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Abstract: The nonlinear optical effect of all-inorganic metal halide perovskite materials is important
for the design of novel micro- and nano-photonic devices. In this paper, the two-photon luminescence
of micro-scale CsPbBr, perovskite single crystal particles is investigated. In the experiment, CsPbBr,
microcrystals with different sizes were prepared based on the sonochemistry synthesis method, and
the variations of the two-photon luminescence were studied by adjusting the energy density, wave-
length and polarization of the pump laser beam. The experimental results demonstrate that the CsPh-
Br, microcrystals possess strong two-photon luminescence at room temperature. The wavelength-de-
pendent two-photon luminescence spectrum shows that under the same absorption band gap, the lumi-
nescence peak position does not change much compared with the single-photon emission, and the two-
photon emission intensity gradually decreases with the increase of excitation wavelength. In addition,
the two-photon emission of CsPbBr, microcrystals reveals polarization-dependent behavior and the po-
larization angle presents quadruple symmetry in the range of 0°=360°. The two-photon luminescence

responses of the CsPbBr, microcrystals make them promising for nonlinear integrated devices.
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Fig.1 Characterization of CsPbBr, microcrystal structure. (a) Optical microscope image of CsPbBr, microcrystal on ITO glass.

(b)Fluorescence image of CsPbBr, microcrystal. (¢)SEM image of CsPbBr, microcrystal, the inset is the SEM image of a

single crystal. (d)X-ray diffraction pattern of the CsPbBr, microcrystals together with reflections of orthorhombic CsPbBr,

(ICSD number 97851).
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Absorption and photoluminescence spectrum of CsPbBr, microcrystal. (a) Absorption spectrum (black, red, and blue

curves) of CsPbBr,microcrystal with side lengths of 8, 10, 12.5 wm, respectively, the inset shows the enlarged image at

wavelengths of 500-600 nm; (b) Photoluminescence spectra of CsPbBr, microcrysta of corresponding sizes at excitation

wavelengths of 400 nm/800 nm (solid line/dashed line) , the green dashed line marks the photoluminescence peak posi-

tion.
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Fig.3  CsPbBr; microcrystal on ITO glass. (a) Relationship between two-photon emission spectra and excitation intensity under
400 nm laser excitation, the inset is the optical microscopic image of a single crystal, scale bar is 10 wm. (b) Relation-
ship between two-photon emission spectra and excitation intensity under 800 nm laser excitation. (¢) Relationship be-
tween excitation intensity and energy density under 400 nm laser beam excitation expressed in double logarithm, the in-
set is a schematic of the one-photon absorption process. (d) Relationship between excitation intensity and energy density
under 800 nm laser beam excitation expressed in double logarithm, the inset is a schematic of the two-photon absorption

process.
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Fig.4 Two-photon luminescence properties of CsPbBr, microcrystals excited at different wavelengths. (a) Luminous intensity

changes with the excitation intensity excited at wavelengths of 680—1 000 nm, wavelength change step of 20 nm. (b) Fit-

ted slope of the relationship between excitation intensity and luminescence intensity in a double logarithmic coordinate

system. (c¢) Photoluminescence spectrum excited at wavelengths of 700-900 nm, wavelength change step of 10 nm. The

inset is an optical micrograph of CsPbBr, microcrystal. Scale bar is 10 wm. (d) Relationship of two-photon emission inten-

sity(black curve) and peak position(blue curve) with the excitation wavelength.
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Fig.5 Polarization dependence experimental results of CsPbh-
Br, microcrystal under 800 nm linearly polarized light
excitation. (a) A schematic of the photoluminescence
polarization. (b) Two-photon emission spectra with po-
larization angles of 0°=90°, the inset is the optical mi-
crograph image of CsPbBr, microcrystal, scale bar is
5 pm. (c¢)The relationship between the normalized lu-

minescence intensity and the polarization angle.



