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il 85 v o i A A KA A TR S R A A
MIRTHE. HFTR 2505 50 50 i e TR i A5 4
BRI, TR LAY e IR IR RS & SO T 2R I RR E 12
SRR B B AZ A K RIS 80 | 45 T
RAF . REDGH ISR R B0 (HJE, RIEHT7
P RO IS e, BRI AP A G &k
A RS R0 JHE B 1) i & (7). R AT 9 I VRO
R T 30 i R (R AR TR ) R
B B R A BT 700 442 ¢ DA T 8 42 505 A b
M2 I AR, Wb T ARSI, BAR TR
T FRES BRI ) i) A 1Y, Kaczaral 55 12) 58 1
XoF LG S5 55 TF B AR L s s 70 il 45 A R K
BH R Yt B S G i ] R A, B R Tk R
TR ARG AR S PH HAL .

R B ) F T E R R TR A R e
F (cesium, Cs*) BFE X B4R F (bromide,
Br), BZ 1 Cs™H Br FEUSERA 45 fb sl a1,
25 b TR R 2 H A KR ERIA, RIS T Lt
S B B R RN R I 18 19, WP g R A
AR AL IR T2, AR T A SE AT RS R
R BH . Bush 55 10 {5 A5 il A vt B EG EK
W, AP BRR 1.68 eV R B SE LT 17.4%
PSR, LA, IR A 3 W R i 25 1 B
B ESER AT VR N H T P RS R /i S 2 K T
Ay, SEEE T 25% HOCHLAARACR T, Jiang 45 1Y
i AEE R A AR 1.75 eV Y BE AT B AT
BRBTORBHHL I, SESZ T & ISR 145 M R, [
I T AR BT VIR A R B, A B AR T
1.33 'V [ {5 JF 6 H R A R A7 1) I A7 A28 7. Wen
WM FAR LR T 1.8 eV B TEH BRES Bk K
PR, dE 422 — AP+ (dimethylammo-
nium, DMA*) FI5 2 ¥ (chloride, CI') #i ¥ £5 %k
AT B, BRI o (%) [T IRF /N T A5 R T A
B AR N ] BRI B . LA, Szostak 45 1 3 1o
TR ST XSO dE s 1 A
BB IR A KR I A 5 St R, X Cs, FA,
Ph(Ty ssBro.7)s 3 45 5k B, N-FI 35 il W% ¢ B (1-
methyl-2-pyrrolidinone, NMP) B i 571 H T il
# Cs & EARM S BRI, — LA (dime-
thyl sulfoxide, DMSO) Bt {7 # 73 FH Tl & Cs
O e M R A

TEESER TR AS &0 3l 1 2 e v, Bk dh
iR 6 A ABCZS IR R 2 A kTR ) 45 2R K

Kim %5 PO @ AT AR T REERRRER (methy-
lamine hydrochloride, MACI) #& Ft & #L7F Bl FA
Pbls 558K B e i VE HALEE. e S A5 T K
I AR R LR (propylamine hydrochloride, PACI)
AT REEREREL (butylamine hydrochloride, BACI)
A TR RO R TCE I I = 455k, Park 5 Y
W55 T PACL A1 BACL #0565 #lAf Bt FAPDIL,
FERA AR L S SR, TR BRI B A
o R AR YRS ERET A, IR K T EAH T IR
B PACI #1 BACI E&4%%. 5Hl (Methylamine,
MA?) #H e, % (propylamine, PA®) F1T i (buty-
lamine, BA®) 3 5 5 7, PRI 9 @A 15 4%
TINGENG . ARl HE e ER TR FA BR A 5 k8™
a5 i R AE AR R E HRICR.

A AR BB E R/ ik S 2 H
MBI B 1.68 eV A5 EREHR, [ PAC
VRSB0 A2 S R B Y 25 i . AR
9K B AE i U A P R AR T4 (two-dimensional,
2D) E5EKWAH, E5EKW 25 LA 2D AV A AR AR AR,
FEART o MESERT TR BURE 22, 15 S 5K 0 JHi A5
W5 AU ) AR, R T AR R, SR
FHIZ R W il &5 19 /N TR AR5 Bk K FH FEL b ) PCE
H1 19.38% #2728 21.48%. WeAb, il it 7 i il 4
T 8 cmx8 cm B9 T BRESERA AR, dt— LTt
TR A R T ARG ERE ERR Y 3 Sk iR e
SR 1R T T PR R L S S K T RS A B A KA
WA A T AR T 2% A B T K ARss
R I8 J2 K P L 1 .

