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This work combines the advantages of SnS and CZTSSe to constitute the SnS/CZTSSe 
heterojunction solar cells, and the effects of various factors on cell performance were 
studied by using numerical simulation. The results show that the optimal thickness of 
CZTSSe and SnS are 0.1 μm and 2.0 μm, respectively. Furthermore, the optimal doping 
concentrations of CZTSSe and SnS are 1×1017 cm-3 and 1×1016 cm-3, respectively. In 
addition, defect states have little impacts on the cell performance when the density of 
Gaussian defect states of CZTSSe and SnS are less than 1×1016 cm-3 and 1×1014 cm-3, 
respectively, and the density of tail defect states of these two materials are both less than 
1×1019 cm-3eV-1. Moreover, the potential conversion efficiency of the SnS/CZTSSe 
heterojunction solar cells can reach 23.92%. Therefore, the SnS/CZTSSe heterojunction 
solar cell may be a promising photovoltaic structure.  
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1. Introduction 
 
With the increasing environmental pollution and severe shortage of traditional fossil 

energy, solar photovoltaic power generation is increasingly valued due to the characteristics of 
cleaning, safety and sustainability. In particular, solar cells with simple structure, high efficiency 
and low cost have become an important development direction [1-5].  

SnS is a brown IV-IV layer-shaped compound semiconductor material with orthorhombic 
structure, and it is generally p-type semiconductor. SnS possesses direct bandgap with 1.2-1.5 eV, 
which is close to the optimal bandgap of solar cells. SnS has a large optical absorption coefficient 
(α>104 cm-1) in the visible light region [6]. In addition, S and Sn elements are rich, low cost and 
little harm to the environment, and the preparation and production process of SnS are relatively 
simple. Thus, SnS thin film solar cell is a photovoltaic device with great application prospect 
[7-11]. CZTSSe  is usually an n-type direct bandgap semiconductor material, whose bandgap is 
1.2 eV [12-13]. Based on the physical properties of the above two materials, the SnS/CZTSSe 
heterojunction solar cell may be a promising structure. 

Up to now, the conversion efficiency of SnS/CZTSSe heterojunction solar cells  is still 
low [14-18], and the origin of low-efficiency is not clear. Therefore, the effects of material 
thickness, doping concentration, Gaussian defect state and band tail defect state on the performance  
_______________________ 
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of SnS/CZTSSe solar cells are studied by using numerical simulation. We hope to demonstrate 
thefeasibility of SnS/CZTSSe solar cell structure, especially to prove that the SnS/CZTSSe solar 
cell has high potential photoelectric conversion efficiency, so as to provide theoretical guide for 
the actual preparation of this solar cell. 

 
 
2. Physical model and simulation method 
 
Figure 1 shows the structure of SnS/CZTSSe solar cell, in which CZTSSe is an n-type 

emitter layer, and SnS is p-type absorption layer. The top layer is indium tin oxide (ITO) material, 
and the substrate is Molybdenum (Mo) and conductive glass. 

 

 
 

Fig. 1. Structure diagram of SnS/CZTSSe solar cell 
 
 
In this work, the SnS/CZTSSe heterojunction solar cells are calculated and analyzed by 

using wxAMPS software [19], which was developed by Pennsylvania State University, University 
of Illinois at champagne and Nankai University. The main working process of semiconductor 
devices can be described by a set of semiconductor basic equations. Under certain boundary 
conditions, the ideal working characteristics of most semiconductor devices can be obtained by 
solving this set of equations. The three basic semiconductor equations and boundary conditions are 
as below: 
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Formula (1) is one-dimensional Poisson equation, and the other two formulas are electron 

and hole continuity equations, respectively. Where ε  is the dielectric constant, ψ  is the 
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electrostatic potential, q is the electric charge, n is the free electron concentration, p is the free hole 

concentration, tn  is the trapped electron concentration, tp  is the trapped hole concentration, 

+
DN  is the donor concentration and −

AN  is the acceptor concentration. nJ  is the electron 

current density, Jp is the hole current density, while G is the photogenerated carrier generation rate, 
and R is the photogenerated carrier recombination rate, x is the cell thickness. 

