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ABSTRACT: BiFeO3 films were grown by RF magnetron sputtering with various O2 gas flow ratios and substrate temperatures.
The optimal sputtering conditions for a slightly excess Bi content produced high-quality parameters: an atomically flat surface (Ra <
0.4 nm), low leakage current (Jc < 10−6 A/cm2), high ferroelectric polarization (72 μC/cm2//[001]pc), and large exchange bias
(∼140 Oe). In addition to these typical characterizations, the following two advanced analyses were performed: (i) The lattice
constant was identified by Bragg’s diffraction specific to a space group of R3c using X-ray diffraction; it was precisely determined as
an expanded a-axis (abulk = 0.568 → aepi = 0.572 nm) and a shrunk c-axis (cbulk = 1.398 → cepi = 1.373 nm). (ii) The ferroelectricity
was analyzed by first-order reversal curve (FORC) diagrams, which revealed that ferroelectric switching was packed in a narrow
electric field area; an internal electric field in the film body was not observed despite the fact that the BiFeO3 films were as-grown
samples. A 3 nm thick BiFeO3 film with a continuous and flat surface/interface was confirmed over a wide area. The crystal
symmetry might be identified as a space group of R3c in the case of the 3 nm thick film by comparing the nanobeam selected area
electron diffraction patterns with the patterns based on structural calculations. The ferroelectricity might be confirmed by the
piezoresponse force microscopy of a 2 nm thick BiFeO3 epitaxial film, owing to the optimal condition of low Jc and uniform
ferroelectric switching properties. Furthermore, a 0.4 nm thick ultrathin BiFeO3 film was confirmed to be a continuous one-unit cell
perovskite (∼0.4 nm) layer, owing to the optimal condition of low Ra. This study provides a method for investigating the crystal
symmetry that affects the multiferroic properties of ultrathin films, which can be used as barrier layers in multiferroic tunnel
junctions for highly functional sensors.
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■ INTRODUCTION

A magnetoelectric effect has been developed for beneficial
applications, such as energy harvesters, high-quality magnetic
sensors, and spintronic memory devices for over a decade.1,2

The importance of these applications in carbon neutral
technologies will increase because of serious energy issues. In
the research field of spintronic memory devices, magnetization
reversal using spin-polarized current and spin−orbit torque is
the principal technique being used. In this technique, a large
current density is required to switch the magnetization
direction of the ferromagnet with high magnetic anisotropy,
which is one of the issues in suppressing Joule heating and
power consumption. In contrast, electric-field-induced magnet-
ization reversal is effective in reducing energy consumption. An

improvement of one order of energy consumption was
expected using electric field magnetization reversal.3 Using
magnetoelectric multiferroic materials is one of the prime
candidates for controlling magnetization by an electric field. In
particular, bismuth ferrite (BiFeO3) is a promising multiferroic
material because of its high antiferromagnetic Neél (370 °C)
with Dzyaloshinskii−Moriya (DM) interaction and high
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ferroelectric Curie (830 °C) temperatures.4,5 The antiferro-
magnetic/ferroelectric BiFeO3 shows coupling between
antiferromagnetic and ferroelectric domains,6 an exchange
bias effect with the ferromagnetic layer,7,8 and also magnet-
ization reversal by an electric field.3 Further development of
magnetoelectric devices and the preparation of high-quality
BiFeO3 epitaxial films and ultrathin films is crucial. Preparation
techniques such as pulsed laser deposition (PLD),9−11

