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Visible light emission of ultraviolet polarization

sensitive CsPbBr; nano-films

JI Yu-jin'?, CHU Xue-ying'*", DONG Xu', LI Jin-hua'?
(1. College of Physics, Changchun University of Science and Technology, Changchun 130022, China;
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* Corresponding author, E-mail: xueying chu@cust.edu.cn

Abstract: In order to detect polarized ultraviolet light by visible optical elements, CsPbBr; nanocrystal/metal
wire-grid composited films were prepared. The stability of its fluorescence was improved by depositing
Al O; passivation layer. The green fluorescence of polarization-sensitive perovskite nanocrystals film was
obtained under ultraviolet exciting light. The results show that the crystal structure of the CsPbBr; nanocrys-
tals obtained by hot-injection method have a cubic crystal system structure with a square shape and an aver-
age size of about 39 nm. An obvious green fluorescence at about 530 nm were observed under ultraviolet
light excitation of the nanocrystal colloidal solution. The fluorescence intensity of the CsPbBr;
nanocrystal/metal wire-grid composited film obtained by self-assembly changed periodically with the polariz-
ation direction of the excited light. The luminous polarization ratio is about 0.54. The fluorescence intensity
of this composite film was enhanced when ALL,O; was deposited on its surface by atomic layer deposition
technology. The polarization ratio of the passivated film can still reach 0.36. The above results show that the
fluorescence stability and polarization of perovskite nanocrystals film can be optimized by the surface passiv-
ation and the introduction of metal wire-grids, respectively. The obtained ultraviolet polarization sensitive
CsPbBr; nanocrystals composited film exhibits important application value in the fields of ultraviolet polariz-

ation detection and liquid crystal display.
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1 Introduction

In recent years, all-inorganic perovskite CsPbX;
(X=Cl, Br, I) nanocrystals (NCs) have attracted ex-
tensive attention due to their excellent optoelectron-
ic properties!"?, such as high fluorescence quantum
yield, narrow half-peak width, adjustable bandgap,
high absorption coefficient and high carrier mobil-
ity?], and have broad application prospects in the
fields of light-emitting diodes™, liquid crystal dis-
plays®, photodetectors®” and lasers®.

At present, the preparation methods of all-inor-
ganic perovskite NCs mainly include hot-injection
method, ligand-assisted reprecipitation method,
room temperature synthesis method, etc. Among
them, the hot-injection method is favored by people
because the NCs with regular morphology and relat-
ively small size distribution can be obtained by this
method. However, studies have found that due to the
ionic properties of perovskite NCs¥!, perovskite NCs
prepared by various methods have fluorescence in-
stability!'™'!l to a certain extent when they are ex-
posed to humidity and light, and are made into
devices, which is the primary problem restricting its
industrialization. In recent years, important pro-
gress has been made in improving the fluorescence
stability of all-inorganic perovskite quantum dots by
introducing ligands during hot-injection method.
However, for perovskite quantum dot films, which
are easier to be applied in practice, the related re-
search is very rare. The environment and the state of

the ligand may both have changed after film forma-

doi: 10.37188/C0.2022-0152

tion, so related research is particularly important.
Refs. [12-14] show that deposition of metal oxides
(ZnO, Al,O;, etc.) on the surface of NCs with atom-
ic layer deposition technology'? can effectively im-
prove their stability, and encapsulation of NCs can
improve the stability of NC films and their lumin-
ous propertiest*'?, However, the perovskite quantum
dot films need to be further researched.

The polarized luminescent properties of per-
ovskite NCs are another concern besides stability.
Since the Protesescu research group synthesized in-
organic halide perovskite (CsPbX;, X=Cl, Br, I)
NCs in 2015, Sun et al. have studied the fluores-
cence polarization characteristics of CsPbX; NCs,
and their measurement results show that the polariz-
ation degree of CsPbBr; is 0.08!""; Zhong ef al. em-
bedded perovskite NCs in polymer composite films,
and the degree of polarization can be increased to
0.3 through the controllable mechanical stretching.
However, after long-term illumination, the fluores-
cence luminous intensity has a large degree of atten-
uation"®, Therefore, the construction of perovskite
quantum dot films with both high fluorescence sta-
bility and high polarization characteristics is still an
important issue worth exploring.

