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Abstract

We have examined the initial steps for catalyst-free growth of GaN nanowires by molecular beam epitaxy (MBE) on Si (1 1 1)

substrates using AlN buffer layers. These wires form spontaneously under high N-to-Ga ratios for a growth temperature range of about

810–830 1C. Field emission scanning electron microscopy (FESEM) shows that part of the GaN forms a ‘‘matrix layer’’ that also grows

with the [0 0 0 1] direction perpendicular to the substrate surface. This layer contains small, dense hexagonal pits in which the nanowires

nucleate. Using both FESEM and atomic force microscopy (AFM), we identify the pit facets as {1 0 1̄ 2} planes. The nucleation studies

show that the use of an AlN buffer layer is essential to the regular formation of the nanowires and matrix layers under our growth

conditions. Our typical AlN buffer layer is 40–50 nm thick. We conclude that the nucleation mechanism for nanowires includes

formation of nanocolumns in the AlN buffer layer. The propagation of the nanowires in GaN growth appears to be driven by differences

in growth rates among crystallographic planes under N-rich conditions.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

GaN nitride nanowires are a potential manufacturing
path to low-cost, high-performance LEDs [1–3] and lasers
[4,5], and are suitable for a number of electronic device
applications [6]. Most semiconductor nanowires, including
GaN nanowires, are grown by the vapor–liquid–solid
(VLS) method, in which a metal catalyst such as gold or
nickel forms the nucleation point and catalyzes further
growth. Under certain growth conditions in molecular
beam epitaxy (MBE), however, GaN nanowires form
spontaneously, i.e., without a catalyst. In this paper, we
study the morphological and crystallographic variations of
this spontaneous formation process. The nanowires were
found to nucleate inside hexagonal pits formed by
intersecting GaN {1̄ 1 0 2} planes. In longer growth runs,
these hexagonal pits become the matrix layer. Increasing
e front matter r 2006 Elsevier B.V. All rights reserved.
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AlN buffer layer thickness and atomic N flux (relative to
Ga flux) promoted the nucleation of nanowires. Optical
emission spectra for the N plasma source were analyzed to
distinguish atomic N from excited molecular N2 flux.
Molecular N2 flux was found to have a stronger influence
on nanowire growth rate than on nucleation. In no case
were Ga droplets observed on the nanowire or matrix
surfaces. We also see evidence for thermodynamic driving
forces that favor the formation of c-axis nanowires for this
growth method. We interpret our data in terms of a growth
model in which nucleation of c-plane nanowires usually
originates at the AlN buffer surface, and the nanowire
growth propagates through an enhanced sticking coeffi-
cient for the end surface relative to the sidewalls and to
hexagonal pits.
2. Experiment

The specimens discussed in this paper were grown with
MBE using Ga metal, Al metal, and a radio-frequency
(RF) plasma-enhanced N2 source on Si (1 1 1) substrates,
unless otherwise noted. The growth sequence comprised an
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Al pre-layer (about 0.4 nm, deposited at 700 1C), AlN
buffer layer (50–100 nm, grown at 650 1C), and GaN
nucleation layer (typically 150 nm) [7]. The growth condi-
tions were intentionally chosen for a high ratio of active
nitrogen species relative to Ga or Al. A typical V:III ratio
based on raw beam equivalent pressure (BEP) measure-
ments was 120 for total N species pressure to Ga beam
BEP. BEP was measured with a nude ion gauge that was
lowered just in front of the sample growth position before
the growth run began. No correction has been made for the
varying atomic sensitivity of the gauge, which is typically
more sensitive to higher atomic mass elements. The
variability of these measurements was about 10% relative
to flux measurements made with reflection high-energy
electron diffraction (RHEED) in other growth experi-
ments. We have previously shown [7,8] that these condi-
tions, combined with substrate temperature in the range of
810–830 1C, lead to spontaneous nucleation and growth of
GaN nanowires in our growth system. Runs illustrated in
this paper were performed with growth temperatures from
827 to 831 1C. The growth temperature was measured from
the blackbody radiation emitted from the backside of the
growth substrate and collected with a quartz light pipe
Fig. 1. Plan view FESEM images of early nucleation stages for GaN nanow

nucleated in center. Growth conditions for the pictures: (a) Ga BEP ¼ 1.4�

atomic N in plasma and (d) Ga BEP ¼ 0.7� 10�5 Pa. AlN buffer layers are 5
running through the axis of the substrate manipulator. This
emission was calibrated against a conventional optical
pyrometer monitoring emission from the front side of a
bare, polished silicon wafer with known emissivity. The
expanded uncertainty for absolute value of the substrate
temperature measurement was estimated as 8 1C.
The field emission scanning electron microscopy (FES-

