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Abstract

We report on the self-assembled growth of high-density and vertically-oriented n-doped GaN
nanocolumns on graphene by radio-frequency plasma-assisted molecular beam epitaxy.
Graphene was transferred to silica glass, which was used as substrate carrier. Using a migration
enhanced epitaxy grown AIN buffer layer for the nucleation is found to enable a high density
of vertical GaN nanocolumns with c-axis growth orientation on graphene. Furthermore, micro-
Raman spectroscopy indicates that the AIN buffer reduces damage on the graphene caused by
impinging active N species generated by the radio-frequency plasma source during the initial
growth stage and nucleation of GaN. In addition, the grown GaN nanocolumns on graphene are
found to be virtually stress-free. Micro-photoluminescence measurements show near band-edge
emission from wurtzite GaN, exhibiting higher GaN bandgap related photoluminescence
intensity relative to a reference GaN bulk substrate and the absence of both yellow
luminescence and excitonic defect emission. Transmission electron microscopy reveals the
interface of GaN nanocolumns on graphene via thin AIN buffer layer. Even though the first few
monolayers of AIN on top of graphene are strained due to in-plane lattice mismatch between
AIN and graphene, the grown GaN nanocolumns have wurtzite crystal structure without
observable defects. The results of this initial work pave the way towards realizing low-cost and
high-performance electronic and optoelectronic devices based on III-N semiconductors grown

on graphene.
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1. Introduction

For the past two decades, the III-N system has met its high expectations as one of the most
promising wide band-gap semiconductors materials for visible, violet and ultraviolet light
emitting devices (LEDs) [1-3] and high-power electronics [1, 4]. The most commonly used
substrates today for III-N materials are Si, SiC and AL>Os3 [5]. However, these substrates have
inadequate compatibility with the III-N system as they are characterized by large lattice
constant mismatch, large thermal coefficient mismatch, poor thermal conductivity, low thermal
stability and/or non-transparent substrate [5]. These issues may be overcome by utilizing
graphene [6-9] as a substrate for the epitaxial growth of III-N. In addition, graphene offers an
excellent electrical conductivity [10] and thus potentially can become a combined substrate and
transparent electrode for improving the performance and functionalities of III-N-based
optoelectronic devices. However, the absence of dangling bonds for graphene causes high
surface tension, leading to weak nucleation and cluster growth [6, 11] which likely generate
high-density of stacking faults [11, 12] or threading dislocations [13] when GaN thin-film

structures are grown on it.

By exploiting the defect-suppressing property of nanowire or nanocolumn structures [14-
16], there is a likelihood to overcome these limitations in order to realize high quality GaN on
graphene. Additionally, their geometry can provide enhanced light extraction efficiency which
is beneficial for LEDs [17]. Number of works have reported the growth of GaN nanocolumns
on graphite [18], epitaxial graphene on SiC [19], transferred graphene and multi-layer graphene
on various substrate carriers [20-25] such as Si, SiO; and Al,Os;. However, it is generally
observed that the grown GaN nanocolumns on graphene have either low density [22-24] or are
oriented in non-defined directions [20], which are not desirable for light emitter applications as
this can reduce light extraction and emission efficiency. Despite that preferred characteristics
of GaN nanowires grown directly on graphene were obtained by Kumaresan et al. [21], the
graphene’s properties after the GaN growth were not evaluated. This issue was addressed by
Fernandez-Garrido et al. [19] remarking the complete graphene removal after GaN nanowire
growth. These findings discourage the graphene’s prospective as an integrated part of GaN-

based devices as a combined substrate and transparent electrode. Growth of high density and

vertically aliened GaN nanocolumns on multi-layer eraphene (~35 nm thick) were successfully

demonstrated by Havashi et al. [25]. However, due to the thickness of the multi-layer graphene,

