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Dislocations in crystalline materials constitute unique, atomic-scale, one-dimensional structure and
have a potential to induce peculiar physical properties that are not found in the bulk. In this study, we
fabricated LiNbO; bicrystals with low angle tilt grain boundaries and investigated the relationship
between the atomic structure of the boundary dislocations and their electrical conduction properties.
Observations by using transmission electron microscopy revealed that dislocation structures at the
(0001) low angle tilt grain boundaries depend on the tilt angle of the boundaries. Specifically,
the characteristic dislocation structures with a large Burgers vector were formed in the boundary with
the tilt angle of 2°. It is noteworthy that only the grain boundary of 2° exhibits distinct electrical con-
ductivity after reduction treatment, although LiNbO; is originally insulating. This unique electrical
conductivity is suggested to be due to the characteristic dislocation structures with a large Burgers
vector. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4961706]

I. INTRODUCTION

Dislocations in crystalline materials play an essential role
not only in mechanical properties but also in functional prop-
erties. A dislocation has a dangling bond array at its core, and
a localized strain field is induced in the vicinity of the core.
Moreover, local nonstoichiometry can take place at the dislo-
cation cores in ionic crystals.' As a result, the core structure
of dislocations can affect various physical properties of crys-
tals such as electrical properties,”'* optical properties,'’ and
magnetic properties.'> For example, dislocations in some
oxide crystals are known to induce segregation of impurities
and thereby exhibit peculiar electronic conductivity.'*™'®
Therefore, it is significant to clarify the relationship between
dislocation structures and the effect on physical properties.

To date, a great number of studies have been done by
using the bicrystals with low angle tilt grain boundaries for
understanding the structures and properties of boundaries and
dislocations.”® %> A low angle tilt grain boundary gener-
ally consists of a periodic array of edge dislocations that have
a Burgers vector perpendicular to the boundary plane.
Additionally, the interval of dislocations is inversely propor-
tional to the tilt angle of the boundary according to the
Frank’s formula.?® It should be noted that desirable disloca-
tion structures can be introduced in the bicrystals with low
angle tilt grain boundaries. In some multiple oxides, actually,
the effects of the dislocations on electrical properties have
been reported due to the systematic measurements using low
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angle tilt grain boundaries with different boundary planes or
with different tilt angles.* ' Thus, low angle grain boundaries
are useful for the investigation of the structure and properties
of dislocations.

Lithium niobate (LiNbOs) is known to be a ferroelectric
material used in many devices because of its linear piezo-
electric response and excellent electro-optic properties. The
crystal structure of LiNbOj5 in the ferroelectric phase belongs
to the R3c space group with lattice constants ¢ =0.515nm
and ¢=1.386nm,>"*® and the spontaneous polarization
exists along the [0001] direction. Additionally, it has been
reported that electronic conductivity of LiNbO; single crys-
tals depends on the amount of point defects.””*° Nakamura
et al. observed the (1120) low angle tilt grain boundary in
LiNbOj; by using high resolution transmission electron micros-
copy (HRTEM).?® They first reported that the boundary con-
sists of 1/3[1120] basal edge dislocations, which dissociate
into two partial dislocations with b=1/3[0110] and b=1/
3[1010]. However, there have been no reports on physical
properties of the dislocations in LiNbOs. In the case of ferro-
electric materials, the structural strain along the polarization
induces electric charge due to the piezoelectric effect. There is
a possibility that the localized strain around a dislocation may
bring about unusual phenomena in ferroelectric materials.

In this study, therefore, we investigated the atomic struc-
tures and electrical properties of dislocations in LiNbO; by
using the bicrystals with low angle tilt grain boundaries. We
fabricated three types of low angle tilt grain boundaries with
different boundary planes and different tilt angles: (1120)/
[1100] 1° tilt grain boundary, (0001)/[1120] 0.3° tilt grain
boundary, and (0001)/[1120] 2° tilt grain boundary. The dis-
locations at the (1120)/[1100] boundary should have a Burgers

Published by AIP Publishing.
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vector perpendicular to the polarization from geometrical con-
siderations, while the dislocations at the (0001)/[1120]
boundaries should have a Burgers vector parallel to the
polarization. Therefore, it is expected that the dislocation at
the (0001)/[1120] boundary can induce more intense strain
along the polarization than dislocation at the (1120)/[1100]
boundary. The resulting structures of boundary dislocations
were analyzed by transmission electron microscopy (TEM)
and scanning TEM (STEM) in detail, and the electrical con-
duction properties along the dislocations were evaluated by
the direct current (DC) method.

