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G
raphene is an exciting material with
a great potential for next-genera-
tion electronics and optoelectronics

due to its excellent electrical, optical, and
mechanical properties.1�3 Currently, for de-
vice applications, large-area graphene films
are synthesized by chemical vapor deposition
(CVD) at elevated temperatures (∼1000 �C)
on polycrystalline metal surfaces.4�6 However,

metal catalysts and high growth tempera-
ture have hindered the realization of di-
rectly integrated graphene devices due to
the complicated postgrowth etching/trans-
fer process and the thermal degradation of
devices.6,7 Thus, to achieve direct integra-
tion of graphene into devices, graphene has
to be synthesizedwithout ametal catalyst at
reduced growth temperature.8 So far, the
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ABSTRACT

The integration of graphene into devices is a challenging task because the preparation of a graphene-based device usually includes graphene growth on a

metal surface at elevated temperatures (∼1000 �C) and a complicated postgrowth transfer process of graphene from the metal catalyst. Here we report a

direct integration approach for incorporating polycrystalline graphene into light emitting diodes (LEDs) at low temperature by plasma-assisted metal-

catalyst-free synthesis. Thermal degradation of the active layer in LEDs is negligible at our growth temperature, and LEDs could be fabricated without a

transfer process. Moreover, in situ ohmic contact formation is observed between DG and p-GaN resulting from carbon diffusion into the p-GaN surface

during the growth process. As a result, the contact resistance is reduced and the electrical properties of directly integrated LEDs outperform those of LEDs

with transferred graphene electrodes. This relatively simple method of graphene integration will be easily adoptable in the industrialization of graphene-

based devices.
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metal-catalyst-free synthesis of graphene has been
tried by thermal CVD (or molecular beam epitaxy) on
sapphire,9�11 quartz,10,12 SiO2,

8,12�14MgO,15�18 GaN,19

ZrO2,
16 Si3N4,

20 and HfO2,
21 which result in graphitic

carbon or nanocrystalline graphene. The growth of
relatively high quality graphene films on metal-free
substrates has been recently demonstrated by several
groups. Fanton et al. have demonstrated mono- or
bilayer graphene growth on sapphire at high tem-
peratures (1425�1600 �C),22 Bi et al. have attempted
to grow few-layer graphene on SiO2 by ambient-
pressure CVD at 1100�1200 �C,23 and Chen et al.
synthesized high-quality polycrystalline graphene
films on Si3N4 (1150 �C) and SiO2 (1100 �C) by employ-
ing two-stage and oxygen-aided growth mode,
respectively,24,25 but the high-growth temperature
of 1100�1600 �C22�25 limited its application in op-
toelectronic devices. Furthermore, considering that
ohmic contact is critical for full performance of the
devices,26,27 ohmic contact formation between di-
rectly grown graphene (DG) and devices should be
required.19 Therefore, in addition to reducing the
growth temperature, finding methods to form ohmic
contacts between graphene and a device is impera-
tive to integrate graphene directly into optoelectronic
devices.

Here, we demonstrate direct integration of polycrys-
talline graphene into GaN-based light emitting diodes
(LEDs) by PECVD. Due to the advantage of plasma-
assisted growth, the growth temperature of graphene
is reduced to 600 �C, which is low enough to prevent
thermal degradation of active layers in LEDs. This
method provides a benefit of in situ ohmic-contact
formation between graphene and p-GaN, leading to
improved performance of LEDs. Electrical properties of
directly integrated LEDs outperform those with trans-
ferred graphene (TG) electrodes. Further, resulting
LEDs exhibit good uniformity in terms of the light
output power over 35 LEDs on a centimeter-scale
substrate. Our approach, in principle, can be utilized
to integrate graphene layers into other substrates or
devices.

RESULTS AND DISCUSSION

The growth temperature of graphene on the metal-
catalyst-free substrate is reduced by employing PECVD
(see Supporting Information Figure S1). Figure 1a
presents a schematic illustration of the graphene
growth process in a PECVD system. Due to the advan-
tage of plasma-assisted growth, methane is effectively
dissociated into various species, such as CHx, C2Hy, H,
and H2 (inset of Figure 1b). As shown in Figure 1b, the

