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ABSTRACT: Flip-chip ultraviolet light-emitting diodes based on self-assembled
GaN/AlGaN nanocolumns have been fabricated, exploiting single-layer graphene not

only as a growth substrate but also as a transparent conducting electrode. High [ —

crystalline quality of the nanocolumns is confirmed by detailed electron microscopy _~_j-GaNguantum disk
characterization, also showing the intrinsic GaN quantum disk in the active region of R C Single

the nanocolumns. These features are further confirmed in the optical emission, where GaN e layer

the absence of defect-related yellow emission and the presence of blue-shifted (from gr
the usual 365 nm band gap emission of bulk wurtzite GaN) emission at ~350 nm,
ascribed to quantum confinement and strain effects, are observed. Despite a
noticeable graphene damage after the nanocolumn growth that causes high sheet
resistance of graphene and high turn-on voltage, the proof of concept of single-layer
graphene used as the transparent conducting substrate for a nanocolumn device is
demonstrated. This study offers an alternative platform for the fabrication of next-generation nano-optoelectronic and electronic
devices.

KEYWORDS: nanocolumns, nanowires, GaN/AlGaN, graphene, light-emitting diodes, molecular beam epitaxy

B INTRODUCTION evidenced by the fact that the investigations of IIl-nitride
nanocolumn synthesis not only have been extensively
conducted on crystalline substrates'’~*' but also have been
attempted on Ti,”>** Mo,”**® MoS,,>° Ta,* TiyC,y,””

Inorganic III-nitride semiconductor nanowires or nanocolumns
represent a class of an essential nanostructure that can be
exploited as the building blocks for diverse nano-electronic and

nano-optoelectronic devices, including solar cells,"* solar diamond,”® h-BN,”’ Alxoy,30 and 81355-31_34 Going beyond
water-splitting devices,” transistors, "’ photodetectors,6’7 la- the aforementioned materials, the proposition of utilizing two-
sers,”” and light-emitting diodes (LEDs).'”'* With a high dimensional materials as the substrate for nanocolumns may
surface-to-volume-ratio and nanoscale footprint, such a quasi- offer a unique approach in attaining greater flexibility and
one-dimensional structure can accommodate greater elastic functionalities in future device configurations. So far, the
strain compared to the planar structure and suppress the formation of vertical Ill-nitride nanocolumns has been
formation of misfit dislocations provided that its radius is exclusively demonstrated on graphene,”*" but the impor-
below certain nanocolumn critical values.'> If any defect and/ tance of other two-dimensional materials,” such as single- or
or dislocation is generated, they will be directed to the few-layer MoS,, Ti;C,, and h-BN, as a substrate cannot be
nanocolumn sidewalls'* instead of vertically propagating along ignored, considering their distinct properties that can be
the [0001] growth direction, leaving the active area of the favorable for a wide range of devices. (Please note that the
nanocolumn defect-free. Utilizing the nanocolumn structure previously mentioned MoS,, Ti,C,,”” and h-BN* substrates

can thus alleviate the uncompromising lattice match require-
ment in the thin-film structure in order to obtain a
semiconductor material with high crystalline quality.

Such conditions wherein a global epitaxial relationship
between III-nitride nanocolumns and substrates is not
necessarily vital can in principle facilitate the realization of
monolithic integration of highly lattice-mismatched materials. Accepted: August 4, 2021
In other words, nanocolumns can be grown on virtually any Published: August 18, 2021 ””Mﬁﬂ

for nanocolumn growth have thicknesses of 60, 19.2, and 3 nm,
respectively. They are much thicker as compared to their
single-layer counterparts that are experimentally determined to

ERAPPLI
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kind of substrates, and among these are amorphous materials
and other non-conventional substrates, which can even provide
alternative and low-cost options for commercialization. This is

© 2021 The Authors. Published b
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Scheme 1. Substrate Preparation and Subsequent GaN/AlGaN Nanocolumn Synthesis
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have thicknesses of 0.80—0.86, 1.7—2.0, and 0.38—0.45 nm for
MoS,,*”*° TiyC,°" and h-BN,*”*? respectively).

From the perspective of Ill-nitride nanocolumn-based
devices, graphene®® has some specific benefits over h-BN*
and MoS,** as a growth substrate since it is stable during high
synthesis temperatures and due to its potential as a transparent
conducting electrode. This is especially important for the
development of optoelectronic devices operating in the
ultraviolet (UV) ranges. Despite these opportunities, only a
couple of studies have reported the integration of graphene in
functional working UV devices, including photodetectors
based on InGaN nanorods on tri-layer graphene®' and LEDs
in a flip-chip configuration based on GaN/AlGaN nano-
columns on double-layer graphene.”’ However, an optoelec-
tronic device exploiting single-layer graphene has yet to be
demonstrated. Additionally, the usage of single-layer graphene
could be more beneficial compared to multiple graphene layers
because it has higher transparency across the UV and visible
spectrum.”” Specifically for the UV-C region, where specific
wavelength ranges ~270 nm can be utilized for disinfection of
viruses and bacteria, graphene absorbs ~8% of the incoming
light for each layer.”

