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Ferroelectric properties of multiphase Bi–Fe–O thin films
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Abstract

We report on the ferroelectric properties of multiphase BiFeO3 thin films grown under varying oxygen deposition pressures. The dominant
phases formed in the film change continuously from a mixture of BiFeO3 and Bi2O3 to a mixture of BiFeO3 and Fe2O3 as the pressure is varied. X-
ray diffraction and transmission electron microscopy revealed that an epitaxial nanocomposite of BiFeO3 and Fe2O3 grew at deposition pressures
of approximately 20 mTorr. The BiFeO3 grains in the BiFeO3–Fe2O3 nanocomposites were completely relaxed and unstrained. At room
temperature the BiFeO3–Fe2O3 nanocomposite film was characterized by a high switchable polarization (60 μC/cm2) and a low leakage current
density (≈1×10−4 A/cm2 at 250 kV/cm).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Multiferroic materials where multiple ferroic properties
coexist are attractive for novel device applications such as
inexpensive ultrasensitive magnetometers and biferroic mem-
ory elements [1]. BiFeO3 (BFO) is a single phase multiferroic
material. It has a rhombohedrally distorted structure that shows
ferroelectricity (Tc≈850 °C) and a G-type antiferromagnetism
(TN∼370 °C) at room temperature [2,3].

The window of synthesis parameters at which impurity-free
single phase BFO thin films can be grown is very small. The
volatility and the formation of different bismuth–iron-oxides such
as Bi2Fe4O9 [4] and Fe2O3 [5] contribute to this small parameter
space. High leakage currents can arise due to insufficient oxygen
pressure during processing causing valence fluctuations of Fe
ions thereby introducing oxygen vacancies [6,7].

Different spontaneous polarization values in different samples
can also be traced to differing processing parameters. Teague et al.
[8] had reported that a bulk BFO single crystal showed a small
spontaneous polarization of 3.5 μC/cm2 along the [111] direction
with an applied electric field of 55 kV/cm at 77 K in an
unsaturated polarization hysteresis. Wang et al. [3] reported that
⁎ Corresponding author. Also at Center for Superconductivity Research,
University of Maryland, College Park, MD 20742, United States.

E-mail address: takeuchi@umd.edu (I. Takeuchi).

0167-2738/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ssi.2007.07.004
strained BFO films grown with a SrRuO3 (SRO) buffer layer on
SrTiO3 (100) substrates showed a polarization of 60 μC/cm2 at
electric field of 500 kV/cm at room temperature. The high
polarization was reported to be due to the heteroepitaxial strain,
but this has been disputed by Eerenstein et al. [9–11].

2. Experimental procedure

In order to investigate a mechanism of enhancement ferroic
properties in the BFO thin films, it thus appears necessary to
synthesize fully strain relaxed and low leakage current BFO thin
films. In this study, we report on the ferroelectric properties of
pure BFO films and nanocomposite films of BFO and Fe2O3.
The dominant phases were controlled by varying the oxygen
deposition pressure. The microstructure of the films was
investigated using transmission electron microscopy (TEM)
and various X-ray diffraction (XRD) techniques including
reciprocal space mapping using Cu Kα1 radiation (Bruker D8
Discover). The nanocomposite films consisting of BFO and
Fe2O3 were found to be fully relaxed and showed a square shape
saturated ferroelectric polarization loop at room temperature.

BFO thin films were fabricated by pulsed laser deposition
ablating a Bi1.1FeO3 target with a KrF excimer laser (λ=248 nm)
at typical fluences of 2 J/cm2. The oxygen pressure during
deposition was varied in the range of 10−4bPO2

b10−1 Torr. The
substrate temperature was fixed at 600 °C. Typical deposition
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Fig. 2. TEMbright field cross-sectional images of BFO films deposited at oxygen
pressure of (a) 35 mTorr (yellow) and (b) 20 mTorr (red). The films were
fabricated on SrRuO3 buffered (100) SrTiO3 substrates. The (c) SAD pattern and
a (d) plan-view image of a red-BFO indicating the existence of Fe2O3 in the films.
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rates were 5 nm/min, and (100) SrTiO3 (STO) substrates were
used. TEM images and selected area diffraction (SAD) patterns
of the films were obtained at an accelerating voltage of 200 keV
using a JEOL 2100-field emission TEM. Room temperature
ferroelectric studies were conducted using a Radiant Precision
LC ferroelectric probe station. The top electrodes of the film
consisted of a 100 nm Pd, and a 50 nm thick SRO buffer layer
served as the bottom electrode.

3. Results and discussion

In a previous work, we reported on the magnetic properties
of multiphase BFO thin films deposited at different oxygen
pressures [5]. It was found then that Bi had evaporated from the
films during the deposition, and α- and γ-Fe2O3 had segregated.
At low oxygen pressures, BFO and Fe2O3 grow simultaneously
and epitaxially. The multiple phase formation in BFO as a
function of oxygen pressure during the deposition is summa-
rized in Fig. 1.

