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a b s t r a c t

The semi-classical Boltzmann theory as implemented in the BoltzTraP code is used to study the influence
of substituting S by Se in the mixed CuAl(S1�xSex)2 crystalline materials on the transport properties. The
carrier concentration (n), electrical conductivity (σ τ/ ), Seebeck coefficient (S), electronic thermal con-
ductivity (κ τ/e ), the electronic power factor ( σ τS /2 ), and the figure of merit (ZT ) as a function of tem-
perature at certain value of chemical potential are calculated. The carrier concentration, electrical con-
ductivity, electronic thermal conductivity and the electronic power factor increase exponentially with
increasing temperature. CuAl(S0.75Se0.25)2 exhibits the highest n, σ τ/ , κ τ/e and σ τS /2 among these com-
pounds along the whole temperature scale. We should emphasize that S is positive for all compounds
which represents p-type concentration. At room temperature CuAl(S0.25Se0.75)2 and CuAl(S0.5Se0.5)2 ex-
hibit ZT very close to unity, which implies that these materials could be good candidates for thermo-
electric applications. The state-of-the-art full potential linear augmented plane wave (FPLAPW) method
is used to calculate the electronic band structure, density of states and energy gaps for CuAl(S1�xSex)2.
The electron effective mass ratio ( ⁎m m/e e) and effective mass of the heavy holes ( ⁎m m/hh e) and light holes
( ⁎m m/lh e) around Γ point, the center of the BZ, for CuAlS2 and CuAlSe2 are calculated.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The conversion of sun's energy into electricity using photo-
voltaic cells open a new direction for the ecologically friendly
production of electrical energy. Several materials have been tested
for such photovoltaic applications. As a result, a notable progress
in the photovoltaic field has been reported [1–4]. The ternary
A B CI III VI

2 semiconducting compounds which crystallize in the
chalcopyrite structure have received much attention in recent
years [5–7]. They form a large group of semiconducting materials
with diverse optical, electrical, and structural properties [8–15].
Ternary chalcopyrite appears to be promising candidate for solar-
cell applications [16] and thermoelectric applications [17].

The specific A B CXI XIII XVI
2 chalcopyrites studied in this work used

copper as the group XI element, aluminum as the group XIII ele-
ment, and sulphur or selenium as the group XVI element. Since
these compounds display large birefringence [18], they are po-
tentially interesting as optical materials as well as semiconductors.
We should emphasize that for the Cu containing chalcogenide
search Center, University of
ublic. Fax: þ420 386 361255.
crystal, strong electron–phonon anharmonicity interacting with
the highly polarizable cations a principal role begins to play [19].
So far, however, the trends of the coupling coefficients in these
materials are not well understood. Here the first-principle calcu-
lations are used to predict enhancement of thermoelectric prop-
erties by substitution of S by Se. The band structure of A B CXI XIII XVI

2
chalcopyrites is influenced by intrinsic defects which exhibit ad-
ditional trapping levels within the band gap of host materials,
which leads to enhanced thermoelectric properties, as a con-
sequence these materials turn to be suitable for optoelectronics,
thermoelectric and photovoltaic applications. We would like to
mention that we are not aware of calculations or experimental
data for the thermoelectric properties for CuAl(S1�xSex)2. There-
fore we thought it would be worthwhile to calculate the ther-
moelectric properties using the semi-classical Boltzmann theory as
incorporated in BoltzTraP code [20].
2. Details of calculations

CuAl(S1�xSex)2 belongs to the group of ternary semiconducting
compounds which are of great interest as solar cell materials [16]
and nonlinear optical materials [21,22]. The state-of-the-art full
potential linear augmented plane wave (FPLAPW) method in a
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scalar relativistic version as embodied in the WIEN2k code [23] is
used. This is an implementation of the density functional theory
(DFT). Exchange and correlation potential is described in the
generalized gradient approximation (GGA) of Perdew–Becke–
Ernzerhof (PBE) [24], which is based on exchange-correlation en-
ergy optimization to calculate the total energy. The Kohn–Sham
equations are solved using a basis of linear APWs. To achieve the
total energy convergence, the basic functions in the interstitial
regions are expanded up to Rmt�Kmax¼7.0 and inside the atomic
spheres for the wave function. The potential and charge density in
the muffin-tin (MT) spheres are expanded in spherical harmonics
with lmax¼8 and nonspherical components up to lmax¼6. In the
interstitial region the potential and the charge density are re-
presented by Fourier series up to Gmax¼20 (a.u)�1. Self-con-

