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Bi1�xSmxFeO3 (x ¼ 0{0:15) (BSFO) thin films were formed on Pt/Ti/SiO2/Si(100) substrates by chemical solution deposition. The spin-coated,

dried, and prefired thin films were finally crystallized at 500 �C in air and in N2. It was found that Sm-substitution for Bi in BiFeO3 increased

the grain size and the leakage current density. The optimal concentration for improving remanent polarization (Pr) was characterized to be 5 at. %.

In 10 and 15 at. % BSFO films, incorporation of Sm atoms was found to be excess, leading to degradation of ferroelectric properties. The Pr and

coercive electric field values in 5 at. % BSFO film measured at electric field of 1.5 MV/cm and frequency of 25 kHz were 82 mC/cm2 and 0.35 MV/

cm, respectively. In addition, the minimal coercive electric voltage of 7.5 V was achieved in a 126-nm-thick 7.5 at. % Sm-substituted BFO film.
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1. Introduction

BiFeO3 (BFO) is one of the prominent multiferroic materials
which simultaneously show ferroelectricity and ferro-
magnetism because of its high Curie temperature (TC) of
�850 �C and high Neel temperature (TN) of �370 �C.1) And
it has stimulated a great deal of scientific interests due to
its potential applications for data storage, transducer, and
actuators.2–4) The lead-free ferroelectric BFO is a promising
candidate to substitute for the currently used lead zirconate
titanate (PZT) in one transistor–one capacitor (1T1C)-type
ferroelectric random access memories (FeRAMs) due to
its good ferroelectric and environmentally friendly proper-
ties. However, there is no applicable BFO-based composite
reported to be used for fabrication of FeRAMs thanks to the
unsolved challenges such as poor resistivity, large coercive
voltage, and poor fatigue endurance. Up to now, a variety of
research work has been conducted to further improve the
ferroelectric and leakage current properties of BFO films
using site engineering methods, such as substitution of Ti,
Mn, Ni, Cr, and Cu for Fe atoms, or substitution of La, Nd,
and Sm for Bi atoms.5–10) Among them, a large remanent
polarization (Pr) of 82 mC/cm2 have been reported in
Mn-substituted BFO films.11)

Later on, characteristics of Sm-substituted BFO (BSFO)
films were studied by several groups. In 2006, Yuan et al.
reported a triclinic structure with P1 space group in a
single-phase bulk Bi0:875Sm0:125FeO3 multiferroic ceramics
rather than the typical R3c rhombohedral structure in BFO
crystal, and ferroelectric behavior was also observed in that
ceramics showing a Pr of 15 mC/cm2.15) In 2008, Fujino
et al.12) reported in pulse-laser-deposited (PLD) films that
the morphotropic phase underwent substantial change in the
out-of-plane lattice constant through transition from rhom-
bohedral BFO to orthorhombic Bi1�xSmxFeO3 (x � 0:13)
due to the difference of ionic radii between Bi3þ (1.365 Å)
and Sm3þ (1.24 Å).16) Especially, the antiferroelectric be-
havior was observed in the Bi0:84Sm0:16FeO3 film.

In 2009, the detailed investigation on epitaxial BSFO
films has been reported by the same group in succession.16)

On the basis of experimental results measured by high-

resolution transmission electron microscopy and selected-
area diffraction pattern, they proposed the transition from
ferroelectric to antiferroelectric phases induced by morpho-
tropic phase transition as Sm-substitution ratio varied in
the BSFO films. Those interesting results intrigue us to
speculate whether or not Sm-substitution can be used to
enhance the ferroelectric properties of the polycrystalline
BSFO film formed via chemical solution deposition (CSD),
since ferroelectric properties in perovskite structures mainly
result from the lattice distortion based on the Goldschmidt
tolerance factor.

2. Experimental Procedure

The metalorganic decomposition (MOD) BSFO solutions
with various Sm ratios were prepared by mixing bismuth(III)
2-ethylhexanoate [Bi(OCOCH(C2H5)C4H9)], samarium(III)
2-ethylhexanoate [Sm(OCOCH(C2H5)C4H9)], and iron(III)
acetylacetonate [Fe(C5H7O2)3] and by diluting them with
toluene. They were then spin-coated on Pt/Ti/SiO2/Si(100)
substrates at 3000 rpm for 30 s, dried at 240 �C for 3 min,
and prefired at 350 �C for 10 min in air. This process was
repeated 15 times to form films with thicknesses of 450 nm,
then the samples were crystallized in N2 or in air at 500 �C.
Next, Pt top electrodes of 3:14� 10�4 cm2 were deposited
by e-beam evaporation through a shadow mask. Finally,
those samples were post-annealed to improve the interfacial
properties between the top electrodes and the films using
the same parameters as those in the crystallization annealing.

