, 3R A A A B
= & G, GG RAEBIIFSE . E-mail:
e ZBW13365187700@hotmail.com

wooPr(1993—), B, HMEFEAN,
+, PRI, 2021 4F T LW AR R A 3R AT 1
+2 07, BN KA SRR B
F1 T RE2EBEVRIF, 322\ =5 R

PoAL S OP5E . MR RO T s B
[0 TN BRI R 1 o VT
S SRS TR SN S5 5 T 4 B A

E-mail: han@yzu.edu.cn

BEEMEC(1975—), B, BRVEER A, #
. UMM RSB SRS TR
BE %, AP 4% . BTN F 25 ]
S AR K s ] P S5 R AR B S

E-mail: xyxue@yzu.edu.cn

(EEBBEIR) CEATD

o DG I Z — ORI BE L2 B BT T b B D s R A A G
® PUAT:F G 0y [E SR AT 5 H DTk 10 77 AF o K AR A
® Benjamin J Eggleton, John Love 55 [ PR 41 )7 4 50 A R [ Prép %

Olezy K TR F 2R B A BN D (DG L4t A5 Boba: GBDE - DeHoR
Kol Dy T Rk ss DEH RS I HOCHAR LB s N EOR SR B (99K RS 3L
) 5 SBEE CRUMGRAE B TS L S 3 ) 45

* R TRERT] ELZOHIT

s PP HR REOERT RD] TR 4 %

w DR Al R T

* SOOI

* FURP R EZS HE 2R

s T e L P2 R g 22 AR

FAE AL PR BE

FINANL P R B KAL) BRI B
HhE AR 2

Mol - AR T A 1 Ji 3888 5 i % : 130033

3. 0431-86176855 £ 11 :0431-84613409

FEL I« gxjmge @ sina. com P4k < hitp . //www. eope. net

FEHY :100. 00 ST/}



	1 引　言
	2 实验方案与计算方法
	2.1 实验材料制备
	2.2 辐照实验条件
	2.3 第一性原理参数设置

	3 结果与讨论
	3.1 电子辐照对钙钛矿纳米晶形貌的影响
	3.2 电子辐照对钙钛矿纳米晶光学性能的影响

	4 结　论
	参考文献

