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This paper reports theoretical simulation of the band alignment of zinc oxysulfide Zn(O,S) with kester-

ite (Cu2ZnSnS4) material for the photovoltaic application. Zinc oxysulfide Zn(O,S) is selected for this study 

due to the possibility of band gap tailoring  and non-toxicity. It is widely explored as a buffer layer for the 

fabrication of CZTS thin film solar cells. A detailed study is presented in order to investigate the conse-

quences of band bending due to the use of Zn(O,S) as a buffer layer in Cu2ZnSnS4 (CZTS) solar cells and 

corresponding electrical performance is explored using one-dimensional simulation tool SCAPS. Presented 

analysis shows that the band-gap can be optimized through sulfur content variation, which is beneficial to 

reduce the band offset with the heterojunction partner material (i.e. CZTS). The optimization is done by 

monitoring the electrical performance of CZTS solar cells. The open circuit voltage (Voc), short-circuit cur-

rent density (Jsc), fill factor (FF) and efficiency (η) are found to vary in the range of 414 to 417 mV, 26.3 to 

26.9 mA/cm2, 21 % to 26 % and 2.3 to 2.8 % respectively with respect to variation in sulfur content in the 

range of 0 to 30 %.  
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1. INTRODUCTION 
 

Thin film solar cells from earth abundant and non-

toxic elements have significantly high potential to lead 

the future photovoltaic developments within next dec-

ade. Some of the important photovoltaic absorbers are 

Cu2ZnSnS4, Cu2SnS3 and SnS [1, 2]. Among these earth 

abundant options, Cu2ZnSnS4 bears certain qualities in 

terms of economic processability like Spray deposition 

[3, 4], sol-gel and spin coating [5,6], very high absorp-

tion coefficient [7] in the visible spectrum and intrinsic 

p-type conductivity [8]. These absorber materials being 

inherently p-type semiconductors need a different n-

type buffer layer. One of the major concerns associated 

with most of these hetero-junction solar cells directly 

affecting their efficiency is the discontinuity of their 

conduction and valence band, known as conduction 

band offset (CBO) and valence band offsets (VBO), re-

spectively [9]. Zn(O,S) as a buffer layer partner with 

SnS, CIGS, CIS absorber  layer  has been well studied. 

Generally, CZTS solar cell is used with CdS buffer lay-

er. The cadmium is a toxic material, the development of 

Cd-free buffer layers became an interesting research 

area in the field of chalcogenide solar cells. Different 

types of the buffer layers are explored for   chalcogenide 

based thin film solar cells. Zinc based buffer layer like 

Zn(O,S), Zn1 − xSnxOy and Zn1–xCdxS are found to be 

promising alternative  candidate for the purpose of the 

buffer layer to compete with CdS [10 – 12]. CIGS with 

Zn(O,S) buffer layer with a photovoltaic conversion 

efficiency of 16.4 % has been already reported [13]. 

From the literature survey, it is evident that the 

CZTS/Zn(O,S) is not well-explored compared to CIGS 

based solar cells. This article addresses the optimiza-

tion of sulfur content in context with the discontinuity 

of their conduction and valence band. 

The band diagram in a standard Cu2ZnSnS4/CdS 

heterojunction solar cell having an i-ZnO window layer 

and an Al-doped ZnO transparent conducting oxide 

(TCO) layer consists of a positive CBO. A positive CBO 

at the junction acts as a barrier to the photo-generated 

electrons moving from absorber layer towards n-type 

buffer layer, leading to a reduction in the open circuit 

voltage due to enhanced recombination [14]. Eventually, 

by moving the junction away from the physical inter-

face, the interface recombination can be reduced 

[15, 16]. For a negative CBO, the junction moves to-

wards the physical interface and hence the probability 

of recombination increases [17]. So, it is desirable for a 

heterojunction solar cell to bear a small but positive 

CBO [18]. 

The simulation is done for realistic device perfor-

mance parameters using the software Solar Cells Ca-

pacitance Simulator in one dimension (SCAPS-1D). This 

software is helpful for finding the steady-state band 

diagram, recombination profile, carrier transport in 1-

dimension based on the Poisson equation and the elec-

tron and hole continuity equations [19]. This paper re-

ports theoretical simulation of the band alignment of 

zinc oxysulfide Zn(O,S) with kesterite (Cu2ZnSnS4) ma-

terial for the photovoltaic application. 

