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We write this article in honor of Professor Vitaly L. Ginzburg, truly the father of the
field of ferroelectricity. This article serves as a review of the current state of research
pertaining to multiferroic BiFeO3 thin films. In this review we will delve into details
of the growth of BiFeO3 thin films and the use of piezoforce microscopy and x-ray
reciprocal space mapping to characterize the crystal structure and domain structure of
BiFeO3. We will also discuss the use of vicinal and asymmetric substrates to simplify
the domain structure in BiFeO3. By simplifying the domain structure we can, in turn,
control the ferroelectric switching mechanisms in BiFeO3. Finally we describe the basic
ferroelectric properties of BFO films and discuss the critical issues needed to be solved
in BiFeO3 films including leakage, complex domain structure, coercivity, and reliability.
Such results are promising for continued exploration for detailed multiferroic-coupling
studies in the magnetoelectric BiFeO3 system and BiFeO3, in turn, provides a model
platform with which to realize the exciting possibility of electrically control magnetism.

Keywords Bismuth ferrite; multiferroics; domain structure; heteroepitaxy

I. Introduction

It is a pleasure and an honor to be able to contribute to this special issue, which celebrates the
90th birthday of Professor Ginzburg. Anyone who has entered and flourished in the field of
ferroelectricity and ferroic materials in general, is a student of Professor Ginzburg. His work
[1] with Landau (and Devonshire, LGD model) obviously laid the foundation for several
generations of materials physicists to understand this complicated physical phenomenon
and the accompanying rich diversity of materials responses. The GLGD model is also the
starting point to understand even more complicated coupling phenomena, such as those that
exist in multiferroic materials. Such materials exhibit the co-existence of multiple order
parameters (for example, ferroelectricity and antiferromagnetism). Magnetoelectric effects
in multiferroic materials have attracted much attention because of the intriguing science un-
derpinning this phenomenon. Magnetoelectric coupling between the electric and magnetic
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order parameters has been theoretically predicted [2], and there is currently intense interest
in the implementation of this coupling in a device architecture that can take advantage of
these properties [3–7]. Single phase multiferroics, materials which simultaneously show
magnetization and polarization at ambient conditions, however, remain elusive as most
multiferroic systems exhibit the coexistence of multiple order parameters only at low tem-
peratures [8, 9]. Multiferroics can be alternatively be synthesized as a composite system,
e.g. as a product property of a composite phase of a magnetostrictive and a piezoelectric
material [10, 11]. Hence, much experimental effort has been spent investigating new single
phase and composite multiferroics as it is very difficult to create single phase multiferroic
materials that exhibit room temperature multiferroicity.

One exception to this is BiFeO3 (BFO). BFO is a room temperature, single-phase,
multiferroic material with a high ferroelectric Curie temperature (∼1103 K) [12] and a high
antiferromagnetic Néel temperature (∼643 K) [13]. The structure of BFO is characterized
by two distorted perovskite unit cells (ar = 3.96 Å, αr = 0.6◦) connected along their body
diagonal, denoted as the pseudocubic 〈111〉, to build the rhombohedral unit cell [14]. The
ferroelectric state is realized by a large displacement of the Bi ions relative to the FeO6

octahedra. The ferroelectric polarization in BFO, therefore, can have directions along the
four cube diagonals (〈111〉), and the direction of the polarization can be changed by ferro-
electric (180◦) and ferroelastic switching events (71◦ and 109◦) [15]. The antiferromagnetic
ordering of BFO is G-type, hence the Fe magnetic moments are aligned ferromagnetically
within pseudocubic (111) planes and antiferromagnetically between adjacent (111) planes.
The preferred orientation of the antiferromagnetically aligned spins is in the (111) plane
perpendicular to the ferroelectric polarization direction, with six equivalent easy axes within
that plane [16]. The antiferromagnetism is therefore coupled to the ferroelectric polariza-
tion. Recent studies of BFO thin films have shown the existence of a large ferroelectric
polarization, as well as a small net magnetization of the Dzyaloshinskii-Moriya type re-
sulting from a canting of the antiferromagnetic sublattice [16, 17]. Moreover, the coupling
between ferroelectricity and antiferromagnetism in BFO thin films was also demonstrated
by using a combined technique of piezoforce microscopy (PFM) and photoemission elec-
tron microscopy (PEEM), which is attributed to the coupling of both antiferromagnetic
and ferroelectric domains to the underlying domain switching events [18]. Ferroelastic
switching of the polarization changes the rhombohedral axis of the system and is therefore
accompanied by a switching of the ferroelastic domain state, which in turn changes the
orientation of the easy magnetization plane.

