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Fa+1g

-~ B 1
t \/E(rA"'rX) M
u="12 (2)

rx

Kby Al g 20500 A GLAT B AL FHES FRUE 2142, e MBI PR 7140, BENT « WA A (7
B AE AT AR N . TR F u FSR AL B A7 BH & F 3 N BRI 5L . =1 B,
GERY R R E RS R GER . B E SO T, BIE R E B R AE A, ¢ A JIAE X [E] 0.81~1.11 N,
0.90<¢<1.11 H. 0.44<u<0.90 B}, E5ELH" 7l BRAE ST I RS540 o 4 ¢ #EIX ] 0.81~1.11 LIS, Al GBS 7
B [BX ]/ \ T AR 4 SUARE R BRI B AR . <081 B, S5 4 Jhy 1E A 5l DU 5 4544 .

BREGEK A AR B B4 A9 1Pk T 2 S B AR g AN, AN IR EE (AnsK 43 AR IVER) g e B mT LB
AR S50 R R e, BT, R R TR 1Y R8s KRR M E 250 T 26.1%M (1) DR 5L s)
% (power conversion efficiency, PCE), F5 84 () 1 — 2 & JRAK SR 1T I & = F AL SCR AR e IR . 7
ABX, ) R E5ERG b, 0 IR A A HLEL AL E 7. B &R FHE T X BB T i gk, ml
DAIE 1 22 i [P 5 4 5 R 0T, 20 43 TR DR O B R i 11T 5 R ™ b R o5 4 S 1 f W 5 k0 4 L
PERERYH BLIRAR o SR, 240 TRE DGR 2Bk K, 90 40 03 7™ s 4 i 4 43 AR 1 ol s 1k o A8 Ak . ASREAR
U b fff e e e M S R RE 2 (B O O, SR FH A4 TR AR 2 s A RHE R Ll B TS, A gy
RS ERWTECAR SR ¥ 7, 75 RS R B 54 5 MR A A9 O R AT IR A ST, JUH R TEA R
A EME 22 443 IS DU R, MHPV's 9 &b 4 45 440 1A 7 485 A4 B HC 4 B I %) T s 080 i) b oFF % JEL s 7 1) 7
i B EE

1 =E T MHPVs HI4EHR L

i3 p X R A de L P 55 W R B0 T g 5 B0 D [ 0/, 3 e A R Al A 18] A LA
2250 o BEAE B K i, JEUL 7 17 S 0[] 22 4 S X 2T 23 (Xoray diffraction, XRD) # H T4
5 R e AR AL, R R R i T 3RSl T Y SRR AL o e AT I AT 2 Y AR AR vl = B
Birch-Murnaghan R 27 B gE 474005 2R A5, 2 ol 45 2BV By, DTG W7 BA kLB AT R i o =B
VO Vo
) -(7)

Birch-Murnaghan R4 B2 K78 A
o
oV N IAEE A T A IATR, B, AIRAESHL
MHPV's 1) 4 g A X i 48 A SRR, i e /N 21388 1 o] LAB 1S MHPV's 45 44 ) 34
FEi Ak, BeAk, th T B AL B R X H HAA R 0 n] R4, 2525 T ¢ 2 Bl il o g i A
ko 2009 4, F5EKH° MAPDL, VE R 846 ) WLAE T8 — OB R MBI A= ), BE IS , B4 AT 85800 5
FESE R WFIE 7= A T IRIE 48R . 721 2 MHPVs H, =G HL-ToHL 48 <0 R A5k 2 gt 7% e 2 (10 2%
R EATFRE G R0 R RE, Rl 2 B B A OEE MAPDX,(MA =CH;NH;, X = Br, 1) IR 2Z W52 % ¢
FEF2T, Wang FPVHGE T % N MAPOBr, 78 /5 15 34 GPa M # /K K ) F M AR ok, KRBT ¢
2 GPa LA F 9 2 MHZE (Pm3m—Im3—Pnma) UL B A\ 2 GPa JF 4 49 ] 335 3E 4k, I£20 5109 BT PbBr, /\ T
PR R FIRE L (9 55 . MAPDL, 1Y 5 & XRD S50 R 25 ARG B 45 3R B, DU J5 14/mem B 1E 28 Imm2 #
AR R ST 0.4 GPa'(UNE 1(a) fif 7% ) . Capitani 255 1) MAPDI, 554K 5™ 1 R 45 #4500t 32 0, 7 A0 X4
KA JE F1 (£ 0.26 GPa) F K= I4/mem—Imm2 #1725, Imm2 FMAEAR 2R AR AL AT 582 5, 1F 3.65 GPa &£y
sea Ak Sk, 1R S BRUR B4 AN IE2S & Imm2. 53X 5 MAPDL 94K 78 20.9 GPa | A 5 4k
R BGAF 7 B AR, R S5 A AR AR (58 ZURSFRLN o Yuan S5 438 T 1 F A iR 0 RF DB

3BO
3 3

3
{1+Z(Bl—4)
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AR, HER BA,POIP Al oK g4 RF Y BA,PBI, 7F 2 GPa & A AR B30 52 ARl 1 SE B0 I 4
Wang 25021 3] 38 i MAPLCI, 78 75 JE F B 45 #4548 5 Pm3m (0.6 GPa)—Pm3m (0.8 GPa) —»Pnma
(2.0 GPa), Hirh, 55 1 A~57 05 B S7 5 (0 55 45 K4 6 78 T2 SR T MA FHES T M0 e 5%, 5 2 A58 ) 5 /T
PAHE B2 9 e AL AT G 24 1 1 43 5.6 GPa s, AJE S Ak T 45 20.0 GPa B, T AT Ji i e f) o 185 340 5 SRk
TR SRS R SRR S B W) B MAPLCL, A

