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Here we report the structural, electronic, optical, and thermoelectric properties of delafossite type 2H-CuGaO,
using first principles calculations. The present calculation predict an indirect band gap of 1.20 eV and a direct
band gap of 3.48 eV. A detailed analysis of the electronic structure is provided based on atom and orbital
projected density of states. Frequency dependent dielectric functions, refractive index, and absorption
coefficient as a function of photon energy are discussed. The thermoelectric properties with power factor,
and the figure of merit are reported as a function of chemical potential in the region +0.195 (u — E;) eV at

constant temperature of 300 and 800 K. The thermoelectric properties shows that 2H-CuGaO, could be potential
candidate for engineering devises operating at high temperature for the chemical potential in the range of
+0.055 (1 — Ep)eV and beyond this range the thermoelectric performance of 2H-CuGaO, get reduced.

1. Introduction

Transparent conducting oxides (TCOs) have gained much interest
in the recent years due to their applications in the emerging field of
optoelectronics. For instance, TCOs are widely used in flat panel
displays, photovoltaics, touch panels, stacked solar cells, transparent
electrodes, etc., depending on the type of conductivity of the used
material [1-7]. Commonly used binary oxides such as ZnO, CdO, SnO,
and In,03:Sn or In,03:Mo, Cu,O play a significant role in transparent
electronics as transparent electrodes [8—13]. However most of these
materials are n-type semiconductors and the top of their valence band
is composed solely of oxygen 2p state due to ionic bonding with the
metal cation. This ionic bonding localizes the induced hole charge
carriers at the valence band maximum (VBM) resulting in n-type
conductivity [14—18]. The n-type conductivity and low hole carrier
mobility inhibit their use in p-n semiconductor devices [19,20].
Therefore, to achieve a p-type conductivity in oxide semiconductors,
one has to delocalize the bands at the top of the valence band through
hybridization of O — 2p levels with the cation, preferably a transition
metal (TM) atom [6].

The discovery of p-type ternary TCO (CuAlO,) by Kawazoe et al. [1]
was a breakthrough in the field of transparent electronics and several
experimental [4,6,21-25] and theoretical data [16,26—-29] have been
reported thereafter. The strong hybridization between d state of the TM
and the O — 2p orbitals near VBM delocalizes the bands, which in turn
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increase the hole-charge mobility in the valence band. This scenario
results in p-type conductivity in TCOs. Generally, in AB"™O, type
ternary TCOs (referred as delafossites), either Cu or Ag is widely used
as an A type cation. However, due to abundance, non-toxicity, low cost,
and easy fabrication make Cu a first choice for the A site cation [11,30].
In addition to the widely used CuAlO,, CuXO, (X=Ga, In) also have
reported to exhibit excellent p-type conductivity, despite their anom-
alous behavior in the band gap [26]. Recently, CuGaO, has gained
much attention as a promising p-type semiconductor due to its high
stability against photo corrosion, relatively higher conductivity, and
higher transparency in visible region of the solar spectrum [31,32].

Unlike the binary Cu,O p-type semiconductor, in ternary delafos-
sites, the three-dimensional crosslinking of Cu* network is reduced to
two-dimensional, though the local symmetry around Cu* and 02"
remain the same [1,11]. In ternary CuGaO,, the crystal structure can be
viewed as a stacking sequence of Ga-O layer. The Ga-O coordination
stabilizes the crystal with a Ga-centered, edge-shared octahedral
coordination in the ab plane, which separates the CuO, dumbbell
structure along the c axis. Depending on the stacking of this dumbbell-
like structure along c-axis, the crystal structure of these type of
materials could fall in either R — 3m(3R — ) or P63/mmc(2H — ) space
group.

