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Study on the properties of SnO, thin film based on hydrolysis
and its effect on perovskite solar cells
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Abstract: The performance of the electron transport layer in perovskite solar cells is a key factor in
achieving stable device efficiency and a primary consideration for flexible devices. In this study, the SnO,
nanoparticle synthesis pathway is introduced for the low-temperature (40-90 ‘C) synthesis of tin oxide
nanocrystals using anhydrous SnCl, as the tin source, which is directly hydrolyzed with deionized water
without the addition of an acid or alkali. The grain size of SnO, has a direct impact on its performance as an
electron transport layer, and a smaller grain size can form a dense, flat, smooth, and thin film, which is
favorable for the subsequent deposition of the perovskite layer and reduces the leakage current. The
optimized SnQ, exhibits excellent optical and electrical properties, and the photovoltaic conversion
efficiency of the device reaches 20.4% (effective area: 0.13 cm?®). The electron transport layer accelerates
the extraction and transport of carriers, and its formation of a good interface with the perovskite film leads to
significant improvements in terms of solar cell fill factor and short-circuit current.
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Fig.1 Schematic of the perovskite solar cells
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Fig.2 Photographs of laser irradiation(a) and XRD patterns(b) of SnO, powders prepared at different hydrolysis time

& 2(b) Ky 7K it a] 2 60,90 ,120 . 180 min Bl 45
(AL BB A RE S B XRD 3% & . A XRD & ] L
F 16 26.6°.33.9°.37.9° 51.9° 4 ¥4 i 0%, HAT IE
T AL A L5 R R 2 B4 s 8 ol oAt B S| Ak W B9
AT S0, 10 B AN [ 7K A B[R] F SnO, 83 AR #2285 fh i
AN G A ) SR A I 2R BT . AHAS W) K i T B R
) XRD E 3w A A A L, 60,90 min 514 F #Y SnO, 7E
(110) . (101) 5[] b o £ 5 e 5 it L AVT S 06 1) 2 15
BN 5 Bl A N TR R A7 SR e A 2 o3 FE 1G] B
B Sy 7K A Az B SnO, 78 2 i 5T Aok RS TR
FITAS TR, A XRD 3% & o m] LU 7K A st TE] 2R 60
90 min B BT A5 2 Y SnO, £ i 1A [ 2 A1 for RSF 7 T
e B A

S OEHU AR (DLS) & i — & I K 16 e

SR T TR 14 1 TR B B i, AR FH R X ' 1 i
SRR, S5 A A Wiz s LS A B B i AR
FAEAR S iff o BORL I ROT FIVR E o 2R T 3 G
FRHE— MK T SnO, 57 P9 B W 1 99 oK R 7Y
ROSF M 25 R an 18 3 ez o 24 K g )R] A i o
120 min B, il 45 (14 SnO, 78 dib b R F 7 i 44 B4 i
() B — |, o3 A EL AR v, X 359 ok RS 9 Bk 4
HRA B /NIRRT AN FETE R RT R Bk: .
1 120 min B, SnO, 4K WORL AT SR BEG hw] , 8L T K
JANSR < VAR R A0 NG 1 o IS 7% i )3 T R T
r o JKAE AT 30.60.90.120.150, 180 min &4 F
X N )7 X5 i R RS 43 00 ol 7.891 ., 8.364, 8719,
8.966.9.642.10.57 nm.

El4(a) i LA ), SnO QKR 1) /N5 7K ik st



184 PR TR 2026 46 H
12 30 min 12 60 min 12 90 min
10t 10}
(=] 8 I (=] 8 I
o~ o~
2 =
= 6 = 6
3 3
41 4l
2t 2+
10 700 7000 70000 © 10 700 7000 70000 1 10 700 1000 10000
Diameter/nm Diameter/nm Diameter/nm
12 120 min 12 150 min 12 180 min
10} 10t 10}
(=] 8 I (=] 8 I
X X
= >
Sér Sér
3 3
41 41
2 2+
10 100 7000 10000 1 10 100 1000 70000 Of 10 100 1000 10000

