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a b s t r a c t

Lead zirconate PbZrO3 (PZO) is one of the most important ceramic materials due to its antiferroelectric
property, which can be used in many technological applications. Due to the toxicity of Pb, there is an
attempt to replace Pb with other non-toxic elements. It has been reported that doping orthorhombic-
PZO with Bi and Al atoms could stabilize the antiferroelectric property in a wide temperature range
and reduce the lead content in the material. In this work, we used first-principles calculations based
on density functional theory to investigate the microscopic and electronic structures of Bi and Al defects
in orthorhombic-PZO. Our calculated defect formation energies revealed that Bi atom can substitute on
either Pb site (A-site) or Zr site (B-site); depending on the Fermi-level as well as the crystal growth con-
dition. On the other hand, Al atom is likely to substitute only on the Zr site. In addition, our calculations
revealed that there is only a small binding between BiPb and adjacent AlZr or BiZr with the binding ener-
gies of �0.2 eV. This indicates that BiPb and AlZr (or BiZr) are unlikely to form complexes.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Lead zirconate PbZrO3 or PZO is a versatile ceramic material dis-
covered more than fifty years ago [1,2]. PZO is used in many tech-
nological applications such as actuator, high-energy storage
devices, diagnostic materials, and bolometer for thermonuclear
reactors [3–9]. PZO can exhibit an antiferroelectric phase or para-
electric phase depending on the temperature. At temperatures
below 220 �C, PZO has an orthorhombic perovskite structure with
an antiferroelectric character [10,11]. At temperatures above its
Curies temperature Tc [12] (230 �C), PZO changes to the cubic per-
ovskite structure with a paraelectric character [11]. In the narrow
temperature range of 220–230 �C, PZO is reported to show an
intermediate ferroelectric character, which is attributed to the
presence of defects [13]. In addition, PZO is one of the major com-
ponents for preparing the solid solution of lead zirconate titanate
(PbZr1�xTixO3 or PZT). In particular, the composition near the so-
called morphotropic phase boundary (at x � 0.47) has the best effi-
ciency PZT, which is used in many electronic devices [14–16]. Due
to the toxicity of Pb, research on reducing the Pb content in these
materials as well as developing lead-free ferroelectric materials is
widely carried out [17,18]. For lead-based materials, it is found
to be challenging to maintain the antiferroelectric properties while
reducing the Pb content.

Tan et al. [19] proposed that the ferroelectric phase of per-
ovskite oxides can be stabilized by replacing A-site cations with
larger ions or B-site cations with the smaller ones. They also pro-
posed that the antiferroelectric phase can be stabilized by replac-
ing A-site cations with smaller ions or B-site cations with larger
ones. This means by doping PZO with suitable cations at A- and/
or B-sites, one can enhance the antiferroelectric property of PZO
and, in some cases, reduce the Pb content as well. In addition, there
are several reports on the study of BiMO3 (M = Fe3+, Mn3+ and Nd3+)
as potential multiferroic materials [20–22]. BiMO3–PbTiO3 has also
been shown to improve the ferroelectric property of PbTiO3 [23–
26]. However, scarce information on BiMO3 with M being non-
magnetic ions (M = Al, Sc, or Ga) is available. Bismuth aluminate
(BiAlO3 or BAO) is one of an interesting lead-free ferroelectric
material due to its high curie temperature of �530 �C [27,28].
BAO has been predicted to be a high-performance ferroelectric
and piezoelectric material due to its noncentrosymmetric structure
caused by the Bi lone pair (6s2) [29,30]. Recently, Vittayakorn and
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Boonchom reported that the incorporation of BAO into PZO could
stabilize the antiferroelectric phase of PZO in a wide temperature
range [31]. The stability of the antiferroelectric phase was attribu-
ted to the substitution of Pb2+ by Bi3+ and Zr4+ by Al3+. To our
knowledge, there is no theoretical work to support these experi-
mental results.

