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Fig. 1. XRD patterns of perovskite films under different

doping conditions on FTO substrates.
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Fig. 2. XPS spectra of perovskite films under different doping conditions: (a) XPS full spectrum; (b)—(f) correspond to the fine spec-

trum of C 1s, Pb 4f, I 3d, N 1s, and O 1s, respectively.
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Fig. 3. The XPS peak fitting pattern of C 1s spectra of
FA MA,_Pbl; film and FA MA,_ Pbl; ,Cl, film.
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Fig. 4. SEM surface image of perovskite film under differ-
ent doping conditions: (a) MAPDI; film; (b) MAPbI; ,Cl,
film; (c) FAMA,_ Pbl; film; (d) FA MA,_ Pbl; Cl, film.
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Fig. 5. UV-vis spectra of perovskite films under different

doping conditions.

ORISR PLOGHERERIEAR RIS 244404
TSR R OEEUROEMERE. ANl 6(a) FTUR,
Cl #2451 MAPbI, ,Cl, #ilE 5 K454 MAPbDI,
WA F EA R ) PL 0 I ELAFAER MY W F2
UL CL 844G S8 m i I 45 ot o i, Bl Akh s,
[F] B R BT 50/ N AT B I R 2627). FA B 2%
JA ) FAMA, Pbly # % FA MA, Pbl; Cl, #
JEE 5 R 1B 2% MAPDL, AR L, & 310 % A T B
LR, SHTSCORIGESRAFE. IFH, FAMA,
Pbl; ,Cl, MRRAE PUNEE G rh R B S U 57 63
RICYERE, X FERH T FAMA, Pbl; Cl, 5
e ) AR I B, R B L 5 T SC XRD 5 SEM
iR

it TRPL JGi% Bk #E— L U R 4% 5%
AT R B 1) S St A DL AR SR 2 A R
Wi, 4nIE 6(b) Bz, 16 780 nm &Sk PL
AR 2R s B PR (7)) FE 8, () AL
FERCRE . ) R TR E T DR AR R G (AR
B3 ) R TR B ), T ES R A S R I A S 23
FEFEA 7o HI(E. MAPDL; W) 7 F 7y B{E 30
49 9.96 F1 50.94 ns, MAPbI, Cl, i 7 F1 7o 1Y
{E 4351} 12.99 1 68.53 ns, FA,MA, Pbl, i
(¥ 7, F 7y MOMESMR 25.17 #194.53 ns, FA, MA,
Pbl; ,CL, 3 I B 7 1wy B (8 4> 5 R 33.19 Al
116.63 ns. A0 7 REE R BI85 6K 06
JEEAE 10 ns J5 HABREGE MR T, XIHKETIE
LR =S W LI S = e o 4 Al SN S =1

Ty FEIRAEFW, FA+ A1 CL B[R 5] Aok 3% T 45
R E B AR L XS AR SO RS
PL SR8 AR Twe=>_ A2 [ Y A
TS 20 G pU AR Y 7, 209 46.51, 63.08,
81.92, 115.29 ns, “F-34) 75 114 N S e 1 Y S o
AT SRR O R G D BT D 1 i A S
JE, SO 25 1 0 i B R B T A AR B H
TR 20t T e, Bl armlisr 205 2
K, WOHMERE M T T R APl AR,
TERl B LA 205, BT, FATB AR
A AHARTRGHE, A 5 32 B K S IR RS, SRR
ARG L L 0K . Xt & FA B 22 1 J i v
TR 2L

(a)

| — MAPbI;,

—— With CI-

—— With FA+
| — With FA+/Cl-

Intensity/arb. units

650 675 700 725 750 775 800 825 850
Wavelength/nm

Device 7)/ns  Fraction/% /ns  Fraction/%
MAPbI; 9.96 38.27 50.94 61.74
With CI- 12,99 36.48 68.53 63.52
With FA*  25.17 4550 94.53 54.50

With FA*/CI™ 33.19 116.63  94.56

1000 £ %

— MAPbBI, A
10 F—— With C1-

Intensity/arb. units
=
o
S

—— With FA+
—— With FA*/CI- ;
100 200 300 400 500
Time/ns
6 ARFEBRFMFTEET WY (a) £S5 PLGIHE

I (b) TRPL OGS & (i b i 2= s S HAK S50
Fig. 6. (a) Steady-state PL spectrum and (b) TRPL spec-
trum of perovskite films under different doping conditions

(the table in the illustration shows the specific parameters).
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Table 1.  Photovoltaic parameters of perovskite film PSCs under different doping conditions.
T e T S LR WA T SIS (G
ar RN
Voo/V Jso/ (mA-cm™?) FF/% PCE/%
MAPDbDI, 1.04 20.16 60.33 12.94
MAPbDI; Cl, 1.08 22.88 62.90 15.67
FA MA, Pbl; 1.04 17.91 53.91 11.10
FAMA, , Pbly Cl, 1.07 23.67 68.52 17.29