It has also been noted, however, that BFO films show a very complicated domain struc-
ture, which needs to be understood for eventual device integration. In addition, at normal
operating temperatures for devices, the ferroelectric nature of BFO could dominate the
magnetic nature of the system due to the relative robustness of the ferroelectric order pa-
rameter; therefore, controlling the ferroelectric domain structure becomes a critical issue
for device functionality. Moreover, with an ever-expanding demand for data storage, trans-
ducers and microelectromechanical systems (MEMS) applications, materials with superior
ferroelectric and piezoelectric responses are of great interest. The lead zirconate titanate
(PZT) family of materials, to this point, has served as the cornerstone for such applications.
A critical drawback of this material, however, is its toxicity due to the lead content. In
February 2003, this was made very clear as the European Union adopted the Restriction of
Hazardous Substances Directive which has hence taken effect as of July 1, 2006. Although
the initial directive focused on open components of devices, the message is nonetheless
clear: highly toxic elements like lead will eventually be phased out of devices. Because of
this, lead-free ferroelectrics, BFO especially because of its superior ferroelectric properties,
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have attracted a great deal of attention [19, 20]. In the remainder of this review we will
review the major findings concerning the growth of BFO thin films, control of the domain
structures in these films, and the ferroelectricity and other properties of BFO thin films.

II. Progress

A veritable plethora of research has been done on the growth and characterization of epitaxial
films because of the role and influence of heteroepitaxial constraint. Theoretical predictions
for heteroepitaxial constrained ferroelectric and magnetic properties can be carried out via
first-principles calculations [21, 22]. Such theoretical treatments point to the ferroelectric
polarization in multiferroic BFO being almost entirely insensitive to strain. The effect,
however, of a small monoclinic distortion arising from strain on BFO may lead to a break
in the magnetic symmetry and correspondingly may lead to the formation of a preferred
antiferromagnetic axis [20]. This is important because in this case we would expect the
antiferromagnetic axis to rotate by 90◦ for a ferroelectric 109◦ change in polarization and
to be preserved during a 71◦ switching event. This implies that an added level of control
might exist in the realm of magnetoelectric coupling.

In light of these theoretical calculations, a great many experiments have been under
taken to explore the ferroelectric, magnetic, and magnetoelectric nature of epitaxial BFO thin
films. High quality epitaxial BFO films have been prepared by pulsed laser deposition (PLD)
[6, 23], radio-frequency (RF) sputtering [24, 25], metalorganic chemical vapor deposition
(MOCVD) [20, 26], and chemical solution deposition (CSD) on various substrates [27],
including SrTiO3 (STO), DyScO3 (DSO), and LaAlO3. In order to probe the ferroelectric
nature of these films, BFO films have typically been grown on various conducting oxide
bottom electrodes including SrRuO3 (SRO), (La,Sr)MnO3, and LaNiO3. In a number of
studies, the crystallinity of the films and a measure of the overall quality of the film has
been probed via X-ray diffraction (XRD). Figure 1(a) shows typical 2θ X-ray diffraction
results for the heterostructures. BFO films grown on DSO substrates show very narrow
rocking curve scans pointing to the extremely high quality and epitaxial nature of these
films (Fig. 1(b)). Additionally, at these thicknesses, the BFO films appear to be relaxed
to a derivative of the bulk rhombohedral structure as can be seen from the ϕ-scan of the
rhombohedrally nondegenerate 210R reflection in BFO (Fig. 1(c)). However, an additional
slight monoclinic distortion to the lattice could exist. The quality of the heterostructures
can additionally be probed using transmission electron microscopy (TEM) with which we
can identify the presence of a highly coherent and smooth interface between BFO and
the electrode layer. Figure 1(d) is high resolution TEM (HRTEM) image of the interfaces
between SRO and BFO in a symmetric device structure prepared by the PLD process. The
HRTEM image shows the perfect epitaxy and clear interface between the BFO and SRO
layers.

