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High-quality GaN films grown on chemical
vapor-deposited graphene films

Kunook Chung!, Suk In Park!, Hyeonjun Baek!, Jin-Seok Chung? and Gyu-Chul Yi'

We report the growth of high-quality GaN films on large-size graphene films for visible light-emitting diodes (LEDs).

The graphene films were synthesized by chemical vapor deposition and then transferred onto amorphous silica (SiO,) substrates
that do not have an epitaxial relationship with GaN. Before growing the high-quality GaN thin films, ZnO nanowalls were grown
on the graphene films as an intermediate layer. The structural and optical characteristics of the GaN films were investigated,
and the films exhibited stimulated emission even at room temperature, a highly c-axis-oriented crystal structure, and a preferred
in-plane orientation. Visible LEDs that emitted strong electroluminescence under room illumination were fabricated using the

GaN thin films.
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INTRODUCTION

Hybrid heterostructures composed of high-quality inorganic thin
films grown directly on atomic-scale layered sheets, such as graphene
and boron nitride, offer a novel material system for transferable
electronics and optoelectronics.! Although graphene has been
considered to be an ideal supporting layer for the growth of
inorganic materials because of its high thermal and mechanical
stability and flexibility, inorganic semiconductor thin films exhibit
excellent material characteristics, including a high carrier mobility, a
radiative recombination rate and long-term stability. For example, as
recently reported, graphene layers exfoliated mechanically from
graphite powder and their hybrid heterostructures with inorganic
semiconductor films are transferable onto arbitrary substrates, such as
glass, metal or plas’[ic.1 Nevertheless, the size limitation associated
with mechanically exfoliated graphene has been a major obstacle for
using inorganic semiconductors grown on graphene for many device
applications, including displays and solar cells. Recently, large-size
graphene films have become available, and hybrid heterostructures
using these large-scale graphene films open up significant
opportunities to fabricate various electronic and optoelectronic
devices for commercial use. Here, we describe a method of growing
high-quality GaN films on large-scale chemical vapor-deposited
(CVD) graphene films and fabricating light-emitting devices directly
on the films prepared on amorphous substrates. Furthermore, the
light-emitting diodes (LEDs) fabricated on the graphene-coated
amorphous substrates exhibited strong light emission under room
illumination.

Optoelectronic devices fabricated on large-size substrates are of
significant interest for applications to general illumination light
sources, flat panel displays and solar cells.*® For device applications,
the growth of amorphous inorganic semiconductors®” and organic
thin films® on amorphous substrates has widely been studied.
the devices based on single-crystalline compound
semiconductors such as GaN show much higher efficiencies,
reliability and long-term stability.>!° Nevertheless, because high-
quality, single-crystalline nitride films could be grown only on a
lattice-matched single-crystal substrate, the use of amorphous
substrates, such as fused silica, yielded poor thin film quality,
including a rough surface morphology and a polycrystalline
structure.!! Thus, the obstacle to growing large high-quality nitride
films on large-size amorphous substrates must be resolved in order to
use inorganic LEDs in displays and flat light sources.!?

However,

MATERIALS AND METHODS

Growth of GaN thin films on CVD graphene films

Large CVD graphene films were used as a substrate for the growth of high-
quality GaN films and the fabrication of LEDs on amorphous SiO, substrates.
The graphene films were prepared on Cu foil by a previously reported
method.!> The films exhibited excellent optical transparencies and had fairly
uniform and homogenous surface morphologies. Then, the CVD graphene
films were transferred onto amorphous SiO, substrates. Before the transfer
process, the Cu foil was removed from the graphene films. Then, an oxygen
plasma treatment was performed to enhance the formation of ZnO nanowalls
across the entire surface of the graphene films. The oxygen plasma was applied
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to the CVD graphene films for 1s at an oxygen pressure of 100 mTorr and a
plasma power of 30 W.

Nitride thin films were grown on CVD graphene films using an intermediate
layer of ZnO nanowalls. After preparing the oxygen plasma-treated graphene
films, vertically aligned ZnO nanowalls were grown by metal-organic chemical
vapor deposition (inset of Figure la). The height and density of the ZnO
nanowalls were 200-400 nm and 10'°cm ~2, respectively. GaN epitaxial layers
were grown on the ZnO-coated graphene films using three-step growth by
metal-organic chemical vapor deposition. In the first step, a thin GaN
protecting layer was grown at 540-600 °C for 10 min with nitrogen as an
ambient gas to prevent the degradation of ZnO nanowalls and prohibit

reactions between ZnO and GaN layers at a higher temperature. In the second
step, GaN layers were grown at temperatures of 1000-1100 °C for 15 min with
hydrogen as an ambient gas to improve the lateral overgrowth of GaN layers.
Finally, after further growth for 1h at 1120-1180 °C, high-quality GaN layers
were obtained.