metalorganic chemical vapor deposition (MOCVD),12 a sol−
gel method,13 and the sputtering technique14−16 all have been
used to prepare BiFeO3 epitaxial films. In many reports, the
BiFeO3 epitaxial films were grown using the PLD method, but
control of various complex domains needs effort. The growth
temperature of the BiFeO3 films is higher in the case of PLD
than that in the sputtering method, which indicates that the
PLD method may have more strain from the substrates due to
the difference in the coefficient of thermal expansion when the
temperature was down to RT. The differences in growth
temperatures might be one of the reasons for the domain
structure. Recently, after optimizing preparation conditions by
the PLD method or locally measured by the nano-photo-
lithography technique, the domain could be controlled.17 The
PLD method has advantages for research, and it is not yet an
established preparation technique to deposit in a wide area.
The sputtering technique is favorable when integrated into
mass production such as a 300 mm semiconductor
manufacturing process. Some groups have prepared BiFeO3
epitaxial films using the sputtering technique14−16 and tried to
understand the sputtering conditions to prepare high-quality
BiFeO3 epitaxial samples. However, there are many reports
that investigate the details among two of the structures,
ferroelectricity, and magnetism, and few report on the
systematic detail investigations on the BiFeO3 epitaxial films
by sputtering method. The film structure was investigated by
the conventional 2θ X-ray diffraction technique (XRD) and X-
ray reciprocal space mapping (XRSM). The ferroelectricity was
investigated by ferroelectric loops and leakage current. In this
study, in addition to these fundamental characteristics, two
advanced analyses to uncover the structural and ferroelectric
properties were performed. The first is ferroelectric switching
evaluated by a first-order reversal curve (FORC) measurement.
The FORC was used to evaluate the switching behavior, which
is a powerful tool to distinguish different scenarios of switching
modes based on the Preisach model.18,19 Initially, the FORC
analysis was adopted to evaluate the switching characteristics
of magnetic materials. Recently, there have been a few reports
on using FORC diagrams to evaluate the switching character-
istics of ferroelectric materials, but none on BiFeO3. The
FORC research on ferroelectric films is rare because the shape
of the ferroelectric hysteresis loop changes owing to the
superimposed leakage current on the polarization switching
current. The FORC evaluation cannot be performed accurately
unless the film is of low leakage current. BiFeO3 has a narrow
band gap (∼2.8 eV), and intrinsically, the leakage current has a
tendency to be large compared to other ferroelectric materials;
thus, high-quality BiFeO3 films are required for FORC
evaluation. The second is high-precision structural analysis.
An accurate evaluation of the crystal symmetry, epitaxial
strains, and lattice constant by Braggs’ reflection based on a
rhombohedral structure instead of pseudo-cubic crystal
symmetry has not yet been widely adopted for the BiFeO3
epitaxial films. There are a few reports on the structural
analysis using diffraction specific to the rhombohedral

symmetry20 but not using a high-precision goniometer and
scintillation counter of XRD. Obtaining high-quality indicators
from the perspective of understanding the overall picture of the
physical properties of BiFeO3 epitaxial films is important. This
is because the crystal symmetry of BiFeO3 and the magneto-
electric effect have a strong relation,21 and the BiFeO3 epitaxial
films change their crystal symmetry due to epitaxial strain from
the substrates. In addition, there are no reports on ultrathin
BiFeO3 films grown by the sputtering method. There are a few
reports related to structural analyses of films grown by the PLD
method;22,23 however, discussion on the details of crystal
symmetry using rhombohedral-specific diffractions is not yet
performed. Investigation of the structure of ultrathin films is
important for practical applications, such as multiferroic tunnel
junctions for sensing and memory applications. To identify the
crystal symmetry of BiFeO3 ultrathin films, it is effective to
observe the cross section of the samples cut in the 110
direction with respect to the cubic SrTiO3 substrate.
Determining the optimal conditions for BiFeO3 epitaxial
films and their ultrathin films by the sputtering method has
major merit of integrating into the mass production process
and use as a tunneling barrier in multiferroic tunnel junctions.
In this study, high-quality BiFeO3 epitaxial films were

obtained by systematically investigating the sputtering
conditions, such as substrate temperature (Ts) and O2 gas
flow ratio, and evaluated by two advanced analysis methods in
addition to the fundamental characteristics of the structural,
ferroelectric, and magnetic properties. Finally, the sputtered
BiFeO3 demonstrated high quality in ultrathin films; 3 nm
thick epitaxial BiFeO3 exhibited the crystal symmetry of a
rhombohedral structure (space group (SG): R3c), and
ferroelectricity was maintained in 2 nm thick BiFeO3.