2 e
2.1 EWHLREAF

mifbAts (Csl, >99.9%). B PR & BLR £k (FAL,
99.5%) . ALK (CsCl, 99.9%) . BLAL4T (Pbl,y, >
99.9%) . IR L HY (PbBry, >99.9%). [6,6]-% 3 Cg
T 1R g (PCx:BM, 99%) F1 i 4 R (bathocu-
proine, BCP, 99.5%) 3L F V4% H Y CReRH A
PR F); SAREY (PCly, >99.9%). N, N-—-HI £
BEfE (N, N-dimethylformamide, DMF, 99.8%) . 5
N (2-propaneol, IPA, 99.5%) A&7 (chloroben-
zene, CB, 99.5%) 3L T Sigma-Aldrich 23 Al ; [2-
(9H-MR g —9-3L ) 2, JE | B R ([2-(9H-Carbazol-9-
yl)ethyl]phosphonic Acid, 2PACz, >99.9%) Il 3K
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TR A B A Tk & S AT RS |]. NMP(99.9%)
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LT (ethanol, EtOH, 99.8%), 1, 3-TN it & i iz
£h (1, 3-propanediamine hydroiodide, PDAIL,, =
99.8%) WK T2 e ARA AR B A7 BR A 7).

2.2 SRy FERENHS

ATAEME A Csg.29F Ag 7sPb(Tg.55B1r0.15)3
MBS ER1E A IR 2. ¥4 85.7 mg Csl, 201.2 mg
FAI, 535.9 mg Pbl,, 123.9 mg PbBr, & T HHLIE
AR (DMF: 900 pL, NMP: 115 pL), F-hn A
it CsPbCly /ERUSINA, 285 %I PACHH A8 A4S
BRB TR, 60 °C nFHE 2 b f5 b ug A AL K
2 cmx2 cm AL #1E) (indium tin oxide, ITO)
175 W1 L B I A G 43 0 FH B B T 00 L 251K
IPA #7515 Bk 30 min; il H TR TTOR K 5
A S AN 20 min. SR RS ER AT T DK DA
3000 r/min, AIEEE 1000 rpm/s (r/min, rpm), B}
] 50 s BEWR T ITO I, Beks 255 20 sit, ff
RAMKI 10 s (AT B @ EES R I 7
5—10 mm &b, KL K 0.18 MPa, FEH ik
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2. AR A T EFETh T I SR, o 2PACz
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R |, 100 °C 1B K 10 min; #5288 2.2 35 FriR$1 %
FEERH AR TEFSEKA R T L) 5000 r/min,
30 s i€ % PDAL % # (0.3 mg/mL & T IPA) 1E
SymAifL)Z, 100 °C IR K 5 min; PR PCBM %
W (20 mg/mL ¥ T CB) LA 2000 r/min, 30 s g
FHGERH" 1 ; SR 5K BCP ¥ (0.5 mg/mL 3%
FIPA) LI 5000 r/min, 30 s B T4 & i
J5 755 80 nm 1Y Ag VENHAMNL, 58 UGB K FHH
b i
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Fig. 1. Characterization of structural properties of perovskite films: (a) Top-view SEM image of control perovskite films; (b) top-
view SEM image of PACl-treated perovskite films; (¢) XRD patterns of control and PACl-treated films; (d) UV-vis curves of con-

trol and PACI-treated films.
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FEL 1(b) 430y 275 2H TS 90 2H A R AR f
T T B (scanning electron microscope,
SEM) EIM&, % H & IS 25 41 1) 5 BR 0 JHE 16 Ay
BRI —; AN PACY A E5 KA e ik R
BN, HARS T RASFZ) 1 pm IR Sk, 8
g b T ] AR

B 1(c) MESERH AR A X 3T 2R AT 3 (X-ray
diffraction, XRD) Elii. 54, 0 PACI
AR5 AR A S JIES ) (100) AT (200) 437 5 06 I ok 1 5
T AR ERR IO A K eAh, T 12,60
Pbl, MAF A FrBEAL, 30 PACLE#E T Pbl,
] 5 5K B A B e 4, XRD ik 25 SR itk — 20 R i
PACI RS 1G58 B Bk Wi B A 245 A i &2, 5 SEM
WA a4 1e —2 P2 & 1(d) SR R
L Hh-1] UL BB % (ultraviolet-visible spectros-
copy, UV-vis), SSH AL, @ PACI B9£5%k
AR REEAE T D ] P R 00 1 R ) D' R A i
LR T AR ARG o R e o 291,