To understand the effect of strain on the structure of epitaxial BFO films, high-resolution
XRD (HRXRD) measurements are generaly performed. Reciprocal space mapping (RSM)
by synchrotron x-ray source is further used to identify the crystal structure of epitaxial BFO
films [28, 29]. For BFO films on a STO substrate the BFO lattice is isotropically compressed
in the plane of the film and therefore elongated in the out-of-plane direction because of the
lattice mismatch between STO (a = 3.905 Å) and BFO (3.96 Å). Such an effect can lead
to the formation of a monoclinically distorted structure for BFO films on STO (001) and
(110) substrates. Based on this model the structural variants of a BFO thin film can also be
characterized by detailed RSM measurements [30].
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Figure 1. X-ray diffraction showing (a) wide θ–2θ scan of a (001) BFO/SRO/DSO film, inset shows
a zoom in on the 002 peaks, (b) a rocking curve of BFO 002PC peak with a FWHM of 0.055◦, (c), a
phi scan of the BFO 210R peak, and (d) HRTEM image of SRO/BFO/SRO/STO heterostructure.

The ferroelectric domain structure of an epitaxial BFO film with different orientations
and different strain states can be modeled using the phase-field method [31] in which
the spatial distribution of the polarization field and its evolution is described by the time
dependent Ginzburg-Landau (TDGL) equations [32]. The domain wall energy, electrostatic
energy, and elastic energy contributions to the total energy are incorporated to complete
the analysis. A short-circuit electrostatic boundary condition is assumed on both the top
surface and the film/electrode interface. These models can provide great insight into the
equilibrium domain structure for BFO thin films and can help experimentalists engineer
and understand the factors important for simplifying that domain structure.

For a BFO film grown on a (001)-oriented perovskite substrate, there are eight possi-
ble ferroelectric polarization directions corresponding to the four structural variants of the
rhombohedral phase. Domain patterns can develop with either {100} or {101} boundaries
for (001) oriented rhombohedral films [33]. In both cases, the individual domains in the
patterns are energetically degenerate and thus equal width stripe patterns are theoretically
predicted. When the spontaneous polarization is included in the analysis, the {100} bound-
ary patterns have no normal component of the net polarization, whereas the {101} boundary
patterns correspond to the fully poled state. The formation of domain patterns leads to the
release of elastic energy at the expense of increased interfacial energy associated with the
domain boundaries. In the case of a film on a STO (110) substrate the smaller substrate lattice
parameter which compressively strains the BFO film causes the structure to favor four of
the eight polarization variants. Since they have exactly the same spontaneous deformation
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on the (110) plane, the twin-structure formed by those variant pairs does not change the
magnitude of the elastic energy; therefore, these twin boundaries are thermodynamically
unstable and are not expected to exist in films grown on STO (110) substrates. Finally for
growth on a STO (111) substrate, the polarization variants perpendicular to the film sur-
face have the lowest energy for films grown under compressive strain. The stable domain
structure in this case, therefore, is a single domain with a downward directed polarization.

Experimentally, the domain structures of BFO thin films on STO substrates are revealed
and characterized by PFM [30, 34]. In PFM, domains with up and down polarizations give
rise to opposite contrast in out-of-plane (OP)-PFM images and in-plane components of
polarization produce a torque on the imaging cantilever and create contrast in the in-plane
(IP)-PFM images. More specifically, domains with polarization vectors along the scanning
cantilever’s long axis do not give rise to any IP-PFM contrast for they do not produce
any torque on the cantilever. In contrast, domains with polarization pointing to the right
with respect to the cantilever’s long axis should produce an opposite tone as compared
with domains having polarization pointing to the left of the cantilever. The reason for this
is the antiphase IP-peizoresponse (PR) signals produced by these domains. Therefore, by
combining the OP-PFM and IP-PFM images, we can identify the polarization direction
of each domain. Figure 2(a) shows an IP-PFM image of a BFO film grown on a (001)
STO substrate. The three contrast levels observed in the IP-PFM images acquired along the
two orthogonal 〈110〉 directions, together with the uniform OP-PFM contrast (not shown),
indicate that the domain structure of the BFO films is characterized by four polarization
variants. The twin-wall orientations for stripe-like domains match well with those predicted
from the phase-field simulation. Figure 2(b) shows the ferroelectric domain structure of BFO
films grown on STO (110) substrates, (imaged with the cantilever along [1–10]), exhibiting
only two ferroelectric variants with net polarization pointing down over large areas. We
have verified the domain structure of the BFO films grown on STO (111) substrates and,
as anticipated, these films exhibited only one contrast in the out-of-plane (OP) (not shown)
PFM image and no contrast for IP PFM image (Fig. 2(c)), suggesting the polarization
direction of the films on STO (111) is perpendicular to the substrate.

