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ABSTRACT: This work presents the selective area epitaxy of GaN nanostructures
grown on Ga-polar GaN/sapphire substrates by plasma-assisted molecular beam
epitaxy. We demonstrate three types of nanostructures, including nanowires,
nanofins, and nanorings on GaN-on-sapphire templates as well as investigate the
ways of controlling their morphology, and orientation of sidewall plus top facets. A
range of growth conditions including low to high Ga flux were employed during
selective area epitaxy to develop these nanostructures with homogenous geometry
and near vertical and smooth sidewalls. Using appropriate growth conditions and
mask patterning orientations, nonpolar nanofin grids containing both/either m-/a-
planes with as low as 260 nm fin width and up to six interconnects are demonstrated
with smooth sidewalls. Based on these experimental results, we developed a growth
model that takes different sidewall facets and orientations into account. The model
generalizes the experimental results well and explains the growth conditions for the
nanostructures. This study serves to advance the understanding of selective area
epitaxy for defining complex III-nitride nanostructures that constitute an active area of research and development in the fields of
nanotechnology and nanoscience.

1. INTRODUCTION
Group III-nitride nanostructures have emerged as a promising
platform for a number of application areas including
optoelectronics,1−4 power electronics,5 sensing,6,7 and photo-
catalysis.8,9 In the optoelectronics area, such nanostructures are
useful for both classical- and quantum-photonic devices
operating at a wide spectral range.10−12 Plasma-assisted
molecular beam epitaxy (PAMBE) is one of the popular
methods of growing nanostructures fabricated by self-
assembly13,14 under nonequilibrium growth conditions.
Although self-assembled epitaxy can be performed on various
low-cost substrates with a significantly large lattice mismatch,
such nanostructures preferentially grow in polar c-directions
and result in random nucleation with a large density of point
defects.15 Moreover, it is fundamentally challenging to control
the size, shape, position, growth direction (both lateral and
vertical), and density of the nanostructures.16 The preferential
growth along the axial c-direction and the spatial and structural
variations of nanostructures primarily present a challenge for
device fabrication and further limits their usage in device
applications.13,14,17 Self-assembled III-nitride nanostructures
have been extensively studied for both material character-
ization and fabricating associated devices. The previously
reported works are, however, still limited to nanowires (often
termed as 1D structures).
Selective area epitaxy (SAE)18,19 is a viable alternative to

precisely control the size, position, shape, and density with an

added advantage of controllability on III-nitride crystal planes,
such as polar, semipolar and nonpolar facets of nanostruc-
tures.20−23 The powerful SAE technique yields various types of
nanostructures ranging from nanowires (NWs), nanofins
(NFs), and nanorings (NRs). Until recently, it has remained
challenging to understand the SAE kinetics and selectively
grow nanostructures using different mask materials. The
growth window (growth temperature and metal and N-fluxes),
choices of substrates, and masks for SAE remain narrow. Due
to anisotropic physical properties including various free surface
energies and related direction-dependent growth rates, SAE
has remained challenging. Additionally, achieving device-
quality SAE-grown nanostructures are handicapped by surface
roughness, the emergence of large semipolar planes due to a
low growth rate,24,25 distorted sidewalls,23 and the inability to
fill up closely-packed nanostructured openings.26

There have been very few reports on the SAE epitaxy of
GaN nanostructures including NWs, NFs, and NRs. Engineer-
ing the sidewall facets of both NW- and NF-type structures by
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varying the Ga- and N-fluxes in MBE was reported.27

Controlling the sidewall roughness and complete coverage of
the nano-openings by SAE was also recently achieved.28

Despite the developments, SAE GaN structures are still
restricted to only NWs and NFs types with sidewall planes
from a single family to mixed m- and/or a-planes. To our best
knowledge, there are no reports on the SAE of complex
structures such as interconnects and ring patterns on III
nitrides. SAE growths of interconnects and fins require
extensive studies as the growth kinetics becomes complex
due to multiple nucleation sites and coalescence/merging.29

The coalescence/merging process and crystal orientation of
the nanostructure branches determine the crystal phase and
often demonstrates defect generation.30

