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A B S T R A C T   

The main aim of this work is to determine and explain the relationships between optoelectronic 
properties and the sulfur anion content in Cu2ZnSn(SxSe1− x)4 solid solution. Band gap and ab
sorption coefficient are of primary interest to the engineers and scientists researcher worked in 
optoelectronic field. Herein, the electronic and optical properties are calculated based on 128 
conventional atoms within lattice parameters obtained at 300 K by using the FP-LAPW method 
combined with quasi-harmonic Debye model. The composition dependent band gaps of CZTSSe 
solid solutions are investigated by TB-mBJ+U. As results, all materials are semiconductors with a 
direct band gap ranging from 0.614 to 0.99 eV. The band gap variation increases as a function of 
sulfur anion content and showed a positive deviation from Vegard’s law with a very small 
downward bowing parameter of + 0.079 eV. The density of state (DOS) calculations indicate that 
the energy bands of VBM involve Cu_d/anion(S/Se)_p hybridized antibonding-like states. Based 
on band alignment, the Ec offset between CZTS and CZTSe is larger than the Ev offset. These 
results are reported previously in other work and are confirmed in this study. Our work included a 
systematic comparison of the influence of S/(S+Se) atomic ratios on optical quantities. The 
dielectric function tensors show remarkable anisotropy. In addition, the static dielectric constants 
are found to decrease with sulfur anion content. The CZTSSe is proved to be suitable for good 
solar cells with high absorption coefficient (> 104 cm− 1). Such deep optical studies would be 
helpful for future optoelectronic applications of these compounds with different S/(S+Se) atomic 
ratios.   

1. Introduction 

Due to the development of industry, transport and communications sectors, world demand in electricity consumption has been 
observed in recent decades. However, till now the most of the electrical energy is produced by non-renewable combustion resources 
(such as oil, gas, nuclear). The development of renewable and clean energy sources is therefore timely. The Renewable energy sources 
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include wind, marine and ocean flows, geothermal energy, and solar photovoltaic. The latter is a very powerful source of energy, where 
the electricity is obtained directly by transformation of sunlight into electricity through a photovoltaic cell. This production of 
electricity by photovoltaic conversion occurs within semiconductor materials, that they have the properties to release their charge 
carriers (electron and hole) after absorption of photons from sunlight. That is why, research efforts are running for the development of 
solar cell from abundant and less toxic elements. 

For more than thirty years, the materials based chalcogenides, especially Cu2ZnSnS4 (CZTS) quaternary compounds have been 
intensively studied for photovoltaic applications by virtue of its good electrical characteristics, earth-abundant and low cost mass 
production [1,2]. In 1988, Ito and co-author from Shinshu university, deposited thin films of CZTS stannite-type on heated glass 
substrates using atom beam sputtering [3] resulting in high absorption coefficient larger than 104 cm− 1 and a band gap of 1.45 eV that 
corresponds to the optimum band gap energy for photovoltaic solar cell application. The best CZTS cell exhibited a conversion effi
ciency of 9.4% in the active area with CdS as the buffer layer [4]. Among the new other materials considered for photovoltaic, which is 
an outsider to CZTS is the Cu2ZnSnSe4 (CZTSe). The CZTSe compounds are structural analogue to CZTS and do not consist of any 
rare-metal such as In and Ga. Owing to its tunable direct electronic band gap and adequate optical and electrical properties, the latter 
has also garnered significant attention as photoactive materials in solar cell applications. Several experimentally and theoretical 
studies confirmed the dramatic fall in the band gap energy from ~1.45 to ~1 eV by subsiding the concentration of sulfur (S) with 
selenium (Se) [5–9]. Brammertz et al. [10] have demonstrated record cell efficiency of 9.7% with thin film solar cell based on 
Cu2ZnSnSe4-CdS-ZnO. 

