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Dependence of Ferroelectric and Magnetic
Properties on Measuring Temperatures for
Polycrystalline BiFeO3; Films

Hiroshi Naganuma, Yosuke Inoue, and Soichiro Okamura

Abstract—A multiferroic BiFeOg film was fabricated on
a Pt/Ti/SiO2/Si(100) substrate by a chemical solution de-
position (CSD) method, and this was followed by postdepo-
sition annealing at 923 K for 10 min in air. X-ray diffraction
analysis indicated the formation of the polycrystalline sin-
gle phase of the BiFeOs film. A high remanent polarization
of 89 uC/cm? was observed at 90 K together with a rela-
tively low electric coercive field of 0.32 MV /cm, although
the ferroelectric hysteresis loops could not be observed at
room temperature due to a high leakage current density.
The temperature dependence of the ferroelectric hysteresis
loops indicated that these hysteresis loops lose their shape
above 165 K, and the nominal remanent polarization dras-
tically increased due to the leakage current. Magnetic mea-
surements indicated that the saturation magnetization was
less than 1 emu/cm?® at room temperature and increased to
approximately 2 emu/cm3 at 100 K, although the sponta-
neous magnetization could not appear. The magnetization
curves of polycrystalline BiFeO3 film were nonlinear at both
temperatures, which is different with BiFeO3 single crystal.

I. INTRODUCTION

IFEO3 has been predicted to possess a high remanent
Bpolarization, for example, theoretical calculated val-
ues of ~100 uC/cm? have been reported [1]. In fact, the
films, as well as bulk forms of BiFeO3 showed a remanent
polarization of 50 to 100 uC/cm? at room temperature [2]—
[5]. Therefore, the ferroelectric properties of the BiFeOs
films have been extensively investigated in the recent past
[2], [6]-[8]. In these reports, the values of the remanent
polarization for the polycrystalline BiFeOg films were dif-
ferent. One of the reasons for these differences could be
the high leakage current density in the BiFeOs films due
to the absence of the Schottky-barrier interface between
the Pt electrode and the BiFeOs layer [9], [10] and/or the
existence of the bivalent iron in the film bodies [11]. A
method to measure the accurate ferroelectricity of BiFeOs5
films is to decrease the measuring temperature to reduce
the leakage current density. However, the critical tempera-
ture, which could suppress the leakage current component,
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is not clearly known. It is better to discuss the value of
the remanent polarization below the critical temperature.
In this study, we fabricated a polycrystalline BiFeOj3 film
by a chemical solution deposition (CSD) and investigated
the temperature dependence of both ferroelectric and mag-
netic properties. We found that the leakage current begins
to increase at 165 K in the polycrystalline BiFeOgs film.

II. EXPERIMENTAL PROCEDURE

A BiFeOg film was fabricated by the CSD method on
Pt/Ti/Si02/Si(100) substrates. The Pt electrodes at the
bottom and top were deposited by RF magnetron sputter-
ing and electron beam evaporation, respectively. The spec-
imen was annealed at 923 K for 10 min in air. The film
thickness of the BiFeOgs layer was approximately 180 nm.
The crystal structure was determined by conventional X-
ray diffraction (XRD) (20/60, Cu-Ka; X'Pert PRO MRD,
PANalytical, Almelo, The Netherlands). The surface mor-
phology of the film was observed by atomic force mi-
croscopy (AFM). The magnetic properties at low tem-
perature were measured by a superconducting quantum
interface device (SQUID; MPMS-XL, Quantum Design,
San Diego, CA) magnetometer, and at room tempera-
ture were measured by vibrating sample magnetometer
(VSM; TM-VSM311483-HGC, Tamagawa, Hiyagi, Japan)
in the in-plane direction. The temperature dependence of
the ferroelectric hysteresis loops were measured by using
a ferroelectric tester (TF-2000, aix ACCT Systems GmbH,
Aachen, Germany) with a single triangular pulse of 1 kHz.
A driving voltage was applied to the bottom electrode dur-
ing the measurement of the electrical properties.

III. RESULTS AND DISCUSSION
A. Film Structure

Fig. 1 shows the XRD pattern of the specimen annealed
at 923 K for 10 min in air. Many diffraction peaks that
could be attributed to the BiFeOs phase were observed
and no secondary phases appeared; this indicated the for-
mation of the polycrystalline single phase of the BiFeOs
film.

Fig. 2 shows the AFM images of the BiFeOs film with
the various magnifications. In the low-magnification AFM
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Fig. 1. XRD pattern of the specimen annealed at 923 K for 10 min
in air.

image seen in Fig. 2(a), the grains with a diameter of
1~2 pm could be observed. When the AFM images were
magnified, small grains with a diameter of around a few
hundred nanometers were observed to have formed on the
surface of the large grains with a size of 1~2 pm. In the
cross-sectional TEM observation, it was revealed that both
of large and small grains had BiFeOgs structure, and the
small grains appeared only on the surface of the film [12].

B. Ferroelectric Properties

Fig. 3(a) shows a plot of the leakage current density
against the electric field characteristic of the BiFeOj3 film
measured at room temperature. A fairly high leakage cur-
rent density of around 10~ A/em? at 0.15 MV/cm was
observed at room temperature. When measured at 90 K, as
shown in Fig. 3(b), the leakage current density was found
to be drastically reduced to the order of 1 x 10~7 A /cm? at
0.15 MV /cm. Further, the leakage current could be mea-
sured up to 1.1 MV/ecm (~4 x 107 A/cm?) due to the
reduction of the Joule heat damage. The leakage current
density of BiFeOs film was strongly affected by measuring
temperature which indicated the electric conduction due
to defect of oxygen and/or bismuth because the calculated
band gap of BiFeOs is 2.8 eV [13].