In this work, a slightly inverse-tapered IIl-nitride nano-
column flip-chip LED structure on a single-layer graphene
substrate is documented. Self-assembly of a vertical n-GaN/n-
AlGaN/i-GaN quantum disk/p-AlGaN/p-GaN nanocolumn
LED structure was synthesized on the graphene substrate using
radio-frequency plasma-assisted molecular beam epitaxy (RF-
PAMBE). At the very start of the growth, an n-AIN buffer layer
was formed to achieve a high density of n-GaN nanocolumn
growth. The grown nanocolumn device structure exhibits high
crystalline quality that is comparable with that of existing
studies using graphene or other materials as substrates. The
flip-chip UV LED structure based on this hybrid system was
realized by employing graphene simultaneously as a substrate
and a bottom electrode, that is, a transparent conducting
substrate. The LED device has an emission wavelength at ~350
nm, which likely originates from the intrinsic GaN quantum

disk.

B EXPERIMENTAL SECTION

The graphene utilized in this work was commercially available (single-
layer) graphene with a surface area of 10 X 10 mm? provided by
Graphene Platform Corp. (Tokyo, Japan). It was synthesized using a
standard chemical vapor deposition technique on a Cu foil,*® which
was subsequently transferred onto the center of a 2 in. fused silica
glass substrate (0.5 mm thick) acting as a host carrier for the
graphene. Before insertion into the MBE system for nanocolumn
growth on the graphene, a 300 nm-thick Ti layer was deposited by e-
beam evaporation on the backside of the fused silica substrate to
obtain efficient and uniform absorption of thermal radiation from the
heater to the substrate (Scheme 1). Additionally, this Ti layer enables
a pyrometer reading of the substrate temperature during the growth.
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Self-assembled GaN/AlGaN nanocolumn heterostructures were
grown without a catalyst using an EpiQuest RF-PAMBE system
(Sophia University) under N-rich conditions, where the growth
chamber is equipped with standard solid-source Knudsen cells: Al and
Ga effusion cells to provide Al and Ga atoms, respectively; Si and Mg
effusion cells for the supply of Si and Mg dopant atoms, respectively;
and an RF nitrogen plasma source to generate active nitrogen. A thin
n-AIN buffer layer and the nanocolumn LED structure were then
grown similarly as described in our previous report (Scheme 1)*° but
with a few notable differences, see Table S1: (i) a short n-AlGaN
segment was grown on the n-GaN template; (ii) an i-GaN quantum
disk layer was introduced as the active layer; and (iii) p-AlGaN and p-
GaN sections were formed at a higher substrate temperature for
suppressing the coalescence at the top part of the nanocolumns. The
resulting nanocolumn structure should nominally consist of 140 nm
n-GaN, 130 nm n-AlGaN, 5 nm i-GaN quantum disk, 180 nm p-
AlGaN, and 34 nm p-GaN, having a total length of 489 nm.

The surface morphology, density, and size distribution of the as-
grown GaN/AlGaN nanocolumn samples were studied by scanning
electron microscopy (SEM) using an SII SMI30SOSE focused ion
beam (FIB)—SEM system and a Hitachi SU8000 SEM system at
acceleration voltages of 15 and 10 kV, respectively. In addition, the
composition of the as-grown GaN/AlGaN nanocolumns was assessed
using high-resolution X-ray diffraction (HRXRD) with a Bruker D8
Discovery high-resolution diffractometer (Cu Ka source whose
wavelength is 1.5406 A) using 0.2 mm anti-scatter slits in front of
the detector.

Structural details of the individual GaN/AlGaN nanocolumns,
along with the interfacial properties between nanocolumns, AIN
buffer layer, graphene, and fused silica glass support were investigated
by means of high-resolution transmission electron microscopy
(HRTEM) using a double-Cs-corrected cold field emission gun
JEOL ARM200F operating at 200 kV. Additionally, this instrument is
equipped with a Centurio SDD and a QuantumER GIF for energy-
dispersive X-ray spectroscopy (EDS) and electron energy loss
spectroscopy (EELS), respectively. Simultaneous EDS and EELS
were carried out in the scanning TEM (STEM) mode to obtain
chemical compositional analysis. Prior to these studies, the sample
was coated with Pt—Pd metal using a sputter coater to avoid charging
during TEM sample preparation. Cross-sectional TEM lamella was
prepared using a FEI Helios G4 UX-dual-beam FIB—SEM instru-
ment: 30 kV jon-beam acceleration voltage was employed for the
coarse (initial) thinning, which was continued with S kV and finally 2
kV for minimizing Ga implantation and surface amorphization.

