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ABSTRACT: GaN nanowires with homoepitaxial decorated GaN
nanoparticles on their surface along the radial direction have been
synthesized by means of a chemical vapor deposition method. The
growth of GaN nanowires is catalyzed by Au particles via the vapor−
liquid−solid (VLS) mechanism. Screw dislocations are generated
along the radial direction of the nanowires under slight Zn doping. In
contrast to the metal-catalyst-assisted VLS growth, GaN nano-
particles are found to prefer to nucleate and grow at these dislocation
sites. High-resolution transmission electron microscopy (HRTEM)
analysis demonstrates that the GaN nanoparticles possess two types
of epitaxial orientation with respect to the corresponding GaN
nanowire: (I) [1 ̅21 ̅0]np//[1̅21 ̅0]nw, (0001)np//(0001)nw; (II)
[1 ̅21 ̅3]np//[12 ̅10]nw, (101 ̅0)np//(101 ̅0)nw. An increased Ga signal
in the energy-dispersive spectroscopy (EDS) profile lines of the
nanowires suggests GaN nanoparticle growth at the edge surface of the wires. All the crystallographic results confirm the
importance of the dislocations with respect to the homoepitaxial growth of the GaN nanoparticles. Here, screw dislocations
situated on the (0001) plane provide the self-step source to enable nucleation of the GaN nanoparticles.
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■ INTRODUCTION

The growth of nanostructures with controlled size and
morphology has attracted great research interest in recent
years due to the fast development of nanoscale devices.1−12

Particular interest has been focused on one-dimensional (1D)
nanowires decorated with nanoparticles which offer more
opportunities for enhanced properties and application
compared with the sole 1D nanowires.13−17 Au nanoparticle
decorated ZnO nanowires have increasd gas sensing response
at room temperature compared with pure ZnO nanowires.18 Pt
nanoparticle decorated Si nanowires yield a substantial
enhancement in energy conversion efficiency compared with
uncovered Si nanowires.19 It is well accepted that the formation
of 1D nanowires with controlled dimensions is generally guided
by metal catalyst nanoparticles based on the well-known
vapor−liquid−solid (VLS) growth mechanism. During the
VLS-based nanowire growth, catalyst nanoparticles in their
liquid state serve as nanoscale reactors, by collecting vapor-
phase precursor gas and thus forming the eutectics between
catalyst and nanostructure materials.20,21 The dynamic super-
saturation of the catalyst nanoparticles drives the precipitation
and growth of a crystalline nanowire. Even more complex
nanowire-based architectures such as branched nanowires can
be achieved by precisely designing the catalyst structure. For
instance, branched GaP nanotrees have been obtained by

controlled seeding of Au catalyst: the growth of the trunk is
based on an initial seeding, whereas the branching structure is
initiated by a subsequent seeding step.22 Branched InSnO oxide
nanowires, on the other hand, are in situ seeded based on a
migration of the Au−Cu alloy catalyst, which is responsible for
both trunk and branch formation.21

Recently, a catalyst-free nanostructure growth driven by
screw dislocations has been reported for various semiconductor
materials.23−26 For example, ZnO nanowires were found to
nucleate at the etch pits of dislocations on the surface of a GaN
substrate.27 Furthermore, it was observed that the growth of
PbS nanopine trees at a low supersaturation was promoted by
dislocations that featured a Burgers vector along the nanowire
trunk.23 These dislocations provide self-perpetuating steps at
which the branched nanowires form. Essentially, this growth
process resembles a catalyst-based VLS growth of nanotree
structures. During dislocation-driven nanowire growth, typically
a layer by layer growth catalyzed by metal particles is prohibited
in the low supersaturation case due to an energy barrier, which
hinders the creation of a new surface layer. Growth, however, is
possible at dislocation sites as they feature a larger Gibbs
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energy. Therefore, catalyst-based growth and the eutectics
between the catalyst and nanowire will not be considered for
the case of dislocation-driven nucleation of nanostructure. It
also implies that the mechanism of dislocation-driven nanowire
growth represents a general concept for nanowire formation,
which, in principle, can be applied to any material system. A
deeper understanding of these mechanisms will eventually lead
to defect-based engineering strategies that allow for the
synthesis of catalyst-free dislocation-driven nanostructures in
the context of specific applications.
In this work, we found that screw dislocations in GaN