1214 % Jt 2% Eivd %4385

4 2 B IR IR AEAT A, 4% £ HE 7 0° ~360° 1 Pl )
o ‘ : . FUD T AL FCME . 1 CsPhBr, i85 3 Hh B 9 1
G LI CPLB Ry RS FIVBCREAE o myry v F it e i it

Zﬁ‘@wq&%ﬁﬁlﬁbj*ﬂr,ﬁfﬁ%%ﬁ*ﬁ%f%tﬂﬁgi E(JXX f?@%&%@ﬁiﬁﬂ@jkéﬁ‘@%ﬁi%ﬁﬁ:*o

T RGPV . SRR DGR RO ISR L A

—ROEF WA BT RGN THIEF R A 3ot 52 o i 8 0L J% 1 5 10l 52 N 25 9 F 2 Ml -

SIARAA K, HLBEA R A B34 RAOE - K 5 o http: //cjl. lightpublishing. cn/thesisDetails#10. 37188/

JE BT . AL, CsPhBr, i 5 BURLSUOG 1 & 5 L CJL.20220113.

& % X #:

[ 1 ] SWARNKAR A, MARSHALL A R, SANEHIRA E M, et al. Quantum dot—induced phase stabilization of o-CsPbl,
perovskite for high-efficiency photovoltaics [J]. Science, 2016, 354(6308): 92-95.
[ 2 ] XING J, YAN F, ZHAO Y W, et al. High-efficiency light-emitting diodes of organometal halide perovskite amorphous
nanoparticles [J]. ACS Nano, 2016, 10(7): 6623-6630.
[3JEF, K%, LdGk, F. STLHE R it T U89S 00 BTN & e — A i e (1], & e 54k, 2020, 41
(2): 117-133.
LIU W Y, CHEN F, KONG S Q, et al. Synthesis, properties and application of all-inorganic perovskite quantum dots
[J]. Chin. J. Lumin. , 2020, 41(2): 117-133. (in Chinese)
X S, X AR, R RAL . A TCHLES BRI FH B H v Y B AR E MR AR IR E PERF ST UE R (], AR AR, 2021, 42
(4): 486-503.
LIU K P, LIU D Y, LIU F M. Research progress in humidity stability and light-thermal stability of all-inorganic
perovskite solar cells [J1]. Chin. J. Lumin. , 2021, 42(4): 486-503. (in Chinese)
YAKUNIN S, PROTESESCU L, KRIEG F, et al. Low-threshold amplified spontaneous emission and lasing from colloi-
dal nanocrystals of caesium lead halide perovskites [J]. Nat. Commun. , 2015, 6(1): 8056-1-8.
[ 6 1XUY Q, CHEN Q, ZHANG C F, et al. Two-photon-pumped perovskite semiconductor nanocrystal lasers [J]. J. Am.
Chem. Soc. , 2016, 138(11): 3761-3768.
[ 7 ] DINGJX, DUSJ, ZUO Z Y, et al. High detectivity and rapid response in perovskite CsPhBr, single-crystal photodetec-
tor [J1. J. Phys. Chem. C, 2017, 121(9): 4917-4923.
[ 8 | CLINCKEMALIE L., VALLI D, ROEFFAERS M B J, et al. Challenges and opportunities for CsPbBr, perovskites in low-
and high-energy radiation detection [J]. ACS Energy Lett. , 2021, 6(4): 1290-1314.
[ 9 ] FANG Y J, DONG Q F, SHAO Y C, et al. Highly narrowband perovskite single-crystal photodetectors enabled by sur-
face-charge recombination [J]. Nat. Photonics, 2015, 9(10): 679-686.
10] A, RA®, KTT, 5. RAEMSETOCERMABSO I E [J]. Lk FH, 2021, 42(6): 755-773.
YANG J, PIM Y, ZHANG D K, et al. Recent progress on low-dimensional perovskite photodetectors [J]. Chin. J. Lu-
min. , 2021, 42(6): 755-773. (in Chinese)
[11] QUAN L N, QUINTERO-BERMUDEZ R, VOZNYY O, et al. Highly emissive green perovskite nanocrystals in a solid
state crystalline matrix [J]. Adv. Mater. , 2017, 29(21): 1605945.

—
~

—
W
[

—

[ 12 ] ZHANG Q, SU R, LIU X F, et al. High-quality whispering-gallery-mode lasing from cesium lead halide perovskite nano-
platelets [J]. Adv. Funct. Mater. , 2016, 26(34): 6238-6245.

[13] SONG JZ, CULQ Z, L1 J H, et al. Ultralarge all-inorganic perovskite bulk single crystal for high-performance visible-
infrared dual-modal photodetectors [J1. Adv. Opt. Mater. , 2017, 5(12): 1700157-1-8.

