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Metal–organic chemical vapor deposition (MOCVD) tech-
niques have been widely used to synthesize III–V semicon-
ductor nanowires with Au colloidal nanoparticles acting as
nucleation sites for nanowire growth. For III–V semiconduc-
tor nanowires grown on {111}B surfaces, tapered nanowires
have been frequently observed. In this study, structural char-
acteristics of tapered GaAs nanowires grown on the {111}B
GaAs surface were investigated using electron microscopy.
Detailed structural analysis suggests that the cross sections
of the lower section of the tapered GaAs nanowires are
truncated triangles. The formation mechanism of such struc-
tural characteristics is uniquely determined and discussed.

Growth of semiconductor nanowires has been of current
research focus due to their scientific importance and poten-
tial technological applications in nanoelectronics and -opto-
electronics.[1] Since electronic and optical properties of
nanowires are very sensitive to their morphologies, it is criti-
cal to understand the relationship between the structural
characteristics of semiconductor nanowires and their growth
behavior in order to design and manufacture semiconductor
nanowires with desired properties. Currently, semiconductor
nanowires are commonly grown by chemical vapor deposi-
tion (CVD),[2] metal–organic chemical vapor deposition
(MOCVD),[3] molecular beam epitaxy (MBE),[4] and chemi-
cal beam epitaxy (CBE).[5] The most widely reported
growth mechanism for these semiconductor nanowires is the
vapor–liquid–solid (VLS) growth mechanism, firstly pro-

posed by Wagner and Ellis for the growth of Si whiskers
decades ago.[6] In the VLS process, the directional growth is
mainly induced and controlled by the liquid alloy droplets
formed at the semiconductor–metal interface. The diameter
of a nanowire at the growth front is generally limited by the
size of the liquid alloy droplets. However, unusual morphol-
ogies of nanowires such as kinked nanowires,[7] branched
nanowires,[8] nanowire sidewall faceting,[9] and nanowire ta-
pering[10] have been often observed, indicating that there
might exist other mechanisms affecting the morphology of
nanowires. Givargizov[11] described the periodic diameter os-
cillation of Si whiskers grown by the VLS mechanism and
suggested that this was attributed to the surface-energy
modulations for growing submicrometer-sized whiskers in
which the Gibbs–Thompson effect should be taken into ac-
count. Using in situ electron microscopy, Ross et al.[12] ob-
served the sidewall faceting in Si nanowires and interpreted
the phenomenon as an interplay between the geometry and
surface energies of the nanowires and the shape of the
liquid alloy droplet. Hiruma et al.[13] found two different
growth models based on the VLS mechanism to describe
the relationship between the growth rate and the width of
III–V nanowires grown by MOCVD at two different tem-
perature regimes. Nanowires grown at a higher temperature
and a longer time were found to be tapered in shape, with a
wider base in contact with the substrate and a narrower
top.[13,14] Recently, a diffusion-controlled vapor–solid (VS)
process of lateral growth was suggested to explain the taper-
ing of heterostructured nanowires grown at higher tempera-
tures using MOCVD.[15]

MOCVD is a well-established technique for the growth
of epitaxial III–V semiconductor layers. It has also been
widely used for growing high-quality III–V nanowires
through the VLS mechanism, in which nanosized metal cat-
alysts, usually Au particles, are commonly used to initiate
the VLS growth.[16] In a typical process, single-crystalline
wafers with deposited Au nanoparticles are placed in a
growth chamber and the nanowire growth is initiated by the
flow of vapor reactants at the growth temperature. When
grown on {111}B surfaces, III–V semiconductors of zinc
blende structures tend to grow vertically oriented in the
<111>B direction.[10]

It has been shown that compound semiconductor nano-
wires with the zinc blende structure (such as GaP) exhibit
intriguing morphological features.[17] According to crystal-
lography, the zinc blende structure possesses polarity, lead-
ing to [u, v, w] ¼6 [ū, v̄, w̄] and (h, k, l) ¼6 (h̄, k̄, l̄). As a con-
sequence, compound semiconductor nanowires with the zinc
blende structure exhibit more complicated morphologies
than the elemental semiconductor nanowires, which, in turn,
might result in different electronic and optoelectronic prop-
erties. In this paper, the detailed morphological and struc-
tural features of GaAs nanowires grown by MOCVD on
(111)B GaAs substrates are investigated using electron mi-
croscopy and the underlying formation mechanism is exclu-
sively determined.

