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S5 BRSP4 D7 A SR F AT 52
B Es nss, e = RN b = NI TR TR, Fifk
i T 8 B o 14101 SR TR 7 e o e T A4 ke 1 20 &y
F 061 SR FH ot B S IR 1 40 2 B 2D 5 KAk
BEALASERD i 17 DL RCR F B AR 08 e 1-
T I-3- I BE R e U S R £L (1-Butyl-3-methyli-
midazolium tetrafluoroborate, BMIMBF,) % . fifi
A AR VI 55 F, e A2 i J2 1) BT SRR T YA AT
P BRI AR Ak PO D) R S B w7
EAF R,

TEBEAL A ERR™ VR PN 3 A Ak 1 B O T,
T A G T — RN BA AR AR —
CN SSsHl, BRI P g miA—CN ZERIT LA Ph2t
SRFABCAL, U AT DL s i e, It S
LT Y FAREATE il U, 25 SRl ek 5
TS KA R B BE L Mt #5038 TR 24.08%. 25 i
SCRIFGE2H 220 2Rk HISC B 4, 5-(3-H B4 28 A T 48)
TRTR WK M (4, 5-(3-methyloxetane) dicarboxy-
late imidazole, MZ) F T 45 #f o 15 45 & 8 11 2%,
MZ A] L5 Po>ECALIE SOk # s i A FL S 28,
NS R Al AATE BUAY TS AL RE, H145 19 0.062 cm?
FE RS BT K B BB HL Y DGR Sy 23.57%. 1
YL A5 23R W) BB = R &R (bifunctional
trifluorophenylacetic acid, TFPA) 315 & i 12 &5
B M A AR S, TFPA Hh )—COOH 24l
T S ESEK AR R T Y P A5G, A RUhEtfk
FHERD TR BB, M4t o B B A™ oK I R Ha
MR, RS ERT R B RE HL L8R 22.65%. J
TR 4 24 A I DR B A B KAL)
(quaternary ammonium halide, QAH) %S il 7 >k
il #5322 Z 0T HOR ) SR 2-(S A
F)-N, N, N-=H I b L 8¢ (2-(acetyloxy)-N, N,
N-trimethylethanium chloride, AtaCl) s il 71 f%
F S A ER R PHREHL LSS T 21.10% myF&46
R PR SCHEDFSE 4 Ll i 38 A RIR AT R A /Ny
T o-BiFE MR (o-lipoic acid, LA) 42 = 2 MRS 6K
K BH A H R SR R RIS 1, 28 0 2
S ERET R FHAE L S 3 T 19.03% YRR, IF:
HAZRNWBITRENE.

TE B AR5 R RS 5 H A 12 i J22 A 174 L T ke
B 5 T, SEARAIFTE A 20 g g | AN B A W 2
F 1) 8 & —NH3 Y il 20 82 5 IR &L (proline hydr
ochloride, PF) YE A3 A Bt 1t 38 H AT, Btk 1

ARG R A A% . 2053 PF ok i 2 A 5k K B
fE B /N AL (0.0601 cm?) ISR N 23.51%.
W % P A B Ce BB A9 (Cey(SOy)4
F1 Ce(SOy)o) MUE T T W 73 7 LAl SnO,/55 %k
B FESERT /spiro-OMeTAD FL B g, il 4 il 52
PEASERA™ K B RE HL it G FL SR B AR Ty 19.34%. &
TS AH P8 R I T — 2R Ak A
AL Bl n-yRAK L 364% (n-Br-PEAX, n = 2 5% 4,
X = ClE{ Br) KB S DL S AR A A R 45
fm. 2 PEESERAT K FH A8 L Tt R 50R AN 15.4% $2
] 20.2%.

ASCER T — PG R D R vk,
FA MM (octadecylamine hydrochloride, OACI)
YERBSINF, SR A dE k25 fh R, 38R Sk /b
RikFG, B OACLE N FrEHids t, Bifk
FEEKH /M AL 2 B A R A W R R A
HE— DB S A, T T HL R 0. A
TAERZE T W EEEA T, X R R ms L Bk )7
2, WREA WO R LS ER B RG, hr il m R 2
PEESERAT K PHBE FL Tt O BIF SR AL T A RUOR .