Other members of chalcogenide family, like CZTSSe materials, were discovered shortly after. The quinary solid solution Cu2ZnSn 
(SxSe1− x)4 have been the focus of several research as it holds presents the advantage of being electrically and optically tunable due to 
its mixture of both S and Se. The solid solution exhibits a direct band gap, over the range 1.0–1.5 eV by decreasing the sulfur (S) 
content, which permits to obtain rather large light conversion efficiency when it will be placed as an absorbent layer in thin-film solar 
cells. The CZTSSe cell efficiency of 8.25% has been reported by Liu et al. [11], 9.02% by Wu et al. in 2015 [12], 9.2% by Carter et al. 
[13], 9.7% by Larsen et al. [14], 10.1% by Barkhouse et al. [15], 12.3% by introducing the chalcogenization source material SeS2 
during the annealing process [16], and the highest one of 12.6% was reported in 2013 by Wang et al. [17]. 

It is noteworthy that, the quaternary compounds such as CZTS and CZTSe are semiconductor materials of group I2-II-IV-VI4 and 
manifest in two different types of space group; I-4 Kesterite (Ks) or I-42 m Stannite (St). The difference between St and Ks structures is 
on the occupancy of the 2a(000) Wyckoff position: Zn elements in St and Cu in Ks [18]. 

The CZTSSe diamond-like materials containing two chalcogenide elements (Sulfur and Selenium) as a substantial constituent and 
have also tetrahedral coordinated crystal structures characterized by tetrahedral bonding, every atom in the structure has four nearest 
neighbors [19]. The experimentally results obtained by Keng-Liang et al. [20] and Nagaoka et al. [21] revealed that the solid solution 
Cu2ZnSn(SxSe1− x)4 with different x compositions exhibited a stannite structure with I-42 m as space group. 

The use such a material in such photovoltaic application or other goes through a great investigation on their electronic structure. 
Our attention focused on the mixture of two chalcogens S and Se, which is the subject of many studies including photovoltaic ap
plications. In this present paper, the electronic and optical properties of the Stannite Cu2ZnSn(SxSe1− x)4 quinary alloys are studied for x 
composition ranging from 0 to 1 with a step of 0.125. Based on first principle calculations within WIEN2K computational code the 
electronic band gap, band structures, CZTS-CZTSe band alignment total and partial density of states, the dielectric function and the 
absorption coefficient are carefully calculated and discussed. 

2. Computational background 

Several electronic structure computational codes are currently available and widely distributed in both research and industry. For 
these calculations we used the all-electron FP-LAPW+lo method, implemented in the WIEN2k computational code [22,23]. This one 
allows calculating the energy of the ground state and the electronic structure of the periodic systems by employing the density 
functional theory (DFT) in conjunction with the Kohn and Sham (KS) equations. The revised generalized gradient approximation with 
the exchange-correlation functional of Perdew-Burke-Ernzerhof (GGAPBEsol) [24] and the Tran-Blaha modified Becke-Johnson ex
change potential (TB-mBJ) [25] approximation are used in this study. The TB-mBJ is developed to solve the problem of underesti
mation of band-gaps. In a more rigorous treatment and in order to improve the description of the localized semi-core 3d-states for the 
considered materials, the modified Becke-Johnson potential plus an on-site Coulomb U was also used in this regard. Results concerning 
comparisons of GGAPBEsol, TB-mBJ and TB-mBJ+U will be discussed below. The random phase approximation (RPA) dielectric 
function [26] are applied for evaluating optical constants taking into account inter-band contributions. The ground state electronic 
configuration for Zinc (Zn) atom is [Ar] 3d10 4s2, Coper (Cu) is [Ar] 3d10 4s1, Tin (Sn) is [Kr] 4d10 5s2 5p2, Sulfur (S) is [Ne] 3s2 3p4 and 
the selenium (Se) atom is [Ar] 3d10 4s2 4p4. The electrons in closed shells are treated as core electrons whereas the rest of electrons are 
selected as valence states. Since the FP-LAPW is a variational method, the Kohn and Sham (KS) equations are solved in practice using 
the self-consistent field method (SCF). To achieve convergence of energy eigenvalues the maximum l values for partial waves used 
inside atomic spheres (lmax) is fixed to 10 and a value of 12 is chosen for the maximum magnitude GMAX of largest vector in charge 
density Fourier expansion. Also in WIEN2K computational code, core electrons are assumed to not interact. A separating energy of −
6.0 Ry is used to separate core from valence states. The matrix size for convergence Rmt*Kmax is fixed as 7 and we used the atomic 
sphere radius (muffin-tin radius) of 2.050, 2.050, 2.40, 2,00 and 2.10 a.u. for Zn, Cu, Sn, S and Se atoms, respectively. The calculations 
are carried out with 12 × 12 × 12 grid in the irreducible Brillouin zone equivalent to 2000 k-point meshes. 
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3. Results and discussions 

