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HLFIE RS RN I MO ARTRRUE T, B ax /M R G
TR R A R Pl HL Ti0, S5k
FRIHI AL 25 5 B B K S L for B e A AR SR R A 191,
L R 25 AT TR 200 Lok SR
TiO, BT KL, A AL (SnO,) 15 N B T 155 )2
5 TiOy BIHEFRAE R AL, BRI 4R SR B R ek
O T sl P R A L AL 2 (78, SnO, & —F
BB SRR, HBRA T 3.5—4.0 eV Z 1],
o F il R 2 5, AW B SA FT AR E FL SnO,
HL A% i 2 5 A5 Bk =2 (] HLAG B Jin DEC A9 BB T 107
B, AR T B F B2, H SnO, A &
HL PR SO S i, A B TR T s AT i e
MO E R FRE S, L HIE R SnO, B
A T R BRSNS R R, RES AR AR A
AT UL FE AR R AR I (381 1012 SnO, BT
R R A, BETE 200 °C LA MR E RIS AR 4r i &5
A, DI T DL EL S A SRk o v 114,

HAT, & SnOy WM E AR+ E L ek
Rl Ak SnO, KA = B 1S5 56 % b F il &
T2, % T2, AR HL R I e 3 —Fa e
HiZ T 2726 SnO, B T4 A HWEEH7E 150—
180 °C FilATiR KALHE, T SnO, R MAF1E BB
FEER A S (7, I BB BRI A P AR 3
PERLE, TR IR KR AE R, DB Bt /S5
2325 B SO, F415 o Y L T T8 1Tk 27 W %) 4L 72
BT (02)19) it SnO, [fEHE & A2 75 iy, FRAGH
R T R 0], PR 2 Ah, BRI TR T 2
TURR 7 2 AR ELTRT 5, (EASAE A il 2 T ARG Ak
TR PH L. PR, T % il 4 KL SnO, -
P LR FH B T BV ER AT A B A s P LBk ik, B

A —LE AL T AR A 1) G e ) A 1)

A2 DURR 200 0 ok o oG AR Y &8 ik e H
Tl & KT AR SnO, R, S S F Il A A K TR
FEERET R BH AL AL T AT A 7.

SN FARDUR (reactive plasma deposition,
RPD) J& — & 4% 2 4¢, RPD BAT Xt JiK K 1m0
B pe e IR ISR EE AR A 45 5, RPD $ i
AT FAIACH S — M B R Bz A HOR , RIS AR
HokiFREE/DN, LT AIATE R AR+, IRRE SR 1AL
TSR TR R T A, H TR T i
17518 K P2 RPD il g5 i it B A i IR S 4R
MR R, A 2R, BESSTERT IR B —
JEECE WM. H RPD JEAR S AT i B 1F 22 AL

% (indium tin oxide, ITO) BEES#IJEE, 5 F| FiELL
FIORRUARA: 7= . S84 A I, AR RIVE T2 2
i B8, A T RRAR A 7 A il il P s S
ST, AR SRR, AT BT 3 Y
HIPE.

ASCEZR ] RPD H A # SnO, W, &
A RPD ARG ] AL AR AL SnO, #
IR PERE, JF4 H R T 85 8K R BH F vt v ; e it
FIAFRERTE (CgHz0,45n, CSCO) 5 SnO, 4
(RGN R (2 TV VNN T N N R LR /N
Wi, R TOEHUER AR, AR TAERER Tl SnO,
R T %, XN 5 vk S A S B PR LA A
TR TR Z AW &, JF B 1 i 5 s
S, il A i AL ARUE AT AL A R K
PR TR M 1A ROR S

2 SLIE
2.1 #Zm5ikH

WLk &y (Pbly) . H LML B (methylammo-
nium iodide, MAI), )k B ER £ (formamidine
iodide, FAT), H I LI (methylamine hydroch-
loride, MACI) , RZIEMYIIE (phenethylammonium
iodide, PEAI), SF=FfR % (CSCO) #12, 2', 7, 7-
MY [N, N-Z (4-H SRR ) 0 1-9, 998 75 (2,
2", 7, T-tetrakis(N, N-p-dimethoxyphenylamino)-
9, 9'-spiro-bi-flfluorene, Sipro-OMeTAD) i 3£ F
VYRR P RA A 4-80T Jentb g (4-
tert-butylpyridine, TBP) ., X = % B e fif i W Jie
(bis(triflfluoromethylsulfonyl)-imidelithiumsalt,
LATFSI) LA K Z i (acetonitrile, ACN) 4552 1
FH 0 B H A s 500 W 3K BT T () 1250 A FR

.

