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Abstract

The many outstanding properties of graphene have impressed and intrigued scientists for the last
few decades. Its transparency to light of all wavelengths combined with a low sheet resistance
makes it a promising electrode material for novel optoelectronics. So far, no one has utilized
graphene as both the substrate and transparent electrode of a functional optoelectronic device. Here,
we demonstrate the use of double-layer graphene as a growth substrate and transparent conductive
electrode for an ultraviolet light-emitting diode in a flip-chip configuration, where GaN/AlGaN
nanocolumns are grown as the light emitting structure using plasma-assisted molecular beam
epitaxy. Although the sheet resistance is increased after nanocolumn growth compared with
pristine double-layer graphene, our experiments show that the double-layer graphene functions
adequately as an electrode. The GaN/AlGaN nanocolumns are found to exhibit a high crystal
quality with no observable defects or stacking faults. Room temperature electroluminescence
measurements show a GaN related near bandgap emission peak at 365 nm and no defect-related

yellow emission.
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With the emergence of new semiconductor nanomaterials and heterostructures, new possibilities
for optoelectronics arise. The semiconductor materials most commonly used for optoelectronics
today, like Si!, GaAs, InAs?, ZnO? and GaN with its alloys?, exhibit structural imperfections when
grown as heteroepitaxial thin-films, for instance twinning defects, threading dislocations and
stacking faults. This is due to a large lattice mismatch between these materials as well as with
conventional substrates. By nanostructuring the semiconductor materials in the forms of columns
or pyramids, new combinations of materials can be explored, and new substrates can be employed

for the epitaxial growth.

An intriguing potential substrate for epitaxial growth of semiconductors is graphene, the single-
layer form of carbon, as it can not only act as an atomically thin crystalline growth template, but
also has outstanding functional properties when it comes to strength, flexibility, electron and
thermal conductivity®>. Hybrid systems based on the growth of semiconductor nanocolumns on
different graphitic substrates have been intensively studied in the last decade, with the aim of
developing new functionalities and higher efficiency optoelectronic devices as for example solar
cells, photodetectors, light emitting diodes (LEDs) and lasers. Such hybrid systems have been
demonstrated for GaAs®, InAs’~, InAsSb'?, In(Ga)As!!""!2, ZnO'>!* and GaN. With regards to the
growth of GaN nanocolumns, different graphitic forms have been used as growth substrate, for

instance graphite!>, transferred CVD graphene (single- and multilayer)!®2°

and epitaxial
graphene?. However, these studies mostly focused on the growth of the nanocolumns, without

further demonstration of a hybrid device realization.

In addition to the attributes already mentioned, graphene has the attractive property of being
transparent in all parts of the electromagnetic spectrum and has been demonstrated as a top-emitting
transparent conductive electrode (TCE) for GaN?"?® and InGaN LEDs**3!. In contrast to the
traditional TCE in optoelectronic devices, indium tin oxide, graphene is transparent in the whole
UV region of the electromagnetic spectrum (100 to 350 nm)?2, offering a potential solution for

devices operating in this region.

Recently, our group showed GaN/AlGaN nanocolumn growth with a single-layer graphene
substrate as the bottom electrode?. However, so far there has been no realization of utilizing

graphene simultaneously as the growth substrate and the TCE of a semiconductor device. Here, we



demonstrate a UV-A LED using transferred double-layer graphene (DLG) both as the substrate for
GaN/AlGaN nanocolumn growth and as the TCE in the processed device. Along with the reduced
sheet resistance of DLG compared to single-layer graphene®, it is expected that the additional top
layer of graphene will protect the bottom layer of graphene from plasma nitridation damage during
growth. The electric current is thus injected directly from the conducting DLG substrate in a
vertical flip-chip device configuration, which can be advantageous when compared to traditional

mesa LED structures with lateral current injection that suffer from current crowding®+3¢.