sistency is obtained using 400
⇀
k points in the irreducible Brillouin

zone (IBZ) for x¼0.0 and 1.0, while for x¼0.25, 0.5 and 0.75 a

mesh of 600
⇀
k points was used. We have calculated the transport

properties using 5000
⇀
k points in the IBZ. The self-consistent

calculations are convergence since the total energy of the system is
stable within 10�5 Ry.
3. Results and discussion

3.1. Salient features of the electronic band structures and density of
states

We have used the semi-classical Boltzmann theory as im-
plemented in the BoltzTraP code to study the influence of sub-
stituting S by Se in the mixed CuAl(S1�xSex)2 on the transport
properties. The calculated electronic band structure (Fig. 1) illu-
strated that substituting S by Se introduces extra bands in the
valence and the conduction bands. The extra bands in the con-
duction band cause to push the conduction band minimum (CBM)
towards Fermi level resulting in significant reduction in the energy
gaps with increasing the content of Se. The values of the energy
gaps are about 2.2 eV (CuAlS2), 1.9 eV (CuAl(S0.75Se0.25)2), 1.7 eV
(CuAl(S0.5Se0.5)2), 1.5 eV (CuAl(S0.25Se0.75)2) and 1.4 eV (CuAlSe2).
In all cases the valence band maximum (VBM) and CBM are si-
tuated at Γ point, the center of the BZ. From the calculated elec-
tronic band structure one can obtain the values of the effective
mass of electrons as well as heavy and light holes of CuAlS2 and
CuAlSe2, which are very important quantities for transport
properties.

For further deep insight into the electronic structure of CuAl
(S1�xSex)2 we have calculated the partial density of states (PDOS).
The calculated PDOS enables us to identify the angular momentum
Fig. 1. Calculated electronic band structure for CuAl(S1�xSex)2 used to calculate the electr
holes ( ⁎m m/lh e), around Γ point the center of the BZ. The larger the band curvature, the
character of the various structures. The PDOS of CuAlS2 is illu-
strated in Fig. 2(a) and (b); one can see that the VBM is mainly
formed by Cu-d state with a small contribution from Cu-s/p, Al-s/p
and S-p states. However the CBM is formed by Al-s/p and Cu-s/p
states. The calculated energy gap is about 2.2 eV. Below Fermi level
(EF) there exists a strong hybridization between Cu-s/p and Al-s/p
states and between Cu-d and S-p states, while above Fermi level
the Al-s state strongly hybridizes with Al-p state; also Al-p hy-
bridizes with Cu-p state. The strong hybridization may lead to
covalent bonds between the atoms.

Replacing 25% of S by Se leads to introduction of more bands in
the VB and the CB; these bands are belong to Se-d, which shift the
CBM towards EF, resulting in energy gap's reduction by around
0.3 eV with respect to CuAlS2 (see Fig. 2(c)–(e)). The calculated
energy band gap of CuAl(S0.75Se0.25)2 is about 1.9 eV. It is clear that
there is a strong hybridization between the states below and above
EF, for instance around – 15.0 eV, Cu-s/p hybridized with Al-p and
also Se-s with S-s. In the energy region between –7.0 eV and EF,
Cu-s hybridized with Al-p, Al-p with Cu-p and Se-p with S-p.
Whereas above EF, Cu-s/p hybridized with Se-d; also Cu-p hy-
bridized with Al-p and Se-p states.

The PDOS of CuAl(S0.5Se0.5)2 is represented in Fig. 2(f)–(h); one
can see that they are quite similar to those of CuAl(S0.75Se0.25)2 in
the matter of peak positions and the hybridizations except that the
CBM shifts towards EF by around 0.2 eV with respect to CuAl
(S0.75Se0.25)2 leading to reduction of the energy band gap to 1.7 eV.