2.2 RMNEBFEIR-SENSGER

PEFE 20 mm =20 mm [ ITO BEFE &, 4351
FRVEER 258 /KA NEEXT ITO #1748
FEEE 30 min, H RS R 2 5 2R A S f H X
T, B ¥ ITO 75 /MR 4R 20 min, ZR57E ITO
R A SnO, M. A K AT E SR E 6%
10 Pa, HLFH RIS 2 b 43 5158 A 80 Fl 30 scem
BTSN AR, s B S ESERFAE 0.5 Pa /2
A3, xR e TE] (40, 50, 60, 70, 80, 90 s) FITAE
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FLIR (20, 25, 30 A) TSI RERAER SnO,
TR, R E L A A A 1Y SnO, WK RPD-
SnO,.

2.3 §5%KH KPREEMAYH &

AR TAEPESERT RO ZA NN FA, MA Pbl,,
K A0 7 OS2 o 4%, il AR AN R 1)
691.5 mg i PbI, I& A N, N- " H JLF kR (N, N-
dimethylformamide, DMF): — H J& 7 f# (dime-
thylsulfoxide, DMSO) /&R 9:1 /) 1 mL 1EA
WHIH; 2) # 90 mg BY FAL 6.39 mg AY MAI
9 mg () MACL T 1 mL BSENEERT; 3) %
2.2 7l & 15 1 SnO, 1 IK 25 4P B A AL 3 20 min,
FEEUEER 1) 351/ PbL, RIS ERTE SnO, H
TALHZ 0, LL 1500 r/m (135 e 30 s ),
WUT #of i & AR T B4 P 70 °C i hm Ak B kK
1 min; 4) $Hl &40 Pl # R HIEE G, B
AP 2) 15309 HLER A I EE VR fE S IR 3) 15
F Y PbL, 41 F, LA 2000 r/m Y3 B HERE 30 s
S, PR S BBCT R BV A 30%—40% HY 3R 55
2P TR KA, R GRS 150 °C, IR KA
[E] 15 min, S8 RAESERE RICZ il £

23 B )2 Spiro-OMeTAD Ryl £ 2 PR # A
RAFEM P, Hl&TBRNT: 1) $ 260 mg
) Li-TFST ¥ f# %) 1 mL #Y ACN | i PE 2 4350
AR, 2) B 72.3 mg A Spiro-OMeTAD, 30 pL
() TBP 1 35 uL A58 1) 15 2] 5 48 & #m A F
1 mL B SEORE T, Bk 2 2 f 00 R % 3) B
30 uL 4 Spiro-OMeTAD ¥ V451 I8 7E 455k B
WR)Z B, L3000 r/m PR ER 30 s J5, seies
TR R . Be)e, Wit Bas K & 1 7 T
FRUELEE 2 80 nm Y4 FLM, 50 A4 I F A 1 7l 45

2.4 HmiliX5HEeERE

A I BAUEE (atomic force microscopy,
AFM, Nano Navi SII SPA-400) Z&iF 3 JEAL i
THTREL A B2 | 3D TS5 FORE 2 5 {5l AR i S0 18 vl
JRRA A JEE B 5 {52 Ah-1T WL 30t BE 3t (ultra-
violet-visible spectrophotometer, UV-vis, Cary
5000) FRAE AT ity ISR 16T BTS840
HLFHETE (ultraviolet photoelectron spectroscopy,

UPS) ZRFFFHRH s 185 A i D) 2545 8, iR

PR PPRLB BB S5 4 I FHERSOEEUL 6T, (pho-
toluminescence spectroscopy, PL, FLS980) % ik
2 SRR R R B 1 AT PR 2 S B R 2
[F1] Fi, ey 2 R AT 00 5 A P I 18 3 BEOC BRI (ti-
me-resolved photoluminescence spectra, TRPL,
FLS980) A AR NFR A 2+ A iy, SO B+
BRI S G O R OK BR BB AD s A e s
IR&SE (CS-20, ASAHI SPECTRA Co. Ltd. Japan)
#E AM1.5G (100 mW /cm?, i) 2 R 375K H
H A J-V 2k AR ZMNE FROCR (external quan-
tum efficiency, EQE, QEX10) il & 4t &1 /i jth
Xof A BA DG B e 17 17 00, ARAS B3 FL U 2 B . At
W8 AL A5 A RIS S T AT J- VIR A
PRI HL 238 DL R AE SR 25 A T X2l 1 (35010)
ar AT J- VIR AR TR R 20 T R R
FIBR R A5 2 T, BRIV 8] g i R A H 3038 (space-
charge-limited current, SCLC).