Il. EXPERIMENTAL PROCEDURE

Congruent LiNbOj; single-crystal plates grown by the
Czochralski method®'** were used to fabricate bicrystals
with a low angle tilt grain boundary. The size of each plate
was 10 x 10 x I mm?, and their surfaces were polished by
the diamond suspensions to achieve a mirror finish. These
plates were joined by diffusion bonding in air at 800 °C for
10 h under an additional pressure of 0.1 MPa to obtain the
bicrystals with the size of 10 x 10 x 2mm?>. Figure 1 shows
schematic illustrations of the fabricated bicrystals in this
study. The bicrystals in Figs. 1(a) and 1(b) include a (1120)/
[1100] tilt grain boundary and a (0001)/[1120] tilt grain
boundary, respectively. Here, the crystal structure of LiNbO;
has a rhombohedral symmetry. Note that the orientational
relationships of the grain boundaries in Figs. 1(a) and 1(b)
can be expressed as the (011)g/[211] tilt grain boundary
and (111)g/[011]¢ tilt grain boundary in the case of the
rhombohedral setting, respectively.

The red lines in these figures show the dislocation lines
induced at the boundaries. The tilt angle 20 at the (1120)/
[1100] tilt grain boundary was set to be 1°. Meanwhile, in the
case of the (0001)/[1120] tilt grain boundary, two different tilt
angles were chosen for 0.3° and 2°. Here, polarizations of
these single-crystal plates were set to be the same direction.
The temperature of 800 °C (1073 K) for bonding is sufficiently
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FIG. 1. Schematic illustration showing crystallographic orientations of fabri-
cated bicrystals in this study. (a) Bicrystal with a (1120)/[1100] low angle
tilt grain boundary. The tilt angle 20 was set to be 1°. (b) Bicrystal with a
(0001)/[1120] low angle tilt grain boundary. The tilt angle 20 was set to be
0.3° and 2°.
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lower than the Curie point of ~1140°C (~1413 K).33 It is
thus expected that the polarization in crystals is preserved dur-
ing the bonding process. After the bicrystals were fabricated,
several slices with the size of about 2 x 0.3 x 2mm’ were
cut out from them for TEM observations and electrical
measurements.

Slices of the bicrystals were mechanically ground to a
thickness of about 50 um and attached with a stainless-steel
single hole mesh for reinforcement. The center of the sample
including a grain boundary was milled by the Ar" ion beam
to obtain electron transparency. The samples were observed
using a conventional TEM (JEOL JEM-2010HC, 200kV)
and a scanning TEM (STEM: JEOL JEM-ARMZ200F,
200kV). For STEM observations, we employed the high
angle annular dark field (HAADF) method using a 90-370
mrad detector.

The electrical properties along the boundaries were mea-
sured by the DC method. Specimens cut out from the fabri-
cated bicrystals were annealed at 500 °C for 10 h in a reducing
atmosphere of Ar-4%H, to increase carriers for electrical
conduction, and they were mechanically polished by diamond
suspensions to remove the surface layer. Then, tungsten elec-
trodes were sputtered on opposite faces of the specimens.
Figure 2 shows a micrograph of a prepared specimen and
schematic illustration of the measurement. The current-voltage
(I-V) characteristics along the boundary dislocations were
investigated by dc voltage from —20 to 20 V at room tempera-
ture, and temperature dependence of electrical conductivity
was investigated in the 20—100 °C temperature range.

lll. RESULTS AND DISCUSSION

Figure 3 shows a typical bright field TEM image of the
(1120)/[1100] 1° tilt grain boundary and the corresponding
selected-area diffraction pattern. It was confirmed that the
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FIG. 2. (a) A micrograph of a typical specimen prepared for the electrical
measurement. Tungsten electrodes were sputtered on the top and bottom sur-
faces of the specimen. (b) Schematic illustration of the electrical measure-
ment performed in this study.
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FIG. 3. A typical bright field TEM image obtained at the (1120)/[1100] 1°
tilt grain boundary. Contrasts due to dislocations are arranged along the
boundary. The selected-area diffraction pattern taken from this area is the
inset at the bottom right, and the part enclosed by the red line indicates the
magnified diffraction spots.

single-crystal plates were bonded successfully, and the peri-
odic contrasts appeared at the boundary (indicated by blue
arrows in the figure) were considered to be due to the intro-
duced boundary dislocations. As can be seen from the diffrac-
tion pattern, the diffraction spots from the two grains are well
separated from each other. The angle between these two spots
is estimated to be approximately 1° which corresponds to the
designed tilt angle. The interval between two neighbor con-
trasts is about 25 nm. Here, the interval of the boundary dislo-
cations d can be simply found from the tilt angle 20 according
to the Frank’s formula:?® d = b/20, where b is the magnitude
of the component perpendicular to the boundary plane of
the Burgers vector of dislocations. When 20=1.0° and
b=0.515nm are applied to this formula for the 1/3[1120]
vector that is the minimum translation vector perpendicular to
the (1120) boundary plane, the interval is calculated to be
29 nm. This interval is approximately in agreement with the