In this paper, we use first-principles density functional calcula-
tions to systematically study Bi and Al defects in orthorhombic-
PZO. The stability and structure of Bi and Al defects in PZO, under
different crystal growth conditions (from O-rich to O-poor), can be
obtained based on the defect formation energy. This work provides
a deeper understanding on the preferential sites for Bi and Al
atoms in orthorhombic-PZO, which is a crucial foundation to
explain the antiferroelectric state observed in the BAO–PZO
systems.
Fig. 1. Illustration of the possible range of Pb, Zr, and O chemical potentials for the
thermodynamic equilibrium growth of PbZrO3. The three dimension plot is reduced
into two dimension plot by projecting oxygen chemical potential onto Pb–Zr plane.
The red points represent the chemical potential for oxygen at the boundaries
according to Eqs. (2)–(4). All values of the atomic chemical potentials are referenced
to their natural phases, i.e., Pb-metallic, Zr-metallic, and O2 gas. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
2. Computational methods

We used first-principles calculations based on density func-
tional theory (DFT) within the local density approximations
(LDA) as implemented in the Vienna ab-initio Simulation Package
(VASP) [32–34]. The electron–ion interactions were described by
the projector augmented wave (PAW) method [35] and the cutoff
energy for expanding the plane-wave basis set was set to 500 eV.
For the calculations with the 40-atom orthorhombic-PZO unit cell,
the Monkhorst–Pack scheme [36] with a sampling k-point mesh of
3 � 3 � 3 was used for the k-space integrations. The calculated lat-
tice constants of orthorhombic-PZO are a = 5.837 Å, b = 11.723 Å
and c = 8.131 Å. These calculated values are in agreement with
the experimental results [37]. To study Bi and Al defects in PZO,
the supercell approach was employed [38–40] with the 80-atom
orthorhombic-PZO supercell, which is a 2 � 1 � 1 repetition of
the 40-atom unit cell. For the supercell calculations the sampling
k-point mesh was reduced to 2 � 2 � 2. All atoms in the supercell
were allowed to relax until the Hellmann–Feynman forces [41] act-
ing on each atom became less than 0.02 eV/Å. The likelihood of
defect formation, such as a Bi substitution for Pb (BiPb) or Zr (BiZr)
atom, could be determined from the defect formation energy
defined by [39]

Ef ðDqÞ ¼ EtotðDqÞ � Etotð0Þ �
X

x

nxlx þ Ecorr þ qðEF þ EVBMÞ; ð1Þ

where Etot(Dq) is the total energy of a supercell containing the defect
D in charge state q and Etot(0) is the total energy of the defect-free
supercell, nx is the number of atom species x (x can be Pb, Zr, O, Bi or
Al atom), being added to a supercell to create the defect D in charge
state q with the corresponding atomic chemical potential lx (dis-
cussed next), Ecorr is the finite-size correction term for charged
defects according to the scheme proposed by Freysoldt et al.
[42,43], and EF is the Fermi level referenced to the valence band
maximum (VBM). Lower defect formation energy means that the
defect is more likely to form.

Under thermodynamic equilibrium, to slowly grow a high qual-
ity orthorhombic-PZO crystal, the following conditions must be
satisfied,

EtotðPbZrO3Þ ¼ lPb þ lZr þ 3lO; ð2Þ

where EtotðPbZrO3Þ is the total energy per formula unit of
orthorhombic-PZO and lPb, lZr, and lO are atomic chemical poten-
tials for Pb, Zr, and O atoms, respectively. If the sum on the right-
hand side of Eq. (2) is much larger than the left-hand side, the crys-
tal will be rapidly and ununiformly grown. On the other hand, if the
sum on the right-hand side is smaller than the left-hand side, the
crystal will disintegrate. These atomic chemical potentials can be
any values lying on a plane according to Eq. (2). In order to prevent
the phase precipitation, such as metallic and O2 gas phases, lPb, lZr,
and lO are then limited by the total energy per formula unit of
metallic Pb, metallic Zr, and O2 gas, respectively, i.e.,

lPb < EtotðPb-metalÞ; lZr < EtotðZr-metalÞ; and lO < EtotðO2Þ=2:
ð3Þ

Consequently, the plane determined by Eq. (2) is limited to a tri-
angle plane restricted by Eq. (3). In addition, Pb and Zr atoms could
form the oxide phases such as PbO and ZrO2. To prevent such pre-
cipitation phases, the following conditions must be taken into
consideration,

lPb þ lO < EtotðPbOÞ; lPb þ 2lO < EtotðPbO2Þ;
3lPb þ 4lO < EtotðPb3O4Þ; lZr þ lO < EtotðZrOÞ;
lZr þ 2lO < EtotðZrO2Þ: ð4Þ

