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Molecular beam epitaxy (MBE) on patterned Si/AIN/Si(111) substrates was used to obtain regular
arrays of uniform-size GaN nanowires (NWs). The silicon top layer has been patterned with e-beam
lithography, resulting in uniform arrays of holes with different diameters (d;,) and periods (P). While
the NW length is almost insensitive to the array parameters, the diameter increases significantly with
dy, and P till it saturates at P values higher than 800 nm. A diffusion induced model was used to
explain the experimental results with an effective diffusion length of the adatoms on the Si,
estimated to be about 400 nm. © 2011 American Institute of Physics. [doi:10.1063/1.3559618]

Recently, group [I-nitride nanowires (NWs) have earned
a tremendous interest in the field of nano—optoelectronics.l’2
This material system has a direct band gap ranging by ap-
propriate alloying from 0.7 up to 6.4 eV. Therefore, it is an
ideal candidate for the realization of LEDs emitting from
infrared to ultraviolet as well as high efficiency solar cells.
The catalyst free molecular beam epitaxy (MBE) growth of
GaN NWs on bare Si(111) was investigated by several
groups,&9 and the capability of fabricating III-nitride NW
devices wusing single NWs (Refs. 10-12) and NW
ensembles''* has been proven. However, the processes of
nucleation'> " and diffusion of adatoms®* on the NW still
represent interesting and lively discussion subjects as not all
the aspects have been clarified. In addition, the understand-
ing of the growth leads to further improvements of sample
quality and of the control over the structures, which in turn is
beneficial for device performances. A challenge for catalyst-
free MBE nitride NWs is represented by the precise NW
positioning and the control on the NW sizes and density. A
possible route can be found in the selective area growth
(SAG) of MBE GaN NWs on patterned substrates, even
though only few studies have been so far reported.%*27 We
demonstrate in this letter a method to obtain regular arrays of
GaN NWs via SAG on a patterned Si mask. The study of
SAG is relevant on the one hand for device applications,
which require the control over the NW positioning and on
the other hand for offering valuable information about the
adatom kinetics of the NW growth process. Even though the
NW nucleation is modified by the presence of the mask,
SAG allows deeper insight into the processes of NW growth
because the geometry of the NW environment during the
growth is well defined in comparison with the non-selective
case where a random distribution of the NW neighbors com-
plicates the studies.

Selective growth of GaN NWs was achieved by plasma
assisted MBE on patterned substrates. Si(111) substrates
were cleaned by a standard ex situ chemical procedure and
then annealed at 925 °C for 15 min for removal of the native
oxide and formation of surface reconstruction. After that, the
substrate temperature was reduced to 550 °C for the deposi-
tion of a thin AIN layer with a thickness of about 10 nm,
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using an Al beam equivalent pressure (BEP) of about 1.3
X 1077 mbar, a plasma cell rf-power of 450 W, and nitrogen
flow rate of 2.7 SCCM (SCCM denotes cubic centimeter per
minute at STP). Subsequently, a Si layer of about 10 nm was
deposited using a Si BEP of 1 108 mbar. The sample was
then removed from the vacuum chamber and patterned by
standard e-beam lithography using a polymethyl methacry-
late resist. The patterns were transferred into the Si top layer
by reactive ion etching whereas the underlying AIN was not
affected. The mask layout contains different areas with hex-
agonal arrays of holes. The hole diameter and the period
range from 50 nm to 120 nm and 0.3 um to 1.5 um, re-
spectively. After chemical cleaning in an ultrasonic bath, the
patterned substrates were annealed in the MBE chamber at
500 °C for 10 min for removal of contaminants and then
heated up to 800 °C for GaN deposition. The growth of GaN
NWs was performed under nitrogen rich condition using a
N, flux of 4 SCCM with a plasma cell rf-power of 500 W
and Ga BEP of 1.0X 1077 mbar. A Zeiss Leo1550 scanning
electron microscope (SEM) was used to investigate diameter
and length of the NWs as well as pattern parameters.

In Fig. 1, SEM images of GaN selective deposition on
patterned Si/AIN/Si(111) with arrays of holes in the Si top
layer is presented. Details about the optimization of the

FIG. 1. SEM micrograph of SAG GaN NWs: [(a) and (c)] Bird’s eye view.
(b) Top view.

© 2011 American Institute of Physics
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FIG. 2. (Color online) SAG GaN NWs: (a) dependence of diameter and
length on P (lines are guide to the eyes); (b) measured (symbols) and cal-
culated (lines) volume for different hole diameters with respect to P.

growth parameters for GaN NW selective growth using a
patterned SiO, layer were published elsewhere.”” The selec-
tive growth process using the Si mask was similar to that
using SiO, as a mask material. In Fig. 1(a) we can see that
the selectivity is not perfect as outside the NW arrays para-
sitic growth of low density NWs is still present. The para-
sitically grown NWs display small sizes (average diameter
and length of about 30 nm and 500 nm, respectively). How-
ever, in between the arrays of selectively grown NWs the
parasitic nucleation is almost suppressed [Fig. 1(b) and 1(c)].
A NW can be formed by coalescence of multiple nucleated
thinner NWs. This can be inferred observing the NW base in
Fig. 1(c). The coalesced NWs show steps at the top facet
[Fig. 1(b)]. Nevertheless, we can see that the NWs selec-
tively grown in the holes of the patterns are mainly oriented
perpendicular to the substrate, show a clear hexagonal facet-
ing and have homogeneous lengths and diameters.
Statistical analysis on NW sizes was performed using
SEM bird’s eye and top view images. The average values of
the diameter and length of the NWs are plotted as a function
of P in Fig. 2(a) for patterns with d,=70 nm even though a
similar behavior is observed for different d;,. The NW length
is almost constant all over the entire period range (about
1.6 um) while the diameter significantly increases before it
saturates for P> 800 nm. Moreover, the saturation occurs at
about the same P value for other d; although a significant
increase of the NW diameter with d, was observed. If we
assume that during the growth the NW diameter increases
from d;, to the final value we can evaluate from the data of
the Fig. 2(a) a lower bound of the average radial growth rate
between 0.1 and 0.4 nm/min. Comparing this with the axial
growth rate estimated about 7 nm/min, the radial growth rate
is more than one order of magnitude smaller than the axial
growth rate; similarly to that already reported for NW
growth on bare Si substrates'’ (5 nm/min and 0.15 nm/min
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FIG. 3. (Color online) Schematic of the three different cases for the collec-

tion area in comparison with the graph of the simulated volume as a function
of P in which the three cases for the collection area are depicted.

