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Asymmetric superlattice structures consisting of SrTiO3 (STO) and multiferroic BiFeO3 (BFO) sublayers were
deposited on a Nb-doped STO (001) substrate with a radio frequency magnetron sputtering system. For an
investigation of the effect of strain on the microstructures, ferroelectric properties and piezoelectric properties
resulting from a difference of lattice parameters of the BFO sublayer, varying the thickness of the STO sublayer
in a range 1–2.5 nm introduced interfacial strain into the superlattice. The epitaxial relation and strain state of
films were clearly observed with a synchrotron as a source of radiation. The results of X-ray diffractionmeasure-
ments clearly showed that the decrease of strain was related to the thickness of the STO substrate. A separate
diffraction signal of the superlattice structurewith thickness≧1.75 nm of the STO sublayerwas found, indicating
a large strain relaxation in these superlattice films. The remnant polarization values Pr, piezoelectric coefficient
d33 and leakage properties of the BFO/STO superlattice thin films that improved with increasing in-plane strain
provide strong evidence of a strain-enhancement effect. The BFO/STO superlattice with a well defined crystal
structure and a large strain state showed a large Pr, greater than a BFO single layer of the same thickness.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Ferroelectricity and magnetism are well known to coexist for
multiferroic oxide materials. They offer a prospective application in
dynamic random-access memory and nonvolatile memory [1–3].
Among multiferroic oxide materials, BiFeO3 (BFO) is a lead-free
multiferroic material that attracts much attention because it possesses
a large remnant polarization (Pr), and high Curie (Tc = 850 °C) and
Neel (TN = 370 °C) temperatures [4,5]. Wang et al. [6] showed that
epitaxial BFO thin films on single-crystalline SrTiO3 (STO) possess
high remnant polarization (Pr, ~65 μC/cm2) and high resistivity values
(1010 Ω/cm).

To improve the ferroelectric properties of BFO, one approach has
focused on solid solutions of BFO with other perovskite materials
[7–9] or substitution of Bi and Fe elements [10–12] in BFO films. An
epitaxial artificial superlattice is an efficient approach to enhance the
ratio c/a, hence the ferroelectric properties of BFO films. In general, a
material of perovskite type has a larger c axial lattice parameter, and
deviations of cations at the octahedral interstitial sites induce favorable
ferroelectric properties. A combination of material layers of perovskite
ng and SystemScience, National

yu@mx.nthu.edu.tw (G.-P. Yu).

rights reserved.
type having distinct lattice parameters layer by layer epitaxially to
form a multilayer would result in a mismatch between the in-plane
lattice parameters, and strain from this lattice distortion becomes
thereby introduced into the artificial superlattices. Kim and Nakagawara
showed that a BaTiO3/SrTiO3 artificial superlattice has dielectric
properties superior to those of single-layer BaTiO3 and SrTiO3 (STO)
films [13–16]. Somenath et al. [17] prepared symmetric BFO and STO
superlattices with pulsed-laser deposition to improve the ferroelectric
and leakage properties of the BFO film. In this work, the relative permit-
tivity (dielectric constant) is sensitive to the thickness of the STO
sublayer. Even though the importance of the strain effect is known,
the evaluation of strain in the BFO/STO superlattice structure and the
alteration of the crystal structure resulting from strain are little
investigated.

The ferroelectric properties of perovskite materials depend on the
radii of ions in perovskite ABO3 materials. In the tolerance factor t:

t ¼ r0 þ rA
ffiffiffi

2
p

r0 þ rBð Þ ð1Þ

rA, rB and rO are the radii of A, B andOatoms in perovskite ABO3materials.
The perovskite materials with t b 1 which implied rA b rB exhibit A-site
driven ferroelectricity, which means that displacement of A atom in unit
cell will result in “polarization” (such as BiFeO3). It has shown from
computational simulations that A-site driven perovskite materials are
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insensitive to epitaxial strain [18]. In our preceding work, the
strain-related ferroelectric properties of a BFO superlattice structure
with the A-site drivenwere experimentally observed [19]. Herewe illus-
trate the effect of epitaxial strain, manipulated with the thickness of the
STO sublayer, on the ferroelectric properties of BFO/STO superlattice
systems.

