Phys. Status Solidi C 6, No. S2, S510—-5513 (2009) / DOI 10.1002/pssc.200880770

current topics in solid state physics

Selective growth of GaN nanodots
and nanostripes on 6H-SiC substrates
by metal organic vapor phase epitaxy

W. H. Goh', J. Martin? S. Ould-Saad? S. Gautie*rz, A. A. Sirenko’, A. Martinez’, L. Le Gratiet’,
A. Ramdane®, N. Maloufi’, and A. Ougazzaden™’

! Georgia Institute of Technology/GTL - UMI 2958 Georgia Tech-CNRS, 2-3 rue Marconi, 57070 Metz, France
2 Laboratoire Matériaux Optiques, Photonique et micro-nano Systemes — UMR CNRS 7132, Université de Metz et SUPELEC,
2 rue Edouard Belin, 57070 Metz, France
3 Department of Physics, New Jersey Institute of Technology, Newark, New Jersey 07102, USA
* Laboratoire de Photonique et de Nanostructures — UPR CNRS 20, Route de Nozay, 91460 Marcoussis, France
3 Laboratoire d’Etude des Textures et Application aux Matériaux — UMR CNRS, 7078 fle du Saulcy, 57045 Metz cedex 1, France

Received 10 September 2008, revised 4 October 2008, accepted 27 October 2008
Published online 15 January 2009

PACS 61.05.cp, 61.46.—w, 63.22.—m, 78.30.Fs, 81.07.—b, 81.15.Kk

* Corresponding author: e-mail acugazza@georgiatech-metz.fr, Phone: +33 03 87 20 39 23, Fax: +33 03 87 20 39 40

GaN nanodots and nanostripes with smooth sidewall surfaces
have been selectively grown on 6H-SiC substrates by metal
organic vapor phase epitaxy. By varying the growth reactor
pressure, we have been able to grow either isolated nanostruc-
tures or laterally overgrown structures. As confirmed by the
Raman scattering and X-ray diffraction techniques, the nano-

1 Introduction Nanoheteroepitaxy (NHE) is a prom-
ising technique for the growth of high quality crystal struc-
tures of lattice-mismatched materials due to the three di-
mensional stress relief mechanisms [1]. Low dimensional
systems such as nanostructured materials exhibit unique
optical and electronic properties due to the carrier and pho-
ton confinement [2, 3]. Consequently, many efforts have
been devoted to the growth of quantum dots, nanowires,
nanorings, and nanoheteroepitaxial overgrowth of GaN and
related compounds [4-8]. To date, optoelectronic and elec-
tronic devices such as quantum dot laser diodes [2], single
photon sources [9] and single electron transistors [10] have
been realized.

Nanoscale selective area growth (NSAG) is an ad-
vanced approach based on the combination of selective
area growth and NHE, which can provide a precise control
of the position and dimensions of nanostructures by using
both electron-beam lithography and metal organic vapor
phase epitaxy (MOVPE). Among promising applications
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structures have no influence of step bunching that occurs in
the unmasked area of the continuous GaN film. The fre-
quency shift of the £, optical phonons shows that the residual
strain in the nanostripes is relaxed compared to the continu-
ous GaN film.
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of NSAG are the epitaxial lateral overgrowth (ELOG)
technology [11], optical microcavities, optical waveguides,
photonic crystals [12], nanoscale light extraction devices,
and beam directing elements for light emitting devices.
Many recent activities in the NSAG field have focused on
GaN nanostructure grown on GaN templates [12-14], on
sapphire [13], and on Si substrates [4, 5, 8, 15], but little
study has been done for the growth on 6H-SiC substrates
[16]. This paper reports the growth conditions and struc-
tural properties of GaN nanodots and nanostripes grown on
6H-SiC substrates using NSAG. Comparison of the stress
properties between the nanodots, nanostripes, and continu-
ous GaN film grown on the planar substrate has been made.