for axial and radial growth rates, respectively). Similar
length and diameter behaviors are observed as well for other
material systems grown in absence of a catalyst,28 whereas
SAG in vapor-liquid-solid conditions leads to different
dependences.”’30

The length and diameter were used to calculate the vol-
ume of the NWs assuming a cylindrical shape. The depen-
dence of the NW volume on P for different d;, are shown in
Fig. 2(b). As can be seen the volume saturates at P
>800 nm as for the dependence of the NW diameter on P.
The initial increase of the volume with P is an indication that
adatoms from the area around NWs are collected and con-
tribute to the NW growth. Thus, the value of P at which the
onset of saturation is observed can be used for an empirical
estimation of the effective diffusion length (Lp) of the Ga
adatoms on the Si mask.

For a more quantitative evaluation we use an elementary
model which takes into account the direct impinging of ada-
toms onto the NW and the collection of adatoms on the sub-
strate around the NW. In fact, the area around a NW will be
further named “collection area,” as the adatoms collected in
this area contribute to the NW growth. In more detail, the
collection area can be described by a circle with the radius
Lp+r (r is the NW radius) reduced by the partial overlap
between nearest neighbors. We assume that every atom im-
pinging in the area of the partial overlap diffuses to the clos-
est NW. Therefore, only half of the area of the partial overlap
accounts for the collection area. In this respect, we can iden-
tify three different cases for the collection area (see Fig. 3) as
follows:

L P is small enough, that every atom impinges in the
collection area of at least one NW. Due to the hexago-
nal arrangement of the NWs this is true for P
=3"2(Lp+r) resulting in a partial overlap of the col-
lection area and therefore in a competition with the
next neighbor for the impinging atoms (Fig. 3, I).

II.  If P>3"%(Lp+r) but still smaller than twice (Lp+1),
the amount of material contributing to the NW growth
is given by a circular collection area with the radius
Lp+r reduced by the competition areas with the next
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neighbors. It is worth to note here that in contrast to
case I not the whole substrate is covered by the col-
lection areas and consequently the collection area is
dependent on L+t as well as P (Fig. 3, 1I).

M.  For P>2(Lp+r), no competition between the NWs
takes place. Therefore, the amount of material acces-
sible to each wire is limited by Ly, resulting in a cir-
cular collection area and a constant volume of the NW
independent of P (Fig. 3, III).

The volume V of a NW can be computed taking into
account the contribution of the direct impinging of atoms on
the NW surface (V) and that relative to the impinging flux
on the collection area (A) with the following equation:

V=Vdi+w'A, (1)

where w-A describes the effective volume of GaN originated
from Ga adatoms diffusing from the substrate to the NW. w
is a proportionality factor which accounts for the NW mate-
rial arising from the adatoms impinging on the substrate.
Desorption and diffusion along the sidewalls are implicitly
taken into account within the effective volume. If the maxi-
mal diameter of the collection area is y=2(Lp+r), the col-
lection area can be expressed as a function of the period P for
the three different cases as follows:

( 3

\/%Pz- ar? )

oo sl 5 ST

2 Y
ff(%-rz) (1)
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In Fig. 3 we show the volume as a function of P calculated
from this model and delineate the boundaries of the three
cases.

It is important to note here, that all the data collected for
this work originate from the same sample where the pat-
terned areas are closely spaced in the center of the substrate
and thus the NWs are subject to the same growth conditions.
Moreover, V; as well as w depend only on the NW diameter
and they can be consequently considered as being constant
for a given d;. In addition, the holes in the mask possess a
hexagonal arrangement resulting into a constant distance be-
tween the nearest neighbors. As a consequence, in the case |
the prefactor of the first term in expression (2) is that of an
area of a hexagonal unit mesh. The second term accounts for
the area occupied by the NW base. In the case II and III the
first term describes the circular collection area reduced by
the base area of the NW. In case II the partial overlap of the
neighbor collection area is contained in the second term.

Combining the Egs. (1) and (2), a good fit (solid line) of
the data in Fig. 2(b) was obtained for different d;. Further-
more, the fitted diffusion length of about 400 nm is evaluated
independently on d;. This value is comparable with that pre-
viously reported (500 nm).** In addition the saturation of the
value of the volume at P=800 nm [P=2(Lp+r)] indicates
that this is the distance at which the NW proximity effect
vanishes.

In conclusion, we have selectively grown GaN NWs
with homogeneous length of about 1600 nm and diameters

Appl. Phys. Lett. 98, 103102 (2011)

within the range of 70-220 nm. The NWs exhibit hexagonal
shape and a perpendicular orientation to the prepatterned
substrate. Varying the period of the NW arrays, the NW di-
ameter increases to a saturation value while the length re-
mains constant. Based on these observations we propose a
model to fit our data and to evaluate the diffusion length
of adatoms on the Si substrate, which results to be about
400 nm.
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German Ministry of Education and Research project
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