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We have investigated the ferroelectric domain structure formed in a Sr0.61Ba0.39Nb2O6 single crystal
by cooling the crystal through the Curie point. Imaging the etched surface structure using a scanning
force microscope~SFM! in both the topographic mode and the piezoresponse mode revealed that a
multidomain structure of nanoscale islandlike domains was formed. The islandlike domains could
be inverted by applying an appropriate voltage using a conductive SFM tip. Furthermore, a
nanoscale periodically inverted-domain structure was artificially fabricated using the crystal which
underwent poling treatment. ©2002 American Institute of Physics.@DOI: 10.1063/1.1506945#

Strontium barium niobate~SBN! is a promising ferro-
electric material that exhibits large piezoelectric, electroop-
tic, nonlinear optic and pyroelectric coefficients, and is being
considered for applications such as second-harmonic genera-
tion ~SHG!,1,2 optical parametric oscillation~OPO!, and mi-
croelectromechanical system~MEMS!3 devices. Microscale
and even nanoscale-domain engineering of a ferroelectric
single crystal has recently attracted great interest,4,5 because
the fabrication of such OPO, SHG, and MEMS devices relies
on the engineering technique. The emission of the quasi-
phase-matching~QPM!-SHG has been demonstrated by
forming a periodically inverted-domain microstructure in the
SBN crystal.1,2

Recently, it has also been found that SHG emission was
generated from an as-grown SBN crystal, in which the peri-
odically 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 (Tc), 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 thec
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 us-
ing conventional optical microscopy.

We have investigated the imaging and engineering of the
domain structure in the SBN crystal using a scanning force
microscope~SFM!. Imaging the etched SBN surface in both
the topographic and piezoresponse8–10 modes of the SFM
revealed the nanoscale multidomain structure. Inversion of
the nanoscale domains was achieved by applying an appro-
priate dc bias voltage using the conductive SFM tip.8,9,11Fur-
thermore, we have artificially formed the nanoscale periodi-

cally inverted-domain structure in the SBN crystal using the
SFM. It was difficult to fabricate the nanoscale domain pat-
terns by conventional electric-field poling using lithographi-
cally defined electrodes.4,12

A high-quality single crystal of Sr0.61Ba0.39Nb2O6

~SBN:61! was grown by a newly developed double-crucible
Stepanov method.13 The composition corresponds to that of
the congruent melt in the SrNb2O6– BaNb2O6 system, thus,
the SBN:61 crystal is much easier to grow than SBN crystals
with other compositions (SrxBa12xNb2O6:0.25<x<0.75).
The as-grown SBN:61 crystal was annealed at 1350 °C for
24 h and was then cooled to room temperature in the furnace.
The crystal was cut perpendicular to thec axis and was pol-
ished using alumina-particle and colloidal-silica aqueous so-
lutions. Then, the polished crystal was etched in an HF aque-
ous solution at room temperature for 15 min. Imaging of the
domain structure on the etched SBN surface was achieved
using the SFM in two different modes. First, the etched sur-
face was scanned in the topographic mode. The domain
structure could be revealed in the topographic mode because
of the different etching behaviors of the positive and nega-
tive polarized faces of domains. Second, the conductive SFM
tip was scanned to perform domain-structure imaging in the
piezoresponse mode with an applied ac bias voltage of
10–14 V~peak to peak! at a frequency of 10 kHz. If the bias
voltage decreased less than 10 V, it was impossible to per-
form the domain imaging in the mode. The conductive SFM
cantilever made of a tetrahedral silicon tip with a radius of
less than 25 nm, which was coated with platinum/titanium
metals, was used. The resonance frequency and spring con-
stant were 70 kHz and 2 N/m, respectively. The piezore-
sponse mode was expected to be able to directly image the
domain structures with nanoscale resolution. The piezore-
sponse and topographic SFM modes were used as comple-
mentary methods to confirm nanoscale domain structure in
the SBN crystal.a!Electronic mail: terabe.kazuya@nims.go.jp
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The domain inversion of the SBN crystal was achieved
by applying an appropriate dc bias voltage using the conduc-
tive SFM tip. The SBN sample was prepared by the follow-
ing procedure. A gold film was deposited on one side of the
c-cut SBN crystal. The gold-coated surface was fixed on a
metal substrate using conductive paste, and the SBN crystal
on the metal substrate was polished using the alumina-
particle and colloidal-silica aqueous solutions. The dc bias
voltage (Vs) was applied between the conductive SFM tip
and the metal substrate, where the tip was grounded. When
the tip was scanned on the SBN sample of less than 50mm
the thickness in the piezoresponse mode with an applied ac
bias voltage of 10 V, the domains in the scanned area were
partially inverted without applyingVs . Thus, the SBN
sample of an approximately 70mm thickness was used for
examining the domain inversion. A nanoscale periodically
inverted-domain structure was also fabricated by scanning
the conductive tip with application ofVs on the SBN sample.
Before the patterning, the crystal underwent poling treatment
under the electric field of 400 V/mm, which is larger than the
coercive field (Ec>250 V/mm), using the liquid electrodes
at room temperature.