Substituting 75% of S by Se led to pushing the CBM further
towards EF resulting in a band gap of about 1.5 eV; the PDOS of
CuAl(S0.25Se0.75)2 is shown in Fig. 2(i)–(k). Finally substituting all S
atoms by Se to form the end compound CuAlSe2 causes to further
shifts of the CBM towards EF to yield a band gap of about 1.4 eV;
the PDOS of CuAlSe2 is represented in Fig. 2(l) and (m). These
figures suggest that there exists a strong hybridization between
the states below and above EF.

3.2. Effective mass

It is further interesting to study the effective masses of electrons
and holes, which are important for the excitonic compounds. To
obtain accurate values of the effective mass one needs to calculate
the curvature of the CBM and the VBM in the vicinity of Г point. At
Г point, the effective mass can be obtained through a simple
parabolic fitting using the definition of effective mass as a second
derivative of energy band with respect to the wave vector, k:

=
∂
ℏ ∂⁎m

E k

k
1 ( )

(1)

2

2 2
on effective mass ratio ( ⁎m m/e e), effective mass of the heavy holes ( ⁎m m/hh e) and light
smaller the effective mass.



Fig. 2. Calculated partial density of states (states/eV/unit cell) for CuAl(S1�xSex)2.

A.H. Reshak / Journal of Physics and Chemistry of Solids 78 (2015) 46–5248



Table 1
Calculated the electron effective mass ratio ( ⁎m m/e e), effective mass of the heavy

holes ( ⁎m m/hh e) and light holes ( ⁎m m/lh e), around Γ point the center of the BZ for

CuAlS2 and CuAlSe2.

Compound ⁎m m/e e
⁎m m/hh e

⁎m m/lh e

CuAlS2 0.007058 0.036038 0.018401
CuAlSe2 0.006624 0.025585 0.013020

Fig. 3. Calculated carrier concentration (n) in e uc/ for CuAl(S1�xSex)2.

Table 2

Calculated carrier concentration (n) in (e uc/ ), σ τ Ω −( / )10 ( ms)18 1 and

κ τ W m( / )10 ( / ks)e
14 at 850 K for CuAl(S1�xSex)2.

Compound n in (e uc/ ) σ τ Ω −( / )10 ( ms)18 1 κ τ W m( / )10 ( / ks)e
14

CuAlS2 0.048 5.2 4.5
CuAl(S0.75Se0.25)2 0.146 7.0 4.8
CuAl(S0.5Se0.5)2 0.086 4.6 3.5
CuAl(S0.25Se0.75)2 0.065 4.5 3.9
CuAlSe2 0.025 3.7 3.2
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We can calculate the curvature of the VBM using the following
approach: if the spin–orbit interaction were neglected, the top of
the valence band would have a parabolic behavior; this implies
that the highest valence bands are parabolic in the vicinity of the
point Г. In this work, CuAlS2 and CuAlSe2 compounds satisfy this
parabolic condition of the maximum of valence band at the point
Г. From the electronic band structures (Fig. 1) we have calculated
the electron effective mass ratio ( ⁎m m/e e) and effective mass of the
heavy holes ( ⁎m m/hh e) and light holes ( ⁎m m/lh e) around Γ point, the
center of the BZ, for CuAlS2 and CuAlSe2 compounds. These values
are listed in Table 1. From Table 1 we note that the electron ef-
fective mass for CBM is very small because of the high curvature of
the CBM around Γ, and this effective mass is isotropic so that the
constant energy surfaces are spheres. The effective masses for
heavy and light holes are higher than that of the electrons because
the VBM and the next VB around Γ have less curvatures then that
of the CBM (see Fig. 1). The condition =n ne h for intrinsic semi-
conductors is used to determine the position of the Fermi levels
(EF) for electrons and holes within the band gap. If the band cur-
vatures of the valence and conduction bands are the same, then
their effective masses are of the same magnitude and EF lies at
mid-gap. We derive in this section the general result for the pla-
cement of EF when ≠⁎ ⁎m me h. If =⁎ ⁎m me h we obtain the simple result
that =E E /2F

e
g which says that the Fermi level lies in the middle of

the energy gap (Fermi level for neis EF
e and for nhis EF

h). However, if
the masses are not equal, EFwill lie closer to the band edge with
low curvature, thereby enhancing the Boltzmann factor term in
the thermal excitation process, to compensate for the lower den-
sity of states for the higher curvature band.

