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Abstract

One of the bottlenecks in the implementation of graphene as a transparent electrode in modern
opto-electronic devices is the need for complicated and damaging transfer processes of
high-quality graphene sheets onto the desired target substrates. Here, we study the direct,
plasma-enhanced chemical vapor deposition (PECVD) growth of graphene on GaN-based
light-emitting diodes (LEDs). By replacing the commonly used hydrogen (H,) process gas with
nitrogen (N;), we were able to suppress GaN surface decomposition while simultaneously enabling
graphene deposition at <800 °C in a single-step growth process. Optimizing the methane (CHy4)
flow and varying the growth time between 0.5 h and 8 h, the electro-optical properties of the
graphene layers could be tuned to sheet resistances as low as ~1 k{2/[J with a maximum
transparency loss of ~12%. The resulting high-quality graphene electrodes show an enhanced
current spreading effect and an increase of the emission area by a factor of ~8 in operating LEDs.

1. Introduction

The most common method to fabricate large scale,
high-quality graphene sheets is chemical vapor
deposition (CVD) due to its potential in scalability
for graphene based applications [1]. Initial experi-
ments to grow graphene via CVD mostly used high-
temperature growth processes on catalytic substrates,
like copper [2, 3] or nickel (Ni) [4, 5]. Down to
the present day, researchers were able to increase
quality and scalability to single crystalline, large-
area graphene layers [6]. However, the growth of
graphene on catalytic substrates is mostly followed
by inevitable processes to transfer the graphene onto
desired target substrates. These transfer processes can
be very damaging to the graphene layers by inducing
mechanical defects, contamination with residues of
the used transfer solvents and doping effects [7]. To
avoid these adverse transfer processes, direct growth
of graphene onto the desired target substrate, e.g.
by plasma-enhanced CVD (PECVD), was intro-
duced. Here, the plasma is used for the dissociation
process of the carbon containing precursor. Using

this approach, more industrially relevant substrates
like quartz [8, 9], sapphire [8, 9], mica [8, 10], SiO,
[11, 12], germanium [13] and gallium nitride (GaN)
[14-16] have been used for the direct growth of
graphene.

GaN 1is widely established for the use in blue
and white light-emitting diodes (LEDs) and is a
highly promising material for modern ultraviolet
(UV) LEDs [17] due to its tunable band gap by
adding aluminum nitride, forming aluminum gal-
lium nitride (AlyGa; «<N). By this band gap tuning,
emission wavelengths of AlyGa; (N-based LEDs can
reach down to the deep UV-C spectrum (<280 nm).
However, there are still some obstacles to overcome
for UV-LEDs in order to become more efficient and
to meet industrial expectations. One major problem
is the low conductivity of the p-doped top layers, in
particular with higher Al concentrations [17]. This
problem makes the use of current spreading layers
(CSL) inevitable. The commonly used indium tin
oxide (ITO), which is a standard material for such
CSLs in blue LEDs, cannot be used for UV-LEDs
due to high optical absorption losses in the UV-B
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and UV-C spectral range [18, 19]. Graphene, how-
ever, offers high optical transparencies of over 90%
even down in the deep UV-C spectral range [18].
Combined with its outstanding electrical conductiv-
ity [20], graphene is a promising material for trans-
parent CSLs in novel UV-LEDs.

Jo et al were the first to successfully prove
the possibility of using transferred, multilayer CVD
graphene as a current spreading layer on fully-
processed, blue GaN LEDs [21], with transparencies
of ~85%. However, due to the transfer process of the
graphene onto the GaN-based LED, the contact res-
istance between the graphene and the top p-GaN layer
was drastically increased when compared to state-
of-the-art ITO CSLs. Consequently, different inter-
layers like Ag nanowires [22, 23], ITO [24], Ni/Au
(25, 26] and NiOy [27-29] have been introduced to
improve the contact resistance between the trans-
ferred graphene and the top p-GaN layer. However,
the lower contact resistances associated with these
interlayers came with a trade-off in higher absorption
losses.

