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ABSTRACT 

The gradual substitution of sulfur atoms (S) by selenium atoms (Se) in Cu2ZnSn(S1-y Sey )4 

compounds causes a linear increase in the optical band-gap. For this reason, those compounds 

are suitable to implement band-gap engineering in compositionally graded solar cells. In this 

paper, we have worked to take advantage of this feature to enhance the performances of the 

basic uniform Kesterite and Stannite CZTS1–ySey solar cells. The influence of Tow grading 

profile was investigated: fully graded (a) and double graded (b). Fully graded Cell showed 

better parameters than compositionally uniform cells. In Double graded cells it appeared that 

front grading had a disruptive effect on solar cell parameters. In contrary back grading 

ameliorates significantly all cell parameters. As a result, the efficiency of kesterite and stannite 

cells was enhanced from 9.05 and 5.22% to 16.65 and 15.77 % respectively.  

Key words: CZTS1–ySey; Kesterite; Stannite; thin film; solar cell; graded; SCAPS 1D. 
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1. INTRODUCTION 

The increase of energy prices has increased the attention to renewable energies significantly, in 

particular photovoltaics. The Rapid development of Thin-film technology still offers the 

possibility of reducing solar cell manufacturing costs. However, most of the materials used in 

the production of thin film absorber contain either rare or toxic elements. Nowadays, the 
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quaternary p-type semiconductors Cu2ZnSnSe4(CZTSe) ,Cu2ZnSnS4(CZTS) and their alloys 

Cu2ZnSn(S1-y Sey )4 (CZTSSe) with direct band gab between 0.7 and 1.5 eV has particularly 

attracted attentions[1,2]. Those materials are derived from CuInGaSe2 (CIGS) and keep its 

noticeable photovoltaic properties, but also contains earth abundant and safe elements like Zn 

and Sn. The pre-factor of absorption coefficient for the CZTSSe thin film is large enough 

(>104cm-1), in other word the absorber of just micron thickness is able to absorb sunlight 

sufficiently, without any damaging effects on photocurrents. 

For CZTSSe compounds, different crystal structure types are discussed in the literature, 

including the kesterite-type and the stannite-type structures. Both structures are closely related, 

but show a different cation distribution which leads to different space groups. The kesterite-

type structure is characterized by alternating cation layers of CuSn, CuZn, CuSn, and CuZn at 

z=0, 1/4, 1/2, and 3/4, respectively [3]. while in the stannite-type structure ZnSn layers alternate 

with Cu2 layers [3]. in literature, there is no compelling evidence that any macroscopic CZTSSe 

sample produced to date is actually 100% kesterite or 100% stannite [4], however most 

published works focused on kesterite CZTSSe solar cell [5,6]. Stannite CZTSSe alloys solar 

cell needs to be investigated.  

 Despite The discovery that a CZTS thin film has an optimum direct band-gap of 1.45eV for 

solar cells was made in1988 in the laboratory of Shinshu University [7], the efficiency of 

CZTSSe solar cells remains under devices of absorber layer produced from older materials such 

as CIGS (η % 20.4%), CdTe (η % 19.6%) and GaAs (η % 28.8%) [8]. The current highest 

photoelectric conversion efficiency of CZTSe and CZTS based solar cells is 12.6% [9] and 

8.5% [10] respectively, this efficiency is very low compared to its theoretical limit (> 32 %), 

according to Shockley-Queisser photo balance calculations [11]. To increases the conversion 

efficiency of CZTSSe solar cell, several optimization techniques have been proposed. Usually, 

in uniform solar cell, the band gap energy Eg of the absorber material is optimized by the well-

known exchange between high current for low Eg and high voltage for high Eg. To achieve 

further increase in the efficiency, we applied a gradual gap profile (Eg(x)) across the absorber 

layer (in the direction x). This can be achieved by using a compositional graded absorber. Thus, 

most materials properties of the absorber layer will gradually change in the same direction. The 

idea is, to increase the short circuit current density Jsc while maintaining the open circuit 

voltage Voc by realizing a well-suited band gap profile Eg(x). K. Woo & all reports that high 

Jsc and less loss of Voc are attributed to the effect of band gap grading induced by Se grading 

in the CZTSSe absorber layer [12]. 
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2. UNIFORM OR GRADED ABSORBER?   