[ 14 ] FUY P, ZHU H M, STOUMPOS C C, et al. Broad wavelength tunable robust lasing from single-crystal nanowires of cesium
lead halide perovskites (CsPbX,, X=Cl, Br, I) [J]. ACS Nano, 2016, 10(8): 7963-7972.

[ 15] ZHANG C X, WANG S, LI X M, et al. Core/shell perovskite nanocrystals: synthesis of highly efficient and environmen-
tally stable FAPbBr,/CsPbBr, for LED applications [J]. Adv. Funct. Mater. , 2020, 30(31): 1910582-1-8.

[ 16 ] CHEN JS, ZIDEK K, CHABERA P, et al. Size- and wavelength- dependent two-photon absorption cross-section of CsPbBr,



%5 8 W B, S BT A U CsPhBr, S5 BRI R SO F R L REME 1215

perovskite quantum dots [J]. J. Phys. Chem. Lett. , 2017, 8(10): 2316-2321.

[17 ] WANG X X, ZHOU H, YUAN S P, et al. Cesium lead halide perovskite triangular nanorods as high-gain medium and ef-
fective cavities for multiphoton-pumped lasing [J]. Nano Res. , 2017, 10(10) : 3385-3395.

[ 18] WANG D, WU D, DONG D, et al. Polarized emission from CsPbX, perovskite quantum dots [J]. Nanoscale, 2016, 8
(22): 11565-11570.

[ 19] CLARK D J, STOUMPOS C C, SAOUMA F O, et al. Polarization-selective three-photon absorption and subsequent pho-
toluminescence in CsPbBr; single crystal at room temperature [ J]. Phys. Rev. B, 2016, 93(19): 195202-1-8.

[20] WANG K Y, JING L, YAO Q, et al. Highly in-plane polarization-sensitive photodetection in CsPhBr, single crystal []].
J. Phys. Chem. Lett. , 2021, 12(7): 1904-1910.

[21] WANG Y, LI X M, ZHAO X, et al. Nonlinear absorption and low-threshold multiphoton pumped stimulated emission
from all-inorganic perovskite nanocrystals [J]. Nano Lett. , 2016, 16(1): 448-453.

[22] ZHOU Y, HUZP, L1Y, et al. CsPbBr, nanocrystal saturable absorber for mode-locking ytterbium fiber laser [ J]. Appl.
Phys. Lett. , 2016, 108(26): 261108-1-4.

[23]HETC, LIJ Z, QIU X, et al. Highly enhanced normalized-volume multiphoton absorption in CsPbBr, 2D nanoplates
[J]. Adv. Opt. Mater. , 2018, 6(21): 1800843-1-7.

[ 24 ] SAOUMA F O, STOUMPOS C C, KANATZIDIS M G, et al. Multiphoton absorption order of CsPbBr, as determined by
wavelength-dependent nonlinear optical spectroscopy [J1. J. Phys. Chem. Lett. , 2017, 8(19): 4912-4917.

[25] ZHAO C Y, TIAN W M, LIU J X, et al. Stable two-photon pumped amplified spontaneous emission from millimeter-sized
CsPbBr, single crystals [J]. J. Phys. Chem. Lett. , 2019, 10(10): 2357-2362.

[26] CHOS, YANG Y, SOLJACIC M, et al. Submicrometer perovskite plasmonic lasers at room temperature [J]. Sci. Adv. ,
2021, 7(35) : eabf3362-1-12.

[27 ] CHO S, YUN S H. Structure and optical properties of perovskite-embedded dual-phase microcrystals synthesized by sono-
chemistry [J]. Commun. Chem. , 2020, 3(1): 15-1-7.

[ 28 ] ABIEDH K, DHANABALAN B, KUTKAN S, et al. Surface-dependent properties and tunable photodetection of CsPbBr,
microcrystals grown on functional substrates [J]. Adv. Opt. Mater. , 2022, 10(3): 2101807-1-9.

[29] BUH, HE C L, XU Y Q, et al. Emerging new-generation detecting and sensing of metal halide perovskites [J]. Adw.
Electron. Mater. , 2022, 8(5): 2101204.

