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A B S T R A C T

The microstructure of BiFeO3 (BFO) thin films is investigated using high-resolution transmission electron mi-
croscopy. Both (001)- and (101)-type domain boundaries are found in the BFO films. The antipolar clusters
induced by antiparallel cation displacements are observed in the pure BFO film, and the cation displacements in
the films are proved to originate from the lattice strain which can be adjusted by introduction of a buffer layer.
Combining transmission electron microscopy (TEM) with fast Fourier transformation techniques, both γ-Fe2O3

and FeO phases were discovered. The γ-Fe2O3 phase stems from the decomposition of stoichiometric BFO due to
the volatilization of Bi, while the FeO phase results from the decomposition of BFO with oxygen vacancies which
could come from ion milling process during the TEM sample preparation. Our work sheds light on the origin of
the cation displacements and provides a new idea to control the physical properties of BFO films.

1. Introduction

Bismuth ferrite BiFeO3 (BFO) films have attracted a great deal of
attention in recent years [1–5] owing to their excellent physical prop-
erties. The excellent properties are indispensable for their applications
in electronic devices such as sensors, micro actuators, infrared detec-
tors, microwave phase filters and ultimately non-volatile memories
[6–10]. BFO has been identified as an environmentally friendly alter-
native to current lead-based piezoelectrics. However, the small mag-
netization and narrow growth window of BFO impede its practical
applications. To overcome the aforementioned shortcomings and im-
prove its property, A- and/or B-site doping of the BFO has been at-
tempted [11–15].

In 1951, the antiparallel cation (Pb3+) displacements were firstly
discovered in PbZrO3 [16] and the symmetry of displacement was
confirmed by electron diffraction patterns [17,18]. Until 2008, Cheng
et al. [19,20] observed the antiferroelectric local antipolar clusters in-
duced by the antiparallel cation displacements in Sm-doped BFO films,
which was attributed to the Sm doping. To date, the origin of cation
displacements remains controversial. In this work, we observed anti-
polar clusters with same features in the pure BFO films using TEM,
which is thought to originate from the lattice strain imposed by the
substrate.

In the BFO films prepared by pulsed laser deposition (PLD), the
coexistence of α-Fe2O3, γ-Fe2O3 and parent BFO phases has been

reported in previous literature [21,22]. The presence of these phases
can substantially affect the electrical and magnetic properties of the
whole material [23]. In our work, apart from the γ-Fe2O3 precipitate,
FeO phase is observed in the BFO film.

2. Experimental details

The 380-nm BFO film was fabricated on (001) SrTiO3 (STO) sub-
strate and the 40-nm BFO film was prepared on (001) LaAlO3 (LAO)
substrate using PLD technique. During the deposition, the substrates
were maintained at 750 °C and the oxygen pressures at 15 Pa. The laser
wavelength was 248 nm, the pulse fluence was 1.5 J/cm2, and the ab-
lation frequency was 1 Hz. After deposition, the films were cooled to
room temperature under the deposition pressure. To tune the strain
state of BFO film, a bi-layer thin-film heterostructures of BFO
(380 nm)/La0.5Ca0.5MnO3 (LCMO, 50 nm) and the BFO (40 nm)/
La0.5Sr0.5MnO3 (LSMO, 10 nm) were deposited on STO and LAO, re-
spectively.

Specimens for TEM examinations were prepared in cross-sectional
orientations ([010] zone axis of STO and LAO substrates) using con-
ventional techniques of mechanical polishing and ion thinning. The ion
milling was performed using a Gatan model 691 precision ion polishing
system (PIPS). The bright-field (BF) imaging, selected-area electron
diffraction (SAED), and high-resolution TEM (HRTEM) examinations
were carried out on a JEOL JEM2100F electron microscope operated at
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200 kV. The chemical compositions of BFO films grown on different
substrates were determined using energy dispersive x-ray spectroscopy
(EDS) in a JEOL JEM2100F TEM, which shows that all the epitaxial
films are pure BFO. The film structure was analyzed by x-ray diffraction
(Bruker x-ray diffractometer, λ = 1.5406 Ǻ).

3. Results and discussion

Fig. 1(a) shows a cross-sectional BF image of BFO/STO film. The
interface between the film and the substrate is labeled by white arrows.
From this BF image we can see that the BFO film is homogeneous and
has a smooth surface. To study its microstructure, extensive HRTEM
examinations are performed. A great number of modulated structures
are found in this film and a typical one is shown in Fig. 1(b). Modulated
bright and dark stripes with a periodicity (∼11.27 Ǻ) of two-fold the
original (101) lattice distance can be found in this image. To investigate
the origin of these modulated structures, the SAED technique is adopted
and the results are shown in Fig. 1(c). It is obvious that in addition to
the fundamental reflections, superlattice diffraction spots are observed
in the SAED pattern, which are located at half or quarter positions

between fundamental {101} reflections. The wave vectors of these spots
are [ 00]1

