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SnO, HA ek YA 5 . AT 5L 7 ) 25 5 00 AR 00k H A% B 2 RO S b R 22— Tz T e AL
T o 1 - T S J5 235 05 AR T A B RE H . AR SCHEAR U (150 °C) R SR JER T2 %% SnO, L F &2, IR T
SnO, Fil YR I A 7] e B (SnO,, SR 050 2.5%—10.0%) T 1l 45 B SnO, By 15 i J2 X145 5K 57 K FH AiE
WP BE B MR 8 X SnO, M UEFT H R T BB (SEM) . 2EAM-TT WL (UV-Vis) WG #1 556 1 5
Br, S BRI RS (0 7 35 3R | 15 R AT SnO, 8 (14217 BR B SnO, T 5 VB A4 388 it i 38 K 5 38 5 Xt SnO, /45 £k 5™
(MAPbDL) # i1 SEM, UV-Vis, X-JF 24t (XRD). Fa&GEUL I (PL) Yk /4T, & B SnO, KR53 Hlk
WHE N 7.5% 45 11 SnO, J2 L UTAL MAPDL WRLAR fic K, 45 & BE S, ELAT S 40007 v 2 BRI A5 i R 7 ;
i 3o XA AR A P BE F it R AT L Ak 2F 28 W B BT (EIS) A= F AR (EQE) 4087, & BT & 50 50k 7.5% il £ 1)
A ELAT f /N 0 A% S A BELRN S A B OG B BRI RE T, ELARAS T 15.82% MG LR W R e MR A KR E
(2545) °C, RH>70%, Jodt# i 554 F A A7 600 h J5 A DRI R8O 92%. TR, SR AIVE BE AR AL )5 19 SnO, Hif
DRV 25 T e R, RIS T 13.12% BB A0R, HAE (3045) C, RH>70% 425 R N ifif£ 84 K
AR FE R B RCR 1 48%, 727245 A 2R 1000 K (45l 2484 3 mm) J&, (AR TR IR R0OR Y 78%. X 0 i i 32
PEES R A B Al R b R BB BE e T SER

KB : SnO,, PHERGABHRER b, MR &, RUetE
PACS: 88.40.-j, 88.40.H-, 88.40.hj DOI: 10.7498/aps.71.20211930
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MR CRGETEZ, PR R, fil& T 2WE
500 °C ZE A3 Wil PR T AR PR g1 b B
H TiO, PSC BEIEIHFER K, BHAT T PSC ARk
bk i Bo-10 R, BERRIE RS | il T2 AR
LT A AR AT S A S 121

SnO, J&—Fl = SRR N B SR bR,
BIESEDEREE, B TiO, iR 19,
34k, SnO, BATETE WG4 B, A 3G M R Y 45
P A i B L B R L AR S Ak i e 1 i
e MR #8120 A R e 2y T B A
KK & RE 1181 HTiT, SnO, HLF1E %512 1 il
FBITEA T 28, b AR R R A RR
Tl B8 7 VAT VA A - B T R 7 19261, 311, Song
25 21 4E 200 °C KM SnO, 44K ks i i gk T.25
UURR SnO, A, il 45 T 3+ MAPDL; (9 Ifi 53 5
45 PSC, R PSC 53 T 13% 1 PCE. Xu 451
K H SnCly-2H,0 38 i1 75 e -5E B A AE 180 C I AIK
R # SnO, MK H T3 T MAPbDL; #9°F- [fi &
JE2 PSC, sl Xt BRILI Rl A AL, 35 T8 19%
et PCE. Zhang 55 9 7228 S ie TR i B Jm 1Y
SnO, KRS BOME, 72 100 °C PRI T B A £
SnO, HLF1&4u 2N HAERE T MAPDI 1°F- [ 5 5t
45 PSC, SCBL T 17.83% WifE PCE. Méndez 55 %)
TE TR BE IS 1 SnOy AR/ B IE7E 150 C A9
IR K25 SnO, W T 5T MAPDI; 19-F
I 5 Jfi 45 PSC, i3 X SnO, F 4T UV-0, 4k
PR ERAE SnO, TR, T 5855k B s 77 o
HHIPCHL, SR8 T 19.4% WyftE PCE.