FIG. 4. Typical bright field images of the (0001)/[1120] tilt grain bound-
aries. The boundary in (a) has a tilt angle of 0.3°, while that in (b) has a tilt
angle of 2°. The blue arrows indicate the contrasts which are considered to
be due to dislocations. The selected-area diffraction patterns taken from
these areas are the inset at the bottom right, and the parts enclosed by the red
line are magnified diffraction spots.
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observed one of 25 nm. Meanwhile, Figs. 4(a) and 4(b) show
typical TEM images of the (0001)/[1120] tilt grain boundaries
with the tilt angles of 0.3° and 2°, respectively. It was also
confirmed from the diffraction patterns that the 2° tilt grain
boundary was formed as designed. In contrast, the diffraction
spots in the boundary of 0.3° were not separated in spite of
the misorientation. This is believed to be due to the too low
misorientation angle. The contrasts indicated by blue arrows
in Fig. 4 are believed to be due to the introduced boundary
dislocations, and the intervals of the contrasts were roughly
estimated to be 97 nm for the 0.3° boundary and 13 nm for the
2° boundary. If the boundaries consist of the dislocations with
b=1[0001], which is the minimum translation vector perpen-
dicular to the (0001) boundary plane, the intervals are calcu-
lated to be 265 nm for the 0.3° boundary and 40 nm for the 2°
boundary according to the Frank’s formula. However, it is
apparent that the calculated intervals are about three times
wider than the observed ones. This implies that the (0001)/
[1120] tilt grain boundaries consist of the dislocations with a
Burgers vector smaller than b =[0001].

Figure 5(a) shows a typical HAADF-STEM image of a
dislocation at the (1120)/[1100] tilt grain boundary taken
along the [1100] direction, and Fig. 5(b) represents a sche-
matic illustration of the [1100] view of the LiNbO; crystal

FIG. 5. (a) HAADF-STEM image including partial dislocation pairs
observed at the (1120)/[1100] 1° tilt grain boundary from the [1100] view.
The Burgers circuits indicate that the partial dislocation pair has the
1/3[1120] edge component in total. (b) Schematic illustration showing the
crystal structure of LiNbOj; projected along the [1100] direction. The red
and open arrows indicate the Burgers vectors of the perfect and partial dislo-
cations, respectively.
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structure. The bright spots in the HAADF-STEM image cor-
respond to the positions of Nb atom columns because the Nb
atom has the largest atomic number of constituent atoms of
LiNbOs. It was found that pairs of lattice discontinuities
with the very narrow separation distance of 2-3nm are
arranged at the (1120)/[1100] tilt grain boundary. As can be
seen from the Burgers circuits in Fig. 5(a), each partial dislo-
cation has a lattice discontinuity of 1/6[1120] in the (1100)
projection, and the total edge component of the partial dislo-
cation pair is 1/3[1120]. This means that the boundary dislo-
cations with b=1/3[1120] dissociate into two partial
dislocations. In this case, a stacking fault is formed along the
(1120) plane between the two partials. Nakamura et al.
reported on the basis of HRTEM observation that the 1/
3[1120] dislocations at the (1120)/[1100] tilt grain boundary
dissociate into two partial dislocations according to the fol-
lowing equation:*>

1/3[1120] = 1/3[0110]+1/3[1010].

This dissociation reaction is also indicated by the arrows in
Fig. 5(b). The red arrow corresponds to 1/3[1120], and the
two open arrows correspond to 1/3[0110] and 1/3[1010].
The partial dislocation with b= 1/3[0110] or b= 1/3[1010]
has an edge component of 1/6[1120] in the [1100] view,
which coincides with the dislocation structure observed in
the present study. Therefore, the (1120)/[1100] 1° tilt grain
boundary consists of the dislocations of b=1/3[1120] as

J. Appl. Phys. 120, 142107 (2016)

reported in the former paper. In contrast, Ohno et al.>*
recently reported that the 1/3[1120] basal dislocations did
not seem to dissociate into partials according to their experi-
mental results using conventional TEM. In general, it is diffi-
cult for usual conventional TEM to analyze small structures
due to the limited resolution. The discrepancy between the
two reports may be due to the too narrow separation distance
between the partials.

