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Abstract: Currently, photoelectric conversion efficiency (PCE) of perovskite solar cells (PSCs) has reached 27%, yet
their industrialization remains constrained by film quality and stability issues in perovskite layers. This study
employed butylammonium iodide (BAI) as additive to regulate crystal orientation in perovskite films through retarded
crystallization kinetics and induced preferred orientation growth, resulting in significantly enlarged grain sizes and
reduced defect densities. Benefiting from the intrinsic high hydrophobicity of organic ammonium salts, optimized

films demonstrated enhanced environmental tolerance. Consequently, achieved PCE of rigid devices improved from
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22.32% to 23.46% with notably suppressed hysteresis, while that of flexible perovskite solar cells (F-PSCs) improved

from 21.51% to 22.26%, confirming the strategy's universality across substrates. Stability tests demonstrated that

treatment of perovskite film with BAI led to simultaneous improvements in the environmental stability, thermal

stability and light stability of PSCs, as well as the mechanical stability of F-PSCs. This work provides a novel solution

for enhancing crystallization control and stability in perovskite films, offering new insights for developing

high-performance perovskite photovoltaics with significant industrial application potential.

K ey wor ds: additive; perovskite solar cell; photoelectric conversion efficiency; stability

TE A ER AR 4 BRI h K PH A A8 A5 v M AN
IR AE, CROAHER) AT RS R R AR F A A
Reiiz —. BHEBKHFDE bR, KFHREH AR 1)
HEMWHR MR IR AR TR ] Rk
(AL A AN 3o =5 9 T AR BR BB IR 25440, 1T FL7E 0 A
R B R B BRI I 4 S AU R B
TR R AT, O A ER AR VR A A dR At T o
£ . PSCs 1E 3 = AR FAR IR, H 45 PSCs
WAIE PCE CL288% 27%M, BAT AT #E4T SRk /48 IR 45 4
Ve 2, I AT DA R BRI i T 2P,
A B TR R 4 T A R L T e g A A 36 s DI AT D
Ak, TEAR SRR A B ERHE AR . PSCs 13
1® PCE WJiA 33%, i &4 fhfk il i) EFR (29%),
HABZER S PCE AT, 5EkE FHRL Al it K
BT 2H &R, AT @RS EER. 1
AR, R R RS, WeARE
. INERALFE KRB, PSCs TR WA WALFE . 259507
RS Z P i 5 X, TEASRIIR R B RGE A=, il 2
Tolb Ak K i 7 sk P10, H R, PSCs i@id PCE
R AERBIHT S AR, AR 2 ik
AR BE T AR T &, A HEBN T — ARk
BEIRIA sl

RUEEERE #45 PSCs Y PCE CLR B 27%, {H
% b TS R AR AE 1 B SRR 5 R AR SR 5 B A R A
T P& 1m) J, N3 7 PSCs PEAETEIR, FUE PSCs K
WFaE AR, X E A T HE kR, B
A, 3 e v A R R SR R T R R T
] G5k B 5 B, {HL 22 5 A B AR AE R T4 PSCs
A e P S A B R AAE PR . Rk, dn il
TEAERR R PCE [ B 1 42 Gk [ % 52 5 A0 Ak S T 1
FE, FHON SR AR S (4% 0 17 0 Liu 207
EEERT & F A N R, B NGE T AR
g B R AR . Z R AR R A
FHAHI/K A BFE IS, f PSCs ] PCE 7E 561 1000 h
JEATE IR 80% LA b o Li 25U SR 1] et v o B8 O K 2
FEARAT R R, AE B 5 X N S T 3R RE T I (R

BER/D T RN R, B PCE #eE A
26.1%, FHHEH T PSCs fE). MEFIMA XA T I L
ERaEME. BT, FHCWFR 2 R Tl A e
B B TR SR T LT &, AR A% N ) TR
4h Bl 12 N R TS B R R 2 R 5 HR T
J¥ o BRI, JFAGH B INRIER T2, 5% B ok R
SRR, RSB T A A A, AT SR A S R
Iea A1 S T e A 2 7 AR RS

AT FT AT R A KA RO 2 A TR B R T B S AR
ST ), FEES RN R e I FE R Bl N BAL R
PR £, I e SR R AR 38 7R LA = AR T
JIEE 25 T B 5 15 5 T AR A D ) A A R UL o %
ARSI PSCs AT JAR M g DL A F2 e M I,
F 5T BAL X PSCs Y HL M RE (15200 e N EALH . 5
Ah, RIT T BATALEE 5 A5 BR80T 3 I 7E F-PSCs H1 1)
REFH, R AT o O AR B ARSI 18 LA SR

