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Fig.1. Device structure and band structure: (a) Device structure; (b) Band
structure.
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Table 1. Basic physical parameters of the devices.

Parameter SnS; CasSbl; Sr3Sbls Ba;Sbls MoO3 Spiro Cu20 P3HT
Layer thickness/ nm 50 500 500 500 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'®  8.228x10'"®  1.139x10" 2.2x10'® 1.0x10" 2.5x10%° 2.0x10%!
VB effective density of states/ cm=  1.8x10'°  1.740x10" 1.899x10' 1.266x10" 1.8x10" 1.0x10' 2.5%10%° 2.0x10*!
Electron mobility/ (cm?-V-1-S-1) 50 50 50 50 25 0.0002 80 0.0018
Hole mobility/ (cm?-V-!-S-1) 50 50 50 50 100 0.0002 80 0.0186
Donor concentration/ cm™ 1.0x10"7 0 0 0 0 0 0 0
Acceptor concentration/ cm 0 1.0x10'2 1.0x10'2 1.0x102  1.0x10'® 1.0x10'® 1.0x10'® 1.0x10'®
Density of defect state/ cm™ 1.0x10"%  1.0x10" 1.0x10" 1.0x105  1.0x10% 1.0x10" 1.0x10 1.0x10"
References [29] [32] [12,32] [12] [30] [32] [18] [31]
®2 FmBH
Table 2. Interface parameters.
Parameter ETL/Perovskite Perovskite/HTL
Defect type Neutral Neutral
Capture cross-section for electrons/cm? 1.0X 1019 1.0X 1019
Capture cross-section for holes/cm? 1.0X 10" 1.0X 107"
Defect position above the highest EV/eV 0.6 0.6

Reference for defect energy level

Above the VB maximum

Above the VB maximum

Interface defect density/cm™

1.0X10'0

1.0X10'°

Energetic distribution

Single

Single
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Fig.2. Absorption coefficients of the three photoactive layer materials.
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Table 3. Comparison of output performance parameters of different devices.

Device Voe(V) Jse(mA/em?)  FF(%)  PCE(%)
FTO/SnS,/CasSbls/MoOs/Au 1.09 22.23 83.19 20.24
FTO/SnSy/CasSbls/Spiro/Au 1.09 21.54 7371 17.37
FTO/SnS»/CasSbls/Cu,O/Au 1.09 22.23 82.97 20.15
FTO/SnS»/CasSbls/P3HT/Au 0.94 22.32 75.27 15.87
FTO/SnS»/Sr3Sblz/MoO3/Au 0.82 32.15 80.85 21.42

FTO/SnS»/Sr3Sbls/Spiro/Au 0.82 32.15 64.64 17.10



FTO/SnS,/S13Sbl3/Cu0/Au 0.82 32.15 80.11 21.01

FTO/SnS,/Sr3Sbls/P3HT/Au 0.82 32.18 80.48 21.28
FTO/SnS2/BasSbls/MoOs/Au 0.59 4191 75.62 18.60
FTO/SnS»/BasSbls/Spiro/Au 0.59 41.90 51.14 12.56
FTO/SnS,/BasSbl3/CuxO/Au 0.59 41.90 75.61 18.56
FTO/SnS2/BasSbls/P3HT/Au 0.58 41.92 74.83 18.33
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Table 4. VBO and barrier structures at the interface between the photoactive layer

and HTL in different devices.

Perovskite HTL VBO(eV) Barrier structure

MoOs3 -0.251 Cliff

CasSbls Spiro -0.301 CIiff
Cu,0O -0.381 Cliff
P3HT -0.551 CLiff
MoO3 0.01 Spike
Spiro -0.04 CIiff

Sr3Sbls
Cu0 -0.12 Cliff
P3HT -0.29 Cliff
MoO3 0.171 Spike
Spiro 0.121 Spike

Ba3Sbl;
Cu0 0.041 Spike
P3HT -0.129 Cliff
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Fig. 3. The influence of thickness of photoactive layer on cell performance: (a)

Output parameters: (b) OF; (¢) Carrier generation rate; (d) Carrier recombination rate.
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Fig.4. Complex impedance data of devices with different thicknesses: (a)

Nyquist plot; (b) The trend of the real part Z' with frequency variation; (¢) The trend of

the imaginary part Z" with frequency variation.
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Fig. 5. The influence of defect density of photoactive layer on cell performance:

(a) Output parameters: (b) J-V characteristics (¢) Carrier Recombination Rate: (d)

Recombination current density.
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FERIBEINAaTE 1 B 1A, T EBR I 1A AR AR

Blo AN[ElSR I A T S AF RS DT : (a) RAERTRFAL: (b) SEERZBEAR AL

i (c) HEERZ"BEMR AL ] ¥

Fig.6. Complex impedance data of devices with different defect densities: (a) Nyquist plot;

(b) The trend of the real part Z' with frequency variation; (¢) The trend of the imaginary part

