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ABSTRACT: Detailed first-principles calculations of the structural, electronic, and optical properties of solid solutions of the
promising solar cell material CuAl(S,_,Se,), over the whole range of Se concentration from x = 0 to x = 1 were performed. It was
established that the calculated lattice parameters, band gap, and anisotropic refractive indices vary linearly with the Se
concentration. The obtained linear dependences allow for reliable estimations of all these quantities for any value of x, which
determines the solid solution composition. The calculated results were compared with the experimental data available for x = 0,
0.5, and 1.0; very good agreement was demonstrated, which gives confidence in the properties calculated for other Se
concentrations (x = 0.25, 0.75). The findings from the present paper can be used in a straightforward way for the successful
production of CuAl(S,_,Se,), mixed compounds with desired optoelectronic parameters, which are defined by the composition-
tuned mobility of the charge carriers in the upper valence band and the conduction band. Extension of the presented approach to

other materials is also possible.

1. INTRODUCTION

Conversion of the energy of the sun into electricity by using
solar cells offers a unique opportunity for the ecologically
friendly production of electrical energy. Various materials, both
organic and inorganic, have been successfully tested for such
photovoltaic applications. As a result, remarkable progress in
this field has been achieved,' ™ and the search for new materials
with improved performance is never stopped.

The I-III-VI, ternary semiconductors with the chalcopyrite
structure (e.g, CuGa$S,, CulnS,, etc.)>® have been shown to be
very suitable materials for solar panels, since they can be grown
as thin films,”~"" which efficiently increases the surface exposed
to sunlight. Moreover, the Cu(In,Ga)(Se,S), (CIGS)-based
solar elements already challenge the dominance of traditional
silicon solar panels."> The band structure parameters of these
materials are influenced by intrinsic defects that form additional
trapping levels within the host’s band gap. Such defects can
significantly change the optical properties of a material,
considerably enhancing its optical absorption, and therefore,

-4 ACS Publications  © 2014 American Chemical Society

2645

they play a principal role in optoelectronic and photovoltaic
applications. The complex approach, which includes theoretical
analysis based on density functional theory (DFT) methods
supported by optical experimental studies of the absorption
near the band-gap spectral range," is a very powerful tool for
predicting the optotlectronic features of materials used for solar
panels.

The presence of copper ions in these compounds is a factor
that favors d—p charge transfer;'* they produce an additional
contribution to the optical absorption as was shown earlier."®
Other favorable features of these compounds are their direct
band gaps and high absorption coeflicients, which allow for a
considerable reduction of the film thickness (down to 1—3 ym)
compared with traditional silicon thin films, which have
thicknesses of about several hundred micrometers.'®
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To date, ab initio calculations of the properties of
chalcopyrite semiconductors have mainly focused on pure
compounds from this group,’’ ™" and only a limited number of
theoretical works related to doped and/or mixed chalcopyrites
can be found.

Modification of the composition of these chalcopyrites
through doping with various elements (C, Si, Ge, Sn, or d
metals) has been suggested.*”*> Such doping results in the
formation of additional energetic states of impurities, which,
taken together with the existing intrinsic defect states within the
host’s band gap, produce additional interband optical
transitions that absorb the low-energy photons from the solar
spectrum and eventually increase the efficiency of the solar cell
materials. Here the main problem is to predict how to vary the
cationic—anionic content of such mixed compounds in order to
optimize their composition with the aim of achieving the
highest absorption efficiency. In this connection, some
attention has been paid to the variation of the second cation
in chalcopyrite semiconductors. For example, the crystal growth
of CuAL,Ga,_,S, thin films was reported.” The presence of Cu
ions introduces some nontrivial contribution to the carrier
mobilities.>* In addition, the experimental studies of the
spectroscopic properties of CuGa,n,_,S, crystals®> can be
mentioned. Compositional variation may also enhance the
electron—phonon anharmonicities,>® which are extremely
strong for this kind of crystal. Those anharmonicities are
described by the third-rank polar tensor, and they may form a
local electric field capable of influencing and altering the
optoelectronic transport properties.

