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Abstract
Oxygen vacancy is the most common type of point defects in functional oxides,
and it is known to have profound influence on their properties. This is par-
ticularly true for ferroelectric oxides since their interaction with ferroelectric
polarization often dictates the ferroelectric responses. Here, we study the influ-
ence of the concentration of oxygen vacancies on the stability of ferroelectric
domain walls (DWs) in BiFeO3, a material with a relatively narrow bandgap
among all perovskite oxides, which enables strong interactions among electronic
charge carriers, oxygen vacancies, and ferroelectric domains. It is found that the
electronic charge carriers in the absence of oxygen vacancies have essentially no
influence on the spatial polarization distribution of the DWs due to their low
concentrations. Upon increasing the concentration of oxygen vacancies, charge-
neutral DWs with an originally symmetric polarization distribution symmetric
around the center of the wall can develop a strong asymmetry of the polariza-
tion field, which ismediated by the electrostatic interaction between polarization
and electrons from the ionization of oxygen vacancies. Strongly charged head-
to-head DWs that are unstable without oxygen vacancies can be energetically
stabilized in the off-stoichiometric BiFeO3−δ with δ ∼ 0.02 where ionization of
oxygen vacancies provides sufficient free electrons to compensate the bound
charge at the wall. Our results delineate the electrostatic coupling of the ionic
defects and the associated free electronic charge carriers with the bound charge
in the vicinity of neutral and charged DWs in perovskite ferroelectrics.
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charge compensation, charged domain walls, electronic charge carriers, oxygen vacancy,
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1 INTRODUCTION

Ferroelectric oxides are found in many applications, and
their functionalities are closely related to the domain

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2024 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

structures and behavior of domain walls (DWs).1–5 Fer-
roelectric DWs are interfaces that separate uniformly
polarized ferroelectric domains with different polarization
orientations. DWs can be either electrically neutral or
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charged, and the formation of DWs is the result of energy
minimization. In particular, the electrostatic compatibility
of DWs states that the polarization components normal to
the DWs are continuous across the walls as an energeti-
cally preferred condition, corresponding to charge-neutral
DWs with minimized electrostatic energy.6 Nevertheless,
if the bound charge is compensated by free charge carriers
and/or charged defects, charged DWs can be stabilized, as
has been experimentally established in various material
systems.7–10
Oxygen vacancy is one of the most common point

defects in ferroelectric oxides and plays an important
role in determining their functionalities. For example,
acceptor doping and associated DW pinning by oxy-
gen vacancies has been demonstrated as a common
approach to improve the mechanical quality factor for
high-power applications.11,12 In addition, it has been sug-
gested that oxygen vacancy is crucial for the stabiliza-
tion of the metastable ferroelectric phase in hafnium
oxide.13,14 Previous experimental characterizations have
shown the accumulation of oxygen vacancies in the
vicinity of charged DWs.9,15–17 Moreover, it has been
found that the local conductivity at DWs can be tai-
lored by controlling the oxygen partial pressure dur-
ing the preparation of materials,9,16 indicating the cru-
cial role of oxygen vacancies in electronic conduction
at DWs.18,19 These studies suggest an intimate electro-
static coupling between oxygen vacancies and charged
DWs.
Theoretical studies have been carried out to under-

stand the formation of charged DWs. For example, it
was reported that charged DWs can be stabilized by the
insertion of layers containing charged impurities.20 In
addition, it was suggested that both head-to-head and
tail-to-tail configurations are energetically more favorable
than the monodomain state of the ferroelectric if the
surface polarization effect is strong enough.21 Further-
more, the screening charge distribution across charged
DWs for uniaxial ferroelectrics was investigated.22 Phase-
field methods are widely used for the study of domain
structures in ferroelectrics.23–29 The interaction between
domain structures and oxygen vacancies was addressed in
a few previous studies.30 Sluka et al.8 and Zuo et al.31,32
assumed a priori the concentration of oxygen vacancies
and studied the effect of extrinsic space charges on domain
properties in BaTiO3. However, it is unclear whether
intrinsic electronic charge carriers can affect ferroelectric
domain configurations, at what concentration extrinsic
charge carriers begin to play a role in DWs, and whether
they can stabilize charged DWs.
Existing phase-field models have been developed

