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Recent experiments on thermoelectric characterization of doped quaternary compounds of sattanite or
kesterite-type Cu2ZnSnSe4, Cu2ZnSnS4, and Cu2CdSnSe4, show promise for their use as bulk thermoelectrics.
In this paper we present and discuss the energetic, electronic, and transport properties of several tetrahedrally
bonded quaternary compounds Cu2QSnX4, where Q=Zn,Cd; X=S,Se,Te and their alloyed/doped structures,
Cu doped at Q sites and M doped �M =Al,Ga, In� at Sn sites, for elucidating their thermoelectric performance.
In our calculations, using density-functional theory and Boltzmann transport equations, we determine Seebeck
coefficients, conductivities, power factors, a simple measure “maximum” ZT for each compound at experi-
mentally amenable doping levels. Based on the electronic-structure and transport property calculations, we
conclude that the base compounds and several doped compounds show similar potential as thermoelectric
materials to the experimentally characterized one.
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I. INTRODUCTION

As the worldwide concern over environmental impact and
limited resources for fossil fuels intensifies, energy harvest-
ing, and energy conversion from various sources have be-
come very active area of research. In this context, thermo-
electric materials for harvesting waste heat and converting
this heat into usable electrical energy for applications such as
power generation and solid-state refrigeration1,2 is attracting
increasing attention in recent years. The thermoelectric per-
formance of a material is characterized by a dimensionless
figure of merit, ZT=S2�T / ��e+�L�, where S is the Seebeck
coefficient, � is the electrical conductivity, T is the absolute
temperature, and �e and �L are the electronic and lattice ther-
mal conductivities of the material, respectively. Most com-
monly used optimized Bi2Te3-Sb2Te3 alloys have a ZT value
around 1 under ambient conditions. Over the years various
efficient thermoelectric materials based on clathrates,3,4

skutterudites,5,6 and disordered7,8 and nanostructured9–11 ma-
terials have been developed, and even materials with ZT val-
ues more than 2.0 have been reported.9 However, the quest
for abundant and possibly bulk thermoelectric materials with
low thermal conductivity ��� and high mobility for wide
range of application is still ongoing.8,12

In recent experiments on quaternary tetrahedrally bonded
stannite-type structures, Cu2ZnSnSe4, Cu2ZnSnS4, and
Cu2CdSnSe4, optimized through indium doping to Sn sites
and excess Copper doping as substituents at Zn and Cd sites,
have been promoted as new class of wide-band-gap p-type
potential thermoelectric materials. Experiments, indeed, have
shown that these materials show fairly good thermoelectric
performance, despite their base compounds being wide-band
gap and low mobility materials.13–15 The reported maximum
ZT values are 0.37 at 700 K and 0.95 at 850 K for
Cu2ZnSn1−xInxSe4, 0.45 at 700 K, 0.91 at 850 K for
Cu2+xZn1−xSnSe4, and 0.65 at 700 K for Cu2+xCd1−xSnSe4.
The observed surprising performance, which is very com-
petitive with the p-type filled skutterudities at high tempera-
tures, has been explained by the relatively low thermal con-

ductivity, which is around 1 W/mK at 700 K for all
compounds, and pretty good p-type conduction achieved
with In and Cu doping. Also, the measured low thermal con-
ductivity, which is very low, comparable to the well-known
thermoelectric materials,16,17 and its sudden decrease with
temperature have been attributed to natural distorted chal-
copyritelike structures of these materials and phonon-
scattering centers formed especially by the Cu and In dop-
ings. Besides, the likely coexistence of stoichiometrically
similar but different crystallographic phases18–20 have also
been pointed out as another yet possible effect on low
thermal conductivity.21

In addition to their surprising thermoelectric performance,
the materials, Cu2ZnSnS4 and Cu2ZnSnSe4 have drawn sig-
nificant interest for environmentally amenable solar-cell
applications22,23 because of their appropriate band gap
around 1.5 eV �Refs. 22 and 24–27� and high optical-
absorption property. This remarkable multifunctionality
makes these potential thermoelectric materials a good candi-
date for new-generation energy harvesting materials in such
applications as photothermo electrics.28

In this study, our main objective is to conduct an exten-
sive theoretical investigation and develop a possible expla-
nation of the favorable electronic-structure and thermoelec-
tric transport properties of these new type potential
thermoelectric materials. Thus, we have studied the first-
principles thermoelectric properties of Cu2QSnX4, X=S, Se,
and Te and Q=Zn,Cd with three different crystal structures
and four different doping elements, Al, Ga, In, and Cu, using
ab initio density-functional theory �DFT� and Botzmann
transport theory.