3 X543t

3.1 IEEREXNENEREFERRZSEWL
R RE R RN

B e ) HITE 40, 50, 60, 70, 80, 90 s,
Al LS B R B 43 5 (12.4340.28), (14.71+
0.96), (17.9140.36), (21.4740.55), (24.2641.05)
I (27.82+40.67) nm [ SnO, W, M T A= K H %
Wit S B (] AR AR AR /DN, R I > 0 S B ] 384 i 7 s
i, WIRSHEEREREZ 4. i RSB RPD-SnO,
WA N ETL %14 T 45 % 4 TTO/RPD-Sn0,/
FA, ,MA_ Pbl;/PEAI/Spiro-OMeTAD/Au ) 45
R R BH R, A1 1(a) Fiash J-VIREEF. (il
FH 17.91 nm /) SnO, I (FEERFRIA 60 s) 1EH
ETL a8 fF s e s, s R TP LR Vi
91086 mV, K FEH I Jso o~ 23.10 mA /em?,
RN FF 4 81.21%, PCE 4 20.38%, %3] RPD-
SnO, HFAEHAMEAEEEZ R 17.91 nm. & 1(b)
b3 F S A] JE B9 RPD-SnO, /4 % 14 1Y EQE Hi
2, TTLALK A TR 17.91 nm ) RPD-SnO,
g Ema N e, BT F IR N 23.22 mA /em?,
5 J-VIgs R IC A R 4. JRJE N 17.91 nm 1Y
RPD-SnO, Wi EHAT RAFIOGE IR A PERE, 7E4%
P R B A F TR IR E RE )
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Bl 1 (a) 3T AREE RPD-SnO, #1554k 5 K FH HL
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27.82 nm [ RPD-SnO, # B (14 45 £k §” K FH . 3th 1) EQE Al
TR v Ui th 46

Fig. 1. (a) Optimum J-V curves of perovskite solar cells
based on RPD-SnO, films with different thicknesses; (b) EQE
and integrated current density curves of perovskite solar
cells based on RPD-SnO, films with thicknesses of 12.43,
17.91 and 27.82 nm.

3.2 ITiEBRMENERFERR-SL
BRI RE R R0

T S 45 T AR UBERR A i Rt ] A

PR A R AL A DR/ N A 1 DA D36 BT 42

WM AR R R . A 3.1 5 AL, B RPD-SnO,
WETR Y JEE R A 17.91 nm £ A7, IR E]
60 s, TAEHTN 30 A, A HE N 9 scem. ik
AR T AR I A/ IS, e AR B B A K TR A U
AT RS, PRI SRy 1 e vl ) JEE R RS GE R 17—
18 nm, BT A AT I8 SR, TAEFR TR 30,
25 1 20 A B X1 AR S B R 4331 R 60, 65 F
70 s. Bl 2(a) 4 R TAER I T A K SnO,
RS ) R B A AE Ko, AT LA e TAER R/
SN SnO, HEARAE K BRI TS, TAER VN,
TR A R RN R TR A R A SnO, T
B S62E P BT A0, AnlEl 2(b) 4 T R K
BT SnO, WAL 2, TAERTEA 20, 25 F
30 A il SnO, WlRAER] WOEIX I (400—780 nm)
B SF- 247 335 3 R 43 1] g 88.26%, 88.34% Fil 88.28%,
i 1L B 2(c) I it 26T A4S E] SnO, (19 Tauc
B, anlE 2(c) MG E IR, ARAKEET SnO,
B F AT BRI N 3.47 eV, B8 A KE X SnO,
TR G2 PR BRI AN K.

il %5 T ITO/RPD-SnO,/PCBM /Au 45 ¥4 ()
A HPAZRAE SnO, RS Y HE 22k, 78RR IE 251
TIRK J-VEREERZE, A0 3(a) Fias, IS
Fy J-v ithgefn (1) 15 SnO, W S% 0 :

oc=L/(A-R), (1)
Horp L AR RS A I A SR A ROy
W J-V T2 BE. Y TAER N 25 A B,
SnO, F I Fe 5 1 LR (2.15%10° S/em), 42
Ja& AL R SR AR KRR B e TR I
TESRN fRL RT3 i i SR T e T Kol
RN, RO | ELER SnO, R, A 83T
T SnO, B H2EPERE.
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Fig. 2. (a) Thickness and growth rate of SnO, films prepared under different working currents; (b) optical transmittance of SnO,

thin films prepared under different working currents; (c) absorption spectra of SnO, thin films prepared under different working cur-

rents, the inset is the Tauc diagram obtained from the absorption spectra.
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Fig. 3. (a) Conductivity of SnO, thin films prepared under different working currents; (b) PL and (¢) TRPL spectra of perovskite

based SnO, substrate prepared under different working currents.

