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The electronic structures and optical properties of CuyZnSnS4 (CZTS) under in-plane biaxial strain were
systematically investigated using first-principles calculations based on generalized gradient approximation
and hybrid functional method, respectively. It is found that the fundamental bandgap at the I point
decreases linearly with increasing tensile biaxial strain perpendicular to c-axis. However, a bandgap
maximum occurs as the compressive biaxial strain is 1.5%. Further increase of compressive strain

decreases the bandgap. In addition, the optical properties of CZTS under biaxial strain are also calculated,
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and the variation trend of optical bandgap with biaxial strain is consistent with the fundamental bandgap.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The quaternary semiconductor, CuZnSnS4 (CZTS), has attracted
considerable attention for its potential applications in photo-
voltaic devices [1-3]. The CZTS is one of the promising absorp-
tion layer materials in thin film solar cells due to its suitable
bandgap (~ 1.5 eV) [4], high absorption coefficient (10* cm~1) [5],
containing earth-abundant elements and low costs [6]. Recent
years, extensive researches on CZTS have been made experimen-
tally and theoretically. Todorov et al. reported that they produced
CuyZnSn(S, Se)4-based solar cell with a power conversion efficiency
of 11.1% [7], which is a new efficient record so far. However, it still
has a long way to reach the theoretical limit of more than 30% [8].
In order to further improve the device performance, it is crucial
to understand more about the physical properties and underlying
mechanism of CZTS material as a solar cell absorber layer.
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Some effects induced by strain have been intensely investigated
over the past ten years, such as GaN-based [9,10] and ZnO-based
materials [11-13], revealing that the residual strains had definitely
influence on electronic and optical properties. As a potential and
promising thin-film solar cell material, the CZTS films are usually
heteroepitaxially grown on glass substrates with Mo or CdS lay-
ers. It is inevitable that stress (or strain) appears in the films for
heteroepitaxially growth process due to lattice mismatch and ther-
mal expansion coefficient difference between the substrate and the
film. It is known that the biaxial stress or strain generally plays
an important role on crystal quality, physical properties and elec-
tronic structures of photoelectronic materials, especially based on
thin film. In case of solar cell, the open circuit voltage, which is
a key parameter to determine the energy conversion efficiency,
is generally influenced by bandgap of thin film [14]. Therefore,
it is significant to study the influence of biaxial strains on the
electronic structure, crystal quality and device performance of the
CZTS. However, up to now, experimental and theoretical studies of
biaxial strains in CZTS have not been reported.

In this work, we carried out first-principles calculations on elec-
tronic structures and optical properties of CZTS under in-plane bi-
axial strains. Biaxial strain-dependent bandgap, splitting of crystal
field energy, optical properties of CZTS are systematically investi-
gated.
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2. Methods

The first-principles calculations in this work were performed
with a plane-wave pseudopotential method. The crystalline struc-
ture of CZTS was optimized by the CASTEP code [15], in which the
total energy is minimized from all atomic configurations. In the
optimization process, we used generalized gradient approximation
(GGA) in the scheme of Perdew-Burke-Eruzerhof (PBE) to describe
the exchange and correlation functional. Vanderbilt-type ultrasoft
pseudopotential [16], which allows calculations to be performed
with the lowest possible cutoff energy for the plane-wave basis set,
is used to describe the electron-ion interactions. It is well known
that the fundamental bandgap in semiconductors and insulators is
largely underestimated in GGA calculations, and this problem has
been overcome by hybrid functional within the B3LYP scheme [17],
in which the nonlocal Hartree-Fock approach is mixed into the
energy functional of the GGA. This functional has been shown to
reproduce observed bandgaps reliably in a wide variety of materi-
als [18]. Thus in the electronic and optical properties calculations,
we applied GGA as well as hybrid functional. The Cu 3d'%4s!,
Zn 3d'%4s2, Sn 5s25p2 and S 3s23p* with core electrons, were
treated as valence electrons in the calculation. The valence elec-
tron wave functions were expanded in a plane-wave basis set up
to a kinetic energy cutoff of 310 eV. This converges total energy
differences to less than 1 x 10~% eV/atom. For k-points sampling,
a 3 x 3 x 1 Monkhorst-Pack mesh in the Brillouin zone was used.
In the hybrid calculation, norm-conserving pseudopotential was
used, and the cutoff energy was set to 800 eV.

