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Fig. 1. Device structure of (a) Cs,AgBilg-based single HTL
perovskite solar cell and (b) Cs,AgBilg-based dual HTLs
perovskite solar cell.
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Table 1.  Device parameters for different layers of the cells.

Parameter ZnO CsyAgBilg CuyO MoOj CZTS Spiro-OMeTAD NiO P3HT Si
Thickness/nm 50 800 50 50 100 200 100 50 50
Permittivity e, 9 6.5 7.5 12.5 9 3 10.7 3 11.9
Band gap/eV 3.3 1.6 2.17 3 1.4 2.2 3.8 1.7 1.12

Affinity /eV 4 3.9 3.2 2.5 3.8 3 1.46 3.5 4.17
Ng/(10" cm?) 3.7 10.0 2.0 2.2 2.2 2.2 28.0 2000.0 250.0
Ny/(10' cm™®) 18.0 10.0 11.0 18.0 1.8 250.0 10.0 2000.0 180.0
Np(10' cm?) 1 0 0 0 0 0 0 0 0
N,/(10% cm®) 0 1 1000 1000 10000 1000 1000 1000 10

i,/ (cm?V-igh) 100 2 200 25 100 2x104 12 1.8x10°3 1500
Uy/(cm® Vs 25 2 80 100 12.5 2x104 2.8 1.86x10°2 480

3 #X5it%w
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Fig. 2. J-V parameter curves for different single HTL solar
cells based on Cs,AgBil.
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Table 2.  Performance parameters of PSCs with various HTLs.

LTS5y Voo/V Jsc/(mA-cm?) PCE/% FF/%
FTO/Zn0/Cs,AgBils/Cu,0/Au 1.096 23.02 21.17 83.91
FTO/Zn0O/CsyAgBils/MoO3/Au 1.097 23.01 21.16 83.83
FTO/Zn0/Cs,AgBils/CZTS/Au 1.088 22.07 20.00 83.29
FTO/Zn0O/Cs,AgBils/Spiro/Au 1.095 23.08 20.14 79.69
FTO/Zn0/Cs,AgBil;/NiO/Au 1.095 23.00 20.64 82.10
FTO/Zn0O/Cs,AgBils/P3HT /Au 1.070 23.04 17.91 72.65

FTO/Zn0O/Cs,AgBils/Si/Au 1.055 22.00 17.18 74.02
ITO/Zn0O/Cs,AgBils/Spiro/Aul* 1.08 24.20 21.72 83.14
1TO/Zn0O/Cs,AgBils/Spiro/Aul*l 1.08 23.74 20.31 79.28
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Fig. 3. J-V parameter curves for different dual HTLs solar
cells based on Cs,AgBilj.
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Table 3. Performance parameters of PSCs with dual HTLs.
Device structures Voc/V Jsc/(mA-cm ?2) PCE/% FF/%
FTO/Zn0/Cs,AgBil;/Cu,0/NiO/Au 1.098 23.19 21.39 83.46
FTO/Zn0O/Cs,AgBil/NiO/Si/Au 1.093 23.05 20.71 82.21
FTO/Zn0/CsyAgBils/MoO3/Cuy,O/Au 1.097 22.9 21.13 83.44
FTO/Zn0/Cs,AgBil;/MoOs/Spiro/Au 1.097 23.96 21.12 83.77
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Fig. 4. Electric fields at the interfaces of Cs,AgBils PSCs with different HTL combinations: (a) Cu,O/NiO; (b) NiO/Si; (¢) MoO3/

Cu,0; (d) MoOs/Spiro.
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Fig. 5. Charge recombination rate of CsyAgBilg PSCs with different HTL combinations: (a) CuyO/NiO; (b) NiO/Si; (¢) MoOs/

CuyO; (d) MoOj3/Spiro.
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Fig. 6. Energy band diagram of CsyAgBilg PSCs with different HTL combinations: (a) NiO/Si; (b) Cuy,O/NiO.
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Table 4.  Performance parameters of PSCs with HTL/CZTS.

Device structures Voc/V Jsc/(mA-cm 2) PCE/% FF/%
FTO/Zn0/Cs,AgBilg/Spiro/CZTS/Au 1.1 24.73 22.62 83.15
FTO/Zn0/Cs,AgBils/Cu,0/CZTS/Au 1.1 24.89 22.85 83.46
FTO/Zn0/Cs,AgBil;/MoO;/CZTS/Au 1.1 24.83 22.79 83.44
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Fig. 7. J-V parameter curves for different HTL/CZTS solar
cells based on Cs,AgBilj.

