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1E3 MAPDI; (MA = CH3NH;*) oA BH i H it A7 76 B 0 1 H oty 20007 B0 4, 30 7™ i 5 i LB AR 1k i, i i =X
SR 1 HL L RE A SO AR FR TR . 8 AMPS-1D #2575t 2 3 MAPDI, K FH AE W k17 2R S8 BSR4k,
I35 A Cu,O, CuSCN, NiO, 1E Ry 28 AL S b4 kL, Fil PCo BM, TiO,, ZnO 1E My T4 b4 kL. BEslx
AR 1 BE BE MAPDI, A1 40 5 BE AR AL (45 L, 45 3 878 TTO/NiO,/MAPbDI,/ZnO (8% TiO,)/Al & FH g 5 it (1)
HEAR M RE R 4. ITO AT BREN 4.6 eV B4 N E] 5.0 eV 82 & M 42 % CuyO—FE AT CuSCON—3E it X MAPDI; K
PH AE FE 3t A9 O fR P AE, (0% NiO,— & Bt 6 AR P AR AG 3R AR /N 5258 1 TTO o) vl B0 & B3 Bl R
4.6—4.8 eV, Y ITO T RHGEAE] 4.8 eV Bf NiO, —F [z X MAPDI; A FH AE H 35 31 5 = 203 29.588%. %5 /iM%
AR 28 T B A N AR K AR v R 2 MAPDI, A FHBE H b 5 G AR PR BE 3G L 4% B AR THO, P
HL PR R LT AN BB = H b 9 PR BE . X SE AT 45 N B 52560 Lt 5 s AR Y 2 53X MAPDI; A BH A8 H .

KSR SRS, s RSB RPHAE L, JLIRTERE, B(E R

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

1 5 =

A HL-ToHL 4 & AL 5 88, 41 MAPDX;
(MA = CH,NH;*; X = Cl, Br,1) fl MAPbL, ,Cl,
HATHE R BOErARE, 92/ 0 R EHBERL B RO
M i 22 181 3 SR kA O BH B PR YL 1 16 FRL 7 46
3% (power conversion efficiency, PCE) 4 M\
2009 4F 1Y 3.8% 4 m ] 2018 4F 1Y 23.3% 47, JL4F
X R RE L A GAR PR RESR T+ iUk, {H 2k
FL Tt ) TE U A A AR I S R R RO B R,
SR T B OCARPERE Y AT F R 68 X R b Y Sz
UG5 F AN REA RN A i RO, 12, B RS AT
BL-TeAL 4 B AL W55 R O B B Fi v by 3 HC ] 5
M 25 ARAS | AR P, s RO A, A R b
CINP/N MLilrE =4

* K A RRHERAS (S 61875235, 11605012) % BIYIHLE.
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2013 4EHRIE T 8 —Fh s NG5 A HL- T L4
169 45 Bk K B RE W i ITO/PEDOT:PSS/
MAPbDI, /fullerene/BCP /A1, [ J AT i Kt
Y SEG BIEGY, QRT A% i A ASE RN AR B ) Y 2 4 R
oAl DL R AU e A A5 A5 s 2N g A A5 Bk R
PH A HL Tt i e R MR BB AR B TR R4 . A ALY
PEDOT:PSS 1E Jy 25 7 AL fi #4 %} (hole transport
material, HTM) RE42 & HL B &0CR, SR E fAR e
M n) B3 H RS B Bk . B HLAY NiO,, CuSCN,
Cu,O F2E PEGF . il & i B, BAT/E S HTM 2 |
AT KM e 3. 22X MAPDI, K BH fE it i
NiO, /E>% HTM, PCE A %] T 11.6%". b5
BB NiO, VE HTM fii5 /e 45 M s5 ek K
FHAE LMY PCE #— 2427+ 3] 18.3% 1. 5255 |
iR & T ffi H PTAA {5 HTM fl PCqBM AE
ETM =X MAPbDI; KFHAEH i) PCE ik 3] T
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19.4%16- 18 4k 50 K 2% 2K B S5 4 20 19 4l
PCgBM £ ETM 19 iz X85 £k 5™ K BH B H ith 1)
PCE #:i T 21%, JF#H & (open-circuit voltage,
Voo) K8 1.21 V, X FEM R MEREE &+ 40 42
AT IE XS54 B A5 K A BHBE fL vt . TEHLIY TiO,
Il ZnO HAT & A (9 BEME BE A KL 19 19 fb 24 R e
PE, Bz A FHAE IE S5 E5 5K 0™ K BH 8 . vt
HAR DR Al A e sty b, 24 T HELe
58 I 2025 B EK K B B H Tt G AR T BE Y i
R

ASCEET O A ML SHA AMPS-1D 727,
TEFE F RGBS ETM, HTM, ITO 3 R % .
AR 2 R 0T e 2 MAPDI K FH g
FLGIRMERE s, AR Ak T B A i o
SEFESERT R P RE F b HR AL E e 48 .