2. Experiments

Asymmetric 10-cycle BFO/STO superlattice films were deposited on
a Nb-doped STO substrate with a triple-gun radio frequencymagnetron
sputtering system and a computer-controlled shutter. A schematic
diagram of the designed superlattice structure appears in Fig. 1. The
thickness of the BFO sublayers was fixed at 6 nm; the thickness of the
STO sublayer was controlled in a range from 1 to 2.5 nm to introduce
a varied strain into the superlattice structure. Before deposition, the
sputtering chamber was evacuated below 1.2 × 10−4 Pa to avoid con-
tamination. Sputtering was performed at power density 1.5 W cm−2

for both BFO and STO with a highly purified gas (O2 20% + Ar 80%) at a
working pressure 2.05 Pa; the substrate temperature was fixed at
700 °C. With these parameters, the rates of growth of a deposited film
for a BFO or STO sublayer were about 0.5 and 0.55 nm/min, respectively.

X-ray reflectivity wasmeasured using Cu Kα1 radiation in a standard
Huber two-circle X-ray diffractometer (operated at 50 kV and 200 mA).
The incident light with slits in two sets yields a wave-vector resolution
in the scattering plane of order 1.5 × 10−2 nm−1. The principle of
X-ray reflectivity is based on the recursive formalism of Parratt [20].
In this work, we fitted the reflectivity data with the Bede Mercury
code [21] to determine the physical parameters of the superlattice in-
cluding roughness, thickness and density. The high-resolution X-ray
scattering experiments were performed at wiggler beamline BL-17B1
in the National Synchrotron Radiation Research Center (NSRRC),
Hsinchu, Taiwan. Incident X-rays were focused vertically with a mirror
and were made monochromatic with energy 8 keV with a Si (111)
double-crystal monochromator. Using slits in two pairs between the
sample and the detector, the typical scattering vector resolution in the
vertical scattering plane was set to ~1 × 10−3 nm−1 in these experi-
ments. For measurements of electrical properties, Pt top electrodes
were sputtered onto the surface of the superlattice films at 25 °C. The
ferroelectric hysteresis loop and the leakage current measurements of
films were examined with a test system (TF 2000) at frequency 1 kHz
and 25 °C. A commercial scanning probe micro microscope (CPII,
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Fig. 1. Schematic diagram of the BFO/STO superlattice structure.
Veeco) was used to perform measurement of piezoelectric coefficient
(d33).

3. Results and discussion

Fig. 2 shows reflectivity curves (open circles) and the best-fitted
results (solid lines) of BFO/STO superlattice films deposited with varied
thickness of the STO sublayer. The reflectivity curves of the superlattice
filmswith thickness less than 1.75 nmof the STO sublayer exhibit a typ-
ical shape; the presence of these clear oscillations indicates that the
superlattice films have a coherent surface and interface between each
sublayer and are smooth enough to produce the oscillations. The reflec-
tivity curves present discernible superlattice peaks separated by Keissig
fringes, providing evidence for a vertically periodic modulation of the
composition. The best-fitted results are presented in Table 1. The
fitted thickness of the sublayer in the superlattice is near the design
value, which reveals that the rate of growth during deposition is
stable and well controlled with the deposition system. The densities of
the BFO and STO sublayers are slightly less than their bulk values, and
decrease with increasing thickness of the STO sublayer. The fitted re-
sults also demonstrate that the surface and interface roughness increase
with increasing thickness of the STO sublayer.

Fig. 3 presents intensity profiles of [0 0 L] radial scans of
superlattice films with the thickness of the STO sublayer varied in a
range 1–2.5 nm. The values of H, K and L in this paper are expressed
in reciprocal lattice units (r. l. u.) referred to the STO lattice parameter,
0.3905 nmat 25 °C. Themain line and satellite lines with accompanying
clearly discernible pendellösung fringes on both sides of the main line
indicate the great crystalline quality of the BFO/STO artificial superlattice
structure formed on the STO substrate with RF sputtering. The super-
lattice films with a thickness of the STO sublayer less than 1.75 nm
shows an L-index position increased from 1.9101 to 1.9208 with
increasing thickness of the STO sublayer. This effect resulted directly
from an elongation of the BFO lattice along direction [0 0 L] attributed
to the heteroepitaxial strain.

