ELECTRONIC STRUCTURE AND PREDICTION

5 OF THERMOELECTRIC
— PROPERTIES OF CuBO,
N
/\ } Yangthaisong A.
’ . y A (Computational Materials and Device Physics Group,
Department of Physics, Ubon Ratchathani University,
Yangthaisong A. Ubon Ratchathani 34190, Thailand)

e Delafossite CuBO, has been discovered experimentally as a promising p-type transparent conducting
oxide with a high intrinsic electrical conductivity and excellent transparency. In this work, the first-
principles calculation based on density functional theory (DFT) has been performed to investigate the
geometry and electronic structure of CuBO,. In particular, the lattice parameters and the energy band
structure were calculated. It was found that the lattice parameters of CuBO, are a =2.539 4,
c =16.936 A. The CuBO, has an indirect band gap with the value of 2.06 eV and a direct gap value of
3.20 eV. Note that the experimental indirect (direct) gap of CuBO, is 2.20 (4.5) eV. In addition, the
calculated energy band structures were then used to calculate the electrical transport coefficients of
CuBO, and hence thermoelectric parameters can be derived. The present study is compared to our
recent work on CuAlQO.

Introduction

Thermoelectric properties of delafossite materials CuMO, (M = Al, Ga, In, Sc, Y, La) as high
potential thermoelectric materials have been extensively studied [1, 2]. The thermoelectric conversion
performance of materials can be described by the dimensionless figure of merit Z7 which is defined
as ZT = S°cT/«, where S is the Seebeck coefficient, o is the electrical conductivity, and « is the
thermal conductivity. To achieve a high Z7T, a high power factor (S°c) is required for example by
changing the carrier concentration with doping, whilst the thermal conductivity is kept as low as
possible. Since S, o, k are all functions of carrier concentration and are interrelated with each other [3],
the optimization of the figure of merit can be considered as a challenging problem.

Recently, delafossite CuBO, has been discovered experimentally as a promising p-type
transparent conducting oxide with a high intrinsic electrical conductivity and excellent transparency
[4]. In particular, the electrical conductivity of CuBO, films was found to be 1.65 S-cm ', which is
65 % higher than the corresponding value of CuAlO, reported by Kawazoe’s group [5]. This may
result in the enhancement of power factor of CuBO, and hence thermoelectric conversion
performance. Apart from the experimental investigation, the calculations of electronic structures have
also been used to investigate the electronic and optical conductivity of CuBO,. However, a calculation
reported in Ref. [6] questioned the validity of the experimental lattice parameters measured by Snure
and Tiwari, as they were in disagreement by more than 10 % with the theoretical values obtained using
either local density approximation (LDA) or hybrid HSE06 functionals. It is worthwhile to mention
that DFT calculations using LDA or GGA usually give good estimations of the lattice parameters,
within few percent, especially for delafossite materials.

In the present work, the first-principles calculation of the electronic structure has been
performed. The calculated band structures are then used in combination with the Boltzmann transport
equation solver under the constant relaxation time (t) approximation to calculate the electrical
transport quantities. The doping level dependence on the thermoelectric properties of delafossite
material CuBO, has been investigated.
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Computational details

The space group of CuBO, is R-3m with the hexagonal atom positions of Cu (0, 0, 0),
B(0,0,0.5), O(0,0,+u). The electronic structures are calculated using the plane-wave
pseudopotential method based on the density functional theory (DFT), as implemented in the CASTEP
code [7]. The generalized gradient approximation (GGA) is used for the exchange and correlation
potential. The presence of tightly bound core electrons was represented by norm-conserving
pseudopotential as generated with OPIUM code [8]. The states Cu-3p® 3d'° 4s', AI-2s* 2p' and O-2s
2p* were treated as valence states. Plane wave cut-off energy of 880 eV and a 10 x 10 x 10 grid of
Monkhorst-Pack points have been employed to ensure a good convergence of the computed structures
and energies. Geometry optimization is determined using the Broyden-Fletcher Goldfarb-Shenno
(BFGS) minimization technique, with the thresholds for converged structure: energy change per atom
less than 107 eV /atom, residual force less than 0.03 eV/A, stress below 0.05 GPa and the
displacement of atoms during the geometry optimization less than 0.001 A. The tolerance in the self-
consistent field (SCF) calculation is 1.0 x 10°eV/atom. The doping level dependence on
thermoelectric properties is then obtained in the rigid band approach and the constant T approximation
using the BoltzTraP program [9]. The results are based on electronic eigenvalues calculated on
uniform 20 x 20 % 20 grid of k-point.

Results and discussion

The energy versus volume curve is obtained by using the third-order Birch-Murnaghan equation
to find the optimized parameters. The lattice constants of the conventional cell CuBO, as shown in
Fig. 1(a) are a =2.539 A, ¢ = 16.936 A. The lattice parameters a and ¢ of this work are quite different
from the experimental data a=2.84 A, ¢=16.52 A [4]. It is worthwhile to mention that DFT
calculations using LDA or GGA usually give good estimations of the lattice parameters, within few
percent, especially for delafossite materials [6, 10]. However, our calculations are consistent with the
theoretical investigations reported recently [6].
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Fig. 1. (a) Structure of CuBO, belongs to the space group R-3m. The 1, 2, and 3 balls are copper, oxygen, and
boron, respectively. (b) Calculated band structure of CuBO,.