9 with a micro-nano scale

Metal wire-grid
structure and good polarization performance is
widely used in the field of polarization devices such
as optical communication and liquid crystal display.
In this paper, it is proposed that the CsPbBr; NCs
modified by Al,O; can be compounded with metal

wire-grids to achieve high stability and high polariz-
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ation luminescence films. With the assistance of the
hot-injection method, CsPbBr; NCs colloidal solu-
tion was synthesized by the ligand modification of
the sample with high fluorescence stability reported
in the literature. CsPbBr; NCs/metal wire-grid com-
posite films were obtained by self-assembly method,
and AlL,O; passivation layer was deposited on the
surface of the composite films by atomic layer de-
position technology. The effect of Al,O; passiva-
tion layer on the fluorescence intensity of the com-
posite film was compared and analyzed, and the ef-
fect of Al,O; deposition on the polarization charac-
teristics of CsPbBr; NCs/metal wire-grid composite

film was studied.

2 Experiment

2.1 Experimental materials

Cesium carbonate (Cs,COs;, 99.99%), Lead
bromide (PbBr,, 99.99%), Oleic acid (OA, AR), 1-
Octadecene (ODE, 90%), and (3-Aminopropyl) tri-
ethoxysilane (APTES, 97%) were purchased from
Aladdin Reagent Company, ethyl acetate was pur-
chased from Tianjin Fuyu Fine Chemical Co., Ltd.,
n-hexane was purchased from Beijing Chemical
Plant, metal wire-grid was purchased from Jiangyin
Yunxiang Photonics Co., Ltd.
2.2 Preparation of CsPbBr; NCs

Preparation of cesium oleate precursor: weigh
0.407 g (1.25 mmol) Cs,COs, put it into a 50 mL
four-necked bottle containing 20 mL ODE and
1.2 mL OA, heat the mixed solution in an N, envir-
onment with a magnetic stirring heater to 120 °C
and keep it for 30 minutes, and then continue to
raise the temperature to 150 °C to fully react the re-
actants until the solution is clear and transparent,
then keep the obtained precursor at 100 °C for use.

Synthesis of CsPbBr; NCs: weigh 0.069 g Pb-
Br,, put it into a 50 mL three-necked bottle contain-
ing SmL ODE, 0.5 mL OA and 0.5 mL APTES,
heat the mixed solution to 120 °C with a magnetic

stirring heater in the N, environment for 30 minutes,

then continue to raise the temperature to 170 °C,
quickly inject 0.4 mL of cesium oleate precursor, re-
act for 1 min, and quickly cool it to room temperat-
ure in an ice-water bath. After final cleaning and
purification, dissolve in n-hexane for storage.

2.3 Preparation of composite films

Configure a certain concentration of CsPbBr;
NC solution, use the metal wire-grid as the sub-
strate, and lift the mechanical arm of the Langmuir-
Blodgett system through the vertical lifting method,
so that the CsPbBr; NCs and the metal wire-grid are
recombined, and finally CsPbBr; NCs/ metal wire-
grid composite film is obtained.

The Al,O; passivation layer was deposited on
the surface of the composite film by atomic layer
deposition technology. The process is as follows:
with trimethylaluminate as aluminum source and de-
ionized water as oxygen source, the processes of
each deposition cycle include water pulse (#), N,
purge (2,), aluminate pulse (¢;) and N, Purge (¢;), the
pulse durations are: #,=0.02 s; £,=5 s; £,=0.02 s; £,=5 s.
2.4 Sample testing and characterization

The microscopic morphology of NCs particles
was characterized by Transmission Electron Micro-
scope (TEM, TecnaiG220S Twin) and Scanning
Electron Microscope (SEM, JSM-6010LA), the
structural characteristics of the samples are charac-
terized by X-ray diffraction (XRD, D/MAX-
Ultima), the absorption spectrum was measured by a
UV-Visspectrophotometer (SHIMADZU, UV-2450),
and the fluorescence spectrum was measured by a
fluorometer (SHIMADZU, RF-5301pc). In order to
investigate the effect of light irradiation on the lu-
minescence properties of CsPbBr; NCs/metal wire-
grid composite films with or without Al,O; film
passivation, a 325nm He-Cd laser was used to irra-
diate the sample surface for 60 min, respectively,
and Raman (Luminescence) spectrometer (labRAM
HR E) was used to characterize the photolumines-
cence characteristics of the sample, and the laser
power density on the surface of the sample was
3.15 mW-cm™. All tests were done at RT.
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3 Results and discussion

