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GaN LEDs with in situ synthesized transparent
graphene heat-spreading electrodes fabricated
by PECVD and penetration etching
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Yibo Dong,a Le Wang,a Zaifa Du,a Shiwei Feng,a Xuan Li,a Tailiang Guob and
Qun Yanb

Currently, applying graphene on GaN based electronic devices requires the troublesome, manual,

lengthy, and irreproducible graphene transfer procedures, making it infeasible for real applications. Here, a

semiconductor industry compatible technique for the in situ growth of patterned graphene directly onto

GaN LED epiwafers for transparent heat-spreading electrode application is introduced. Pre-patterned

sacrificial Co acts as both an etching mask for the GaN mesa and a catalyst for graphene growth. The Co

helps in catalyzing the hydrocarbon decomposition and the subsequent graphitization, and is removed by

wet etching afterwards. The use of plasma enhancement in the graphene chemical vapor deposition

reduces the growth temperature to as low as 600 1C and improves the graphene quality, where highly

crystalline graphene can be obtained in just 2 min of deposition. This method reduces the exposure of the

GaN epilayers to high temperature to its limit, avoiding the well-known GaN decomposition and In

segregation problems. Importantly, it can directly pattern the graphene without using additional

lithographic steps and in doing so avoids any unintentional deleterious doping and damage of graphene

from contact with the photoresist. The approach simplifies the fabrication and enables mass production by

eliminating the bottlenecks of graphene transfer and patterning procedures. By comparing the GaN LEDs

with and without graphene, we find that graphene greatly improves the device optical, electrical and

thermal performances, due to the high optical transparency (91.74%) and high heat spreading capability of

the graphene electrode. Unlike transferred graphene, this method is intrinsically scalable, reproducible, and

compatible with the planar process, and is beneficial to the industrialization of GaN-graphene

optoelectronic devices, where the integrated graphene serves as a superior sustainable and functional

substitute to other transparent conducting materials such as ITO.

1. Introduction

As a representative of third-generation semiconductors, gallium
nitride (GaN) is a direct and wide bandgap (3.4 eV) semiconductor
used extensively in a variety of optoelectronic devices that
emit optically in the green, blue, and ultraviolet ranges.1,2 GaN’s
typical applications include high-brightness light-emitting diodes

(LEDs),3 laser diodes,4 solar cells5 and high-electron-mobility
transistors.6 Its high breakdown voltage has made it well suited
to high-power applications.7 As p-doping of GaN is rather difficult,
indium tin oxide (ITO) is often used as a transparent electrode
material to improve both the current spreading and current
injection.8–10 There are fluorine-doped tin oxide (FTO) and other
conducting oxides as well. Graphene is a two-dimensional
material made up of sp2 carbon atoms, which was first isolated
by the Geim research team11 in 2004 by mechanical exfoliation of
bulk graphite. Single-layer graphene is only 0.335 nm thick,
demonstrating broad and flat band optical transmission of up
to 97.7%.12–15 Single layer graphene has an electron mobility of up
to 200 000 cm2 V�1 s�1 at room temperature.16 Compared to other
transparent conductors mentioned above, graphene is much
thinner, lighter, ‘‘greener’’, more resource abundant, chemically
more stable, more mechanically flexible, and most importantly,
with a much wider spectral range of transparency. These features
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make it very competitive in optoelectronics. Indeed, graphene is
fundamentally more sustainable than ITO, as indium is increasingly
scarce and expensive. The graphene process is relatively simple
and cheap, and it is stable in an acid or alkali environment.
Graphene has a broad band optical transmittance from
ultraviolet all the way to infrared light. Furthermore, suspended
single-layer graphene has a thermal conductivity of up to
5300 W m�1 K�1 at room temperature,17 which gives it the
additional function of being a thermal spreader, which is
unmatchable by other transparent conductors. Therefore, for
the application in future optoelectronic devices, we believe
graphene provides much more possibilities than ITO.