To overcome these problems, few groups have
investigated the transfer free, direct growth of
graphene on GaN-based substrates. Sun et al were
the first to attempt the direct growth of graphene on
GaN via thermal CVD at 950 °C [30]. The grown
layers showed very high sheet resistances and large
amounts of sp’-hybridized carbon. Ding et al stud-
ied the growth of single and multilayer graphene on
GaN/sapphire substrates with atmospheric pressure
CVD at 950 °C and varying methane (CH,) flows
[31]. Later, Zhao et al [32] and Wang et al [33] evalu-
ated the influence of the growth temperature and the
carbon precursor on the quality of the directly grown
graphene on GaN/sapphire substrates at 730 °C-
1000 °C. All these approaches require relatively high
growth temperatures, which can ultimately damage
the GaN surface due to decomposition effects [34].
That’s why Kim et al used a plasma-assisted CVD pro-
cess to directly grow graphene on GaN-based LEDs
at low temperatures (600 °C) [14]. Due to the diffu-
sion of carbon atoms into the top p-GaN layer, they
assumed that the directly grown graphene can form
ohmic contacts. However, all of these direct growth
processes were either performed at elevated temperat-
ures and/or used hydrogen (H;) as a process gas, both
of which are known for inducing decomposition of
the GaN surface [34-36].

Here, we report the direct growth of graphene on
GaN in a single-step PECVD process under a GaN-
protecting nitrogen (N,) atmosphere at sample sur-
face temperatures of <800 °C. By replacing the com-
monly used H, with N, as process gas, we were able to
suppress GaN surface decomposition and enable the
growth of graphene on both undoped and p-doped
GaN substrates. We were able to increase the qual-
ity of the graphene by reducing the amount of CH,
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a trade-off between sheet resistance and transparency
of the grown graphene layers. In a proof-of-concept
experiment, we demonstrate both enhanced lateral
current spreading and reduced operation voltage due
to the directly-grown graphene CSL in GaN-based
LEDs.

2. Experimental methods

Undoped (u-) GaN on sapphire and GaN-LEDs
with a p-doped top layer were used as growth sub-
strates during this study. The epitaxial GaN layers are
grown in c-direction (0 0 0 1) in a wurtzite crys-
tal structure. Prior to the growth process, the epi-
wafers were scribed and cleaved into small samples
(~1.5 x 1.5 cm?) and subsequently cleaned with
a standard cleaning process by dipping them into
hot acetone, ethanol, isopropanol and dry blow-
ing with N,. The samples were then loaded into
a 4-inch cold-wall PECVD system from AIXTRON
Ltd (Black Magic Pro). The system is designed with
a showerhead to support a homogeneous gas mix-
ture in the reaction chamber. A top heater (located
below the showerhead) and a bottom heater heat
up the chamber to the desired growth temperature
at a rate of 150 °C min~'. The system temperat-
ure is directly measured with three separate thermo-
couples located at the bottom heater, the top heater
and at the surface of the sample. Figure S1 (available
online at stacks.iop.org/TDM/7/035019/mmedia) of
the supplementary information shows the inside of
the reactor chamber. The surface thermocouple is
covered in a quartz sleeve and located directly on
top of the substrate surface. If not otherwise stated,
the temperatures mentioned in this work refer to
the measured temperature at the bottom heater ther-
mocouple. Hereby, bottom heater temperatures of
800 °C correlate with ~700 °C at the surface of the
sample. Argon (Ar), N, and CH, were used for all
processes. A typical process flow diagram is shown in
figure S 2. During the heating phase, 250 sccm Ar and
1250 sccm N, were introduced into the system at a
chamber pressure of 10 mbar. During the graphene
growth phase (hereafter referred to as ‘growth’), the
Ar flow was shut down and a CHy flux of 5-15 sccm
was adjusted with a constant N, flow of 200 sccm.
The chamber pressure was maintained at 5 mbar
throughout the growth. After the growth, the heat-
ers were turned off and the samples cooled down at
10 mbar under an atmosphere of 500 sccm Ar and
500 sccm N,.

Both heaters simultaneously act as electrodes
to ignite a capacitively-coupled, pulsed DC plasma
(rectangular pulse waveform) with pulse frequencies
of up to 100 kHz provided by a TruPlasma DC40001
plasma generator. All processes in this work were

done with a plasma power of 40 W and a pulse fre-
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plasma and the plasma process are described else-
where [37].