We can say in some approximate way that an electron in a solid
moves as if it were a free electron but with an effective mass ⁎m
rather than a free electron mass. The larger the band curvature, the
smaller the effective mass. From the electronic band structure
diagram (Fig. 1) one would expect that hole carriers could be
thermally excited to a second band at the Г point. At room tem-
perature, these Г point hole carriers contribute significantly to the
transport properties.

3.3. Transport properties

The semi-classical Boltzmann theory as incorporated in Boltz-
TraP code [20] is used to calculate the transport properties of CuAl
(S1�xSex)2. We should emphasize that in the BoltzTraP code the
relaxation time τ is taken as a constant. It is important to mention
that the BoltzTraP code has proven to be a very efficient technique
for calculating the electronic transport properties [25], namely the
carrier concentration (n), electrical conductivity (σ τ/ ), Seebeck
coefficient (S), electronic thermal conductivity (κ τ/e ), the electronic
power factor ( σ τS /2 ), and the figure of merit (ZT ) as a function of
temperature at certain value of chemical potential.

Usually the combination of the high mobility (μ) and reason-
able carrier concentration (n) gives better thermoelectric proper-
ties. For metals the carrier concentration is essentially in-
dependent of temperature, while μis temperature dependent. In
contrast, n for semiconductors is highly temperature dependent in
the intrinsic regime and μ is relatively less temperature
dependent. The carrier concentration (n) versus temperature at
certain chemical potential value is calculated for CuAl(S1�xSex)2
with x¼0.0, 0.25, 0.5, 0.75 and 1.0 as shown in Fig. 3. The carrier
concentration is zero at 50–100 K then it increases exponentially
with increasing temperature. As a remarkable finding we observe
that CuAl(S0.75Se0.25)2 exhibits rapid increase and the highest
carrier concentration among compounds which show the same
tendency. The observed highest carrier concentration for CuAl
(S0.75Se0.25)2 could be attributed to the fact that substituting 0.25
of S by Se cause to reaching the highest value of the carrier con-
centration along the temperature range. We should emphasize
that the electronegativities for S and Se atoms are almost the
same, therefore there is no electronegativity influence with sub-
stituting S by Se because the electronegativity difference is very
small. The values of the carrier concentration of CuAl(S1�xSex)2
with x¼0.0, 0.25, 0.5, 0.75 and 1.0 compounds at 850 K are listed
in Table 2.

The electrical conductivity (σ μ= ne ) is related to the density of
charge carriers (n) and their mobility (μ τ= ⁎e m/e e eandμ τ= ⁎e m/h h h)
which shows that materials with small effective masses have high
mobility. Therefore, for better thermoelectric properties we should
reach a good combination of high mobility and reasonable carrier
concentration. Therefore, to design good thermoelectric device,
the materials should have high electrical conductivity to reduce
the Joule heating effect [26]. Fig. 4 exhibits the calculated electrical
conductivity (σ τ/ ) as a function of temperature at a certain value of
chemical potential. It is clear that with increasing temperature the
electrical conductivity increases exponentially; the rapid increase
with increasing the temperature is due to enhanced the charge
carrier concentration and the mobility of the carriers in the con-
duction band. As we show in Fig. 3, CuAl(S0.75Se0.25)2 possesses the
highest carrier concentration; here (in Fig. 4) CuAl(S0.75Se0.25)2
shows the highest electrical conductivity which confirms that



Fig. 4. Calculated electrical conductivity (σ τ/ ) in Ω −10 ( ms)18 1 for CuAl(S1�xSex)2. Fig. 6. Calculated electronic thermal conductivity (κ τ/e ) for CuAl(S1�xSex)2 in
W m10 ( / ks)14 .
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substituting 0.25 of S by Se leads to the highest carrier con-
centration and hence the highest electrical conductivity according
to σ μ= ne . We would like to mention that at low temperature
(50 K) all CuAl(S1�xSex)2 compounds exhibit zero electrical con-
ductivity. When we substitute half number of S atoms by Se we
notice that σ τ/ of CuAl(S0.5Se0.5)2 drops below the values of CuAl
(S0.75Se0.25)2 and CuAlS2, while it is above those of CuAl
(S0.25Se0.75)2 and CuAlSe2 along the temperature scale. Thus, in-
creasing Se content causes reduced σ τ/ . It is important to mention
here that the fluctuation in the values of σ τ/ with changing content
of Se atoms is attributed to the mobility, the effective masses and
the concentration of the charge carrier. The values of the electrical
conductivity of CuAl(S1�xSex)2 with x¼0.0, 0.25, 0.5, 0.75 and
1.0 compounds at 850 K are listed in Table 2.

