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Bi�Sc0.5Fe0.5�O3–PbTiO3 �BSF-PT� thin films with a composition in the vicinity of a morphotropic
phase boundary �MPB� between rhombohedral and tetragonal phases have been grown on
LaNiO3 /SiO2 /Si substrates at 550 °C and 150 mTorr by pulsed laser deposition. The dielectric
properties of the film were enhanced due to high crystallinity, low porosity, and the vicinity of the
MPB. A saturated ferroelectric hysteresis loop was obtained with 2Pr=76 �C /cm, and the leakage
current was minimized by cooling the samples, postdeposition in O2. Magnetic measurements
revealed that BSF-PT thin films were antiferromagnetic confirming their anticipated multiferroic
nature. © 2009 American Institute of Physics. �DOI: 10.1063/1.3093691�

I. INTRODUCTION

Multiferroics are materials that simultaneously exhibit
magnetic and dipolar electrical order.1 Research in this field
is driven by the prospects of controlling polarization by ap-
plication of a magnetic field or vice versa, opening the path
for new multifunctional device architecture, such as novel
information storage memory, spintronics devices, and new
types of sensors.2–4

One of the most widely studied multiferroic materials is
BiFeO3, which has ferroelectric Curie and magnetic Néel
temperatures at 1043 and 647 K, respectively.5–8 It possesses
a rhombohedrally distorted perovskite structure at room tem-
perature with a=b=c=0.563 nm and �=�=�=59.4°.9 Gi-
ant remanent polarizations8�150 �C /cm2 at 90 K and
50–60 �C /cm2 have been measured at room temperature in
pulsed laser deposited BiFeO3, films grown on
Pt /TiO2 /SiO2 /Si and SrRuO3 buffered SrTiO3 substrates,
respectively.10 These exceptional properties have been attrib-
uted to epitaxial strain, which induces monoclinic rather than
rhombohedral phase, and reduced leakage current in the
films.11

BiFeO3–PbTiO3 solid solutions exhibit a morphotropic
phase boundary �MPB� at 30 mol % PbTiO3,12 with Curie
temperatures from ferroelectric to paraelectric and from fer-
romagnetic to paramagnetic states well above room
temperature.3 When Fe is partly substituted by Sc, the MPB
shifts to 50 mol % PbTiO3 and compositions exhibit a high
piezoelectric coefficient �300 pC/N� and saturated hysteresis
loops.13,14 In addition, the induced magnetization observed in
Bi�Sc0.5Fe0.5�O3–PbTiO3 �BSF-PT� is larger than that in
BiFeO3,15 which suggests the potential of magnetoelectric
coupling.3

In this work, we report for the first time the fabrication
of BSF-PT thin films and demonstrate their ferroelectric, di-
electric, and magnetic responses.

II. EXPERIMENTAL

The BSF-PT target was prepared by conventional solid
state synthesis of the perovskite structure compounds with
10 at. % excess Bi and Pb to compensate for the high vola-
tility of Bi and Pb during sintering and deposition. Details of
this process can be found elsewhere.14 The BSF-PT thin
films were grown via pulsed laser deposition �PLD� with a
KrF excimer laser ��=248 nm and pulse width=25 ns�. The
laser ablation was carried out at a laser fluence of 2 J /cm2

and a repetition rate of 10 Hz. The target-to-substrate dis-
tance is 45 mm. The LaNiO3 �LNO� film was chosen as
bottom electrode and template. It is an isotropic n-type me-
tallic oxide with a resistivity of �150–210 �� cm at 300
K. LNO also has a pseudocubic structure with a lattice con-
stant of 0.386 nm which matches well with that of BSF-PT.16

LNO was first deposited on SiO2 /Si substrate at an oxygen
partial pressure of 50 mTorr and at the substrate temperature
of 550 °C. The BSF-PT �Bi�Sc0.5Fe0.5�O3–PbTiO3� films
were then deposited on the LaNiO3 /SiO2 /Si in an oxygen
partial pressure of 150 mTorr and at three different substrate
temperatures of 500, 550, and 600 °C, respectively. After
deposition, the films were cooled to room temperature in 1
atm O2 ambient in an attempt to minimize oxygen vacancies
�VO