3.1 Phase and morphology analysis of CsPbBr;

NCs

The CsPbBr; NCs colloidal solution was drop-
coated on a silicon wafer to form a thin film, and the
results of testing its XRD pattern are shown in Fig. 1
(color online). It can be seen from the Fig. 1. that all
the diffraction peaks correspond to the JCPDS
standard card (PDF#18-0364), and that the prepared
CsPbBr; NCs are cubic crystal system. The samples
have main diffraction peaks at 26 of 15.21°, 21.69°,
30.74°, 37.73°, and 43.90°, corresponding to the
crystallographic planes (100), (110), (200), (211),
and (202) of CsPbBr; crystals, respectively, which
shows that the crystal has good crystallinity.

Fig. 2(a) shows the results of characterizing the
morphology of the obtained CsPbBr; NCs by TEM.
It can be found that the NCs have a square shape. As
shown in Fig. 2(b), the statistics of all particle size

distributions. show that the average size of NCs is

9200 nm

500 nm.

about 39 nm. Fig. 2(c) shows the SEM image of the
CsPbBr; NCs film. It can be seen from the Fig. 2(c).
that the size of the obtained NCs is relatively uni-
form and in the shape of a cube, which is basically
consistent with the results of TEM. Fig. 2(d) is the
SEM image of the CsPbBr; NCs film after Al,O;
passivation, and it can be found that the Al,O; pas-
sivation did not significantly change the surface

morphology of the nanofilm.

(110) (200) CsPbBr; NCs
(100)
I Ny e 2o
g PDF#18-0364
g
E
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Fig. 1 XRD spectrum (top) of CsPbBr; NCs film and
standard diffraction pattern (bottom) of CsPbBr;
1 CsPbBrs 44K gl XRD 5] 1% Fl CsPbBrs (45
WERTT RT3
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ave
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Fig. 2 (a) TEM images of CsPbBr; NCs; (b) the size distribution of the NCs; (¢) SEM images of CsPbBr; NCs; (d) CsPbBr;

NCs films after Al,O; passivation
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The absorbance of the CsPbBr; NCs solution
was measured by a UV-Vis spectrometer, as shown
by the dotted line in Fig. 3(a) (color online), which
has an obvious absorption peak at 510 nm and a
band gap of 2.34 eV. The solid line in Fig. 3(a) is
the fluorescence emission spectrum of CsPbBr; NCs
excited by 365 nm ultraviolet light, the luminescent
center is located near 530 nm, and its half-maxim-
um width is only 16.18 nm, indicating that the ob-

tained CsPbBr; NCs have excellent luminescent
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Fig.3 (a) UV-Vis absorption spectrum (dotted line) and

fluorescence (FL) emission spectrum (solid line) of

the CsPbBr; NCs; optical photographs of CsPbBr;

NCs under (b) natural light and (c) UV light

/3 (a) CsPbBrs 40K fHEUFERIEHE (3548 5417 I
WBOETE ] (BE4R); CsPbBrs 44K SH7E (b) F1 4RI
(OEZISANER

properties. Fig. 3(b) (color online) and Fig. 3(c)
(color online) are the physical sample photographs
of CsPbBr; NCs sol under visible light and the ultra-
violet lamp, from which it can be found that the

NCs colloid solution of synthesis is yellow-green

and an intense green fluorescence is observed under

UV lamp irradiation.

3.2 Fluorescent properties and optimization of
CsPbBr; NCs/metal wire-grid composite thin
films
In order to take advantage of the excellent op-

tical properties of CsPbBr; NCs to realize ultravi-

olet polarization optical detection, CsPbBr; NCs/
metal wire-grid composite films were prepared by
self-assembly on the metal wire-grid substrate. The
solid line in Fig. 4(a) (color online) is the fluores-
cence emission spectrum of the composite film. It
can be found that under the excitation of 325 nm
laser, the composite film shows a sharp lumines-
cence peak near 521 nm. Because the surface state
has a great influence on the optical properties of
perovskite quantum dots, a certain amount of Al,O;
is deposited on the surface of the CsPbBr;/wire-grid
composite film by atomic layer deposition method
to optimize the optical properties of the composite
film. The dotted line in Fig. 4(a) is the fluorescence

emission spectrum of the composite film after Al,O;