In this study, we investigate the SAE of the aforementioned
nanostructures under three different Ga-rich conditions, such
as low, intermediate, and high. Single- and double Ga cells
were used during the growth to control their morphology and
crystal planes. The as-grown nanostructures exhibit excellent
selectivity and surface smoothness. Three different nanostruc-
tures, such as (i) NWs, (ii) NFs, and (iii) NRs were
systematically studied, the effects of Ga:N flux ratios on
growth kinetics as well as the evolution of polar, nonpolar, and
semipolar facets were investigated. The dependencies of
incomplete filling of the GaN nanostructures, growth rate as
well as sidewall morphology on Ga adatom distribution are
discussed. By adjusting Ga:N flux ratios, we control the
sidewall morphology for both NWs and NFs and determine
the appropriate growth condition for each of these
nanostructures. With careful optimization of our growth
process, we develop nanostructures with dimensions <300
nm and ultra-smooth sidewalls. Hence, SAE-grown three-
dimensional GaN nanostructures - wires, fins, rings, and curved
features enable the fabrication of a wider range of electronic
and photonic devices, such as fin field-effect transistors, lasers,
and light-emitting diodes (LEDs).18,19,23,31

2. EXPERIMENTAL DESCRIPTIONS
The GaN nanostructures studied in this work were selectively grown
on GaN-on-sapphire templates using a Veeco GEN 930 PAMBE

system. Prior to SAE, 20 nm of Ti, serving as a hard mask during
growth, was evaporated on the templated substrates. Different shaped
nano-openings were then defined using electron beam lithography
(EBL) and subsequent dry etching. Hexagonal nano-openings with
various diameters and spacings (pitch 150−300 nm) in a periodical
honeycomb arrangement as well as fin structures with widths in the
range of 150−250 nm were fabricated. The patterned substrates were
then loaded into the MBE reactor, followed by a buffer bake at 400 °C
for 1 h. Prior to the growth, Ti was transformed into amorphous TiN.
This was done by nitridating the substrates with N2 plasma at a
forward RF plasma power of 300 W and a nitrogen flow rate of 2 sccm
for 10 min at a thermocouple temperature of 500 °C and 3 min at 800
°C. To promote growth selectivity and/or Ga desorption from Ti-
mask surface to prevent any parasitic GaN growth on Ti mask, SAE is
usually performed at a relatively higher temperature compared to self-
assembled growth.32 Therefore, undoped GaN was grown over a 2 h
period at a thermocouple temperature of 850 °C. To ensure uniform
flux distribution, the samples were rotated at 1 rpm during the growth.
Ga fluxes were varied in the range of 2 × 10−7 to 7.7 × 10−7 Torr
beam equivalent pressure (BEP) with a fixed N2 flow. A Thermo
Scientific Quattro environmental scanning electron microscope
(SEM) at an accelerating voltage of 10 kV was then used to
determine the morphology of the as-grown samples under study. To
evaluate the crystal quality of the as-grown nanostructures, high-
resolution transmission electron microscopy (HR-TEM) was carried
out on an FEI Titan 80-300 analytical transmission electron
microscope equipped with an EDAX Octane Elite energy-dispersive
x-ray spectrometer.

3. RESULTS AND DISCUSSION
Understanding the influence of growth temperature, Ga flux,
and Ga/N ratio on the realization of GaN nanostructures is of
utmost importance. The following subsections describe the
formation of GaN NWs, NFs, and NRs, the required growth
conditions of these nanostructures and their morphology plus
facet orientations are carefully examined. Based on our
observations, a growth model is proposed at the end.
3.1. Formation of Nanowires. 3.1.1. Effect of Dual Ga

Effusion Cells. A high Ga:N ratio, i.e., a Ga-rich condition was
adopted previously to maintain axial growth despite Ga
desorption and GaN decomposition.24,27 Achieving a high
Ga density is important to achieve large-area growth with
minimum size variation arising from the shadow effect or