it is highly absorbing and cannot be used as a transparent electrode.
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Here, we present the growth, structural and optical characterization of GaN nanocolumns
grown on transferred (single-layer) graphene on silica glass by radio-frequency plasma-assisted
molecular beam epitaxy (RF-PAMBE) utilizing a thin AIN buffer layer. The morphology of the
grown GaN nanocolumns was investigated via scanning electron microscopy (SEM). The
structural properties of GaN nanocolumns and graphene were analyzed by micro-Raman
spectroscopy. The optical quality of the grown GaN nanocolumns was studied by micro-
photoluminescence at room temperature (RT). Later, the sample with the optimized growth
condition of GaN nanocolumns on graphene is further characterized using transmission electron
microscopy (TEM) to examine the structure and chemistry of the grown GaN nanocolumns.
We demonstrate the growth of high-density, vertically-aligned and high-quality single
crystalline wurtzite (hexagonal) GaN nanocolumns on graphene intermediated with a thin AIN
buffer layer. There is a strong impact from the AIN buffer layer, as it serves not only as

nucleation sites for the GaN nanocolumn growth, but also alleviates damage of the graphene.

2. Experimental methods

The substrate was commercially available graphene grown by chemical vapor deposition
(CVD) on Cu foil [26] and transferred onto silica glass which was used as the substrate carrier.

It should be pointed out that the graphene used in this work refers to the mono (single-) layer

of sp*>-bonded carbon atoms tightly packed into a hexagonal two-dimensional lattice, with a

theoretical thickness of approximately 0.335 nm. Silica glass was chosen not only because it is

cheap, but also due to its excellent optical transparency in the visible and ultraviolet region,
which might be useful for flip-chip III-N based LEDs fabrication. In the following, all the
values of substrate temperature were based on pyrometer reading. Sample 1 was n-type (Si)
doped GaN nanocolumns grown directly on graphene at a substrate temperature of 895 °C for
90 min, using the established growth condition for GaN nanocolumns on silica glass, as
described in our previous work [14]. For sample 2, the n-GaN nanocolumns were synthesized
identical to sample 1, but with GaN as a buffer layer. This particular buffer layer was formed
at a substrate temperature of 690 °C. Ga atoms were first continuously deposited on the
graphene for 35 s and then nitrided with N> plasma for 60 s. In the case of sample 3, AIN was
used as a buffer layer for the n-GaN nanocolumns instead of GaN. This layer was deposited at
a substrate temperature of 805 °C using migration-enhanced epitaxy (MEE) [27, 28] with
alternating supplies of Al atoms and N2 plasma in a 20-period cycle consisting of: Al supply (4
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s), interrupt (5 s), and N> plasma (3 s) [25]. Subsequently, GaN nanocolumns were grown under

the same conditions as for sample 1.

SEM images were acquired using an SII SMI3050SE focused ion beam-SEM (FIB-SEM)
and a Hitachi SU88000 SEM at respective acceleration voltages of 15 kV and 10 kV.
Unpolarized Raman spectra were measured at RT in backscattered configuration using a
Renishaw InVia Reflex Spectrometer System equipped with a 514.5 nm excitation laser. The
laser was focused onto the sample using a 100x objective lens resulting in a spot diameter of
~1.5 pum, and the scattered Raman signal was collected by the same objective lens. Micro-
photoluminescence was carried out at RT using a HeCd laser (325 nm) as the excitation source
where a 100x objective lens was used to focus the laser beam (spot diameter of ~2 um) and for
the collection of the scattered light. Finally, the TEM analysis was performed with a double Cs
corrected cold field emission gun JEOL ARM200F, operated at 200 kV. The TEM images were
taken with the nanocolumns oriented along the [1-210] zone axis. The cross-section TEM
specimen was prepared with a FEI Helios G4 UX FIB-SEM. Coarse thinning was performed at
30 kV acceleration voltage, while the final thinning was performed at 5 kV and finally 2 kV to

minimize surface ion-beam damage.