11000 (a) —— Before the passivation 40 (b) —=—Before the passivation 40 (c) —=—Before the passivation
200 *= After Al,O; passivation i —a- After AL,O, passivation —a- After ALO; passivation
-~ - P T ~ 30+
=3 2 30 -~ =3
g’ 600 § i J i\“, “__._.-4-—-0—.-—4
2 = ar 220+ >
g 400 £ 20 *° g R
g E |/ E P
: 200 d 10 L'--—-—.—r""_._._.—‘—‘ d
0
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
460 480 500 520 540 560 580 0 10 30 40 50 60 0 10 20 30 40 50 60 70 80 90
Wavelength/nm Time/min Time/min
Fig. 4 (a) FL spectra of nanocrystal/metal wire-grid composite films before and after Al,O; passivation; (b) plots of FL intens-
ity of the CsPbBr; NCs/metal wire-grid composited film versus time of irradiation by UV light before and after Al,O5
passivation; (c) plots of FL intensity of the CsPbBr; NCs film versus time of irradiation by UV light before and after
Al,O; passivation (Dotted lines are for samples after Al,O; passivation, and solid lines are for samples before the Al,O,
passivation)
K4 (a) ALO; BEALHETIS 24K /4 SR AME S S IR I 5O LIS 18] (b) ALO; BiALHTS CsPbBry 442K fit/ 42 J Lt 52 4 i

PR BE S AN IR ) 284k 5 R M2 (o) ALO; BAKHTE CsPoBrs 44K s B2 L5 B B 52 A1 RIS ] A8 4k 56 2
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deposition. The comparative analysis reveals that
the fluorescence peak intensity of the thin film after
coating with Al,O; decreases to 96.47% of the ori-
ginal value, and the luminescence peak position has
a red shift of about 1 nm and is accompanied by an
increase in the half-peak width, which is due to the
fact that the heating of the substrate platform during
the atomic layer deposition experiment causes some
of the NCs surface ligands to fall off, and the NCs
are more likely to produce agglomeration at high
temperatures, which enhances the electronic coup-
ling of NCs™.,

Continuous laser irradiation studies show that
the obtained composite films have good fluores-
cence stability. As shown by the solid line in Fig. 4(b),
the fluorescence intensity of the CsPbBr; NCs/met-
al wire-grid composite film remains basically stable
within 60 min of continuous irradiation with 325 nm
laser (optical power density about 3.15 mW cm™).
After Al,O; passivation, the luminous intensity of
the composite film can be continuously improved by
increasing the irradiation time, and it can be en-
hanced to about 3.3 times of the initial value at
60 min. As a wide bandgap oxide, Al,O; restricts
the migration of photogenerated carriers in per-
ovskite NCs films. Due to the suppression of high
energy band gap, the photogenerated carriers and
holes are confined inside CsPbBr; NCsP', so that
the luminous intensity of the composite thin film is
enhanced after the Al,O; is deposited on the thin
film.

In order to verify the changing law of the influ-
ence of Al,O; passivation on the fluorescence in-
tensity of CsPbBr; NCs thin films, the fluorescence
stability of CsPbBr; NCs thin films without metal
wire-grids was further compared and analyzed. As
shown in Fig. 4(c), within 90 min of continuous ul-
traviolet light irradiation, the fluorescence intensity
of the CsPbBr; NCs film that has not been passiv-
ated by AlL,O; has a certain increase in the first
10 min, and then gradually decays to about
1.1 times of the initial fluorescence intensity; while

the fluorescence intensity of the CsPbBr; NCs film

passivated by Al,O; increases with the increase of

the irradiation time, and gradually stabilizes at about

2.5 times of the initial fluorescence intensity after

about 40 min.

3.3 Polarization properties of CsPbBr; NCs/metal
wire-grid composite films

The optical path shown in Fig. 5(a) is used to
test the fluorescence polarization characteristics of
the obtained CsPbBr; NCs/metal wire-grid compos-
ite thin film sample. With the linearly polarized ul-
traviolet light radiated by a He-Cd laser with a
wavelength of 325 nm as the excitation light and the
periodical adjustment on the polarization direction
of the incident linearly polarized light by a UV 1/2A
wave plate with a rotatable spindle, the fluores-
cence signal of the sample is collected by a mono-
chromator after removing the impact of the excita-
tion light through ultraviolet filter.

