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ABSTRACT

GaN nanowires (NWs) have been grown on Si(111) substrates by plasma-assisted molecular beam epitaxy (PAMBE). The nucleation process
of GaN-NWs has been investigated in terms of nucleation density and wire evolution with time for a given set of growth parameters. The wire
density increases rapidly with time and then saturates. The growth period until the nucleation of new nanowires is terminated can be defined
as the nucleation stage. Coalescence of closely spaced nanowires reduces the density for long deposition times. The average size of the
well-nucleated NWs shows linear time dependence in the nucleation stage. High-resolution transmission electron microscopy measurements
of alternating GaN and AlN layers give valuable information about the length and radial growth rates for GaN and AlN in NWs.

Semiconductor nanowires (NWs) deserve significant re-
search attention owing to a quite unique combination of
interesting structural and electronic properties as well as
growth mechanism. In this respect, it is worth noting that
nanowires can be fabricated on a wide variety of substrates,
including silicon, which makes them possible candidates for
future CMOS integration. An additional advantage of NW
heteroepitaxy is that the nanowires can elastically relax
laterally, therefore, it is possible to realize combinations of
materials accommodating lattice mismatch through pseudo-
morphic growth without dislocation formation.

In recent years, III-nitride-based nanowires have been
investigated as potential nanoelectronic devices.1-5 GaN
NWs with extremely good crystal quality and strong
luminescence efficiency6-9 have already been grown by
molecular beam epitaxy (MBE) on different substrates.
Studies of plasma-assisted MBE grown GaN nanowires6

demonstrate the possibility of tuning the structural properties
of nanowires, reaching tapering effect control and improve-
ment of the crystalline quality of the nanowires. While the
nanowire growth by MBE has already been established, a
lot of uncertainty remains on the mechanisms driving the
growth and in particular the nucleation.

The growth mechanism of GaN NWs by MBE has been
subject of only very few investigations.10-12 In our previous
work,10 we explain the growth by making use of the
diffusion-induced (D-I) mechanism. The adatoms diffuse to
the wire apex from its lateral sides driven by a lower
chemical potential at the top surface. This D-I mechanism
is used to explain the observed dependence of the wire length
on the diameter for deposition times longer than the
nucleation time, but a complete understanding of the growth
process requires considering the nucleation stage as well.

An important difference in the MBE growth of GaN NWs
compared to NW growth of most of the other III-V
semiconductors is that we do not use a foreign catalyst. The
catalyst enhances the growth locally and defines the position
and diameter of nanowires.13 However, this catalyst can
introduce unwanted contamination in devices. The presence
of a Au catalyst for instance can be detrimental to device
performance in Si-based circuits. Therefore, a catalyst-free
approach to grow nanowires is very interesting from the
technological point of view.14 In this case, however, control
of position and diameter does not arise from catalyst position
and size. Thus insights into nucleation and growth mecha-
nisms driving the catalyst-free growth of nanowires are
essential to achieve the desired control.

In the experiments, GaN NWs have been grown by radio-
frequency plasma-assisted MBE on Si(111) in N-rich con-
ditions. The set of samples discussed in this study has
been grown at a substrate temperature ofTsubs) 785 °C, a
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Ga-beam equivalent pressure of 3.0× 10-8 mbar, a N2 flux
of 4.0 sccm, and a forward power of 500 W of the radio-
frequency plasma cell. A detailed description of the experi-
mental growth conditions and the influence of the different
parameters can be found elsewhere.6 After the growth, the
samples were investigated by scanning electron microscopy
(SEM) as well as by high-resolution transmission electron
microscopy (HRTEM) with respect to their morphology and
crystalline quality (field-emission JEOL JEM 3000F).

The SEM images in Figure 1 show the top and side view
of five different samples grown for 15, 30, 45, 60, and 90
min for parts a-e of Figure 1, respectively. From Figure
1a, it is clear that the NWs grow on the flat terraces of the
Si(111) surface without any preferential nucleation sites.
Sometimes at the base of the wire, a small pedestal is vis-
ible. While most of the NWs are vertically aligned with the
GaN[0001]//Si[111] direction, some are tilted (angles of
about 35° were observed). After 15 min of growth (Figure
1a), the density of nanowires is low and of the order of 7×
108 NWs/cm2 (cf. Figure 2). For a doubled deposition time
(30 min), the nanowire density already increases to a value

above 1010 NWs/cm2, which is almost the maximum
observed NW density (Figure 2). After 60 min of deposition
(Figure 1d), the NW density has saturated and therefore we
assume the nucleation stage to be completed. For longer
deposition times, the NW density decreases due to coales-
cence of closely spaced NWs as a result of lateral growth of
the NWs. Widely spaced wires, however, continue to grow
separately. The coalescence can be seen in Figure 1e in top-
view.