3k, SnOy ARl & ML Rk TR E
MIXF 221 PSC IBFFE 248K, Park %5 29 K H SnCl,:
2H,0 3 IR M- BEAE 185 °C AR F il Lit
B0 SnO, B F1E 52, H TR Vs Eks”
(MAPbI3) K FHARE HE 3, K45 1 14.78% 1) PCE.
Zhong 45 130 5% FK IR (140 °C) 4L BE A SnO, HL T
1 4 J2 1 & Z2 vk PSC, I B A BRI & B
A=Y E M SnO, i1 MAPDI, B9 %L, 75 AM1.5G
R BHOG T 3575 T 18.36% Y PCE. Chen % Bl
K H T BE-IK R G AR A s, i SnO, 14
Al B FEAIR R 130 °C, A AL T = BT Y £ i SnO,
ML T )2, HL 4% 00 R MR 54k 8™ (MAPDI,)
KPIHBEH RS T 18% % PCE.

AXER B, SnO, VE AR 1540 2 1B 53
KEZHENTE 150—200 °C ZJH], DRI TR

il &R R E 150 °C LAF, 150 °C 2 BA 5%
Fb A 22 IR B2, T RE A B e A R T A K R ) 45
fn, A AT H BTG . B SCIRIR D>
F R SnO, WEETE 150 °C F 45 i S 6 i v 5 A F
5%, [l SnO, F i G AR AR IE A AR N #2514
P R 1 52 Wit AT 408 . BT IR AR PSC 2R3 4
JIEHE I K X PSC P RERZ M HEAT T WF5T B2-34. 2%
TR, BN B R BB S AR R AT S5
M. X FARIRAR R, A %8 ZR 50 M A7 i I 1 ok
R .

ASCRH FTO/Sn0,/CH;NH;PbI;(MAPDI,) /
Spiro-OMeTAD/Au W &5 F 24514, 8 i igle 1.2
7E 150 °C AR T i 45 SnO, ML T1EH 2, /5%
ATl SnO, i 43 E0AY SnO, FiF 9K A % 0 (5 C
2 B 1Y W T Y938 SnO, FiF 5KV Y TR A
) W51 SOy HLF-1% 40 2 X E B A B 4h ot
TR AN A BH R FEL Tt 1 BB A 52 . ) A 4 P B
% (SEM), 224M-A1 WL (UV-Vis) BIOGTE | 1%
FHERE X-SHEATS (XRD), Fa 0otk ot (PL)
S, b2 A i B BT (EIS) Al Ak & T 40%
(EQE) MK FAE T SnO, JH IE FIES 4k 47 155 A 72
SEEH | OGAPERE L AR RAE, JTXT A P EE AL
PEHEFT 5T

2 S
21 E #

BN SnO, FHIEE (FTO) WK H Ki%
L6 KB RE RN A RS w5 SnOy AR 43 B
(15% 1) SnO, 7E HyO AR AT U ) W 3K F BTk
BIS (P ED) A BRA R N, N- 3
(DMF), T (DMSO)., ZIR 2l &%, &
i W S B BTz TR () A BR A | s AR A
(Pbly), H 3 il fk 2% (CH,NH,I). 4-80 T & i i
(TPB) . B — 6L A e 88 (Li-TFST) gk A 74
LFEFFERBHCA R AT 2, 2, 7, 7-1U [N, N-
(A ARCER R R ) A=A -9, 9948 7 (Spiro-
OMeTAD) 3K At nt A R EFHE A BRA A

2.2 HtHHE

LR H % B FTO FIRZE_H R L RS
FZMHAR (ITO/PEN) 43 Al HUE TSRS . 2= FK.
ToIK VST AS R 5 1L 15 min.
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HL AL 42 B il 45 B SnO, ISR/ B0 25
BITKLA 1:5, 1:4, 1:3, 1:2, 1:1, 2:1 fAFR
2 AN [R) R i B KA I W (B A 4 A R
2.50%, 3.00%, 3.75%, 5.00%, 7.50%, 10.00%), 1i
P ARG FETE VR FTO M ITO/PEN L)
4000 r/min A9 %% 3 iE % SnO, FI 9K 30 s. fx )5
£ 150 °C A& Fhn# 30 min.