Nanocolumn growth and structural characterization

In this work, we have grown -catalyst-free, self-assembled AlxGa;.xN/GaN nanocolumn
heterostructures on transferred DLG on amorphous silica glass by radio-frequency plasma-assisted
molecular beam epitaxy (RF-PAMBE) under N-rich conditions (see Methods for the detailed
information on the growth). The intended LED structure is shown schematically in Figure Sla in
the Supplementary Information, where each nanocolumn is designed to consist of 40 nm n-AIN,
140 nm n-GaN, 550 nm n-Alp.25Gao.7sN, 27 nm undoped GaN, 200 nm p-Alo25Gag.7sN and 20 nm
p-GaN. Here, we would like to emphasize that the length of each aforementioned segment is based
on nominal values. In addition, the indicated Al and Ga compositions are nominal compositions,
i.e. based on the ratio between the Al and Ga fluxes (see Table S1 in Supplementary Information).
To verify these values, further transmission electron microscopy (TEM) investigations were carried
out and will be discussed in the following paragraphs. A thin AIN buffer layer does not only serve
as a nucleation site for n-GaN!'7-2>-2%_ but it also reduces damage to the graphene induced by
impinging active N species generated by the RF plasma source!’-?>-2%37 and in-plane strain
generated by GaN nucleation?-8, To achieve even higher density of nanocolumns, the AIN
deposition method is modified®® from the migration enhanced epitaxy (MEE) technique which was

utilized to obtain 1 pum long vertically aligned GaN nanocolumns on single-layer?3-2*

and multi-
layer graphene!’. In addition, a higher probability of vertical growth of n-GaN nanocolumns on
graphene was achieved, which is important for the subsequent vertical n-AlGaN nanocolumn

growth3%40,

Shown in Figure la-b are the top- and bird-view scanning electron microscopy (SEM) images of
the self-assembled GaN/AlGaN nanocolumns grown on DLG. It can be seen that the nanocolumns
coalesce with each other, forming an almost continuous film-like layer in the top part of the

nanocolumns. The top-view SEM image from the center area of the sample (Figure 1a) shows that



the geometry of some of the uncoalesced nanocolumns exhibits near-perfect hexagonal
morphology. In addition, there are a few small gaps (less than 50 nm) between some nanocolumns
and their neighbors. From some of the nanocolumns with distinguished hexagonal cross-sectional
geometrical shape, the average top diameter is found to be about 220 nm. Figure 1b shows a bird-
view SEM image, indicating that the nanocolumns are highly dense and vertically oriented with
respect to the graphene/glass substrate, as well as demonstrating a relatively uniform height
distribution. Figure S1b in the Supplementary Information is a representative side-view SEM
image of the grown GaN/AlGaN nanocolumns, where the average height, average bottom- and top-
diameter of the grown nanocolumns, as derived from twenty SEM images, are found to be 1070,
35 and 220 nm, respectively. It is evident that the nanocolumn geometry exhibits a highly inverse-
tapered structure due to the abrupt growth temperature reduction by 200 - 220 °C starting from the
p-AlGaN segment, forming a champagne glass-like structure, similar to the work reported by
Sekiguchi et al.*. As a result of the low growth temperature (675 — 695 °C), the nanocolumns tend
to grow faster in the radial direction, causing the top part of the nanocolumns to coalesce with each
other. Such coalesced nanocolumns are used in order to ensure a uniform and continuous metal
contact to the top p-GaN segment in the subsequent LED processing, preventing discontinuous
metal deposition on p-GaN as shown in previous work?®. Furthermore, it can be deposited without
the use of any insulating filler material between nanocolumns. The reasons for lowering the growth
temperature during growth of the p-AlGaN and p-GaN segments of the device structure are

explained in more detail in the Supplementary Information.

Detailed structural characterization was further carried out by TEM. Figure 1c shows a bright-field
(BF) TEM overview image of the self-assembled GaN/AlGaN nanocolumns. All nanocolumns
grow in the [0001]-direction, which was observed by electron diffraction for more than twenty
nanocolumns and is exemplified in the diffraction pattern in Figure S2a in the Supplementary
Information. This is consistent with previous reports of GaN nanocolumns grown on single-