3.1. Band gap energies 

This work is part of the continuation of our previous study carried out on the structural and thermodynamic properties of Cu2ZnSn 
(SxSe1− x)4 solid solution [27]. This present work consists in determining by electronic structure calculations based on DFT+U, the 
energy band gap, CZTS-CZTSe band alignment, the complex dielectric function and the absorption coefficient. A primitive stannite cell 
is used to construct the super cell. In order to substitute S atom by Se and obtain the distinct compositions we constructed a super-cell 
with 64 atoms in primitive cell (128 atoms in conventional cell). 

The quinary alloys Cu2ZnSn(SxSe1− x)4 is formed by five elements; Cu of group I (+1 valence), Zn of group II (+2 valences), Sn of 
group IV (+4 valences), and S and Se of group VI (− 2 valences). The cations (Cu, Zn, Sn) are fixed and the anions (S, Se) are randomly 
distributed and for each distribution the energy of system is calculated to conclude the most stable configuration [27]. The obtained 
compositions are; 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875 and 1. The present electronic and optical calculation are obtained by 
using our previous values (Table 1) for the lattices parameters a and c predicted at 300 K by using the FP-LAPW along with 
quasi-harmonic model [27]. However, the modeling of electronic and optical properties could not to be complete without taking into 
account the relaxation effects, an inseparable effect of most theoretical calculations by first principle. 

Generally speaking, the semi-local potential TB-mBJ approximation seems very promising for the estimation of band gap energy, 
because it reproduces in an exact way or almost the form of the OEP exchange potential of the atoms. In our TB-mBJ calculations we 
used the parameter of α = 0.267, β = 0.656 bohr and e = 1 as improved by Koller et al. [28]. Table 2 present the calculated band gap 
energies for different compositions. In view of all results, the obtained ones from GGAPBESol are inconclusive, and suggest rather large 
errors in direct comparison with the experimental values, and give practically a zero gap for all materials. TB-mBJ approximation 
improves the results, reducing the average absolute error to 62% (for CTZS) compared to the GGAPBESol approximation. This 
improvement is not surprising since the parameters of this functional have been optimized to minimize errors on the energy gap. 
However, the very good performances provided by this approach remain to be emphasized. As expected by several computational 
studies, this semi-local functional gives qualitatively wrong results for solids which contain localized 3d or 4f electrons. The electronic 
correlations are too important to be treated in the strict framework of the DFT, and an electrostatic repulsion parameter U (Coulomb 
interaction) is added to the DFT potential for the orbitals d in order to obtain good band gap energy. The TB-mBJ plus the Hubbard U 
correction (TB-mBJ+U) approach is used here to overcome this problem with the considered Cu/Zn based-systems [29]. The Coulomb 
U for Cu-3d and Zn-3d orbitals is set to 4.0 and 7.5 eV, respectively. The chosen values for U are taken from literature [30,31] and are 
proven to give reliable description of band structures for both ternary and quaternary Cu-based semiconductors with moderate band 
gaps. 