The paper is organized as follows: in Sec. II, we describe
our computational method and choices made for various pa-
rameters involved in DFT calculations. In Sec. III, we
present our results and relevant discussion on the electronic-
structure and transport properties of the systems studied. Fi-
nally, in the last section we summarize our findings and
conclusions.
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II. COMPUTATIONAL APPROACH AND METHODS

First-principles calculations have been performed with
VASP �Refs. 29–33� within the Perdew-Burke-Ernzerhof 34

form of generalized gradient approximation �GGA�. For all
simulations, 450 eV plane-wave energy cutoff has been used
to limit the total-energy convergence to less than 5 meV.
Structural properties have been calculated using an 8�8
�8 Monckhorst-Pack k mesh whereas the electronic proper-
ties have been obtained using 26�26�26 Monckhorst-Pack
k-point grid. For GGA pseudopotentials, the valence configu-
rations of the constituent atoms have been chosen as
Cu�3d104s1�, Zn�3d104s2�, Cd�4d105s2�, Sn�5s2p2�,
Al�3s2p1�, Ga�3d104s2p1�, In�4d105s2p1�, S�3s2p4�,
Se�4s2p4�, and Te�5s2p4�.

Transport calculations have been performed through solv-
ing Boltzmann transport equations within the rigid band and
constant relaxation-time ��� approximations as implemented
in BOLTZTRAP.35 This method has been applied successfully
to several materials such as intermetallic compounds,36

high-TC superconductors37 and thermoelectrics.21,38–42

Bulk modulus and its pressure derivative for each material
have been determined by fitting the calculated equation of
state data to the third-order Vinet equation of states �EOS�.43

In the Vinet EOS, the total energy as a function of volume is
given as

E = E0 +
4B0V0

�B0� − 1.0�2 −
2V0B0

�B0� − 1�2 �5 + 3B0��x − 1� − 3x�

�exp�−
3

2
�B0� − 1��x − 1�� , �1�

where E0 is the total energy, V0 is the equilibrium volume, B0
is the bulk modulus at P=0 GPa, B0� is the first derivative of
the bulk modulus with respect to pressure, and x= �V /V0�1/3.

III. RESULTS AND DISCUSSIONS

A. Structural properties

Structurally, these quaternary compounds, Cu2QSnX4 Q
=Zn, Cd and X=S,Se,Te, can be crystalline in kesterite

structure with space group I4̄ and stannite structure with

space group I4̄2m, respectively.13–15,26,27,44 In addition to
these two experimentally observed crystal structures, we
considered another stannite structure with space group

P4̄2m, and therefore we systematically investigated the
structural properties, including the equation of states calcu-
lations, of Cu2ZnSnX4 X=S, Se, and Te, and Cu2CdSnSe4
with three specified crystal structures which obey the octet
rule. The overall agreement between our calculated lattice
constants �a0� and tetragonality ratios ��=c /2a� of all com-
pounds with available experimental and theoretical results
are quite good as shown in Table I. We found that the
ground-state structure of Cu2ZnSnX4 X=S,Se,Te is kesterite

structure �I4̄� whereas that of the Cu2CdSnSe4 is stannite

structure �I4̄2m�. However, the predicted total-energy differ-
ences between the ground state and the other two structures
of all materials for different volumes are about few millielec-

tron volt per atom as shown in Fig. 1. This results were also
verified by our previous calculations21 performed by local-
density approximation �LDA� functionals as well as by
others.47–49 These small total-energy differences and calcu-
lated resembling x-ray data21 indicate the possibility of these
structures occurring as defects within a otherwise pure phase
�possibility of coexistence18–20�, which may cause a decrease
in �L as T increases.

