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Abstract

This paper deals with the enhancements of thermoelectric performance of SrTiO; - a perovskite-based
material by doping Ti-site with Ta. The electronic and the thermoelectric transport properties of doped
SrTiOs were studied using the first principle calculation in full-potential of density functional theory.
Spin-orbit coupling including Hubbard U parameter influences was observed in the investigation. Energy
band structure and electron density of state are determined for electronic properties while the Seebeck
coefficients, thermal conductivity, electrical conductivity as well as thermoelectric efficiency ZT were
calculated for thermoelectric properties. The results of our calculations revealed that narrowing the
bandgap of the material leads to the increase of thermoelectric efficiency ZT. At spin-orbit coupling with
DFT+U method, ZT of 0.18 at 750 K were obtained and this is similar to the experimental data reported.
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1. Introduction

The thermoelectric (TE) technique is among the several sources of energy conversion. It is a promising
approach to convert the waste thermal energies directly into electricity when a temperature gradient is
formed on thermoelectric junctions[1-3] and without using harmful chemicals and moving parts[1,2,4].
This temperature difference can be sourced from solar energy, waste heat from home appliances,
automobile engine, and even in an industry as heat generated from machines. There are many products in
the market that are already using the application of TE such as electronic components [4,5], cooling in
diode lasers[6], portable refrigeration[7], and many others. The thermoelectric materials efficiency, called
dimensionless figure of merit, can be defined by ZT = S%6T/x; S, 6, k and T are the Seebeck coefficient,
electrical conductivity, thermal conductivity (combination of electronic thermal conductivity and lattice
thermal conductivity, i.e. K = ke + k) and absolute temperature respectively.

One of the potential n-type oxide is strontium titanate (SrTiOs)[7], a perovskite-based compound.
Perovskite oxides offers a wide diversity in terms of composition selection; the A- and B- site cations, as
well as oxygen anions, which is flexible in accommodating many elements from the periodic table[8,9].
Many studies have been conducted to enhance the TE efficiency of SrTiOsz (STO) either by doping or
changing the processing methods [10,11]. The STO had an n-type nature thermoelectric materials,
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especially when doped at B-site with Nb element, the ZT=0.37 at 1000 K [10,12]. Since Ta doping
compared with Nb doping has resulted in the increase of the phonon scattering and at the same time
caused the reduction of lattice thermal conductivity. Experimentally, Ta had doped with SrTiO; and
resulted in 0.17 thermoelectric efficiency at 752 K[13].

In this present study, the density functional theory (DFT) method with spin-orbit coupling as well as
Hubbard U parameter was adopted in studies of the STO doped with Ta at the B-site. Influence of spin-
orbit coupling and U term is taken into account in the electronic and thermoelectric properties of the
doped STO. Also, transport properties of thermoelectric materials (Seebeck coefficient, electrical
conductivity, thermal conductivity and ZT) were calculated within the temperature range of 250 K and
1200 K. The presence of Ta-doped in STO induced magnetic tendency has been described.

2. Computational methods

The first principles calculation, DFT, are performed using the full-potential linear augmented plane wave
and local orbitals (FP-LAPW+lo) method as implemented in WIEN2K package[14]. Our calculations
were carried out with 60-atoms supercell which was generated from a five-atom primitive unit cell of
STO (space group no. 221, Pm-3m). The percentage of Ta doped in the sample was 8.3%. This was
achieved by substitution of 1 Ta atom with Ti out of its 12 atoms present in 60 atoms structure. Similar
experimental work reported was 10% of Ta concentration added to STO[13]. In the computation work
four different methods were carried out; standard DFT (no SO, no U), no spin-orbit coupling and DFT+U
(no SO,U), spin-orbit coupling and DFT(SO, no U) and spin-orbit coupling and DFT+U(SO, U). The
Monkhorst-Pack of 6x6x4 k-mesh[15] and the generalized gradient approximation were adopted for the
exchange-correlation potential to ensure a good convergence of the computed structure and energy. The
cutoff energy were define through R™Kmax = 6 With Grax= 24. The RMT value (in Angstrom) used for Sr,
Ta, Ti, and O were 1.32, 1.05, 1.03 and 0.90 respectively. The energy bound separation between valence
electrons and core states is -6 Ry. For the electronic and thermoelectric properties calculations k-points of
2000 were used. Hubbard U parameter of 0.60 was set for the Ti 3d electrons only.

BoltzTraP code[16] which utilized the semi-classic transport coefficients, used to determine the transport
properties of thermoelectric; Seebeck coefficient (S), electric conductivity (o/t), and electronic part of
thermal conductivity (ke/t). This code is interfaces with WIEN2K software. There is constant relaxation
time approximation used in the BoltzTraP code which was based on the Boltzmann transport equation
(BTE). The transport tensor can be calculated from the conductivity distributions terms

Gap (T3 1) = 5§ 0ap(e) [~ 2572 de (1)

ko (T3 1) = o= J 0p(e)(e — ) [~ 22502) e ()
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where k° is the electronic contributions in the thermal conductivity. The Seebeck coefficients can be
calculated from the expression below;

Sij = (0™ aiVa;j (3)

where v, (i,k) is the component of the band velocity. Meanwhile, the band velocity can be calculated
from;

Vap(Ts 1) = o= f 0ap(e) (e — 1) [~ 2572 de (4)

where fju, is the Fermi distribution function, pu = Er is the Fermi energy, e is the charge of the electron, T
is temperature and Q is the volume. In this case, relaxation time assumed as an energy independent team
therefore, temperature and doping level would not be influenced.