Recently we reported how substitution of the Ga atoms by Al
atoms would modify the structural, electronic, optical, and
elastic properties of the compounds CuGa,_,AlS, (x = 0—1).*
In particular, it was demonstrated that substitution of 25% of
the Ga ions in CuGaS, by Al ions enhances the absorption
properties of CuGag;5Al,sS, in the visible spectral region by
about 6% with respect to Al-free CuGaS,. At the same time, the
spectral position of the visible absorption band maximum for
that mixed CuGag,5Al),sS, compound is still situated very
close to the maximum of the solar spectrum. Recently,
Culn(S,Se,_,), mixed compounds were studied,®® and the
role played by the partial substitution of selenium by sulfur was
considered.

As we have mentioned above, the physical properties of
many compounds strongly and quite often unpredictably vary
with the changes in the concentration of individual
components. Reliable experimental data, if they are known,
exist only for some particular compositions of those mixed
compounds. In this connection, it is crucial to have a credible
method of predicting the properties of composites over the full
range of variation of the individual constituents’ concentrations.
Such methodology not only is important from the point of view
of fundamental research, which sheds some light upon the
compositional dependence of the materials’ physical properties,
but also has a high technological significance since it sets the
direction for the synthesis of new compounds with desired
characteristics. Solar cell materials in this sense occupy a very
special place because of the constantly growing demand for
their applications.

In the present work, we considered how the variation of the
anion composition affects the structural, electronic, and optical
properties of CuAl(S,_,Se,), over the whole range of Se
concentration from x 0 to « 1. The DFT-based
computational approach was used throughout the whole study.
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It is obvious that a partial or a complete change of the anion
in this case does not alter the crystal structure (except for a
rescaling of the lattice parameters). However, the electronic and
optical properties defined by the interband energy separations
and the band dispersion in k space for these mixed compounds
are strongly composition-dependent, as will be shown below.
Particular interest in these CuAl(S,_,Se,), compounds is
backed up by their relatively high absorption coefficients (up
to 10° cm™) in the visible spectral range and their potential in
applications as blue-to-ultraviolet absorbers and emitters*”* as
well as by the difference in mobilities of the hole and electron
carriers.

The structure of the paper is as follows: in section 2 we
describe the structure of the considered materials and details of
the calculations; the paper continues with descriptions and
discussion of the calculated band structure results (section 3)
and optical properties (section 4) and is concluded with a short
summary (section 5).

2. CRYSTAL STRUCTURE AND DETAILS OF
CALCULATIONS

The elementary cell of CuAlS, is shown in Figure 1. This material (as
well as CuAlSe,) crystallizes in the chalcopyrite structure (space group

Figure 1. Elementary unit cell of CuAlS,, drawn using the VESTA
package.43

I142d) with four formula units per unit cell. Each atom has four nearest
neighbors: every metal ion is coordinated by four sulfur (selenium)
ions, and every sulfur (selenium) ion has two Cu and two Al nearest
neighbors. The crystal structure data are collected in Table 1. The
effects of anion substitution on the properties of the CuAl(S,_,Se,),
mixed compounds were studied by gradual substitution of sulfur atoms
by selenium atoms with x = 0, 0.25, 0.5, 0.75, and 1.0, with subsequent
optimization of the crystal structure for each concentration considered.