EM) images were obtained at low electron beam energies
(2.5–3.0 keV) and working distances (3–5mm). An in-lens
detector was used for the highest resolution work. Some
images in Fig. 6 were obtained on a different instrument
with a standard secondary electron detector and 5 keV
beam voltage. Layer thicknesses were measured from
FESEM cross-section images. The atomic force micro-
scopy (AFM) images were taken in tapping mode with
silicon probe tips. The optical emission from the nitrogen
plasma source was collected into an optical fiber with a lens
mounted on the small viewport at the outer end of the
plasma tube. The collected light was dispersed with a
grating monochromator and detected with a blue-enhanced
silicon photodiode. The spectra were not corrected for
variation in transmission efficiency or detector sensitivity.
The absolute intensity of the measured spectrum was
ires showing hexagonal faceted pits of the matrix layer and nanowires

10�5 Pa, (b) Ga BEP ¼ 1.8� 10�5 Pa, (c) Ga BEP ¼ 1.3� 10�5 Pa, high

0–55 nm for all four specimens. Marker bars indicate 200 nm.
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Fig. 3. AFM image and section scan for hexagonal pits for in nucleation

sample from Fig. 1(a). The section scan is a slice of the three-dimensional

image taken at the horizontal white line in the AFM image scan. The

hexagon in the center of the schematic represents the orientation of fully

developed nanowires.
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unfortunately sensitive to slight changes in the mounting
angle, and therefore variations in intensity from run to run
were as high as 50%. Improvement of the mounting
hardware is underway to eliminate this variability. The RF
powers are reported as forward-going power into the
plasma; reflected power was typically 1–3% of the forward
power. N2 flows were controlled and measured by a gas
mass flow controller.

3. Results

Fig. 1 shows the morphologies of nucleation layers
obtained with a variety of Ga BEPs and N2 plasma
conditions. For these runs, the AlN buffer layers were
50–55 nm thick, and the rough GaN matrix layers had a
maximum thickness of about 150 nm. The FESEM images
demonstrate that nucleation of nanowires occurred in the
center of hexagonal pits with particular crystallographic
orientation. Fig. 2 shows a cross-section that bisects one of
the pits with the remainder of a nanowire root in the center.
These features were also assessed with AFM (Fig. 3). The
alignment of the features in AFM and FESEM with the
substrate wafer flat indicated that the facets were tilted
toward the /1 1̄ 0 0S directions of the crystal, and that the
vertices of the pits were aligned with the Si /1 1̄ 0S
directions. As illustrated in the schematic drawing in Fig. 3,
the pit facets were thus azimuthally aligned with the
{1̄ 1 0 0} planes that form the sidewalls of a fully developed
hexagonal nanowire [7]. The angle measured from the facet
Fig. 2. Schematic illustration of nanowire nucleation within a hexagonal

pit, and FESEM cross-sectional image showing one such nanowire

nucleation point. Polarity of the crystal growth has not yet been

determined; it is assumed to be Ga polar in the assignment of the crystal

directions shown here. Marker bar indicates 200 nm.
to the specimen normal in the FESEM image is 471, and
the same average angle for the two slopes as measured with
AFM is 47731. These angles are consistent with the pit
sidewalls being {1̄ 1 0 2} planes, which make an angle of
43.21 with the (0 0 0 1) plane normal for fully relaxed lattice
parameters of GaN. The azimuthal alignment of the Si
substrate (2 2 4) plane and GaN (1 1̄ 0 5) plane was
confirmed with X-ray diffraction for samples with thicker
layers. In the FESEM images, there are striations clearly
visible on the facet walls. These features are less obvious in
AFM scans. The striations are probably surface step
bunching or reconstructions that cause a variation in
surface charging. Finally, we note that the polarity of the
matrix material and nanowires is still under investigation.
We have used a positive c-axis index (Ga-terminated) to
allow specific assignment of directions, but the planes and
directions could in fact require negative c-axis indices (N-
terminated) to accurately represent the polarity of the
crystals.
The V:III ratio is known to be a critical parameter in the