The structure of the kesterite CZTS (space group I-4) is quater-
nary with 16 atoms in conventional unit cell with two lattice con-
stants a and c. The experimental lattice constants, a = 0.5428 nm
and ¢ = 1.0864 nm [19], were used to construct initial primi-
tive cell for CZTS. The optimized structural parameters are a =
0.5488 nm and ¢ = 1.0953 nm, with errors of ~ 1% with respect
to experiment. The calculated lattice constants are also consistent
with the ones calculated by others [20-22]. The definition of the
strains paralleled to a- and c-axis can be found in Ref. [10]:

a—ap
£11 =6 = , (1a)
ao

C—Co
£33 = , (1b)
Co

where ag(a) and co(c) denote the lattice constants of the un-
strained (strained) crystal, and €11 <0 (11 > 0) represents layers
under compressive (tensile) in-plane strain. In the limit of small
deviations from the equilibrium, Hook’s law can be expressed as
the following matrix form:

(0ij) = (Cip)(&ij),

where ojj, &jj and Cj; are the elements of stress tensor, strain
tensor, and elastic constants, respectively. Their main diagonal el-
ements oj; and &;; (i = j) are the normal stress and strain. The
nondiagonal elements oj; and &;; (i # j) can be zero by choosing
appropriated coordinate frame. Only six of the nine elements Cj;
are independent due to the symmetry of kesterite CZTS and they
dare C]], C12, C13, C33, C44 and Css.

For an isotropic biaxial stress o011 = 022 perpendicular to the
c-axis, and the forces along the c-axis, o33 = 0, the biaxial re-
laxation coefficient R® is defined as R® = —g33/1;. Moreover
the relation between RE and the stiffness constant Cj; is given
by RP = 2C;3/C33 which means that the tensile biaxial strain
in the ab plane results in compressive uniaxial strain along the
c-axis [23]. In order to determine the biaxial relaxation coefficient
RB, we choose the lattice constant a close to the equilibrium one

i,j,k=1,2,3, (2)
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Fig. 1. The c-axis strain as a function of in-plane biaxial strain.

Table 1
Calculated elastic constant Cjj, bulk modulus B, Poisson ratio v and Young modu-
lus E. Except unitless Poisson ratio, all remaining elastic properties are in GPa.

Cn Ci2 Ci3 Cs3 Caq Ces B v E
80.77 4425 45.01 76.95 42.08 44.29 56.31 0.33 48.52

and, in each case, minimize the total energy of the system with re-
spect to the second lattice constant ¢ to obtain the relaxed value
of c.

3. Results and discussion
3.1. Crystalline structure under biaxial strain and elastic constants

Fig. 1 shows the dependence of biaxial in-plane strain on c-axis
strain of kesterite CZTS. As expected, the increases of in-plane ten-
sile strain results in the decrease of the c-axis lattice constant due
to Poisson effect. We obtained a slope of —1.23 by linearly fit-
ting the data, suggesting R® = —g33/e1; = 1.23. For comparison,
we also performed the calculations of elastic constants, as listed
in Table 1. The elastic constant ratio of 2Cy3/C33 is 1.17, which
is in good accordance with the previous report [24] and close to
—&£33/€611 = 1.23.

3.2. Electronic structures under biaxial strain

The calculated bandgap (Eg) versus biaxial strains are shown
in Fig. 2. The unstrained bandgap calculated by PBE is 0.03 eV,
which is consistent with the previous results from LDA [22] or
GGA [25] calculations. This value will decrease lineally with the
increase of tensile strains. When the tensile strain reaches +1%,
the fundamental gap is close to zero. We have to point that this
value obviously deviates from the experimental results. As men-
tioned above, the deviation attributes to natural defects of PBE
exchange correlation functional in calculating excitation states en-
ergies. Hybrid functional method such as B3LYP which is able to
predict bandgaps in good agreement with experiment for a wide
range of materials [18] is used to reproduce the bandgap. Calcu-
lations using B3LYP converge to results around 1.388 eV for the
strain-free structure, which is comparable to the theoretical and
experimental values [4,21,26]. Although PBE and B3LYP functional
have obtained disparate results, the bandgaps show a similar vari-
ation tendency with various biaxial strains. The bandgap decreases
linearly with the increase of tensile strain. However, it is noted
that there exists a bandgap maximum as the compressive strain
is —1.5%. The bandgap increases with the increase of compres-
sive biaxial strain for £11 > —1.5%, but decreases for £11 < —1.5%.
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Fig. 2. The energy gap at I' point of CZTS as the function of the in-plane biaxial
strain from (a) PBE and (b) B3LYP results, respectively.

The band structures of kesterite CZTS are plotted at strains of +1%
and —1.5% in Fig. 3. To illustrate the strain effect, the unstrained
one (solid line) is also presented. Both the VBM and the CBM oc-
cur at the I' point k = 0 indicating that CZTS is a direct bandgap
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semiconductor. It is observed that for the compressed CZTS, the in-
creased overlap between the orbital in the biaxial plane led to an
overall broadening of the conduction and valence bands. On the
contrary, the tensile strains resulting in the narrowing between
the conduction bands and valence bands. For both computational
schemes, the band topology is very similar as far as the conduction
band is concerned, since B3LYP essentially shifts the conduction
bands to higher energies. Furthermore, the top of the VB is split by
the crystal field and the spin-orbit interaction [4]. At the VBM the
tetrahedral crystal field split-off A.s > 0 denotes as the case when
the double degenerate VB is energetically higher than the single
degenerate band. In our calculation, the split energy of unstrained
CZTS is a small and negative value (—62 meV), in agreement with
Persson (—33 meV) [4] and Chen et al. (—65 meV) [27]. As shown
in Fig. 4, with the increasing of compressive strain, the crystal
split energy increases from negative to positive at —1.5% strains,
where the topmost of valence band is rearranged. The rearrange-
ment of valence might cause the emergence of bandgap maximum.
We note that our calculation has overestimated the Ay, it might
be because of the underestimate of the fundamental gap increases
the repulsive coupling between the valence and conduction band
states at I" point. As spin-orbit coupling and spin degrees of free-
dom are neglected in our calculation, therefore we could not see
the removal of the double degenerated states.

