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Guided Growth of Epitaxially Coherent GaN Nanowires on SiC
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ABSTRACT: We report the guided growth of highly coherent, horizontal
GaN nanowires (NWs) on atomically flat singular SiC (0001) and on
periodically stepped vicinal SiC (0001) substrates. On singular SiC (0001)
the NWs grow in six symmetry-equivalent directions, while on vicinal SiC
(0001) the NWs grow only in the two directions parallel to the atomic step
edges. All of the NWs have the same epitaxial relations with the substrate on
both singular and vicinal (0001). Owing to the low mismatch (~3.4%) with
the substrate, the NWs grow highly coherent, with a much lower density of
misfit dislocations than previously observed on sapphire. This is also the first
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observation of NW VLS growth along atomic steps. Epitaxially coherent

guided NWs have potential uses in many fields, including high-power electronics, light-emitting diodes (LEDs), and laser diodes.
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emiconductor nanowires (NWs) are promising building
blocks for a wide variety of nanodevices." A vast variety of
NW-based devices have been demonstrated, including field-
effect transistors,”> lasers,** light-emitting diodes,é’7
voltaic cells,*'® chemical and biological sensors,
piezoelectric nanogenerators.14 A promising route to the
bottom-up synthesis of nanodevices is the vapor—liquid—solid
(VLS) growth, where a nanometric metal droplet (the catalyst)
collects precursor species form the gas phase and, upon
reaching supersaturation, deposits a NW."> The NWs grown by
this method usually grow vertically off the surface of a substrate,
while the growth directions can be controlled by the epitaxial
relations with the substrate. These NWs have excellent
properties16 since they are nanometric in size and grow
stress-free and as a result contain few strain-related defects.
While this VLS approach produces high-quality NWs, there still
remains a problem toward large-scale integration into func-
tional systems. To organize the NWs on surfaces, most
common approaches start by harvesting the NWs, dispersing
them in solution, and then controlling their deposition on a
surface.'” These postgrowth approaches suffer from thermal
and dynamic fluctuations, and consequently, the alignment is
not perfect. Furthermore, the harvesting step often damages
these thin NWs and contaminates them with solvent residues.
In contrast to these postgrowth assembly methods, in the
guided growth approach the NWs are assembled and organized
during the growth process. The NWs also grow from a catalyst,
but here the metal droplet maintains contact with the substrate
while “crawling” on the surface. Following the catalyst droplets,
the NWs grow horizontally on the surface of the substrate,
guided as they grow either epitaxially by the interaction with
the substrate lattice, or by graphoepitaxy, that is, the interaction
with surface features such as nanogrooves or nanosteps.lg’19
This approach can produce NWs with controlled orientations,
lengths, geometry, and even precise location,”® and therefore
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this approach is a promising route for realizing the vision of
bottom-up nanofabrication.

The guided growth of NWs has so far been demonstrated for
GaAs NWs on GaAs (100)*' (homoepitaxial growth) and for
ZnO NWs on sapphire'”** and on GaN>* and for GaN NWs
on sapphire'® (heteroepitaxial growth). When grown hetero-
epitaxially, there is lattice mismatch between the horizontal
NWs and the substrate. This case can be further divided to
coincident epitaxy (where an integer number of NW lattice
planes matches perfectly with an integer number of substrate
planes, and therefore both are completely relaxed) or
incommensurate epitaxy (where a perfect matching of any
integer number of NW/substrate planes is unavailable, and
therefore there is residual strain in the NW and the substrate).
In both cases, misfit dislocations appear at the NW/substrate
interface. These dislocations relieve the interface strain partially
or completely and do not evolve into threading dislocations in
the NWs. However, the presence of misfit dislocations at
semiconductor interfaces often has detrimental effects in
applications such as high electron mobility transistors
(HEMTs), where these defects can act as scattering centers,
thereby lowering the carrier velocity.”* To reduce the number
of misfit dislocations, a substrate with closer crystallographic
matching is needed. For example in the case of GaN, SiC is
superior to sapphire because the basal plane of SiC has a lattice
constant (a = 3.08 A) very close to that of GaN (a = 3.19 A),
and hence the mismatch between them is only 3.4%. For
comparison, the mismatch for GaN on the basal plane of
sapphire, a common epitaxial substrate for GaN, is 16% (a =
478 A).
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Here we demonstrate the guided growth of horizontal GaN
NWs on both singular (ie., perfectly cut along a low-index
crystallographic plane) and vicinal (i.e., cut with a slight tilt with
respect to a low-index crystallographic plane) SiC substrates
(Figure 1). The GaN NWs grown on flat (0001) SiC substrates

