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& TR A B LEEAE CsPh(LBr, ), HIKS
ERRET TRENETH

x|, FWALUER, X ERY, FHE e,
TZm, EER, £RL HXE
(1. At ER A s oL, L 201203;
2. WEAMRE: (A MER =S TR, ILR F5  266580;
3. AU T RZEY AR, db3 1000815
4. EMORE Y LAE B, AR E K A, Ak KE 130012)

WERENMHEBRT EALZH R RN LERHNE, MG E RS T A E T HE
TR BALETFFEE, ERERERE AL - REE LN EREEM R AT,
BERTADERT WRERRZ, WEBALBAG TR LA, XHFREMHERT
EABARE S ZRH, B, AREH 2 B AENERES T AN TR ELFE U EZIEL
R HEXEE, 4B g LB TEAF R4 CsPb(ILBr,_ ), k&, 24K T £k
FeoBHMERN T4, XKIFE UBr Ll 9 CsPb(IBr,_), Wk & B A TR WHALEFH
A A AE: x<0.1 B9 & IR FF 5 I A K B A T R 3 5 4 CsPOBr, 44, SF AR AMK KL E T~
FHH; 0. 1<x<09REERLZNHRNELR T BEAM, 74 T H K AE; T x>0.9 K% 4E
EFEBNRFAERAEETEN, FHEE T LEENFEBRK, & CsPb(ILBr,_ ), AKX G E T HE
AKEBARES NEZZERAHFEMRLACEFLRTNHIERMEERN AT T RERE, I
A 0.1 GPa Wy R E B8 T 3O K A2 B 30 &1, T KR & 24 o o A0 o B U MR B8 b AT 8
BB o X S K I O IF AR A0 5T IROAE K Ok AT ORHAE SR K TR IR b e L R R R AR R T — b A A ARk

WA,
K HEIR): JE 58 9H 45 MO F §5 CsPb(IBr,_ ), 1 2 %5 JE LR 4E
FESFEE:0521.2 XERFRRRS: A

RA KA B A2 07 G R, OF H IR & 7 i 5 . lUARIRBE, 518 T 1F 2 0
GE RN 2 A 0 268 A, 3 TR e Bk b b BB Y LA, AT DATEAR R R O A
RO R T AR B . FE SR AY HL AT IR A IR A AR A R, LAY i (MA)PB(IBr,_,),(MA =
CH,NH,) i BRAT7E 1.6~2.3 eV Z [l #E 2L 18 7, X Fh5E 3z H AT I 147 BRRe vk 145 (MA)Pb(LBr, ) BH
5RO PHAE F Tt O MOSOZ AR 5 s e p kL 2 — 10 BRI, TR A 2R S B m R e PR 22, FE S
PRTAERIE T, &2 80K R 2 AOGIRA 2 B, o, RAZ 580652 i 5 200 0615 S A0 205
PG 25 3 S BR JE O F M R P BB R A I AE . 2015 4F, Hoke S5 & B, 78 K B (0] (9 OB BT T,
(MA)Pb(IBr,_,), B2 1 BRI 596 2% ) (photoluminescence, PL) 185 Bl 42, Al 138 i X 5 £k i1 5
(X-ray diffraction, XRD) SZ 5 UF 52, 35 Fl 0 G2 U8 T 55 6K 0™ 43 B B 2 BURIYR B9 A o T 5 BIURH A9 2l B 38

* UFs HEA: 2023-12-19; &[5 B #A:2024-01-17
EE&WE: BEARB#E4 (U1930401)
fEEEN: = (1997—), B, W04, EZNFE OGBS, B-mail: di.wu@hpstar.ac.cn

BIEIEE: B3 (1968—), 55, M, AT 51, F2 20 N3 FbDRHS ISR AE AL HT A 5T
E-mail: yangwg@hpstar.ac.cn
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9538 & RO BIETIRA KA CsPb(LBr, ) 4K STEROGIES T A AT R 55 5 )

IRAHAE, PR, ORE R O FH R A O T R, AR A I WA 5 Y R RGO, [ A2 PL RS
XA 23 B9 B G 25 T BB SR AR BT B R B AN Y, AR R B2 b 52 0 45 Bk i vl A
LG AR P, 21045 1k 1 A R A 1 P RE