Fig. 4 shows in-plane grazing-incidence crystal truncation-rod
(CTR) spectra along direction [H 0 0], performed in the vicinity of
the STO (200) Bragg peak of superlattice films of varied thickness of
STO sublayer with high-resolution radiation from a synchrotron
source, which is capable of measuring the in-plane strain of films
with the grazing-incidence angle of X-rays fixed at 0.3° with respect
to the sample surface. The in-plane strain state of the sample is divisible
into two groups as shown in Fig. 4; the samples with STO sublayer
thicknesses 1 and 1.5 nm show overlapping of the diffraction peak of
the superlattice and near the STO substrate peak indicating that the
BFO/STO superlattice was highly strained by the substrate. For a STO
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Fig. 2. Reflectivity curves (circles) of BFO/STO superlattice films deposited at varied STO
sublayer thickness and their best-fitted results (solid line) as a function of momentum
transfer.



Table 1
Parameters obtained from best-fitted results of reflectivity curves of BFO/STO superlattice
films deposited on an Nb-doped STO substrate with varied thickness of the STO sublayer.
The relative standard deviations of the fitted data are for thickness ≦2%, density ≦2% and
roughness ≦6%. The thickness of the STO substrate is set as infinite; the bulk density is
5.118 g/cm3. The bulk density of BFO is 8.354 g/cm3 and that of STO is 5.118 g/cm3.

STO sublayer
thickness (nm)

fitted
thickness
(nm)

fitted density
(g cm-3)

fitted roughness
(nm)

TBF TSTO ΡBFO ΡSTO σBFO/sub σinterface σsurface

1 6 0.95 7.852 5.067 0.4 0.65 0.4
1.5 5.95 1.43 7.770 5.066 0. 41 0.64 0.3
1.75 5.94 1.71 7.686 4.862 4.862 0.68 0.31
2 5.89 1.97 7.602 4.709 0.42 0.8 0.58
2.5 6.01 2.41 7.519 4.657 0.41 1 0.9
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Fig. 4. Crystal truncation-rod spectrum along the (200) in-plane Bragg peak of BFO/STO
superlattice films deposited with varied thickness of the STO sublayer. A dashed line
marks the position of the bulk BFO diffraction peak.
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sublayer thickness ≧1.75 nm, the strain in the superlattice films
became much released as two diffraction lines from BFO and STO in
the superlattice and also the broadening of the superlattice diffraction
line are observed,

The in-plane lattice parameter of a superlattice in a cubic system is
determined with this equation,

a ¼ Hλ=2sinθ ð2Þ

inwhichH is the Bragg location expressed in reciprocal lattice unit and θ
is the measured Bragg angle. The position of the in-plane diffraction
peak of the BFO sublayer in the superlattice is larger than that of bulk
BFO (marked with a dashed line) in Fig. 4. The in-plane lattice parame-
ter of superlattice films is thus smaller than the lattice parameter of bulk
BFO (0.396 nm),which constitutes strong evidence for the compression
of the BFO lattice by the STO substrate (and a STO sublayer). The
in-plane lattice parameter of the superlattice along direction [H 0 0]
and [0 K 0] that shows a similar a and b axial in-plane strain state of
the superlattice films reveals that the superlattice films on the STO sub-
strates show biaxial strain. With a thicker STO sublayer, the strain in a
superlattice film is more released, and the in-plane lattice parameter
increases with increasing thickness of the STO sublayer.

