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Fig. 1. Schematic and energy-level diagram of each functional layers of solar cells: (a), (b) planar heterojunction solar cell structure;

(¢), (d) schottky solar cell structure.
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Table 1.  Material parameters of the Schottky solar cells.
28 SnO, 2021 Perovskitel?-?2 Spiro-OMeTAD-27
PN E 9 20 3
PR eV 3.5 1.55 3
AT JeV 4.3 3.75 2.2
JEBE /nm 50 500 250
HL /28 7GRS 3 /em Vs ! 20/10 50/50 0.0002,/0.0002
ZEBIWE Jem® 0 0 2x1018
JifE EBAE fom 1x10% 0 0
FHHEYCREEE /em™® 2.2x1018 2.2x101 2.2x1018
Wl A RCRE B Jem™ 1.8x10% 1.8x10% 1.8x10%

FUAEEZS ). A 1(a) iR, VT Ras a5 g
b O B H Yt 45 1) Sy a5 ) S H TR /vl AR )22 /4
B AIR)Z )25 AR 2 R, ok F B R
SR, 78 UL )2 RN AL i 2 43 98 spiro-
OMeTAD #1 SnO,, JEFE & % 7E 250 nm A1 50 nm,
FEERE A RZ IR A 500 nm, M FFEEEFIUNE 1(c)
Fiz, PIRh AL B REHT 23 S AN & 1(b) 5 1ET 1(d) B
. R R RAT RSB 1 .

T BRI SO T 1 R R BH H 1 B Y
REMR, X RE RS RS R R FH R it B A T Ak, 43
SIS AN A HiJS AR P pR R B2k 3 TR 2R
JE . INERBEE T O GIR AR

3 #X5it®m

3.1 FTHRRELFHERFELHERE
xfLb

Ry SRR B A R, AR ITO/Sn0Oy/
FA(gsMA 15Pbl, 55Br) 45/Spiro-OMeTAD /Au #5
VT S BT 25 45 K4 R BHHL . 25B% SnO, 1 Spiro-
OMeTAD #AFTCHL F 15 i = N TJo s 7R i 2 1
TS ZE R ESERAT R BHEL . SR AM1.5 K FH4R 5T
HCIEAEROGIE, I F1E 5= SnO, A AR 1]
FRAECA ITO, THRECN 4.4 eV, MHE Au,
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Fig. 2. J-V characteristics of pin solar cell structure and

Schottky solar cell structure.
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Table 2.  Photovoltaic performance parameters of

the pin solar cell structure and Schottky solar cell

structure.
IH IR
by J/mAcm? V.V F?'(; %&%5@
A E bt
prats 24.38 1.09 74.99 20.01
EE -] 20.35 0.36 75.93 5.64

BEAEIAS B T IR 25 A8 5k o FH Ha o BT I,
GEHT TS ER A IR S AL B RS o R R
TEL, HAESERE A IRZAR B, = 1.55 eV. 41 3(a)
7R, V- 1H S A5 S5 AR 251 A2 W2 R A5 5 2
FHEAL T AR 22, B RAFH o i Fnas /X
BHESHILI, 7628 7L 2 AW 2 A R =S
AL E AT F B HLE]. B 3(b) BAR T L4
BRA R PH FL Tt R RE A 14, 378 B Fl P A o A 1
AT A ARSI b )72 KRS AR, S AR e S T
A A R N I e ) BRSBTS
HL IS KR A, SEE DGR RR R 2. Ktk
R NI ONE Y R ASE S = N LR

4
sl (a)
5 2 BERUARZ —
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Fig. 3. Energy band diagram and schematic diagram of pho-
togenerated electron and hole transport: (a) Pin solar cell

structure; (b) Schottky solar cell structure.
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H3 RIEI R R
Table 3.  Work function of different front electrode
materials/27:25,

g ieR%k feV
In,O3:F(FTO) 4.6
InyO5:Sn(ITO) 4.40%)

