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Abstract

Pure polycrystalline Bi1�xSmxFeO3 (BSFO) (x¼0–0.12) thin films were successfully prepared on FTO/glass substrates by the sol–gel

method. The influence of Sm doping on the structure, dielectric, leakage current, ferroelectric and ferromagnetic properties of the BSFO

films was investigated. X-ray diffraction analysis and FE-SEM images both reveal a gradual rhombohedra to pseudo-tetragonal phase

transition with the increase of Sm dopant content. On one hand, a proper amount of Sm doping can decrease the leakage current

densities of the BSFO thin films. On the other hand, excess Sm substitution for Bi will lead to multiphase coexistence in the film, the

lattice inhomogeneity results in more defects in the film, which can increase the leakage current density. The result shows that defects in

the complexes lead to electric domain back-switching in the BSFOx¼0.06 thin film, resulting in a decreased dielectric constant, leakage

current and remanent polarization. The BSFOx¼0.09 thin film is promising in practical application because of its highest dielectric

constant, remanent polarization and remanent magnetization of 203–185, 70 mC/cm2 and 1.31 emu/cm3, respectively.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Multiferroic materials which exhibit coexistence of
(anti)ferroelectricity, (anti)ferromagnetism, and/or ferroe-
lasticity in a certain range of temperatures have attracted
much attention [1]. BiFeO3 (BFO) is a typical single phase
multiferroic material with distorted perovskite structure,
belonging to R3c space lattice [2]. Its Curie temperature
(TC) is 1103 K while Neel temperature (TN) is 643 K [3].
BFO has been widely used in magnetoelectric sensors, self-
spinning electronic devices and non-volatile storage [4].
It is the only known material with robust multiferroicity
above room temperature and is of great scientific interest
for that reason [5]. At present, there are some vulnerabil-
ities existing in pure BFO that hinders its real applications.
On one hand, it is very easy to have the valence change of
Fe and volatilization of Bi when annealing, resulting in
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high leakage current in the film. On the other hand, low
dielectric constant and electrical resistivity in the BFO
makes it difficult to observe the saturated electric hysteresis
loops [6,7].
For preparation of BFO films with the sol–gel method,

properties improvement is mainly focused on dopant mod-
ification, i.e. rare element (RE) substitution for Bi ions in pure
BFO lattice. Many researches on RE-doped (RE=La, Eu,
Sm) BFO thin films were reported in the past few years.
La-doped BFO thin film was transformed from pseudo-cubic
into tetragonal phase, resulting in both increased ferroelectric
and ferromagnetic properties [8]. Eu-doped BFO thin film was
transformed from R3c rhombohedra into Pbnm triclinic
structure, the Bi0.9Eu0.1FeO3 thin film exhibited a big rema-
nent polarization and small coercive strength of 74 mC/cm2

and 250 kV/cm, respectively [9]. In the Cheng’s study, the
morphotropic phase boundary (MPB) appeared at 14% Sm
dopant, its coercive field was decreased and piezoelectric
constant reached to a maximum value of 160 pm/V [10]. For
rare element substitution whose ionic radius is different from
ll rights reserved.
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Fig. 1. XRD patterns of Bi1�xSmxFeO3 films at room temperature.

(a) XRD patterns of Bi1�xSmxFeO3 films at the range of 311–331; (b) unit

cell parameter of Bi1�xSmxFeO3 thin films as a function of Sm doping

content.
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Bi3þ ion, the spacing between Bi3þ and Fe3þ ions and long-
range ferroelectric order in the BFO are both changed,
resulting in enhancement of spontaneous polarization (Ps).

As discussed above, many researches have studied ferro-
electric and piezoelectric properties of the BFO thin films
by adjusting RE doping concentration, but few researches
have investigated the ferromagnetic properties. In this
work, we fabricated BFO and Sm-substituted BFO
(BSFO) films on FTO/glass substrate using stoichiometric
sol–gel solution and annealed the films at 550 1C in
atmosphere to avoid the formation of impurities. Sm-
doped BFO thin films have been prepared on FTO/glass
substrate. The effects of different Sm dopant contents on
the structure, ferroelectric and ferromagnetic properties of
the BSFO thin films are investigated and discussed.