In the (0001)/[1120] 0.3° and 2° tilt grain boundaries,
two types of dislocation structures were typically observed.
Figure 6 shows HAADF-STEM images of the two types of
dislocations, and their filtered inverse fast-Fourier-transferred
(FFT) images for the same areas. The vertical and horizontal
fringes in the inverse FFT images correspond to the (0006)
and (6600) planes, respectively. It was found that the two
kinds of dislocations with the different Burgers vectors are
primarily formed along the boundaries, which are separately
shown in (a) and (b). The dislocation on the HAADF-STEM
image in (a) totally has an edge component of 1/3[1101],
which is a translation vector in the crystal structure of
LiNbOs. Accordingly, the dislocation in (a) is an edge disloca-
tion with »=1/3[1101]. On the other hand, the dislocation
on the HAADF-STEM image in (b) totally has a 1/6[1102]
edge component, which is not a translation vector of LiNbOs.
This implies that this dislocation has some screw component,
because the Burgers vector of a perfect dislocation must coin-
cide with a translation vector in the lattice. Here, the edge
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FIG. 6. HAADF-STEM images includ-
ing the dislocation structures observed
at the (0001)/[1120] 2° tilt grain bound-
ary along the [1120] direction. Both the
(0001)/[1120] 0.3° and 2° tilt grain
boundaries typically consist of these
two types of dislocations. The disloca-
tion in (a) has the edge component of
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on the right side show the inverse FFT
images for the same areas. The vertical
and horizontal lines correspond to the
stacking of the (0006) and (6600)
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components of the 1/3[1101] and 1/6[1102] can be further
decomposed into the components perpendicular and parallel to
the boundary: 1/3[1101]= 1/3[0001] 4+ 1/3[1100], 1/6[1102]
= 1/3[0001] + 1/6[1100]. It can be seen that both the two dis-
locations have the component of 1/3[0001], which contributes
to compensating the given tilt angle at the boundary.

Two lattice discontinuities are clearly present with a
separation distance of a few nanometers in the inverse FFT
images in Fig. 6. This means that the boundary dislocations
dissociate into two partial dislocations. As for the dislocation
dissociation in Fig. 6(a), each partial dislocation marked
with A and B was found to have the same edge component
of 1/6[1101], which is divided into the two lattice disconti-
nuities of 1/6[0001] and 1/6[1100] as can be seen from the
individual inverse FFT images. Meanwhile, in the case of
the partial dislocations marked with C and D in Fig. 6(b), the
two partial dislocations have different edge components.
That is, the partial dislocation C has only the lattice disconti-
nuity of 1/6[0001] although the partial dislocation D totally
has a lattice discontinuity of 1/6[1101]. Here, note the con-
figuration of the two partial dislocations. A stacking fault is
formed between the partial dislocations due to dislocation
dissociation. It can be seen that the two partial dislocations
in Figs. 6(a) and 6(b) are not present on the (0001) plane.
Namely, the stacking fault plane between the two partials is
deviated from the (0001) boundary plane. This configuration
is special because boundary dislocations ordinarily dissociate
into partials along the boundary plane.'® It is known that
the dislocations with the edge component tend to arrange lin-
early to decrease the static elastic energy around dislocations
according to the Peach-Koehler formula.*® Note that the par-
tial dislocations marked with A and B in Fig. 6(a) have the
same edge components of 1/6[1101]. In this case, a force
acts so that the extra half plane that originated from their
edge components arrange on the same plane. This force is
probably the reason why the configuration of the two partials
is not along the boundary plane. As for the partial dislocation
pair in Fig. 6(b), likewise, the partial dislocation D has the
Burgers vector inclined from [0001], resulting in the devia-
tion of positions of the partial dislocations from the (0001)
boundary plane.

Here, we will discuss about the reason why the boundary
dislocations are formed as shown in Figs. 6(a) and 6(b).
Figure 7 shows the crystal structure of LiNbO3 and the three
minimum translation vectors with a component along the
[0001] direction: 1/3[1101], 1/3[0111], and 1/3[1011]. The
three vectors are indicated by the red arrows with (i), (ii),
and (iii) in the figure. Note that the three are also expressed
as [100]g, [010]g, and [001] in the rhombohedral setting,
and they are equivalent vectors from the crystallographic
point of view. The Burgers vector of the dislocation in Fig.
6(a) coincides with the 1/3[1101] vector marked with (i). On
the other hand, the edge component of the dislocation in Fig.
6(b) of 1/6[1102] corresponds to the (1120) projection of the
1/3[0111] or 1/3[1011] vectors, which are marked with (ii)
and (iii), respectively. This suggests that the dislocation in
Fig. 6(b) has a Burgers vector of either 1/3[0111] or
1/3[1011]. Now the three equivalent vectors of 1/3[1101],
1/3[0111], and 1/3[1011] include a component parallel to

