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Structural features of Σ = 19, [110] GaAs

tilt grain boundaries
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�= 19, [110] tilt grain boundaries have been observed to facet parallel to particular planes;
the facets lie along (3̄31̄)A/(33̄1̄)B, (5̄58)A/77̄4)B and (2̄27̄)A/(44̄5)B. The structural unit of the
�= 19 (3̄31̄)A/(33̄1̄)B [110] boundaries consists of 5- and 7-member rings, which are similar
to the core structure of a/2[110] edge dislocations. The polarities in each grain on either
side of the boundaries has been confirmed by CBED methods; a lower number of anti-site
type cross-boundary bonds occur along the boundaries compared to when the polarity of
one grain is reversed. The presence of 7-member rings and anti-site cross-boundary bonds
results in a more open atomic structure at the boundary, shortening the distance between
the first and the second {331} atomic planes from the boundary plane by 40%.
C© 2001 Kluwer Academic Publishers

1. Introduction
As much attention has been focused on the correlation
between structural defects and properties of materials,
there has been an increasing amount of research carried
out to obtain a greater understanding of grain bound-
aries. Over the last decade, semiconductor materials
such as Si, Ge, and GaAs have become more important
due to the use of these materials in manufacturing a
variety of electronic devices.

Several theoretical and experimental studies have
also been reported about tilt grain boundaries in fcc
metal, and diamond-structure materials [1–4]. Theo-
retical calculations have been carried out to predict the
relaxed atomic structure of these boundaries in such
materials by using a particular interatomic potential at
boundaries [5–7]. In particular, unlike grain boundaries
in metals, the direction and length of the bonds across
boundaries (cross-boundary bonds) were regarded as
playing an important role in achieving a lower energy
state of the boundaries in Ge or Si due to the strong
directionality of covalent bonds. So far considerable
attempts have been made to determine the atomic struc-
ture of grain boundaries in Ge and Si [8, 9]. However
relatively little work has been carried out concerning
the structure of grain boundaries in semiconductor ma-
terials with the sphalerite structure partly because of
the difficulty of making particular boundaries. Epitaxial
growth of thin film has been applied to make bicrystals
in GaAs by reproducing the misorientation of substrates
[10, 11]. The use of Ge bicrystals as substrates allows
more control over the interface plane.
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High-resolution imaging technique can be used in
order to obtain information about the atomic sites near
grain boundaries. Such observations have been success-
fully carried out on particular tilt grain boundaries with
specific orientations in Ge and Si. Structural features
of grain boundaries have been obtained from the direct
imaging of atomic columns of [110] tilt grain bound-
aries in Ge and Si, and more information about actual
atomic positions has been obtained from the compari-
son of high-resolution images with computer simulated
images [8, 9, 12–16].

For grain boundaries in materials with a sphalerite
structure, there are two kinds of atomic arrangements
corresponding to each grain boundary in diamond-
structure materials [17, 18]. These depend on the rel-
ative positions of higher and lower valence elements.
In order to characterize the atomic structure of grain
boundaries in compound semiconductors, it is essential
to identify the relative positions of the lower and higher
valence atoms in high-resolution images. The determi-
nation of polarity in GaAs crystals has been carried
out successfully by a CBED technique [19, 20], and
this technique has been utilized in the study of grain
boundaries in GaAs. The species of atoms at atomic
sites near the grain boundaries has been identified from
a determination of the polarities of the grains on either
side of the boundaries.

In this study, systematic investigation has been car-
ried out on the structure of � = 19, [110] grain bound-
aries in GaAs, which have been grown using the epi-
taxial thin film deposition techniques. The structural
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features like faceting behavior, atomic arrangements,
lattice translation, and atomic relaxation of the � =
19, [110] tilt grain boundaries were investigated by
TEM.

Figure 1 (a) Bright-field image of a � = 19, [110] tilt grain boundary. The boundary appears to facet parallel to (3̄31̄)A/(33̄1̄)B. (b) Selected-area
diffraction pattern corresponding to the area shown in (a). Large open and closed circles correspond to grain A and grain B while small open and
closed circles come from microtwins in grain A and grain B. Reflection 3̄31̄ from grain A coincide with reflection 3̄31 from grain B.

2. Experimental
2.1. Bicrystal preparation
Ge bicrystals were grown by Czochralski method us-
ing a double-seed holder with two single-crystal seeds
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of Ge. Substrates of Ge bicrystal were obtained in the
following way. Ge bicrystals were cut such that the cut-
ting plane was perpendicular to the grain boundary. The
surface of Ge substrates was polished mechanically us-
ing diamond powder. The surface was then cleaned by
sequentially boiling in acetone and methanol for 6 min
each, and then rinsing in de-ionized water for 2 min.
The surface was chemically polished in a solution of
HF in water and dried in N2 gas.