B, DESE BT AR 3 B AT TR, K TIFZ2 A B % . 5 (MA)Pb(,Br, ), ML, B
FAHE FAPb(IBr,_),")(FA =HC(NH,),) . CsPb(IBr,_),'" fl (FA, Cs)Pb(I Br,_ ), #55k & rh W ELH T 76 3%
JERUR R B T AR B AR R PL AL A . SR, 5 — MRV LL RS AH L, A7 BIF 58 7E CsPb(l, ¢Bry ), 4K
fn HOWLEE B 1 AR 23 500 77 AR 1 PL R RS B ™, 55 DY WIURR 7 21 1 PL ZL RS X W, PL W B8 7 147 B 45
Vi B RA P A o ZJE, T BRI AT A K i b e AR 0 IR 43 B SR LB, A IS A T
B I HL T 1 B (transmission electron microscope, TEM) Xif 54~ CsPb(I,,Br, o); 44K & (14 4H 43 25 30 52 it
17 7 I AL RAED, S BRAEGNK fb 1 rh A 8 7 A 1 8 ROR, FE 9K A B G DB A T R

XF B AR R G H B RHFTAH 23 B A BE R 5 | T s I U WIE S B AT o AR — A B R T %,
FEH AR B BEREA SO bR B S AR S5 48 . DG HL P 5T 55 22 R W BRAR 2 P BT, SOAS 77 A 0 Bl ¥ 4 A A
SR T RFFEF AR & R R 55 Bk AORE A DGR, IR N R B TR 2 A B G, iR R
3 & 4t (pressure-induced emission, PIE) St ! S 454K 0 78 = e N A B9 Re M. Ib4h, X MAPb(I Br,_ ),
FOBIFFE 1 SR, s X AH 23 B A — 2 B RIAE T, EEER I PL ZLRS 78 B2 Ayl /) o

HTIRECHE RSB BN TENLEE, A TAEREXT CsPb(I,Br,_), 44K M FEHOE ST T 19 PL A8 4L DA
Ko JE ik Hsg ma AT R AR

1 S HE

1.1 HmEREBEEMMRIE

K #GE AL A B CsPo(LBr, ) #9K f . 58, 11 50 mL = MAEEHE TN A 0.2035 g Cs,CO,.
10 mL 1-+/\4& (1-octadecene, ODE) 1 0.625 mL i/ (oleic acid, OA ), FF7E 120 °C [Y B 25 P55 Fp ik
1 h, ZJ5# AESIET 100 C ORI 285, 76 =M PR A 5 mL ODE. 0.5 mL OA. 0.5 mL ¥ %
(oleylamine, OAm) LA Az 3£ 0.188 mmol f¥) PbL, I PbBr,, MIHAE] 120 °C FF44U 1 h, i FARE#; &5, ¥
VEWOINARE] 150 °C FFHGE A 0.4 mL Cs-oleate, 5 s J5 VKK B4, T 7000 r/min 250> 5 min, M i3k
575 BT i [ CsPb(ILBr, ) 44K . ik XRD RAEME 5 A9 SR S50, 9F F GSAS! AT H5 &, i L 5
CsPbBr, Y y MM, %45 R 5 Z A i B U AR AT

1.2 SEENPL RIE

K H 4 WA Tl ( diamond anvil cell, DAC) #E47 sy FE S5 5%, 4 NI il T HL A2 24 600 um, # #4 K}
S T301 AN, R AR ELAR R 300 um, SR L0 5 A s br o kU b ik . @ ad 3 4733 1) Gora-
UVN-FL Jt:ii% & 4t (1deaoptics 2~ Al 414 ) #4785 e R4 PL RAE, AR 6 0 Y3 % B8 0.17 mW/pm” 1)
405 nm FELEFOL, BAEE CHE B4R (B2 & 458, full width half maximum, FWHM) 5 um, 6085 FC &
TR, T AREURE S 0 SR . T [ R R T AR R R R SR E B OR SE AU, PL R AE AT )
100 ms, >0 2 (8] B B 1] (8] BR oA 1~ 5 s, DUk A A% o O 0 SO R, 76 A [R) R 38 2 0 5 200~
1000 s % 2L PL %dli .