H & #7 (Pb) ) MHPV, 1, Pb HAT BRI M, Bk, A& BT A HL K AL 58k e™, an s
A (Sn) 1 MASnX,, H FHAE WO TE A B, XT3 b R0 & R 5Y, Wang 80 JiRil T
MASNCI, 7 1 GPa DL R (AHAE i 72 4 Pe(# ) —P1(1 GPa) —»IE & (>3 GPa); Li%s ™ #fF5¢ T MASnI, 1)
e R ZE AL, A&l 2(a) BT, Sl 2 A 3% 2 - R R 9 S (A JET 9 B K s 77 B 35 30 GPa), & BAIK
J£ 0.7 GPa T &4 T PAmm—Pnma 5K 7%, 7E55 1 K J1 5 30 GPa I B 1 B R G 4548 87, (B2
TESS 2 W Iy L 30 GPa B A W ZE AR Ak, W 7 75 R 07 b 395 B i) G5 A AR PEAS 3] T 3858

5 MA BB AR LG, FA JE 85800 PR T IO 8 A O Fo M e 038 58 1) R AR M T A2 381 ok
M2 . Liu %P9 )38 T FAPbL, £ 7 GPa LA F Y45 R e, KM A & 4. Zhu 2P i3l T
FAPbL, 44K {4 (nanocrystals, NCs) 7EMK JE T & Az (IHEAE : Pm3m(H &) —Im3 (0.6 GPa), Wang %% Jj 5%
%] @-FAPbL, £ 0.3 F1 1.7 GPa i} & A= (9 2 A AHAS 53 51K Pm3m—Imm2 K Imm2— Immm, {H6-FAPbI, 75
AR UL A T S5 M AR, R R o AL R C2/c 5K, H AR AY P63me AHELA T KA BR . (EAS
TER M, o-FAPDL, 1 E 2 R85 45 155 1945 S AT R B0 Tmm2 A1, A2 500 9 Pm3m 4540, 00 % &
TN AR SR R R TR R DL B AR v e A R R v Re SR A TR RE

SR MHPVs B Fae Pk, 2 ToHL K R A5 3 AT ALET . FHIEHL Cs™ B AT HILFH 2 F (MA®
FIFAY) B 42 8 MHPVs £208 M 09— Fh B E2 1 A U IR 42 . Xiao PV HiiiE T CsPbBr, 412K i
(CsPbBr; NCs) £ & 7] T XRD i i (W4 1 1) 55 =5 435 3 AR O 1) IE % 2 8 o, IF 1A 26 05 W i i 45 4 AR
b, MK J1 ik B2 2.09 GPa B, FkG I 2 2 5 68 19 A7 G i, ROASE S E T RE . Yuan PO RIE T
CsPbl, 7£ 5.6 GPa B} &4 Pnma—P21/m ()R] W45 M A48 . Cao ZEPY HiRIA T a-CsPbl, NCs £ 4
0.39 GPa i} & A5 M\ ST 77 A 1] 1E 38 AH i 45 #4775 A%, 55 1E 28 CsPbBry NCs WY AHAE A [R] . Liang 555 #fzil T #t
RUEE R R CsPbL, 78 R 40 J5 RS A0 45 3 1k, B0 IR R 25444 1) Prnma #1 5 6.9 GPa I} /) C2/m 45
g, /DA A L A 2 B R Pb-T K B R AR Ak, KBTS 12.2%. Yesudhas %607 [ #2 T RP-CsPbBr;(RP =
Ruddlesden-Popper) fil CsPbBr,(J& RP) (P it J5 & 8L, CsPbBry, M35 ik 71 F W 1E 28 Pnma #5578 H
1.7 GPa I #8957 75 Pm3m A, RP-CsPbBr, W 7E 0.74 GPa N Pnma #5578 Jy 204} P21/m, HAE 2 GPa I i 31
TP FFE . Yuan %P4 XF Cs,SnBrg 47 T 5 FEAF 5%, XRD FIRL & 0% 3% 50 56 5048 #5229, 7 1k 3
20 GPa W& A &AM AE, BATH MR K W2 /R T Cs,SnBry B4 . Fu 0 Hi2il T W45 460
Cs,AgBiBr, NCs W 4544, 78 2.3 GPa it )\ Fm3m St J7 AR R 54k g 14/m DU D5 K 2, 48] 1(b) s .
Cs,AgBiBr, 15 JE [F] 2 XRDP 7R, 7 2.1 GPa i H BLESGE A S 56 T )7, Wl 2(b) ir7R . Geng 48P )
WF5E R W], Cs,Bi,Br, NCs 1 562 I B = 7 A0 [n] BRAHAH 09 A 22, SR Ji5 Bl 1R 0 i 38 g 3R & Ak, 380 5 A
ARl 3

br 7 HA “4EAESRZ5 R () MHPVs Ab, F& 77 67 HoAl 4E B2 () MHPVs, 41)2 4k — 4k (two-dimentional,
2D) BEER W DL B B YA ER A i T oS 25 M A B 2 . Fang 0% il T 2D U5k (BA),AgBiBry
(BA = CH;(CH,);NH) MIAH7E, 0.6 GPa ZHIM B K C2/m S544, 41 E J1 4N %) 2.1 GPa B, &b 425 44 % AR
b9 P21/¢, 0.6~2.1 GPa I PRAHILAEZS, Q& 1(c) FF 7% o Chen PV R8T T 4455k 5 & 1 14
(CsNH,,) Pb;Br,, 7E iFi ik 80 GPa J& J) 2511 T L5 # A & P, WAL 1(d) o, B8R XRD 45 AN B ATT 5
WEFE R IVER T R 8, (HTE 2 GPa Hii i, M R MR S PE R i K, R AR B R7E M, )N 13.8 GPa 8
80.8 GPa, Ui WM B} 225 T S5 45 F A 7S o

