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Red amplified spontaneous emission of polymer passivated
perovskite quantum dots
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Abstract: All-inorganic CsPbX, (X = CI, Br, I) perovskite quantum dots have excellent luminescence
properties and are a new kind of display material and laser gain medium with great application potential.
In this paper, CsPbBr, I, ; red quantum dots with luminescence peak at 640 nm were prepared and the
CsPbBr, .1, s quantum dot films were coated with three kinds of polymers with different functional groups:
polymethyl methacrylate (PMMA) , polyiso-butyl methacrylate (PIBMA) and polystyrene (PS).
The amplified spontaneous emission performance of CsPbBr, I, /PMMA, CsPbBr, I, /PIBMA and

CsPbBr, I, i/PS composite films were studied. The results show that the polymer passivation improves
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the water stability of quantum dot films. Moreover, the C=0 in PMMA and PIBMA passivates the unco-

ordinated Pb*" on the surface of quantum dots, enhancing the photoluminescence intensity of QD films.

Furthermore, the amplified spontaneous emission threshold of CsPbBr, ,l; /PIBMA film is as low as

81 pJ-cm ? under nanosecond laser pumping at 532 nm. The stability is improved, demonstrating its poten-

tial as a novel gain medium.
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Fig.1 Schematic diagram of experimental procedure



790 W5 Bos

37 %

#% T CsPbBryi T 55, Z J5 7€ CsPbBry & F 2 Hoil
A ZnL W 45 T 4045 CsPbBr, L, B 755, 3-8
X SO i - RE TS X I i 28 A R AT R A AT
2(a) g5 0 T DI 1 AR il 45 ok HoAi 44 Ry
CsPbBr, I, ot a5, F- 43 J°Ks 28 H B D 44 12 1 g
(PMMA) R NG 5 T B (PIBMA) R
N (PS) 3 G W Ik % 4 CsPbBr, L1, i T
SR 0, i 45 T CsPbBr, L1, CsPbBr, L1, o/
PMMA .CsPbBr, .1, ./PIBMA #l CsPbBr, .1, ,/PS
TR

(@ CsPbBr, I,
S 13d
z |
5
2 Br 3d
= |
1000 800 600 400 200 0

Binding energy/eV

= CsPbBr, I

12718

—— CsPbBr, I, /PMMA

12718

——CsPbBr, I, /PIBMA

1218

——CsPbBr, I, ./PS

12718

(b)

PL intensity/(a.u.)

550 600 650 700 750 800
Wavelength/nm

(© —— CsPbBr, I

12718

CsPbBr, I /PMMA

1.271.8

—— CsPbBr, I, /PIBMA

12718

= CsPbBr, I /PS

1.271.8

Abs

500 550 600 650 700
Wavelength/nm

K2 (a)CsPbBr, 1, (i X STt FBE i ; CsPbBr, L1, 4.
CsPbBr, I, /PMMA ., CsPbBr, I, ./PIBMA Fil CsPb-
Br 1 o/PS W B ) PL G 3% (b) A5 S wl WL 0 Uit
(e,
Fig.2 (a) X-ray photoelectron spectroscopy of CsPbBr, .1, 43
(b) PL spectra and (¢) UV-Vis spectra of CsPb-
Br.,l ., CsPbBr,,I,/PMMA, CsPbBr, .l ./PIBMA
and CsPbBr, LI, ;/PS films.

B 2(b) FTE 2(c) 435l 45 T CsPbBr, L, .
CsPbBr, I, /PMMA.CsPbBr, .1, /PIBMAF1CsPb-
Br, L, o/PS #RE 630% 6 (PL) Gk A 28 4h af L
(UV-Vis) W e o 1% o i PL O 3% o] DL & B
CsPbBr, L1, it F 1 WY & G 28 640 nm, 7£
W T AT R E Y &6 L L I {7 3
WA BB, o, ol L& 3 CsPbBr, L1, o/
PS B A PL 5 B 5 4l i 1 o5 3 A i 8 AH 3T
B J2 i 5 o500 B 7E IE R T PMMA fil PIBMA
Je , HPL G B B 3G K, 1 X PR Rl R A Wk
T A — g il AR 40l A Ak PR
(9 5 4 Wi BB AR X T CsPbBr L1, it F A Wi A &
SR D T AR AR R S 2 A
Jf H CsPbBr, .1, /PIBMA f4 PL 8 & % 0 i & T
CsPbBr, .1, /PMMA, it B PIBMA X & 7 &
A 2 50 3 i al AR AR T
3.2 HEMITHRIMNKIE