■ EXPERIMENTAL PROCEDURES
BiFeO3 thin films were prepared by RF magnetron sputtering using a
gaseous mixture of Ar and O2. The O2 gas flow ratio was varied from
1.8 to 14.5% with a fixed pressure of 0.4 Pa. Ts ranged from 500 to
600 °C for the epitaxial growth of BiFeO3. Sintered stoichiometric
BiFeO3 ceramics (diameter, 2 in.; thickness, 3 mm) were used as the
sputtering target, which was supplied by Toshima Manufacturing. The
structural properties of the BiFeO3 films were evaluated using XRD
(D8 Discover, Bruker) and atomic force microscopy (AFM, Cypher,
Oxford Inst.). The film composition was investigated by X-ray
fluorescence (XRF) (RIX2100, Rigaku). Au(100 nm)/BiFeO3 (120
nm)/La0.6Sr0.4MnO3 (LSMO) (70 nm)/(001)-SrTiO3 (STO) were
prepared for electrical measurements. Au(100 nm)/Ru(10 nm) disks
with diameters of 200 and 100 μm were deposited on BiFeO3 as the
top electrodes. Current vs voltage curves and ferroelectric hysteresis
loops were measured using a picoammeter (6487, Keithley) and a
ferroelectric property tester (FCE-1A, Toyo Technical), respectively.
Double-pulse (positive-up−negative-down; PUND) measurements
were carried out to accurately estimate the ferroelectric spontaneous
polarization of BiFeO3 films.24 For the FORC measurement, first, the
polling voltage was applied, second, the voltage was swept in the
negative direction, and third, the sweep direction of the electric field
was reversed by the voltage (Vr) in the middle of the reduced field.
The FORC data was obtained by repeating this sequence. By
sequentially performing this process while gradually changing Vr, the
inside of the curve was filled with FORC contents. In this case, it can
be seen that the polarization on each FORC is a function of (V, Vr).
The ferroelectricity of ultrathin BiFeO3 films was confirmed using
piezoelectric force microscopy (PFM). An exchange bias effect was
observed in the structure of Ru(5 nm)/Co(2 nm)/BiFeO3(120 nm)/
(001)-SrTiO3 substrate. To apply exchange bias on a ferromagnetic
Co layer, field cooling (TFC) from 100−400 °C to RT under a
magnetic field of 10 kOe was carried out. A magnetic field was applied
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in the 100 direction with respect to the SrTiO3(100) substrate. The
magnetization (M−H) curves to determine the exchange bias at RT
were measured using a superconducting quantum interference device
(SQUID) magnetometer (MPMS-XL, Quantum Design). Cross-
sectional high-resolution transmission electron microscopy
(HRTEM) images and selected area electron diffraction (SAED)
patterns were observed using Cs-corrected scanning transmission
electron microscopy (STEM; FEI Titan G2 60-300 Cubed Double
Corrector) at 300 kV. Here, we took advantage of each of the
advantages of XRD and SAED. For thick samples (t = 120 nm), not
only crystal symmetry but also lattice constant and the strain from the
substrate were accurately quantified by high-precision XRD analysis.
On the other hand, for samples that are too thin (t ≤ 3 nm) to be
analyzed by XRD, the crystal symmetry was evaluated by SAED

patterns. The local composition was analyzed by a low-loss electron
energy loss spectroscopy (EELS) instrument attached to a 200 kV
JEOL JEM-ARM200F and equipped with probe and image aberration
correctors and a CCD camera. The samples in the 110 direction for
STEM and TEM observations were prepared by mechanical polishing
and milling with Ar.

■ RESULTS AND DISCUSSION

Optimal Sputtering Conditions for High-Quality
BiFeO3 Epitaxial Films. The influence of the O2 gas flow
ratio on the structure was investigated at a fixed temperature of
550 °C. Figure 1a shows the O2 gas flow ratio dependence on
the XRD θ/2θ profiles of the films. At all O2 gas flow ratios,

Figure 1. (a) O2 gas flow dependence of the XRD θ/2θ profiles for the BiFeO3 films, (b) Ts dependence of the Bi/Fe ratio evaluated by XRF for
various O2 gas flows, (c) Bi/Fe ratio dependence of the d(012)-spacing, (d) boiling point vs pressure for Fe and Bi, and schematic illustration of re-
evaporation during sputtering at high substrate temperatures (Ts).
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BiFeO3 was formed. The appearance of the secondary phase,
on the other hand, depended on the O2 gas flow ratio. The
peak of Bi2O3 was observed in the samples prepared with an
O2 gas flow of 1.8%; in contrast, α-Fe2O3 peaks were observed
in the high-O2-flow region (>10%). Figure 1b shows the Ts
dependence of the Bi/Fe ratio evaluated by XRF on various O2
gas flow ratios, and Figure 1c presents the Bi/Fe composition
rearranged into d(012)-spacing calculated from XRD peaks in
Figure 1a. The Bi/Fe ratio decreased with increasing Ts,
implying that a high Ts resulted in a lack of Bi in the films. The
pressure in the sputtering chamber during the deposition was
0.4 Pa, which is the total pressure of Ar + O2. Bi was re-
evaporated during sputtering with a relatively higher Ts, which
is similar to a previous study.9 The boiling point of Fe is higher
than that of Bi, and Fe might not be re-evaporated (Figure
1d).25,26 On the other hand, the Bi/Fe ratio decreased with

increasing O2 gas flow ratio. Oxygen plasma reacts with the
sputtered materials and target materials. Although oxygen
atoms are lighter than argon atoms, the impact on the target of
oxygen plasma is weaker than that of argon plasma, and it is a
small opportunity to sputter Bi that is heavier than Fe by
oxygen plasma. Therefore, an increase in the O2 gas flow ratio
in the sputtering gases could lead to a decrease in the Bi
content in the film.27 The Bi/Fe ratio dependence of the d-
spacing is shown in Figure 1c, which is directed perpendicular
to the film plane. It was implied that the lattice parameter also
depended on the film composition; the d-spacing increased
with increasing Bi/Fe. The ionic radius of Bi is large, and the
lattice of the perovskite structure is formed by bonding with
oxygen; therefore, it is considered that the lattice volume
decreases as the concentration of Bi decreases. The reason for
the increase in d-spacing in the perpendicular direction even if