Figure 1. (a) Schematic illustration of the graphene-growth process using the PECVD method. (b) Density variation of
methane (CH4) as a function of plasma power. The inset showsmass spectra of the discharged speciesmeasured by a residual
gas analyzer at a plasma power of 50 W. (c) Arrhenius plot of the growth rate as a function of the reciprocal substrate
temperature. (d) Growth timedependence of optical transmittance of theDG films. The inset shows optical images of DG films
grown for different durations.
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dissociation rate ofmethane can be tuned by changing
the plasma power (see Supporting Information Figure
S2 for details of the measurement). When the plasma
power is 50 W, the dissociation rate is about 34%,
which is significantly higher than that of methane
(∼0.0002%) in thermal CVD.28 To investigate the acti-
vation energy (Ea) for direct graphene growth in
PECVD, we synthesized graphene at various tempera-
tures while the plasma power is fixed at 50 W (see
Methods for details of the growth procedure). Figure 1c
shows anArrhenius plot of growth rate versus substrate
temperature. From the linear fit to the data, Ea was
determined to be ∼1.03 eV. Considering the higher Ea
(2.0�2.6 eV) of graphene growth in thermal CVD,29,30

this suggests that direct growth of graphene at re-
duced temperature is enabled by the lowered activa-
tion energy resulting from the plasma assistance.
Figure 1d shows the optical properties of synthe-

sized graphene at 600 �C for different durations, inves-
tigated by using a double-sided polished sapphire
substrate as the reference. The transparencies of gra-
phene films varied depending on the growth duration:
∼95%, ∼82%, and ∼75% at 550 nm when they were
grown for 1, 2, and 3 h, respectively (the optical images
of these films are presented in the inset of Figure 1d).
This result suggests the potential use of DG as window
electrodes in LEDs.
The microstructure of DG was probed by X-ray

photoelectron spectroscopy (XPS), Raman spectrosco-
py, high-resolution transmission electron microscopy
(HRTEM), and selected-area electron diffraction (SAED).

Figure 2a shows C 1s core-level XPS spectrum of the
synthesized graphene. The dominating single peak
at 284.4 eV (∼92%) is the characteristic signal of
sp2-hybridized carbon atoms in graphene.31,32 Raman
spectra of synthesized graphene in Figure 2b show
high intensity of the D peak at∼1350 cm�1, indicating
the presence of structural disorder, such as domain
boundaries and structural defects,33 but the intense G
(∼1580 cm�1) and 2D (∼2680 cm�1) peaks support the
formation of graphene film on the metal-catalyst-
free substrates.34 To further investigate themicrostruc-
ture of the samples byHRTEM, the continuousgraphene
film was transferred onto a TEM grid by substrate
etching (see Supporting Information Figure S3). The
HRTEM image in Figure 2c clearly shows the layered
structure of the synthesized graphene. Electron diffrac-
tion by the graphene film exhibits hexagonally
arranged spot patterns (Supporting Information
Figure S3d). This microstructural information of DG
film indicates that polycrystalline graphene film is
synthesized without the use of a metal catalyst at low
temperature by PECVD, which requires a much higher
temperature of ∼1100 �C in thermal CVD.24,25

Thanks to the reduced growth temperature of DG,
the thermal degradation of the active layer in LEDs is
negligible. Figure 2d shows the XRD spectra of a bare
LED and an annealed LED at 600 �C (our growth
temperature) and 1150 �C (direct growth temperature
in thermal CVD).24,25 In the case of the bare LED (the
black line in Figure 2d), InGaN (0002) satellite peaks are
observed up to the third order which are originated

Figure 2. (a) XPS spectra of the C 1s core level and (b) Raman spectra of a DG film synthesized for 3 h under a plasma power of
50 W. (c) HRTEM image of the graphene edge on a TEM grid. (d) HR-XRD curves of the InGaN/GaN MQWs before and after
thermal treatment. (e) Schematic diagram and (f) scanning TEM image of the DG/LED structure. (g) HRTEM image at the
interface between the p-GaN and DG electrode.
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from the periodicity of the InGaN/GaNmulti-quantum-
well (MQW) layers (see schematic diagram of the LED
structure in Figure 2e). After annealing at a tempera-
ture of 1150 �C, only the zero-order peak is observed
(the red line in Figure 2d). The absence of higher-order
peaks indicates that the MQW region is replaced by a
disordered layer of InGaN through the phase separa-
tion of indium in the MQWs.35,36 However, the XRD
spectrum of the LED that was annealed at 600 �C is
identical to that of the bare LED spectrum, indicating
that the thermal degradation of the MQW layer is neg-
ligible at our growth temperature of 600 �C (the blue
line in Figure 2d, Supporting Information Figure S4).
The direct growth method of graphene on LEDs