Taking CZTS as example, the band gap predicted with the Hubbard U correction (TB-mBJ+U), increases to 0.993 eV, in agreement 
with experiment (1.45[36], 1.49[47], 1.5[33], 1.38[38]) than TB-mBJ. 

Comparing the results between CZTS and CZTSe, as viewed in experimental measurements, our calculation confirmed that the band 
gap of CZTS is greater by about ~40% than of CZTSe. Speaking about the variation of the ratio [S]/([S]+[Se]), the reduction in the size 
of crystalline structure influenced by the substitution of the sulfur atom by the selenium induce evolution of the electronic band gap. 
The values of the calculated energy band gap are found to be depending on the lattice parameter and the relaxation effect. The 
relaxation leads to deformations of crystalline structures of materials that induce a change in energy levels. 

The composition-dependent band gap energies in CZTSSe alloys for relaxed structures is showed in Fig. 1 together with some 
experimental values available in the literature for these considered x composition. The band gap predicted by TB-mBJ+U method is 
approximately follow the quadratic equations 

EgTB− mBJ+UCu2ZnSn(SxSe1− x)4
= 0.60778+ 0.30451x+ 0.079x2 (1) 

The results in Fig. 1 from TB-mBJ+U approach show that the variation in band gap energy as a function of sulfur content in 
Cu2ZnSn(SxSe1− x)4 exhibits a very small negative deviation from linear variation of Vegard’s. The deviation is characterized by bowing 
parameter b, computed by appropriate fitting of the non-linear variation of the calculated band gap to the Eq. 1. In view of results 
presented in Fig. 1, the calculations confirm a nearly linear variation of the band gap along with the variation of chalcogens ratio, with 
an optical bowing parameter of 0.079 eV for our relaxed 64-based structures. Synthesis of the CZTSSe alloy by He et al. [40] resulted in 
almost linear bandgap dependence with a bowing parameter between 0.08 eV and 0.19 eV [41]. Our predicted result for band gap 
bowing parameter is therefore in excellent agreement with the experimental data. Although the precise determination of the optical 
bowing parameter should take into account other physical effects by considering the influence of hydrostatic pressure, the 
charge-transfer effect and the structural bond-length and bond-angle relaxation. A theoretical analysis of these effects on the optical 
bowing parameter by use of self-consistent band-structure techniques was proposed by Zunger et al. [42]. 

Table 1 
The optimized GGAPBESol lattices parameters for different x compositions at 300 K [27] used to calculate the electronic and optical properties.  

x → 0 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1 

Relaxa(Å) c 
(Å) 

5.669 
11.311 

5.601 
11.181 

5.578 
11.138 

5.541 
11.065 

5515 
11,020 

5.490 
10.972 

5.455 
10.903 

5.419 
10.836 

5.423 
10.848  
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To determine the standard deviation from the experimental results we used the root mean squared error (RMSE) that represents the 
differences between the predicted results and the experimental values. The RMSE here is defined by [43]. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
Nsample

∑Nsample

i=1

(
Ai,calc − Ai,exp

)2

√
√
√
√ (2)  

where A is the considered quantity, Nsample is the number of compounds. In our case, we have 4 experimental values, 0.96, 1.08, 1.25 
and 1.5 eV, respectively for x = 0, 0.23, 0.49 and 1 [33]. The calculated RMSE for our materials are 0.4292 eV for relaxed structures. 
The predicted energy band gap (Eg) with the root mean squared error (RMSE) become 

EgTB− mBJ+UwithRMSE
Cu2ZnSn(SxSe1− x)4

= 1.0369+ 0.30451x+ 0.0789x2 (3) 

In Fig. 1 we give the calculated band gap parameter for stoichiometric mixed-anion corrected with root mean squared error (RMSE) 
by using experimental results of He et al. [33]. 