XoF 33K 6 K B fi F, b PN S Y L A 03 A RN AR S 3
WHEAT T 400, I 8(a)—(c) BIZIF AT LIF H, #H
b B 2s AL 45, Spiro/CZTS, Cu,O/CZTS
F1 MoO3/CZTS A5 /A% i J72 K FH RE H 1t 7E 95 >
2 AR E S AR A T g, A R TR
WSC)Z 77 A 1) 23 Bk - 1 7% 21 28 U i )2 AR
i, A Cu,0/CZTS Fl MoO,;/CZTS 45 4 78 )
W W2 RN 28 A% i )2 ) B B T Ak 7 A R ER 3,
1M Spiro/CZTS 5t W& A . 1, Spiro/CZTS
S50 1 K FH B H b 2 2SR T I RE KT
Cu,0/CZTS Hl MoO,/CZTS 45F i A BHAE L. 4N
8(d)—(f) Bz, 545 5z oA i J22 K B BE H Tt
HH EE, Spiro/CZTS, Cu,O/CZTS Fil MoO3/CZTS

IRIG, N T S CuyO/CZTS X zs AL iy J2
K FH fil FL b P e R 1 80, TR B2 R R
JEE DL o 6 A B0 A S 32, DT 3
PEHLU . B R R AL AR SE T ZnO,
Cs,AgBilg, Cu,O Fl CZTS Y JE B XF A BH fiE v, 1t
s RS BORERE RS2, 55 A&l 10 BTz,

M 10(a) 7T LAE HHLF& 5= ZnO 78 10—
100 nm FYYEFEPN, BEAEJERE S8 N, R BHAE B Ak
FICHINN S FRAR. 32 BRI AR
Bf, Bt 2 A, FERCEREL. 7€ 50 nm
IR BET K FH BB LTt P 'Y F A 503 R B e R (EL
J922.85%; [RIEE, 40l 10(b) MK 10(c) Fizw, )
W Z Cs,AgBilg F178 /A% Ha )2 CZTS 43 il 78
100—1200 nm F1 10—180 nm I8 F N, K FHfig
HL YRR BE R (3 52 TR 3. 24 Cs,AgBilj
A CZTS MY EE 43514 900 nm A1 160 nm i}, K
FHRE L it R CR IR B i KA, 20000 24.13%
1 25.05%; B e, WK 10(d) fras, 25 7 i 2

038802-6


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
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. 74, No. 3 (2025) 038802
= Perovskite Spito |CZTS/Spiro = Porovskite | MoO;  |CZTS/MoOs| 7 Perovskite | Cw0  |CZTS/Cus0
L ol
§ § §
> > >
2 —1r N —2F N —5t
— i —
I I I
S _of z —4fr I —10f
2 2 )
&= iy e
° —— Spiro/CZTS L _gl— MoO3/CGZTS L2 _1i5t — CuyO/CZTS
£ —3r  asHIL 5 as HTL £ as Hi[L
2 —— Spiro asf HTL (a) 9 —— MoO3 as HTL (b) 2 (c) —— Cuy® as HTL
m L L L L L f m _8 L ! L L L 1 B —920 L L L L | L L
0.80 0.84 0.88 0.92 0.80 0.84 0.88 0.92 0.80 0.84 0.88 0.92
Position/pm Position/pm Position/pm
—~ 102 —~ —~
N (d) Spiro CZTS/Spiro i (e) MoOg CZTS/MoO3 i | () CuO CZTS/CuyO
@ 1020 /ﬁ*\ @ 1018 w 101§
19 //r
| £ 1or \ £ /
~ 1018 3 ~ ~
: 2 ol S o
"E 1017 E .g g
= £ £
’E 10 F— Spiro/CZTS ’E 1015 f—— MoO3/CZTS 'E — Cuy,0/CZTS
8 1015 F as HTL 8 as HTL 8 13 as HTL
8 Spiro as HTL & 101 [ MoO; as HTL & 10" E w0 as HTL
101 b \ . . . : . . . A . .
0.86 0.88 0.90 0.92 0.94 0.86 0.88 0.90 0.92 0.94 0.86 0.88 0.90 0.92 0.94
Position/pm Position/pm Position/pm
B 8 Cs,AgBil; K FHAEHL M (a) Spiro/CZTS, (b) MoO;/CZTS, (c) Cu,0/CZTS M2 7 AL 4 2 1 i3, LK (d) Spiro/

