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Abstract Epitaxial LuFeO3(LFO) thin films were depos-
ited on LagsSrgsMnO5;(LSMO)/LaAlO;(LAQO) substrates
by pulsed laser deposition method. The LFO thin film with
a thickness of 100 nm exhibited tetragonally strained
structure on the LSMO/LAO substrate, in which the film
showed c/a ratio of 1.045 based on X-ray diffraction
experiment. The LFO thin film had a remnant polarization
of about 15.2 pC/cm?, which was higher than the previ-
ously reported values. By using piezoresponse force
microscopy study, it was confirmed that the LFO thin films
had mosaic ferroelectric domain structure and that their
domain wall energy was estimated to be lower than that of
PbTiO; thin films.

1 Introduction

Ferroelectric materials have shown significant abilities for
applications such as nonvolatile random access memories,
electronic devices, and energy harvesting devices due to
their ferroelectricity, piezoelectricity, and pyroelectricity
[1-6]. Particularly, Pb(Zr,Ti)O; (PZT) materials have
attracted considerable attention because of their high
remnant polarizations and piezoelectric coefficients [7, 8].
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Nevertheless, PZT materials have some problems such as
polarization fatigue and toxicity due to lead component. In
the case of fatigue problem in PZT materials, it could be
overcome by using oxide electrodes such as IrO, and RuO,
[9, 10]. On the other hand, because their toxicity is deadly
to our environment and human body, we need to develop
lead-free ferroelectric materials and replace PZT materials
with them [11-13].

A variety of perovskite-structured materials including
BaTiO; (BTO), BiFeO; (BFO), K(sNagsNbO3; (KNN),
and Nag sBipsTiO; (NBT) have been known as lead-free
ferroelectrics [11, 12]. However, most of them have low
ferroelectric polarizations and piezoelectric coefficients
compared to PZT materials [11]. Therefore, we need to
improve these physical properties of lead-free ferroelectric
materials. In this respect, by controlling the strain between
thin film and substrate (or bottom electrode), it is possible
to maximize the remnant polarization in ferroelectrics [14].
It has been reported that the strain effects resulted from
optimum lattice misfit by using proper bottom electrodes
led to the enhanced ferroelectric polarizations [14-16].
Recently, tetragonal BFO thin films exhibited the enhanced
ferroelectric polarizations compared to those of PZT thin
films by using the Lag 5SrosMnO3(LSMO)/LaAlO5;(LAO)
substrates [17, 18].

In this work, we investigated the enhanced ferroelectric
properties of epitaxial LuFeO3; (LFO) thin films deposited
on LSMO/LAO substrates by pulsed laser deposition
method. The LFO, which is one of the rare-earth ortho-
ferrites, has been considered to be potential multiferroics
[19, 20]. Nevertheless, it has been reported that the LFO
thin films showed very low ferroelectric polarizations [20—
22]. We confirmed that a 100-nm-thick LFO thin film
showed the tetragonally strained structure with a c/a ratio
of 1.045 and the enhanced ferroelectric polarization with a
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high remnant polarization of 15.2 pC/cm?® The LFO thin
films exhibited mosaic domain structure, and their ferro-
electric domain wall energy was lower than that of PZT
thin films.

2 Experimental details

Epitaxial LFO thin films were deposited on LSMO/LAO
substrates by pulsed laser deposition (PLD) method. LFO
target prepared by conventional solid-state reaction method
was used for epitaxial thin-film deposition. A frequency-
tripled (4 = 355 nm) Nd:YAG laser with a power of
2 x 10* J/m? at a frequency of 2 Hz was used for the PLD
deposition, and the distance between the targets and the
substrates was 5 cm. The base pressure was about
1.33 x 107 Pa, and the substrate temperature was set to
800 °C under an oxygen pressure of 6.65 Pa. After depo-
sition, LFO thin films were cooled down to room temper-
ature in oxygen ambient at 4.0 x 10 Pa. Pt top electrodes
with a diameter of 100 pm and a thickness of 100 nm on
the LFO thin films were fabricated to prepare Pt/LFO/
LSMO capacitors using RF magnetron sputtering tech-
niques. The electrodes were then annealed at 400 °C for
5 min before measuring the ferroelectric properties using

an RT66A (Radiant Technologies, Ins.) test system at
2 kHz. Atomic force microscopy (AFM) and piezoelectric
force microscopy (PFM) were used to examine their sur-
face morphology and ferroelectric domain structure,
respectively.

