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LA ER T K BH B FEL St P 3B A Y o0 R BRI OR B9 I5 Y, T AR BB R AR 40 A A ST A L AR SR
SCAPS-1D K FH&E H BB AL AR R - 15, X6 AS ) FL 424 4 23 AN ) 28 A i J2 19 48 SR A5 Kk 0 K S A it
A R AT B A BN G, FR IS b o3 BT AS ) 4800 1% 4 )2 1 B S A5 Rk R PR BE r Tt i R BB 22 5. 25 R
BRI L2 58T 2 10 B X 5 X v v R F G T W AR R B A R TR Aok
RE L B 23 oAk i 2 EL A SEAIG A A B2 o B K RE R, o el b Ay o B8 R B R S L R R R R PE L 5 A,
B R ) Y (R e e A7 O = i 7 =Y O R R A L 1 =Y R A N7 =R = A
i )2 B EDE B spike &2 B2 A HUHIAR G55 , A 0 o b AR A5 5T AR PR B . 4 Cdg 5Zng 5S 1 MASnBr; 43
BIVE R B FAE R 2 2 L 2 i, SHALA RAR B, 3R T 0 A R RV, = 0.94 V, JE %
BB J, = 30.35 mA/cm?, HFEH T FF = 76.65%, I REEH 3R PCE = 21.55%, A~ Cdy5Zn, 5S Fl
MASNBrg A2 15 P18 345 5k 0 K BH B FL b 25 84 & 38 B 3R A5 502 M RE. X Se Rl 4 A B TR Lkt

) e M R ) 2 G R O FH B H v

KSR BAEELERE K BHRE R, HEPORBE, BTz, =/ U=

PACS: 88.40.H-, 88.40.hj, 88.30.gg

1 5

PRI SR8 A4 R B K i L -5 T O
JE BRI WSO R B B T BR AT S AT AR
M2 SO0, HE L BIR K BH R S A 5
i LUK AR A G M J2 00 K BH R Fa vt 2
1, 0 T T2 B ) B AR (power con-
version efficiency, PCE) & 12 S HL-ToHL 4w
KA ERA R BHAEHL I (organic-inorganic metal
halide perovskite solar cells, PSCs) EL4:51#2 1)
ZHIMFFE 4R, [ 2009 4FE IR HGE LK, PSCs 1Y
PCE 7EHENT BRI 2.2% #2731 T 25.2%8.
FH LB A — b (lead methylammoniumiodide,

ail%
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MAPDI) 5 5 A Ay e — M P RE A A A B BR 0 44
R, S HETES BT A FH A8 L b s 3
JZRPRE B THOCR BA M, B MAPDT; K
AE LB B T M A2 3 T RR A B R e
PSCs WA FEE WA T OGIREAR SR 5
A, IHL L4 2 (electron transport layer, ETL)
K23 7 E i 2 (hole transport layer, HTL) XfH, T
w75 7Y I i DA B S O R R T, s P R Y
PSCs #31H, ETL Al HTL 2 5 5 5 2 (0 41 B
. Hip ) AR ER (titanium dioxide, TiO,) F
227,74 [N,N-— (4-H AR B E ) 23 1-9,9 -1
% (2,2',7,7tetrakis-(N ,N-di-4-methoxypheny-
lamino)-9,9 -spirobifluorene, sprio-OMeTAD) 43~
S B H B ETL A HTL AR 8871, TiO, 75
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TR A%, 1 sprio-OMeTAD Mg 5 5%, 3 H'E
TR PEAR R E , X H PR RE A SR AS R R, fT LA
PSCs WY FHHE)#E— 20324, BRSO M RHE
4 ETL M HTL & LEHE K. minisi kM, Lk
TAPEL, TCHUPRLEAT R A7 AR R DL R
BRI IR RS -0 R TCAI LA B Sy 2k it
TAERZ N T PSCs BIBFSE BT B

