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Abstract: In this work, we have studied the geometric structure and electronic and optical properties
of Cu2ZnSn(Si1-xSex)s nanocrystals where x = 0, 0.25, 0.50, 0.75, 1.00 by the quantum-chemical
calculations within the framework of DFT. For the electronic and optical properties calculations, the
effective XC functional and the TB-mBJ potential were used. The calculated structural characteristics
show that the volume of these systems increases with increasing the Se concentration. The electronic
properties of the Se-doped kesterite Cu2ZnSnS, show that the bandgap tends to decrease. It was found
that the Se-doped material has noticeably increased its absorption capacity. Hence, the efficiency of the
Cu2ZnSnS, in the IR region of radiation improves. The effective reduction bandgap from 1.455 eV to
0.94 eV is observed, which is in good agreement with known experimental data for the pure and
undoped systems Cu,ZnSnSs; and Cu,ZnSnSes. The calculated band gap is 1.346 eV for the
Cu2ZnSnSsSe system, which is comparable with the optimal bandgap of semiconductors used in
photovoltaic applications. It was found that with the increase of the Se concentration, the absorption
coefficient increases, thereby resulting in the materials' reflectivity decrease. The calculated
optoelectronic parameters and the density of electronic states indicate that the Cu2ZnSnS,:Se system
possesses a favorable property, suitable for applications in solar cells technology.

Keywords: solar energy materials; CZTSSe; bandgap; electronic structure; density functional theory; modified
Becke-Johnson potential.
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1. Introduction

It is known that solar energy is a rich resource and does not produce harmful emissions.
Therefore, research into highly efficient, cheap, and efficient solar panels is becoming more
serious. In recent years, silicon-based solar cells found mass production and industrialization
and photoelectric conversion efficiency on their basis, reached 21.4%, which is a record among
comparable products of all solar cells [1]. However, the high price and significant
contamination of raw materials based on silicon was the largest obstacle limiting its further
development. Known as one of the most promising and flexible means for renewable energy
science, thin-film solar cells have generated tremendous research interest among scientists to
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develop them with highly efficient absorbers for use in solar energy. In recent years,
Cu2ZnSnSs (CZTS) thin films have attracted more and more attention as an abundance, non-
toxic, cheap, and perspective material for light-absorbing layers of third-generation solar cells
[2-5]. The compound Cu2ZnSnSs has p-type conductivity and a high absorption coefficient
about 10* cm™ in the visible region of the spectrum; the bandgap of 1.5 eV is close to the
optimal value for photoelectric conversion of sunlight (1.35 eV) and, unlike CulnyGai-x(S,Se)
(CIGSe), it contains only inexpensive earth-rich ingredients. Moreover, the bandgap of the
CZTSSe absorber can be adjusted by changing the S/(S+Se) ratio from ~ 1.0 eV Cu2ZnSnSes
(CZTSe) to ~ 1.5 eV Cu2ZnSnSs (CZTS). On the other hand, a change in the content of S/Se
not only causes a change in the bandgap but also changes the electron affinity (), absorption
coefficient, and series resistance.

The record of efficiency for solar cells based on CZTS is 11 % [6], and for cells based
on CZTSSe - 19.06 % [7], although the theoretical efficiency for these materials reaches 32%
in accordance with the Shockley-Keisser limit. Improving the characteristics of CZTS solar
cells can be realized by including and introducing foreign ions with different radii inside the
cell matrix of these materials.

In this work, the geometric structures and electronic and optical properties of the Se-
doped Cu2ZnSnSs were investigated by ab initio (first principles) calculations within the
framework of DFT.

2. Computation Methods

The geometric structure of the kesterite Cu.ZnSnSs was calculated within the
framework of DFT using the augmented wave package WIEN2k [8]. Geometry relaxation is
carried out according to the shape of the volume and all positions of atoms in the supercell.
The exchange-correlation energy of electrons during geometric optimization was taken into
account using GGA [9]. A 2 x 2 x 1 k-point mesh was selected in the Brillouin zone according
to Monkhorst—Pack (MP) scheme [10].

