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Research Title: Lead-free Piezoelectric Properties in BiAlO, and BiGaO, from First Principles
Calculations
Researcher: Kanoknan Sarasamak and Pitiporn Thanomngam

Faculty: College of Nanotechnology, King Mongkut’s Institute of Technology Ladkrabang

ABSTRACT

In this research, the structural properties for BiAlO, and BiGaO, as a function of pressure were
investigated using first-principles calculations based on density functional theory (DFT) within the
generalized gradient approximation (GGA) and projector augmented wave (PAW) method. Under ambient
pressure, BiAlO, and BiGaO, have the rhombohedral phase with space group R3c and the orthorhombic
phase with space group Pcca, respectively. The calculated structural parameters were calculated and found
to be in good agreement with available theoretical and experimental values. Under hydrostatic pressure, the
transformation from the rhombohedral phase with space group R3¢ to the rhombohedral phase with space
group R3¢ and the transformation from the orthorhombic phase with space group Pcca to the monoclinic
phase with space group Cm can occur in BiAlO, and BiGaO,, respectively. The calculated equilibrium
transformation pressures for BiAlO, and BiGaO, are 12.66 GPa and 1.53 GPa, respectively. The stability of

each phase was studied by analyzing enthalpy as a function of pressure for the above compounds.

Keywords : BiAlO,, BiGaO,, phase transformation, First principles calculations
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MINd 4.1 ueaeminnmssinaauiang q ldun afSuesiganzaunavewdas Inseadis

HAn (7) A1 bulk modulus (B) UagA®YRLFUBIAT bulk modulus (B') lueslsznou BiAlO,

Compound BiAlO,
Properties R3c phase R 3 c phase Cubic phase
. b
A 53.4 (56" 52.1 51.4 (51.60",
48.98°48.94°)
2 b
B(GPa) 159.76 (121+11%) 206.8 221.0 (218.5",
219°224°%
B 4.87 (4) 43 44 (5.15°,4.36")
"Ref [20]
b.
Ref [8]
‘Ref [21]
d.
Ref [22]

‘Ref[23]
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51 4.3 naagdlaseadrawanilFlumsne Taouaasgillu 2 i6 awnameinaaslugl ves
Taseadramanuuy (a) oo Tsseuiinfieglu space group Peca uag (b) Inseadananuuy Tulundini
S p group

agﬂu space group Cm Tuasilszneu BiGaO,
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M3 4.2 ugasmvInmsmiuInauiianie q ldun anlSuesiaanzaugavewsazlnsadig

HAN (7,) A bulk modulus (B,) 1LAZABYWUTYEIM bulk modulus ( B') lua11/sznU BiGaO,

Compound BiGaO,
Properties Pcca phase Cm phase Cubic phase
a. a. b c
A% 72.93(69) 67.1(64.86") 61.7 (55.7°, 55.36',
56.2%)
a: a b e
B(GPa) 89.3(79+2) 97.2(84+3%) 220 (206.6", 218
B 4.38(4) 574" 4.8 (4.67°, 4.41°
Ref[20]
b
Ref [8]
‘Ref[21]
‘Ref [22]

‘Ref [23]
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UndatauoINaaIUINnIsNIiuaue 11504 Stability of BiAlO, under pressure from first principles

calculations 1191141/5913%1113 Siam Physics Congress 2012 1 9. W3zUAIAIOYTY

Siam Physics Congress SPC2012

Past, Present and Future of Physics 9-12 May 2012
Stability of BiAlO; under pressure from first principles calculations

K. Sarasamak, " W. Nuleg' and P. Thanomngam'?

!College of Nanotechnology, King Mongkut’s Institute of Technology Ladkrabang,
Bangkok, 10520, Thailand
Thailand Center of Excellence in Physics (ThEP Center), Commission on Higher
Education, Bangkok 10400, Thailand
*Corresponding author. E-mail: kskanokn@kmitl.ac.th

Abstract

Based on first principles calculations, the structural properties, elastic properties, and
phase transformation of BiAlO; with rhombohedral structure (in 2 space groups: R3c
and R3c¢) and cubic perovskite structure (in Pm3m space group) are investigated. The
calculated structural parameters and elastic constants are in good agreement with other
works. At ambient pressure, we found that rhombohedral structure with space group
R3c is the most stable structure compare with other two structures studied here. Under
hydrostatic pressure, the transformation from rhombohedral structure with space group
R3c into rhombohedral structure with space group R3c occurs. The equilibrium
transformation pressure for this transformation is obtained. The rotation of AlQOg
which related to the structural transformation in BiAlOj; is discussed as well.

