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Fig. 1. (a) Device structure; (b) band structure.
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E1 SRS

Table 1.  Basic physical parameters of the devices.

Parameter SnS, CaySbls Sr;Sbl, Ba;Sbl, MoO, Spiro Cu,O P3 HT
Layer thickness/nm 50 500 500 50 50 50 50
Bandgap/eV 2.24 1.598 1.309 1.056 3.0 3.0 2.17 1.7
Electron affinity/eV 4.24 4.153 4.181 4.273 2.5 2.45 3.2 3.5
Relative permittivity 10 5.8 5.93 6 12.5 3 6.6 3

CB effective density of states/cm® 2.2x10'  7.911x10'®
VB effective density of states/cm® 1.8x101 1.740x10"

Electron mobility/(cm?V 1.S1) 50 50
Hole mobility/(cm?V1.S1) 50 50
Donor concentration/cm ® 1.0x10'7 0
Acceptor concentration/cm 3 0 1.0x10"2
Density of defect state/cm ? 1.0x10"  1.0x10%
References [29] [32]

1.0x10"?
1.0x10%

8.228x10" 1.139x10" 2.2x10'® 1.0x10Y 2.5x10*° 2.0x10%
1.899x10" 1.266x10" 1.8x10Y 1.0x10Y 2.5x10% 2.0x10%

50 25 0.0002 80 0.0018
50 100 0.0002 80 0.0186
0 0 0 0 0
1.0x1012  1.0x10" 1.0x10"™ 1.0x10" 1.0x10'
1.0x10%  1.0x10% 1.0x10% 1.0x10% 1.0x10'5
[12,32) [12] [30] 32] [18] 31]
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107 e /sP, 5 Lo A5 HA )23 AN 2% SR T AN S T Ak
AR B8, R THTFI S T AL BEGT LIt ) G2 M R R
MalAR /N BRI 2. Sy T LA R T S,
FEDGIT R 2 R 1% )2 Z R A ST, BRI
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T Z S HO E 122052 415% 2 PR, eI
T IERER AR B, F LW T AR S
A TERE. GG T e R T B T AR TR
W WSCZ RE B AT RO OG- 77 A -8 7R
I, ST MR A AR S8R BRI E T AR RO T
e G . A AR, RS SCAPS-1D 24y 1
FAlr B S A MR ISR Y RSP 5 MR S T A
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Table 2.  Interface parameters.

Parameter ETL/Perovskite Perovskite/HTL
Defect type Neutral Neutral
Capture cross-section 1.0x10 19 1.0x10 19
for electrons/cm?
Capgigﬁ’:ﬁ;ﬁ?i‘m 1.0x10 19 1.0x10 19
Defect position above 0.6 0.6

the highest EV/eV
Reference for defect ~ Above the VB Above the VB

energy level maximum maximum
Interface defect 1.0x1010 1.0x1010
density/cm
Energetic distribution Single Single
25
CagSbls
—— Sr3Sbl;
20 | —— BaySbl,

Absorption coefficient/(10% cm~1)

200 400 600 800 1000 1200
Wavelength/nm

P2 3ALIE L2 bR I U 5 5
Fig. 2. Absorption coefficients of the three photoactive lay-

er materials.
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® 3 AR RS R

Table 3.  Comparison of output performance parameters of different devices.

Device Voeo!/V Jie/ (mA-cm ?) FF/% PCE/%
FTO/SnS,/CaySbly/MoO,/Au 1.09 2293 83.19 20.24
FTO/SnS,/CazSbl;/Spiro/Au 1.09 21.54 73.71 17.37
FTO/SnS,/CayShly/Cu,0/Au 1.09 92.23 82.97 20.15
FTO/SnS,/Ca,Sbl,/P3HT /Au 0.94 92.32 75.27 15.87
FTO/SnS,/SrySbl,/MoO,/Au 0.82 32.15 80.85 21.42
FTO/SnS,/Sr3Sbls/Spiro/Au 0.82 32.15 64.64 17.10
FTO/SnS,/SrySbl,/Cu,0/Au 0.82 32.15 80.11 21.01
FTO/SnS,/Sr,Sbl,/P3HT /Au 0.82 32.18 80.48 21.28
FTO/SnS,/BaySbl,/MoO,/Au 0.59 41.91 75.62 18.60
FTO/SnS,/Ba,Sbl,/Spiro/Au 0.59 41.90 51.14 12.56
FTO/SnS,/BayShly/Cu,0/Au 0.59 41.90 75.61 18.56
FTO/SnS,/BaySbl,/P3HT/Au 0.58 41.92 74.83 18.33
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ferent devices.
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Fig. 3. The influence of thickness of photoactive layer on cell performance: (a) Output parameters; (b) QE; (c) carrier generation
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Table 5.  Comparison of the results of this paper with similar models.