Measurements

The morphology of GaN thin films grown on graphene-coated amorphous
SiO, substrates was investigated by scanning electron microscopy (JEOL 6510,
Tokyo, Japan), and the crystal structure was determined by an X-ray

Figure 1 Effect of CVD graphene film as a substrate on the surface morphology of GaN films grown on amorphous substrates. Surface morphologies of GaN
films grown on amorphous SiO, substrates coated with CVD graphene films (a) and without CVD graphene films (b). The inset of a shows ZnO nanowalls

grown on oxygen plasma-treated CVD graphene films at a tilting angle of 30°.
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Figure 2 X-ray diffraction (XRD) spectra of GaN films grown on amorphous SiO, substrates. (a) 6—260 scans of GaN films made with CVD graphene films
(top), with mechanically exfoliated graphene layers (middle), and without graphene films (bottom). (b) Rocking curve of GaN films on CVD graphene films.
(c) ¢-scans of GaN films made with CVD graphene films (black solid line), with mechanically exfoliated graphene layers (red solid line), and without

graphene films (blue solid line).
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diffractometer (PANalytical X’pert Pro, Almelo, Netherlands). The electro-
luminescence (EL) and current—voltage (I-V) characteristics of the devices
were measured by applying a DC voltage to the device using a source meter
(Keithley 2400, Cleveland, OH, USA). The EL and photoluminescence (PL)
spectra were measured using a detection system equipped with a mono-
chromator and a charge-coupled device. A continuous He-Cd laser (325 nm)
or a pulsed Nd:YAG laser (355nm) was employed as an optical excitation
source for the PL spectroscopy. The temperature-dependent PL measure-
ments were performed using a He Displex refrigerating system.
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Figure 3 Power-dependent PL spectra of GaN films grown on CVD graphene
film-coated SiO, substrates at room temperature. The inset of the figure
shows the integrated PL emission intensity as a function of the optical
excitation.
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RESULTS AND DISCUSSION

We investigated the effect of using a CVD graphene film as an
intermediate layer on the surface morphology of GaN films grown on
amorphous substrates. As shown in Figure la, GaN films grown on a
CVD graphene-coated amorphous SiO, substrate exhibited a flat and
smooth morphology, presumably due to the heteroepitaxial relations
between GaN on ZnO and ZnO on graphene. Meanwhile, a rough
surface morphology with a few micron-sized irregular hillocks was
observed for films directly grown on the SiO, substrates in the
absence of a graphene film (Figure 1b), indicating that the CVD
graphene film significantly affects the surface morphology of the GaN
film. In addition, the surface roughness was reduced using a CVD
graphene film: the root mean square surface roughness over a
5x 5pum area was 11nm for GaN films grown using the graphene
film, 20 times smaller than that for GaN films grown directly on the
amorphous substrates.

The crystal structure and growth orientation of the GaN films
grown on CVD graphene films were examined by X-ray diffraction.
Figure 2a shows 0-20 scan results for GaN films grown on various
amorphous substrates using a CVD graphene film and mechanically
exfoliated graphene as well as GaN films grown without using any
graphene layers. Diffraction peaks for the GaN films grown on the
substrates coated with graphene films were observed only at 34.47°
and 72.87°. These peaks correspond to the (002) and (004) orienta-
tions of wurtzite GaN, respectively. Additional (101), (102) and (103)
diffraction peaks were observed for GaN films grown directly on
amorphous substrates in the absence of graphene films. Because the
GaN films were highly oriented in the c-axis direction, X-ray
diffraction rocking curves could also be measured. For GaN films
grown on the substrates with CVD graphene films, the full width at
half maximum value of the X-ray diffraction rocking curves was as
small as 0.8° (Figure 2b), indicating the good c-axis orientation of the
GaN film. This full width at half maximum value is much smaller
than previously reported values (3 —6°) for GaN films grown on
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Figure 4 Visible thin-film LEDs fabricated on CVD graphene-coated amorphous SiO, substrates. (a) Schematics of an array (left) of LED pixels and one LED
pixel (right) that is composed of n-GaN, multiple quantum wells, and p-GaN layers. (b) EL emission images of the LEDs under room illumination at

different applied currents.
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mechanically exfoliated graphene layers and on SiO, substrates using
a ZnO layer.!* This result strongly suggests that the graphene film has
a critical role in forming GaN films with good vertical alignment.

