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Depth-resolved analysis of ferroelectric domain structures in bulk LiNbO 3
crystals by scanning force microscopy
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Physical Institute, University of Bonn, Wegelerstraße 8, 53115 Bonn, Germany

sReceived 11 March 2005; accepted 10 May 2005; published online 7 June 2005d

Ferroelectric domains were written in congruently melting lithium niobate crystalssLiNbO3d by
electrical field poling using a mask with circular openings. For the surface sensitive detection of the
domains, we used scanning force microscopy. Thinning the crystal step-by-step reveals that the
domains evolve from circular shape at the very surface to hexagonal shape at a depth of around
30 mm, demonstrating the impact of the crystal symmetry on the domain shape. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1949286g
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Domain engineering in lithium niobate cryst
sLiNbO3d has become important for photonics: Periodica
poled crystals facilitate nonlinear-optical applications, s
as second-harmonic generation and optical parametric
lation through quasi-phase matching.1,2 Tailored domain
structures also allow to realize electro-optically tuna
diffractive-optical elements.3 High-density data storage h
been realized by writing and reading of nanodomains in
trathin crystals.4 Arrays of inverted ferroelectric domains c
also serve as nonlinear photonic crystals.5 These example
underline that the fabrication ofmm-sized domain structur
is a very active field.

Commonly, domain patterns are produced in bulk c
tals using electric-field poling with structured electrod6

For the fabrication of periodically-poled crystals, the elec
field is designed such that the stripes follow the crysta
graphicy axis. Due to the three-fold symmetry of the crys
stripes and hexagons are the preferred domain shape
deed, domains produced by arbitrarily shaped electrode
shape into the crystallographically favored form while p
etrating from the surface into the crystal volume.7 However,
there is demand for micrometer-sized domain structure
yond the crystallographic constraints. Therefore, a stud
the evolution of user-defined domain structures from the
face into the material depth is of relevance.

As an optimum tool for the nondestructive investiga
of ferroelectric domains, scanning force microscopysSFMd
has been established8 because it allows one to reveal
domain structure at the very surface with a high lateral r
lution. In this letter, we report depth-resolved mapping
ferroelectric domains using SFM.

A congruently melting,z-cut LiNbO3 crystal sthickness
500 mm, Crystal Technology, Inc.d was used for the expe
ments. For structured electric-field poling, the crystal
covered at the −z face with a photoresist pattern to shape
electric field for selective domain inversion. The photore
mask had circular openings with a diameter of 8mm and the
size of the structured area was about 10320 mm2. Both z
faces were contacted homogeneously with gel electrode
a voltage was applied to reverse the polarity of the samp
the openings of the photoresist mask. Figure 1 depicts
matically the resulting domains and introduces the nom
clature used later in the text.
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To reveal the obtained domain structures both at the
and the bottom face of the crystal, we etched part of
sample in pure hydrofluoric acids48%d for 15 min.9 This
so-called differential etching identifies unequivocally the
main structure. To get information about the depth evolu
of the domain shape, we subsequently thinned the samp
polishing the −z face in steps of about 3mm and took SFM
images of the surface domain pattern after each step w
etching. The step height was determined with a high p
sion caliper with an accuracy of about 1mm.

For the detection of the domain patterns, we utilize
commercial scanning force microscopesSMENA, NT-
MDTd, modified to allow application of voltages to the
We used stiff cantileverssforce constant<20 N/m, reso
nance frequency<250 kHzd with gold-coated tips and ope
ated the instrument as a dynamic contact electrostatic
microscope sDC-EFMd:10 The measurements were p
formed in contact mode with an additional ac voltages10 V,
36 kHzd applied to the tip. Even though the tip is in cont
with the surface, the cantilever vibrates at the applied
quency due to the electrostatic interaction of the periodi
charged tip with the field of the domains. The time cons
of the feedback circuit being very large compared to
inverse of the modulation frequency of the voltage applie
the tip, the topography can be read out as in standard co
mode SFM. From the modulated electrostatic force sig
we get information about the domain structure of our sam
via lock-in detection.11 The phase of the lock-in amplifier
adjusted such that +z s−zd faces appear as darksbrightd areas
in the images. The lateral resolution for the domain con
images is<200 nm. Topography and domain structure of
sample surface can be read out simultaneously.
FIG. 1. Schematic view of the LiNbO3 sample and its domain structure.
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In the first experiment, we investigated the part of
LiNbO3 crystal that was etched in hydrofluoric acid, the
fore revealing unambiguously the domain structures. Fi
2 shows optical microscopic images of both crystal fa
after etching. The figure clearly displays circular domain
the top surfacefFig. 2sadg and hexagonal domains at t
bottom fFig. 2sbdg. The same domain patterns can also
seen on the nonetched part of the crystal with DC-EFMsFig.
3d. Note that the dots are dark and the hexagons are b
because we have to flip the crystal for scanning the bo
face, therefore inverting the contrast of the domain pat
The domains appear longish because of the nonlinear
the piezoscanner.