FLER WOL)Z M 45 B Pbl, . CHaNH,I 4% 7
JEJREL N 1:1 ¥ f#7E DMF 1 DMSO KRS ¥ ik
H (AR EE D 4:1) il 5 1.2 mol/L 55 R i 4K
RIS . 7E SnO, HL ¥ &5 )2 1= L) 5000 r/min [
S 30 s, FHAEH 6 s AN 300 pL ZFR £ HiF
KRR, SRIGTE 100 C BIn#E L Im#A 15 min.

A 2 5 & E X AR A B 70 mg/mL
)78 AL Z AR (72.3 mg [ Spiro-OMeTAD)
FHRAE 1 mL SRR, PR mE i in 29.0 pL
TPB %M 17.5 plL () Li-TFST % (520 mg/mL
Li-TFSI f1 ), LA 3000 r/min )3 B 75 55
B2 FIERR 30 s. THRAAL R TE s BERRAL T 28
4% 100 nm Au HLHZ.

2.3 [EBESRIE

% H SEM (MIRA3LMH, Tescan, ## i) %}
SnO, FIESERH™ 1Y R TH I B #E17 3RAE. R H] XRD
(Rigaku-TTR T, HZA) XHSEKT 4 A4 1tk T
FAE. RAEA 466 nm kb 1) 4D RE RIS
% (FLS1000, Edinburgh, 5% [ ) Il & 455k 5 3 i

200 nm

200 nm i

FPEEURIERET ). RITEIMEREY (UV-Vis, Hitachi,
H AR ) X SnO F1ES Bk 7 V8 JI5 1) W ' P 2R 4 7
HE, P K 3001100 nm. 5 JH A Ak 2 T4 o
(PGSTAT302N, Metrom, AUT86802, i) Xt
i) EIS #E1 73R 1E, st shfs SRR A 10 mV,
M 1.0 'V, BRG] 10—10° Hz. SR A HLI
H R o M ot 42 I FF (TTS-KA6000, St 4 R}
B, P E) MRS R BIERUAS (SS-F5-AAA, R
Bhez, i E) HA bR C R ERE U T RAE, B
W B DGR S AM1.5G 100 mW-cm 2, T A7
0.1657 cm?.

3 #R5i0
3.1 SnO, HERRIE

Bl 1 AR TRV BE R il £ B9 FTO/SnO, WA
SEM EIFIfERE (EDS) . rTLIEH, IR (2.5%)
il & 1 SnO, L F L2 R feC &E % FTO 2,
H B 28 FTO M RLRE 3% 1, X 2 i iR
MAPDI,; # i 5 FTO H#EdM, SBERTEA;
Bl e B ABE TN, SO, HL T4 4 )2 A B 55 2% T
B M EE A 10% B, il 10 SnO, ISR Y
SJHSE R w FTO. MUARMIET T FTO M
FaAb, IRREAR T FTO A2 HHLRE B, hE 0 T iR
) MAPDI, <5 FTO Y B 4% .

[RIESE, PN [ B2 T 4l 45 19 SnO, WA T T
UV-Vis GBS H7. & 2(a) Fizs, SnO., i 1%

200 nm

Spectruml

cps/eV

25.69 71.95

100.00 100.00

200 nm "
g 0O 2 4 6 8 10 12 14 16 18 20

keV

B 1 AR H %8 FTO/SnO, #E  SEM & (a) 2.50%, (b) 3.00%, (c) 3.75%, (d) 5.00%, (e) 7.50%, (f) 10.0%; (g), (h) EDS

P (4 P g X 7 (39 T 3R 7 1 FURL T 20 L)