After the growth process, the samples were ana-
lyzed by scanning electron microscopy (SEM) and
Raman spectroscopy. For Raman spectroscopy, we
used a NTEGRA Spectra system from NT-MDT with
a laser wavelength of 532 nm, a laser spot size
of <0.5 pm and a spectral resolution of <4 cm™!.
A pinhole of ~50 pum allows a surface-sensitive,
confocal measurement to reduce background sig-
nals of the growth substrate. For optical transpar-
ency measurements, a UV-VIS Spectrophotometer
from Shimadzu (UV-2550) was used. Transparencies
of the samples were measured in a range of 350—
750 nm. All transmission spectra were compared to
bare u-GaN samples and GaN-LEDs with a p-doped
top layer as a reference to obtain the transmission
losses of the grown graphene. A four-point-probe
station from SUSS MicroTec (PM5) was used for I-
V-measurements and transfer length measurements
(TLM). For TLM, the samples were prepared with
200 x 400 um? Ti/Au contact pads with varying dis-
tances to determine the sheet resistance of the grown
graphene layers. Additionally, conductive silver paint
on the edge of the GaN-LED samples was applied as a
n-contact. The plasma was analyzed by a 4-channel
Avaspec-2048L-USB2-RM optical spectrometer sys-
tem from AVANTES. The system has four spectro-
meters, which each work separately in a defined
wavelength regime between 200 nm and 1000 nm. All
spectrometers reach a resolution below 0.3 nm. The
spectra were measured over a 4-channel optical fiber
through a quartz window located at the outside of the
reactor chamber. For comparability, all optical emis-
sion spectra were normalized to the sum of the integ-
rated counts.

X-ray photoelectron spectroscopy (XPS) meas-
urements were performed with a PHI Quantera II
instrument using a monochromatic Al Ko source.
All spectra were obtained at the take-off angles of
85°, 53°, 37° and 23.6° with a spatial resolution
of ~100 pum (at 45°). Charge compensation with a
dual beam was performed during all measurements
to neutralize possible surface charging effects due to
electrons and Ar™ ions.

3. Results and discussion

Figure 1(a) shows a SEM image of the surface of a
#-GaN substrate after graphene deposition under N,
atmosphere at a temperature of 800 °C. The GaN sur-
face shows no indication of an increased decompos-
ition process. This is important to enable the growth
of graphene without destroying the GaN surface in
our single-step PECVD process. Prior to our first
growth attempts, we investigated the effect of high
temperatures and different gas atmospheres (H, or
N;) to the GaN surface. Temperatures above 800 °C
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1 hin the CVD system chamber under H, atmosphere
(see figure S3). By using N, instead of H,, we were
able to suppress the surface decomposition for up to
1 h of growth time and temperatures above 850 °C.
This shows the potential of N, to protect the sur-
face of GaN substrates during our single-step PECVD
process.

One of the most prominent ways to character-
ize the quality of graphene layers is Raman spectro-
scopy. Typical Raman features of pristine graphene
comprise a G-peak (~1580 cm™') and a 2D-peak
(~2680 cm™'). The G-peak is the main signature
for all sp?-hybridized carbons and corresponds to the
C-Cbond stretching in the graphene lattice. It is asso-
ciated with a symmetric phonon in the center of the
Brillouin zone (I'-point) [38]. The 2D-peak repres-
ents the breathing mode like stretching of C-C bonds
in the graphene lattice and originates in a double-
resonance process, involving a phonon at the K-point
of the Brillouin zone. The 2D-peak holds information
about the crystal structure and the number of stacked
graphene layers [38]. In defective graphene sheets,
other peaks can be observed in a Raman spectrum.
The main features of defective graphene are the D-
peak (~1350 cm~!) and the D’-peak (~1620 cm™!).
Both peaks are due to disorder-induced scattering of
phonons at defect sites in the lattice [38, 39] and are
typically observed in nanocrystalline or highly dam-
aged graphene [39—41].

Figure 1(b) shows the Raman spectra of graphene
on u-GaN (dots) together with Lorentzian fits (solid
lines) for growth times of 10 min (red), 30 min (blue)
and 60 min (green) grown with 15 sccm of CH, and
200 sccm of N,. After 10 min of growth, a distinct-
ive Raman spectrum of defective graphene with a
relatively high D-peak, a G-peak and a D’-peak is
observable. At around ~2690 cm ™! a small 2D-peak
emerges. With increasing growth time, the intens-
ity of the 2D-peak increases, while the intensity of
the D-peak stays nearly constant. This indicates the
growth of nanocrystalline graphene, where the D-
peak results from the high amount of grain boundar-
ies in the grown graphene layer [40]. The enhanced
2D-peak intensity is consistent with an increase in
the long-range order of the crystal structure. How-
ever, due to the high density of defects (e.g. point
defects), there is no reduction of the D-peak intensity
observable. We were able to deposit nanocrystalline
graphene on u-GaN for up to 60 min, while simultan-
eously protecting the GaN surface from decompos-
ition due to temperature and plasma-induced etch-
ing effects. For comparison, the same growth process
under H, atmosphere led to highly amorphous car-
bon layers and distinct damaging of the GaN surface
(see figure S4).