••� in the films.
The structure of the BSF-PT films was characterized by

a Shimadzu XRD-7000 diffractometer with Cu K� radiation.
Microstructures of the thin films were examined using a Hi-
tachi S4300 field emission scanning electron microscope
�FESEM� and a JEM-2010F transmission electron micro-
scope �TEM� equipped with an energy dispersive x-ray spec-
trometer �EDS� �Oxford Instruments 6498� and a scanning
transmission electron microscope �STEM� unit �JEOL EM-
24015BU�. Secondary ion mass spectrometry �SIMS� depth
profiles of the films were obtained using a Cameca IMS-6f
Magnetic SIMS with an O-ion source. Top Pt electrodes of
diameter of 200 �m were sputtered on the surface of the
films. The ferroelectric properties were measured at room
temperature using a Radiant Precision Workstation. The di-a�Electronic mail: mpeluli@nus.edu.sg.
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electric constant and loss tangent factor of the films were
measured using an impedance analyzer �Solartron SI1260� at
zero bias voltage. Magnetic property was characterized using
a superconducting quantum interference device.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the x-ray diffraction �XRD� spectra of
the BSF-PT films in which all film peaks could be indexed
according to a perovskite unit cell. The strong intensity of
the BSF-PT �001� reflections is due to the LNO electrode/
template which has a preferred �001� orientation and only a
small lattice mismatch with that of BSF-PT.

As highlighted in the inset of Fig. 1 �expanded view of
the 2��32° region�, at 500 °C the film is tetragonal �T� but
at 550 °C, rhombohedral �R� and T �110� reflections are both
apparent, indicating coexistence of phases. At 600 °C, only
the �110� T peak is observed.

Films deposited at 600 °C shows a relatively random
orientation while those deposited at 500 °C have a strong
�h00� texture. The phase and orientation changes in the films
could be attributed to strain developed due to lattice as well
as thermal mismatch between the LNO film and BSF-PT,
induced during the film growth at different temperatures.

The BSF-PT thin films shown in Fig. 2 are generally
smooth and crack-free surfaces without droplets from the
laser ablation. The average grain size of the BSF-PT films is
approximately 100 nm. Figure 2�a� shows a film grown at
500 °C and 150 mTorr in which grains have a needle-shaped
morphology due to alignment of originally spherical grains
in chain form.17 A more equiaxed grain morphology is ob-
served at 550 °C with a homogeneous and continuous mi-
crostructure, Fig. 2�b�. However, the film deposited at
600 °C and 150 mTorr shows irregular-shaped grains with
large intergranular voids, Fig. 2�c�. The change in grain mor-
phology was attributed to phase changes between R and T
during the growth process.

Figures 3�a�–3�c� show the SIMS depth profiles of the
BSF-PT films deposited at 500, 550, and 600 °C, respec-
tively. The profiles confirm well defined heterostructures
with sharp interfaces, and no obvious interdiffusion between
the BSF-PT layer and the LNO bottom electrode. The SIMS
depth profiles also show compositional uniformity of Bi and
Pb, indicating that PLD can produce chemically homoge-
neous films. The thickness of the films is close to the value
measured from cross-sectional FESEM.

FIG. 1. XRD spectra of the BSF-PT thin films at different deposition tem-
peratures of �a� 500 °C and 150 mTorr, �b� 550 °C and 150 mTorr, and �c�
600 °C and 150 mTorr, where the inset shows magnified XRD patterns in
the vicinity of 2�=32°.

FIG. 2. FESEM images of the surface of BSF-PT thin films: �a� 500 °C and
150 mTorr, �b� 550 °C and 150 mTorr, and �c� 600 °C and 150 mTorr.
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Figure 4 shows part of a transverse TEM section through
the LNO/BSF-PT film deposited at 550 °C. The LNO layer
is composed of thin columnar grains or subgrains �40 nm
thick. The BSF-PT layer is highly crystalline and composed
of columnar grains �80 nm diameter which run through the
thickness of the film. There is no evidence of second phase in
agreement with XRD and SEM images. Electron diffraction
from each layer �patterns inset in Figs. 4�a� and 4�b�� reveals
a strong �001�/�001� orientation relationship between the
LNO and BSF-PT in agreement with XRD data. High reso-
lution electron micrographs reveal that the interface is coher-
ent with no sign of misfit dislocations or precipitates. EDS
line scan profiles �Figs. 4�d� and 4�e�� show no significant
interaction of the LNO with BSF-PT.