2 Ly
2.1 SBEMBREAF

AR AT | TRARAT . LR | TRk . TR
PR ER | LA L8 . OACL, i Hi R (bathocupro-
ine, BCP) ¥\ P42 ity H G RE A A PR 2> w1
[6,6]-#FE-C61- T 2 H fi§ (phenyl-Cg-butyric acid
methyl ester, PCBM) MR A Al I E . N,
N- 2 R F g e . — R R S AR BT T ) D)
SR E LA I E . 578 B2 ER T8 PO A% HD 3 )
W' XK R £ TR (polyethylene glycol
terephthalate, PET) A4 M A Rl £ 20 W] W &
2R AL AL (indium tin oxide, ITO) fE#E
TSR AE | S ALER (mickel oxide, NiO,) 7% & B D\
TR 2 F I

2.2 HFHEHNHE

¥ 250 um J2 1) PET ek 248 500, 0%+
BB RIS R, AT B A A R A
FEAKT 10 mTorr (1 Torr = 133.32 Pa) A}, 7£H:
RS ITO i# W Mtk , P12 300 W, TAESE
3 2 mTorr, AN 99.9999% 1 4l T <, Frifitk
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O T W 45 mL/min, #5483 B4 0.2 r/min,
PLHAF 7 PET/ITO Jebt. ¥ PET/ITO Hebt &
THFARZERIEARN, B 5E, frazs R
F 10 mTorr B}, 8% 35 nm M AL, VL HI1S
PET/ITO/NiO, % Ji§. ¥f frfi|#3 PET/ITO/NiO,
IR AL AL 2.5 cmx 2.5 cm HEEMRHH.

# 2.5 cmx2.5 cm [ PET/ITO/NiO, #JiC#
T AP R B A, Ab3E 60 s 3G N R MR Y
PELLMBEIERR . ZE A T-EFE PRI 1.425 mmol
MAEET, 0.075 mmol FALAT, 1.35 mmol H R fill
Rk, 0.075 mmol lfL4E | 0.075 mmol H 3Rk
B A1 0.45 mmol FH LG AL EL & FRE ST, A
800 pL N, N- " HISEHIBERE A 200 nl — FH S AM.
g HCE TR By EREEE 6 h. S5, A —
LR 0.45 pm AU LR, 153 4R AR
T PESERA HTIRAATA . K 1.5 mol/L Csg5FAg g
MA o5Pb (I595Brg05)3:MACI(30 mol%) Y454k~
H R AR W e 76 PET/ITO/NiO, % JiE |, %
5000 r/min, 40 s PIBHEWR 73, FEFIA 15 s B 0
150 pL ARG, SR ERHE T | 110 <C
IRk 30 min. XFEIFMEM, N ERTIRKARE R
FIA 0.5 mol% B OACL, HA4x il 405 X 5 bR
FEf—30 BAERE, FriE R R HE, EH U
4000 r/min, 30 s g PCBM & IE W, HE N
20 mg/mL, FFL4 5000 r/min, 60 s i BCP 1Al
SENBERW, 5 8 TR R A 784 160 nm
PERFLB . X TS IGRE A, FEHERR PCBM S8
Y Z 1T, LA 6000 r/min, 60 s &V 0.5 mg/mL
1) OAC] SN, JF- 100 °C IR 2K 10 min.

2.3 X5 RIE

X B AT (X-ray diffraction, XRD) H Cu
K, SmartLab fif§H {53871 (A = 1.541 A, 1 A =
10710 m). 37 K& S FH B F B34 (field emission
scanning electron microscope, SEM) fii Hi H 37,
SU8020 AT /AT, D't L It 28 B - Pl R M il 4k
i F§ Newport Thermal Oriel 91 192 K BH 454
i M Keithley2450 #9532 7/ AM 1.5G, 100
mW /cm? JEB] TRl &, At 2R AN 0.09 cm?.
75 ] H, fof FR il FLAT (space charge limited current,
SCLC) Ml & 75 I A5 T i ] Keithley 2450 %54/ 5
. BHPL S SR - RR 4 BT 4 ] ZENNIUM,
Zahner Z3HT. J5F )1 5485 (atomic force micro-

scope, AFM) E1%H Bruker Dimension Icon %
a8 s . R KBRSt Bk Ot (photolumin-
escence, PL) i 1% T #XEA BRA F FLS920 3
AE=E RS Pidsk.