Boundary conditions are as below: 
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Among them, Ѱ0 is the built-in potential, V is the bias voltage, n0 is the electron 

concentration at the electrode interface, and p0 is the hole concentration at the electrode interface. 
Sn0, Sp0, SnL and SpL represent the surface recombination rate of electrons and holes at the front and 
rear electrode interfaces, respectively. 

In terms of electrical properties, defect states can be divided into acceptor-type defects and 
donor-type defects. The distribution of defect states in the energy band can be divided into 
exponential distribution, Gaussian distribution and uniform distribution. In wxAMPS, the 
exponential distribution model is often used to explain the band tail structure formed by defects in 
crystals. Figure 2 shows the distribution of band tail defect states. The relationship between band 
tail defect state density and energy is as follows: 
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Among them, ag
 is acceptor-type band tail defect state, dg

 is donor-type band tail 

defect state, AOG  is conduction band bottom energy density, DOG  is valence band top energy 

density, CE  is conduction band edge, VE  is valence band edge, AE  is conduction band tail 
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characteristic energy level, and DE  is valence band tail characteristic energy level. 

Another defect state mode Gaussian defect state is also provided in wxAMPS, and the 
defect state presents a Gaussian distribution trend in the energy band. The Gaussian defect state is 
suitable for the distribution of most materials in the energy band. Figure 3 shows the distribution 
of Gaussian states. The relationship between Gaussian defect state distribution and energy in the 
material can be expressed as follows: 
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Among them, )(EGA  is acceptor-type Gaussian defect state, )(EGD  is donor-type 

Gaussian defect state, AGN  is Gaussian like acceptor distribution density, DGN  is Gaussian like 
donor state density, ACPGE  is acceptor-type peak energy level, DONGE  is donor-type peak 
energy level, DSAGW  is acceptor-type split energy level width, and DSDGW  is donor type split 
energy level width.  

 

 
 

Fig. 2. (a) Distribution diagram of band tail defects, (b) Schematic diagram of Gaussian defect state 
distribution. 

 
 
Gaussian defect states and band tail defect states describe the distribution of two different 

defects. Gaussian defect states are mainly caused by dangling bonds, while band tail defect states 
are caused mainly by localized states which formed by aperiodic lattice. 

During the simulation calculation, AM1.5 standard spectrum is used as the incident light 
source. The temperature is 300 K. The reflectivity of the incident light on the front and rear 
surfaces is 0 and 1, respectively. Some parameters used in the simulation calculation are shown in 
Table 1 [20-22].  
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Table 1. Main material parameters of SnS/CZTSSe solar cells. 
 

Material parameters /units CZTSSe(n) SnS(p) 
Thickness/nm Variable Variable 

Dielectric constant/ε 13 13 
Band gap/eV 1.2 1.35 

Electron affinity/eV 4.1 4 
Effective conduction band density/cm-3

 7.5×1017 1.18×1018 
Effective valence band density/cm-3

 1.0×1019 2.24×1018 
Electron mobility/cm2.V-1s-1

 100 20 
Hole mobility/cm2.V-1s-1 0.25 100 

Acceptor doping concentration/cm-3 0 Variable 
Donor doping concentration/cm-3 Variable 0 
Density of Gaussian states/cm-3 1×1015 1×1015 

Donor and acceptor Gaussian/eV 1.12, 1.02 0.6, 0.7 
Half height width of Gaussian /eV 0.10 0.05 

Electron capture cross-sectional area of 
Gaussian defect state /cm2 

1×10-15 1×10-14 

Hole capture cross-sectional area of 
Gaussian defect state/cm2 

1×10-14 1×10-15 

Density of tail states/cm-3eV-1 1×1014 1×1014 
Donor and acceptor characteristic energy 

levels/eV 
0.05,003 0.01,0.01 

Electron capture cross-sectional area of 
tail defect state/cm2 

1×10-15 1×10-17 

Hole capture cross-sectional area of tail 
defect state /cm2 

1×10-17 1×10-15 

 
 