Fig. 1. FTO/SnO, films prepared with different weight concentrations: SEM image (a) 2.50%, (b) 3.00%, (c) 3.75%, (d) 5.00%, (e) 7.50%,
(f) 10.0%; (g), (h) EDS image (The inset indicating the weight and atomic percentage).
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1.0
(a) 4
— 2.50%
£ 08 Zg L — 3.00%
g N: — 3.75%
= s 2r —— 5.00%
2 06H =
3 et — 7.50%
‘;5 < 10.0%
d 04 0 E’l 1 Iy 1 1
-8 3.3 34 3.5 3.6 3.7 3.8 3.9 4.0
o hv/eV
w0
o)
| \\’/x
E—
0 , , , ,
400 500 600 700 800

Wavelength/nm

Bl 2 IR BE il 4 ) SnO, W

118801
100
(b)
80 F
X
S~
Q
=
5 6ot — 2.50%
e — 3.00%
E — 3.75%
g
5 40t 5.00%
= — 7.50%
10.0%
20k —— Glass

300 400 500 600 700 800
Wavelength/nm

(a)UV-Vis Y15 #l 5(b) 35 H1 6% B (45 B4 SnO, # ALY Tauc &)

Fig. 2. SnO, films with different weight concentrations: (a) UV-Vis spectra; (b) transmittance spectra (The inset is Tauc diagram of

SnO, films).

W3 B R 118 1 K TR OIS, 32 SnO, AR
W AR F A 2] 1 ] DO DX, A A R g S v ]
REVR [ T 5 R 1 G B 3 26 T 41 6 5 S B L
MR B FERAE, S5 (TE SnO, BEHF 4T
B R S LAT B BELL, SLV/FRARBEY T M
AR B LT 22 IRl R R A N B I
WA 4 U A e 5 S8 I VT 2%, LD R ] bt 2
W RIBE N, SnOy YPKRIURLK K H 2 B AR, i
esn, a2 B it Taue FATHIE SnO,
W YA BRTE 3.683.74 eV Z[i], H. SnO, i
(IR W I A PO B84 T T8 o, B A 8 o2 5
7 7 iV 8 A 18 i B A 7 | e g 1261,

AN, ARIRIR BE T 45 14 SnO, R 35 51
WEWE 2(b) iR, ATLLE H #E 400—800 nm (1)
WK AN, FTO IS SnO, MR A B4 1 %
SR, SEHE B R 80% oA 515 T BRI A
Eb, SnO, 1 7R H R4 A B S 2 B 798 Bl
& SnO, NSRBI BE 348N, FTO/SnO, i F
R RN, S BOL SR A G BURE/N, 5 SnO,
T 18 56325 B R A O I B9 X R T 2
T FRESER OB, 7= A B 2 1 LA 3
AT -4 v i A R e AR R 1040, ok, AT
()27 B e B SnO, R A LA & [,

3.2 Sn0,/MAPbLI, £ &ERARE

XoFUTFRAE AN [V BE SnO, JL K I 185661 T
JEE (FTO/SnO,/MAPDL,) #E47 T R 54t 8 Kot
SEPERRAE. AR SnO, T2 TR
MAPbI; # 5 (%) 2 15 B S an K 3(a)—(f) s, 1K
W RE SnO, HLF 14 iy )2 I il 4 1 5 Bk ™ i R

BN, YRR W SnO, BTYR IR (36,
MAPDI 8 B ) oL RO A7 S50 K R B
7.5% B SnO, 7 I il %5 1) MAPDI v I8 kL 12 £
K. HIETEEHL, [l SEM # 1 E v, SnO,
ZE R 2 B E e, VTR MAPDI, i
JEE PN BB T LR HLEAG P-4 35028 0 7 s . AR d ok
RF 1% MAPDL; R HAT 8 /N ) S AR R85 55
YRR, AT e e A .