The calculated band structure, density of states (DOS), and partial density of states (PDOS) are
illustrated in Fig. 1 and 2, respectively. From Fig. 1 (b) it can be seen that the bottom of the
conduction band is at /" — point, whereas the top of the valence band is located at F — point, resulting in
an indirect gap of 2.06 eV. Note that the calculated direct gap at I"— point of CuBO, is 3.2 eV. Our
calculated energy gaps agree well with the recent theoretical results. For example, the investigations
using GGA corrected for on-site Coulomb interactions (GGA + U) and a hybrid density functional
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(HSEO06) reported in Ref. [11] reveal the indirect fundamental band gap of about 3.1 eV and a direct
optical band gap of 3.6 eV. In fact, the electronic band structure calculations of CuBO, were also
performed using the GW (with a self-consistent Coulomb hole plus screened exchange calculation)
correction to LDA calculation with the two experimental and theoretical configurations [6]. It was
found that the indirect (direct) gap is 3.18 (3.52) eV for the LDA-optimized geometry, whilst the
relevant values are 3.56 and 3.90 eV for indirect and direct gaps using the experimental geometry.
Note that GW approaches, based on many-body perturbation theory, have proved to be an invaluable
tool to compute accurate band gaps for a wide range of materials [12 — 14]. Hence, it is instructive to
investigate the electronic structure of this material further both theoretically and experimentally.
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Fig. 2. Calculated (a) DOS and PDOS (b) of CuBO,.
The calculated DOS and PDOS are shown in Fig. 2. The Fermi level (Er) is chosen to be

located at 0 eV. The electronic structure around Ey regions is considered, since the basic physical
properties of materials depend mainly on these regions. As can be seen, the bottom of the conduction
bands (below 10 eV) is dominated by B-2s, O-2p and Cu-3d states and the top of the valence bands
(above — 5 eV) is derived from Cu-3d and O-2p states. These calculated results may provide a means
to enhance the thermoelectric conversion performance of CuBO, due to the effect of doping [15 — 18].
The calculated band structures are used in combination with the Boltzmann transport equation
solver under the constant relaxation time approximation (CRTA) to calculate the Seebeck coefficient,
electrical conductivity and power factor of CuBO,. Similar to our recent work on CuAlO,, the effects
of doping levels and temperatures can be considered in term of the different values of p-type acceptor-
doping (4,) levels in a gap by varying their values from 0.130 — 0.260 eV. Note that middle gap is
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located at 1.03 eV above the top of valence band. According to the CRTA used, it is assumed that 7 is
isotropic and only depending on energy, so that T can be cancelled in the expression for S(7) for fixed
temperature and doping level [1].

Our calculated S(7) is shown in Fig. 3. It can be seen that when the A, level is close to the
middle gap level, S(7) increases due to the decrease of the carrier density. This effect is the same as
that found in common semiconductors [19]. The value of S(7) in our calculation is of the same order
of magnitude as those reported for CuA4/O, in the literature. Nonetheless, our calculated values of S(7)
are two orders of magnitude greater than that reported experimentally [4]. Note the Fermi level Er, is
labeled as zero in the graph. The negative (positive) value of A, level corresponding to it is below
(above) the Fermi level in CuBO, material.
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Fig. 3. Seebeck coefficient S(T) for various p-type doping levels.
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Fig. 4. (a) Electrical conductivity o(T) (b) Power factor S°cT for various p-type doping
levels with relaxation time (1) as a parameter.

In our recent work on CuAdlO, the constant relaxation time is estimated by fitting our
experimental Seebeck coefficient of CuAd/O, to the electrical conductivity and the constant relaxation
time is estimated to be 1 x 10'°s. Note that our method used there is the same as that reported
recently [20], in which the values of 2.2 x 10"* s and 5.5 x 10™'* s were used for n(p)-doped Bi,Tes. In
the case of CuBO,, however, there is only a few experimental data of electrical conductivity available.
Hence, temperature dependencies of o(7) with relaxation timer as a parameter were calculated as
illustrated in Fig. 4 (a). Note that the 4, level is close to the top of the valence band, o(7) increases
since the carrier density is high. In addition, o(7) increases with increasing temperature, because
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electrons can easily move into the acceptor level. However, this effect is less important at high
temperature, since more electrons can be thermally excited to the acceptor level. Fig. 4 (b) shows the
temperature dependence of power factor, it can be seen that the power factor increases with increasing
temperature. Note that the power factor is large for non-doped material. This may be a consequence of
a simplified model used here regarding constant relaxation time model or rigid band approach. Hence,
CuBO, may become a good thermoelectric material at high temperatures, provided that the thermal
conductivity is very low and the electrical conductivity can be enhanced. Therefore, it is instructive to
investigate experimentally and theoretically the effect of heavy doping on conductivity while
maintaining the high Seebeck coefficient of this material.

Conclusions

The lattice constants and electronic structures of delafossite CuBO, were calculated by first-
principles method. The results of the lattice parameters are in favorable agreement with the other
theoretical and experimental results. The energy band structure shows that CuBQO; is an indirect band
gap material with the gap value of 2.06 eV. Its direct energy gap value is 3.20 eV. The valence band is
dominated by Cu-3d and O-2p states, whereas the conduction band is dominated by B-2s, O-2p and
Cu-3d states. Based on the calculated electronic properties of CuBO,, we were able to calculate the
thermoelectric parameters by employing the Boltzmann theory and rigid-band approach. Our
investigation revealed that the power factor of CuBO, increases with temperatures, but decreases with
increasing doping levels. It is expected that our calculations combined with the experimental data may
serve as a guide in designing high efficient thermoelectric device based on delafossite CuBO, and
related compounds.
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