Optoelectronic properties calculations for Se-doped Cu.ZnSnS,; after geometry
optimization were implemented in the WIEN2k program, where the TB-mBJ [11]
approximation was used to estimate the electron-electron correlation effect. It has been shown
in many works that the mBJ gives an accurate and experimentally comparable estimate of the
bandgap [12-17] in comparison with known approximations, such as the GGA. The procedure
for calculating the electron correlation energy from mBJ is shown in [18, 19]. The plane wave
cutoff Kmax, was chosen to be 6.0 Ry1/2. The k-point mesh was 2 x 2 x 1 for all quantum
chemical calculations using the MP scheme. The Kohn-Sham equations were solved by the
LAPW's method. When calculating the electronic and optical properties of nanocrystals of the
Cu2ZnSn(S1-xSex)s family (x = 0.00, 0.25, 0.50, 0.75, and 1.00), the radii of the muffin-tin
sphere were 2.31, 2.39, 2.5, 1.96 and 2.2 a.u. for Cu, Zn, Sn, S, and Se, respectively.

3. Results and Discussion

The geometric structure of Cu2ZnSn(S1-xSex)s system was studied in the framework of
the DFT-WIEN2k. Geometry optimization was carried out due to the relaxation of all positions
of atoms in the cell and the shape of the cell, which is inevitable for describing the structural
behavior of materials. Murnaghan's equation of state is used to calculate volume moduli and
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lattice constants. The optimized structural parameters of Se-doped Cu2ZnSnSs (Cu2ZnSn(Si-
xSex)s family) are summarized in Table 1.

Table 1. Comparison of our theoretical results with experimental ones (XRD, DP, and HR-TEM methods from
literature) for Cu,ZnSn(S1-xSex)s system depending on the ratio of S/Se

Lattice parameters Errorin
CUZZQSSI"It(eSnl]-xSEX)4 a=bc A VA3 volume, %
y This work Experiment This work Experiment 0.69
5.41,10.88 [20] 320.50 [20] 031
x=0 (Cu2ZnSnSa) 5.47,10.72 5.46, 10.90 [20] 322.72 323.75 [20] 0.32
5.44,10.87[21] 321.68 [21]
x=0.25 (Cu2ZnSnSsSe) 5.56, 10.78 - 333.77 - -
x=0.5 (Cu2ZnSnS,Se7) 5.63, 10.88 - 345.21 - -
x=0.75 (Cu2ZnSnSSes) 5.75,11.01 - 364.24 - -
5.70, 11.43[21] 370.38 [21] 0.78
x=1 (Cuz2ZnSnSes) 5.75,11.08 5.70, 11.38 [22] 367.49 369.73[22] 0.60
5.69,11.32 [23] 366.49 [23] 0.27

Experimental lattice parameters for pure kesterites (i.e., Cu2ZnSnSsand CuxZnSnSes),
were quantitatively well reproduced by current calculations (Table 1) within the typical GGA
errors, which confirms the correctness of the problem statement, as well as the accuracy and
correctness of our further calculations. However, there are no published data comparing the
geometric parameters of mixed materials (Cu2ZnSnSzSe, Cu2ZnSnS;Sez, Cu2ZnSnSSes) with
experimental data; the results obtained in this work can become the basis for further
experimental studies and the synthesis of Cu>ZnSn(S1-xSex)4 solid solutions.

Figures 1 (a, b) show the graphs of the concentration dependence of the change in the
constant lattice parameters and the volume of nanocrystals CuZnSn(Si1.xSex)s system for
different ratios of S/Se.
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Figures 1. Calculated (a) lattice parameters and (b) volume nanocrystals as a function of Se
concentration for CuzZnSn(S1.xSex)s system.