Al B AR LTSN, 3 PR RS
Poxh T it TSR BEAE T o SRAESS A AN 3(a)~(c)
FE7R 2R T B A WSO 1 Y A 404k
T 1) R B AR B R R e B 3(d)~(D . i 3(d)
A (e) w] LLE A& & B, 2 PMMA F14l PIBMA 7E
1723 em™ "Ab A & B B BB C=0 W I 0% | 1
CsPbBr, .1, /PMMA #l CsPbBr, I, ,/PIBMA [
C=O W Wi 3 B 1 731 em .1 729 em ™!
b o 33X AT RESE R A C=0 Sk 5 i 4
FEIH MY AL 1Y PO HE-AT TR S A, B 3(D)
WA B W e 2 ROk PS AN A7 A AH VL Y T g
FEA MR LA A HRGE AR S R R R Y £ B
B b, T ORI 19 Ph® HE i RE AH X A K
h TR A R 32 B G 2 — X R G T RE A
R F S ECRHAR RS E A . 1 PMMA
PIBMA H g7 1E % C=0 XV, h T AUV#EAH %
bk 1 SRR T, 15 C=0 XU A X%t T Pb™
W R — A5 S A R C=0 ST LY
7 R OR O A 9 Ph? HEAT IS ALAE L AT 35
BN Bl b i R A R L B S A
- A5 R 2 T E 1 T PMMA 8 PIBMA i, H
PLRE A —E T
3.3 B4l

R T HE— PR GE UR RAA W) )2E R R
JE ) 5% i, %) CsPbBr, L1, o f8 - A 3 B F &2 A



507 4

B, 25 R A W B S BT T R LD OR A A R S fE 791

—
&
=
—
=
=

—~
o
-~

WV.M/T ~ ~
] —— CsPbBr, |, /PMMA
— PMMA

—— CsPbBr, I, /PIBMA
—— PIBMA

> W I v
J —— CsPbBr, I, /PS

——PS

Transmittance/(a.u.)
Transmittance/(a.u.)

Transmittance/(a.u.)

T

1000 1500 2000 2500 3000 3500

1000 1500 2000 2500 3000 3500

1000 1500 2000 2500 3000 3500

Wavenumber/cm ™! Wavenumber/cm ! Wavenumber/cm !
(d) (e) ®
é ‘3, ;’/ —— CsPbBr, I, /PS
5] ] — > —ps
% —— CsPbBr, [, /PMMA % —1515}13)1'313 1:‘ o, /PIBMA g
= ===ENINIA, = h=
g 8 g
= = =
1650 1700 1750 1800 1850 1650 1700 1750 1800 1850 1650 1700 1750 1800 1850
Wavenumber/cm ! Wavenumber/cm ™ Wavenumber/cm

K3 CsPbBr,,l, /PMMA 1 PMMA (a) .CsPbBr, I, /PIBMA I PIBMA (b) .CsPbBr, I, .,/PS Fl4 PS(c) fr) i H i 2
WLl A% . CsPbBr, LI o/ PMMA #1 PMMA (d) .CsPbBr, ,1, o/ PIBMA #l PIBMA (e) .CsPbBr, .1, o/PS 1 PS(f)

P4 b TR A 30 2 1 I 3 14 R AR R P

Fig.3 FTIR spectra of CsPbBr, I, /PMMA and pure PMMA (a), CsPbBr, I, /PIBMA and pure PIBMA (b), CsPb-
Br, I, o/PS and pure PS (c¢). Partial enlargement of FTIR spectra of CsPbBr, I, /PMMA and pure PMMA
(d), CsPbBr,,I, /PIBMA and pure PIBMA (e), CsPbBr, I, ;/PS and pure PS(f).

Mwm /P8

2 -

MCstBrl J, /PIBMA
CsPbBr, I, /PMMA
CsPbBr I, ¢

10 20 30 40 50 60
200(°)

¥4 CsPbBr, I, ¢.CsPbBr, I, /PMMA ,CsPbBr, ,I, ,/PI-
BMA F1 CsPbBr, .1, o/ PS i 5 i X 5 28 £i7 5t 151 3% .

Fig.4 XRD patterns of CsPbBr,.I,,, CsPbBr, I,/

PMMA, CsPbBr,,I, /PIBMA and CsPbBr, I, /

PS films on glass substrates.