 

2. DEVICE AND BAND STRUCTURE DESCRIP-

TION 
 

2.1 Device Structure 
 

A typical CZTS thin film solar cell structure consists 
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of a p-type wide-band-gap absorber layer which is de-

posited on the Molybdenum (Mo) coated back glass sub-

strate and an n-type buffer/window layer. The buffer 

layer forms a junction with the absorber layer leading to 

the absorption of maximum amount of incoming light. 

The criteria for buffer layer are listed here as 1) mini-

mal absorption loss, 2) low surface recombination and 3) 

low electrical resistance in driving out the generated 

carriers. To satisfy such desired criteria, the buffer layer 

should be as thin as possible and should have a wider 

band gap in comparison with the absorber layer.  
 

 
 

Fig. 1 – The device structure of CZTS/Zn(O,S) solar cell 
 

Fig. 1 shows device structure of standard Cu2ZnSnS4 

cell replacing CdS with non-toxic Zn(O,S) buffer layer. 

Simulation for Zn(O,S) buffer layer  in CZTS solar cell 

has been done in this work. By varying sulfur concen-

tration we can tune the bandgap for Zn(O,S). By select-

ing a suitable composition for Zn(O,S) system, optimum 

band offset was found. 

 

2.2 Band Alignment with Cu2ZnSnS4 (CZTS) 
 

The band alignment of Zn(O,S) with a standard 

Cu2ZnSnS4 absorber layer is shown in Fig. 1. In the 

band diagram of CZTS/Zn(O,S)/i-ZnO/AZO, the num-

bers represent the work function (Mo), electron affinity 

and  the band-gap as per the layer position in the de-

vice with respect to the vacuum level.  
 

 
 

Fig. 2 – Band structure of CZTS with buffer material 
 

The band diagram of CZTS solar cells is shown in 

Fig. 1 for a device thickness of 2.8 μm. The thickness of 

CZTS is taken to be 2 μm, beyond this, band bending 

starts due to the formation of heterojunction with 

Zn(O,S). A small shift observed at 2 μm represents the 

potential barrier formed due to positive shifting of 

CBO. The simulation shows that un-doped ZnS as a 

buffer layer forms barrier towards CZTS and impede 

the diffusion of electrons, whereas in the case of ZnO 

its conduction band minimum appears at a lower value 

than that of CZTS causing a large negative CBO, even-

tually the ZnO/CZTS  interface recombination increases 

[20, 21]. It is clear that the band alignment is possible 

by adding sulfur in ZnO to form a solid solution, i.e. 

Zn(O,S). The various absorber layers such as SnS, 

Cu(In,Ga)S2 and CuInS2 already use Zn(O,S) buffer 

layer and the solar cell performance improves due to 

favorable CBO with the absorber layer [22]. To check the 

band bowing effect in the solid solution of Zn(O,S) with 

various possible economic chalcogenide absorbers (par-

ticularly CZTS), the software SCAPS-1D [23] has been 

used here.  
 

 
 

Fig. 3 – Band-bowing effect in solid solution of Zn (O,S) 
 

As shown in Fig. 3 variation of band gap with S-

concentration is estimated from ZnO (3.3 eV) to ZnS 

(3.6 eV) transition by parabolic nature of grading. It is 

observed that Eg is parabolically changing with increase 

in bowing parameter (b). Zn(O,S) corresponding to 

2.5b   has been used  for estimating the performance of 

device and it is in accordance with Thankalekshmi and 

Rastogi [24]. Following equation has been used for calcu-

lating band gap values shown in Fig. 3 [25], 
 

            .     1  .  – 1 .g g gE x x E ZnS x E ZnO b x x     (2.1)  

 

Where, b is bowing parameter and  shows Zn(O,S) 

position in the device due to graded sulfur profile. 

 

3. SIMULATION PARAMETERS  
 

The parameters used in the simulation are listed in 

Table 1. Parameters from the buffer layer, Zn(O,S): 1) 

band gap (Eg) (eV), 2) electron affinity (), 3) relative 

permittivity (r), 4) carrier concentration (~ND, the do-

nor concentration assuming complete ionization at 

room temperature), 5) Mobility (), 6) Doping concen-

tration (ND) (1/cm3 ), 7 ) Effective density of states in 

CB (1/cm3) 8) Effective density of states in VB (1/cm3) 

are the most important to determine diffusion current 

across the junction. Parameters required for the simu-

lation are the effective density of states in the conduc-

tion and valence band, and the carriers’ thermal veloci-

ty are constant at a fixed temperature is used from the 

literature [26 – 28]. 