16.18.23.24 and multi-layer graphene!”-. The darker contrast nanocolumns shown in Figure lc

layer
are oriented with the electron beam parallel to the [2110]-direction, i.e. they possess a very similar
in-plane orientation. Tilting the sample to different in-plane orientations reveals several clusters of
identically oriented nanocolumns on the um-scale. Since the CVD DLG used as a substrate is
polycrystalline, the observed preferred in-plane orientation of the nanocolumns is an indication that
they adopt an epitaxial orientation related to the graphene lattice and thus follow the orientation of

a particular graphene grain®. The DLG can be distinguished in Figure 1d as indicated by the red



arrows. The exact number of layers cannot be confirmed by this image, as the graphene layers are
buckled and the two-dimensional image of the TEM lamella thus indicates more than two layers?.
The nanocolumns exhibit a pure wurtzite crystal structure and no interfacial layer, which is
identical with our observation in the growth of n-GaN nanocolumns on graphene using an MEE-
AIN buffer layer?® but different from n-GaN nanocolumns grown directly on silica glass*!. No
dislocations, stacking faults or other defects are found in the GaN- and AlGaN-nanocolumn
segments. The AIN buffer layer, however, is found to have some dislocations and point defects.
Using high-angle annular dark-field scanning TEM (HAADF STEM) to get a Z-contrast image of
the nanocolumns in Figure lc, the different segments of the GaN/AlGaN nanocolumns can be

distinguished, as shown in Figure le.

The AIN buffer layer, seen in the base of the nanocolumns, tends to assemble as a continuous layer,
although there are a few AIN islands as well. Short stems consisting of n-GaN are clearly visible
below the n-AlGaN nanocolumn segments. A slight oscillation of the Ga/Al-ratio in the n-AlGaN
segment is noticeable, forming a superlattice-like structure as is more evident in the HAADF
STEM image in Figure If (the line scan can be seen in Figure S2b in the Supplementary
Information). The main reason for such composition inhomogeneity could be kinetical*?; as a
consequence of a difference in sticking coefficients and diffusion lengths for Al and Ga adatoms
as well as a competition between Al and Ga incorporation during the nanocolumn growth. This
would be the case for both the direct impingement on the top of the nanocolumns and for diffusion
along the nanocolumn sidewalls***3. As the higher Al-content barriers in the superlattice-like
structure in the n-AlGaN segment are only ~2-3 nm thick, it is unlikely that they will affect the
electronic properties of the nanocolumns. From Figure S2c¢ in the Supplementary Information, a
higher Al-content nanocolumn shell-layer can be seen surrounding the AIGaN nanocolumn core,
which might act as a self-passivation layer for the nanocolumn side facets. No intrinsic GaN
segment is observed in the TEM images, which is likely caused by the complete desorption of this
layer during the growth interruption needed to reduce the temperature for the subsequent p-AlGaN
growth, as the Ga desorption rate is very high at these substrate temperatures**. The p-AlGaN
segment and thin p-GaN contact layer grow highly inverse-tapered (as desired for the subsequent
process of top contact metallization), indicating a switch from N-polar to Ga-polar growth mode
(for improvement of p-type doping efficiency)*, which is further evidenced by a switch from

planar to inclined interfaces at the top of the nanocolumns.



The elemental composition of the different segments is estimated by combining X-ray electron
dispersive spectroscopy (EDS) with electron energy loss spectroscopy (EELS), using the pure AIN
and GaN layers at the bottom and top of the nanocolumns as references, respectively. The results
shown in Figures 1g indicate that the n-AlGaN segment has a composition of 76% Al close to the
p-n junction, while the p-AlGaN segment has a composition of 42% Al (more detailed in Figure
S2c¢ in the Supplementary Information). These values may have contributions from the Al-rich shell
leading to an overestimation of the Al-content in the n- and p-AlGaN segments. However, most of
the large deviation from the designed n- and p-AlGaN segment composition of 25% Al is most

likely caused by the higher Ga desorption rate as explained above.