3.2. Electronic band structure and partial densities of states 

The electronic band structures calculated with the TB-mBJ+U method for Cu2ZnSnSe4, Cu2ZnSn(S0.5Se0.5)4 and Cu2ZnSnS4 along 
the high-symmetry lines of the first Brillouin zone are shown in Fig. 2. For convenience, the energy Fermi is taken at 0 eV. The Fermi 
energy is by definition the energy of the highest occupied state at 0 K. 

The selected high-symmetry k-points (crystal coordinates with respect to reciprocal primitive vectors) for the electronic band 
structure calculation are shown in Fig. 3 and the values are summarized in Table 3. From the calculated TB-mBJ+U band structures, all 
our materials have a direct fundamental band gap at Γ in the first Brillouin zone. It is also interesting to pay our attention on the 
densities of the electronic states and, therefore, on the contribution of each orbitals on the band structure. The electron density of states 
of a crystalline material can be described as the statistical contribution of each energy level that can be occupied in a particular energy 
range. According to the electronic densities of states calculations (DOS) presented in Fig. 2 and calculated with TB-mBJ+U 

Table 2 
Our calculated band gap energies for Cu2ZnSn(SxSe1− x)4 within the four functional approximations. The calculated values are for relaxed structures 
within lattice parameters predicted at 300 K. The values in bold character are for the experimental data. For comparison we added also our calculation 
for 8-atom of end compounds.  

Compositions GGAPBEsol (eV) TB-mBJ (eV) TB-mBJ+U (eV) TB-mBJ+U with RMSE Other results 

Se4  0.000  0.272  0.614  1.043 0.91 0.962 1.0173 0.474 

(S0.125Se0.875)4  0.000  0.333  0.633  1.062 – 
(S0.25Se0.75)4  0.000  0.377  0.692  1.121 1.082 

(S0.375Se0.625)4  0.000  0.418  0.738  1.167 – 
(S0.5Se0.5)4  0.000  0.460  0.792  1.221 1.252 

(S0.625Se0.375)4  0.000  0.474  0.810  1.239 – 
(S0.75Se0.25)4  0.000  0.541  0.889  1.318 – 
(S0.875Se0.125)4  0.000  0.577  0.931  1.360 – 
S4  0.000  0.573  0.993  1.422 1.455 1.496 1.52 1.387 1.558 

1Ref. [32], 2Ref. [33](for x = 0, 0.23, 0.49 and 1), 3Ref. [34], 4Ref. [35], 5Ref. [36], 6Ref. [37], 7Ref. [38], 8Ref.[39] 

Fig. 1. Bandgap calculated with TB-mBJ and TB-mBJ+U approximations as a function of x for Cu2ZnSn(SxSe1− x)4 alloys. The corrected band gap 
with the experimental results of He et al. [33] via the root mean squared error (RMSE) is also added. The solid lines are polynomial fits to the data. 
The experimental data are from He et al. [33]. 
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approximation, the top of valence bands is mainly composed of Cu_3d and Se_4p hybridized anti-bonding states for Cu2ZnSnSe4, Cu_3d 
and S_3p for Cu2ZnSnS4, and for Cu2ZnSn(S0.5Se0.5)4 we noted a mixture of Cu_3d, S_3p and Se_4p states. The Cu_3d states are very 
shallow with high eigen energy for all materials. The bottom of the conduction band is mainly formed by Sn_5s and Se_4p for CZTSe, 
and Sn_5s / Se_4p / S_3p for Cu2ZnSn(S0.5Se0.5)4, and Sn_5s with S_3p for CZTS. The Sn_5s, Se_4p, and S_3p levels shift up in order (from 
x = 0–1), which caused to shift the conduction band minimum (CBM) level to the up and increases the band gap in order (from 

Fig. 2. Calculated TB-mBJ+U band structures and total densities of states of Cu2ZnSnSe4, Cu2ZnSn(S0.5Se0.5)4 and Cu2ZnSnS4 relaxed materials. In 
the figures, the Cu_tot states is devided per 10. The total DOS is given in States/eV. 