2. Experimental procedure

Raw materials Sm(NO3)3 � 6H2O, Fe(NO3)3 � 9H2O and
Bi(NO3)3 � 5H2O with a proportion of (0�0.12):1:(1.05�0.93)
(5 mol% of excess Bi was added to compensate for bismuth loss
during the heat treatment) were dissolved in 2-methoxyethanol
and some acetic anhydride was added to dehydrate and adjust
the pH value of the solution. Then the proper amount of 2-
methoxyethanol was used to adjust the precursor solution
concentration to 0.3 mol/L. After stirring the solution for 1 h,
a stable precursor solution was obtained. FTO/glass substrate
was washed in acetone, alcohol and deionized water in proper
order. The precursor solutionwas spin coated on the FTO/glass
substrates at 4000 rpm for 15 s. After spun-coating, thin films
were pre-annealed at 350 1C for 5 min and subsequently
annealed at 550 1C for 5 min in atmosphere for crystallization.
This process was repeated several times to obtain the desired
film thickness. Au top electrode was of 0.502 mm2 sputtered on
the surface of the thin films with a mask on the top. After
annealing at 300 1C for 20 min, the electrode can completely
contact with the film. A capacitor is obtained, and it is ready for
electric properties tests.

Japan Rigaku Company D/max-2200 X-ray diffractometer
was used to identify the structure and crystallinity of the thin
films. With Cu target, the scanning step length was 0.021 and
operated at 40 kV and 20 mA. FE-SEM (JEOL JSM-6700)
and atomic force microscopy (NT-MDT: Model Ntegra)
were used to observe the surface morphologies of the films.
The dielectric properties of the films were tested by Agilent
E4980A Concise LCR meter, the electric hysteresis loops and
leakage current densities of the films were measured by
aixACCT TF-Analyzer 2000, and the magnetic properties
of the films were analyzed by the MPMS-XL-7 supercon-
ducting quantum interference magnetic measuring system.

3. Result and discussion

Fig. 1 shows XRD patterns of the BFO and BSFO thin
films. The BFO film is polycrystalline perovskite structure
without any parasitic phase and matches well with the
JCPDS card number 71-2494. The X-ray analysis reveals
rhombohedrally distorted perovskite-type cell with lattice
constants ahex¼5.588 Å and chex¼13.867 Å. The space
group is determined to be R3c with six formula units per
hexagonal unit cell. Since Sm3þ has a smaller ionic radius
of 0.964 Å compared to Bi3þ ionic radius of 1.03 Å, the
compression stress generated from small ionic substitution
for Bi makes the BSFO lattice shrink, as a consequence of
decreased interplanar spacing. As shown in the inset of
Fig. 1, the diffraction peaks shifting to high degree of 2y
confirm that interplanar spacing in the BSFO films is
decreased (according to Bragg equation 2d sin y¼nl). It is
also seen that (110) peak is partially overlapped with (104)
peak in the BSFOx¼0.03 film, and overlapped completely in
the BSFOx¼0.09 film. The diffraction peak right shifting
and overlapping like this both indicate a gradual phase
transition process from the rhombohedral to pseudo-
tetragonal with Sm doping content increasing from 0 to
0.12 [11,12]. The same phase transition process has also
been early reported in Mn doped BFO films [13]. Fig. 1(b)
plots unit cell parameters of the BSFO thin films as a
function of the Sm doping contents. The (110) interplanar
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spacing and lattice parameter c/a of the BSFO films are
both decreased compared to that of the BFO film. Within
the limits of Sm doping content 0.03–0.09, (110) inter-
planar spacing and lattice parameter c/a are both changed
slightly, indicating that the structures of the BSFOx¼0.03–

0.09 films are gradually changed with the increase of Sm
doping content. The BSFOx¼0.03–0.09 films are located at a
multiphase coexistence state [14,15], may be associated
with the gradually increased triclinic phase [16]. Because of
the limited X-ray diffraction peaks, the presence of multi-
phase structures cannot be separately ascertained.

Fig. 2 shows surface micrographs of the BFO and BSFO
thin films and AFM image of the BSFOx¼0.09 thin film.
Obviously, the BFO and BSFOx¼0.12 film both exhibit a
well crystallized microstructure as well as a smooth sur-
face. In contrast, the BSFOx¼0.03–0.09 films show gradually
decreased grain size and inhomogeneous surface micro-
graphs. In particular, when the Sm doping content increase
to 0.09, structure transition leads to two kinds of grains in
the BSFOx¼0.09 film. One is big grains with ups and downs
protruded in a certain direction as shown in the AFM
Fig. 2. FE-SEM images and AFM image of Bi1�xSmxFeO3 films (a) x¼
image of the BSFOx¼0.09 film in Fig. 2(f). The other is
small grains dispersed among the big ones as shown in
Fig. 2(d). The extraordinary grain growth showed results
from the mismatching between BiFeO3 and SmFeO3 in the
BSFO lattice, and further proved multiphase coexistence in
the BSFOx¼0.09 thin film.
Fig. 3 shows dielectric constant (er) and dielectric loss