2 TAERFEMIENITHERE

2 IE X MAPDI, K BHBE H it 3 22 19 X 5]
ET AGTRBHOGH 71, BT 25 73 5 2 p-in
F n-i-p, PHTE B SGAR FE R T H 98 7 1) JE A
2, X PR R A TAEJEH 0P 1(a) ATEL 1(b)
Jizs. ST DT R B Es GRS T R
AMPS-1D 27 PO %} 2 X MAPDI3 K FH fE H it
SeAR M REE A THEES BT, BT EAS FH AR
SHF BRI B, R 1 AR 2 s, TR
380 nm A1 900 nm Y [l Z 8] 1Y) MAPbI; Y6 I &

A\
ht [
,,,,,,,,,,,,,,,,,,,,,): : : e e e
QeD L
[N GBGBGB\ |—|9"°‘° |—|
Anode HTM MAPDI3 ETM Cathode

Cathode ETM MAPDI3 HTM Anode

B 1 (a) RALMA D) F XL WE TSRS
MAPDI; K BH 8 H, 1t i TAF Ji B 7R 2 ]

Fig. 1. Schematic diagram of working principle in (a) inver-
ted and (b) regular planar heterojunction MAPbDI; solar
cells.

BORIE T SCHR [21] B9SC5 s, 1TO Fi Al 435 4E
R MAPDIL A BH A Lt ) i H AR RIS LA

3 HEFFEEEE

3.1 &3 MAPbDI,; X FH & BB it f HTM
M ETM XF R M RE A2 I

S 53X MAPDI, A BHAE H ik eIk P R,
51 AGE AR HTM PEEC MAPbBI, #8955 Al
REFIEAM ITO TR B W EEL, XA M F1E25 9T
WA L 4 AR B0 . TRIRE ETM At Bt 2
FOREEN, ETM Nz HAT &5+ FpH 25 ¢
MIRE . A T 38 A 5 A R AR AL R 2 MAPDL,
K BA e HL b AR R BE, FRATT AR B BEFE Cuy0,
CuSCN, NiO, i HTM, 3% PCy,BM, TiO,, ZnO
Vi ETM. R T 9 Mgz MAPDI,; K
FH € Hi. W1 1) PCE [ MAPDI, #4865 2 725 4k 1)
R, WK 2 s, BUARHUEE R BoR T e X ek it
K B ARE HE I 4E M, NiO,—JE e 2 MAPbI; K BH
e PCE J&fRmi, Hrh ITO/NiO,/MAPbDL;/
TiO,/ Al Z5# K BHAE PR BE R4S, 2 MAPDL; /Y
JERERE] 130 nm B} PCE AILIAS 27.757% (A1
I Jyo = 27.279 mA /em?; Voo = 1.253 V;
B3N T FF = 0.812), ifi ITO/NiO,/MAPbI,/
ZnO /Al S5 K FHAE H it 1 BB 5 FLAH Y. X Sepsifl]
SZERBI T NIO, /8 HTM fEA3dEE R MAPDI,
KIHBE R SCRERE, &—FPPERRIE R HTM,
CuSCN Fl Cu,O 1E 4 HTM HIHERERI A AR FAH
JoH: Cu,O FEE M T L HERE. ZnO il TiO,
YE ETM 1 52 3% MAPbI, K FH g 6 v (8 6 AR
fie JL P2 —FERY, PCo BM AE 2y ETM 52h (6 Rif 1§
Pl e AL AR XS E R BI, E8E
HTM #rf T 2K T MAPbBL 5 TAE, X4 F)
TS R T, $E e HTMAYZS /GRS R AR
A e H DGRV RE ; e ETM HL - A RE
R = T MAPDL; L F FIfg, XA F T HF 3
T, 17 ETM i T B R0 H it P g s
MK