Z" with frequency variation.
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H BRI AAE P B 14 (14 7 T S 15 Na A 10" em™ (1 234 14 e R AE AN H i

B ot B I N TS N RIS 0. oy 138 O BB 0 518 AR AR AR o

N

KREGHAN TP, 455K 1 PR i A RS R, X+ 3 MRS, A
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I £ 4 A AR PR R o
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Fig. 7.  The impact of Na_on cell performance: (a) Output parameters; (b) J-V

characteristics; (c) Interface electric field intensity.
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Fig. 8. Carrier generation rate under different Na.
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Fig.9. Complex impedance data of devices with different Na: (a) Nyquist plot;
(b) The trend of the real part Z' with frequency variation; (c) The trend of the
imaginary part Z" with frequency variation.
3.3 LRIk e LA
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WSROI Fre A R e, MR 72 A R s, SR riEmS
WEEAR, Bk, RAERZSSH VR ER . Vor Joo FFUANPCERIH A

FEE e EL, ST 2L Voes Jien FEVAKPCE T T 17 25.36%, 5.79%, 3.62%,

37.40%: XFTF88442: Vees Jon FFUAKPCES BIFETE 139.56%, 4.48%, 4.27%,

52.01%: X TF88443: Vees Json FFUAKPCES HIFETE 155.58%, 3.29%, 6.61%,

71.29%. PUAC)E 1 as P BEAS 2USET) .

K10 34 s BTG B QF (a) #8ffF1: (b) #8F2: (c) #+fF3

Fig.10. E curves of three devices before and after optimization: (a) Device 1;

(b) Device 2: (c) Device 3.
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Fig.11. J-V characteristic curves of three devices before and after optimization:

(a) Device 1: (b) Device 2: (c) Device 3.
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Fig.12. Comparison of output parameters of three devices before and after

optimization: (a) Voc: (b) Jsc: (¢) FF: (d) PCE.
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Fig.13. Comparison of performance among three devices under the same

conditions: (a) OF curve: (b) J-V characteristic curve: (c¢) Carrier generation rate: (d)

Carrier recombination rate.
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Fig.14. Quasi-Fermi levels of electrons and holes.

P AR i i FTO/ SnSa/ CasSbls/ MoOs/ Au. FTO/ SnS»/ Sr3Sbls/ MoOs/ Au

F1 FTO/ SnS»/ Ba3Sbly/ MoOs/ Au —A~#3 4 5 37 % 0B 1Y AsSbls 3 PSCs <

B CAEB T b, VEWNR 5. BRI E, J5R TAERAEBONEAR KA R AT

2 SR %« AR Aok A S e FUBH AR 5D, E SR T 5545 P 4%

PRV R R A v, A AT B 2 X 8 S ae il s PR it G BB . SCER[1 2181 FE 1Y

A& LA CasSbls. Sr3Sbls Fil BasSbls 23 GiE /2 BT HTL 284454, fEdii b

AS SO FE N-1-P RS A [F], AR RDCIE I Z AR e 1 s, HC ik BRI

TACHETE, JE AT B2 T0 HTL e fhait FOCImE IR <5 e o F bl e P d

BEAVLIE AV, — e REFE I s R A A AN iclE . BRARSCIBR[18] [191A1[20]MT 5T

(12 5 A SCAH A ) N-1-P % PSCs, {HCHER[18]F1[1914X 4 | Sr3Sbls 3 PSCs 14 EE

(1AM, T SCHR[2014X4H 1 SraSbls J: 1 BasSbls 5 PSCs PERERI T « A T[] 48

fit | CasSbl; B\ SriSbls HL Al BasSbls K (1 A i a3 F, AL ZERE - 5 IR

R E R S VR RESR T, B et (A 4R F 5 IUAN[R S0 £ [F]— 23k

AR AR PR 2R . At ERPRLIEFE B, SCHR[19]PL WOs A CuSbS, 7773

AN ETL #1 HTL, CHER[20]PA ZnO F1 GO 43 724 ETL A0 HTL, iy A4S SCA4) 83 284435k

$1 ETL A1 HTL 43 572 SnS, il MoOs, #im A& %2 R DU H 5 a2

AR SCH TR PR o SCHBR 1 844 4 Y SraSbls J PSCs it 1 BEME v T AR SO & ) SraSbls

SEa T SCHROSTHEAT 145 BRA S I3 JEE R ) A5 3 168\ AL AR i JR R B A S 1

DO RIE MRS, 5k o 25 5 ) AR S5 2 NS I, A SO St

SRR IR L | 5 IR DA SR A5 5 P B M, IE M EHDUA I 04 | 884 AT N,

WAL JZ IR 2RI DL R I A3 1 3 ARt s 2 80, It (1Y)

24



Sr3Sbls J 2% {4t B 23 (F PR B8 5 SCER[1 8 AT . A SCH sl LAt M i HL ok

TERIBCIEE IR 3 MOV S JE1E, Skl B0 , KT 58 REZ

A CAEARL BB PERE, SR A SCY AR (B S s i . S 25 &
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Table 5. Comparison of the results of this paper with similar models.