nanowires facilitated a homogeneous nucleation and growth of
GaN nanoparticles along the radial direction of the nanowires.
A detailed crystallographic analysis by TEM is able to identify
two growth processes that are responsible for the particle
nucleation on the GaN nanowires. The first stage is marked by
the formation of screw dislocations induced by Zn doping as
well as a seeding of the wires with Au catalysts. During the
second stage, GaN nanoparticles nucleate and grow along the
radial direction of GaN nanowires. This process is driven by the
screw dislocation formed in the initial stage.

■ EXPERIMENTAL SECTION
GaN nanowires decorated by GaN nanoparticles were obtained
through a simple chemical vapor deposition (CVD) process as
described in our previous work.28 High-purity Ga2O3 powders mixed
with Zn powders were loaded into an Al2O3 crucible as precursors and
then inserted into the center of a quartz tube. The Si substrate coated
with a thin Au layer (∼5 nm) was placed on the downstream area
close to the gas outlet for nanowire deposition. The reaction chamber
was first cleaned by a flow of Ar gas to remove any residual oxygen and
then quickly heated to 900 °C at a constant Ar flow rate of 100
standard cubic centimeters per minute (sccm). Following this step,
stable NH3 gas flowing (100 sccm) replacing the Ar one was
introduced to the chamber, and the temperature was increased to 1100
°C for GaN nanowire formation. After reacting at this temperature for
1 h, dark yellow GaN nanostructures were deposited on the surface of
the Si substrate. The morphology, the chemical composition, as well as
the crystal structure of the products were characterized by X-ray
powder diffractometry based on Cu K radiation (XRD, Rigaku D/
Max-2400), a scanning electron microscope (SEM, Zeiss supra 55), X-
ray photoelectron spectroscopy (XPS, Thermal VG/ESCALAB250),
and a high-resolution transmission electron microscope (TEM, FEI
Tecnai G2 F20) equipped with a high-angular annular dark-field
detector (HAADF) and an X-ray energy-dispersive spectrometer
(EDS), respectively.

■ RESULTS AND DISCUSSIONS

Figure 1a shows a low-magnification SEM image of the as-
synthesized GaN nanowires. Obviously, nanowires featuring a
straight as well as a zigzag morphology are observed on the Si
substrate, which is densely covered by these nanostructures.
The high-magnification SEM image shown in the inset of
Figure 1a depicts a representative zigzag-shaped GaN nanowire.
Statistical investigations on numerous samples reveal a wide
range of nanowire diameter in 100−200 nm and a maximum
length in the order of several tens of micrometers (Figure 1b).
The average diameter of GaN nanowires is about 141 nm.
Additionally, Au catalysts are observed at the tip of the GaN
nanowire, indicating the VLS growth mode of the nanowires.
The XRD pattern shown in Figure 1c reveals that the
diffraction peaks centered at 2θ = 32.4, 34.6, 36.8, 48.1, and
57.7° can be well indexed to a standard wurtzite-type GaN with
lattice constant of a = 3.189 Å and c = 5.185 Å. Comparing this
information to the XRD data of pure GaN, no obvious peak
shift was found due to the limited Zn doping in the GaN lattice.
It is well-known that GaN crystals can exist in either a stable
wurtzite (WZ, hexagonal) or a metastable zinc-blende (ZB,
cubic) structure.29,30 The invasion of impurity dopants into the
GaN lattice will lead to a deterioration of the crystallinity of the
wires and produce some structural defects such as stacking
faults. However, no ZB-GaN phase was observed in the
nanowires. The absence of metastable ZB-GaN diffraction
peaks in the XRD pattern additionally demonstrates that the as-
synthesized GaN nanowires are crystallized in the WZ phase
without any Zn-doping-induced phase separation. On the basis
of compositional analyses combining EDS with XPS measure-
ments (see Supporting Information, Figures S1 and S2), it
appears that the nanowires mainly contain Ga and N in a molar
ratio close to 1:1. Though the signal of the Zn dopant was not
detected within the EDS resolution limit, the XPS result gives
clear evidence for verifying the existence of the Zn dopant in
the GaN lattice, as shown in Figure S2d (Supporting
Information). Therefore, it can be concluded that the as-
synthesized nanowires are actually Zn-doped WZ-GaN phase.
Even though the low solubility of the Zn dopant does not

induce any phase transition, it results in a morphological
evolution of the nanowires. Furthermore, the introduction of a
dopant to a host lattice might induce dislocations in the
structure of the GaN nanowires. Figure 2a shows a
representative bright-field (BF) TEM image of a GaN nanowire