Intensity/(a.u.)

BEHEAT T X G fin JF RAE R AERI 4P 5 T %
FE 45 5 3l WL IR 4 AT Lk B, 4 R RE i X
SR AT B RS AR 14. 67,20, 7°F1 29. 5°FfF T H PR
T G e, I HLAS [R) A b T80 437 S 0 T IR 18 B B
Ak, R T LR R A W2 A R S R T
AU AR ZE R . A, BT PMMA (PIBMA #i

PS = Bl bf kL35 02 R 25 R R A, BRI R
TR ER AT T 5 R REAE UG, FE AR R Y XS A A
Pl b I B A W€ 3 LAt 2 B8 1) 485 A7 5 06
3.4 KFEEMENR

T TR R AP T S K R e M
20 CsPbBr L i F AU AN & RN 2
b B R AE K BE S B 2 min UK — R
A i Y PL S B, 0 A 45 SR S /R 7E B’ 5 (a)
1M & 5(b) 45t T 4K i 0, 8, 14 min J5 A
[F] S RS AE i ) SE W B R o AL 5(a) TRl DL B,
CsPbBr, L1, & T SH AR PLSREE/ER /K H 8 min
RN Y e S v g o Y TS WS e R 2 1
KOG PR o L RO RE 2R R BE . MBI 5(b)
F 1 8 min i) CsPbBr, L1, 7 5 M B T
K AR 43 f# . i CsPbBr, L1, o/PMMA | CsPb-
Br..I, /PIBMA F1 CsPbBr, I, ,/PS i i iy T 77
TERAWR R AEK M T 2 min J5 IR A
HEL A 0 PL AR T B, HAEK IR T 14 min
J& , PL S BEAT SR 43 0 AR BB T W0 46 (E 1 53 % .
50% .68% . Hh CsPbBr, I, o/PS it s T it



792 W5 Bos

37 %

Py K ke v, 82 PS BA 85 1Y 8K
PR A R B RY T K 4 R i1 S IR AR L
A, I S5(b) s /] LW g€ 3], 75 14 min J5 2 &

(@)

A BB A i S i . DL B AR UEET
VR LR G W SR S AR T T R A
IKEREE

1.0 4

=
)
2

0.6 4

Relative PL intensity/(a.u.)

—a— CsPbBr, I

12718

—e— CsPbBr, I, /APMMA

1.271.8

—+— CsPbBr, I, /PIBMA

12718

—v— CsPbBr I /PS

1.271.8

(b) 0 min 8 min

0 2 4 6 8 10
Time/min

FI5  (a)fEK Hi i O~14 min @B AR X PL SRS 4k s (b)7E7K HiE 3 0,8, 14 min J& (438 BEAE & P GRS 13 F
KK K CsPbBr, L1, i .CsPbBr, I, /PMMA .CsPbBr, I, o/PIBMA 1 CsPbBr, ,I, ./PS # &) .
Fig.5 (a) Relative PL intensity variation of films after soaking in water for 1~14 min; (b) Images of film samples soaked

in water for 0, 8, 14 min (Samples from top to bottom: CsPbBr, .1, ;, CsPbBr, I, /PMMA, CsPbBr, I, ,/PIBMA

and CsPbBr, I, o/PS films).

3.5 HEREAEAE K

2 FH OGS I i AT SR I R R
DR S 5 2 THT AT R HE B — L850 4R %, L i e il
52 AR A AL R A O R B . I,
TEAE PO XA i R AT 530 I R A 32 R £ 0 5
FEdh i T AR AR B SOG40 % AT LU R 4t 1t
Wk B G IR I, B AT BEAE R BE O
T AF ASEM® T ARG WX T i A8

(@) “CsPbBr I,
. e

g e |

Ljpm

© CsPbBrygl (@ cspbBr, I, /PS

| L - 1 um

B 6 CsPbBr,,l, . (a).CsPbBr, I, o/PMMA (b) .CsPb-
Br,,l, o/ PIBMA (c) .CsPbBr, I, o/PS (d) 3 JI5 i1 J5t
EAPARTAT CiALKE

Fig. 6 AFM height images of CsPbBr, I, ; (a), CsPb-

Br,,I, /PMMA (b), CsPbBr, I, .,/PIBMA (¢) and
CsPbBr, L1, o/PS films (d).

