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Abstract ; Organic-inorganic lead halide perovskite polyerystalline thin film solar cells have achieved
rapid growth in photoelectric conversion efficiency in recent years of research. However, the active
layer of its polycrystalline structure causes the device to still suffer performance degradation caused
by defects in the surface and grain boundary positions. In this study, two organic salts, namely,
phenethylammonium iodide ( PEAT) and 2-fluorophenylethylammonium iodide ( o-F-PEAI) , were
used to form a passivation layer on the surface of perovskite film. Scanning electron microscopy
(SEM) and atomic force microscopy ( AFM) analysis results show that the grain boundaries of the
perovskite film treated with PEAI and o-F-PEALI are obviously filled with passivation layer, and the
surface roughness is also significantly reduced. In addition, the fluorescence lifetime imaging
(FLIM) analysis results show that the passivated perovskite film has more photons and longer fluo-
rescence lifetime. The above results indicate that the passivation layer induced by PEAI and o-F-
PEALI can effectively inhibit the composite behavior of defects on the surface and grain boundary of

the polycrystalline film. Therefore, the power conversion efficiency (PCE) of the inverted structure
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perovskite solar cell device after passivation can reach 21% . In addition, the devices after o-F-PEAI

passivation show better device stability due to the effect of fluoride ions.

Key words: fluorescence-lifetime imaging microscopy; inverted perovskite solar cell; surface passivation; PEAI; o-

F-PEAI
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KRR 5 B TR 330 ( Power conversion ef-
ficiency ,PCE ) , Tfij i 2 D't AR 450 35k 19 4 17T WfF 5 7
)N As AR A B AR E S ) S R
J& (Short circuit current density, J.) WEZE: SR p S
(1.55 eV BYESERETEVEIZ AR BB T A FR
26 mA - cm 7 SR AR A % R HE ( Open-circuit
voltage , Vi, ) B 25 H B g 271 BR 38 A AR K1 i 25
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AL (Polystyrene, PS) | 5 WYk 4 4 12 Y g
( Polymethyl methacrylate, PMMA ) #1582, —-[i ( Po-
lyethylene glycol ,PEG) , LA il 2% 1 B8 fif &2 A, Ak
T4 5 01 ) FF L 110k s 5 i A 2
A G EE, UAVFE TR, o —28
YRS AR 1 an T 2 LAk 4T ( Butylammonium
lead iodide , BA,Pbl, ) FlI4 Z, % i fL £} ( Phenethyl-
ammonium lead iodide , PEA,Pbl, ) ] LA7EEGEK A 1
R T AR 1Y 2D/3D 254, AT AL 5 4k ™
PR FREBRE T s, Rk B Sk i
(e 25 2 PR 2H i 0H , 7ETR A PH 2 85 K0 2R 1
PURL 2K 2 FE fl £k % ( Phenethylammonium iodide,
PEAD) A ALERAH L T B 28 iU —4E PEA,PbI, 7]
DATEA RO R T G . RIS R I A
P 39 T i A SR e T LA T S 10 o R Tk P R
HE— D4 AR B AE FL Tt G AR PERE

AT B PR HL AR ER , B PEAT 148

Uu\4
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o-F-PEAL) JUAS AT PEAL( ) A o-
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F-PEAI(@/VNHJ) ,{E CH,NH, PbL, 548" 2

WA Y B A2, BFSE & B, PEAL Al o-F-
PEAT Zb 35 f) 85 R ™ v B5E  5t  J22 B d Ji
I, RIS B W 2 TR, 30 Bt A4
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SR, AL S RS BT IR B T 2 0
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B T A i R B BB A B AT R, AR SO T
EAER R T R BHBE G IR ERE, BEAIE Y
FEERAT K BH il F Tt 40 S s B v R O L e 3t
R B ] DLk R 219% i H 3% A7 H R TRk
N, BFSE R B, AR B RS K SR T
WSS, E5ERT JHERE AT B8 4 A it e 1 AN S
Bl fRE R B A PCE, a2l Fa et
M o-F-PEAT 4 AL Ab 5 Y 25 14 2 B o 41
AR e,