Keywords: BiAlO;, phase transformation, first principles



30

unfAndoveIHanIuIT M uaue 1uEe9 Structural stability of orthorhombic BiGaO, under pressure

Tuauilse4u39%1n15 Siam Physics Congress 2013 #1 9. (Fea 11l

Siam Physics Congress SPC2013
Thai Physics Society on the Road to ASEAN Community 21-23 March 2013

Structural stability of orthorhombic BiGaOj; under pressure
Kanoknan Sarasamak'~", Maneerat Chotsawat'?, and Pitiporn Thanomngam'?”

!College of Nanotechnology, King Mongkut’s Institute of Technology Ladkrabang,
Chalongkrong road, Ladkrabang, Bangkok, 10520, Thailand
’Thailand Center of Excellence in Physics (ThEP Center), Commission on Higher
Education, Bangkok 10400, Thailand
INanotec-KMITL Center of Excellence on Nanoelectronic Devices, King Mongkut’s
Institute of Technology Ladkrabang, Chalongkrong road, Ladkrabang, Bangkok,
10520, Thailand
*Corresponding author. E-mail: kanoknans@hotmail.com

Abstract

The structural stability of BiGaO; (BGO) under pressure is investigated based on first
principles calculations. Under pressure, the orthorhombic phase with space group
Pcca, which is the stable phase at ambient pressure, can transform to the monoclinic
phase with space group Cm. The structural parameters are calculated and found to be
in good agreement with other theoretical and experimental values. The phase
equilibrium pressure between the orthorhombic phase (space group Pcca) and
monoclinic phase (space group Cm) is calculated. Furthermore, our calculation has
been confirmed the in situ experimental results [H. Yusa et al., Phys. Rev. B 80,
214103 (2009)] that the first structural phase transition under pressure from the
orthorhombic (space group Pcca)-to-monoclinic (space group Cm) phase occurs in
BGO.

Keywords: BiGaOs, phase transformation, First principles calculations
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Abstract

First-principles calculations based on density functional theory (DFT) within local
density approximation were employed to investigate the antisite defects, including Pbz and
Zrpy, in orthorhombic PbZrO; by determining their defect formation energies. The formation
energies of antisite defects were then compared with those of other dominant defects, i.e., lead
Pb, zirconium Zr, and oxygen O vacancies to examine the likelihood of their existence. Our
results revealed that Pby defect in neutral charge state is the most dominant defect under O-
rich or oxidizing condition in agreement with the previous work. In addition, the Zr atom is
perfectly replaced with the Pb atom to form Pbyg, defect in neutral charge state. In opposite,
under O-poor or reducing condition, the formation energies of antisite defects are quite high
and higher than those of vacancy defects. This suggests that antisite defects are unlikely to
form under reducing condition.

Keywords: Orthorhombic PbZrQOs; first-principles calculations; antisite defects

! Corresponding author. E-mail: fscicwt@ku.ac.th



32

First-principles study of antisite defects in orthorhombic PbZrO;

Maneerat Chotsawat'?, Kanoknan Sarasamak’~", Pitiporn Thanomngam'>, and Jiraroj T-
Thienprasert*

'College of Nanotechnology, King Mongkut’s Institute of Technology Ladkrabang,
Chalongkrong road, Ladkrabang, Bangkok, 10520, Thailand
*Thailand Center of Excellence in Physics (ThEP Center), Commission on Higher Education,
Bangkok 10400, Thailand
*Nanotec-KMITL Center of Excellence on Nanoelectronic Devices, King Mongkut’s Institute
of Technology Ladkrabang, Chalongkrong road, Ladkrabang, Bangkok, 10520, Thailand
‘Department of Physics, Faculty of Science, Kasetsart University, Bangkok, Thailand 10900