Phases were identified using XRD. Epitaxial BFO films with
(001) orientation were obtained for PO2

N1×10−3 Torr. The
volume fraction of the pure BFO phase increased as the pressure
is increased. The Fe2O3 phase is present for PO2

b2×10−2 Torr.
The intensity of the peaks associated with Fe2O3 increases as
the oxygen pressure decreases. Pure BFO phase was identified
by XRD for 5×10−3 TorrbPO2

b5×10−2 Torr. Noticeable
differences in the color of the samples could be detected as the
oxygen partial pressure was varied: the samples were red for
PO2

b2×10−2 Torr and yellow for 2×10−2 TorrbPO2
. The

natural color of BFO is yellow, corresponding to a band gap of
2.5 eV [12]. It is believed that the red color originates from the
Fe2O3 phase because the color of a pure Fe2O3 thin film is red
[5]. For PO2

N5×10−2 Torr, we observed formation of pure
phase Bi2O3 [5,13]. The transition of the dominant phase in the
film reflects the amount of Bi metal incorporated in the films
due to its high volatility. As the deposition oxygen pressure was
decreased, the Bi content in the films decreased.

Fig. 2 shows cross-sectional TEM images of BFO films
deposited at (a) PO2

=35 mTorr (sample color: yellow) and at (b)
Fig. 1. Summary of phases present in BFO films as a function of oxygen
deposition pressure as determined by XRD analysis. The sample color changes
from yellow to red.
PO2
=20 mTorr (sample color: red). Pure BFO without any

impurities was observed in the films grown at PO2
=35 m Torr,

while the Fe2O3 phase was observed in the red-BFO film which
was grown at PO2

=20 mTorr. From the cross-sectional image in
Fig. 2(b) and the plan-view image in Fig. 2(d), we see that in the
red-BFO film, BFO grew epitaxially together with nano-sized
(50–100 nm) α-Fe2O3 grains that grew directly on the SRO
buffer or on the surface of the overall film. The diffraction
pattern in Fig. 2(c) yields the preferred in-plane epitaxial
relations between BiFeO3 and α-Fe2O3 to be [100]BiFeO3//
[102]α, and [010]BiFeO3//[112̄]α, in good agreement with
previous results [5]. These results confirm that the red color
of the films originates from the presence of the Fe2O3 phase.
The following equations indicate the average growth reactions
of the phases produced at 600 °C and the sample colors as a
function of PO2

• PO2
b20 mTorr: Bi1.1FeO3→xBiFeO3+(1−x) Fe2O3, color:

red.
• 20 mTorrbPO2

b50 mTorr: Bi1.1FeO3→BiFeO3, color:
yellow.

• 50 mTorrbPO2
: Bi1.1FeO3→xBiFeO3+(1−x)Bi2O3, color:

light yellow.

To investigate the strain evolution in the films, X-ray reciprocal
space maps of the films and the substrates were prepared. Fig. 3
shows the maps of the (103) reflections of yellow/BFO and red/
BFO–Fe2O3 nanocomposite thin films on STO (100) substrates.
We found that theBFO that grew in nanocompositewith Fe2O3was



Fig. 3. Reciprocal space maps of pure BiFeO3 and nanocomposite BiFeO3–Fe2O3 films grown on SrTiO3 (100) substrate.

Fig. 4. The leakage current density as a function of applied electric field for
nanocomposite BiFeO3–Fe2O3 (grown at 20 mTorr PO2

) and pure BiFeO3

(35 mTorr) thin films.
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relaxed, while the pure BFO films were strained by the STO
substrate. The observed lattice parameters of the pure BFO and
BFO in the nanocomposite are a=3.905 Å, c=4.030 Å, with c/
a=1.03 and a=3.948 Å, c=3.990 Å, with c/a=1.01 respectively.
We have recently observed that the local formation of Fe2O3 in the
BFO films acts as a stress accommodatingmechanism inBFO [14].
This is consistent with the present reciprocal space map results that
the BFO component of the BFO–Fe2O3 nanocomposite structure is
stress relaxed.

The above structural observations also shed light onto the
electrical properties of BFO films. It is known that the electrical
conductivity in BFO is related to the deviation of oxygen
stoichiometry, which gives rise to valence fluctuation of Fe ions
from +3 to +2 [7,11,15,16]. Fig. 4 plots the leakage current
density as a function of applied electric field for BFO–Fe2O3

nanocomposite and pure BFO films. The leakage current
density of the nanocomposite film (1×10− 4 A/cm2) is
approximately two orders of magnitude smaller than that of
the pure BFO film at an applied filed of 250 kV/cm.