R TR B AT Pb UG, Sn 3, Ag 3k
Sb & Bi %, Cu #LL K Ge & i 1b W 858k 0™ K BH
Al FEL L2 B )2 g 10121 Je . CH3NH3Snl,
LB 1.3 eV, Bl 2 U s fb i PSCs
TG PE 2 BB AR 03, 2019 4F Chen 45 1M 21 T
PL Cs,TiBrg NG EIZHT PSC #84:, J7E L5 5L
BT 3.3% B9 PCE. Chakraborty % ' F 2019 4F
LA CsoTiXg (X = Br, I, F, CI) MiGTEER
PSCs #FATBAUT HLANSY, #F— 2D 5d i ISR o
HYESERET R PH AR L &5 M 1. A T RIS A
TeHLH far 15 i AR, B i B R 0 E AL
(zinc tin oxide, ZTO) MW HI/E ETL #4784
Beit, 7 HBUS T PCE N 24.07%. JF§HLE V.,
113 eV, JEHIRE R J, A 23.18 mA /cm?, 3
FEN T (fill factor, FF) A 67.66% f J-V 4 16,
WA ERIRMESA Cd B FM S B FERH R
Zn B &, AL B ER (cadmium zine sulfide,
Cd, ,Zn,S) fEA ETL W B nl %, Cd; ,Zn,S 1Y
W BREO T Zn A B 03 W R AT BRGE T
Ay PERE . 2019 4F Lakhdar A1 Himall™ % 40 85 4
ALY (indium gallium zine oxide, IGZO), %
6% (stannic oxide, SnO,). & ## ([60]fullerene,
C60). TiO, LA S S AL #F (zinc oxide, ZnO) /£ N
ETL #EHY Ge FEE5EKD™ K FHAE L ML 2E 4T T #85,
FJEFM T C60 1N ETL B, BUE AR AT 58 o rl
A% 13.5% B9 PCE. LAl P AU RHE RN HTL AN
ACRT A48 1A, T ELGT F A R 3G s AT — a2 1Y)
PEHEVERT. 2019 4F Azri % 08 X 4E A0ER (nickel (IT)
oxide, NiO). #% & R IV 4 (cuprous thiocyanate,
CuSCN), % (3-C HWEW} -2 5-— F% ) (poly(3-hexy-
Ithiophene-2,5-diyl), P3HT) M ffb V4 (cuprous
iodide, Cul) & JTLHLAF KL 5 spiro-OMeTAD # 17
RIS, 45 R %W L) CuSCN fF)y HTL i, 3
it E A 3R15 25.02% ) PCE. 2018 4=, Sajid %5 (19
XF LA NiO 387 9 HTL #4 B oK FH GE HL it 141748
HPTH, BTESAT S PERER PSCs.

Vok7 SRS RSNk R (. )y g S 3V e
T M RE Y B 3k PSCs, A LA SCAPS-1D K BH B
HL Y BB DL P B RS R O Glass/
FTO(SnO,:F)/ETL/CH;NH,Snl;/HTL/Au 1) %)
3£ PSCs My HEMERES S, Hih C60. Bk (cad-
mium sulfide, CdS). Cdy5Zn,5S. IGZO. [6,6]-4
H-C61-T 2 ' B ([6,6]-phenyl-C61-butyric acid
methyl ester, PCBM) & ZnO #HfE ETL 747
WEE BT, I 550 TiO, #EA7XF 4 Hr, T
HAL A (copper(I) oxide, CuyO), Cul, CuSCN,
MASnBr;. NiO | % (3, 4-Z45 "5 WEWY): BRI
fifi iR (Poly(3,4-ethylenedioxythiophene):poly (sty-
renesulfonate), PEDOT:PSS) /& spiro-OMeTAD
I3 WES HTL AT 50 5 TR, st i st
82 PSCs FLMEE HEHIE TS 5.