£ AM 1.5 G — PR BIEHHIEE IR N #E1T. IER
VLRI A 1.2— 0.2 V, KA KN 20 mV,
FEASSRIZEIR A 100 ms. FEF IR AR F J-V
B 7(a) fos, BAROGIRSEnER 1 g, aTLL
i, RRIE TSR R e R TH K2
. ClBZ24 5 PSCs MY T i oL 1K 5 4 % el 3 2 3
A BT, M A it v BB A B 5%, PCE
H R 12.94% - F+ 2 15.67%. X EEEH T
Cl BAn, TE23 52K I R 45 5 1)
PEHE T B A K 45 . FAT BIR)E 2K IA IS
M A B 6-F APDIy AHAFIFEER0 (104 K, (15
o I R S A L e AR AR M B R R T
FA+Y ClILB)E, J i i 2% B DL e 7R
TEREHETS, #%0F PCE M 12.94% #5381 T 17.29%.
AT, BT FAY FI CLEYTI AR R T AR
R T B S = TS 11 ey N A T B S B3 ]
(RSB, RORREAK T 3 TiE Bt fe b i B
P, AT AR ARG E A, MR T T L
R RN T R8s R W T CLAH IR 55K 8™
HH 6-FAPDBI; H C—N FLEE T C=N XU {4 3 & |
T BAARERE A a-FAPDI, Hf C—N B#H C=N
SUEE 1) 5 5 A5 1) 285 i IO A v ) O T S ek
.

A3 %L T MAPDL, MR S B 28 5 T
FAMA, Pbly CL, MBS BT T A
ML 3% 5 1 2 % (incident photo-to-electricity
conversion quantum efficient, iPCE) Jll i, 45 %
WE 7(b) Fiw. FEA R Jse 4338 19.75 il
23.09 mA-cm 2, 5FEATH J-VEERGF A SR,
IR T IR R

A3 5% BT MAPDI, I 5 fe i3 24 4
T FAMA, Pbly CL, B 5 1Y a8 1 2547 1 5
KIUPR SRS H B, 2550 E 8(a) Fizs. Tk
KIYPRF, MAPDI; #4495 749 11.90% i) PCE,
i FA,MA, Pbl; CL, &4 PR 55 T 25 16.80% i)

PCE i th, H 200 s W ICHEWL. BLAk, XTF M4
PR RS T IE SR, DR R 500
Zoi A& B, FAMA, Pbl, CL, 25 1FHR Tk
IS AH L6 MAPDBL; dAFA — e . IR i 8007 1 el
Ll Ae S AR 3 2 A NG K.
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Fig. 7. (a) J-V curve of perovskite film PSC under different

doping conditions; (b) EQE spectrum of the optimal device

prepared based on MAPbDI; film and FA MA,_ Pbl;_,Cl,
film.
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Fig. 8. (a) Steady-state photocurrent and PCE outputs at a voltage close to the maximum output point (b) J-V curves under re-

verse and forward scanning of the optimal device prepared based on MAPbI; film and FA MA,_ Pbl; ,CI, film.
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Table 2.

Photovoltaic parameters of perovskite film PSCs under different doping conditions.

55 /(mgmL ") T 6 L T LI AT YIRIERCR

Pbl, MAI FAI MACI VOC/V JSC/(mA~cm 2) FF/% PCE/%
70 0 0 1.04 20.16 60.33 12.94

63 0 7 1.08 22.88 62.90 15.67

56 0 14 1.05 21.79 61.53 14.08

L4 mol/L 21 49 0 0.98 15.40 47.50 717
28 42 0 1.04 17.91 53.91 11.10

35 35 0 1.04 17.35 56.21 10.24

25 38 7 1.07 23.67 68.52 17.29

22 34 14 1.06 21.34 65.07 14.72
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Fig. 9. (a) Transient Vg spectrogram and (b) optimal

device stability in the air prepared based on MAPbDI; film
and FA MA, PbI; ,Cl, film.
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Improving efficiency and stability of organic-inorganic hybrid
perovskite solar cells by absorption layer ion doping”
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Abstract

ABX; crystalline perovskite material has many advantages: good photoelectric absorption property, high
charge carrier mobility, good film formation, long charge carrier lifetime, and easy bandgap adjustment for
absorption layer of perovskite solar cells. As a result, the power conversion efficiency (PCE) of the organic-
inorganic halide perovskite solar cells (PSCs) has taken a tremendous step forward, from 3.9% in 2009 to a
recently reported value over 25.5%. Thus, it shows great potential to compete with traditional silicon solar cells.
However, PSCs preparing conditions are harsh and susceptible to environmental influences, thus leading to
instability. Therefore, it is essential to prepare high-performance and stable PSCs in an air environment. This
study aims to use the ion doping method to improve the performance and stability of PSCs and analyze the
mechanism. This work focuses on enhancing PSCs efficiency and stability by performing FAT and ClI” doping
experiments on MAPbDI; films in air. The results show that a single Cl -doping increases the carrier diffusion
length, reducing the recombination of electrons and holes, and inducing the perovskite intermediate hydrate
(CH3NHj;),Pbl;-2H,O to form, promoting the crystallization of the thin film, and improving the device
performance. On the other hand, a single FA*-doping will reduce the bandgap of perovskite and increase the
short-circuit current density (Jyco) of the device, and FA' is susceptible to the influence of water vapor to
induce a yellow 6-FAPbDI; perovskite film to form, which leads the device performance to degrade. However, the
prepared co-doping Cl, FAT significantly improves overall PSCs device performance, yielding the highest PCE
of 17.29%, and showing excellent stability by maintaining over 80% of the original PCE without any

encapsulation after 1000-hour storage in ambient air.
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