Figure 1. (a) Schematic view of Ga flux exposure by single and dual Ga effusion cells, for NWs grown by single and dual Ga effusion cells, (b)
height of NWs in dependence on mask opening diameter, (c) 45° view of NWs with a mask opening diameter of 105 nm, and (d) NW filling factor
as a function of mask opening diameter.
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optimum filling of nano-opening.26 Supplying a high-density of
Ga adatoms to promote their uniformity and achieve higher
growth rates requires the involvement of multiple Ga effusion
cells. Therefore, dual Ga cells were simultaneously used with a
combined Ga flux of 5.4 × 10−7 Torr BEP, split equally into
two cells to grow GaN NWs, as schematically shown in Figure
1a. For comparison, another sample was grown with a similar
Ga flux but supplied by a single cell while keeping the
remaining growth conditions the same.
With the use of dual Ga cells, growth rates of GaN are found

to drastically improve from 1.6 nm/min while using a single Ga
cell to 2.2 nm/min (for nano-opening array with 105 nm
diameter). A change in the growth rate with changing mask
opening diameter is observed on both the samples, while the
dual Ga cell sample maintains its higher growth rate
irrespective of the nano-opening dimensions as shown in
Figure 1b. Regardless of the number of Ga cells used, good
selectivity was maintained along the entire sample, and
hexagonal NWs with m-side planes are seen. The hexagonal
shape of the NWs also indicates that Ga-rich conditions were
maintained since N-rich growth otherwise creates irregular-
shaped nanostructures.
Besides the increase of growth rates, improved Ga

distribution significantly enhances the nano-opening coverage
by the grown NWs. The red marks around the hexagonal nano-
opening on the Ti mask as shown in Figure 1c indicate that the
grown NWs have a smaller diameter compared to the nano-
opening when a single Ga cell was used. The SEM images of
the NW dimensions reveal the strong dependence of NW
height on Ga flux distribution. Figure 1d shows the filling
factor, defined as the ratio of the cross-sectional area of NWs
to nano-openings, as a function of nano-opening diameters. In
contrast to N radicals which get incorporated immediately at
appropriate crystal sites, or otherwise form molecular N2, Ga
adatoms remain mobile within their diffusion lengths before
reaching the nano-openings or desorbed. As it appears from
Figure 1d, Ga adatoms reaching the nano-opening increase at a
higher order while using multiple cells, despite using the same
amount of Ga fluxes. Ga adatoms supplied by a single cell fill
<60% of the nano-openings even for larger openings, which
only reduces further as the dimensions become smaller. It is
worth mentioning for all samples, the spacing between the
NWs was fixed at 200 nm for these calculations. For NWs with
smaller diameter, more NWs can be placed in a fixed area. The
higher number of NWs causes the Ga collection area (area
with Ga diffusion length as radius) to overlap, which in turn
reduces the amount of Ga per nano-opening. However, as it
appears, a redistribution of Ga adatoms using dual cells
increased both the growth rate and NW diameter. Simulta-
neous improvement on both c- and m-plane indicates the Ga
density around the NWs increases since Ga adatoms residing
on the m-planes are responsible for increasing the NW
dimension laterally, while the adatoms over the c-plane
increase NW height.
3.1.2. Impact of Ga:N Ratios. To further understand the

impact of Ga flux (or Ga:N ratio) on NWs using dual Ga cells,
a series of Ga flux was tested while keeping the N-plasma
condition unchanged. We explored low Ga:N (N-rich) to high
Ga:N (Ga-rich) ratios and systematically analyzed the impact
by observing both NWs and NFs. Figure 2 shows the impact of
Ga flux over NW morphology. For each sample, NWs with
four different diameters were analyzed. The NW dimensions
including both height and sidewall facets were found to be

heavily dependent on Ga fluxes. The smooth m-plane sidewalls
with flat c-plane top found for the sample grown with a Ga flux
of 5.4 × 10−7 Torr quickly disappears as the Ga flux is changed
in either higher flux or lower. The NW morphology, however,
is drastically different. Based on our analysis, we found that
high Ga flux promotes the semipolar growth of r-planes and
lateral spreading of GaN over the mask, while growth along the
c-plane and m-plane is suppressed. This happens because the
SAE growth of GaN NWs significantly depends on Ga adatom
diffusion/desorption on the sidewalls, which is affected in the
presence of high Ga flux. On the other hand, when lower Ga
fluxes were used, distorted NWs containing inhomogeneous
top facet with no apparent m-/a-plane side facets are found.
Furthermore, instead of solid columnar structures, a hollow
core shape (nanotube-like) is observed which is shown in the
top row of Figure 2. The incomplete coverage of the nano-
opening or the hollow area at the center of the NW kept
increasing as the NW diameter increases. The growth of a
nanotube structure instead of an NW is attributed to lower Ga
fluxes. Due to the significant lowering of Ga flux, the growth
condition switched from Ga-rich to N-rich. With limited Ga
flux, the effective Ga adatom diffusion significantly reduces and
the adatoms bonded with N species immediately as it reaches
the nano-opening perimeter. By densely populating patterns
with small periods, such hollow structures were also previously
reported and attributed to the local transition from Ga-rich to
N-rich growth conditions.18,26 Since N radicals also promote
GaN formation, parasitic GaN formation over the TiN mask is
observed for this sample. Thus, growth selectivity is also
affected by the change in Ga:N ratios.
Interestingly, the NW growth rate is recorded to be the