2.1 FHJEHE

B, B4 (Indium tin oxide, ITO) 3% 15
I3 258 1K DR | S N R AT R Ak
15 min, BCRGHEIRVE e TG, 40 25 T,
SRIFIHEAT 15 min SAMRELEIE, ¥ 5 mg/mL Po-
ly[ bis (4-phenyl) (2,4, 6-triMethylphenyl ) aMine ]
(PTAA) f10.25 mg/mL 2,3,5,6-Tetrafluoro-7,7,
8, 8-tetracyanoquinodimethane ( F4-TCNQ ) % f# 1£
SR TP BC B W, SRR AE 1TO R TH DL
4 000 r/min fiEZR 20 s, FF-AE 100 CHINFA 5 IR
K2 min, ¥ 0.5 mg/mL i) PMMA I&f#{EL TR
g, PMMA ¥ W 7E 1TO/PTAA-F4-TCNQ 2 1 DA
6 000 r/min [FETRTELR 20 s, SRS 7E 100 C i
A FIR K1 min, Kf 922 mg llALET(Lead( 11)
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iodide , Pbl, ) #1327. 5 mg H 3L L AL % ( Methylam-
monium iodide , MAI) (& A 1:1.03) % f#AE 0.9
mL N,N — FH 5 B e (N, N-Dimethylformamide ,
DMF) #1 0. 1 mL —H J£ A ( Dimethyl sulfoxide ,
DMSO) TR A ¥ 590, B il 5 Bk 7 A 3 14
W, #2100 wL E5ER F W INTE 1TO/PTAA: F4-
TCNQ/PMMA Zfi, L 6 000 r/min A5 TER: 20
so TEHERVEATH] 6 ~7 s BF, 38 300 pL A fh T B
TR R S 7R o 280 38 R R T, L B YR A DA 8 €8 R
PRAEEAS AR IR AR T 4 RS LA Bk v A
76100 °C FiB kK 1 min, X} T PEAI fl o-F-PEAI
b PRGBS ER T TR, £ 5 Bk Ve I 1T L 6 000
r/min 20 s YLRR[E W B PEAT Fll o-F-PEAI [ ff
TR, BSERTHBAE 100 C MG iRk
10 min,
1 ATETEHEFRFEE

Tab.1 Information of materials and reagents used in this work

FHEL2 R FKE Fnal 3
ES (PbL,) 99.99% TCI
HJE AL ( MAT) 99.8% TCI
N,N ZH E:H BER% ( DMF) 99.5% Sigma-Aldrich

T HILFA(DMSO) 99.5% Sigma-Aldrich
FAAR(CB) 9% Sigma-Aldrich
0-F-PEAI 99.99% [LEGEE 5
PEAI 99.99% [LiReese 25
ff T (2-butanol ) 99.5% Sigma-Aldrich
LR T 99.5% Sigma-Aldrich
L 99.5% Sigma-Aldrich
F4-TCNQ 99.5% Nichem
Bphen 99.5% Nichem

PTAA 99.5% Nichem
PMMA 99.5% TCI

PCBM 99.5% Nichem

B A, SR B T 2L 2 500 v/min Al
6 000 r/min JE [ 6, 6 ]-phenyl-C61-butyric acid
methyl ester( PCBM) (20 mg/mL, 57 ) il 4,7-Di-
phenyl-1,10-phenanthroline ( Bphen) (0. 7 mg/mL,
CTE) Wil LR A R e AT R
M osEl, flm, IR 285 100 nm &8 A1E
SR K BH E LT A IR

2.2 HmRIE

FATE H K BHYEBLHLE8 ( Zolix Sirius-SS) #
AEIEOEIR A BRERE K FHAEHL 1t ( ABET tech-
nology ) #E 47 £ #E O I 5 BE, il ) B R SR
(keithley2400 ) I 2 FL g8 244 1 J-V et £k, 2
FEIERA J-V Rt &L A S Fa st 2, b3
K ( External quantum efficiency, EQE) i £& (i FH 52
B e s I, FATE T 2 B A (S
), Omni-A300) #2 K BH 8 G HEL 8% (Zolix Sirius-
SS) BEIRBERT 730, 733 300 ~ 850 nm FL{A5E,
T 3 BT U5 2% (keithley2400 ) SR AERHE . 454K
R FHBE L 1A RLTE ALK 0. 06 em?®, LA _F BT A7 il
IR K24 60% BB E IS h gk FT

PR R T S A2 [ Zeiss Supra 55
% # F 5 7 B8 ( Scanning electron microscope
SEM ) FlISE E A€ v (1) J5i - 1 W U5 ( Atomic force
microscope , AFM ) & EEEKW R AY X SFLAT 4
T ] H 7R Rigaku A9 X HHEATHHY (X-ray diffrac-
tion, XRD ) M 1%, ¢ Ot 77 v J & 1 A 7E =
Becker&Hickl GmbH %% Yt 75 iy Wi A% & 5 % ( Fluo-
rescence-lifetime imaging microscopy , FLIM ) jillj{ |