Fig. 5(b) shows the fluorescence spectra of the
CsPbBr; NCs/metal wire-grid composite film with-
out Al,O; passivation treatment under the excitation
of ultraviolet light in different polarization direc-
tions. In order to clarify the change Law of fluores-
cence intensity more clearly, Figs. 5(c) 5(d) show
the relationship curve of the fluorescence intensity
at 521 nm with the polarization direction of incid-
ent light for the composite film without Al,O; pas-
sivation treatment (5(c)), and with AL,O; passiva-
tion treatment (5(d)). It can be found that within a
cycle, the fluorescence peak intensities of the CsPb-
Br; NCs/metal wire-grid composite film before and
after Al,O; passivation show a cosine-like periodic
variation pattern with the change of the polarization
angle of the incident light, indicating that the com-
posite film is sensitive to the polarization direction
of the incident light, by which can realize the detec-
tion of the polarization direction of the incident
light. The polarization degree of fluorescence

can be determined by the following equation!**:

Imax _Imin
p=mxfmn
Imax +Imin

where I, and I, represent the maximum value



208

FEDEE (hgEso

(2)

325 UV laser - W‘Spectrometer

% Sample filter

m Before the passivation

—_
)
T

—
=]
T

=]
o0
T

=
[=)}
T

N
~

.o
o

Normalized FL intensity/(a.u.)

Angle/(°)

0 40 80 120 160 200 240 280 320 360

FL intensity/(a.u.)

Normalized FL intensity/(a.u.)

¥ 1635
(b) —a-(° -—-20° —4-40°
+21;% ~+-100°-+-120°
—— 140°-—160°—+180°
9000 —-220°--240°

6000

3000 | £

515 520 525 530

510 535
Wavelength/nm
12+ @ m After Al,O, passivation
1.0

o
)

<
=)

<
~
T

<
[§]
T

0 oy
0 40 80 120 160 200 240 280 320 360
Angle/(°)

Fig. 5 (a) Schematic diagram of polarization fluorescence spectroscopy test; (b) FL spectra of CsPbBr; NCs/metal wire-grid

composited films corresponding to different polarization angles of the exciting light; plots of FL intensities of the

CsPbBr; NCs/metal wire-grid composited film before (c) and after (d) Al,O; passivation versus the polarization angles

of the exciting light
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and minimum value of the fluorescence luminous
intensity of the composite thin film within a cycle of
the incident light polarization angle change, respect-
ively. It can be seen from the calculation that the
fluorescence polarization of CsPbBr; NCs/metal
wire-grid composite film is 0.54, while the fluores-
cence polarization of the composite film after Al,O;
surface passivation is 0.36, the above results are
higher than the current existing results on the fluor-
escence polarization of CsPbBr; NCs films!'""®. In
summary, although Al,O; passivation can enhance
the fluorescence of composite films, the fluores-
cence polarization will be decreased after deposit-
ing isotropic ALO; on the surface of anisotropic
composite films. The above results can provide ref-

erence experience for related follow-up research.

4  Conclusion

In this paper, cubic phase CsPbBr; NCs with

good dispersion, uniform particle size distribution
and average grain size of about 39 nm are success-
fully prepared by hot-injection method, and are used
to obtain CsPbBr; NCs/metal wire-grid composite
film by self-assembly technique, and then an Al,O;
passivation layer is deposited on the surface of the
composite film by the atomic layer deposition tech-
nique. Fluorescent stability tests show that the pho-
togenerated carrier confinement effect of the Al,Os
passivation layer significantly improves the lumin-
ous intensity and stability of the composite film un-
der ultraviolet light. Polarization optical properties
tests show that the fluorescence emission intensity
of CsPbBr; NCs/metal wire-grid composite film is
sensitive to the polarization direction of ultraviolet
excitation light, and its fluorescence emission in-
tensity changes periodically with the polarization
angle of excitation light. The fluorescence polariza-
tion of the composite film without Al,O; deposition

is 0.54, and the polarization degree reduces to 0.36
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after A1,O; deposition. In summary, the deposition
of Al,O; passivation layer on the surface of CsPbBr;
NCs/metal wire-grid composite film by atomic lay-
er deposition technology can improve the stability
and fluorescence intensity of the composite film,

and the good polarization optical properties that ex-
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R AT G K i 1 D i A O AR R R R
AN, 5 —MEFFRIEM A, H Protesescu P
HAE 2015 4E5 B T TCHL K AL 55860 (CsPbXs,
X=Cl, Br, D 4K )5, Sun 55 AXF CsPbXs 40K it
H o R IRFr T T WF5T, 45 CsPbBrs 141
PR B2 Ry 0.081"7; Zhong 55 N KA ERH™ 44 K fiix A

hibited by the composite film before and after pas-
sivation provide a way to prepare ultra-stable per-
ovskite NCs semiconductor device materials with
good performance, which have important research
significance for the polarization detection of the

conversion from ultraviolet to visible light.

