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Abstract

We have studied influence of Cu,ZnSnSe, (CZTSe) and secondary phases of Cu,S and SnS on
optical properties of kesterite-type Cu,ZnSnS, (CZTS) by using the effective medium theory. We found
that CZTSe and Cu,S cause band gap reduction and enhance light absorption of CZTS at all photon
energies of the sunlight whereas SnS changes optical properties of CZTS only at large photon energies
beyond the solar spectrum. Optical spectra of CZTS(Se) has been studied by first principles

calculations within hybrid functional that was used as input for the effective medium theory.
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1. Introduction

Owing to its abundance, non-toxicity, high absorption coefficient of 10%-10° cm™ in the visible
range of the solar spectra, and charge carrier concentration that can be tuned in wide range from
1.2x10" to 3.1x10%® cm™ [1], Cu,ZnSnS, (CZTS) is one of the promising materials in thin film
photovoltaic technology as the light absorber [2] and the Pt-free electrocatalyst in dye-sensitized solar
cells [3-5]. Band gap and optical absorption by CZTS are one of the important parameters strongly
influencing on the cell efficiency. The experimentally determined band gap for the kesterite CZTS
varies between 1.3-1.89 eV [6-8]. Theoretically studies of electronic structure and optical properties of
CZTS (see, e.g., Ref. [9]) within hybrid functional and Becke-Johnson potential shows good agreement
with experimental data. Cu-Zn related intrinsic defect plays critical role in band gap fluctuations and
small open-circuit voltage of the CZTS-based solar cells [10-11]. Possibility of tuning the band gap
between 1.0 and 1.5eV is reported [12] by increasing the S/Se ratio in CZTS. Since CZTS is a
quaternary compound, during thermal processing and synthesis secondary phases might be formed [13]
that play important role in its electrical and optical properties. Some examples are Cu,S and SnS; (see,
e.g., Refs. [6, 14-15]) with band gaps of 1.2-1.8 eV [15] and ~2.2 eV [16], respectively, that can be
formed in CZTS at annealing temperatures T>350 °C. Band gap of SnS is ~1.32 eV [17], so the SnS-
based secondary phases might play important role in electro-optical properties of CZTS. The aim of the
work is to study influence of CZTSe and secondary phases of Cu,S and SnS on optical properties of

CZTS.

2. Methods, choice of materials, and parameter values
Optical properties of the films has been studied by the Bruggeman effective medium

approximation [18], which based on the imaginary &, and real €; parts of the macroscopic dielectric
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function of the host and secondary phase, allows to estimate ¢, and &; for the composite material. The
following assumptions have been adopted: CZTS films contain only one of secondary phase such as
Cu,S or SnS or only CZTSe. In reality, several secondary phases will co-exist in CZTS(Se). However,
that complicates clarification experimentally influence of each secondary phase individually on optical
properties of CZTS(Se) as to which of them will enhance/worsen light absorption of CZTS(Se) in the
visible spectra. As demonstrated in the paper, effective medium theory can be the efficient tool to solve
the problem. Shape of the secondary phases is accepted as spherical. The reason for selection of the
Cu,S and SnS secondary phases is because their band gaps are in the 1.1-1.5 eV range. So, their
influence on optical properties of CZTS might be important. Spectral distribution of &, and ¢; that is
used in this work as input is estimated by ab initio calculations within hybrid functional and taken from
the Ref. [19] for for CZTS(Se) Ref. [20] for Cu,S and Ref. [21] for SnS.

Vienna ab initio simulation package (VASP) [22-24] has been used for the first principles
calculations together with the potential projector augmented-wave (PAW) method [25-27]. Exchange
and correlation effects have been described by the Perdew-Burke-Ernzerhoff (PBE) [28] of generalized
gradient approximation (GGA) as well as HSEO06 hybrid functional containing a modified portion of
the Fock exchange. PAW-PBE pseudopotentials were employed to describe the Cu(4s*3d'9),
Zn(3d™ 4s?), Sn(4d™5s%5p?), S(3s3p*), and Se (3d*°4s?4p*) valence states. Hybrid functional was
performed as the proposed by Heyd-Scuseria-Ernzerhof (HSE) [29-30] with the standard value of the
Hartree-Fock exchange (25%) and a portion of PBE exchange (75%). The screening parameter of 0.25
A has been used. Structural optimization was performed with k-mesh 8x8x8, plane-wave cut-off
energy 600 eV, and energy error 10®eV. The residual forces and pressure are less than 10 eV//A and

0.06 kB, respectively.