Itis known thata PECVD process has a higher dis-
sociation of the carbon containing precursors com-
pared to thermal CVD due to the physical compon-
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Figure 1. (a) SEM image of the u-GaN surface after 60 min of graphene growth at a temperature of 800 °C, a flux of 15 sccm:
200 sccm CH4:Ny, a pressure of 5 mbar, and 40 W of plasma power. The image was taken under 1 kV acceleration voltage and
detected by an In-Lens detector. (b) Corresponding Raman spectra of the grown graphene layers on #-GaN for 10 min (red),
30 min (blue) and 60 min (green) of growth time. All spectra were normalized to the G-peak and all peaks were fitted with single
Lorentzian functions. The shaded dots show the original data as a reference after subtraction of the GaN-background.

molecules [42]. The higher dissociation can result in
higher growth rates of graphene [14, 37]. Due to this
plasma-enhanced dissociation, the growth rate can be
adjusted by varying the concentration of the carbon
containing source (e.g. CHy) [31]. To investigate the
influence of the CH, flux on the grown graphene, we
increased (reduced) it to 30 sccm (5 sccm). Figure 2(a)
shows the fitted Raman spectra of the graphene layer
grown on the p-GaN surface of a fully operational
LED sample with 5 sccm (green), 15 sccm (blue) and
30 sccm (red) of CHy. For a flux of 30 sccm of CHy, no
distinctive Raman peaks originating from graphene
can be observed in the grown layer. The D- and G-
peak merge into a broad band and the 2D-peak is
not observed anymore. Such a Raman spectrum is
typical for highly amorphous, nanocrystalline carbon
layers [43]. The long-range order of the lattice in such
carbon layers is lost, which results in a broadening
of the Raman peaks. Additionally, 30 sccm of CH,
leads to a high GaN surface decomposition (see figure
S5). The additional CHy in the 30 sccm CHy4 process
(compared to the 15 sccm CHy process) is efficiently
dissociated by the plasma. This leads to a high con-
centration of free hydrogen species in the chamber,
which can chemically react with the nitrogen atoms
at the GaN surface and result in a surface etching
effect [34, 44]. To support this hypothesis, we conduc-
ted optical emission spectroscopy (OES) during the
growth process for the various CH, fluxes (see figures
S6(a)—(e) for the OES results). We see an increase in
the intensity of the hydrogen related emission peaks
(Hs, Hg and CH) with higher CH, amounts, indic-
ating an increased dissociation of CH4 molecules in
the plasma.

When the CHy flux is reduced to 5 sccm, a dis-
tinctive Raman spectrum for graphene is obtained
(see figure 2(a)). The defect-induced D- and D’ -peaks
are decreased when compared to the sample grown
with 15 sccm CHy. This change in the CH,4 flux also
results in an increase in the 2D-peak. Figure 2(b)

shows the intensity ratio between the 2D- and the
G-peak (I;p/Ig), the ratio between the D- and the
G-peak (Ip/Ig) and the full width at half maximum
(FWHM) of the G-peak. These peak intensity ratios
are commonly used to gain information about the
overall quality of the grown graphene. The Ip/Ig
ratio decreases from ~2.4 to ~1.7 after a reduc-
tion of the CHy flux from 15 sccm to 5 sccm.
This implies a decrease of the defect density of the
grown graphene. Simultaneously, the I,p/Ig ratio
increases from ~1 to ~1.4. The FWHM of the 2D-
peak decreases from ~59 cm~! to ~45 cm~! with
decreasing amount of CH,. This data indicates that
the long-range order of the graphene crystal struc-
ture is increased with reduced CH,; flux. To our
knowledge, this is the best I,p/Ig ratio for graphene
directly grown on GaN-based substrates reported in
literature. We attribute the increase of the graphene
quality with lower CH,4 flows to a reduction in the
concentration of active growth species at the p-GaN
surface. This results in a decreased nucleation density
when compared to the higher CH, flows. Therefore,
the graphene grains can grow larger before they merge
at their grain boundaries.

