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Nanopendeo-epitaxy of gallium nitride (GaN) is considered in this study as a way of producing freestanding
GaN with reduced strain and threading dislocation density (TDD) for optoelectronic applications. The novelty of
this work lies in the use of silicon on insulator (SOI) substrates patterned into nano-pillars down to the buried
oxide (BOX). We actually want to benefit from the creeping properties of SiO, at the growth temperature of GaN
for strain relaxation and grain-boundary dislocations reduction. In this paper, we report on the fabrication of
40x40 pm? and 300x300 um? freestanding GaN platelets, up to 10 um-thick, spontaneously separated from the
initial pillars. Structural and optical characterizations show that the platelets are crack-free and almost fully
relaxed, with a TDD of ~ 4x10%cm? We underline the different benefits of this approach, but most importantly,

we believe that it will be the founding-brick for transferable GaN-based devices.

Keywords: Al. Defects, Al. Nanostructures, A3. Metalorganic vapor phase epitaxy, A3. Pendeo-Epitaxy, B1.

Gallium nitride, B1. Silicon on insulator.

I Introduction the large lattice mismatch, and the appearance of
The eofficiency of gallium nitride based light cracks due to the thermal expansion coefficients (TEC)

emitting diodes (LEDs) and laser diodes, as well as mismatch between the GaN epilayer and the foreign

their lifetime, depends strongly on the dislocation substrate (in the case of silicon). The standard

density of the grown material [1,2], especially since approach to deal with this latter issue, in the case of

) ) ) . silicon substrates, consists in stacking a series of
threading dislocations (TD) can act as non-radiative g

centers. Unfortunately, bulk GaN is still of low AlGaN-based interlayers leading to complex

. . . . heterostructures before the device active region is
dimension, expensive and far from being perfect. At &

the same time, GaN heteroepitaxy on sapphire, silicon grown.
or silicon carbide still suffers of a number of issues

such as the high threading dislocation density due to
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One way to get around these problems is to reduce
the footprint of the epilayer on the substrate, i.e. by
minimizing the nucleation areas as much as possible,
ergo reducing the number of dislocations originating
from the substrate/nuclei interface. To reach such
objective one can rely on methods such as nano-wires
growth (NW) [3,4] or selective area growth (SAG) on
patterned substrates with dielectric masks [5,6].
Alternative strategies rely on the anisotropic growth of
the GaN planes to achieve lateral growth through a
dielectric mask, including epitaxial lateral overgrowth
(ELO) [7,8], or without a mask, such as pendeo-

epitaxy (PE) [9,10].

These growth approaches are in principle
advantageous but bring other issues to deal with such
as an inhomogeneous TD distribution, concentrated in
the window region (e.g. in the case of ELO) [8] and/or
at the coalescence boundaries between crystallites
coming from different nucleation sites (e.g. for
PE) [11]. Even if this latter source of TD is rarely
mentioned, it is an inevitable

to the TDD.

important and

contribution In fact, neighboring
crystallites approaching each other from independent
nucleation sites inherit necessarily the crystallographic
misalignment associated to the heteroepitaxial growth.
This was demonstrated by N. Mante et al. [12] for
aluminum nitride (AIN) grown on silicon, where AIN
grains were found to be twisted with respect to each
other with an in-plane misorientation of up to + 3°;
this misalignment results in the generation of

coalescence boundary dislocations required to
accommodate the misorientation. The dislocations will
thread within the epilayer up to the active region,

leading to an inhomogeneous spatial distribution of

stress and dislocation density dictated by the geometry
of the initial pattern, as has been demonstrated in few

studies [10,13].

To overcome the misalignment problem we need
to give crystallites the freedom to twist and tilt around
their growth axis in order to align themselves, thereby
preventing the formation of boundary dislocations. To
do so, one can imagine placing the crystallites on top
of deformable nano-pillars that will act as “rotating”
nano-pedestals. In this paper, we report pendeo-
epitaxy on nano-patterned SOI substrates that are
aimed to act as such nano-pedestals: we will take

advantage of the creeping properties of SiO, at the
growth temperature of GaN (~1000°C) to reach our

goal. In other words, the SiO, will act as a visco-
elastic material, which will be pliant enough at 1000°C
to deform. Indeed, if the dimensions of the pedestals
are small enough and the growth temperature high
enough, it should be energetically favorable for them
to rotate rather than to generate new dislocations at the

coalescence boundaries.