GaAs nanowires were grown on a {111}B GaAs sub-
strate in a horizontal-flow MOCVD reactor at a pressure of
100 mbar. The total flow rate of H2 carrier gas in the reactor
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cell was 1500 sccm (sccm= standard cubic centimeters per
minute). Prior to nanowire growth, the substrate with Au
nanoparticles was annealed in situ at 600 8C under AsH3 am-
bient for 10 min to desorb surface contaminants and to form
a eutectic alloy between nanosized Au particles and Ga
from the substrate. After cooling to the desired growth tem-
perature, group III source gases were switched on to initiate
the nanowire growth. The molar flow rates of trimethylgalli-
um (TMG) and AsH3 were 1.2B10�5 molmin�1 and
5.4B10�4 molmin�1, respectively. A growth temperature
450 8C was determined to be the optimum temperature,
based on a number of experiments. To grow nanowires with
sufficient length, a growth time of 30 min was used for all
GaAs nanowire growth.

Detailed morphology and structure of grown GaAs
nanowires was characterized by high-resolution scanning
electron microscopy (HR-SEM; JEOL JSM 890 with a cold
FEG) and transmission electron microscopy (TEM; FEI
Tecnai F30). TEM specimens were prepared by ultrasonicat-
ing a solution containing nanowires in ethanol for 20 min
and then dispersing the nanowires onto holey carbon films.

Extensive SEM observations showed that most of the
GaAs nanowires were freestanding and have a tapered
shape with a thin apex and a thick base. All the nanowires
grew perpendicular to the substrate surface, that is, along
the [1̄1̄1̄] direction, if the substrate surface is taken as (1̄1̄1̄)
(one of the (111)B surfaces). Figure 1a shows a typical SEM
image taken with the substrate normal tilted 308 from the
electron beam, with all the GaAs nanowires showing the ta-
pered shape. In order to see their detailed surface morphol-
ogy, an extensive SEM study (viewed in different directions
and focused in different regions) of individual nanowires
was carried out. Figure 1b and c shows a pair of SEM
images taken from a typical nanowire (focused on the lower

region of the nanowire) with the substrate normal tilted 08
and 108 from the electron beam, respectively. As can be
seen from Figure 1b (the nanowire was parallel to the elec-
tron beam), two truncated triangles overlap with a rotation
of nB608 (n= integer) to each other. Interestingly, when the
nanowires were titled away from the electron beam (Fig-
ure 1c), a number of overlapping truncated triangles, organ-
ized in two orientations – rotated by nB608, was observed.
This observation suggests that the cross section in the lower
region of the GaAs nanowires has the truncated triangular
shape. To understand the surface morphology of the side-
walls of these GaAs nanowires and how the truncated trian-
gular cross section is formed, SEM images focused on differ-
ent regions of a nanowire were captured. Figure 1d and its
inset show a pair of SEM images focused on the lower and
top regions, respectively, in which the nanowire was slightly
titled away from the electron beam (<58). It is of interest to
note that, unlike the truncated triangular shape, the top
region of the nanowire (inset in Figure 1d) shows distinct
hexagonal faceted sidewalls under the Au catalyst particle
(shown as a darker circle). The width of the hexagon is
close to the diameter of the Au particle. The comparison of
Figure 1d and its inset suggests that the faceted crystal
planes of the hexagon sidewalls are parallel to the long edge
of the truncated triangles. This suggests that the formation
of truncated triangular cross section in the lower region of
the GaAs nanowires is due to a lateral growth occurring si-
multaneously with the axial nanowire growth.

