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Abstract

We investigated the electronic structure, lattice dynamics and thermoelectric
transport properties of CulnTe, based on first-principles calculations. From the
analysis of density of states and partial charge density, it can be expected that
p-doping at the In-site or n-doping at the Cu-site will barely modify the electronic
states near the valence or conduction band edge but increase the carrier concentration
to achieve the highest thermoelectric efficiency. Lattice dynamics calculations suggest
that the thermal conductivity of CulnTez can be effectively reduced by introducing
structural defects at Cu, In and Te sites. The p-type CulnTe, possesses better
thermoelectric properties as compared to the n-type one, which mainly originates
from the steeper density of states resulting from nearly degenerate valence bands near
the band edge. The temperature dependence of the thermoelectric transport properties
of p-type CulnTe; at different carrier concentrations was studied in detail, which is
found to be in good agreement with the experimental data. Our results of calculation
showed that p-type CulnTezcan achieve an upper-limit figure of merit value of 1.72 at
850 K and are promising thermoelectric materials for waste heat recovery at medium

temperatures.
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I. Introduction
Under the challenges of global energy crisis and climate change, thermoelectric
materials, which can be utilized to directly convert heat into electricity in the solid
state, have gained renewed interests in recent years.'® The energy conversion
efficiencies of thermoelectric devices are characterized by the dimensionless
thermoelectric figure of merit of materials:> ¢ ZT :520%, where S, o, T and «
denote the Seebeck coefficient, electrical conductivity, temperature and thermal
conductivity. Both electrons and phonons are heat carriers therefore the thermal
conductivity can be decomposed into two independent contributions. As a result, there
exist two major strategies to improve the thermoelectric efficiency: band structure
engineering to optimize electrical properties*® " and phonon engineering to decrease
the phonon thermal conductivity® & However, due to the interdependence of
Seebeck coefficient, electrical conductivity and electronic thermal conductivity, it
makes the maximization of ZT a challenge so far.%3°
Recently, a ternary compound CulnTe2 with pseudocubic structures has been
reported to exhibit promising thermoelectric properties in moderate temperature
range.%*2 It was experimentally found that the ZT value of CulnTe, can reach 1.18 at
850 K. Yang et al. have reported that the ZT value of CulnTe, can be effectively
improved by simultaneous Zn substitution for both Cu and In, and they achieved a ZT
value of 0.69 at 737 K, which is 1.65 times that of Zn-free CulnTe2.!® Chen et al.

have investigated the thermoelectric properties of CulnTe2/graphene composites and
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obtained an improved ZT value due to the decreased thermal conductivity.*? Impurity
doping is an effective method to optimize the carrier concentration and improve the
thermoelectric properties of materials.’* First-principles electronic  structure
calculations can help us to identify the appropriate doping sites to optimize the carrier
concentration whereas not to modify the electronic states of pristine materials. In this
work, we have investigated thermoelectric transport properties of CulnTe2 by using
first-principles methods and Boltzmann transport equations. We analyzed how
features in the band structure of CulnTe; affect the electrical transport properties, and
identified the optimal doping sites and level to maximize the thermoelectric
performance of CulnTe,. Lattice dynamics analysis also help us to identify the proper
sites to introduce the structural defects for further reduction of the lattice thermal
conductivity. Our investigations established an upper bound of thermoelectric figure
of merit for CulnTe; and demonstrated that an improvement over the previously

reported values is possible under optimal conditions.

Il. Computational methods

The energy band calculations have been performed by using the projector
augmented wave (PAW) method within the framework of density functional theory as
implemented in the Vienna Ab initio Simulation Package (VASP).**1" The generalized
gradient approximation (GGA) in the Perdew-Burke-Ernzerh (PBE) functional
form?8 was applied. The geometry for CulnTe; is fully relaxed until the magnitude of

the force acting on all atoms is less than 0.01 eV/A and the total energy converges
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within 0.001 meV. The cutoff energy was set to be 500 eV for the plane-wave
expansion and the Monkhorst-Pack k-mesh of 7x7x7 was adopted for the integration
of Brillouin zone. Being strongly localized, the exchange-correlation effects of the Cu
3d electrons are not adequately described within the generalized gradient
approximation. This can be to some extent corrected with the DFT+U method, which
is a combination of the DFT and Hubbard Hamiltonian for the Coulomb repulsion.
Here we chose the PBE+U method to calculate the electronic structure of CulnTex.
The effective Coulomb repulsion parameter U was set to be 4 eV according to the
previously reported value of Cu-based ternary semiconductors.®