B. Electronical properties

Experimental observations indicate that the thermoelectric
performance of Cu2ZnSnSe4, Cu2CdSnSe4, and Cu2ZnSnS4
are enhanced by Cu doping to Zn and Cd sites and In doping
to Sn sites, through reducing the Fermi level of these mate-
rials by creating p-type carriers in them. Hence, clarifying
the effect of different type of doping on the electronic struc-
ture is crucial for interpretation of their transport properties.
Furthermore, extensive electronic-structure analysis of dif-
ferent crystal structures with nearly the same structural prop-
erties is also important to develop new types of multifunc-
tional thermoelectric devices with very low thermal
conductivity. With this in mind, first we calculated the elec-
tronic density of states �DOS� of Cu2ZnSnSe4 with three
aforementioned crystal phases. We have obtained almost
identical results, indicating limited effect of �Cu, Zn� cation
ordering on the electronic properties, as shown in Fig. 2�a�.
In addition to experimentally studied Cu2ZnSnS4 and
Cu2ZnSnSe4 compounds, we also considered Cu2ZnSnTe4,
and we predicted almost equal total DOS, especially for
p-type conduction region �valence region which is related to
hole conductivity of p-type thermoelectric materials�, as seen
in Fig. 2�b�. Note that, for a clear comparison of the features
of DOS, we have set the top of the valence band to 0 for all
crystal phases in Fig. 2�a� and for all chemical composition
in Fig. 2�b�. The apparent similarity implies that these three
different compounds should give comparable thermoelectric
performance.

To investigate the influence of doping, we have performed
a set of calculations especially for heavily doped structures,
Cu2.5Zn0.5SnSe4, Cu2.5Cd0.5SnSe4, and Cu2ZnSn0.5M0.5Se4,
M =In,Al,Ga aiming to accentuate the role of doping on the
electronic structure of these potential thermoelectric materi-
als. These smaller dopant elements, Cu and M as compared
to Zn and Sn for which they are substituted, slightly reduce
the lattice parameters, a and c. As it is plotted in Figs. 3�a�
and 3�b�, the overall effect of Cu and M �In, Al, and Ga�
doping on the p-type conduction region is almost negligible
as that might just be considered for introducing a shift on the
Fermi level of the considered base systems.

Stating briefly, the calculated electronic structures of all
the compounds are found to be very similar both in magni-
tude and in qualitative features. Especially, the similarity of
the DOS of doped compounds and different crystal phases
show that doping and cation distribution have very small
effect on the electronic properties of these materials. As the
electronic-transport properties relevant to thermoelectric
merit ZT are functions of electronic structure and the density
of state of the material under consideration, and they are
given as
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� = e2� d��−
� f0

��
	���� , �2�

S =
ekB

�
� d��−

� f0

��
	����

� − �

kBT
, �3�

�e = kB
2T� d��−

� f0

��
	����� � − �

kBT
�2

, �4�

where f0 is the Fermi distribution function, ���� is the
transport distribution as defined in Ref. 38, � is the chemical
potential, and kB is the Boltzmann’s constant. One needs to
see the resulting thermoelectric performance characteristics
directly from these transport properties. In the next section,
we discuss the relevant transport properties using calculated
electronic-structure and density of states data for all the com-
pounds considered in this section.

C. Transport properties

Initially, the transport properties of experimentally studied

material Cu2ZnSnSe4 with I4̄2m structure were calculated to
shed some light on its surprising thermoelectric performance.
Aiming to get an estimate of its efficiency, we have used a
specific measure, so-called “maximum” thermoelectric fig-
ure of merit ZTe=S2� /�e, in addition to conductivity over

relaxation time �� /�� and Seebeck coefficient S �relaxation-
time independent� as a function of chemical potential �Fermi
level� which is fixed to 0 at the top of the valence band and
represented as minus for hole-doped region and fixed the
bottom of conduction band to 0 as well and represented as
plus for electron-doped region. This representation is very
favorable to compare transport properties of the compound
having different electronic band gap. Here, in Fig. 4 we
present these properties separately at three different tempera-
tures, namely, T :300, 500, and 800 K.

The electrical conductivity over relaxation time �� /�� for
all temperatures, T, are around typical values of wide-band-
gap semiconductor thermoelectric materials.40,42,50 However,
the calculated S values, especially within the range of rea-
sonable chemical potentials, �, are at least three times larger
than those of similar type of thermoelectric40 compounds.
The calculated maximum thermoelectric figure of merit, ZTe,
yielding around 0.7 with increasing T at moderate doping
levels, falls between the experimentally measured values
0.37 at 700 K and 0.95 at 850 K.13

In order to have a comparative assessment for the thermo-
electric performance of Cu2ZnSnSe4, we calculated the
transport properties of widely studied thermoelectric materi-
als SrTiO3 with VASP and Bi2Te3 but with WIEN2K program
�which employs the full potential, linearized augmented
plane-wave methods and local-orbital methods including
spin-orbit interaction�. Especially at the moderate doping
levels, better performance associated with slightly higher ZTe

TABLE I. Calculated lattice parameters, tetragonality ratio, and bulk modulus of quaternary compounds Cu2ZnSnX4, X=S, Se, and Te,
and Cu2CdSnSe4 with three different crystalline structures. In the table, pw=present work. HSE: Heyd, Scuseria, Ernzerhof hybrid
functional.