1 EWHE

1.1 SEIEH

AL (ITO) B B A1 CHy(NH,)I(FADE H 3
TR B RE IR A PR A 5 4-80T FEHLIE (tBP)
H Ry 42 95 v B Ak 22 A IR A F]; 12%(05 = 4 £
SnO, K AR BOR « BALET(PBLL). 2,2',7,7"-PU (N, N-
X FFAE K i 3 )-9,9'- 18 — 7jj (Spiro-OMeTAD) . X =
S T B B % 2 (Li-TFSI) . Co-TFSI(FK209) .
CH;NH;CI(MACHH! MAPbBr; 1 [ 74 22 1% H % e
FABRA ] ; N,N-—H 3 H Bt & (DMF). — F 20
(DMSO). &g, SR NENH TCL Au F1 Ag
H M AL sORA R A .
1.2 58K KPHBEER AT HI &
121 BFEHENH &

¥ SnO, AR A 3 R AR 25 3 T /K B,
A 15 min, WIEEFREH . 1TO S HIEKES LA
BRLAALTE 20 min 5, K SnO, R BRAAVE MU S E ITO
SHER L, RERN 3000 r~min71, JEWE 45 so



188 T AL A R R

4%

BEEALE 150 CiE Kk 30 min, A HEZiR 555
SnO, B F1EHi 2
122 $EERTERMH&E

#14% 0.0122 mol'L”" MAPbBr;. 0.5 mol-L™
MACI. 1.4 mol-L™" FAI # 1.53 mol-L™" Pbl, ff]
DMF/DMSO(fAFALL 8 : 1A, Wi 1H+E 4~8 h )5
I PEAE o B AR R G A R AL BE 25 min 5,
T No FEFT RSN 2. TR AMEL, BB
e 2 1000 r-min”', HREE 2000 rmin s, e
10 s; %5 — B & 5000 rmin’', fn i fF
2000 rmin s, BE4& 30 s. 1EH T BURSE 20 s, N
100 pL 2 FI S 87758 0.068. 0.136 1 0.204 mg-mL ™
BAT f FRRATR - B JG 7E 100 CHEIE K 60 min, &
WA =EREMSE KRG & 0068, 0.136 Al
0.204 mg-mL™" BAT AbFE A5 ERA AR, 23 Blbric N
xBAI-Pf(x=0, 0.068, 0.136, 0.204).
123 £EBHRMGIE

# 0.1019 g Spiro-OMeTAD 4T 1 mL S A&,
PEHE NN 24.36 pL Li-TFSI ¥ (520 mg Li-TFSI ¥
F 1 mL ZEH). 49.6 uL Co-TFSI (300 mg
Co-TFSI % T 1 mL ZJEH)1 45.36 uL tBP, 15274
TALEEHTIRAATER .. B 25 pL & 7L R R AR TS
W, BERBVESERD Z R, JERERA 4000 rmin,
WEER 30 so e, I A AR HE R AT A AR B Z

R;=38.9 nm

BAI-P

ZEHE 80 nm [ Au 3 Ag WMk, 33 PSCs. 7E
xBAI-Pf(x=0, 0.068, 0.136, 0.204)F5%kH ik 15511
PSCs 43 ll#ric A xBAI-PSCs(x=0, 0.068, 0.136, 0.204).

2 #R51HE

21 SR HEENEREEMA

N T ERFL BAL XHASERE (45 R ER, XA
[V FE BAT Ab B2 )5 860 IR AT 7 3 7 R0
BE(SEM)IMX. Bl 1(a) AR BAT A3 54K
W ) R 1 SEM IR F, AHEL T OBAI-Pf, BAI 4L 2
WD T RMA /D SRR, BEROR T AR
BN ~F, HoAr 0.136BAI-Pf R TS AL, ki
SPEORL E . AT EMAXTI, Gt TEB
FEERRT S R SE, B S1ORASTRI FE BAT AL 45 4k
A T L o R0 RS 0 A BT B, AHEE T OBAIL-Pf,
0.136BAI-Pf ()5 ERH" AR~ 35 RS M 0.62 wm 344
F 7 1.21 pm. B (bR BAT A #E I E5ER
W () K B fi 1 B R, AHLL T OBAIL-Pf, BAT Ab#
()5 AT VR IS K 22 M £ Bt A BALIR FE 42 /= 230 %
K 9N R . IXUE B BAT #2557 854k K 1H
B K YERE, AR T IRZ AT Pl e, s
B IA B R EME . B 1) NN AR JE BAT 4B
5 R R R T ) BB (AFM)EL . M BT