& 2(a) 85 R0 JEE ) B 25016 3U& Ot (pho-
toluminescence, PL) Yils, 5SS H AL, SC50 4
)55 KA S TR LA O v DG BRI B IR
I PACY A REAR 15K AR ) Bl e 2 B2, 47l
THEE ARG Z A P E 2(b) S ER T AR
RS ] 43 BB R Y (time-resolved photolumine-
scence, TRPL) JGi¥%. id ik WARECE W R & & J5
AT TSR R B T A, A AR ER
T AR (1a) 3UFT (1b) 45 H:

)= Are ™™ 4 Aye T, (1a)
Tave = (A1T12 +A2T22)/(A17’1 —|—A27’2), (lb)
(a) —o— Control
—o— PACI
fé
s
)
B
E
650 70 73;’0
Wavelength/nm
2 EHERHT ARG R M R AR

Normalized PL

Horp, 7 By 43 R DR R A i RS 0 T
m SEEESFEWIEERE A AR, n SRR T
R A AL R Ay S BRSSO A
PRI E Tove HE T 09 T2 54 29, 38 1 51 H
THIAENBISE, S54RI T HFah
667.7 ns, JZHG AL I YR T F o~ 10771 ns,
HE— AN PACT J5 45 kAT I P 3 (0 I 4
SR A BN, BT 75 A 20,

®1  SHEHAMIIHPHET WA TRPL 6%
MUESH

Table 1.  Fitting parameters of TRPL spectra of
control and PAC]I-treated perovskite films.

Sample  7/us  m/ns A% Ay/% Tue/ns
Control  64.9 732.3 9.69 90.31 667.7
PACI 62.8 1115.5 3.65 96.35  1077.1

3.2 MRREBMIBRASHT FRERREN
HUIEER R

TR ERAT T IR Y 25 Bl ) 24 R R PACI
PETFEGER D IR, A T O HILEE. 3 A A S A
o PACL 58K 0 AT SR AL AE 50, 70, 90, 130 °C
Bk 3 min, & 3(a), (b) 4545 H TS %4 MK
25 R T R B A A 3R KRS [ T B T AR
XRD K. X} b A S % A iR KR E & T
50 °C I}, F5ERE FRIE] A (20 = 8.9°) A EsE L7
o HASERE™ (20 = 14.2°), M PACI B 45
R IR 50 °C B kI E A& AE N oM
FEERW, UL PACL M FEAS T 85k 9™ v [a] 40
AXPbX,NMP(A = FA*/Cs*; X = I /Br /Cl)
5 R o AHESER IR LR 27,

: (b) @ Control
o PACI

Time/ps

(a) % AT ASERD WA PLOGHE; (b) 2% 41 RI S50 21 854k 0 W 1Y) TRPL DGl

Fig. 2. Characterization of optoelectronic properties of perovskite films: (a) The PL spectra of control and PACI-treated perovskite
films; (b) the TRPL spectra of control and PACl-treated perovskite films.
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AN, B PACL BESERA KB ™46 T 2D
FEERT A, WA 4(a) Fis, X H 2D #5ekn
JE 54 PACL AU 4SS0 R BK I 19 XRD &3 %
P, B RIORAR T A T PASFAPD X, (n = 2;
X =1/Br /Cl) 55K 4 (260 = 9.6°). Hi /&l 3(b)
Al BLETIRAE 50 °C iR K 3 min J&5, 2D F5EK0 1Y
TSN e, UEMTINALE i T PACL 7EASERH A
INERIHE & B3 CL B8 A0 KT TN Br 81,
KLt PA+CUARZS 5 fift 2 iUl 11 PA° A HACL,
PAC (36 50 47.8 °C, IARJE DS ER ™ e A 36
P PR ol i o — P SR A L 2D
SRR (CL-PA)oFAPb,L, 1F A 1k KA AR AE % 1%
1% o FHES R I TE BRE, FRATIA b 5 L2549 AH AU
(¥ (PA),FAPb,T, HAT LA 1E FHALE 29, 18] 4(Db)
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FIE 4(c) 4B A A IAES in PACL A5 S8 /i
ORI SEM MR, AR PACL AR & 7E R KR
O T RN — ISR kL, TS24 55
R4 s R P L IJE; N PACL 54k [T
IR AR IR KT AT B ST R TS, ULRA 5S04
IYAE 2D BB B SRR B VEAT T A R R
K.