Figure 1. (a) Low-magnification SEM image of the as-synthesized GaN nanowires, in which the inset represents a typical SEM image of the zigzag-
shape GaN nanowire. Statistical diameter distribution (b) and X-ray diffraction pattern (c) collected from the GaN nanowires.
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that features an irregular corrugated shape. Additionally some
short dark-contrast lines perpendicular to the growth direction
can clearly be observed. These lines correspond to dislocations
formed within the GaN nanowires. It can be seen that the
irregular corrugated nanowire consists of alternating segments
A and B, which possess different lengths, in Figure 2b. The
surface edges of these segments are always parallel with respect
to each other displaying an angle between both segments of
about 128°. Further analyses on the edge planes by means of
selected area electron diffraction (SAED) and HRTEM verified
that these periodic planes could be indexed as (101 ̅1) and
(101 ̅1̅) planes of the WZ-GaN, respectively. Consequently, the
growth axes of segments A and B are the two equivalent
crystallographic directions of [011 ̅2] and [011 ̅2 ̅], respectively,
while the preferential growth plane is (0001). These segments,
that feature different lengths, are responsible for the deviation
of growth direction from the standard c axis of the hexagonal
WZ-GaN morphology.
In order to judge the crystalline quality and structural defects

of the as-synthesized GaN nanowires, SAED, dark-field (DF)
imaging, and HRTEM analysis are employed. SAED patterns as
well as HRTEM images have been taken along the direction of
the zone axis [1 ̅21 ̅0]. The observation of sharp and succinct
diffraction spots without the presence of an amorphous ring
confirms that GaN nanowires are crystallized in the wurtzite
phase (Figure 2e), in good agreement with the XRD result
(Figure 1b). Furthermore, one can see that the dislocation
possesses a certain distribution within the wires in Figure 2b.
The highest density of dislocations is observed in the vicinity of
the wire surface, whereas the core region of the wire is
essentially dislocation free. This distribution was confirmed by
studying several tens of GaN nanowires. In this context, the
corresponding Burgers vector b ⃗ of the dislocations was
determined by evaluation of the diffraction contrast under
two beam dark-field conditions (Figure 2c and 2d).31 The DF
image taken from the (101̅0) diffraction spot shows high
dislocation contrast, while dislocations under the (0001)
diffraction spot meet the invisibility criterion with residual
contrast, which means that g0001 is perpendicular to b ⃗. As it is
also known that the Burgers vector of most dislocations in the
hexagonal structure is associated with the ⟨112 ̅0⟩ and ⟨0001⟩