highest for the lowest supply of Ga fluxes, 2 × 10−7 Torr (see
Figure 3a). Under Ga-rich conditions, the initial growth stage
involves the formation of multiple seed layers and their
eventual coalescence into each other to fill up the nano-
opening before NW grows vertically. In contrast, under N-rich
conditions, multiple NWs start to grow in each opening,
preferably on the edge of the nano-openings and coalescence
happens much later in the growth process. This leads to
distorted NW side faces the absence of any m-planes, and high
growth rate since the seed NWs are often relatively small in
diameter. As the Ga flux increases to a nominal condition, the
hollow shapes transform into a filled NW. The presence of Ga
adatoms at both m- and c-planes results in reduced NW height
but with a homogenous hexagonal shape with smooth

Figure 2. 45°-tilted view of GaN NWs grown with Ga fluxes in the
range of 2 × 10−7−7.7 × 10−7 Torr (top to bottom). The nano-
opening diameter is increased from left to right. All NWs have a 200
nm pitch distance.
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sidewalls. The filling factor also reveals that the distorted
nanocolumns are slightly larger than the nano-openings (>1),
which becomes ∼1 as the Ga flux reaches 5.4 × 10−7 Torr. As
the low Ga flux promotes vertical growth, the high Ga flux (7.7
× 10−7 Torr) promotes semipolar growth which has a much
slower growth rate. As can be seen in Figure 2, the NWs grown
at high Ga fluxes emerged as pyramidal shape confined mostly
by a semipolar r-plane with very small m-plane sidewall facets
and no flat-c-plane at the top. The average NW height at such
high Ga flux reduced to about half the height of the NWs
grown with 5.4 × 10−7 Torr Ga flux, while the diameter
increased ∼2.7 times compared to the latter. The slower
growth rate on the semipolar facets along with a large amount
of Ga adatom on the sidewalls caused significant overgrowth
on the mask, yielding a filling factor > 1 (see Figure 3b) which
nearly caused coalescence between neighboring NWs for nano-
openings with a diameter of >165 nm.
3.2. Formation of Nanofins. We then applied the

developed Ga flux control technique to form complex NFs
using SAE. Fabricating NFs with m-/a-planes is easier since the
in-plane crystal orientation is guided by mask patterns.
However, the development of NFs involves the merging/
coalescence of multiple fins which could lead to defect
formation. Hence, the morphological evaluation of NFs is
important in realizing complex NF interconnects.
Figure 4 presents different NF shapes grown with Ga fluxes

of 7.7 × 10−7 and 5.4 × 10−7 Torr. Interestingly, the reduced
axial- and large lateral overgrowth attained for the NWs while
growing at 7.7 × 10−7 Torr Ga flux are not observed in NFs.
Smooth, near-vertical sidewalls with no visible defects over the
top c-plane are found. In contrast, a slightly less Ga flux 5.4 ×
10−7 Torr used for the homogenous NW growth with smooth
sidewalls and homogenous top surface provided defects lines
and discontinuity on the top c-plane with nonuniform fin
width. All of which disappear with a higher Ga flux. The
difference in the morphology between NWs and NFs is mainly
due to their different geometry. Compared to NWs, NFs
possess a significantly larger surface area. This high surface area
reduces the Ga adatom density present on the sidewalls and
promotes desorption instead of enhancing lateral overgrowth.
Thus, the higher Ga flux mostly impacts the top surface/c-
plane facets and creates a homogeneous, flat top surface,
absent of any discontinuities. We inspected the interconnects
of six junctions for both a-/m-plane families. Compared to a-
planes, GaN NFs with m-plane sidewalls were uniform for both
samples. Theoretical calculations show that m-plane GaN has

lower surface energy compared to a-planes, making m-planes
more energetically favorable.33