VR B R TR R 1 S e, N AN () R RE i 2 AT
TIEF sk, 21wk e frox ., Hrp
CsPbBr, .1, ;. CsPbBr, .1, o/ PMMA ., CsPbBr, I, ;/
PIBMA F1 CsPbBr, I, o/ PS 3 JI5 (1% 2 1 45 7 KL Ak
BN T7.6,4.9,1.8,10. 2 nm, 7ZE5] A PMMA
M PIBMA % 2 J5 , 5 & W 1504 R RS 2 AH X5 T
CsPbBr, .1, 78 BE5 5] 7 B B 235 . Ik PMMA
I PIBMA AR #5509 Sk B 47 1 Bl 4k, 18
AR ek T & AR RmIESR A AT
CsPbBr, .1, /PMMA #1 CsPbBr, I, /PIBMA
JIEE S AT 15 (B ) ASE .
3.6 ASEMgENIK

J T TR A YRR X BT S ASE #
AE M52, 76 2 I 2 SO h (R 3026 ~40%) ,
KR oG4 (532 nm, 10 ns, 10 Hz) VE M3
TCUE , FEASTR) S R %% B T, % 4 FfRE i e AR
7 23 IF R 42 AH B 1 & 55615 . CsPbBr Ll .
CsPbBr, .1, /PMMA . CsPbBr, I, /PIBMA #il CsPb-
Br, .1 o/ PS W 5 (1% & S5 635 an & 7 (a) ~ (d) B 7w .
SR ' e i 2 R BN, I A R AR AR A%
B TE Y H AR ST, T B A R R S e 1) U
A7 ¥ 7E 646 nm B3, I 5 Bl % 5 6 g i %
SR | I el B N E B s 2 ol T S 2



s R, 55 RS W R B R B T AR R 2D TOR B R R S

&b
He

793

~ CsPbBr, I, /PMMA

Tntensity/(a.u.)
Tntensity/(a.u.)

(e) )

©

© CsPbBr, I, /PIBMA

Intensity/(a.u.)

138 ul + em™

l

Intensity/(a.u.)

Intensity/(a.u.)

109 uJ + em

CsPbBr, I, /PS

Intensity/(a.u.)

40

30
25
20 g

1548

IM/nm

10

5

0 50 100 150 200 250 300 350 400

050 100 150 200 250 300 350 4
Pump energy density/(uJ -+ cm?)

Pump energy density/(uJ * cm?)

K7 CsPbBr,,l , (a) .CsPbBr, I, /PMMA (b) .CsPbBr, I, ./PIBMA (c) .CsPbBr, I, ./PS Wi (d) 7 A [7) 523

Intensity/(a.u.)

81 uJ - em?

00

0 50 100 150 200 250 300 350
Pump energy density/(uJ + cm®)

154 07 - e

050 100 150 200 250 300 350 400 450 500
Pump energy density/(uJ + cm)

ap 5L 3

HE 5%

BEWOE A T B R 55635 o 0 5 8 (L0 6) A 06 58 (64 /F 4 CsPbBr, L1, (e) .CsPbBr, I, o/ PMMA (f) |
CsPbBr, 1, o/PIBMA (g) .CsPbBr, 1, o/ PS (h) i [ ) %2 3 i ik ) 55 4 .
Fig. 7 Emission spectra from (a) CsPbBr, .l 5, (b) CsPbBr, I, /PMMA, (c) CsPbBr, I, /PIBMA, (d) CsPbBr, I,/

PS films under a 532 nm nanosecond laser excitation with different pump energy densities. Emission intensity (red )

and linewidth (blue) as functions of pump energy for (e) CsPbBr, .1, 4, (f) CsPbBr, I, /PMMA, (g) CsPbBr, I,/

PIBMA and (h) CsPbBr, ,I, o/PS films.