CZTS, () MoO,/CZTS, (f) Cu,0/CZTS 32 AL 2 152 4 %
Fig. 8. Electric fields at the interfaces of Cs,AgBilg; PSCs with different HTL combinations: (a) Spiro/CZTS; (b) MoO;/CZTS;
(¢) Cuy0/CZTS. Charge recombination dynamics of Csy;AgBily PSCs with different HTL combinations: (d) Spiro/CZTS; (e) MoOs/
CZTS; (f) Cu,0/CZTS.
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Fig. 9. Energy band diagram of Cs,AgBil; solar cell with

PElZenlsl 11 Fros.
# 5  ERZET CuyO Fl CZTS VE HTL iR FHAE A M RES 5L
Table 5. Performance parameters of PSCs with Cu,O and CZTS as HTL in orthogonal experiments.
) Thickness/nm .
Experiment No. P CsyAgBil, 7S Omo Voc/V Jso/(mA-cm?) PCE/% FF/%
1 40 850 150 140 1.103 28.31 25.62 82.05
2 40 900 170 150 1.100 28.36 25.46 81.61
3 40 950 160 160 1.098 28.37 25.25 81.06
4 50 850 170 160 1.102 27.92 25.26 82.10
5 50 900 160 140 1.101 28.10 25.21 81.49
6 50 950 150 150 1.098 28.09 25.01 81.09
7 60 850 160 150 1.103 27.80 25.15 82.02
8 60 900 150 160 1.100 27.56 24.75 81.64
9 60 950 170 140 1.098 28.30 25.15 80.94
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Fig. 10. Effects of thicknesses of (a) electron transport layer ZnO, (b) perovskite layer Cs,AgBil;, (c) hole transport layer [ CZTS,
(d) hole transport layer II Cu,O on Vyg, Jsc, FF and PCE of dual HTLs perovskite solar cell.
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Fig. 11. J-V parameter curves before and after optimiza-
tion of CuyO/CZTS dual HTLs perovskite solar cell based
on Cs,AgBil;.
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Fig. 12. Effects of the concentrations of the CZTS and Cu,O on (a) Js¢, (b) Vo, (¢) PCE and (d) FF of the Cs,AgBilg perovskite

solar cell.
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Fig. 13. Variations of solar cell output parameters with HTL hole mobility.
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Fig. 14. Effects of the temperature on (a) Jsc, (b) Vo, (c) PCE and (d) FF of the Cs,AgBilg perovskite solar cell.
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Abstract

Double perovskite materials have received significant attention in the photovoltaic field due to their low

cost, environmental friendliness, and lead-free composition, which make them ideal candidates for next-

generation solar cell applications. In this work, the photovoltaic performance of solar cells using Cs,AgBil; as

the light-absorbing layer is systematically investigated through simulations using Silvaco ATLAS software.

Based on the previously reported single hole transport layer device architecture, namely ITO/ZnO/Cs,AgBils/
HTL/Au, a new dual hole transport layer structure ITO/ZnO/Cs,AgBils/HTL1/HTL2/Au is proposed.

Different dual hole transport layer combinations are explored, and their influence on the internal physical

mechanism and the device performance are analyzed and optimized in detail. The simulation results show that
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038802-11