It has been reported [14] that the difference in the formation energy
of 2H- and 3R- polymorphs of CuGaO, is only 0.6 meV. Therefore,
CuGaO, could stabilize in either 2H- or 3R- form, or even an alloy of
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both. Recently, Liu et al. [33] have reported 2H-polymorphs to be
mechanically stable, which supports the argument of the stability of the
2H- phase. Several theoretical reports on the structural [34-41]
electronic and optical [2,8,14,16,27,28,35-45,32], mechanical
[28,33], and thermoelectric [17,18,27,29,34,41,32,46,47] properties
of 3R-CuGaO, have been reported while only few reports are available
on 2H-CuGaO, [29,33,35,48]. Notably, there are no attempt to synthe-
size the 2H polymorph of CuGaO, have reported so far although the
phase is predicted to be stable. Computational data available on the 2H
phase is limited to electronic properties and are mainly based on LDA
[29], GGA [33,35], and Hartree-Fock (HF) [48] level of theory.
Therefore, the reported band gaps are assessed to be largely over-
estimated or underestimated. Some recent reports [11,49,50] using
Tran-Blahas modified Becke-Johnson potential (TB-mBJ) [51] ap-
proach on delafossite type structure indicate that the band gaps
obtained using mBJ potential are in very good agreement with the
experimentally reported band gaps. It is worth mentioning that,
computationally inexpensive TB-mBJ scheme has been reported to be
very accurate in predicting band gap value as good as latest hybrid
functional or even GW approximation [11,49,50]. Therefore, in this
paper, we report the structural, electronic and optical properties of 2H-
structure type CuGaO2 using the density functional theory within the
framework of mBJ potential. In addition, we have also investigated the
thermoelectric properties, which is beneficial for power generation and
refrigeration. To the best of the authors knowledge there are no
detailed reports on the optoelectronic and transport properties of
2H- phase of CuGaO,.

2. Computational details

All DFT calculations presented in this work employed a full
potential linearized augmented plane wave (FP-LAPW) method as
implemented in the Wien2K code [52]. The electron exchange and
correlation were treated by the generalized gradient approximation
(GGA) using the parameterization of Perdew, Burke, and Ernzerh
(PBE) [53] and mBJ potential. The energy cut-off parameter was set to
-7.2 €V to separate out the core states and valence states. The 2H-
phase of delafossite CuGaO, falls in the P63/mmc space group, with two
formula units per cell. A schematic representation of the unit cell used
in the present calculation is reported in Fig. 1.

Lattice parameters and the atomic positions of 2H-CuGaO, were
optimized by minimizing the forces on each atomic site to be less than
0.05 mRy au™'. The convergence in total energy and charge were set to
10°Ry, and 2 x 107 |e| respectively. The integrals over the
irreducible Brillouin zone were performed on a (16 x 16 x 3) uniformly
shifted Monkhorst-Pack k-point mesh, resulting in 1000k-points, for
self-consistency calculations. A very fine k-mesh with 2000k-points in
the full BZ (FBZ) were used for calculating the density of states (DOS),
and optical properties. The band structure is plotted along the
I'-M-K-T-A-L-H - A high symmetric directions by taking
50 k-points in each direction. Thermoelectric properties were com-
puted using the semiclassical Boltzmann transport theory within the
constant relaxation time approximation 7 (i.e., assuming directional
independence of relaxation time), and the rigid band approach as
implemented in BoltzTraP code [54—56], which has proven to be very
efficient. For calculating the thermoelectric properties, a much denser
mesh with 99,999k-points was used.

3. Results and discussion
3.1. Structural properties
First of all, we have optimized the lattice parameters of CuGaO, by

fitting the Energy vs Volume curve to the 3 order Brich-Murnaghan
equation of state (c.f Eq. (1));
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Fig. 1. A pictorial representation of the unit cell used in the present calculation. Color
coding of the atoms: Gallium (dark green); Oxygen (red); copper (dark brown). (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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where symbols have their usual meaning [57-59]. After optimization,
the c/a ratio has slightly increased from 3.82 to 3.83. The calculated
lattice parameters, bulk modulus (B), and pressure derivative of bulk
modules (B) are listed in Table 1 along with bond lengths and
compared with the available theoretical results. As we could not find
any experimental data for 2H-CuGaO,, a comparison is made only with
available theoretical data. Our calculated volume (91.31 A%) and bulk
modules (142.21) are in good agreement with the available data
[33,35] and bond lengths for Cu-O(Ga-O) 1.87 (2.02) are in close
agreement with the theoretical values reported in Ref. [48], respec-
tively.