In order to further simplify the domain structure of the BFO films, one must induce a
break in symmetry for the ferroelectric variants. One avenue to accomplish this is through
the use of vicinal STO substrates, which effectively tilt and break the surface symmetry
of the polarization variants [30]. Through the use of a substrate with a vicinal angle along
only the [010], the domain structure of the BFO films exhibits mainly two polarization
variants. Stripe patterns, created by two polarization variants 71◦ apart with polarization

Figure 2. 2 IP-PFM images of BFO ferroelectric domain structures on (a) STO (001), (b) (110), and
(c) (111) substrates.



D
ow

nl
oa

de
d 

B
y:

 [C
D

L 
Jo

ur
na

ls
 A

cc
ou

nt
] A

t: 
22

:1
9 

1 
O

ct
ob

er
 2

00
7 

172 Y. H. Chu et al.

vectors pointing into the substrate, can also be observed. Moreover, by using a substrate
with the miscut along the [110], the formation of one dominant ferroelectric variant can
be induced. The same approach can be applied to BFO films grown on STO (110). The
two-domain architecture in the BFO (110) films can likewise be controlled and evolved into
a single domain film on the STO (110) surface. In order to verify the polarization variants,
therefore, RSM have been used to further confirm the domain architecture in these samples.

Implementation of this vicinal substrate approach on (100) and (110) STO substrates has
given us the ability to create single domain BFO films on such surfaces. This, in conjunction
with the fact that epitaxial films on (111) STO with a SRO bottom electrode also exhibit a
single domain behavior, provides us with set of model thin film systems to further explore
the magnetoelectric properties of this system as well as its interactions with other layers.
Additionally, multiferroic and ferroelectric materials with periodic domain structures, like
that shown in Fig. 3(b), are of great interest for applications in photonic devices. In recent
work, an approach to create a 1-dimensional periodic structure of ferroelectric domains
in epitaxial BFO films was demonstrated [35]. The schematic of the constraints imposed
by heteroepitaxy to create long range order in the domain structure of BFO was shown in
Fig. 3(a). First, we use the fact that on the (110) surface, the DSO lattice is extremely closely
matched to that of SRO. Further, the small structural anisotropy in DSO is used to pin the
structure of the SRO layer such that a single domain variant of the SRO is formed under
the appropriate growth conditions. This structurally simplified SRO film was then used to
provide an anisotropic strain to exclude two of the four possible ferroelectric polarization
variants and induce a 1-D periodic ferroelectric domain structure in the BFO films.

As we have mentioned previously, control of multiferroic behavior in BFO films relies
on being able to control the ferroelectric domain switching. Using PFM, one can identify
the different types (71◦, 109◦, and 180◦) of electric field-induced polarization switching
mechanisms [36]. To locally switch the films, a DC bias was applied to the conducting
atomic force microscope (AFM) tip while scanning over the desired area. By analyzing the

Figure 3. (a) Schematic of the BFO/SRO/DSO heterostructure and (b) IP-PFM images of BFO films
with periodic domain structure.
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Figure 4. IP-PFM images (001) BFO/SRO/STO films before and after switching.

OP and IP contrast changes following this electrical poling in the epitaxial BFO (001) films,
all three possible switching mechanisms have been observed (Fig. 4). In order to control
the ferroelectric switching, both a simplified BFO domain structure and the use of varying
applied voltages are used to separate the ferroelectric switching and control all three types
of switching events in the BFO (110) films [37]. Such results demonstrate the capability to
control the multiferroic order in BFO films by exerting precise control over the ferroelectric
order parameter.

Finally, the ferroelectric nature of BFO has varied greatly in many recent reports [6,
38]. Trouble with high leakage currents and poor electrical contacts has lead to what may be
considered BFO’s greatest limiting factor – ferroelectricity. Recently, BFO films on DSO
substrates have been shown to have much more ideal ferroelectricity [35]. The macroscopic
electrical polarization-field (P − E) hysteresis loops with different measuring frequencies
of the BFO films are shown in Fig. 5(a). These loops are sharp, square loops and yield a 2Pr

value of 120 μC/cm2, which is consistent with first principles calculations [22]. Sharp ferro-
electric loops can be obtained even at a low frequency of 200 Hz and leakage measurements

Figure 5. (a) The macroscopic electrical polarization-field (P-E) hysteresis loops with different
measuring frequency, and (b) Piezoelectric hystersis loops, d33 − V , of BFO/SRO films on different
orientation STO substrates.
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indicate low leakage levels (<10−7 A) at 10 V. To quantitatively measure the piezoelectric
response of BFO films, an atomic force microscope-based setup has been employed. The
remnant d33 value for the fully clamped BFO films increases from 30 pm/V to 60 pm/V for
BFO films with different orientation (Fig. 5(b)), as the number of ferroelectric polarization
variants is increased. Such an enhancement is attributed to an extrinsic contribution from
domain wall motion, which is evident if we compare the domain structure of the BFO films.