Figure 1. Guided growth of horizontal GaN NWs on SiC. (a) Highly
dense, nonpatterned growth of GaN NWs on vicinal (0001) plane of
4H-SiC tilted by 4° toward [1120]. (b) Graphoepitaxial effect on the
guided growth of horizontal ZnO NWs on (0001) SiC. (c) Triangular
network of GaN NWs grown on the (0001) plane of SiC from
patterned catalyst islands. The catalyst island edge is on the top left.
(d) Patterned growth of GaN NWs from a catalyst island on vicinal
(0001) plane of 4H-SiC tilted by 4° toward [1120]. The catalyst island
is the white near-horizontal line.

are guided by lattice planes, resulting in a triangular network of
NWs (Figure 1c), while the NWs grown on vicinal SiC
substrates grow only in two directions parallel to the surface
atomic steps (Figure 1a,d). We characterized the orientations,
epitaxial relations, strain, and defects by high-resolution
transmission electron microscopy (HRTEM). We found that
the crystallographic orientation of all of the NWs is identical
with respect to the (0001) SiC plane. Furthermore, we have
found that, thanks to the low mismatch with the SiC substrate,
the GaN NWs grow highly coherent, with a low density of
misfit dislocation. Finally, we characterized the photolumines-
cence (PL) of the guided NWs and compare it with that of
vertically grown NWs.

Results and Discussion. We grew guided GaN NWs on
the Si-terminated face of three different SiC substrates: a
(0001) plane of 6H-SiC and 4H-SiC, and a vicinal (0001) plane
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of 4H-SiC tilted by 4° toward [1120]. The growth was carried
out by the vapor—liquid—solid (VLS) method in a three-zone
furnace with a quartz tube reactor (see methods in the
Supporting Information). The entire furnace was placed on a
moving platform so that it could be preheated to the desired
temperature without heating the substrate or the source
material. Once the temperature is achieved, the furnace is
moved to the desired location over the sample and the Ga
precursor. The Ga and N elements were supplied from Ga,O;
powder and high-purity NH; gas. H, was used as a carrier gas.
The Ga,0; powder was held at a temperature of 1000 or 950
°C, while the sample was held at a temperature of 950 °C. The
catalyst used for the VLS growth was Pd. Pd particles were
either created by electron-beam evaporation of a thin
(nominally 0.2—0.6 nm) layer, followed by dewetting at
elevated temperature, or by drop-casting a solution of
bis(dibenzylideneacetone) palladium in 1,2-dichloroethane.
After the synthesis, the pattern was covered with a dense
forest of GaN NWs growing vertically off the surface of the
substrate. In addition, a large number of NWs grew horizontally
from the pattern edges, extending onto the clean SiC surface.
Brief sonication in isopropyl alcohol removes most of the NW
forests, leaving the horizontal NWs in place. The typical NW
thickness, d (defined here as their top-projection width), was
between S and 50 nm. The NW lengths could be up to 60 pm.
The height and width d of the NWs was found to correlate with
the size of the catalyst droplet. However, toward the base of the
NW, the width d slightly increased during the synthesis,
presumably due to direct addition of material from the vapor
phase to the NW sidewalls. The crystallographic structure,
orientation, and epitaxial relations of the NW on the substrate
were determined by cutting thin (50—100 nm) slices across the
NWs using a focused ion beam (FIB) and observing them
under HRTEM. Geometric phase analysis™ of the TEM images
was obtained using the GPA plug-in for DigitalMicrograph.

Guided GaN NWs grown on the (0001) plane of 4H-SiC
and 6H-SiC were initially characterized using a scanning
electron microscope (SEM). We have found the NWs
extending from the edges of the catalyst pattern in six
directions, creating of a triangular NW network (Figure 1c).
We determined the epitaxial relations of the NWs and the
substrate by examining cross-sectional lamellae using a TEM
(Figure 2a—c). The planar epitaxial relations are (0001)g,y |
(0001)gc, with [1010]g, Il [1010]gc along the NW and
[1120]g.x I [1120]g;c across the NW. This epitaxial relation is
identical to the one reported in literature for thin films of GaN
on SiC (0001). This epitaxial relation results in the triangular
geometry of the NWs on the substrate, which is consistent with
to the C4 morphological symmetry of the (0001) SiC substrate.
Both 6H-SiC and 4H-SiC can be described as hexagonal planes
stacked along the [0001] direction, with a different stacking
order. Therefore, an ideally flat (0001) plane of both 6H-and
4H-SiC has Cg morphological symmetry with minute differ-
ences in the planar lattice parameter between the two polytypes
(4H-SiC: a = 3.0730, 6H-SiC: a = 3.0806).