The in-plane strain of a superlattice film (εxx) is determined with
an equation

εxx ¼ ax−ax0ð Þ=ax0 ð3Þ

in which ax is the lattice parameter of the strained layer along direction x,
and ax0 is the average lattice parameter of bulk BFO. An in-plane lattice
parameter 0.3905 nm is required for the fully strained pseudomorphic
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Fig. 3. Intensity distribution of a (002) radial scan of a BFO/STO superlatticefilmdeposited
with varied thickness of the STO sublayer.
growth of BFO/STO superlattices on a STO substrate. The latticemismatch
between the in-plane lattice parameter of the least strained BFO-STO
bilayer, which is 0.39323 nm, and that of the STO substrate is 0.7%,
which allows pseudomorphic growth for several nanometers (~30 nm)
[22]. A fully strained pseudomorphic growth of each layer thus does not
occur in this superlattice system during deposition, even though the
thickness of individual BFO and STO layers is less than the critical thick-
ness [23,24]. The in-plane strain of superlattice films decreases with in-
creasing thickness of the STO sublayer as shown in Table 2. The in-plane
strain diminishes rapidly in superlattice filmswith a STO sublayer thicker
than 1.75 nm.

We performed also an in-plane azimuthal scan to investigate the
epitaxial relation between the film and the substrate. An azimuthal
scan of a (BFO6nm/STO1nm) × 10 superlattice film in the vicinity of
a surface line and the substrate (200) Bragg line clearly exhibits
four-fold symmetry with the same orientation as shown in Fig. 5.
These results constitute firm evidence for epitaxy of the deposited
layer on the substrate. No other signal was observed in the intervals
between the four lines, indicating an effective alignment of a and b
axes of BFO and STO unit cells along those of the STO substrate.

Fig. 6 displays the full width at half-maximum (FWHM) of the
in-plane rocking curves for both BFO and STO sublayers, which increase
with increasing thickness of the STO sublayer. A smaller FWHM indi-
cates increased crystalline quality of the superlattice films. The FWHM
of the film increased greatly for superlattice films with STO sublayer
thicker than 1.75 nm, indicating that these films were not well aligned
relative to the others.

To confirm these X-ray diffraction results, we examined the
superlattice films also with a high-resolution transmission elec-
tron microscope (HRTEM). A representative HRTEM image of a
(BFO6nm/STO1nm) × 10 superlattice structure is shown in Fig. 7. The
cross-sectional TEM image on a large scale of the superlattice film clearly
Table 2
Lattice parameter, in-plane strain and ferroelectric properties of BFO6/STOm (nm)
superlattice thin films for varied thickness of the STO sublayer.

STO sublayer
thickness
(nm)

L index of
superlattice
(r. l. u)

H index of BFO in
superlattice
(r. l. u)

a-axial lattice
parameter of
BFO (nm)

εxx
(%)

2Pr
(μC cm−2)

1 1.9101 1.9985 0.3907 −1.32 127.7
1.5 1.9173 1.9961 0.3910 −1.19 95.4
1.75 1.9208 1.9795 0.3945 −0.37 57.5
2 1.9205 1.9775 0.3949 −0.27 55.3
2.5 1.9206 1.9750 0.3952 −0.14 26.8
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Fig. 7. HRTEM cross-sectional images showing the regular alternation of BFO and STO layers.
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shows a well defined layer structure of BFO/STO with the STO substrate;
the thickness of the sublayers agrees satisfactorily with the designed
value.

Electric hysteresis loops of a BFO/STO superlattice film and a BFO
single layer grown on a STO (001) substrate are given in Fig. 8 (a). The re-
sults are summarized in Table 2. The maximum attainable polarizations
(2 Pr) of BFO/STO films in a range from 127.7 to 26.83 μC cm−2 showed
a decreasing trend with increasing thickness of the STO sublayer, but in
neither case could the polarization be saturated. Fig. 8 (b) presents the
relation between the in-plane strain and the polarization of superlattice
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Fig. 6. Rocking curves of the in-plane (200) diffraction peak of BFO/STO superlattice
films for (a) BFO and (b) STO sublayer.
films. With thicknesses 1 and 1.5 nm of the STO sublayer, superlattice
films show great crystalline quality with clear pendellösung fringes, and
a well strained superlattice structure exhibits 2Pr values much larger
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than that of a BFO single layer ~ 47.81 μC cm−2 for samples of the same
thickness of BFO. Superlattice films of thickness ≧1.75 nm of the STO
sublayer that present a poor superlattice structure with more in-plane
strain relaxation in superlattice films show a rapidly decreasing value of
polarization. The lowest polarization value (even lower than that of BFO
single layer) of superlattice films with STO sublayer thickness 2.5 nm
may be attributed to following factors: poor crystal quality, low
in-plane strain, and discontinuity introduced by interface of BFO/STO
sublayers of crystal structure in superlattice films. These results reveal
that the ferroelectric properties of the superlattice structure are strongly
affected by the in-plane strain state and the crystalline structure of these
superlatticefilms. A crystal of high quality andwith a large in-plane strain
is thus essential for a superlattice film to have superior ferroelectric
properties.

