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The electronic structures of solid solutions CuGa;_,In,Te, are systematically investigated using the full-potential
all-electron linearized augmented plane wave method. The calculated lattice parameters almost linearly increase with the
increase of the In composition, which are in good agreement with the available experimental results. The calculated band
structures with the modified Becke—Johnson potential show that all solid solutions are direct gap conductors. The band
gap decreases linearly with In composition increasing. Based on the electronic structure calculated, we investigate the
thermoelectric properties by the semi-classical Boltzmann transport theory. The results suggest that when Ga is replaced
by In, the bipolar effect of Seebeck coefficient S becomes very obvious. The Seebeck coefficient even changes its sign from
positive to negative for p-type doping at low carrier concentrations. The optimal p-type doping concentrations have been
estimated based on the predicted maximum values of the power factor divided by the scattering time.
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1. Introduction

Thermoelectric (TE) materials can convert waste heat into
electric power and then reduce greenhouse gas emissions. The
ability of a TE material is characterized by a dimensionless
figure of merit ZT = S?0 T/ (ke + k1),!!*! where o is the elec-
trical conductivity, S is the Seebeck coefficient, T is the tem-
perature, and k. and k; are the electronic and the lattice contri-
butions to the thermal conductivity x, respectively. Obtaining
a TE material with a large ZT value is a challenging task, since
a good TE material should satisfy some conflicting demands:
high Seebeck coefficient and high electrical conductivity; yet
low thermal conductivity.

The CuXTe; (X =Ga, In) compounds belong to a group
of I-III-VI, (I = Cu, Ag; Il = Al, Ga, In; and VI =S, Se, Te)
chalcopyrite semiconductors with analogue zinc-blende lat-
tices. Their thermoelectric properties have been investigated in
both experiment and theory. In experiment, Plirdpring et al.’]
showed that the ZT value of polycrystalline bulk chalcopyrite
CuGaTe; can reach 1.4 at high temperatures above 800 K. Liu
et al.!¥ successfully synthesized polycrystalline chalcopyrite
compound CulnTe, and found that the ZT value of CulnTe,
reached 1.18 at 850 K. Later on, Li et al.l’! synthesized the
solid solutions CuGa;_,In,Te, (x = 0-1) by the isoelectronic
substitution of element In (Ga) for Ga (In) in CuGa(In)Te,
and investigated their thermoelectric properties from 300 K
to 700 K. They found that the structure upon substitution pro-
vided a much higher Seebeck coefficient S and a relatively low
thermal conductivity , so that the ZT value of the compound
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CuGag 36Ing ¢4 Teo reached 0.91 at 701 K, nearly doubled in
comparison to the ones of the mother compounds CuGaTe;
and CulnTe,. Doping is one of the most effective ways to en-
hance the thermoelectric performance.®7! It has been reported
that the Seebeck coefficient can be effectively enhanced by the
partial substitution of Ga by Sb in CuGaTe,®! and by doing
Mn in AgSbTe,. !

In a theoretical context, Parker ef al.['0! researched the
thermoelectric properties of AgGaTe, and related chalcopy-
rite structure materials using first-principles calculations. The
doping and temperature dependences of the thermoelectric
properties of AgGaTe,!!!] and CuGaTe,!!?! have also been
discussed by using the density functional theory (DFT). How-
ever, the theoretical investigation on the electronic structures
and the thermoelectric performance of CuGa,_,In,Te; is rare
and incomprehensive. We also find that there exists a discrep-
ancy between Refs. [13] and [5] on the measured electronic
conductivities of solid solutions CuGaj_,In,Te,. In Ref. [13],
the conductivity o showed a metallic behavior, namely, the
electronic conductivity decreased with increasing temperature.
While in Ref. [5], the electrical conductivity ¢ of four inves-
tigated samples increased rapidly when the temperature was
above certain values, indicating a semiconductor property. In
order to understand their electronic properties, in this paper,
we investigate the structural and the electronic properties of
the CuGa;_,In,Te, system as a function of the In composition
based on the full-potential linearized augmented plane wave
(FPLAPW) method.
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The organization of this paper is as follows. Section 2
gives details of the computational methods. Results and dis-
cussion concerning the structural, electronic, and thermoelec-
tric transport properties of CuGa;_,In,Te, are presented in
Section 3. Section 4 summarizes with a brief conclusion.