The phonon properties were derived from the lattice dynamics computations using
the ab initio force constant method as implemented in the PHONOPY code.?
Supercells were constructed as a 2>2>2 tetragonal unit cell, corresponding to 8 unit
cells in the tetragonal setting containing 128 atoms. Symmetry-inequivalent atomic
displacements were generated to obtain forces from VASP and then phonon
frequencies can be derived from second-order force constants, which were obtained
by the finite-difference of forces.

On the basis of the electronic band structure, the thermoelectric transport
properties can be evaluated by using the semi-classical Boltzmann transport equations
with the relaxation time approximation, as implemented in the BoltzTraP code.?* The
thermoelectric transport coefficients o; S and & can be written in a compact form in

terms of the A function & 22

o=A9 1)
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where e is the elementary charge of the carriers, T is the temperature, Er is the Fermi
level, fq is the Fermi-Dirac distribution function, and (&) is the transport distribution

function which can be expressed as

eZ

2(¢)= szi,kvi,kri,k5(‘9_gi (k)), (5)

k

where i and k are the band index and wave vector, respectively, and zik Is the
relaxation time, N is the number of the sampled k points in the Brillouin zone (BZ),
and Q is the volume of unit cell, vik is the group velocity of the carriers in the band i

with wave vector k .The velocity vik can be determined from a k-space gradient

AW

“ 5 ok (®)

which requires the eigenvalues on a dense k mesh for an accurate evaluation.

I11. Results and discussion

Page 6 of 23



Page 7 of 23

Physical Chemistry Chemical Physics

ip mur,
1_
; |
2
::-U*
o
A
C
W -
92 5
Zz I X P N r

Figure 1. Band structures of CulnTes.

CulnTe; is crystallized in tetragonal structure with a space group of 1-42d,
which may be derived from the diamond-like cubic zinc-blende material.'? Fig. 1
shows the ab initio electronic band structure of CulnTe,. Our results of calculation
show that the fundamental gap of CulnTe: is direct at I'-point in the BZ with a
magnitude of 0.177 eV (see Fig. 1). In contrast to the zinc blende lattice, the triply
degenerate valence band I, in CulnTe: splits into a non-degenerate band I, ,and a
doubly degenerate band I, due to the crystal field effect.’® The tetragonal distortion
parameter # (= c/2a) of CulnTe; is very close to 1, which causes a small crystal field
splitting energy.’®  Therefore, the valence bands at I' point are nearly triply
degenerate. The non-degenerate band T, is light-hole band while doubly degenerate
band I, is heavy-hole band. Such a mixture of heavy and light bands near the

valence band maximum (VBM) that are nearly degenerate indicates a promising
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thermoelectric performance for p-type doping.?® 2* In comparison with previous
calculations,? our calculated crystal field splitting energy is significantly smaller. The
conduction bands exhibit a strong dispersion near the band edge and then become
relatively flat with the increasing energy. The calculated band gap is smaller than the
experimentally measured gap,'? which originates from the fact that standard density
functional theory usually underestimates the band gaps of semiconductors. In order to
achieve a better agreement between theory and experiment, the band gap of CulnTe;
was adjusted to match the experimental data by applying the so-called scissor operator
in our subsequent calculations of transport properties. Similar treatments have been
widely adopted in previous calculations.?> 26 The scissor operator does not change the
band dispersion and group velocities, so the only influence of band gap adjustment is
on the carrier concentration dependence of Seebeck coefficients. When the Fermi
level is in the gap and the carrier concentration is low, both conduction and valence
bands may contribute to the Seebeck coefficients with opposite signs, resulting in a
drop of the Seebeck coefficients at low carrier concentrations. This is known as the
bipolar effect. Without the band gap adjustment, the bipolar effect will be more

pronounced since the band gap is underestimated.
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Figure 2. Total and atom-projected density of states of CulnTex.