In uniform layer, the driving forces for electrical current are, the electrostatic potential gradient 

∇Φ (drift current) and the concentration gradients ∇n and ∇p (diffusion current). When grading 

is present, additional driving terms should be added: the gradient of the band gap ∇Eg, the 

gradient of the electron affinity ∇χ, and the gradients of the effective density of states in the 

conduction∇(log NC)  and valence bands ∇(log NV). Furthermore, the electron and hole 

continuity equations are modified by the presence of a mobility gradient ∇μn or ∇μp (eq.(1)) and 

the Poisson equation is modified by a gradient ∇ε in dielectric constant (eq.(2)). These revised 

equations have been described in the literature [13] [14], and are implemented in the simulation 

package used in this work (SCAPS 1D) [14].  
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In literature, several grading profiles were proposed for several materials like AlGaAs and 

CIGS. In this paper we have investigated tow grading profile (a) and (b) as shown in fig.1. In 

profile (a), the absorber was fully graded from the back to the front, in other words, the absorber 

begins with large band gap material and finishes with low band gap material. Experimentally, 

profile (a) enhances the cell efficiency by enhancing Jsc as reported in ref [12]. In order to 

obtain the profile (b) the absorber layer is divided into three layers [16]: in the first layer the 

band-gap decreases from Eg1 to Eg2, remain unchanged in the second layer and increases from 

Eg2 to Eg3 in the third layer. 
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3. SIMULATION PROCESS  

3.1. Numerical simulation program  

The simulation has been carried out using the simulation package, SCAPS 1D, a one-

dimensional solar cell device simulator developed at Electronics and Information Systems 

(ELIS), University of Gent [16]. From version 2.8 onward, SCAPS 1D also implements graded 

solar cells [15]. A variety of interpolation laws are available to set the position dependent 

composition y of each layer: y(x). These interpolation laws can also be applied to set the 

composition dependence of all relevant semiconductor properties in a layer, the most relevant 

properties are the band-gap Eg(y) and the electron affinity (y). So, the combination with the 

composition profile y(x) gives the ‘grading’ of these parameters, e.g.  Eg(x) = Eg[y(x)]. In fact, 

the grading of up to eighteen properties can be set.  
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Fig.1. a Schematic diagram of band alignment in Se-graded CZTSSe absorber layer. The 

increase of Eg is mainly caused by increase of the CBO: (a) fully graded absorber 

layer, (b) double graded absorber layer 
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3.2. General device parameters 

In this study, we consider the schematic structure of CZTS (CZTSe) solar cell commonly used [18, 19, 

12] as shown in Fig.2. In which 1 μm p-CZTSe film, 70 nm n-CdS film, 50 nm i-ZnO and 200 nm n+( 

ZnO) are successively grown. Highly doped ZnO layer is necessary to collect charge carriers from the 

thin-film solar cell. In this work, the uniform absorber layer will be replaced by a graded CZTS(1-y)Sey 

layer. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. schematic material structure of graded CZTSSe solar cell 

 

 Both structures (kesterite and stannite) have been taken into consideration.  

 Contacts are assumed ohmic or, depending on the focus of the modeling, the metal work 

function Φm (for majority carriers) in SCAPS can be input by the user. However, we can also 

choose the option“flat  bands” . At the contacts a (wavelength dependent) 

reflection/transmission can be set. The reflection at the back surface has only minor influence 

on the achievable short-circuit current density (Jsc), and these influences only become 

noticeable if the absorber is chosen to be fairly thin. The only variations in the reported 

simulations below occur in the composition of the absorber layer. We have used the acronyms:  

kt-CZTS1–ySey for kesterite CuZnSn(S1–ySey)4   and st-CZTS1–ySey for stannite CuZnSn(S1–

ySey)4. The rest of the solar cell device and illumination conditions remain untouched. No 

interface defects or interface-specific properties were added. The CdS and undoped-ZnO layers 

contain “neutral” defects which provide carriers but do not contribute to the space charge 

region.  

All simulations were run under AM 1.5. The model used in this work has been developed by 

the author and not adapted from any SCAPS existing example distributed with SCAPS 1D. 

illumination   

Substrat ( Mo /SLG) 

n-CdS (50 nm) 

Undoped- ZnO (50 nm) 

n+ZnO(200 nm) 

Graded  p-CZTS1–ySey (1µm)                                                                                           
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 3.3. CZTS1–ySey absorber layer  

            It is well known at present that the gradual substitution of S by Se in kesterite and stannite 

CZTS1-ySey affects its structural, electronic, and optical properties. The band-gap changes 

linearly with (Se) compositions and obeys the Vegard’s rule. This is confirmed by Calculated 

results [20,21,22,23] which agree well with experimental results of various measurement 

techniques summarized in [5]. We have chosen to describe Eg of CZTS1-ySey material by the 

proposed equations of ref [23] as illustrated in table1. 