P 5 S PACL G 7)o 45 ek A g A5 468 g
BT AL RS . SR TR, PACL S
FEERH 4L 4y A EAE AR T 2D E58k94H, 2D A
VERAERAAAESE T o MIESERE B9IE A%, il Bh v
WA 5 P A, FER KB PACT MAESER
W DL PAC I HACLAIE I &, BEK T bk
R, I H R RBP4

Z a-phase
/1
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/ 7 I
)
g /] gy ///i/// 'l
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Fig. 3. Characterization of crystallization kinetics of perovskite films: (a) XRD patterns of control perovskite precursor films an-

nealed at different temperatures for 3 min; (b) XRD patterns of PACI-treated perovskite precursor films annealed at different tem-

peratures for 3 min.

Intensity/arb. units

20/(°)

&l 4 PACLXFE5ERD M 125 W =4
IR T SEM & (c) SE64H 454k i 9K B 2 1 SEM &

(a) 2D FHERH WA N PACL 1Y 85880 /7 9K I 1) XRD Bl 1% (b) 275 485 4K0™ i

Fig. 4. Crystalline modulation of perovskite thin films by PACIL (a) XRD patterns of 2D perovskite films and PACl-treated per-
ovskite precursor films; (b) top-view SEM image of control perovskite precursor films; (c) top-view SEM image of PACl-treated per-

ovskite precursor films.
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[PbXeli~ @ FAT/Cs* M4 PA+

Bl 5 PACHHBYE5 R W45 i AL B R 2 18]

Fig. 5. Schematic diagram of the mechanism of PACl-assisted crystallization of perovskite films.

3.3 §5%KH KPHEEMMERERIE

T UE B AR AT PACL A ISR 587 Bt
PEERT R BH AL M PERE RS2 THVE I, 5l & TR &
RAMHEBEA T PACI(W /O No&PAC VA
RS (with N,) A PACLEMF] (with PACI)
FRE 28 RS 4 L3N PAC](with No&PACI)
4 FREIE, 181 6 AT T A i dr L 7 2 -
FLE (current density-voltage, J-V) #i£k, & 2 1
TR J-VERES R, AT B HLE (open-
circuit voltage, Voc)-. T B L I 2 (short-circuit
current density, Jsc). ¥ 78K ¥ (fill factor, FF)
M PCE. X A B, AR PACLENN
FIBIRER AR A F A PERES KL Hoh Uk
REAS e b A LI TR% K, 4R R B BRA R R, A
AT AR U RSB W PACT BN RE g4l
PEESER S ST ARG, AR T ARG T R
ARG BRI

25

20

15

10

—a— W/O N, & PACI
5| —e— With N,

_4~ With PACI

—v— With N, & PACI

Current density/(mA-cm~2)

0

0 0j2 0.4 0.6 OjS 1j0 1j2
Voltage/V
e N R U 7 N N LR A i =

Fig. 6. J-V curves of perovskite solar cells under different

preparation conditions.

F 2 AR F T KRR J-V
e

Table 2. J-V performance parameters of per-
ovskite solar cells under different preparation condi-

tions.

Device Voo/V Jsc/(mA-cm?) FF/% PCE/%
W/O N, & PACl 1.096 18.70 73.85 15.14
With N, 1.184 19.66 81.61  18.99
With PACI  1.177 19.63 80.33  18.56
With N, & PACI 1.226 20.65 82.87  20.99

SR, TR T I ) 2 A AR IR B L b ik — 2D AR
5% PACL IR INFIXF e EERE RS IR, 1 7 S %4
R IR RN EE PACL IR 1F -V IERES B
T By PACLEE IR, #80F1 Vo F1
PCE W RA2TF, B 7% PACI Al 5. £ 8(a)
RS RS B R ) J-V iR, 35 3 3
T8RN VRS EL S UMD Jgo N
20.06 mA /cm?, Voo 4 1.180 V, FF 2 81.83%, PCE
4 19.38%; SEH A ARAFAY Jse o 20.61 mA /cm?,
Voo N 1.246 V, FF i 83.64%, PCE Jy 21.48%.
XF L & BRES N PACT 274 1 858K R I r 1th 119 &%
TPERES L, X B 5T PACL XA L,
s O P TSR R N P AR AR A ke 2 BE A O
A AR E S, AR TIEE SR Voc
M EF. & 8(b) IS A ML KA AR E I T4L
# (external quantum efficiency, EQE) i £k, %
L & BRI PACT (s 14 57 B8 v i R0 v T 2%
FE, 5 J-VHTEERN Jse (W4 K 8(c) %
2 TS 56 20 K BH Al A AR S D) R i - (stabilized
power output, SPO) H£k, SH A EA 18.44%
% SR, SEIR AL AR AT 20.64% Mt H AR,