2 MRS &
2.1 H#BESEHRESE

HETBEE PSCs 25, ANEAEME N
ETL 5% HTL B9 822 5 DLk BOE 38 B AT RHE N
FHR I R TAE 52, A SCHE e 3t 3531 5 FH 1)
TiO, Al spiro-OMeTAD 43 5l {4 ETL fil HTL
HEAT R EE AT T, PO BB T R AR R 28
AL Z LA X o, A SO TR w iR ek
SR LR 1, AT L MASKI 7 RSB IR
SnOy:F Al A 43 HIE 7 155 W T v pL A R 42 75 H
We. FEAR A5 S H B LR E 9 SE 50 A S
WF5E p gk g 18182021 - L2 1 HAR | Thickness S
JRZ, E, WESTERE, x N T EME, o AT
AHEEL N AN, 5350 S A RIS 2 B A
WA RBCRE BB, o, gy, 53 R T F128 70T

LLLLLL e
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Fig. 1. Initial device structure.
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A3, Ny F1 N, 532t E B4R B 32 £ 1Bk
JE, N, RFEHR .

T3A0, B S ER T WO A SRR 2R AR B
Wy, P, BRIEGE N 0.1 eV, REYA T 2 I
0.6 eV. i {ff ELA5 R B4 SR 1922-24) #F ETL
SR 2 DL RS ER 2 A HTL Z 8153 514 A
SRR, PR S B B S B AR Dy
ok, BB T A 2 L 0.6 eV, Had B 7E
AML5G K BARERRIA . 100 mW /cm? P ASF T
HRE N AT

BT 5L TiO, Ml spiro-OMeTAD 15 4 2 it
TAEHZ M) PSCs HEATHERE LLER, A0 AT T AR
BYAFBHME A ETL A1 HTL A9 e it 25 4 0 fin 8 ek
Horb, A8 ETL H T 43 Bk 58 i A1 BLE 45 Co0,

B S B RE © 2 40 1 SE 56 F3sie it
FE AT e HR (18.17.18.20.25.26] 40w L3 0 I 3.

HEFRE

AR FH — 4 K PHAE L it 7 B34 SCAPS-
1D FATEE ST 25, SCAPS-1D KT A2 14
MRS AR T RS s GE ST R, ok
fiff FELF- IS S HE SRR BE LR L SRR 6 B 1
A 25 AT I it g R AT R AR L H
ZE-HLUR i iy DA R H I F R AL 5
Horp JARa T RR L LT RZs G S R 4 i A
(1)—(3) 2XR:

2.2

CdsS, Cd 5Zn, S, IGZO, PCBM J& ZnO, [fij Cu,0, % [5 (z) j;q = q[p(z) — n(z) + Ny (z)
Cul, CuSCN, MASnBr;, NiO #l PEDOT:PSS fE
% HTL BHRH spiro-OMeTAD 47 Hofe. i 26pt Ny @)+ pde) —mf@)], - (1)
#1 EAESH
Table 1.  Basic simulation parameters.
Parameter SnOy:F TiO, MASnl; spiro-OMeTAD
Thickness/nm 500 [13] 100 21 500 [13] 200 ¥
E,/eV 3.5 13l 3.2 18 1.3 13 3.0 [20)
x/eV 4.0 091 3.9 0% 4.17 19 2.45 B2
& 9.0 [13] 9.0 (18] 8.2 [13] 3.0 [20)
N/em™ 1 x 10 13 1 x 10 08 1 x 10" 13 1 x 10" P21
N,/cm3 1 x 10" 03] 2 x 102 08 1 x 108 03 1 x 101 1]
i/ (cm2- Vs 1) 100 03] 20 18 1.6 4 0.0002 201
up/(cm?- Vs 25 [13] 10 08l 1.6 13l 0.0002 [20]
Ny/em3 2 x 101 13 1 x 107 18] 03 0 120
N,/em3 () 0 [l 1 x 106 113 2 x 10 20
N,/cm™ 1 x 10 08 1 x 10 08 1 x 10 03] 1 x 10 (20
%2 ANF ETL MRS
Table 2.  Input parameters of the proposed ETL materials.
Parameter C60 Cds Cdg 5Zn 55 1GZO PCBM ZnO
E,/eV 1.7 07 2.4 129 2.8 [13] 3.05 l1s] 9 18] 3.3 1)
x/eV 3.9 17 4.2 129 3.8 13l 4.16 09 3.9 08 4.1 07
& 4.2 117 10 29 10 (3] 10 08 3.9 18] 9 [17)
N,/cm™3 8 x 101 117 2.2 x 108 23 1 x 10 (13 5 x 108 18 2.5 x 102 08 4 x 108 117
N,/em™ 8 x 101 17 1.8 x 1019 [29) 1 x 108 03] 5 x 108 1§ 2.5 x 102 18] 1 x 101 07
s/ (cm>Ves) 0.08 [17] 100 29 100 3] 15 8] 0.2 18] 100 ['7)
up/(cm?V-s) 0.0035 [7] 25 29 25 [13] 0.1 18] 0.2 [1%] 25 117
Ny/em™® 2.6 x 10" (17 1 x 107 ] 1 x 10'7 [13] 1 x 108 [18] 2.93 x 10'7 [1¥] 1 x 10'8 0]
N, /em 0 07 0 [29) 0 [13) 0 8] 0 8] 0 [26]
N/em 1 x 104 (17 1 x 10'7 [29) 1 x 10 [13) 1 x 101 (18] 1 x 10 [18) 1 x 10 [26]
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%3 AR HTL MRS