S5 0 2% 3 ) R BLAE 63 Y 668 nm AL, I B
TELTEM AR T S S A, S TR
B, Gl 7(e) ~(h) s, & S5 W6 19 & 5 ik B Rl
BN, K I VA B o U B R AR RO R R X IR
Fat BTN B AR Sk FR B ASE i R 1
BeAr . H, ASE By BE #0261 & G i
o 0 B & A KR R 28 AR I IR O 1 R
JEE e WLEE R 7(e) ~(h) AT AT, CsPbBr L,
CsPbBr,I, /PMMA . CsPbBr, I, /PIBMA #l CsPb-
Br,. 1, o/PS # % i) ASE [ {8 53 5 24 138,109, 81,
154 pJ-cm % A PMMA 8% PIBMA /1 C=0 3L
B T 5 R TG PO A Bl AR RN, 28 i Ak Ak
BRI 1 1 s RS L AT AR A D i B L O ELRE
T kAR S 2 A R, aT LUSE KR B 1 LA

O BRAE AR S RO R AR HE T 8 AN I A
Bt H W R 77 4k ASE, JF 3RS T B 1

5%, i PLOGRE AT %0 PIBMA B &6 1k 1 ] 58

3, A It CsPbBr, I, /PIBMA 3k 13 T % CsPb-
Br,.I, o/ PMMA Wik i) ASE 1A .
3.7 ASEf#FiaE HN-K

Ry T D R A s SRR R K A R TR

I 1 23 SREE H ORLEE A 30 0 ~40 %6 U 30 K
Jo T AR AR S ASE B, O 5 008w A

ASE B{E T b8, &5 SR R e R 5. I 8(a)
HRAl L AE A SARAE 30 K, CsPbBr L f 15
MR E 2 T BOE M T LB ASE, X 5 &

(a)

Intensity/(a.u.)

(b)

Intensity/(a.u.)

CsPbBr, I

12718

= fresh

138 puJ + em?

30 days later
—_— & NOASE

100 200 300 400
Pump energy density/(uJ + cm ?)

0

500

CsPbBr, I, /PMMA

12718

= fresh
e 30 days

109 pJ - cm?

227 WJ + em?

0 100 200 300 400 500
Pump energy density/(uJ + cm?)

600



37 %

M=)
794 W AR
(©)
] csPoBr 1, PIBMA
ji = fresh
B e 30 days
=
Ex
7]
5 |
E
94 81w-em?
h 169 uJ + cm?
0 100 200 300 400 500 600
Pump energy density/(uJ - cm?)
(d)

CsPbBr, 1, /PS

4 = fresh
e 30 days

Intensity/(a.u.)

154 pJ - em?

241 pJ - cm?

0 100 200 300 400 500 600 700
Pump energy density/(1J + cm2)

8 2 M Ak A7 30 KI5 ASE B M 2 fb . (a)
CsPbBr, .1, 45 (b) CsPbBr, I, /PMMA ; (¢) CsPb-
Br,,l, o/PIBMA ; (d) CsPbBr, .1, ./PS W&,

Fig.8 Variation in ASE thresholds after 30 days of
storage in air environment. (a) CsPbBr, 1, ¢; (b)
CsPbBr, I, /PMMA; (c) CsPbBr, I /PIBMA;
(d) CsPbBr, .1, o/PS films.

Hy 23 A0 B K SRR T A BRI 1 AR
H &t ¥ 88 T B . i CsPbBr, I /PMMA
CsPbBr, .1, o/PIBMA #11 CsPbBr, I, ./PS 7 & i
THEREGYREZNRY WYL |2 0h
1)K SR B B i, 7E PR A 30 KE L 8k T
PLSZEL ASE, BE 5051 8 227,169,241 pJ-cm %,

& % X #:

BARFXT TR0 B E A — B A R K (H2
BT CsPbBry 1 ot 1 i W 52 4 9 158 1) 0 A7 A
SEVERRAT R T W AR T

A SC ] 45 T CsPbBr LI i F A5 0 B8 DL &
CsPbBr, I, /PMMA CsPbBr, ,I, ,/PIBMA .CsPb-
Br. I o/PS =F & & Wl . R4S % PMMA Al
PIBMA H ) C=0 XU n] LA [a] 1 5 2% 1 A1) R
B 437 () P™" HEAT BC A, Bl Ak T B 7 A T BB
FEAR TR SR 52 & o AX T CsPbBr, Ll o i F 5
W, 2 A WA KRR e A B T WA R T,
5] A PMMA 1 PIBMA % )2 )5 , CsPbBr, I, o &
T R R R A B T R