Graphene electrode

The nitrogen plasma sources utilized during RF-PAMBE growth of II1I-N nanocolumns are known
to have a damaging effect to graphene? 2637, To assess the extent of the possible damage, the DLG
was characterized by micro-Raman spectroscopy and sheet resistance measurements before and
after nanocolumn growth. Figure 2a shows the average micro-Raman spectrum from 1600
measurements of DLG before and after nanocolumn growth. The graphene is notably damaged
after growth, as evidenced by the increase in the defect-related D-peak at ~1350 cm™!, the reduction
in the G- and 2D-peaks at ~1600 cm™! and ~2700 cm™ and the appearance of the D’-peak at ~1620
cm!, Mapping the peak intensity ratio of the D- and G-peaks in Figure 2b reveals that the defect
distribution is non-uniform in graphene after the nanocolumn growth, with some areas resembling
the pre-growth graphene quality while others are extensively damaged. The increased presence of
defects in graphene may lead to an increase in carrier scattering and therefore an increase in the
graphene sheet resistance. This is confirmed by van der Pauw measurements, where the sheet
resistance is found to increase from 329 Q/o before nanocolumn growth to 2326 Q/o after growth
for the DLG. For single-layer graphene the sheet resistance increases more severely, from 779 Q/o
before nanocolumn growth to 9510 Q/o after growth. It is worth to mention that the nitrogen
plasma emission during nanocolumn growth is two times higher than for our previous work? (see
Table S1 in Supplementary Information), resulting in more defective graphene and consequently a
larger sheet resistance, especially for the single-layer graphene. However, for the case of DLG, the
limited increase in sheet resistance shows that the top layer of graphene protects the bottom layer
and thus limits the extent of the damage in the bottom layer. The UV transparency of transferred
DLG on silica glass is reduced by an additional ~3% compared to that of transferred single-layer

graphene on the same substrate carrier, retaining a total transmission of more than 80%*.



Table 1 shows the D, G and 2D peak positions, intensities and ratios of the micro-Raman
spectroscopy mapping, and maps of these parameters can be found in Figure S3 in the
Supplementary Information. The apparent blue-shift of the G- and 2D-peaks for the DLG could be
due to doping and/or strain in graphene after the nanocolumn growth*’. It is known that exposure
to nitrogen plasma may n-type dope graphene®’. Using the correlation analysis developed by Lee
et al**, one can untangle how much strain and doping contributes to the Raman shift, but as there
is a notable occurrence of defects in the graphene after nanocolumn growth, it is not possible to

conclude on the exact origin of the peak-shifts.

LED fabrication and electrical characterization

The graphene-nanocolumn LED devices were fabricated as shown schematically in Figure 3. After
nanocolumn growth, Ti was removed from the backside by mechanical removal and etching the
sample in a buffered oxide etch, where hydrofluoric acid dissolves the Ti (Figure 3a). Contact areas
to the graphene and nanocolumns were defined by photolithography (Figure 3b), and the metal
contacts were deposited by electron beam evaporation (Figure 3c). A Ni/Au metal stack of 50/100
nm thickness was used as a top contact to the thin-film like p-GaN surface layer of the
nanocolumns. To avoid deposition on the graphene, the top contact metals were deposited at a ~30°
angle with regards to the substrate plane. For the bottom metal contact to the graphene, 200 nm Au
was used, which is known to give an ohmic contact to graphene with a low contact resistance®. In
this configuration, light can be emitted through the transparent graphene/silica glass substrate of
the sample as a flip-chip type device (Figure 3d), and the continuous graphene electrode allows for
vertical current injection through the nanocolumns. Figure 4a shows an optical microscopy image
of the LED device, with the graphene-Au contact at the top of the image and p-GaN nanocolumn-
Ni/Au contact at the bottom. The LED devices have apertures of 75 or 150 um diameter, and the

distances between the top and bottom metal contacts were fixed at ~100 um.

Figure 4b shows the current-voltage (I-V) curves measured for six different LED devices on the
same sample, and Figure 4c shows the same data in a semi-logarithmic scale. The different curves
are from devices with different LED apertures. Devices with the same size show similar diode
characteristics, indicating uniform nanocolumn growth and junction formation. For the same bias
voltage, one would expect a quadrupled current level for the device with a doubled diameter, but
as the current only increases by a factor of ~2, it is evident that the injection current does not scale

with the aperture area. This could be an effect of the defect generation in the graphene layers caused



by nanocolumn growth, which also causes a relatively large sheet resistance, as was discussed
above. The turn-on voltage is found to be 7.7 V (by intersecting the semi-linear region of the [-V
curve between 10 V and 12 V and the voltage axis), somewhat larger than expected for a
GaN/AlGaN nanocolumn LED*°, but considering the high Al-content of the n-AlGaN and p-
AlGaN layers a higher turn-on voltage is more reasonable. However, the high resistance of the
device makes it difficult to define an exact turn-on voltage, as multiple semi-linear regions could
possibly be used to find different intersections. In the semilog-plot in Figure 4c, two voltage regions
can be distinguished. A less steep slope below ~3.5 V can be seen, and the current below this value

is attributed to leakage due to acceptor level recombination and electron overshoot>!.