mainly for understanding microstructure evolution, and
free electrons and holes as degrees of freedom are usually

neglected.25 In this paper, based on a newly developed
phase-field framework for modeling coupled electronic
and structural processes,33 we present four case studies
of the effect of intrinsic charge carriers and extrinsic
ones due to the presence of oxygen vacancies on the
domain structures to address the above open questions.
We chose BiFeO3 as an example, which has a band gap
of 2.5 eV,34 one of the narrowest among ferroelectric
perovskite oxides, where strong interactions between elec-
tronic charge carriers, oxygen vacancies, and ferroelectric
domains are expected.

2 METHODS

To model the effect of nonstoichiometry due to the pres-
ence of oxygen vacancies on the DW stability in BiFeO3,
we introduce a set of basic variables, including the spon-
taneous polarization Pi, electric potential Φ, mechanical
displacement ui, oxygen vacancy concentration [𝑉⋅⋅

𝑂
], free

electron concentration n, and electron hole concentration
p.33 For simplicity, we assume that the oxygen vacancy con-
centration is uniform throughout the system and neglect
possible segregation due to the formation energy and vol-
ume differences between oxygen vacancies at the DWs and
those inside domains. The initial electron andhole concen-
trations are estimated by assuming complete ionization of
oxygen vacancies and Brower approximation, n0 ≈ 2[𝑉⋅⋅

𝑂
]

where n0 is the density of free electrons.
We simply use the following time-dependent Ginzburg–

Landau equation to relax the spontaneous polarization
distribution to an equilibrium35:

𝜕𝑃𝑖
𝜕𝑡

= −𝐿
𝛿𝐹

𝛿𝑃𝑖
(1)

where t is the time, L is the kinetic coefficient with its
inverse related to polarization relaxation constant, and F is
the total free energy of the system which includes contri-
butions from bulk chemical free energy density, gradient
energy, the electrostatic energy, and the elastic energy.35
The full set of material coefficients employed for the
simulations and a detailed description of the boundary
conditions can be found in Table S1 and Supporting Infor-
mationNote 1. The elastic energy is obtained by solving the
mechanical equilibrium equation for displacement 𝑢𝑖 with
the eigenstrain distribution determined by the electrostric-
tive effect. The electric potential and thus the electric field
distribution are determined by solving the electrostatic
Poisson equation using the background dielectric constant
with the total local charge density containing contribu-
tions from oxygen vacancies, free electrons, electron holes
as well as the bound polarization charge.
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The interaction between domain structures and elec-
tronic charge density ρ is governed by the electrostatic
Poisson equation:

∇ ⋅ (−𝜅0𝜅
b∇Φ + 𝐏) = 𝑒(𝑝 − 𝑛) + 𝜌defects (2)

where к0 and кb are the vacuum permittivity and back-
ground dielectric permittivity, respectively, e and p are
electron and electron hole concentrations, and ρdefects is
the free charge contributed from charge defects.
The spatial distributions of the electron and hole con-

centrations are obtained by evolving the electron/hole
transport equations until an equilibrium:

𝜕𝑛

𝜕𝑡
= −∇ ⋅ 𝐣𝑒 + 𝑅 (3)

𝜕𝑝

𝜕𝑡
= −∇ ⋅ 𝐣ℎ + 𝑅 (4)

where R is the net generation rate of electron–hole pairs
including electron–hole creation and recombination and
is zero at equilibrium, and je and jh are the flux densities
of free electrons and holes, respectively.
In addition, the elastic equilibriumcondition is satisfied:

𝜕𝜎𝑖𝑗

𝜕𝑥𝑗
= 0 (5)

where σij is the elastic stress. For more details of all the
expressions for the free energy density function, mechan-
ical equilibrium equation, and electrostatic equilibrium
equation, we refer to Yang and Chen.33

3 RESULTS AND DISCUSSION

3.1 Charge-neutral DWs without oxygen
vacancies

One-dimensional (1D) simulations were carried out for
studying the stability of the ferroelectric domain structures
with a system size of 64 nm, which is discretized into 256
grids.We first examine charge-neutral 109◦ DWs to investi-
gate the effect of intrinsic (i.e., thermally activated) charge
carriers on the domain structureswithout introducing oxy-
gen vacancies, as shown in Figure 1A. Our results show
that the electronic carriers have no significant effect on the
polarization profiles, as can be seen in Figure 1B, where
the peaks of polarization at x = 16 nm and x = 48 nm
mark the positions of the DWs. They also have negligible
effect on the electric potential (Figure 1C) and the bound
charge density (Figure 1D). This is due to the extremely low
concentration of intrinsic electrons and holes (∼106 m−3)
and hence, the electronic charge density (∼10−13 C/m3) is
orders of magnitude lower than the polarization bound

F IGURE 1 (A) Schematic of the simulated charge-neutral 109◦

domains, (B) polarization along the x direction, Px, (C) electric
potential, (D) bound charge density, and (E) electron and hole
concentrations of the charge-neutral 109◦ DWs with (in green) and
without (in brown) consideration of intrinsic charge carriers
without introduction of oxygen vacancies. DWs, domain walls.

charge density (∼107 C/m3) in the modeled DW system.
As a result, the interaction between charge carriers and
ferroelectric polarization is minimal and thus imposes a
negligible effect on the stability and the polarization profile
of the DW.
An electric potential difference of 0.35 V across the

DWs is comparable to other reported values of 0.45 V
in BaTiO3

30 and 0.18 V in PbTiO3.36 The electrons and
holes are attracted to the two sides of the DWs due to the
electric fields, as illustrated in Figure 1E. Since the diver-
gence of the polarization along the x direction has opposite
signs, a negative and a positive bound charge (expressed as
ρ=−∇ ∙P) is observed on the left and right side of theDWs,
respectively. Intrinsic charge carriers also have negligible
influence on the polarization profiles, the electric poten-
tial, and the bound charge density of 71◦ DWs, as shown in
Figure S1.
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F IGURE 2 (A) Schematic of the simulated uncharged 109◦

domains, (B) polarization along the x direction, (C) electric
potential, (D) bound charge density, and (E) electron concentrations
of the uncharged 109◦ DWs with different concentrations (1 × 1024, 5
× 1024, and 1 × 1025 m−3) of oxygen vacancies. DWs, domain walls.

3.2 Charge-neutral DWs with oxygen
vacancies

Next, we examine the same 109◦ DWsystems (illustrated in
Figure 2A) but nowwith certain levels of oxygen vacancies
introduced to the material. The equilibrium polarization
profiles at several different levels of oxygen vacancy con-
centration are plotted in Figure 2B. At oxygen vacancy
concentrations below Nd = 1024 m−3, the simulated polar-
ization profile is very similar to the case with only intrinsic
charge carriers, while it becomes significantly different at
higher concentrations of oxygen vacancies. This is accom-
panied by a change in the profiles of the electric potential
(Figure 2C), which induces a change in the electric field
(Figure S2). At an oxygen vacancy level of Nd = 1025 m−3,
the magnitude of the average electronic charge density
(∼107 C/m3) becomes comparable to the magnitude of the

polarization bound charge (∼107 C/m3). As a result, the
profiles of the bound charge have changed, as shown in
Figure 2D. High concentrations of electrons are attracted
to the right side of the DWs, reaching a maximum density
of 1.20 × 1026 m−3 (Figure 2E). The electron concentration
on the left side falls below 1024 m−3 as the sign of the bound
charge changes from positive to negative across the DWs.
In contrast, the hole concentration is negligible across the
DWs within the system dominated by donor-type defects
(Figure S3). The asymmetry of the electron concentration
profile across the DWs significantly alters the electrostatic
potential profile shown in Figure 1C and is thus respon-
sible for the observed formation of the asymmetric DWs
(Figure 2B) via the electrostatic interaction between ionic
defects and free electronic charge carriers. Note that an
electron concentration of 1 × 1024 m−3 and 1 × 1025 m−3