From these pictures, we can figure out the size dist
tion of the areas with reversed polarization on the struct
−z face and on the homogeneously gel-covered +z face of the
crystal. Whereas the circles are rather uniform with a d
eter of 8 to 9mm, the size of the hexagons scatters roug
by a factor of 2 from 6 to 13mm. Indeed, the hexagons a
also generally regular.

Domains becoming larger in electric-field poling alo
their way through the crystal is known as dom
spreading;12 one of the main challenges formm-sized do
main engineering. This effect is explained via the field
hancement at the edges of the photoresist pattern and s
lead to a symmetric broadening of the inverted areas. B
comparing the centers of the hexagonal domains with
regularly spaced array of black dots that are superimpos
the image in Fig. 2sbd, it is obvious that the large hexago
are arbitrarily misaligned. Note that the circular domains
nearly perfectly arrangedfFig. 2sadg. We therefore expe
that crystal defects influence the poling properties are
primary cause for these irregularities.

Domains shrinking on their way through the crystal p
sume that the poling process was aborted too early. How
the total domain inverted area, as it is determined from l

FIG. 2. Optical microscope imagess1003100 mm2d of both faces of th
etched LiNbO3 crystal with circles at the topsad and hexagons at the botto
surfacesbd. The dots indicate the lattice of the photoresist mask.

FIG. 3. DC-EFM images of the topsad and the bottomsbd surface of the
nonetched LiNbO3 crystal. The image size is 60360 mm2. In our settings
the −z/ +z faces show up as bright/dark areas, hence the contrast
written domains seems inverted—locking once from the top and once
the bottom. The domains seem long because of the nonlinearity of t

ezoscanner. The topographysnot shownd exhibits no particularities.
t
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imagess0.25 mm2d, is 21% for both crystal faces. Since d
main reversal does not start simultaneously for all s
some domains have grown larger than desired whereas
have not yet reached their required size. Note that the
hexagons are mainly centered with respect to the sup
posed dot array. The domains therefore seem to reac
bottom face of the crystal as hexagons centered to the
toresist openings, and asymmetric sideways growing o
later.

In further experiments, we examined the transition f
the circular shape of the domains at the top surface to
hexagonal shape at the bottom. Figure 4 shows a select
the series of images that we got from successively thin
the crystal and imaging the resulting domain structure
the SFM. Whereas at a depth of 8mm fFig. 4sadg, the do-
mains are still circular the orientation of the crystal can
ready be anticipated at 17mm fFig. 4sbdg. Deeper inside th
crystal, 26mm below the surfacefFig. 4scdg hexagons wit
rounded edges can be seen, and at 35mm fFig. 4sddg the
domains show a very clear hexagonal shape. However, a
depth, the size distribution of the hexagons is rather unif
They vary from 9 to 10mm. This results in the same dom
inverted area as for the circles whose size is about 8 to 9mm
in diameter. The center of these hexagons, 35mm below the
original surface, also matches the lattice of the photor
pattern.

Comparing Fig. 4sdd sat a depth of 35mmd with Fig.
3sbd sback side of the crystal corresponding to a dept
500 mmd, it turns out that on their way through the crys
the hexagons are altered even further: Some get sm
whereas others grow, and the center of the large ones i
placed. Although they have achieved their preferred hex
nal geometry at a depth of 35mm, where the high-field gra
dients from the edges of the photoresist that caused do
spreading are no longer dominant, they still vary with res
to their size.

To get information about the stability of the domains,
have annealed the crystal for 24 h at 400 °C to releas
internal stress,13 however, the domain structures were
affected. Also noteworthy is that the polishing procedure
not influence the domain shape. The circularly shaped
mains are thus stable enough for applications.

One might think that a single experiment would rev
the evolution of the shape by directly measuring the to
raphy of the domain pillows of a deeply etched sample
the SFM or a scanning electron microscope. This is, h
ever, not accurate because etching also affects thex and y
faces of the crystal.7 Therefore, no clear information abo
the shape of the domains could be gathered from suc
experiment.

In this letter, we have demonstrated a precise and si
method for the depth-resolved analysis of ferroelectric

e

-

FIG. 4. DC-EFM images of the top surface of the nonetched LiNbO3 crys-
tal. The image size is 60360 mm2. The images are taken after polishing
a depth of 8mm sad, 17 mm sbd, 26 mm scd, and 35mm sdd below the
original surface of the crystal.
mains. We have shown that the maximum depth at which
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arbitrary domain patterns can be imposed into a congru
melting LiNbO3 crystal by structured external electri
fields is about 10mm, if there is no match between the str
ture and the preferred crystallographic axes.
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