By solving Eqs. (2)–(4), we could determine the chemical poten-
tials for Pb, Zr, and O as depicted in Fig. 1. In Fig. 1, all chemical
potentials were referenced to their natural phases, i.e., metallic
Pb, metallic Zr, and O2 gas. The lines connecting the points A–B,
B–C and C–A are limited by ZrO2, metallic Pb, and Pb3O4 phases,
respectively. The chemical potentials for Pb, Zr and O can assume
any set of values, represented by a point on the plane depicted in
Fig. 1. As shown in Eq. (1), the defect formation energy is a function
of the chemical potentials. For convenience, we choose to present
the defect formation energies under two crystal growth conditions,
i.e., O-rich and O-poor growth conditions. When incorporating Bi
and Al into PZO, we need to ensure that there is no phase precipi-
tation produced by Bi and Al, such as metallic Bi, metallic Al, BiO2,
and Al2O3. We found that for O-poor growth condition lBi and lAl

are limited by EtotðBi-metalÞ and ½EtotðAl2O3Þ � 3lO�=2, respectively,
while lBi and lAl are restricted by ½EtotðBi2O3Þ � 3lO�=2 and
½EtotðAl2O3Þ � 3lO�=2 for O-rich growth condition.

3. Results and discussion

Fig. 2 illustrates a 80-atom supercell of orthorhombic-PZO in
which there are two inequivalent Pb atoms (Pb1 and Pb2) alter-
nately arranged on a plane perpendicular to the c-axis. An
orthorhombic-PZO is a slight distortion from the perfect cubic per-
ovskite structure by tilting of the oxygen octahedral [44]. To study
the microscopic and electronic structures of Bi and Al defects in
orthorhombic-PZO, we calculated the formation energies associ-
ated with Bi and Al defects, which are explicitly a function of oxy-
gen chemical potential as explained in the previous section. The



Fig. 2. Illustration of the 80-atom supercell of orthorhombic-PbZrO3. The black, green, and red colours represent Pb, Zr, and O atoms, respectively. The dashed circle indicates
an interstitial site for Bi and Al atoms. There are two inequivalent Pb atoms, labeling as Pb1 and Pb2, that are alternately arranged on a plane perpendicular to the c-axis. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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formation energies are shown for two extreme growth conditions,
i.e., O-rich and O-poor growth conditions and the chemical poten-
tials of Bi and Al are set to their highest possible values before the
phase precipitations are taken place as described in the previous
section. Note that, the formation energy plots for other conditions
can be obtained by referring to Eq. (1). Because our calculation is
based on the LDA functional, the VBM and CBM positions are
known to contain some errors. This directly affects the calculated
formation energy as shown in the last term of Eq. (1). To remedy
this problem, we performed additional calculations with hybrid
functional proposed by Heyd–Scuseria–Ernzerhof (HSE06) with
the mixing parameter of 0.25 to determine the more reliable
VBM and CBM positions. Our HSE calculations give the band gap
of 3.98 eV, which is only slightly larger than the experimental band
gap of 3.70 eV [45]. It is also believed that the calculation with HSE
functional gives more accurate VBM and CBM positions than LDA.
To correct our calculated formation energy obtained from LDA cal-
culations, we need to align the VBM positions obtained from LDA
(VBMLDA) and HSE (VBMHSE) functionals with respect to the vac-
uum level to determine the offset between them (DLDA–HSE) [46].
This could be accomplished by performing a slab calculation as
described in Ref. [47]. Here, we constructed a (001)-surface of
orthorhombic-PZO with a 10-layer slab separated by a vacuum
region. All atoms in the outermost three layers were allowed to
relax while the remaining atoms were kept fixed to represent the
bulk-like region. We found that VBMLDA is 0.44 eV higher than
VBMHSE, i.e., DLDA–HSE = 0.44 eV. To apply the correction, we rigidly
shifted the VBMLDA in Eq. (1) by DLDA–HSE, i.e., we replace EVBM by
EVBM +DLDA–HSE. This results in the left-shift of the VBM position
in the formation energy plot by 0.44 eV. To illustrate this shift,
the position of VBMLDA without the correction is shown using a
vertical dashed line in Fig. 3. (The correction effectively moved
down the VBM by 0.44 eV.)

