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Abstract

BiFeO3 (BFO) thin films were prepared on (111)Pt/Ti/SiO2/Si substrates via a sol–gel spin-coating method, and the influence of the annealing
temperatures on the phase formation, the microstructure and the electrical properties was systematically studied by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and an HP 4294A precision impedance analyser and a ferroelectric material test system, respectively. The
XRD analysis revealed the films to be well-crystallised, and those annealed at approximately 700 1C were well-formed in the perovskite phase.
The SEM images confirmed that the BFO films had a uniform and dense microstructure with an average thickness of 300 nm. As the frequency
increased to 1 MHz, the dielectric constant of the BFO films remained stable and exhibited only a slight decrease. The film annealed at 715 1C
exhibited the best dielectric properties with a high dielectric permittivity (εr¼194 at 100 kHz) and a low dielectric loss (tanδ¼0.02 at 100 kHz).
The leakage current density of the BFO thin films was also notably low, i.e., 10�6 A/cm2, under an applied electric field of 200 kV/cm for the
film annealed at 715 1C. The excellent electrical properties obtained in the sol–gel-derived BFO films are attributed to the improved phase purity
and microstructure.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Perovskite-type BiFeO3 (BFO) is a typical single-phase
multiferroic material [1]. Because of its high Curie temperature
(TC¼850 1C) and Néel temperature (TN¼370 1C), BFO
exhibits the coexistence of magnetic and ferroelectric orderings
at room temperature [2,3]. The so-called ferroelectromagnet-
ism, which can be anticipated in BiFeO3, has attracted increas-
ing interest from researchers in materials science and physics
due to the intriguing physics and potential applications of BFO
in information storage, sensors and magneto-electric devices
[4]. Ferroelectric and dielectric materials with a high dielectric
permittivity (εr) and a low dielectric loss tangent (tanδ) may be
used in various capacitors and microwave dielectric elements,
such as multi-layer capacitors, resonators, filters and oscillators
[5,6]. More interestingly, multiferroic BFO may provide more
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degrees of freedom for device tuning, including both electric and
magnetic methods for device tuning; therefore, a systematic
investigation of the process–structure–property relationships in
BFO thin films and the acquisition of high-performance BFO film
samples has become crucial for further pushing BFO into
practical applications. However, previous studies have illustrated
that the drawback of serious leakage current problem aroused by
impurity phases, boundaries and non-stoichiometry in BFO has
hindered its applications [7]. To date, researchers have made
attempts to dope and/or add a buffer layer to improve the
electrical properties of BiFeO3 thin films [8].
Many fabrication methods for epitaxial and polycrystalline

BiFeO3 thin films have been reported, such as pulsed laser
deposition, magnetron sputtering, sol–gel processing and
chemical solution deposition. Among these methods, the sol–
gel method is an effective, simple way to synthesise BFO films
because it can lead to large area films with chemical homo-
geneity and good control of the stoichiometry [9,10]. How-
ever, there are few reports on the sol–gel process than on
ghts reserved.
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Fig. 1. XRD patterns of the BiFeO3 thin films deposited on (111)Pt/Ti/SiO2/Si
substrates with different annealing temperatures ranging from 685 to745 1C.
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magnetron sputtering and pulsed laser deposition techniques
for BiFeO3 thin film preparation, mainly due to the appearance
of impure phases and low resistivity in sol–gel-derived BiFeO3

thin films [11]. For better compatibility with silicon micro-
electronics, (111)Pt/Ti/SiO2/Si substrates were selected for our
BFO film depositions. In this study, we attempted to widen the
range of annealing temperatures to obtain phase pure BiFeO3

thin films with better electrical properties. We prepared
BiFeO3 thin films with a wide annealing temperature range
of 685–745 1C on (111)Pt/Ti/SiO2/Si substrates and system-
atically analysed their crystallisation, morphology and elec-
trical properties. Finally, a frequency-independent high
dielectric permittivity of 200 and a low dielectric loss of
0.02 were realised in the 715 1C annealed BiFeO3 thin film.