FIA PL KRR SnO, HL Ak s 112, 4
&l 3(b), ITO/25 A-SnO,/F5EKH™ 4544 (1) PL 9
R T HABAE S, RIWIZEAE T WESERE ] SnO, 1Y
HL TR RE ST . AN 3(c) Fii, did TRPL il
WHE—2L 004 T SnO, WML THAL R IRAE T, 1l
FHBUAE Bk H06 TRPL #6173 4, $U4 PR AR
n (2) PR, HR S ENZERS) TR 1 .

y(t) = Ale% + AgeTiz, (2)

Ay Ay A SE ST e PRI, PR S i o 1]
03k ETL X200 F 32, LM 30 A 1Y
44.50 ns [EEF] 25 A 19 36.52 ns, ¢ 118 Y R
TAEHE A A T4 5 SnO, B HL T 54 5 F1 2 B AE
T AR Y TAER IR — D REIRE] 20 A B, R~
FIMEMN 36.52 ns B hNF] 37.83 ns, mACFELELH
FEE rh R S 4 B A IR R S 2 A, (N 198.19 ns I
/MBI 164.57 ns, AT REZEH T TAERMFT SnO, #
JEE ) S FELPE AR 55, ] F, ey £ i BB T A T DR
FEERW /SnO, FLHIAL () FL faf &2 A BE 22 23],

1 FOUE BR O TR IR T g

1 SnO, VENFTIRIES ST 1Y TPRL 4k 24k

Table 1. Parameters of TPRL curves of  per-

ovskite based SnO, substrate prepared under differ-

ent working currents fitted by double exponential

function.

Samples Ay 11/ns Ay T2 /ns

RPD-30 A-SnO, 664.42 44.50 1249.27 172.17
RPD-25 A-SnO, 747.38 36.52 1120.05 198.19

RPD-20 A- SnO,  689.05 37.83 1193.30 164.57

4 HTEATE SnO, F il & B985 6k B W ik )2
i) AFM E&, v LA BT ASF ETLs B854k 0™

WAL SARL, WRETE 25 A TAEH T Hl4& 1
FEER T BORLRE BE RN, 7R (root-mean-square,
RMS) MUK A 18.56 nm, XA B T5 2642
TV B R4 1) S 4 i, ek v ey A% 3 1) 2 7 1 T
SIEFELRH, AT S e R R

il 25 73T AN TAEH T 19 RPD-SnO, H
TFALHZ SR HL 3, #RIE SnO, W AE g 1R
FIPEREZ . W&l 5(a) iR, 25 A TAESAM T
TR B E, PCE 1l 3k 21.24%, Voc
91074 mV, Jyo 4 24.46 mA /cm?, FF 4 80.86%.
T SO, A4 K HUR LS 25144 PCE (25 A:
21.24%, 20 A: 20.34%) #EAL T IR A K BT
il & g4 PCE (18.73%), BCR M T; T AR
TE Voo A FF (3G, AT REVH P85k o &
LT, PSR B %% B Y BRI DL S k3% T ETLs/
B A 7 B T 2 M DA T U 20 H v B 5 45 0 , TRPL
A PL LIRSS T3k —45 5. AR A EQE JGi
WK 5(b) frs, 5K PSCs 1Y J-V £33 1Y
B AR WA, K 5(c) hATLIE 1, BIfER
T 25 A TAERIE NHI# Y SnO, 1E RdsF
TALEZ, TE R S w4 I R AE R ROR
22, RWIELT RPD-SnO, 110 B 7154 J= 1 25
R A B L SR 3B