Figure 2. Ts and O2 gas flow dependence of surface roughness. (a) Average roughness of Ra was evaluated by 5 × 5 μm2 area five times, (b) surface
morphologies at various O2 gas flows and Ts = 550 °C, (c) average roughness (Ra) and peak to valley as a function of O2 gas flow, and (d) three-
dimensional image of the surface and its line profile.
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the Bi concentration is decreased is that the compressive
epitaxial strain was applied from the SrTiO3(100) substrates.
These results indicate that the BiFeO3 film composition and
lattice expansion can be controlled by the Ts and O2 gas flow
ratio, especially the O2 gas flow ratio. Single-phase BiFeO3
epitaxial films were obtained at an O2 gas flow ratio of 3−7%.
Figure 2 shows the Ts and O2 gas flow ratio dependence on

the surface roughness of the films. The average roughness of Ra
was evaluated using a 5 × 5 μm2 area five times and averaged
(Figure 2a). Each O2 gas flow ratio showed different trends for
Ts dependence. When compared with the Bi/Fe ratio in Figure
1b, Ra decreased with increasing Ts in the Bi-rich samples
prepared with a low O2 gas flow ratio. In addition, rough
surfaces were observed with increasing Ts in the Bi-poor
samples prepared with a high O2 gas flow ratio. A low
roughness with a single phase was formed with Ts at 550 °C.
Figure 2b shows the surface morphologies obtained from a 1 ×
1 μm2 area at Ts = 550 °C with various O2 gas flow ratios.
Square-shaped grains of approximately 0.2 μm were observed
at an O2 gas flow ratio of 1.8%, and these grains almost
disappeared or became flat at 4.5%. At 9.9%, the Bi
concentration decreased from the stoichiometric composition,
and the grain size increased. The O2 gas flow ratio as a function
of average Ra and peak to valley was systematically evaluated
(Figure 2c), and it was confirmed that the flattest surface was

obtained at 4.5%. Figure 2d shows the line profiles for an O2
gas flow ratio of 4.5% and Ts = 550 °C. A step-terrace structure
with a height of approximately 0.4 nm was observed, which is
close to the one-unit cell, implying that the surfaces of the
samples grown under the flattest conditions and single-phase
BiFeO3 conditions were the same. The Ra value depended on
the film composition, which varied with Ts; the surfaces of
BiFeO3 could be rough as a consequence of further off-
stoichiometry. The flattest surface was obtained in slightly Bi-
rich (Bi/Fe ∼ 1.06) samples.
Figure 3a summarizes the single phase and flatness as a

function of Ts and O2 gas flow. It was found that a very small
process window met the flatness of the step-terrace level
together with single-phase BiFeO3. This is one of the reasons
for making BiFeO3 films difficult by the sputtering method. So
far, by Bragg’s reflections specific to the SG of R3c, the crystal
symmetry has been identified by electron diffraction28 and X-
ray reciprocal space mapping.20 However, there are few reports
on Bragg’s diffraction using a high-precision goniometer and
scintillation counter of XRD to determine accurately based on
the rhombohedral symmetry of the lattice constant and
epitaxial strain for the epitaxial BiFeO3 films. The lattice
constant of single-phase BiFeO3 with an atomically flat surface
was determined by fundamental reflections (4 2̅ 6̅), (3 1̅ 8̅)
and rhombohedral-specific reflections (1 1̅ 7̅), (2 1̅ 3̅) (Figure

Figure 3. (a) Summary of single phase and flatness as a function of Ts and O2 gas flow, (b) XRD reflection peaks for single-phase BiFeO3 with the
atomically flat surface by fundamental reflections (4 2̅ 6̅), (3 1̅ 8̅) and rhombohedral-specific reflections (1 1̅ 7̅), (2 1̅ 3̅). The notations were
described by the hexagonal symmetry.
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3b). Here, the structure was described by hexagonal notation.
The presence of rhombohedral-specific reflections indicates
that the crystal symmetry of the film was assigned to
rhombohedral with SG of R3c. The XRD peaks were fitted,
and the d-spacing for each diffraction index was estimated;
these are summarized in Table 1. The lattice constants aepi =