K 4(a) A FTO/SnO,/MAPbDI, 3 fi5 i) UV-
Vis WO, AR EE R () SnO,/MAPDI; j# i
AT D DX s R ] A 2 e 2 ]
F i, AEIRES Y MAPDI, MRS 234 0 T
24 786 nm 4k, HAFBRZ K 1.59 eV; SnO,/MAPDI,
VLIRS AR IR S B 2 TN, L it A1 T e e Bt o Y B 1Y)
B, MAPDL; FERE (R A% A L fi in, {3 SnO,
TR BRI, T B0 E RIS, 57T SnO,
HHE BEA G R SnOy/MAPDL; HEREAY IR GRS .

T WS A TR He BE SnO, WM X MAPDI,
JEZE SRR IR, - 4T T XRD RAE. W 4(b) fr
7R, ST TE 14.16°, 28.51°, 31.95°, 37.83°FF7E 454k
™ (110), (220), (310), (321) f I Y 437 5 e 19:23],
TSP UG R o B S 285 BE A O, 3R A B B R WA R
(A2 S R, TR A I H A ) i R B 28431, e
2 7.5% (1) SnO, 2 I MAPDL, I 17 S5
JE BRI, R AE 14.16°(110) AbAOAT S, 35
WZ s A 45 LA (110) fb i O e lis), AT 8
K ERRR ST, 5 SEM 4558 —2K.

T WA TR e BE SnO, Wil 5 MAPDI,
[ Z [l % FRL T AR i e 0, 24T T AR PL RAE. 10
Bl 4(c), (d) Fr, AR SnO, KN MAPDIL,
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100 nm

100 nm

B3 R TH e K45 A9 SnO,/MAPDL I SEM R E S (a) 2.50%, (b) 3.00%, (c) 3.75%, (d) 5.00%, (e) 7.50%, (f) 10.0%;
(z) SEM BRI AL, WeIE D 7.50%

Fig. 3. SnOy/MAPDI; films prepared with different weight concentrations: SEM surface morphologies (a) 2.50%, (b) 3.00%,
(c) 3.75%, (d) 5.00%, (e) 7.50%, (f) 10.0%; (g) SEM morphology of the cross-section for weight concentration of 7.50%.

(b) ) —10.0%
2
2 2 —— 7.50%
£ b= I S ?
. =}
5 S
5 2 ) —— 5.00%
Q ~
g 2
2 RN ) —3.75%
2 it
=1
b = I X —— 3.00%
1 e
400 500 600 700 800 10 15 20 25 30 35 40 45 50
Wavelength/nm 20/(°)
(c)
w
n +
= g
=] =}
=] .
3 2
,.e <
T o50% ey
> 2.50% o
7| — 3.00% -
8| —31% s
& | — 5.00% g
2| — 7.50% 5
——10.0% “
650 700 750 800 850 650 700 750 800 850
Wavelength/nm Wavelength/nm

Bl 4 AR BT & 9 SnO,/MAPDL; #iE  (a) UV-Vis RYOLHE; (b) XRD [&; (c) PL [&; (d) 14—1L#) PL &
Fig. 4. SnO,/MAPDI; films with different weight concentration of SnO,: (a) UV-Vis absorption spectra; (b) XRD pattern; (c¢) PL

spectra; (d) normalized PL spectra.

WD K BT AE 783 nm 7247, ELHEHE W IE T5coR, ViR EA SR R EURN L e (i o 144490,
IR N, PL WEFEAR, FTO/SnO,/MAPbDI, 14 i Wit 5 Y 38 1) 20k 252 14 I, L g %) e 5, 4 8 184
PRRAF F S 191, Forh YR EE Ry 7.5% il 45 1) SnO, WERAE A g 55 . i H—1k i) PL RAE, AT E
JZ_ I MAPDI; W5 PL I HRAR, 20 H XA HIANRIAERE SnO, MR AR s A K.