ITO/PEIE 4.027)
FTO/PEIE 3.8128

DA R R AR AR BER KA B S e i R T
PRI 3.8 eV #2555 4.6 eV DIFFFE I RSN [R] 11

H/eV

0 0.1 0.2 0.3 0.4 0.5

JEEE /pm
()
90000 | —3.8eV
7 —4.0 eV
g —4.4 eV
i ——4.6 eV
= 60000
=
R
2
30000
0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
JEJE /nm
X
~~
=
o
]

300 450 600 750 900
K /nm

B 4 UNTR] g B S e e AR B R 3R A PH i el o e o 1 B
s (e) HEFRE; () JVEHE

75 W L RO I KR B P A2 1 R
BRATK FH AL B A REAF &5 F I 1ET 4(a) Br7s. i T85
RO RY I BRECA 3.75 eV, IX A5 i L FI S If A
[ 25 3 P L R R ) ) e R N S R
HOR, P 4(b) Frs g AN [) 25 W] 5 v rEL AR Zh ek 60
BB IR B0 T G R A, EESERE =N, BE
HIBEW T AR R B8, B R B TR ).
Bl 4(c) FAN ]2 W S o FE AR D R BT 1
TR FH e b A R 700 A1 P 2435 T 5 R P A S e
BRI, s B, A M T80 5 e BR A IOt

(b)

- 20
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3]
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Fig. 4. Schottky solar cells with different front electrode: (a) Energy band structure; (b) carrier recombination rate distribution;

(c) electric field distribution; (d) free electrons concentration distribution; (e) quantum efficiency; (f) J-V characteristic.
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E0E, ISR 28 TR A8 . B 4(d)
&R TR D pRECE I AR T A 3
TESEFE M 0—150 nm 4L, [ i v T2 Bl 5 5 W
T FELFRL AR ) RS 8 5 17 v

] 4(e) MR T R EE B S HL A 1 R SR
BH F Yt Y TR R R . NI 4(e) R AT DL 2Bl
% W AR D BRI, RO TR
T2 B L FEUA ) RS R T, B 400500 nm
A P AT — 5 B “TUTBE 7 . 24375 IH S ri R R ) BRI
FEARE] 3.8 eV T, “IMBA” TRARIZ I A . LA Im ]
WA BTHE N, X5 7 Al PN A R R AR, F 1 R
FLEE S ER R BH H st i B AT LR B, 1B S
FL FEL A T pREICRRAIG, 5k TR RE AT B BE DY, 3
AR MOLE NI K, AR ER TR T 2
% 114 5K 2 77 1) 35 R Tt R AR, Rt A g e L T
AN [) 25 9 S v H AN 1 1 AR AR 0 R A I v L )
J- VR 4(f) Bros. 32 4 50 T 34 s itk
RES L, 175 IH 5 F AR T BRI R/ VK L Tt PR RE 1)
e BRI, B 75 WS e r AR ) R B I8N,
ORI 2.5% BOmE T 17.93%, X EH Ty
SRR, 2 E AN, fE—E R
BT IR PR AE FF 8K, $25 1 s b Al e

F4 BT KB R RS BT
KRR ERES

Table 4.
Schottky solar cells with different front electrode

Photovoltaic performance parameters of

work function.

Yiek$i/eV  Jo/mA-cm?  V,./V FF/% FECR /%

3.8 24.43 0.87 84.00 17.93
4.0 24.38 0.78 83.22 15.86
4.4 24.21 0.38 73.44 6.80
4.6 24.05 0.18 57.00 2.50

3.3 ITERITEEF TAE) =0

Xof i W S L AR DA S, e B A i 5 K
ORI DGR RE A T BRI S T i —
HAl, BT LB S AR DI Rl 3.8 eV
B P 155 0 XT  RF FEAS R  PH Pt 2R A 6] Pl A A
k. B, W HBRTERA Au (5.1 eV), Ag (4.9 eV),
C (5.0 eV), Al (4.3 eV)2) AS[a] 4 Ja XoF o b 18 14
FEEEZE R B AR R PH L Y - VAR i Ze ] 5
Fen. I AT Y PHIB A (RS A Y