https://doi.org/10.3390/nano14050391
https://doi.org/10.3390/nano14050391
https://doi.org/10.3390/nano14050391
https://doi.org/10.3390/nano14050391
https://doi.org/10.3390/nano14050391
https://doi.org/10.3390/nano14050391
https://doi.org/10.3390/nano14050391
https://doi.org/10.3390/coatings11091045
https://doi.org/10.3390/coatings11091045
https://doi.org/10.3390/coatings11091045
https://doi.org/10.3390/coatings11091045
https://doi.org/10.3390/coatings11091045
https://doi.org/10.3390/coatings11091045
https://doi.org/10.3390/coatings11091045
https://doi.org/10.3390/ma17051165
https://doi.org/10.3390/ma17051165
https://doi.org/10.3390/ma17051165
https://doi.org/10.3390/ma17051165
https://doi.org/10.3390/ma17051165
https://doi.org/10.3390/ma17051165
https://doi.org/10.3390/ma17051165
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.11896/j.issn.1005-023X.2017.016.004
https://doi.org/10.1016/j.solener.2023.02.027
https://doi.org/10.1016/j.solener.2023.02.027
https://doi.org/10.1016/j.solener.2023.02.027
https://doi.org/10.1016/j.solener.2023.02.027
https://doi.org/10.1016/j.solener.2023.02.027
https://doi.org/10.1016/j.solener.2023.02.027
https://doi.org/10.1016/j.solener.2023.02.027
https://doi.org/10.3390/met8090667
https://doi.org/10.3390/met8090667
https://doi.org/10.3390/met8090667
https://doi.org/10.3390/met8090667
https://doi.org/10.3390/met8090667
https://doi.org/10.3390/met8090667
https://doi.org/10.1002/adma.202108132
https://doi.org/10.1002/adma.202108132
https://doi.org/10.1002/adma.202108132
https://doi.org/10.1002/adma.202108132
https://doi.org/10.1002/adma.202108132
https://doi.org/10.1002/adma.202108132
https://doi.org/10.1002/adma.202108132
https://doi.org/10.1002/adma.202108132
https://doi.org/10.1021/jacs.6b09645
https://doi.org/10.1021/jacs.6b09645
https://doi.org/10.1021/jacs.6b09645
https://doi.org/10.1021/jacs.6b09645
https://doi.org/10.1021/jacs.6b09645
https://doi.org/10.1021/jacs.6b09645
https://doi.org/10.1021/jacs.6b09645
https://doi.org/10.1002/solr.202201112
https://doi.org/10.1002/solr.202201112
https://doi.org/10.1002/solr.202201112
https://doi.org/10.1002/solr.202201112
https://doi.org/10.1002/solr.202201112
https://doi.org/10.1002/solr.202201112
https://doi.org/10.1002/solr.202201112
https://doi.org/10.1016/j.jallcom.2023.170650
https://doi.org/10.1016/j.jallcom.2023.170650
https://doi.org/10.1016/j.jallcom.2023.170650
https://doi.org/10.1016/j.jallcom.2023.170650
https://doi.org/10.1016/j.jallcom.2023.170650
https://doi.org/10.1016/j.jallcom.2023.170650
https://doi.org/10.1016/j.inoche.2022.109395
https://doi.org/10.1016/j.inoche.2022.109395
https://doi.org/10.1016/j.inoche.2022.109395
https://doi.org/10.1016/j.inoche.2022.109395
https://doi.org/10.1016/j.inoche.2022.109395
https://doi.org/10.1016/j.inoche.2022.109395
https://doi.org/10.1016/j.inoche.2022.109395
https://doi.org/10.1016/j.inoche.2022.109395
https://doi.org/10.1021/jacs.5b13294
https://doi.org/10.1021/jacs.5b13294
https://doi.org/10.1021/jacs.5b13294
https://doi.org/10.1021/jacs.5b13294
https://doi.org/10.1021/jacs.5b13294
https://doi.org/10.1021/jacs.5b13294
https://doi.org/10.1016/j.jece.2023.109960
https://doi.org/10.1016/j.jece.2023.109960
https://doi.org/10.1016/j.jece.2023.109960
https://doi.org/10.1016/j.jece.2023.109960
https://doi.org/10.1016/j.jece.2023.109960
https://doi.org/10.1016/j.jece.2023.109960
https://doi.org/10.1016/j.jece.2023.109960
https://doi.org/10.1021/acs.nanolett.7b04659
https://doi.org/10.1021/acs.nanolett.7b04659
https://doi.org/10.1021/acs.nanolett.7b04659
https://doi.org/10.1021/acs.nanolett.7b04659
https://doi.org/10.1021/acs.nanolett.7b04659
https://doi.org/10.1021/acs.nanolett.7b04659
https://doi.org/10.1016/j.jpcs.2023.111443
https://doi.org/10.1016/j.jpcs.2023.111443
https://doi.org/10.1016/j.jpcs.2023.111443
https://doi.org/10.1016/j.jpcs.2023.111443
https://doi.org/10.1016/j.jpcs.2023.111443
https://doi.org/10.1016/j.jpcs.2023.111443
https://doi.org/10.1016/j.jpcs.2023.111443
https://doi.org/10.1016/j.jpcs.2023.111443
https://doi.org/10.1016/j.mtphys.2022.100731
https://doi.org/10.1016/j.mtphys.2022.100731
https://doi.org/10.1016/j.mtphys.2022.100731
https://doi.org/10.1016/j.mtphys.2022.100731
https://doi.org/10.1016/j.mtphys.2022.100731
https://doi.org/10.1016/j.mtphys.2022.100731
https://doi.org/10.1016/j.mtphys.2022.100731
https://doi.org/10.1021/acs.jpclett.6b00376
https://doi.org/10.1021/acs.jpclett.6b00376
https://doi.org/10.1021/acs.jpclett.6b00376
https://doi.org/10.1021/acs.jpclett.6b00376
https://doi.org/10.1021/acs.jpclett.6b00376
https://doi.org/10.1021/acs.jpclett.6b00376
https://doi.org/10.1021/acs.jpclett.6b00376
https://doi.org/10.1021/acs.nanolett.9b00238
https://doi.org/10.1021/acs.nanolett.9b00238
https://doi.org/10.1021/acs.nanolett.9b00238
https://doi.org/10.1021/acs.nanolett.9b00238