 

Table 1. Optical band-gap energy of Kesterite and stannite CZTS1-ySey alloys. 

 

absorber  Kesterite CZTS1-ySey   Stannite CZTS1-ySey   

Eg (eV) 1.505(1 − 𝑦) + 0.984𝑦 − 

0.123𝑦(1 − 𝑦) 

1.308(1 − 𝑦) + 0.759𝑦 − 

0.044𝑦(1 − 𝑦) 
 

              When “y” varied gradually from (0 to 1) the composition of the alloy varied linearly from 

CZTS to CZTSe. from ref [24] as shown in fig.3, the valence band maximum (VBM) of CZTS1-

ySey   alloys is almost linearly down-shifting along with Se composition, and the variation range 

is very small (~0.15eV); while the conduction band minimum (CBM) of CZTS1-ySey alloys is 

also almost linearly down-shifting along with Se composition, but the variation range are 

relatively large (~0.35 eV).  

 

 

 

 

 

 

 

 

 

 

 

Fig.3. schematic diagram of the band alignment between CdS, CZTS and CZTSe 

 

             The conduction and valence band effective density of states, electron and hole thermal 

velocities, were used from data reported in Ref [25]. The hole mobility of p-CZTS and p-CZTSe 
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used are 30 and 40 cm2 V–1 s–1 respectively, those values was extracted from curve of mobility 

as function of free-hole concentration (NA=2.1016) [ 24,25a]. The optical absorption coefficient 

() of the four absorber layers: kesterite CZTS, kesterite CZTSe, stannite CZTS and stannite 

CZTSe are determined directly from the complex dielectric function in ref [5]. According to 

refs [29, 30,31]  CdS/CZTSe  and CdS/CZTS  conduction band offset (CBO) is ,respectively, a 

“spike,” and “cliff”. The CdS CB edge sits, respectively, above that for CZTSe and under that 

for CZTS. The CBO is the same for both kesterite and stannite, with 0.14 eV difference between 

the two structures reflected just as a change in the conduction band minimum. In order to model 

non-radiative recombination (S-R-H) in CZTS1–ySey layer, a Gaussian distribution of defects 

was introduced in the gap and centered in its midpoint as shown in table2. 

 

Table 2. General layer parameters used as input for SCAPS simulations 

Layer Properties at 300° ks: kesterte ,st: stannite  

layer CZTS ks/st CZTSe ks /st n-CdS  i-ZnO n+ZnO 

thikness (µm) 1.2 1.2 0.05 0.05 0.2 

Eg (eV) 1.5 /1.3 1.0/0.76 2.42 3.37 3.37 

Electric permitivity 6.5 8.6 10 9 9 

Electron affinity (eV) 4.1 4.35 4.2 4.5 4.5 

νthn (m/s) 100 100 100 100 100 

νthp (m/ s) 30 40 25 25 25 

Nc(cm-3) 8.1×1016 7.9×1017 2.0x1019 9x1018 2.2x1018 

Nv(cm-3) 1.5×1019  4.5×1018  1.5x1018 4x1018 1.8x1019 

Shallow density (cm−3)  1x1016 1x1016 1x1017 1x1018 1x1019 

Defect: (a) indicates acceptor and (d) donor[] 

type (d)/(a) (d)/(a) (a) (a) (a) 

Energy level above EV(eV)  0.40/0.08 0.40/0.08 1.20 1.65 1.65 

Density (cm−3)  1014/1015 1014/1015 1016 1017 1018 

 

From what was previously explained: when “y” changes from (0 to1) the band-gap energy of 

ks-CZTS1–ySey and st-CZTS1–ySey changes linearly, respectively, from 1.5 to 0.98 eV and from 

1.3 to 0.76eV. Practically these are the data that have been exploited to tailor and optimize the 

solar cell. In this work we have tested the effect of grading on the photovoltaic performance of  

CZTSSe/CdS/ZnO/n+ZnO by simulation and we tried to answer the question: what kind of 

grading can be useful. Simulation was carried out in both cases kesterite and stannite structure. 