Ma S5O H7IE T 2D 2R EG K CsPb,Brs i fL A (microplates, MPs) 7 =5 F& T 25 ¥ %a e v, & B
M W8 ¢ 16 1.6 GPa I Hy B2 [, AR FUHE 3%, {3 XRD $0d 3 A BE 775 46 b 5 e 32 42, 26 9H 1
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Pressure-driven phase transitions in different MHPVSs: (a) MAPbL,"!;

(b) Cs,AgBiBr,""; (c) (BA),AgBiBry"™"; (d) (C;NH,,);Pb,Br,"*”
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i} CsPb,Bry MPs 271 | AR 45 7L o Zhang 45" i1l 1 2D JZ2 4R RP-(C(H,C,H,NH,),PbBr, 7EE A fb 2
AT PRAE P1Z5H, 21.8 GPa BT JCARAE & 2k, ¢ fill 1 AT PR 45 MRS 18 K T a SR b i ) J 4, 350 5 32 45 4
A5 AT HLANTCAIL)Z 20 A0 e 2 5 ARG B o SR TT e 40 i) TEALHE SRAH L, AR FRPE YA HILEH 25 T HE 22
HA R 2 8] RE A, w] 528w ] TR

A _’L 2.1 GPa

A L 1.8 GPa

A l 1.4 GPa

= i I 1.0 GPa
&
&
= 0.7 GPa
0
> ﬁ/\—— :
% b 22 ...... 0.4 GPa
E 23.6
-M 125 0.2 GPa
I 55 |2
M 3.6 ‘%
] S — ?i S 0 GPa
o ] 10
0.7 l l Ambient calculated
0.3 A KA b i A i
| J A o 1 | f
4

3 6 9 12 15 18 6 8

20/(°) 20/%)

&2 MHPVs R BRSN AR Sk . A P-TCPHE 22 | SRR TERR: (a) MASnI, T H 40 FI He 47 I 0 3R 3 i 25 R 1 162,
(b) Cs,AgBiBr, 7E 2.1 GPa I B i Ja 58 e 0
Fig. 2 Pressure-driven amorphous, ordered-disordered transition, local disorder: (a) pressure-driven structural evolution
of MASnI, during compression and recompression in MHPVs™; (b) Cs,AgBiBr; local disorder at 2.1 GPa*"!

Zhan FE 38 T 4 (CH,CH,NH,),CuBr, 7EAN#E 1L 30 GPa 1Y R ) M &5 tfa e, WA B i 1 (R R
PHE SR L. 454k (2meptH,)PbCl, 7£ 5 1k 30.8 GPa i i A& 58 2B db 45, 2.1 GPa B A B
WSS, RIS AR B AEY FE Cs,PbLCL, B 5 R AR iR & B T —Fh AR 9 B9 R P TR 45 0
G S T/ TE AR W 3h 5 el U, ARFE I T B I R, AR LAAE 14 1 AR A5 BRI 5 v R D
i .

A B 2 R T A Hp B 48 1T 193840981 T ) e i — B S [R] (R A s (1) FE 7 3RS AR AE S R [BX] A
T A AR AL TR BE SE 1 Y5 (2) A HL-JEHLZfk MHPVSs (055 1 T J15 S A1 A8 18 W & AR AR IR T
FL N, — BT 5 GPa, 3 5B 17T AR L 4SS e R R 7 s 17 A8 A 1 W) 97 5 965 (3) 7 AN 1R A7 ol Bl e
3 B8], A AR 5 AR AT LIS AE s (4) 20 i FE 2k m i, sl phRHEE ik @i e 8 B 4
A AT S BB M RE, AR R B AR AL T LS, BB IT 45 4 - R SC AR T ik . 7
1o R S5 R IE 5 v 5 I R, RIS o R AR R RS M B, 38 R OR B S R XRD, SR, 5 4 TCHLES
BB EE, 22 PR SR AT Hr A7 BILIE AT rp A0 8 D X XS 2R A R S o, AR AR 5T I TR Ak A
WA AL A1 0 25 04 AR AR 7 2R FH P 80 o S RIS /NG R A5 (R BIF 9 235 SR I 9 R — 3G, X b 22 5 mT
DT B AN R A S0 45 1 22 ST 8. A R EK K42 S8R R I iR 22, Ak, 38 23 i
J14 e AR KONRITER B 25 5, GnIE] 3() I o TR 1 554 B R 3 A& S8 A SR D7 in#k 8l 1 22 U e,
2 PEE kA R i S ad B . Szafranski U ESE T MAPCI, B 25 ¥ FE RE 5 R 1 KAl A &,
WL 3(b) FEL 3(c) iR, SARESE MHPV's 45 14 1) s (] 43881 R PR R A 1 45t [m] Bs ik S8 1 IR AH 5 i Fe A
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AR B R AT BEE, $RIEAMIT N 515 2 18 He B 52 5 B A IR H ARG Jm HEA T, 45 58 0 A I 03 KT I 1) %o
SR RIPERERY R B I8 HE L o 3R 1 RS T ) RS BRE R IR 1 T A AL

(@) (b)
1.6 GPa , O Obs. | Phase Il
PTM: Ar — Calc. | Phase IV
o |R,=14.3%, R=7.2%]
s g Iy 0.1MPa  0.76 GPa, 15.0 h 0.76 GPa,24.0 h
g @ DA
]
L 4 v |
L L L L L L 0.9 GPa 09GPa, 1.5h 0.9 GPa,2.5h
4 6 8 10 12 14 16
-
1.6 GPa 0 Obs.
I PTM: He $ — Cale. 09GPa,45h 09GPa,7.5h 0.9 GPa,24.0h
= [R,=10.6% R=63% § — Diff.
87 : T I Phase II
5 & I o
E l - e - 2 e AL At o ol
I R Y 2.1GPa,20h  12GPa, 120h 12GPa,5d
A—
4 6 8 10 12 14 16
20/(°)
o 1.6 GPa O Obs. 54
f No PTM — Calc. g
¢ R, =11.7%, R=7.6% g — Diff. 5
‘; {7 % 8 ° I Phase IV _%
3 : <
N N R LR TR
_+ M—
4 6 8 10 12 14 16 2.80 2.85 290 295 3.00 3.05 3.10
26/(°) Energy/eV