We plotted the total and atom-projected density of states (DOS) of CulnTe; in
Fig. 2. It can be seen from Fig. 2 that the energy states near the valence band edge
primarily come from the hybridization of 3d orbitals of Cu atoms and 5p orbitals of Te
atoms, which form a conducting pathway for charge carriers in the p-type
semiconductors. The energy states near the conduction band edge are mainly due to
the hybridization of the In 4s and Te 5p orbitals, which can provide a conducting
pathway for charge carriers in the n-type semiconductors. The total DOS near the
valence band edge is steeper while that near the conduction band edge is very flat at

first then becomes steep with increasing energy, as in line with the band structures. It
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can be expected that a steep slope of DOS near the band gap should lead to a high

Seebeck coefficient.?4 2627

Figure 3. Partial charge density of CulnTe, for the bands near the Fermi level. The left panel
10
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represents the upper parts of valence bands within a 2eV window below the VBM, with isosurface
value of 0.0025 e/bohr?; the right panel represents the lower parts of conduction bands within a

2eV window above the CBM, with isosurface value of 0.0035 e/bohr?.

To further identify the optimal doping sites, the partial charge densities for the
bands near the Fermi level are illustrated in Fig. 3. The left panel of Fig. 3 shows that
electrons are mostly distributed around the Cu and Te atoms and that around In atoms
is nearly invisible, which is in accordance with the atom-projected DOS. Thus,
p-doping at the In site will not substantially modify the electronic structures near the
edge of valence bands, which provides us a doping site to optimize the carrier
concentration to improve the thermoelectric figure of merit of CulnTez. The right
panel of Fig. 3 shows that charge density mainly distribute around In and Te atoms,
forming [In-Te-In] conducting network for electron transport. This illustrates that
n-doping (or substitution) at the Cu-site will only change the carrier concentrations

with little effects on the shape of the conduction band minimum (CBM).
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Figure 4. Phonon dispersion curves (a) and total density of states (b) for

CulnTez. The partial phonon DOS projected onto Cu, In and Te atoms are also shown.

The phonon-dispersion curves and the vibrational density of states for CulnTe>
are shown in Fig. 4. Our calculated phonon frequencies are consistent with the
experimental data.?® For example, the lowest optical phonon frequency (48.7 cm™?) at
" -point is very close to the experimental value (48 cm™).2® The optical phonon
modes exhibit weak dispersion, and these flat optical branches contribute negligibly to
heat transport because their group velocities are small.?® As compared to optical
phonon modes, the low-frequency acoustic modes below 50 cm™ are highly
dispersive and have larger group velocities. Therefore, these heat-carrying acoustic
modes will dominate the thermal transport properties in perfect bulk CulnTez. Fig. 4(a)
shows that some optical modes have very low frequencies around 50 cm™ and are
mixed with the acoustic modes. These low lying optical phonon modes will induce

scattering due to their anharmonic coupling to the acoustic phonon modes, which can

12
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effectively reduce the thermal conductivity of CulnTe2.% It can be seen from Fig. 4(b)
that the modes are mixed states composed of the Cu, In, and Te atoms in whole range
of frequency and Te atoms have largest contribution to total phonon DOS except for a
frequency range from 127 cm™ to 147 cm™. Besides, either Cu, In, or Te lattice sites
can be used as effective sites to introduce structural defects to induce additional
phonon scattering with low-frequency acoustic modes and thus decrease the phonon

thermal conductivity of CulnTe;.
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Figure 5. Anisotropic thermoelectric transport properties of CulnTe; as a function of carrier
concentrations at different temperatures: p-type Seebeck coefficients (a), n-type Seebeck
coefficients (b), p-type power factors S°c/7 (c), and n-type power factors Sc/z (d). Here

the xx and zz directions correspond to a-axis and c-axis, respectively.

