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Single crystalline langatate (LasTaos5Gass5014, LTG) has been widely used in piezoelectric sensors

for high temperature applications because of its structural stability at high temperature. However, in the
middle range of temperature (300 — 700°C), an increase of electrical conductivity has been observed in LTG
grown with various pO2 conditions because various point defects are spontaneously generated in the crystal.
Also, it has been reported that compositions of LTG grown by the Czochralski (CZ) method deviates from the
ideal stoichiometry to Ta-poor and Ga-rich material.

In this thesis, to elucidate intrinsic point defects effects on electronic and transport properties of
LTG, formation energy of each defect such as cation vacancies, non-stoichiometry and oxygen vacancy by
using first-principle calculations such as conventional density functional theory (DFT) and quasi-particle
GW methods. And, electronic structures and transport properties such as carrier concentration and electric
conductivity of LT'G with and without point defects were calculated by Boltzmann transport theory based on
band interpolation scheme. |

The calculated GW band gap of defect-free LTG was 5.357 eV, which is much larger than band gap
calculated from conventional DFT with GGA-PBE exchange-correlation. The additional energy states from
O-porbital of acceptor-like defects were found below Fermi level. As results of formation energy calculations,
Ga substitution on Ta site and its Schottky pair with oxygen vacancy were spontaneously generated in LTG
system, penta-valent Ta vacancy and neutral oxygen interstitial were the most energetically stable defects
among various acceptor-like defects at O-rich condition (See Fig. 1). Also, the LTG with Ta vacancies at

la-octaheral site showed the highest electrical conductivity among defective LTG. These results are
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consistent with experimentally observed one.
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Fig. 1 The calculated formation energy of Ga substitution on Ta site and each cation vacancy as a function of
Fermi energy under O-rich condition.

In contrast to O-rich condition, at O-poor condition, the formation of oxygen vacancy at 6gsite was
energetically more stable than the formation of other cation vacancies e.g. Ga vacancy. The oxygen vacancy
in the LTG showed negative U behavior and the calculated formation energies of neutral oxygen vacancy
with GW and PBE at O-rich and O-poor conditions were higher than the formation energy from PBE
calculations. The caleulated transition levels of two different oxygen vacancies from the combination of the
GW and PBE method was 2.179 eV and 2.145 eV for Vioizs and Viogs, respectively, which is larger than the
transition level by the PBE method (See Fig. 2). As results of GW calculation, the band gap of LTG with
doubly charged oxygen vacancies showed smaller band gap than the LTG with neutral oxygen vacancy (See
Fig. 3). The calculated carrier concentration and electric conductivity of LTG with oxygen vacancy were
around ten times higher than the carrier concentration and conductivity of defect-free LTG. Thus, oxygen
vacancy generation at O-poor condition as well as acceptor-like defects at O-rich condition can cause
degradation of devices at intermediate temperature which is not sufficient to start ionic diffusion. Thus, the
conclusion could be drawn that oxygen vacancies induce an increase in electrical conductivity of LTG crystal

at O-poor condition.
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Fig. 2. Defect formation energy curves of Vo [left] and Vo [right] in LTG. (black lines: O-rich condition and

blue lines: O-poor condition)
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Fig. 3. Energy eigenvalue from DFT and QP energy from GW of perfect LTG and comparison between two

different oxygen vacancies cases (Vo) and Vo) at the /'point.

These intrinsic defects are unavoidable because they are spontaneously generated in LTG crystal.
Thus, to solve resistivity degradation at high temperature, advanced materials design is necessary. Thus,
first principles calculations based on density functional perturbation theory (DFPT) were performed on
various local ionic structures to investigate the relationship between piezoelectric tensors and local ionic
configurations such as bond lengths and angles. The results indicate that two independent relaxed-ion

piezoelectric coefficients, en and e, increased with increases in La(z-O and Ta(zs-O distances or decreases
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in Gagz 24-0 distances (See Fig. 4). Hence, to obtain high piezoelectric constants in this crystal, ions larger

than La® should be incorporated at Je sites to open the distance between e ions and oxygen ions, and ions

smaller than Ga* should be introduced at 24 and 3f'sites to reduce the distance between Ga and O ions.
From this design rule, a new crystal, BTAS (BasTaAl;Si2015) has been proposed. The calculated relaxed-ion
piezoelectric coefficient en of BTAS was 17.7% higher than the coefficient of a LTG crystal. As a result of

phonon caleulation, it was found that there was no negative frequency in phonon density of state, which can

confirm the structural stability of BTAS. Also, the electric conductivity values of BTAS with penta-valent Ta

vacancy was lower than the electrical conductivity of defect-free LTG or Al-doped LTG at intermediate

temperature. Finally, this newly designed crystal which has already shown enhanced piezoelectric

properties will also be helpful in reducing the cost of raw materials because it is possible to diminish

consumption of expensive metals such as Ga and La.
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Fig. 4. Absolute values of calculated piezoelectric coefficients (a) | en | and (b) | e for various Ga-O inter-ionic

distances.
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