B3 RS 45 M s ) X 25 A AR R A 52 ): (a) ASTR)E HEA 5 (pressure-transmitting-medium, PTM)
MAPbBr, 7E [ — & Jy i 25 H 1) 5 MAPBCL (945K (b) FERE (c) AR g
Fig. 3  Effect of high-pressure experimental conditions and time on structure and performance: (a) the structure of MAPbBT,
at the same pressure under different pressure-transmitting-media!'’; time dependence of structure (b)
and performance (c) of MAPbCI, under high pressure!'¥

®1 EROAUPBRTHENESEE

Table 1 Pressure-induced phase transitions of metal halide perovskite

Material Phase transitions Ref.
MAPbBr; Pm3m (ambient pressure)—>1m§ (0.4 GPa)—Pnma (1.8 GPa) (23]
MAPbI, I4/mcm (ambient pressure)—/mm?2 (0.26 GPa) [8]
MAPbBCI, Pm3m (ambient pressure)—Pm3m (0.8 GPa)—Pnma (2.0 GPa) [12]
CD,ND,Pbl, I4/mcem (ambient pressure)—Imm?2 (1.30 GPa)—Imm (2.57 GPa) [18]
MASnI, P4mm (ambient pressure)—Pnma (0.7 GPa) [25]
MAPDI, ,Br, 5 Pm3m (ambient pressure)—Im3 (2.7 GPa) [9]
MASNCI, Pc (ambient pressure)—P1 (1 GPa)—amorphization (above 3 GPa) [24]
MA;Bi,Br, P3ml (ambient pressure)—P21/a (5 GPa) [64]
FAPbBr; Pm3m (ambient pressure)—Im3 (0.53 GPa)—Pnma (2.2 GPa) [90]
FAPDI, No phase transitions below 7 GPa [26]
FAPbI; NCs Pm3m (ambient pressure)—Im3(0.6 GPa) [27]
a-FAPDI, Pm3m—Imm2 (0.3 GPa), Imm2—Immm (1.7 GPa) [28]
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Table 1 (Continued)
Material Phase transitions Ref.
(CyNH,,),Pb,Br,, No phase transitions below 80 GPa [38]
DABCu(Cl, P21/a (ambient pressure)—P2 (6.4 GPa) [63]
BA,Pbl, Pbca (ambient pressure)—P21/a (2 GPa) [22]
MHy,PbBr, Pmn21—P21 (near 4 GPa) [74]
Cy,BiBr, No phase transitions below 20.13 GPa [84]
CsPbBr, Isostructural phase transition (about 1.2 GPa) [29]
CsPbBr, Isostructural phase transition (1.2 GPa) [98]
CsPbBr, Pbnm (ambient pressure)—Pm3m (1.7 GPa) [33]
RP-CsPbBr, Pbnm (ambient pressure)—P21/m (0.74 GPa) [33]
CsPbl, Pnma (ambient pressure)—P21/m (5.6 GPa) [30]
Cs,SnBr, No phase transitions below 20 GPa [34]
Cs,AgBiBr, Fm3m (ambient pressure)—I4/m (4.5 GPa) [99]
Cs,Bi,] No phase transitions below 12.7 GPa [97]
Cs;Bi,], No phase transitions below 20.3 GPa [93]
Cs;Bi,Br, P3ml (ambient pressure)—C2/c (10.1 GPa) [37]
Cs,AgBIClg Fm3m (ambient pressure)—I4/m (5.6 GPa) [96]
Cs,Pbl,Cl, 14/mmm (ambient pressure)—C2/m (2.8 GPa) [44]

(B0 B A, 76 R 175 5 00 JC 17 Al b A i R o o vl AL 30 b0 R i A ket 9 n: L)
A T MASI, 28 9 56 i1 He - 00 5 245 F) e e 3 ik, 45 2 v R s & B S AR A 3R 5 Liu 45 i3l T
(BA),(MA),Pb, 1, 7 & 4 BT A H7 B A 1.94 eV, Il K & 26 GPa J& #1811 2 ¥R 58 1K F1 i, 45 BRAT PR 5 78
1.78 eV, JEMASMERE R KT, N IFFAZ, 76 XRD &3 RN 58 i s v i R . 76 i IR 52
By, AT LASS A h LLAME Y K 5 SR IE WA T - TP 6 AR, An1E] 4(a) FIIEL 4(b)FT7R o 3 AR S 9 A AL

@) ® (b) m (010 101 11
(040) peak 1.00 % (010) @ (101) © (111)
~
® =3
2.9
03F Lo
0.95 rm ~28f
> ~ 12 /n id- 2
§ o 3 f mid-IR < 571
T Jump < 0.8t s 1
= z . S 090 261
02r g ' 20 40 60
— Op ) . l'. Pressure/GPa
1440 1520 0.85F
Bm
[ Wave number/cm™! __l__.‘.__.“
®
0.1 L1 1 1 1 1 1 1 1 1 |.
0 20 40 0 10 20 30 40 50 60
Pressure/GPa Pressure/GPa