We firstly calculated Seebeck coefficients of CulnTe. in different
crystallographic directions. as a function of carrier concentrations at three different
temperatures of 300, 600 and 800 K, as shown in Fig. 5(a) and (b). For p-type
CulnTey, the presence of nearly degenerate valence bands near the Fermi level is
responsible for this high Seebeck coefficient. For n-type case, Seebeck coefficients
first decrease then increase with carrier concentration, which is due to the
conduction-band dispersion near the Fermi level varying from steep to flat. At all
temperatures and carrier concentrations, the Seebeck coefficient of p-type CulnTez is
larger than that of n-type one, which mainly originates from the fact that DOS near
the edge of valence band is significantly steeper than that near the edge of conduction
band. Additionally, we find that the Seebeck coefficient is isotropic for p-type CulnTe;
and exhibits a little anisotropy for n-type one at higher carrier concentrations. From
Fig. 5(a), it is found that the magnitude of S decreases with increasing n in the range
of carrier concentrations. From Maxwell-Boltzmann approximation (when

E. — E, >> kT ), one can derive an expression for 5:%: 3

__kep [N ) ke 7
5 n[NJ+eA\, )

e v

where N, is the effective density of states near the valence band edge and A,
14
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represents a scattering factor. Ny can be expressed as

N, = [ g,(e)exp[ ~(E, — ) / kT e, (8)
where gv(&) is the density of states, Ey is the valence band edge. Eq. (7) directly
reveals that for p-type doping the magnitude of S decreases with increasing n, as shown
in Fig. 5(a). In analogy, one can obtain a similar equation and explain the linear
dependence displayed in n-type case. It can be observed from Fig. 5(b) that the
dependence of Seebeck coefficient on carrier concentration deviates from the linear
behavior and appears a local minimum. This could be attributed to the multi-band
effect, which indicates contributions of different bands to the Seebeck coefficient
could have different signs and vary with temperature and doping concentration. We
also evaluated the thermoelectric power factor S’c/zr of CulnTe, in different
crystallographic directions as a function of carrier concentration at three different
temperatures of 300, 600 and 800 K. While S?c/r of p-type CulnTe; is nearly
isotropic (Fig. 5(c)), there is considerable anisotropy in n-type one (Fig. 5(d)).
Another key observation is that the optimized carrier concentration that maximizes
S2c/r depends on the temperature and as the temperature increases, higher carrier

concentrations are required to maximize S%c/z .

15
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Figure 6. Seebeck coefficient (a), electrical conductivity (b), phonon thermal
conductivity (c) and figure of merit (d) of p-type CulnTe; as a function of temperature

at different carrier concentrations. The experimental data are plotted for comparison.

Fig. 6 shows the Seebeck coefficient (a), electrical conductivity (b), thermal
conductivity (c) and figure of merit (d) of p-type CulnTe; as a function of temperature
at different carrier concentrations. Fig. 6(a) shows the Seebeck coefficient increases
with increasing temperature, which is mainly because the term, exp[-(E, —&)/ksT]
with ¢<E, in Eqg. (8) increases with rising temperature and then leads to an
increasing N, . The calculated Seebeck coefficients are in reasonable agreement with
available experimental data with the carrier concentration value of 4.22x<10'°cm at

300 K.12 There exists some discrepancy between theoretical and experimental data
16
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and it becomes remarkable at higher temperature regime. This is most likely because
the carrier concentrations of measured CulnTe, samples vary with temperature due to
the thermal excitation. The behavior that Seebeck coefficients first rise then drop with
increasing temperature has been reported in previous experimental works.>? 33 At high
temperatures electrons are thermally excited across the band gap and two different
types of carriers participate in transport, which is known as the bipolar effect. Then

the total Seebeck coefficient is given by**

_0S+40 3%
O'e+O'h

S (9)