33 MERNEBFERR-SEUGE
56N KPHEE A AR i B 5%

M 3.1 FTAN 3.2 AT, 2Rk R 4 TR R RN i AR
A KR Ul RPD-SnO, B 7 14 f¢ f PCE ik
F] 21.24%. R0, 3T RPD-SnO, A 454k 5™ A& FH
FL b EL A 7 E AR B, R R T R 30% LA
b XA FERIE) (CSCO) 5 RPD-Sn0,
VRN RO AL 2 MGE R F R A LS. 18
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Bl 4 PURRTEARTR TAER G SnO, L AYFSERE 1Y AFM I8 (a) 30 A; (b) 25 A; (¢) 20 A
Fig. 4. AFM images of perovskite deposited on SnO, under different working currents (a) 30 A; (b) 25 A; (c) 20 A.
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9] -
o 20 A v 8
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B 5 (a) 3T A FE AR T #4559 SnO, WIS A 28 1F ek £ VHTZE; (b) EQE FIBr B i % B I 285 (c) 3£ T 25 A-SnO, AY4S

BRAT R FH L - V£

Fig. 5. (a) Optimal J-V curves of devices based on SnO, thin films prepared under different working currents; (b) EQE and integ-
rated current density curves; (c) J-V curves of perovskite solar cells based on 25 A-SnO,.

it UV-vis (B 6(a)) #1 UPS (K 6(b)) 344 RPD-
SnO, 1 RPD-Sn0,+CSCO AYRELZEM, UIE 6(c)
Jfi7R A RPD-SnO, (A& 5 CSCO) MRERIA. %
fin CSCO )2 Ji SnO, 1Y T4 e /ME (conduction
band minimum, CBM) _EFt, 55 4H SnO, ML,
55 ERAT ) RE R N D IE , B 2 D A 3R B S
CSCO JZ]{# SnO, My P54 FHiE (highest
occupied molecular orbital, HOMO) [i] %% K fig 2%
(Fermi energy, Ep) J7 M 30, WA F T B 451
REZCHES A PRy i T4 B PRI, CSCO B Y
RPD-SnO, A7 Bk /b 11 GE 2 22 A /b 51 4k v

TR, ik fEL - AR, IR V.

HE45H 8 TTO/ETLs /FA,  MA Pbl,/PEAI/
Spiro-OMeTAD /Au (5L K FHAL I, it J-V
M, 2T RPD-Sn0,, CSCO HIRPD-Sn0,+CSCO
YE2R ETLs 1 A4 5e A R A 52 1) 11 IE 1) 459 4 it
RN 7(a) Fias, £ 2 WX A RES R, W]
LI CSCO M5 ARNSUE I T #3441 PCE, H
£ RPD-Sn0,+CSCO fE Ky H F 1L 5 2 B T
J-V HIZR AR A /N, & 7(b) SAXTRL ) EQE #h4k
AR ML, By J-VillE g R
— 3, SLYRES R EAA T
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Table 2. Optimal device performance parameters for perovskite solar cells based on different ETLs.

Device Jyc/(mA-cm?) Voo/mV — FF/%  PCE/% Integrated Jyo/(mA-cm?2)
RPD-Sn0O, 23.36 1112 81.85 21.27 24.07
CSCO 23.21 1147 81.13 21.61 24.37
RPD-Sn0O,+CSCO 23.91 1147 80.72 22.15 24.67
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Abstract

The electron transport layer is very important for the device efficiency and stability of perovskite solar
cells. Tin dioxide is a common electron transport layer in high-efficiency solar cells and has good carrier
extraction and transport capability. However, using the solution method to prepare tin dioxide, a large number
of defects are generated on its surface during high-temperature annealing in air, which can degrade the electrical
properties of the film, so the solution method is not conducive to preparing large-area film. In this paper, the
reactive plasma deposition method is used to prepare tin dioxide thin film, and the performance of the thin film
is optimized by adjusting the glow discharge time and working current. The film is applied to small-area N-I-P
type perovskite solar cells, the efficiency reaching to 21.24%. The hysteresis of the device is improved by
introducing stannous isooctanoate and tin dioxide as a double electron transport layer, the open circuit voltage
of the solar cell increases from 1.11 to 1.15 V, the efficiency rises from 21.27% to 22.15%, and the hysteresis
factor decreases from 24.04% to 3.69%. This work presents a new preparation method and effective optimization
strategy to prepare tin dioxide electron transport layer, which will promote the development of planar
heterojunction perovskite solar cells and provide a new research idea for preparing high-efficiency and stable

perovskite solar cells.

Keywords: reactive plasma deposition, tin dioxide electron transport layer, perovskite solar cells, hysteresis
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