Cu2ZnSnX4 I4̄2m

B0 a0

I4̄

B0 a0

P4̄2m

B0 Ref.a0 � � �

Se

5.770 1.000 56 5.771 1.000 56 5.770 1.000 56 GGA-pw

5.604 0.999 73 5.601 1.000 73 5.604 1.000 72 LDA �Ref. 21�
5.762 1.000 5.763 0.998 GGA �Ref. 45�
5.606 0.995 Expt. �Ref. 25�
5.689 0.996 Expt. �Ref. 46�

5.680 1.000 Expt. �Ref. 22�

S

5.468 1.001 68 5.474 1.000 68 5.466 1.002 68 GGA-pw

5.324 1.002 88 5.324 1.001 88 5.323 1.001 88 LDA �Ref. 21�
5.458 1.004 5.467 0.999 GGA �Ref. 45�
5.438 1.006 5.448 0.999 5.446 0.999 HSE �Ref. 47�
5.436 1.001 Expt. �Ref. 27�

5.427 1.001 Expt. �Ref. 44�
5.449 0.9871 Expt. �Ref. 13�

Te 6.197 0.995 44 6.183 1.001 45 6.193 0.996 44 GGA-pw

6.016 0.997 60 6.014 0.999 60 6.016 0.997 60 LDA �Ref. 21�

Cu2CdSnSe4

5.922 0.980 53 5.872 1.006 53 5.914 0.985 53 GGA-pw

5.833 0.996 Expt. �Ref. 46�
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values were obtained for these quaternary compounds as
shown in Fig. 5. These results corroborate that Cu2ZnSnSe4
might be as efficient as the well-known thermoelectric mate-
rial Bi2Te3 but its maximum ZT value could not be larger
than 1.

To clarify the effect of different crystal structures on ther-
moelectric performance, we calculated transport properties
of I4̄, I4̄2m, and P4̄2m types of Cu2ZnSnSe4, Cu2ZnSnS4,
and Cu2ZnSnTe4 crystals. Not surprisingly, calculated p-type
transport properties, representing the identical � /�, S, and
ZTe for different type of crystal structures, are parallel with
DOS results shown in Fig. 2. We obtained nearly the same
structure-dependent transport properties, which provides an-
other alternative compound to the experimentally studied
ones with high electrical and low thermal conductivity, as
can easily be seen in Fig. 6 displaying results for
Cu2ZnSnSe4 at 500 K.

In the light of nearly identical transport properties results
obtained for different crystal structures, we only compared

the transport properties of the experimentally studied, I4̄2m
phase of Cu2ZnSnSe4 and Cu2CdSnSe4 as well as their fully
relaxed heavily Cu-doped forms, Cu2.5Zn0.5SnSe4 and
Cu2.5Cd0.5SnSe4. The p-type transport results for the com-
pounds containing Zn and Cd confirm the nearly identical
thermoelectric performance prediction by experiment,13–15 as
seen in Fig. 7. Furthermore, similar transport coefficients of
heavily Cu-doped forms show negligible effect of doping on
p-type conduction, especially at moderate doping levels, and
straighten the rigid-band shift approximation which assumes
that the alloy and the pure structure have similar transport
coefficients at the same carrier concentration.

In addition to Cu-doped compounds we also analyzed the
transport properties of fully relaxed highly doped structures,

FIG. 1. �Color online� Calculated Vinet equation of states of
quaternary compounds Cu2ZnSnX4, X=S, Se, and Te, and
Cu2CdSnSe4 with three different crystalline structures. The symbols
are the calculated total-energy values from DFT, the lines represent
the corresponding Vinet equation of state fit to the data.

FIG. 2. �Color online� Electronic density of states of �a�
Cu2ZnSnSe4 with three different crystal structures: I4̄, I4̄2m, and

P4̄2m, and �b� Cu2ZnSnX4, X=S, Se, and Te, with I4̄2m crystal
structure. Top of the valence band is set to 0.

FIG. 3. �Color online� Electronic density of states of �a�
Cu2ZnSnSe4, Cu2.5Zn0.5SnSe4, Cu2CdSnSe4, and Cu2.5Cd0.5SnSe4,

�b� Cu2ZnSnSe4, and Cu2ZnSn0.5M0.5Se4, M =In,Al,Ga with I4̄2m
crystal structure. Top of the valence band is set to 0.