In addition, the use of deformable SOI nano-pillars
has other benefits, such as drastically reducing the
strain in the GaN epilayer and achieving freestanding
GaN films sitting on an array of broken nano-pillars,
hence opening new opportunities for device transfer.
Indeed, J. Cao et al. [14] have considered SOI for the
growth of GaN applying what they refer to as the
compliant substrate approach. The idea consists of
growing a thick lattice-mismatched epilayer on a thin
compliant layer rigidly bound to the substrate. In the
case of SOI, the top Si represents the so-called

compliant layer. J. Cao et al. argue that if the substrate



is much thinner than the epilayer, it will accommodate
most of the total strain. However, we believe that this
behavior is more effective when the compliant
substrate is nano-patterned. Indeed, in the present
work, we expect the compliant SOI nano-pillars to
accommodate the strain and, thanks to the use of an
adequate aspect ratio (height/width), to break and
release the GaN film.

As detailed later on, our approach consists first on
nano-patterning the SOI templates with nano-imprint
lithography and then transferring the design with top-
down etching methods to create nano-pillars. The
nano-pillars are etched down into the BOX to benefit
from its visco-elastic properties at the growth
temperature of GaN (around 1100°C). We will show
the patterning steps and the two-step pendeo-epitaxial
growth of a fully coalesced two-dimensional GaN
layer. The threading dislocation density is evaluated
by atomic force microscopy (AFM), transmission
electron microscopy (TEM) and cathodoluminescence
(CL), whereas strain 1is assessed with room-
temperature photoluminescence (PL) and micro X-ray

diffraction (XRD).

II. Experimental details

For this study, 2’° SOI substrates with a 50 nm-
thick <111> oriented Si “device” layer were used.
After a chemical surface preparation to remove any
native oxide, a 100 nm-thick AIN layer was grown on
the full wafer followed by the growth of a 200 nm-
thick GaN layer by metal organic vapor phase epitaxy
(MOVPE) in a (6 x 2 in.) close-coupled showerhead
(CCS) Aixtron 6 reactor. The growth of AIN on the Si

surface was essential to avoid melt-back etching due to

the direct contact between Ga and Si [15]. The 200 nm
thick GaN layer is found to have a TDD of about
9%x10%cm?, as measured with AFM. A protective 35
nm-thick SiO, layer was then deposited on the GaN by
physical vapor deposition. Nanoimprint lithography
was then adapted to define a hard etch nickel mask,
followed by dry etching with CI/CH4/Ar plasma to
transfer the pattern into the GaN templates reaching
the BOX. Hence, a GaN/AIN/SOI nano-pillars array
with hexagonal symmetry was defined over areas of
300300 and 40x40 pm?>. The dimensions of the nano-
pillars are 200 nm in width, ~ 450 nm in depth (Aspect
ratio 2:1) and a 1000 nm-pitch (center-center
distance). Figure 1(a) presents a scanning electron
microscopy (SEM) image of the nano-pillars array
after removal of the nickel mask and of the protective
Si0O; layer with H>SO4 and HF solutions respectively.
It is possible to distinguish the GaN layer (dark
contrast) from the AIN layer (light contrast) and the
Si0O; pedestal, which has been under-etched by the HF
solution. We also notice in Figure 1(a) that the pillars
sidewalls are not straight. One possible explanation
can be the fact that the etching rate of the different
layers in the stack is not the same; though, this is not
of big concern, as it does not seem to affect the growth

in any way.

Subsequently, using a MOVPE (3 x 2 in.) CCS
Thomas Swan reactor, GaN was selectively grown in a
two step-process on top of the GaN/AIN/SOI pillars
using trimethylgallium (TMGa) and ammonia (NH3)
as precursors, and H» as carrier gas. The temperature
was monitored with an in-situ thermocouple below the
susceptor. The growth process was carried out in two

steps: the nucleation step (step 1) and the coalescence



step (step 2). During step 1, GaN pyramids are
selectively grown on top of the pillars at 1135°C, 100
Torr and a V/III ratio of 1850 (see SEM images in
Figure 1(b, ¢)). Step 1 was continued until adjacent
pyramids came into contact. This exact moment of
contact was calibrated by doing different tests with
step 1 conditions only. This step was then followed by
step 2 (1180°C, 300 Torr and a V/III ratio of 2100),
where lateral growth is favored in order to promote the
coalescence of the GaN pyramids and form a two-
dimensional GaN layer (see Figure 1(d, e)). Figure
I(e) shows a 300x300 um? fully coalesced
freestanding GaN platelet with growth times of 160 s
(step 1) and 5400 s (step 2). Figure 1(g) shows a
40x40 um? platelet with a longer step 2. Figure 1(f)
presents nine 300x300 um? GaN platelets separated by

1 mm in both directions. We will discuss in more

details these observations in the following section.