 

4. RESULTS AND DISCUSSION 
 

In CZTS/Zn(O,S) system, ZnO and ZnS should have no 

change of electron affinity with doping, because it only 

changes the electronic structure within the valence 
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Table 1 – Simulation parameters for device Structure [26 – 28] 
 

Parameters for simulation CZTS 
Zn(O,S) (Buffer)  

S-variation 
i-ZnO Al:ZnO 

Thickness (µm) 2.0 0.05 0.05 0.2 

Bandgap (eV) 1.5 2.8 – 3.6 3.3 3.3 

(eV) 4.5 4.3 – 3.9 4.6 4.7 

Permittivity 10 8.49 – 8.3 9 9 

CB (1/cm3 ) 2.21018 2.21018 – 6.31018 2.21018 2.21018 

VB (1/cm3 ) 1.81019 1.81019 – 6.01019 1.81019 1.81019 

μe (cm2 /Vs) 100 100 - 50 100 100 

μh (cm2 /Vs) 25 25 – 20 25 25 

Doping concentration (1/cm3 ) 1.01016 1.01011 – 1.01013 1.0105 1.01018 

Electron thermal velocity (cm/s) 1.0107 1.0107 1.0107 1.0107 

Hole  thermal velocity (cm/s) 1.0107 1.0107 1.0107 1.0107 

 

and conduction band. Hence values are assumed to be 

constant and selected from the literature [14, 29]. For 

example,  and r were assumed to be constant and 

equal to that of ZnO in the case of S-content ranging 

from 0 – 20 %. They are assumed to be constant and 

equal to that of ZnS in the case of S-content varies in 

the range from 40 – 100 %. On the other side, the die-

lectric permittivity of the layer depends on frequency 

and the wave vector, so does the polarization. Fig. 1 

shows the linear band diagram of Zn(O,S) relative to 

that of CZTS layer used for device performance calcula-

tions. As shown in Fig. 4(A), CBO which is the differ-

ence of  from the CZTS and Zn(O,S) remains slightly 

positive at  0.2 eV for S-content in the range of 0-20%.  

The CBO becomes more positive (at 0.6 eV) for S-

content in the range of 40 – 100 %. The VBO is deter-

mined by the sum of valence band difference (Ev, ab-

sorber – Ev, buffer) and amount of net band bending 

(Ebb) [14, 29]. Obviously, the VBO as shown in Fig. 4(A) 

is always negative. The value of Ebb in the case of 

CZTS/Zn(O,S) junction has been experimentally ob-

tained by Yan et al. [30] as 0.03 eV. The VBO thus 

shows minimum and maximum values of – 1.1 eV and -

1.57 eV for the S-content of 20 % and 0 %, respectively. 

As seen from the Fig. 4(B) the open circuit voltage 

(Voc), and short-circuit current density (Jsc) varies from 

414 to 417 mV and 26.3 to 26.9 mA/cm2 respectively for 

sulfur variation of 0 – 30 %. It is found that max Voc is 

found in the range 15 – 20 % sulfur concentration is 

416 mV and Jsc is 26.65 mA/cm2. As seen from 

Fig. 4(C), fill factor (FF) and efficiency () are found to 

vary in the range of 21 % to 26 % and 2.3 to 2.8 % re-

spectively with respect to variation in the sulfur con-

tent of 0 – 30 %. It is found that max FF is found in the 

range of 15 – 20 % sulfur concentration is 25 % and η is 

found to be 2.75 %.  

 

5. CONCLUSIONS 
 

The performance of a Cu2ZnSnS4 (CZTS) solar cell 

using Cd-free alternative buffer largely depends on the 

heterojunction band offset. Grading based band gap bow-

ing effect in the Zn(O,S) system allows to select the com-

position  content of sulfur at 20 %, so that the bowing 

parameter increased to 2.5 leading to an enhancement in 

the output performance by the  

 

 
 

Fig. 4 – (A) The conduction and valence band offsets relative 

to CZTS and (B) & (C) the calculated output performance of 

the CZTS/Zn(O,S) heterojunction solar cell with variation in 

initial sulfur concentration in the doping range 
 

improvement in the open-circuit voltage as confirmed by 

current-voltage analysis of a Zn(O,S)/CZTS heterojunc-

tion  structure using SCAPS-1D. 
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