3.2 ITO IR #3F X MAPbLI, KPHEE
AR BE B 22 M
TE ;X MAPDI, KFHBER Wi, Ak 1TO /Y
IR /N HL AR PR RE S 21 T E A4 .
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# 1 AMPS-1D KA MAPbL; Fl ETM S%(
Table 1.  AMPS-1D parameters set for MAPbI; and ETM.
Parameters MAPbDI, ZnO TiO, PCyBM
Dielectric constant 23.3122 8.120>7] 10080 3.908)
Band gap/eV 1.5123 3.40[20] 3.261] 1.9
Electron affinity /eV 3.9311 4.1917 4.0B1 3.90
Thickness/nm 40-400 90 90 90
Electron and hole mobility /cm?V 1-s! 50, 5024 150, 0.000128! 0.006, 0.0060! 0.0005, 0.000108!
Acceptor concentration/cm 3 (2.14 x 10'7)3) 0 0 0
Donor concentration/cm 0 (5 x 1019)1 (5 x 1019)B0) 5 x 101
Effective conduction band density/cm? 1.66 x 10" 4.49 x 108 1.0 x 10% 2.5 x 10%
Effective valence band density/cm 3 5.41 x 108 5.39 x 108 2.0 x 10% 2.5 x 10%
#* 2 AMPS-1D RHIH) HTM 24
Table 2.  AMPS-1D parameters set for HTM.
Parameters CuSCN NiO, CuyO
Dielectric constant 1062 11.980 8.8[4
Band gap/eV 3.463 3.767) 2.1741
Electron affinity /eV 1.903] 1.5038) 3.3
Thickness/nm 200 200 200
Electron and hole mobility /cm?V-1-s 0.0001, 0.01—0.1064 0.0001, 1208 0.0001, 10143l
Acceptor concentration/cm? (5 x 10'8)B (2.66 x 10'7)01 (5 x 10%)H3]
Donor concentration/cm? 0 0 0
Effective conduction band density/cm 3 1.79 x 10Y 2.5 x 101 2.5 x 101
Effective valence band density/cm * 2.51 x 10" 2.5 x 101 2.5 x 101

SCHik [44,45) H3E 38 3 S50 5 AR AL 1TO k%L
AL N 4.6 —5.0 eV. BUERLLIITE T 9 Fl
& 5 MAPbI; K FH € H# it i PCE Ml FF fifi &
ITO L R EUZEAL B pR &, TnlE 3 firzs. [ 3(a) 2
7824 ITO TR 4.6 eV 3 hn %] 5.0 eV I, 3 Fh
%546 ITO/CuyO/MAPDI;/ETM (PCgBM, TiO,,
ZnO)/A1 K FH B& M ) PCE (FF) 43 % M
18.372% (0.554) 4 F| 27.766% (0.837), 19.102%
(0.577)%] 28.516% (0.861), 19.092% (0.576) %I
28.507% (0.860). HU(E AL AL KW UL 1 42 &
ITO Ty R K A B 3% b 2 T} Cu,0— 3 X
MAPDI; K FH fig f it 1) G AR Mg, PCE By 427t
1T 9%. I 3(b) B4 ITO k%M 4.6 eV 14
nE) 4.9 eV i}, 3 Fp4EH 1TO/CuSCN/MAPDL;/
ETM (PCqBM, TiO,, ZnO) /Al K B fit i i (1 o
AE T, PCE M4 IR 2 T 7%, X B3 (5,
Cu,O—3E 3 MAPbDI; & FH e HL ith i 42 7, Fi-at
— 8 ITO T ki %k, CuSCN— 3t [z ;. MAPbI,
K BHAE L AR PR LT AN N T, &1 3(c)

R Y ITO SR E 4.6 eV 3] 5.0 eV I, 3 Fh
454 1TTO/NiO,/MAPbI;/ETM (PCyBM, TiO,,
Zn0) /Al K FH#E f it BB FE THERTR /)N, PCE Y42
TR 22 1%, 24 1TO Jj ok B34 3] 4.8 eV BT
PCE {HREAS THA, 5K PCE 43512 28.700%,
29.488%, 29.481%. M L1 IR E5 Rl LA
th, 220 MAPbDI; K FHfg # it {8 TiO, #1 ZnO
1E8 ETM BRI RE LT 2 — R, #2rEReiL
E A ETM, W 5 PCqBM Y PEfig T 25 — it
R E 1TO TR Nio,— 32 X MAPDI,; K
PHBE FL It AR MR BB S THAR /DN, (LR IH 2 i
I

FELRFEHAD A AR S BT, 1TO Ty pki%k
M 4.6 eV G INE] 5.0 eV BEM K HHE H Cu,O— 3
Hl CuSCN—JE Fz 5 MAPDI, K BHAE L G AR P
fiE. LR 1TO HeREGERIE 4.6—5.0 eV
Z ), e FEN s B AT K i iE 1440,
ok Nehate 45 17 38 2 55 Ry AT SEAY SE00 25 07 7%,
HAFEAIEGEE ITO YR EGEREI N 4.6—4.8 eV.
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Fig. 2. The PCE of inverted perovskite solar cells for (a) ITO/
HTM/MAPbDI;/PCqBM/AL (b) ITO/HTM/MAPDI;/TiO,y/
Al, and (¢) ITO/HTM/MAPbDI;/ZnO/Al simulated with
the MAPDI; thickness. Front and back contact work func-
tion: 4.6 eV (ITO) and 4.3 eV (Al), respectively.