Using the elemental compositions measured by combined EDS and EELS for the AliGaixN
segments, the band gaps can be calculated by a model using local density approximation (LDA-
1/2)°2. The band gap of AIN is 6.28 ¢V and GaN 3.44 eV, so using a bowing parameter of 0.8 eV
yields band gaps of 5.45 eV (227 nm) and 4.44 eV (279 nm) for the n-Aly76Gao24N and p-
Alp.42Gao ssN segments, respectively®2. The higher Al-composition at the n-doped side will increase

electron leakage to the p-AlGaN side of the p-n junction.

LED emission and optical power output

Low temperature (LT) photoluminescence (PL) measurements show a main emission peak at 360
nm (3.44 eV), in addition to two weaker and less defined bands at 368 nm (3.37 eV) and 382 nm
(3.25 eV), as shown in Figure 5. The latter band, typically referred to as the blue luminescence
band, originating from donor-acceptor-pair recombination, in conjunction with the absence of a
yellow luminescence band, strongly indicates that the PL emission originates from the top p-type
GaN nanocolumn layer. The main emission peak at 360 nm (365 nm at room temperature (RT)) is
most likely attributable to Mgga acceptor bound excitons, as commonly done in the literature™.
The internal quantum efficiency (IQE) at RT is estimated from the ratio of the integrated PL
intensity at RT to the interpolated value at T = 0 K (see Figure S4 in Supplementary Information
for further details). The obtained IQE is dependent on the excitation power density used®*, and the

maximum value determined in our experiments was ~46 % at an excitation power of 5.5 mW.

The LED device performance was further investigated by RT continuous current injection
electroluminescence (EL) measurements, where the EL is detected either by a UV sensitive
detector inside an integrating sphere for power measurements, or a spectrometer for spectral

information. Figure 6a-b shows the measured light under different current injection conditions,



with a main peak emission at 365 nm with a full width at half maximum (FWHM) of 37 nm at 20
V, which is slightly broader than near-UV GaN/AlGaN nanocolumn LEDs grown on Si
substrates®. As already discussed above in relation with the TEM images in Figures le and 1g,
there is no intrinsic GaN layer observed between the n-Alo76Gao24N and p-Alo42Gao.ssN
nanocolumn segments. In addition, the main EL emission measured at 365 nm resembles closely
the main PL emission band at RT, with the exception of the weak UV and blue-luminescence
defect-related PL bands and a shorter-wavelength shoulder in the EL spectra appearing at high
forward bias, as illustrated in Figure 6c. Therefore, it is most likely that similarly to the PL
recombination, the EL recombination also occurs in the p-GaN nanocolumn layer. Several peaks
contribute to the EL emission around 365 nm, indicating some local inhomogeneity in the thin p-
GaN nanocolumn contact layer. There is no notable EL peak shift with increasing injection currents
up to 1.1 mA. EL emission is detected from ~4.5 V, and the intensity is seen to increase linearly
with the injected current at lower voltages before saturating at higher voltages > 18 V. No defect-
related yellow EL emission was detected®®, as evidenced by the semi-logarithmic data

representation of the inset in Figure 6a.