directions, a fact that has been confirmed in the case of GaN
films,32,33 it can be concluded that the Burgers vector of the
dislocations considered here is along the ⟨112 ̅0⟩ direction. The
fact that the Burgers vector is parallel to the dislocation line
implies that these dislocations correspond to screw dislocations.
Dislocations featuring a Burgers vector of ⟨112 ̅0⟩ are always
called “a” dislocations. Considering the residual contrast under
(0001) diffraction condition, these “a” dislocations represent
mixed dislocations with a predominant screw component. The
well-pronounced lattice fringe observed in the HRTEM image
shown in Figure 2f further supports the single-crystalline nature
of the GaN nanowires. Additionally, it shows the good
crystalline quality of the wires. The interspacing of lattice
fringes measured by the HRTEM image is 5.2 Å, which
matches well with the (0001) plane interspacing of a standard
wurtzite hexagonal GaN structure. The lattice spacing parallel
to surface is 2.4 Å, in good agreement with the d-spacing of the
{101 ̅1} lattice plane of WZ-GaN. However, the core of the
screw dislocations is invisible when the dislocation line is
perpendicular to the electron beam direction under atomic-
resolution imaging conditions. Typically, the formation of
dislocation in nanowires can be affected by several factors: first,
dislocations can be introduced by substrate effect. For GaN film
which has been epitaxially grown on the Al2O3 substrate,
dislocations initially formed in the substrate were always able to
penetrate into the film, forming threading dislocations in the
GaN film.34 Threading dislocations, however, are generally
observed to lie along the growth direction of as-grown films or
nanostructures.35,36 In the present work, dislocations are
distributed along the radial direction of the GaN nanowires.
Consequently, the dislocation nucleation is not directly related
to the substrate. Second, dislocations can be induced by
mechanical strain during TEM sample preparation, e.g., the
transfer of samples from their substrate and ultrasonic
treatment process. This possibility can be excluded as no
dislocations were identified in dopant-free GaN nanowires even
though the same TEM preparation method was applied.
Therefore, the growth condition such as temperature and
impurity dopant is viewed as the main factor. Especially, the
doping of Zn atoms results in local strain and dislocation
generation in the GaN nanowire even though the absolute Zn
content is below the EDS resolution limit.
Dislocations that feature a core in atomic misalignment

possess high Gibbs energy and thus are potentially able to
provide a preferential nucleation site for the segregation of
other atoms. Figure 3 shows a typical high-magnification SEM
image of an as-grown GaN nanowire. One can clearly see that
the GaN nanowire has a rough surface morphology featuring
many protruding dots, as indicated by white arrows. Figure 4a
displays the corresponding TEM image of a zigzag-shaped GaN
nanowire that features dislocations at its surface. Some
protruding nanoparticles connecting with the dislocations can
be observed to grow on the surface of the GaN nanowire, as
indicated by the white arrows. Careful TEM examination
confirms that these nanoparticles are WZ-GaN in micro-
structure and composition. This finding implies that GaN
nanoparticles prefer to nucleate at these regions where
dislocations are located. A HRTEM image taken along the
[1 ̅21 ̅0] zone axis (see Figure 4b) reveals that the GaN
nanoparticle epitaxially nucleates at the (101 ̅1) surface plane of
the GaN nanowire. Its orientation relationship can be described
as [1 ̅21̅0]np//[1 ̅21̅0]nw, (0001)np//(0001)nw, where the indices
np and nw represent the GaN nanoparticle and the GaN

Figure 2. (a) Low-magnification BF TEM image of a zigzag GaN
nanowire. (b) High-magnification TEM image showing dislocation
within a GaN nanowire. DF image under strong two-beam conditions
showing dislocations visible with a diffraction spot of g10−10 (c) and
invisible with a diffraction spot of g0001 (d). SAED pattern (e) and
HRTEM image (f) taken along the [1 ̅21 ̅0] zone axis of the nanowire.
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nanowire, respectively. It has been reported that one-dimen-
sional nanowires can be synthesized on nonplanar substrates
based on the so-called terrace ledge kink model.37,38 Here,
atomic terraces that feature a high surface energy potentially
promote a preferential nucleation and sequential guide of the
nanowire growth. However, we found the GaN nanoparticles to
nucleate far away from any edge-like surface feature of the
zigzag nanowire at the flat (101̅1) plane (Figure 4a). Therefore,
the convex surface structure of the zigzag nanowire which
potentially features a high surface energy is likely not the key
factor to facilitate the nucleation of GaN nanoparticles.
Actually, dislocations might play a more important role in
this context. The doping of Zn atoms induces local lattice
distortion in the GaN lattice. Segregation of doped atoms could
lead to larger strain and the formation of dislocations, which
favors the nucleation of GaN nanoparticles due to the high
Gibbs energy.24,39,40

