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BaTiO3 (BTO) thin films were epitaxially deposited on LaAlO3(LAO) substrates with epitaxial
La0.5Sr0.5MnO3(LSMO) electrodes by pulsed laser deposition. We confirmed that the epitaxial BTO thin
films on LSMO/LAO substrates remarkably showed the increased remnant polarization in comparison
with the epitaxial BTO thin films on Pt/MgO substrates. It was inferred that the enhanced ferroelectric
polarization in the epitaxial BTO thin films on LSMO/LAO substrates arose from the increased tetra-
gonality with the c/a ratio of 1.04. Piezoresponse force microscopy study revealed that the epitaxial BTO
thin film on LSMO/LAO substrate possessed higher domain wall energy than that of the PbTiO3 thin films,
which implies fine domain structure of the epitaxial BTO thin films on LSMO/LAO substrates.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Ferroelectric thin films have been widely investigated for var-
ious applications such as non-volatile random access memories
(NVRAMs), piezoelectric power generators, solar cells, and pho-
tovoltaic devices [1–4]. The most well known ferroelectric thin
films are lead zirconate titanate (PZT) systems because of their
high ferroelectric polarizations and piezoelectric coefficients.
However, the toxicity of the PZT systems is the critical problem we
are facing at the moment. To replace PZT thin films, a variety of
lead-free ferroelectric thin films have been developed. In parti-
cular, BaTiO3 (BTO) thin films have widely attracting attention as
ferroelectric oxides with ABO3 perovskite structure. Compared to
BiFeO3 (BFO) thin films, BTO thin films have shown relatively good
physical properties such as high dielectric constant, low dielectric
loss, and low leakage current [5–7].

Meanwhile, most lead-free ferroelectric thin films have not
shown high remnant polarization, although BFO thin films ex-
hibited values close to PZT thin films [8,9]. Recently many efforts
have been made to control and increase physical properties of the
lead-free ferroelectric thin films. Substitution at A or B site with
transition metals and rare-earth elements have made it possible to
enhance ferroelectric properties, which can be explained by
khu.ac.kr (J.Y. Son).
distortion of the crystal structure result from the substitution
[10–12]. For example, the Mn or La substituted BTO thin films
exhibited the enhanced ferroelectric property [13,14]. In another
case, the strained thin films fabricated by using the lattice misfit
between thin films and substrates (buffer layers and bottom
electrodes) have also shown the increased remnant polarization
[15,16] which is similar to the doping and oxygen vacancy (point
defect) effects in ferroelectric thin films. By adopting suitable lat-
tice constants and thermal expansion coefficients between thin
films and substrates, the strain can be induced and controlled. In
this study, we fabricated epitaxially strained BTO thin films on
LaAlO3(LAO) substrates using La0.5Sr0.5MnO3(LSMO) electrodes to
enhance ferroelectric properties of BTO thin films. The epitaxially
strained BTO thin films exhibited the increased remnant polar-
ization when compared to the epitaxial BTO thin films on Pt/MgO
substrates which were previously reported in our work [13]. To
estimate the domain wall energy, we observed the ferroelectric
domain structure of the epitaxially strained BTO thin films by
using piezoresponse force microscopy (PFM).
2. Experimental procedure

Epitaxial BTO thin films were grown on LAO substrates using
LSMO bottom electrodes by pulsed laser deposition (PLD) method.
The used substrates were (100) oriented LAO, which has a pseu-
docubic structure with a¼3.79 Å. The bottom electrodes on LAO
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substrates were deposited from stoichiometric LSMO targets
commercially available. The targets of BTO pellets for thin film
deposition were prepared by conventional solid-state reaction
method. A frequency tripled ( λ¼355 nm) Nd:YAG laser with a
power of 2�104 J/m2 was used at a frequency of 2 Hz and the
distance between the targets and the substrates was 5 cm. The
base pressure was about 1.33�10�4 Pa, and the substrate tem-
perature was set to 850 °C under an oxygen pressure of 6.65 Pa.
The thicknesses of the LSMO electrodes and LAO substrates could
be achieved by controlling the number of PLD pulses. After de-
position, BTO thin films were cooled down to room temperature in
oxygen ambient at 4.0�104 Pa. Pt top electrode with 100 μm
diameter and thickness of 100 nm on the BTO thin film was fab-
ricated to prepare Pt/BTO/LSMO capacitor using RF magnetron
sputtering technique. The electrode was then annealed at 400 °C
for 5 min before measuring the ferroelectric polarization using an
RT66A (Radiant Technologies, Ins.) test system at 2 kHz. Atomic
force microscopy (AFM) and PFM were used to examine their
surface morphology and ferroelectric domain structure
respectively.
3. Results and discussion

Fig. 1(a) shows a schematic drawing of BTO thin film on LSMO/
LAO substrate. To fabricate stained BTO thin films on LAO sub-
strates, we used epitaxially deposited LSMO bottom electrode
films. To maximize the strain of the LSMO electrodes under the
influence of the LAO substrates, we kept the thickness of LSMO
electrode films to be about 15 nm. We measured x-ray diffraction
Fig. 1. (a) The schematic drawing of a BTO thin film deposited on LAO substrate with L
LSMO/LAO substrate. (c) The XRD Φ scan for the (101) BTO and (101) LAO peaks.
(XRD) patterns of a 100 nm thick BTO thin film on the LSMO/LAO
substrate as shown in Fig. 1(b) and (c). Fig. 1(b) shows XRD θ–2θ
scan of the BTO thin film, where (001) and (002) peaks are ob-
served without any other peaks along the (00l) direction. The full
width at half maximums (FWHMs) of the (001) and (002) peaks
were estimated to be about 0.6° and 0.7°, respectively. In a rocking
curve experiment, the FWHMs of the (001) and (002) peaks were
also measured to be 0.9° and 0.8°, respectively although not shown
here. These low FWHMs values indicate that the BTO thin film has
a good crystallinity along the out-of-plane. From the (001) and
(002) peaks of the BTO thin film, we obtained a c-lattice constant
of 4.080 Å which was elongated from its bulk lattice constant of
4.017 Å.