3. Results and discussion

SEM images of samples 1, 2 and 3 are presented in Figure 1. The grown GaN nanocolumns in
sample 1 (Figure 1(a) and (b) for bird- and side-view SEM, respectively) are characterized with
random growth directions, and exhibit irregular diameters and heights (Figure 1(b)).
Additionally, the formation of GaN islands are observed (red-circled in Figure 1(b)), which
might be a result of the high surface tension (low surface energy) caused by the chemical
inertness of graphene [6, 11]. Furthermore, irradiation of N> plasma at the initial growth stage

may generate defects in graphene [29-31] or even decompose it [32].

One approach in preventing the direct N2 plasma on graphene could be to cover the surface
area of graphene with continuous Ga atom deposition at low substrate temperature before it is
subjected to nitridation to form a GaN buffer layer. For GaN nanocolumn growth on Si(111)
[33] it has been shown that this method leads to a high density of dot-like GaN nucleation layers,
rather than a thin film, which is crucial to maintain the formation of nanocolumns. In addition,
such low temperature (e.g. 690 °C) is expected to reduce graphene’s reactivity with the

incoming N atoms, thus decreasing the graphene damage upon nitridation, as was the case for

4
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a graphene oxidation process [34]. As shown in Figure 1(c) and (d) for the bird- and side-view
SEM, respectively, the density, diameter uniformity and verticality of the GaN nanocolumns
show an improvement compared to sample 1, although they have a tendency to grow in non-
perpendicular directions relative to the substrate. Nevertheless, one should consider that the
epitaxy of GaN on graphene can partially break the C-C ¢ bonds of graphene upon expansion
of the graphene lattice, where the interface strain is reduced significantly by chemical bonding
between C and N atoms, as suggested by Gohda and Tsuneyuki [35]. Compared to samples 1
and 3, sample 2 has the highest vertical nanocolumn length (1750 nm). Additionally, it is
noticed from the top facet that the nanocolumns in sample 2 are likely Ga-polar (pyramidal tips
[36, 37]), whereas samples 1 and 3 are N-polar (flat tips [36, 37]), as shown in Figure 1(d), (b)
and (f), respectively.

To reduce the graphene damage from direct bombardment of active N atoms and alleviate
in-plane strain caused by GaN nucleation, an AIN buffer layer was deposited using MEE
technique on the graphene surface prior to GaN nanocolumn growth. The MEE technique
enhances the surface migration of Al atoms [38], increasing their coverage area on graphene in
the absence of N atoms. Due to the polycrystalline nature of CVD grown graphene [39] and its
extremely low surface energy [11], AIN tends to form islands [25] instead of a thin-film.
Nonetheless, AIN has greater likelihood than GaN to nucleate on graphene via guasi-van der
Waals forces due to the higher adsorption energy of Al [40] and stronger bonding of AI-N
relative to Ga-N [35, 41], Moreover, the graphene lattice is expected to be preserved for AIN
grown on graphene due to that the in-plane strain is not large enough to induce structural
deformation of the graphene [35]. This is corroborated by the observation of Al Balushi et al.
[42], where nucleated polycrystalline islands of AIN (grown by metalorganic CVD) on epitaxial
graphene did not significantly distort the underlying graphene. We observe that the presence of
the AIN buffer layer in sample 3 promotes the perpendicular growth orientation and increases
the density of GaN nanocolumns on graphene (Figure 1(e) and (f) for bird- and side-view SEM,
respectively). The role of the AIN buffer layer as nucleation site leads to a quite uniform
morphology of vertically aligned GaN nanocolumns (Figure 1(f)) with an average diameter,
height and density of 90 nm, 1015 nm and 1.5 x 10° cm?, respectively. As a note, we manage
to obtain almost twice as high density as that of the work of Hayashi et al. [25] using the same
MEE growth conditions in which multi-layer graphene was employed as the substrate for GaN
nanocolumn growth. Having a denser nanocolumn density is more beneficial in further device

processing for the fabrication of e.g. nanocolumn-based ultraviolet LEDs, i.e. preventing the
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usage of a polyimide insulating layer which can degrade light extraction efficiency due to the

ultraviolet light absorption by the polyimide.