The external quantum efficiency (EQE) of the LED is a product of the IQE, the current injection
efficiency (CIE) and the light extraction efficiency (LEE). Figure 6d shows the measured optical
power with respect to the injected current. The slope of the dependence gradually decreases as the
current increases due to droop’’, which can be more clearly seen by calculating the EQE as a
function of injection current. The EQE is defined as the ratio of emitted photons over the number

of injected electrons as given by the expression

q * Pope 3)

EQF =
Q [ * hv

where ¢ is the electron charge, P,y is the measured optical power, [ is the injected current and Av
is the energy of the emitted photons. The measured EQE is shown in Figure 6e, and it is clear that
the LED device is most efficient at current injections around 0.05 mA for a 150 um diameter
aperture device, with a continuous decrease in the EQE with increasing forward bias. A major
factor for the low EQE of this LED is believed to be the low effective hole doping in especially the
p-AlGaN segment causing hole-blocking at the p-GaN/p-AlGaN interface. Due to this the holes
cannot reach the middle of the p-n junction and instead the EL recombination occurs in the thin p-

GaN contact layer which is intrinsically a region with a low EQE. The absorption of the 140 nm



long n-GaN segment at the emission wavelength of 365 nm can be considered to be negligible.
However, one must design a shorter n-GaN segment for UV LEDs emitting below 365 nm as
the absorption coefficient increases abruptly above the GaN band gap®®. In this study, the
nanocolumns are randomly positioned (by self-assembly) across the graphene substrate. However,
controlling the nanocolumn diameter and spacing by e.g. selective area growth with a hole-
patterned mask can potentially increase the EQE by enabling coupling of the light emission into
guided modes along the nanocolumns, as demonstrated in AlGaN- and InGaN-based

50.59-62 Fyrthermore, one can reduce EQE droop by inserting an

nanocolumn/nanopyramid arrays
electron blocking layer on the p-side of the active layer, preventing electrons from overshooting
the recombination region®. By incorporating quantum wells in the active layers, the efficiency can
be further improved as the probability of radiative recombination increases®*. Reducing the sheet
resistance of graphene would lower the operating voltage of the LED, and there are several methods
to achieve this. The reduction of plasma-damage has already been discussed, but in addition
conducting elements can be deposited on the graphene if the LED is delaminated from the glass

substrate®. Examples of conducting elements are Ag nanowires®® and Au dots®’.

To summarize and conclude, we have shown that DLG can be used as a substrate for RF-PAMBE
growth of GaN/AlGaN nanocolumns, and subsequently as the transparent electrode in a fabricated
UV-A LED device. Although graphene gets damaged by plasma-activated nitrogen during the
nanocolumn RF-PAMBE growth, the DLG retains its prominent characteristics and functions as a
transparent electrode. Electroluminescence emission is achieved during continuous biasing at a
wavelength of 365 nm with no defect-related yellow emission. Based on temperature dependent
PL an IQE of ~46 % is estimated, confirming the high crystal quality of the nanocolumns. These
results indicate that graphene can be used as a functional substrate and electrode for IlI-nitride-
based device technology. Furthermore, we have indicated several possible steps for growth and

device design optimization to improve the EQE, now that this platform has been established.



Figures
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Figure 1. Overview of self-assembled GaN/AlGaN nanocolumns by SEM and their structural
details by TEM. (a,b) Top- and bird-view SEM images of nanocolumns grown on DLG transferred

onto amorphous silica glass. (¢) BF TEM image of the nanocolumns shows local preferential
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orientation as several neighboring nanocolumns are simultaneously on-axis, indicating epitaxy
with the graphene substrate. The nanocolumns grow in the [0001]-direction. (d) High resolution
BF TEM image showing the DLG (white arrows) between the amorphous silica glass support and
the crystalline nanocolumns. (e) A superlattice-like structure can be observed by HAADF STEM
(scale bar 500 nm). (f) High-resolution HAADF STEM image of alternating Al-rich/Ga-rich layers
in the superlattice-like n-AlGaN nanocolumn segment. (g) Compositional mapping by EDS and
EELS of the different GaN/AlGaN segments shows an actual nanocolumn heterostructure
consisting of n-AIN/n-GaN/n-Alo.76Gao 24N/p-Alo.42Gao ssN/p-GaN (scale bar 200 nm).
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Figure 2. Micro-Raman characterization of DLG before and after RF-PAMBE GaN/AlGaN
nanocolumn growth. (a) Averaged micro-Raman spectra from a 40x40 um area with a 1 um step
size before (offset by 500 cps for clarity) and after nanocolumn growth, respectively. The intensity
of the spectra taken before NC growth have been divided by two, and peak positions are indicated
by the dashed lines. (b) Map of the same area shows the spatial variation of defects as represented