Optical properties of the as-grown GaN/AIGaN nanocolumns were
examined by room temperature and low-temperature photolumines-
cence spectroscopy. The third harmonic of a tunable, pulsed
Ti:Sapphire laser with a wavelength of ~260 nm and pulse duration
of ~120 fs was utilized as the excitation source. The laser beam was
focused on the sample using a reflective microscope objective with
50X magnification, 0.35 numerical aperture, and S mm focal length.
The beam was widened in order to overfill the back focal aperture of
the objective, resulting in a diffraction-limited spot size of ~0.9 um.
Low-temperature optical measurements were performed by isolating
the sample inside a continuous-flow liquid He cryostat, equipped with
a sample heater and thermometer for precise sample temperature
control. The detection of the photoluminescence signal was done
using a HORIBA Jobin-Yvon spectrograph (300 lines/mm, grating

https://doi.org/10.1021/acsanm.1c02050
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Figure 1. (a) Schematic diagram of the GaN/AlGaN nanocolumns grown on graphene, intermediated using a two-stage n-AIN buffer layer
deposition method. (b,c) Representative top-view and cross-sectional SEM images of the nanocolumns on graphene, respectively. (d) HRXRD
20— scan of the GaN/AlGaN nanocolumns, showing GaN(0002), low-Al content AIGaN(0002), and high-Al content AIGaN(0002) peaks at

34.56, 35.18, and 35.98°, respectively.

blazed at 500 nm), which disperses the signal onto an UV-B-enhanced
Andor Newton electron multiplying charge-coupled device detector.

Graphene properties before and after the nanocolumn growth were
characterized using micro-Raman spectroscopy with a Renishaw InVia
Reflex spectrometer system equipped with a 532 nm (S and 10 mW)
excitation laser. The measurements were conducted at room
temperature in the backscattering configuration with a 50X or 100X
objective lens. A pristine graphene sheet transferred onto fused silica
glass was utilized as a comparison to graphene samples after
nanocolumn growth.

In order to fabricate electrical contacts to both the top p-GaN part
of the nanocolumns and the bottom graphene substrate electrode
separately, an ~15 nm thin aluminum oxide (ALO,) conformal
dielectric layer was deposited to the as-grown structure through
atomic layer deposition. A better isolation between the two electrical
contacts can be achieved by this ALO, layer, leading to a reduction in
the leakage current, which is essential for the realization of a better
device performance. A diluted photoresist (S1813) layer was
subsequently used to fill the tiny gap between the nanocolumns,
where the resist was subsequently etched back using low-power
oxygen plasma ashing to expose the top of the (AlLO,-covered)
nanocolumns. The Al,O, layer at the top of the nanocolumns was
then removed using reactive ion etching, while the AL,O, layer on the
side wall of the nanocolumns and the graphene in the interspace
between the nanocolumns were being protected by the resist layer.
Since this resist layer potentially can absorb the UV light emitted from
the nanocolumns, it was removed after the successful area-selective
etching of the ALO, layer.

A circular device aperture of ~50 ym diameter was then defined by
photolithographic processes, where a Ni (10 nm)/Au (200 nm) metal
stack was deposited to form an ohmic contact to the top p-GaN part
of the nanocolumns through sputtering and e-beam evaporation.*’ In
order to complete the LED device structure, an ohmic and low-
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resistive bottom contact was then formed on the graphene layer by
depositing 200 nm Au,*” as described in our earlier work.”” Note that
the Ti layer on the backside of the fused silica support was removed
before AL,O, deposition through mechanically assisted wet etching in
a 5% diluted hydrofluoric acid solution. Scheme S1 in the Supporting
Information illustrates the LED fabrication procedure (see also Figure
4.9 in ref 58). Current—voltage (I—V) characteristics of the fabricated
LED devices were then measured using a Keithley 2400 source meter
under dark room conditions, and the emitted electroluminescence
spectra collected through the bottom substrate were then recorded as
a function of the injected current level using a UV-sensitive
spectrometer coupled with a fiber/cosine corrector.

B RESULTS AND DISCUSSION

The design of the nanocolumn LED structure grown on
graphene is given in Figure la, and the morphology of the
grown nanocolumns is presented in Figure 1b,c, depicting top-
view and cross-sectional SEM images, respectively. Since high
substrate temperatures were used to form the p-AlGaN and p-
GaN sections, the coalescence in the top part of the
nanocolumns is not as pronounced as observed in our previous
work.” In that work, low growth temperatures were
intentionally applied to merge the upper part of the
nanocolumns, aiding the formation of a continuous and flat
metal contact to the top p-GaN segment during the LED
processing. However, due to the nature of random growth,
these nanocolumns are non-uniform in terms of size,
morphology, and twist/tilt in crystal orientation. It is
anticipated that such coalescence might produce structural
defects, including strain and threading dislocations within the
boundary of the nanocolumn.””*

https://doi.org/10.1021/acsanm.1c02050
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Figure 2. () BFTEM and (b) HAADF STEM images of the GaN/AlGaN nanocolumns grown on graphene. The red arrow in (a) points at a
nanocolumn for which the electron beam is parallel to the [1—210] crystal direction (inset: corresponding electron diffraction pattern). The blue
arrow in (b) indicates a region with a diffuse interface between the nanocolumns and the substrate. (c) High-resolution HAADF STEM image of
the interface between the n-AIN buffer layer, graphene, and silica glass (inset: [top] wurtzite AIN crystal stacking order and [bottom] magnified
graphene interface region). (de) HAADF STEM images and elemental mappings of a different [from what is shown in (b)] GaN/AlGaN
nanocolumn area and an i-GaN quantum disk region, respectively. The bottom image in (e) illustrates the general interpretation of the i-GaN
quantum disk shape. (f) High-resolution HAADF STEM image of the left side of the i-GaN quantum disk area depicted in (e) (the inset shows the

wurtzite crystal stacking order of the i-GaN quantum disk).

