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Fig. 1. XPS results of FTO substrate with and without ALD grown TiO,: (a) Full spectrum; (b) Ti 2p orbit; (¢) Sn 3d orbit. Sur-
face SEM results: (d) FTO substrate; (e) FTO/TiO,; (f) FTO/TiOy/Sn0Os,.
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R T I EDU I E B X — A, X 3 R AT
WA AT T #% 0 SEM 94, &5 R0 LLE 5
(Kl 2(a)—(c)), ALD A& 1) TiO, #fSZREM LIS A
R 25 RS B AR 1) FTO WK, i T iF5ERE
S T FRHLRE B, g —2E %) 3 Fdd T AFM H
T, 45 BN 1E 2(d)—(f) Bz, BHRE i 22 i
XI5 —BRAE R 5 umx5 pm KNP JT R ]
B XF FTO Hof IS A RLRS B2 SE 770038, &5 5 3R B 3L
Jr ¥ ARME N 33.75 nm; T S 7ERS KR ALD 4K
T TiOy ZJ5, H il 22 THDRURE 2 J7 A AR (B 08/ >
£ 32.42 nm, X 0] LFSS b i F Tio, fRIE 4 K
F FTO Z Ik, LA E T T FTO A&
RIESR, S 8OoMAE AR K. S7E Tio, it —
HTEDR SnO, WK URL 2 J5 , FF i 22 THORLRE FE 16
ARG I B AR 28 28.44 nm, X J&H T SnO, figls
TR AT HURM RS e T ™ B =22 1) (R YAE , AR i 2R
BRI B b, XS gE R HE— 2 UE B T 3R AT

(a), (d) FTO #}JiE; (b), (e) FTO/TiOy; (c), (f) FTO/

Fig. 2. (a)—(c) Cross-section SEM results and (d)—(f) surface AFM results for (a), (d) FTO substrate; (b), (¢) FTO/TiOy; (c), (f) FTO/

Ti0,/Sn0,.
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P 22 G R, A — e IS VR 9 2544 T LA
L5y 4 R, 2 3hefE F1—F4, X7 ALD
AR TIO, FPHERE L 8 B PRI T J-V
M, g R 1 s, R T2 ALD A K
1) SnOy VE 8 2% wh 2 A8 [A] — Hedd Ik b il 48 1 JL 3k
T Z B A TERE, RT3 1. nTLUEE], X
TWA ALD A K4 8 b2 s tt, 4 i
TR Z A RE 2 AR H K, BRI T
HRCRBEILF] 25.76%, 1H 22 1) T B i 8CR N
8.72%. i AT ALD A KK SnO, fENE W E)E,
I — 4o JiS_E A TR] 1 22 [] B P RE 22 46 /DN 17 24
AT ALD A KM TiO, ZJ5, [F—HegstE - 4 |
TR PR BRI B ¥ A) . X Ui B, 1A ALD A=
KA TiO, X PR RE R 2 — B S R 1
Tt

P TE ALD A K1Y TiO, V5 R 28 v 2 By Wi fh
P BAT Bt PR RE A T M B IR O, PR BRI
G J-V LA HOE R mER R J-V il
WE 4(a), (b) PR, tHYHERESELEE 2. W LUE

1F @

@ Glass/spin-coated SnOz/ (b)
perovskite

o Glass/ALD TiO,/spin-coated

SnO,/perovskite

e
=

L L L L L '."-.‘:.
0 500 1000 1500 2000 2500 3000 3500 4000

Time/ns

(a) BaZDEN; (b) A4 B

Fig. 3. Photoluminescence results for perovskite grown on SnO, or TiO,/SnO,: (a) Steady state photoluminescence; (b) time-re-

solved photoluminescence.