118801-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 11 (2022)

118801

3.3 PSCHIXRMERERIREX

Xt PSC WYPERESEAT T VP4, B E45H (FTO/
SnO,/MAPbDI,/Spiro-OMeTAD /Au) Ui &l 5(a) FF
~, FIRHEF AR SnO, B TE4 2 X gt
IRVERERIRZ IR, 455 ULIE] 5(b) A& 1. o THIRRA
PR ESE Y, G0t T 18 N S 5o i+
B, g5 A 6 Fin. ANFEMREE SnO, LT &5
JZ 2 1 PSC B 8541 TF LR Vo IRVR B
(2.5%—5.0%) SnO, &4 2l %5 19 PSC Y H
W J. MR T FF A5, BE& SnO, k&
s m, J. f FF AP, i ern PCE tbf

FIEIN; BT E N 7.5% SnO, HLT1E 4 2 H &
) PSC HA etk PCE, M 15.82% (V,, = 1.06 V,
Jo = 21.62 mA /cm?, FF = 69.40%); 4% & 1 fin
] 10% B, #44 J 89m, 8 V., & FF ¥ TR, T
HOH PCE F T B, SORFEARH IR T B2 &
WRBE 1Y) SnO, VR ELAT 55 55 i JEE B AL AL TR L RHL, AL
i Tl R K, B TS RN E S
BRI REE, AR T V.. I FE. J,. BEYE B i )5
DRI AT AR SnO, T8 (1% 375 S 46 Bl v 8 15 i 38
AR TEZHAOETF R 2, AR
T, IR Jy; D350, RIAHE 55K 125 5452

F 1 AFEWEETH% SnO, L FEHIZEN PSCOLHMERESEL
Table 1.  Optoelectronic performance parameters of PSC based on SnO, electron transport layers prepared with different
concentrations.

Concentration/% R,/Q R,/Q Jyo/ (mA-cm2) Voo/V FF/% PCE/%
2.50 36.89 394.30 20.80 1.07 54.49 12.12
3.00 48.19 364.10 20.44 1.06 63.32 13.65
3.75 43.46 348.90 20.40 1.10 65.11 14.56
5.00 42.51 322.80 20.38 1.08 65.18 14.31
7.50 46.47 277.60 21.62 1.06 69.40 15.82
10.0 41.64 321.30 22.26 1.02 67.47 15.33
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Fig. 5. PSC based on SnO, electron transport layers prepared with different weight concentrations: (a) Diagram of device struc-

tures; (b) J-V curves; (c) Nyquist plots; (d) EQE curves.
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Fig. 6. Statistical of PSC photovoltaic parameters based on SnO, electron transport layers prepared with different concentrations:

(a) Current density; (b) open circuit voltage; (c) fill factor; (d) photoelectric conversion efficiency.

F, i i1 BRI R for IR ER R, RAF B 35 R 10
SnO, JZ SRR M E A%, FEEEN Je Ve
B R R AT g2 SnO, 2 5854k 2 2 8 B A
BT SR, DR T AU AT A R FRAR TR
[l T N N & A
HTIRAWIGE PSC M T4 sh 712, &
TRAEAERE SR E B R (-1 V) TS Nyquist
B E T AL s e R (Ry,). 7EXITAEH, BF
A RS R /7S A E AT Y AR ]
EIS MHAE AR AR I8 A TS8R0 /i T1& 5
JZ L B AT 129), 4npEl 5 A 1 s, BT R A
ORI — A B 2 B R R R R
FHE N 2.5% B SnO, HL T &5 2 #l % 1) PSC
LR P R, = 394.3 Q; BEE VRIS IN, R,
BN, S EE R 7.5% I, R, WUNE 277.6 Q;
B2 vk FE ARSI K 3 10% I, R, ¥EINZE 321.4 Q.
BT K 7.5% 1 SnO, 1L E I eeE R
BN AR L RE, B A A ey A e,
45 B 5 PL R — 2 28, ¥R EE R 7.5% AY SnO, H
TAL 52585k 2 2 (814 540 S i 2 i, AR

TABP TR LS, AT K FF A, HZ
R J- VI —E

[FET, SR EQE M T #8148 56 - s I e 4
RET, #%FR) EQE BE MR B 038 2 i &, 24
WeBER 7.5%—10% B, B4R A Uk T A6
1, R TR, EQE ABIMLL, T
HRAEES J-VERh R EEY 4.