. Ah , 7E CsPbBr, L1, o CsPbBr, I, /PMMA |
CsPbBr, .1, ,/PIBMA FI CsPbBr, .1, ./PS & & ¥
I e R UL 3] ASE R4, 1 {H 43 9 S 138,109,
81,154 pJ-cm *, Horp PIBMA H A A ) e A ) 4l
Al AL DA R A IR 1 T R B B, AR A T R AR Y
ASE [B {8 o K 4 Fh i B AE 25 KPR BT iCE 30 K
J& . CsPbBr, I, o & F s 3 JBE R WL %€ 31 ASE 3
L MEREWHEY T, CsPbBr, I, /PMMA |
CsPbBr, .1, /PIBMA Fl CsPbBr, I, ./PS # [ 4
HA 227,169,241 pJ-cm *f) ASE H{H , X %
S R AW E A2 BHES T 2 S K 4 X
TP E o L5 bR TR R R
PERE , 75 T i AR R IR M B A A 1S U Re A
1) 2R A5 ) 2 — i BT A A 250 T B, R AR AR IR A
Fa € 1Y ASE D K 52 92 S A O i 4R T —
AH B .

(1] Fa %, Zwed m, ¥ . DR LBEAGHERIT]. a5 27,2018,33(1):74-84.
LI1JJ, NIE X M, ZHEN W, et al. New developments and comparisons in display technology[J]. Chinese Journal
of Liquid Crystals and Displays, 2018, 33(1): 74-84. (in Chinese)

(2] B, 2346, 07 %, % . WOLE R OL RS @R LM @RATZT]. + B#ok,2018,45(4) : 0401004,
YAN B X, WANG Y W, QI'Y, et al. Study of color proportion and color temperature in laser display[J]. Chinese

Jowrnal of Lasers, 2018, 45(4): 0401004. (in Chinese)

[3] &, TRE,KEMS,F . M EBOERR LR SRBOLAS ORI RIT]. #ok 5 ke 5 F 3 &, 2019,56

(18):180001.

MENG X, NING Y Q, ZHANG J W, et al. Research progress of red semiconductor laser diodes for laser display[J].



i B, 25 R A W B S BT T R LD OR A A R S fE 795

[4]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[22]

[23]

Laser & Optoelectronics Progress, 2019, 56(18): 180001. (in Chinese)
X EFHE, LB, F L AT B R A M B R OR O TR B SR [T ], R R, 2020,41(2)
117-133.
LIU W Y, CHEN F, KONG S Q, ez al. Synthesis, properties and application of all-inorganic perovskite quantum
dots[J]. Chinese Journal of Luminescence, 2020, 41(2): 117-133. (in Chinese)
LIUHW, YAOD, LIUY, etal. Mn* -doped CsPbX, (X=CI, Br and I) perovskite nanocrystals and their applica-
tions[J]. Chinese Optics, 2019, 12(5): 933-951.
WX T 74525 CsPbCL: Mn 85 Bk i Tl I FOLERE[T]. s 5 2, 2021, 36(10) : 1352-
1361.
CHANG P, ZHAI 'Y, WU N, ez al. Fluorescence properties or potassium ions doped CsPbCl,: Mn perovskite quan-
tum dots[J]. Chinese Journal of Liquid Crystals and Displays, 2021, 36(10): 1352-1361. (in Chinese)
ZHANG H L, YUAN L, CHEN' Y, e a/. Amplified spontaneous emission and random lasing using CsPbBr; quan-
tum dot glass through controlling crystallization[J]. Chemical Communications, 2020, 56(19): 2853-2856.
XIONG Q, HUANG S H, DU J, et al. Surface ligand engineering for CsPbBr, quantum dots aiming at aggregation
suppression and amplified spontaneous emission improvement [J]. Advanced Optical Materials, 2020, 8 (20) :
2000977.
KRIEG F, OCHSENBEIN S T, YAKUNIN S, ez al. Colloidal CsPbX, (X = CI, Br, 1) nanocrystals 2. 0: zwit-
terionic capping ligands for improved durability and stability[J]. ACS Energy Letters, 2018, 3(3): 641-646.
LISQ, LEID Y, REN W, et al. Water-resistant perovskite nanodots enable robust two-photon lasing in aqueous
environment[J]. Nature Communications, 2020, 11(1): 1192.
YAKUNIN S, PROTESESCU L, KRIEG F, et a/. Low-threshold amplified spontaneous emission and lasing
from colloidal nanocrystals of caesium lead halide perovskites[J]. Nature Communications, 2015, 6: 8056.
WANG Y, LI XM, ZHAO X, et al. Nonlinear absorption and low-threshold multiphoton pumped stimulated emis-
sion from all-inorganic perovskite nanocrystals[ J]. Nano Letters, 2016, 16(1): 448-453.
HUANG S Q, WANG B, ZHANG Q, et al. Postsynthesis potassium-modification method to improve stability of
CsPbBr, perovskite nanocrystals[ J]. Advanced Optical Materials, 2018, 6(6): 1701106.
YAND D, SHIT C, ZANG Z G, et al. Ultrastable CsPbBr, perovskite quantum dot and their enhanced amplified
spontaneous emission by surface ligand modification[J]. Small, 2019, 15(23): 1901173.
LIJM, LIUJ M, MEI E R, e al. Low threshold amplified spontaneous emission in ultrastable CsPbBr,-TS-1
nanocomposite films under two-photon excitation[ J]. Applied Physics Letters, 2021, 119(9): 091102.
DE GIORGIM L, PERULLI A, YANTARA N, ez a/. Amplified spontaneous emission properties of solution
processed CsPbBr, Perovskite thin films[J]. Journal of Physical Chemistry C, 2017, 121(27) : 14772-14778.
TANG X S, YANG J, LIS Q, et al. Single halide perovskite/semiconductor core/shell quantum dots with ultrast-
ability and nonblinking properties[ J1. Advanced Science, 2019, 6(18): 1900412.
DUTTA A, PRADHAN N. Phase-stable red-emitting CsPbl; nanocrystals: successes and challenges[J]. ACS
Energy Letters, 2019, 4(3): 709-719.
QAID SM H, GHAITHAN H M, AL-ASBAHI B A, ez al. Investigation of the surface passivation effect on the
optical properties of CsPbBr, perovskite quantum dots[J]. Surfaces and Interfaces, 2021, 23: 100948.
GU X J, XIANG W C, TIAN Q W, ez al. Rational surface-defect control via designed passivation for high-efficiency
inorganic perovskite solar cells[ J]. Angewandte Chemie-International Edition, 2021, 60(43) 23164-23170.
HUANG Z Q, HU X T, LIU C, et al. Water-resistant and flexible perovskite solar cells via a glued interfacial
layer[J]. Advanced Functional Materials, 2019, 29(37): 1902629.
LIUG L, LIU C, LIN Z J, et al. Regulated crystallization of efficient and stable tin-based perovskite solar cells via
a self-sealing Polymer[J]. ACS Applied Materials & Interfaces, 2020, 12(12): 14049-14056.
WANG D, LIU R Q, TAN X, et a/. Amplified spontaneous emission properties of solution processed CsPbBr,
perovskite thin films doped with large-group ammonium cations [J]. Optical Materials Express, 2020, 10(4) :
981-997.



