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Ferroelectric domains in LiNbO; have been investigated by means of electrostatic force microscopy.
Polarization-inverted gratings with 4 um periodicity were fabricated by titanium diffusion into both
+c and —c faces of single-domain LiNbOj crystals. The distribution of the electric field in the
vicinity of the sample surface was measured using scanning probe microscopy. The electrostatic
force image was found to correlate with the shape of the domain-inverted profile observed by
scanning electron and optical microscopies. © 1997 American Institute of Physics.

[S0003-6951(97)01927-X]

Domain-inverted gratings have the potential for a wide
range of optical device applications including second-

parametric oscillators. However, control of the domain shape
remains an obstacle. This problem is aggravated by the lack
of a nondestructive, high-resolution technique for imaging
ferroelectric  domains. Scanning electron microscopy
(SEM),! transmission electron microscopy,? and optical
microscopy® have been used to image ferroelectric domains
in LiNbOj; crystals. Recently, it has been demonstrated that
electrostatic force microscopy (EFM) is able to map the do-
main structure of ferroelectric crystals with 50 nm lateral
resolution.*~® In comparison with other techniques, EFM is
nondestructive and has the advantage that the magnitude and
distribution of the electric field in the vicinity of the sample
surface can be imaged. We present here the results of EFM
investigations of periodically poled structures fabricated in
LiNbO; crystals.

EFM images were obtained in the d¢c mode using a com-
mercially available scanning probe microscope. Measure-
ments were carried out in two steps in order to monitor the
topography and the electrostatic force separately from each
other. First, the tip tracked one scan line in contact with the
sample to determine the surface topography. Then, the tip
was raised to a predetermined height (from 50 to 100 nm)
above the surface and scanned parallel to the previously
stored scan line.” Based on the topography measured with
the contact scan, the tip—sample separation was kept constant
during the noncontact scan. The deflection of the cantilever
due to the electrostatic force from the sample was then plot-
ted as a function of position during the noncontact scan. For
the (EFM) measurements, commercially available Si cantile-
vers with spring constants of 4 N/m were used.

Polarization-inverted gratings were produced by Ti dif-
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fusion into both +c (the +c¢ sample) and —c¢ (the —¢
sample) faces of single domain LiNbOj, crystals.® In the Ti
diffused regions, the direction of the macroscopic polariza-
tion is inverted relative to that of the rest of the crystal. For
both samples, the grating periodicity was 4 um. For the
+ ¢ sample, the Ti was diffused from 5 nm thick, 2 xm wide
paralle! stripes separated by 2 um, into the +¢ face. For the
—c sample, the Ti was diffused from 5 nm thick, 0.7 um
wide stripes separated by 3.3 um, into the —c face. After
electric-field imaging, a y face of each sample was polished,
then etched® to make the domain-inverted regions visible by
SEM and optical microscopy.

Cross sections of the domain-inverted regions are shown
in Fig. 1. Figure 1(a) is a SEM image of the domain profile

FIG. 1. (a} SEM micrograph of the domain-inverted profile cross section in
the +¢ sample (diffused from the + ¢ face), and (b) optical micrograph of
the domain-inverted profile cross section in the —¢ sample (diffused from
the — ¢ face). Both gratings have a periodicity of 4 um.
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FIG. 2. EFM measurements of the +¢ face of the +c sample. The scan size is 20 zmX20 um. (a) A topographic image. The higher (brighter) areas are the
Ti-diffused regions. (b) The electrostatic signal from the same area shown in (a). Darker regions indicates a stronger attractive force. (c) Cross sections of the
electrostatic (top) and topography (center) signals taken at the lines indicated in (a) and (b), and a schematic drawing of the domain profile observed by SEM
(bottom). The arrows mark the direction of the spontaneous polarization in the respective sample regions. The boundary between the domain-inverted (brighter

regions) and uninvested regions of the sample carries a positive charge.

resulting from Ti diffusion in the +c¢ sample. An optical
image of the domain profile in the —c¢ sample is shown in
Fig. 1(b). The dark line of contrast in both images is the
interface between the inverted and uninverted polarization
regions. As expected, the gratings have a periodicity of 4
pm. In both samples, the surface is polarization-inverted
relative to the bulk.