WL (G2 B 2. 22), 15 36 s i o) sR 4045 5 0
4.3, 4.9, 5.0, 5.1, 5.3 F1 5.5 eV 54 F By . 4
&l 5 AT UL S T sk SRR A B (B AL L) 1R
S @I R AR, VR B M e R
W pRELTE 4.9 eV LI, TR R LA K,
JE RS R Z HTIS K. E B(a) IR T AR AL ) %
HL B 9 BE Y &L, BT LLA B2 A ) R B
4.9 eV I, S8 48 R B G SR8 B, B
IR, A A Y B BB B RBAY, XA
T 25 7% ) H AR A%, BHLE T R, e T
RERE Y. YRR 10 T 25 M I RRARA, 5N T
FEMZ IS TN 45 S BRI ARTE B 1 R4 . 3 AR T %
CiNSu et s En e YN EE IR &SN i
T bR A3 s B R B A ) 1 SIS BT RN FL AR
T A Ak e . T 5(b) AT pR B B A R
PRI T2 AR, 1T LG B F Ak 2 e gk F
4.9 eV T, FifiE X AR D sRECI 38 K, TEIR N
350 nm ] 500 nm 4, T EARKB WK, 1
TR BRECK 4.3 eV I, BAR N T2 AR

FH &1 5(c) S AN [R) T pR 50O F AR A H R ek 1Y)
FL 37 0 A R, G R T PR ESOER R FRL B R K
PEHEEE N ER R [ L BEZ, AR R E
BN AR T R EOS LA T A A O R
& 5(d) Fron, 7EJERE N 400500 nm &b, H a8
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Fig. 5. Schottky solar cells with different back electrode: (a) Energy band structure; (b) carrier recombination rate distribution;

(¢) electric field distribution; (d) free electrons concentration distribution; (e) quantum efficiency; (f) J-V characteristic.
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Table 5.  Photovoltaic performances of Schottky
solar cells with different back electrode work func-
tion.

Uik /eV  Jo/mA-cm?® V. /V FF/% FARHCE /%
4.3 23.48 0.14 51.64 1.73
4.9 24.50 0.74 79.62 14.38
5.0 24.60 0.82 80.98 16.35
5.1 24.68 0.90 80.51 17.39
5.3 24.79 0.95 78.17 18.58
5.5 24.76 0.96 78.19 18.75

BHEL M A CHAMERE. S T 0 PR B 4R R B
) TAEREM:, T B ORI Ak L R
JEE AR P S0 25 o FL Tt B ) g 031,

K6 J8/R T X R BHE b f 7484, TR
JE R TR T RSCR AR E. B AR E
flRBHAEMAE p BHBZKE R 02 x 10" cm . B
& 6 FTLAFE 2, B 15220 B A3 7, o 6 HL I 4%
JE R 3 e 3 KIS0, FEBAIRIE N 5 x
1016 cm 3 B, R LR B AT 11.34%, BiE
BRI, T RN E S PLHIRE I, Sk
PEREZ IR .

057901-7


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

) 12 % R Acta Phys. Sin. Vol. 69, No. 5 (2020) 057901

1.00 26.0 22

—o— ]84
_e———a (a) ] 25.5 o /,/o—o\ (b)
p So—o = 21
0.95F {25.0 5 480
< ©
Z J2a5 % X
m 0.90 - 124.0 5 s =
K {235 5 17 B
—— JFEHIE 1520 &
R R S L N
22.5 —o— AT 168
0.80 L L L 22.0 17 L L
0 3.0 6.0 9.0 12.0 0 2.0 4.0 1.0
PAUHBAGRIE /1016 cm—3 pﬁ!ﬁé?ﬂ%‘?ﬁfg/lou’ cm~3

K6 ARZIEBIMET KRR LR (o) TFEEIE V,, LEHABREE L (b) HAER T FF 5% 1408 PCE
Fig. 6. Output trends under different acceptor doping concentration: (a) V. and Ji.; (b) FF and PCE.