Diameter/nm

[ 3 AL B X A 2, 7K A B TRl G, A5 21 B SnO, 48 K J5
L) RSE R, 33 2 PR Ry B A S oL (R 2R AT L 1 T 1
LU AR AINRST BB T2 R AR RIS, S 80
r RT3 R R 5 120 “C, 728 A i i 14 A
5K S 2o R R Y T R T A A o ) S B B A — B
J T AR IE K AR B SnO, 1Y 2% il H 2
FEME SR I U 125 5 S b ) iy SR AR Uk 7 A B 3R A IR
e DR T S TR K AR TR ) 4R fh B8 R 1 1 e P
(B 4(b)) FEiEE R (K 4(c)) , 1] LAFE £ 60 min X i
FC) L P A ) P SR AR, 180 mvim XoF 7 ) T8 B F8 A 1)
LA /N . ik R R R R /N R RS R
K T AL, B R 04 &, A T e AR e Ik
PR A ey i RN T A R B LS DR Y I T
W TG FEMERRA TR . Bk
Wk, AN TR] K A s 1] 45320 A SnO, IR R 5638 1 2R A1 AR
FEAEXF /0N 1k BH s RUSE B0/ INAR Ak 3 A8 2 X6 T g
FIG2E R E P A R R . & 4(d) S S ] K fige st
] 45 1 SnO, IR 1 AFM BI%, 7T LAE Y, /K fif v
il 5 1 SnO. 14 7 BRORFURE Fi2 357 3 558 /1N, 7K A s 1] 47 30
60.90.120,150,180 min A Xsf 37 () HELRE 4051 4 1.68
1.38.1.44.1.64.1.61.1.76 nm. Fifi % 7K fift i} [a] i) 14
T, SnO, T8 AR (4 REDRE B 328 7 78 K, 3 = 22 PRl I
AR TR EK: , SnO, 4 K AT H B AT 3R (10 B0 52 6 0 ., b
W RST AR, e 2 T BUR RS I SnO, A5 ) R
WK o AR HL AL JE I 2 DR U AN 38 A0

Diameter/nm

K3 RIEIK AR )R 45 49 SnO, TR Y DLS i
Fig.3 DLS profiles of SnO, prepared at different hydrolysis time

Diameter/nm

HBLFLAIA 30K 3 BB AR 2 B TTO e i fil it
PRI . A, T A RS 8 2 5 e )
R AT MRS FE AR K, XK= 5
T i 2 A A T = A S, DT N T R A
FUIRAL ) B4 5% ) 3] B A5 Ak 9™ A B L e 2 )
it [EHLARE B 76 1~2 nm 2Z [8] i) SnO, 3 5 250 % 1 4B
P o N A WA APy P N Ry I Dl 2 SRS
i 251 R

P 5 (a) A 3 T AS ] 7K it i 1) R A5 21 9 SnO, il 5
(18 A BH PR 3l ) O R R S8R e T T AR 2R R B K
fiff B[R] () 38, S8 AR R0R S B TS R R K i B ) A
60 min 45 1F F #% 18 P A 2% B i b, F 3Rk 3
18.5% , 7K At Bf 1] A7 180 min Hif #8424 F4) B A4 3850 R F 1%
A LAE W ASTR] K A st ) R A5 21 49 SnO, %6 K PH AL it 7%
10 65T %, O 5 (81 5 (b)) AT B F TR (&1 5 ) ) HF
H—E R, Jse N Ve 978 Ak Fa BRI R0R 1 78 b —
2, B RS B TR R R i 0 E O RN T B R R
AR BLAE 60 min 514 s s T 7w (B 5(d)) L, 45
A S A0 22 0] B AR AR R AN B B, FEARER S A E 69~
T6 DX PY o 3K ise B, ZK Ak ) 45 B4 SO, ki R
/N THE A 1% R TP S S Bk I 2
VR B AE T ST A B e A A T, ek T U R
PG X B A — 2 P Bl . [RIR R R} H 2
P 118 41 v 75 A O - DR A B, A T A i A R
Y/ DT 02 A oS P 37 2 B K



Ho4% Ho FEF KA SnO, TP RERF 78 B X A5 Ak 8™ 2K PH H 3l 74 52 1) 185
1.0
(a) @ 0.8((B) __30 min p ©
10} 0.6} —60 min # -
[ —90 min x0.
£ < g: [ 120 min 3 e
= - 2 92r 150 min S e
B 8 e 2 206 — 60 min
£ & £ — 90 min
g < ——120 min
Ag - Ag =04 — 150 min
6F Glass — 180 min
L L . . N . . L 0.2 L L . . N
30 60 90 120 150 180 0 2 4 300 400 500 600 700 800
Time/min Voltage/V Wavelength/nm
& 3 - 5 PN TRVISS 18
“ & -~ - vy "‘
5.8 nm -.."t‘";,‘ . 4.4 nm
..
g
& o 5.7 nm . : N -4.7nm
Height sensor oo_o nm Heg sor ' 800.0 nm
30 min 60 min
54 nm
-5.5 nm