FIG. 4. �Color online� For Cu2ZnSnSe4 with I4̄2m crystal struc-
ture, variation in electrical conductivity over relaxation time �� /��,
Seebeck coefficient �S�, and maximum thermoelectric figure of
merit �ZTe=S2� /�e�, as a function of chemical potential ���. Here,
� /� and S are in units of 1020 / �	ms� and 102 �V /K. The solid
�black�, dashed �red�, and dash-dot �blue� lines show data for 300
K, 500 K, and 800 K, respectively. � is fixed to 0 at the top of the
valence band and represented as minus for hole-doped region and
fixed to 0 at the bottom of the conduction band and represented as
plus for electron-doped region.
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Cu2ZnSn0.5M0.5Se4, M =In,Al,Ga. In spite of excessive dop-
ing with three different IIIA group elements, the insubstantial
effect of doping on p-type transport properties stands out
once again as seen in Fig. 8. To obtain a direct comparison
with experiment, we calculated the carrier concentration in
terms of chemical potential for each T by using equation

n =� De���
1

e��−��/kBT + 1
d� , �5�

where; n, �, and De are the carrier concentration, energy, and
first-principles DOS, respectively. Considering almost iden-

tical transport results of heavily doped materials shown in
Figs. 7 and 8, DOS and transport data of undoped
Cu2ZnSnSe4 were used to calculate the following transport
properties of experimentally studied, slightly doped
Cu2ZnSn1−xInxSe4 compounds. Figure 9 shows S vs T, ob-
tained by using the calculated n, and � relation for the four
different In doping levels of Cu2ZnSn1−xInxSe4 reported by
Chen13 et al.

Our results for S have pretty good agreement with the
experiment at x=0.05, 0.10, and 0.15 leading to similar car-
rier concentrations and S vs T behavior. However, for x=0,
the S vs. T curve agrees at a concentration of 1
�1020 e /cm3, ten times higher than the experimentally re-

FIG. 5. �Color online� Maximum thermoelectric figure of merit

�ZTe=S2� /�e� of Cu2ZnSnSe4 with I4̄2m crystal structure, Bi2Te3

and SrTiO3. The black straight and red dashed lines show data for
300 K and 800 K, respectively. � is fixed to 0 at the top of the
valence band and represented as minus for hole-doped region and
fixed to 0 at the bottom of the conduction band and represented as
plus for electron-doped region.

FIG. 6. �Color online� For Cu2ZnSnSe4, variation in electrical
conductivity over relaxation time �� /��, Seebeck coefficient �S�,
and maximum thermoelectric figure of merit �ZTe=S2� /�e�, as a
function of chemical potential ��� at 800 K. Here, � /� and S are in
units of 1020 / �	 m s� and 102 �V /K. The black straight, red

dashed, and blue dashed-dotted lines show data for I4̄2m, I4̄, and

P4̄2m crystal structures, respectively. � is fixed to 0 at the top of
the valence band and represented as minus for hole-doped region
and fixed to 0 at the bottom of the conduction band and represented
as plus for electron-doped region.

FIG. 7. �Color online� For Cu2ZnSnSe4, Cu2.5Zn0.5SnSe4,
Cu2CdSnSe4, and Cu2.5Cd0.5SnSe4 variation in electrical conductiv-
ity over relaxation time �� /��, Seebeck coefficient �S�, and maxi-
mum thermoelectric figure of merit �ZTe=S2� /�e�, as a function of
chemical potential ��� at 800 K. Here, � /� and S are in units of
1020 / �	 m s� and 102 �V /K. � is fixed to 0 at the top of the
valence band and represented as minus for hole-doped region and
fixed to 0 at the bottom of the conduction band and represented as
plus for electron-doped region.

FIG. 8. �Color online� For Cu2ZnSn0.5M0.5Se4, M =In,Al,Ga
variation in electrical conductivity over relaxation time �� /��, See-
beck coefficient �S�, and maximum thermoelectric figure of merit
�ZTe=S2� /�e�, as a function of chemical potential ��� at 800 K.
Here, � /� and S are in units of 1020 / �	 m s� and 102 �V /K. � is
fixed to 0 at the top of the valence band and represented as minus
for hole-doped region and fixed to 0 at the bottom of the conduction
band and represented as plus for electron-doped region.
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ported hole concentration level 1�1019 e /cm3. A calcula-
tion with the experimental value has the same trend but re-
sults in a 2�102 �V /K shift for S values. We would like to
attract attention to this point in the experiment. As seen in
Fig. 10 calculated � /� vs T increases with increase in hole
concentration �In doping� as expected. To understand the
overall effect of In doping, � vs T was also calculated by
fitting predicted � /� with � measured by Chen13 et al. and a
decreasing behavior with increase in hole concentration was
predicted. Furthermore, �e vs T has been calculated by using
fitted �; and parallel results with experiment �reported for
300 K �Ref. 13�� were obtained for all concentrations.