Figure 1b demonstrates the formation of GaN/AlGaN
nanocolumns with a near-hexagonal geometry in the cross-
section, showing an average top diameter of 67 + 10 nm and a
density of 7.8 X 10° cm™. Other characteristics of these
nanocolumns can be further examined in Figure 1c, showing a
relatively uniform height with an average of 529 + 10 nm
(measured from the n-AIN buffer layer), along with an average
bottom diameter of 40 & 7 nm. The height of these low-angle
inverse-tapered nanocolumns is half that of the preceeding
nanocolumns grown on double-layer graphene® due to the
significant reduction in growth time of the n-AlGaN and p-
AlGaN sections. Additional SEM images are provided in
Figure S1, showing highly dense and vertically oriented
nanocolumns on the graphene substrate. Highlighted in Figure
S1b is a protruding continuous structure at the base of the
nanocolumns, assumed to be the n-AIN buffer layer (which can
be seen later in STEM images in Figure 2).

Note that the n-AIN buffer deposition method that has been
previously used,”””** namely, migration-enhanced epitaxy, is
incapable of promoting high yield of vertical nanocolumn
growth, as shown in the SEM images in Figure S2, possibly due
to the inadequacy in providing nucleation sites for the growth
of short- and high-density n-GaN nanocolumns. Only n-GaN
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formed on n-AIN islands®>** and n-AIN nanostructures can be
grown with a high degree of verticality, while that formed
directly on graphene grows in more random directions.” A
two-stage n-AIN buffer deposition method is therefore
introduced to increase the probability in obtaining vertical
growth of nanocolumns (the SEM images and the details are
presented in Figure S3). The uninterrupted Al deposition in
the initial stage before the graphene is exposed to N atoms
presumably can lead to a larger coverage of the n-AIN buffer
layer on graphene. As a result, the likelihood of n-GaN directly
nucleating on n-AIN is enhanced, inducing nanocolumn
growth perpendicular to the graphene substrate.

The average composition of each axial nanocolumn segment
for the as-grown vertical GaN/AlGaN nanocolumn ensemble
was investigated using HRXRD scans. Errors in the detector
angle were corrected by measuring the position of both (0002)
and (0004) reflections of the strongest AlGaN peak, as there is
no known substrate peak. The orange curve in Figure 1d shows
the experimental data for a HRXRD scan, and the blue curve
shows the result of a simulation performed using X-ray utilities
developed by Kriegner et al®' based on the layer structure
found in an EDS line scan of a single nanocolumn by TEM
(discussed later). It should be noted that the purpose of this

https://doi.org/10.1021/acsanm.1c02050
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simulation is to find the Al content of the GaN/AlGaN
nanocolumn ensemble. The experimental data show three
observable peaks: GaN(0002) at 34.56°, low-Al content
AlGaN(0002) at 35.18° and high-Al content AlGaN(0002)
at 35.98°. Assuming that the nanocolumns are unstrained,
manual fitting (keeping the segment structure but changing the
composition) of the simulation model to the experimental data
indicates that the Al molar fractions of the axial segments are 0,
~0.43, and ~0.97. Table 1 further elaborates the segment
composition of the resulting fit for each segment in the
nanocolumn structure.

Table 1. Al Content of Each Axial Nanocolumn Segment for
the Vertical GaN/AlGaN Nanocolumn Ensemble (Top—
Bottom) Obtained from Fitting the Simulation Model to the
HRXRD 20—® Scan Data

Segment Thickness (nm) Al bottom (%) Al top (%)
p-GaN 38 0 0
p-AlGaN (linear grading) 190 46 40
i-GaN quantum disk 2 0 0
n-AlGaN (linear grading) 130 98 96
n-GaN 130 0 0
n-AlN buffer layer 25 100 100

Generally, the simulation result presented in Figure 1d fits
relatively well with the 20—® measurement, particularly for the
high-Al content AIGaN(0002) reflection at 35.98°, where the
Al content in this 130 nm-thick n-AlGaN segment has slight
variation along the growth axis. A similar Al grading
phenomenon is noticed for the low-Al content AlGaN(0002)
peak at 35.18°, whose contribution comes from the 190 nm-
thick p-AlGaN segment. In addition to the previous peaks, a
GaN(0002) reflection at 34.56° is observed, originating from
the n-GaN and p-GaN segments. Compared to their
corresponding simulation results, a broadening in the
experimental data of low-Al content AlGaN(0002) and
GaN(0002) reflections is noted, probably due to strain in
the vicinity of the interfaces that is not included in the
simulation. Please note that the high Al content (~0.97, from
Table 1) in the n-AlGaN segment was unintentional and due
to an insufficient control of the Al-to-Ga flux ratio during the
synthesis of this segment. This growth calibration error was
likely due to the high Ga desorption rate that was induced by
the excessively high substrate temperature utilized during the
formation of the n-AlGaN segment to reduce the coalescence
effect between nanocolumns.