Table 3. Input parameters of the proposed HTL materials.

Parameter Cu,0O Cul CuSCN MASnBr; NiO PEDOT:PSS
E,/eV 2.17 120 2.98 18] 3.4 18] 2.15 [13] 3.8 18] 2.2 18]
x/eV 3.2 [26] 2.1 18 1.9 (8] 3.39 (1] 1.46 08 2.9 b8
& 6.6 120 6.5 (18] 10 0 8.2 113l 11.7 20 318
N./em 2.5 x 102 20 2.8 x 1010 18l 1.7 x 10 (3] 1 x 10 03 2.5 x 10% 20 2.2 x 101 18]
N,/cm™® 2.5 x 1020 20 1 x 1019 (18] 2.5 x 102" (18 1 x 10 [13] 2.5 x 1020 [0 1.8 x 108 [18
uy/(cm2-V-s 1) 80 [20] 0.00017 08 0.0001 18 1.6 03 2.8 201 0.02 1%
tp/(cm> Vs 80 [20] 0.0002 8 0.1 118 1.6 1 2.8 1200 0.0002 118
Nyg/cm™® 0 [20] 0 18] 0 [13] 0 118 0 (18
N,/em™ 1 x 10 20 1 x 108 (3] 1 x 10 (18 1 x 10 19 1 x 108 18 3.17 x 101 (8]
Nt/cm”‘ 1 x 1015 [26] 1 x 1015 [18] 1 x 1014 [18] 1 x 1015 [13] 1 x 1014 [18] 1 x 1015 [18]
,é‘;‘i‘ + Ru(z) — G(z) = 0, 2) AR ERFIREE, Sy, Sy, Sy, SerBIFRHETE
PR FRLAR XS 25 7 ORITHL - (R 3R T A2 8.
L% 4 R (2) = Ga) =0 3) G AN, Sl ERIEAA T R L T
q dx P ’

e, ¢ RARA AR, Ny RING 430 %
E VR PR, o A, o R A
B, po 1 g S5 SIBORAAAZS SRR T g
p U5 B3R 1 2SR [ ph T
Jy 1T A3 RO A H T a8 R 2 7
WLBE, Ry(2) FI R, (x) 450 TAIZE U 4%,
M G2) FAORAET AR, ¢ e Tt

LT (1)—(3) RHRAOARRAE B I
TR, (F525 SR T80 P
L SR B 3 SRR R, TT LR H L T2 7
I LA S P % A T A S A A
S TAES . AL B3R 0, Wi
AR R

o(L) =0, (4)
(L) = —qSy[n' (L) — neg(L))], (5)
Jo(L) = aSylp' (L) — peg(L)]. (6)
TTTY A4 A Ak 1) 320 5 2% 1A
$(0) = ¢x — P + Vapp, (7)
Jn(0) = aSy [ (0) — neg (0)], (8)
Tp(0) = —aSy [p'(0) — peq(0)]. 9)

Forr, AR £F0 b 435 R HT RS AL, Vi,
FORTESAF FRTINE IR, e Fl do R HT | 5 Hefil
SRR, pog M 1eq 700 FN PP M5 560 T
FUBR ST 1 25 7 ORI TR, p! ! 43012 4

s 7GRS T eI LA FE A AR 0 7
RELELSR A, AT LUK K BH RE i i 1 A 2B
HL - FL TS DI o 7 L B H - L T AR A 54
TR, BEMTRT L e A A S PERE.