Offering the opportunities for industrial deployment, copper
foil based catalysis of graphene by chemical vapor deposition
(CVD) is to date the most widely reported method for the
production of highly-crystalline and large-area graphene thin
films.18–21 However, that highly catalytically active substrate
used to support graphene growth is hardly appropriate for most
electronic applications of graphene. That is because the metal
foils are electrically conductive and one needs to transfer
graphene for any practical use in electronics. A technically
complex and inefficient process, the graphene transfer, typically
requires very skilled users who can manually transfer samples.
Automated transfer has recently been demonstrated22,23 and,
though it increases the throughput, nonetheless continues to
produce transferred graphene that is wrinkled, holey, folded,
and often significantly contaminated.24–26 It can cause the
deterioration of the optoelectronic characteristics of the as-
prepared graphene. In addition, the inevitable contaminations
trapped between graphene and p-GaN during the transfer
process lead to a highly non-ideal interface, resulting in a large
potential barrier therein. That adds even more difficulties in
establishing an ohmic contact between the two materials which
already have some work function mismatch even under an ideal
interface condition (B7.5 eV for p-GaN27 and B4.8 eV for CVD
graphene28). As a result, the ability to directly grow graphene
in situ on GaN epitaxial wafers is desperately desired, which
will ultimately obviate the need for transfer, and in doing so
establish a new and technologically valuable method for fabri-
cating highly transparent electronic contacts that have negligible
contamination. This approach lays important foundations
towards the integration of graphene with standard III–V semi-
conductor technologies and has demonstrable value for a variety
of other applications including silicon based integrated circuits.
Although vital for integration, the in situ growth of graphene on
GaN is very rarely reported in the literature due to what are
considered incompatible growth conditions of GaN and
graphene. Though graphene’s unique properties technologically
complement those of GaN, the typical high temperate
(B1000 1C) growth conditions required for graphene growth
have been seen to drive buckling and decomposition of the GaN
substrate.29 These trends are notable exacerbated under a
hydrogen atmosphere30,31 which are essential for amorphous
carbon removal32,33 and the production of highly graphitic films
during graphene synthesis. Some progress has been made in
reducing the temperature for graphene synthesis,34–36 though

often at the expense of a reduction in the graphene’s crystal-
linity, and hence the optoelectronic properties. GaN is produced
at high temperatures (B1050 1C) by metalorganic chemical
vapor deposition (MOCVD), but it is only stable in the
Ga(CH3)3 and excess NH3 environment which prevents its
decomposition. Establishing such an environment during the
graphene CVD would nevertheless prevent graphene formation.
In order to solve this contradiction issue, in this paper, we have
used several strategies to deposit transfer-free highly crystalline
graphene onto GaN without compromising the GaN epitaxial
wafers. To achieve this, we have successfully reduced the gra-
phene deposition temperature to as low as 600 1C whilst main-
taining a D/G Raman intensity ratio of 0.1. The graphene
deposition time has also been dramatically reduced, achieving
full coverage of our substrate within as little as 2 minutes, based
on a unique rapid-PECVD (plasma enhanced CVD) system speci-
fically designed as the integrative growth tool for supporting
temperature reduction during the sacrificial cobalt (Co) catalysis.
Collectively, this new methodology has, for the first time, allowed
for the in-line, foundry compatible, direct in situ deposition of
high quality graphene on GaN epitaxial substrates and in doing so
offers a much needed solution to an industry wide challenge.

Apart from copper, other metals such as platinum, nickel
and cobalt are effective catalysts and have been shown to be
able to support the growth of single- and multi-layered
graphene by CVD.37–42 These metals generally are more cata-
lytically active than Cu, which we believe are well-suited for
supporting the creation of new low-temperature graphene
growth protocols. However, as discussed earlier, the industry
desires a transfer-free graphene growth method, yet with
reasonably high quality. That is, the ability to grow highly
crystalline graphene by in situ CVD at technologically viable
temperatures that support multi-technology integration
remains elusive. In this work, we chose Co as the catalyst for
graphene growth not only because it is an effective catalyst for
the production of graphitic carbon,43 but also because the
lattice constant on the Co surface almost perfectly matches
the in-plane lattice constant of graphene, although it is not very
commonly used.44 We use its high catalytic ability to obtain
decent quality graphene even at reduced temperatures. No
observable Co/p-GaN alloys are found under our conditions.
In fact, even if there existed a small amount of Co-GaN alloy
that could hardly be totally avoided, it would not be harmful to
the operation of the devices, as it would support the creation of
a good ohmic contact to the p-GaN.45 Actually, Co is a known
p-type dopant to GaN, which confirms GaN’s tolerance, at least
to some extent, of Co alloying.44 That, in part, is a founding
rationale for the use of Co as the graphene catalyst here. Hence,
pre-patterned Co is used as a sacrificial layer to locally catalyze
graphene growth. Importantly, the patterned Co is also used as
a dry etching mask to produce the GaN mesas. This dual
function of Co makes the outlined methodology unique and
offers the ability to pattern both GaN mesa and graphene
electrodes within a single patterning step. No additional litho-
graphic processes are required to pattern graphene, dramati-
cally simplifying the process and reducing the photoresist
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induced contamination and doping of the graphene.46 Co was
finally removed by the so-called penetration etching, as
reported herein, which allows us to get rid of the Co catalyst
without damaging graphene. Based on this new process flow,
we have patterned high-quality graphene grown in situ on
commercial GaN LED epiwafers by PECVD. The process is
repeatable, controllable, scalable and fully compatible with
today’s semiconductor planar process, without compromising
the properties of the as-synthesized graphene associated with
additional transfer and patterning processes. Scanning electron
microscopy (SEM), Raman spectroscopy, electroluminescence
(EL) spectroscopy, and thermal distribution measurements
have shown that the devices have, herein, evidenced notable
advantages of the transfer-free GaN-graphene LEDs over con-
ventional manually-transferred samples. The results represent
an important solution required for the integration of graphene
with incumbent technologies, towards developing new hybrid
GaN-graphene optoelectronics.