With this set of parameters (800 °C, 5 sccm:
200 sccm CHy4:N,, 5 mbar, 40 W plasma power) we
systematically increased the growth time from 0.5 to
1, 1.5,2,4 and 8 h to investigate a possible reduction in
the defect density of the grown graphene. Figure 3(a)
shows the fitted Raman spectra of the graphene lay-
ers grown on the p-GaN top layer of a GaN-LED for
growth times of 0.5 h (bottom) and 4 h (top) (see
figure S7 for the Raman spectra of all growth times).
It is clearly shown that there is a decrease in intens-
ity and a broadening of the D- and the 2D-peak with
increasing growth time.

Figure 3(b), top, shows the Ip/Ig (black) and the
Lp/Ig (red) ratios versus growth time. Both the Ip/Ig
and the I,p/Ig ratios show a declining trend from
a Ip/lg (I,p/1g) ratio of ~2 (~1.2) for 0.5 h down
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Figure 2. (a) Raman spectra of graphene grown at 5 sccm (green), 15 sccm (blue) and 30 sccm (red) of CHy on the p-GaN surface
of a GaN-LED sample. The process parameters are the same as in figure 1 for the 60 min process. The spectra for 5 sccm and

15 sccm were normalized to the G-peak and all peaks were fitted with single Lorentzian functions. The shaded dots show the
original data as a reference after subtraction of the GaN-background. (b) The left y-axis shows the peak-intensity ratio of the 2D-
and G-peak and the D- and G-peak for 5 sccm (green) and 15 sccm (blue) of CHy. The right y-axis shows the full width at half
maximum (FWHM) of the 2D-peak for 5 sccm and 15 sccm of CHy,
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Figure 3. (a) Raman spectra of graphene layers for 0.5 h (bottom) and 4 h (top) growth time. The spectra were normalized to the
G-peak and all peaks were fitted with single Lorentzian functions. (b) The Ip/Ig (top, black) and Lp/Ig (top, red) ratios and the
FWHM of the G (bottom, black) and 2D-peak (bottom, red) of the grown graphene layers for various growth times. The shaded
areas represent the standard deviation of the fitting parameters. (c) The average sheet resistances R (black) and the
corresponding average transparency losses TL in % (red) of the grown graphene layers for various growth times. The shaded areas

represent the measurement errors.

to ~0.7 (~0.5) at 4 h of growth time. As the D-
peak correlates with the defects in the graphene lat-
tice, a decrease of the Ip/Ig ratio normally indic-
ates a reduction of the defect density. At the same
time the intensity of the 2D-peak should increase if
the reduction of the Ip/Ig ratio solely stems from a
lower defect density. Thus, the simultaneous decrease
of I,p/lg and Ip/Ig cannot simply be described by
the reduction of the defect density of our graphene
layers. Additionally, we observe a red (blue) shift
of the G-peak (2D-peak) of ~6 cm™! (~16 cm™!)
and an increase of the integrated intensity of the G-
peak by a factor of ~2 with increasing growth time
(see figure S8). These trends are in good agreement
with reports on the growth of multilayer graphene
(MLG) [45-47]. Conclusively, we believe that increas-
ing growth time leads to a growth of MLG in our
process. Normally, the 2D-peak of MLG splits into
multiple peaks, leading to a very distinctive broad-
enine of the 2D-peak. A sinele Lorentzian function

cannot be used for the fitting of such graphene lay-
ers [41]. However, this is only true for aligned MLG
sheets with a certain orientation of each layer to each
other. In case of turbostratic graphene, where no
such fixed orientation is given, the 2D-peak shows no
pronounced splitting effect and a single Lorentzian
function can be used for fitting [46]. This indicates
that our graphene layers have a turbostratic charac-
ter. At the same time, we observe a non-neglectable
broadening of the FWHM of both the G- (black)
and the 2D-peak (red) with increasing growth time
(see figure 3(b) bottom), which is consistent with the
growth of multiple layers of graphene. SEM images
of the graphene layers are shown in figure S 9 for
various growth times. A change in the structure of
the graphene layers can be observed with increasing
growth time. At a growth time of 0.5 h, randomly
ordered grains with an average diameter of ~100 nm
cover the surface. With increasing growth time, the
SEM contrast is decreasine. and a roucshenineg of the
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surface is found. We attribute this loss in contrast
to the growth of turbostratic MLG, where randomly
ordered graphene grains on top of each other lose
their individual distinguishability. Following Can-
cado et al [43], we in addition estimate the aver-
age grain size and defect density from the Raman
spectra of the graphene layers. Taking into account
the FWHM of the D- and the G-peak, in addi-
tion to the increasing contribution of the D’-peak
to the cumulative Raman spectrum, we can derive
an average grain size of L, ~30 nm and an aver-
age distance between defects of Lp ~2-5 nm for our
samples.