Figure 1~a! shows a topographic SFM image of the
etched SBN crystal. The unetched area, white in Fig. 1~a!,
resembled an island structure with the feature size of several
hundred nanometers. Cross-sectional analysis of the image
revealed surface profile variations of approximately 10 nm.
The preferential etching of the SBN crystal was caused by
the etching rate anisotropy of 180° domains parallel to thec

axis, which was previously observed in LiNbO3,14

LiTaO3,15 and Pb12xBaxNb2O6
16 crystals. In order to deter-

mine the polarity of the etched regions, the SBN crystal
which underwent the 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 to be preferentially etched.
Thus, the white areas in Fig. 1~a! represent the negatively
polarized faces of the domains, that is, they correspond to
polarization pointing down into the figure plane.

The same region was imaged in the piezoresponse mode.
As shown in Fig. 1~b!, the piezoresponse image agrees well
with the structure revealed in the topographic image. By
monitoring the phase shift between the piezoresponse signal
and the modulating voltage, it was determined that the bright
regions in Fig. 1~b! corresponded to the negatively polarized
faces of the domains, which is consistent with the results of
etched topography. The piezoresponse mode was also used to
image the islandlike structure in the unetched SBN sample.
Figure 2~a! shows a topographic image of the sample with a
high surface roughness of approximately 100 nm; the surface
structure was prepared by applying only the polishing treat-
ment using the alumina particle solution. No domain struc-
ture could be seen in the topographic mode. In spite of the
high surface roughness, the piezoresponse imaging revealed
the nanoscale islandlike domain structure@Fig. 2~b!#. This
suggests that the piezoresponse signal seen in Fig. 1~b! is not
an artifact due to the topography. Namely, these SFM obser-
vations demonstrate that the nanoscale multidomain structure
does exist in the SBN crystal.

The Ec value of the SBN crystal as obtained by a con-
ventional hysteresis measurement using liquid electrodes of
diameter 4 mm~saturated LiCl solution in water! was deter-
mined to be approximately 250 V/mm at room temperature.
A required voltage for inverting the domain was calculated to
be more than617.5 V for the sample with a thickness of 70
mm when the liquid electrodes are used. However, it is dif-
ficult to estimate the required voltage for inverting the do-
main when the conductive SFM tip is used as the electrode
due to the complex field distribution. In our study, the bias
voltage ofVs5230 V, which is much larger than the value
of 217.5 V, was applied to the SBN sample by scanning the
tip at a rate of 1000 nm/s over a small area of 1000
31000 nm2. Subsequently, the domain inversion was visu-
alized in the piezoresponse mode. Figures 3~a! and 3~b!
show the multidomain structure of the SBN crystal before

FIG. 1. SFM images of the HF-etched SBN crystal~a! in the 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.

FIG. 2. SFM images of the alumina-polished SBN crystal~a! in the topo-
graphic mode and~b! in the piezoresponse mode.

FIG. 3. Piezoresponse images showing the inversion of domains in the thin
SBN crystal ~a! before and~b! after application of the bias voltage of
230 V.
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and after application of the bias voltage, respectively. The
treated domains in a small area~a square of about 1000
31000 nm2) in Fig. 3~b! in a scanning area of 3000
33000 nm2 were fully inverted, as shown by the change in
contrast from black to white. The surface polarity of the
inverted domain should be negative, and its contrast is again
consistent with the results of the preferential etching shown
in Fig. 1. Furthermore, the nanoscale periodically inverted-
domain structure could be artificially fabricated in the SBN
crystal. Before the patterning, the crystal underwent poling
treatment under the electric field of 400 V/mm using liquid
electrodes at room temperature. The bias voltage ofVs

5230 V was repeatedly applied to the sample as the con-
ductive tip was scanned with equal interval of 350 nm at a
rate of 1000 nm/s. Subsequently, the periodically inverted-
domain structure with approximately a 350 nm period width
was formed, as shown in Fig. 4.