Since the ionic radius of the Se is greater than that of S, the calculated cell volume, as
shown in Figure 1(b), increases linearly (according to the law V=11.3x+311.39) with
increasing Se concentration, which suggests that the volume change obeys Vegard's law.

According to the results of our quantum chemical calculations, for some mixed
kesterites, there is a distortion of the structure and a change in the interplanar spacing (Figure
2 (b, d)) depending on the Se concentration, which is well observed from the displacements
and shifts of the peaks of the diffraction patterns shown in Figure 2 (h). For comparison with
experimental observations, we have modeled theoretical X-ray diffraction patterns of all
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studied systems. As shown in Figure 2 (i), the X-ray diffraction pattern for pure Cu>ZnSnSs is
in very good agreement with experimental observations [24, 25].

According to calculations, the distance between Cu and S is 2.301-2.312 A; the S-Zn
bond lengths are approximately distributed in the range 2.367-2.384 A; S-Sn bond lengths were
calculated and refined in the range of 2.469-2.485 A. This particular structural property leads
to the centers of positive and negative charges in every tetrahedron not coinciding. X-ray
powder diffraction patterns were obtained from an optimized geometry using the VESTA
software with CuKa radiation (A = 1.54 A).

O L (h) — Cu,ZnSnS,,

L9 XK — Cu,ZnSnS ;Se
\.f\‘li o Mo | — CupZnSnS ;Se, §

R e — Cu,Z08nSSe,
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Figure 2. Models of crystal structures (a-e) and X-ray diffraction patterns (h,i) for the Cu,ZnSn(SixSex)4
system. Crystal lattice structures: (a) Cu,ZnSnSa, (b) CuaZnSnSsSe, () CuZnSnS;Sey, (d) CupZnSnSSes, (e)
Cu,ZnSnSes and (f,g) diagrams interplanar spacing in the Cu,ZnSnSs.«Sex system

The calculated TDOS of the structurally optimized models of Se - doped Cu2ZnSnSs
described above is shown in Figure 3. The dotted lines show the position of the Fermi level.
As can be seen from Figure 3, with an increase in the selenium concentration, the energy gap
(energy shelf, band gap) decreases. For some critical concentrations, for example, for 0.25 and
0.75 at% Se (Cu2ZnSnSsSe and Cu2ZnSnSSes), new energy states appear inside the bandgap
(shown by the arrow in Figure 3), which allow electrons to easily pass from the valence band
to the conduction band under the action of low-energy (long-wave) photons supplied. On the
other hand, these systems show a sharp increase in the density of electronic states in atomic
orbitals (shown by pink and gray lines in Figure 3).

The celculated band gaps of these materials are summarized in Table 2. In the literature,
it is reported that, depending on the electron density function and the choice of the exchange-
correlation potential, the results of calculations of a number of physicochemical parameters of
condensed matter exactly coincide with the experimental data [26] and, accordingly, the values
of the bandgap calculated by us for kesterite within the mBJ framework are in good agreement
with the data from experimental measurements (Table 2).
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Figure 3. Total density of electronic states (TDOS) for Cu,ZnSn(S1xSex)s system, where 0 <x < 1.

Table 2. Comparison of calculation bandgap with experimental ones for Cu2ZnSn(S1.xSex)s system,

where 0 <x < 1.
Cu2ZnSn(S1-xSex)s Bandgap, eV
system This work Experiment
(mBJ)

Cu2ZnSnSs 1.455 1.48 [27], 1.48 [28], 1.45-1.6 [29],1.5 [30], 1.5 [31]
Cu2ZnSnSsSe 1.346 -

Cu2ZnSnS;Se; 1.229 -

Cu2ZnSnSSes 1.102 —

Cu2ZnSnSes 0.94 1.00 [31], 0.96 [32], 0.95[33]

The calculated band gaps are plotted in Figure 4, which suggests that the bandgap
decreases linearly with increasing Se concentration x in Cu2ZnSn(S1-xSex)s system.
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Figure 4. Change in the calculated bandgap depending on the Se concentration for Cu,ZnSn(S1.xSex)s System.
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The least-squares fitting to the calculated band gap shown by the solid line in Figure 4,
is expressed by the following empirical formula: Egg =-0.1274x + 1.5966, from which one can
estimate the bandgap value in Se - doped Cu2ZnSnS,4 for any Se concentration.