It was reported that a-plane GaN has a larger density of
surface states than m-plane GaN.34 Because of such a higher
density of states, a-planes offer more Ga adsorption sites which
results in a reduced Ga adatom mobility.34 Because a-plane is
not energetically favorable, polygonal GaN nanostructures with
mixed m- and a-planes evolve while growing along a-planes.
While other reports presented significant sidewall roughness
and faceted morphology along the a-plane structures,28 much
less sidewall defects are found in our sample. Nonetheless, the
growth rates along these planes are different, coalescence/
merging of the mixed crystal planes created a notch-like
morphology visible from the top facet (Figure 4a,c). As the Ga
flux increases, such surface morphologies are either covered up
by excess GaN growth or are not created in the first place due
to higher Ga adatom interactions. In either case, complex NF
structures with quadrangular junctions, and interconnects with
as high as six junctions are implemented using dual Ga cell
combination.

Figure 3. NWs with (a) height and (b) filling factor as a function of Ga fluxes with varying mask opening diameters. All NWs are spaced 200 nm
apart.

Figure 4. 45°-tilted SEM images of nanofins grown with varying Ga
fluxes. (a−d) NF grown at 5.4 × 10−7 Torr Ga flux, (e−h) NFs grown
at 7.7 × 10−7 Torr Ga flux. From top to bottom, quadrangular nanofin
consisting of a- and m-planes, symmetrical junction of m-plane family
orientation, symmetrical junction of a-plane family orientation, and
NFs with m-plane sidewalls with 230 nm width and 500 nm spacing.
All scale bars represent 1 μm length if not mentioned otherwise.
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Figure 5a represents the cross-sectional TEM image of the
GaN NFs grown at a Ga flux of 7.7 × 10−7 Torr, (see Figure
4). No observable dislocations or defect lines are seen,
indicating that no defects are generated or transferred from the
underlying substrates. An atomically sharp interface between
the GaN templates and the grown materials, as shown in the
inset, was also observed. STEM energy-dispersive X-ray
spectroscopy (EDS) was conducted to investigate the possible
contamination at the GaN template/nanostructure growth
interface, as shown in Figure 5b. The electron beam was
moved in a vertical line across the regrowth interface to
produce a relative concentration profile. Several EDS scans
were performed in various locations of the sample, and trace
amounts of Ti were found. This problem may be caused by the
insufficient etching of the Ti mask. Nonetheless, a thorough
inspection of the interface and surrounding layers reveal
uniform growth of the epilayers, with no discontinuities,
indicating that a small amount of Ti may not have played a
crucial role in the growth. However, to avoid such issues,
proper clearing procedures will be followed in future growth.
3.3. Formation of Nanorings. Figure 6 shows the 45°-

tilted and top-views of the NRs grown with 7.7 × 10−7 Torr Ga

flux under otherwise identical conditions. As can be seen, the
NRs followed the growth morphology of the NFs instead of
NWs and near vertical sidewalls are achieved. While smooth
sidewalls were maintained throughout the ring, some mixed
planes and notches are observed as the rings started to change
the plane and along the minor axis, which is orthogonal to the
a-directions, resulting in a-plane sidewalls. Interestingly, no
structural discontinuity is found for the NRs, despite small
widths (260 nm) and large diameters (5/10 μm) and narrow
coupling gaps (200 nm) in the structures. The inset of Figure 6
shows the 50 μm × 50 μm area of the ring structures, free of
any distorted patterns as well as any parasitic GaN formations
on the TiN mask. Our approach involving dual Ga cells and a
high Ga:N ratio proves effective to achieve large-area NRs with

realistic dimensions. This opens the possibility to realize
passive photonic components, such as low-loss waveguides,
ring resonators, and ring arrays. Thanks to SAE which could
generate these nanoscale complex patterns without major
fabrication efforts toward making useful photonic devices.
3.4. Growth Model. Based on our Ga flux series, NWs and

NFs show different morphologies while changing the Ga flux
from intermediate (5.4 × 10−7 Torr) to high flux (7.7 × 10−7