B e "

. 800.0 nm
180 min

4 SnO, F-HPRiAR R A IR (a) , AN () KA R 0] T A 48 14 SO, WERRE 4 8 1w 1B (b)) (a5 Pl (o) R AFML B (d)

Fig.4 Plot of SnO, average grain size(a) ,and transverse conductance(b) , transmittance test(c) ,and AFM images(d)

800_0 nm Height sensor »

Height sensor
150 min

800.0 nm

eight sensor
120 min

of SnO, films prepared at different hydrolysis time

R T 25 A3 AT B T AE S AL A, DA
HERLOE (AM 1.5G, 100 mW/cm?) &5 T 4 H 4k 2
FHPIE , 159 2 7 xF R iy 45 2 ke 2, il 6 (a) s,
REAS & IAE Nyquist B H s 47 s 30T B S A R
PR T AR H ey AL i FRLBEL (R, ), TR ) 2 42 5 v g
R UBH B AE LE , AR B, D SRR 20 T 1Y FL far
R MR . XF AT LA K BRK A s 18] > 60 min B i
2 B AR AE w0 X R R B/, 2B SnO, S H M fiE
(144 o o A A T 7 L T AL %) A i A 2z /N A I
FH ZSimpWin 455 e 55024 [ 4006 79 S5 20 i B A Y
16 (b) S 2S J -V IS5 S T 7, K A B[] 24 60 min
FFXoF 1 19 25 428 %) U EL 90 /D, 2R 7 A R R B
BIF% FE /N o 3X I F 60 min £ F B9 SnO,
SRE BN AR RSE T DU O ST F T
B4 2, 58502 W8 il T8 i 524, /N T 3 T

AL 3 22 A ) T 280 778 i TTAL )5 B8 RN TE A%
2 EE .

& 7 (a) k7K fif i) 18] 2k 60 min 2548 09 5k ZE 48
() -V 45 5 g5 ARl 20.4 00 O 20w AU
0.13 cm®) , JF ¥ WL R4 1.13 'V, JI L U 2% B
23.0 mA/em?, HUIT K 14 76.500 , 45 4 M TR
(external quantum efficiency , EQE) 3k , 40 & 7 (b) fr
AR B ERET R ' 2 AE 400~600 nm {5 Bt 14 i 1 35 13
T 80% , B LI K 22.5 mA/em?, X 5 J-V K )
JL B P U P A R — B IRl DA A A R
SnO ARyt BREH AR [ 3544 T il 25 1Y 55 KA oK B P 1t
BOEN19.35% (K 8(a), (b)), W LA H , K i il 2%
() SnO, 7 HL U T A 58 J7 T A7 — 2 AL, X
T 4 T AR RS 1942/ BERETE 0% G T 1
JRE, B T H AR 2 1Y) e H R R R A TR 4



186

Mok T A2 2026 4 6 A
2017 23155
19} _ 2}
< 18} * 5
\8 <1EZ 21+
W7t =
<
- 20F
15 L L L L L L 19 L L L L L L
30 60 90 120 150 180 30 60 90 120 150 180
t/min t/min
G 80
761
112}
* 7ol
2 S 72
<°1.08} w
68}
1.04}
641
1-00 L L L L L L L L L L L L
30 60 90 120 150 180 30 60 90 120 150 180
t/min

Fig.5

60
50

40

-z, 10

N
[6,]

- _
(6] o [é,]

Current density/(mA-cm-2)

O
o

BI5  SET AR ] (9 SnO, il 4 (9 83F A G HL S AR () R R i 2

and fill factor of devices(d) prepared based on SnO, with different hydrolysis time

t/min

TR () SIEFE IR 7-(d) i ZE T8

30

g;

Current density/(mA-cm-2)

(a) ,

—o—30 min
- —o—60 min
—a—90 min

—e— 120 min o Sithe

—o—180 min o ave:
sl/d{‘\—.~¢° ™S

- —o— 150 min ,/ ooo\o\

\
\

o000 e ‘:-\:[;
\O

°

o, °I
[
)

®,
9'\.9

1%102

Statistical plots of photoelectric conversion efficiency(a) , short-circuit current density (b ) , open-circuit voltage (¢ )

(b)
1x10-2

1x10
1x10-
1x10-
1x107
1x10-
1x10-
1x10-10

-1.0

-0.5 0.0

Voltage/V

6 BT [F KA EIE) T 1 SnO, il 4 18 g 1 H AL 2 BB () TGS T-V 3 (b)
Fig.6 Electrochemical impedance plots(a) and dark state J-V plots(b) of devices

prepared based on SnO, at different hydrolysis time

(@)