3 aRBE

K 1(a) ~ (¢) MARZE1L (control ) (£ PEAI
(0.5 mg/mL) Fll 0-F-PEAI(0.5 mg/mL) 4t ¥ J5 1y
FHERE AR R A SEM JE S K], R 28 ik Ak 2
PR E AR VRIS I s B0 BLJCEHLIIE AR [ it
FEER bR R B B A0 & s £84k PEAL A
o-F-PEAT £ 5 1 45 Bk 0™ 1 2 402 7 o LU R 22 Ak
PR fin sk i R RS, H A R
R T 2 TR DL ORI 2SI S ER THRE  A
e, FRATGE T 7 4% BT 3 L it A 19 RS R/
(E1(d) ~(f)), 455 Bon A Zead kb B A 586 0
TR ok S 2 ROSF 2 (411.7 £166.5) nm, &3
PEAT A (1) Ky (284. 5 +129. 6) nm, &3t o-F-
PEAI f4°5(293.7 £139.0) nm, 4ifbZHMAS
BB R RST A BT B, RSB e TR
PEAI Fll o-F-PEAIL, Ef 14t A JFiR b #E, iR
KOS FRR R R K 2 SR 1, PEAT Al o-
F-PEAL X UURR7E S5 6K 0 R i AL B, AR
SIERD TR H RN AT kb2 BHAS R A K
AR, AHAF RSB S, DN 3 Ff 85 Bk 4 v S 4K v
SEM KA B(E 1(h) ~ (g)) , WGk A ]
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SEARBELRR | 3% 2 E5 KA B AE R L s 1k RE Y A
TG A f R R s/ e 3 B0 s e 3, e
SSWEEAL)E AN 5

R T SO XA [, AT AT T AFM
M, &2 02 3 Pk w i R m AFM &,
ME 2(a) . (d) Al A 2, Control F iy i) & THI A
PR AR W S, 6 TR A B2 R AR B R, o 9. 1 nm,,
2Z3f PEAI(0. 5 mg/mL) fl o-F-PEAI (0. 5 mg/
mL) SEALACTE DL S 55 A0 T A8 5 T R AR 0
R FRIEDRURE B4 BB 5.0 nm 14,6 nm,
FTATEE AFM 4 RTHIE S BRI 245 1 T &
FERRAR ML, & 2(g) iR, Control A i R 1 &
FRABA , 0 H 2 T R 3% 1T o 07 1 1) e R AR =
FERTLIGAF) 60 nm, 1 PEAI I o-F-PEAI Zb B
(AT R b B A RGBS AR 1 JBE 43 ) A 20 nm AN
15 nm, 2S5 PEAT Fl o-F-PEAI 4fifk)2
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A SR RS gert B 7 B S A

Fig. 1 Top-view SEM images, grain sizes distribution, and cross-section SEM images of control ((a), (b), (h)), PEAI
((b), (e), (i), and o-F-PEAI( (c), (f), (g)) treated perovskite films, respectively.

A DA RO AN R A BRAR R MR ©
AR S N 58 36 I B R 3R 1E AL 1A S
KEIRBBHEIES, FEA R EET
R R, PEAL I o-F-PEAT (9%l fk b 3145 22
TR RE BB A A

B2 TORAG B X S 4A7 SO 3 B 5 ki
FE A SRR SE R AR HEA T T IR ARAE, B 3(a) |
(b) Zr PR A R EE PEATL F1 o-F-PEAT Ab B 5 45
R T X AT R, B 3(c)  (d) 5l
K13 (a) ., (b) M4 KIE, A B 5 #RAE
14.5° 28.8° H132.3° 3 3 AR5 77 55 1 |
A3 5% F CH,NH, PbI, #58k# (% [110] .[220]
310 ] T, 78 A AL B AYE5Ek T FE 5 o, 76
12, 5° B — A8 FASER™ 1T 55 06, % R+
FLERAT Y AT SR AR AL Y (PBL, ) o XA 25 SR )
control FHERH WAL H IR AFLE R A N Y Pbl, . Fifi
% PEAI Fl o-F-PEAI 119 7 35 , #5 £k 4 v < (1%
Pbl, 5 WEAEAKI L T [, BB 0.5 mg/mL
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Fig.2 (a) - (¢)2D AFM images of control, PEAI, and o-F-PEAI treated perovskite films, respectively. (d) - (f)3D ADM

images of the three kinds of perovskite films. (g)Height profiles of the three kinds of perovskite films