J. Appl. Phys. 120, 142107 (2016)
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FIG. 7. Schematic illustration showing the Burgers vectors of the boundary
dislocations formed at the (0001)/[1120] tilt grain boundary. The red arrows
marked with (i), (ii), and (iii) correspond to the Burgers vectors of
1/3[1101], 1/3[1011], and 1/3[0111], respectively. The small open arrows
show the Burgers vectors of partial dislocations by expected dissociation
reaction.
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the (0001) plane: 1/3[1100], 1/3[0110], and 1/3[1010],
respectively. These components are not needed geometri-
cally to compensate the given tilt angles at the boundary. In
order to cancel out the unnecessary components, the three 1/
3 (1101) dislocations should be formed in the same number
at the boundary. Namely, it is apparent that the sum of the 1/
3[1101], 1/3[0111], and 1/3[1011] is [0001], which corre-
sponds to a translation vector perpendicular to the boundary
plane. This consideration agrees with that only two types of
dislocation structures were observed by HAADF-STEM
(Figs. 6(a) and 6(b)) because the 1/3[0111] and 1/3[1011]
dislocations look the same in the (1120) projection. From
these things, it is suggested that the boundary consists of the
three equivalent dislocations with b= 1/3[1101], 1/3[0111],
and 1/3[1011], and the triplet of the 1/3 (1101) dislocations
should be the basic unit to compensate the tilt angle at the
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(0001)/[1120] low angle tilt grain boundaries. In this case,
the ideal intervals of the dislocations are calculated to be
88 nm for the 0.3° boundary and 13 nm for the 2° boundary,
which agree with the observed intervals (97 nm for the 0.3°
boundary and 13 nm for the 2° boundary). It should be men-
tioned that the same type of dislocations with b=1/3 (1101)
are also formed at low-angle tilt grain boundaries in alumina
(2-Al,03)** and Bi,Te;.>

Subsequently, we consider the dissociation structures of
the boundary dislocations from the observed edge compo-
nents of the partial dislocations in Fig. 6. In the case of alu-
mina with the R3¢ crystal structure that is similar to the R3¢
structure of LiNbQOs, it has been known that the 1/3 (1101)
dislocations can dissociate as follows:**

(total) (partial 1) (partial 2)

1/3[1101]= 1/18[2423] 4 1/18[4223] (marked with (i) in Fig. 7)
1/3[0111]=1/18[2243]+1/18[2423] (marked with (ii) in Fig. 7)
1/3[1011]=1/18[4223]4-1/18[2243] (marked with (iii) in Fig. 7).

Here, the Burgers vectors of these 1/18 (2243) (equivalently,
1/6 (113)% in the rhombohedral setting) partial dislocations
are indicated by the small open arrows in Fig. 7. The 1/18
(2243) vectors consist of the 1/9 (1120) component on
(0001) and the 1/6[0001] component along [0001]. The
(1120) projections of 1/18[2423], 1/18[4223], 1/18[2243],
1/18[2423], 1/18[4223], and 1/18[2243] vectors correspond
to 1/6[1101], 1/6[1101], 1/6[0001], 1/6[1101], 1/6[1101],
and 1/6[0001] vectors, respectively. These vectors are con-
sistent with the edge components of the partial dislocations
observed in Fig. 6. Therefore, it is reasonable to consider
that 1/3 (1101) dislocations in LiNbO; dissociate into two
partial dislocations with b=1/18 (2243) similarly to alumina.
In contrast, this dissociation structure is different from the
reported structure of the 1/3 (1101) dislocations in Bi,Te;
with the R3m crystal structure.”

We should mention that characteristic dislocation struc-
tures were formed in places only at the (0001)/[1120] 2° tilt
grain boundary. Figures 8(a)-8(c) show a HAADF-STEM
image containing a characteristic dislocation structure and its
inverse FFT images. The structure consists of four lattice dis-
continuities (marked with E, F, G, and H in the inverse FFT
images), whose edge components correspond to 1/6[0001],
1/6[0001], 1/6[1101], and 1/6[1101], respectively, and has a
1/3[1102] edge component in total. The open arrows in
Fig. 8(d) indicate the edge component of the each disconti-
nuity, and the red arrow in the figure indicates the total edge
component. The total edge component of 1/3[1102] (equiva-
lently, [011]z in the rhombohedral setting) is a translation
vector of LiNbOj and is equivalent to the sum of the two
translation vectors of 1/3[0111] and 1/3[1011]. As can be
seen from the configuration, the left two are slightly sepa-
rated from the right two although all the distances between
the partials are not long. Assuming that the four partial dislo-
cations can be divided into two pairs of right and left, there-
fore, the left pair of the two partial dislocations (marked with
E and F) has a 1/3[0001] edge component, and the right pair
(marked with G and H) has a 1/3[1101] edge component.
The Burgers vectors having these edge components do not

J. Appl. Phys. 120, 142107 (2016)
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FIG. 8. (a) HAADF-STEM image of the characteristic dislocation structure
observed at the (0001)/[1120] 2° tilt grain boundary. The blue arrow shows
a secondary phase. (b) and (c) The inverse FFT images for the same area.
(d) Schematic illustration of the Burgers vector of the characteristic disloca-
tion structure. The small open arrows show the Burgers vectors of each par-
tial dislocation, and the red arrow corresponds to the total discontinuity of
1/3[1102].

coincide with any of the translation vectors in LiNbOj even
if any screw components are added. Additionally, the separa-
tion distance between the partial dislocations marked with F
and G is 6.1 nm, which is much narrower than the observed
interval of the perfect dislocations (13 nm). Therefore, it can
be concluded that the four partial dislocations are not from
the two perfect dislocations. Namely, the dislocation struc-
ture in Fig. 8 is considered to correspond to a dislocation
with b= 1/3[1102] that dissociates into four partial disloca-
tions with stacking faults in between. Here, presupposing
that the partial dislocations have a Burgers vector of 1/18
(2243) similarly to the dissociation structure of the 1/3
(1101) dislocation, the dissociation reaction is expected as
follows:

(total) (partial 1) (partial 2) (partial 3) (partial 4)
1/3[1102]=1/18[2243]+1/18[2243]+1/18[4223]+1/18[2423].

