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Elastic strain relaxation in GaN/AIN nanowire superlattice
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The molecular-beam epitaxy growth of AIN/GaN nanowire superlattices has been studied by using a com-
bination of in situ x-ray diffraction experiments, high-resolution electron-microscopy analysis and theoretical
calculations performed in a valence force field approach. It is found that the nanowire superlattices are in
elastic equilibrium, in contrast with the two-dimensional case but in line with the predicted increase in the

critical thickness in the nanowire geometry.
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Accurate prediction of the optical properties of nitride
heterostructures requires an in-depth understanding of their
strain-relaxation mechanisms, due to the presence of the
strain-sensitive internal electric field, a combination of both
spontaneous polarization and piezoelectric components. In
the case of two-dimensional (2D) GaN/AIN superlattices, it
has been established that strain relaxation relies on the
granular growth mode of nitrides, which leads to the forma-
tion of edge dislocations at the coalescence between adjacent
grains.! It has actually been pointed out that the average
in-plane lattice parameter a of such superlattices is not the
one expected from a purely elastic behavior as an evidence
for dislocation formation.> More generally, in the case of
thick layers of GaN or AIN, it has been shown that strain
relaxation is of plastic nature and occurs by formation of
nonmobile edge dislocations, leading to a strain gradient in
the layers.’

By contrast nanowires (NWs) of GaN can be considered
as an assembly of perfect, noncoalesced, vertically elongated
grains. Their large height/diameter aspect ratio is expected to
favor elastic-strain relaxation, making them virtually free of
dislocations, consistent with their excellent optical
properties.* Then, one can wonder whether strain relaxation
is also purely elastic in GaN/AIN NW heterostructures, at
variance with their 2D counterpart. It is the goal of the
present Brief Report to address this issue by a combination
of in situ x-ray diffraction (XRD) experiments, high-
resolution transmission electron microscopy (HRTEM) and
theoretical calculations on GaN/AIN NW superlattices.

In situ grazing incidence x-ray diffraction experiments
were performed at the BM32 beamline of the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble (France).
The substrate consisted of (111) Si. After standard degreas-
ing and deoxidation by dipping in hydrofluoric acid, it was
introduced in an on-line versatile molecular-beam-epitaxy
(MBE) chamber equipped with Ga and Al effusion cells and
with a N radio-frequency plasma cell to produce active N. A
thin AIN buffer layer (about 2-3-nm thick) was deposited in
Al-rich conditions onto the (111) Si substrate. Due to the
coincidence relationship between in-plane AIN and Si(111)
lattice parameter (five interplanar AIN distances correspond-
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ing to four interplanar distances in Si), and to the relatively
small in-plane lattice mismatch between AIN and GaN
(about 2.4 %), such a buffer layer results in GaN NWs ori-
ented perpendicular to the substrate surface.’ These GaN
NWs were used as a base for the growth of the AIN/GaN
superlattice. Standard conditions were used for NW growth,
namely, strongly N-rich conditions (metal/N ratio of about
0.3) and a growth temperature in the 800—850 °C range.’
The height of the GaN NW base was chosen large enough
(>200 nm) to relieve any strain induced at the interface
with the buffer, given the typical diameter of such nanowires
(~25 nm). The growth of the AIN buffer layer, the GaN
NW base, and the GaN/AIN superlattice subsequently depos-
ited was studied by performing % scans along the [1010]
direction in the reciprocal space near the in-plane AIN
(3030) reflection (radial scans are sensitive to strain). The
x-ray beam energy was 10260 eV. The scattered signal was
recorded at grazing angles (¢;=0.15°) with a Vantec™ lin-
ear detector.® Note that in the following the reciprocal lattice
unit & refers to the Si reciprocal space. The latter is obtained
for Si described in a hexagonal cell whose [0001] direction is
parallel to the cubic [111] axis. The hexagonal cell param-
eters are therefore ay, 5;=2/2a. and ¢y, ;= (3a.s;, Where
a.s; 1s the lattice parameter of the Si cubic cell. This means
that the room-temperature h value corresponding to the

(3030) reflection of bulk AIN and bulk GaN are equal to
3.706 and 3.62, respectively.

Online monitoring of the GaN/AIN superlattice growth is
shown in Fig. 1(a). The diffraction peak at 7=3.605 corre-
sponds to the GaN NW base. The peak shift with respect to
room temperature value (at =3.62) is consistent with the
expected thermal expansion of GaN,”® as the NW growth
was performed in the 800—850 °C temperature range. The
diffraction peaks near 7=3.65 correspond to the step-by-step
deposition of the GaN/AIN NW superlattice.