FEF X BB HAE , Cu,O—FE AT CuSCN—HEJz
MAPbDI; KEHAER M E AR PCE 405155 24.177%
1 27.075%, T NiO,— & A DL ik #] 29.588%.

NiO,—4E [ 50 MAPDI; K BHBE H it S an e A R

HOEIRTERE, 2RI N NiO, HAT — & BERY A

=
B

GHE R =R I ol - 2 S S 1 D O e o =
MAPDI, K FH fig o b 3k U, NiO, J&—Fh ik fEf B
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Fig. 3. Simulation for PCE and FF of inverted perovskite
solar cells for (a) ITO/CuO,/MAPDI;/ETM/AL, (b) ITO/
CuSCN/MAPbBI;/ETM/Al, and (c) ITO/NiO,/MAPbIL;/
ETM/ALI solar cells as a function of ITO work function,
here ETM is PCyBM, TiO,, or ZnO.
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B 5 Bt YR PEBE A Z i N BT 4 R & 4(a)
i85 T ITO/CuSCN/MAPDI,/TiO,/Al Hi 1 i1k
LR CuSCN Hzs 7T RS HAR MR I iR AL, 156AH
CuSCN s 5T A0 1Y R 35 S T v T iy
AR PERE, M2 7 GER RGN E] 10 cm? Vs ! A
FL LAY AR M RE AN PR T T AE SE g L
CuSCN [ K% 7T ARIE 0.1 cm? V Ls 1845
FEASE] ITTO/CuSCN/MAPDI,;/TiO,/ Al Hi s it 4
it PCE = 20.344%, Js¢ = 26.839 mA /cm?, FF =
0.606, Voc = 1.251 V. CuSCN HA{KHZ 7GR
SRBR ] T SRR A BT, T SE 1 a4
15 CuSCN Y25 7T S FOR - T H it ) G AR PR RE,
X ERE CuSCN—I Sz X MAPbDI; K FHAEH it
WA RRFETF2H]. K 4(b) 451 T ITO/NiO,/

30
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o 25
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B4 RPRBE F It Y AR 22 R4 B CuSCN Al NiO, H 25 5
LR AL pR B, T S R B B RS A 4.6 eV
(ITO) 1 4.3 eV (Al) (a) ITO/CuSCN/MAPbDIL;/TiO,/Al,
(b) ITO/NiO,/MAPDI;/TiO,/Al

Fig. 4. J-V characteristics of solar cell as a function of hole
mobility in CuSCN and NiO,. Front and back contact work
function is 4.6 eV (ITO) and 4.3 eV (Al), respectively: (a)
ITO/CuSCN/MAPbDI;/TiO,/Al;  (b) ITO/NiO,/MAPDI;/
TiO,/AL

MAPbI;/TiO,/ Al LB AGIR ZEREERE NiO, H12s 7T
ER AR AL, B NiO, Thas FUE R R I 1Y
i Fe it A SR AR PR BRI AR T, 7S s GER ARBEN
£ 100 cm?V s EFHLH P REREA PR T T 52
¥ FEARIE T NiO, 1Y 28 7CiE B R 0l L ik 5
120 cm? V- 1s 1B X fiff 73 1TO/NiO,/MAPDI;/
TiO,/Al X FHAE H it M4 5E 7T LAk Bl i ff: PCE =
27.716%, Joo = 27.279 mA/cm?, FF = 0.811,
Voc = 1.253 V. A] WL, 7E3X P e X MAPDI; X FH
fiE HL it NiO, /E S HTM /) Pk g 22 0 W A8 T
CuSCN. [ i i $2 5 HTM 28 7 GTE B R fig
T WIRR X MAPDI, A BHAE HL w1 IR P BE.
AT BRI E Ti0, M FEBRELEA
RERE T LI D EAR R R X BE T2 S A L 142
F+ 5z MAPDI; K FHBE H it 9 G AR M g B (1L o
GAINEE S