In Figure 2, the nanowire density is plotted as a func-
tion of time, and it shows the rapid increase with growth
time between 15 and 60 min. As already discussed, for a
growth time longer than 60 min, coalescence leads to a
decrease of the nanowire density down to a value of about
3 × 109 NWs/cm2 for deposition time longer than 120 min.

With the help of SEM images, we also measured the length
or heightL of the nanowires, determined as the average value
of the longest NWs. Only well-developed wires were taken
into account so that the measured values account for wires
that have the maximum length between those present in SEM
images. The length plotted as a function of deposition time
is shown in Figure 3a. The observed linear time dependence
of the length is similar to that reported for MBE-grown Si
nanowires.15 The diameter of these wires has been measured
as well, and the average value is shown as function of
deposition time (for different times up to 90 min) in Figure
3b. In Figure 3c, the volume, calculated as a mean value for
the same set of wires of Figures 3a,b, is plotted as function
of growth time.

Linear fit of Figure 3b for the evaluation of the most
probable value of the nucleation diameter in the early stage
of nucleation gives a value of about 15 nm, in agreement
with the value we already reported previously.10 This value
can be assumed as an estimation of the nucleation diameter,
as the accuracy for its determination is related to SEM
resolution. Further and more detailed investigations using
more sensitive techniques are necessary to determine it
carefully. The growth rates of length and diameter evaluated
from the slop of the linear fits in parts a and b of Figure 3
are about 3.2 and 0.4 nm/min, respectively. These average
values will be compared later on with the results of HRTEM
on single NW. The time evolution of the average volume of
the NWs is a direct consequence of the length and diameter

Figure 1. SEM top view (left side) and lateral-side view (right
side) of GaN nanowires grown at different deposition times: (a)
15 min, (b) 30 min, (c) 45 min, (d) 60 min, (e) 90 min. The scale
bars correspond to 200 nm.

Figure 2. GaN NW density plotted as a function of deposition
time (line guides the eye).
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time dependence. The linear dependences found in Figure
3a,b have been used to compute the dotted curve in Figure
3c, assuming a cylindrical shape of the NWs. The curve fits
well with the experimental data. We would like to note that
the substrate temperature is playing an important role in the
nucleation process because, at higher growth temperature
(results not shown here), a longer nucleation stage was
observed. Therefore, it has to be stressed again that all our
studies have been performed for samples grown at the same
substrate temperature (785°C).

In addition to the dependence of the wire length on its
diameterL(d) ∼ 1/d + C previously published,10 the observed
constant growth rate dL/dt as a function of time limits the
possible atomistic transport and incorporation mechanisms
contributing to the growth. The situation is similar to the
growth of Si NWs by MBE in ref 15 except for the constant
C. The 1/d behavior is best followed for longer deposition
times due to the specific nucleation time of each NW, which
leads to different growth times and a (statistical) distribution
of NW lengths for similar diameter. Because the nucleation
finishes after approximately 60 min, this effect will fade away
for longer deposition times, and the intrinsic length-diameter
correlation will start to dominate as shown in ref 10.

For the Si NWs,15 the constant growth rate with time and
the inverse dependence on the wire diameter leads to the
following expression for the total flux incorporated into the
wire:

whereR is the wire radius, and dL/dt is the vertical growth
rate. This equation is satisfied for the case of a very fast
diffusion of adatoms on the substrate and wire surface, where
the flux is limited by the incorporation rate at the boundary
of the whisker and the liquid droplet.