3. Results

Figures 1 (a) and (b) present imaginary part of the macroscopic dielectric function and
absorption coefficient for the alloy CZTS;.4Sex, where x=S/(S+Se), for x=0.00, 0.25, 0.50, 0.75, and
1.00 by using the optical data for CZTS and CZTSe from Ref. [19] as input. One can see shift of the
main peaks of ¢, for CZTS toward smaller energies with increasing the Se concentration and approach
that of CZTSe. Figure 1(c) and (d) shows the Tauc plot that has been used for estimation of the band
gap and its dependence on x. Analysis shows that the dependence of E4 on X is non-monotonic. With
increasing x, Ey decreases at smaller x and increases at larger x. This result is consistent with that of
Ref. [31], reporting non-monotonic dependence of E4 on x.

Estimation of &, and & for CZTS and CZTSe has been performed by first-principles
calculations within the hybrid functional that have been used as input for calculation of optical
properties of CZTS,Se;«. Band gap has been estimated from Tauc plot and dependence of it has been
plotted as a function of the fill factor x of CZTS by CZTSe [Fig. 1 (d)]. Analysis shows that the
calculated band gap somehow differs from experimental data. The discrepancy is expected, because of
the difficulty to control phase purity, lattice disorder, and defect concentration in CZTS. Furthermore,
the hybrid functional calculates the band gap within certain accuracy. Analysis of Fig. 1(d) shows that
the dependence of the band gap for the CZTS,Se;.x on fill factor x estimated from the first principles
calculations provides the same tendency as that found experimentally.

Figure 2 (a)-(c) presents imaginary part of the macroscopic dielectric function, absorption
coefficient, and Tauc plot for CZTS with different amount of SnS phases. Analysis shows that the
influence of SnS phases will cause band gap engineering and influences on optical properties of CZTS.
However, the influence is sensible only at larger photon energies beyond the solar spectrum exceeding

~3.5 eV. According to Tauc plot, the band gap of CZTS is slightly reduced by the SnS phases.
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Figure 1. (a) imaginary part of the dielectric response, (b) absorption coefficient, and (c) Tauc plot for
CZTS,4Sex for x=0, 0.25, 0.5, 0.75, and 1.0. (c) Dependence of the band gap of the CZTS;Sex

calculated for different values of concentration of Se.

Figure 3(a)-(c) shows the imaginary part of the macroscopic dielectric function, absorption
coefficient, and Tauc plot for CZTS containing secondary phases of Cu,S. Analysis shows that the
Cu,S phase improves absorption of sunlight by CZTS at all photon energies of the sunlight and the
improvement is enhanced with increasing the content of Cu,S. Furthermore, the band gap of CZTS is
reduced by the Cu,S phases. The influence of the secondary phase is very strong even though for its

small concentration. This phenomenon can be explained with large values of permittivity for Cu,S.
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Figure 2. (a)lmaginary part of the macroscopic dielectric function, (b) absorption coefficient and (c)

Tauc plot for CZTS with different concentration of SnS secondary phases.
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Figure 3. Spectral distribution of (a) macroscopic dielectric function, (b) absorption coefficient and (c)

Tauc plot for CZTS different concentrations of secondary phases of Cu,S.

Conclusion

By using the effective mass theory, we have studied influence of CZTSe and secondary phases
of SnS and Cu,S on optical properties of CZTS. We found that CZTSe and Cu,S cause band gap
reduction of and enhance light absorption by CZTS at all photon energies of the sunlight whereas SnS

changes optical properties of CZTS only at large photon energies beyond the solar spectrum. Electronic



structure and optical properties of CZTS(Se) has been studied by first principles calculations within
hybrid functional. The discrepancy between the calculated and experimental band gaps can be because
of phase purity, lattice disorder, intrinsic defect concentration of CZTS(Se) as well as accuracy of the
computations.
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