Abstract

First-principles calculations based on density functional theory (DFT) within local
density approximation were employed to investigate the antisite defects, including Pbz. and
Zrpy, in orthorhombic PbZrO; by determining their defect formation energies. The formation
energies of antisite defects were then compared with those of other dominant defects, i.e., lead
Pb, zirconium Zr, and oxygen O vacancies to examine the likelihood of their existence. Our
results revealed that Pbz defect in neutral charge state is the most dominant defect under O-
rich or oxidizing condition in agreement with the previous work. In addition, the Zr atom is
perfectly replaced with the Pb atom to form Pbyz, defect in neutral charge state. In opposite,
under O-poor or reducing condition, the formation energies of antisite defects are quite high
and higher than those of vacancy defects. This suggests that antisite defects are unlikely to
form under reducing condition. '
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1. Introduction

Lead zirconate PbZrOs is an interesting inorganic material because of its advantage for
many applications, such as actuator, high-energy storage devices, diagnostic materials, and
bolometer for thermonuclear reactors [1-7]. PbZrO; can exhibit antiferroelectric or
paraelectric phase depending on the temperature. At temperature below 220 °C, PbZrO;
exhibits antiferroelectric phase with an orthorhombic perovskite structure [8-10]. By
increasing temperature above 230 °C (Curie temperature of T, ~ 230 °C [11]), PbZrO; reveals
paraelectric phase with the cubic perovskite structure [9, 10]. At temperatures range of 220-
230 °C, there is an intermediate phase which can be in either a ferroelectric or an
antiferroelectric phase [9, 12-14]. In addition, PbZrO; is one of the major component for
preparing the solid solution of lead zirconate titanate (PbZr,.,Ti,O3: PZT) [15]. In particular,
the composition near so-called morphotropic phase boundary (MPB) (at x= 0.48) reveals the
best efficiency of PZT [16] which can be used in many electronic devices [17-19].

In general, the presence of defects in materials can enhance or degrade their physical
properties depending on the type of defect introduced. Consequently, the study of defects in

? Corresponding author. E-mail: fscicwt@ku.ac.th
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materials is crucial for understanding and improving their physical properties. Most of the
works have been paid attention to the study of PZT system, for example, the study of Pb
antisite in PZT [20-22]. P. Muralt et al. and G. Suchaneck et al. [21, 22] reported that, in
PZT, Pb-antisite defect on Zr’s site (Pbz) is more favorable than that on Ti’s site (Pbr;). For
PbZrO;, most of the studies have been based on the cubic perovskite structure or paraelectric
phase due to its simple structure [23, 24]. In 2008, Kagimura and Singh [25] reported that Pb
antisite (Pbz;) defect is unavoidable in orthorhombic PbZrO; under strong oxidizing condition.
However, they did not take into account the charge state of Pbz defect in their calculations.
Further, the formation energy of Pbz, defect was examined only under the oxidizing condition.
Other dominant native point defects in orthorhombic PbZrO; have also not been considered
before. Therefore, the investigations of antisite defects and other dominant native point
defects under oxidizing and reducing condition are necessary to understand the stability of
antisite defects in orthorhombic PbZrOs.

In this paper, we focus on the investigation of antisite defects, including Pbz. and Zrpy,
as well as other dominant defects in orthorhombic PbZrO; by using first-principles density
functional calculations. The stability and likelihood of defect existence are examined by
considering the defect formation energy as a function of Fermi-energy under different growth
conditions, i.e., O-rich or oxidizing condition and O-poor or reducing condition.

2. Computational methods

In this work, we used first-principles calculations based on density functional theory
(DFT) [26] within the local density approximation (LDA) [27] as implemented in Vienna ab-
initio Simulation Package (VASP) code [28]. The electron-ion interactions were treated by
projector augmented wave (PAW) method [29]. The cutoff energy for expanding the plane
wave basis set was set at 500 eV. For unit cell (40-atom), we used k-point sampling mesh of
3x3x3 according to Monkhorst-Pack scheme [30]. The calculated lattice parameters of
orthorhombic PbZrO; are a = 5.8369 A, b = 11.7232 A and ¢ = 8.1306A in good agreement
with the experimental values [31, 32].

