ELSEVIER

Available online at www.sciencedirect.com

SciVerse ScienceDirect

Scripta Materialia 69 (2013) 501-504

SCripta MATERIALIA

www.elsevier.com/locate/scriptamat

Kinetics of nanodomain growth in ferroelectric artificial
superlattices

Taekjib Choi,*" Bae Ho Park,® Hyunjung Shin? and Jaichan Lee™*

4School of Advanced Materials Science and Engineering, Sungkyunkwan University, Suwon 440-746,
Republic of Korea
®Hybrid Materials Research Center and Department of Nanotechnology and Advanced Materials Engineering,
Sejong University, Seoul 143-747, Republic of Korea
®Department of Physics, Konkuk University, Seoul, Republic of Korea
dDepartment of Energy Science, Sungkyunkwan University, Suwon 440-746, Republic of Korea

Received 21 March 2013; revised 21 May 2013; accepted 26 May 2013
Available online 4 June 2013

We report the kinetics of nanoscale domain growth in ferroelectric PbZrOs/PbTiOj5 artificial superlattices. Ferroelectric super-
lattices behave as single ferroelectric materials with only 180° domain structure (monodomain). Domain size increases linearly with
the pulse voltage, and is linearly dependent on the logarithmic value of the pulse duration. It was found that ferroelectric superlat-
tices have a relatively high activation field for domain growth and enhanced domain stability, resulting in a long-term retention

behavior of more than one month.
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Significant interest in the artificial superlattice
of perovskite oxide has developed over the last decade as
superlattices have the potential to create novel materials
with enhanced physical properties or new functionality
[1-6]. The formation of an artificial superlattice for fer-
roelectricity offers opportunities to manipulate ferroelec-
tric properties and expand the functionality of these
materials [4-6]. Recent experimental and theoretical
studies have revealed that ferroelectric superlattices have
intriguing structural and electronic properties that
are closely related to their domain structures [6-10].
The domain morphologies of ferroelectric superlattices
have features that depend on the stacking periods
[8,9]. For example, 180° periodic nanostripe domain
structures were observed at relatively large periods,
while monodomain-like structures appeared at ultra-
short-stacking periods. Such domain morphologies are
critical to domain engineering for practical applications.
In an earlier study, we reported that the ultrashort-per-
iod ferroelectric superlattice was more advantageous
than nanodomain engineering due to its prototype
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supercell with only two polarities along up and down
directions and the resulting domain structures were
comprised of only 180° domain boundaries [10]. Even
though the kinetics of domain wall motion (domain
growth) in nanodomain engineering of ferroelectrics
has practical implications in scanning probe microscopy
(SPM)-based applications, such as high-density data
storage, few experimental studies of the domain dynam-
ics of superlattices have been performed.

In terms of electronic device miniaturization and the
development of nanotechnology, nanoscale character-
ization of local ferroelectric properties has been a key is-
sue. Various characterizations of ferroelectric materials
at the nanoscale, such as visualization and manipulation
of the domain structure, domain reversal and domain
growth, have been provided by piezoresponse force
microscopy (PFM) [11,12]. Recently, in situ transmis-
sion electron microscopy and time-resolved X-ray
microdiffraction studies have provided direct and accu-
rate information on the dynamics of ferroelectric switch-
ing, which complements PFM measurements [13,14].

Following nanodomain engineering via superlattices,
i.e. the formation of nanoscale domains, the kinetics of
the domain growth in nanoscale superlattices have been
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investigated with an ultrashort stacking period, e.g. a
two-unit-cell PbZrOs/two-unit-cell PbTiO; (PZO,/
PTO,), by PFM. Nanoscale domain formation as a
function of the applied pulse voltage and time for the
domain growth (domain wall motion) was specifically
investigated. The domain wall motion is reported in
terms of the electric field dependence of the domain wall
velocity and inhomogeneous electric field distribution in
the sample beneath the PFM tip. The domain wall
velocity of the ferroelectric superlattice is proportional
to exp (—o/E) (Merz’s law), where ¢ is the activation
field and E is the applied electric field [15]. The superlat-
tices showed a relatively high activation field for domain
growth and enhanced domain stability, resulting in long-
term retention greater than one month (i.e. 42 days).