0.572 and cepi = 1.373 nm for the BiFeO3 epitaxial film are
0.7% expanded along the a-axis and reduced 0.18% in the c-axis
when compared with those for bulk BiFeO3 (abulk = 0.5678,
and cbulk = 1.3982 nm). It was reported21 that a cycloidal
magnetic structure with magnetoelectric effect was obtained
when the strain from the substrate was small; the strain was
−1.5 to 0.5% when assuming a pseudo-cubic symmetry. In
addition to the low strain from substrates, our detailed

structural analysis revealed that the crystal symmetry is
rhombohedral (SG: R3c), which is the same as the bulk
BiFeO3 structure, so that it is expected that the cycloidal spin
structure and magnetoelectric effect can be observed in our
BiFeO3 epitaxial film.
The BiFeO3 films showed a large leakage current at RT,

which is the primary problem in using BiFeO3 films in
electronic devices; thus, it is crucial to obtain high-resistivity
and well-saturated ferroelectric hysteresis loops. As shown in
Figure 4a,b, the resistivity of the BiFeO3 thin films decreased
with increasing O2 gas flow ratio. One of the origins of the
leakage current in BiFeO3 is the Bi vacancy. The ionization
energy of Bi vacancies was calculated to be ∼0.08 eV,29 which
suggested that the carriers could be easily generated at RT in
contrast to Fe and O vacancies. In the ferroelectric hysteresis
loops shown in Figure 4c, well-saturated loops at RT were
observed in the sample with a flat surface and single phase (O2
gas flow ratio ∼ 5%). While high resistivity could be observed
in the samples prepared with a low O2 gas flow ratio, the
ferroelectric hysteresis loops could not be saturated, which
indicates that the surface roughness plays a significant role in
the ferroelectric properties of the BiFeO3 films. The surface
roughness can affect the ferroelectric domain boundaries and
local thickness inhomogeneity. In previous works,30,31 it was
reported that the discontinuous electrostatic potentials and/or
structural changes caused the lowering of the band gap and/or
localization of defects. The local thickness inhomogeneity and
accumulation of defects can cause inhomogeneity of the

Table 1. d-Spacing for Rhombohedral-Specific Reflections
and Fundamental Reflectionsa

index 2θ (deg) d-spacing (nm)

rhombohedral-specific reflection 2 1̅ 3̅ 37.20 0.242
rhombohedral-specific reflection 1 1̅ 7̅ 50.15 0.182
fundamental reflection 2 1̅ 6̅ 50.90 0.179
rhombohedral-specific reflection 0 1̅ 8̅ 57.22 0.161
fundamental reflection 3 1̅ 8̅ 74.75 0.127
fundamental reflection 4 2̅ 6̅ 78.97 0.121

aUsing these d-spacings, lattice constants of aep = 0.572 and cep =
1.3731 nm were obtained in the hexagonal notation.

Figure 4. (a) Current vs voltage curves, (b) resistivity, and (c) ferroelectric hysteresis loops for the BiFeO3 films prepared with various O2 flows.
Well-saturated ferroelectric hysteresis could be obtained in the samples prepared with O2 gas flow ∼5%.
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electric field, which degrades the ferroelectric properties. These
results suggest that the Bi vacancies and rough surfaces could
cause a reduction in the resistivity and degradation of the
ferroelectric properties. In the slightly Bi-rich samples with a
flat surface, the number of Bi vacancies could be decreased,
which should result in high resistivity and well-saturated
ferroelectric hysteresis loops at RT. It was implied that the
formation of a flat surface by controlling the film composition
was crucial for preparing high-quality BiFeO3 epitaxial films.
Ferroelectric polarization at RT of high-quality BiFeO3 films

was accurately determined using PUND measurements (Figure
5d). The PUND method can evaluate the components of
paraelectric, ferroelectric, and leakage currents separately; thus,
it is possible to evaluate the ferroelectric polarization with
higher accuracy than the ferroelectric hysteresis measure-
ments.24 A voltage (electric field) of 7 V (∼580 kV/cm) was
applied to the BiFeO3 film (Figure 5a), which was sufficient to

saturate the polarization, as shown in Figure 5c. Electric
current accompanied by spontaneous polarization reversal can
be observed at the positive and negative pulses, denoted as P
and N, respectively, in the middle panel of Figure 5b.
Evaluation of ferroelectric polarization was carried out from
the lower panel of Figure 5e. The estimated ferroelectric
polarization was ±72 μC/cm2//[001]pc, where pc is the
pseudo-cubic notation, which is consistent with previous
reports32 and the same as the bulk value in the rhombohedral
structure.
To reveal switching properties in detail, let us show FORC

diagrams, which are contour plots of FORC distributions
defined by33−35

ρ ≔ −
∂

∂ ∂
V V

p V V
V V

( , )
( , )

r

2
r

r (1)

Figure 5. (a) Applied voltage, (b) current, and (c) polarization as a function of time, (d) schematic illustration of PUND measurements, and (e)
analyzed spectrum. The ferroelectric polarization at RT was 72 μC/cm2 [001]PC.