Structural characterizations of the nanocolumns and their
interface with the graphene/silica glass substrate were further
investigated by means of TEM. An overview of a number of
self-assembled GaN/AIGaN nanocolumns grown on graphene
is presented in the bright-field TEM (BFTEM) image in Figure
2a. The red arrow points at one specific nanocolumn for which
the electron beam is parallel to the [1—210] crystal direction.
Generally, all nanocolumns exhibit a single-crystalline wurtzite
crystal structure and are grown along the c-axis, that is, [0001]
direction, which is exemplified from an electron diffraction
pattern (inset) taken from a nanocolumn oriented on the [1—
210] zone axis. The high-angle annular dark-field (HAADF)
STEM image in Figure 2b shows several layers inside the
nanocolumns due to the contrast differences caused by the
variations in the Ga/Al ratio. In HAADF STEM images, the
contrast scales almost proportionally to the square of the
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atomic number (Z2), that is, heavy atoms give bright contrast,
and light atoms give dark contrast. Hence, this Z-contrast
image presents the qualitative composition of the GaN/AlGaN
nanocolumns.

Direct interpretation of the contrast differences depicted in
Figure 2b suggests that the p-AlGaN segment has much lower
Al content than the n-AlGaN segment. Between these two
segments, the i-GaN quantum disk can be observed as a very
thin layer (see also the HAADF image in Figure S4), having
the same contrast as the p-GaN layer at the very top. The
segments of the nominal n-GaN template (below the n-AlGaN
segments) are seen to have a similar contrast as the p-AlGaN
segments, which will be explained later. At the base of the
nanocolumns, the n-AIN buffer layer grown using the two-
stage deposition method tends to form a continuous layer,
validating the previous SEM observation and corroborating the
finding in our previous work.” While graphene in general is
observed between the n-AIN buffer layer and silica glass
support, a highly diffused interface with the n-AIN buffer layer
is noticed in a few areas (e.g., blue arrow in Figure 2b), which
might be due to poor graphene quality or surface damage of
the fused silica wafer. Nanocolumns that originated from such
areas tend to be randomly oriented (other examples can be
seen in Figure S4).

The high-resolution HAADF STEM image in Figure 2c
reveals the presence of graphene (dark contrast) with an
approximate thickness of 0.34 nm (bottom-inset) located
between the n-AIN buffer layer and silica glass support.
Diffraction contrasts, that is, BFTEM images highlighting the
existence of graphene and the elemental mapping from the
interface region, are shown in Figure SS. Along with an
identification of single-layer graphene from the C map, an Al
signal is unexpectedly evident beneath the graphene. This
might be due to intercalation, where Al atoms penetrate
through defects or holes in the graphene during the growth of
the AIN buffer layer. Apart from this, the graphene/n-AIN
heterointerface is sharp and abrupt, indicating suppressed
defect generation and high growth quality of the n-AIN buffer
layer. The wurtzite crystal stacking sequence is observed in
AIN with an interplanar lattice spacing of ~0.50 nm (top-inset)
along the vertical axis of the nanocolumn, which is in good
agreement with the reported value for the c-axis direction of a
wurtzite AIN crystal, thus further confirming the [0001]
growth direction of the buffer layer.

The HAADF STEM image and elemental mapping of GaN/
AlGaN nanocolumns from a different area of the same sample
are presented in Figure 2d. The compositional analysis by
EELS and EDS reveals that the nanocolumns consist of n-
(Al)GaN/n-AlGaN/i-GaN quantum disk/p-AlGaN/p-GaN
segments on top of the n-AIN buffer layer, wherein the
average Al contents in n-AlGaN and p-AlGaN segments are 96
and 96%, respectively (individual elemental concentration
distribution and the EDS line scan profile are shown in Figure
S6-1 and Figure S6-2, respectively). Considering that EDS and
EELS are semi-quantitative techniques, the chemical compo-
sitions determined from TEM are in line with those from
HRXRD results. Nevertheless, one should be aware that the
chemical composition interpretations from TEM give composi-
tional variations inside single nanocolumns, whereas the XRD
scan has the capability to probe a much larger number of
nanocolumns in a single scan and thus provide average
composition values for dominant nanocolumn segments (i.e.,
n- and p-AlGaN). Note that one of the nanocolumns in Figure
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2d seems to have two i-GaN quantum disk layers. This is most
likely due to contributions from two nanocolumns with slightly
different heights (possibly, one of them is somewhat tilted)
superposed on each other in the STEM image.

Due to a lower n-GaN stem density than that in our previous
work®® (since, nominally, the same growth conditions were
applied, it is most likely caused by the differences in the
graphene quality), n-AlGaN is deposited randomly on the n-
AIN buffer layer during the formation of the n-AlGaN
nanocolumns (96% Al). The profile of the n-AlGaN grown
directly on the n-AIN buffer layer can be described as a rough
layer with hillock-like structures of varying heights, due to the
substrate rotation and shadowing from the randomly grown
nanocolumns. Examples of such a structure can be seen on the
right side of and around the base of the EDS-scanned
nanocolumn on the top right panel in Figure S6-1. During the
growth of the n-AlGaN (core) segment, an n-AlGaN shell is
formed additionally on the n-GaN stem segment. As a result,
the EDS line scan (Figure S6-2) shows an overlapped region in
the base of the nominal n-GaN segment, where the Al signal is
higher than the Ga signal due to the contribution from both
the n-AlGaN hillock and the n-GaN/n-AlGaN core—shell
nanocolumn. With regards to the Al-rich radial nanocolumn
shell, it is observed (Figures 2d and S6-1) that such a shell also
encloses almost the entire nanocolumns (except the top p-GaN
segment part), which might act as a self-passivation layer for
the nanocolumn side facets.