Figure 5a shows a low-magnification TEM image of a typical
straight nanowire that features a rough surface. Again, the
dislocation distribution resembles the one observed in the case
of the zigzag nanowire (see Figure 2). The high-magnification
BF as well as its corresponding DF image reveals that many
GaN nanoparticles are nucleated at dislocation sites along the
radial direction of the GaN nanowire, as marked by the arrows
in Figure 5b and 5c. These nanoparticles overlap with the side
region of GaN nanowires, while no nanoparticles nucleate in

the middle region of the nanowire. Such GaN nanowires are
easily confused with the GaN nanotube due to the character-
istic contrast differences. To study any chemical composition
difference within such a GaN nanowire, EDS measurements
using a small electron beam size were carried out in two modes,
a point mode and a line-scan mode. The point mode was
applied at two representative areas, a center part (“1”) and the
nanoparticle edge (“2”), respectively. The line scan mode was
used to sample an elemental profile along the radial direction of
the wire. Figure 5d shows the corresponding EDS spectra of the
two areas “1” and “2”. It can be noted that only N and Ga
signals are detected at these two areas, verifying that such a
structure is composed of a rough GaN nanowire that is
decorated with GaN nanoparticles. The Cu peaks in the EDS
spectra come from the TEM Cu grid utilized in this study. The
EDS line-scan profile of the Ga element along the radial
direction of the GaN nanowire shows pronounced signals at the
edge of the nanowire. This suggests an increased material depth
at the overlap region compared to the central region of the wire
(Figure 5e). The intensive Ga peak signals at the edge further
confirm that GaN nanoparticles are decorated at the edge of
the GaN nanowire. Therefore, it can be concluded again that
GaN nanoparticles are preferentially nucleated at the
dislocation region of the GaN nanowire, and this assertion
was further evidenced by the fact that no GaN nanoparticles
could be found at the region free of dislocations. Here, the
central concave region between the dashed lines, showing a
width of 50 nm, corresponds to the solid core of the nanowire
which features no GaN nanoparticle decoration.
Figure 6a shows a HRTEM image of a GaN nanowire that

features a decoration with GaN nanoparticles taken along the
[12 ̅10] zone axis. The nanowire itself grows along the [0001]

Figure 3. High-magnification SEM image of GaN nanowires that
feature a rough-surface morphology.

Figure 4. (a) Low-magnification TEM image of a GaN nanowire
showing the nucleation of nanoparticles at the surface at positions
correlated with the presence of dislocations, indicated by the white
arrows. (b) HRTEM image taken along [1 ̅21 ̅0] showing homogeneous
epitaxial growth of a GaN nanoparticle along the radial direction of a
GaN nanowire.

Figure 5. (a) Low-magnification image of a GaN nanowire featuring a
rough-surface morphology that indicates the growth of a nanoparticle.
BF image (b) and DF image (c) showing the overlap between GaN
nanoparticles and the nanowire at the upper and lower surface of the
nanowire. (d) EDS spectra taken at the regions labeled “1” and “2” in
(b), respectively. (e) EDS intensity profile along the radial direction.
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direction. Additionally, it can be observed that the (101 ̅0) plane
of the GaN nanoparticles is aligned parallel to the same plane of
the nanowire. This is a clear indication for an epitaxial
nucleation and growth of the particles on the wire surface.
Figure 6b represents the corresponding SAED pattern taken at
the overlapping region of the GaN nanoparticle and GaN
nanowire. Their orientation relationship is determined to be as
follows: [1 ̅21̅3]np//[12 ̅10]nw, (101 ̅0)np//(101 ̅0)nw, which is
different from the relationship found in Figure 4. Figure 6c
shows the corresponding HRTEM image taken at the overlap
region along the [1 ̅21̅3] zone axis of the WZ-GaN structure.
The interspacing of the lattice fringe measured from the
HRTEM image is 2.7 Å, which matches well with the lattice
spacing of the (101̅0) plane of hexagonal GaN. Moire ́ fringes
resulting from the overlap between the GaN particle and the
GaN nanowire can also be observed, as shown in the right part
of Figure 6c. The corresponding FFT pattern of the HRTEM
image (Figure 6d) shows two sets of succinct spots,
demonstrating again the epitaxial nucleation of GaN nano-
particles on GaN nanowires as they share their (101 ̅0) plane. In
contrast to the low nucleation density of GaN nanoparticles on
GaN nanowires, occasionally a continuous decoration of the
GaN nanowire by GaN nanoparticles is observed. In such a case
the nanoparticles form a complete shell covering the nanowire.
Figure 7 shows the BF and the corresponding DF image of
coalesced GaN nanoparticles on the surface. It was noted that
GaN nanoparticles prefer to initially nucleate at the surface of
the nanowire that contains dislocations in a homogeneous
fashion and subsequently evolve into a continuous shell. To
illustrate the dislocation-driven formation process of GaN
nanoparticles on GaN nanowires, a growth model is proposed
in Figure 8. First, GaN nanowires are seeded by a Au catalyst
via the VLS mechanism. At the same time, dislocations along
the radial direction of GaN nanowires will be induced by a