These platelets are then investigated with SEM

(Zeiss supra), AFM in tapping mode (Veeco
dimension III setup) for structural characterization,
along with cathodoluminescence (CL - JEOL 7000F
SEM equipped with a Gatan Mono CL4 module) to
detect non-radiative centers. Room-temperature micro
photoluminescence (u-PL) was used to assess the
strain state in the final GaN layer by measuring the
free-exciton emission energy. The laser source for PL
is a frequency-doubled Ar laser at 244 nm with an
excitation power of 30 mW. The AFM data were
processed using WSxM software [16], whereas
panchromatic CL

ImagelJ [17].

images were analyzed with

To complement PL results, X-ray
diffraction measurements with a 100 um lateral

resolution (u-XRD) were performed on the GaN (006)

reflection (20 around 126°) on a Rigaku SmartLab®
diffractometer. Since a Goebel mirror was used to
condition the incident beam, both Kal and Ko2
wavelengths are observed. The Koa2 ray was not
filtered out to get the maximum possible incident
intensity and have a good counting statistics. Finally,
to evaluate the defects distribution and the pillars state
after the 2D-film growth, weak-beam TEM and high-
angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM) images
were acquired in a TEM FEI Titan Themis operated at
200 kV, along with the associated energy-dispersive
X-ray spectroscopy (EDX) mappings. In the
following, all the characterizations presented are

performed on the 300x300 pum? platelets.

111. Results and discussion
A. Structural Characterization and TDD

In Figure 1, we show a side view (Figure 1(b))
and a top view (Figure 1(c)) of GaN-grown pyramids
using step 1 only. The pyramids are ~ 920 nm-high
and ~ 930 nm-wide and present six facets (Figure 1(c))
due to the anisotropic growth rate of GaN in the <11-
20> (fast) and <1-100> (slow) directions, which leads
to the formation of facets in the slowest growing
direction and hexagonal apexes in the <11-20>
direction at the facets intercepts. It is interesting to
note that in an early study reported by Huang et al [18]
parasitic growth was detected between the pillars. This
can produce stacking faults (SF) terminated by partial
dislocations after coalescence; however, it does not
seem to be the case in the present study. Fully
coalesced GaN platelets are presented in Figure 1(d-g).
Figure 1(d) shows clearly the GaN film in cross-



section sitting on an array of visible nano-pillars
indicated with red arrows. It is also possible to see
some marginal parasitic deposition on the SiO, around
the GaN platelets in Figure 1(e) (white arrows).
Fortunately, these depositions do not interfere with the
platelet growth, which is surrounded by an almost
growth-free zone within the diffusion length of Ga ad-
atoms. For the same reason, the large GaN platelets are
much thicker at the edges (~ 13 um-thick) than at the
center (~ Sum-thick) (see Figure 1(e)). However, a
homogeneous thickness extends around the center over
an area of 200x200 um® In fact, the growth in the
center region of the platelet proceeds thanks to ad-
atoms adsorbed directly on the GaN pillars and, at
later stages, on the platelet itself. On the other hand, at
the edges of the pillar arrays, an additional supply of
Ga ad-atoms coming from the surrounding SiO: can
also be participating to the growth (in the limit of their
diffusion length), hence the thicker growth at the edges
of the platelets. This has been clearly demonstrated
and formalized in reference [19] in the case of GaN
stripes. It was shown that Ga ad-atoms have diffusion
lengths up to 20 um in similar growth conditions to
ours, under a H» atmosphere. In good agreement with
this reasoning, the thickness uniformity for the smaller
platelets (40x40 um?) in Figure 1(g) is much better,

with no thicker edges.

It should be noted that in some platelets (Figure
I(e, g) we detect large holes (5-10 pm-large),
indicated by black arrows and smaller holes (1-2 um),
at the center, indicated by red arrows. These holes
have the shape of V-pits; however, we distinguish
between two types of holes: the ones at the center,

which are incomplete coalescences that can be

eliminated by increasing the growth time, and the ones
at the edge (the larger holes in Figure 1(e)). The fact
that these latter are observed on the thicker regions of
the larger platelets, i.e. the edges, suggest that they
might be correlated to the presence of a frontier
between regions of different growth rates mainly
related to the diffusion length of Ga ad-atoms
deposited on the surrounding SiO,. In all cases, the
inner homogenous zone is about 200x200 um?® in
Figure 1(e), hence large enough to be exploited for
characterizations. Interestingly, there are no signs of
cracks, even when we continue the growth to reach 10

um-thick platelets (Figure 1(g)).