4 (a)~(b) 45G FPLLANEUER K ) N A - J0 AL, b, FWHM D58, d R Sl e, d, 2o R 6 i i e
Fig. 4 (a)—(b) order-disordered transitions under pressure demonstrated by FWHM and d/d, and mid-infrared peaks, where FWHM

represent full width at half maximum, d represents the interplanar spacing under the current pressure,

and d, represents the interplanar spacing under ambient condition'®”)
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SR AR v U0 SR T e WX 1 A LA A B AR AR SR AN, B SR A AL o A . R mT
J& 1155 5 T8 7 AR S AL AE 25 Fhobr R BRAR 8 UL o 35 J2 DR e 46 5 44 N R 8] A HE R 038 K, TR 1
WD, AR T R A A A A ARAE . B IE, BT LR AN R A AR A i B — v H) 5 vk TG AR B B R
SR

2 &ET MHPVs B EEEL

2.1 &

JE 375 3 1 it A 285 40 728 1 2 O AT 3l i b 5 BBOH T 45 A0 I AR Ak, 0 T R 2 AR B AR 1 e
-2 3 HE, K PHBE H i A B AT B R 1.34 e VU0, SRR, 0 A 9 5 AR 14 A B K Tk A BRARL(E,
BEL A5 16 Fi, 2 48 200 8 B A PR 00 38 B, BRI, 46 /N MEHP Vs F A B % T 52 B O FR 6 46 00 28 3198 W R
(33.7%) B LHE K, G5 1 irik, 78R40 3 B, R ) 2 Hh el 28 MHPV's (19 &A% o B & )5 (8] R
IR/, 22 558 PN R L4 A RV AH AR R B 22 028, AT RE AT 25 #1588 . — ok i, 7€ ABX,
FEGERH T, B— X B A 40 (A BRAE A4S, B— X— B A il Al A7 B AR 55 8, X B4 [BX ]/ i
B HL-JCHL B 2R85B0, 45 Bt i R R L 7E 17~ 100 meV/GPa Z [H] 1%,

B A B KA 4 Y B Ak AT D3 S W ' i A 2K Y (photoluminescence, PL) ik 45 J5L A 5 1k
S IR AR A AR T 1k N 1 e R R EUR S B W (E 7, SRS R Tauc plot ZE P44 1Y, it 5 il
1 A R R R AN ISR TR B . W I R, RS AT, B TR R, PL R B 250855
A TCERMENE S o Tauc plot ZE M1 A 2 HE T Taue 5 41 19 242X

(ahv)"" = B(hv - E,) “)
ol o OCREG b A I s R v MR B O E ARG E, B RS TR, SR n 2 R R
FELARMIE, X T BT, n =172, X T AR B, n =20 thX @) WAL (eh)" 5 hy REAER R, THT
%3 E,o 3814 Tauc plot 5K E, I, 7T LB H KOG EE (absorbance, Abs) B AU R4 oo

Kong U 38 T MAPDI, 1 MAPOBr, 7E1iX T 2 GPa I YA B il I 1 TH s Je 2L B S e A i 42 .
Liu 250 & 3 AE S FH 2 2.1 GPa (1 #2 v, FAPDL, B9 BN 1.489 eV J8i/N3 1.337 eV, 51 A H K
i, 7EHE B PR K 1 )5, FAPbL, (A BRAE Ky 1.447 eV, A K E 3 1.489 eV MW IRIRAS o i e
T 4 B R S B9 XRD B, 7T DL & IR, HITE 5 B9 FAPDL, {4 88 1 3B B IR R ES R AY %549 . (PEA),PbI,
TE 5.8 GPa 72 47 & B L 12415 B 28 [ 34 BRI 55 78, BP 2 AR S M G A, 4 i T BRI, T4 BRI AR, 3
FE 7 BRI PR 1 v (1 HE B 204N ) s i g o)

a-CsPbl, NCs 765 IR 5 TR B 1.72 eV, Mk 135 %] 0.38 GPa B, 7 B4 /)N 0.03 eV, {Hiff —
LR IE, B 1.69 eV BTN E] 1.76 eV, X & i1 F 37 77 A 2 1E 3 AH B AHZE BT 8P, CsPbBr, & £ &
A T b (A BRI E S NS LR IS W S, 75 3 GPa A AT A A T 42 B 28 1) 36ty B (0 5 70, R S s (42
VT H RLH ) B A B AR R T R SRV R, Cs,Biyl, BT B2 T T F 4 H W W AN i B, 1
12.1 GPa B e A7 BN 1,12 eV, X2 T RiE R 7 A5 m, Bi— iUk, JF H Bi—1—Bi 5 M /), 24
i F - D pRECEE S K

25 TR, ATLAE B (1) FEIE R —A i K i) T H, B 7E/NT 1 GPa AR 1y 6 P ] DA i 3%
HUeAE MHPVs 137 5 (2) 75 MHPVs B4R 217 BB R ) 09 28 A A2 35 T #8 A2 88 2 B (3) R 1wl LASE IR
] 215 B 5 B B2 R B 78 (4) W BRIR R R E R T2 )8 B 5L X 3+ 2 18] 1 i 1% R B
ZHLH . T A DB E X [BX ]/ AR A A% o AR A AR ik ) s i, PRIk, A {7 B S 7t B )
LR AT BR . SR, FE IR R AS TR A 07 BH 57 % 5 B 38 B AL A5 5 A AR G b R AR . i dn, SR
F £ (phenyl methylammonium, PMA ) 57K £, 3£ £ ( phenyl ethylammonium, PEA) fH & 11X CH, 3£ F1 A [A],
{2 (PMA),Pbl, 5 (PEA),Pbl, B & JEAT M EH KM . (PMA),PbI, 7£ 45 B (4 H7 B gl /i fe K, Ry
0.89 eV; 1fii (PEA),PbI, 1147 B AN AE 52 50 4 Bof sy Bl /N & B K, 36 0.43 eV, B, 7 B B VR 3 K, 76 3