# 1 AT ALD LK MEIREAY T )2 5] 5 A BERF 031 Hh Y 7 R
Table 1. Power conversion efficiency of the sub-cells from the whole device with or without ALD grown metal oxide buffer
layer.
iR 1) F1-PCE /% F2-PCE/% F3-PCE/% F4-PCE/%
JERSnO, 25.40 24.95 25.76 8.72
ALD SnO,/JE4Sn0, 24.27 25.74 25.16 25.29
ALD TiO,/JiEtkSn0, 25.92 26.46 26.21 25.92
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#), A ALD 4= K1 TiO, JZ2#Y 1 L W 7E £ T S 4L
LSRR TiO, Z R Tt Hoh, JTEK LR
FIECTE P 5 A 5 T RT LIS 25 1 1 = Aol J= 5
AR A4 55 52 5 OO0 o A EL 1 s B D A i ),
17T LS FEL U 5 8 48 i U P B4 T O, LK
SRRSO A R (8 X A A IR 1 3R T 20 iy
ALD A KK TiO, BEBRIE A K TR Z L, UL
R Ti0, Z IR A HAE A PR ES A (] 2(d),
(e)), H FTO #JEA B HA B MHEEE, Hot
S SR AR T DU RO R AR, Y
PR E N FE o S A S, TiO, JZ I 5T 2
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BIBON B AT R PIRR AT T iR EQE i
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Fig. 4. Measurement results of small area perovskite solar cells with or without TiO, layer: (a) Single J-V sweep curve under fast

scan mode; (b) reverse and forward J-V sweep curves under slow scan mode; (¢) EQE and accumulated integrated current density

versus wavelength curves; (d) current-voltage curves under dark environment.
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Table 2.  Performance parameters of the best sub-cell on the whole device with or without ALD grown TiO,.
e Ee g Voc/V Jso/(mA-cm™) FF/% PCE/% Reverse PCE, forward PCE/%
SnO, 1.17 26.00 84.65 25.76 25.25/24.87
TiO,/Sn0, 1.18 26.30 85.19 26.46 25.99/25.81
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Table 3. Performance parameters of large area per-

ovskite solar cells fabricated based on TiOy grown by

different cycles.

;ﬁiﬁ’f Voo/V Jso/(mA-cm?) FF/% PCE/%
0 1.17 24.44 74.36 21.33
100 1.17 25.39 76.11 22.65
200 1.18 25.45 79.86 24.07
400 1.17 25.39 61.57 18.23
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Fig. 5. Measurement results for 0.5 cm? large area perovskite solar cells: (a) Solar cell performances comparison of different TiO,

thicknesses; (b) repeatability of solar cell fabrication technology; (c) single J-V sweep curve under fast scan mode for champion cell

(inset graph: certified result); (d) reverse and forward J-V sweep curves under slow scan mode for champion cell.
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Abstract

Perovskite solar cells have been widely recognized as the most promising new-type photovoltaic device due
to its power conversion efficiency rapidly increasing from 3.8% to over 26% in merely fifteen years. However, the
high performances are achieved mainly on small area cells with an active area lower than 0.1 cm? When
enlarging the active area of perovskite solar cells, the efficiency falls dramatically. So, how to reduce the gap
between performances of small area cells and large area cells gradually becomes a critical point in the path
towards the commercialization of perovskite photovoltaic technology. Herein, a strategy of pre-growing thin
layer of TiO, on a rough FTO substrate by atomic layer deposition method before spin-coating SnO,
nanoparticles is proposed. Due to the inherent conformal film growth mode of atomic layer deposition, the FTO
substrate can be completely covered by TiO,, thus preventing the direct contact between local protrusions of
FTO and perovskite layer and impeding the current leakage phenomenon, which can be verified by the
measurements from X-ray photoelectron spectroscopy, scanning electron microscopy, and atomic force
microscopy, and further proved by the dark current measurement. By using this method, the repeatability and
consistency of the small area cell fabrication technology on the same substrate are improved obviously. The
improved electron transport process revealed by photoluminescence results and incident light management
process revealed by external quantum efficiency results also brings about better solar cell performances. More
importantly, highly efficient 0.5 cm? large area perovskite solar cells are fabricated through optimization of TiO,
thickness. When growing 200 cycles TiO, (~9 nm in thickness) by using atomic layer deposition technology, the
champion large area perovskite solar cell possesses a power conversion efficiency as high as 24.8% (certified
24.65%). The device performances also show excellent repeatability between different fabrication batches. The
perovskite solar cell with TiO, buffer layer grown by the atomic layer deposition method can still retain over
95% of its initial efficiency after having been stored in a nitrogen atmosphere for 1500 h. The technique
proposed in this paper can be helpful in manufacturing perovskite solar cell modules in the realistic photovoltaic
market and can be extended to the large area fabrication of other perovskite optoelectronic devices such as light
emitting diode, laser and detector.

Keywords: atomic layer deposition, metal oxide, large area, perovskite solar cell
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