by D/G peak intensity ratio.
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Figure 3. Schematic of the fabrication steps of the flip-chip UV LED device. (a) The nanocolumns
are grown by RF-PAMBE on a DLG/silica glass substrate. (b) An insulating polymer is deposited
and separate areas of graphene and nanocolumns are opened for the bottom and top metal contacts,
respectively. (¢) A Ni/Au metal stack contacts the top layer of p-GaN of the nanocolumns
(deposited at an angle of 30°with the substrate plane), while Au contacts the graphene at the bottom.
(d) The LED device is biased between the two contacts, and light is emitted through the

graphene/silica glass substrate in a flip-chip configuration.
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Figure 4. Processed LED device and I-V characteristics. (a) Optical microscope image from the p-
GaN side of a 75 pm diameter aperture LED device (before flip-chip). (b,c) Linear and logarithmic
I-V characteristics, respectively, from six LED devices with aperture sizes of 75 and 150 um

diameters.
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== Experimental data
=== Three-Gaussian fit
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Figure 5. Low temperature 10 K photoluminescence spectrum of the LED device. The main PL
emission is at 360 nm (3.44 eV), with two side bands at 368 nm (3.37 eV) and 382 nm (3.25 eV).

For an interpretation of the PL spectrum see main text.
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Figure 6. Room temperature electroluminescence measurements and LED device efficiency. (a)
Electroluminescence spectrum measured for a 150 pm diameter aperture LED device under a bias
of 20 V, with the logarithmic plot in the inset, showing a peak emission at 365 nm. (b) EL spectra

at different injection currents. (c) Comparison between RT PL and EL spectra normalized to their
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respective maximum intensity. (d) Voltage and optical output power dependency on injection
current. (e) External quantum efficiency (EQE) at varying injection current measured using an

integrating sphere.

Tables

Table 1. Micro-Raman peak positions, intensities and ratios.

Sample Median Median G Median 2D Median
D/G ratio | Position  Intensity Position  Intensity FWHM | 2D/G ratio
[em™] [eps] [em™] [eps] [em™]

DLG before 0.04 1587 1003 2692 1314 37 1.31
MBE growth

DLG after 0.9 1597 532 2698 169 58 0.32
MBE growth

Methods

Substrate preparation

The DLG is formed by two successive transfers of single-layer graphene. In this work, we used
commercially available DLG as a substrate which was synthesized using chemical vapor deposition

on Cu foil??

and transferred to a substrate carrier of amorphous silica glass by Graphene Platform
Corp. (Tokyo, Japan). The backside of the substrate was coated with an approximately 300 nm
thick Ti layer for efficient and uniform absorption of thermal radiation from the heater to the

substrate, as well as assisting the pyrometer reading during nanocolumn growth.
Growth of GaN/AlGaN nanocolumns

The catalyst-free and self-assembled GaN/AlxGaixN nanocolumn heterostructures were grown in
an EpiQuest RF-PAMBE system under N-rich conditions!”°. Standard effusion cells were used to
supply Al, Ga, Mg (p-type dopant) and Si (n-type dopant) atoms, while atomic nitrogen was
supplied from an RF plasma source operating at 450 W. Growth temperatures were recorded both
from thermocouple readings near the Ti-coated backside of the silica glass substrate carrier and
from pyrometer readings, in order to obtain as good as possible control over the substrate
temperature. For the purpose of consistency, the growth temperatures stated hereafter refer to the

pyrometer readings. The length/thickness for each segment/layer mentioned in the next paragraph



are nominal values based on the ratio between the Al and Ga fluxes (see Table S1 in Supplementary

Information).