B 4TE A, BRBs, POt A Ak B 178 5 K ™ il Fs
XRD fi7 3F 3% % A 1 BB 9 PEAL £5 F1 2D
PEA,PbI, 47 5 W, if A RE I Wt PEAT F1 o-F-
PEAL 5K KW AT PbL, A= i T 4EF5 5K 0 i 2 4
FEAMUERA G S8 KA HLER A B 5 5
mg/mL, XRD 177 5 1% v 4 SR 1A BT 19 407 5 e 1
L, RIB AR 110 [a] (4477 506 0 B0 7 B B 00 R
B, QN 3 .(d) i, BEBH 3D BS54k 1) 75 A 0
o EIRSZEREE UL, PEAL Al 0-F-PEAL 7645
R AR R RS T A B AL 2 A TR B 2D 54k
AR A PLERAS B | T2 5 45 Bk R b oK S g
MHﬂﬁUM]mﬁﬁiﬁ@:ﬁ O EE]S
A 352 XS Bai LI RN Z AR T

VESE—3my 2,

J TS A 2 X B R R B A A TN
s, FRAT I 5 75 i S A BE X 3 RS ER AT
WA T T 9Ot FFam R, 5 R A&l 4 s, &
4(a) ~ (c) s 3 FRESERT I 10 2 't 77 A L 1R 25
o BRI 0 B AR RA R 204, B R
Mse ERERVOEIREE . K 4(d) 2 3 P58k
PSRt E T, B 4 (e) BARFRMER BT
] 43 FE G M 4k 2 675 i UR B AR 8
488 nm ik MHOEAE M &, #E 700 ~ 800 nm
BRI S [T, % 45 A 3 B O AT 56 Y 7 i AR
(AR B AR BB 7 0 PV R B A R Y
SRR B PR S A R (488 nm ) 3E H K
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———PEAI 0 mg-mL"' (b) ~0-F-PEAT 0 mg+ml.”

(a) -
1P O S : —grntieny
=L ). ] - ———0-F-! .5 mg-ml~
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= z
'z F -
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) ]
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= [S=]
I T -
12 13 14 15
260/ (°) 20/ (°)

K3 (a) ARIMEEE PEAL AL RIS 55 BRA™ R K X SFLRATSS I, 22 b Ao PEAL R PEA, PbL, 1 X STERATIIE; (b) AR
WP o-F-PEAL Kb BHS E5ER0 WA X BFERATEII ; (o) FI(d) 202 (a) A (b) 8RR A
Fig.3 (a)XRD pattern of perovskite films with different PEAI concentration. (b)XRD pattern of perovskite films with different
0-F-PEAI concentration. (c¢), (d)Locally enlarged graphs of (a) and (b), respectively.
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= 104 ~Fitting-curve
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K4 (a) ~(c)XFHELL PEAL AL B o-F-PEAT Ab 1S 45 Bk A MR 9 6 A5 dm IR 5 (d) 3 RS BRI MR 9 e A dn e i B
T ; (e)3 FRESERAT IR BAAGER S ) » BRSO Rt £k

Fig.4 (a) - (c¢)PL lifetime images of control, PEAI, and o-F-PEAI treated perovskite films, respectively. (d)Statistical his-

tograms of PL lifetimes from FLIM images of the three kinds of perovskite films. (e) Representative PL decay curves of

the three kinds of perovskite films.
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A 100 nm MY ZEIE TR, AH LT 5 S B AH 22 1R
%, Bk, 5O AG N 3 2 RAE T BiAk )2 X 45
BRI R T AL 2 IR . DO i i 1ot
X PENAT 5 HEAT B 18] 23 B OG- 14, A5 2 R4
BE SO, E 4 (e) B, MZERT
1.5 ws NWRESOERY 78 /0 & XK, 2 o0 T il ik
WO ET R AR S B AT SRS R, R
RS , T BP0 5 4 T ROR S 1 i
[ AN — , I LA D't it o 4 A 2 8 B 0
b, AT LA 5 U 4 1047 B B A 3R A o
JEFFA -