2. Computational details

The electronic structure calculations are performed via
the full-potential all-electron linearized augmented plane wave
(FP-LAPW) method implemented in the WIEN2K code.[!4]
The generalized gradient approximation of Perdew, Burke,
and Ernzerhof!!>! (GGA-PBE) is employed to relax the lat-
tice constants and the atoms’ positions. Convergence tests
show that the use of 1000 k points in the irreducible Brillouin
zone (IBZ) for the CuGa;_,In,Te, system is sufficient. The
well converged basis sets with RyKmnax = 8.5 are used, where
Ry and K, are the smallest muffin-tin (MT) radius and the
maximum size of the reciprocal-lattice vectors, respectively.
The MT sphere radii for Cu, Ga, In, and Te ions are 2.5 a.u.,
2.5 a.u, 2.5 a.u., and 2.06 a.u., respectively. We make the ex-
pansion up to [ = 10 in the muffin tins. In all calculations,
the tolerance of the total energy in self-consistency is less than
0.1 mRy per formula unit.

The transport properties are calculated by using the
Boltzmann theory and the rigid band approach. The Boltz-
TraP code!'®! with the constant scattering time approximation
(CSTA) is used. A non-shifted mesh with 24000 k points is
used for the transport calculations. The electronic transport
quantities S, o, and k depend on the band structures, how-
ever the first-principle methods often underestimate the en-
ergy band gap significantly. To overcome the problem, here
we employ a modified version of the exchange potential pro-
posed by Becke and Johnson, known as the modified Becke
Johnson (mBJ) potential,!'”) which can give a much more ac-
curate band gap than the standard LDA and GGA. The first-
principles calcualtions, as a kind of theoritical method, have
successfully described the electronic structures and the ther-

moelectric properties of many materials. ['3-20]

3. Results and discussion
3.1. Crystal lattice and electronic structures

The crystal structure of CuXTe; (X =Ga, In) is the same
as that of other ternary chalcopyrite with 142d (group 122)
symmetry, where Cu atoms occupy the 4a (0 0 0) site, X atoms
occupy the 4b (0 0 1/2) site, and the Te atoms occupy the 8d (u
1/4 1/8) site. Thus, in order to completely describe the struc-
ture, three parameters need to be determined: the unit cell pa-
rameters a, ¢ and the coordinate of the Te atoms u. If u is 1/4,
the chalcopyrite type will have an ideal tetrahedral structure.

However, experiments!>>2!1 show that the ternary chalcopy-
rite has tetragonal distortions, namely, u is not equal to 1/4,
and the ratio n = ¢/2a deviates from 1. A full relaxation is
carried out to determine the lattice parameters a, ¢ and the in-
ternal coordinate u. We use the experimental values as the
initial lattice constants, i.e., a = 6.024 A and ¢ = 11.924 A for
CuGaTe,.[?2! The solid solutions CuGa,_,In, Te, are modeled
in a conventional cell (containing four Cu atoms, four Ga/In
atoms, and eight Te atoms) by isoelectronic substitution. The
crystal structures of CuGa;_,In,Te; are shown in Fig. 1. Both
calculated equilibrium lattice constants and lattice distortion
parameter 1] = ¢/2a are listed in Table 1, together with the
available experimental data.

Fig. 1. (color online) Crystal structure of chalcopyrite compounds
CuGaj_,In,Te,.

Table 1. Calculated lattice parameters a, ¢ and lattice distortion pa-
rameter ¢/2a compared to the experimental results of solid solutions
CuGaj_,In,Te;,.

X alk c/A ¢/2a
0 6.1125 12.2095 0.9987
6.025% 11.948% 0.9915%
6.021% 11.937 0.9913%
6.002°) 11.949¢) 0.9954¢)
6.0249 11.9249) 1.01349
6.025%) 11.935°) 0.9905°)
0.25 6.1568 12.3276 1.0011
6.058°) 12.068°) 0.996°)
0.5 6.2077 12.4403 1.002
6.107°) 12.177Y 0.997%
6.098°) 12.196°) 1°)
0.75 6.2570 12.5717 1.0046
6.147°) 12.295°) 1.0001¢)
1 6.3113 12.6730 1.004
6.194% 12.416Y 1.0023%)
6.195") 12.48) 1.0073Y)
6.201°) 12.379°) 0.9981¢)
6.18479 12.49 1.00259

3Ref. [23]; P Ref. [24]; 9 Ref. [25]; D Ref. [22]; ©'Ref. [26]; DRef. [27].