3 #R5itb
3.1 A[E ETL #H#i%¢ e8 it 4% 58 Y 52 i

H T 5L TiO, /58 ETL # s g5 (4 k47
AELLEE, BN 100 nm B9 C60, CdS, Cdg5Zng5S,
IGZO, PCBM F1 ZnO 43 5lfF R ETL #47 H th 25
M%it. ANFEIAEME S ETL 9 PSCs % S 4L
mk 4. 4 v 0L, Ph CdysZngsS A ETL
B R R RS TR V., LA CdS A ETL
() FL AR R AR T /MW Ve B Vo, IR B
B HEFE K A Cdg sZngsS > C60(Ti0y) > ZnO
(PCBM) > IGZO > CdS, [ Cd,5Zn, S #b, HiAth
MR F S 25 R s V. 25 800

M ETL A & S a8 8 04 HL 1 2K
REGLT 271 Rk L 3 ARz g S dE Ve, it
A R 3 K V.. BB 24 ETL # K g
7 AT UL, ASTRD R R B 5707 8 B HE 7 R
Cdy 5Zny 5S > C60(TiOy, PCBM) > ZnO > IGZO >
CdS. CdgsZng5S T f i, 1M CdS Faf 5 A,
BEA3 g T B R AR /N Ve, B 3 SRR H
TFUETRBEL T UL, BR T Cdg5Zng ;S B & i ith
) ETL /) f 1 28 K e U, LA A BLE
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F 4 R ETL MER PSC fir i S5k

Table 4.  Effects of ETLs on output parameters of the PSCs.
Parameter C60 CdSs Cdg 5Zng 5S 1GZO PCBM TiO, ZnO
Voe/V 0.84 0.81 0.93 0.82 0.83 0.84 0.83
Jyo/ (mA-cm 2) 21.73 27.50 29.39 29.27 24.86 29.64 29.58
FF/% 69.47 62.62 64.73 63.95 67.53 69.27 67.72
PCE/% 12.66 14.01 17.70 15.32 13.92 17.24 16.64

ETL Zb B FUEFORREH AT A, Xl rs T
% CdysZng S YEK ETL A4 A s v, 4b, Hift
MBI F S5 F 4V, 225N

H1 %% 4 RS A BHE i ETL B 25 R 3515
() PCE AI A1, AH LA, C60 fE28 ETL i, H
25 A R 15 T AR AY PCE, 11 CdgsZng sS 1E K
ETL i} () f it 5 3545 T e i PCE, [RIFREAY M
Aetba gl BT LR E 4(a) B9 J-V RRPEar T k.
i 4(b) AN EAEHE A ETL g 14 05 7 3%0%
(quantum efficiency, QE) K] UL, 4 A6 K
KT 750 nm I, AS[E] ETL A48 2 Y H b 25 74
WATH) QE R IEARE & 1 Y ASHCI KK T
750 nm B, # HCHABB RN, B C60 fE8 ETL

£
8 —3.9 —3.9 _ 44

Vacuum level

|
w

—3.9

2 —4.2 —4.16 A _dar
2l = % :
8l 2 £ 2 MASnI;
E [ N o )
= S A 61 Q[ —sa7r ™
5.6 O S i :
—5.9
—6.6 —6.6
—7.21 -7l
7.4

K2 RI[E ETL 46 FES BT 2 1 RETT 45 1
Fig. 2. Bands alignment between different ETL materials

and perovskite.

2.8
o4 —— €60 —— Cds
i —— CdosZnesS —— IGZO
2.0 —— PCBM TiO,
> ZnO
2 16t
>
80
5 1.2 F
¢ 1
m P
0.8 z
HTL MASnl; ETL
0.4
0 1 1 1
0 0.2 0.4 0.6 0.8

Depth from surface/pm

K3 BT ESORAES K

Fig. 3. Schematic diagram of electronic quasi-Fermi level.