3.2. Electronic properties

For an accurate description of the optical and thermoelectric
properties, it is necessary to obtain a very good description of the
electronic structure. To that point, we have first obtained the band
structure and density of states using the TB-mbJ potential. In Fig. 2 we
have plotted the band structure of 2H-CuGaO, along the high symmetry
directions by taking 50 points along each segment. The VBM and CBM
occurs at H and I" points resulting in an indirect band gap, while a
minimum direct band gap is observed at the L point. The energy band
gaps computed using TB-mBJ and GGA-PBE are listed in Table 2 along
with the available literature values for comparison.
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Table 1
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Lattice parameters (a,b,c), internal parameter («), equilibrium volume (V), Bulk modulus (By), and pressure derivative of bulk modulus (B) obtained by fitting Energy vs Volume to
Brich-Murnaghan equation of state (Eq. (1)), and optimized nearest neighbor distance for Cu-O and Ga-O of 2H-CuGaO,.

Properties Method lattice parameters (A) u Volume (A%) By B Bonds length (A) Refs.
a=b c Cu_O Ga-0
TB-mBJ 3.019 11.562 0.090 91.31 142.2 4.30 1.869 2.016 Present work
TB-LMTO-LDA 2.973 11.595 - 88.81 175.4 - - - [29]
PWI1-GGA 3.025 11.560 0.085 91.59 159.6 - - - [33]
PW91-GGA 3.026 11.561 - 91.73 149.4 - - - [35]
LDA 2.942 11.325 0.089 84.94 - - - - [39]
GGA 3.011 11.441 0.088 89.89 - - - -
HF 2.973 11.595 0.085 88.81 192 - 1.910 1.981 [48]
HF+PW 2913 11.455 0.087 84.24 - - 1.864 1.957
HF+LYP 2.931 11.340 0.086 84.42 - - 1.867 1.957
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Fig. 2. Band structure of 2H-CuGaO, together with total density of states. Fermi energy
(Er) is aligned to zero for visual aid. Light blue and light red shaded regions show the
valence and conduction band regions, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
The computed direct and indirect band gap (eV) energies along with the available
experimental and theoretical data for 2H-CuGaO,.

pdir pind
PBE 2.84 0.77 Present work
TB-mBJ 3.48 1.20 ”
TB-LMTO-LDA - 0.85 [29]
PWI91-GGA - 0.77 [33]
PW91-GGA 1.48 (at I 0.71 [35]
HF 11.65 - [48]

In Fig. 2, we have plotted the band structure and total DOS using
TB-mBJ. The bands in the conduction bands are highly dispersed,
while valence bands show several flat bands, especially at the band
edges. The bands along M-K and L-H are almost dispersion less. This
indicates very high effective mass for the charge carriers at the valence
band and therefore points towards p type conductivity as we shall see
later. The upper valence band is separated from the lower valence band
by a small gap. The higher dispersion in the lower valence band and the
conduction bands are corroborated by wide peaks in the DOS plots,
while the very sharp peaks in the upper valence band point towards
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flatness in the bands and higher concentration of the charge carriers.