3 #RE5ith
3.1 SRR T I IR R Y HE

220

R A B i L Tt 1) ' H e AL AR AR KR
2B R A AR | ISR, AT
B EDULHL T A AT T AR ) ot T BOW A5 Bk
FE S LRSI, ffiH SEM A WS A [R) 56k F
MR RTIES. & 1(a)—(c) 4> 91 28 FIA 5k B v
[, OACL & A a4k i E5 K5 W, OACT N
I K FR AL A5 BRI SEM K R, 25T SEM
FIZER, 7R 1(a) o, AT LA BIAE B S2 1) S5 8 0E
DX, 30 S 3 Pl X3 PR v v et e e LA
B, o R A T AR SRS ERET () 25 i, (Had i
0] A S a7 Al R e S T AL s DA S W €
Sh IR T AT, X S BRI S ek K FHBE
A4 G L SR 29, [ 2% A Bk A THE T ks
L5 ok 2 (8] ) b A 22 EL AR /DS, 35 | S i
BAEMHEZ —, SRR IREI S K FHAE
L DB LR R RO TR FRAT 1243808 OACT B3
FNESERT FIOR AW D, LRSS 2R UL A L A7
SefpiZnlEl. 253 OACL IIsEILE (K 1(b)),
AT LUE BVESERGT 1Y) b SRR BN, SRS Ak
Z RIS G AR T, S E R A B 2 DX 3R S R D
A [A]E E E E JE IZ SEM 25 R R B, 4R
gtk 5 ES AR 1Y SRR 3G, A 1(d)
ATLAE H, SRR SRR AT 400 nm, 3O 854k
K PH R FEL Tt 199 5 i 48k e B AT 3 1 ) R
YEH. BSR OACTE MU I IS S A AR A AR X
e R (ER S anl BB b sl el e S N el s R
F OACL1E A B AL #5 8k e 1w,
E— e AT . R 1(c) TLAE B, dkakift
17 OACI FEifb)5, F5EkT 4s AR 2] TR KR
BER R, 1T LA OACL 3578 T JE ARS8 (1)
mm g, R B T Al A I H Y, Bkt S X AR
WK PHBE FL I G AR RICR A T T, MAIA 1(d)
ATLLEH, gt OACL s Je g mislifb ), KR
SERRRI B £ R RSB AT I 600 nm.
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Fig. 1. SEM images of perovskite film: (a) Control perovskite film; (b) perovskite with OACI doping; (c) perovskite with OACI dop-

ing and interface modification. (d) Column chart of corresponding sizes counted by the SEM images.

/nm /nm /nm
87.4 84.8 85.6
—115.4 —99.6 —110.5
1.0 nm
RMS =29.6 nm RMS = 25.5 nm RMS =22.4 nm
/nm /nm /nm

87.4
1.0 pm i
— —115.4

25 FAS BRI (

B 2 ESEkH K AFM B A

ing and interface modification.

R T 2D B R PR T BOGH S R R 35
IS, AT 25 LS BT AR, O ACL B IRl £ 4k
FIESER A AT O ACT B3 K 2% T Bl Ak o) 5 K
WA T R T 0 W (AFM) 3K, i & 2(b)
ATLAE A EEZS VBB AR, OACT BXmFlEifk
FES BRI 3 5 AR (root-mean-square, RMS)
HUBE R R R 25.5 nm, 3% B f TR IR

s| 1.0 pm

) OACT R INFA Sl Ak 1Y E5 Bk 7 RS ; (
Fig. 2. AFM images of perovsk1te film: (a) Control perovskite film; (b) perovskite with OACI doping; (c¢) perovskite with OACI dop-

85.6
1.0 1.0 pm i
—110.5

) OACI BN K 25 1Bl ) 85 B A

i848

TSR R ) 45 R T B B K A e
FOmMEHE. HE 2(c) "TLAE H, Zead OACLH BN
K F BRI, 5 Bk v AR A 2% T AR A5 5 -
# RMS HUBE RS FERE] 22.4 nm. X FEIAR T3
A fE i OACLHIE 7T T fh B4 iy IX 35k, Xt 5
K 1(c) B SEM I R O 45 SEARAT.