2 (red circle) or [ 00]1
4 (white circles), which represent the

modulated structures with a periodicity twice or fourfold the original
lattice parameter. This image shows a remarkable resemblance to
〈010〉 SAED patterns from the well-established antiferroelectric system
of PbZrxTi1-xO3 [17,18], in which the antipolar phases were proved to
arise from condensation of two phonon modes, i.e., condensation of
the ∑π a( 0)( / )1

2
1
2 3 corresponding to {011}1

4 reflections (white circles);

condensation of (110)(π/a)M5 corresponding to {011}1
2 reflections (red

circles). In analogy to the previous literature, the {011}1
4 reflections in

SAED patterns of BFO film come from the antiparallel cation (Bi3+)
displacement and the {011}1

2 ones are directly associated with the an-
tiphase tilting of oxygen octahedra [19,20,24]. Therefore, Sm-doping
[19] is certainly not the origin of the cation displacement because si-
milar features are observed in the BFO films without doping.

The pseudocubic BFO can produce domain structures in the epi-
taxial films. The typical domain boundaries in BFO are (001) and (101),
labeled by white and red lines in Fig. 2(a), respectively. Based on the
antiparallel cation displacement model [16], the projected atom ar-
rangements at the boundary can be determined, as shown in Fig. 2(b).

Fig. 1. (a) Cross-sectional BF image of BFO/STO film; Typical HRTEM
image (b) and SAED pattern (c) of the enclosed region.

Fig. 2. (a) A cross-sectional [010] zone axis HRTEM image of BFO
showing the (001)- and (101)-type domain boundaries; (b) The pro-
jected atom arrangements at the boundary. The red and blue circles
represent Bi atoms with antiparallel displacements, respectively. (For
interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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The two adjacent domains are rotated with an angle of 90°. It can be
seen from the image that the elements meeting at the interface develop
a small antiparallel displacements along [001]. A (001)-type domain
boundary is indicated by dashed lines. This structural model satisfies
the symmetry of both domains.

Fig. 3(a) shows the SAED pattern of STO substrate, and Fig. 3(b–d)
are the SAED patterns taken from different regions of BFO film. The
lattice parameters of the film and the substrate can be calculated from
the SAED patterns. From the regions away from the interface at a dis-
tance of 50, 150 and 250 nm, a changes from 3.988 Å to 3.994 Å and

Fig. 3. (a) Typical SAED pattern of STO substrate; (b)–(d) Typical
SAED pattern taken from BFO films at a distance of about 50, 150,
250 nm from the interface.

Fig. 4. (a) Cross-sectional BF image of BFO/STO film with a buffer
layer of LCMO; (b) Enlarged image of the enclosed region in (a); (c)
Typical HRTEM image of the enclosed region in (b). The inset shows
the SAED pattern of BFO film.
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4.000 Å, and c changes from 4.019 Å to 4.009 Å and 4.004 Å. In the
region close to the interface (< 50 nm), the compressive strain from the
substrate is strong and no superlattice diffraction spots appear in the
SAED pattern. In the central region (from 50 to 150 nm), one can see
the superlattice diffraction spots induced by the antiparallel cation
displacement. However, in the region far from the interface
(> 250 nm), the superlattice diffraction spots fade away. In other
words, there is a strain gradient in the BFO film from the interface to
the free surface of the film, and the antiparallel cation displacement
only happens in a narrow strain range. It is consistent with the fact that
the chemical arrangement can be tuned by epitaxial strain imposed by
the substrate [25,26]. To clarify whether the epitaxial strain plays a
significant role in the antiparallel displacement of the A-sites cations,
BFO/STO film with a buffer layer of LCMO is investigated using TEM in
details and the results are shown in Fig. 4. Compared with Fig. 1(a),
except the buffer layer, no obvious difference can be found in this BF
image [Fig. 4(a)]. From the enlarged interface image in Fig. 4(c), it can
be seen that the buffer layer has a good epitaxial relationship between
BFO film and STO substrate. Compared with BFO/STO film, the dif-
ference is that no antipolar clusters can be found in this HRTEM image.
Certainly, no {011}1

4 or {011}1
2 reflections, which can indicate anti-

parallel cation displacements and antiphase tilting of oxygen octahedra,
can be found in the SAED pattern [insets in Fig. 4(c)]. In other words,
when a buffer layer of LCMO is introduced between BFO film and STO
substrate, the cation antiparallel displacements just disappear. Thus, we
deduce that the epitaxial strain provided by the STO substrate induces
the antiparallel cation displacements. The lattice parameter of BFO
(3.952 Å) is larger than that of STO (3.905 Å) and much larger than that
of LCMO (3.831 Å), so the inserted buffer layer greatly influences the
strain state of BFO film, which results in the disappearance of the cation
displacements. To verify this conclusion, BFO/LAO and BFO/LSMO/
LAO films are also studied and the TEM results are shown in Fig. 5. In
the BFO/LAO film, no {011}1

4 or {011}1
2 superlattice reflections can be

found, which indicates that no cation displacement takes place. How-
ever, when the buffer layer LSMO is introduced, the weak {101}1