2 KWHER5ITIE

PEHE 6 20 ARl 23 i CsPb(IBr,_ ), 48 K ShRE i, BIF 2T E B4 F R A 2r B BE R s i 28 4k o G 1 i
N, ZIAPA R (%) BoR, BEE x NEHINE] 1.0, CsPb(1,Br,_ ), 44K fit i PL 47 A 520 nm 3%
B2 690 nm, 5 Z {if B HE " AHAT
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538 % S BT IRA KBS ERD CsPb(LBr, ) AUk TESORAS R MO 81T 5% 590
HE R, 6 A CsPb(IBr, ), 41K & i BOG A S 700

M RO RN 2 B8 2G) FUE 20 W8, g o]

f?ﬁ;‘ﬁ,.‘\ﬁfﬁiﬁﬂh, 4 A Y CsPbBr, 1 CsPbl, 1 5 o0l
WA AN I R R A O T G i D) PR S s ) £ 5 6201

iﬂuﬁﬁﬁ«ﬁﬂk TR TOEOR A S 2 G|

(909 U 2(b) TR, 18 CsPb(I, 40Bry 1) 40K %sso-

rh, B 2 SO RS B R) B S, PIL AR R G G R = z‘z‘g:

HPL ﬂl"hﬂif‘iT%ﬁE’J*? i 2T R ot

PL W T 520 nm, 3 1T A 2 ph FHOE S 722 T T R

WS CsPbBr, "Jmﬂ*ﬁo P 200) AL 2(D) g g Cspo(Br, ), 40K A9 PL BBl Br 5

7R, #E CsPb(I5,Br 46); 2K A Al CsPb(T,, 5,Bry 53);
Bk S, 590 il 634 nm A1) PL I 3R B Bl 25 FR ST
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Fig. 1
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Variation of PL peak position of CsPb(I Br,_,),
nanocrystals with Br content at ambient pressure

(b) x=0.09

—0s
—3s
—35s
— 10s
~—30s

0 1 T T T - . T
475 500 525 550 575 600 625 650 675 700 725 750

PL wavelength/nm

L (d) x=0.77

—0s
— 10s

0 1 1 1 T
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(f) x=1.00

0 ™ T T
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&2 #JET CsPb(LBr, ), 4K S GESAR B

Fig. 2 Laser-induced phase separation of CsPb(I Br,_,), nanocrystals at ambient pressure
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9538 & RO BIETIRA KA CsPb(LBr, ) 4K STEROGIES T A AT R 555

i (1) 2B 1717 AS W9 /)N, (A1 B AE 520 1 535 nm ARJE B 18T A9 PL 0%, i PL U433l XTI x = 0 Fll x = 0.15 1
CsPb(LBr,_), & IRAH. W& 2(e)fi 7, £ CsPb(l,0sBry 05); 49K i1, 680 nm Ab Y PL i J3F it 25 R S st
Vi) 22 A T AN B/, [ R 0 ) AR 0 K 1 s £ B Ak, IS 8 i B VR AR B, O HL 32 PL et & AR T 5k
LIRS 2 I AR IO B I AR Ak, XoF I R 7 TR R 2k i A

HE— 25 W58 SR XF CsPb(IBr, )s 40K i OG5 S AR /- B 1L B 52w . AAIEL 2(b) FT LA Y, % TR
T B B PO W RE SR B, CsPb(1y 00Brg o) 49K b 1Y PL WA R 22 W B, [6] 0 11 B 25 2¢Ot & 7 1 45
(photoluminescence quantum yield, PLQY) #) - 7+, F It PLQY FIHE# I K B AR LA H 5, M ER
7 0.02, 0.05 F1 0.08 GPa i, FIAH [R] D) 2 i O BEGHAE f 50~100 s, L PL %4 an 5] 3(a)~ &1 3(c) FiR,
PLQY 530 B S A 5 PL WA Fifi 5 5 19 28 Ak 40 18] 3(d) s o 7] LA 3 PLQY Fifi 5 58 B T 5 i s
R SO BT RT L 5 PL WA i 5 b T T B BT LL A, E IR IS B PL 0A 37 Bt 35 A 4T RS R B HE R G
i PL WA BT R, 0 BH O BB RS PL U %) 3 % 7 32 A 5 190 185 KT i/, 2R I LA 19 7 R8N
I, AT RGA K, oo i T 25 AT B B IR AH B R AR K