3. Results and Discussion

The electronic and thermoelectric properties of STO compound doped with Ta element at B-site were
analysis in subsections below.

3.1 Electronic properties

Crystallizes structure of SrTio.e16Ta0.08303 was found to be a cubic structure with Pm3m space group. The
optimized lattice parameter of the doped compound; SrTioesTao0ssOs Was 3.945A, which is similar to
pure STO of 3.944A. This is as a result of a small percentage of doping. In Fig. 1, the calculated band
structures were shown with the direct energy band gap at the I' point. By comparing the electronic band
structures obtained, all the band gap result is 1.77 eV except SO, U method which is 2.35 eV. That was a
result of Hubbard U-parameter present in the calculation. The Hubbard U parameter was used to improve
the underestimated results of DFT in band structure calculation [17,18]. The Er was set at zero of the
energy in band structure plotted. Conduction band (CB) shifting shows the semi-metal behavour of the
material in the present of Ta doped. Furthermore, the position of Er at CB showing the presence of frees
electrons within the region. Thus, there is an n-type electrical conductivity nature in the material. The
spin-orbit coupling and Hubbard U-parameter influence do not show on the physical band structure,
except the narrowing of band gap which was caused by U parameter as earlier mention. The total
magnetic moment of calculated is 0.518 us, generated majorly from Ti-3d and Ta-5d, during SO
calculations i.e ‘SO, U’ and ‘SO, no U’ methods. All DOS states near Er are mainly due to the Ti-3d and
Ta-5d orbitals.

To illustrate the band structures influence due to Ta doping, we investigated the total and partial electron
density of states (TDOS and PDOS), as shown in Fig. 2 and 3. We observed that the peak of the valence
band (VB) was composed mainly of the O-2p orbital as well as a minor influence from Ti-3d, and Ta-5d
orbitals. The lower conduction band (CB) was generated mostly by the Ti-3d, Ta-5d orbitals and a little
influence of the O-2p and Sr-3d orbitals.
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Figure 1: Band structure of SrTig.o16 Ta0.08303 compound, at different methods of calculations, along the symmetry
line of the Brillouin zone. The energy scale is in atomic units and the Fermi energy level was set at zero.
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Figure 2: Density of state of SrTio.g16Ta0.08303.
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Figure 3: Partial density of state of SrTio.g16T80.08303.
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3.2 Thermoelectric properties

We calculated the thermoelectric properties using BoltzTraP program as implemented in WIEN2k
package[16]. The temperature dependence of electrical conductivity (o/t), Seebeck coefficient (S),
electronic part of thermal conductivity (ke/t) and figure of merit ZT are plotted for all methods, where 7 is
the relaxation time.

Figure 4a shows the Seebeck coefficient (S) of the sample via different methods as a function of
temperature. Negative S value across the whole temperature range was observed, which also shows the n-
type conduction, proving that electrons are the majority carriers when doped Ta on STO. The S has
almost the same value -40 uV/K to -118 pV/K at a temperature of 250 to 1200 K for all methods expect
‘SO, U’ method that is -23 uV/K to -103 pV/K at the same temperature range. Thus, this can also be
attributed to higher carrier density of Ta in STO when using DFT+U with SO. The absolute value of S
increases with an increase in temperature is due to the low concentration of charge carriers [19].

Electrical conductivity (o/t) of doped Ta in STO was plotted against temperature as shown in figure 4b.
The o/t increases monotonically with temperature, which result from excess electrons flow, which
follows the general behaviour of the semiconductor. In SO, U method the o/t value is much less
compared to other methods, as a result of low electron density of state at Fermi level. For comparison,
Upadhyay Kahaly and Schwingenschlogl, reported a similar trend for Sro.917Pr0.0s3TiO3[20].

Note electronic part of thermal conductivity (Ke/t) can only be calculated by BoltzTraP code[16]. Figure
4c depicts the variation of ke/t with the temperature. The value of ke increases as temperature increasing
in all methods. The ke/t of 0.32x10* Wm/Ks were recorded for SO, U method at room temperature which
is good for thermoelectric material of Sro.g17Ta0.083TiO3. Figure 4d shows the temperature dependence of
the dimensionless figure of merit (ZT). The ZT value increased as temperature change. The computation
results of SO, U method show that ZT at 750 K for Srog17TaossTiOz is 0.18, this is similar to the
experimental result of SrogoTao10TiOs compound at almost the same temperature range.
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Figure 4: shows the influence of the Hubbard U (U) parameter and spin—orbit (SO) coupling on the thermoelectric
properties: (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity, and (d) dimensionless figure
of merit of SrTio.917Ta0.08303.

4. Conclusions

Influence of 8% of Ta as a dopant in SrTiOs at the Ti site has been studied using first principle
calculations as implement in WIEN2K code. The electronic and thermoelectric properties are investigated.
The spin-polarized calculation indicates none magnetism of SrTiOs at 8% of Ta doped. We observed an
enhancement of the density of states near Er leads to higher Seebeck coefficient in spin-polarized
calculation with Hubbard U. At the same time improved band gap result. In our thermoelectric studies, we
found that thermal and electrical conductivities, and even absolute Seebeck coefficient increases with
increase in temperature. We obtained ZT =0.18 (at 750 K) when using SO, U method which is very close
to the experimental report. The maximum figure of merit of 0.33 was obtained at 1200 K for
Sro.917Ta0.083T1O3 With the same method.
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