Seebeck coefficients also called as thermopower, which are
usually use to determine the majority carrier type, have an inverse
relationship with electrical conductivity. Here we plot the Seebeck
coefficients of CuAl(S1�xSex)2 compounds as a function of tem-
perature. Following Fig. 5, at low temperature around 50 K the end
compound CuAlSe2 exhibits the highest value of Seebeck coeffi-
cient and CuAl(S0.5Se0.5)2 compound shows the next highest value
among the others. With a little increase in the temperature both of
CuAlSe2 and CuAl(S0.5Se0.5)2 exhibit a valley which has a minimum
at 75 K. Beyond 100 K the Seebeck coefficient of all compounds
Fig. 5. Calculated Seebeck coefficient (S) for CuAl(S1�xSex)2.
increases with temperature to reach the maximum values at 650 K
(CuAlS2), 400 K (CuAl(S0.75Se0.25)2), 500 K (CuAl(S0.5Se0.5)2), 650 K
(CuAl(S0.25Se0.75)2) and 500 K (CuAlSe2). Beyond these maximums,
further increases in the temperature cause significant reduction in
the Seebeck coefficient of all compounds especially for CuAl
(S0.5Se0.5)2. We can see that all materials exhibit high Seebeck
coefficient at room temperature. We should emphasize that the
Seebeck coefficient is positive for all compounds which represents
the p-type concentration. In general increasing the temperature
causes enhanced hole doping in CuAl(S1�xSex)2.

The thermal conductivity has contributions from the lattice and
electrons (κ κ κ= +l e). the BoltzTraP code calculates only the
electronic part (κe). The electronic thermal conductivity (κ τ/e ) of
the investigated compounds as a function of temperature is pre-
sented in Fig. 6. The electronic thermal conductivity can be esti-
mated from the electrical conductivity σ by using the Wiede-
mann–Franz relation. The electronic thermal conductivity is zero
for all compounds at low temperature between 50 and 200 K, and
then increases exponentially with increasing the temperature. It is
clear that CuAl(S0.75Se0.25)2 shows the highest κ τ/e along the
temperature scale that is attributed to the fact that CuAl
(S0.75Se0.25)2 possess the highest carrier concentration (Fig. 3) and
the highest electrical conductivity (Fig. 4) which again confirms
our previous finding that substituting 0.25 of S by Se leads to the
highest carrier concentration and hence the highest electrical
conductivity according to σ μ= ne . In the absence of any calcula-
tions or measurements of the lattice thermal conductivity it is
difficult to say which compound will have the largest figure of
merit (FOM). The values of the electronic thermal conductivity of
CuAl(S1�xSex)2 with x¼0.0, 0.25, 0.5, 0.75 and 1.0 compounds at
850 K are listed in Table 2.

Now let us turn our concern to study the electronic power
factor ( σ τS /2 ); it is well-known that σ τS /2 is a keynote quantity for
measuring transport properties. Fig. 7 illustrated σ τS /2 as a func-
tion of temperature; one can see that at 50 K all compounds ex-
hibit zero σ τS /2 , which then rapidly increases with increasing the
temperature. It is clear that CuAl(S0.75Se0.25)2 shows the highest

σ τS /2 among these materials that is attributed to the fact that CuAl
(S0.75Se0.25)2 has the highest n and hence σ . The low Se content is
optimal in improving σ τ/ , and σ τS /2 , that is attributed to the sur-
factant effects of Se. We find a huge reduction in σ τS /2 with in-
creasing Se content. In general we expect that increasing the
temperature should yield a high power factor.

In the last few years thermoelectric power generation (TPG)
has become an increasingly popular technology for waste heat



Fig. 7. Calculated electronic power factor ( σ τS /2 )for CuAl(S1�xSex)2.