2. Experimental procedures

Commercial GaN LED epitaxial wafers grown on sapphire
(Xiangneng Hualei Optoelectronic Corporation) were used
as-received. Fig. 1 depicts the LED fabrication process flow.
All substrates were first cleaned in boiling acetone (56.5 1C),
and rinsed in isopropanol (IPA) and deionized water. A 200 nm
Co (99.995% purity) thin film was then deposited and patterned
on GaN (Fig. 1a) as a dry etching mask by lift-off lithography
and sputtering, to define an array of 260 � 515 mm2 mesas.
Samples were then placed into an inductively coupled plasma
(ICP) dry etcher, using SiCl4 and Cl2 at 8:64 sccm ratio to
through etch p-GaN and multiple quantum well (MQW) to a
depth of 1.2 mm to reach the heavily doped n-GaN, as shown in
Fig. 1b. After forming the mesa array, graphene was grown on
the patterned Co dry etching mask by cold-walled PECVD
(Aixtron, Black Magic) at 600 1C at 6 mbar under a CH4/H2/Ar
(5/20/960 sccm) atmosphere. Note that graphene does not grow
in Co-free areas, rendering automatic patterning of graphene,

which is a neat and handy process for graphene patterning.
Fig. 2a shows a schematic of the graphene growth system.
Fig. 2b shows an optical micrograph of plasma during growth
on a 2-inch GaN wafer.

In order to investigate the effect of the growth time and
plasma power on graphene quality, 4 samples were grown for
2 min in 0, 10, 40, and 100 W AC (15 kHz) plasma, and 4
additional samples were grown for 20 s, and 1, 2, 5 min in 40 W
AC (15 kHz) plasma, respectively. Note that we tried AC plasma
at different frequencies, and also DC plasma with different
waveforms, but under our conditions these changes had little
effect on the final graphene quality. Raman spectra were acquired
using a spectrometer (Renishaw Invia Raman Microscope
operated at an excitation of a 532 nm laser), with the samples
measured in triplicate at center points on each sample. Fig. 2c
and d show the Raman spectra for the 8 samples.

Having obtained patterned graphene on Co, the Co catalyst
needs to be removed so as to make the LED p-electrode transparent.
Prior to its removal, a PMMA (poly(methylmethacrylate)) polymer
layer was coated onto the sample and baked at 150 1C for
15 min. In our previous work,47 we have developed a penetra-
tion etching method, which effectively removes Co without
removing graphene. The PMMA thickness is submicron
which is thin enough to allow water, etchants and products
to pass through. That is how the metal is thoroughly etched.
As the metal is patterned, the PMMA contacts the substrate
between the patterns. These parts of the PMMA serve as
anchors to firmly hold the PMMA film during wet etching.
That is, the PMMA film is attached to both the graphene and
the GaN substrate. Thus, following the complete Co dissolu-
tion, the PMMA mechanically binds graphene to the wafer
ensuring that it naturally ‘‘lands’’ on the surface of p-GaN
rather than floating away in the etching solution (Fig. 1f).
PMMA was then removed in acetone, and directly patter-
ned graphene on p-GaN was attained. The etching solution
CuSO4 : HCl : H2O = 10 g : 50 mL : 50 mL was used for the Co
etching experiment. Ti/Au (15 nm/300 nm) p and n metal
electrodes were then fabricated at once by lift-off lithography
and sputtering, as shown in Fig. 1g. In order to make better