4 and

{101}1
2 reflections appear, which indicates that a small amount of an-
tipolar clusters forms. Either tensile or compressive stress can induce
the antiparallel cation displacement, but it is only in a narrow range.
The inserted LSMO layer relieves the compressive stress from the sub-
strate and thus the cations cannot displace antiparallel again. Cheng
et al. [19,20] investigated the microstructure of BFO films with dif-
ferent doping contents of Sm, and found that the antipolar clusters
begin to appear at a doping content of ∼8%, which grow with the

increase of Sm doping content. As we all know, the ionic radii of Bi3+

and Sm3+ are different. Thus, it is the doped Sm3+ that changes the
strain state of the films and results in the cation displacement. The
antipolar clusters only form in a small doping range, which just verifies
our conclusion that cation displacements only form in a narrow strain
range and Sm3+ itself does not play a direct role in the cation dis-
placement.

In addition to the above results, a number of precipitates are ob-
served in the BFO/LAO film. In the HRTEM image shown in Fig. 6(a),
the precipitate phase is circled by white lines at the interface. To clarify
the nature of this phase, fast Fourier transformation (FFT) is employed
and the result is shown in Fig. 6(b). In this image, except the funda-
mental perovskite reflections from the parent BFO lattice, another set of
dots (in red circles) is observed. From these reflections, we can deduce
that it is a typical [110] zone-axis diffraction pattern from a cubic
phase. The inverse FFT (IFFT) is also performed and the result is de-
monstrated in Fig. 6(c). In this image, the lattice spacings of (220) and
(200) planes are measured to be 2.96 and 4.18 Å, respectively, which
are consistent with the lattice parameters of γ-Fe2O3. Thus, we conclude
that this circled precipitate phase is γ-Fe2O3. Interestingly, Moire
fringes are observed in the BFO/LAO film as shown in Fig. 7(a) and its
FFT results are shown in Fig. 7(b). In addition to the fundamental re-
flections (in white circles), additional dots (in red circles) are also ob-
served. The corresponding IFFT results are shown in Fig. 7(b) and (c),
respectively. From the measured lattice distances, we confirm that the
planes in Fig. 7(c) correspond to (110) planes of BFO and those in
Fig. 7(d) are (200) planes of FeO. The IFFT results of both sets of re-
flections in white and red circles are enclosed in Fig. 7(b), which are
consistent with the experimental HRTEM image. Thus, it is suggested
that the Moire fringes come from the interference between the lattices
of parent BFO and FeO precipitate. Because FeO is unstable and can be
easily oxidized into Fe2O3, it is difficult to directly observe the FeO
phase in BFO film. What’s more, we find that all the γ-Fe2O3 phases are
located at the interface between BFO film and LAO substrate. On the
contrary, all the FeO phases are far away from the interface. In the
experimental details, we mentioned that the specimens were prepared
using argon ion thinning. In the milling process, oxygen atoms near the
film surface are more likely to be removed from the film than those near
the interface. We believe that both γ-Fe2O3 and FeO phases come from
the volatilization of Bi. The BFO with oxygen vacancies is decomposed
into Bi2O3 and FeO, and that without oxygen vacancies is turned into
Bi2O3 and γ-Fe2O3. That is why all the γ-Fe2O3 phases are located at the
interface and all the FeO phases are far away from it. To verify our

Fig. 5. Cross-sectional BF image (a) and the SAED pattern (b) of BFO
film grown on LAO; Corresponding BF image (c) and SAED pattern (d)
of BFO/LAO film with a buffer layer of LSMO.
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conclusion, the film is investigated by x-ray diffraction (XRD) and the
results are shown in Fig. 8. All the diffraction peaks of Bi2O3, γ-Fe2O3,
parent BFO and LAO substrate can be found in this pattern. However,
no diffraction peak of FeO can be detected. Because the XRD analysis is
performed before the TEM examination, the oxygen atoms are not re-
moved from the BFO film. In this case, all the BFO is converted into
Bi2O3 and γ-Fe2O3 without formation of FeO phases.

4. Conclusion

The microstructure of BFO films grown on two different substrates is
systematically studied. In the pure BFO film grown on STO, two types of
domain boundaries are found, and the antipolar clusters induced by
antiparallel cation displacements are also observed. Through changing
the substrate or introducing a buffer layer, it is concluded that the ca-
tion displacements are induced by the epitaxial strain which can be
tuned by introduction of a buffer layer. Combining TEM with FFT (and

Fig. 6. HRTEM image (a) of BFO/LAO film and its FFT (b); (c) IFFT of the reflections in the red circles; (d) Typical EDS spectrum of γ-Fe2O3. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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IFFT) techniques, the γ-Fe2O3 and FeO phases are discovered in the BFO
film grown on LAO. Due to the volatilization of Bi, the BFO with oxygen
vacancies is converted into Bi2O3 and FeO, and that without oxygen
vacancies is transformed into Bi2O3 and γ-Fe2O3.
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