3.0x10* | (a) x=0.09, 0.02 GPa —0s 3.0x10* | (b) x=0.09, 0.05 GPa —0s
—3s
_2.5x10°f T 2sxi0tt
2 35| 2
< <
< 2000 1 s0s | S 20410
£ 1.5x10°} \ £ 1.5x10°}
E E
= Lox10°f = Lox10°f
0.5x10* - 0.5x10* -
0 e — 1 1 1 P— 0 1 1 1 1
450 475 500 525 550 575 600 450 475 500 525 550 575 600
PL wavelength/nm PL wavelength/nm
(¢) x=0.09, 0.08 GP 5311 (d) o
2.5%10* - (&) F=0L2 0- a —0s " 0
— 10 530 © g——""1
R N ‘ —30s E 529 b O —0— Initial 125
= 2.0<10 — 100s £ —/— Laser induced
< en 528 - 0. . =
= g —0O— Gain 120 3
2 1.5x104f ° 527} 2
3 g so6f 2
2 z {15 2
= 1.0x10°] g 25t - A
w S osat >,<A |
0.5x10¢ | = st / @ '
0 1 1 1 1 1 522 i é AI 1 1 1 0 5
450 475 500 525 550 575 600 0 0.02 0.04 0.06 0.08 ’
PL wavelength/nm Pressure/GPa

[ 3 (a) 0.02 GPa, (b) 0.05 GPa il (c) 0.08 GPa T CsPb(l,0Br,,), 2K LA ICIHE FAHIYE,
(d) BOGCRRITT . J5 PL WA BE TR A AL GREL) LK PLQY Bl 5R28 k(L)
Fig. 3 Laser-induced phase separation of CsPb(l, ,,Br,,,); nanocrystals under (a) 0.02 GPa, (b) 0.05 GPa
and (c) 0.08 GPa, respectively; (d) PL peak positions before and after laser irradiation under
different pressures (black line), and the PLQY under different pressures (blue line)

M 2(d) H AT LA E, CsPb(1y 5,Br ,s), 40K A IEOG TS T A0 43 85 10 e KRR SR RN Kb = AR T —
ANHTIY PL U, PR 32 2 5C T O BR AN 5 0T PL W A vz Bl s 5 19 28 4k o 141 4(a)~ 8] 4(c) 24 CsPb(l,;Bry,,)s
YK B OGS S A 23 B A WA R R i AR Ak, 3 I i T 0,04, 0.08 Fi 0.12 GPa BB FE S A [H] B
K35 1000 s 19 PL 508 o X387 PL W R M 57 LA K J5E PL W 7 it 1T 58 () 28 AL A7 T 0 #r, 45 SR 40 151 4(d) Fir
o W LA B, BT PL WA R PL W57 40 Bl 5 i /R 1T 2188, (EUBT PL WA 2T RS R B S hn i &, R
PO RS 7™ A 1Y) V5L AE v R A 1) AL R R T T T
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%38 % RO BIETIRA KA CsPb(LBr, ) 4K STEROGIES T A AT R 555

4.0x10* 3.5x10*
.| @x=0.77,0.04 GPa —0s (b) x=0.77, 0.08 GPa —0s
3.5x10°F —30s 3.0x10* F —30s
—50s — 30s
,; 3.0x10* — 100 s ,; 2.5%10*F — 100 s
S 2.5%104 — 200 s s — 200 s
s - 400 s = 2.0x10'f 400 s
2 2.0x10* — 700s Z —700s
Q Q 4
E 15x10¢f g 110
& ox100] 2 1.0x10°F
0.5%10* | 0.5%x10%
0 1 1 1 1 0 X 1 1 1 1 1
475 500 525 550 575 600 625 650 675 700 725 750 475 500 525 550 575 600 625 650 675 700 725 750
PL wavelength/nm PL wavelength/nm
3.5x10% —
(c)x=0.77,0.12 GPa 0s 640 - (d) — Initial
3.0x10* - —O— Laser induced
ey e
S 2.5%10%F = 636}
g £ 634l
2 2.0x10°F R
£ 1.5x10% | Z 510}
= B
& 1.0x10* | & 560 F
. = 550t
0.5%x10% - sa0 |
0 1 1 1 1 1 1 530 1 1 1 1 1 1 1
475 500 525 550 575 600 625 650 675 700 725 750 0 0.02 0.04 0.06 008 010 0.12
PL wavelength/nm Pressure/GPa