Fig. 1 GaN LEDs’ transfer-free graphene integration process flow. (a) Patterned 200 nm Co thin film by lift-off lithography and sputtering. (b) Dry etched
GaN wafer to reach the heavily doped n-GaN layer to form mesas. (c) Patterned graphene grown in situ on the Co catalyst. (d–f) Schematic illustration of
the Co penetration etching removal process. The etchant peacefully penetrates the thin PMMA layer and removes Co, leaving behind the graphene which
‘‘lands’’ onto the GaN below. (g) Fabrication of Ti/Au (15 nm/300 nm) p and n metal electrodes by lift-off lithography and sputtering. (h) Wire bonding and
packaging diagram of the LEDs. MQW represents multiple quantum well.
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contact among the metal electrodes, graphene, and p- or n-GaN,
we annealed the final samples at 450 1C for 5 min under vacuum.
The annealed LEDs were then bonded to a header package (gold-
plated fiberglass) and encapsulated, as shown in Fig. 1h.

3. Results and discussion

As shown from Fig. 2c, a higher plasma power not only tends to
allow graphene synthesis, but also plays an important role
in enhancing the final quality of the synthesized graphene.
Characteristic graphene spectral peaks does not appear until
the plasma power reaches 40 W, corresponding to the positions
of G and 2D peaks at 1585 cm�1 and 2719 cm�1, respectively.

The G and 2D peaks of graphene grown at 100 W plasma are
located at 1584 cm�1 and 2715 cm�1, respectively, which are
almost identical to the former case. The intensities of these
peaks, however, are known to reflect graphene quality as well
as the number of layers.48–50 The I(G)/I(2D) ratios are 1.67 and
1.80 for 40 W and 100 W plasma, respectively, which are rather
similar values. The I(D)/I(G) ratios in both cases are approximately
equal to 0.10. The I(D)/I(G) ratio is a known signature of the defect
level.51 The lower the ratio, the higher the crystalline quality.
An I(D)/I(G) ratio of 0.10 is comparable to standard Cu-catalyzed
graphene grown at 1000 1C.52,53 Thus, our results indicate that
under our conditions, in order to produce high quality graphene
thin films at 600 1C, the plasma power needs to be reasonably
large. If the power is too large, however, instead of increasing the

Fig. 2 (a) The graphene PECVD growth schematic. The gas ratio is methane : hydrogen : argon = 5 : 20 : 960. The growth temperature and chamber
pressure are fixed at 600 1C and 6 mbar, respectively. (b) Photograph taken during the actual PECVD of graphene on GaN LED wafers, showing the glow
map. (c) Typical Raman spectra of graphene subject to different AC (15 kHz) plasma powers for a deposition time of 2 minute. (d) Raman spectroscopy
comparison of graphene grown for different time periods with 40 W plasma. (e) SEM images corresponding to the same samples measured in Fig. c.
(f) SEM images corresponding to the samples in Fig. d.
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crystalline quality, it mainly increases the thickness. For example,
the results at 40 W and 100 W plasma show similar D/G ratios
indicating a similar quality, but at 100 W the G/2D is larger,
suggesting a thicker film. On the other hand, the Raman analysis
are only indicative of the quality and thickness and should not be
taken as absolute conclusions. Fig. 2e shows the SEM images in
accordance with Fig. 2c, which again confirms the importance of
plasma for graphene growth. Although the samples grown at 0 W
and 10 W plasma have not exhibited any detectable graphene
Raman peaks, it can still be observed in the SEM images that the
10 W plasma-assisted sample grows faster than the plasma-free
sample for forming a uniform film.

Fig. 2d shows the graphene Raman spectra for different
growth times with 40 W plasma. No spectra can be acquired
until the growth time reaches 1 min, upon which distinct G
(1586 cm�1) and 2D (2717 cm�1) peaks appear, suggesting the
formation of a graphitic thin film. For the growth time of 2 min,
the G peak and 2D peaks can be clearly observed at 1583 cm�1

and 2720 cm�1, while for 5 min growth, they appear at
1583 cm�1 and 2707 cm�1. A comparison of the intensity ratio
I(G)/I(2D), 1.94 (5 min) 4 1.67 (2 min) 4 1.46 (1 min), indicates
that the graphene thickness might increase over growth time,

which is straightforward to understand. For a longer deposition
time, the D peak intensity tends to increase, suggesting an
increase in the number of defects. As shown in Fig. 2f, the SEM
images corresponding to the samples measured in Fig. 2d, also
demonstrate that the graphene film grown for 5 min appears to
be thicker and with more cracks than the 2 min case. The gas
composition, temperature, and pressure of the graphene
growth have been systematically studied experimentally, and
the optimal graphene growth conditions are found to be 600 1C,
6 mbar, with 100 W AC (15 kHz) plasma for 2 min, in a gas
mixture of 5 sccm CH4, 20 sccm H2 and 960 sccm Ar. Under
these conditions, a balance between the best possible graphene
quality and maintaining the intactness of the GaN epitaxial
layers and device structure has been reached.