Figure 6. (a) Sequence of the applied electric field for the FORC diagram, (b) experimental raw data of FORCs, and (c) linearly interpolated
FORC diagrams.
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where p is the polarization, giving a FORC for Vr. Figure 6b
shows the experimental raw data for the FORCs extracted from
the polarization hysteresis loops obtained by sequentially
performing the sequence shown in Figure 6a. As can be seen,
the raw polarization data is indifferentiable with respect to Vr

and V, which implies that they are only given at experimental
points in the Vr−V plane. To address this problem, we use a
continuous function generated by the linear interpolation for
the raw polarization data, and we also show the interpolated
FORCs by its function for several Vr’s in Figure 6c; in
comparison to Figure 6b, we can confirm that the raw FORCs

are well reproduced. Next, we evaluated the mixed second
derivative in eq 1. Pike et al.34 proposed a numerical method
for calculating FORC diagrams, which has two calculation
parameters: (1) the density of the sampling points on the Vr−
V plane and (2) the smoothing factor (SF), NSF; they
characterized the resolution and degree of coarse graining of
the FORC diagram. Here, we generated the sampling points on
the Vr−V plane with a density of 678.74 points/V2,
corresponding to 100 divisions within the Vr [V] range [0,
−3.8], which are shown by the dots in Figure 7a. The SF
introduced by Pike et al. defines a coarse-grain grid assigned at

Figure 7. (a) Sampling points for calculating FORC distribution (black dots) and coarse-grain grid (red dots), for example, of NSF = 7, (b) FORC
diagrams for various NSF’s, and (c) line profile on the red line in NSF = 7.
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each point (Vr,V) on the Vr−V plane. As an example, with NSF

= 7, in Figure 7a and the expanded view, a coarse-grain grid is
indicated by the red grid assigned at a blue point. Although the
grid has a chip, other grids have a square shape, consisting of
(2NSF + 1)2 points located at a central point (Vr, V), if referred
to sufficiently inside in the Vr−V plane. In Pike et al.’s method,
to evaluate eq 1, the polarization is redefined as a local
continuous function of Vr and V within a coarse-grain grid in
the following fitting form

≔ + + + + +p V V a a V a V a V a V a V V( , )fit
r 1 2 r 3 r

2
4 5

2
6 r

(2)

where ai’s are the fitting parameters determined by the least-
squares method within the grid with respect to a point (Vr, V).
Therefore, substituting p(Vr, V) = pfit(Vr, V) in eq 1, the FORC
distribution value at point (Vr, V) can be evaluated by

ρ = −V V a( , )r 6 (3)

Figure 7b shows the FORC diagram for various NSF’s, in which
ρ(Vr, V) is plotted on a logarithmic scale, which is represented
by

i

k
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ρ
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Figure 8. (a) M−H curve of the BiFeO3/Co bilayer after the field cooling from 100 °C under 10 kOe and (b) field cooling temperature (TFC)
dependence of exchange bias (HEB) and saturation magnetization (Ms).

Figure 9. (a) Cross-sectional TEM image of the 3 nm thick BiFeO3 film, (b) nanobeam selected area electron diffraction pattern, (c) pattern based
on the structural calculation of the space group of R3c for the 110 direction with respect to the SrTiO3 (100) substrate and piezoelectric response
(PFM) mapping for the 2 nm thick BiFeO3 film with (d) phase and (e) amplitude images. The electric field was applied out of plane in the box
area.
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because the FORC diagram has a large scale. Here, ρmin is the
minimum value in the FORC distribution and is negative, and
the origin is moved by +1, so that the signs of ρlog(Vr, V) and
ρ(Vr, V) match. The FORC diagram becomes clearer with an
increase in SF, and it seems that NSF = 5 or higher is suitable.
Two pairs of contrasts were observed in the FORC diagram for
NSF ≥ 5. The line profile indicated in red in NSF = 7 is shown
in Figure 7c. The red line profile shows that there is only one
peak that appears to be two. There are few reports on BiFeO3