Type Device Voo/V Jyo/ (mA-cm ?) FF/% PCE/%
CauSbl, based FTO/SnS,/CagSbl;/Aultd 1.11 21.87 85.85 20.87
This paper: FTO/SnS,/CasSbl;/MoO;/Au 1.37 23.51 86.20 27.81
FTO/SnS,/SrySbly/Aul'? 0.90 34.50 86.90 26.93
FTO/SnS,/Sr5Sbl;/MoO4/Nil'®l 1.11 34.72 85.92 33.25
SrySbl-based ITO/WO;/SrsSbl;/CuShS,/Aull! 1.078 35.03 80.81 30.51
ITO/Zn0/Sr;Sbl;/GO/Aul 1.33 28.97 54.58 21.10
This paper: FTO/SnS,/Sr3Sbl;/MoOs/Au 1.15 33.59 84.30 32.56
FTO/SnS,/BaySbl;/Aul'? 0.80 44.24 85.65 30.26
BaySbl;-based ITO/Zn0O/BaySbl;/GO/Aul?) 0.56 23.0 72.0 23.66
This paper: FTO/SnS,/BasSbl;/MoO;/Au 0.91 43.28 80.62 31.86
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Numerical simulation and performance analysis of lead-free
A;Sbl; (A = Ba**+, Sr?*, Ca?*) based perovskite solar cells’

GAN YongjinY?  WANG Yuxin® ZHONG Dahong?® LUO Yiying?
LI Qingliu®? QIN Minling?
1) (Center for Applied Mathematics of Guangzi, Yulin Normal University, Yulin 537000, China)
2) (Guangzi Colleges and Universities Key Lab of Complex System Optimization and Big Data Processing,
Yulin Normal University, Yulin 537000, China)

3) (School of Physics and Telecommunication Engineering, Yulin Normal University, Yulin 537000, China)

( Received 11 March 2026; revised manuscript received 15 April 2026 )

Abstract

Lead-based perovskite solar cells suffer from toxicity and inadequate stability, driving the pursuit of lead-
free alternatives. In this work, a comprehensive modeling analysis was conducted on lead-free A3Sbls-based (A =
Ba%*, Sr*, Ca?*) solar cells using SCAPS-1D simulation. Twelve initial device architectures were designed with
CasSbl;, SrsSbl;, and BasSbl; as photoactive layers, SnS, as the electron transport layer, and MoOs, Spiro-
OMeTAD, CuyO and P3HT as hole transport layers, respectively. Energy level alignment and interfacial
energetics analysis reveal MoO; as the optimal hole transport layer due to its superior band matching with the
photoactive layer. Consequently, the three devices with superior performance among the initial models, FTO/
SnS,/CazSbl;/MoOs/Au, FTO/SnS,/Sr3Sbl;/MoOs/Au and FTO/SnS,/BasSbl;/MoOs/Au, were selected for
performance evaluation and parameter optimization. The simulation work systematically analyzed the impact of
the thickness, defect density, and doping concentration of the photoactive layer on the photovoltaic performance
of the solar cells. Based on the analysis of simulation results, the QE of the devices improves as the thickness of
the photoactive layer increases, leading to a progressive increase in J,,. However, excessive thickness promotes
carrier recombination, resulting in a reduction in V.. and FF. Increasing the thickness of the photoactive layer
leads to a reduction in total impedance due to the enhanced carrier concentrations, although this occurs at the
expense of extended recombination paths. When the photoactive layer thickness reaches 700 nm, all three
devices attain their maximum PCEs. The higher defect density in the photoactive layer leads to a decrease in
recombination resistance and exacerbates non-radiative recombination. When the defect density of the
photoactive layer is maintained at 10 cm®, the devices achieve superior photovoltaic performance. Elevating
the acceptor doping concentration of the photoactive layer enhances the built-in electric field and reduces the
charge transfer resistance, thereby facilitating efficient hole extraction and improving the V. and the FF. The
V.. exhibits a more pronounced sensitivity to the acceptor doping concentration of the photoactive layer
compared to the J,. To achieve optimal photovoltaic performance, the doping concentration should be
maintained above 10 c¢m 3, with the devices exhibiting superior performance at a concentration of 107 c¢m 3.
Under identical conditions, the CasSbls-based device exhibits the highest V., whereas the BasSbls-based device
shows the lowest V.. Conversely, the CazSbls-based device demonstrates the lowest J,, while the BasSbls-based
device achieves the highest J,. CasSbls possesses the widest bandgap, while BagSbl; exhibits the narrowest

* Project supported by the Natural Science Foundation of Guangxi Province, China (Grant No. 2026GXNSFHA00640366) and
the Basic Ability Improvement Program for Scientific Research of Middle-aged and Young Teachers of Guangxi Universities,
China (Grant No. 2021KY0586).

1 Corresponding author. E-mail: qll@ylu.edu.cn

160805-15


mailto:qll@ylu.edu.cn
mailto:qll@ylu.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 2 3R Acta Phys. Sin. Vol. 75, No. 16 (2026) 160805

bandgap. The narrower bandgap of BasSbl; enables a broader spectral response and enhanced photon-to-current
conversion, thereby yielding the highest J,.. Among the three devices, the CazSbls-based device exhibits the
lowest carrier recombination rate, leading to its highest V.. Following systematic parameter optimization, the
devices achieved significantly enhanced photovoltaic performance. The CagSblz-based, SrsSbls-based, and
BasSbl;-based devices exhibited PCE improvements of 37.40%, 52.01%, and 71.29%, respectively, highlighting
the great potential of these antimony-based perovskites for high-efficiency solar harvesting. This work provides
a theoretical foundation for the development of high-efficiency, thermally stable, and eco-friendly perovskite

solar cells.
Keywords: perovskite solar cells, numerical simulation, SCAPS-1D, parameter optimization
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