& 4 (a) 0.04 GPa, (b) 0.08 GPa Al (c) 0.12 GPa ¥ CsPb(1,,,Br, ), 4K G A/ E,
(d) Jit PL W7 i 5 A 748 Ak (FRZR) FNEOC RS JS PL UG B P T Ay A8 A (£120)
Fig. 4 Laser-induced phase separation of CsPb(l, ;,Br,,;); nanocrystals under (a) 0.04 GPa, (b) 0.08 GPa,
and (c) 0.12 GPa, respectively; (d) initial PL peak center position (black line) and new
PL peak center position after laser irradiation (red line) as function of pressure

SCHiK [21] R R IE TSR S BN PL ZLA8, MiFE CsPb(I, 0oBry,); A1 CsPb(I, ,,Br,,s); 40K fh i, #06
V5 S A 1 PL WAV I R 58 A 2T RS R R 38 L L PL WG o B (2 o T LUTA R, 3BT PL LT RS BR T 5 S 20
BRI/ NEY LLAN, I TT BE 5 OGS A 4 25 B R SR b TN A2 BB G KL 3 FIIE 4 T LA
AETETEF ] N, 3 PIL DA 58 J32 48 A 1o 7t 32 I e TP o T ik /N, 3 B A 0 8 B i b TR % . AR 22
A 0 131 220, S5 Ak A 43 B 0 3 R AT RE 55 CsPb(IBr, ), 44K S b LSS T R RE 2 B A e, 1l
n, 78 (Cs,Rb)Pb(I,Br), 54k # i, 1 51 A% /NG A 7 FHE F Rb, 1] fifi (Cs,Rb)Pb(1,Br), H A i 4% B A5 4
K, BN A S 5 1R 22 (8] 0 B 85, (A5 ML AY A2 AE 220, Fe M il A 2 B2 ZEARTFR T,
A RS PR AT R, RS T AR AR AR, IR A SR T A—1/Br Al Pb—1/Br AR, AT i
B F AT R BE A2 R B K, [N, A R SR L RIS, B PL UG A £ RS AR R A v T RE R T LAY T AL Ak A2 0
TN 5 SO T 558 22 1) BB A A TR AH T

WA 2(e) Fizm, KT CsPb(1) 45Bry s); 49K &1 52 B OGRS IS 19 PL WA ™ A T AR I K s ik
FeAk, {H PL 9 BE U REAIG, R 0 5 A A b B A SR O AR 4 B AR AR . A, 7E 0.02, 0.05. 0.08 Al
0.12 GPa JE58 FAF5E T CsPb(l,45Bry05); 41K i TGS FAH 43 B 78, 45 R ANl 5(a)~ & 5(d) o . Al
DA B, B H5m 0938 0, PL WA A [ B R) P 1) I 4 1) 58 Ak T I Sk, HL PL Wi B35 19 T o 34040 i
W o KOG RS 1000 s J5 PL W 7R A% K Ab A EL T 0 4G PL 0 A 384 e AL CIET S(e) H Y €5 IX 8
Sehoutder Simicial LA STE S PL WA AL (8 365 /N T AR (&1 5(e) AR R € X 380 5 90 iR PL 0TI AR A9 U AEL S i/ S
i 1 58 A AR AL DEAT T 434, S5 A& 5() B AL i & iR . AR, BEE R AY LT, PL iR
4t R 50146 PL W ALY HUAE (S, ool i) 12 W38 K, 5 H A L Br & 51 CsPb(IBr,_), 44K i
AHEZ, TE CsPb(l05Bry 05); 2K & 1, OGS S AH 23 B9 7 AE 1Y 5 VR AH Bl 5 T 9 19 38 i 3 225 14k, PL 2
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9538 & RS BETIRA KIS ET CsPb(LBr, ), A0k ATEHBOGIA S T R 8118 55