The calculated equilibrium parameters of solid solutions
CuGa,;_,In,Te, are slightly larger than the experimental val-

037103-2



Chin. Phys. B Vol. 23, No. 3 (2014) 037103

ues. This is because the GGA often overestimates the lat-
tice constants of compounds. The deviations of the optimized
lattice constants of CuGaTe; (¢ = 6.1125 A) and CulnTe,
(a = 6.194 A) with the experimental values are within 1.9%,
which indicates that our optimized results are reliable. It is
observed from Table 1 that the calculated lattice parameters
increase with the increase of In. Because the size of the sub-
stitution atom In is larger than that of Ga. The dependences of
both lattice constants of solid solutions CuGa;_,In,Te; on In
content x can be linearly fitted as follow:

a=6.1095+0.1991x, c¢=12.2102+0.4684x. (1)

They are slightly different from the ones reported by Ledn et
al.!®!

a=6.02240.1625x, ¢ =11.9495+0.4506x;

and by Gaburici et al.[?®!

a=06.0154+0.168x, c¢=12.035+0.322x.

In order to have a better understanding of the electronic
structures of CuGa;_,In,Te,, the calculated band structures
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for a series of solid solutions with GGA and mBJ-GGA are
investigated and shown in Fig. 2. As can be seen, they are di-
rect gap semiconductors. The valence-band maximum (VBM)
and the conduction-band minimum (CBM) are located at the I”
point. The isoelectronic substitution has no significant impact
on the VBM. Since the valence bands primarily come from
the hybridization of the Cu 3d and Te 5p orbitals, Ga and In
atoms contribute very little to the VBM, while Ga/In and Te
mainly contribute to the CBM. Due to the increases of the lat-
tice constants with increasing In content, we find that the aver-
age distance dij—te (dii—Te = (1 —x)dGa—Te +xdin—Te ) 18 €lon-
gated, whereas the average distance between Cu and Te is only
slightly increased. The rate of alteration of djji_te is always
larger than that of dcy_Te for solid solutions CuGaj_,In,Te;.
These structural variations induce band gap variations. The
general trend has been summarized by Jaffe and Zunger. !
The CBM is lowered as the bond contributing the most to it
is stretched. The VBM is raised as the bond contributing the
most to it is compressed. If the proposal above does work in
the present investigated system, we should expect a dominant
decrease of the CBM and therefore a band gap narrowing with
increasing In content.

2.0

Energy/eV

I
=
[=}
T

—2.0

Fig. 2. Calculated band structures of solid solutions CuGa;_,In,Te; ((a) x =0, (b) x = 0.25, (¢) x = 0.5, (d) x = 0.75, (e) x = 1) with

mBJ-GGA (solid lines) and GGA (dash lines) potentials.

The calculated band gaps of solid solutions
CuGaj_,In,Te, with GGA and mBJ-GGA potentials are listed
in Table 2, as well as the available experimental results and

theoretical values. The GGA not only underestimates the

band gap of CuGaTe,, but also incorrectly predicts CulnTe;
to be a metal. While the mBJ potential gives much improved
band gap values of 0.73 eV and 0.56 eV for CuGaTe; and
CulnTe,, respectively. The band gap of CuGaTe, computed
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with mBJ-GGA is 0.86 eV, which still remains smaller than
the experimental value 1.24 eV. The major reason for this is
the larger equilibrium volume discussed above. If evaluat-
ing at the experimental equilibrium volume, the band gap of
CuGaTe; is 1.23 eV, which is in considerably better agreement
with the experimental value. The calculated band gaps of solid
solutions CuGa;_,In, Te, with the mBJ-GGA potential can be
linearly fitted as follows:

E; =0.868 —0.3x. 2)
The band gap decreases with the increase of the In content.

Table 2. Calculated band gaps (in units of eV) together with experimen-
tal and other theoretical band gaps of solid solutions CuGa;_,In,Te;.