1.00 80
bo———— (a) (b)
124 18 175
|
0.96 fo. g
> T—— © 15 170 2
= \ 421 <« <
g — Eoox B
N
X 0.92F — = 19 165 5
K N 18 E ® =
= 160
& 9
0.881 —o—JFHHIE 115 & —— R 155
—o— Sk LI A ° oL —oHOTHT
1 1 1 1 1 1 1 1 1 12 1 1 1 1 50
0 1.0 2.0 3.0 4.0 0 1.0 2.0 3.0 4.0
S /1016 cm 3 BT /1016 cm 3

B 7 ARG BE T R R (a) JFBEHLE V, RSB B J; (b) BFEIH F FF 54 808 PCE
Fig. 7. Output trends under different donor doping concentration: (a) V. and J; (b) FF and PCE.

1.0
(a) (b)

¢ 0.8
§
E £ 0
o~ i
i
E‘i L
5

51— BAREL X 1017 cm 3 0.2F  — BEHKEEL X107 cm 3

—— Tk —— Jeikf
0 . . . . . 0 . . |
0 0.2 0.4 0.6 0.8 1.0 1.2 400 600 800
/v Pk /nm
20
s () 20 | S, (d)
— 18 PR A IRZ ~ T SRR
T Lo18b
: g
® 2 16
~
g g 14}
o 2
ki {g 12 F
H
- 10
o gl —— BEREL X 1017 cm 3 Cﬁkﬁﬁmglxlowcm—s
— Jolikk 81 — JClikFE
6 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
JEE /um JELBE /pm

B8 A IJLHLREET YRR A A R IHB A (2) JVHRME; (b) PRV LR (o) FIREE; (d) &5 /O
Fig. 8. Output trends under J-V characteristics of Schottky solar cells with and without defect states: (a)J-V characteristic;
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Table 6. Photovoltaic performance of Schottky solar
cells with and without defect states.
Jo/mA-cm®  V,./V FF/% AR/ %
A B 20.76 0.94  81.97 16.06
JlkBa 24.38 0.9482 81.54 19.22
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Fig. 9. Output trends under different thickness of absorbing
layer: (a) V. and J; (b) FF and PCE.
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Abstract

The wx-AMPS simulation software is used to model and simulate the Schottky perovskite thin film solar
cells. The front and back electrodes with different work functions are applied to the Schottky perovskite solar
cells to study the effect of band structure on the performance of solar cells. The results show that in a range
from 3.8 to 4.4 eV, as the work function of the front electrode decreases, the conversion efficiency of the
Schottky solar cells gradually increases. When the work function of the front electrode is low, the electric field
strength is large, which facilitates the transport of carriers in the light-absorbing layer of the perovskite and
reduces the carrier recombination rate of the perovskite layer. In addition, the recombination ratio of the light
absorbing layer is reduced due to the increase of the electric field strength, and the parallel resistance is
increased to a certain extent thereby increasing the FF and improving the output efficiency of the battery. At
the same time, when the current electrode work function is maintained at 3.8 €V, in a range from 4.3 to 5.5 eV,
the higher the work function of the back electrode, the greater the conversion efficiency of the Schottky solar
cell is. This conduces to the band alignment in contact between perovskite and back electrode. Under the
premise that the common electrode Au is used as a back electrode, the work function of the front electrode is
3.8 eV and the conversion efficiency of the Schottky perovskite solar cell is 17.93%. In addition, by using the
optimized front and rear contact electrodes, the quality of the perovskite layer material, thus the performance of
the solar cell can be further improved. Doping till a certain concentration and removing the defects of the
perovskite layer, the conversion efficiency of the solar cell with a thickness of 500 nm can be increased from
17.93% to 20.1%. The simulation results show that the Schottky perovskite thin film solar cells can obtain
excellent performance with simple device structure and have great potential applications.

Keywords: Schottky solar cell, wx-AMPS, carrier transport layer, perovskite solar cell
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