As mentioned above, we have observed the following
behavior: L(d) ∼ 1/d + C. The extra constantC can be
explained if we consider an additional term∼R2 in eq 1.
This corresponds to the contribution by direct impingement,
which is time independent and should be proportional toπR2.
We then get the following relation:

where dL/dt is the axial or vertical growth rate andγT and
γS are time-independent constants related to different con-
tributions to the growth. Impinging atoms on the top of the
wire (γT) and atoms diffusing from the substrate to the top
(γS) are both taken into account in the right-hand side of eq
2. For ease of notation, theπ will be suppressed in the
following, which is just a redefinition of the constantsγ. If
we then suppose a nucleation timet0, the solution to eq 2 is:

which describes both the linear time dependence of the wire
length as well as the dependence of the length on the
reciprocal diameter.

Formula 3 is true only if the radius is constant in time. If
we suppose a simple linear dependence:

whereγR is a time-independent constant. Then the solution
of eq 2 is:

which is reduced to solution (eq 3) for:

From the analysis of Figure 3b, an increase of the diameter
with time is found, as can be also easily verified by looking
at the images in Figure 1; this implies a lateral growth of
the wires.

To investigate the lateral growth and compare it directly
with the vertical one, a sample was prepared that contains
several AlN layers. They act as time markers for post-growth
analysis with HRTEM (Figure 4a). The sample consists of
the following alternating GaN and AlN layers: GaN(tdep )
5 min)/AlN(tdep ) 3 min)/2x{GaN(tdep ) 1 min)/2xAlN(tdep

) 1 min)}/2x{GaN(tdep ) 1 min)/AlN(tdep ) 30 s)}/GaN-
(tdep ) 6 h)/ Si(111), schematically shown in Figure 4b.

Figure 3. (a) GaN NW length distribution as a function of
deposition time; (b) GaN NW diameter distribution as a function
of deposition time; (c) GaN NW volume distribution as a function
of deposition time. The error bars are given by standard deviation.
The statistics was performed on about 40 wires per sample.

πR2 dL/dt ) γR (1)

πR2 dL/dt ) γTR2 + γSR (2)

L ) (γS/R + γT)(t - t0) (3)

R ) R0 + γR(t - t0) (4)

L ) γT(t - t0) + (γS/γR) ln(R/R0) (5)

γR(t - t0)/R0 . 1 (6)
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The heterostructure profile is very sharp with well-defined
contrast between the GaN and AlN layers owing to the
different mass contrast between Ga and Al. This is also a
strong indication that the MBE growth of III-nitride NWs is
not driven by a self-catalytic liquid droplet, which could
smear out the interface due to a memory effect. The HRTEM
image shows that GaN/AlN layer sequence is present not
only at the front growth surface but also on the lateral sides
of the NW indicating small but quantifiable lateral growth.
From the measured thicknesses and known deposition times,
a vertical growth rate of 5 nm/min for GaN and of 0.4 nm/
min for AlN is evaluated. The lateral growth rates amount
to 0.15 nm/min and 0.10 nm/min for GaN and AlN,
respectively. Thus the ratio between the vertical and lateral
growth rate is much higher for GaN than for AlN (∼33:1 vs
4:1). As discussed above, the vertical growth rate depends
on diameter.10 The lateral growth rate might also depend on
wire diameter, which will be investigated in more detail in
a forthcoming publication. It is worth also to mention that
the growth rates obtained by these TEM investigations of a
single heterostructured NW are close to the values found by
SEM studies of the time evolution of NW sizes presented
within the first part of the paper (Figure 3a,b).

In conclusion, experimental results on GaN NWs have
been provided in order to explain the nucleation and wire
growth processes. For a catalyst-free method, a relatively
long nucleation stage in which new NWs appear was
observed. This depends strongly on deposition parameters.
For the specific growth conditions investigated in this paper,
the nanowire density shows a rapid increase from 15 to 60
min of deposition. After 60 min, due to the coalescence
effect, the nanowire density decreases again to a value of

about 3× 109 NWs/cm2. During the nucleation stage, a linear
dependence of the mean values of the length and the diameter
on time has been found. An inverse dependence of the NW
length on its diameter has been previously reported. The
coexistence of both dependences is in agreement with a
diffusion-induced growth mechanism. HRTEM measure-
ments demonstrate lateral growth for GaN and AlN layers,
which is much more pronounced in the latter case. In fact,
the lateral growth rates amount to 3% and 25% with respect
to the vertical growth for GaN and AlN, respectively. The
lateral growth effect has also been taken into account in the
discussed model.
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Figure 4. (a) High-magnification TEM of a NW GaN/AlN
heterostructure sample; (b) growth schema of the alternating layers
in the NW.
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