corresponds to a nonstoichiometry of BiFeO3−δ with δ
∼ 0.00012 and δ ∼ 0.00125, respectively. Such a degree
of oxygen nonstoichiometry is rather common and has
been reported both experimentally37,38 and theoretically39
in perovskite oxides.

3.3 Strongly charged DWs

We further examine head-to-head and tail-to-tail 109◦ DWs
(illustrated in Figure 3A), which are strongly charged and
require charge compensation at both the head-to-head
(electrons required) and tail-to-tail (holes required) DWs
(Figure 3A) to stabilize. It was found that such domain
structures are energetically unstable at an oxygen vacancy
concentration of 1 × 1025 m−3 or lower and thus will trans-
form into a single domain, signifying insufficient charge
compensation (Figure S4). When the oxygen vacancy con-
centration increases toNd = 1.50 × 1026 m−3, a high bound
charge density of 2.47 × 108 C/m3 at the head-to-head DWs
can be almost completely compensated by a high local elec-
tron concentration of 1.78 × 1027 m−3 (Figure 3F). As a
result, the angle between the domains on both sides of the
head-to-head DWs is nearly 109◦ (Figure 3B). In contrast,
the bound charge of tail-to-tail DWs is not sufficiently com-
pensated due to a low concentration of holes (∼10−8 m−3)
and thus, the angle of the DW deviates significantly from
109◦.Moreover, thewidth of tail-to-tail DWs is significantly
broadened, which may help to reduce the magnitude of
the bound charge. The extremely high electronic carrier
concentration in the vicinity of charged DWs is similar to
that found in BaTiO3 with a local electron/hole concen-
tration of ∼1025 m−3 as a result of band bending.40 Here,
the donor concentration exceeds the effective density of
states of the conduction band (∼1.33 × 1026 m−3), signify-
ing a relocation of the Fermi energy into the conduction
band for the head-to-head DWs. In view of the previ-
ous study40 and the present results, it is concluded that
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ZHANG et al. 5

F IGURE 3 (A) Schematic of the simulated head-to-head and
tail-to-tail 109◦ domains as the initial domain structure and (B)
equilibrium domain structure with an oxygen vacancy
concentration of 1.50 × 1026 m−3, which corresponds to a
nonstoichiometry of BiFeO3−δ with δ ∼ 0.02 (C) polarization along
the x direction, (D) electric potential, (E) bound charge density, and
(F) electron concentration of the charged 109◦ domain structures.

stabilization of head-to-head (tail-to-tail) DWs is not possi-
ble without a change in the band structure, since sufficient
compensation of such strongly charged DWs cannot be
accomplished by the typical concentration of free charge
carriers expected in wide-bandgap semiconductors. An
oxygen vacancy concentration of 1.50 × 1026 m−3 corre-
sponds to a nonstoichiometry of BiFeO3−δ with δ ∼ 0.02
that is experimentally37,38 and theoretically39 possible in
perovskite oxides.