For a detailed understanding of the nature of the bands and the
bonding situation; in Fig. 3, we have plotted the atom and orbital
projected density of states. From Fig. 3, we can see that the deep laying
bands near the energy range —15 eV are contributed from Ga - 3d state
with a small contribution from O - 2(s & p) state. The lower valence
bands fall between the energy range —8.45 to —3.5 eV. The bands in
this range have a very high contribution from O — 2p states. In the
lower energy range, i.e., -8.45 eV to —7.4 eV, the O — 2p orbitals shows
a higher level of mixing with Ga - 4s with a very small contribution
coming from Cu - 3d state. In the interval ranging from -7.4 to
-3.5¢eV, Cu — 3d has a significant contribution to the bands,albeit a
small contribution from Ga — 3p. The upper valence band is separated
from the lower valence band by a small gap of 0.6 eV. The upper
valence band is narrower compared to the lower valence band. The
upper valence band has a predominant contribution from both Cu — 34
and O — 2p, while the contribution of Ga is negligible. This noticeable
feature from the band structure near the VBM is an indication of a
strong hybridization between Cu — 3d and O — 2p states. The hybridi-
zation reduces the ionic bonding between O — 2p state and Cu — 3d
states and increases the covalent nature of the bonding between them.
As a direct consequence, the covalent bonding delocalizes the bands at
the top of the valence band (which is not the case in binary oxides) and
therefore enhance the carrier mobility near VBM resulting in p type
conductive behavior for 2H-CuGaO,. Similar observations are reported
by many authors [14,35]. The bands near the bottom of the conduction
bands are contributed from a mixing of Cu — 3d states and O — 2p
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orbitals, while the top of the lower conduction bands is derived mainly
from Ga - 4p and O — 2p states with a small contribution from Cu.
Unlike the valence band, the conduction band are highly dispersed,
which can be directly observed from the low peaks in the DOS. The
flatness in the valence bans at different energy ranges corroborates
with the high peaks in DOS in the corresponding energy range.

The observed sharp peak for Cu — 3d (~-1.31 eV) and broader peak
of O — 2p (~-3.5 to =5.1 V) in Fig. 3 is very similar to the XPS and
XAS spectra reported by Makhova et al. [38] for 3R-CuGaO,. The slight
displacement of peak can be ascribed to the small difference in their
chemical environment.

3.3. Optical properties

The optical properties of the 2H-CuGaO, is obtained in terms of
energy dependent dielectric constant, absorption coefficient, optical
conductivity, and reflectivity. These properties were derived from the
complex dielectric function,

e(w) = g(w) + iey(w) 2
where ¢(w) and e,(w) are real and imaginary components of the
dielectric function [60]. Since the present system is hexagonal, there
are two principle components i.e., directions perpendicular and parallel
to the incident photons. The real and imaginary parts of dielectric
constants are presented in Fig. 4(a) and (b), respectively.

The prominent peaks in imaginary component of dielectric tensor
at ~4.1 and 4.7 eV arise due to absorptive transitions from the valence
bands to the conduction bands. The imaginary part of the dielectric
component is dominated by a broader peak originating from 3.1 eV and
attaining an intense peak at ~4.1 eV. This energy range is of our
particular interest, since the intensity of UV light falls rapidly beyond
this energy window. Since the optical band gap (direct) of 2H-CuGaO,
falls in this range, the broadened peak can be ascribed to the
transitions between flat dispersion contribution of the topmost VB
and lowest CB at the k point L. The average high-frequency dielectric
constants (¢; 0 < Aw < E,) obtained using PBE and mBJ are 5.02 and
3.42, respectively.

The decreasing trend in &,(w) is consistent with the increasing trend
for the band gap (Table 2), which is in accordance with the Penn
relation [61],
£(0) » 1 + (hw,/AE,) 3)

Frequency dependent absorption coefficient of 2H-CuGaO, is shown
in Fig. 5. For the present case, a broad peak starts at ~3.1 eV and
attains a sharp peak at 4.2 eV with maximum absorption coefficient of
97 x 10* cm™. For the photons having high energies the deep electronic
states (i.e. bands lying at the lower valence band), also get involved in
the interaction and hence for the formation of peaks in the higher
energy range, the full band structure plays a vital role,which is beyond
the scope of present study.