W5 Bos 5537 %

796

[24] LIJ, ZHOU W, JIANG L, et al. Highly compact and smooth all-inorganic perovskite films for low threshold ampli-
fied spontaneous emission from additive-assisted solution processing[J1. Journal of Materials Chemistry C, 2019, 7
(48): 15350-15356.

[25] SHE C X, FEDIN I, DOLZHNIKOV D S, et al. Low-threshold stimulated emission using colloidal quantum wells
[J]. Nano Letters, 2014, 14(5): 2772-2777.

[26] WU X, JIANG X F, HU X W, ez al. Highly stable enhanced near-infrared amplified spontaneous emission in solu-
tion-processed perovskite films by employing polymer and gold nanorods[J]. Nanoscale, 2019, 11(4): 1959-1967.

[27] LI J, SIJJ, GAN L, et al. Simple approach to improving the amplified spontaneous emission properties of
perovskite films[J]. Acs Applied Materials & Interfaces, 2016, 8(48): 32978-32983.

[28] TIAN K, LU Y N, LIU R Q, et al. Low-threshold amplified spontaneous emission from air-stable CsPbBr,
perovskite films containing trace amounts of polyethylene oxide[J]. ChemPlusChem, 2021, 86(11): 1537-1543.

(R A

KB (1996—) I, RS T N,
LW A, 2018 4F T2 B TR R A Ak
322 r, 2 CsPhX, 1 R
f B B TR B A A A TR RE BE O
E-mail: zsj67638585@163. com

B 413K (1979—) , 33, ZRUA B, 8
& WS 51, 2006 4F T R BR R
2EARAF T A2, 32 TR T M
A KA 7 TR ATSE . E-mail: bozhi-
lu@hfut. edu. cn

KB 1979—) B T HEIT AL
+ W9 5L, 2005 4F F o [ B R K
AR, EENF A
W RAESE . E-mail: jzhu@hfut. edu. cn