A representative HAADF STEM image of the i-GaN
quantum disk region and its elemental mapping in Figure 2e
disclose the non-faceted feature of the quantum disk layer
(marked with a white dashed contour) situated between the n-
Aly96Gag 4N layer below and the p-Aly;;Gag 4N layer above.
Particularly for the latter, it is unveiled that there are subtle
compositional variations of Al-to-Ga composition ratios within
the p-AlGaN section in the field of observation (individual
elemental concentration distribution and the EDS line scan
profile are presented in Figure S7), which can contribute to the
broadening in the HRXRD 26—® scan peak at 35.18° (Figure
1d). Because of the i-GaN quantum disk morphology (being
very thin and not faceted), the measured composition ends up
being a mixture of the composition in the intrinsic layer and
the AlGaN layers in its immediate proximity, especially in the
center area. It implies that the Ga content in the i-GaN
quantum disk layer is likely to be underestimated; thus, it is
difficult to deduce its chemical composition based on the
compositional analysis alone. However, based on the contrast
in the HAADF STEM images, it is reasonable to assume that
the quantum disk layer is close to pure GaN. General
interpretation of the i-GaN quantum disk is illustrated in the
bottom image of Figure 2e, where the thickness of the
quantum disk region in the center of the nanocolumn is less
than that at its sides, being about 1.5 and 3 nm, respectively.

The HAADF STEM image in Figure 2f reveals a lattice-
resolved image of the area in the vicinity of the i-GaN quantum
disk region (only left part; the complete HAADF STEM image
is depicted in Figure S8), where the i-GaN quantum disk layer
is indicated by the white dashed contour. Like the i-GaN
quantum disk, the p-AlGaN and n-AlGaN segments grow
along the c-axis, adopting the wurtzite crystal structure.
Furthermore, the interfaces between the p-AlGaN, i-GaN
quantum disk, and n-AlGaN are observed without any
noticeable defects (e.g, free of boundary or interface defects,
threading dislocations, and stacking faults). An interplanar
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d(ooo1) spacing of around 0.52 nm is measured along the axial
direction of the wurtzite i-GaN quantum disk (inset).

Figure 3 demonstrates a typical room temperature photo-
luminescence spectrum ranging from 280 to 658 nm of the as-

T

300 350 400 450 500 550 600 650
Wavelength (nm)

Photoluminescence intensity (a.u.)

Figure 3. Room temperature photoluminescence spectrum of the
GaN/AlGaN nanocolumn sample at an excitation power of 10 mW.
Note that the sharp peak at ~395 nm is an artifact, presumably due to
the scattered light from the graphene/silica interface region causing
some interference or reflection.

grown GaN/AlGaN nanocolumn sample. A prominent
emission band with a peak at around 300 nm is consistent
with the Al composition of the top of the p-AlGaN section,
which is around 40% (Table 1). The low-power spectrum (1
mW; Figure S9a) reveals that this emission consists of two
overlapping peaks. This may be due to some contribution from
defect-related levels in the p-AlGaN. No emission from the n-
AlGaN segment is observed since its wavelength (~213 nm) is
much shorter than the laser excitation wavelength (~260 nm).
A Gaussian least-square fitting method reveals three peaks
within the 325—420 nm wavelength region (Figure S9b),
indicating that there are several contributions to the spectrum,
including the i-GaN quantum disk and the p-GaN top
segment. The absence of yellow and green luminescence
bands that are typically present in the 500—600 nm range
suggests a low defect density. Figure S9c presents the
temperature dependence of the integrated photoluminescence
intensity for three different excitation powers. The integrated
photoluminescence intensity in the range of 325—420 nm at
room temperature is 23.1% of the value at 10 K (at an
excitation power of 10 mW, see Figure S9d), indicating
additional contributions from non-radiative defects at room
temperature.

Room temperature photoluminescence spectra of the GaN/
AlGaN nanocolumn sample in Figures 3 and S9a clearly show
that the emission from p-AlGaN is more dominant compared
to emission from the i-GaN quantum disk and p-GaN,
indicating limited diffusion of excited charge carriers from the
p-AlGaN segment to the p-GaN top segment and the i-GaN
quantum disk. Due to the longer segment length of p-AlGaN
(~190 nm) as compared to that of p-GaN (~38 nm), most of
the excitation light (260 nm laser light) will be absorbed in the
p-AlGaN. A rough calculation (thin-film approximation, using
absorption coeflicients for GaN and AlGaN with 40% Al
composition®”) shows that less than 5% of the excitation light
entering the top of the nanocolumn will reach the i-GaN
quantum disk. In addition, around 30% of the photo-
luminescence from the i-GaN quantum disk propagating
back along the nanocolumn toward the detector will be
absorbed in the p-GaN top segment. However, considering
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Figure 4. (a) Optical image and its corresponding micro-Raman D/G ratio and 2D intensity maps (from the area within the dashed square) of the
graphene after the nanocolumn growth. (b) Raman spectra of graphene before and after nanocolumn growth.