In order to gain more insight into the evolution of the
GaN/AIN NW superlattice strain state, calculations were
made using Keating’s valence force field (VFF) model,
which provides an atomistic description of the elasticity of
tetrahedrally bonded semiconductors. The original VFF (Ref.
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FIG. 1. (Color online) (a) Sets of & scans (radial scans) near the
in-plane GaN (3030) reflection, indexed in the Si hexagonal cell,
taken at different steps of the AIN/GaN NW superlattice deposition.
The x-ray beam incidence angle is 0.15° and the energy 10260 eV.
The AIN (respectively, GaN) critical angle at this energy is 0.21°
(respectively, 0.26°). (b) X-ray diffraction peaks calculated from the
atomic positions computed in a purely elastic model (valence force
field approach). Relaxed AIN XRD peak (at 825 °C), if present, is
expected at 1~ 3.69.

9) was modified to account for the different bond lengths and
bond angles in the wurtzite structure.'® The lattice param-
eters a and ¢ of GaN and AIN at the growth temperature
T=825°C are taken from Refs. 7 and 8. The bond-
stretching and bond-bending constants of the VFF were fitted
to the macroscopic elastic constants C;; extrapolated at
T=825 °C."! The nanocolumns were modeled as 23-nm-
diameter and 100-nm-long GaN pillars with the AIN/GaN
heterostructure on top. The diameter of the NWs (23 nm) as
well as the thickness of the AIN and GaN layers in the su-
perlattice, namely, 2.3 and 2 nm, respectively, were extracted
from HRTEM measurements described below in details. Up
to six AIN and five GaN layers were added one at a time. For
each layer, the structure was relaxed with the VFF and the
scattered x-ray amplitude was computed from the atomic po-
sitions using the kinematical approximation around the AIN

and GaN (3030) reflection [i.e., & in the range of 3.55-3.70
in the Si(111) reciprocal lattice units]. For each & value, the
intensity was integrated over the outgoing angle between 0°
and 2.5° corresponding to the actual detector angular accep-
tance. Note that only the upper 20 nm of the GaN pillars
were taken into consideration for convenience, in order to
make the diffraction peak intensity of the GaN pillar and
superlattice comparable. Results of the calculation are shown
in Fig. 1(b). Both the GaN pillar and the superlattice diffrac-
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tion peaks are slightly shifted toward small 4 values with
respect to the experimental data due to the uncertainty in
determining the real-growth temperature. However, this cor-
responds to a 0.02 % discrepancy in the in-plane strains,
which is negligible with respect to the 2.4 % lattice mis-
match between AIN and GaN. Despite this shift indicating
that the actual-growth temperature was slightly lower than
expected, calculations exhibit an excellent agreement with
the experimental data reported in Fig. 1(a). In particular, the
diffraction peak computed after the addition of a new GaN
layer progressively shifts to higher 4 values while the dif-
fraction peak computed after the addition of a new AIN layer
emerges almost straight at 7 ~3.655. The motion of the
peaks rapidly fades as the inner layers of the superlattice
almost end in elastic equilibrium with the average alloy
(45% GaN-55% AIN) suggested by the nominal thicknesses
of GaN and AIN layers, thanks to the efficient strain relax-
ation of the superlattice allowed by the free surfaces. These
trends are very well reproduced by the experimental data, as
a first clue that the GaN/AIN NW superlattice is in elastic
equilibrium with the GaN base.

At this stage, it has to be emphasized that due to the
reduced NW diameter, the presence of a single misfit dislo-
cation at an AIN/GaN interface would lead to a significant
relaxation of the 2.4% in-plane lattice mismatch between
AIN and GaN. If this was repeated for each AIN and GaN
layer of the superlattice, as in the 2D case,!2 one would not
expect a single diffraction peak at the average alloy position,
in contradiction with the actual experimental observations.

We have, moreover, performed additional calculations
(not shown here) on nanowires with a ~50% larger diameter
(30 nm). The peak positions are almost unchanged in the
XRD pattern while their width is only slightly decreased due
to size effects as an evidence that NW diameter distribution
effects can be neglected.

HRTEM and HR-STEM experiments on the same sample
as described above were performed using a Jeol 4000EX
microscope operated at 400 kV (Cs=1 mm) and a FEI Titan
having a Cs probe corrector operated at 300 kV, respectively.
For that purpose a cross-sectional specimen was prepared by
sandwiching a slice of the NW sample together with a Si one
using epoxy, and mechanically thinning the region of inter-
est. The sample was then ion milled to electron transparency
using a Gatan PIPS equipment. The HRTEM image taken