3.4 Weakly charged DWs

Head-to-head and tail-to-tail DWs are also referred to as
strongly charged DWs because they must be sustained
by sufficient charge screening. In comparison, weakly

F IGURE 4 (A) Schematic of 109◦ weakly charged DWs with a
small deviation of 5◦ from their charge-neutral orientations (shown
with dashed lines) and (B) the simulated domain structure. (C)
Polarization component along the (100) direction (x-axis), (D)
electric potential, (E) electric field along the (100) direction, and (F)
electron concentration of the weakly charged 109◦ domain
structures with different concentrations (1023, 1024, and 1025 m−3) of
oxygen vacancies.

charged DWs denote DWs with a small deviation from the
original charge-neutral orientation, resulting in a nonzero
change in the polarization components normal to the
DWs,6,41 as illustrated in Figure 4A. To understand the
effect of oxygen vacancies on the weakly charged DWs, we
take DWs with a tilt angle θ of 5◦ in a 200 × 200 nm sys-
tem, which is discretized into 200 × 200 grids (Figure 4B).
The DWs on the left side of Figure 4B is positively charged,
while the DW on the right side is negatively charged.
The polarization and bound charge (Figure S5) profiles

across the DWs are asymmetric due to the tilt of the DWs
and the degree of asymmetry increases with increasing
oxygen vacancy concentration, as shown in Figure 4C. The
polarization along the x-direction in the yellow domain
indicated in Figure 4B increases with increasing oxygen
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6 ZHANG et al.

vacancy concentration, while it decreases in the purple
domain with increasing oxygen vacancy concentration,
which can be seen as a slight clockwise rotation of the
polarization vectors in the two domains. The increased
net polarization component perpendicular to the DWs
(representing the surface charge density) is compensated
by a larger number of electrons upon increasing oxygen
vacancy concentrations (Figure 4F), as demonstrated by
a flattening of the electric potential (Figure 4D). However,
it is found that the presence of extrinsic charge carriers
cannot effectively reduce the total energy of the system
(Figure S6). In contrast to strongly charged head-to-head
DWs, charge screening is not a must for weakly charged
DWs because the bound charge density of the latter (∼107
C/m3) is an order ofmagnitude smaller than that of the for-
mer (∼108 C/m3) and similar to that of the charge-neutral
DWs.

4 CONCLUSION

To summarize, we investigate how oxygen vacancies affect
the stability of DWs through the electrostatic interaction
between the bound charge of ferroelectric domains and the
electrons from the ionization of oxygen vacancies. We con-
sider four case studies on the uncharged, strongly charged,
and weakly charged DWs in BiFeO3. In the absence of oxy-
gen vacancies, electronic carriers in the material hardly
change the spatial polarization distribution of charge
neutral 109◦/71◦ DWs due to their low concentrations
and thus negligible contribution to the local charge den-
sity. Introduction of oxygen vacancies boosts the electron
concentration and induces asymmetric polarization distri-
bution around the center of theDWs for an oxygen vacancy
concentration above 1 × 1024 m−3, corresponding to a non-
stoichiometry of BiFeO3−δ with δ ∼ 0.00012. Furthermore,
strongly charged head-to-head DWs can be stabilized by
an oxygen vacancy concentration of 1.50 × 1026 m−3 (cor-
responding to a nonstoichiometry of BiFeO3−δ with δ ∼

0.02) or more in synergy with the redistribution of elec-
trons to compensate the high bound charge density, with
their pairing tail-to-tail DWs widened as a result of insuf-
ficient charge compensation. Note that the current study
assumes a uniform distribution of oxygen vacancy. If seg-
regation of oxygen vacancy is considered, a lower oxygen
vacancy is required for stabilization of the charged DWs
and δ = 0.02 represents an upper limit of nonstoichiome-
try. The local bound charge density of weakly chargedDWs
is comparable to that of charge neutral DWs, which can
be stabilized by intrinsic charge carriers. It is concluded
that the stabilization of strongly charged DWs by charge
compensation of charge carriers is always accompanied
by a relocation of the Fermi energy into the conduction

band. The present work provides a concise interpretation
of the electrostatic coupling of oxygen vacancies and the
associated electronic charge carriers with the ferroelectric
DWs in perovskite ferroelectric materials. Since the elec-
trostatic coupling of the ionic defects and the associated
free electronic carriers with the polarization bound charge
dictates the functionality of perovskite ferroelectrics, our
study also points out that we may be able to tune the local
conductivity by controlling the charged DWs through the
modulation of oxygen vacancies.
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