w5, N TSRS EAR R 2 3T iR e Tk,
J A REE B SR (2545) °C, = IRE
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Fig. 7. Stability test results of PSC based on SnO, electron

transport layers prepared with weight concentration of
7.5%.
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J7R. A% 600 h 5, FETHREEA 7.5% B SnO, HL
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22.20 mA /cm?, FF = 67.66%), H:45 5 3 9 3 i
£ SnO, ML 18 2 AR OL B

4
2@ (f)
E e,
. g °f
:
3 o
8 —— 7.5% (150 C) = | — 75% (150 «C)
2 —— 7.5% (450 C) S I — 7.5% (450 C)
< !
. . . . 0 — . .
5 400 500 600 700 800 3.1 3.2 3.3 34 3.5 3.6 3.7 3.8 3.9
200 nm
= Wavelength/nm hv/eV
100
3 (8) 2 ® —— 7.5% (150 °C) o | |® 7.5% (450 C)
E got El —— 7.5% (450 C) =2
S 2
o ,J: =
=1 o .
g 60r g <
+ ~ 5]
.é( 8 ;
g - g PS —— 7.5% (150 °C)
S 40 s %
3 —— 7.5% (150 C) 5 b
B 20} — 7.5% (450 °C) A =
— Glass <
300 400 500 600 700 800 400 500 600 700 800 10 15 20 25 30 35 40 45 50 55
Wavelength/nm Wavelength/nm 20/(°)
& 25 100
210 PR N o o TE% (500 20 £
E 7 75% (150 OC) g 20 -.-.~.-..~.-.»..!:::::::n-....--.;: ........ S0l —o— T7.5% (450 OC) g
7| — 7.5% (450 <C) < 5
£ E . 15 g7
3 = 151 é 60 | ° g
z 3 g 10 ~<
z £ 10t 5 40f TE
: 2
= g 5f —o 7.5% (150 C) 20 | 5 &
g £ —o— 7.5% (450 C) kE
: . . 0 . . LA 0 . . . 0
650 700 750 800 850 © 0 0.2 04 0.8 1.0 300 400 500 600 700 800
Wavelength/nm Voltage/V Wavelength/nm

E 8 (a) 150 °C, (c) 450 C Bk FTO/SnO, # K1 SEM &l ; (b) 150 °C, (d) 450 °C iE k SnO,/MAPDI; # 5 A SEM [ ; K [ i
BE R K SnO, # AR (e) UV-Vis IO, (£) Tauc B, (g) i $ 9635 Bl AR EE T iR K SnO,/MAPDL; # i (h) UV-Vis 1z 0Ok

#, (i) XRD [&, (j) PL [&; PSC #f4 (k) J-VIliZ:, (1) EQE i<

Fig. 8. SEM images of FTO/SnO, films annealed at (a) 150 C, (c) 450 “C; SEM images of SnO,/MAPDI; films annealed at (b) 150 C,
(d) 450 °C; SnO, films annealed under different temperature: (e¢) UV-Vis absorption spectra, (f) Tauc diagram, (g) transmittance
spectra; SnO,/MAPDI; films annealed under different temperature: (h) UV-Vis absorption spectra, (i) XRD spectra, (j) PL spectra;

PSC devices: (k) J-V curves; (1) EQE curves.
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Fig. 9. Flexible PSC with SnO, electron transport layers: (a) J-V curves of device prepared with different weight concentrations;

(b) =3 mm, PCE evolution of flexible device with weight concentration of 7.5%; (c) stability results of flexible device with weight

concentration of 7.5%.