To confirm the in-plane crystallinity of the BTO thin film, we
performed the azimuth angle scan of the (101) peaks around the
c-axis, namely the (001) peak in the BTO thin film. Fig. 1(c) shows
the Φ scan of the (101) BTO and (101) LAO peaks. Four-fold
symmetry of all in-plane peaks was observed. The unit cells of the
BTO thin film and LAO substrate were positioned in parallel along
the in-plane direction. From the relative position of two in-plane
peaks, we can infer that the BTO thin film was epitaxially grown
on LAO substrate. For the BTO thin film, the FWHM of the (101)
rocking curve was measured to be about 0.8°, which indicates the
well-defined crystallinity along the in-plane orientation. From the
(101) peak of BTO thin film, we could estimate a a-lattice constant
of 3.924 Å, which was slightly smaller than its bulk lattice constant
of 3.978 Å. The deposited BTO thin film showed relatively high c/a
ratio of about 1.04. Based on these data, we can infer that the
epitaxially grown BTO thin film is likely to show a good ferro-
electric property due to the increased tetragonality.

Fig. 2 shows surface morphology and ferroelectric domain
SMO electrode. (b) The x-ray diffraction pattern of the BTO thin film grown on the



Fig. 2. (a) An AFM image of the BTO thin film shows rectangular-shaped grains. (b) A PFM image of the BTO thin film shows stripe-like mosaic domain structure.
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structure of the BTO thin film on LSMO/LAO substrate. The win-
dow size is 125 nm and the scale bar is 25 nm. Rectangular-shaped
grains were observed on the surface of the BTO thin film as show
in Fig. 2(a). From the AFM image, it was inferred that the island
growth mode was dominant during the growth of the BTO thin
film. The average grain size of the BTO thin film was estimated to
be about 25 nm. The root mean square (RMS) surface roughness of
the BTO thin film was approximately 6.5 nm. Fig. 2(b) shows the
PFM image of the BTO thin film, where stripe-like mosaic domain
structure was observed with clear contrast.

To investigate ferroelectric polarization of the epitaxial BTO
thin film on LSMO/LAO substrate (BTO1), we considered a nano-
scale Pt/BTO/LSMO capacitor made up of the BTO thin film and
electrodes. Ferroelectric hysteresis loops were measured at a fre-
quency of 2 kHz as shown in Fig. 3(a). For a comparison, the hys-
teresis loop of the epitaxial BTO thin film on Pt/MgO substrate
(BTO2) reported in our previous work was added [13]. The rem-
nant polarization value of the BTO1 capacitor was 47.3 μC/m2,
which was significantly higher than the value 33.2 μC/m2 of the
BTO2 capacitor. As expected, the epitaxial BTO thin films on LSMO/
LAO substrates exhibited the enhanced ferroelectric polarization
because of the increased tetragonality associated with the strained
effect.

In order to evaluate ferroelectric domain wall energy of the
epitaxial BTO thin film on LSMO/LAO substrate, we examined
domain size of BTO thin films as a function of thickness. By varying
the thickness of BTO thin films as 50 nm, 100 nm and 150 nm,
ferroelectric domain size vs. thickness curve was plotted on log-
log scale in Fig. 3(b). The ferroelectric domain size of the epitaxial
BTO thin films closely satisfied the well-known Landau, Lifshitz,
and Kittel (LLK) scaling law [17]. According to the LLK scaling law,
domain width is proportionally to square root of film thickness as
Fig. 3. (a) Ferroelectric hysteresis loops of two BTO thin films on LSMO/LAO (BTO1) and
thin films on the LSMO/LAO substrates.
follows:

w Ad= γ

where w is the domain width, A is proportional constant, d is the
film thickness, and γ is a scaling exponent (the value close to 1/2).
The scaling exponent of the epitaxial BTO thin films fitted by least
squares method was estimated to be about 0.56. As shown in Fig. 3
(b), this value was compared with that of PbTiO3 thin films
reported previously [18]. Since the scaling exponent is compatible
with the domain wall energy [17], it is suggested that the domain
wall energy of the epitaxial BTO thin films is higher than that of
PbTiO3 thin films, which also imply fine domain structure of the
epitaxial BTO thin film.
4. Conclusions

We have grown epitaxial BTO thin films on LAO substrates
using LSMO electrodes by PLD. The epitaxial BTO thin films on
LSMO/LAO substrates exhibited the increased tetragonallity, com-
pared with the epitaxial BTO thin films on Pt/MgO substrates. This
might give rise to higher ferroelectric polarization of the epitaxial
BTO thin films on the LSMO/LAO substrates than the epitaxial BTO
thin films on Pt/MgO substrates. In a PFM image of the epitaxial
BTO thin film on LSMO/LAO substrate, stripe-like mosaic domain
structure was observed. From the result of the LLK scaling law, it is
inferred that the domain wall energy of the epitaxial BTO thin
films on the LSMO/LAO substrates was higher than that of PbTiO3

thin films.
Pt/MgO (BTO2) substrates. (b) The domain size as a function of thickness of the BTO
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