N
o

Jg=23.0 mA-cm=
V=113V
FF=76.5%
E..=20.4%

~

)
L3
L3
*
L ]
[
°
9
b
1
'\

02 04 06 08

Voltage/V

1.0

_
[6,]

-
o

Integrate J,./(mA-cm-2)

o

o] =" al
300 400

500 600 700
Wavelength/nm

FL7 KA SnO,ZERDL AR 1F 19 J-V(2) FTEQE(b) B £k

Fig.7 J-V(a) and EQE(b) plots of the hydrolysis SnO,-champion device



B4t He

ST K% SnO, WAL BERTTE S H X A5 BRA™ A FH L itk 14 52 0

187

__25H@a)
§ 200 \\
E 1
S 15 2 1
-*Z; Jgc=22.9 mA-cm- 3
g 10} Vo =11V ‘1
= FF=75.5% {
[0}
2 st E.=19.35% ‘_L
]
0 1 1 1 1 1 Y
00 02 04 06 08 10 12

Voltage/V

Integrate J,./(mA-cm2)

1
|
!
}
\.

0
300

400 500 600 700
Wavelength/nm

800

K8 Rk SnO, B g fF#9 J-V(a) HIEQE #iZk (b)

Fig.8

3 it

(1)K HITEoK SnCLAE A B, K A5 ] # SnO, 44
KABURLAE D B 1 i J= o A2 TE K SnClL B 7K fife id 2
Hh, BB SN IS T A4 R8T, 19 P AR IR PR AR, 7
ROF Bk T2 R ARG, S B0 BRI 19 dh
KL, B T BE 23 R IR BN B Ag i BEAL R, &
HLPERE I

(2) B INERLR ST 19 SnO, AT LUK iUE0U% T- 5 (1 1
TAEHZ SRR Z Bk S sE o3, A A TR
TAE S AL (RS o KSR I TR D 60 min B A Y
SnO, FF- 39 ki RSE 2 8.36 nm, HLA 1 5 1 2 Al
HL AR ] 5 B R i g, MRS S 1.38 nim,
AT s B0 1 B S EOR iz ek /D S T A H A A
SRR A R A Ak

(3) il 78 9 B AR A BH P YL 45 7 2 78 IR R R Bt
HRL 7 TRTATAT B i , oo Ol L B4 AR T ik 20,400 CFF
RUEFR0.13 em?) .

S% 30k

[1] SNAITH HJ, DUCATI C. SnO,-based dye-sensitized hybrid so-
lar cells exhibiting near unity absorbed photon-to-electron conver-
sion efficiency[ J]. Nano Letters, 2010, 10(4): 1259-1265.

[2] CAO X, SHUY C, HU Y N, et al. Integrated process of large-
scale and size-controlled SnO, nanoparticles by hydrothermal
method [J]. Transactions of Nonferrous Metals Society of China,
2013, 23(3): 725-730.

[3] HUU N K, SON D Y, JANG I H, et al. Hierarchical SnO,
nanoparticle-ZnO nanorod photoanode for improving transport and
life time of photoinjected electrons in dye-sensitized solar cell [J].
ACS Applied Materials &. Interfaces, 2013, 5(3): 1038-1043.

[4] PENG W, MAO K, CAIF, et al. Reducing nonradiative recombi-
nation in perovskite solar cells with a porous insulator contact [J].
Science, 2023, 379(6633): 683-690.

[5] PARK J, KIM J, YUN H S, et al. Controlled growth of

perovskite layers with volatile alkylammonium chlorides [J]. Na-

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[16]

J-V(a) and EQE(b) plots of the commerce SnO,-champion device

ture, 2023, 616(7958): 724-730.
CHEN Y, WANG Q, YAO'Y, et al. Synergistic transition metal
ion co-doping and multiple functional additive passivation for realiz-
ing 25.30% efficiency perovskite solar cells[J]. Energy &. Environ-
mental Science, 2023, 16(11): 5243-5254.

GAO Y, HUANG K, LONG C, et al. Flexible perovskite solar
cells: from materials and device architectures to applications [J].
ACS Energy Letters, 2022, 7(4): 1412-1445.

REDDY S H, DI GIACOMO F, DI CARLO A.

temperature-processed stable perovskite solar cells and modules: a

Low-

comprehensive review [J]. Advanced Energy Materials, 2022, 12
(13): 2103534.