enabled the transfer-free approach for the graphene-
based transparent conducting electrode. We fabri-
cated GaN-based blue LEDs with DG through a batch
process for centimeter-scale LED substrates without a
graphene transfer process (see Supporting Information
Figure S5 for detailed fabrication procedure). Figure 2e
and f show a schematic diagram and a scanning TEM
image of LEDs with a DG electrode (DG/LED), respec-
tively. A high-magnification HRTEM image, measured
at the interface of the graphene and p-GaN, clearly
shows the layered structure of DGon the p-GaN surface
(Figure 2g). Additional LEDs with transferred graphene
electrodes (TG/LED) are prepared by using graphene
films grown on a metal catalyst of Cu foil.37

Figure 3a shows an optical image of the DG/LEDs on
a 1 � 1 cm2 wafer. To verify the functionality of DG on
the p-GaN layer, the light output power (Po) of the LEDs
was investigated. An output power map of 35 DG/LEDs
(marked as red rectangles in Figure 3a) at 20 mA is
presented in Figure 3b, showing good uniformity of Po
with mean and standard deviation values of 7.46 mW
and 0.46 mW, respectively (Figure 3c). Figure 3d com-
pared the I�V characteristics of DG/LED and TG/LED. In
the case of TG/LED, the forward voltage is 4.8 V at 20
mA, which is analogous to the previously reported
results for LEDs fabricated with transferred pristine
graphene.38,39 As shown in the right-side inset of

Figure 3d, the light emission of TG/LED is not uniform
due to incomplete current spreading.38,40�42 In con-
trast, the forward voltage of the DG/LED is lowered to
4.1 V at 20 mA. Bright and uniform light emission
patterns were observed for the DG/LED (left-side inset
of Figure 3d), indicating that the DG electrode works
well as a current spreading layer. Moreover, the
DG/LED exhibited superior light output power (Po) in
comparison to the TG/LED, as shown in Figure 3e.
Considering the fact that the sheet resistance of DG

(∼1.4 kΩ/square; see Methods) is slightly higher than
that of TG (∼1.0 kΩ/square), the enhanced electrical
performance of DG/LED indicates that there are other
important parameters for improved device perfor-
mances and current spreading for LEDs. One possible
reason is plasma-induced damages, such as N loss and
point defects, which could act as donor or acceptor
levels in GaN,43 but these defects are not observed in
the Raman spectrum of graphene-grown GaN (see
Supporting Information Figure S7).44 We found that
plasma-assisted direct integration of graphene on
an LED resulted in carbon diffusion into p-GaN and
in situ ohmic contact formation betweengraphene and
p-GaN. Figure 4a shows secondary ion mass spectro-
metry (SIMS) profiles of C12 intensity for bare and
graphene-grown p-GaN substrates, which suggest
that carbons are diffused into p-GaN with a depth of
200�300 nm during plasma-assisted graphene
growth. The diffused carbon could act as a deep-level
acceptor in the form of an interstitial atom or in the
complex form with some defects.25,33,45 To evaluate
the DG/p-GaN contact, the current�voltage (I�V)
characteristics and specific contact resistance (Fc) are
measured by transmission line method (TLM; see
Supporting Information). As shown in Figure 4b, a
strong nonlinear behavior is observed in TG/p-GaN,
which can be attributed to many factors such as the
adhesion and the Schottky barrier between the two
layers and the evenness of the graphene surface
in contact with the GaN.40 On the contrary, a linear
I�V curve is observed in DG/p-GaN, showing ohmic

Figure 3. (a) Optical images of the patterned devices on a 1� 1 cm2 substrate. (b) Light output power map over 35 DG/LEDs
under the input current of 20 mA. (c) Distribution of the light output powers of 35 DG/LEDs. (d) Current�voltage
characteristics of LEDs with different electrodes. The insets show optical images of DG/LED (left) and TG/LED (right) after
applying an input current of 20 mA. (e) Light output powers of DG/LED and TG/LED as a function of the input current.
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behavior even in the low voltage range. Presumably
the ohmic contact is established through the increased
carrier concentration, which is known to reduce the
width of the tunneling barrier, followed by the en-
hancement of carrier tunneling through the bar-
rier.27,46,47 A specific contact resistance (Fc) of
0.15 Ω cm2 is estimated from the gap spacing depen-
dence of resistance (the inset of Figure 4b). The calcu-
lated Fc is comparable to the value of 0.6�5.5 Ω cm2