Then the optical properties were calculated using the optic code implemented in the
WIEN2K package in the form of the absorption coefficient, reflection spectra, and optical
conductivity depending on the photon energy and their wavelength. Figures 5 (a, b) show the
absorption coefficients depending on the photon energy and their wavelength, respectively, for
the entire family of the systems under study. It can be seen that with an increase in Se
concentration, the absorption capacity of the materials under study increases. Actually, at the
edge of the IR region and the beginning of the visible region of radiation, a sharp increase in
the absorption coefficient is observed for some concentrations of doping with Se (indicated by
an arrow in Figure 5 (a)), that either it is due to an error in our calculations, or it depends on
the quantum nature of these systems. These are precisely those mixed kesterites in the inner
bandgap of which new defect energy states have appeared due to Se atoms. However, when
exposed to longer wavelengths, pure Cu2ZnSnSes exhibits a higher absorption capacity (Figure

5 (b)).

T T T I I | I I T T T T T
3 7 €V e CuyZnSnS,
CuyZnSnS;Se 7

- = Cu;ZnSnS,Se,
£ = e 11y ZnSnS Se5 (b)
:) ! « = Cu;ZnSnSe,
it )
i . 21+
£ ®
S — CuyZnSnS, 8
; — CuyZnSnS;Se 7| S

—— CuyZnSnSySe; | 8

— CuyZnSnSSe; {1 <

—— Cu,ZnSnSe;

1 | | | | | L |
2 3 4 5 6 7T 8 9 10 200 400 600 800 1000
Photon energy (hv), eV Wavelength, nm

Figure 5. (a, b). Calculated absorption coefficients depending on the photon energy and their
wavelength of CuxZnSn(S1.xSex)a.

Finally, the calculated light reflectance spectra R (®) for IR radiation and low-energy
visible rays are shown in Figure 6 for all materials we studied. The obtained reflection spectra
of pure kesterite (Cu2ZnSnSs) are highly accurate with the new literature data [34-39].

According to the results, with an increase in the Se content in the system, the reflection
coefficient tends to decrease (Figure 6), which is also confirmed by an increase in the
absorption coefficients of the materials under study. It is seen that the Cu2ZnSnSes system has
the lowest reflection in the visible and IR regions [40-45]. However, for some mixed kesterites,
for example, Cu2ZnSnSSes, at the edge of the IR range, lower reflections are observed than for
pure Cu2ZnSnSes.

As a result of the analysis of the optical properties, the absorption edge shifts toward
lower energies as the Se concentration increases; as expected due to the change in the bandgap,
all of these materials seem to be suitable for the photovoltaic applications [46].
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Figure 6. Reflectivity as a function of Se concentration for Cu,ZnSnSsxSex (0 < x < 4).

4. Conclusions

This work investigated the geometric structure and electronic and optical properties for
Se - doped Cu2ZnSnSs with a perovskite structure by first-principles calculations using DFT.
Electronic and optical studies have shown that doping with Se can leads to an increase and an
optimization of the bandgap value. The calculated optical properties strongly indicate
absorption in the visible and infrared regions. Based on the above characteristics, it can be
concluded that these materials may be suitable for use as optical materials of interest. The
studied new mixed kesterite can prove the search criteria for candidate materials favorable for
the photovoltaic design. It should be noted that such materials will have several important
advantages, i.e., lower toxicity, structural stability, favorable optical characteristics, etc., which
makes them attractive materials for photovoltaic devices and solar cell batteries.
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