Fig. 6 shows the refractive index of CuGaO,. The average static
refractive index obtained is 1.84. It is apparent from Fig. 6 that the
values of n(w) increases as the photon energy increases and reaches its
maximum value 3.49 at 3.147 eV. Beyond this energy, the refractive
index starts to decrease up to 0.77 at 5.24 eV. In the inset of Fig. 6 we
illustrated the birefringence (the difference between propagation speed
of extraordinary ((@))) and ordinary rays (n*(w)) which predict the
nearly isotropic nature of 2H-CuGaO, up to ~2.0 eV which falls in the
visible region of solar spectrum. After this energy range it is behaving
as an anisotropic medium for the incident light and near the energy
range 5.26 eV the system is perfectly anisotropic. The positive value of
the refractive index in the shown energy range revels the linearity of
2H-CuGaO0, to the electromagnetic frequency.
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Fig. 4. Calculated (a) real component (upper panel), and (b) imaginary component
(bottom panel) of complex dielectric function of 2H-CuGaO,. Blue and red lined shows
the perpendicular and parallel directions to the incident photon. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)

3.4. Thermoelectric properties

The electronic transport coefficients for the present compound was
evaluated by using post DFT treatment involving the semi-classical
Boltzmann and the rigid band model. Boltztrap code is a well reliable
tool to calculate the electronic transport properties of thermoelectric
materials [54—56]. To solve the semi-classical Boltzmann equations to
get the conductivity tensor and other transport coefficients, the code
requires a smooth analytical representation of bands. This was
obtained by using Fourier expansion of the band energies using
symmetry-conserving star functions. In BoltzTraP, a constant value
for relaxation time (r) is assumed, typically around 107" s, so that one
can get electrical conductivity per relaxation time (S/z).

We here focus on electrical conductivity (S/7), Seebeck coefficient
(S), electronic thermal conductivity (k.), and the electronic power
factor (P = $%) as a function of chemical potential and are reported in
the region + 0.195 (u-Ep) eV at constant temperature of 300—-800 K.
The thermoelectric efficiency of a thermoelectric material is expressed
by the figure of merit (ZT), where
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Fig. 5. Calculated absorption coefficient of 2H-CuGaO,. Blue and red lined shows the
perpendicular and parallel directions to the incident photon. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6. Calculated refractive index. Blue and red lines show the perpendicular and
parallel directions to the incident photon. The figure in the inset shows birefringence.

ZT = 6S°T/(k, + Kn) 4)
wherein, o-electrical conductivity, S-Seebeck coefficient, T-tempera-
ture, x,, the electronic thermal conductivity per relaxation time, and «,,,
the phonon thermal conductivity per relaxation time. So, a material
having high electrical conductivity, large Seebeck coefficient and low
thermal conductivity show high thermoelectric efficiency. However,
lack of available experimental data for 2H-CuGaO, make it difficult for a
quantitative comparison.

The calculated electrical conductivity as a function of chemical
potential is illustrated in Fig. 7 for perpendicular (L) and parallel (||)
polarization of the incident photon at 300-800 K. As the electronic
distribution near the Fermi level contributes significantly to the
materials properties and directly get affected with any external treat-
ments. So, for higher temperature, the electrical conductivity will be
high near the (u-Ep) because of enhancing the charge carrier's
concentration and the mobility of the electrons and holes in the
conduction and valence band. When the temperature is increased,
they go through a lattice scattering and thus shows the reduced value of
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Fig. 7. Electrical conductivity per relaxation time as a function of chemical potential
(u — Ep) eV for temperatures 300 and 800K for the parallel and perpendicular
components of the incident photon.

Table 3
The highest value of electrical conductivity for CuGaO, in the chemical potentials region
of £0.055 (u-Ep) eV.

Temp (K) p-type n-type
L) (D) (L) ah
300 4.30E + 13 4.52E + 17 1.06E + 13 7.31E + 16
800 6.10E + 11 1.24E + 16 9.28E + 11 1.91E + 16
——300 K (x)
15
5x10" | |
—300 K (')
| ——800 K ()
4x10 a0 K
= ()
M 15
£ 3x10
3
£
= 2x10"
1x10”
0 1 1 r 1 N 1 N

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

(1-E)eV

Fig. 8. Electronic thermal conductivity per relaxation time as a function of chemical
potential (u-Er) eV for temperatures 300 and 800 K for the parallel and perpendicular
components of the incident photon.

electrical conductivity. We can see that both the polarized components
of electrical conductivity for incident photon show a considerable
difference which could attribute to the anisotropic nature of CuGaO..
The maximum value of electrical conductivity in the chemical potential
range of + 0.055 (u-Er) eV is reported in Table 3. A similar trend for
electrical conductivity is reported by many authors [54-56].