To validate the assumption of the growth of MLG,
we additionally conducted electro-optical measure-
ments to extract the sheet resistance (Rg) and the
transparency losses (TL) of our grown graphene lay-
ers. Figure 3(c) shows the average sheet resistance
(black) and the average transparency losses (red) of
the graphene layers for varying growth times. As the
growth time increases, the average sheet resistance
decreases from ~4 kQ/J (1 h) down to ~1.2 kQ/(]
(4 h). This reduction in sheet resistance is typical
for MLG [48]. We calculated the average sheet res-
istance from various measurement points. The low-
est measured sheet resistance was 1.02 kQ/LJ at 4 h
of growth time. This value exceeds typical sheet res-
istances (~230 £2/00) of high-quality, large-area CVD
graphene grown on catalytic substrates (e.g. copper
foil) [49], but is reduced compared to previously
reported sheet resistances (~1.4 k/[) of graphene
directly grown on GaN via PECVD [14]. At the same
time, the transparency losses of the graphene layers
increase from ~3.5% (0.5 h) to ~12% (4 h), which is
consistent with the growth of MLG. Compared to the
absorption losses of monolayer graphene (~2.3%) we
can estimate the growth of ~1-2 (0.5 h) up to ~5-6
(4 h) layers of graphene depending on the growth
time. We want to emphasize that a possible doping
of the graphene with nitrogen atoms could also lead
to a change of the characteristic Raman ratios and
the broadening of the peaks [50]. However, the trend
of decreasing sheet resistance, the typical broaden-
ing of the Raman peaks and the higher absorption
losses strongly support our assumption of the growth
of MLG with increasing growth time.

XPS measurements were conducted to study the
composition of the grown graphene layers. Figure
4(a) shows XPS spectra of a u-GaN reference (red)
and the graphene/u-GaN samples for 1 h (blue) and
for 4 h (green) of growth time. The u-GaN ref-
erence sample shows Ga related (Ga3s ~ 161 eV,
Ga3p ~ 106 eV and Ga3d ~ 20 eV) and N related
(N1s ~ 398 eV) peaks. A weak carbon related peak
(~285.5 V) can also be observed. With increasing
growth time, the signals of the Ga and N related peaks
decrease with a corresponding increase in the carbon
related Cls peak. A good estimate for the increase of

vt oo 1 o g (AN cr1vEn o ~am o FAarrn A T

J Mischke et al

the comparison between the Cls and the Ga related
peaks with increasing growth time. The Cls/Ga3d
ratio increases from ~0.3, for the reference, to ~0.9
(~2) for 1 h (4 h) of growth time. This proves that
there is an increase in the amount of carbon on the
u-GaN surface. To validate that the additional carbon
on the surface corresponds to the growth of graphene
layers, high resolution XPS spectra were measured, as
can be seen in figure 4(b). The reference sample shows
a relatively small peak at around 285.5 eV, which can
be attributed to carbon contamination on the surface
of the u-GaN surface. This value is in good agree-
ment with C-OH/C-H [51] or sp>-hybridized carbon
species [52] reported in literature. For the 1 h and
4 h samples, the peak maximum is at 284.55 eV and
284.3 eV, respectively. These peaks can be attributed
to the sp?-hybridized C-C bonding of carbon atoms
in the graphene lattice and are in excellent agree-
ment with reported values for graphene layers in lit-
erature [40, 51, 53-55]. Also, the Cls peak of the
4 h sample shows a higher intensity compared to the
1 hsample. Thus, the XPS measurements substantiate
the hypothesis of the growth of multilayer graphene
with increasing growth time. There is a slight shift
(~0.25 eV) of the Cls peak with increasing growth
time observable. Due to the angle resolved, surface
sensitive measurement, we attribute this shift to a
decreasing contribution of the interaction between
the first graphene layer and the substrate with increas-
ing growth time. These different contributions (C-C
vs. C-substrate) could result in slightly different bind-
ing energies. Also, we cannot conclusively exclude the
influence of charging effects of the sample during the
measurements or nitrogen doping of the graphene
layers. Although such doping effects can in principle
be detected by XPS measurements, we were not able
to undoubtedly identify N-doping of the graphene
layers because of the large background signals stem-
ming from the GaN substrate.