This work
X Exp.%)
GGA mBJ-GGA
0 0.13 0.86
0.25 0.092 0.80
0.5 0.033 0.72
0.75 0 0.65

1 0 0.56

Cal® Cal9d

Exp.b)

09517 1.23 0.43  0.088

0.7781 1.06 0.18 0

ARef. [5]; Y Ref. [22]; 9 Ref. [30]; DRef. [31].

3.2. Transport properties

Based on the band structures calculated with the mBJ-
GGA potential, the anisotropic transport properties of solid
solutions CuGa;_,In,Te, are investigated. The calculated
transport coefficients S and S?c /7 of CuGaTe, as a func-
tion of the carrier concentration at various temperatures are
shown in Fig. 3. The values of S are positive at the consid-
ered temperatures, indicating that CuGaTe; is a p-type con-
ductor and the majority carrier is the hole, which is consis-
The Seebeck coefficients S
for CuGaTe, first increase and then decrease with increas-

tent with the previous results.

ing temperature at low carrier concentrations, which is accor-
dance with the experimental results.[>! Although the calcu-
lated Seebeck coefficients are qualitatively consistent with the
experimental results, they fail quantitatively to a certain ex-
tent. For example, the Seebeck coefficients S of CuGaTe, with
p=1.1x10"2* m~3 at 300 K are 552 uV/K and 546 uV/K
for xx and zz directions, respectively, which are larger than
the experimental data 380 wV /K.1*! Such differences can be
explained by the fact that Cu precipitates out of the matrix
CuGaTe; at high temperatures, leading to a higher p-type car-
rier concentration. ¥ The increase of the carrier concentration
decreases the Seebeck coefficient, since the Seebeck coeffi-
cient and the carrier concentration of a degenerate semicon-
ductor obey the following relationship:

3en2 M (%)2/3’ )

P 8T2kZT

where m} is the effective mass of the carrier. The variation
trend of S(T') for CuGaTe; is not the same as the theoreti-
cal result reported by Zou et al.,['>) where the Seebeck coef-
ficient S increases with the increase of temperature over the
whole considered concentrations. This discrepancy lies in that
Zou et al. employed a GGA potential to investigate the trans-
port properties, while we use the mBJ-GGA potential. From
the above calculated band structures, it can be found that the
mBJ-GGA potential not only improves the band gap values of
CuGaj_,In, Te,, but also has some effect on the valence band
effective masses. Both are very important for the calculation
of the transport properties. In addition, it can be seen from
Fig. 3 that there is very little anisotropy outside the bipolar
regime, the transport properties along the xx direction are very
close to those along the zz direction.

Figure 3(b) shows the calculated SZG/ T as a function
of doping and temperature for CuGaTe,. Outside the bipo-
lar regime, S26 /7 increases with increasing temperature due
to the increase of the Seebeck coefficient S. The concentra-
tion dependence of S>c/t at the given temperature can also
be seen from Fig. 3. With increasing concentration, the mag-
nitude of %o /T slowly increases, reaches a maximum, and
then decreases. The peak values suggest that the thermoelec-
tric performance of CuGaTe; can be optimized by appropriate

doping.
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Fig. 3. (color online) Calculated (a) Seebeck coefficients S and (b)
power factor divided by scattering time $>6 /7 of CuGaTe; as a func-
tion of doping at various temperatures.

In order to understand the affect of the substitution of In
in CuGaTe,, the values of S and 2o /7, for 5 composition
cases (x = 0.0, 0.25, 0.5, 0.75, 1.0) at 700 K and 1000 K, as
a function of the carrier concentration are plotted in Figs. 4
and 5, respectively. The values of S and S0/t for the zz di-
rection are respectively similar to those for the xx direction.
Thus we only present the values of S and S°c /7 for the xx di-
rection here. It can be seen that with increasing temperature
and In content, the bipolar effect is more obvious. It results
from that that the band gaps of solid solutions CuGa;_,In,Te;
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decrease with In fraction x increasing. When the temperature
increases up to 1000 K, the bipolar effects in all solid solutions
CuGaj_,In, Te, are much clearer. The Seebeck coefficient in-
creases at low carrier concentrations, and after reaching a max-
imum value, it decreases with a further increase in the carrier
concentration. The maximum Seebeck coefficient is denoted
by Smax (x), and the corresponding carrier concentration is rep-

resented by n(Smax)-

00 e
w 500f ]
> v ]
= 300 ]
2! i ]