We also investigated the in-plane orientation of the GaN films by
measuring azimuthal (¢) scans of the {112} diffraction. As shown in
Figure 2¢, whereas the ¢-scan (blue solid line) of the GaN film grown
without a CVD graphene film showed no distinct peaks, three
different peaks displaying 20° shifts and sixfold symmetry (black
solid line) were observed for the GaN films grown using a CVD
graphene film. This result indicated that the GaN grains in the thin
film had large grain angle boundaries and preferred in-plane
orientations. Similar in-plane orientations for CVD graphene films
synthesized on Cu foil have previously been reported,!>!7 suggesting
that the in-plane orientation of GaN results from using the CVD
graphene film. Only one set of peaks possessing sixfold symmetry was
observed for the ¢-scan (red solid line) of GaN films grown on an
exfoliated graphene layer, indicating that the GaN films were single
crystals without large-angle grain boundaries, similar to previous
reports.'®

The optical characteristics of GaN films grown on CVD graphene-
coated amorphous SiO, substrates were investigated using PL
spectroscopy. Figure 3 shows the power-dependent PL spectra
measured at room temperature using a pulsed Nd:YAG laser. At a
low excitation laser power, below the threshold value (Iy,) of the
optical pumping power, the GaN thin films exhibited a dominant PL
peak at 3.40eV due to spontaneous emission. For excitation powers
above the Iy, the GaN films exhibited a strong and sharp PL peak at
3.33 eV rising from the shoulder of the dominant peak. The integrated
PL intensities of the GaN films increased superlinearly with the
pumping power above the Iy, consistent with stimulated emission
(inset of Figure 3). The Iy, of the GaN films grown on the graphene-
coated amorphous substrates was 0.6-0.7 MW cm ~2, comparable to
previously reported values for GaN films grown on mechanically
exfoliated graphene layers and on single-crystal sapphire and silicon
substrates."!?0 The high optical quality of the GaN films was also
confirmed as determined by low-temperature PL spectroscopy (see
Supplementary Figure S1).

The GaN films grown on CVD graphene-coated amorphous SiO,
substrates could be used with many optoelectronic devices, such as
LEDs and solar cells, because they are of high optical quality. We
fabricated LEDs as an example of a device application. Although the
nitride thin films grown on CVD graphene films are not single
crystals, the flat and uniform surface morphology with a high c-axis
orientation of the nitride thin films enables us to fabricate LEDs even
on amorphous SiO, substrates. The LEDs were composed of an
n-GaN layer, three-period In,Ga;  N/GaN multiple quantum wells
(MQWs), and a p-GaN layer (Figure 4a). After growing the LED
structures, lithography and BCl; reactive ion etching were used for the
exposure of n-GaN layers. Ni/Au (with a thickness of 8/8 nm) and
Ti/Au (20/20nm) bilayers were deposited on the p- and n-GaN
surfaces, respectively, and annealed to make ohmic contacts and
reduce the contact resistance of the electrodes.

The GaN-based thin-film LEDs fabricated on CVD graphene-coated
amorphous SiO, substrates emitted strong blue light emissions that
could be seen with the unaided eye under typical room illumination
conditions (Figure 4b). The light emission from the LED at a driving
current of 3.1 mA was fairly uniformly distributed over the p-contact
area of 70 X 70 um?. This result suggests that the hybrid heterostruc-
ture, composed of inorganic semiconductors directly grown on large-
scale graphene films, constitutes a new functional material system
for developing unconventional inorganic optoelectronic devices in
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Figure 5 Characteristics of GaN-based thin-film LEDs fabricated on
graphene-coated amorphous silica substrates. (a) Power-dependent EL
spectra measured at room temperature. The inset of a shows the current
and integrated EL intensity as a function of the applied bias voltage.
(b) Room temperature EL spectra and corresponding EL images of the LEDs
made with In,Ga;_N grown at 800 and 760 °C.

large-scale forms that takes advantage of both inorganic semiconduc-
tors and graphene films. Moreover, creating hybrid heterostructures on
various substrates, including metal foils, may allow inorganic LEDs to
be fabricated in flexible large-scale displays.

We further investigated the EL characteristics of the LEDs
fabricated on the CVD graphene-coated SiO, substrates. Room
temperature EL spectra and the I—V characteristics of the LEDs
were measured at various applied current levels (Figure 5a). The EL
intensity gradually increased without a considerable EL peak shift as
the applied current increased from 0.8 to 4.4 mA. Moreover, above
the turn-on voltage of 6V, both the current and the integrated EL
intensity of the LEDs increased simultaneously upon increasing the
applied bias voltage (inset of Figure 5a). This result indicates that the
EL mechanism involves carrier transport through the p—# junctions in
the LEDs. Furthermore, the emission color of the LEDs could be
controlled by changing the growth temperature of In,Ga; N QW



layers because the level of indium incorporated into the QW layers
depended on the growth temperature.’! As shown in Figure 5b,
blue (453nm) and green (504nm) EL images were obtained from
the LEDs with the In,Ga; N layer grown at 800°C and 760 °C,
respectively.

In conclusion, high-quality GaN epitaxial films were heteroepitaxi-
ally grown on large-size CVD graphene films using a ZnO nanowall
intermediate layer. The structural and optical characteristics of
GaN thin films grown on CVD graphene films were comparable to
GaN films grown on graphene layers mechanically exfoliated from
graphite powder. Furthermore, the simple technique used to obtain
high-quality inorganic semiconductor thin films even on amorphous
substrates makes it possible to fabricate LEDs on large-area non-
crystalline solid substrates and to provide and manufacture large and
cost-effective optoelectronic and electronic devices.
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