050101-8



%38 4 ARBTG5 TR R R BRAT SR A B AT 0 A 55

15 J1 T (PEA),POIL, A8 g [a] i B 0% 5] 5(a) 45 1 R4 2514 T A [\ MHPVs 57l s 4k, il LAE
H, BEAA 2 P AL R B — bR A B TR ) RN — B/, g — b B T D B ST /N
Jei BRI I BRI/ o ] 5(b) IR T R4 55 148 T Po—1—Pb (98I S A 19 481k, ml D, B R A
TE ST A2 /N

3.5 B (MA)PbI, (Kong et al, 2016)
@ & o . # (MA)PbBr, (Kong ef al, 2016)
30f . OO o R A FAPbI, (Liu ef al, 2016)
& o Oe% v (Bé)z(tlj\/l?():szL (Lliu et a;, 2017)
A a-CsPbl; (Cao et al, 2018
5 23[ St <« DABCuCl, (Li et al, 2017)
ié » Cs;Bisl, (Zhang et al, 2018)
oy 2.0 < Cs,;Bi,Cl, (Geng et al, 2022)
g * CMA,PbI, (Ratte J ez al, 2023)
2 s @ (rac-3PYEA)PbI, (Sun M E et al, 2023)
¢ (S/R-3PYEA)PbI, (Sun M E et al, 2023)
Lok <> (PMA),CuBr, (Zhan et al, 2022)
: 4 (PEA),PbBr, (Zhang et al, 2019)
& (NH,),SnBr, (Wang et al, 2021)
0.50'1 1 1'0 100 > (NH,),Ptl, (Wang et al, 2022)
Pressure/GPa
(b)

Narrow Shorten
the Pb—I—Pb the Pb—I—Pb
bond angle bond length

Compression Compression

P;ZI 5 %‘,l@:ﬂqmﬁﬁ{*ﬁ;rﬁ;: (a) Z: [ﬁ] %%Eg%j(ﬁj‘ I-I—[ E‘J%l@:%ﬁ’f‘t[l 1,26, 31,41-42, 55, 63, 69, 76, 85, 89, 97, 105, 107]’
(b) 45 T Pb—1—Pb AV FIEE A A5 (L1
Fig. 5 Pressure dependence of band gap: (a) band gap evolution in different halogen perovskites!'!26: 3! 4174255 63.€9.76. £5. 8. 97, 105, 107,
(b) changes of bond length and bond angle of Pb—1—Pb bonds under compression!**!

22 PL

PL L4 2 W) o W e e S s 1 IO B SN BB X S RE B i 72 . Jaffe S50V 4R 18 T MAPDI, ,Br, ¢ Y
PL it B B 8] A1 7 28 4k, il 6(a) BT7R o SR 7, PL a8 BE B K g 9 38 in i 9/ # 0.2 GPa B
U 1(Peak 1) B & ' B SL I A] A 35 00 (LA 8 s Sy [aI B, O BRI K i R 150 8) L% ; 0.6 GPa I, 7 i
LU 2(peak 2), FHHIE I S 80— A8 19 PL RS ™ A5 Bl G IR RS2 i) (B 4k 2208 in, 06 2 0 8 AN, 0 1
YR 118N E] 0.7 GPa B, W 1 JL-F-ANHT UL, [R] B e 2 f) 5 B 34 fin; 0.9 GPa B, AT 05 2 A s
1.6 GPa J& PL i %k .

£ 2D 58K (2meptH,)PbCl, H WS H T —Fl il F 07 518 B9 A T8 B9 B2 HO6 & s i 4, n
& 6(b) iz, TE I35 N 2.1~9.9 GPal®l, 5 LRI, PL AHXHE T2 Rl B E W, 78 2.1 GPa JE /7
&, /AR B AR R HLRH B AL 5 R S5 R S, S ORISR R . B, TR IR 4E AR E T A iR
W BT B, T IR G BR AT Y B 3 A UK 015 2 0 PL FFEERG 9 o Zhang SR UC AT TR R
PL 5255, DLRZE Cs,AgBIClg A GATH . TEFREEE T, Cs,AgBiClg i PL & 91—~ 5 i 88 43%, 1n
K 6(c) in . B 735 in, PL WA B 548, 76 5.1 GPa J5 B 18 418 . PL (a3 /& BE 7 17 A 3
(ST HE 3a 30T 67 7% ) B9 AT A 55 0 T4 38 09 4% G0 5 56 o 16 33 45 K0T B2 BT 19 sy R F 98 B B A ], 3k 1)
Cs,AgBiCly H A AR f - BRAEALH o EAA BRI FE v 17 007 B8 19 58 15 & Sl 5 IR F il i - 75 TR
SIEMFT AR, WE 6(d)~ [l 6(e) R L H AN & K~ B AR T & Jm B E Y, &R &0