Finally, we contacted the fully-operational GaN-
LED with MLG grown on the p-doped side (growth
time of 8 h) to analyze the current spreading effect
of the grown graphene layers. This sample was
chosen because it offered the best relation between
transparency losses (~10%) and sheet resistance
(~1.3 k€2/00). Note, that this transparency loss is in
accordance with requirements for transparent elec-
trodes like ITO (typical transparency losses of ~10—
20%). Additionally, the sheet resistance is far below
the sheet resistance of typical p-GaN capping lay-
ers (>>30 kQ/0). This makes our PECVD grown
graphene highly attractive as transparent electrode
in GaN-based LEDs. Ti/Au contacts from the TLM
measurements were used as p-contact while conduct-
ive silver paint on the edge of the sample acted as the
n-contact. Figure 5(a) depicts the I-V characteristics
of a device with (blue) and a reference device without
(red) a graphene CSL. Both devices show a typical
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Figure 4. (a) XPS spectra of a u-GaN reference (red) and graphene/u-GaN samples for 1 h (blue) and 4 h (green) of growth time
with a take-off angle of 85°. (b) The corresponding high resolution XPS spectra of the C-C related C1 s peak (~284.5eV) for 1 h

and 4 h of growth time.
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Figure 5. (a) I-V-measurements of a fully operational GaN-LED with graphene/p-GaN as top layer with (blue) and without
graphene CSL (red). (b) shows the optical image of the corresponding GaN-LED surface with the graphene CSL. We scratched
away the graphene around the Ti/Au metal contact to limit the current paths on the surface. (c) shows the light emission around
the contact area of the biased GaN-LED with graphene CSL at 20 mA.

CSL shows a ~0.6 V lower onset voltage of ~3.2 V
compared to the reference device (~3.8 V). However,
the I-V characteristic of the device with a graphene
CSL has a slightly lower slope compared to the refer-
ence device. This can probably be attributed to res-
istance losses due to the processing of the contacts to
the GaN-LED. Figure 5(b) presents an optical image
of a 200 x 400 pm? Ti/Au pad as a p-contact on top
of the MLG-CSL. The graphene was scratched away
close to the contact structures to limit possible lat-
eral current paths along the surface. Hereby, the light
emission is limited by the area with the graphene CSL.
Figure 5(c) shows an optical image of the biased LED
at ~20 mA. The blue light emission around the con-
tact area demonstrates a distinct current spreading
effect. Obviously, the scratched areas hinder the cur-
rent path, leaving only the area with graphene illu-
minated. The clear proof of current spreading effect
is attributed to the good ohmic contact between the
graphene and the p-GaN layer on the one side com-
bined with the low sheet resistance of the MLG on

the other side. By measuring the illuminated area and
subtracting the area of the Ti/Au contact, a compar-
ison between the light emission of the device with
graphene CSL and of the reference device can be
drawn. When compared to the reference device (see
figure S10), the graphene CSL device shows an ~8
times larger emission area surrounding the contact
area. This proves the potential of our directly grown
graphene to work as a good transparent CSL for GaN-
based LEDs.

4, Conclusion

In this work, graphene is successfully grown in a
single-step PECVD growth process on GaN substrates
and GaN-based LEDs by using a surface protecting N,
atmosphere and growth temperatures below 800 °C.
Compared to the commonly used H, atmosphere,
the N, atmosphere shows less GaN surface decom-
position while simultaneously enabling the growth
of good quality graphene. By reducing the CH, flux
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from 15 sccm to 5 sccm, the Irp/Ig ratio increased
from ~1 to ~1.4. This ratio exceeds the so far, best
reported value for directly grown graphene on GaN in
literature. Raman spectroscopy, TLM, XPS and trans-
parency measurements show the growth of multilayer
graphene (MLG) with increasing growth time of up to
8 h. The MLG shows a minimum sheet resistance of
1.02 k2/0J with transparency losses of up to ~12%.
The graphene works as current spreading layer with
good ohmic contact and shows an ~8 times increase
in the emission area of GaN-LED while sustaining
the rectifying behavior of the LED. This single-step
PECVD process shows a potential pathway for further
progress in the use of graphene as transparent con-
ductors in GaN devices.
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