 

4. RESULT AND DISCUSSION 

          To be able to determine the real effect of grading, simulation results of graded cell should be 

compared with those of a uniform cell. Solar cells with uniform composition were simulated 
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by SCAPS. Open circuit voltage (Voc) in mV, density of short circuit current (Jsc) in mA/cm2, 

fill factor (FF %) and efficiency (η %) of solar cells of uniform absorber were carried out and 

illustrated on table.3.   

 

Table 3. properties of kesterite and stannite uniform solar cells by SCAPS 

Absorber   Voc (mV) Jsc(mA /cm2) FF % η % 

CZTS(ks /st) 1.055 / 0.860 14.11/ 17.12 77.28/ 75.72 11.50/ 11.15 

CZTS0.8Se0.2(ks /st) 0.932/ 0.729 15.66/ 18.73 78.46/ 76.63 11.45/ 10.46 

CZTS0.6Se0.4(ks /st) 0.826/ 0.615 17.24/ 20.72 78.51/ 76.06 11.17/ 9.69 

CZTS0.4Se0.6(ks /st) 0.725/ 0.506 18.88/ 22.68 77.86/ 74.29 10.66/ 8.53 

CZTS0.2Se0.8(ks /st) 0.629/ 0.402 20.87/ 24.67 76.35/ 70.94 10.01/ 7.04 

CZTSe(ks /st) 0.536/ 0.302 22.81/ 26.66 73.93/ 64.84   9.04/ 5.22 
 

           The ratio of “Se” in the absorber material, affects both Jsc and Voc of the cell. Higher Eg leads 

to higher Voc but lower Jsc, this is very clear in the two cases, Kesterite and Stannite solar cell. 

The grading of absorber layer   parameters is not the only source of the trade-off between Jsc 

and Voc. Another parameter to be taken into consideration here  is the CBO at the contact 

CZTS1–ySey/CdS as shown on fig.4.  

 

 

 

 

 

 

 

 

 

 

 

Fig.4. schematic band gap diagram of the optimized compositionally graded CZTS1–ySey 

absorber layer 

 

           The CB alignment is “spike-like” at the CZTSSe/CdS interface and “cliff-like” at CZTS/CdS 

interface. In all that we will discuss later, we assume that “back” means the region near the 

contact with “Mo” and “front” means the region near the contact with CdS.    
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4.1 – profile (a)  

In profile (a), the absorber layer was fully graded from back to front.  In other word, starting 

with large Eg at the absorber back and finishing with small Eg at the front.  We have assumed 

uniform Ks-CZTSe and St-CZTSe(y=1) as basic cells with efficiency of, respectively, 9.04 and 

5.22% as shown in table3. In order to test the effect of grading, the material composition at 

back was changed progressively from material of y=1 to material of y=0 with step of 0.1 while 

maintaining a fix value of y=1 at the front of the absorber layer. The four output parameters 

Voc, Jsc, FF and efficiency of profile (a) are shown in Fig 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5. Influence of grading profile (a) on the four parameters, “y” variable at the contact 

CZTSSe /Mo and maintained equal to “1” at the contact CZTSSe /CdS. 
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Fig.6. Influence of grading profile (a) on the four parameters, “y” variable at the contact 

CZTSSe /CdS and maintained =0 at the contact CZTSSe /Mo. 

 

We can remark the same effect of grading on Ks-CZTS1–ySey and St-CZTS1–ySey cells. In 

ksterite cell, when “y” changes from (0 to 1), Voc rises linearly from 0.54 to 0.69 mV and Jsc 

from 22.81 to 23.26mA /cm2 reaching a maximum of 26.05mA /cm2 at y=0.7. The best 

efficiency (13.65%) is obtained at y = 0.5. In the case of stannite cell, when y changes from (0 

to 1), Voc rises linearly from 0.30 to 0.53mV and Jsc from 26.65 to 28.44 mA /cm2 reaching a 

maximum of 31.58 mA /cm2 at y=0.7. The best cell efficiency (12.05%) was obtained at y = 

0.4. the open circuit current of St-cell is always more important than that of ks-cell because Eg 

of St-CZTS1–ySey  is inferior than that of Kt-CZTS1–ySey . it is well known that only photons 

with energy equal or greater than Eg contribute to current generation.  

