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We have investigated the ferroelectric domain structure formed in a Sty Bag30Nb,Jg (SBN) single
crystal by cooling the crystal through the Curie point. The SBN crystal was grown by a newly
developed double-crucible Stepanov method. Imaging the etched surface structure using a scanning
force microscope in both the topographic mode and the piezoresponse mode revealed that a
multidomain structure of nanoscale island-like domains was formed in the SBN crystal. Furthermore,
tailored "patterns of inverted-domain structure were fabricated using the thin SBN sample which
underwent poling treatment, where polarization directions of the domains were locally switched by’
scanning the samples with a conductive cantilever while applying voltages.

Key words: scanning force microscope, ferroelectric domain, domain engineering, nanoscale fabrication, SBN

1. INTRODUCTION

Ferroelectric single crystals have been used as
materials for functional devices because they have
various properties, such as electrooptic, nonlinear optic
and piezoelectric properties and the photoreflective
effect; strontium barium niobate (SrgsBay30NbyOg:
SBN, hereafier) is one of ferroelectric crystals. Several
functional devices, such as light modulation and
holographic memory devices, have been produced thus

far by exploiting the superior properties of SBN crystals.

Recently, the development of functional devices
utilizing the functions and characteristics obtained by
patterning microscale domain structures in ferroelectric
crystals such as the SBN and LiNbO; crystals has
attracted  attention. Thus far, second-harmonic
generation (SHG) devices [1] and optical parametric
oscillation devices [2] have been fabricated by
exploiting «quasi phase-matching (QPM) in the
construction of a microscale periodically inverted-
domain structure [3]. We anticipate the creation of
functional devices that exploit the characteristics newly
exhibited through the domain structure of ferroelectric
crystals artificially structured at the nanoscale level in
the future [4,5].

Recently, it has been found that SHG was emitted
from an as-grown SBN crystal, in which the
periodically inverted-domain structure was not formed
artificially [6]. This is possible because a multidomain
structure is naturally formed in the SBN crystal upon
cooling through the Curie point (T), and these domains
partially satisfy the QPM condition. On the basis of
observations made using a transmission electron
microscope, the formation of nanoscale 180° domains
with the polarization that is parallel to the c-axis of the
SBN crystal has been revealed [7]. However, the
domain structure formed in the SBN crystal has not
been investigated due to the difficulty in domain
visualization using conventional optical microscopy.
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We have investigated the imaging and engineering
of the domain structure in the SBN crystal using a
scanning force microscope (SFM). Imaging the efched
SBN surface in both the topographic and piezoresponse
[4,8-10] modes of the SFM revealed the nanoscale
multidomain structure in the as-grown SBN crystal.
Furthermore, inversion of the domains was achieved by
applying an appropriate dc bias voltage using the
conductive SFM tip [4,8,9,11]. Tailored-patterns of
inverted-domain structure were fabricated using the
SFM. It was difficult to fabricate the nanoscale domain
patterns by conventional electric field poling using
lithographically defined electrodes [12].

2. EXPERIMENTAL METHOD

A single crystal of SBN was grown by a newly
developed double-crucible Stepanov method [13]. The
as-grown crystal was annealed at 1350 °C for 24 h and
then cooled to room temperature in the furnace. The
crystal was cut perpendicular to the c-axis, and polished
using alumina powder and colloidal silica solutions.
Then, the crystal was etched in a HF aqueous solution at
room temperature for 10 minutes. Imaging of the
domain structure on the etched SBN surface was
achieved using the SFM in two different modes. First,
the etched surface was scanned in the topographic mode.
The domain structure could be revealed in the
topographic mode due to the different etching behaviors
of the positive and negative polarized faces of domains.
Second, the conductive SFM tip was used to perform
domain imaging in the pizoresponse mode with an
applied ac bias voltage of 10-14 V (peak-to-peak) at a
frequency of 10 kHz. The piezoresponse mode is
expected to be able to diretly image the domain
structures with nanoscale resolution. The piezoresponse
and topographic visualizations of domain structutes on
the etched surface of the crystal were used as
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Fig.1 Domain engineering method by using SFM. Polarization
directions of domains were locally swiiched by applying bias
voltage using a conductive SFM cantilever.

complementary methods to confirm the suitability of
using the SFM approach for the SBN crystal.

The domain engineering of the SBN crystal was
achieved by applying a dc bias voltage using the
conductive SFM tip, as shown in Fig.l. The SBN
samples for the domain engineering were prepared by
the following procedure. Gold films were deposited on
one side of the c-cut polished SBN crystals, after a
poling treatment which was carried out so that the SBN
crystal has a single 180°-domain structure (the
polarization ‘direction is parallel to the c-axis). The
gold-coated surfaces were adhered to metal substrates
using conductive paste. The crystals on the metal
subsirates were polished to 5590 um thickness. A
certain bias voltage was applied between the conductive
SFM tip and the metal substrates, where the tip was
grounded.