050101-9



538 %

ARBTG5 TR R R BRAT SR A B AT 0 A

ART AR T RTE R - AR AR SR . Ak, R BRI B AR AR S R S i R 2 F

TR
(a) MAPbI, ,Br, ¢
25f | p=02GPa 0.16
':2 20 || Light exposure 0.12
E 1.5¢ Peak 1 0.08
E 1.0+ 0.04
= 05¢ 0
0 — A n . PRI , A A —0.04 I A ,
1516 1.7 18192021 1516 17 18192021 1516 1.7 1.8 1.9 2.0 2.1 1.6 1.7 1.8 1.9 2.0 2.1 2.2
Energy/eV Energy/eV Energy/eV Energy/eV
(b) Pressure/GPa Pressure/GPa
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—51 — 130 (2meptH,)PbCl,
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=] —4.0 = 20.0 b
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2z —15 = — 272 : i ” s - =5
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= = )
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625+ @ ' g £ STE
\ . 2 S
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£ Q Eyera g
S 600F \ : = o 5 J2-
& S ! = =
5] X |
S 575t ‘o X g _E &3
4 A
- N 9 g
550 “a . % :
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Y00 00000 ®
575 L . . Rt GS GS
0 L5 30 45 60 75 O  Configuration coordinate 0 Configuration coordinate
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(f) —— Ambient — 1.2GPa
~—— 0.1 GPa —— 1.4GPa 100 4] . .
— 0.2GPa — 1.9GPa - 8 O Peak intensity
- 82 gg"‘ ~—— 2.1GPa é 80 F ® © Pcak area
L_ % a
/; — 07GPa —— Released é
> — 1.1 GPa S 60l
S — 12GPa =
z 5 *
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2 2 o
E =) ¢
= 20 L
=
= o
olm ., . 8 .=
n A, S
0 05 1.0 15 20 38 39
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Bl 6 AR MHPVs PL B9 J14Ki6i: (a) MAPbI, ,Br, ! i) PL 3%, (b) (2meptH,)PbCl, £54k#™ (1 PL & J1{k##i
FUETTFRIA2E RIS, () Cs,AgBICLP B PL i, (d)~(e) #iR% L& LT BIbkE T
KSR BB, (f) CsPbBr, LAY PL R4
Fig. 6 Pressure dependence of different MHPVs PL: (a) MAPbI, ,Br, /”); (b) pressure dependence of PL and optical image of
(2meptH,)PbC1,™; (c) Cs,AgBiCl,""; (d)—(e) schematic diagram of the evolution of self-captured exciton emission under

environmental conditions and high pressure*™;

[38].
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Gong "V #2186 T CsPbBr; M. F 46 ol #2 b 19 PL 4k, &l 6(f) Pron . FEJIHE 1.2 GPall T B,
PL 5 B Fifi J& 7 09 TH 55 8 B 5905 1.2 GPa B, Y630 % St 2+ 77 %% (photoluminescence quantum yield, PLQY)
BEWI T 90 5Ll b £ 1.4~2.4 GPa X (0], BE& K I i3 m, PLSREE R T . SR T
0D(bmpy)s[Pb,Br,,] 1Y PL ## Ji bifi #5 s 07 () 38 Jin i 5 25 344 5%, -4 26 GPa 7247 ik Bl e KAH, i — L1 K&
J1J5, PL 58 FE SR BB, 51 A H AYJ2, I {# 7 80 GPa [ 1 TSR AT LAKE I £ PL, £ HH %41k R 4% B
AHEPLI S R RS e PR,

25 LR, R R — T B SE S B MR R TR SR AT AT I . 240 MHPVs #MOEH PL 76 5
JEN BT, —J7 R A R R R AR It T RSN OGRS, S — R
JE N R REEA N, B Z B AEH 128K, PL B3GR — A 2 DR, — & R T IRdR S 2 G e
il R R 45 3R A5 R W AR (i 0 L - RS DR B H PRI . R 2 it T AR R
FERHT 1Y PL & AR A 2R 1Y R ) Ao

%= 2 A [E MHPVs B9 PL X &£ FEKIE N

Table 2 Pressures corresponding PL occurrence and disappearance for different MHPVs

Material Dimension Initial pressure of PL/GPa PL annihilation pressure/GPa Ref.
MAPbHCI, 3D Ambient 7.20 [108]
MAPDBBTr, 3D Ambient 4.85 [108]
MAPbBr, 3D Ambient 4.00 [109]
MAPbI, 3D Ambient 2.70 [10]
MAPDI, ,Br ¢ 3D Ambient 1.60 [9]
CsPb,Br; 3D Ambient 2.23 [40]
CsPbBr; 3D Ambient 2.40 [106]
Cs,AgBiCl 3D Ambient 8.00 [96]
(BA),Pbl, 2D Ambient 10.00 [110]
(BA),Pbl, 2D Ambient 12.60 [22]
(PEA),PbBr, 2D Ambient 15.60 [41]
(PEA),PbI, 2D Ambient 7.60 [111]
(HA),(GA)Pb,1, 2D Ambient 9.48 [112]
(BA),(MA)Pb,I, 2D Ambient 4.70 [69]
(GA)(MA),Pb,], 2D Ambient 7.00 [46]
(BA),AgBiBr, 2D 2.50 25.00 [39]
C,N,H,,PbBr, 1D Ambient 9.00 [91]
C,N,H,,PbBr, 1D Ambient 24.81 [113]
C,N,H,,SnBr, 1D 2.06 20.02 [114]
CH,(CH,),NH,PbBr;, 1D Ambient 7.30 [115]
CsCu,l, 1D Ambient 16.00 [116]
(bmpy)y[ZnBr,],[Pb,Br),] 0D Ambient 18.20 [117]
(bmpy)[Pb;Br,,] 0D Ambient >80 [38]
(MA),Bi, ], 0D Ambient 9.00 [118]
Cs,PbBry 0D 3.01 18.23 [119]
Cs,Bi,l, 0D Ambient 9.30 [97]
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2.3 %Z /IL % % Ap
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Bl 7 (a) MAPDL, B4 F K88 PL 80850 J1240Y, (b) MAPDL, FEITH T T S FA A7 R S T AR, (c) MAPDI, Y55 [A) 3 Bl
(d) @-FAPbL, R J34k#fi PL 580881 1227, (e) AIFIFE I T MAPbI, MC FFE 4t PL 2808 3h 712", (f) MAPbL, MC -1
PL i Fll PL 53 (4R J1 AT, (2) CsPbBr, NCs 433 1 A i AT 2 14 1T 7 4
Fig. 7 (a) MAPbI, pressure-dependent PL attenuation kinetics'''); (b) pressure dependence of defect states in MAPbL"'; (c) weak
indirect bandgap of MAPbL""); (d) a-FAPbI, pressure-dependent PL attenuation kinetics>’; (e) pressure-dependent PL decay
kinetics of MAPbI, MC!"?; (f) pressure dependence of average PL lifetime and PL intensity of MAPbI, MC!"%;
(g) pressure dependence of carrier lifetime and bandgap in CsPbBr; NCs*}
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i EUK Y (time-resolved photoluminescence, TRPL) Ml A 58 T He 3 X 3% 3 1 75 i (52 ), & BRAE 4
2 F MAPbDL, 515 B 200 T A WL 3275, 0.3 GPa I, #8070 1 75 fiv ik SIWAE, Ho 8 IR 3 TR T 55 50% LA
Lo AN, BRI T A (A L A4 R 7 5 R AR A RO R Y R 7 (0.32 GPa) JLF 58— X S N R bl
FIE S B TR, R4S Po—1—Pb B A £ F57E T 1800, [HAR K7 K S/ FH R 4 ., B il & 1 i, I e 3h
Hr a7 10 (valence-band maximum, VBM) b J}, 7 53T VBM 14 [B] Bl 7 © 77 76 09 B4 BiF S AR 15 50 3%, 4N
E 7(b) T 7R o MAPbI, 22 iR Sl O ATF 5% 45 S 3 B, 22 ke S I 2R 0 1 77 A EL S A RE S AR 22, TR R B AT
LA T 22 10 45 R e I 25 R B B ) B B S 0 R 1,