GaAs epilayers were grown by organometallic vapor-
phase epitaxy (OMVPE) methods. The GaAs growth
rate was 60 nm/min, the chamber pressure was 76 Torr,
and the As/Ga ratio was 120. The thickness of GaAs
epilayers was about 1 µm.

2.2. TEM specimen preparation
Flat-on TEM specimens were prepared in the following
manner.

1. 3-mm diameter discs were cut from the boundary
region.

2. The Ge side of these discs was polished mechani-
cally to give a total thickness of about 40–50 µm at the
disc center.

3. Copper rings were glued to the top and bottom of
the thinned samples to support the brittle GaAs bicry-
stals.

4. The Ge-side of these samples was then ion-milled
with Ar+ until a small hole appeared.

2.3. TEM imaging condition
A JEOL 200 CX operating at 200 kV was used to record
the diffraction image as well as selected area diffrac-

Figure 2 A {331} bright-field image of � = 19, [110] tilt grain boundaries. (3̄31̄)A/(33̄1̄)B, (2̄27̄)A/(44̄5)B, (5̄58)A/(77̄4)B and (2̄21̄)A/(131̄32)B are
seen at DJ, LM, FE and QR, respectively.

tion patterns (SADP) corresponding to boundary areas.
A JEOL 4000 EX was used to record high-resolution
TEM images of tilt grain boundaries. The spherical
aberration constant of this microscope (Cs) is 1.0 mm
at 400 kV. The electron beam was aligned parallel to
the misorientation axis of both grains, the [110] for
instance. Diffraction patterns were used to check the
tilt condition of the specimens. The 〈111〉 and 〈220〉
diffraction spots from the grains on either side of the
tilt grain boundaries must be of the same intensity for
the [110] misorientation axis, when the electron beam
is parallel to the [110] axis.

The size of the objective aperture was chosen such
that the diameter was slightly larger than the spa-
tial frequency of 220 reflections. Considering the con-
trast transfer function (CTF) calculated for this micro-
scope operating at 400 kV, high-resolution TEM images
recorded with defocus values of 40–75 nm were ob-
tained by scattered beams corresponding to the first-
band of the CTF. Fourier image processing of the origi-
nal micrographs of the tilt grain boundaries was carried
out in order to remove the effect of the large-angle scat-
tered electrons on the high-resolution images of grain
boundaries.

3. Results
A bright-field image of a � = 19, [110] tilt grain bound-
ary is shown in Fig. 1a. A facet appears to lie parallel
to the crystallographic plane of (3̄31̄)A/(33̄1̄)B. Along
the facet, bright spots are arrayed about 1.5 nm apart.
Steps are observed at P, Q, R and S, and a slightly darker
contrast is seen at these sites. The step height measured
to be about 3 nm. A selected-area diffraction pattern

4513



Figure 3 (a) High-resolution image of a � = 19, [110] tilt grain boundary. Bright spots are seen symmetric across the boundary, and a step is shown
between T and U. (b) Effect of FOLZ reflections on (200) beams in grain A and grain B is seen in 002A and 002B convergent beam disks.

shown in Fig. 1b was recorded at the area shown in
Fig. 1a. Four different sets of [110] diffraction patterns
are shown in the micrograph. Open and closed large cir-
cles correspond to grain A and grain B in the schematic.
Reflection 3̄31̄A is observed to coincide with reflection
3̄31B. Diffraction spots of microtwins are also seen and
small open and closed circles, in the schematic, repre-
sent those from grain A and grain B. The misorientation
angle between grain A and grain B is that of � = 19
coincidence.

Fig. 2 shows the strong tendency of a � = 19, [110]
tilt grain boundary to facet parallel to particular crys-
tallographic planes. In addition to the (3̄31̄)A/(33̄1̄)B,
(2̄27̄)A/(44̄5)B, (5̄58)A/(77̄4)B, and (2̄21̄)A/(131̄32)B
are seen at DJ, LM, FE and QR, respectively. Rela-
tively short facets are observed to be connected to the

(3̄31̄)/(33̄1̄) boundary (DJ) in the area indicated by
U. Moiré type contrast appears at the region corre-
sponding to the boundary inclined to the [110] mis-
orientation axis. This boundary is also observed to
facet parallel to {331} planes in addition to (110) twist
boundary plane. This facet is clearly seen in the area
represented by U and V.