Fig. 3. Brillouin zone of Cu2ZnSnS4 in crystalized in Body-centered tetragonal with different symmetry k-points. The structure is made using 
XCrySDen visualization program [44]. The coordinates of symmetry k-points are given in fractions of the primitive reciprocal lattice vectors a*, b* 
and c*. 
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x = 0–1). Also, the partial DOS shows that the Sn_5s state is much stronger than Se_4p, and S_3p. 

Whereυ = (1 + a2/c2)

4
andξ =

a2

2c2 (4)  

3.3. Band alignment between CZTS and CZTSe 

Fig. 4, shows a comparison of the band alignment between CZTS and CZTSe predicted for both TB-mBJ and TB-mBJ+U approx
imations. In view of all these results, it is undeniable that the TB-mBJ+U approximation has completely changed the shape of the band 
alignment. Taking the CZTS compound as an example, based on our TB-mBJ+U approximation, the Fermi level decreased to a value 
equal to 0.3708Ryd ( EF= 0.4036Ryd with TB-mBJ) and the valence band maximum state is pushed up. With this shift, the minimum 
conduction band was also upward moved, which explains the increase in the band gap energy from 0.573 (TB-mBJ) to 0.993 with TB- 
mBJ+U. The same thing was noted for the CZTSe. With regard to the band alignment between CZTS and the CZTSe compounds, based 
on TB-mBJ+U calculations, the Ec offset (CBO~0.2716 eV) is larger than the Ev offset (VBO~0.1074 eV) in agreement with other 
theoretical calculation of Chen et al. [46] (CBO ~ 0.35 eV and VBO ~ 0.15 eV) and the experimental results of Haight et al. [47] (CBO 
~ 0.3 eV and VBO ~ 0.2 eV). The predicted TB-mBJ+U results confirm also that the x variation has more important effect on the Ec 
rather than Ev within the application of Hubbard U correction. 

3.4. Linear optical properties 

The optical properties are among the most important characteristics and knowledge of these properties for such material plays an 
important role especially in the development of solar cells with high efficiency. The optical properties of a material are described by the 
quantity of photons that can be absorbed by this material. There are several useful optical parameters to be considered when char
acterizing an optoelectronic material. Listed in the order of most fundamental optical quantities; the absorption coefficient, the 

Table 3 
Symmetry k-points of Cu2ZnSnS4 in stannite structure I-42 m with body-centered tetragonal. In relation (4), a and c represent the lattice 
parameter of the structure [45].  

_a* _b* _c* Symmetry k-points 

0.00000 0.00000 0.00000 Γ 
0.00000 0.00000 0.50000 X 
-0.12495 (-ζ) 0.12495 (+ζ) 0.50000 Y 
-0.31248 (-υ) 0.31248 (+υ) 0.31248 (+υ) Σ 
0.00000 0.00000 0.00000 Γ 
0.50000 0.50000 -0.50000 Z 
0.31248 (+υ) 0.68753 (1-υ) -0.31248 (-υ) Σ1 
0.00000 0.50000 0.00000 N 
0.25000 0.25000 0.25000 P 
0.50000 0.50000 -0.12495 (-ζ) Y1 
0.50000 0.50000 -0.50000 Z  

Fig. 4. Band alignment between CZTS and CZTSe calculated for both TB-mBJ (dashed-blue) and TB-mBJ+U (black) approximations.  
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complex index of refraction, and the reflectivity [48]. In this section, we shall examine the dielectric function and the absorption 
coefficient and demonstrate their inter relationship with x composition and the band gap energy. A uniform 0.1 eV broadening is used 
for all alloys and a scissors correction shift of 0.429 eV are applied to adjust the inter-band optical transitions in the materials. 