Figure 5 shows the relative permittivity, �r, and dielec-
tric loss, tan 	, for the BSF-PT films as a function of fre-
quency �101–106 Hz� at RT. The dielectric constant de-
creases with increasing frequency for all BSF-PT thin films,
suggesting that there is a greater contribution from space
charge or interfaces to the total polarization at lower
frequencies.18 The dielectric loss for all films is relatively
high but the relative permittivity and dielectric loss increase
from �900 and 0.45 to �2400 and 1.2 at 106 Hz for films
deposited at 550 and 600 °C, respectively. The increase in
the dielectric constant and loss is attributed to an increase in
the contribution of space charge or interfacial polarization at
600 °C and possibly related to a higher concentration of VO

�Ref. 18� in the film grown at 600 °C compared with
550 °C. The greater porosity of the films grown at 600 °C
may also contribute to this phenomenon, as shown in Fig. 2.

Figure 6�a� shows the leakage current density as a func-
tion of electrical field for the BSF-PT thin films at different
growth temperatures. The difference in leakage current mea-
sured with positive and negative electric fields is due to the
asymmetric electrodes in Pt/BSF-PT/LNO capacitors. It is
evident that by increasing the growth temperature, the leak-
age current of the thin films decreases for electric field, E
�120 kV /cm, but no significant change is observed for E

120 kV /cm.

The large leakage currents in BiFeO3 thin films are often

FIG. 3. �Color online� SIMS depth profile of the BSF-PT thin films depos-
ited on LNO bottom electrodes.

FIG. 4. �a� Bright field and �b� dark field diffraction contrast images of a
BSF-PT film deposited onto LNO at 550 °C with inset diffraction patterns,
�c� high resolution image of the LNO/BSF-PT interface, and �d� and �e� part
of cross section and associated EDS line scan profile for various elements.

FIG. 5. �Color online� Frequency dependence of dielectric constant, �r, and
dielectric loss, tan 	, for the BSF-PT thin films at RT.
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attributed to the existence of Fe2+ ions and commensurate VO
••

�Ref. 19� in contrast to Pb based ferroelectrics such as
PbTiO3 thin films in which volatilization of PbO is consid-
ered to be the primary cause. In the BSF-PT thin films, sub-
stitution of Fe3+ by Sc3+ decreases the statistical probability
of Fe2+ and thereby decreases the number of VO, improving
leakage current. Sc3+ substitution may also modify the type
and correlation of spin coupling, thereby modifying the mag-
netic properties.13,20,21 In addition to VO

••, leakage current is
also affected by porosity, phase purity, and crystallinity of
the films. Therefore, BSF-PT films grown at 550 °C, which
have a homogeneous microstructure, low porosity, and pre-
ferred orientation, have the lowest leakage current.

At low electric field �
120 kV /cm�, the leakage current
of all the BSF-PT films appears linear with slopes near unity,
indicating Ohmic conduction.22,23 Other conduction mecha-
nisms, such as bulk limited or space-charge-limited �SCL�
current mechanism, bulk limited Poole–Frenkel conduction
mechanism, and interface limited Schottky, dominate the
conduction process in the films at higher electric field
��120 kV /cm�.23 According to SCL current theory,24,25

J = 9��r�0�V2/8d3,

where � is the drift mobility of charge carrier, �r is the
permittivity of dielectric, �0 is the permittivity of free space,
V is the applied voltage, d is the thickness of dielectric, and
� is the ratio of the total density of free electrons to the
trapped electrons. The log-log plots of current density versus

voltage mathematically fitted with several linear segments
with different gradients are shown in Figs. 6�b�–6�d�. With
increasing electric field, electrons are injected into the film,
and the density of the free electrons becomes greater than
that of the thermally stimulated electrons. The transition
voltage of SCL �VSCL� is also indicated in Fig. 6. In accor-
dance with SCL theory, the increase in leakage current oc-
curs due to interaction between the positively charged traps
and the electrons obeying the trap-filled-limit law. At
550 °C, BSF-PT films have the highest VSCL and VTFL, 110
and 256 kV/cm, respectively, indicating a higher field to
saturate the film.