In Fig. 3a, a high-resolution image of a � = 19,
(3̄31̄)A/(33̄1̄)B [110] tilt grain boundary is shown. The
{111} lattice images in grain A and grain B indicate that
the rotation angle between the two grains is about 26.5◦;
this misorientation corresponds to that of the � = 19
coincidence for two [110] fcc lattices. The arrange-
ment of bright spots is symmetric across the boundaries.
Along the boundaries ST and UV, bright spots form an
array of symmetric triangular configurations. A step
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with the height of 2a/19[331] is observed between two
boundary segments ST and UV. The repeating unit is
destroyed between T and U.

In Fig. 3b, the effect of FOLZ reflections on (200)
beams in grain A and grain B is shown in 002A and
002B convergent beam disks. The determination of the
polarity in grain A and followed by the determination
in grain B under the same diffraction condition, after
rotating the grain by the misorientation angle (26.5◦).
The polarities determined for each grain on either side
of the boundary also indicate that the misorientation
angle is 26.5◦.

4. Discussion
The strong tendency of a � = 19, [110] tilt grain bound-
ary to facet parallel to particular planes has been seen;
the observed facets lie along (3̄31̄)/(33̄1̄), (5̄58)/(77̄4)
and (2̄27̄)/(44̄5). Fig. 4 shows a [110] projection of

Figure 4 A [110] projection of two GaAs crystals. One crystal is rotated by 26.5◦ with respect to the other about a [110] common axis. Ga and As
sites are represented by triangles and open circles respectively in one crystal, while in the other crystal, they are denoted by ‘+’ and ‘×’, respectively.

two GaAs crystals when one crystal is rotated with re-
spect to the other about [110] axis by 26.5◦, which
corresponds to the misorientation angle of a � = 19
coincidence. Ga and As sites are represented by tri-
angles and open circles, respectively, while in crystal
B, Ga and As are denoted by ‘+’s and ‘×’s, respec-
tively. Mirror planes are observed along (3̄31̄) crys-
tallographic planes. {331} and {116} planes appear to
contain the highest and second highest densities of co-
incidence sites and (5̄58)/(77̄4) is also shown to contain
a relatively high density of coincidence sites [21–23].
The (33̄1̄)/(33̄1) and (77̄4)/(55̄8) are observed to be
preferred facets for the boundary. These two boundary
planes are those planes which have a high planar den-
sity of coincidence sites, while no presence of a facet
(1̄16̄)/(11̄6̄) has been observed.

The observed step height is 3 nm, which closely
matches the distance (3.1 nm) represented by arrow
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Figure 5 (a) High-resolution image of a coherent twin boundary. A mirror plane is seen along the line indicated by arrow E. Bright spots are arrayed
along this plane. (b) [110] projection of atomic arrangements corresponding to a coherent twin boundary in GaAs. Ga and As atoms are represented by
open and closed circles respectively, and the two different sizes of circles indicate the two different heights in the [110] projection of a GaAs crystal.
The coherent twin boundary plane is indicated by an arrow.

S between two {331} coincidence planes in Fig. 4. This
also indirectly indicates that the boundary plane lies
right at the {331} mirror plane with a high density of
coincidence sites. The appearance of bright spots at the
boundary is considered to result from the periodic na-
ture in the structure of this boundary.

The fringe images shown in the twist type boundary
are expected to be produced due to double diffraction at
the lower grain. When this image pattern was recorded,
the imaging condition was such that a 220A reflection
was also excited in addition to the coincidence reflec-
tion of 331. If the 220A reflection is diffracted in the
upper grain and then goes into the lower grain as an in-
cident beam; some of the diffracted beam is very close
to the original incident beam and the distance is about
1.5 nm−1. This distance is short enough to be included
in the objective lens aperture. This beam could there-
fore interfere with the incident beam to produce the
observed fringe images.

The presence of a boundary inclined to the misorien-
tation axis is considered to occur due to the difference
in the growth rate locally. It is interesting to note that
steps are located at the areas indicated with U and V in
Fig. 4. The appearance of steps indicates that the incli-
nation of this boundary is dissociated to produce facets
along {331} and {110} planes. Absence of contrast with
respect to height along the beam direction in region U
and V suggests that the twist type boundary is parallel
to {110} plane.

Image simulation has been carried out for perfect
GaAs crystals with a [110] orientation under a wide
range of thicknesses and defocus values [20]. With the
thickness less than 5 nm, the [110] channels appear

as bright spots under the defocus values of −40 nm–
−70 nm. Such bright spots are arrayed along the mirror
plane of coherent twin boundaries in the high-resolution
images recorded in this study, as shown in Fig. 5. The
shortest distance between Ga and As in the [110] pro-
jection is 0.14 nm. These two atomic columns appear
as one spot in the high-resolution images because the
distance is too short to be resolved by the microscope.
Therefore, the image of the mirror plane of the co-
herent twin boundaries in particular of microtwins in
grains can be used to obtain the information about the
correspondence of image spots with atomic sites.