We also grew GaN NWs on vicinal (0001) 4H-SiC tilted by
4° toward [1120]. We have found that, on these substrates, the
guided GaN NWs grow only in two directions, parallel to the
step edges (Figures la,d and 3a—d). The NWs grow along the
[1010]g direction which is parallel to the atomic steps. The
epitaxial relation on these vicinal substrates turns out to be
identical to that of GaN NWs grown on flat (0001) SiC. The
surface of these vicinal substrates is not atomically flat like that
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Figure 2. TEM cross-sectional images and atomic models of GaN
NWs on flat (0001) SiC substrates. (a—c) Cross sections of GaN NWs
on SiC substrates. White boxes indicate magnified areas. Image c
includes the crystallographic orientations and proposed atomic
models. (d) FFT of a cross-sectional TEM image. The image clearly
shows two sets of closely matched diffraction spots, for the GaN and
SiC. (e) Suggested atomic model for the atomic arrangement on the
(0001) surface. (f,g) EELS elemental map of GaN on SiC (left: Ga and
C, right: N and Si). No interdiffusion between NW and substrate is
observed.

of perfectly cut (0001) substrates but terminated with periodic
atomic steps, which break the C4 symmetry of the SiC (0001)
plane. Most of these atomic steps characterized by TEM were
found to be of one Si—C bilayer, 0.25 nm (Figure 3e/f). We
speculate that these atomic steps interact with both the catalyst
droplet and the growing NW, and as a result the NWs grow
almost exclusively parallel to these atomic ledges (Figure 1b). A
similar effect was previously reported only for higher steps
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Figure 3. TEM cross-sectional images and atomic models of GaN
NWs on vicinal (0001) plane of 4H-SiC tilted by 4° toward [1120].
(a—d) Cross sections of three GaN NWs on SiC substrates. Several
atomic steps at the GaN/SiC interface are clearly seen in d. White
boxes indicate magnified areas. Image b includes the proposed atomic
models, including the atomic step. (e) TEM cross-sectional image of a
clean vicinal substrate with atomic steps. (f) The same image as e with
red lines highlighting the Si—C bilayers. All of the steps highlighted in
this image are a single Si—C bilayer, 0.25 nm in height, and a quarter
of a 4H-SiC unit cell.

created by bunching of atomic steps at elevated temperatures
and for large (2—5 nm) nanogrooves formed by the high-
temperature annealing of thermodynamically unstable crystal
faces."®'® When the guiding relief features of the substrate is
larger than the lattice parameter, it is usually referred to as
L 26-28 1

graphoepitaxy, whereas the guiding by steps lower than
the lattice parameter is called ledge-directed epitaxy.*”*°
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There are several differences between the graphoepitaxy
reported previously for guided NW of GaN'® and ZnO" on
sapphire and the ledge-directed epitaxy reported here: (a) In
the previous cases, a guiding effect was not pronounced when
the synthesis was performed on the nonannealed vicinal
sapphire (0001) substrate. The atomic steps on the non-
annealed surface did not have a strong guiding effect on the
NWs. Significant guiding was only observed after annealing the
substrate at high temperature, which resulted in bunching of
the 0.22 nm high sapphire atomic steps to larger steps of 2—4
nm height. In the case of GaN on SiC, no annealing step was
needed to achieve a strong guiding effect. Interestingly, single-
walled carbon nanotubes with a diameter of 0.8—3 nm were
shown to grow along atomic steps on nonannealed vicinal
sapphire substrates,®" and the guiding effect along atomic steps
was actually stronger than along bunched nanosteps. (b) When
GaN was grown on sapphire, the graphoepitaxial effect caused
the NWs to grow with crystallographic orientations that were
different from the crystallographic orientations on the nearest
singular substrate, which is atomically flat. Moreover, the
graphoepitaxial effect caused variability in the crystallographic
orientation of the NWs. This was attributed to the competing
interaction of the NW and the catalyst droplet with two planes:
the plane of the terrace and the plane of the step, or the two
facets of a nanogroove. In contrast, the growth of GaN on
vicinal SiC occurs in exactly the same crystallographic
orientation and epitaxial relations as the growth on flat SiC
substrate. The reason could be that the steps are in just the
right size: large enough to influence the catalyst droplet and
determine the growth direction, but not large enough to
compete with the terrace over dictating the crystallographic
orientation of the NW. It is interesting to note that one NW is
wide enough to grow on several parallel steps simultaneously,
as seen in Figure 3d. Although further research is needed to
elucidate the specific mechanism that enforces the actual
guiding along these surface steps, we can suggest two possible
effects: (i) The catalyst droplet is pinned to the step due to
preferential wetting. (ii) The interaction of the NW with the
step edges is stronger than with the atomically flat surface due
to the higher surface energy of the step edges, especially when
the NW crystal lattice is aligned parallel to the atomic steps.