Although distinct facets of GaAs nanowires can be
clearly seen from the HR-SEM images at both the top and
lower regions, it is not possible to determine the crystallo-
graphic planes of these sidewall facets from SEM images.
For this reason, detailed TEM characterization was carried
out. Individual nanowires were collected on holey carbon
films for observation by TEM. The [1̄1̄1̄] growth direction
of each nanowire could be determined from the fact that
the nanowire tapers as it grows (see Figure 1a). By using se-
lected-area electron diffraction (SAED) to align the nano-
wires to a particular zone axis, on-zone bright-field TEM
images were taken from a lower section of a GaAs nano-
wire that contained several segments (marked as G or L in
Figure 2a–c). These on-zone TEM images were taken along
two <110> directions (Figure 2a and c) and one <112>
direction (Figure 2b), each tilted 308 away from its adjacent
one, as indicated in Figure 2d. As can be clearly seen, the
two <110> on-zone TEM images show asymmetric project-
ed morphology for each nanowire segment, that is, one side
is relatively smooth while the other side shows nonperiodic
saw-tooth faceting, but the features in Figure 2a and c are
opposite to each other (i.e., where the nanowire in Fig-
ure 2a is smooth, the nanowire in Figure 2c shows non-
ACHTUNGTRENNUNGperiodic saw-tooth faceting, and vice versa). Furthermore,
the two adjacent segments (such as G and L) have opposite
projected morphology in each of Figure 2a and c.

By combining these results with SEM observations, the
truncated triangular nature of the cross section in the lower
sections of nanowires and the rotation of adjacent triangular
segments are clearly confirmed. These two structural char-
acteristics are illustrated in Figure 2d. Based on crystallog-

Figure 1. SEM images of GaAs nanowires: a) A low-magnification
image showing the tapered nanowires; b,c) top and 108-tilted views
of a nanowire showing it to have a truncated triangular cross section
and overlapping truncated triangles; d) a slightly tilted view of a
nanowire focused on the lower region and, in the inset, focus on the
top region.
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raphy, the six edges of a truncated triangle shown in Fig-
ure 2d are the projections of the six {112} crystal planes
(perpendicular to the [1̄1̄1̄] growth direction) along the
growth direction. Considering the possible side projections
of a three-dimensional nanowire suggests that the longer
edges of a given truncated triangle, ai (i=1, 2, and 3) corre-
spond to the smooth sides shown in Figure 2a and c. The
fact that the short edges bi correspond to nonsmooth edges
when viewed along different <110> directions indicates
that the length of bi varies along the growth direction,
which, in turn, causes variations of ai. Although the varia-
tion of the length of the long edges cannot be identified in
the <110> -projected TEM
images, Figure 2b confirms
such variations through both
nonsmooth projected edges.
Moreover, the necked mor-
phology is associated either
with the boundary of two ad-
jacent segments (marked as
an arrow in Figure 2a–c) or
with the concave facet of
each saw tooth in the
<112> -projected TEM
images.

It is of interest to note
that at least one planar
defect (shown as dark lines)
is associated with the con-
cave facet of each saw tooth
or the boundary between ad-
jacent triangular segments.
To determine their structural
nature at the atomic level,
high-resolution TEM

(HRTEM) investigations
were carried out. Figure 3a is
a bright-field TEM image
viewed along a <110> zone
axis and shows the faceted
saw tooth and a segment
boundary. Figure 3b and c
present HRTEM images
taken from a boundary
region and a concave region,
respectively, both showing
twinned structures. The
planar defect in the boun-
dary showed a thin multiply
twinned structure resulting in
an overall twin, while that in
the concave region is a thin
twin structure (only four
atomic monolayers thick) in-
serted into a perfect crystal
region. According to crystal-
lography, twins on {111} crys-
tal planes in the zinc blende
structure can only be formed

by rotation with possible rotations of nB608 due to the
…AaBbCcAaBbCc… stacking sequence along <111> .[18]

As a consequence, the twinned structures shown in the
HRTEM images indicate that the adjacent segments G and
L must be related by rotation twins along the [1̄1̄1̄] growth
direction, which fits well with all of the SEM and TEM ob-
servations.