In Fig. 8, we depicted electronic thermal conductivity as a function
of chemical potential (u-Er) eV. We should consider here that the
thermal conductivity has contributions from the lattice vibrations
(phonon contribution) and electronic excitations (electronic contribu-
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Table 4

Electronic thermal conductivity for CuGaO, in the chemical potential region of + 0.055
(u-Ep) eV for temperatures 300 and 800 K for the parallel and perpendicular components
of the incident photon.

Temp (K) p-type n-type
(L) b (L) (D)
300 2.27E + 10 1.29E + 14 5.34E + 09 1.78E + 13
800 3.52E + 08 5.85E + 12 5.37E + 08 6.83E + 12
0.003
——300K (S)
0.002 - ——300K (S
—— 800K (S)
0.001 ——800K (')
‘\
N
S 0.000
-0.001
-0.002
n 1 1 1 n 1 n 1 n 1 n 1 n

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
(n-E)eV

Fig. 9. The Seeback coefficient as a function of chemical potential (u-Er) eV for
temperatures 300 and 800 K for the parallel and perpendicular components of the
incident photon.

tion) but the BoltzTraP calculates only the electronic part [54—56]. For
the chemical potential ranges + 0.055 (u-Ep) eV, the electronic thermal
conductivity is minimum and therefore the CuGaO, can give its
maximum efficiency. The maximum value of electronic thermal con-
ductivity for the p-/n-type region for CuGaO , is listed in Table 4. We
can predict from the table that for the chemical potential range + 0.055
(u-Ep) the electronic thermal conductivity is lowest and thus the therm
power shall be maximum in this range. For p-type region the
perpendicular component is dominating factor while for n-type region
parallel component is higher than perpendicular.

The temperature dependent Seebeck coefficient (S) for the com-
pound of the present investigation is shown in Fig. 9. The Seebeck
coefficient represents the ratio of the voltage difference to the tem-
perature difference. With increasing temperature, a temperature
gradient is generated resulting one side of the material hotter than
the other side. The energetic distribution of the free charge carriers is
shifted to higher energy states upon heating which leads to a displace-
ment diffusion current towards the cold side. Depending upon the
nature of charge carriers the magnitude of Seebeck coefficient may be
positive or negative. From Fig. 9, we see that the resultant magnitude is
larger for p-type character and hence making CuGaO , a p-type
semiconductor. The Seebeck coefficient shows two dominating peaks
near the Fermi level (-E;). In the p-/n-type region, it is located at +
0.02 (u-Er) €V. The highest values for p-/n-type region of Seebeck
coefficient are listed in Table 5.

For higher value of temperature, Seeback coefficient decreases and
perpendicular component is higher in magnitude. In the range between
these two critical points this material exhibits excellent thermoelectric
properties. Beyond these critical points Seebeck coefficient vanishes,
and material is not useful for thermoelectric properties. In Figs. 10 and
11, we have plotted the power factor and figure of merit for CuGaO,,
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Table 5
Seeback Coefficient for CuGaO, in Vu/K for + 0.055 (u-Er) €V in the different regions of
the chemical potential.

Temp (K) p-type n-type
@ an (€8] ap
300 2.18E + 03 8.84E + 02 2.17E + 03 8.82E + 02
800 2.07E + 03 7.43E + 02 1.76E + 03 4.73E + 02
5x10"
I ——300K (P)
ax10" ——300 K (P
—— 800 K (P)
2 a0t ——800 K (P')
E X
=
& 14
T 2x10
1x10"

-0.05 0.00 0.05 0.10 0.15
(1-E)eV
Fig. 10. Power factor for CuGaO, as a function of chemical potential (u-Er) eV for

temperatures 300 and 800 K for the parallel and perpendicular components of the
incident photon.