Figure 1. (a, b), (c, d) and (e, f) are (bird-, side-) view SEM images of samples 1, 2 and 3,

respectively. Red circles in Figure 1(b) indicate the formation of GaN islands. Scale bars are 1

um for (a, c and e) while 500 nm for (b, d and f).

Structural properties of the nanocolumn samples were further characterized using micro-
Raman spectroscopy in the range between 500 and 800 cm™, where the spectra are shown in

Figure 2(a). Regardless of the growth conditions, all of these nanocolumn samples have the
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same wave number for the A (TO), E1 (TO) and E (high) phonon modes at 531.9, 557.3 and
566.2 cm’!, respectively, all of which are typical values for GaN with a wurtzite crystal structure
[43]. These observations are similar to that of self-organized GaN nanocolumns grown on Al>,O3
and Si substrates [44], as well as to that of regularly arrayed GaN nanostructures [45]. Notably,
there is no sign of any TO phonon mode at 554 [46] or 555 cm™! [43], suggesting that there is
no existence of zinc blende (cubic) GaN in the nanocolumn samples. Moreover, the Raman
shift for the obtained E> (high) mode is consistent with the reported value for homoepitaxially
grown GaN films at a phonon frequency of 566.2 cm™ [47], demonstrating that the GaN
nanocolumns in samples 1, 2 and 3 can be considered to be stress-free. In this work, we could
not observe an A; (LO) phonon mode which is normally detected at 737 cm™! [43-45]. It could
be that its weak intensity [44] is overlapped with the broad signal ranging from ~650 to ~750
cm!. This broad signal might be affiliated to the Frohlich mode, which is a surface-related
vibrational mode [44, 45]. Expected Raman-active phonon modes for AIN in sample 3, for
instance A; (TO) at 614 cm™!, E, (high) at 660 cm™ and E; (TO) at 673 cm™ [48], are not

observed, which could be due to the small excitation volume of the AIN nucleation layer.
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Figure 2. Micro-Raman spectra of (a) samples 1, 2 and 3 between 500 and 800 cm™ and of (b)
pristine graphene and samples 1, 2 and 3 between 1100 and 3200 cm™!. The dashed lines in (b)
indicate the D, G and 2D peak positions of pristine graphene.
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To identify the damage of graphene in samples 1, 2 and 3, micro-Raman measurements
from 1100 to 3200 cm™ (Figure 2(b)) were carried out with pristine graphene transferred onto
silica glass as the reference sample. This characterization technique gives rise to well-
established first- and second-order Raman scattering mechanisms in undoped graphene [49].
Although graphene is only consisted of one atomic layer of carbon sheet, it exhibits very strong
Raman scattering due to the double resonance mechanism in graphene. The first-order Raman
band, known as the G band (1588 cm™), is a doubly degenerate (in-plane transverse optical
(iTO) and longitudinal optical (LO)) phonon mode at the Brillouin zone center. On the other
hand, the second-order Raman process involves an intervalley double resonance scattering of
two iTO phonons near the K point of the Brillouin zone (2D band at 2679 cm™!), and also an
intervalley double resonance scattering of one iTO phonon with one defect mode near the K
point of the Brillouin zone (D band at 1343 cm™). A subtle D peak with prominent G and 2D
peaks where the intensity ratios of In/Ig = 0 and Ip/Ig = 2, indicate the high quality of pristine
graphene used for the growths reported in this paper. After the GaN nanocolumn growth,
sample 1 and moreover sample 2 clearly show higher Ip/Ig and lower I>p/lG ratios compared to
sample 3, implying that the direct exposure of N> plasma and GaN nucleation on graphene
contribute to a higher degree of damage relative to the graphene which is covered with an AIN
buffer layer. In addition, sample 1 exhibits a D’ peak in the Raman spectrum (more prominent
for sample 2), which is described as a disorder-induced feature in the graphene crystalline lattice
[49]. The aggravated graphene damage in sample 2 is possibly caused by the sole irradiation of
N> plasma following the deposition of Ga atoms on the graphene surface, together with the in-

plane strain generated by the subsequent formation of GaN nucleation [42].