along the [1120] zone axis and given in Fig. 2(a) shows the
top part of a typical NW (23 nm in diameter), consisting in a
GaN pillar (dark contrast), followed by five 2 nm thick GaN
inclusions separated by 2.3 nm thick AIN spacers (light con-
trast). The high-angle angular dark-field (HAADF) image
(HR-STEM mode) shown in Fig. 2(b) clearly reveals the
absence of significant interdiffusion at the interfaces between
AIN (dark) and GaN (light). In order to increase the image
contrast and the signal-to-noise ratio in view of performing a
strain analysis with the geometrical phase method,'? the
sample was then tilted by about 10° around the ¢* reciprocal
axis.!> The (0002) reflection was selected in the Fourier
transform to obtain the map of the ¢ lattice parameter of the
NW. The reference region was chosen as the GaN pillar be-
low the superlattice with ¢ .;=cgan pux=0.5185 nm. A profile
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FIG. 2. (a) HRTEM image of the NW GaN/AIN superlattice.
Five AIN/GaN bilayers grown on a GaN basis are visible. The ar-
row indicates growth direction. (b) HAADF image showing that no
significant interdiffusion occurs between AIN and GaN

of ¢ along the growth axis integrated over a 7-nm-wide re-
gion in the central part of the NW is given in Fig. 3(a).

In order to make a comparison with HRTEM results, the
local ¢ parameter was computed with Keating’s VFF from
the average projections of the atomic columns perpendicular
to the wire (see Ref. 14) using room-temperature GaN and
AIN lattice parameters. The result, shown in Fig. 3(b), puts
in evidence an increase in ¢ in the GaN insertions with re-
spect to c.p, Which is in satisfactory agreement with the
HRTEM profile. It can be noticed that this ¢ value (0.522
nm), if introduced in the Poisson formula, leads to an in-
plane parameter a=0.315 nm, corresponding to the value of
a 55% AIN-45% GaN alloy, i.e., also consistent with the
nominal composition expected from the thickness of the AIN
and GaN layers in the NW superlattice.

The agreement between the experiments reported above
and the calculation performed in the framework of a purely
elastic model is consistent with the fact that no dislocations
could be identified in Fig. 2 at the interface between AIN and
GaN. This further supports the conclusion that the GaN/AIN
NW superlattice is in elastic equilibrium with the GaN base.
More generally, the issue of the critical thickness in axial
NW heterostructures has been theoretically addressed by
Ertekin et al.'® and by Glas.'® These authors have used a
thermodynamical approach based on the classical model of
Mattews for the determination of the critical thickness in 2D
heterolayers.!” They find that the critical thickness is far
larger in nanowires than in 2D heterostructures thanks to the
additional relaxation allowed by the NW free surfaces. In
particular, they both predict the existence of a critical radius
below which an infinitely long circular section can be grown
on a mismatched basis. The value of the critical radius was
found to depend on the lattice mismatch between the two
segments as well as on the type and the Burgers’ vector value
of the dislocations introduced to minimize the total elastic
energy. Although a precise determination of the critical
thickness of axial NW heterostructures should take into ac-
count their exact hexagonally faceted shape and consider the
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FIG. 3. (a) Profile of the ¢ parameter, along the growth axis and
taken in the central part of a NW, obtained from the geometrical
phase analysis of the HRTEM image. The arrows indicate growth
direction. For convenience, the x-axis origin has been taken as the
top of GaN pillar basis before the growth of the first AIN layer. (b)
Profile of the ¢ parameter computed with Keating’s valence force
field.

kinetical aspects of dislocation formation, the above-
mentioned theoretical approach was found to realistically
predict the critical radius for various experimental systems.!®
In the present case, an extrapolation of the theoretical data to
GaN/AIN, assuming the formation of misfit dislocations with
a Burgers’ vector in the 0.1-0.3-nm range, leads to a critical
radius of about 10-30 nm, respectively (Ref. 15). Although
the radius (11 nm) of the heterostructures considered here
lays in the lower limit of this range, the experimental data
are clearly consistent with a purely elastic-strain-relaxation
mechanism. This further emphasizes the potential of NWs
for the growth of dislocation-free superlattices. As it was
recently reported, the quantum-confined Stark effect govern-
ing the optical properties of GaN insertions in AIN NWs is
found to be significantly reduced with respect to the 2D GaN
case.'® Consistent with the results reported in the present
work, this may be assigned to the reduction in the piezoelec-
tric component of the internal electric field, as a consequence
of the efficient elastic-strain relaxation in the NW geometry.
Whereas it is now well established that the diameter of
catalyst-free GaN NWs grown by plasma-assisted MBE is
typically in the 20-50-nm range, it has been recently dem-
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onstrated that this also holds in the case of AIN NWs.!
Therefore it can be safely concluded that the results
reported here for the 2.4 % lattice mismatched AIN/GaN
model system should also hold a fortiori for AlGaN/GaN or
AlGaN/AIN heterostructures in the whole composition
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range, opening the path to the control of their growth and to
the understanding of their optical properties.

We are grateful to Yoann Curé for technical assistance
during in situ experiments at the ESRF.
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