All of the calculations were performed using the CASTEP module*'
of the Materials Studio package. The exchange—correlation effects
were treated within the generalized gradient approximation (GGA)
with the Perdew—Burke—Ernzerhof functional.” The plane-wave basis
set cutoff energy was chosen at 290 eV, and the Monkhorst—Pack
scheme k-point grid sampling was set as S X S X 3 k points for the
Brillouin zone. The convergence tolerance parameters were as follows:
energy, 10~ eV/atom; maximal force, 0.03 eV/A; maximal stress, 0.05
GPa; maximal displacement, 0.001 A. The calculations were performed
for a conventional cell in which eight S atoms were gradually replaced
in pairs by Se atoms, corresponding to Se concentrations (in %) of 0,
25, 50, 75, and 100. The considered electronic configurations were
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Table 1. Summary of the Experimental and Theoretical Structural Data for the CuAl(S,_,Se,), Compounds

calculated, this work

experiment GGA LDA other calculated
X a c a c a c a c
0 5.3336" 10.4440° 5.28677 1042678 5.18991 1037012 5.341,% 5321, 5.2389" 10.57,% 10.525,° 10.4148"
0.25 5.36553 10.56518 526262 10.5068
0.5 5.46° 10.67° 5.44489 10.71706 5.33788 10.62723
0.75 5.52781 10.83975 540848 10.78198
1 5.606° 10.90¢ 5.55587 11.02911 548283 10.92691 5.645,° 5.53942,% 5.47" 11.125,° 10.9488,5 10.90"

“Reference 44. PReference 45. Reference 46. “Reference 47. “Reference 48. /Reference 49. SReference S0. "Reference 51.

3d'%4s' for Cu, 3s*3p" for Al, 3s’3p* for S, and 4s’4p* for Se. All of the
obtained results are described and discussed in the next sections.

3. RESULTS OF CALCULATIONS: STRUCTURAL AND
ELECTRONIC PROPERTIES

The calculated values of the lattice constants of CuAl(S,_,Se,),
in comparison with the experimental results and the results of
other calculations (when available) are collected in Table 1. As
can be seen, good agreement of our calculated results with the
experimental data and the results of other theoretical
calculations of the structural properties of pure CuAlS, and
CuAlSe, was achieved. No experimental and/or theoretical data
on the lattice parameters of the mixed compounds CuAl-
(Si_.Se,), have been reported to date (except for the x = 0.5),
so the calculated values for x = 0.25 and 0.75 reported in Table
1 represent the first theoretical estimations of the lattice
constants for these materials.

A good and reliable test for the reasonability of the lattice
parameters of those mixed compounds comes from Figure 2,
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Figure 2. Calculated lattice parameters a and ¢ (solid and open
symbols for the GGA and LDA calculations, respectively) and their
linear fits (straight lines) as functions of the Se content x in

CuAI(sl—xsex)Z'

which shows the variations of a and ¢ with the Se concentration
x. Both of the calculated lattice parameters excellently follow
linear trends, which can be anticipated from Vegard’s law. The
equations of the linear fits given in Figure 2 allow the
estimation of the lattice constants of a CuAl(S;_,Se,), alloy for
any intermediate value of x varying within the range 0—1. It can
be seen that the ¢ constant varies faster with the Se
concentration.

Figure 3 shows the calculated band structures of the two pure
compounds. The calculated band gap values were 1.93/1.89 eV
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(GGA/LDA) for CuAlS, and 1.14/1.02 eV (GGA/LDA) for
CuAlSe,. Both values are underestimated compared with the
experimental data, which are 3.50 eV for CuAlS,*> and 2.67 eV
for CuAlSe,.>® At the same time, the calculated results are close

to those reported earlier.*’ ™"

A standard way to overcome
such underestimation, which is an intrinsic feature of DFT-
based methods, is to introduce the scissor operator, which shifts
the conduction band upward until the band gap matches the
experimental result. In our case, such an operator was chosen to
be 1.5 eV for both neat compounds and was kept at the same
value for all of the intermediate compositions. The band
structures in Figure 3 are plotted with this scissor value. Figure
3 shows that both the CuAlS, and CuAlSe, chalcopyrites
possess a direct band gap, with the maximum of the valence
band and the minimum of the conduction band realized at the
center of the Brillouin zone.