The crystalline structure of these films was studied using
a multipurpose X-ray diffractometer (Philips X’Pert-Pro
MPD). The surface morphology of the ferroelectric films
was examined by scanning electron microscopy (SEM). The
ferroelectric and electrical properties of BSFO capacitors
were measured at room temperature (RT) using a ferro-
electric test system (Toyo) and a precision semiconductor
parameter analyzer (HP 4156C).

3. Results and Discussion

Figure 1 shows X-ray diffraction (XRD) patterns of BSFO
films with 0, 5, 10, and 15 at. % Sm-substitution. Different
from the epitaxial BSFO film, only the rhombohedral phase
could be seen in each BSFO film, i.e., substitution of Sm
for Bi in BFO films did not lead to a morphotropic phase�E-mail address: ishiwara.h.aa@m.titech.ac.jp
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transition in these polycrystalline films. Instead, as shown in
Fig. 2, the observed grain size was greatly increased in the
5 at. % BSFO film in comparison with the pure BFO film,
whereas, some peeling-off phenomena were found on the
surface of the 15 at. % BSFO film. The peeling-off might be
caused by the over-doping of Sm, due to which Pr was found
to be severely decreased in the high frequency measurement.
The detailed discussion on it will be conducted later.

Figure 3(a) shows leakage current characteristics of the
BSFO films crystallized at 500 �C in N2 with 0, 5, 10,
and 15 at. % Sm-substitution. It can be seen that leakage
current density (at electric fields lower than 0.3 MV/cm)
increases with Sm-substitution ratio up to 10 at. %, whereas
it decreases in the 15 at. % BSFO film. As is well known, all
analyses on leakage mechanisms such as ohmic conduction
and space-charge-limited conduction (SCLC) are followed
with an assumption that the film bulk is homogeneous in
electric properties. On the other hand, there is another theory
on leakage mechanism which involves the effects of grain
boundaries. On the basis of grain-boundary-limited con-
duction (GBLC) theory, the increased leakage current
density is considered to be related to the large grain size.13)

In the GBLC theory, it is expatiated that some potential
barriers can be formed along the grain boundaries due to the

abundance of charge traps, causing the higher resistivity at
the grain boundaries than in the grains. In the fine-grained
film which has high density of grain boundaries, the grain
boundaries give rise to an increase of potential barriers,
resulting in high resistivity. Thus, the increase of leakage
current density in low electric field region can be explained
by the increased grain size. Similar experimental results
have also been obtained in Pb(Zr0:45Ti0:55)O3 thin films.14)

The improved breakdown field in 10 and 15 at. % BSFO
films might be explained by the SCLC in solids proposed
by Rose.17) In any insulating films with traps, there are at
least two types of mechanisms competing to dominate the
conduction: ohmic and SCLC. In the insulating film with
more free electrons in the conduction band, the ohmic
conduction can be maintained more easily even at a higher
electric field. It is worth stressing that ohmic conduction does
not involve any electron traps so that it is relatively stable as
electric field increases. On the other hand, in the insulating
film with less free electrons, the conduction mechanism can
be transformed into SCLC even at a very low electric field
due to the lack of free electrons in the conduction band. As
the transformation is triggered at a certain electric field, the
electron traps in the film should be filled up first, leading to
a great number of electrons at the cathode injected into the
insulator in a short time. This injection process is fatal for the
Pt electrodes to be damaged. That is the possible reason for
low breakdown filed for the 0 and 5 at. % BSFO films.
Similar phenomena were found in Mn-substituted BFO
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Fig. 1. (Color online) XRD patterns of 0, 5, 10, and 15 at. % BFSO films

crystallized at 500 �C in N2.
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Fig. 2. (Color online) Surface micrographs for 0, 5, 10, and 15 at. %

BSFO films crystallized at 500 �C in N2 (for the 5 at. % BSFO film, the

temperature was increased to 550 �C to see clearer grain boundaries).
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Fig. 3. (Color online) Leakage current characteristics of BSFO films

crystallized at 500 �C in (a) N2 and (b) air with 0, 5, 10, and 15 at. % Sm-

substitution.
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films.18) However, the higher breakdown field in BSFO films
makes it possible to fabricate thinner films for achieving low
voltage operation of FeRAMs.

In Fig. 3(b), the batch of BSFO films crystallized in air
showed regular increase of both leakage current density and
electrical breakdown corresponding to the increasing Sm-
substitution ratio. It is well known that annealing atmosphere
has an impact on formation of oxygen vacancies in BFO
films. In 0 and 5 at. % BSFO films crystallized in air, the
relatively lower leakage current densities are attributed to
the partial oxygen pressure by which the oxygen vacancies
can be partially compensated during the crystallization
process. Nevertheless, the opposite results were obtained
in 10 and 15 at. % BSFO films due to the over-doping ratio.
It is interesting to find out that the leakage current level is
closely related to the shapes of hysteresis loops.