Particularly, to test the viability of different compounds as
base materials for thermoelectric applications, we analyzed
the impact of VIA group elements �S, Se, and Te� on the
transport properties by considering similar band-gap values
for them. As seen in Fig. 11�b� we conclude that all three
materials have nearly the same potential for thermoelectric
applications. Therefore, heavy doping elements reducing
thermal conductivity more than light ones could be more
beneficial for thermoelectric applications.

Finally, the source of low and decreasing value for �
while T increases as observed in the experiments13 could be
attributed to several factors: natural distorted structure as re-

marked by Chen et al.,13 antiphase defects, coexistence of
different polymorphs,18–20 and possible substitutional disor-
der, etc. Especially the latter two might further suppress the
value of �. The likelihood of this is explored through first-
principles total-energy calculations for the base structures. In

addition to I4̄, I4̄2m, and P4̄2m structures, we have system-
atically generated several lower-symmetry structures through
shuffling elements and sites with this idea in mind.21 The

energy differences between higher-energy forms I4̄2m and

P4̄2m are 3.75 and 4.25 meV/atom of I4̄ and only 0.50 meV/

atom from each other. Except one P2 and P4̄21m symmetry
structures, all others reported earlier by us21 are within 15

meV/atom of I4̄. We have also performed a representative
calculation with an extended system �2�2�1� with one an-
tisite defect �though this represents a very large antisite de-
fect concentration� and the energy difference per atom has
been obtained as 20 meV from the defect-free cell. The small
energy differences here indicate the possibility of occurrence
of these structures as defects within an otherwise pure phase.
Moreover, the increased probability of cation exchange
structures may further decrease � at higher T. With these
observations, one might suggest several compounds with
polycrystalline bulk structures with enhanced ZT or as in
Bi2Te3 /Sb2Te3 nanostructured/strained superlattices51,52 con-
structed from similar structural/electronic properties with
different chemical constitution in addition to doping of these
base structures.

IV. SUMMARY AND CONCLUDING REMARKS

In this paper, we presented and discussed the energetic,
electronic, and transport properties of several tetrahedrally
bonded quaternary compounds Cu2QSnX4, where Q

FIG. 9. �Color online� Variation in Seebeck coefficient as a
function of temperature, for different carrier �In� densities, n. The
data represented by dots are experimental measurements from Ref.
13.

FIG. 10. �Color online� Variation in � /�, �e, �, and ZTe as a
function of temperature, for different carrier �In� densities, n.

FIG. 11. �Color online� For Cu2ZnSnX4, variation in electrical
conductivity over relaxation time �� /��, Seebeck coefficient �S�,
and maximum thermoelectric figure of merit �ZTe=S2� /�e�, as a
function of chemical potential ��� at 800 K. Here, � /� and S are in
units of 1020 / �	 m s� and 102 �V /K. The black straight, red
dashed, and blue dashed-dotted lines show data for X=Se, S, and
Te, respectively. � is fixed to 0 at the top of the valence band and
represented as minus for hole-doped region and fixed to 0 at the
bottom of the conduction band and represented as plus for electron-
doped region.

C. SEVIK AND T. ÇAĞIN PHYSICAL REVIEW B 82, 045202 �2010�

045202-6



=Zn,Cd; X=S,Se,Te, and their alloyed structures, doped
structures: Cu dopants at Q sites, �Al,Ga,In� dopants at the
Sn sites, for elucidating their thermoelectric performance.
From calculations, similar behavior for the electronic and
transport properties has been obtained as a function of tem-
perature, doping level, and crystal symmetry for all three.
Nearly identical thermoelectric properties emerged for the

different phases of each compounds. The ab initio total-
energy calculations on different high-symmetry and other
lower-symmetry structures constructed by systematically
shuffling the elements and sites indicate possible sources for
experimentally observed low thermal conductivity as well as
attenuation with increasing temperature.
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