1% 55 T U 8 3 B0 Ay iR I ORN J 28 38 7 77 i (LB Bl A ), ol B0 Ay 55 IR SO K 7 (] 422
B ) o IR AL BT S BT MAPDI, B 0A Ry B HE A B A, [ Wang S50 (I BIF5E R BH, 52
Pr b EEMRE T 2B 60 meV (955 A LA BR, WNE 7(c) i, X2 F N A E-HUE A SESH
Rashba 43 %4, [A] 452745 B 00 & UM BE T oW 5 K8 7+ A m ! Z M 2 ¥ 7 )5 . 5 MAPDL, M L,
FAPbL, #56k 8 HA 5 1k i 1 F . # IR KT, o-FAPDL, S8k FE 5 HAG 12 APk PL 3h
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K8 KB ARIE MHPVs BOEHLPE BT fL: (a)~(b) MAPBBL,Y, (¢)~(d) MASNL®, (¢)~(g) MAPbBr, £ fi]
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Fig. 8 Pressure-driven evolution of photoelectric properties of different MHPVs: (a)—(b) MAPbBr,™; (c)~(d) MASnI,>;

(e)—(g) electrical transport performance of MAPbBr, polycrystalline "*; (h)—(i) enhanced photocurrent and broadband

light response of Cs,Bi,I,"*”; (j) significant photocurrent enhancement at 2 GPa for Cs,Pbl,CL,™*";

(k) schematic diagram of stress-facilitated exciton dissociation™"
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Fig. 9 MHPVs metallization under high pressure: (a)—(b) pressure dependence of the MAPbI, bandgap"'?); (c) infrared reflectance
spectrum of MAPbI, at high pressure!”; (d) temperature dependence of MAPbI, conductivity at high pressure!'’); (e) high-pressure
in situ Raman of Cs,In( I )In(lll )C1,"*"; (f) pressure-dependent light absorption spectra of Cs,In( I )In(Ill )C1,/"*";

(2)-(h) CD,ND,Pbl, IR absorption spectra under pressure''™); (i) CD,ND,Pbl, with zero bandgap at 72 GPa"*
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Fig. 10 Pressed luminescence of different MHPVS: (a)—(c) Cs,PbBr, nanocrystals begin to exhibit significant emission at high

pressure of 3.01GPal''"; (d) pressure-dependent chromaticity coordinates of Cs,PbBr, nanocrystals'''! ; (e)—(f) PL spectroscopy

of (BA),AgBiBr, at high pressure™; (g) pressure dependence of PL position and PL strength of (BA),AgBiBr,""; (h) the optical
pattern of (BA),AgBiBr, at high pressure shows that PL varies with increasing pressure™™; (i)—(j) pressure dependent
PL spectrum and pressure-dependent chromaticity coordinates of C,N,H,,SnBr,"'¥
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Recent Progress on Structural and Functional Evolutions
of Metal Halide Perovskites under High Pressure

ZHU Zhikai'?, LI Zhongyang'?, KONG Lingping', LIU Gang'

(1. Center for High Pressure Science and Technology Advanced Research, Shanghai 201203, China,
2. School of Resources, Environment and Materials, Guangxi University, Nanning 530004, Guangxi, China;

3. School of Physical Science and Technology, ShanghaiTech University, Shanghai 201210, China)

Abstract: Over the past decade, metal halide perovskites have been widely employed as the emerging
active-materials for technological innovations, and their research has become one of the central goals in the
field of energetic materials. Pressure, a new thermodynamic dimension, can tune microstructure, atomic
interactions, electronic orbitals, and chemical bonds of materials, thus serves as a potent means to regulate
the structures and properties of metal halide perovskites. In addition, pressure paves a novel avenue for
probing and understanding the structure-property relationship. Taking the advantage of diamond anvil cell
technology and in situ high-pressure characterization techniques, we have comprehensively summarized the
pressure-induced evolutions of metal halide perovskites, encompassing structural phase transitions, order-
disorder transitions, amorphization, and local structural evolution. We have examined alterations in
properties, such as bandgap, photoluminescence, photoelectronic response, and electrical resistance, and
other distinctive high-pressure phenomena. This review systematically analyzes the structure-property
interplay within these known materials, and offers insights into the design of future novel materials.

Keywords: high-pressure; metal halide perovskite; structural evolution; semiconductor; diamond anvil cell

050101-25



	1 高压下MHPVs的结构演化
	2 高压下MHPVs的性能演化
	2.1 带隙
	2.2 PL
	2.3 载流子寿命
	2.4 光电流和电阻
	2.5 金属化
	2.6 压致发光

	3 结　论
	参考文献