We further investigated the crystallographic structure,
orientation, and elemental composition of the NWs by
observing thin FIB-made cross-sectional lamellae using a
HRTEM (Figure 2a—c). In general, the TEM images reveal
lattice fringes expected of GaN and SiC. Elementary mapping
of Ga, N, Si, and C by electron energy loss spectroscopy
(EELS) reveals sharp GaN/SiC interfaces without observable
interdiffusion (Figure 2fg). A fast Fourier transformed image
shows a double set of close peaks, for the GaN and the SiC
substrate (Figure 2d). We superimposed proposed atomic
models on the TEM image to highlight the structure and
epitaxy (Figure 2c) and show a proposed atomic model of the
planar epitaxial relations in top view (Figure 2e).

To characterize the nature of the NW/substrate interface, we
measured the average lattice spacing in the NWs and the
substrate, analyzed TEM images by Fourier filtering to reveal
the presence of misfit dislocations, and used geometric phase
analysis (GPA) to characterize the strain in the NWs near and
away from the interface. Figure 4a (left) shows a TEM image of
a NW cross-section. On the right, we show a Fourier-filtered
part of the NW-substrate interface, with arrows indicating the
two misfit dislocations present at the interface. The distance
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Figure 4. Mismatch, strain, and misfit dislocations in guided GaN NW
on SiC. (a) A cross-sectional TEM image (left) with a Fourier-filtered
FFT of the area indicated with a white box. Two misfit dislocations are
indicated with arrows and highlighted with color. The 30 GaN planes
match 31 SiC planes. (b) Left: Cross-sectional TEM image of GaN on
vicinal SiC. Right: GPA image of the TEM image on the left, showing
the in-plane strain €,,. The area of the NW is highlighted with a gray
frame. The strain is uniform in the NW, indicating a relaxed NW with
no residual strain.

between the misfit dislocations is exactly 31 SiC planes and 30
GaN planes. This spacing is exactly the spacing that we would
expect form a naive calculation of the optimal matching
between the [1120] planes of SiC and GaN: 1.54 A X 31 =~
1.59 A X 30. Any addition or subtraction of planes in the NW
or in the substrate would result in a larger mismatch. To
complement this observation, we measured the average values
of lattice spacing and found that the average ratio of GaN
[1120] planes to SiC [1120] planes is 1.0303 + 0.004, very
close to the bulk ratio of 1.034. Together, these observations
indicate that there is only a very slight or no compression of the
NW lattice, and therefore there is no further reduction in the
density of misfit dislocation at the NW/substrate interface.
Therefore, we conclude that the NW and the substrate are fully
or almost fully relaxed. To further test this hypothesis, we used
geometric phase analysis™ to observe the variability of the in-
plane lattice strain in the NWs (Figure 4b, right and left). As
can be seen in the right part of Figure 3b (mapping of in-plane
lattice strain, &,.), the strain is uniform in the NW, further
strengthening our observation of a fully relaxed NW.

The significance of these findings can be understood in light
of heteroepitaxial growth theory. When a layer is grown on a
heterosubstrate, the total strain energy grows as the layer height
increases. At a certain critical height h, the introduction of
misfit dislocations at the interface becomes energetically
favorable. These dislocations relieve some of the strain but
have an energetic cost. The critical thickness h. can be
calculated for 2D films using eq 1, where b is the length of the
Burgers vector, A is the angle between the Burgers vector and
the direction in the interface, v is the Poisson ratio, and f is a
mismatch between the substrate and the epilayer.’> Using this
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equation, we calculated h. = ~1.8 nm. In the case of NWs or
nanoislands, this critical thickness increases due to increased
ability of one or zero-dimensional structures to accommodate
the strain.>®> However, we do not know what the increase in the
critical thickness is for horizontal NWs. The minimal thickness
of NWs we observed in this work was ~5 nm, and these NWs
did have misfit dislocations. Consequently, this sets an upper
limit on the critical thickness of the GaN-SiC system. To
conclude this part, guided NWs are expected to have a larger
critical thickness than their 2D counterparts, but the NWs
observed here, with height down to 5 nm, are nonetheless
above this critical height. Therefore, misfit dislocations do

appear, albeit at very low density.
- h
h, = b Cos’l{l n [ (1= v/4) ]}(In _C]
2f b (1)