2 Experimental procedures To fabricate a regular
array of NSAG structures, a SiO, dielectric mask with a
thickness of 140 nm was deposited on (0001)-oriented 6H-
SiC substrates using chemical vapour deposition (CVD).
After that an array of the mask openings with a diameter of
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100 nm and stripes with the size of 120 x 7600 nm® were
developed in the mask by using electron-beam lithography
and reactive ion etching. These openings played a role of
the nucleation sites for the GaN nanostructure growth. The
GaN growth was carried out in a MOVPE T-shaped reactor
[17]. The substrates were cleaned in H,SO, solution and
then rinsed in deionized water prior to growth. Nitrogen
was used as a carrier gas. Trimethylgallium (TMGa) and
ammonia were used as the sources of gallium and nitrogen,
respectively. The growth temperature was 1000 °C. Two
different growth pressure regimes were investigated: 100
and 450 Torr. The V/III molar ratio in the vapor phase was
around 4500:1. To obtain high crystal quality and perfect
selectivity, the relatively low growth rate of GaN was close
to lum/h in the unmasked part the wafer. The structural
properties of the grown materials were characterized by x-
ray diffraction (XRD), atomic force microscopy (AFM),
scanning electron microscopy (SEM), and micro-Raman
mapping with the lateral resolution of 1 pm.

3 Results and discussion Figure 1(a) shows a pla-
nar view of an SEM micrograph of the mask that was pre-
pared for the growth of nanodots and nanostripes on a 6H-
SiC substrate. One can see a regular array of nano open-
ings with a uniform diameter of 100 nm as well as two
nanostripes orientated along the <1 1 -2 0> direction. The
fill factor for the nanodot area, which is the ratio of the
open area to the whole area of the mask, is 0.028. Figure
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1(b) shows NSAG of GaN nanodots and nanostripes grown
in the nano openings of the mask at 100 Torr. A perfect se-
lectivity has been obtained at this growth condition as indi-
cated by the absence of GaN polycrystals formed on the
mask. Both the nanodots and nanostripes with smooth and
homogeneous side walls are completely confined inside the
mask openings.

Figure 1(c) compares higher magnification angle view
SEM micrographs of the nanostructures and the continuous
GaN layer grown in the non-masked area. For both growth
pressures of 100 and 450 Torr, the nanodots have a much
smaller height compared to the thickness of the continuous
film in the non-masked area. This observation contradicts
to a common expectation for the thickness enhancement in
the SAG structures based on a simple gas-phase diffusion
model [18]. Even in the case when the lateral size of the
mask is smaller than the diffusion length D/k for precursors
in the gas phase, the growth enhancement is expected in
the SAG region due to formation of an excessive precursor
concentration above the masked area. In the case of GaN
growth, D/k is about 11 microns [19], which is comparable
to the total size of the oxide mask [Fig. 1(a)]. We can see
the growth enhancement regions at the edges of the con-
tinuous GaN film that surrounds the 10x10 pum mask, as
expected from the gas-phase diffusion model. However,
instead of enhancement for the NSAG structures, we ob-
served significant growth rate suppression in both

Figure 1 (a) SEM image of the mask before growth. (b) SEM image of the nanostructures grown on SiC substrate at 100 Torr. (c)
High magnification SEM angle view image of the nanostructure and the growth on the non-masked area. (d) SEM planar view image
compares NSAG grown structures in the mask openings and the step bunching effect for GaN grown on the planar 6H-SiC substrate.
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nanodots and nanostripes regions. We propose that the nu-
cleation process inside the nano-openings is suppressed
due to formation of hexagonal pyramids, which are termi-
nated by the <1 -1 0 1> facets. The growth rate at these
facets is known to be much slower compared to that for the
vertical growth in c-direction of GaN. In this scenario, the
main factor determining the size of the dots in the NSAG
region is not the fill factor of the mask, but the ratio be-
tween the nanoopening and the typical size of the nuclea-
tion grains. For the nanostripes we observed a four-times
faster growth rate compared to that for nanodots, which is
still much less than the growth rate for continuous film.
Since one of the in-plane directions is not confined in the
nanostripes, the nucleation sites can coalesce in the direc-
tion along the stripe forming a faster growing c-plane ter-
minated facet. This mechanism eventually promotes the
growth in the stripe openings compared to nanodots as it is
shown in Fig. 1(c).

Figure 1(d) shows a planar view SEM image that com-
pares the growth in the masked and non-masked areas. A
self-modulated growth profile that occurred at the planar
substrate (non-masked area) is due to poor wetting of Ga
on SiC surface [20], which suppresses the lateral growth of
GaN on SiC surface while promoting the effect of GaN
bunching along the step ledges on the surface [21]. As
shown in Fig. 1(d), NSAG provides a nanostripe growth
along the direction determined by the mask orientation,
which is not affected by the step bunching effect.