Also, the N> plasma treatment can modify the chemical properties and electronic structure
of graphene, where N atoms form a covalent bonding with C atoms and change the lattice
structure of graphene [29, 50]. There are mainly three probable bonding configurations for the
incorporated N atoms in the graphene network (pyridinic N, pyrrolic N and graphitic N), all of
which can influence the electrical properties of graphene [30, 31, 50-52]. Earlier works have
shown that N-doping of graphene by NH3 plasma [29, 30] or N> plasma [31] results in n-type
doping, where the Fermi level is shifted above the Dirac point [53] and the work function
becomes smaller than the reported value of undoped graphene [31, 51]. Please note that the
nitrogen doping in graphene is likely to be inhomogeneous. In the Raman mapping analysis on
N-doped graphene performed by Luo et al. [54], it was revealed that some spots have high Ip/Ig

ratio and some show very low Ip/Ig ratio, which suggests a non-uniform defect distribution
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induced by inhomogeneous nitrogen incorporation in the graphene. According to the results
shown in Figure 2(b), the most prominent features in the micro-Raman spectra of graphene (G
and 2D bands) in samples 1, 2 and 3, as well as the defect-related D band, are generally shifted
to higher wavenumbers relative to the pristine graphene. The blue-shift of the D and G peak
can be explained by local electron/hole doping in carbon nanostructures [30, 55-57], while the
blue-shift of the 2D peak can be the result of doping and/or compressive strain [56, 57]. Based
on these observations, it is plausible that the nitrogen-treated graphene presented in this paper
exhibits an n-type semiconductor behavior. To precisely determine the nitrogen content as well
as identify the bonding configurations of N atoms in the graphene samples presented in this
paper, future studies employing X-ray photoelectron spectroscopy and/or ultraviolet
photoelectron spectroscopy measurements are necessary. Apart from the aforementioned peaks,
the adsorption of hydrocarbon (C-H) is detected after GaN growth, which is consistent with the
work reported by Ferndndez-Garrido ef al. [19] It is also noted that the existence of a G* peak,
which originates from the overtone modes (transition from the ground state to the second or
higher excited state) of a second-order Raman process involving an intervalley double
resonance scattering of two LO phonons near the K point of the Brillouin zone [58], is fairly
observable in the pristine graphene, samples 1 and 3, whereas its presence is rather faint for
sample 2. Despite being exposed to different growth conditions, the position of the G* peak is
relatively stable compared to the earlier discussed D, G and 2D peak positions. Further studies

are required to clarify these phenomena, which are beyond the focus of this paper.

Evaluation of the optical properties of samples 1, 2 and 3 was done via micro-
photoluminescence at RT using a He-Cd laser (325 nm) as excitation source. A freestanding
hydride vapor phase epitaxy (HVPE)-grown GaN bulk substrate with a threading dislocation
density of 6-8 x 10° cm™ was used as a reference, like for previous studies [14-16, 25].
Photoluminescence spectra of sample 1 (blue line), sample 2 (green line), sample 3 (red line),
and the reference sample (black line) are presented in Figure 3. Here, it is established that there
are strong luminescence from GaN in samples 1, 2, 3 and reference sample, whose peak
wavelengths are located at 364.6, 364.3, 364.6 and 363.6 nm, respectively. Although a red-shift
of 0.7 to 1.0 nm relative to that of the reference sample is shown by the nanocolumn samples,
the observed excitonic emission of near 364 nm can still be related to the wurtzite GaN bandgap.
The linewidths in samples 1 and 3 are slightly narrower (full-width at half-maximum (FWHM)
of 8.69 and 9.14 nm, respectively) than the reference sample (FWHM of 10.79 nm), whereas
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for sample 2 it is somewhat wider (FWHM of 11.77 nm). In general, there are not much striking

differences in the linewidth between the nanocolumn samples and the reference sample.