reported for a graphene/p-GaN contact tailored with a
thin Ni/Au interlayer.48 These results indicate that
ohmic contact formation and reduced contact resis-
tance improved current spreading and performances
of DG/LEDs.
In view of the potential for integration into flexible

devices, the mechanical durability of DG is another
important feature. Although the mechanical durability
of transferred graphene is well studied,4,49,50 that of DG
has not been reported yet. We synthesized graphene
films on flexible 40-μm-thick mica substrates and
evaluated the durability of the DG electrodes by
measuring the resistance with respect to the bending
radius (the inset of Figure 4c). Figure 4c plots the results
of the resistance test as a function of different bending

radii. The graphene filmwithstands a bending radius of
7 mm (corresponding to a tensile strain of∼4.7%) and
fully recovers after unbending, which reflects the good
mechanical properties of DG; note that the indium tin
oxide (ITO, the state-of-the-art material for transparent
conducting electrodes) is known to be easily broken
under 2�3% strain.51 This result suggests that the
practical application of DG can be further expanded
into flexible devices.52

CONCLUSION

In summary, we have demonstrated plasma-assisted
direct integration of graphene on GaN-based LEDs as a
transparent conducing electrode, which act as a good
current spreading layer. Our approach provides the
ultimate advantage of low-temperature, catalyst-free
graphene growth and transfer-free device fabrication
in addition to in situ ohmic contact formation, which is
highly desirable for graphene-based optoelectronics.
The technique of direct graphene growth on LEDs
can be further utilized to integrate graphene into
any arbitrary devices, leading to enhanced perfor-
mance and large-scale, low-cost processing for mass
production.

METHODS
Synthesis of Graphene Film. All the graphene films were grown

in a PECVD system. A metal-catalyst-free substrate (GaN-based
LED, mica, SiO2/Si) was mounted on the graphite holder and
was heated to the growth temperature at a heating rate of
10 �C/min. The graphene was grown by flowing a mixture of
methane (CH4, 2 sccm) and hydrogen (H2, 20 sccm) while the
pressurewasmaintained at 10mTorr (inert gases, such as Ar and
N2, are not added in the mixture). The gas mixtures were
discharged at a power of 50 W for a specific growth time. The
sample was cooled to room temperature at a cooling rate of
3 �C/s by turning off the heating power.

Characterization of Graphene Film. HRTEM studies were con-
ducted on a JEOL JEM-2100F (operating at 200 kV). XPS
measurements were performed using a Kratos X-ray photoelec-
tron spectrometer with a Mg KR X-ray source. Raman spectra
were obtained using a Renishaw inVia system with a 514.5 nm
laser. AFM images were collected on a PSIA XEI100 system.

For transmittance measurements, we used a Varian Cary 5000
UV/vis/NIR spectrophotometer. SIMS measurements were car-
ried out with a Cameca IMS-6f ionmicroanalyzer, applying a Csþ

ion beam. The van der Pauw method is used to estimate the
transport properties of DG grown on insulating substrates
(SiO2). The sheet resistance and mobility of DG are obtained
as 1.4 kΩ/square and 105 cm2/(V s), respectively. The relatively
high sheet resistance of DG can be attributed to the poor
crystallinity of DG compared to that of TG, which is consistent
with reported data by other groups.8,14,22

Measurement of Electrical and Optical Properties. To fabricate the
LEDs, InGaN/GaN epitaxially grown wafers (Galaxiaphotonics,
peak wavelength = 450 nm) with different transparent electro-
des (TG or DG) were partially etched using an ICP etch system
(STS, Multiplex ICP system) at a bias power of 100 W. A mixed
gas (Cl2/BCl3 = 30:5 sccm) was introduced during the etch
process to yield an etch rate of 5 nm/s. Subsequently, an elec-
tron beam evaporation method (ULTECH, SEE-7D series) was

Figure 4. (a) SIMS profiles of C12 intensity for virgin and graphene-grown p-GaN. (b) I�V characteristics of DG/p-GaN and
TG/p-GaN contacts. The inset shows gap spacing dependence of resistance for specific contact resistance calculation.
(c) Electromechanical properties of a graphene film directly grown on a 40-μm-thickmica substrate under bending. The inset
shows the bending process.
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used to deposit a Ti/Al/Ti/Au (30/100/30/100 nm)metal layer for
the ohmic contact to establish simultaneously n-type GaN and
current spreading. The L�I�V characteristics were obtained
using a Keithley 2425 source measurement unit and a Newport
1936-C spectroradiometer.
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