Figure 7 shows the polarization-field hysteresis loops for
the BSF-PT thin films. BSF-PT film grown at 550 °C exhib-
its well-saturated ferroelectric hysteresis loop. However, at
500 and 600 the films remain unsaturated due to their large
leakage current and inferior film structure. The twice rema-
nent polarization �2Pr� and coercive field �2Ec� of the film
grown at 550 °C are 76 �C /cm2 and 330 kV/cm, respec-
tively, higher than that reported for bulk ceramics13 and Sc-
doped BiFeO3 thin films.26 Several factors may contribute to
higher polarization. First, the film composition is in the vi-
cinity of a MPB where the free energy difference between
rhombohedral and tetragonal phases27 is close to zero. In
principle, this should facilitate easier domain reorientation
although clamping may restrict motion of non-180° domain
walls. Second, and more importantly, epitaxial strain be-

FIG. 6. �Color online� �a� Leakage current vs electric field characteristics of Pt/BSF-PT/LNO capacitor measured at RT. Leakage current density fitted by SCL
conduction theory for the thin films grown at �b� 500 °C, �c� 550 °C, and �d� 600 °C. The slope values of the fitted lines are tagged as s.
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tween the BSF-PT film and LNO electrode which has an
in-plane lattice parameter smaller than that of the BSF-PT
promotes a T rather than a R phase in which the remanent
polarization is intrinsically higher.11,14 In general for BiFeO3

thin films, polarization is dramatically enhanced for �111�
with respect to �110� and �001� oriented films.9,14,28,29 Thus,
we may reasonably expect a yet larger polarization in the
BSF-PT thin films through depositing on electrodes/
substrates with �111� epitaxial orientations.27

Figure 8 shows the applied electric field dependence of
remanent polarization, 2Pr, and coercive field, 2Ec, in the
film grown at 550 °C. Both 2Pr and 2Ec exhibit well satu-
ration properties with electric field. The remanent polariza-
tion and coercive field show a sharp increase of about 200
kV/cm, reaching about 76 �C /cm2 and 330 kV/cm, respec-
tively. A linear dependence of the remnant polarization and
the coercive field with a finite intersect at 100 kV/cm is a
typical indication of subloops caused by losses.30–32

The magnetic moment �M� versus magnetic field �H�
curves of BSF-PT films measured at room temperature show
linear diamagnetic responses from the entire samples, films,
and substrate, Fig. 9. The resulting M originates from the
BSF-PT thin film deposited at 550 °C and 150 mTorr and is
shown in Fig. 9�b�, which is consistent with antiferromag-

netic order observed in bulk BiFeO3–PbTiO3 and further
indicates the absence of ferromagnetic impurities such as Fe
oxide.

IV. CONCLUSION

Preferred �001� textured MPB 0.5 Bi�Sc0.5Fe0.5�O3

–0.5 PbTiO3 thin films have been successfully grown on
LaNiO3 bottom electrodes using pulse laser deposition at
500, 550, and 600 °C and 150 mTorr oxygen pressure. Op-
timum dielectric properties, �r=900 and tan 	=0.4515, were
obtained for film grown at 550 °C. This film also exhibited
the lowest leakage currents and a saturated hysteresis loop
�2Pr=76 �C /cm with Ec�330 kV /cm2� at room tempera-
ture. The improved properties at 550 °C were commensurate
with a homogeneous film microstructure with high crystal-
linity and little porosity. The BSF-PT thin films also exhib-
ited an antiferromagnetic hysteresis loop, confirming their
multiferroic nature. Further work is underway to study po-
tential magnetoelectric coupling in these films.
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FIG. 7. �Color online� Polarization-electric field �P-E� hysteresis loops of
the BSF-PT films at RT

FIG. 8. Applied electric field dependence of remanent polarization and co-
ercive filed of BSF-PT film measured at RT.

FIG. 9. Magnetic properties as a function of applied magnetic field for the
BSF-PT film deposited at 550 °C: �a� M�h� curves of the sample comprised
of the BSF-PT and substrate measured at RT and �b� M�h� of the BSF-PT
film after subtracting the diamagnetic contribution from the substrate.
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