To start the nanocolumn growth, an Al seeding layer with Si atoms were deposited at 805 °C before
the graphene substrate was exposed to N plasma. After that, the Si, Al and N shutters were opened
simultaneously to form an n-AIN buffer layer with a thickness of approximately 40 nm?°,
Afterwards, a segment of about 140 nm? high n-GaN nanocolumn segments were formed at 895
°C, acting as a template for n-AlGaN>°, minimizing the chance of coalescence and/or quasi-film-
like structures*’. Subsequently, 550 nm long n-Alp25Gao.7sN nanocolumn segments were grown at
915 °C, followed by an active region of 27 nm thick intrinsic GaN segment grown at 895 °C. Radial
nanocolumn development is anticipated, increasing the chance of achieving champagne-glass
structure for the following nanocolumn segments®. Using this method, one can increase the
diameter of nanocolumns and thus coverage without introducing a higher Al flux?. Next, a 200
nm thick p-Alo.25Gao.7sN segment was grown at 695 °C, and finally, 20 nm thick p-GaN grown at
675 °C was used as a p-type contact layer. Each nanocolumn segment has its own distinctive
growth condition with respect to Al, Ga, Si and Mg beam equivalent pressures, N> flow rate and

growth time, as summarized in Table S1 in the Supplementary Information.

Micro-Raman measurements

A Renishaw inVia Reflex system with a 100 mW 532 nm laser, a 50x confocal objective and a
spectral resolution of less than 1 cm™! was used to map 40x40 pm areas on the samples. 10 mW
laser power with a dwell time of 10 s was used for the acquisitions, and spectra shown in Figure 2a

are averaged from 1600 individual measurements.
SEM imaging

Secondary electron images were taken with a Hitachi SU8000 system at an acceleration voltage of
5kV.

TEM imaging

The cross-section TEM lamella was prepared by a FEI Helios G4 UX dual-beam FIB-SEM. Two
protection layers of carbon, the first one made by e-beam assisted deposition and the second by
ion-beam assisted deposition, were deposited on the surface of the selected area prior to

milling. Coarse thinning was performed at 30 kV ion-beam acceleration voltage, while the final



thinning was performed at 5 and finally 2 kV to minimize Ga implantation and surface
amorphization.

TEM characterization was performed with a double Cs-corrected cold-FEG JEOL ARM 200CF,
operated at 200 kV and equipped with a 100 mm? (0.98 sr solid angle) Centurio SDD for X-ray
energy dispersive spectroscopy (EDS) and a Quantum ER GIF for electron energy loss
spectroscopy (EELS). In order to remove surficial hydrocarbons, the TEM lamella was gently
plasma cleaned with a shielding holder 2 x 10 s prior to TEM characterization. Simultaneous EDS
and dual-EELS were performed in scanning TEM (STEM) mode for chemical compositional
analysis.

Electrical measurements

For van der Pauw measurements, Au contacts to graphene were made in the corners of a quadratic
0.5x0.5 cm? sample. The voltage was measured on opposite sides of the bias current path for both
polarities to find the corresponding resistance, giving a total of eight measurements. These values
were then inserted into the van der Pauw formula and the equation was solved for Ry numerically.
The current-voltage measurements were done on a two-probe station connected to a Keithley

2636A sourcemeter.
Photoluminescence measurements

Continuous-wave (CW) excitation was achieved with a Kimmon Koha He-Cd laser operating at
325 nm. The excitation beam was focused on the sample using a 5 mm lens, achieving a spot size
of ~ 0.42 mm. The sample was placed inside a Cryo Industries closed-cycle liquid He microscopy
cryostat system equipped with a sample heater and thermometer for precise sample temperature
control. PL detection was achieved with an Andor Shamrock 303i imaging spectrograph, using a
600 lines/mm grating blazed at 500 nm, dispersing the signal onto an Andor Newton electron

multiplying charge-coupled device (EMCCD).
Electroluminescence spectral measurements

For LED electroluminescence measurements, a StellarNet EPP2000 UV-VIS (185nm - 850nm)
compact spectrometer with a resolution between 0.4 nm (UV) and 0.25 nm (VIS), 2048 channels

and a UV-transparent fiber was used.

Electroluminescence integrating sphere measurements



The integrating sphere measurement system consists of a 50 cm diameter integrating sphere
(BaSO4 coating) and a spectrometer consisting of a grating monochromator with step motor and
photomultiplier tube. The optical resolution of the entire system is about 1.2 nm. According to the
manufacturer, the minimum spectroradiometric accuracy of the system is +/-1% in the UVA and
visible spectral region for each individual wavelength step. The LED sample is positioned in the
center of the integrating sphere and contacted via contact probes. The LED samples are electrically

driven and measured using a Keithley 2400 sourcemeter.
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