Fig. 4 shows the temperature dependence of the fer-
roelectric hysteresis loops for the BiFeOs film that was
determined by using a single triangular pulse of 1 kHz. Be-
cause of the ease of dielectric breakdown at high measur-
ing temperatures, we applied an insufficient electric field
when measuring the temperature dependence of the ferro-
electric hysteresis loops. Below the measuring temperature
of 150 K, ferroelectric hysteresis loops with a relatively
high squareness ratio were obtained. However, the ferro-
electric hysteresis loops start expanding above 165 K due
to increase of leakage current density and dielectric break-
down at 203 K. The results suggest that it is necessary to
measure the temperature dependence of ferroelectric hys-
teresis loops and to find the temperature that showed high
squareness hysteresis loops when discussing the remanent
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polarization for the specimens with high-leakage-current
materials such as BiFeOg films.

To discuss the ferroelectricity without the leakage cur-
rent component, the ferroelectric hysteresis loops were
measured at 90 K. The result is shown in Fig. 5(a). In
this experiment, we could apply a higher electric field as
compared with that in the case of the temperature depen-
dence of ferroelectricity (Fig. 4) due to the low measuring
temperature. The ferroelectric hysteresis loop measured
at 90 K showed a high squareness with a high remanent
polarization of 89 uC/cm? and a relatively low electric co-
ercive field of 0.32 MV/cm at an applied electric field of
1.33 MV /cm. Fig. 5(b) shows the electric field dependence
of remanent polarization estimated from ferroelectric hys-
teresis loops. It should be noted that the remanent polar-
ization had a tendency to increase by an increase in the
applied electric field, although the leakage current was suf-
ficiently suppressed at 90 K. This result indicated that the
polycrystalline BiFeOs films require electric fields that are
quite high to achieve the saturated polarization.

C. Magnetic Properties

Fig. 6 shows the magnetization curves for the BiFeOg
film measured at both room temperature using VSM and
100 K using the SQUID magnetometer. Because the film
is a weak ferromagnetic material, magnetic fields with the
machine-limited maximum values of 15 kOe for VSM and
50 kOe for SQUID were applied. The saturation magne-
tization at room temperature was less than 1 emu/cm3,
and the saturation magnetization was increased to ap-
proximately 2 emu/cm? by decreasing the temperature to
100 K, although the spontaneous magnetization did not
appear. The small saturation magnetization is attributed
to the antiferromagnetic spin structure [1], [3], [5]. When
we compared the magnetization curve with BiFeOs single
crystals, the shape of the magnetization curves is different.
The polycrystalline BiFeOg film showed nonlinear mag-
netization curves at both room temperature and 100 K,
although the magnetization curves above 100 K were lin-
ear for the BiFeOj single crystals [5]. In our other study,
secondary phases could not be observed in the TEM obser-
vation [12], therefore, the reason of nonlinearity of magne-
tization curves might be not the effect of impurity phases.
Thus, although the further discussion is necessary, non-
linearity of magnetization curves can be attributed to the
imperfect antiferromagnetic cycloidal spin structure due
to the polycrystalline structure [14] and/or existence of
bivalence iron due to deficiency of oxygen.

IV. CONCLUSION

A single phase of a polycrysalline BiFeO3 film was fab-
ricated by the CSD method, and this was followed by
postdeposition annealing at 923 K for 10 min in air; the
electric, ferroelectric, and magentic properties of the film
showed a temperature dependence. The temperature de-
pendence of the ferroelectric hysteresis loops of the BiFeO5
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Fig. 4. Temperature dependence of the ferroelectric hysteresis loops
of the BiFeOs3 film.
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Fig. 3. Leakage current density vs. electric field characteristic of the
BiFeOs3 film measured (a) at room temperature and (b) 90 K.
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Fig. 5. Ferroelectric hysteresis loop (a) measured at 90 K, and
(b) electric field dependence of remanent polarization.
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Fig. 6. Magnetization curves for the BiFeOgs film measured at both
(a) room temperature using the VSM and (b) 100 K using the SQUID
magnetometer.

film revealed that, when an electric field of 0.9 MV /cm was
applied, the remanent polarizations were constant, below
155 K, and the nominal remanent polarization drastically
increased above 165 K due to the summation of the leak-
age current component. This suggests that the remanent
polarization of the high-leakage-current materials such as
BiFeOs3 films should be estimated by ferroelectric measure-
ments related to the temperature. At 90 K, when leakage
current components could not be considered, a high rema-
nent polarization of 89 1C/cm? was observed together with
a relatively low electric coercive field of 0.32 MV /cm under
an appled electric field of 1.33 MV /cm. However, the re-
manent polarization had a tendency to increase according
to the P, vs. E curve, indicating that the polycrystalline
BiFeQOg3 films require quite high electric fields to achieve the
saturated polarization. The saturation magnetization at
room temperature was less than 1 emu/cm?® and increased
to approximately 2 emu/cm? at 100 K. The spontaneous
magnetization could not appear both at room tempera-
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ture and 100 K. It should be noted that the magnetization
curves were nonlinear against the magnetic field, which is
different with BiFeOg single crystals.
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