2. Experimental

The BiFeO3 films presented in this study were synthesised
with bismuth nitrate [Bi(NO3)3 � 5H2O] and iron nitrate [Fe
(NO3)3 � 9H2O] by a sol–gel process. Due to the volatilisation
of Bi element during annealing, we weighed Bi(NO3)3 � 5H2O
with 5% mol excess to compensate for the Bi loss. Bismuth
nitrate and iron nitrate with a mole ratio of 1.05:1 were firstly
dissolved in the 2-methoxyethanol, and then a small amount of
acetic acid was added to the solution to promote the dissolu-
tion of the raw materials. After stirring for 12 h, we obtained
the stock solution with a concentration of 0.3 M. All of the
steps above were performed in an ambient atmosphere at room
temperature.

The deposition processes were performed in a clean room by
spin coating at 3000 rpm for 20 s. After spin-coating, the wet
films were dried at 80 1C for 5 min and 180 1C for 5 min
immediately to remove volatile materials. The as-deposited
films were further crystallised at different temperatures of 685,
700, 715, 730 and 745 1C in air for 90 s with a heating rate of
5 1C/s by a rapid thermal process. The spin-coating and
annealing procedures were repeated several times to obtain
the desired film thickness. Top Pt electrodes of 0.00126 cm2

were deposited through a shadow mask on the surface of BFO
films by sputtering. The films with top electrodes were
annealed at 300 1C for 10 min for the electrode and the film
to achieve full contact.

The phase of the BFO films was characterised by X-ray
diffraction (XRD, DX-2700, Dandong, China) with Cu Kα
radiation and a scan step of 0.031. The surface and cross-
section morphologies were analysed by a field-emission
scanning electron microscope (FESEM, JSM-7500F, JEOL,
Japan). An HP 4294A impedance analyser was utilised to
measure the dielectric constant (εr) and the loss tangent (tanδ)
of the BFO films. The ferroelectric property was measured
using a Radiant ferroelectric test system.

3. Results and discussion

The XRD patterns of the BFO films annealed at various
temperatures are shown in Fig. 1. The diffraction peaks were
indexed by using PDF card no. 72-2112. No other phases were
observed in the limit of the sensitivity of the diffractometer for
the BFO films annealed at approximately 700 1C, whereas the
other temperature annealed films had more or less of the
impurity phase of Bi2Fe4O9 indicated by “n” in Fig. 1.
All XRD patterns indicate that the films possessed the
perovskite structure with rhombohedral symmetry and are well
crystallised, especially the thin films annealed at approximately
700 1C. The (110) and (1�10) peaks are more intense
compared with the other peaks, and the (1�10) peak is split
from (110) peak because of the distortion of cubic perovskite
cell along the [111] direction [12]. With the increase in the
annealing temperature, the impurity phase of Bi2Fe4O9 gradu-
ally increased when the temperature was above 715 1C, which
we attribute to the easier volatilisation of Bi and the greater
reduction of Fe3+ species to Fe2+ at higher temperatures [13].
Fig. 2(a) shows the cross-section SEM image of the BiFeO3

thin film annealed at 700 1C, and Fig. 2(b)–(f) the surface
morphology SEM photographs of the BFO films annealed at
different temperatures corresponding to Fig. 1. As shown in
Fig. 2(a), the interface is clear without apparent diffusion
between the BiFeO3 film and the Pt bottom electrode.
The BiFeO3 layer has a homogenous thickness of approxi-
mately 300 nm, which is approximately identical for the other
temperature annealed films. It is easy to see that the film
annealed at 715 1C exhibits a denser microstructure, and its
grains pack more uniformly, while the other films have more
large or small pores and more apparent grain boundaries. Thus,
we conclude that 715 1C is an optimal temperature for BFO
thin films to nucleate and grow on (111)Pt/Ti/SiO2/Si sub-
strates by rapid thermal processing.
The relative dielectric constant (εr) and dielectric loss

tangent (tanδ) of the BFO films annealed at various tempera-
tures are plotted in Fig. 3. According to Fig. 3(a), as the
annealing temperature increases, the εr values monotonously
increase except for the temperature of 745 1C. The decrease in
εr for the 745 1C annealed film is mainly due to the existence
of more pores and impurity phase. We obtained a high εr of
200 from the film annealed at 715 1C. More importantly, even



Fig. 2. FESEM images of BiFeO3 thin films: (a) cross-section image of the film annealed at 700 1C, (b)–(f) surface morphologies of the BFO films annealed at
685–745 1C.
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if the frequency increases to 1 MHz, the εr of the 715 1C
annealed film remains quite stable with a very slight decrease,
indicating good interfaces between film and electrodes, and the
ferroelectricity presented below does not originate from the
interface polarisation [14]. The slight decrease in εr with
increasing frequency is because more polarisations do not
have sufficient time to respond with the change of applied
electric fields at higher frequencies [15].