slight Zn doping. In the second stage, the dislocations provide
the appropriate sites for a homoepitaxial nucleation of GaN
nanoparticles on the wires. Finally the GaN nanoparticles
coalesce.
It is well-known that the impurity doping affects the growth

behavior or thermodynamics of nanostructures and will
typically cause significant changes of morphology and geo-
metrical shape.41 A previous work dedicated to P-doped GaN
nanowires verified that the morphology of GaN nanowires
evolved from a smooth to a rough surface after doping.42

Additionally, it has been reported that Zn doping at a level of
about 1021 cm−3 is able to induce a morphology transformation
from a GaN nanowire to a nanotube.43 The surface
morphology and geometrical shape of GaN nanowires appear
to be quite sensitive to the addition of foreign impurities. It is
likely that the dislocation density and nanoparticle nucleation
density will be significantly enhanced by an increase of the
doping concentration. In such a case the surface of the GaN
nanowires will become extremely rough due to homogeneous
decoration of GaN nanoparticles. The core of a dislocation is
able to accelerate the atomic diffusion at high temperatures like
a pipe.44 During the synthesis process, the atoms in the GaN
nanowire core could migrate to the surface via such dislocation
pipes and consequently form hollow GaN nanotubes. The role

Figure 6. (a) HRTEM image of the homogeneous epitaxial growth of
a GaN nanoparticle along the radial direction of a GaN nanowire taken
along the [1 ̅21̅0] zone axis of the nanowire. (b) The corresponding
SAED pattern of the nanostructure. (c) HRTEM image of the
overlapping region between the GaN particle and nanowire. (d) The
corresponding FFT of (c) showing two oriented phases.

Figure 7. TEM BF image (a) and DF image (b) showing large GaN
particles enclosing a GaN nanowire.

Figure 8. Schematic illustration of the growth of GaN nanowires
decorated with nanoparticles driven by dislocations.
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of dislocation is providing an explanation for the observation of
a formation of the GaN nanotube which is induced by Zn
doping of GaN nanowires.43 The dislocation-driven homoge-
neous decoration of the GaN nanowire offers a path to realize a
novel nanoarchitecture as well as the potential to tailor the
optoelectronic properties of GaN nanowires. For instance,
three-dimensional GaN nanotrees required for specific
applications can potentially be obtained by controlling the
local doping concentration and, in turn, the dislocation sites.
The approach proposed in this work can be applied to the
synthesis of a wide range of semiconductor nanostructures and
will potentially lead to new structures that feature improved
properties.

■ CONCLUSION
In summary, we report a dislocation-driven formation of GaN
nanoparticles on GaN nanowires induced by a slight Zn doping.
It was observed that the dislocations were preferentially
generated at the edge of the GaN nanowire structure. The
weak-beam dark-field image confirms these dislocations feature
a predominant screw Burgers component of ⟨112 ̅0⟩. The
central region of the nanowire essentially stayed dislocation
free. GaN nanoparticles preferred to nucleate on the dislocation
sites in an epitaxial manner. Two types of orientation
relationship were identified for the nanoparticle growth on
the GaN nanowires: (I) [1 ̅21 ̅0]np//[1̅21 ̅0]nw, (0001)np//
(0001)nw; (II) [1 ̅21̅3]np//[12 ̅10]nw, (101̅0)np//(101 ̅0)nw. An
increased concentration of Ga at the edges of the GaN
nanowire, which was confirmed by EDS profiles, indicates these
edges as preferential nucleation sites of the GaN nanoparticles.
The results elucidated that dislocations are responsible for the
decoration of GaN nanowires with the corresponding nano-
particles. It is assumed that this finding represents a general
design path for the synthesis of various complex three-
dimensional semiconductor nanostructures that will potentially
feature attractive optoelectronic properties.
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