It is noteworthy that this characteristic dislocation structure
was not observed at the (0001)/[1120] 0.3° tilt grain bound-
ary. This suggests that the formation of the characteristic dis-
location structure with the large Burgers vector will be due
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to the narrower interval of the geometrically formed disloca-
tions at the 2° boundary. The strong interaction among the
dislocations should induce such unique dislocation structure.
In this case, the tilt angle at the boundary can be compen-
sated by the pair of dislocations with b=1/3[1101] and
1/3[1102], in addition to by the triplet of the dislocations
with b=1/3[1101], 1/3[0111], and 1/3[1011].

As shown in Fig. 8, in the region indicated by the blue
arrow, the characteristic arrangement of the bright spots is
observed, indicating a secondary phase formation. This sec-
ondary phase was frequently formed accompanied with the
dislocation with b= 1/3[1102]. We found that the character-
istic arrangement of the bright spots agrees well with the
positions of Nb atoms in LiNb3Og. Figure 9(a) shows a simu-
lated HAADF image of the LiNb;Og crystal structure pro-
jected from the [010] direction, in which the experimental
image of the secondary phase is inserted (a region sur-
rounded by the red line in the figure). The image simulation
was obtained using the WinHREM program (HREM
Research, Inc.) that is based on the multislice method.>¢
Figure 9(b) shows the schematic illustration of the crystal
structure of LiNbsOg. In LiNb3Og, oxygen ions are arranged
approximately in hexagonal close packing similarly in
LiNbOj3, and cations occupy 1/2 of the octahedral sites of
oxygen ions. As seen in the two regions within the green
boxes in Fig. 9(a), the arrangement of Nb atoms in the simu-
lated and experimental images coincides well with each
other. Therefore, it is concluded that the secondary phase is
brought about by LiNb3Og. In general, the LiNb;Og phase
tends to be formed in LiNbO5 due to large Li deficiency.’”*®
Additionally, dislocations are known to act as a rapid path
for element diffusion in crystals due to intense strain field at
and around dislocations.>*™*' The characteristic dislocation
structure has a larger strain field because the Burgers vector
is larger than those of the dislocations in Figs. 6(a) and 6(b)
of 1/3 (1101). Therefore, it is likely that the dislocation with

@® Nbions O Li ions
Oions

FIG. 9. (a) Simulated HAADF-STEM image of LiNb;Og from the [010]
view. The part encircled by red line shows the secondary phase experimen-
tally observed at the (0001)/[1120] 2° tilt grain boundary. It can be seen that
the zigzag spot patterns within the green boxes in the simulated image and
in the observed image coincide with each other. (b) Schematic illustration of
the LiNb;Og crystal structure from the [010] view.
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the large Burgers vector can play a role of diffusion path of
the Li atoms and thereby the LiNb3;Og phase was formed at
the dislocation. Such deviation of the atomic composition at
dislocations has also been reported in other materials, such
as Bi,Te;” and SrTiO5.%7

Electrical conduction properties along the boundary dis-
locations will be shown in this section. The /-V characteris-
tics were investigated by applying sweep voltage to the
specimens at room temperature. Figure 10 shows /-V charac-
teristics of the regions including the boundary (boundary
region) and the regions not including the boundary (bulk
region) in the bicrystal specimens after the reducing treat-
ment. Note that the specimens did not exhibit measurable
electrical conductivity before reduction. It was found out
that only the region including the (0001)/[1120] 2° tilt grain
boundary exhibits high electrical conductivity after the
reducing treatment. In addition, the /-V characteristic was
linear, which means that the contact parts between a speci-
men and electrodes preserve good condition. Here, remind

(a) 5
(1120)/[1100]
1 .
E 1°G.B. _|
< 0 E——
o =
5, Bulk
1 A
_2 T T
-20 -10 0 10 20
Voltage [V]
®) 59 _
(0001)/[1120]
2° G.B.
10 4
<
=) o 0.3° G.B.
5 | Bulk
5
©40 -
'20 T T
-20 -10 10 20