To realize the concept of ELOG on the nanoscale, the
influence of growth pressure on the size and shape of the

Figure 2 SEM image of GaN nanostructures on SiC substrates at
100 Torr (a) and 450 Torr (b).
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nanostructure was investigated. Figure 2 compares SEM
images of the GaN nanostructures grown at 100 and 450
Torr. At lower growth pressure, the GaN nanostructures
exhibit an excellent surface morphology for the top surface,
which is terminated by six smooth {1 -1 0 1} facets. The
growth is completely confined inside the mask openings
with no lateral overgrowth even for the layer thickness
twice larger than that shown in Fig. 1(d). However, at high
growth pressure (450 Torr), the nanostructures show epi-
taxial lateral overgrowth and an increase of the growth rate.
The diameter of the nano pyramids grown at 450 Torr is
about 3 times larger than that for the low pressure growth,
as it can be seen in Figs. 2(a) and 2(b). The increase in
growth rate with reactor pressure can be explained in terms
of the surface migration from the mask region. The gas
residence time is increased at higher pressure and, hence,
more reacting species are transported to the openings be-
fore being desorbed back to the gas phase. With increase of
the growth time, the nanostructures grown at high pressure
will eventually coalesce together forming a high quality
thin film.

A backscattering z(-,-)z Raman scanning of GaN
grown in the stripe opening and on the field layer at differ-
ent reactor pressure is shown in Fig. 3. In both cases the E,
phonon mode of GaN nanostripe are blue-shifted when
compared with the continuous grown GaN film. The Ra-
man intensity of the nanodots is too low and hence no
comparison is made in this study. Table 1 summarizes the
E, mode frequencies and the biaxial stress determined in
GaN thin film grown on planar SiC substrate and nanos-
tripe at low and high pressure respectively. The strain-free
GaN E, mode frequency is taken to be 567.0 cm™' [22].The
biaxial stress was calculated from the frequency shift by
using the proportionality factor of 4.2cm™' GPa™' for
wurtzite GaN [23]. The biaxial stress measured in the GaN
grown on planar SiC substrate is tensile as confirmed with
X-ray diffraction. The apparent relaxation of GaN thin
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Figure 3 Raman spectra of GaN grown in the stripe opening and
on the field layer at 100 Torr (upper pairs of curves) and 450 Torr
(lower pairs of curves). The symbols are experimental obtained
data while the lines are curve fit of the experimental results.
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Table 1 E; mode frequency and biaxial stress measured in GaN thin film grown in the nanostripe opening and on the planar substrate

at low and high growth pressure.

Sample structure E, frequency (cm ™) Biaxial stress (GPa)
GaN grown on planar substrate (low pressure) 564.41 -0.62
GaN grown on planar substrate (high pressure) 566.47 -0.13
GaN nanostripe (low pressure) 566.09 -0.22
GaN nanostripe (high pressure) 566.62 -0.09

film grown on planar substrate at high pressure growth as
compared to low pressure could be attributed to the differ-
ence in thickness as measured by AFM (1.2 um for 450
Torr and 500 nm for 100 Torr). However, despite the
thickness of the GaN grown on planar substrate is much
more than the nanostripe [Fig. 1(c)], the nanostripes are
still more relaxed than the GaN grown on planar substrate
for both low and high pressure. This is due to the three di-
mensional stress relief mechanisms of the nanostructure [1,
24]. An average frequency shift of about 1.68 cm™ is ob-
served from the nanostripe as compared to the film grown
on planar substrate at low pressure which corresponds to
0.40 GPa in stress relaxation. At high pressure the E; mode
frequency is close to the strain-free GaN E, frequency, in-
dicating a quite complete relaxation of the residual strain in
the nanostripe, which is correlated to the lateral over-
growth regime as shown in Fig. 2(b). The results indicate
on one hand a relaxation of the strain inside the stripe as
compared to the thin film GaN and on the other hand a re-
laxation of the strain for the high pressure grown thin film
and nanostripe.

4 Summary In summary, we reported NSAG of GaN
nanodots and nanostripes on SiC substrate by MOVPE. A
perfect selectivity growth of the GaN has been obtained.
The nanodots and nanostripes have excellent surface mor-
phology with very smooth surface side walls. We demon-
strated that our technique allows the growth of nanostripes
along any in-plane crystallographic directions without any
influence from the step bunching effect that occurs on the
planar substrate. By varying the reactor pressure, growth of
isolate nanostructures or epitaxial lateral overgrowth struc-
tures can be obtained. The lateral overgrowth nanostripes
are almost completely relaxed, while the confined nanos-
tripes are more relaxed than the GaN thin films grown on
planar substrates.
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