PR AR S R AR 1 QB MR AR, U] Ti%H
WX ASEF WO A 5855, %0 PCE 1Y
ik, D38k, R 2 WAL C60 AR SR, B
A EAR TR A, RS T AT e, 8 U,
N A, C60 1R ETL K 8 Y L it 25 2 345
THARW J A1 PCE, HEHIMERER 2.

ETL FESERHJZ Y5407 (8] 1Y ki A% it (conduc-
tion bandoffset, CBO) 522k it T 78 AL () & &
BLHI. CBO MM % T ETL S4F BI™ 5455k )2
Sy Bz 2 BICBO = Ep™ — EPoter npe 5
iR, 24 CBO MfE R 0MH, B ETL SR T45
B ST, 76 ETL A5 E00T 0 T AL
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Fig. 4. Effects of different ETL materials on J-V character-
istics and QE: (a) Effects of different ETL materials on J-V
characteristics; (b) effects of different ETL materials on QE.
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Fig. 5. Diagram of CBO: (a) Band structure of negative CBO; (b) band structure of positive CBO.
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Fig. 6. Schematic diagram of cliff and spike: (a) CLff struc-

ture; (b) spike structure.
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# 5  CBO. FHfi#BEH ) EFT IR
Table 5.  Relationship between CBO, barrier shape and EETL.
Parameter C60 Cds Cdg5Zn 55 1GZO PCBM TiO, Zn0O
CBO/eV 0.27 -0.03 0.37 0.01 0.27 0.27 0.07
Barrier shape spike cliff spike spike spike spike spike
EETL Jev 1.3 1.27 1.3 1.3 1.3 1.3 1.3
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Fig. 7. Band diagram: (a) Overall band diagram; (b) par-

tial diagram of interface barrier structure.
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V£ ETL, $EAT AR EME S HTL A H it BE 1Y
BHE. JEEE K 200 nm Y Cu,O, Cul, CuSCN, MA
SnBrs;, NiO L &% PEDOT:PSS 1} 41 HTL 5
spiro-OMeTAD 17 HLie 0, it S50 3% 6.

BLERTT MR EAT XU 232 i (5, AR
ZHREBAN, ASFIREE MMy (O B 2 i 28 7 s Hi
KGR FREAR, NI V,, f T B RE
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Voo BIR/NE3Z 3] HTL M (3 & RS20, HTL #r
7 AR IR A S OE TR RE GO, P2 /i fin 1 2]
Pk, AT i 25 P RAR T S YV, PO [l 8 T
UL, R HTL a4k 0s A3 = HEF 4. MASn
Bry < spiro-OMeTAD < Cuy,O < CuSCN < NiO <
Cul, 1 5 43H 1, AR HTL AR H g
AT Vo i = BMIKHEF 25 MASnBr; > spiro-
OMeTAD > Cuy,O > CuSCN > NiO > Cul, ¥
HHEE AR, BEBHAAR A T A o s K Y
Voo F—EBIEIEVER. & 9 #RFas 7l e 9ok
AEZ Al W, PEDOT:PSS 1975 7XHES K REL HE Cul
FE, T Cul 1 PEDOT:PSS i s, M1
LB AR B, R TR & 2 TSR BE )
AR, BUEHRH V. K.

B 4(b) ANFIABE N ETL 1Y ith 25 44 3k
151 QE B, LRI BHE R HTL 1) H ith 25 4 3k

%6 A HTL Bk PSC fiith 28
Table 6. Effect of HTL on output parameters of the PSCs.
Parameter Cuy,O Cul CuSCN MASnBry NiO PEDOT:PSS spiro-OMeTAD
Voe/V 0.92 0.85 0.91 0.94 0.90 0.88 0.93
Jyo/ (mA-cm 2) 28.71  28.18 28.45 30.35 28.32 28.21 29.39
FF/% 76.49  74.32 75.74 76.65 75.04 73.30 64.73
PCE/% 20.28  17.79 19.71 21.55 19.04 18.15 17.70
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Fig. 8. Bands alignment between different HTL materials