3.4.1. Dielectric functions 
The complex dielectric function is introduced through Maxwell’s equations. The microscopic dielectric function is the basic 

quantity that gives information about the screening of the system in the linear response, and is closely related to the electronic band 
structure of the material [49–51]. The imaginary part of the dielectric function takes the following form 

ε2(ω) =
e2ℏ
πm2ω2

∑

c,v

∫

BZ
|Mcv(k)|2δ[ωcv(k) − ω]d3k (5) 

The dielectric function parts are not independent and the real quantity can be obtained from the imaginary one by means of 
Kramers-Kronig transformation [52]. The general expression of ε1(ω) is given by 

ε1(ω) = 1+
2
π p

∫ ∞

0

ω′ε2(ω′)

ω′2 − ω2 dω
′ (6) 

The light is described by a transverse wave. For the anisotropic media as in tetragonal materials, the optical constants may be 
different for the two polarization directions. 

The real and imaginary parts of dielectric constant depend on polarization of light in the materials. In order to see the degree of the 
anisotropy in our materials, we first considered the spectrum of dielectric function calculated using the TB-mBJ + U + ΔE for the 
parent compounds (CZTS and CZTSe). From figure the materials are anisotropic in this stannite structure, with the dielectric response 
along z being different from that along x axe (x = y axe). The dielectric tensor is sensitive to the plane of incidence. 

This stannite structure showed that both ordinary and extraordinary dielectric functions are not the same. The result indicates that 

Fig. 5. Real and imaginary parts of the frequency dependent dielectric function along xx and zz axis (E┴c* and E//c* polarization) for Cu2ZnSnS4, 
and Cu2ZnSnSe4 compounds. The experimental real and imaginary parts of dielectric function determined by ellipsometry are taken from Shu-yi 
et al. [39]. 
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the materials are positive birefringent. 
From the graphs of Fig. 5, it is clear that both real and imaginary part of dielectric constant increases with increase of photon energy 

and decrease when it reaches the maximum value. As a general comment, the imaginary part of dielectric function appears as 
extremely very slow in the infrared region. In the range of 0–4 eV, we added the experimental real and imaginary parts of ε(ω) of CZTS 
determined by ellipsometry by Shu-yi et al. [39]. In this region, our results present good agreement with experimental observation of 
Shu-yi et al. 

The dielectric function spectrum for all compositions along xx and zz axis (E┴c* and E//c* polarization) is presented in Figs. 6 and 7 
for energies from 0 to 20 eV. A careful look at this figure clearly shows six major critical points CPs denoted as Ej (E0-E5). The critical 
points are the direct band-to-band transition at the points of high symmetry band gap. The first critical point E0 is transition between 
the highest valence band and the lowest conduction bands at Γ (fundamental absorption edge). Our analysis show values of 1.48 eV 
and 1.53 eV, respectively for E0_xx and E0_zz, in agreement with the reported one of 1.6 eV in Ref. [39]. 

From our band structure calculated with TB-mBJ+U we find that the critical point E1 is originates from direct transition from the 
uppermost valence band to the lowest conduction band around the X point of the Brillouin zone. As general comment, it is clear that the 
critical points (CPs) slightly-shift toward higher energy as sulfur content increases. Also, the partial substitution of Se by S leads to a 
decrease of the CPs values. 

In order to obtain analytic static values of ε with x composition, we can fit the calculated values to the quadratic polynomial 
function. The results approximately follow the quadratic equations 

ε1(0)
{
xx = 7.4541 − 1.1169x − 0.2679x2

zz = 8.1845 − 1.2442x − 0.2555x2 (7) 

Fig. 8 shows the S-composition dependences of static dielectric function. 