https://doi.org/10.1021/acs.nanolett.9b00238
https://doi.org/10.1021/acs.nanolett.9b00238
https://doi.org/10.1021/acs.nanolett.9b00238
https://doi.org/10.1021/acs.energyfuels.3c00181
https://doi.org/10.1021/acs.energyfuels.3c00181
https://doi.org/10.1021/acs.energyfuels.3c00181
https://doi.org/10.1021/acs.energyfuels.3c00181
https://doi.org/10.1021/acs.energyfuels.3c00181
https://doi.org/10.1021/acs.energyfuels.3c00181
https://doi.org/10.1021/acs.energyfuels.3c00181
https://doi.org/10.1002/pssa.202200642
https://doi.org/10.1002/pssa.202200642
https://doi.org/10.1002/pssa.202200642
https://doi.org/10.1002/pssa.202200642
https://doi.org/10.1002/pssa.202200642
https://doi.org/10.1002/pssa.202200642
https://doi.org/10.1080/15567036.2020.1867672
https://doi.org/10.1080/15567036.2020.1867672
https://doi.org/10.1080/15567036.2020.1867672
https://doi.org/10.1080/15567036.2020.1867672
https://doi.org/10.1080/15567036.2020.1867672
https://doi.org/10.1080/15567036.2020.1867672
https://doi.org/10.1080/15567036.2020.1867672
https://doi.org/10.3390/cryst12010068
https://doi.org/10.3390/cryst12010068
https://doi.org/10.3390/cryst12010068
https://doi.org/10.3390/cryst12010068
https://doi.org/10.3390/cryst12010068
https://doi.org/10.3390/cryst12010068
https://doi.org/10.3390/cryst12010068
https://doi.org/10.1016/j.mtener.2021.100647
https://doi.org/10.1016/j.mtener.2021.100647
https://doi.org/10.1016/j.mtener.2021.100647
https://doi.org/10.1016/j.mtener.2021.100647
https://doi.org/10.1016/j.mtener.2021.100647
https://doi.org/10.1016/j.mtener.2021.100647
https://doi.org/10.1016/j.orgel.2016.02.036
https://doi.org/10.1016/j.orgel.2016.02.036
https://doi.org/10.1016/j.orgel.2016.02.036
https://doi.org/10.1016/j.orgel.2016.02.036
https://doi.org/10.1016/j.orgel.2016.02.036
https://doi.org/10.1016/j.orgel.2016.02.036
https://doi.org/10.1016/j.orgel.2016.02.036
https://doi.org/10.1016/j.solener.2018.09.078
https://doi.org/10.1016/j.solener.2018.09.078
https://doi.org/10.1016/j.solener.2018.09.078
https://doi.org/10.1016/j.solener.2018.09.078
https://doi.org/10.1016/j.solener.2018.09.078
https://doi.org/10.1016/j.solener.2018.09.078
https://doi.org/10.1016/j.mtcomm.2023.106846
https://doi.org/10.1016/j.mtcomm.2023.106846
https://doi.org/10.1016/j.mtcomm.2023.106846
https://doi.org/10.1016/j.mtcomm.2023.106846
https://doi.org/10.1016/j.mtcomm.2023.106846
https://doi.org/10.1016/j.mtcomm.2023.106846
https://doi.org/10.1016/j.mtcomm.2023.106846
https://doi.org/10.1016/j.mtcomm.2023.106846
https://doi.org/10.1016/j.surfcoat.2018.09.072
https://doi.org/10.1016/j.surfcoat.2018.09.072
https://doi.org/10.1016/j.surfcoat.2018.09.072
https://doi.org/10.1016/j.surfcoat.2018.09.072
https://doi.org/10.1016/j.surfcoat.2018.09.072
https://doi.org/10.1016/j.surfcoat.2018.09.072
https://doi.org/10.1016/j.surfcoat.2018.09.072
https://doi.org/10.3390/coatings13030644
https://doi.org/10.3390/coatings13030644
https://doi.org/10.3390/coatings13030644
https://doi.org/10.3390/coatings13030644
https://doi.org/10.3390/coatings13030644
https://doi.org/10.3390/coatings13030644
https://doi.org/10.3390/coatings13030644
https://doi.org/10.1016/j.commatsci.2020.109865
https://doi.org/10.1016/j.commatsci.2020.109865
https://doi.org/10.1016/j.commatsci.2020.109865
https://doi.org/10.1016/j.commatsci.2020.109865
https://doi.org/10.1016/j.commatsci.2020.109865
https://doi.org/10.1016/j.commatsci.2020.109865
https://doi.org/10.1016/j.commatsci.2020.109865
https://doi.org/10.1016/j.solener.2023.111937
https://doi.org/10.1016/j.solener.2023.111937
https://doi.org/10.1016/j.solener.2023.111937
https://doi.org/10.1016/j.solener.2023.111937
https://doi.org/10.1016/j.solener.2023.111937
https://doi.org/10.1016/j.solener.2023.111937
https://doi.org/10.1016/j.solener.2023.111937
https://doi.org/10.1016/j.spmi.2021.106872
https://doi.org/10.1016/j.spmi.2021.106872
https://doi.org/10.1016/j.spmi.2021.106872
https://doi.org/10.1016/j.spmi.2021.106872
https://doi.org/10.1016/j.spmi.2021.106872
https://doi.org/10.1016/j.spmi.2021.106872
https://doi.org/10.1016/j.spmi.2021.106872
https://doi.org/10.1039/D2RA06734J
https://doi.org/10.1039/D2RA06734J
https://doi.org/10.1039/D2RA06734J
https://doi.org/10.1039/D2RA06734J
https://doi.org/10.1039/D2RA06734J
https://doi.org/10.1039/D2RA06734J
https://doi.org/10.1039/D2RA06734J
https://doi.org/10.1021/acs.energyfuels.3c01659
https://doi.org/10.1021/acs.energyfuels.3c01659
https://doi.org/10.1021/acs.energyfuels.3c01659
https://doi.org/10.1021/acs.energyfuels.3c01659
https://doi.org/10.1021/acs.energyfuels.3c01659
https://doi.org/10.1021/acs.energyfuels.3c01659
mailto:tianhanmin@hebut.edu.cn
mailto:tianhanmin@hebut.edu.cn
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
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. 74, No. 3 (2025) 038802