The profile (a) can be obtained by another strategy. A fix value of y=0 is maintained at absorber 

back and y changes at front from y=0 to y=1. Here, our basic cells are uniform Ks- CZTS and 
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uniform St-CZTS with efficiency of 11.50 and 11.15%, respectively (table3). As shown in Fig.6 

changing “y” from (0 to1) decrease Voc and increase Jsc of Ks-cell and St-cell linearly. By 

trade-off between Voc and Jsc, an optimized efficiency is obtained at y=1 at absorber back and 

y=0.3 at absorber front. the efficiency reaches 16% and 15.35 % for Ks-cell and St-cell 

respectively. The best value of FF was obtained at y= 0.2 in the tow cells.  

4.2 profile (b) 

            In device with gradual absorber profile (b), the absorber is double graded from front and from 

back. Here, the basic solar cell was Ks-CZTS and St-CZTS with efficiency of, respectively, 

9.04 and 5.22% as shown in table3. It was found that front grading destroys the efficiency as a 

consequence of the rapid decease in Jsc and FF. This can be explained by the increase in CBO 

at the contact with CdS. The third layer acts as barrier prevent electrons to reach the junction. 

Profile (b) will be effective just in the case of back grading. thus, the absorber was divided only 

into two layers of 0.2 and 1.0µm as Fig.4 shows. The composition of the second layer was 

maintained at y=1(Eg2=EgCZTSe ). The first layer was graded from y=0 at the back of the 

absorber layer, reaching y=1at the end of this layer. the value of “y” changes toward the back 

of the first layer. The four parameters of all cells are summarized in Fig7. Voc, Jsc, FF, and the 

efficiency increase in the same way. The efficiency of Kt-cell and St-cell increases, 

respectively, from 9.04 to 13.94 and from 5.22 to 11.75 eV. we can remark that using a gradual 

profile in the first layer is more efficient in st-cell than in ks-cell. In this case another helping 

factor is added, the creation of back surface field as consequent of the existence of grading at 

only 0.2µm.    

The absorber layer can be engineered in other strategy to obtain profile (b) with back grading. 

The composition at the back of the first layer was maintained at y=0. the second layer is always 

uniform but “y” of Ks/St-CZTS1–ySey changes in every step. the composition at the front of first 

layer is the same as the uniform layer (layer 2). In spite of the dramatic reduction in Jsc as 

shown in curves of Fig 8. This kind of grading gives excellent efficiency. When y=0.3 in the 

second layer, a maximum efficiency of Ks-cell and St-cell, respectively, of 16.65 and 15.77% 

was obtained when y=0.3 and y=0.2 respectively. We expect that all preceding discussion can 

be helpful to predict the real effect of grading in composition of CZTSSe/CdS/ZnO solar cell.  
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Fig.7. Influence of grading profile (b) on the four parameters, the variation of “y” is at the 

contact CZTSSe /Mo in the first layer, “y” is maintained equal to “1” in the second 

layer. 
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Fig.8. Influence of grading profile (b) on the four parameters, “y” is maintained equal to “0” 

at the contact CZTSSe /Mo and variable in the second layer. 

 

5. CONCLUSION 

          The goal of this work is to increase the efficiency of CZTSSe/CdS/ZnO solar cell, depending 

on the idea that substituting sulfur atoms by selenium atoms in CZTSSe absorber layer causes 

a change in the gap. The gradual substitution leads to a gradual absorber layer gap. The 

influence of Tow grading profile on the efficiency of CZTSSe cell was investigated: fully 

graded profile (a) and double graded profile (b). Simulation was carried out in both structures 

kesterite and stannite using the simulation package, SCAPS 1D.in profile (a) We have assumed 

uniform Ks-CZTSe(y=1) and St-CZTSe(y=1) as basic cells then absorber layer was fully 

graded. The efficiency gradually improved until it reaches 16 and 15.35 % for Ks-cell and St-

cell respectively. In profile (b) the basic uniform cell is Ks-CZTS(y=0) and St-CZTS(y=0). 

Front grading had a disruptive effect on solar cell parameters, in contrary back grading 
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ameliorates significantly all cell parameters. The efficiency gradually improved until it reaches 

16.65 and 15.77%eV for Ks-cell and St-cell respectively. As a final word, we can say that 

grading the absorber layer gap enhance cell efficiency in a satisfactory way, if we follow a 

certain strategy that takes in consideration CdS/CZTS conduction band offset.   
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