It is also noticeable that all of the nanocolumn samples exhibit higher GaN band-edge
photoluminescence peak intensity as compared to the reference sample, where the intensity is
~1.9 times higher for sample 1, ~1.2 times higher for sample 2 and ~2.3 times higher for sample
3. Interestingly, GaN nanocolumns in sample 1, which exhibit rather random (non-vertical)
growth orientations (Figure 1(a) and (b)), demonstrate much higher photoluminescence
intensity as compared to GaN nanocolumns in sample 2, where the growth orientation is more
defined in terms of verticality (Figure 1(c) and (d)). The low photoluminescence intensity could
be due to the fact that the lower part of many nanocolumns in sample 2 are coalesced with each
other, as can be clearly seen from Figure 1(d). On the other hand, the intensity ratio shown by
sample 3 should be highlighted, as the optical quality of this sample is similar with that of the
GaN nanocolumns grown on other types of substrates, for instance silica glass [14], multi-layer
graphene [25] and selective area growth on sputtered AIN/Si(111) where the diameter of
nanocolumn is 200 nm [16] (such comparison is valid here since the same reference sample has
also been used for other papers [14-16, 25]). Unlike sample 2, the base part of the GaN

nanocolumns in sample 3 is less likely to show any coalescence, as shown in Figure 1(f).
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Figure 3. Photoluminescence spectra of samples 1 (blue line), 2 (green line) and 3 (red line) and

a reference GaN bulk sample (black line) measured at RT. Inset shows magnified spectra from
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440 to 580 nm. The black arrow pointing to the spectrum of the reference sample highlights the

shoulder peak observed at 369 nm related to excitons bound to structural defects [59].

Furthermore, there are some noteworthy differences in the photoluminescence spectra
from the nanocolumn and reference samples that should be mentioned here. First, nanocolumn
samples do not exhibit a shoulder peak at 369 nm, which is affiliated with excitons bound to
structural defects [59], unlike what is observed in the reference sample (indicated with the black
arrow in Figure 3). A second distinct difference is the presence of a yellow luminescence band,
which is solely observed in the reference sample. In general, all of the nanocolumn samples
indicate a strong suppression of this broad emission in the wavelength range from 465 to 570
nm (a magnified spectrum of this yellow luminescence band is shown in the inset of Figure 3).
For GaN nanocolumns in samples 1 and 3, it is clearly observed that this yellow band is
completely eliminated, which indicates that there are no electron transitions from the
conduction band to the deep acceptor levels [60, 61]. However, a small deviation from this is
shown in sample 2, which exhibits a weak emission in the proximity of the yellow luminescence
band. Zinc blende GaN-related emission, which typically occurs at ~386 nm [12], is not

observed for any of the samples.

According to the SEM, micro-Raman spectroscopy and micro-photoluminescence results
on three different growth conditions of GaN nanocolumns on graphene, it is clear that sample
3 represents the best sample. The superior properties of sample 3, being vertically grown GaN
nanocolumns exhibiting high photoluminescence peak intensity and reduced graphene damage,
are promising for the envisaged nanocolumn/graphene-based devices. For these reasons, further

characterizations by TEM were carried out solely based on sample 3.

A cross-section bright field TEM (BF TEM) image (sample 3) from a region covering the
top of the silica glass, the graphene, the AIN buffer layer, and the bottom of the GaN
nanocolumn is shown in Figure 4(a). The graphene layer is observed on top of the silica glass

substrate (blue arrows) and interestingly, the contrast from graphene disappears at a few

locations (indicated by red arrows). It has been observed that the graphene layer is continuous
without any holes in it, as the wrinkles associated with the thermal expansion coefficient
difference between Cu and graphene during the synthesis are also found to cross Cu grain

boundaries [26]. However, it buckles and bends. The lack of contrast from graphene is likely

due to local bending (since silica glass surface is not atomically flat) that makes the graphene

deviate from edge-on orientation, and hence the lattice contrast disappears from the TEM image.