REWE G HRE, 38 P AU 12k, fdi
PREEPE R 3 0.3, (HR LK BRI GRS, 960
() 4 i B A AR CRE B A s sk U, ALt A [
i B 1 AR YR AN = AR R PR A A5 R
RUEATIRE YRE AR IR R 1Y e )R

4 Ja ZR MU ELA AN oK ROBE 25 4, A i 1
REAT, )3z o Tt T i s SRR PR A
G, ASCRBEBEELEM S ALOs B K
CsPbBr; 40K i &2 A, S 30 1 e P 0 v v i
RICHIHERE . SR FH SRR & HhmT 35045 m 2R e
PR 0 TG A48 i A B e R R AR B T
CsPbBr; 20K i AR W . 38 o 40286 0776 315
CsPbBr; 40K i/ 4 J& et &2 6 R, JF DU+ )2
DIREARTER A BRI T ALO; Eifb)Z .
XTRMHT T ALO; BliALIE X & A R 15 G
AR, H4T XU ALO, %F CsPbBrs 442K (/4
JE M AR IR R I R A T TR

2.1 SEGME

% R 45 (Cs,COs, 99.99%). TR Ak £ (PbBr,,
99.99%). W2 (Oleic acid, OA, AR). + /\ & (1-
Octadecene, ODE, 90%). (3-&A N &) = & A hE
% ((3-Aminopropyl) triethoxysilane, APTES, 97%)
Yo A BT R TR\, SR SR A RHETH &
FAREA T AHRAF], IEC kel Adbafb 1), 4
JR LI BT R G R B ARG R A
2.2 CsPbBr; 2K R EHIZ

THIREERTIRIARY I £ PRI 0.407 g(1.25 mmol)
Cs,COs, #FHA A& 20 mL ODE #1 1.2 mL OA
50 mL DU, IR G IRAE N, PR5E FH#G )4
FEIFASOMAAE] 120 °C, I-A-EF 30 4340, SR 5 4k
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LT IREE R 150 °C, il 52 W) 7853 SN 2 TR
B, BRI RTIRIRGRTE 100 °C RFH .

CsPbBr; 40K i 1 A i : FRHEL 0.069 g PbBr,
B H A &4 5mL ODE, 0.5mL OA #1 0.5 mL
APTES 11 50 mL =i P, IR G VA R AE N, 5%
TG TP FER ST, FRRE IO A 120 °C, #¢
SL 30 434, SR AR ST R B 170 °C, s
ATHFRHG TR 0.4 mL, F2W 1 min J&5 R 5E KK
R BRI, RAF VR AR T IE O b
R AE
23 EEEENTIE

T — 5 MR BE 1% CsPbBr; 40K fb Ak, L4
Jos B R A S, A 3 B HR S A B Langmuir-
Blodgett $i7 AL AU HLARE , 13175 CsPbBrs 44K &
H&BEME A, 523545 CsPbBr; 40K /4R
LM 5

it 7 2 OB B AR A &2 6 I 2 1 e A
ALO; #lifbZ . SEAANT: DAL= H SR e h R
U8, 25 B F KA b U8, RS DR 3 A 5 7K ik
(1) Ny W (1) BRERERIKOR (1) FIN, IR (1),
Pk wh R I ] 3 518 - £,=0.02 s; 6,=5 s; £=0.02 s;
4=5s,
24 HmAVNR SR

15 FH 385 5F 5 F 5. 6308% (Transmission Electron
Microscope, TEM, TecnaiG220S Twin) ¥4+
B#%% (Scanning Electron Microscope, SEM, JSM-
6010LA) FAE 40 K 4 Uk Y SOV 558, 4 X 4
2871 4 (X-Ray Diffraction, XRD, D/MAX-Ultima)
FAERE S EERRFAE, SR ERS0-0] WA BT
(SHIMADZU, UV-2450) 52 W O3, SR 2
43 £ (SHIMADZU, RF-5301pc) M5 98 663
N T WFFEEEE XA TC ALO, ALY CsPb-
Brs 942K /4 J8 L 2 G vl FEE i P R 1 5% T,
fifi 1 325 nm (1) He-Cd 30648 50 B X R i 2 1f 1F
17 60 min RS, RHBLE (K6) JGIEIL (labRAM
HR E) X #F 5 #E 17 S BOR BRI 3RAE, 53R
T O DR BB 3.15 mWeem 2, A IR
BIfe il e i