(tan d) of the BFO and BSFO films at the measured frequency
ranging from 1 KHz to 1MHz at room temperature. It is
found that er does not increase monotonously with the
increase of Sm dopant content. The er value of the BFO
and BSFO films measured at 1 MHz is 95, 130, 80, 185 and
150. The dielectric constants do not show monotonous change
with the increase of Sm dopant content which indicates that
the amount of Sm dopant plays an important role in varying
the defect concentration, such as O2� vacancies, Bi3þ

vacancies and Fe2þ concentration in the film. This is further
confirmed by leakage current properties of the BSFO films
shown in Fig. 4. These defects can be polarized in the electric
field so as to increase the dielectric constant of the BSFO films.
Considering that the BSFOx¼0.06 film has a minimum er of 80
0, (b) x¼0.03, (c) x¼0.06, (d) x¼0.09, (e) x¼0.12, and (f) x¼0.09.



Fig. 3. (a) Dielectric constant and (b) dielectric loss of Bi1�xSmxFeO3

films as a function of frequency at room temperature.

Fig. 4. Leakage currents density of Bi1�xSmxFeO3 films as a function of

applied voltage at room temperature.
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at 1 MHz, whereas the BSFOx¼0.09 film has a maximum er of
185 at 1 MHz, there may be more defects existing in the
BSFOx¼0.09 film. The decreased electric constant of the
BSFOx¼0.12 film is attributed to its single phase and lower
defect concentration in the lattice. In Fig. 3(b), the dielectric
losses of the BSFO films are kept below 0.05 at a low
frequency of 1–100 kHz. The dielectric losses increase above
100 kHz is due to the dipole inertia [17]. When the frequency
reaches to 1 MHz, the BSFOx¼0.06 film has the lowest
dielectric loss of 0.10 compared to the highest dielectric loss
of 0.24 for the BSFOx¼0.09 film, which is also attributed to the
defect concentration in each film. As defect plays an important
role in affecting leakage current density, while the leakage
current density is a crucial factor in affecting dielectric loss, the
sudden increase of dielectric loss for the BSFOx¼0.09 film is
attributed to its highest leakage current density caused by
multiphase coexistence.

Fig. 4 shows the leakage current density as a function of
electric field for the BFO and BSFO thin films measured at
room temperature. The leakage current densities of the
BSFO films show the same varying law as their dielectric
constant with the increase of Sm doping content. The
leakage current density of BSFOx¼0.03 is slightly increased
compared to that of the BFO film which is 2.95� 10�4 A/
cm2 at an electric field of 200 kV/cm. As Sm doping
content increases from 0.06 to 0.12, the leakage current
density is 7.5� 10�5 A/cm2, 2.5� 10�3 A/cm2 and
1.1� 10�3 A/cm2 at the electric field of 200 kV/cm. The
lowest leakage current density for the BSFOx¼0.06 film
further confirms that there are less defects in the
BSFOx¼0.06 film. On the contrary, the highest leakage
current density for the BSFOx¼0.09 film must be attributed
to more defects in its lattice. The defect generated by
structure transition plays a key role in affecting the leakage
current density of the film. On one hand, a proper amount
of Sm doping can decrease the leakage current densities of
the BSFO thin films. On the other hand, excess Sm
substitution for Bi will lead to multiphase coexistence in
the film and the lattice inhomogeneity results in more
defects in the film, which can increase the leakage current
density.
Fig. 5 plots the polarization–electric field (P–E) hyster-

esis loops for the BFO and BSFO films measured under
the maximum electric field of 510 KV/cm at 1 kHz. The
BSFOx¼0–0.06 films show a lossy type P–E loops because
of their low dielectric constants, and particularlly reveal
that less than 6% Sm dopant cannot improve the ferro-
electric property of the BFO film. The remanent polariza-
tion (Pr) is 1.5, 3.1, 0.7 mC/cm

2. The BSFOx¼0.06 film has
the lowest Pr, which is attributed to its electric domain
back-switching mechanism [18]. Electric domain back-
switching mechanism is related to big amounts of defective
complexes, such as (VO

2�)dd–(Fe2þFe3þ )0, which perform
as a partial electric field, resulting in electric domain back-
switching and decreased spontaneous polarization [18].
When Sm doping content increases to 0.09, the enhanced
remanent polarization of 70 mC/cm2 is observed compared
to that of 41 mC/cm2 in the BSFOx¼0.12 film. As known to
all, large ferroelectric order and spontaneous polarization in



Fig. 5. Electric hysteresis loops of Bi1�xSmxFeO3 films as a function of

applied voltage measured at room temperature.