III. Future Directions

(1) Improvement in Ferroelectric Properties

As we identified previously, the first major issue to overcome in BFO thin films is leakage.
Understanding the leakage source in BFO films is a crucial first step to solve this problem.
The literature on possible leakage current limiting mechanisms for ferroelectric perovskite
oxides discusses a large number of possible mechanisms [39, 40]. Careful I-V measurements
have been carried on SRO/BFO/SRO/DSO (110) structures as a function of the voltage and
temperature. Analysis of the electrical response of these films points to Poole-Frenkel
emission as the limiting leakage current mechanism in the case of sysmmetric devices
structures with heteroepitaxial oxide contacts [41]. Additionally, many researchers and
companies are investigating either A- or B-site dopants as a means of lowering leakage
currents in BFO based devices [38, 42–44].

The second issue in terms of ferroelectricity that must be addressed is the coercivity.
The coercive field of BFO films (250 kV/cm) is significantly higher than the corresponding
values for the PZT system. For FeRAM applications, a value around 50–70 kV/cm would
be desirable. Furthermore, there has not yet been a direct study aimed at understanding
the mechanisms responsible for these large coercive fields. Along these lines, work with
La-substitution at the A3+-site in PZT has demonstrated that we can lower the coercivity
to levels more consistent with the tetragonal PZT system [24]. Following this logic, rare-
earth ion substitutions (La and Nd)on the A-site have been attempted in the past in BFO
[45, 46]. Unfortunately, there is yet no effective solution to achieve the low coercivity in
BFO.

Finally, in order for BFO to become widely accepted in ferroelectric applications,
the reliability issue must also be resolved, including factors such as retention, fatigue and
imprint. So far, there has been no focused study on these issues as well. One positive for
acceptance of BFO, however, is the integration capability with semiconductors like Si and
GaN that has been demonstrated by using a STO template layer [19, 47].

(2) Use of the Magnetoelectric Coupling in BFO

BFO has the remarkable property of simultaneously being a very good ferroelectric and
antiferromagnet at room temperature. Recently, what has been seen is the evidence of
coupling between the ferroelectric and magnetic order parameters in BFO. As mentioned
previously, studies combining PFM and PEEM have enabled researchers to show electrical
control of antiferromagnetic domains at room temperature. Such a result provides a great
potential to control the magnetism by applying an electric field. The question then posed
to researchers is how can we take this one step further? One possible answer is through the
use of materials like BFO in exchange bias heterostructures [48, 49]. Exchange bias, or the
creation of a unidirectional anisotropy in a ferromagnet through an exchange interaction
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Figure 6. (a) Schematic showing the use of BFO films to control the ferromagnetism via an exchange
coupling interaction. (b) PEEM offers an avenue to probe and understand the interaction between the
multiferroic BFO and ferromagnetic layer. (See Color Plate VIII)

with an antiferromagnet, has been widely studied. But what will happen when we replace
the traditional antiferromagnet with a magnetoelectric, multiferroic? Can we gain electrical
control over the exchange bias interaction (Fig. 6(a))? These are the questions that remain
to be answered. Therefore, the first step is to prove and understand coupling mechanism in
this heterostructure. PEEM measurement is crucial tool to probe this [50]. This technique
offers high spatial resolution to antiferromagnetism and ferromagnetism depended on the
polarization of the light source. By using this, the relationship of the multiferroic BFO and
ferromagnetic layer can be determined (Fig. 6(b)), which will provide the information to
demonstrate how to use the electrical field to control magnetism.

IV. Conclusions

In summary, we have reviewed the current status of work concerning the highly precise
control of the multiferroic BFO in epitaxial thin films. We have seen how careful consider-
ation in growth can effect immense changes in crystalline structure and domain structure.
We have examined how to control the domain structure, the domain switching mechanisms,
and the basic ferroelectric properties. Moreover, we addressed several current issues of
BFO films, such as coercivity, leakage, process integration. We also proposed some fu-
ture directions, like application based on ferroelectric properties and exciting possibility of
electrically control magnetism.
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