i LB AT, OACT 3 i) B 2 i b X 5 4k
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W IOV A 1 A A B B S, DR X LA
AR SR MK UE T XRD M, Skt — 15T
A AR BT B Bk 45 A 52 5] 3 i
7N TS PR ERT R, OACL BN Ei 1L 55k
WIS, OACY U3 fin 571 Bz 2% T i 1 1) 805 R ™ 9 11
XRD K%, i ATk i s A e i £ 7
e, B 3 iy =S VRS R W (control) HA B R
ML ET I, FEHETT T OACL IR EifL )5S (with
doping), BUALHTAGIEAT B B85S, WER] T OACT &%
ol s R e T TR E S, XS
SEM %5 58 It 1718 14 5 55, DX Sl /D AR A . ()
28t OACL B nsi| SR Bk =, B5ERA™ AiAHAY
SREEASE 7RI, ISz b R AL S A5 AR Y
48 AR SR AR 3 T 5T

(001) = N~ Q
b= S x o
e °© < Z T
With doping b S -~
» | & interface ~ S
2 N2
g
3
o)
-
Q
~
2 |With doping
E
0
g
= Pbl,
Control

5 10 15 20 25 30 35 40 45
20/(°)
B3 FSERE A XRD 183
Fig. 3. XRD patterns of perovskite film.

3.2 HLREEXT SR HE IR AR
FET RS AR O ES R LR, ST T PL
K TRPL BJFAE. HE 4(a) ITLLE H, 253 OACI
WSHNGR R R AL S, A5Ek DY PL s B
FETb, X IR ARA G AR OCR. FHEKT
FEEFY) PL i B3 iy R A, L PL WA 3 B0 T B 4L
MRS, DO T2 PR B R s S, 55
BRA ) i AU B B D, ELE I SRR T
PETt B0 G s SRR K i) SEM K AFM AR
ZERINFT A I AT DA, 2850 OACL #S sl &
FMElAL, BRI Y BB AT B T AR KA
ULk, kI TRPL Y63, il BUS st £ 4
4 PL iUt 2kt a7 A P 14
aral LU (1) 28 P gareh (2) 2 H5A

[ (t) = Arexp (—t/m1) + Asexp (—t/m2) + B, (1)

Tve = 3 AiT} / (Z Am) : (2)

Horpr, o JRHGECE N B )RR, 7y SRR
SYEIHRI R Ay R Ay TEIRIREE; B .
TR RIE T 7o A SEn R 1 g, 45
R4 OACI MR AL 145 BA WA 28 11
¥ Ffirik 426 ns, FHHLES FESERD MR Y B0 71
¥J754 (336 ns), $EF+ T 90 ns, FIAL XL HHFEEfL
T BUE FR R AR AR S R A W] a2 B

(a)

—@— Control

—@— With doping
-@— With doping &'
& interface ¢

Intensity /arb. units

725 750 775 800 825 850
Wavelength/nm

(b) —— Control
—— With doping
— With doping & interface

Intensity/arb. units

y{

W
ﬂ :"u‘\, »
0 2 4 6 8 10 12 14 16 18 20
Time/(102 ns)

4 XERFIMASERT MR AE  (a) PL l§E; (b) TRPL
el

Fig. 4. Different perovskite films were characterized: (a) PL
results; (b) TRPL results.

2o UL B A, 2l Rl Sk s, 5k
Es HAESIAS 2 T ks, % T B TR T4k
WP B RE . Al A SCLC 48 AL X 45 4k 1
Y IE 110 B 2 B R AT VRN . PEI 2R ] FTO/
Ti0O,/perovskite/phenyl-Cg-butyric acid methyl
ester(PCBM) /Ag I ¥ T 28454, K 5 R T
B T AR R SR T R - R £ AR
i BRSO 2R 7R AR i . 3 A DX dmox
TAGTE AR L 302 AT Y. 2 i P e it B
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F 1 AT, OACL AN E LA BBk M, OACL BN R R AL ek 3R TRPL YGisl & 541
Table 1.  Fitted parameters of control perovskite film, perovskite with OACI doping, perovskite with OACI doping and in-

terface modification from TRPL spectra.