R AT T8 9 2 B 45 2R, 2230k HIR [k BE 1
SnO, FIIKIKAE ITO/PEN il PSC. & 9(a)
RZE PSC 1 J-V ik, EIB/R T A R
ZeME PSC BYIR - 18 9(b), (¢) 3B hZRtE PSC
il M RE AR T M RE r IR g R R 2 N
PSC Y ERE S B, SRIPESF—#F, T
SnO, BRI E R 7.5% HY SnO,H T2 il %
ZEt: PSC 315 T i fER PCE (PCE Jy 13.12%,
V,.=1.07V, J,=18.44 mA/cm?, FF = 66.65%),
LR 1000 K (BHERE r = 3 mm) AR FE T
WIHAERCRRE 78%, HAE (304£5) °C, RH>70% %5/%,
B AT 84 RABERFE TR AR 48%. S HI
PERS AL, R R B R AP Bk s Fn
2SR ERASENE, J F FF AR TT A2 2k
JEEAY BB BE R, A T 3. SnO, MR IL A AR
E MR E R PSC MREREE T IEAE.

# 2 REWE FH% SnO, B EHZNFTER
LR PERESEL

Table 2.  Photovoltaic parameters of flexible device
based on SnO, layer prepared with different weight

concentrations.

Concentration/% Ji/(mA-cm?®) V,./V FF/% PCE/%

2.50 17.33 0.94 57.00 9.26
3.00 17.33 0.98 61.25 10.32
3.75 18.39 1.02 61.62 11.37
5.00 18.60 1.06 65.79 13.00
7.50 18.44 1.07 66.65 13.12
10.0 20.54 1.03 62.28 13.10
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SnO, HF 1426 % R PSC 345 T 15.82%
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Abstract

SnO, has the advantages of excellent photostability and can be prepared at low-temperature below 200 °C.
It is regarded as one of the excellent materials for the electron transport layer, and widely used in efficient and
stable planar heterojunction perovskite solar cells. In this work, the low-cost, dense and uniform SnO, electron
transport layer is prepared by spin coating at low temperature (150 °C) for perovskite solar cells with a
structure of FTO/Sn0O,/CH;NH3Pbl; (MAPDI;)/Spiro-OMeTAD/Au. The crystallization and photoelectric
properties of SnO, electron transport layers prepared at different concentrations (2.5%-10%) at 150 °C, and the
influences of SnO, electron transport layers on the formation of perovskite films and the performances of
perovskite solar cells are discussed. By analyzing the scanning electron microscope (SEM), ultraviolet-visible
light absorption spectrum (UV-Vis) and transmission spectrum of the SnO, film, it is found that the coverage
and light transmittance of the substrate and band gap of the SnO, film increase as the SnO, content increases,
while the absorbance decreases. By analyzing the SEM, UV-Vis, X-ray diffraction (XRD) and steady-state
photoluminescence spectrum (PL) analysis of the SnO,/MAPbDI; thin film, it is found that the MAPDI;
deposited on the SnO, layer with a concentration of 7.5% is uniform and pinhole-free, has the largest particle
size and the best crystallinity, as well as more effective charge extraction capability and transport capability.
By analyzing the electrochemical impedance (EIS) and external quantum efficiency (EQE) of the device, the
SnO, electron transport layer with a concentration of 7.5% has better interface contact and lower interface
resistance, which is beneficial to reducing the recombination of carriers and improving the photoelectric
conversion capability, The perovskite solar cells based on SnO, layer prepared with a concentration of 7.5%
reaches a photoelectric conversion efficiency of 15.82% (V,, = 1.06 V, J,, = 21.62 mA/cm?, FF = 69.40%), After
storing for 600 h in ambient air ((254+5) C, RH>70%) without encapsulation, its efficiency remains 92% of the
initial efficiency. At the same time, we prepare flexible devices on flexible substrates (TIO/PEN) by using SnO,
precursor with a concentration of 7.5%, which exhibits good photovoltaic performance and achieves a
photoelectric conversion efficiency of 13.12%, and storage time for 84 d in ambient air ((30+5) °C, RH>70%)
without encapsulation, its efficiency remains 48% of the initial efficiency. The PCE retains 78% of the initial
efficiency after 1000 bending cycles with a bending radius of 3 mm. The study of optimizing the concentration
of SnO, has laid a foundation for improving the performance of flexible perovskite solar cells.

Keywords: SnO,, perovskite solar cell, low temperature preparation, stability
PACS: 88.40.—j, 88.40.H—, 88.40.hj DOI: 10.7498/aps.71.20211930
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