where S, and S, are the Seebeck coefficient of electrons and holes, respectively;
o, and o, are the electrical conductivity of electrons and holes, respectively.
According to Eqg. (9), the Seebeck coefficient will be significantly suppressed due to
electrons and holes having opposite charges (S, and S, have opposite signs). In our
calculations the carrier concentrations are instead kept fixed when the temperature
increases by tuning the chemical potential in the Fermi-Dirac distribution function.
We determined the charge carrier relaxation time empirically according to
conductivity measurements in the previously published paper.! Generally the
relaxation time z depends on the temperature and carrier concentration, ! and may
be expressed as follows:*

r=AnVT (10)
where n is carrier concentration, T is temperature and A is constant. Ruiheng
Liu and co-workers reported experimental electrical conductivity o of 14431 S/m

for CulnTe, with the carrier concentration of 1.06>10*° cm™ at 300 K. By comparing
17
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it with the calculated /7, we yield 7 is equal to 2.58x10™"* s at the same carrier
concentration and temperature. Based on the obtained 7, one can determine A and
(n,T) as a function of carrier concentration and temperature. Fig. 6(b) shows the
absolute value of electrical conductivity of CulnTe, obtained according to Eq. (10).
Since the scattering rate increases with temperature, the electrical conductivity
decreases with increasing temperature. When the temperature is lower than 650 K, the
calculated results agree well with the experimental data.! For the same reason
discussed above (thermal excitations), the theoretical data deviate from the
experimental observations in the higher temperature regime as shown in Fig. 6(b).

In the higher temperature limit, phonon scattering dominates the lattice thermal
conductivity. The phonon thermal conductivity «, generally obeys T~ Umklapp
phonon scattering behavior.®> Here, we fitted the thermal conductivity of CulnTe; by
adopting the formula x=a+b/T . The fitted thermal conductivity « is plotted in
Fig. 6(c), which matches well with the experimental data. The calculated figure of
merit ZT of p-type CulnTe, as a function of temperature is shown in Fig. 6(d).
Theoretically, the ZT displays an increasing trend with temperature. The calculated
values are higher than the experimental data at same carrier concentration (1.06>10%°
cm3),!* mainly originating from the fact that the calculated Seebeck coefficients are
higher than the measured values (see Fig. 6(a)). Overall, CulnTez-based materials
under the optimal level of doping are very promising for thermoelectric applications

in the medium temperature range.

18
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Figure 7. Optimized figure of merit of p-type CulnTe, and the corresponding carrier

concentrations as a function of temperature.

The upper bound value for ZT and the corresponding carrier concentration as a
function of temperature are shown in Fig. 7. Both optimized ZT and corresponding
carrier concentration increase with the increasing temperature. The p-type CulnTe;
can achieve the highest optimized ZT value of 1.72 at 850 K, which is fairly high and
implies an energy-conversion performance comparable to that of commercially
available thermoelectric materials. The corresponding optimized carrier concentration

increases with temperature and change in the range from 5x10*° to 20x<10'° cm®,
19
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Conclusions

In conclusion, we have performed density functional calculations on the
CulnTez system and analyzed its band structures, phonon and thermoelectric transport
properties. From the analysis of DOS and partial charge density, it is found that there
exists three-dimensional [-Cu-Te—Cu—] and [-In-Te—In-] conducting network to act
as the channels for hole transport and electron transport, respectively. Moreover,
In-site and Cu-site doping is suitable for tuning carrier concentrations without unduly
damaging the hole and electron transport networks, respectively. Lattice-dynamics
calculations indicate that introducing structural defects at Cu, In or Te sites may prove
effective in reducing the lattice thermal conductivity, and the calculated phonon
frequencies also agree with the experimental data. The p-type CulnTe: exhibits better
thermoelectric properties as compared to the n-type one, which mainly originates
from the steeper DOS resulting from nearly degenerate valence bands near the edge of
valence band. The dependence of thermoelectric transport properties on the doping
level and temperature was investigated in detail, which provides a guidance for future
experiments to optimize ZT values of CulnTez. We predicted that p-type CulnTe;
could exhibit high thermoelectric performance by optimizing hole-doped carrier

concentrations and the corresponding optimized carrier concentration is in the range

0f 510" cm ™ to 200" cm™.

20
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