Ty/ns Ty/ns Ay Taverage/ ns
Control 54.23 95.56 354.90 222.11 336.35
With doping 163.20 212.90 473.90 150.93 372.34
With doping & interface 352.50 229.85 715.80 28.98 426.55

B R BRI (Vi) B, B BRIR S B 52 4 BTG
SRR, TERABESITE K, Hh i S AR P i
WG EET h (3) AT o

2VTFL550
"= (3)

Horr ) LoAESEk BRIEBE (500 nm), e, HHA A H
WAL, & NI B UL, e HL LS. RTA]
B Vopr, FTHE 5 458, H Vipr, 8N, XN A9E5EL
W B 25 % B /. 223 B A (with doping)
BEALIS , XN A A5 R W Y Voppy, 28 70N, ATRE
R FLER A A5 B D, X FE A F SEM
IR kLT R A IE a/E . B OACL
PREEfE (with doping & interface), X SRFGAZAS 2
JEHE— 2D/, 33K U5 PR T PR R AT R SR TR A

100
—@— Control

—@— With doping
—@— With doping & interface

10-1F

10-2F

Current/A

Voltage/V

Kl 5 ESERET LG SCLC 3%
Fig. 5. SCLC results for perovskite film.

3.3 FEALRREEXTE ST KFHRE Rt
REAY R

S LA BRI B o b, B5E T 7ERS BRAT RTAK
PR A OACTBSIGAI AT LR B E4S i, 14
RARKLEIVE . ARELdH] OAC A R malifu s
A LA — AR TG SR R SOV SRR
i, H PL & SCLC 73 Hr & WX £epiAe al IR K
FEHE L BlAL PG BRn MR R R , FRARGRE 5 L
SR T 85 B AT A BH A R L B4 51 R e e

H—EMiER. % F PET/ITO/NIO,/PVK/
PCBM/BCP/Ag [WZ5#b il & 1 P I 7E—1
KGR E T (AM 1.5G, 100 mW /cm?) il i%
TS ERD R B BE LTt 1 e FR . | 6 JRR
T 0.09 cm? ZMEFERDT K FHAE L MY J-V il £k
H1EE] 6 AT, AHXT 28 Uk R i A5 1 e
it (control), OACL BMIFNEEILEG R LR BT il 5
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Fig. 6. J-V curves for solar cells prepared by perovskite

films.
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Table 2.  Photovoltaic parameters for control perovskite solar cells, perovskite solar cells with OAC] doping, and per-
ovskite solar cells with OACI doping and interface modification.
Voc/v Jsc/(mA‘Cm 2) FF/% PCE/%
Champion 1.07 23.86 70.86 18.08
Control
Average 1.06 23.35 71.60 17.70
Champion 1.12 23.84 75.04 20.12
With doping
Average 1.12 23.28 74.71 19.47
Champion 1.15 23.81 76.15 20.80
With doping & interface
Average 1.13 23.56 75.14 20.07
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Fig. 7. Mott-Schottky electrochemical curves of flexible cells
prepared by perovskite films.
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Fabrication of high-performance flexible perovskite solar cells
based on synergistic passivation strategy
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Abstract

Flexible perovskite solar cells have attracted much attention in the scientific community due to their
lightweight nature, high flexibility, and superior power-to-mass ratio. One of the most effective strategies for
enhancing the power conversion efficiency of these cells involves addressing grain boundary defects within the
perovskite films and interfacial defects between the perovskite films and charge transport layers. In this work,
we optimize the performance of inverted flexible perovskite solar cell by using octadecylamine hydrochloride
(OAC]) as both an additive and a surface passivating agent to achieve synergistic passivation to the bulk phase
and surface. The incorporation of OACI in the perovskite precursor solution results in the enlarging of the
perovskite crystal grains, enhancing crystallinity, and passivating of grain boundary defects within the
perovskite film. This optimization leads the open-circuit voltage to increase from 1.07 to 1.12 V| fill factor from
70.86% to 75.04%, and power conversion efficiency from 18.08% to 20.12%. In addition, the OACI solution is
used to passivate the surface of perovskite film, resulting in a smoother perovskite surface, fill the grain
boundaries, and reduce the defect density on the perovskite surface. As a result, the optimized device exhibits
an open-circuit voltage of 1.15 V, fill factor of 76.15%, and ultimately achieves a power conversion efficiency of
20.80% for flexible perovskite solar cells. The synergistic passivation strategy based on OACI used in this work

provides an effective approach for fabricating efficient flexible perovskite solar cells.
Keywords: flexible, perovskite solar cell, invert, defect passivation
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