In Fig. 3, the formation energies of A-site substitutions (XPb), B-
site substitutions (XZr), and interstitial defects (Xi), where X can be
Bi or Al atom, are shown. The Fermi energy is plot from 0 (refer-
enced to the VBM) up to the experimental band gap (�3.70 eV).
Note that the calculated band gap at the C-point is only 2.64 eV,
which is smaller than the experimental band gap of 3.70 eV [45]
due to the well-known DFT underestimation of the band gap.
Our calculations (with actual charge occupations) are possible
without populating the (calculated) conduction band because the
special k-point band gap in the supercell calculation is larger than
3.7 eV. For Bi substitutional defects, we found that the formation
energy of BiPb at the Pb2’s site is slightly lower (by 0.07 eV) than
that at the Pb1’s site. BiPb is a single donor defect with a defect tran-
sition level e(+1/0) = 3.58 eV. BiZr is an amphoteric defect with a
defect transition level e(+1/�1) = 1.45 eV. From the plot, it is clear
that the formation energy of BiPb is lower than that of BiZr when the
Fermi level is less than 1.78 eV and 2.30 eV for O-rich and O-poor
growth conditions, respectively. At higher Fermi level, the forma-
tion energy of BiZr turns lower. Therefore, Bi can substitute on both
Pb’s and Zr’s sites depending on the Fermi level and the crystal
growth condition. For Bii defect, we found that Bi atom prefers to
occupy the vacant site lying on the Pb2 plane as illustrated in the
dashed circle in Fig. 2. Bii is a donor with a defect transition level
e(+3/+1) = 2.60 eV with a negative-U behavior. Its formation energy
is higher than the substitutional defects; indicating that Bi atom is
likely to exist in the form of substitutional defect in orthorhombic-
PZO rather than the interstitial defect. Regarding Al substitutional
defects, we found that AlPb at Pb1’s site is slightly lower in energy
(by 0.08 eV) than that at Pb2’s site. AlPb is a shallow donor, while
AlZr is a shallow acceptor. Both AlPb and AlZr defects do not create
any defect level inside the band gap. The formation energy of AlZr
becomes lower than that of AlPb when the Fermi level is above
0.71 eV and 1.23 eV for O-rich and O-poor growth conditions,
respectively. For Ali defect, it is a triple shallow donor without
any defect transition level and it locates at the same site as Bii
defect. Its formation energy is high but turns lower at the Fermi
levels near the VBM. Note that the interstitial defects (Bii and Ali)
are triple donors (3+ charge state) which means the formation
energy after Makov–Payne correction would significantly
increased; making them more difficult to form. Although, they
have low formation energy when the PZO sample has the Fermi
level near the VBM, once they are formed, they will quickly shift
the Fermi level of the system higher; suppressing further forma-
tion. Therefore, these interstitial defects would not form in a sub-
stantial amount.

From Fig. 3, we can see that the leading donor and acceptor are
BiPb and AlZr, respectively. They pin the Fermi energy of the system
(where the formation energy of the leading donor and acceptor
crossed) at �1.6 and 2.2 eV for O-rich and O-poor growth condi-
tions, respectively. Earlier study of native point defects in
orthorhombic-PZO [48] showed that the leading native donor
and acceptor are oxygen vacancy (VO) and lead vacancy (VPb),
respectively. They are double donor and double acceptor, respec-



Fig. 3. Defect formation energies (after corrected by referencing to HSE VBM) as a function of Fermi energy under O-rich (left) and O-poor (right) growth conditions. The slope
of each line represents the charge state of the defect. The Fermi energy is extended to the experimental band gap of �3.70 eV. The dashed lines represent the sums of the
formation energies of isolated defects, i.e., BiPb + BiZr (purple) and BiPb + AlZr (brown). The vertical dashed line indicates position of the LDA VBM before corrected by the HSE
calculations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tively. Their formation energies increase twice as fast compared to
the single donor (BiPb) and single acceptor (AlZr) as the Fermi level
shifts away from the band edge toward the mid gap. As a result,
native defects are not the leading donor or leading acceptor when
Bi and Al are present. Interestingly, if PZO is doped only with Bi
(i.e., no Al), the leading donor and acceptor are BiPb and BiZr,
respectively. This means Bi is a self-compensating impurity. It
can substitute for Pb and behave as a donor and can substitute
for Zr and behave as an acceptor under a given growth condition.
Therefore, the general belief that, in BAO–PZO systems, Bi and Al
could substitute for only their best fitted site, should be revised.