Type Device Voe(V) Je(mA/ecm?)  FF(%)  PCE(%)
FTO/SnS,/CasSbls/Aul'?! 1.11 21.87 85.85 20.87
cosblbused This paper: 1.37 2351 8620  27.81
FTO/SnS,/CazSblz;/MoOs3/Au . . ' .
FTO/SnS,/Sr3Sbls/Aul!? 0.90 34.50 86.90 26.93
FTO/SnS/Sr3Sbls/MoQs/Nil#] 1.11 34.72 85.92 33.25
[19]
SriSbls-based ITO/WO3/Sr3Sblz/CuSbS,/Au 1.078 35.03 80.81 30.51
ITO/ZnO/Sr3Sbls/GO/Aul? 1.33 28.97 54.58 21.10
This paper:
1.15 33.59 84.30 32.56
FTO/SnS»/Sr3Sbls/MoOs/Au
FTO/SnS,/BasSbls/Aul'?! 0.80 44.24 85.65 30.26
[20]
BasSbls-based ITO/ZnO/BasSbl;/GO/Au 0.56 23.0 72.0 23.66
This paper:
0.91 43.28 80.62 31.86

FTO/SnS»/Ba3Sbls/MoOs/Au

4 % ®

AR SCA) AR BH BE FEIAT B SCAPS-1D X} 12 FiFEHT AsSbls 5 A jth 38 Rk
ITEAHMEL, 1 MoOs. Spiro-OMeTAD. CwO 1 P3HT iX 4 ff HTL ARl R, 1E#ELL
MoOs # B, &84 i Ae s ULIC o, ek it th & i) PCE. BRIUtL, i
FELL CasSblz. Sr3Sbls PA K BasSbls 7 AAE Jyaifh )=, BL SnSz Al MoOs 73 7l
ETL A1 HTL ) RIBY, HRUGIEIEE R SIS T LIS 2R IR 0] 234

PEREIZ I ABEAT Z i . IRIE T HLAE R, SIOCIR IR )RR, RN 2 it &%
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XTI SRR I T I A, DR Jee B 635 P2 TR BESS I 380, 17 Ve
M FF BN 246G 2 RN 700 nm i, 234F4 oK PCE. 0%
P ZERIEAS 2 LR B T E AR 5T, ] Voo AT PR s PERE, 426 0iE
MR T 10 em™, AR TRHRFE RAFIERE . SRR E M3 2 H A
THGRIB NG, RERR TS, BRI Ve M FF, HHTEEBAKE N
107 em™ i, HIVPEREECE . AHECIM S, T8 FRIK CasSbls 2 A4 UK Voo Al
BN Jse, T 78 717 B BasSbls 2 84 H BN Vo MUK Jseo 23S S AL, CasSbls

HE . Sr3Sbls 3 N BasSbls 3 H b #8444 H RCR 40 T T 37.40%, 52.01%, 71.29%.

AL EER AT AsSbI BEEGERE K FH BE FR AT BUE R B, T — 2P TAFE &
RS T IR UEA A R T Sk, BE— DA A AR S5 H DR TG R R
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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
CasSbls, Sr3Sbls, and BasSbls as photoactive layers, SnS; as the electron transport
layer, and MoQOs;, Spiro-OMeTAD, Cu;O and P3HT as hole transport layers,
respectively. Energy level alignment and interfacial energetics analysis reveal MoOs 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/SnS2/Ca3Sbls/MoOs/Au, FTO/SnS2/Sr3Sbls/MoOs/Au and
FTO/SnS2/Ba3Sbls/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 OF of

the devices improves as the thickness of the photoactive layer increases, leading to a
30



progressive increase in Js,. However, excessive thickness promotes carrier
recombination, resulting in a reduction in Voc 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 Vo and the
FF. The V, exhibits a more pronounced sensitivity to the acceptor doping
concentration of the photoactive layer compared to the Ji.. To achieve optimal
photovoltaic performance, the doping concentration should be maintained above 10"
cm, with the devices exhibiting superior performance at a concentration of 10'” ¢cm™.
Under identical conditions, the Ca3Sbls-based device exhibits the highest Vo, whereas
the Ba3Sbls-based device shows the lowest V.. Conversely, the CazSblz-based device
demonstrates the lowest Js, while the BasSbls-based device achieves the highest Jsc.
CazSbls possesses the widest bandgap, while Ba3Sbl; exhibits the narrowest bandgap.
The narrower bandgap of BaszSbls enables a broader spectral response and enhanced
photon-to-current conversion, thereby yielding the highest Ji.. Among the three
devices, the Ca3zSbls-based device exhibits the lowest carrier recombination rate,
leading to its highest Vo.. Following systematic parameter optimization, the devices
achieved significantly enhanced photovoltaic performance. The CasSbls-based,
Sr3Sblz-based, and BasSblz-based devices exhibited PCE improvements of 37.40%,

52.01%, and 71.29%, respectively, highlighting the great potential of these

31



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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