the devices using Cuy,O/NiO and NiO/Si respectively as dual hole transport layer significantly improve charge
extraction and generate a negative electric field at the interface, thereby reducing recombination losse and
accelerating the transport of hole carriers. These two configurations exhibit substantially higher efficiencies than
those configurations with a single hole transport layer, confirming the advantages of the dual hole transport
layer structure. Additionally, devices using Cuy,O/CZTS and MoO;/CZTS as dual hole transport layer show
better performance than the reference structure using Spiro-OMeTAD/CZTS, indicating the potential for
further improvement by optimizing material selection and layer properties. Of the various dual hole transport
layer combinations tested, the structure utilizing Cu,O/CZTS achieves the highest simulated power conversion
efficiency (PCE) of 22.85%. By optimizing the thickness of each functional layer, the efficiency can be further
increased to 25.62%, and the optimal layer thickness is determined to be 40 nm for ZnO, 850 nm for Cs,AgBilj,
140 nm for Cuy,O, and 150 nm for CZTS. Furthermore, the effects of environmental and material parameters,
such as temperature and hole transport layer doping concentration, on device performance are investigated.
This study lays a theoretical foundation for the design and enhancement of double perovskite solar cells. By
demonstrating the potential that the dual hole transport layer structures can significantly improve device
efficiency, their value in advancing environmentally friendly and lead-free photovoltaic technologies becomes
very prominent. The insights gained from this research pave the way for developing high-performance double

perovskite solar cells with optimized architectures and material properties.

L L __

Keywords: double perovskite solar cell, dual hole transport

optimization
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