0.136BAI-Pf

- &

P g i

- 0.20:

&Tn i 5-pm
0.136BAI-P:

BAI-Pf

74.6°.\ i 72.5°=\ i

400.0 nm
0.068BAI-Pf[N

400.0 nm
0.136BAI-Pf [N

400.0 nm
0.204BAI-Pf [}

R.=35.5nm

0 1: Height 50pum O 1: Height

50pum 0

1: Height 50um 0 1: Height 5.0 pm

Bl 1 xBAI-Pf(x=0, 0.068, 0.136, 0.204) ) (a)#& [l SEM & i (b)7K4Zfid f1 8 v Fl(c)AFM &
Fig. 1 (a) SEM images, (b) water contact angles, and (c) AFM topographical images of xBAI-Pf (x=0, 0.068, 0.136, 0.204)
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Fig. 2 (a) XRD patterns of xBAI-Pf (x=0, 0.068, 0.136, 0.204); (b, ¢) Semi-in situ 3D XRD
patterns of (b) 0BAI-Pf and (c) 0.136BAI-Pf on different heating stages
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Fig. 3 (a, b) XPS spectra, (c) Tauc plots corresponding to UV-Vis absorption spectra, (d, ¢) UPS spectra,
and (f) schematic energy levels of 0BAI-Pf and 0.136BAI-Pf

Colorful figures are available on website
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Fig. 4 (a) PL spectra, (b) TRPL spectra of 0BAI-Pf and 0.136BAI-Pf; (c) SCLC spectra of devices containing two types of thin films
Inset in (c): structural diagram of SCLC device. Colorful figures are available on website
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Fig. 5 (a) Cross section SEM image of 0.136BAI-PSCs; (b) J—V curves of xBAI-PSC; (c¢) Forward (F) and reverse (R) scanning
J=V curves and (d) EQE spectra of 0BAI-PSCs and 0.136BAI-PSCs; (¢) Forward and reverse scanning J—V curves and

(f) attenuation curves of PCE with bending cycles at a bending radius of 5 mm for 0BAI-F-PSCs and 0.136BAI-F-PSCs
Inset in (e): photograph of flexible PSCs; Inset in (f): bending experiment. Colorful figures are available on website
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Fig. S1

Histograms of grain size distribution of (a) 0BAI-Pf, (b) 0.068BAI-Pf, (c) 0.136BAI-Pf, and (d) 0.204BAI-Pf
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Fig. S2  Peak intensity ratios of (100) to (111) crystal planes of 0BAI-Pf and 0.136BAI-Pf from XRD patterns

PCE/ %

FF /%

24

23

22

21

20

19

84

82

80

78

76

70 | CJ0BAI-Pf 65.87
[ 0.136BAI-Pf

60 -

50 -

40 L

30

1(100)/1(111)

20+
10.94

ol M
0

S2 1 XRD EiE 3K OBAI-Pf 5 0.136BAI-Pf (1] (100)H1(111) ¢ T U 58 FF L

0s 45s 90 s

135 s 180 s >

Kl S3  OBAI-Pf 5 0.136BAI-Pf 7£ iR i F2 o 1l 2 il il B
Fig. S3  Optical microscope images of annealing process of 0BAI-Pf and 0.136BAI-Pf

1.14

| (@) ®
i BEI N - . < T
e b %
L z o o ! ] :» :
e ) e
L ° 4
>
1.08 - ° z
. . . . 1.06 . . . .
0 0.068 0.136 0.204 0 0.068 0.136 0.204
BAI concentration / (mg-mL™) BAI concentration / (mg-mL™?)
26.0
© @
255
= 3
L ‘ $ 'E 250 E?
Q
2 L — &
K jé: 24.5 ‘g
Cd ~ e @
j*} L
| :I 22401 %
nsl X
[ o
. 23.0 !
0

0 0.068 0.136 0.204 0.068 0.136 0.204
BAI concentration / (mg'mL™) BAI concentration / (mg'mL™)