[ = lexp(-1t/7), (1)
o 5 E0R Bl R W AR SR 1, 19 1/e BT
FHE B RIFR N2 f w, T R AR D60 778
WORAS - 345 B i ] 2985t 4+ AT 1 — A~
FIESEL, MRS B R /NTE G, RGN F Ay
AR S R T LA E B, A ALY control B 28
F A TP 7E 250 ns £ 45, 1 PEAI(0. 5 mg/mL)
1 0-F-PEAT(0. 5 mg/mL) BEALAL RS 585673 4o
S HNE] 340 ns F1 345 ns 247, WAL, B 4(d)
Wi 78 PEAT Al o-F-PEAT &fifbAb BE 5 #5Ek 7 8 i
W BCBAT FT RN 38 E SR VAR )
PSRRI F AR I 2 G b, S BO6R
JE B S N B R A5 A o E BRI, PEAL Al o-F-PEAIL
AL AL P Y B R AR B B 2 D RORIN K
KN F i, 8 5 BR A v FEE e 7 ke s 25
AT R, B A S 0 AR B T B9 AR 4R S
SEAAAT Rt P Bt Ak 2 A S P ]

J T i T AR JE X S AR K FH R H
SEARPERB R SZ I, #4) £ T 3] 45 A 5 8K 0 K PH Ag
ML o AR5 AN IEl 5 (a) 775 . ITO/PTAA:
F4-TCNQ/PMMA/CH,NH,Pbl,/Passivation layer/
PCBM/Bphen/Al, E/ 84419 SEM AR K] B/~ 78

EI5(b) . TEREAELERE K B BEHL s 375 )
ITO V£ } 2§14 A #% , PTAA #5824 FA-TCNQ 1E Ky £
PR zs L2 2 PMMA 1R 28 7R gl ik
JZ,CH,NH, PbL, AEA#RF 35 PE )2, PEAL Fil o-F-
PEAI fF Jy 3¢ 1 51k )2, PCBM 1F Jy i, T4 )2,
Bphen 1E R BAM: B G112, e Jo 2845 4 8 SR 1
R B

5(c) A RER) Control, PEAT, o-F-PEAI
AR J-V IR, SRR RE S EO B RR 2
Fr, RZANERE) Control #81F, 76 1F M3 (B
) R, BA 22.8 mA/em’ (22.9 mA/em’ ) [
Jso 1,04 V(1.04 V) BYFFFEHL T 0. 74.(0. 77) BYIE S
[KF(Fill Factor,FF) A& 17.5% (18.3% ) i1 PCE,
Control ¥ TR KRR M BLIG WL, T2 J-V iR
WERONATAE . M ] 0.5 mg/mL ) PEAT %45
R A TAL B LU  PEAT 28058815 T et
PRMEBE, IE M (B ) T, PEAL #5481
Joe M 23.5 mA/em’(23.6 mA/cm’) ,V A 1.15V
(1.15 V), FF 24 0.78 (0. 78), PCE Jy 20. 9%
(21.0% ) , HFHHEH 0.5 mg/mL i o-F-PEAT
XHEGERA R AT AL B LIS | o-F-PEAL 28 F 345
THAEDERMERE, MR (S ) T o-
F-PEAIL 8409 Jo. N 23.9 mA/cm’ (23.7 mA/cm’) ,
Voe M 1.15 V(1.15 V) ,FF 3 0.77(0.77) ,PCE N
21.1% (21.1% ) , T4 B4 B}, PEAT Fl o-F-PEAL
AEPHLLS , #5 PEPERE T2 18 A 5 AU P SR
B ERE D] AR = TR J-V IR 800 A B
BRI, B S(d) & 3 Fhas kA FRUCR i £k
RSN BRI LA G), Jo 53Rh 22.1,22.6,
22.9 mA/em’ IXEEHUE 5 J-V D k(9 45 A
MG, WA, KT 3 R RIPR SRS
i Hhk  anE 5(e) i7n, Control #fAFEFFEEG IR
ST AHESRITERE R, I 18.6% TS 17.9%

2 Control ,PEAI, o-F-PEAI 402 5B iR B HIS5 $A 0 K FHAE R it B IR 1 BE S L

Tab.2  Photovoltaic performance parameters of best-performing control, PEAI treated and o-F-PEAI treated perovskite solar cells

wE J7 T Voe/V Jso/(mA + em™?) FF PCE/%
1E 1.04 22.8 0.74 17.5
Control
J1n] 1.04 22.9 0.77 18.3
1E 1.15 23.5 0.78 20.9
PEAI
S Ii] 1.15 23.6 0.78 21.0
1E 1.15 23.9 0.77 21.1
o-F-PEAI
1) 1.15 23.7 0.77 21.1
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(b) Nyquist plots measured at 0.9 V applied voltage for the three kinds of devices.
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