3 R5R

3.1 CsPbBr; KR ERMEMFIR S
% CsPbBr; 9K AR WG TR e e BB

BCHRR, A XRD B, 4551 aniEl 108 & 0L
FIHTFRR) Fi. AEIFR AT Fra s JCPDS
FrifE (PDF#18-0364) FHXT Lz, AT i £ ) CsPb-
Br; AUK AN AL T iR . FEALTE 260 700k 15.21°,
21.69°, 30.74°, 37.73°, 43.90°4b H} #H = ELA7 g,
55 CsPbBr; FHIAR (100). (110), (200), (211). (202)
v PR REDGF 02, 156 B R AR LA R I 485 v

FIH TEM X fr 313/ CsPbBr; 44K S 4T
FUHATIRAE, 2R a8 2(a) Frs. ATRAKEE, 9K
mnE IS . X AR RT3 A A T 40
T, AR 2 RST 2978 39 nm, WAl 2(b)
e B 2(c) 45T CsPbBrs 40K fidifiif SEM
EIMG . MEHRATLUE H, FTaRAs i a8 oKk fi R T4
FBE), BT IRIBAR, 5 TEM W45 R AR —
. Bl 2(d) i ALO; #fifk 5 CsPbBrs 442K i Hi 5
() SEM &4, 7T L& I8 ALOs Slifk oK B 5 il 28 24
KRR R THIE S

iH 3L 54N -AT WO 43 BE TN 2E CsPbBr; 44K
AR A IROE L, A&l 3(a) (R B WL T 7 i) T
BTN, HAE 510 nm AbA7 78 IH 5 WIS, 7
Bk 2.34 eV, & 3(a) F1554 ) CsPbBrs 44K i
£ 365 nm EEAMEIE T ZOE R SHGE, Zotrh
AT 530 nm FE, HHAEE RN 16.18 nm,
FH T 3RA53 /9 CsPbBrs 44K it 1AL 5 1 & Stk
fE. & 3(b) G WL PR R AR 3(c) (Z A
DL TV i) J& CsPbBrs 40K S e A8 1] WO
ERIMNETT B SRR IR R, BB A il LA
B I GIK TBEAAT W S E a f, HLAE S5 AT R
Il NI DU &3 EE U UL Sl s
32 CsPbBr; AKBE/ERBEME S EENR N

R AL

17 R CsPbBry 44K it L S 2 R 5
PR AMR IR G 2F AR, D)4 Jm 2ot b 3@ 1
2H 2 )7 K145 T CsPbBrs 4K i /4 B M 2 &
W, & 4(a) CEEILIA R M) a4z i
B R DO A SHGIE R . FTLLUZ B, 7F 325 nm
WOLRE T, Z A MBEAE 521 nm ML B HR
LI RO . 1R R R RS XS EKT i+ w1
AR A R B2, >R T 20ROy 1 )
CsPbBry/4x J& 2t 52 4 W B 3R T DUAR — & 2 1
ALOs, X G BE G R BT Tk . 8] 4(a)
HEZ AT ALO, Z )5 & A Wi 2t & 41
TR L X RS HT AT R, A ALO; J5 Rt

g

il
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WA 1 9 B [ 1 JEL R 1Y 96.47%, KOG A 1 nm
FEAT LTS ELAT B 04 5 i 38, 32 PR Ry D7
JZUTRSE G R, SR & IS R 4K
Pl 2 T FC AR L%, o0 R R 4 K o B 25 5 7 A T 3R
PG, (ALK b ) H R A B )

SO R AT 25 R, iR R A
I ELA AT R eRRE M. anlEl 4(b) Hhaigk
Jf7IR, CsPbBrs 40K /4 IR LM E S5 325 nm
BOG OETh R 2 3,15 mW-cm™?) % 2248 18
60 min P, G5 B BEA LR FR R T . T4 ALO;
BEALSS , B R B) AT A5 2 A Y & R
FE R Wi 4 5, 60 min Fisf H: o] 38 5 S W7 R (E 9 3.3
fihiti . ALOs MEA TEER A ALY, IR T o5 ke™
YK b R R R AT RS, T REA B
(M, ez 20+ A 7B BR il 76 CsPb-
Brs 42K ity PRI, fifi 1555 G I 1) R as B e DL
T ALO; TR 2 iR B A — i 35