that these GaN/AlGaN nanocolumns are not coalesced at the
top, there is a likelihood that additional laser excitations can
take place through the nanocolumn sidewalls and that
additional emitted light (from the i-GaN quantum disks) can
propagate between the nanocolumns to the detector. In
addition, some diffusion of charge carriers from the p-AlGaN
segment to the i-GaN quantum disk could enhance the
photoluminescence from the latter. All in all, it is reasonable to
expect that there is less photoluminescence intensity from the
i-GaN quantum disks as compared to that from the p-GaN top
segments.

Graphene’s structural properties after the nanocolumn
growth were evaluated using micro-Raman spectroscopy.
Figure 4a shows an optical image and Raman mapping images
of the graphene after the nanocolumn growth, with the dashed
square on the optical image representing the area probed for
the D/G ratio and 2D Raman intensity maps. In these images,
a number of isolated spots (patches) are observed across the
graphene, which differ from their surroundings. Interestingly,
their appearance in the optical image is shown approximately
at the same positions as map locations with a low D/G ratio
and high 2D intensity. Based on this fact, it is very likely that
the green spots on the optical image are actually the patch
areas in the D/G ratio and 2D intensity maps. Furthermore, it
is revealed that the graphene in these regions shows less
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damage than in the surrounding area, that is, indicated with
relatively low D/G ratio and high 2D intensity values. With the
growth taking place on single-layer graphene, it is expected that
the damage to graphene will be more severe compared to that
in nanocolumn growth on double-layer graphene,”” and thus,
the observed spots of higher graphene quality in this work
could be due to multilayer patches that are present in graphene
from the beginning.**

Figure 4b presents the comparison of the representative
Raman spectra between the pristine graphene, patch areas, and
elsewhere. The damage in the graphene after nanocolumn
growth is obvious: the peak intensity of the defect-related D
band at ~1345 cm ™! is enhanced, whereas the peak intensities
of the G and 2D bands at ~1583 and ~2686 cm™" are reduced
(the average D/G-ratio is found to be 1.52). In addition,
another defect-related peak termed as the D’ peak at around
1619 cm™ arises, which for most locations merges with the G
peak and is seen as a shoulder. For the multilayer graphene
patches, the aforementioned features are not as prominent as
for the single-layer graphene regions. (We refer to Table S2 for
a summary of additional micro-Raman spectroscopy measure-
ments and Figure S10 for the corresponding maps and the
averaged Raman spectra from different areas.) Regardless of
these two different regions in the graphene after the growth,
van der Pauw measurements show a sheet resistance of 4325
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Figure 5. (a) Schematic representation of the GaN/AlGaN nanocolumn-based LED device, showing the light emission through the graphene/
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S0 um aperture diameter, along with their log scale presented in the respective insets. (d) Spectra from photoluminescence and
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visualization.

Q/[], whereas it was measured to be 779 Q/[] before
growth.*” Further growth studies of the AIN buffer layer on
graphene are required to achieve less degradation in the
graphene structural qualities while maintaining the verticality
of GaN/AIGaN nanocolumns. One suggestion is by first
depositing AIN on graphene in a non-plasma-dependent
environment, such as MOVPE or ammonia-MBE. Alter-
natively, a selective area growth technique can be
used,"""”*® such that the employed mask (e.g, Ti or SiO,)
protects most of the graphene areas from the direct exposure of
the nitrogen plasma during the RF-PAMBE growth.

In order to demonstrate the application of graphene as a
transparent conducting substrate, the nanocolumn sample was
fabricated into an LED device, as schematically shown in
Figure Sa. With this particular device configuration, the light is
emitted through the transparent graphene/silica glass substrate
as a flip-chip-type device. Here, the graphene transparent
electrode allows a vertical current injection through the
nanocolumn device structures. It is expected that the thick
top metal contact uniformly connects the p-GaN nanocolumn
layer in the defined contact area.

The current—voltage characteristics of a S0 pm-aperture
diameter LED are presented in Figure Sb, revealing diode
behavior with a rectification ratio of ~81 at + 30 V. However,
the turn-on voltage is measured to be around 10 V (with a
current of 1.2 uA), which is larger than that of similar GaN/
AlGaN nanocolumn LEDs not utilizing graphene as a substrate
and/or electrode.’* One might expect that the high turn-on
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voltage is caused by a remaining thin insulating film of not
completely etched Al,O, in the p-GaN region and/or surface
damage in p-GaN during the process of oxide plasma etching
of the AL O, insulating layer. In conjunction with these issues, a
preliminary device fabrication of the same GaN/AlGaN
nanocolumn structure without the ALO, layer has been
performed (the device schematic and current—voltage
characteristic are presented in Figure S11). Despite the fact
that the ALO, dielectric layer is not utilized, this processed
nanocolumn device demonstrated a slightly higher turn-on
voltage of approximately 12.5 V (with a current of 1.2 uA),
compared to the presented value for the nanocolumn device
using the ALO, layer. This implies that the origin of such a
high turn-on voltage observed in these nanocolumn-based
LEDs using graphene as a transparent conducting substrate is
not due to a remnant of the Al,O, layer and/or plasma damage
in p-GaN but rather caused by other factors, as discussed
below.