The high-resolution image shown in Fig. 6a was
obtained by Fourier-image filtering the original high-
resolution image in Fig. 3. The relative Ga and
As atomic sites were then superimposed on each
dark spot. No lattice translation is observed either
along the boundary or normal to the boundary plane
(perpendicular to the electron beam direction); the ar-
rangements of bright spots on either side of the bound-
ary appear to be symmetric and an extension of each
lattice produces an array of coincidence lattice site
points such as the atomic sites S and M within the
structural unit indicated by the arrow in Fig. 6b. The
spacing between the first and the second {331} atomic
planes from the boundary plane is about 40% less than
normal spacing. However, normal spacing is seen in the
third {331} atomic plane from the boundary plane. A
model for the atomic structure of this boundary which
is consistent with the image is shown in Fig. 6b.

The atoms near the boundary plane (for example,
at site S-M in Fig. 6b) appear to form a symmetric
configuration occupying the coincidence sites along
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Figure 6 (a) Atomic sites are superimposed on dark spots. Polarities in grains A and B were determined by CBED techniques. The boundary plane
is indicated by arrow E. (b) The structural unit of this boundary is seen in the area indicated by an arrow between two bars. A Ga-Ga anti-site bond is
present between atomic sites F and G.

the boundary. No dangling bonds are present at this
boundary. Anti-site type bonds (Ga-Ga) are observed
between the atom site F and G. The length of this anti-
site type bond is 0.25 nm; this value is close to the
equilibrium bond length between Ga-Ga in solid Ga
(orthorhombic). The corresponding bond length in an
unrelaxed model structure of this boundary in GaAs is
about 0.2 nm.

The translation of atomic sites F and G results from
a strong repulsion between two atoms separated by a
distance shorter than the normal bond length. Such a
change of cross-boundary bond length then enables the
bonds to obtain a normal bond length, generating local
atom relaxation. However, the relaxation appears to be
localized within the first and second atomic planes from
the boundary; this region is indicated by arrow T in
Fig. 6a.

A structural model has been suggested for this bound-
ary in materials with a diamond structure. The atomic
structure of this boundary appears to be similar to that of
an a/2[110] edge dislocation core which was suggested
by Hornstra. The observation of the atomic structure of
this boundary is part of the evidence that there is no
dangling bond in the a/2[110] edge dislocation core
(between atomic sites F and G in Fig. 6b). A similar
local relaxation near this boundary plane was also ob-

served in a similar boundary in Au thin films and Ge
[2, 3, 5].

5. Conclusion
Examination of the boundary planes indicates that grain
boundaries in GaAs tend to facet parallel to particu-
lar crystallographic planes. Since the GaAs epilayers
were grown on substrates which were at a relatively
high temperature (670◦C), the atoms are expected to
be very mobile. Since high-temperature kinetics is in-
volved, boundaries of energetically stable forms are
highly likely to be present between two grains under
the given misorientation. The planar density of coin-
cidence sites appears to be higher along the observed
boundary planes. The energy associated with the pres-
ence of boundaries is believed to be reduced when the
boundaries lie along planes which have a high density
of coincidence sites; boundaries are considered to facet
parallel to these planes in order to attain a lower energy
state. The measured step height is also strongly related
to the tendency of the boundary to lie along particular
planes with a high density of coincidence sites.

Symmetric � = 19 (33̄1̄)A/(33̄1)B [110] boundaries
in GaAs appear to achieve lower energy states by signi-
ficant local atomic relaxation near the boundaries. The
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observed structural unit for this boundary consists of
one of the symmetric combinations of 5- and 7-member
rings, which is similar to the core structure of a/2[110]
edge dislocations. The polarities in each grain on either
side of the tilt boundaries have been confirmed by direct
CBED methods. The result indicates that a lower num-
ber of anti-site type bonds occur along the boundaries
compared to when the polarity of one grain is reversed.
The relaxation results in a more open atomic structure at
the boundary, shortening the distance between the first
and the second {331} atomic planes from the boundary
plane by 40%. The occurrence of the 7-member rings
and the relaxation process of this arrangement result in a
relatively ‘open’ atomic structure along the boundaries.
The presence of anti-site type bonds between the 5- and
the 7-member rings is also expected to cause these tilt
boundaries to have a more open atomic structure.
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