T RE ALO; #lifb X} CsPbBrsy 40K /i 1 i
YEICHR B R RLAEE, UE— A3 BT TR A
&2 SR LM CsPbBrs 44K i i R (1) 98 AR v o
WKl 4(c) B, TEERIMEIEZL RS 90 min N, &
B ALO; £lifb Y CsPbBrs 4K AR Y 2t &t
SEJEFERT 10 min A — & RYIER, 15 2 81 0
BRI BER) 1.1 544 M4 ALO; Bifk)s
1 CsPbBrs 44K fit {16 14 5 ik 3 D) i 5 et Pt s
V6] F4) FE < T 84 K, 247 40 min J5 38 Wik i ZE ) IR 2%
JEEREY 2.5 5 A o
3.3 CsPbBr; MK m/ERB&EME & HENRIR

i

KA 5(a) R GRS B 345 1) CsPb-
Brs 942K i/ 4 B M 52 G VRS S R A T 9 IR
I, DL KA 325 nm 1Y He-Cd MOG #848
LR AR IR R AN R B, AR TER: 5l 48
AI 122 W e X6F A S B A A 56 08 A B 5 ) 24 7
WIMER T, AN RBRIEE SR, B Y
RNAF T A CREE

[l 5(b) 45 Y T AR #E 4T ALO; £l b 4b 3 1Y
CsPbBr; 9K &/ 4 J8 St 52 6 WERRAE A [F i =
LM TIPSR . N T S M
B 5 6o B A8 AL R, ] 5(c) 45t T R kAT
ALO; {4 B AT A5 35 521 nm &b 56 6 ik i Bl
NS T AR R 2, K 5(d) 4hh T
ALO; #lifkJ5 B A BEAE 521 nm 4b 2¢ 65 B Fifi

A CmIRTT 1 AE S R Mg . aT LUK BE, &
— AN, ALO; BEALHT I CsPbBry 442K fi /4
AN A A MBS G 05 FEE H B SR i A
(A2 T L A 5 A R S P A A R, T A2 5
PR A S 8 4R T 1 K, T S BRSO
e 75 1) BRGNS E P> Al LA AR 2
2P B E

_ Imax - Imin

Imax + Imin

HA, LT Loin 73 9 7R A SR B FA B AE— 1>
JEIA N AR AR, 526 IR G B 1 e R (B
Sa/ME . B THRE AT, CsPbBr 40K fi/4: &
LM A R M IR BE S 0.54, T8 ALO;
T fs 2 AN ZOL MRS 0.36, LU L
S5 T2 BT CsPbBrs 444 7 MR 2 Y I
PREER O A LSRRI, 28 LAAL B ALO; Blifk
A SRR A RO I (DR 45 1) S 2 AT
PR TS [ [FIPERY ALO; I, 23S BT B
PREREIS. LA LZER ] RS SR AR 255

4 % i

AR SR i R A AT Ty i 4 A b B
I RIAR AT S) R ERLZ 39 nm (14575 A
CsPbBr; 4K iy, A A 41 AR A3 T CsPbBry
YK /4 TR M A G R, Il R R DU
R 8 HIER DR ALO; k)2 . PotkaE
PEMEREE R, ALO; Flifb)Z A e 3 PR
ROV AHA5 S5 A IRT 52 A MR Y & i B AR
PEA BB S . ARG R R B, CsPb-
Brs 44K /4 @ M 52 5 MRS 1Y) 2 ) R S i B XoF
SHMNMURIEI IR 7 T fURR, B & R i bl
ORI IR R S R A . RUTRL ALO; )
52 ARSI IR IE A 0.54, VIR ALO; J&, 45 1h]
[P BEAR 2 15 LA HLm R BRI 0.36. 25
A, 3 R Z VU AR AE CsPbBr; 402K i/
& R A I R I U ALO, BliAk 2 AT 2 7
B AR E POt &R, Blifkit)s, &
ARSI AR IR AR . ASCF R4S
S il 5 1 B R A (AR AR B AR 4K e A
TR R AL T — BB, X SEER SR A G B ) AT
T B A ) Dm Fa i EL A B B (AR 9T 8
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