A closer look on a single pillar with a GaN
pyramid before coalescence is shown in Figure 2(a, b).
We can clearly distinguish the different layers beneath
the pyramid, i.e. from bottom to top, the silicon wafer,
the SiO, layer of the BOX, the SiO; pillar (130 nm-
high), the thin layer of silicon and the GaN pyramid. It
is clear in these latter figures that the growth of GaN
not only takes place on the top GaN layer but also on
the side facets of the AIN layer. After coalescence,
cross-sectional TEM was performed on a lamella cut
with focused ion beam (FIB) from a GaN platelet. A
STEM image of a single pillar after coalescence is
presented in Figure 2(c) accompanied with its EDX
analysis in Figure 2(d). GaN has grown laterally on
AIN but also partially on the Si layer. From the STEM
image centered on the pillar, one can distinguish
dislocations propagating horizontally from the vertical
GaN/AIN interface (indicated by blue arrows), as well
as dislocations propagating vertically from the
horizontal GaN/AIN interface (indicated by red

arrows). Note also the small fracture line in the SiO,



portion of the pillar indicated by a white arrow in

Figure 2(c).

To better analyze the dislocations behavior, weak-
beam TEM has been used, as presented in Figure 3,
where a wider view of the coalesced layer is shown.
The better contrast due to the weak-beam condition
allows one to observe the high density of the laterally
propagating dislocations originating from each pillar
as well as the fracture line at the SiO level, indicated
with white arrows. Second, most of the dislocations
propagating vertically from the GaN/AIN interface end
up bending laterally into the c-plane. This is the well
documented effect occurring during 3-dimensional
growth of GaN [5]. The reader should keep in mind
that the FIB lamella analyzed by TEM is about
200 nm-thick, meaning that additional dislocations
might be located elsewhere within the depth associated

to the 1000 nm-pitch.

We can now focus on the boundaries between
crystallites nucleating on neighboring pillars. It is
noteworthy that no emerging (threading) dislocations
are visible between the three pillars on the right side of
the image. Still, some defect-associated contrast is
apparent for the other pillars on the left. Note as well
that the white contrast indicated by red arrows could
be a difference in contrast due to either strain variation
or the presence of a dislocation nearby. We assume
that the absence of, at least some, grain-boundary
dislocations could be a first hint of pyramids
coalescing together after a certain rotation odescf the
pliable SiO: pillars, accommodating thereby their
relative misorientation. We can indeed expect the
pillars to twist and/or tilt in order to allow a perfect

alignment of the crystallites rather than forming a

higher energy defective interface. This behavior is
well known and documented for nanoparticles and
crystal grains, which tend to rotate to achieve an
energetically stable coalescence [20-22].
Nevertheless, one should keep in mind that other
dislocations might be present in the depth of the FIB
lamella and that this TEM image, even though
interesting, is not enough to assess quantitatively a
reduction in threading dislocations. Other techniques
such as AFM and/or CL are required, as presented in
the following paragraphs. It should be also underlined
that since pillars (hence, pyramids) in the current
pattern are equidistant, the described rotation
mechanism can only operate to diminish dislocations
between a certain fraction of crystallites. Actually, as
soon as crystallites begin to coalesce, the total mass to
be rotated becomes larger and larger; hence, rotation
becomes unfavorable from an energetic point of view.
In this last situation, a defective grain boundary will be

favorable, generating threading dislocations.

Besides, fracture lines at the SiO, level can be
clearly seen in Figure 3 (white arrows), and in the
insets of Figure 3, where we did a zoom-in on the
pillars and enhanced the contrast. We attribute this
behavior to the compliant substrate principle described
by J. Cao et al. in reference[14] , where the compliant
SOI accommodates the built-up strain rising from the
difference in TEC between the GaN film and the
underlying Si substrate. As a result, and thanks to a
sufficiently large 2:1 aspect ratio, the SOI pillars
crack. This phenomenon releases the GaN platelet
from its base and prevents the cracking of the platelet
itself. For this reason, we expect an important

reduction of strain in the GaN film, as the underlying



substrate is no longer attached to the platelets. Note
that besides the force exerted on the pillars during the
cooling-down due to the TEC difference, additional
stresses can also develop on the pillars at the
coalescence stage, which can further contribute to the

pillars cracking.