Table 1 showed the crystal ionic radii of Pb2+, Zr4+, O2�, Bi3+, and
Al3+. The ionic radius of Bi is smaller than that of Pb, but is larger
than that of Zr. The radius of Al is the smallest of all elements
listed. This is consistent with our calculated results that Bi atom
can substitute for both Pb and Zr sites, whereas Al atom prefers
to substitute only for Zr site. According to Tan et al. [19], if one
replaces A-site with a smaller ion (compared to Pb) or B-site with
a larger ion (compared to Zr), it should stabilize the antiferroelec-
tric properties of PZO. In this case, the substitution of Bi on the A-
site (BiPb) as well as the substitution of Bi on the B-site (BiZr) would
help stabilizing antiferroelectric properties. However, for Al atom,
which has the smallest ionic radius, when it is placed on the B-
site, AlZr should effectively destabilize the antiferroelectric prop-
erty of PZO [19]. Because the experimental results showed that
co-doping PZO with both Bi and Al helps stabilizing the antiferro-
electric property in a wide temperature range [31], the effect of Bi
Table 1
Ionic radii in picometers (pm) for Pb2+, Zr4+, O2�, Bi3+, and Al3+ [49].

Ion Pb2+ Zr4+ O2� Bi3+ Al3+

Ionic radii (pm) 133 86 126 117 67.5
on stabilizing the antiferroelectric property must be more pro-
nounced than the destabilizing effect of Al. Because Bi atom could
substitute for both Pb and Zr atoms; acting as single donors and
single acceptors, respectively, they can self-compensate without
the need of Al. We, therefore, propose that doping PZO with only
Bi atom under proper growth conditions, that allow self-
compensation, can be more beneficial to the antiferroelectric prop-
erty than co-doping with both Bi and Al atoms.

Next, we investigated the likelihood of complex formation
between the donor (BiPb) and acceptors (BiZr or AlZr). We calculated
BiPb–AlZr and BiPb–BiZr complex defects. To determine the stability
of such complex defects, we calculated the binding energy of such
complex defects defined by

EbindðA� BÞ ¼ Ef ðAÞ þ Ef ðBÞ � Ef ðA� BÞ; ð5Þ

where Ef ðAÞ and Ef ðBÞ are the formation energies of defects A and B,
and Ef ðA� BÞ is the formation energy of the A–B complex defect. If
the complex has a large binding energy, it is more likely to form. As
shown in Fig. 3, the calculated binding energy of BiPb–AlZr and BiPb–
BiZr complexes are small (i.e., 0.06 eV and 0.24 eV, respectively).
This is consistent with the fact that BiPb is a shallow donor and AlZr
(as well as BiZr) is a shallow acceptor. Majority of Bi and Al atoms in
orthorhombic-PZO should be in the form of isolated substitutional
defect.
4. Conclusions

By using first-principles calculations, we investigated the
microscopic and electronic structures of Bi and Al defects in
orthorhombic-PZO. The stability of each defect is evaluated by cal-
culating its formation energy. Our calculated results revealed that
Bi atom could substitute not only on the Pb site (A-site), but also on
the Zr site (B-site); depending on the Fermi-level as well as the
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crystal growth condition. The substitution of Bi on either site
would help stabilizing antiferroelectric property of PZO. On the
other hand, Al atom is likely to substitute only on the Zr site (B-
site) and destabilizing antiferroelectric property of PZO. Because
Bi can serve as a donor (when substitute for Pb) and an acceptor
(when substitute for Zr), it can be self-compensated without the
need of Al to co-doped. We propose that doping PZO with only
Bi, under proper growth conditions, can better stabilizing antifer-
roelectric property than when co-doping with Al. The study of
donor–acceptor complex pairs between BiPb and BiZr or AlZr reveals
that the complexes are bound with low binding energies (�0.1 to
0.2 eV). The majority of Bi and Al atoms in orthorhombic-PZO
should exist in the form of isolated substitutional defects.
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