W AR 235 W PL WA THT A ) U AEL (S i Siigar) 12 H9T 068/, 158 B SRR B 23 ) A5 1 6 T L 7 T 8
B3R . ESCHR [23] H, MAPD(I, 65Br 55), 755l 1] R 55 T 3 B Bl 1 9 7 i 1 8 it ) 06 7 S A0 0 8 3
G, BRI BER KR A G, JEAAE B R A WA 20 B B MAPD(1, 5Br 55); 75 = AL H
BLTBTE PL U, BIFFERE DA A I Al bl 7 4 5iR A 0 AT RE R TR R P B0 A R AR R S B .
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Fig. 5 Laser-induced phase separation of CsPb(],sBr ,;); nanocrystals under (a) 0.02 GPa, (b) 0.05 GPa, (c) 0.08 GPa and
(d) 0.12 GPa, respectively; (e) comparison of PL data of CsPb(], 4sBr, s); nanocrystals at 0 s (black line) versus 1000 s
(red line) under 0.02 GPa (The blue area represents the PL peak broadened shoulder toward the lower wavelength
after laser irradiation, and the pink area represents the intensity drop of the main PL peak after laser irradiation);

(f) trend of the ratio of the broadened shoulder area (black line) and the decreased area of the main PL peak
(red line) after laser irradiation for 1000 s to the initial PL peaks before irradiation with pressure
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Laser-Induced Phase Separation of Mixed-Halide CsPb(I, Br,_ ), Perovskite
Nanocrystals under High Pressure

WU Di', LI Nana', LIU Bingyan'?, GUAN Jiayi'?, LI Mingtao', YAN Limin"*, WANG Bihan',
DONG Hongliang', MAO Yuhong', YANG Wenge'

(1. Center for High Pressure Science and Technology Advanced Research, Shanghai 201203, China;
2. Department of Materials Science and Engineering, China University of Petroleum (East China),
Qingdao 266580, Shandong, China;
3. Department of Physics, Beijing Institute of Technology, Beijing 100081, China;
4. State Key Laboratory of Superhard Materials, Department of Physics, Jilin University, Changchun 130012, Jilin, China)

Abstract: Mixed-halide perovskites have a variety of excellent photovoltaic properties, including the band
gap that is widely tunable with the halogen composition, high photoluminescence quantum yield (PLQY),
and so on, making them ideal candidates for the photovoltaic device applications such as solar cells and
light-emitting diodes. However, mixed-halide perovskites often encounter phase separation under light
illumination, which hinders their wide application in optoelectronics. Therefore, investigating the intrinsic
mechanism and controlling methods of their phase separation is crucial to improve their properties for
practical applications. In this work, a systematic study of the laser-induced phase separation of CsPb(I Br,_,),
nanocrystals with different compositions under strong laser irradiation at different pressures was carried out.
We discovered that CsPb(I Br,_,), nanocrystals with different I/Br ratios possess different characteristics of
laser-induced phase separation, for example, at ambient pressure, the bromine-rich samples with x<0.1
produce nearly full-bromide CsPbBr, phase rapidly and achieve a large PLQY gain; the samples with
0.1<x<0.9 clearly form a new photoluminescence (PL) peak at lower wavelength, which represents the
bromine-rich phase generation; while the samples with low bromine content with x>0.9 only produce a
broadening of the PL peak as well as a rapid decrease of the PL intensity. By subjecting CsPb(I Br,_)),
nanocrystals to a quasi-hydrostatic pressure environment, it was observed that phase separation in bromine-
rich samples (x<0.9) rapidly slowed down with increasing pressure and was largely suppressed at a mild
pressure of about 0.1 GPa, while phase separation in samples with low bromine content was enhanced with
increasing pressure. These findings provide an effective and practical way to understand and overcome the
problem of application of relevant photoelectric devices in intense light environments.

Keywords: pressure modulation; laser induction; CsPb(I Br,_,), phase separation; in situ characterization
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