158401-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 15 (2024) 158401

1.26 88
(a) (b)
1.24
. 84 3=
122} % =
. -
> NS —e
S 1o0f = | I
= — = sof [
1.18 F %
*
- £
1.16 | 76l
*
114 . . . . . . . .
0% 3% 5% 7% 0% 3% 5% 7%
21.0 22
(c) (d)
_ I ==
. e ==
‘7‘& ot . %, L
20.0 | [ oo" &
g 0.0 o‘ e )
< . ~ Dl
Z k[ =
19.5 o2
Py
*
18F 9
19.0 .

0% 3% 5% 7% 0% 3% 5% 7%

7 ERERET R RS BRI (a) Voes (b) FF; () Jso; (d) PCE
Fig. 7. Statistical graphs of the performance parameters of perovskite solar cells: (a) Voc; (b) FF; (¢) Jyc; (d) PCE.
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Fig. 8. Characterization of photovoltaic conversion performance of perovskite solar cells: (a) J-V curves, (b) EQE curves, and

(c) SPO curves of control and PACl-treated perovskite solar cells.
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Table 3. J-V performance parameters of control and PACl-treated best perovskite solar cells.

Device Scan direction Voc/V Jsc/(mA-cm 2) FF/% PCE/%
Reverse 1.180 20.06 81.83 19.38
Control
Forward 1.175 20.02 77.52 18.24
Reverse 1.246 20.61 83.64 21.48
PACI
Forward 1.236 20.60 81.15 20.67
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Fig. 9. Characterization of optoelectronic properties of perovskite devices: (a) Dark-state J-V curves, (b) Voc-dependent light in-

tensity test curves, and (¢) SCLC curves of control and PACl-treated solar cells.
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Fig. 10. Homogeneity characterization of large-area perovskite films: (a) UV-vis curves of control large-area perovskite films at dif-

ferent positions (the inset shows a picture of a perovskite film with a size of 8 cmx8 cm); (b) UV-vis curves of PACl-treated large-

area perovskite films at different positions.
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Fig. 11. Characterization of large-area perovskite films thickness homogeneity: (a) Cross-sectional SEM images of control large-area

perovskite films at different positions; (b) cross-sectional SEM images of PACl-treated large-area perovskite films at different posi-

tions.
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Abstract

Perovskite is a material with excellent photovoltaic properties, and the efficiency of perovskite solar cells

has increased rapidly in recent years. By utilizing the adjustable bandgap characteristics of perovskite materials,

wide-bandgap perovskite solar cells can be combined with narrow-bandgap solar cells to make tandem solar

cells. Tandem devices can improve the utilization of the solar spectra and achieve higher power conversion

efficiency. An important prerequisite for preparing efficient photovoltaic devices is to fabricate high-quality

perovskite active layers. Antisolvent-assisted spin-coating is currently a commonly used method for preparing

high-quality perovskite films in the laboratory. However, the low solubility of inorganic cesium and bromine

salts in the preparation of wide-bandgap perovskite thin films leads to a fast crystallization rate, poor

crystallization quality and a large number of defects, seriously reducing the photovoltaic performance of the

Project supported by the Scientific Research Project of China Three Gorges Corporation (Grant No. 202103571), the

National Natural Science Foundation of China (Grant No. 62274099), and the Key Program of the Joint Funds of the
National Natural Science Foundation of China (Grant No. U21A2072).

# These authors contributed equally.
t Corresponding author. E-mail: liu_dongxue@ctg.com.cn
1 Corresponding author. E-mail: biaos xiaog@163.com