and perovskite.
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Fig. 10. Bffects of different HTL materials on QE and J-V
characteristics: (a) Bffects of different HTL materials on
QE; (b) effects of different HTL materials on J-V character-
istics.
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Fig. 11. Diagram of VBO: (a) Band structure of negative VBO; (b) band structure of positive VBO.
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Fig. 13. Band diagram: (a) Overall band diagram; (b) par-

tial diagram of interface barrier structure.
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Table 7. Relationship between VBO, barrier shapeand E;{TL‘
Parameter Cu,O Cul CuSCN MASnBr; NiO PEDOT:PSS spiro-OMeTAD
VBO/eV -0.1 -0.27 -0.17 0.07 -0.21 -0.27 -0.02
Barrier shape cliff cliff cliff spike cliff cliff cliff
E};’TL /eV 1.2 1.03 1.13 1.3 1.09 1.03 1.28
RS AR B IE R T
Table 8. Comparison of research results of cells with different structures.

Device structure Category PCE/% Device structure Category PCE/%
SnO,/MAPbI; /spirol*®) experiment 14.19 TiOy/MAPbI;/CuSCNI] simulation 20
TiO,/MAPbDI,/spirol*3] experiment 15.9 Cuy,O/MAPDI;/TiO, simulation 28
TiO,/MAPbI;/spirol*! experiment 17.36 7Zn0O/MAPDI;/Cu,OP) simulation 20
7Zn0O/MAPDI3 /spirol*"] simulation 22.49 TiOy/MAPbI/Cul] simulation 17.54
ZnO/MAPbI;/P3HTE simulation 18.76 CdS/MAPbI,/spirol*d simulation  23.83

Ti0,/MAPbI;/CuGaO,/*1] simulation 23.42 TiO,/MAPbDL;/spirol*’] simulation ~ 22.35
Ti0,/MASnI;/spirol*! experiment 6.4 PEDOT:PASS/MASnl;/PCBMP) experiment 6.03
Ti0,/MASnl;/spirol®] experiment 5.73 Structure of this article simulation 21.55
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Fig. 14. Influence of defect density of perovskite layer on
PCE.
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Carrier transport layers of tin-based perovskite solar cells”
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Abstract

To avoid environmental pollution caused by lead, the tin-based perovskite solar cells have become a
research hotspot in the photovoltaic field. Numerical simulations of tin-based perovskite solar cells are
conducted by the solar cell simulation software, SCAPS-1D, with different electron transport layers and hole
transport layers. And then the performances of perovskite solar cells are compared with each other and analyzed
on different carrier transport layers. The results show that band alignment between the carrier transport layer
and the perovskite layer are critical to cell performances. A higher conduction band or electronic quasi-Fermi
level of electron transport layer can lead to a higher open circuit voltage. Similarly, a lower valence band or hole
quasi-Fermi level of hole transport layer can also promote a higher open circuit voltage. In addition, when the
conduction band of electron transport layer is higher than that of the absorber, a spike barrier is formed at the
interface between the electron transport layer and perovskite layer. Nevertheless, a spike barrier is formed at
the interface between the perovskite layer and the hole transport layer if the valence band of hole transport
layer is lower than that of the absorber. However, if the conduction band of electron transport layer is lower
than that of the absorber or the valence band of hole transport layer is higher than that of the absorber, a cliff
barrier is formed. Although the transport of carrier is hindered by spike barrier compared with cliff barrier, the
activation energy for carrier recombination becomes lower than the bandgap of the perovskite layer, leading to
the weaker interface recombination and the better performance. Comparing with other materials, satisfying
output parameters are obtained when CdgsZn, S and MASnBr; are adopted as the electron transport layer and
the hole transport layer, respectively. The better performances are obtained as follows: V., = 0.94 V, J,. =
30.35 mA/cm?, FF = 76.65%, and PCE = 21.55%, so Cd,5Zn, S and MASnBr; are suitable carrier transport

layer materials. Our researches can help to design the high-performance tin-based perovskite solar cells.

Keywords: tin-based perovskite solar cell, quasi-Fermi level, electron transport layer, hole transport layer
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