3.4.2. Absorption coefficient 
The absorption coefficient is the main visualization quantity in materials science, because it allows predicting the usefulness of such 

Fig. 6. Real and imaginary parts of the frequency dependent dielectric function along xx axis (E┴c*) for Cu2ZnSn(SxSe1− x)4. CPs energies are 
showed and denoted as Ej. 
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a material in an optoelectronic application. The absorption coefficient is calculated by the following relationship 

α(ω) = 2ω
c
.k (8)  

Where c is the speed of light in vacuum and k is the imaginary part of the refractive index. 
The optical absorption is generated from the dielectric function. The spectra are presented with an energy shift of 0.429 eV (scissor 

Fig. 7. Real and imaginary parts of the frequency dependent dielectric function along zz axis (E//c* polarization) for Cu2ZnSn(SxSe1− x)4. Critical 
points (CPs) energies are showed and denoted as Ej. 

Fig. 8. Composition dependences of the static real parts of the dielectric function along xx and zz axis. The open square/circle are the calculated 
values and the solid lines are fit by Eq. (7). 
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operator). Fig. 8 displays the absorption coefficient profiles against the incident photon energy for all composition in Cu2ZnSn 
(SxSe1− x)4. As we can see from the figure, the shape of the absorption curves is almost similar, with a slight shift of the main peaks. The 
optical absorption starts with feeble absorption in the visible range (from 680 to 390 nm) and increase to a very intense one at high 
energy in ultra violet region (≤ 380 nm). The fundamental absorption edge and the most intense absorption peak shift towards to high 
energy side with increasing S content in Cu2ZnSn(SxSe1− x)4. From 0.5–3 eV, CZTSe have higher absorption compared with that of 
CZTS. Contrariwise the most intense absorption peak for CZTS is appearing in higher intensity than for CZTSe (Fig. 9). 

4. Conclusion 

The bulk solid solution Cu2ZnSn(SxSe1− x)4 has been studied experimentally by a limited number of researchers [20,21,33]. These 
experiments make it possible to explain the variation of the lattice constants and band gap energy as a function of x composition. The 
purpose of this study is to improve the understanding of the evaluation of these constants as a function of x within the ab-initio method. 
In this study, we continued our work focused on the structural and thermodynamic properties of alloys derived from a mixed sul
fur/selenium [27]. We will focus here not only on the evolution of the energy band gap as a function of the substitution rate but will 
also try to understand the optical quantities in this solid solution. The band gap energy is the minimum energy necessary to elevate an 
electron to the excited state. 

The inspection of the results reveals that the used functional could not exactly reproduce the experimental band gap energy. Beyond 
the error made by the exchange and correlation functional, the static DFT calculations neglect the energetic contributions resulting 
from the movement of atoms. Also, saying that our systems contain elements of 3d based-electrons, we used the TB-mBJ+U 
approximation in order to treat the strong on-site Coulomb interaction of these localized electrons on energy band gap, with an 
additional Hubbard-like U term. As results, even with the addition of U parameter, the TB-mBJ+U band gap is improved compared to 
TB-mBJ, but the correction is not sufficient to obtain the full agreement with the experiment. It is worth noting also that our calcu
lations reproduce qualitatively the T = 0 K electronic and optical properties. Noted, the materials simulated here are perfectly mono- 
crystalline without any structural defects. If we consider all results published previously, it clearly appears that band gap energies 
differ significantly from one study to another. Experimentally, the energy gap is influenced by other parameters such as the 

Fig. 9. The calculated absorption coefficient as a function of x for Cu2ZnSn(SxSe1− x)4 alloys along xx and zz axis.  
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stoichiometry deviation, the cationic disorder on the structure and the annealing effect on the sample, and if the latter is soaked or 
cooled very slowly [18]. The energy band gap appears decisive with regard to the optical properties and therefore requires a fine 
determination in order to be able to define the limits of application of each compound. For a material to be a potential candidate for 
solar cell applications, absorption coefficient must be kept as high as possible. The complex dielectric function (real and imaginary 
parts, ε1 and ε2) for Cu2ZnSn(SxSe1− x)4 obtained from TB-mBJ + U + Δg is presented. 

From the results reported in this work, the substitution of S by Se induces an increase in the energy band gap, and a decrease in the 
absorption coefficient in the visible region of the optical spectrum. 
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