Torr) conditions. With increasing Ga flux, NWs exhibit an
accelerated growth of lateral m-/a-planes compared to the
vertical c-plane. This can be explained by the difference in the
Ga atoms’ adsorption/desorption behavior between the polar
and nonpolar planes. Schematically shown in Figure 7, as the

growth proceeds, Ga adatoms reach the nanostructures in two
ways, i) direct impingement of Ga atoms on the growth
structures from the effusion cells and ii) traveling of the Ga
adatoms from the mask surface to within their diffusion lengths
toward the nanostructures. These diffused adatoms travel along
the sidewalls and are incorporated on the m-/a-planes, and at
the top c-plane. With high Ga fluxes, the number of Ga
adatoms reaching the NW sidewalls is much higher, which
gives rise to a significant lateral growth rate and results in a
truncated pyramid shape. Such lateral spreading is expected to
be reduced for the NFs since the nonpolar planes promote
desorption. In fact, the desorption rate of Ga adatoms on the
m-planes was found to be nearly two times higher than on the
c-planes.35 It was also observed that the sticking coefficient of
Ga adatoms was lower in m-planes than in c-planes.36 Ga
adatoms also redistribute themselves around the large sidewalls
for both the NFs and NRs, reducing overall Ga adatom density

Figure 5. (a) Cross-sectional HRTEM image and (b) EDS mapping of a nanofin structure grown with dual-cell 7.7 × 10−7 Torr Ga flux.

Figure 6. SEM images of the nanorings. A ring array to realize
complex photonic devices is shown as an inset.

Figure 7. Schematic representation of different growth conditions for
NWs and NFs-NRs with both c-plane and m−/a-planes.
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on the sidewalls. This, along with a higher desorption rate
proves beneficial to stop lateral spreading for our NFs. The
higher sticking coefficient on the c-planes also ensures Ga
adatoms travel from the sidewalls to the top facets and they
remain on the c-plane, further increasing axial growth.
As stated earlier, NFs possess considerably a larger sidewall

area compared to NWs. This increased aspect ratio changes the
Ga:N ratio locally for densely packed NF designs. By
comparing the nano-opening surface area with the sidewall
area, NFs have a higher sidewall area (also higher Ga collection
area) compared to NWs and as a result, the NF sidewalls
absorb the Ga adatoms more. Hence, the Ga adatom density
reduces at the bottom of densely packed structures, leading to
local N-rich growth conditions.18,23 Since the N-rich condition
suppresses lateral growth, the NFs become more vertical.27 In
our experiments, both NFs and NRs demonstrate near-vertical
sidewalls despite much different spacing between neighboring
structures (NF ∼1.5 μm and NR 0.3−5 μm). Thus, Ga-rich
conditions are expected to be maintained over the entire
growth surface and the vertical sidewall is due to the
redistribution of Ga adatoms over a large area. In addition to
the qualitative model discussed above, there are also
quantitative models that consider Ga/N flux ratio, growth
temperature, and template geometry.20,37,38 It was reported in
the quantitative growth model37 that the dimensions and pitch
of the nanopattern heavily influence the selectivity for a
specific growth condition.

4. CONCLUSIONS
In summary, we make a detailed investigation of the SAE of
GaN nanostructures grown on Ga-polar GaN/sapphire
substrates by PAMBE. Three different types of bulk-like
nanostructures (which could be termed as quasi-3D structures
since no reduced dimensionality in either direction) are
demonstrated using the bottom-up growth approach. It is
found that the use of two simultaneous gallium effusion cells
contributes to achieve homogenous NWs with a cross-sectional
area equal to the nano-openings. The increases in growth rates
employing dual Ga effusion cells for a given flux open the
possibilities to develop nanostructures with a large aspect ratio.
We also define GaN NFs with up to six interconnects as well as
NRs with improved sidewall facets and top facet morphology.
Since the formation of GaN nanostructures by SAE is still at a
preliminary stage, further efforts need to be made by growing
useful InGaN/GaN heterostructures with similar growth
selectivity. Growing p-i-n diode nanostructures using SAE for
micro-LEDs or advanced light sources is beyond the scope of
this work and will be done in our future studies. Hence, the
formation of complex nanostructures reported here is an
essential step toward the implementation of next-generation
electronic and optoelectronic devices in both classical and
quantum areas.
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