Since the polarity in the zinc blende structure leads to
(h, k, l) ¼6 (h̄, k̄, l̄), the six {112} sidewalls are not all equiva-
lent. In fact, they can be crystallographically classified as
{112}A (with two threefold-coordinated group III surface
atoms and one twofold-coordinated group V atom in each

Figure 2. TEM bright-field images on different zone axes of a lower section of a typical GaAs nanowire:
a,c) <110> ; b) <112> ; d) a schematic diagram showing the growth direction and two cross sections
of rotated truncated triangular segments. The TEM viewing directions are indicated and corresponding
projections (ai and bi) are shown in (a) and (c).

Figure 3. a) a bright-field TEM image taken from a lower region of a GaAs nanowire with corresponding
high-resolution TEM images (b and c) taken from the boundary of two adjacent segments and the con-
cave (as marked by arrows); d) a SAED pattern that corresponds to (a).
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surface unit cell) and {112}B (with two threefold-coordinat-
ed group V surface atoms and one twofold-coordinated
group III atom in each surface unit cell).[19] According to
crystallography, all the ai planes shown in Figure 2d are
equivalent and similarly for bi. To distinguish whether ai or
bi belong to {112}A or {112}B, SAED was employed. Fig-
ure 3d is a SAED pattern taken from the nanowire shown
in Figure 3a. The {111}*-type reflection, which is in the
growth direction, is designated (1̄1̄1̄)* to be in agreement
with the [1̄1̄1̄] growth direction. As can be seen from Fig-
ure 3d, there is a {200}* type of reflection (marked by an
arrow) that has an acute angle with (1̄1̄1̄)*, indicating that,
as required crystallographically, it must be one of the
(002̄)*, (02̄0)*, or (2̄00)* reflections. Since these three reflec-
tions are equivalent in the zinc blende structure and their
arbitrary choice would not cause any change of the nature
of the {112} planes, we can index the reflection as (002̄)* for
the convenience of further discussion. In turn, other reflec-
tions can be indexed (some of them are shown in Figure 3d)
and the zone axis of the diffraction pattern can be deter-
mined to be [1̄10].

To understand how the surface morphology evolves
during the lateral growth, we need to examine the atomic
structure of the nanowire within the growth environment.
Figure 4a shows an atomic structure along the [1̄10] projec-
tion, that corresponds to the SAED pattern of the main seg-
ment of the nanowire shown in Figure 3a. It is important to
note that 1) the Ga and As atoms cannot be interchanged in
this model because the (1̄1̄1̄) growth surface at the right-
hand side presents this, and 2) the model shown in Figure 4a
cannot be twinned or rotated along the [1̄1̄1̄] direction be-
cause the observed SAED pattern prevents this. This struc-
tural analysis suggests that the smooth {112} surface shown
in Figure 3a is the (112̄) plane (as it is perpendicular to the

[224̄]* direction). From Figure 4a and the crystallographic
definition, this smooth {112} surface belongs to {112}B and
its opposite non-smooth {112} surface is the (1̄1̄2) plane,
which belongs to {112}A.

The projections of ideal (112̄) and (1̄1̄2) surfaces are
shown by solid black lines. As can be seen from the growth
parameters outlined earlier, the concentration of the As
species is over 40-times higher than that of the Ga species
in order to maintain effective axial growth. Because of this,
every surface Ga atom exposed in this environment would
be rapidly bonded with As atom(s) depending on how many
broken bonds are available. This leads to new semiequilibri-
um {112} sidewall surfaces (i.e., covered entirely by As
atoms) as indicated by the dotted green lines. Under such
an As-rich environment, if a Ga atom is available for the
lateral growth, the question now is which Ga position would
be occupied in the semiequilibrium {112} surfaces, that is,
(112̄) or (1̄1̄2)? To answer this question, we can draw
<110> -projected {112} surface unit cells (as indicated by
the purple rectangular boxes) to study these possible occu-
pation sites. All possible Ga-incorporating sites are marked
by Roman numerals. The five positions can be classified
into three groups, marked as I, II, and III. Each Ga atom in
the type I position is threefold-coordinated,[19] while for the
type II and III positions, each Ga atom is twofold- and
singly coordinated, respectively. This indicates that each Ga
atom in the type I position can recover three broken bonds
with three neighboring As surface atoms, while for the
type II and III positions, each Ga atom can only recover
two and one broken bonds, suggesting clearly that it is most
energetically favorable for Ga atoms to occupy type I posi-
tions during the lateral growth process. The fact that the
two type I positions are on the {112}A surface implies that
lateral growth would be predominantly along the <112>A
directions.