3. Results and discussion 
 
3.1. Effect of SnS and CZTSSe thicknesses 
Figure 3(a) shows the effect of SnS thickness on the performance of SnS/CZTSSe solar 

cells. It is found that the open-circuit voltage (Voc) gradually increases with the increase of SnS 
thickness. The short-circuit current density (Jsc) increases from 18 mA/cm2 to 33 mA/cm2

 when the 
SnS thickness increases from 0.1 μm to 0.6 μm. But with the continuous increase of thickness, Jsc 
changes little. Moreover, the filling factor (FF) increases with the increase of SnS thickness, and 
then gradually tends to be constant. The conversion efficiency (Eff) of the solar cell increases as 
the SnS thickness increases, and Eff reaches the highest value when the SnS thickness is 2 μm. 
Figure 3(b) shows the effect of CZTSSe thickness on the performance of the SnS/CZTSSe solar 
cells. When the thickness of CZTSSe is 0.1-1 μm, the Voc, Jsc, FF and Eff of solar cells changes 
little.  
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Fig. 3. Effects of SnS thickness and CZTSSe thickness on Voc, Jsc, FF and Eff 
 
 
3.2. Effect of SnS and CZTSSe doping concentration 
Figure 4(a) shows the effect of SnS doping concentration on Voc, Jsc, FF and Eff. It can be 

seen that the Voc and Eff increase with the increase of SnS doping concentration. The doping 
concentration exceeds 1×1017 cm-3, the Voc does not increase, but the conversion efficiency 
decreases slightly. When the SnS doping concentration exceeds 1×1015 cm-3, the Jsc decreases with 
its increase, and the FF increases steadily with the increase of doping concentration. So, 
considering various reference factors, the best doping concentration of SnS is 1×1016 cm-3. 

Figure 4(b) shows the effect of CZTSSe doping concentration on the performance of the 
SnS/CZTSSe solar cells. It can be seen from the figure that the Voc, FF and Eff increase with the 
increase of doping concentration which increases from 1×1013 cm-3 to 1×1017 cm-3. When the 
doping concentration exceeds 1×1017 cm-3, the curves of Voc, FF and Eff hardly changed. As can be 
seen from Fig. 5, with the increase of CZTSSe doping concentration, the overall electric field 
strength in the solar cell also increases. And the doping concentration is 1×1021 cm-3, the electric 
field strength of solar cell can reach 1×106 V/cm. The results show that the solar cell has the best 
performance while the doping concentration of CZTSSe is set to 1×1017 cm-3. 

 

  
 

Fig. 4. Effects of SnS doping concentration and CZTSSe doping concentration on Voc, Jsc, FF and Eff.  
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Fig. 5. Effects of CZTSSe doping concentration affecting electric field intensity 

 
 
3.3. Effect of SnS and CZTSSe Gaussian defect states 
As can be seen from Fig. 6(a), when the Gaussian defect state density is less than 1×1014 

cm-3, SnS Gaussian defect states would not affect the performance of solar cells, and the overall 
performance of solar cells basically unchanged. While SnS Gaussian defect state density is greater 
than 1×1014 cm-3, each curve of solar cell decreases rapidly. As show in Fig. 6(b), when the density 
of CZTSSe Gaussian defect state is greater than 1×1017 cm-3, the Voc, Jsc, FF and Eff decrease 
rapidly, and the performance curve changes obviously. The Voc is reduced from 0.825 V to 0.720 
V, the Eff is reduced from 22.8% to 18%, and the performance is seriously degraded. Therefore, 
CZTSSe Gaussian defect state density should be less than 1×1016 cm-3. 

 

  

    
Fig. 6. Effects of SnS Gaussian defect states and CZTSSe Gaussian defect state on Voc, Jsc, FF, Eff and 

recombination rate. 
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It can be seen from Fig. 6(c), when the density of Gaussian defect states in SnS increase, 
the recombination rate of carriers also increases obviously. The increase of density of Gaussian 
defect state leads to massive recombination of carriers, which deteriorates the performance of solar 
cells. Figure 6(d) shows the influence of CZTSSe Gaussian defect state on carrier recombination 
rate. It is observed that the recombination rate with the density of Gaussian defect states 1×1018 

cm-3 is much higher than that with the density of Gaussian defect states 1×1014 cm-3. Moreover, the 
recombination of photogenerated carriers is very obvious, and the recombination mainly occurs at 
the interface. The recombination seriously affects the performance of solar cells.  