AFM investigations of the GaN platelet reveal a
smooth surface with a roughness of 0.6 nm in a
5x5 um?area (Figure 4(a)) and a threading dislocation
density of ~ 4x10%cm? This is the average value
deduced from a number of 2x2 pm? AFM images (e.g.
figure in inset displays a TDD of ~3.5x10%cm?). This
is confirmed with the panchromatic CL image in
Figure 4(b) taken at 5 kV, which reveals dark spots
associated with TDs acting as non-radiative centers.
From this 28x28 um? CL image, and using the Image]J
software, we are able to estimate a non-radiative TDD
of ~ 2.4x10%cm?, which is roughly a factor 2 smaller
than the TDD measured by AFM and consistent with

previous reports discussing TDD quantification [23].

These results are better than the standard case of
GaN/silicon growth [24,25], i.e. in the absence of
interlayers, which results in a TDD in the order of
10°/cm®. Furthermore, the achieved TDD is similar to
studies in the literature using related defect-reducing
approaches on sapphire substrates, such as PE [11] or
ELO, [26] which report a TDD ~ 4x10%cm?’
However, as mentioned in these studies the TDD
density can vary from one region to another, especially
for the ELO technique, where dislocations are

concentrated above the window (i.e. mask-opening)

region. In contrast, the dislocation density observed in

Figures 4(a) and 4(b) is found to be uniformly

distributed on the surface.

A second important observation concerns the
strong TDD reduction after the first hundreds of
nanometers. As revealed by the TEM image in
Figure 3, most of the threading dislocations generated
at the horizontal GaN/AIN interface bend after about
600 nm, which matches the size of the initial
pyramids. Thus, the final TDD of about ~ 4x10%cm?
detected after several micrometers might be achievable
for thicknesses below 1 micrometer, increasing further

the technological prospects of the current approach.

B. Strain state evaluation

PL is a straightforward technique to evaluate the
strain in GaN films by measuring the free-exciton
emission energy. In fact, the emission energy of
nitrides is very sensitive to the strain state: for (0001)
GaN the deformation potential is ~ -9 eV per % of
biaxial in-plane strain [27,28]. To this end, room-
temperature p-PL measurements with an incident
beam size ~2 pm were carried out on a GaN platelet
(300x300 um?), as presented in Figure 5(a). The scan
was performed from the edge to the center of the
platelet with a measurement step of 2 um near the
edge and 10 um at the center, since we expected a
stronger strain gradient near the edge. The figure in
inset shows the free-exciton (FE) emission energy and
its intensity at different positions. The FE peak
position varies around 3.419 eV (linewidth: 52 meV),
but tends towards 3.418 eV at the edge region. The
intensity seems higher in this same area, which could
be just due to a better photon extraction through the

platelet free edges. In addition, another emission is



detected forming a shoulder at 3.352 eV, attributed to
the first LO phonon replica, since its energy separation
from the free-exciton emission is equal to Eio —
3/2(kT), Eio being the energy of the longitudinal
optical phonon in GaN [29]. It should be noted that
5kV CL measurements (not presented here) show

similar emission spectra.

Assuming a purely biaxial deformation state, one
can estimate the biaxial in-plane deformation value
using the band-gap emission energy from PL data and

the following relation [3,27]:

in— 0E
E =Estram free_l_ag X €4y (1)
XX

strain—free

where E is the strain-free exciton energy

JE

and the GaN deformation potential (-9 per % =*

Exx

1 eV) [27,28]. The main issue for this estimation is the
large discrepancy found in the literature concerning
the strain-relaxed FE energy at 300 K (see Figure 6(a)
and associated references). A similar situation is
encountered when dealing with the strain-free lattice
parameter of GaN, as resumed in Figure 6(b) (see
associated references). For this reason, we present the
different values extracted from the literature associated
to strain-free GaN in Figure 6(a) and (b), compared to
our data (red data). The meshed areas correspond to
the strain-free area. In Figure 6(a), the tensile strain
area (resp. compressive) extends between the meshed
silicon

area and the reference (resp.

reference) at 3.387 eV (resp. 3.426 eV). We notice that

sapphire

our u-PL data is in the compressive area. However,
compressive strain is unexpected, since GaN films on
silicon are usually under tensile strain. In all cases, our

measured data suggest a more relaxed GaN film (at the

surface) compared to standard GaN on silicon or
sapphire (see Figure 6(a)), or even with intermediate

AlGaN and AIN buffer layers (at 3.39 eV).