3.0
I ——300K (2T
25} —— 300K (ZT")
I —— 800K (2T
2.0 —— 800K (ZT')
N 15
1.0 -
/1
0.5

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
(1-E)ev

Fig. 11. Figure of merit for CuGaO, as a function of chemical potential (u-Er) eV for
temperatures 300 and 800 K for the parallel and perpendicular components of the
incident photon.

respectively and Tables 6, 7 depicts the maximum value of power factor
and figure of merit, respectively.

We see that in the chemical potential range + 0.055 (u-Ep) eV, there
are two pronounced sharp peaks in power factor plot while in the figure
of merit we see the minimum value of it. The figure or merit shows its
maximum value in the chemical potential range + 0.055 (u-Er) eV and
beyond this limit, it decreases. This trend is expected because Seebeck
coefficient is dominating factor for this range. The power factor comes
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Table 6
The peaks position of the power factor for CuGaO, in (W/K? ms) in the different regions of
the chemical potential in the range of + 0.055 (u-EF) eV.

Temp (K) p-type n-type
@8] an €8] an
300 2.45E + 14 4.79E + 14 1.05E + 14 1.15E + 14
800 8.11E + 12 3.34E + 13 3.37E + 13 1.48E + 14
Table 7

Figure of Merit (ZT) for CuGaO,. The first higher peak for both p and n type regions are
reported here which are originated around + 0.055 (u-Er) eV for parallel components in
the different regions of the chemical potential.

Temp (K) p-type n-type

€8] an €8] an
300 0.99 0.366 2.66 0.97
800 0.99 0.34 2.65 0.95

in the numerator of the figure of merit but the electronic thermal
conductivity occurs in the denominator. Near the Fermi energy,
electronic thermal conductivity is minimum which is responsible for
the lowest value of power factor. The highest value of power factor
occurs for 800 K and then it decreases with decreasing the tempera-
ture.

In the literature, it is confidently argued that the thermoelectric
power S is closely related to the chemical potential (i) [62]. At absolute
temperature, chemical potential coincides with the Fermi level and
hence it is referenced at the top of the valence band. As temperature
increases the chemical potential falls within the VBM and CBM.
Therefore, from the linear response theory, temperature dependence
of chemical potential increases the Seebeck coefficient (thermoelectric
power) which is directly proportional to the absolute temperature [62].
From Table 5, we see that the magnitude of p-type component in
perpendicular and parallel components are high in comparison to the
respective component of the n-type character. At low temperature, the
magnitude of the p- and n- type components are the same whereas with
the increase in temperature (800 K) there is a significant difference
between both components, wherein p-type components are dominat-
ing. According to Eq. (4), ZT is directly proportional to the square of
the Seebeck coefficient. Therefore, at higher temperature, this material
will show excellent thermoelectric properties.

4. Conclusions

In summary, we have obtained an accurate description of the
electronic structure and optical properties of CuGaO, using TB-mBJ
exchange potential within the first-principles calculations. The ob-
tained band gap is indirect having the value of 1.20 eV. Specifically, the
band structure is explained in terms of density of states. Our further
study reveals that these notable improvements are achieved because
mBJ potential describes accurately the energy levels of Cu - 3d states
and the hybridization between the orbitals.

We found some variation with the results reported by Liu et al. and
with that of reported by Dixit et al. and this is due to consideration of
different types of functional and potentials (mBJ).

The first peak in the perpendicular component of dielectric function
is near the visible region which shows that CuGaO, also may be a useful
material for transparent electronics. The thermoelectric properties
were studied as a function of chemical potential and are reported in
the range of + 0.195 (u-Ef) eV at constant temperature 300 and 800 K.
The investigated thermoelectric properties predict the usefulness of
CuGa0, for thermoelectric technological applications in the higher
temperature range near the Fermi energy level. Our thermoelectric
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investigations reveals the p-type semiconductive nature of the present
compound which is in agreement with the available information in the
literature. Conclusively, the CuGaO, in H- phase may also be useful of
transparent electronic devices. It is expected to give maximum
efficiency at high temperature at the chemical potential range near
the Fermi energy level.
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