In conclusion, we have investigated the domain structure
of the SBN crystal using the topographic and piezoresponse
modes of the SFM. It was found that the 180° nanoscale
islandlike domains were naturally formed upon cooling
through the Curie point to room temperature. The domains
could be inverted by applying an appropriate voltage using a

conductive SFM tip. Furthermore, the nanoscale pattern of
the periodically inverted-domain structure could be fabri-
cated by controlling the tip scanning. We believe that the
nanoscale domain patterning of ferroelectric single crystals,
such as the SBN crystal, using the SFM has great potential
for creating functional devices.

The authors would like to thank Professor Y. Cho of
Tohoku University for fruitful discussions about the nanos-
cale domain engineering.

1M. Horowitz, A. Bekker, and B. Fischer, Appl. Phys. Lett.62, 2619
~1993!.

2Y. Y. Zhu, J. S. Fu, R. F. Xiao, and G. K. L. Wong, Appl. Phys. Lett.70,
1793 ~1997!.

3R. W. Eason, I. E. Barry, G. W. Ross, P. G. R. Smith, and C. B. E. Gawith,
Proc. SPIE4075, 124 ~2000!.

4V. Y. Shur, E. L. Rumyantsev, E. V. Nikolaeva, E. L. Shinshkin, D. V.
Fursov, R. G. Batchko, L. A. Eyres, M. M. Fejer, and R. L. Byer, Appl.
Phys. Lett.76, 143 ~2000!.

5L. M. Eng, Nanotechnology10, 405 ~1999!.
6S. Kawai, T. Ogawa, H. S. Lee, R. C. DeMattei, and R. S. Feigelson, Appl.
Phys. Lett.73, 768 ~1998!.

7L. A. Bursill and P. J. Lin, Philos. Mag. B54, 157 ~1986!.
8A. Gruverman, O. Auciello, and H. Tokumoto, Appl. Phys. Lett.69, 3191
~1996!.

9Y. G. Wang, W. Kleemann, T. Woike, and R. Pankrath, Phys. Rev. B61,
3333 ~2000!.

10A. Gruverman, O. Auciello, J. Hatano, and H. Tokumoto, Ferroelectrics
184, 11 ~1996!.

11T. Hidaka, T. Maruyama, S. Saitoh, N. Mikoshiba, M. Shimizu, S.
Shiosaki, L. A. Wills, R. Hiskes, S. A. Dicarolis, and J. Amano, Appl.
Phys. Lett.68, 2358~1996!.

12M. Yamada, N. Nada, M. Saitoh, and K. Watanabe, Appl. Phys. Lett.62,
435 ~1993!.

13S. Takekawa, Y. Furukawa, M. Lee, and K. Kitamura, J. Cryst. Growth
229, 238 ~2001!.

14K. Yamamoto, K. Mizuuchi, K. Takeshige, Y. Sasai, and T. Taniuchi, J.
Appl. Phys.70, 1947~1991!.

15K. Kitamura, Y. Furukawa, K. Niwa, V. Gopalan, and T. E. Mitchell, Appl.
Phys. Lett.73, 3073~1998!.

16M. Lee, R. S. Feigelson, and R. K. Route, J. Cryst. Growth193, 347
~1998!.

17J. E. Myers, R. C. Eckardt, M. M. Fejer, R. L. Byer, W. R. Bosenberg, and
J. W. Pierce, J. Opt. Soc. Am. B12, 2102~1995!.

FIG. 4. Piezoresponse images showing the periodically inverted-domain
structure with approximately 350 nm period width.

2046 Appl. Phys. Lett., Vol. 81, No. 11, 9 September 2002 Terabe et al.


	Imaging and engineering the nanoscale-domain structure of a Sr0.61Ba0.39Nb2O6 crystal using a scanning force microscope
	

	tmp.1221752353.pdf.ml32h