11
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Since all TEM images are projections that average through the thickness of the TEM lamella,

local steps or height variations on the silica surface can possibly make a single-layer eraphene

appear as two or three layers in the TEM images. Similarly, TEM images of the transferred

graphene on Si in the work of Heilmann et al. [24] show how the graphene is not flat, due to
unavoidable formation of amorphous SiOx layer. In contrast, imaging epitaxial graphene, for
example on atomically flat SiC single crystals, results in an unambiguous visualization of the

number of graphene layers [6, 19, 42].

Silica glass

Figure 4. TEM images of sample 3 taken along the [1-210] zone axis. (a) BF TEM image of the
interfaces between GaN nanocolumn, AIN buffer layer, graphene and silica glass. The blue
arrows point to sites where the presence of graphene is clearly seen in the image, whereas the
red arrows point to sites where the presence of graphene is not revealed, probably due to local
bending of graphene at those specific sites causing a lack of lattice contrast. (b) High resolution
HAADF STEM image from the middle of the GaN nanocolumn (inset: crystal stacking order
of wurtzite GaN).

The AIN buffer layer grown on the graphene is found to be of pure wurtzite crystal structure
and can be seen in Figure 4(a) as an ~20 unit cells (~10 nm) thick layer with predominantly
bright contrast. The dark contrast at the bottom (next to the graphene) most likely represents
strain contrast due to the in-plane lattice mismatch between AIN and graphene. This strain
contrast is only present in the first few monolayers of AIN. However, it is noticed that the strain

contrast is not uniform along the interface between AIN and graphene. There are both dark and
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bright regions close to the graphene interface. The primary reason for this is that the strain is
actually inhomogeneously distributed. When dislocations are present, the strain will always
vary in the vicinity of a dislocation, i.e. atoms and planes are differently distorted (displaced
away from their bulk equilibrium positions) according to the position of the dislocation. The
same is also true for point like lattice defects. Nevertheless, no indication of defect propagations,
such as stacking faults or threading dislocations, is observed in the GaN nanocolumn (dark

contrast) grown on this AIN buffer layer.

High resolution high-angle annular dark field scanning TEM (HAADF STEM) image from
the middle of the nanocolumn (Figure 4(b)) shows clearly the Ga atomic columns (represented
by white dots) which have an ABAB stacking order (see inset of Figure 4(b) for easier
observation). The interplanar spacings of GaN nanocolumns parallel to the [0001] and [10-10]
directions, deduced from the image presented in Figure 4(b), are approximately 0.52 and 0.27
nm, respectively, in good agreement with the established lattice constant parameters for GaN
[5, 14, 25]. This STEM image demonstrates single crystalline GaN with a perfect wurtzite

structure without any observable defects or inversion domain boundaries in the field of view.

4. Conclusion

In summary, we have demonstrated that growth of high-density and vertically-aligned GaN
nanocolumns on graphene/silica glass by RF-PAMBE is feasible using a thin AIN buffer layer.
The AIN, grown using MEE technique, does not only serve as nucleation sites for the GaN
nanocolumns, but it also provides considerable protection to the graphene from the N> plasma
source and in-plane strain generated by GaN nucleation. It is proven that when using an AIN
buffer layer, the stress-free GaN nanocolumns are grown in the c-axis direction with wurtzite
structure and exhibit an acceptable verticality. Furthermore, the columnar structure of GaN
provides higher photoluminescence intensity and higher structural quality than that of a
reference HVPE-grown GaN bulk substrate. TEM of representative GaN nanocolumns
demonstrates a high-quality wurtzite crystal structure with the absence of threading dislocations,
stacking faults or twinning defects. These findings are therefore very encouraging for further
establishing graphene as an alternative substrate to enhance the performance and functionalities

of III-N-based semiconductor devices in general.
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