 
3.4. Effect of SnS and CZTSSe band tail defect states 
Figure 7(a) shows the effect of SnS band tail defect state on the performance of solar cells. 

It can be seen that the density of band tail defect state in SnS is less than 1×1019 cm-3eV-1, the 
overall performance of solar cells is relatively stable. When it exceeds 1×1019 cm-3eV-1, the 
performance of solar cells decreased sharply. Therefore, the density of state of SnS band tail defect 
should be controlled to be less than 1×1019 cm-3eV-1 so that the solar cell will possess good 
performance. Figure 7(b) shows the influence of CZTSSe band tail states on the performance of 
the SnS/CZTSSe solar cell. When the density of defect states at band tail is less than 1×1019 

cm-3eV-1, the band tail defect states have little effect on the Voc, Jsc, FF and Eff of the solar cells, 
and the performance curve have no change. While the defect state density exceeds 1×1019 cm-3eV-1, 
the overall performance of solar cells decreased rapidly. The results show that the density of 
CZTSSe band tail defect state should be less than 1×1019 cm-3eV-1 so that the solar cell will obtain 
good performance. 

 

   
 

    
 

Fig. 7. Effects of SnS band tail defect state and CZTSSe band tail defect state on Voc, Jsc, FF,  
Eff and carrier recombination rate. 
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As shown in Fig. 7(c), the increase of density of SnS band tail defect state will also 
increase the carrier recombination rate. The density of SnS band tail defect state increases from 
1×1019 cm-3eV-1 to 1×1023 cm-3eV-1, the recombination rate increase greatly. The increase of defect 
density can result in a large number of carrier recombination, deteriorating the performance of the 
solar cell. Fig. 7(d) shows that with the increase of CZTSSe band tail defect state density, the 
recombination rate of carriers at the interface increases rapidly, and the recombination rates at 
other positions change little. The interfacial recombination rate with the band tail defect state 
density 1×1023 cm-3eV-1 is much higher than that with the band tail defect state density 1×1018 

cm-3eV-1. It can be found that the CZTSSe band tail defect states have a great impacts on the 
carrier recombination at the interface.  

 
3.5 Optimal I-V curve of SnS/CZTSSe solar cell 
Through a series of optimal calculations, the potential photovoltaic paramters of the 

SnS/CZTSSe solar cell are as following: the Voc  of 0.83 V, the Jsc of 33.52 mA/cm2, the FF of 
85.60%, and the Eff of 23.92%. The optimal I-V curve of SnS/CZTSSe solar cell is shown as Fig. 
8. 

 

 
 

Fig. 8. Optimal I-V curve of CZTSSe/SnS solar cell 
 
 
4. Conclusion 
 
According to the physical properties of CZTSSe and SnS, SnS/CZTSSe solar cells are 

designed. The influencing of material thickness, doping concentration, Gaussian defect state and 
band tail defect state on the performance of the SnS/CZTSSe solar cell are studied. It is found that 
the optimal thicknesses of CZTSSe and SnS are 0.1 μm and 2.0 μm, respectively, and the optimal 
doping concentrations of CZTSSe and SnS are 1×1017 cm-3 and 1×1016 cm-3, respectively. In order 
to obtain a good device performance, the density of Gaussian defect states of CZTSSe and SnS 
should be controlled to be less than 1×1016 cm-3 and 1×1014 cm-3, respectively. The density of tail 
defect states of CZTSSe and SnS should be both less than 1×1019 cm-3eV-1. The potential cell 
performance is the Voc of 0.83 V, the Jsc of 33.52 mA/cm2, the FF of 85.6%, and the Eff of 23.92%. 
These results indicate that SnS/CZTSSe heterojunction solar cell is a very promising 
high-efficiency photovoltaic device.  
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