Given the penetration depth of the excitation laser,
limited to about 200 nm, the PL technique enables to
evaluate only the strain state close to the surface. To
probe the overall strain state of the platelet, i.e. to
average over the whole platelet thickness, micro X-ray
diffraction has been employed. The scan is carried out
with a step size of 100 um and a beam size of ~
500x150 um? It is possible to know that the beam is
on the platelet by scanning the sample along the
platelets axis and monitoring the diffracted intensity of
a certain reflection. The 20-® scan of the most intense
GaN (0006) reflection is shown in Figure 5(b). In this
figure, we detect two reflection rays corresponding to
Kal and Ka2. The most intense peak at the low-angle
side is at 126.08° with a FWHM of 0.174°. Using the
well-known relation between the c lattice constant and
the peak position (126.08°), we can estimate a c lattice
constant of 5.1853 A [3,30]. We can now compare
with the strain-free lattice parameter of GaN.
However, as for the emission energy, there is a large
discrepancy for the strain-free lattice parameters
depending on the preparation method of GaN [31]. For
this reason, in Figure 6 (b) we present a similar
approach as before but now for the c-lattice parameter.
Using our estimated ¢ lattice parameter (5.1853 A), we
can deduce that we are in the meshed region
considered as strain-free. This result is different
compared to PL estimations, which can be attributed to
the difference in the probed depth, since PL is a

surface technique allowing to probe only the topmost



200 nm (of the 5 um-thick platelet). In contrast, X-
rays penetrate the whole GaN platelet.

We can hypothesize that since the XRD analysis
suggest an overall strain-free platelet, whereas PL
reveals a compressive strain at the surface, there must
be a comparable fraction of the platelet under tensile
strain, in other words there is a strain gradient across
the platelet. One possible explanation could be that the
TEC-induced tensile stress releases the GaN platelet
from the cracked nano-pillars and creates an elastic
deformation of the freely released GaN membrane.
This elastic deformation could be the reason behind
the compressive strain at the surface and the strain

gradient.

IV. Conclusion

In conclusion, we were able to achieve crack-free,
fully relaxed GaN platelets with a TDD around
4x10%/cm?. We believe that the SOI nano-pillars have
played an important role in reducing boundary defects
as shown with TEM and confirmed with AFM and CL.
In addition, the SOI nano-pillars also played a role in
reducing the strain, mainly due to the compliant
substrate principle, entailing the cracking of the pillars
at the SiO; level. In fact, XRD measurements and the
absence of cracks in the platelets suggest that the
overall state of the platelet is strain-free, even though
luminescence techniques reveal compressive strain at
the surface. These observations have led us to
conclude that there is a gradient of strain within the
GaN platelet. Finally, one should note that it is
possible to exploit the cracking of the pillars in order
to transfer easily the GalN platelet to other types of

substrates. In summary, even though some points still

require further optimization and analysis (such as
holes on the platelets, parasitic growth and over
deposition), our results constitute a step forward for
the GaN-on-Si technology and could pave the road for
transferable GaN devices with reduced strain and

TDD.
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Figure 1: SEM images of: nano-pillars before (a) and after growth (step 1) (b, ¢); (d) laterally grown GaN film (in cross-
section). (e) Single 300x300 pum? GaN vignette; (f) Array of GaN vignettes; (g) Single 40x40 um? GaN vignette. The
images in (a, b, e-g) are taken at a 30°-angle. (2-column image)

} SiO; base
Si

Figure 2: (a, b) SEM cross-section images of a single nano-pillar with GaN pyramid (step 1).
(c) HAADF STEM image of a single pillar after coalescence and (d) corresponding EDX
image. (2-column image)



Figure 3: Cross-section weak-beam TEM image of a GaN vignette after coalescence.
Zoom-in on the pillar in inset. (1-column image)

Lo

Figure 4: (a) 5x5 um? AFM scan at the center of a 300x300 um? vignette ((2x2)
um? in inset). (b) 28x28 um? Panchromatic cathodoluminescence image taken with
5 kV at 300 K. (1-column image)
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Figure 5: (a) Room-temperature p-PL spectra taken at the center of a 300x300 pum? vignette. Figure in inset: the
extracted energy and intensity of the free-exciton for different positions. (b) 26-w scan of the GaN (0006) reflection
taken at the center of a 300x300 um? vignette. (2-column image)
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Figure 6: (a) Free-exciton energy measured at a 300x300 um? GaN vignette compared to the literature. (b) c-lattice
constant of the GaN vignette compared to the literature. (2-column image)