As shown in Fig. 3(b), the dielectric loss of the BFO films
with annealing temperatures from 685 to 730 1C remains low,
and the tanδ value of the 715 1C annealed film is only 0.02 at
100 kHz, accompanied by a high εr of 194. They are
comparable to or even much superior to those data from
similar preparation methods reported in the literature [16–19],
where the εr and tanδ values were reported to be 70–160 and
0.03–0.2, respectively. At low frequencies, the tanδ of the film
annealed at 745 1C is very high, which is attributed to the dc
conductivity arising from pores and large boundaries in the
film according to Iakovlev et al. [20]. Above 300 kHz, because
of the dipole inertia, the dielectric loss of all of the films
increases with increasing frequencies [21].
Fig. 4 shows the polarisation versus applied electric field
hysteresis loops of the BiFeO3 thin films annealed at different
temperatures, which were measured at frequencies of 2–3.3 kHz.
The films annealed at 685, 700 and 715 1C have a similar
remanent polarisation (Pr) of 2Pr∼2.6 μC/cm2. Due to the low
quality and great amount of the impurity phase, the films
annealed at 730 and 745 1C could not obtain complete hysteresis
loops when they were measured at 8 V, and the 2Pr value for the
film annealed at 730 1C was reduced to 1.8 μC/cm2.
Fig. 5 shows the leakage current characteristics of the

BiFeO3 thin films annealed at different temperatures. The
leakage current density obtained in our work is extremely low
(10�6 A/cm2 under an applied electric field of 200 kV/cm),
when compared with the BFO films formed similarly on Pt
electrodes. The films annealed at 730 and 745 1C have
relatively larger leakage current densities, in agreement with
the results of the SEM images and the dielectric properties.
Fig. 5 indicates that the films annealed at 700 and 715 1C
exhibit an asymmetric current–voltage feature in the positive
and negative regions, which is speculated to be associated with
the accumulation of oxygen vacancies or other defects near the



Fig. 3. (a) Relative dielectric constant and (b) dielectric loss tangent of the
BiFeO3 thin films annealed at 685–745 1C.

Fig. 4. Ferroelectric hysteresis loops of the BFO films annealed at 685–
745 1C.

Fig. 5. Leakage current density of the BiFeO3 thin films annealed at 685–
745 1C.
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film/electrode interfaces, where the asymmetric internal elec-
tric fields originating from those defects can compensate for
the applied voltage and influence the carrier injection [22]. For
the same reason, the appearance of irregular leakage current
density values in the low voltage region for the films annealed
at 685–715 1C is mainly due to injected carriers and the defects
in the BFO thin films.
4. Conclusions

In summary, multiferroic BiFeO3 thin films were prepared
on (111)Pt/Ti/SiO2/Si substrates via a sol–gel spin-coating
method, and a wide range of annealing temperatures from 685
to 745 1C were investigated. The films annealed at approxi-
mately 700 1C were well-crystallised in the perovskite phase,
whereas higher temperature annealing induced the Bi2Fe4O9

impurity phase. The SEM images exhibited granular and
uniform surface topographies, as well as homogeneous and
dense cross-section morphologies with an average thickness of
300 nm. Compared with other annealing temperatures, the film
annealed at 715 1C possessed the highest crystallisation quality
and the best electrical properties. As a result, the dielectric
constant and the loss tangent at 100 kHz of the 715 1C
annealed film were 194 and 0.02, respectively, which are
comparable to or even significantly better than the results
reported in the literature. Moreover, a very low leakage current
density was obtained in our BFO films. The excellent dielectric
and electrical properties obtained in this work, most likely
stemming from the improved phase purity and microstructure,
make the multiferroic BFO thin films good candidates for
multifunctional dielectric elements.
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