Another principal result that can be deduced from Figure 3 is
that there is a considerable difference in the band dispersion for
the valence and conduction bands. For the Se-possessing
crystals, this difference seems to be substantially larger. It is
particularly obvious for the R—X—I" direction of the Brillouin
zone, which may be related to the lower effective masses of the
charge carriers in CuAlSe, with respect to CuAlS,. Although
the general shape of the calculated bands may seem to be
somewhat similar for the two compounds, one may expect
some important differences in the electronic structures in the
vicinity of the I' point, where the conduction band is
substantially lower for CuAlSe, with respect to CuAlS,. This
may be a consequence of the larger polarizability of the Se
atoms and may be important for the interaction of the trapping
levels in the host’s band gap with the conduction band states.

It can be noticed from the band structure that there is an
energy gap in the valence band between —2 and —3 eV. Its
origin can be understood by analyzing the corresponding
density of states (DOS) diagrams shown in Figure 4. The upper
part of the valence band (between —2 and 0 eV) in all of the
considered compounds originates from the Cu 3d states,
whereas the 3p (4p) states of S (Se) form the lower part of the
valence band from about —3 eV down to —7 eV. The
conduction band is mainly due to the Al 3p and 3s states, and
the lowest calculated states—the 3s states of S (or 4s states of
Se)—are located between —13 and —14.5 eV. There may be
d—p charge transfer between the completely filled 3d states of
Cu and the completely filled 3p (4p) states of S (Se) due to the
d—p hybridization between these orbitals; this is expected to be
very important for the formation of the optical properties of the
studied compounds.
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Figure 3. Calculated band structures of CuAlS, and CuAlSe,. See text for more details. The coordinates of the special points of the Brillouin zone (in
units of the reciprocal lattice vectors) are as follows: Z (0, 0, '/,); A (1/5, '/ /5); M (*/5, /5, 0); T (0, 0, 0); R (0, */,, '/,); X (0, /5, 0).
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Figure 4. Calculated density of states diagrams for CuAlS,, CuAI(SSe),
and CuAlSe,.

4. RESULTS OF CALCULATIONS: OPTICAL
PROPERTIES

Figure S below shows how the calculated band gap energy for
the CuAl(S,_,Se,), compounds varies with composition (the
1.5 eV scissor has been taken into account in this plot). The
band gap decreases linearly with increasing Se concentration.
The variation of the band gap is practically linear for the LDA
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Figure S. Calculated band gaps of the CuAl(S,_,Se,), compounds
(symbols) and their linear (solid lines) and quadratic (dashed line)
fits. The equations of the fits are also given. The Se concentration
(0.37) corresponding to the threshold of visible range absorption (3.1
€V) is shown.
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calculations; however, in the case of the GGA data (solid
squares in Figure S) a quadratic fit turns out to be somewhat
better in describing the energy gap bowing. The functional
dependence of the band gap on the selenium concentration
provides an opportunity for effective band gap engineering by
varying amount of Se in the CuAl(S,_,Se,), solid solution. In
particular, it can be noted that at x ~ 37% the CuAl(S;s;Sey37),
compound starts to absorb in the visible part of the
electromagnetic spectrum at an energy of 3.1 eV. It is also
worthwhile to point out that the band gap value of ~3 eV at x =
0.5 with a 1.5 eV scissor operator is in excellent agreement with
the experimental band gap value (2.96 eV),* which also
indicates that the 1.5 eV scissor adequately describes the
electronic properties of CuAl(S,_,Se,), compounds over the
whole range of concentration x.

Figure 6 shows the polarized dielectric function € as a
function of the composition of CuAl(S,_,Se,), (only the GGA
results are shown for the sake of brevity). It should be
emphasized that these curves were obtained just as a direct
result of the performed calculations without any scissor
correction. The reason for this is that in this case, the
experimental values of the refractive indices of the neat
compounds were reproduced best of all without any scissor
correction.

In principle, the scissor operator does not modify the wave
functions of the initial and final states connected by a dipole
transition but only introduces a scaling prefactor before the
matrix element of the dipole operator when the transition
probability is calculated. However, as was mentioned above,
such a correction, although required to make the calculated
band gap match the experimental results, did not turn out to be
needed for the calculations of the optical properties described
below.

