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Saturated vapor pressure curves of Sb2Se3 and Sb2S3 sources. 

 

 

Figure S1. Temperature-dependent saturated vapor pressure of Sb2Se3 and Sb2S3 in the temperature range 

from 300 ºC to 800 ºC. 

 

The temperature-time curves of Sb2Se3 and Sb2S3 sources. 

 

 

Figure S2. The temperature-time curves of Sb2Se3 and Sb2S3 sources when adjusted the evaporation 

temperatures of (a) Sb2Se3 and (b) Sb2S3. 
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Top-view SEM images at different Sb2Se3 source temperatures. 

 

 

Figure S3. The top-view SEM images of the Sb2(S, Se)3 films under Sb2Se3 source temperature of (a) 

460 ºC, (b) 500 ºC, (c)540 ºC, (d) 560 ºC, (e) 580 ºC, (f) 600 ºC. The average grain size are 569±120 nm, 

591±100 nm, 609±92 nm, 766±122 nm, 885±126 nm, and 923±128 nm, respectively. 

 

XRD diffraction pattern under different Sb2Se3 source temperatures. 

 

 

Figure S4. (a) The XRD of the Sb2(S, Se)3 films and (b) the enlarged [221] peaks of the Sb2(S, Se)3 films 

under different evaporating temperatures of the Sb2Se3 source. 
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Transmission spectroscopy at different Sb2Se3 source temperatures. 

 

 

Figure S5. The UV-vis-NIR transmission spectroscopy of Sb2(S, Se)3 films under different evaporating 

temperatures of the Sb2Se3 source. 

 

Top-view SEM images at different Sb2S3 source temperatures. 

 

 

Figure S6. The top-view SEM images of Sb2(S, Se)3 films under Sb2S3 source temperature of (a) 480 ºC, 

(b) 500 ºC, (c) 520 ºC. The average grain size are 649±90 nm, 577±94 nm, and 609±92 nm, respectively. 
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XRD diffraction pattern at different Sb2S3 source temperatures. 

 

 

Figure S7. (a) The XRD of the Sb2(S, Se)3 films and (b) the enlarged [221] peaks of the Sb2(S, Se)3 films 

under different evaporating temperatures of the Sb2S3 source. 

 

Transmission spectroscopy under different Sb2S3 source temperatures. 

 

 

Figure S8. The UV-vis-NIR transmission spectroscopy of Sb2(S, Se)3 films under different evaporating 

temperatures of the Sb2S3 source. 
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Schematic diagram of thin film light absorption. 

 

 

Figure S9. Schematic diagram of a beam of light passing through (a) two layers of films and (c) a gradient 

film. The schematic transmittance curves of (b) two layers of films and (d) a gradient film. 

 

As shown in Figure S9a, when a beam of light separately passes through two films with different 

bandgaps, only high-energy photons are absorbed by the wide-bandgap film, and the absorption 

cutoff edge is expressed as λ1. Whereas, the low-energy photons can further be absorbed by the thin 

film with a narrow bandgap, and the absorption cutoff edge is expressed as λ2. When the light 

continuously passes through two layers of films, the absorption cutoff edge (expressed as λt) is the 

same as that of the narrow bandgap film (Figure S9b). Further, when a beam of light continuously 

passes through a multilayer film (gradient bandgap film is the limiting case) (Figure S9c), high-

energy photons are absorbed by the wide bandgap materials (λ1, λ2…), and only photons with energy 

lower than the narrowest bandgap are transmitted. Hence, the absorption cutoff edge (expressed as 

λt) is similar to that of the narrowest bandgap film (expressed as λn) (Figure S9d). As a result, the 

fitted bandgap through Tauc plot is determined by the narrowest bandgap in the film. 
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The heating process of the uniform Sb2(S, Se)3 films and bandgaps of Sb2(S, Se)3 films. 

 

 

Figure S10. (a) The heating process of the uniform Sb2(S, Se)3 films. (b) Tauc plot of the gradient and 

uniform Sb2(S, Se)3 films. 

 

1/C2-V curves of the devices. 

 

 

Figure S11. 1/C2-V curves of the devices based on gradient and uniform Sb2(S, Se)3 films. The Vbi is 0.56 

V and 0.91 V, respectively. 

 

 

 

 

 

 

 



S-8 

 

The bandgaps of the devices obtained from EQE data. 

 

 

Figure S12. The bandgap of the devices based on gradient and uniform Sb2(S, Se)3 film obtained from 

EQE data. 

 

The J-V curves under different light intensities. 

 

 

Figure S13. The J-V curves of the optimal device under different light intensities. 

 

Atomic and ionic radius. 

Table S1. The Atomic and Ionic Radius of Sulfur and Selenium.1 

Radius S (pm) Se (pm) 

Atomic radius (M) 104 117 

Ionic radius (M2-) 184 198 
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Material parameters for SCAPS simulation.  

Table S2. The Basic Material Parameters for SCAPS Simulation in Sb2(S, Se)3 Solar Cells2-3 

Parameter SnO2 CdS Sb2(S, Se)3 

Relative dielectric constant (εr) 9 10 15 

Bandgap (eV) 3.6 2.4 1.3 

Electron Affinity (eV) 4.0 4.0 4.15 

Electron mobility (cm2 V-1 s-1) 100 100 10 

Hole mobility (cm2 V-1 s-1) 25 25 1 

Nc (cm-3) 2.2×1018 2.2×1018 1.0×1018 

Nv (cm-3) 1.8×1019 1.8×1019 1.8×1020 

Doping density (cm-3) 1.0×1018 1.1×1018 1.0×1014 

Thickness (nm) 400 60 800 

 

CdS trap states parameters for SCAPS simulation. 

Table S3. The CdS Trap States Parameters for SCAPS Simulation in Sb2(S, Se)3 Solar Cells2-3 

Parameter Defect 1 

Defect type Single acceptor (-/0) 

Et (eV) above Ev 1.2 

Electron capture cross section (cm2) 1.0×10-17 

Hole capture cross section (cm2) 1.0×10-12 

Nt (cm-3) 1.0×1018 
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Sb2(S, Se)3 trap states parameters. 

Table S4. The Sb2(S, Se)3 Trap States Parameters for SCAPS Simulation in Sb2(S, Se)3 Solar Cells2-4 

Parameter Defect 1 Defect 2 Defect 3 

Defect type Single acceptor (-/0) Single acceptor (-/0) Single donor (0/+) 

Et (eV) above Ev (below 

Ec) 

0.48 0.71 0.61 

Electron capture cross 

section (cm2) 

1.0×10-15 1.0×10-15 4.0×10-13 

Hole capture cross 

section (cm2) 

1.5×10-17 4.9×10-13 1.0×10-15 

Nt (cm-3) 1.2×1015 1.1×1014 2.6×1014 
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