FOO S, THAMBIDURAI M, SENTHIL KUMAR P, et al. Re-
cent review on electron transport layers in perovskite solar cells[J].
International Journal of Energy Research, 2022, 46 (15): 21441-
21451.

CHEN R, ZHANG W, GUAN X, et al. Rear electrode materi-
als for perovskite solar cells[J]. Advanced Functional Materials,
2022, 32(26): 2200651.

CAO J, WU B, CHEN R, et al. Efficient, hysteresis-free, and
stable perovskite solar cells with ZnO as electron-transport layer:
effect of surface passivation [J]. Advanced Materials, 2018, 30
(11): 1705596.

DING Y, DING B, KANDA H, et al. Single-crystalline TiO,
nanoparticles for stable and efficient perovskite modules [J]. Na-
ture Nanotechnology, 2022, 17(6): 598-605.

DAGAR J, CASTRO-HERMOSA S, GASBARRI M, et al.
Efficient fully laser-patterned flexible perovskite modules and so-
lar cells based on low-temperature solution-processed SnO,/
mesoporous-TiO, electron transport layers [J]. Nano Research,
2018, 11(5): 2669-2681.

UWIHOREYE V, YANG Z, ZHANG J Y, et al. Transparent
conductive SnO, thin films wvia resonant Ta doping [J]. Science
China Materials, 2023, 66(1): 264-271.

PARK S Y, ZHU K. Advances in SnO, for efficient and stable
n-i-p perovskite solar cells [J]. Advanced Materials, 2022, 34
(27): 2110438.

KIM S, ZHANG F, TONG J, et al. Effects of potassium treat-
ment on SnO, electron transport layers for improvements of

perovskite solar cells[J]. Solar Energy, 2022, 233: 353-362.



188

FHRLT A2

2026 4= 6 H

[17]

[18]

[19]

[20]

[21]

[22]

GUO Y, YIN X, LIU J, et al. Vacuum thermal-evaporated
Sn0O, as uniform electron transport layer and novel management
of perovskite intermediates for efficient and stable planar
perovskite solar cells [J]. Organic Electronics, 2019, 65:
207-214.

LIY, ZHU J, HUANG Y, et al. Mesoporous SnO, nanoparticle
films as electron-transporting material in perovskite solar cells[J].
RSC Advances, 2015, 5(36): 28424-28429.

XIONG L, LIJ, YEF, et al. Bifunctional SnO, colloid offers no
annealing effect compact layer and mesoporous scaffold for effi-
cient perovskite solar cells [J]. Advanced Functional Materials,
2021, 31(36): 2103949.

SONG P, SHEN L, ZHENG L, et al. Double-layered SnO,/
NH,CI-SnO, for efficient planar perovskite solar cells with im-
proved operational stability[J]. Nano Select, 2021, 2(9): 1779-
1787.

ZHANG S, SI H, FAN W, et al. Graphdiyne: bridging SnO,
and perovskite in planar solar cells[J]. Angewandte Chemie Inter-
national Edition, 2020, 59(28): 11573-11582.

MIN H, LEE D Y, KIM J, et al. Perovskite solar cells with
atomically coherent interlayers on SnO, electrodes [J]. Nature,
2021, 598(7881): 444-450.

(23]

[24]

[26]

MAI L, ZANDERS D, SUBASI E, et al. Low-temperature
plasma-enhanced atomic layer deposition of tin([V') oxide from a
functionalized alkyl precursor: fabrication and evaluation of SnO,-
based thin-film transistor devices [J]. ACS Applied Materials &.
Interfaces, 2019, 11(3): 3169-3180.

AYDIN E, DE BASTIANI M, DE WOLF S. Defect and con-
tact passivation for perovskite solar cells [J]. Advanced Materi-
als, 2019, 31(25): 1900428.

JIANG Q, ZHANG X, YOU J. SnO,: a wonderful electron
transport layer for perovskite solar cells [J]. Small, 2018, 14
(31): 1801154.

SUN Q, LT H, GONG X, et al. Interconnected SnO, nanocrys-
tals electron transport layer for highly efficient flexible perovskite
solar cells[ J]. Solar RR1., 2020, 4(2): 1900229.

EEWA . WK ARR =R (61974074)

Wt H A . 2024-04-15; 2 F B #3: 2024-07-17

BIESE SR IR (1980—) , 2o, U2 , WA, 2R o8k R IR bR 4
P38 ZR A < ST R X R B R T 2 AR X L A B 50 2E T

HE24BE (300350) , E-mail : 1769413620@qq.com

(AXarsm: 7+ #)