films by FORC diagram analysis; however, in the case of
Pb(Zr,Ti)O3,

35 Pb(Lu0.5Nb0.5)O3,
36 and HfO2 films,37−39 the

FORC diagram has been discussed. These ferroelectric films
showed that the peaks in the FORC diagram tend to split into
two or more spots due to the internal electric bias field (EEB)
in the film body. Peak splitting has a tendency to be observed
in as-made films. Internal EEB is thought to be caused by
atomic defects containing oxygen. The single peak in the
FORC diagram of the BiFeO3 film (Figure 7c) indicates that a
high-quality sample with no internal EEB was obtained. Also,
the FORC diagram of BiFeO3 films has a sharp switching
density in a narrow area compared to the Pb(Zr,Ti)O3 films
with a single spot prepared by the sputtering method.35 It was

demonstrated that the BiFeO3 epitaxial film has potential for
uniform polarization reversal by preparing optimizing growth
conditions. The peak top (γ) is slightly deviated by 0.22 V
from the dashed line (β) (Figure 7b, NSF = 7), which
corresponds to 0.4 V of EEB obtained by a full electric field
(Figure 4c). The quantitative disagreement of values is due to
the FORC diagram that consist of minor loops. This EEB is due
to the epitaxial compressive strain at the interface of the
substrate, the so-called interfacial EEB.
The magnetic exchange bias (HEB) of the BiFeO3/Co

bilayers was measured by M−H curves. While the as-deposited
BiFeO3 showed a symmetric M−H curve, an HEB of 140 Oe
could be observed in the samples cooled under a magnetic field
(TFC) of 10 kOe from 100 °C to ambient temperature (Figure
8a). In the case of the BiFeO3/Co-based bilayer film, a
relatively large HEB was obtained at a BiFeO3 thickness of 120
nm.40−43 The large exchange bias might be due to the mosaic
domain’s structure having a large fraction of 109° ferroelectric
domain walls.40 Multiferroic BiFeO3 could be used in
spintronic applications because the exchange bias effect is
one of the key points to control the magnetization of
ferromagnets.44,45 Figure 8b shows the TFC dependence of

Figure 10. (a) Cross-sectional TEM image in the wide area, (b) STEM-EELS mapping for Ti and Fe K-edge (c), (d) high-resolution TEM images
for a nominal thickness of 0.4 nm, and atomic positions calculated by simulation based on space group of R3c, the image was obtained from 110
direction with respect to the SrTiO3 (100) substrate. (e) The cross-sectional TEM image for a nominal thickness of 0.2 nm, and (f) STEM-EELS
image for Ti and Fe K-edge. The STEM-EELS is used for identified the interface of the SrTiO3 substrate and the BiFeO3 layer.
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HEB and saturation magnetization (Ms) of Co. Both HEB and
Ms of Co decreased with increasing TFC, which implied the
degradation of the BiFeO3/Co interface due to oxidation of Co
by heating. To overcome the degradation of the interface, the
ferromagnetic oxide of high Tc is better than metallic Co.
Ultrathin BiFeO3 Epitaxial Films. High-quality 120 nm

thick BiFeO3 epitaxial films with R3c crystal symmetry, large
ferroelectric polarization, high resistance, and large HEB were
obtained by optimizing the Ts and O2 gas flow ratio. To clarify
the potential use of ultrathin films as tunneling barriers or two-
dimensional (2D) devices, ultrathin films were prepared by
decreasing the nominal thickness of the films, and the structure
and ferroelectricity were evaluated. It is difficult to separate the
diffraction information of the substrate and ultrathin film
because the ultrathin film is too thin to be analyzed by the
conventional XRD method, and then, the crystal symmetry was
investigated by electron diffraction in the cross-sectional
direction. Figure 9a shows the cross-sectional TEM image
for a nominal thickness of 3 nm. Surprisingly, the BiFeO3 film
was a continuous film over a wide region, and the epitaxial
growth of BiFeO3 on the SrTiO3(100) substrate was
confirmed. The nominal thickness was almost consistent with
the thickness estimated from the TEM image. Figure 9b shows
the nanobeam SAED pattern from the BiFeO3 layer, and
Figure 9c shows the diffraction pattern based on the structural
calculation using the crystal symmetry of R3c. The simulation
pattern is in the 110 direction of the SrTiO3 (100) substrate,
and this direction can confirm the rhombohedral symmetry by
a specific diffraction spot of R3c.28 The red arrows in Figure
9b,c indicate the rhombohedral (SG: R3c)-specific reflections.
Although the rhombohedral-specific diffraction spots were
weak due to the thin film, it might be observed that the 3 nm
thick BiFeO3 epitaxial film had a rhombohedral crystal
symmetry, the same as that of thicker films (t = 120 nm);
this symmetry could be principally observed by the magneto-
electric effect. To observe the magnetoelectric effect, it is
necessary to take into consideration the influence of not only
epitaxial strains but also the elastic energy of the contacting
layers. The ferroelectricity was confirmed by the phase and
amplitude images of the PFM (Figure 9d,e). The electric field
was applied by the PFM in the box area, and the contrast
change was clearly observed in both the phase and amplitude
in the drawing area, thanks to the optimal sputtering condition
of low leakage current. The contrast becomes obscure within
10 min, indicating an elastic energy switch-back caused by the
epitaxial strain from the SrTiO3 substrates.
To investigate the limit of thinning of ultrathin BiFeO3 films