3 Results and discussion

We depicted a schematic configuration of the LFO thin film
on the LSMO/LAO substrate as shown in Fig. la. Since
thin-film layer of the LSMO electrode is very thin, the LFO
thin film is expected to be strained enough to approach a
lattice constant of the LAO substrate. Figure 1b shows
0—20 X-ray diffraction (XRD) patterns of the 100-nm-
thick LFO thin film on the LSMO/LAO substrate. The
(001) and (002) LFO peaks were observed on (100) LSMO/
(100) LAO substrate without any other orientation peaks.
Figure Ic shows ®-scans of (101) peak of the LFO thin
film and (101) peak of the LAO substrate. The full width at
half maximums (FWHMSs) of the (001) and (002) peaks
were estimated to be about 0.8° and 0.9°, respectively. In a
rocking curve experiment, the exhibited FWHMs of the
(001) and (002) peaks were 0.8° and 0.9°, respectively (not
shown here). These low FWHMs indicate that the LFO thin
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film has a good crystallinity along the out-of-plane direc-
tion. From the (001) and (002) peaks of the LFO thin film,
we obtained the c-lattice constant of 3.97 A.

To confirm in-plane crystallinity of the LFO thin film,
we performed the azimuth angle (®) scans of the (101)
peaks around the c-axis. Figure 1c shows the ®-scans for
the (101) LFO thin film and (101) LAO substrate where
fourfold symmetry of two in-plane peaks was observed.
The concurrence of the peaks means that unit cells of the
LFO film and LAO substrate are parallel to each other
along the in-plane direction. Thus, we can infer that the
LFO thin film have grown heteroepitaxially on the LAO
substrate. For the LFO thin film, the FWHM of the rocking
curve of (101) peak gave a value of about 0.7°, which
indicates the well-defined crystallinity along the in-plane
orientation. From the (101) peak, we could estimate the a-
lattice constant of 3.80 A. Consequently, it is expected that
the relatively high tetragonality (c/a ratio ~ 1.045) of
LFO thin film caused by the heteroepitaxial growth will
induce good ferroelectric properties.

To characterize ferroelectric properties of the epitaxial
LFO thin film on the LSMO/LAO substrate, we measured
ferroelectric hysteresis loop of the Pt/LFO/LSMO capaci-
tors at a frequency of 2 kHz. Figure 2a shows the

ferroelectric polarization—electric field (P-E) curve for the
LFO capacitor. The remnant polarization value of the LFO
capacitor is about 15.2 pC/m?, which is much larger than
those of the previously reported LFO capacitors [20, 22]. As
expected, the epitaxial BTO thin film on the LSMO/LAO
substrate exhibited the enhanced ferroelectric polarization.
We also obtained a typical piezoelectric hysteresis loop of
the LFO thin film by PFM at a measurement frequency of
10 kHz. The hysteresis loop shows a coercive voltage of
about 2.0 V and an effective remnant piezoelectric coeffi-
cient of about 23 pm/V, respectively, in Fig. 2b.

Figure 3 shows surface morphology and ferroelectric
domain structure of the LFO thin film. The window size
and scale bar are 150 and 30 nm, respectively. Square-
shaped grains are observed on the surface of the LFO
thin film as shown in Fig. 3a AFM image. The average
grain size of the LFO thin film was estimated to be
about 32 nm. The root-mean-square (RMS) surface
roughness of the LFO thin film was approximately
5.2 nm. Figure 3b shows the PFM image of the LFO
thin film where mosaic ferroelectric
observed with clear contrast.

We investigated the correlation between ferroelectric
domain size and thickness of the LFO thin film. The well-

domains are
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Fig. 4 Domain size as a function of thickness for the LFO and PTO
thin films

known Landau-Lifshitz-Kittel (LLK) scaling law has gen-
erally been applied to ferromagnetic and ferroelectric
domains, in which domain size is proportional to the square
root of film thickness (w = Ad’, w is the domain width, d is
the film thickness, 7y is the scaling exponent with the value
close to 1/2) [23]. By varying thickness of the LFO films,
we plotted the domain sizes as shown in Fig. 4. For com-
parison, the domain sizes of PbTiO; (PTO) thin films
reported previously were added [24]. Their scaling expo-
nents were determined by least squares fitting. The y values
of LFO and PTO thin films are 0.41 and 0.49, respectively,
which means that domain wall energy of the LFO thin films
is lower than that of the PTO thin films.

4 Conclusions

In conclusion, we fabricated the strained epitaxial LFO thin
films deposited on LSMO/LAO substrates by PLD method.
The 100-nm-thick LFO thin film showed tetragonal struc-
ture with a c/a ratio of 1.045 due to strain effect. The LFO
thin film exhibited the enhanced remnant polarization of
15 pC/em®. It was confirmed that the LFO thin films had
mosaic domain structures. From the LLK scaling law, it
was inferred that the domain wall energy of LFO thin films
was lower than that of PTO thin films.
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