Qi et al. [6] reported that the current density of Ti+4 doped
BFO films decreased by three orders of magnitude in comparison
to that of non-doped BFO at applied fields of 100 kV/cm or less.
However, their films did not show a saturated polarization loop at
room temperature. Dho et al. [17] had reported that BFO films
grown at low oxygen deposition pressure and high deposition
rates displayed saturation at room temperature and a leakage
current density of approximately 1×10−4 A/cm2 at an applied
field of 500 kV/cm. They proposed cation vacancy formation
through iron oxidation according to (in Kroger–Vink notation):

6FeXFe þ 3=2O2→6FeFey þ VBi‴ þ VFe‴ þ 3OX
o :

Here the notation FeFe
X represents a 3+ Fe ion, FeFe

U
a 4+ Fe

ion, while VBi‴ and VFe‴ denote cation vacancies. The symbol
Oo
X stands for a divalent oxygen ion. Thus the formation of Fe4+
during deposition can reduce the oxygen vacancy concentration
thereby reducing the leakage. However, X-ray photoelectron-
spectroscopy (not shown) of our pure BFO and BFO–Fe2O3

nanocomposite films indicate that Fe+3 is the only valence state
in the films. These results are consistent with those reported by
Eerenstein et al. [9].

Fig. 5 shows the polarization–electric field (P–E) hysteresis
loops of pure BFO and the nanocomposite (BFO with Fe2O3)
films measured at 5 kHz at room temperature. The remnant
polarization (Pr) and coercive field (Ec) of the pure BFO thin
film are 7.2 μC/cm2 and 470 kV/cm, respectively. The P–E
loop of the pure BFO did not reach saturation because the high
leakage current limited the electric field to 500 kV/cm. The
inability to saturate the BFO films may reflect the high intrinsic



Fig. 5. Polarization electric field (P–E) hysteresis loops of pure BiFeO3 and BFO–Fe2O3 composite films at 5 kHz at room temperature.
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coercive field, Ec of BiFeO3. There have been reports which
suggest that Ec of BFO may be intrinsically very high [18–20].
In contrast, the P–E loop of the nanocomposite BFO–Fe2O3

thin film shows a more pronounced saturated polarization loop.
The Pr of the nanocomposite BFO thin film is 49 μC/cm2, and
Ec=480 kV/cm with the maximum applied field of 925 kV/cm.

The large increase of the remnant polarization, Pr, of the
nanocomposite BFO thin film may be attributed to the relatively
low leakage current rather than the strain effect [4]. Fig. 6 shows
Pr as a function of applied electric field in the pure BFO and the
nanocomposite BFO thin films at 1 kHz at room temperature.
The remnant polarization of the pure BFO film begins
increasing above an applied field of 250 kV/cm and continues
to increase up to 7.2 μC/cm2 at an applied field of 500 kV/cm.
As stated above, poor insulation in the film made it difficult to
achieve a square shape saturated polarization at room
temperature in pure BFO. However, the nanocomposite thin
film showed a much higher Pr (68 μC/cm2) at an applied field
Fig. 6. Remanent polarization as function of applied electric field in pure BiFeO3

and nanocomposite BiFeO3–Fe2O3 thin films at 1 kHz at room temperature.
of 1000 kV/cm. Good insulation and the relatively low leakage
behavior in these films allow us to apply an electric field that is
twice as large than that which can be applied to the pure BFO
films. The low leakage current of nanocomposite BFO thin
films showed a pronounced saturation polarization loop without
stress. This suggests that the larger value of the remnant
polarization is related to the decreased leakage current rather
than stress in the film [21–23].

The origin of the lower leakage current in the nanocomposite
films is not understood at this time. Atomic force microscopy of
the nanocomposite films and the pure BFO films showed that
the nanocomposite films have smoother surfaces with the
average root mean square roughness of 2 nm (for 3×3 μm2),
whereas pure BFO films have the average root mean square
roughness of 10 nm. In dielectric/ferroelectric thin films,
smoother films tend to display higher breakdown voltages with
lower leakage currents. In general, rough surfaces tend to have
higher densities of possible pinhole/leakage paths. It is not clear,
however, how the nanocomposite films have smoother films.
Perhaps the Fe2O3 regions are playing the role of “plugging” up
the grain boundaries between BFO grains, thus minimizing the
leakage current. Further microstructural investigation is under-
way to elucidate this mechanism.

4. Conclusion

In summary, we investigated the ferroelectric properties of
multiphase Bi–Fe–O thin films system. We determined that the
dominant phase in the films is a function of the oxygen deposition
pressures and can be controlled by tuning the pressure. We
observed a large remnant polarization (68 μC/cm2) at an applied
field of 1000 kV/cm in the BiFeO3–Fe2O3 nanocomposite thin
films at room temperature. The BFO grown in the nanocomposite
films were fully relaxed and characterized by a low leakage
current. Our result suggests that the enhancement of remanent
polarization is not stress related.
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