prepared by optimal sputtering conditions, the nominal
thickness was decreased to 0.4 and 0.2 nm. The nominal
thickness was controlled by the deposition time. The 0.4 nm
thick BiFeO3 film shows a continuous/flat surface, and the
grain growth in the local area was not observed, thanks to the
optimization of sputtering conditions of the flat surface (Figure
10a). STEM-EELS mapping was performed for the Ti and Fe
K-edges (Figure 10b). The position of each image was adjusted
so that the height of the image could be comparable. The Ti K-
edge was used to confirm the location of the SrTiO3 substrates,
and the Fe K-edge identifies the existence of a BiFeO3 ultrathin
layer. It seems that the BiFeO3 ultrathin film was on the
SrTiO3 substrates, although the thickness of the BiFeO3 layer
in the STEM-EELS mapping image is higher than the nominal
thickness, which is attributed to exudation. The HRTEM
images (Figure 10c,d) revealed that the atoms were well

aligned and perovskites like ABO3-type structures were
confirmed. It is difficult to evaluate the crystal symmetry
using nanobeam SAED, such as an ultrathin film, because the
diffraction also includes the information of substrates and
capping layers. Therefore, the crystal symmetry was inves-
tigated by the atomic position images of Bi, Fe, and O
calculated by structural factor simulations. The right side of
Figure 10d shows the atomic positions of R3c in the 110
direction of the SrTiO3(100) substrate. It might show a
rhombohedral crystal symmetry; however, the resolution of
atoms is not sufficient to conclude the crystal symmetry. In the
case of structural analyses in this study, the XRD, nanobeam
SAED, and compared atomic imaging analyses were used for
each thickness depending on the restrictions of structural
analysis. These strategies are a strong tool for applying
multiferroic BiFeO3, whose magnetoelectric effect is affected
by the crystal symmetry and strain. Figure 10e shows the cross-
sectional HRTEM image for a nominal thickness of 0.2 nm and
the corresponding STEM-EELS mapping images for Ti and Fe
K-edge (Figure 10f). These images show that the BiFeO3
particles did not appear on the SrTiO3 substrate, although it is
difficult to identify as continuous or discontinuous in this
observation. It has been suggested that the BiFeO3 film grown
by the sputtering method has a strong tendency to maintain
continuity, even as an ultrathin film. BiFeO3 has been found to
have a very good affinity with SrTiO3 substrates and is
promising as an ultrathin film material for device applications
such as tunneling barriers and 2D devices. This can be gauged
from the fact that it is already used in freestanding crystalline
film experiments.46

■ SUMMARY
The optimal sputtering conditions for the structural, electrical,
and magnetic properties of the BiFeO3 films were systemati-
cally investigated, and the Bi/Fe ratio decreased with
increasing O2 gas flow ratio and Ts. Slightly Bi-rich BiFeO3
epitaxial films provided high-quality characteristics such as (1)
an atomically flat step-terrace surface, (2) low leakage current,
(3) well-saturated P−E hysteresis loops with 72 μC/cm2 at
RT, and (4) a relatively large HEB of 140 Oe at RT. The two
advanced evaluations revealed that a small deviation in the
polarization switching was confirmed without internal EEB even
for the as-made films, and the lattice constant was accurately
determined by XRD using diffraction specific to the
rhombohedral crystal symmetry (SG: R3c). These results
indicate that high-quality BiFeO3 films could be grown by RF
magnetron sputtering, which realized the growth of ultrathin
BiFeO3 films having atomically flat surfaces. The continuous
BiFeO3 ultrathin films with 3 nm thickness can be identified as
SG of R3c. The flatness/continuity could be confirmed even in
a 0.4 nm thick BiFeO3 film, which is the same thickness as that
of the perovskite single unit cell. The sputtering method
demonstrated an approach to achieve an ultrathin limit for the
material, which can be useful as a tunneling barrier in
multiferroic tunnel junctions for sensing and memory device
applications, etc.
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