Fig. 9 plots the current density as a function of electric field for
BFO/STO superlattice films. Superlattice films deposited at STO
sublayer thicknesses 1 and 1.5 nm, which show good crystalline quality
and a clear strain effect, have a small leakage density. A rapidly increasing
leakage current density of the superlattice films is observed for
superlattice films of thickness ≧1.75 nm of the STO sublayer.

To confirm the ferroelectric behavior of the BFO/STO superlattice
films with varied thickness of the STO sublayer, we estimated also the
piezoelectric properties of BFO/STO superlattice films. A ferroelectric
material also has piezoelectric properties, and the piezoelectric coeffi-
cient is related to the polarization of thematerials [25]. The dependence
of the piezoelectric coefficient, d33, and the remnant polarization on the
compressive in-plane strain is shown in Fig. 10. With decreasing
compressive in-plane strain in the superlattice films, the polarization
and piezoelectric coefficient exhibit the same trend of a rapid decrease,
especially with a thickness ≧17.5 nm of the STO sublayer of the
superlattice. This result constitutes evidence that a compressive in-plane
strain can enhance the polarization of BFO sublayer. The superlattice
films deposited with thickness 1 nm of the STO sublayer exhibit the
greatest piezoelectric coefficient (d33), consistentwith the results of ferro-
electric properties and the effect of strain enhancement of superlattice
films shown in Fig. 8(b).

Superlattice films deposited with STO sublayers of thickness 1 and
1.5 nm display a great crystalline quality, clear pendellösung fringes
and a large lattice strain; these superlattice films show also excellent
ferroelectric properties, piezoelectric properties and small leakage
current density. For superlattice films deposited with a STO sublayer
thicker than 1.75 nm, a partial relaxation of strain in the superlattice
films occurs, and a large leakage current and rapid decrease of 2 Pr and
d33 values with increasing thickness of the STO sublayer are observed.
These results demonstrate that the strain state and crystalline quality
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Fig. 9. Leakage current density of BFO/STO superlattice films versus electric field at
varied thickness of the STO sublayer.
are correlated with remnant polarization and d33 coefficient of these
films. The strain-enhanced ferroelectric properties result from the
pseudo-cubic crystal structure of the BFO/STO superlattice. In calcula-
tions for the purpose of simulation [26], BFO with a rhombohedral
structure shows no trend with strain, unlike BFO with a tetragonal
structure. The BFO/STO superlattice well strained with STO substrates
exhibits a pseudo-cubic crystal structure similar to a tetragonal
structure, resulting in a clear strain effect and enhanced ferroelectric
properties.

4. Conclusions

BFO/STO superlattice films with varied thickness of the STO
sublayer were deposited on a (001) single-crystal STO substrate with
a RF-magnetron sputtering system. With high-resolution synchrotron
radiation, an azimuthal scan of a superlattice film in the vicinity of
a surface peak and the substrate Bragg peak that clearly exhibit a
four-fold symmetry with the same orientation provide strong evidence
for an epitaxial relation between thefilm and the substrate. An analysis of
the CTR spectra of (H 0 0) and (0 0 L) showed an increasing elongation of
the BFO sublayer along [0 0 L] due to heteroepitaxial strain when the
thickness of the STO sublayer was decreased. The BFO/STO superlattice
with a well defined crystal structure and strain effect showed larger
remnant polarization than a BFO single layer. The Pr values, piezoelectric
coefficient d33, and the leakage properties of the BFO/STO superlattice
thin films that are enhanced with increasing in-plane strain indicate
that strain can enhance both the ferroelectric and piezoelectric properties
of films. A strong effect of the strain state on the ferroelectric and piezo-
electric properties of a BFO/STO superlattice structure was observed in
this work.
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