Artificial PZO/PTO superlattices were fabricated on
a (Lags,Sro5)CoO3(LSCO)/MgO (100) substrate by
multi-target pulsed laser deposition (PLD, A =248 nm,
KrF excimer laser). Epitaxial PZO and PTO layers with
the same number of unit cells were alternately deposited
at 500 °C with a 100 mtorr oxygen ambient after epitax-
ial growth of LSCO to form a bottom electrode on the
MgO substrate. The stacking period was varied from
one unit cell of the PTO layer and one unit cell of the
PZO layer (le PZOl/PTOI) to onloo/PToloo. In our
previous work, maximum polarization of the superlat-
tice was obtained at a stacking period of PZO,/PTO.,.
Additionally, the formation of the superlattice structure
was also confirmed by X-ray diffraction analysis with
the appearance of satellite peaks near the main diffrac-
tion peak [16]. Only a single peak of the (001) domain
structure was observed in reciprocal space mapping
(data not shown), indicating that PZO/PTO superlattic-
es have a perfect single c-axis domain and tetragonal
structure. For the microscopic aspects of domain growth
and switching of 50 nm thick PZO,/PTO, superlattices,
the PFM domain imaging and study of domain growth
were performed with a PFM system consisting of a com-
mercial scanning probe microscope (Seiko, SPA 300), a
low-pass filter and a lock-in amplifier (Stanford Re-
search System, SR830).

A key parameter for estimating and manipulating fer-
roelectric domains is the film surface roughness. Figure
la shows the topography of the 50 nm thick PZO,/PTO,
superlattice. The root-mean-square (rms) roughness
over a 4 um x 4 um surface was ~0.4 nm, indicating
that the films were atomically smooth. A highly smooth
and uniform surface is advantageous for effective writ-
ing or imaging of ferroelectric domains in SPM-based
applications. The ferroelectric domain structure and
switching behavior in artificial PZO/PTO superlattices
were elucidated by forming the polarized domains using
PFM. Figure 1b shows the piezoresponse images of the
polarized domain patterns written by alternately apply-
ing +10 V and —10 V DC to the LSCO bottom electrode
over four successive scans. In sequence, the written areas
were 4, 3,2 and 1 pm?. The tip was electrically grounded
while scanning to enable writing. In Figure 1b, the dark
region represents the positively polarized area (positive
domain with the polarization vector oriented upward)
written by applying +10 V, while the negative domain
with polarization oriented toward the bottom electrode
written by —10V appears as a bright region. As
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Figure 1. (a) Topographic image of a 50 nm thick PZO,/PTO,
superlattice showing 0.42 nm rms roughness over a 4 um X 4 pm area.
Dust particles are at the left of the image (dotted circle). (b) The
piezoresponse and (c) amplitude images of the patterned domain with
various polarized areas. (d) Cross-sectional piezoresponse profile of the
polarized domain across the A-B line in (b).

observed in the well-defined domain image, each region
produces a uniform piezoresponse, indicating a homoge-
neous polarization state. The image contrast was also
clearly observed, implying ferroelectric polarization
reversal. Figure 1d shows a cross-section profile of the
piezoresponse domain image along the A-B line, as indi-
cated in Figure 1b. The piezoresponse signal of the
positive domain (polarized by +10 V) was equal to that
of the negative domain (—10 V), suggesting a single
polarization with opposite polarity. The abrupt transi-
tion from a positive domain to a negative domain was
also observed in Figure 1d.

Furthermore, piezoresponse images revealed the ab-
sence of the a-domain and 90° domain boundary. Note
that the ultrashort stacking-period superlattices have
only a single c-axis orientation, e.g. a monodomain-like
domain, even throughout the 200 nm sample thickness.
Based on these results, PZO/PTO superlattices with
ultrashort stacking periods (i.e. PZO,/PTO; and
PZ0O,/PTO,) may act as a single-component system with
a single ferroelectric domain structure, even though the
superlattice consists of alternating ferroelectric and anti-
ferroelectric layers. Recent first-principles studies on
ultrashort-period KTaO3;/KNbO; showed that the
polarization in the B-site modulation superlattice is
more sensitive to the variations in composition and
atomic configuration than that in the A-site modulation
superlattice, such as the BaTiOs/SrTiO; superlattice,
since the B-site modulation breaks the translational
symmetry of the oxygen octahedron [17]. Sepliarsky
et al. also predicted the anisotropy in correlation of each
P (polarization along the modulation direction) and Py
(the in-plane component of the polarization) through
the B-site modulation superlattice via molecular-dynam-
ics simulation and revealed that the superlattice acts as a
single artificial ferroelectric structure at short modula-
tion lengths [18].

It is necessary to consider the amplitude images in de-
tail in order to understand the polarized domain struc-
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