47(1 + v)cos® A
To further investigate the properties of these highly coherent,
guided GaN NWs, we measured the photoluminescence (PL)
spectra of the NWs (Figure S). Using a confocal microscope
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Figure S. Optical properties of guided GaN NWs. Typical PL spectra
at room temperature of (a) coalesced GaN growth at catalyst islands.
(b) Vertically grown GaN NWs on (0001) SiC, dispersed on a
sapphire substrate. (c) Horizontally grown GaN NWs on (0001) SiC.
PL peak is blue-shifted ~3 nm with respect to the thicker GaN growth,
on the same substrate, at the same synthesis. The sharp peaks on the
left are Raman scattering from the sample.

with a He—Cd laser (325 nm), we measured the PL spectra of
guided NWs and compared it with vertical GaN NWs as well as
thicker GaN structures. In all of these cases, the PL spectra
were typical of high-quality GaN with a single PL peak in the
range of 328—740 nm. We did not see any yellow luminescence
emission at 2.2 eV, a typical defect-induced emission in GaN. In
general, the PL spectra we observed was very similar for (a) the
thick, coalesed GaN growth found at the catalyst islands
(Figure Sa), (b) vertical NWs that were dispersed on a sapphire
substrate to avoid the PL of the SiC (Figure Sb), and (c)
horizontally grown NWs (Figure Sc), all with 4,,,, between 354
and 357 nm. Interestingly, for thick GaN growth at the catalyst
deposition area A, was at 357 nm, while for thin NWs, 4,
was 354 nm (for both vertically grown NWs and guided NWs).
Possible reasons for this blue shift of thin NWs could be the
emission from surface trap states, previously reported for GaN
NWs in different crystallographic orientations, * and the high
dielectric constant of the substrate. Strain could also lead to
blue shift, but our analysis showed low strain, so that this effect
is not expected to be dominant. Overall, we found the PL
spectra of horizontally grown guided NWs to be very similar to
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those of vertical NWs, indicating that the interaction with the
substrate does not induce defects that degrade the optical
properties of the guided GaN NWs.

The mechanism behind the guided growth phenomenon is
not yet fully understood. For example, previous reports on the
guided growth of NWs claim that the reason that NWs grow in
specific lattice directions is the anisotropic lattice mismatch.*®
However, in our case, this cannot explain the fact that the NWs
grow in a specific direction, since the calculated lattice
mismatch (3.4%) is isotropic on the flat SiC (0001) surface.
Therefore, the explanation for the growth of NWs in a specific
direction is not directly related to the lattice mismatch. We
speculate that this preferred growth direction may be related to
one or more of the following possible effects: (a) Minimization
of the energy of the crystal facets of the NWs: the NW grows in
the direction that produces the smallest overall facet energy.
(b) The kinetics of crystal plane formation. In this case, the
NW growth is determined by the kinetics of the growth
process. It is worth mentioning that we did encounter some
GaN NWs growing in the [1120] direction, but these were a
minority. However, the appearance of these NWs may indicate
that the driving force toward growth in the [1010] direction is
not much stronger than the driving force for growth in the
[1120] direction, and as a result it may be possible to achieve
growth in the [1120]direction by careful tuning of the synthetic
parameters.

In summary, we have demonstrated the guided growth of
horizontal GaN NWs on singular and vicinal SiC (0001)
substrates. The use of these substrates enabled us to control the
geometry of the NWs on the surfaces, changing from a
triangular, 6-fold symmetry on flat (0001) SiC to 2-fold, linear
geometry on stepped surfaces, while having identical epitaxial
relations in both cases. These NWs were shown to be of high
crystallographic perfection, growing stress-free and highly
coherent, that is, with a low density of misfit dislocations at
the substrate—NW interface. This work demonstrates the
generality of the guided growth approach for a variety of
substrates. The successful growth of GaN on SiC presented
here, together with our previous work on GaN and ZnO on
sapphire, shows that the guided growth approach, and its use in
self-integrated nanosystems,”® could be extended to a large
variety of semiconductors and substrates. Since we are able to
control the geometry and locations of these NWs on the
surface, guided growth could enable the integration of NWs
into a variety of nanodevices not available by other means,
including high-power transistors, LEDs, and lasers.
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A detailed description of the materials and methods, SEM and
image of the Pd catalyst prior to the NW growth (Figure S1),
and additional SEM images of NW (Figures S2—S3). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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