Fig. 3a and b shows an optical microscopy image and a SEM
image of the sample synthesized under the identified optimal
conditions, respectively. The GaN epiwafer is seen to be intact
@@with a rather smooth and clean surface after the graphene
deposition. The graphene is seen to be continuous and covers
the underlying p-GaN. In Fig. 3a, the lower left corner of the
graphene is intentionally delaminated in order to make the
p-GaN beneath visible. Fig. 3c represents the light transmission

Fig. 3 (a) Optical image of the as-grown graphene on p-GaN. (b) SEM image of the graphene grown on p-GaN. (c) Optical transparency of the graphene
transparent electrode situated on top of the GaN LEDs (the GaN substrate transmittance already subtracted) in 400–1000 nm. The average transmittance
in this range is 91.74%. (d) AFM images of pristine GaN, annealed GaN, and graphene grown on GaN (the last two micrographs). (e) Raman comparison
of the situation before and after the GaN annealing. (f and g) Raman mapping of the D/G and G/2D ratios of the graphene over a 40 mm � 40 mm area
(5 � 5 points), respectively.
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of the sample, with an average transparency of 91.74% measured
in the range of 400–1000 nm. In that measurement, the
graphene-free sample was recorded first, and subtracted from
the data of the GaN-graphene sample. Hence, what is illustrated
in Fig. 3c is the value of bare graphene transparent conducting
layer. Fig. 3d shows the atomic force microscopy (AFM) images
corresponding to pristine GaN, GaN annealed at 600 1C, and the
graphene grown on GaN as in Fig. 3b, respectively. Clearly, the
GaN has not been damaged after the 600 1C growth, as judged
from the AFM images. They correspond to an average surface
roughness of 0.413 nm (GaN), 0.734 nm (GaN annealed),
0.422 nm (graphene grown on GaN), respectively. The nominal
thickness of the as-deposited graphene film is about 3.084 nm
measured by AFM. Fig. 3e shows the Raman curves before and
after the annealing of GaN. It can be seen that although the
growth temperature has been reduced to 600 1C, the roughness
of the GaN surface still somewhat increases after the annealing,
despite that they are not differing significantly in Raman char-
acterization. Importantly, however, the graphene grown on GaN
exhibits a lower roughness, which means that the graphene
growth process help to maintain the surface quality of GaN to
some extent. It can be understood as follows. The increase of the
surface roughness is mainly because at high temperature the
GaN tends to decompose and loose N element. However, when
there are cobalt and graphene on it, they help to seal the GaN
and reduce the nitrogen lost. Fig. 3f and g shows the Raman
mapping result recorded from 1600 mm2 area of the graphene
surface, with D/G, G/2D ratios of 0.06–0.2 and 0.88–2.6, respec-
tively, showing the reasonably high crystallinity and uniformity
of the graphene films.

For graphene CVD, higher deposition temperatures generally
give rise to higher crystallinity, increased morphology unifor-
mity, and increased grain size.54,55 Nevertheless, it is known that
GaN based epitaxial layers are vulnerable to high temperature
due to the GaN decomposition and the indium segregation in
InGaN. Throughout our experiments, we have not noticed any
deterioration of the GaN epiwafers, indicating that we have
obtained a good balance between the quality graphene growth
and the GaN intactness. To achieve this, first the graphene