Considering that p-AlGaN and particularly n-AlGaN seg-
ments have very high Al content, a rather high turn-on voltage
is anticipated for the LED device measured in this work. It is
also observed that the increment of the current above the turn-
on voltage is relatively slow, indicating a large device series
resistance. Furthermore, the high sheet resistance of graphene
leads to a much lower current at the same injection voltage
compared to that in our previous work.*” The usage of n-AIN
as a buffer layer could be another factor contributing to the
large resistance in the device due to an increased Schottky
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barrier height (see Figure 3.5 in ref 58) and low doping
density. (It should be noted that although n-AlIN is a highly
resistive material, defect inclusions in AIN likely provide a
short-circuit path for electron injection from the graphene into
the n-GaN.®") A dedicated study is needed to confirm the
nature of the Schottky barrier interface in the graphene/n-
AIN/n-GaN. Furthermore, the development of an optimized
buffer layer growth method is therefore required to improve
the performance of the vertical nanocolumn LEDs using
graphene as a transparent conducting substrate, for example,
using an n-AlGaN buffer layer (low Al content) or a short-
period n-AIN/n-AlGaN superlattice buffer®”*® to obtain
vertical nanocolumn structures while maintaining a sufficiently
low LED operating voltage.

The electroluminescence spectra of the LED device
measured at room temperature are presented in Figure Sc,
with a peak emission at ~350 nm, which is within the 325—
420 nm wavelength region of the GaN-related photo-
luminescence emission from the same sample (Figure 5d).
The electroluminescence peak emission is blue-shifted from
the common 365 nm band gap of bulk undoped wurtzite GaN.
This is most likely due to the quantum confinement effect on
both electrons and holes in the 1D quantum potential® of the
i-GaN quantum disk (shown in Figure 2f) since a significant
fraction of this region has a thickness within the range of the
reported exciton Bohr radius for GaN,*”"° that is, between 2.8
and 11 nm, in combination with the effect of strain in the i-
GaN quantum disk due to the surrounding AlGaN.”' As
evidenced by the log scale in the inset of Figure Sc, a defect-
related broad yellow luminescence band is not detected (as
was also the case in the photoluminescence measurements
described above), indicating that structural defects such as
threading dislocations and stacking faults are not present in the
grown GaN/AIGaN nanocolumn device structure. Also, no
electroluminescence is detected at or beyond 370 nm,
indicating that the injected electrons are not reaching the p-
GaN segments (i.e., no “electron overshooting”).

One should note here that the electroluminescence spectra
in Figure Sc,d are the measurement results of light that is
emitted through the graphene/silica glass substrate. Around
70% of the electroluminescence emission from the i-GaN
quantum disk propagating in the nanocolumn toward the
graphene/silica glass substrate is absorbed in the 130 nm-long
n-GaN segment, due to the higher photon energy (~3.54 eV)
of the emission from the i-GaN quantum disk as compared to
the band gap of n-GaN (3.39 eV). Therefore, an important
issue to be considered for the future nanocolumn-based flip-
chip LEDs on graphene is the absorption of UV light (whose
wavelength is shorter than 365 nm) by the long n-GaN
nanocolumn template.”””” In order to improve the light output
of this particular flip-chip LED device, a shorter n-GaN
nanocolumn template or preferably an n-AlGaN nanocolumn
template transparent to the emitted UV light from the active
region should be utilized.

B CONCLUSIONS

RF-PAMBE growth of high-density vertical GaN/AlGaN
nanocolumns on single-layer graphene (transferred onto
fused silica glass) is demonstrated by means of a two-stage
AIN buffer layer deposition method. TEM indicates that the
nanocolumns are of high crystalline quality and shows the
formation of an intrinsic GaN quantum disk layer between the
axial n- and p-AlGaN segments. Photoluminescence character-
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ization notes the emission peaks from the different regions in
the nanocolumn structure, including an emission around 350
nm originating from the i-GaN quantum disk layer. No yellow
luminescence emission is observed from the photolumines-
cence spectrum. Micro-Raman spectroscopy shows that the
graphene is severely damaged after the RF-PAMBE nano-
column growth, and the resulting high graphene sheet
resistance causes a rather high turn-on voltage in a fabricated
flip-chip LED device. Nevertheless, the concept of single-layer
graphene simultaneously utilized as a substrate for the
nanocolumn growth and a transparent bottom electrode has
been demonstrated. Electroluminescence emission from the
LED device evidences a peak emission at ~350 nm from the i-
GaN nanocolumn quantum disk with no defect-related yellow
emission. This blue shift from typical bulk wurtzite GaN
emission at ~365 nm is believed to be due to the quantum
confinement effect and strain in the i-GaN quantum disk.
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