spontaneous formation of GaN nanowires in MBE
[7,9,10]. The data in Fig. 1 support a model in which a
higher V:III ratio or greater atomic N concentration
increases the nucleation density of nanowires. The approx-
imate wire densities for the growth runs represented in
Fig. 1 are 2, 2, 37 and 22wires/mm2, for (a) through (d),
respectively. These data indicate that the N species
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Fig. 4. Optical emission for different N2 plasma conditions for spectral regions representing (a and c) atomic N lines and (b and d) excited molecular N2.
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composition, in particular the presence of atomic N, has
greater influence on the nucleation density than does the
Ga flux. Unfortunately, there is a great deal of variability
in the N species produced by plasma sources over time and
between different source designs. We have monitored the
optical emission from the N2 plasma for our system, and
the results for spectral regions representing atomic N lines
(a and c) and excited molecular N2 (b and d) are given in
Fig. 4. The graphs in Fig. 4(a) and (b) illustrate spectra
from the plasma source when operated under the growth
conditions used for the runs represented in Fig. 1. The
alteration of the plasma power and gas flow rate that
produced higher density wire nucleation (Fig. 1(c)) also
increased the intensity of the atomic nitrogen lines. The
plasma conditions for the last two-thirds of this run were
altered so that the atomic N concentration returned to a
typical level, while the excited molecular species concentra-
tion was reduced. Given that the hexagonal pit formation
begins immediately upon the initiation of growth, it is
unlikely that this change had any effect on the morphology.
We have seen more dramatic changes in nanowire and
matrix morphologies for longer growth runs with plasma
conditions represented by the spectra in Fig. 4(c) and (d).
The nucleation of nanowires was increased for growth runs
with 450W power, which Fig. 4(c) indicates as producing
higher atomic N flux. The total growth rate of nanowires
and matrix layers was found to be increased by higher gas
flow regardless of RF power, which Fig. 4(d) indicates as
producing higher excited molecular N2 species. (The
FESEM images for these growth runs are in Ref. [1].)
Although N species and temperature clearly play a role

in nanowire nucleation, we have also observed a strong
dependence on the AlN buffer layer thickness, as illustrated
in Fig. 5. Fig. 1(a) represents the same growth conditions
with a thinner buffer layer of 50 nm. More remarkably, no
deposition of either matrix layer or nanowires occurred
when growth proceeded with the same substrate heat
treatment and GaN nucleation conditions but omitted the
Al pre-layer and AlN buffer layer. Instead, a slightly
irregular amorphous layer, possibly SiNx, formed with
total thickness of less than 20 nm. Increasing the AlN
buffer layer thickness substantially increased the nanowire
density and reduced the size of the hexagonal pits. These
findings demonstrate that AlN provides an essential
template for nanowire nucleation, which was earlier
suggested by our study of nanocolumn formation in AlN
buffer layers [11]. On the other hand, at least two other
groups have reported [1,12,13] that they have found MBE
nanowire growth conditions that do not require AlN buffer
layers. It is likely that these discrepancies arise from
differences in the substrate outgas procedures and growth
system hardware (such as manipulator heater environ-
ments) that in turn affect SiNx formation in the early stages
of growth.
Further elucidation of the conditions necessary for

nanowire formation is given by the data in Fig. 6, which
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Fig. 5. FESEM images showing that nanowire density increased when the