3.3. Optical properties under biaxial strain

The optical properties of matters can be described by means of
the transverse dielectric function &(w) = &1 (w) +iez(w). The imag-
inary part &;(w) could be calculated from the momentum matrix
elements between the occupied and unoccupied wave functions
within the selection rules, and the real part €1(w) can be eval-
uated from imaginary part €;(w) by Kramers-Kronig relationship.
All the other optical constants, such as reflectivity R(w), absorption
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Fig. 3. Band structures of CZTS under biaxial strains of (a), (c) —1.5% and (b), (d) +1% with respect to the unstrained one. The solid lines in all figures present the unstrained
results. (a) and (b) are calculated using PBE functional, whereas (c) and (d) are calculated using B3LYP functional.
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Fig. 4. The crystal field splitting energy as a function of in-plane biaxial strains.

coefficient «(w), refractive index n(w), and energy-loss spectrum
L(w) can be derived from &1(w) and &3 (w) [28].

Fig. 5 shows the real and imaginary part of the dielectric func-
tion of strained CZTS with the polarization perpendicular and par-
allel to the c-axis, compared with the unstrained CZTS using PBE
and B3LYP functional, respectively. The dielectric functions cal-
culated using B3LYP functional shows significant shift to higher
energy with respect to the ones using PBE functional, which is con-
sistent with the calculated bandgap. The imaginary part £;(w) cal-
culated by B3LYP functional displays a peak in the photon energy
around 3 eV, which is in good agreement with the experimental
report in the visible spectral range [29]. Meanwhile, it is also found
that biaxial compressive strain pushes the high energy peaks to
higher energy. This is because the electronic orbital hybridization,
band splitting, and atom interaction are strongly affected by the

2401
Table 2
The static dielectric constant in the transverse and longitudinal directions.
PBE B3LYP
e11 (%) -15 0 +1 -15 0 +1
711 719 735 3.84 3.90 3.98
6.72 6.55 6.49 3.78 3.67 3.64

strain, which results in the modification of electronic band struc-
tures. The results for the dispersive part of the dielectric function
£1(w) of the CZTS polycrystalline are also given in Fig. 5. The main
features of the real part using B3LYP functional in our calculated
unstrained CZTS are: (i) a peak located at around 2 eV and an-
other two lower peaks located at about 4.7 and 7.4 eV; (ii) a rather
steep decrease between 4.7 and 9 eV, inside of which &1(w) de-
creases towards zero then becomes negative and finally reaches a
minimum; and (iii) again a slow increase towards zero at higher
energies. Strains have different effects on static dielectric constant,
which could be estimated form the real part of the dielectric func-
tion &1 for w — 0, dependent on the polarization direction. In the
transverse (L, perpendicular to the c-axis) directions, static di-
electric constant ¢+ increases with decreasing biaxial compressive
strain and with increasing biaxial tensile strain whereas the op-
posite holds for ¢!l (parallel to the c-axis). All the static dielectric
constants are listed in Table 2.

Absorption coefficient is one of the most important parameters
for absorber layer materials in their photovoltaic applications. The
absorption coefficient, as shown in Fig. 6, obtained directly from
the dielectric function [28], presents the linear optical response of
kesterite CZTS from the VBs to the lowest CBs. The order of mag-
nitude is about 10* cm~"! in the visible light region, which is in
agreement with other reports [25,30]. The large value of the ab-
sorption coefficient is an advantage for the band-edge absorption
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Fig. 5. Real and imaginary parts of dielectric function of the kesterite CZTS. (a), (b) are calculated with PBE functional and (c), (d) are calculated with B3LYP functional. Dash,
dot and solid lines represent —1.5%, +1% biaxial strain and unstrained results, respectively.
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Fig. 6. Calculated absorption coefficient of the kesterite CZTS using (a) PBE and
(b) B3LYP functional. Dash, dot and solid lines represent —1.5%, +1% biaxial strain
and unstrained results, respectively.

efficiency in CZTS-based solar cells. It indicates that the value in-
creases corresponding to increasing the strain from —1.5% to +1%
at the photon energy of 2.5 eV. The phenomena could be attributed
to the decrease of the electronic transition energy with the strain,
which results in more photons being absorbed.

4. Summary

In conclusion, the electronic and optical properties of thin CZTS
under various in-plane biaxial strains were investigated by first-
principles calculations in details. The fundamental bandgap of CZTS
does not monotonously change with biaxial strain. There exists a
maximum as compressive biaxial strain is 1.5%. The change trend
of optical bandgap is consistent with fundamental bandgap under
biaxial strain.
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