For defect calculations, we used a supercell approach [33-35] with a supercell size of
80 atoms, which is a 2x1x1 repetition of unit cell. The k-point sampling mesh was reduced to
2x2x2. All atoms in the supercell were allowed to relax until the Hellmann-Feynman force
[36] became less than 0.05 eV/A. The stability and likelihood of defect forming could be
investigated by considering the defect formation energy (£7) which is defined by [34]

E/(D,q)=E, (D)= E, ()= np+qEp+Eyp,,), (D

where E;(D?) and E,,/0) are the total energy of supercell with and without defect, n, is the
number of atom species x (x can be Pb, Zr, or O) which are removed (added) from (to) the
supercell, u, is the atomic chemical potential or atomic reservoir which is discussed below, ¢
1s the charge state of defects, and Er is Fermi-energy which is referenced to the valence band
maximum (Eygpy). '

In some case, the defect might induce the extra energy levels inside the band gap
called defect levels, and the electron can then be removed (added) from (to) these levels. In
this case, the defect transition level &(qi/q;) (thermal ionization energy) can be determined
from the Fermi-energy position, where the formation energies of the defects in charge state ¢,
and g, are equal, i.e.,
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Ef(D’qZ)_Ef(D’qI)

99
As shown in Eq. (1), the defect formation energy is a function of two variables, i.e.,
Fermi-energy and chemical potentials. The former could be varied from the valence band
maximum to the conduction band minimum of orthorhombic PbZrO;. Regarding the chemical
potential, these values could be determined by considering their phase precipitation limits or
undesired phases introduced in PbZrO; during the crystal growth process, such as metallic Pb,
metallic Zr, Pb-oxide, Zr-oxide, and O, gas.
To grow a single crystal orthorhombic PbZrO; in thermodynamic equilibrium
condition, the following condition must be satisfied,

iy + g+ 3t = Hpozi0, 5 (3)
where 4, is the total energy per formula of orthorhombie PbZrOs. s, , 4, , and g, are

&(q,/q,)= , Where ¢, > g,. (2)

the chemical potentials of Pb, Zr and O, respectively. To prevent the undesired phases in
PbZrOs, we further needed to take into account the following conditions,

My < ELPO i )s Mz < E (L gt ) o < E,(0,) 12,
Hp, + 2y < E, (PbO;), 3y, +4u, <E, (Pb,0,), 4)
:qu )’ ﬂO < Etot(ZIO)a aqu *k 2:”0 <E (Zroz )

tot

By solving Eq. (3) and (4), we obtained the chemical potentials of Pb, Zr, and O as
shown in Fig. 1. In Fig. 1, all values shown were referenced to their natural phases, i.e.,
metallic Pb, metallic Zr, and O, gas. It is clearly seen that the chemical potentials can be any
values, which lie on the shaded area in Fig. 1. In addition, the O-rich and O-poor conditions
were also indicated on the figure and the chemical potentials under these two conditions were
further used to determine the defect formation energies.

T ' T T

-6.0

T

-6.5

-7.0

fye (V)

-1.5

-8.0

T T T Tl

-0.5 0.0
Hp, (€V)

Figure 1. (Color online) Schematic illustration of the chemical potentials for Pb, Zr, and O
according to Eq. (3) and (4). All values are referenced to their natural phases.