Fig. 6. (a) Magnetic hysteresis loops of Bi1�xSmxFeO3 films; (b) Ms and

Mr of Bi1�xSmxFeO3 films as a function of Sm doping content.
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BFO primarily results from the stereochemically active 6s2

lone pairs on the Bi3þ ions [19]. Thus, systematic substitu-
tion to replace the Bi3þ ions with smaller Sm3þ dopant will
not only change the spacing between Bi3þ /Sm3þ ions and
iron–oxygen octahedral, but also alter the long-range ferro-
electric order. Videlicet, 9% Sm dopant substitution for Bi
ions could adequately release the ferroelectric of the BFO
film. Furthermore, both BSFOx¼0.09 and BSFOx¼0.12 films
exhibit a poor rectangular P–E loops that may be attributed
to their high leakage current densities.

The room temperature magnetic hysteresis (M–H) loops
for the BFO and BSFO thin films are shown in Fig. 6(a),
which are measured using MPMS-XL-7 superconducting
quantum interference magnetic measuring system at the
maximum magnetic field of 10 kOe. Fig. 6(b) illustrates the
remanent magnetization (Mr) and saturated magnetization
(Ms) of the films as a function of Sm doping contents. As Sm
doping content increases from 0 to 0.12, the Mr and Ms of
the films become 0.63, 0.48, 0.67, 1.31, 0.70 emu/cm3 and 4.3,
4.2, 10.5, 7.3, 3.9 emu/cm3, respectively. Compared with the
BFO film, Sm doping can both increase Mr and Ms; the
BSFOx¼0.06 film has a maximum Ms of 10.5 emu/cm3 and
the BSFOx¼0.09 film has a maximum Mr of 1.31 emu/cm3.
The Mr and Ms values are both dramatically decreased when
the Sm doping content increases to 0.12. This might be
attributed to the structure transformation, a pseudo-
tetragonal structure for the BSFOx¼0.12 film. It is well
known that the increase in the macroscopic magnetization
of BFO-based materials is attributed to either destroyed
spatially homogeneous spin-modulated structure, or the
increased spin canting angle [20]. Considering that both Mr

and Ms are Sm doping content dependent, the macroscopic
magnetization in the BFO film must be cycloid in structure
and long-range ferromagnetic order controlled. Structure
transition of the BSFO films can destroy the homogeneous
spin structure; therefore the latent magnetization locked
within the cycloid structure is released, resulting in the
enhancement of macroscopic magnetization. In addition,
the highest remanent magnetization in the BSFOx¼0.09 film
may also be attributed to the spin interaction between Sm3þ

and Fe3þ or Fe2þ ions, and the great amount of Fe2þ

caused by multiphase coexistence. The existence of Fe2þ ions
would possibly cause a double exchange interaction between
Fe2þ and Fe3þ ions through oxygen, which may result in the
enhancement of ferromagnetism [21].
4. Conclusion

In summary, polycrystalline BSFO thin films were
prepared on FTO/glass substrates by the sol–gel method.
The effects of Sm doping on the structure, dielectric,
leakage current, ferroelectric and ferromagnetic properties
of the BSFO films were investigated. X-ray diffraction
analysis and FE-SEM images both reveal a gradual
rhombohedra to pseudo-tetragonal phase transition with
the increase of Sm dopant content. The leakage current
densities of the BSFO films show the same varying law as
their dielectric constants with the increase of Sm doping
content. The defective complexes in the BSFOx¼0.06 film
lead to electric domain back-switching, a decreased rema-
nent polarization of 0.7 mC/cm2 is observed, whereas the
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BSFOx¼0.06 film shows enhanced ferromagnetic property
with a maximum saturation magnetization of 10.5 emu/
cm3. The BSFOx¼0.09 thin film exhibits the maximum
remanent polarization of 70 mC/cm2 and remanent magne-
tization of 1.31 emu/cm3. Substitution of Bi3þ ions with
smaller Sm3þ dopant will not only change the spacing
between Bi3þ/Sm3þ ions and iron–oxygen octahedral, but
also alter the long-range ferroelectric order. Nine percent
Sm substitution for Bi ions could adequately release the
ferroelectric of the BFO film. In addition, the enhancement
of remanent magnetization for the BSFOx¼0.09 is attrib-
uted to its great amount of Fe2þ and supressed periodic
self-spinning structure.
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