4 % i

i/ AMPS-1D FEFEUERE T 9 FhEA A
ITO/HTM(Cu,0, CuSCN, NiO,)/MAPbI;/ETM
(PCgBM, TiO,, ZnO)/Al K FHAEH . #EPIH5
gE RN 1) 78 3 MAPbI; K FH fig s it b
NiO, fE & HTM Z 4 F CuSCN Al Cu,0, TiO,
F1 ZnO 1E 5 ETM PEREAERL, Wik T PCqBM )
PEfE; 2) TTO TIREUN 4.6 eV 5] 5.0 eV AERE
Hi 2T Cu,O— £ CuSCN— 3 7 X MAPbBI; X
PH fit LB 1) AR M BE, NiO, — &2 2 MAPDBI; KX
FHAE L e RE ST AN, (HPERBEN AT 1Y; 3) T
A P S IG HE ) ITO B e 3R 7E 4.6 4.8 eV
TG H, NiO, —#E 2 3 MAPDIL; A BHAE H i i Y6k
MRS, PCE "JLIAE] 29.588%; 4) 1 ITO/NiO,/
MAPbDI;/TiOy/Al FITTO/CuSCN/MAPbI,;/TiO,/
ALKPARER I, 2 542 & HTM 19 %5 7GE R R
REA R HETH Ly B AR MERE, TR T1i0, B LT
ERRHL T RRE T OB ERE. 5058 LA
f) CuSCN 25 50GT A2 0.1 cm?2 V- Ls ! BRI T HL il
FARMERERIEETT, NiO, 257G 120 cm? V- Ls'!
fff ITO/NiO,/MAPbI,/TiO,/ Al Hi 1 1 AR 1 A
B XELLERIER T ETM, HTM, ITO Zek%k.
AR 2R B AT [ 2 MAPDL; K A g
LG ARPERE G52, 3 S5 3 MR Y
G ESERE K P AE H b Pt 2
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Abstract

The existence of serious hysteresis effect for regular perovskite solar cells (PSCs) will affect their
performances, however, the inverted PSCs can significantly suppress the hysteresis effect. To data, it has been
very rarely reported to simulate the inverted planar heterojunction PSCs. In this paper, the effects of hole
transport material (HTM), electron transport material (ETM), and ITO work function on performance of
inverted MAPbDI; solar cells are carefully investigated in order to design the high-performance inverted PSCs.
The inverted MAPDI; solar cells using Cu,O, CuSCN, or NiO, as HTM, and PCgBM, TiO,, or ZnO as ETM
are simulated with the program AMPS-1D. Simulation results reveal that i) the inverted MAPbDI; solar cells
choosing NiO, as HTM can effectively improve the photovoltaic performance, and the excellent photovoltaic
performance obtained by using TiO, as ETM is almost the same as by using ZnO as ETM; ii) the ITO work
function increasing from 4.6 eV to 5.0 eV can significantly enhance the photovoltaic performances of Cuy,O—
based and CuSCN— based inverted MAPbDI; solar cells, and the NiO,— based inverted MAPDbDI; solar cells have
only a minor photovoltaic performance enhancement; iii) based on the reported ITO work function between 4.6 eV
and 4.8 eV, the maximum power conversion efficiency (PCE) of 27.075% and 29.588% for CuSCN— based and
NiO,— based inverted MAPbDI; solar cells are achieved when the ITO work function reaches 4.8 eV. The
numerical simulation gives that the increase of hole mobility in CuSCN and NiO, for ITO/CuSCN/MAPbI;/
TiO,/Al and ITO/NiO,/MAPDI;/TiO,/Al can greatly improve the device performance. Experimentally, the
maximum hole mobility 0.1 ¢m?V1!s?! in CuSCN restricts the photovoltaic performance improvement of
CuSCN— based inverted MAPDI; solar cells, which means that there is still room for the improvement of cell
performance through increasing the hole mobility in CuSCN. It is found that NiO, with a reasonable energy-
band structure and high hole mobility 120 cm? V 1-s! is an ideal HTM in inverted MAPbDI; solar cells. However,
the increasing of electron mobility in TiO, cannot improve the device photovoltaic performance of inverted
MAPDI; solar cells. These simulation results reveal the effects of ETM, HTM, and ITO work function on the
photovoltaic performance of inverted MAPbDI; solar cells. Our researches may help to design the high-

performance inverted PSCs.

Keywords: inverted structure, halide perovskite solar cells, photovoltaic performance, numerical simulation
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