11 Corresponding author. E-mail: xdzhang@nankai.edu.cn

158401-10


https://doi.org/10.1038/s41566-023-01180-6
https://doi.org/10.1038/s41566-023-01180-6
https://doi.org/10.1038/s41566-023-01180-6
https://doi.org/10.1038/s41566-023-01180-6
https://doi.org/10.1038/s41566-023-01180-6
https://doi.org/10.1038/s41566-023-01180-6
https://doi.org/10.1038/s41566-023-01180-6
https://doi.org/10.1002/adfm.202212599
https://doi.org/10.1002/adfm.202212599
https://doi.org/10.1002/adfm.202212599
https://doi.org/10.1002/adfm.202212599
https://doi.org/10.1002/adfm.202212599
https://doi.org/10.1002/adfm.202212599
https://doi.org/10.1002/adfm.202212599
https://doi.org/10.1002/adfm.202308908
https://doi.org/10.1002/adfm.202308908
https://doi.org/10.1002/adfm.202308908
https://doi.org/10.1002/adfm.202308908
https://doi.org/10.1002/adfm.202308908
https://doi.org/10.1002/adfm.202308908
https://doi.org/10.1002/adfm.202308908
https://doi.org/10.1002/smll.202208289
https://doi.org/10.1002/smll.202208289
https://doi.org/10.1002/smll.202208289
https://doi.org/10.1002/smll.202208289
https://doi.org/10.1002/smll.202208289
https://doi.org/10.1002/smll.202208289
https://doi.org/10.1002/adma.202000571
https://doi.org/10.1002/adma.202000571
https://doi.org/10.1002/adma.202000571
https://doi.org/10.1002/adma.202000571
https://doi.org/10.1002/adma.202000571
https://doi.org/10.1002/adma.202000571
https://doi.org/10.1002/adma.202000571
https://doi.org/10.1038/s41560-022-01039-0
https://doi.org/10.1038/s41560-022-01039-0
https://doi.org/10.1038/s41560-022-01039-0
https://doi.org/10.1038/s41560-022-01039-0
https://doi.org/10.1038/s41560-022-01039-0
https://doi.org/10.1038/s41560-022-01039-0
https://doi.org/10.1038/s41560-022-01039-0
https://doi.org/10.1002/smtd.202200933
https://doi.org/10.1002/smtd.202200933
https://doi.org/10.1002/smtd.202200933
https://doi.org/10.1002/smtd.202200933
https://doi.org/10.1002/smtd.202200933
https://doi.org/10.1002/smtd.202200933
https://doi.org/10.1002/smtd.202200933
https://doi.org/10.1002/anie.202216668
https://doi.org/10.1002/anie.202216668
https://doi.org/10.1002/anie.202216668
https://doi.org/10.1002/anie.202216668
https://doi.org/10.1002/anie.202216668
https://doi.org/10.1002/anie.202216668
https://doi.org/10.1002/anie.202216668
https://doi.org/10.1002/advs.202203210
https://doi.org/10.1002/advs.202203210
https://doi.org/10.1002/advs.202203210
https://doi.org/10.1002/advs.202203210
https://doi.org/10.1002/advs.202203210
https://doi.org/10.1002/advs.202203210
https://doi.org/10.1021/acsenergylett.0c02599
https://doi.org/10.1021/acsenergylett.0c02599
https://doi.org/10.1021/acsenergylett.0c02599
https://doi.org/10.1021/acsenergylett.0c02599
https://doi.org/10.1021/acsenergylett.0c02599
https://doi.org/10.1021/acsenergylett.0c02599
mailto:liu_dongxue@ctg.com.cn
mailto:liu_dongxue@ctg.com.cn
mailto:biaos_xiaog@163.com
mailto:biaos_xiaog@163.com
mailto:xdzhang@nankai.edu.cn
mailto:xdzhang@nankai.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 15 (2024) 158401

devices. In addition, the antisolvent has a narrow working window, which is not conducive to the preparation of
large-area perovskite films. In this work, a mild gas quenching process is used to assist the spin-coating method
in preparing wide-bandgap perovskite films, and propylamine hydrochloride is introduced as an additive to
improve the crystallization quality and uniformity of large-area preparation of perovskite film. The interaction
between the propylamine cation and the perovskite component produces a two-dimensional perovskite phase.
Two-dimensional phase is used as the growth template for perovskite composition in order to reduce the
formation energy of a-phase perovskite, which is beneficial to uniform nucleation and preferential orientation
growth of perovskite, the increase of grain size and the decrease of grain boundaries within the film. The
improvement of the crystalline quality of the perovskite film can reduce the defect density inside the film and
suppress the non-radiative recombination of the photogenerated carriers. The perovskite solar cell with a
bandgap of 1.68 eV, prepared by using this strategy, achieves a power conversion efficiency of 21.48%. In
addition, the 8 cmx8 cm wide-bandgap perovskite films prepared by this method exhibit good uniformity. This

work provides a strategy for developing the process of efficient and large-area perovskite photovoltaic devices.
Keywords: wide-bandgap perovskite, gas quenching, propylamine hydrochloride, crystallization

PACS: 84.60.Jt, 88.40.H—, 88.40.h]j DOI: 10.7498/aps.73.20240561
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