1000
T 102 102 1026 1027
wn
C\" 6 T T T T T T TrTTTaT
.’KIE [ —x=0
- 4L —— =025 _ 3
o s T=T0K ]
Z [ —x=0.75 ]
N s | b ]
< ;
/: O Ll L Lol - L
F 1024 1025 1026 1027
th Hole concentration/m=3

Fig. 4. (color online) Calculated (a) S and (b) %G /T of CuGa; _,In, Te,
for the xx direction as a function of the carrier concentration at 700 K.
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0
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Fig. 5. (color online) Calculated (a) S and (b) 2 /7 of CuGa; _,In, Te,
for the xx direction as a function of the carrier concentration at 1000 K.

The effects of the substitution on Spx (x) and 7(Smax ) are
shown for three given temperature cases (7' = 300 K, 700 K,
1000 K) in Fig. 6. The Spmax (x) decreases linearly with increas-
ing In fraction for all cases. The linear reduction of Spyax (x)
for solid solutions is due to a linear reduction in their energy
band gaps. At room temperature, it is found that n(Smax ) has
a weak dependence on the composition. This is because of
the narrower width of the carrier distribution at lower temper-
atures and the insignificant variation of the density of states
(DOS) in CuGa;_,In,Te, near the Fermi energy. However,
n(Smax) increases rapidly with the increase of the composi-

[32

tion at higher temperatures. Hossain et al.[*?! have presented

a detailed explanation based on the equations for the trans-
port coefficients. The gradient of the Fermi—Dirac distribution
broadens at higher temperatures. Therefore, it couples with
more electronic states and has a closer relationship with the
compositional variation, because the material variation has a
substantial impact on the deeper conduction electronic states.
Thus, this coupling shifts n(Syax ) toward a higher concentra-

tion.
1600 T T T T T I T
—a— 7T=300 K |
1400 —— T=T700 K 4
| (a)
1200
5 L
& 10001 3
(’.5‘ L 4
800 -
600 [ -
400 1 1 1 1 1 1
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Fig. 6. (color online) The effects of the substitution on (a) Smax (x) and
(b) n(Smax ) for three given temperature cases.
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Fig. 7. (color online) The effect of the substitution on the maximum
thermoelectric power S2G /7 for three given temperature cases.

The compositional variation of the maximum thermoelec-
tric power at various temperatures is shown in Fig. 7. At
room temperature, the maximum thermoelectric power has a
weak dependence on the composition. While at high tem-
peratures, the maximum thermoelectric power first decreases
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with In concentration increasing, then increases, and finally
decreases to a minimum value at x = 0.75. Based on the cal-
culated $26 /7, the optimal doping concentrations for solid so-
lutions CuGa;_,In,Te, are estimated to be in the range from
2.0x10*° m—3 t09.0 x 10%6 m 3.

4. Conclusion

In summary, we have systematically investigated the elec-
tronic structures and thermoelectric properties of solid so-
lutions CuGa,;_,In,Te, via the full-potential linearized aug-
mented plane-wave method and the semi-classical Boltzmann
theory. It is shown that the calculated lattice parameters in-
crease almost linearly with increasing In content. Compounds
CuGaj_,In,Te; are all direct gap semiconductors. The band
gap decreases linearly with the increase of the In content. The
obtained Seebeck coefficients of CuGaTe, are in reasonable
agreement with the experimental results. The majority carrier
is the hole. With increasing temperature at low carrier concen-
trations, the Seebeck coefficient S first increases to the maxi-
mum Seebeck coefficient Si,x and then decreases. When Ga is
replaced by In, the maximum Seebeck coefficient linearly de-
creases and the bipolar effect of Seebeck coefficient S becomes
more obvious as the In content increases. It results from the
decrease of the band gap. Based on the calculated S?>c/7 as a
function of the carrier concentration, we estimate the optimal
doping concentrations to be in the range from 2.0 x 10%® m—3
t0 9.0x 10%° m~3, which can offer useful guidelines to improve
the thermoelectric performance of CuGa_,In,Te;.
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