Fig. 8. Calculated figure of merit (ZT ) for CuAl(S1�xSex)2.
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recovery. The efficiency of TPG is essential in determining how
practical this technology is in real applications. The efficiency of
TPG is calculated using the dimensionless figure of merit (ZT );

σ κ=ZT S T/ e
2 , where S is the Seebeck coefficient, σ is the electrical

conductivity, T is the absolute temperature, and κe is the electronic
thermal conductivity. It is well known that higher figure of merit
leads to higher efficiency, but increasing ZT in bulk semi-
conductors (ZT r1) has proven to be difficult because of the
variables' interdependence; a reduction in thermal conductivity
typically leads to a reduction in electrical conductivity, and S has
an inverse relationship with σ . Fig. 8, illustrates ZT as a function of
temperature. It is clear that at low temperature around 50 K, CuAl
(S0.5Se0.5)2 shows the highest ZT . Figure of merit depends on the
Seebeck coefficient; thus for a good thermoelectric device we need
a large Seebeck coefficient with small thermal conductivity so the
temperature gradient could be maintained. Materials having ZT
about unity or greater than unity are considered excellent candi-
dates for thermoelectric devices [27,28]. From Fig. 8 one can see
that at room temperature ZT is very close to unity, which implies
that CuAl(S0.25Se0.75)2 and CuAl(S0.5Se0.5)2 could be good candi-
dates for thermoelectric applications. This is attributed to the fact
that at room temperature the Seebeck coefficient gives high values
(Fig. 5) and the electronic thermal conductivity has minimum
values (Fig. 6). Both of CuAl(S0.25Se0.75)2 and CuAl(S0.5Se0.5)2
maintain this behavior till 450 K. Beyond this temperature ZT
decreases due to the sharp increase in the electronic thermal
conductivity (Fig. 6).

To the best of our knowledge, there are no previous experi-
mental or theoretical data for the thermoelectric properties of the
investigated materials available in literature to make a meaningful
comparison. We would like to mention here that in Ref. [17] the
authors have calculated the thermoelectric properties, using the
FPLAPW method and BoltzTraP code, of some chalcopyrite struc-
ture materials whose thermoelectric properties are known ex-
perimentally and they find very good agreement with the ex-
perimental data. Since we use the same methodology mentioned
in Ref. [17], thus we believe that our calculations reported in this
paper would produce very accurate and reliable results.
4. Conclusions

In summary, based on the density functional theory, the state-
of-the-art full potential linear augmented plane wave (FPLAPW)
method is used to calculate the total energy of the mixed CuAl
(S1�xSex)2 compounds. From the obtained electronic band struc-
ture, energy gaps of CuAl(S1�xSex)2 compounds are obtained. Also
the electron effective mass ratio ( ⁎m m/e e) and effective mass of the
heavy holes ( ⁎m m/hh e) and light holes ( ⁎m m/lh e), around Γ point, the
center of the BZ, for CuAlS2 and CuAlSe2 are calculated. Based on
the above calculations the transport properties are obtained using
the semi-classical Boltzmann theory as implemented in the
BoltzTraP code. We demonstrated the influence of substituting S
by Se on the electronic band structure, density of states, the ef-
fective masses and hence the transport properties. We found that
the carrier concentration, electrical conductivity, thermal con-
ductivity and the electronic power factor increase exponentially
with increasing temperature. The compound CuAl(S0.75Se0.25)2
exhibits the highest carrier concentration, electrical conductivity,
thermal conductivity and the electronic power factor among these
compounds. The observed highest carrier concentration, electrical
conductivity, thermal conductivity and the electronic power factor
for CuAl(S0.75Se0.25)2 could be attributed to the fact that sub-
stituting 0.25 of S by Se causes reaching the highest value of the
carrier concentration along the temperature range. Thus, the CuAl
(S0.75Se0.25)2 compound shows high electrical conductivity and
electronic power factor. We have obtained positive Seebeck coef-
ficient for all compounds which represents p-type concentration.
At room temperature both CuAl(S0.25Se0.75)2 and CuAl(S0.5Se0.5)2
possess figure of merit very close to unity, which implies that
these materials could be good candidates for thermoelectric
applications.
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