Results and discussion
The calculated band gap of orthorhombic PbZrOs at special k-point is 3.44 eV lower

than the experimental band gap of 3.86 eV [37]. This is because of the well-known
underestimation in band gap due to the functional used in our calculations. To investigate the
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Pb and Zr antisite defects in orthorhombic PbZrOs, we determined the formation energies of
Pbz. and Zrp, defects as a function of Fermi-energy under O-rich and O-poor growth
conditions, as depicted in Fig. 2. We found that Pbz; is a deep double acceptor with defect
transition level at &(0/2-) = 1.63 eV and Zrp, is a double shallow donor. However, to
investigate the stability and likelihood of forming the antisite defects, other dominant native
point defects should be taken into consideration for comparison. Note that we considered only
the native point defects in this work. For orthorhombic PbZrOs;, we found that the dominant
native point defects are vacancies, i.e., Pb, Zr and O vacancy defects (Vpy,Vz, and Vo). The
formation energies of these vacancy defects were also illustrated in dashed lines in Fig. 2. It is
clearly seen that the defect formation energy explicitly depends on the Fermi-energy as well
as growth conditions. By comparing the antisite defects with the other dominant defects, we
found that under O-rich growth condition Pby, defect has the lowest formation energy when
the Fermi-energy is between ~0.5 and~1.3 eV. For O-poor growth condition, we found that
the formation energy of Zrpy is quite low and lower than that of Pbz when the Fermi energy is
less than ~1.5 eV. However, under O-poor condition, the vacancy defects are dominant.

By considering the charge neutrality condition from the dominant native point defects,
we found that the pinned Fermi-energies are at ~0.8 eV and ~1.4 €V for O-rich and O-poor
growth conditions, respectively (see the arrows in Fig. 2). Interestingly, under O-rich
condition, Pbz, defect has the lowest formation energy at the pinned Fermi-energy and the
formation energy of Pbz; is quite low. This suggests that Pby, defects in PbZrOs are abundant
when the crystal is grown under O-rich condition or oxidizing condition. This result agrees
well with the previous study [25] reporting that the Pby, defect is unavoidable under strong
oxidizing condition. For O-poor growth condition, we found that the formation energy of Pbz,
is quite high and higher than that in O-rich condition opposite to Zrp, defect. The formation
energy of Zrpp, in O-poor condition is lower than that in O-rich condition. However, at pinned
Fermi-energy, the formation energies of antisite defects are quite high. This suggests that
antisite defects are unlikely to form under O-poor condition.

9 — 9 -

Formation Energy (eV)

Fermi Energy (eV) Fermi Energy (eV)

Figure 2. (Color online) Illustration of the defect formation energy as a function of Fermi-
energy under O-rich (left panel) and O-poor (right panel) growth conditions. The slope of each
line indicates the charge state of the defect. The arrows indicate the approximate pinned
Fermi-energy.
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The local structures of bulk orthorhombic PbZrO; and antisite defects, including Pby,
and Zrp, were illustrated in Fig. 3. For Pbz; defect, we found that Zr is perfectly replaced with
Pb atom in neutral charge state, but for 2- charge state a large lattice relaxation around Pbz
defect is observed resulting in the negative-U behavior as shown in Fig. 2. Regarding Zrpy
defect in 2+ charge state, the O atoms surrounding Zrp, defect move inward to form bonding
with Zr atom resulting in 6-fold coordination. The bonding between Zrp, defect and six O
atoms are nearly close to that in bulk as seen in Fig, 3.

Figure 3. (Color online) Hlustrations of the local structures of bulk PbZrO; and antisite
defects, including Pbz, in netrual and 2- charge states, and Zrp, in 2+ charge state. The black,
green, and red colors represent the Pb, Zr, and O atoms, respectively. All values shown are in
angstrom unit.

Conclusions

We performed first-principles DFT calculations to investigate the stability of antisite
defects in orthorhombic PbZrO; by determining their formation energies. By comparing the
formation energies of antisites defects with those of other dominant defects, i.e., Vpy, V7, and
Vo, we found that Pbz; in neutral charge state is the most dominant defect under O-rich growth
condition or oxidizing condition in agreement with previous works. However, under O-poor
condition or reducing condition, the formation energies of Pbz and Zrp, are quite high
suggesting that they are unlikely to form. In addition, Zr atom is perfectly replaced with Pb to
form Pby, defect in neutral charge state. Regarding Zrpy, defect, the O atoms around Zr moved
inward to form bonding with Zr atom resulting in 6-fold coordination similar to the bonding
between Zr and O in bulk PbZrOs.
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