It is of interest to note that the two type I positions in
the (1̄1̄2) surface unit cell form a (1̄1̄1) atomic plane, as
shown by a blue line in Figure 4a. This implies that the lat-
eral growth along the<112>A direction actually takes
place on their associated {111} planes. Since the concave
facet of a saw tooth corresponds to a thin rotation twin,
such a twin structure holds back the lateral growth (as
marked by the vertical red dotted line), leaving a terminat-
ing {002} crystal plane, as indicated by the purple solid line.
Based on this model, for a slice between two twinned struc-
tures (i.e., the slice of W or X shown in Figure 3a), a
V-shaped projection (as marked as red broken lines in Fig-
ure 4a) that corresponds to (1̄1̄1) and (002) atomic planes is
expected if sufficient growth is allowed. This can be seen
from Figure 3a that, for a thin slice (e.g., X), a well-defined
V-shape can be seen, indicating the lateral growth is almost
complete. While for the thicker slice (such as W or Y), the
V shape is only partially fitted at both top corners, indicat-
ing that the lateral growth is not sufficient to cover the
entire V shape for these slices. Since the saw-tooth faceting
is controlled by the rotation twins and the twinning takes
place randomly, the saw-tooth faceting is not periodic in our
case, and is thus different from the periodic saw-tooth facet-
ing observed in Si nanowires.[12]

Figure 4. Schematic diagrams of a) a [1̄10]-projected GaAs atomic
structure and b) a truncated triangle transition from a hexagonal
cross section due to differential lateral growth along different {112}
sidewall surfaces.
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If the lateral growth takes place only on the {112}A sur-
face, it is expected that the size of the truncated triangles
would be restricted by the size of catalyst nanoparticles.
However, careful analysis of Figure 1d shows that the size
of the truncated triangle is much larger than that of the hex-
agon in the top region of the nanowire, indicating that the
lateral growth should also take place on the {112}B surfaces.
Since the type II positions on the {112}B surface are the pre-
ferred lattice sites for Ga atoms and since, once a Ga atom
occupies such a position, two As atoms would follow to
cover the surface, it is crystallographically anticipated that,
unlike the case of {112}A, the lateral growth should be uni-
formly developed on the {112}B surfaces, which is in excel-
lent agreement with TEM observations.

Based on the above discussion, a lateral growth model
can be proposed as follows, and the cross section is illustrat-
ed in Figure 4b. The hexagon-shaped sidewalls are {112}
atomic planes with three of them belonging to {112}A and
the other three belonging to {112}B in the zinc blende struc-
ture; since they are not equivalent, the imbalanced cations
and anions available in the growth environment resulted in
an asymmetric lateral growth. According to the analysis out-
lined above, the lateral growth on {112}A sidewalls is faster
than that on {112}B sidewalls. Due to the nonplanar nature
of {112} surfaces (refer to Figure 4a), the growth on {112}A
sidewalls is preferential to the associated {111} atomic
planes. Furthermore, since the rotation twins in GaAs need
very little energy,[20] rotation twins can be seen frequently in
GaAs. Due to the nature of {112} sidewall swaps (between
A and B) by a rotation of nB608 along the [1̄1̄1̄] growth di-
rection for a twin boundary, a rotation of the triangular
shape by nB608 along the [1̄1̄1̄] growth direction is expect-
ed, which explains the alternating triangles seen in the SEM
images (refer to Figure 1). If a thin twined structure is in-
serted in a perfect crystal region (refer to Figure 3c), this
twinned structure would act to self-limit the growth through
growth termination at the {111} and {002} atomic planes on
the associated {112}A sidewalls (refer to the V shapes in
Figure 3a and Figure 4a). Simultaneously, the lateral growth
on the {112}B sidewalls is uniformly developed, leaving the
{112}B sidewalls smooth.

In conclusion, the fundamental mechanism for the ta-
pered morphology of GaAs nanowires grown by MOCVD
has been determined through detailed electron microscopic
investigation.
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