0
Voltage [V]

FIG. 10. (a) I-V characteristics obtained from the bicrystal with the (1120)/
[1100] 1° tilt grain boundary. The red dotted line and the blue line indicate
the characteristics of the bulk region and the boundary region, respectively.
(b) I-V characteristics obtained from the bicrystals with the (0001)/[1120]
tilt grain boundary. The green line indicates the characteristic of the bound-
ary region with a tilt angle of 2°. The red dotted line and the blue line indi-
cate the characteristics of the bulk region and the boundary region with a tilt
angle of 0.3°, although they are almost the same. Note that the ranges of ver-
tical axis are different for two panels.
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that the characteristic dislocation structures with the large
Burgers vector and the LiNb;Og phase were formed only at
the (0001)/[1120] 2° tilt grain boundary. Therefore, this dis-
tinct electrical conductivity will be due to the characteristic
dislocation structures. To estimate the activation energy of
the conduction, temperature dependence of the conductivity
was investigated in the 20—100 °C temperature range. Figure
11 shows the Arrhenius plot of the electrical conductivities
measured in the boundary and bulk regions in the bicrystal
with the (0001)/[1120] 2° tilt grain boundary. According to
the Arrhenius equation, the electrical conductivity is
described as ¢ = o exp(—E,/kT), where ¢ is the conductiv-
ity, oo is the preexponential factor, E, is the activation
energy, k is the Boltzmann constant, and T is the tempera-
ture. By fitting the conductivity data with the Arrhenius
equation, the activation energies were obtained: 0.55eV in
the boundary region and 0.73 eV in the bulk region.

The mechanism of charge transport in reduced LiNbO;
has been suggested to be due to electron hopping.**~* When
LiNbOs is reduced, oxygen vacancies are introduced into a
crystal, and the electrons released from the neutral oxygen
vacancy sites are trapped at the Nb°" ions, transforming
them into Nb*" ions. The hopping of these electrons between
Nb>* and Nb*" causes the electrical conduction. In the case
of the electrical conduction at the (0001)/[1120] 2° tilt grain
boundary, the carrier is presumed to be electrons because
they are induced by reducing treatment as well. However,
the grain boundary has the lower activation energy than the
bulk region. It is thus believed that the characteristic disloca-
tion structures with the larger Burgers vector at the (0001)/
[1120] 2° tilt grain boundary provide a low energy conduc-
tion path of electrons. Here, consider the local electrical con-
ductivity around the characteristic dislocation structures by
assuming that the each conduction path is cylindrical around
the characteristic dislocation structure. Figure 12 shows the
local electrical conductivity estimated from the difference of
the conductivity between the boundary region and bulk
region at room temperature. The horizontal axis in the figure
represents the postulated diameter of the cylindrical conduc-
tion path. In this calculation, we adopted a condition that the
interval between the characteristic dislocations is 40nm,
which presupposes that the (0001)/[1120] 2° tilt grain

2° G.B. (0.55 eV)
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FIG. 11. Temperature dependence of the electrical conductivities in the bulk
region and the boundary region including the (0001)/[1120] 2° tilt grain
boundary. The numbers in the parentheses represent the activation energies.
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FIG. 12. Presumption of the local electrical conductivity at the (0001)/
[1120] 2° tilt grain boundary. It was assumed that the high electrical conduc-
tion occurred around the characteristic dislocation structure, whose diameter
is shown in the horizontal axis.

boundary consisted of the pairs of the characteristic disloca-
tion with b=1/3[1102] and the ordinal dislocation with
b=1/3[1101]. Then, the local electrical conductivity of the
characteristic dislocation structure can be estimated to be
107%-107° [Q'cm '] although it varies with the postulated
diameter. The previous investigations reported that the elec-
trical conductivity of reduced LiNbOj single crystals is in
the range of 10~ "*-1077 [Q 'cm™'] at room temperature
depending on the reduced condition.”*>° In addition, the
electrical conductivity of LiNb3;Og was found to be much
lower than the estimated local conductivity, as shown in the
Appendix. It is apparent that the characteristic dislocation
structure has distinctly high electrical conductivity.
Therefore, the electrical conduction at the (0001)/[1120] 2°
tilt grain boundary cannot be explained by ordinal charge
transportation in bulk LiNbO; and bulk LiNb;Og. Here, note
that the Burgers vector of the characteristic dislocation at the
(0001)/[1120] 2° tilt grain boundary has a large edge compo-
nent along the [0001] direction which corresponds to the
polarization direction as shown in Fig. 8. In this point,
intense strain along the polarization will be induced around
the characteristic dislocation. Thus, it is likely that the inter-
action between the polarization and lattice distortion around
the characteristic dislocation with the large Burgers vector
should bring about the distinct electrical conduction.