Figure 2(a) shows the topography of the + ¢ face of the
+¢ sample as observed during EFM. Since the Ti diffusion
causes the lattice to swell,'® the diffused regions (~3 um
wide) are raised above the rest of the surface. Figure 2(b) is
an image of the electrostatic force acting on the cantilever
measured over the same area imaged in Fig. 2(a). Here, the
darker regions indicate a stronger attractive force on the tip.
The maximum deflection of the cantilever was 2 nm, corre-
sponding to a force of 8 X 1077 N. The electrostatic contrast
has the same periodicity as the topography of the sample.

Figure 2(c) shows cross sections taken along the lines,
which are indicated in Figs. 2(a) and 2(b). The domain pro-
file as determined by SEM is sketched in the lower part of
Fig. 2(c) in relation to the surface topography and the elec-
trostatic signal. Comparison of the domain profile and the
electrostatic contrast reveals a depression in the electrostatic
force signal above the 1 um wide regions where less material
has been inverted. At these points, there is the strongest at-
traction between the field from the sample and the tip.

The observed electrostatic contrast can be explained by
the presence of a permanent negative charge in the Si tip,!"'!?
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which interacts with the electric field above the surface of the
sample. The magnitude and distribution of this field appear
to be determined by the shape of the domain-inverted re-
gions. Below the domain-inverted region, the crystal is po-
larized with the positive charge toward the surface. The field
produced by this polarization is modified by the opposing
polarization of the domain-inverted regions at the surface. In
regions where little material is inverted, the field from the
underlying material is strong, and the negatively charged tip
is attracted to the sample surface. In regions where more
material has been inverted, the opposing field is larger and
the tip—sample interaction is weaker or may even be repul-
sive. Therefore, the tip moves away from the sample above
these regions,

EFM measurements of the —¢ face of the —c¢ sample
are presented in Fig. 3. The topography image is shown in
Fig. 3(a). Again, the periodicity of the grating (4 gm) is in
agreement with the optical observations [see Fig. 1(b)]. The
simultaneously measured electrostatic force on the cantilever
is shown in Fig. 3(b). Again, the electrostatic contrast exhib-
its the same periodicity as the domain-inverted grating. Cross
sections of the electrostatic force signal and the topography
taken along the lines indicated in Figs. 3(a) and 3(b) are
shown in Fig. 3(c). In the bottom part of Fig. 3(c), a sche-
matic drawing of the domain profile of the —c sample is
shown [cf. Fig. 1(b)] in relation to the topography and the
electrostatic signals.

In this sample, a positive deflection is observed in the

nm eléctrostatic force

FIG. 3. EFM measurements of the —c face of the — ¢ sample. The scan size is 15 umX 15 um. (a) A topographic image of the grating. (b) The electrostatic
force observed at the same area shown in (a). Cross sections of the electrostatic (top) and topography (center) signals taken at the lines indicated in (a) and
(b) and a schematic drawing of the domain profile (bottom). The interface between the inverted and uninvested parts of the sample carries a negative charge.
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elecirostatic force signal above the 3 pm wide regions where
less material has been domain inverted. In the +c¢ sample,
the shape of the electrostatic force signal, the surface-
topography, and the domain profile are all similar. However,
in the —c¢ sample, the electrostatic force signal is quite dif-
ferent from the surface topography and more closely re-
sembles the domain profile [as shown in Fig. 3(c)].

As for the +c¢ sample, the electrostatic contrast in the
—c sample can be explained by the interaction of a nega-
tively charged tip with the electric field, which arises from
the domain-inversion profile. In this case, the bulk of the
crystal is polarized with a negative charge toward the sur-
face. Therefore, in regions where little material has been in-
verted at the surface, the tip is strongly repelled by the
sample. In regions where diffusion has caused more material
to invert, the repulsion is less, and the tip relaxes back to-
ward the sample, corresponding to depressions in the elec-
trostatic force image.

In summary, we have imaged the electric field, which
arises from a periodically poled structure in LiNbO, crystals
by means of EFM. The contrast in the electrostatic image has
been explained by the interaction of a permanent negative
charge in the tip with the field above the sample surface.
This field results from both the bulk sample polarization and
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the modifying polarization of the domain-inverted regions at
the surface. Due to its sensitivity, EFM is capable of resolv-
ing changes in the electric-field distribution just above the
surface of the LiNbO; surface on a submicrometer scale.
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