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

[31] ZHOU F, RAN X, FAN D Y, et al. Perovskites: multiphoton absorption and applications [J]. Adv. Opt. Mater. ,
2021, 9(23): 2100292.

[32] LUO D Y, SU R, ZHANG W, et al. Minimizing non-radiative recombination losses in perovskite solar cells [J]. Nat.
Rev. Mater. , 2020, 5(1): 44-60.

[33] ZHANG F, MI Z, HAO W Z, et al. Tunable engineering of photo- and electro-induced carrier dynamics in perovskite
photoelectronic devices [J]. Sei. China Mater. , 2022, 65(4): 855-875.

[34] JIAOY N, YISH, WANG H W, et al. Strain engineering of metal halide perovskites on coupling anisotropic behaviors
[J). Adv. Funct. Mater. , 2021, 31(4): 2006243-1-22.

[35] XIAO G J, CAO Y, QLG Y, et al. Pressure effects on structure and optical properties in cesium lead bromide perovskite
nanocrystals [J]. J. Am. Chem. Soc. , 2017, 139(29): 10087-10094.

[ 36 ] KHMELEVSKAIA D, MARKINA D, TONKAEV P, et al. Excitonic versus free-carrier contributions to the nonlinearly
excited photoluminescence in CsPbBr, perovskites [ J]. ACS Photonics, 2022, 9(1): 179-189.

[37 ] HEY H, SU R, HUANG Y Y, et al. High-order shift current induced terahertz emission from inorganic cesium bromine
lead perovskite engendered by two-photon absorption [J]. Adv. Funct. Mater. , 2019, 29(40): 1904694-1-9.

[38] LIUSJ, CHEN G X, HUANG Y Y, et al. Tunable fluorescence and optical nonlinearities of all inorganic colloidal cesium
lead halide perovskite nanocrystals [J]. J. Alloys Compd. , 2017, 724 889-896.

[ 39 ] KRISHNAKANTH K N, SETH S, SAMANTA A, et al. Broadband femtosecond nonlinear optical properties of CsPbBr,
perovskite nanocrystals [J]. Opt. Lett. , 2018, 43(3): 603-606.

[ 40 ] KETAVATH R, KATTURIN K, GHUGAL S G, et al. Deciphering the ultrafast nonlinear optical properties and dynamics



1216 x Jt 2% Eivd %4385

of pristine and Ni-doped CsPbBr, colloidal two-dimensional nanocrystals [J]. J. Phys. Chem. Lett. , 2019, 10(18) :
5577-5584.

[41 ] ZHANG J, JIANG T, ZHENG X, et al. Thickness-dependent nonlinear optical properties of CsPbBr, perovskite
nanosheets [ J]. Opt. Lett. , 2017, 42(17): 3371-3374.

[42] LI R X, WEI Z P, ZHAO H X, et al. Linear and nonlinear optical characteristics of all-inorganic perovskite CsPbBr,
quantum dots modified by hydrophobic zeolites [ J]. Nanoscale, 2018, 10(48): 22766-22774.

[43] WEIK, XU ZJ, CHEN R Z, et al. Temperature-dependent excitonic photoluminescence excited by two-photon absorp-
tion in perovskite CsPbBr, quantum dots [Jl. Opt. Lett. , 2016, 41(16): 3821-3824.

[44] HANQJ, WU W Z, LIU W L, et al. Two-photon absorption and upconversion luminescence of colloidal CsPbX, quan-
tum dots [ J]. Opt. Mater. , 2018, 75: 880-886.

[45] BADER T R, GOLD A. Polarization dependence of two-photon absorption in solids [J]. Phys. Rev. , 1968, 171(3):
997-1003.

[46 ] INOUE M, TOYOZAWA Y. Two-photon absorption and energy band structure [Jl. Phys. Soc. Japan, 1965, 20(3):
363-374.

X 48 S(1982-) , B AL A, 1
+, #AZ  WAAE S W, 2009 4F TR
KA A2 7, 322N 3 e Ak
LM R B WMOTL T U
HeF A AT

E-mail: liushaoding@tyut. edu. cn

B8 (1996-) , &, Ih iz WA, it 1
BFgEA: , 2018 4F FAR AL AR ML K5 3k A5
oA, BN G RANAEL ot
BB

E-mail: 1452869237@qq. com