IV. CONCLUSION

Low angle tilt grain boundaries are useful to investigate
the structure and properties of dislocations. In this study,
three kinds of LiNbOj5 bicrystals with the (1120)/[1100] 1°
tilt grain boundary, (0001)/[1120] 0.3° tilt grain boundary,
and (0001)/[1120] 2° tilt grain boundary were fabricated by
using diffusion bonding. The resulting boundary dislocations
were observed by TEM and STEM, and electrical properties
along the dislocations were measured by the DC method. It
was found from the observations that the (1120)/[1100] tilt
grain boundary consists of 1/3[1120] dislocations which dis-
sociate into two partial dislocations with the narrow separa-
tion distance of 2-3nm. Meanwhile, in the case of the
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(0001)/[1120] tilt grain boundary, two kinds of dislocations
were primarily observed along the [1120] view. From the
geometrical consideration, we concluded that the (0001)/
[1120] tilt grain boundaries mainly consist of the three types
of equivalent dislocations with b=1/3[1101], 1/3[0111],
and 1/3[1011]. Namely, one of the observed dislocations has
the Burgers vector of b= 1/3[1101] and the other one has
the Burgers vector of 1/3[0111] or 1/3[1011]. In addition, all
of the three types of dislocations dissociate into two partial
dislocations with the separation distance of 2-3nm. It is
interesting that the configurations of the partial dislocations
are deviated from the boundary plane. This is because the
edge components of the partials are not normal to the bound-
ary plane. Note that the characteristic dislocation structures
with the large Burgers vector of 1/3[1102] were formed only
at the (0001)/[1120] 2° tilt grain boundary with a higher tilt
angle. This dislocation structure also contained the LiNb3;Og
phase around the core due to Li deficiency. It is believed that
the narrower interval of geometrically formed dislocations
should induce such characteristic structures. The electrical
conduction measurement revealed that the (0001)/[1120] 2°
tilt grain boundary exhibits high electrical conductivity after
the reducing treatment, and the activation energy for electri-
cal conduction is lower than that of the bulk region. It is sug-
gested that the characteristic dislocation structure with the
large Burgers vector brings about the distinct electrical
conductivity.
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APPENDIX: ELECTRICAL CONDUCTIVITY OF
REDUCED LINB3;0g

LiNb;Og is known to be a material with a wide band gap
of 3.89 eV,** which was measured by the optical absorption
method. However, electrical conductivity of the reduced
LiNb;Og had not been reported. Therefore, in order to investi-
gate the effect of the LiNb;Og phase on the electrical property
of the (0001)/[1120] 2° tilt grain boundary, we fabricated
single-phase LiNb;Og samples and measured the electrical
conductivity. LiNb;Og samples were synthesized by the con-
ventional mixed solid oxide method. As the starting materials,
high purity (99.99%) oxide powders of Li,CO; and Nb,Os
were used. The powders were milled with ZrO, balls at 70 rpm
for 24h in ethanol and dried at 100°C. The mixed powders
were calcined at 750 °C for 3h in air. The calcined powders
were pressed by uniaxial load into pellets of 15 mm diameter
under 400 kg/cm? pressure. The pellets were finally sintered at
1100°C for 2h in air. The crystalline phases of the samples
were analyzed by X-ray powder diffraction (XRD). Figure
13(a) shows the XRD pattern obtained in this study, which is

J. Appl. Phys. 120, 142107 (2016)

—
V)
-~

Intensity [Arb. unit]

10 15 20 25 30 35 40 45
260 [deq]

(

O
~

Intensity [Arb. unit]

L)

10 15 20 25 30 35 40 45
26 [deq]

FIG. 13. (a) XRD pattern of the LiNb;Og sample fabricated in this study. (b)
Reported pattern of LiNb;Og (PDF No. 01-075-2154).

consistent with a reported pattern of LiNb3Og (Fig. 13(b)).43
This means that the single phase of the LiNb;Og compound
was formed successfully. The density of the sintered pellets
was estimated to be 4.0g/cm®. Some of the fabricated
LiNb3Og pellets were annealed at 500 °C for 10 h in a reducing
atmosphere of Ar-4%H,. Then, tungsten electrodes were sput-
tered on opposing faces of the pellets, and electrical conductiv-
ities were measured by applying dc voltage. Figure 14 shows
the electrical conductivity of the LiNb;Og samples with and
without reduction treatment. It was found that the conductivity
of LiNb;Og is considerably increased by the reducing treat-
ment. However, the conductivity is much lower than the

-2

=4
fz 6 Annealed (0.77 eV)
)
5]
L Non-annealed

-10 A (0.79 eV)

-12 T T

2 2.5 3 3.5
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FIG. 14. Electrical conductivities of the LiNb;Og samples in the temperature
range of 20-200 °C. The red and black graphs show the conductivities of the
samples with and without the reduction treatment, respectively. The num-
bers in the parentheses represent the activation energies.
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estimated local conductivity at the (0001)/[1120] 2° tilt bound-
ary shown in Fig. 12. Additionally, the activation energy is
inconsistent with that observed at the boundary (0.55eV).
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