AlN layer thickness was increased. (a) AlN buffer 60 nm, wire density 5

wires/mm2 and (b) AlN buffer 80–100 nm, 160 wires/mm2. These layers

were otherwise grown with the same conditions as for the specimen

illustrated in Fig. 1(a), 2 wires/mm2. Marker bars indicate 200 nm.
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illustrate the morphologies evident in specimens grown
(a and b) on Si (1 0 0) substrates, and (c and d) with NH3 as
the sole N source. Nanowires readily form on Si (1 0 0), and
X-ray diffraction confirmed that these nanowires have a
strong c-axis orientation, based on the presence of (0 0 2)
and (0 0 4) diffraction peaks in 2y�o scans for both GaN
and AlN. The absence of asymmetric diffraction peaks
from the nanowires on Si (1 0 0), in contrast to low-
intensity peaks from nucleation layers on Si (1 1 1), suggests
that the relative azimuthal alignment of the nanowires
grown on Si (1 0 0) was more random than for nucleation
on Si (1 1 1). The Si (1 0 0) wires also appear more irregular
in cross-section in Fig. 6(a) and (b). It thus seems that while
the Si substrate provides a template for nanowire growth,
there is also a driving force for the formation of c-axis
wires regardless of the starting orientation of the substrate.
The growth with NH3 produced no nanowires but high
hexagonal pit density. Some of these pits contained steep
sidewalls similar in form to nanopipe formation reported in
MBE GaN films grown with high N flux. This result
provides additional support for the role of atomic N in the
nucleation of the nanowires.
We also observed that there may be additional varia-

bility in plasma source conditions or interaction with other
growth parameters that goes beyond simple V:III ratio or
buffer layer thickness dependence. The changes observed in
the morphology in Figs. 1 and 5 were in some cases
disproportionate to the changes in growth parameters.
Samples grown near one another in time sequence
(Figs. 1(a and b) and 5(a)) were often more like each other
than samples grown several weeks later with only slightly
different parameters (Figs. 1(c and d) and 5(b)). Greater
refinement of in situ monitoring may assist in making
firmer ties between growth morphology and growth
conditions.
The data contained in this and previous papers [7,8]

provide the basis for a model in which nanowires nucleate
and propagate through the formation of specific crystal
planes that have different sticking coefficients for Ga. In
particular, if the c-plane at the end of the nanowires has a
higher sticking coefficient than the sidewalls of the
nanowires or hexagonal pits, the nanowires will propagate
along the c-direction. The degree of lateral versus long-
itudinal growth will depend on the surface mobility of the
atoms and on the difference in sticking coefficients. The
high temperatures and low Ga fluxes required for nanowire
growth are consistent with a mechanism that involves long
surface diffusion lengths. The morphology will be similar
to that produced by catalytic growth because the catalyst
plays the role of enhancing the sticking coefficient for
reagents at the end of a wire, once nucleated. The stable
planes observed in the growth are either nonpolar {1̄ 1 0 0}
planes for the nanowire sidewalls or quasi-nonpolar
{1̄ 1 0 2} planes for the matrix. The stability probably
arises from the combination of low polar energy and low
dangling bond density. Recent theoretical work [14]
indicates that the {0 0 0 1} planes have the high growth
velocity for GaN under thermal equilibrium, and that
minima occur in the /1 0 1̄ 1S directions. There are saddle
points in the model, however, and the model also predicts
high growth velocity in the /1 1 2̄ 0S directions as well.
Because the {1 1 2̄ 0} planes are at right angles to the
slower-growing {1̄ 1 0 0} planes, initial growth excursions
along the /1 1 2̄ 0S directions might terminate through the
formation of {1̄ 1 0 0} sidewalls. The role of atomic N
appears to be one of stabilizing the formation of c-plane
regions on the AlN buffer surface. Once nucleated, the
c-axis growth mode is highly favored, as demonstrated by
the dominance of this mode for both Si (1 0 0) and Si (1 1 1)
substrates.

4. Conclusion

Spontaneous formation of c-axis GaN nanowires in
MBE was analyzed under a number of different growth
conditions, including relative flux of N species to Ga, type
of N species present, AlN buffer layer thickness, and



ARTICLE IN PRESS

Fig. 6. FESEM images for nanowire nucleation on Si (1 0 0) with plasma N2: (a) side view and (b) plan view; and on Si (1 1 1) with NH3 as the only source

of nitrogen: (c) side view and (d) plan view.
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substrate orientation. Nucleation of nanowires was found
to be highly correlated with the formation of hexagonal
pits with {1̄ 1 0 2} facets. The presence of both the AlN
buffer layer and atomic N appear to be necessary for the
nucleation of nanowires in our growth system. We explain
the results in terms of a model in which the sticking
coefficient at the polar end of the nanowire is substantially
higher than at either the nonpolar sidewalls or the quasi-
nonpolar hexagonal pits facets.
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