3. RESULTS AND DISCUSSION
3.1 Domain structure of an as-grown SBN crystal

Fig.2 (a) shows the topographic image of an etched
SBN. The surface was etched preferentially with a depth
of approximately 5 nm. The unetched area, white in the
figure, looked like islands structure with the size of a
few hundred nanometers. The same region was scanned
in the piezoelectric-response mode. As shown in Fig2
(b), island-like structures appeared with dark and bright

topographic mode and (b} in the piezoresponse mode. White
and black areas in (a) and (b} represent the negatively and
positively polarized faces of the domains, respectively.
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Fig.3. SFM piezoresponse images of (a) dotty inverted-
domains fabricated by applying a bias voltage of V = -80 V for
freatment time of 40 s, and (b) linear inverted-domains
fabricated by applying a bias voltage of V = -80 V with
scanning the cantilever at the rate of 0.5 um/s.

contrast. The island-like structure imaged by the
piezoelectric-response maode agreed well with that of the
topographic image, which suggests that the island-like
structure corresponds to domain structure. It seems that
the preferential etching in SBN is caused by etching rate
anisotropy of 180° multi-domains, which was already
observed in  LINbO, [14}, LiTaO; [15] and
Pb_Ba,Nb,Oy [16] crystals. In order to determine the
polarity of the etched regions, a SBN crystal which
underwent a conventional poling treatment [17], in
which negatively and positively polarized faces were
formed artificially, was etched in the HF solution. The
positively polarized face was determined 1o be
preferentially etched. Thus, the white areas in Fig.2 (b)
represent the negatively polarized faces of the domains.

3.2 Domain engineering

We investigated the shapes of inverted domains in
the SBN samples under different bias-applying
condition. Fig.3 (a) shows the domains inverted by the
application of voltage V = -80 V for treatment time of
40 s; The inverted domains were imaged in the
piezoresponse mode (represented by the white area).
The polarizations of these inverted domains are directed
from the surface of the crystal to the bottom; namely,
the surfaces of the domains are negatively polarized. As
the bias voltage increased, the inverted domains grew.
In addition, when the bias voltages were fixed, the
inverted domains grew as the {reatment time increased.
The line-shape of inverted domain was also fabricated
by scanning with the conductive SFM cantilever on the
SBN crystal surface while applying the voltage, as
shown in Fig.3 (b). These results indicate that inverted
domains with arbitrary size and shape can be fabricated
using SFM by controlling the bias voltage, treatment
time, and scanning condition.

We fabricated tailored-domain-patterns in the SBN
crystal by scanning with the conductive SFM cantilever
on the SBN crystal surface while applying a certain bias
voltage. Fig.4 shows a lattice pattern of inverted
domains fabricated by scanning with the conductive
cantilever. In this case, the lattice pattern was fabricated
by scanning with the conductive cantilever at the rate of
1 pmv/s, while applying voltage V = -30 V. The width of
the lines of the lattice pattern fabricated by the inverted
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Fig.4 SFM piezoresponse image of a lattice pattern made of
linear inverted-domains.

domain was approximately 250 nm.

3.3 Back switching

In- addition to the island-like domain structure
naturally formed upon cooling through the Curie point
to room temperature, we observed the nanoscale domain
structure formed by a back switching of the inverted-
domain after a conventional poling treatment. The
poling treatment was carried out so that the SBN crystal
has a single 180°-domain structure. Fig.5 shows that the
piezoresponse image of nanoscale domains formed by
the back switching, where the black area represents
back-switched domains. The size of back-switched
domains was smaller than that of island-like domains
naturally formed upon cooling through the Cune pomt
to room temperature.

4. CONCLUSION

We have observed the domain structure of the SBN
crystal using the topographic and piezoresponse modes
of the SFM. The 180° nanoscale island-like domains
were naturally formed upon cooling through the Curie
point to room temperature. Furthermore, the domain
engineering was achieved by applying the appropriate
bias voltage by using the SFM. We were able to pattern
domain structures on microscale to nanoscale levels by
controlling the magnitude of the voltage applied to the
SBN samples and treatment time while scanning a
conductive SFM cantilever along the sample surfaces.
We consider that the fabrication technologies of
nanoscale domain patterns (nanoscale domain
engineering) in ferroelectric single crystals, such as a
SBN crystal, by using SFM may be effective for
development of novel functional devices such as
photonic crystals, optical MEMS and wavelength-
conversion devices. ' :
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Fig.5 SFM piezoresponse image of back-switched domains in
SBN crystal after the poling treatment.
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