Kl sS4 xBAI-PSCs [fpbHLTERE S £ 51T
Fig. S4 Statistical plots of photoelectric performance parameters of xBAI-PSCs
(a) PCE; (b) Voc; (¢) FF; (d) Jsc



24 WA, % A VUG E A AR T A R T K BH 8 At ' F B e R R AR e
1.0} -~ 83.81% 1.0 . / 1.0+ 92.35%
B 0.81 B 0.8} | 8os
5 5 5 71.26%
- L L . 0
g 06 62.50%| § %O 37.45% | § 00
g =W 5 ol
2 04 e £ 04 . £ 04
Z 02 Alr, 2 02| - OBALPSC 65C S AM15G
-2 - -»-0BAI-PSCs 25 °C, 30% RH 0.2 -PSCs N, atmosphere 0.2-e- OBAI-PSCs N, atmosphere
0 -»-0.136BAI-PSCs  unencapsulated 0 -o- 0.136BAI-PSCs  unencapsulated —e—0.136BAI-PSCs unencapsulated
0 500 1000 1500 2000 2500 3000 0 50 100 150 200 250 300 0 30 60 90 120 150
Time / h Time /h Time /h
Kl S5 OBAI-PSCs 5 0.136BAI-PSCs S6 O0BAI-PSCs 5 0.136BAI-PSCs S7 O0BAI-PSCs 5 0.136BAI-PSCs
EREZS-F = Pred A Fa e P 6 B AR e M

Fig. S5 Environmental stability of
0BAI-PSCs and 0.136BAI-PSCs

Fig. S6 Thermal stability of 0BAI-PSCs
and 0.136BAI-PSCs

Fig. S7

% S1 OBAI-Pf 5 0.136BAI-Pf BIBERLEHSEL
TableS1 Energy level structure parameters of OBAI-Pf and 0.136BAI-Pf

Illumination stability of
OBAI-PSCs and 0.136BAI-PSCs

Film

E o€V ErermileV Eygp/eV Ecg/eV Ep/eV E,/leV
0BAI-Pf 17.16 1.27 -5.33 -3.78 —4.06 1.55
0.136BAI-Pf 17.27 1.30 -5.25 -3.70 -3.95 1.55
% S2 OBAI-Pf 5 0.136BAI-Pf #) TRPL HF&@il& S
TableS2 TRPL lifetimefitting parameters of OBAI-Pf and 0.136BAI -Pf
Film 7,/ns A, 7,/ns A, Tave/NS
OBAI-Pf 33.13 0.40 40.49 0.40 37.18
0.136BAI-Pf 83.67 0.36 102.27 0.36 109.80
3% S3 xBAI-PSCsHyHHEESE
Table S3 Photovoltaic performance parameters of xXBAI-PSCs
PSCs Voo/V FF/% Jso/(mA-cm™) PCE/%
OBAI-PSCs 1.11 81.21 24.75 22.32
0.068BAI-PSCs 1.11 82.67 24.92 22.85
0.136BAI-PSCs 1.11 83.43 25.29 23.46
0.204BAI-PSCs 1.09 82.07 24.96 22.41

% S4 O0BAI-PSCs 5 0.136BAI-PSCs IE k1 J-V 5%

Table S4 Parameters of forward and backward scanning J-V curves of OBAI-PSCs and 0.136BAI-PSCs

PSCs Voc/V FF/% Jso/(mA-cm™) PCE/%
OBAI-PSCs-R 1.11 81.21 24.75 22.32
OBAI-PSCs-F 1.11 80.91 23.70 21.29
0.136BAI-PSCs-R 1.11 83.43 25.29 23.46
0.136BAI-PSCs-F 1.11 82.97 25.09 23.07

% S5 OBAI-F-PSCs 5 0.136BAI-F-PSCs 9 J-V HiZ&k I S£]
Table S5 Parametersof J-V curves of OBAI-F-PSCs and 0.136BAI-F-PSCs

PSCs Voc/V FF/% Jsc/(mA-cm™) PCE/%
O0BAI-F-PSCs-R 1.11 78.64 24.74 21.51
0BAI-F-PSCs-F 1.11 76.75 24.71 21.04
0.136BAI-F-PSCs-R 1.11 81.24 24.82 22.26
0.136BAI-F-PSCs-F 1.11 80.87 24.66 22.17