Polarization vs electric field (P–E) characteristics of BSFO
films crystallized at 500 �C in air and in N2 are shown in
Figs. 4(a) and 4(b), respectively in which their hysteresis
loops were measured at a frequency of 10 kHz. It is worth
stressing that the hysteresis loops in 10 and 15 at. % BSFO
films are all rounded in their shape. It was also found from the
frequency-dependent measurement of Pr that larger leakage
current components were included in the hysteresis loops of
10 and 15 at. % BSFO films, and the results are consistent
with the higher leakage current densities in them (Fig. 3). The
worsened ferroelectric properties in 10 and 15 at. % BSFO
films might be caused by the over-doping of Sm, which
implies substitution of Sm atoms is limited to less than
10 at. %. The remaining Sm atoms might exist in the form of

secondary non-ferroelectric phases so that the observed Pr

values are decreased in the film capacitors. We conclude from
these results that the 5 at. % BSFO film shows the best
ferroelectric properties. However, it is speculated that the
practical doping limit depends on the fabrication processes.

Figure 5(a) shows sweeping hysteresis loops from low to
high electric field measured at 10 kHz. The regular-shaped
hysteresis loops without any distortion caused by the
antiferroelectric and/or domain pinning phenomena were
obtained even at a very low electric field. Figure 5(b) shows
the comparison of Pr and Ec measured at 10 and 50 kHz. The
saturation of Pr and Ec starts from 0.5 MV/cm and a large
Pr of 90 mC/cm2 and Ec of 0.4 MV/cm was measured at
1.5 MV/cm and 10 kHz. The large Ec in the BSFO film is
considered to be caused by the relatively high density of
electron traps, due to which the BSFO film acts as an electron
reservoir during the electric measurement. That is, when a
voltage is applied for switching the domains, a lot of electrons
are simultaneously injected into the film from the cathode.
Then, as the applied field changes its direction and starts
increasing towards Ec, the reserved electrons at the traps will
partially neutralize the electric field. This means that a larger
voltage is needed for switching the domains completely.

This explanation is verified by the slightly reduced Ec

(0.3 MV/cm) measured at 50 kHz under which the injected
charges are effectively reduced by a short period of applied
voltage. The same tendency that Ec is decreased by
increasing the measuring frequency was also observed for
10 and 15 at. % BSFO films. Particularly for the films
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Fig. 4. (Color online) Comparison of hysteresis loops of 5, 10, and

15 at. % BSFO films crystallized at 500 �C in (a) N2 and (b) air.
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crystallized in air, the change rate of Ec to frequency is even
greater than that in 5 at. % BSFO film due to the high
leakage current level that ensures serious charge injection.

Figure 6(a) shows hysteresis loops for a 5 at. % BSFO
film crystallized at 500 �C in N2 which were measured at
1.5 MV/cm at various frequencies. As shown in the figure,
Pr values decreased from 112 to 71 mC/cm2 by changing the
frequency from 5 to 100 kHz, but they are virtually free of
frequency variation when frequency is higher than 25 kHz.
Figure 6(b) shows the comparison of Pr values for 5, 10, and
15 at. % BSFO films crystallized at 500 �C in air and in N2.
We conclude from these results that the apparent Pr values
are much enhanced by the large leakage current component
in 10 and 15 at. % BSFO films, particularly at low frequen-
cies. On the contrary, the effect of leakage current is
negligible in the 5 at. % BSFO film crystallized in N2 when
the measurement frequency is higher than 25 kHz and thus
large Pr of 82 mC/cm2 was considered to be the real one.

Since it was figured out that electric breakdown field was
improved by Sm-substitution, we conducted another experi-
ment for achieving low coercive voltage for BSFO films, in
which a batch of 7.5 at. % BSFO films with a variation of
thickness was formed to balance the breakdown field and
Pr. Their hysteresis loops were measured successfully in a
126 nm-thick film, and the minimal coercive voltage was
measured to be 7.5 V as shown in Fig. 7.

4. Conclusions

In conclusion, Sm-substitution for Bi in BFO increased the

grain size, then resulting in an increase of leakage current
density at low electric fields, but it also increased electric
breakdown field. The optimal Sm concentration for improv-
ing Pr was characterized to be 5 at. %. In the 5 at. % film, a
Pr value as large as 82 mC/cm2 was obtained with a coercive
electric field (Ec) of 0.35 MV/cm at 1.5 MV/cm and 25 kHz.
The minimal coercive voltage for the BSFO film was
measured to be 7.5 V in a 126-nm-thick film with 7.5 at. %
Sm-substitution.
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