The ¢, €, and &, notations correspond to the (1, 0, 0), (0, 1,
0) and (0, 0, 1) polarizations. The shapes of the curves are
substantially asymmetrical. This may favor an interaction with
the phonon subsystem. It can be also seen that the value of
Re(e) increases with decreasing band gap E, (i.e, with
increasing Se concentration). Such an observation is in line
with the Penn model,>* in the framework of which £(0) ~ 1 +
(fle/Eg)z, where 7iw, stands for the plasma energy.

As evidenced by the calculated curves, there is a noticeable
anisotropy of the optical constant dispersion. This is even more
pronounced when the values of the refractive indices n, and n,
are shown (Figure 7). These values can be obtained by taking a
square-root extrapolation of the corresponding Re(e) to zero

dx.doi.org/10.1021/ic403030w | Inorg. Chem. 2014, 53, 2645—2651
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Figure 7. Calculated polarized refractive indices for the CuAl-
(S1_,Se,), compounds.

energy (infinite wavelength). The calculated values of the
refractive indices of CuAlS, turned out to be 1, = 2.30 and n, =
2.25, which are very close to the experimental value of 2.378.>
As far as the refractive index of CuAlSe, is concerned, its
experimental value is about 2.492%° or 2.600,°® which also is
close to our calculated result of 2.57 (Figure 7). Therefore,
having obtained good agreement between the calculated and
experimental values of the refractive index for CuAlS, and
CuAlSe,, we calculated these values also for intermediate values
of x, as shown in Figure 7. Again, both n, and n, are almost
perfect linear functions of the Se concentration. The linear fits
and the resulting linear functions of the Se concentration
obtained for both 5, and n, allow for estimation of the refractive
index of the CuAl(S,_,Se,), solid solution for any anion
composition.

Figure 8 shows the dispersions of the calculated refractive
indices in the spectral region between 350 and 2000 nm. The
range of variation of the refractive index is relatively wide, from
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Figure 8. Calculated dispersions of the refractive indices for the
CuAl(S,_,Se,), compounds.

about 2.25 in the long-wavelength limit to 3.15—3.17 at about
500 nm.

Finally, in Figure 9 we show the birefringence, An = n, —
n,”” for all of the studied compounds. The birefringence
changes sign from positive to negative in moving from neat
CuAlS, to neat CuAlSe,. Its absolute value is also increasing in
the spectral range close to the band gap, and this maximum
moves toward longer wavelength with increasing Se content
since the band gap decreases in that case.

5. CONCLUSIONS

In the present work, we have considered how the gradual
substitution of S by Se in the CuAlS, chalcopyrite semi-
conductor affects its structural, electronic, and optical proper-
ties. By means of first-principles calculations (using the
CASTEP module of Materials Studio), we have shown that
the calculated lattice parameters, band gaps, and anisotropic
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Figure 9. Calculated birefringence for the CuAl(S,_,Se,), compounds.

refractive indices of the mixed CuAl(S,_,Se,), solid solutions
all are linear functions of the Se concentration x over the whole
range of concentrations from 0 to 1. The obtained results are in
very good agreement with the experimental data, which are
available for x = 0, 0.5, and 1.0.

The neat CuAlS, and CuAlSe, chalcopyrites as well as the
CuAl(S,_,Se,), mixed compounds possess a direct band gap,
with the maximum of the valence band and the minimum of the
conduction band occurring at the center of the Brillouin zone.
The encountered difference in the dispersions of the electronic
states suggests a lower effective mass of the charge carriers in
CuAlSe, in comparison with CuAlS,.

The obtained functional dependences of the calculated
properties of CuAl(S;_,Se,), allow for their meaningful and
reliable estimation for any anion composition. Therefore, the
obtained results are important for smart materials engineering,
as they provide the opportunity to find the particular Se
concentration x that would lead to the desired properties
(lattice parameters, band gap, index of refraction) of a
CuAl(S,_,Se,), solid solution.
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