growth temperature is drastically reduced to 600 1C, which is
built on our earlier work on the growth of graphene-like thin
films on GaN.56 During that earlier work, high growth temperatures
of up to 950 1C were used, which was optically noted to damage the
GaN. To obviate that issue in part, an NH3 protection atmosphere
was employed to prevent the GaN from losing N, deriving an
NH3-rich graphene growth environment. That method, however,
compromised the quality of the synthesized carbonaceous material,
resulting in a nano-graphitic matrix. That stimulated the explora-
tion of alternative methods to realize the in situ growth of graphene
on GaN. In the present work we opt to engineer the growth
temperature within the indicative limit of 600 1C. Another
important aspect of the outlined successful growth protocol is
the short deposition time of just 2 minutes. Our graphene growth
rate is probably one of the fastest reported to date, much faster
than conventional Cu mediated graphene CVD. The graphene
growth is extremely fast, where the entire growth experiment, even
including pumping down, heating, cooling and venting, takes less
than 25 min. Compared with the commonly used hot walled CVD
systems which heat the entire quartz tube, our cold walled vertical
CVD only heats the local heater, and the walls of the chamber are
kept ‘‘cold’’. Thus, it can achieve rapid heating and cooling
and improve the efficiency of growth, synthesizing high-quality
graphene films in a short period of time. The time efficiency is
certainly beneficial for mass production. Third, we use plasma
enhancement to provide extra energy to the precursor molecules so
that they can efficiently crack even at reduced temperatures, which
help to boost the graphene quality at lower temperatures.

For comparison study, graphene-free samples, namely
pristine and ITO coated (200 nm) GaN LED devices are also
fabricated with an otherwise similar process to the GaN-
graphene LEDs. The current–voltage (I–V) curve comparison is
shown in Fig. 4. The turn-on voltages of the GaN-graphene LED,
GaN-ITO LED and the pristine GaN LED are about 3.8 V, 4.8 V
and 8.2 V, respectively, while the working voltages at 20 mA are
about 4.1 V, 5 V and 7.6 V, respectively. The use of graphene
tends to reduce the devices’ characteristic voltages. In Fig. 4,
the GaN-graphene LED already reaches 100 mA at 6.1 V.
However, the same current level can only be reached in the

Fig. 4 A current–voltage curve comparison of different types of GaN LED devices. The pictures on the right show the corresponding optical images of
their electroluminescence at 20 mA injection current.
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pristine and ITO coated LEDs when the voltage is as large as
8.8 V and 6.8 V, respectively. In Fig. 4, the pictures on the right
are the corresponding optical images of the light emission at
20 mA, suggesting that the GaN-graphene LED illuminates with
great uniformity. The light emitting area covers the entire
p-GaN mesa for the GaN-ITO LED as well, but with a lower
lighting intensity, whereas the pristine GaN LED has just one
single light emission point located close to the p-electrode,
a common phenomenon in higher-driving-voltage devices.
The as-prepared graphene serves to enhance the functionality
of the GaN LED by operating as an effective transparent
conductive layer that shows an excellent current spreading
effect, i.e. greatly improving the lateral surface conductivity of
the GaN LEDs. We note that the thickness of the ITO layer here
is the typical or even somewhat larger value compared to that of
commercial GaN LEDs. Thus, at least under our experimental
condition, the as-prepared graphene sample outperforms the
standard ITO device.

Further quantitative data about the optoelectronic properties
of graphene-on-GaN LEDs are explored via electroluminescence
(EL) spectroscopy (Integrating sphere, EVERFINE) on the
samples shown in Fig. 4. Fig. 5a and b shows the EL spectra
from the different type of LEDs with injection currents of 20 mA
and 100 mA, respectively, measured in the 380–780 nm range.
Based on Fig. 5c and d, it can be seen that the GaN-graphene
LED is superior to the pristine GaN LEDs in both the luminous
flux and radiation flux. More specifically, the luminous flux
values of the GaN-graphene LED are nearly twice as high as
the pristine GaN LED both at 20 mA and 100 mA, which
indicates an outstanding electrical to optical energy conversion
efficiency in the GaN-graphene LED. These values are also
significantly higher than those of the GaN-ITO LED. From the
parameters shown in the table of Fig. 5e, in all the samples there
is a notable blue shift of the order of 1 nm (GaN-ITO LED and
the pristine GaN LED) and 1.6 nm (GaN-graphene LED) in the
peak emission wavelength when the current is changed from

Fig. 5 Electroluminescence data of the three types of GaN LEDs measured at 20 mA and 100 mA injection current in the 380–780 nm range. (a and b)
Relative intensity, (c) luminous flux and (d) radiation flux of the devices are plotted. (e) Is the corresponding spectral parameters.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 3
0 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
at

h 
on

 4
/1

1/
20

22
 1

:3
9:

27
 P

M
. 

View Article Online

https://doi.org/10.1039/d1tc05279a


J. Mater. Chem. C This journal is © The Royal Society of Chemistry 2022

20 mA to 100 mA. It is known that the high built-in electric field
(of the order of several MV cm�1) along the (0001) direction
of the InGaN/GaN quantum well57 can induce the quantum
confined Stark effect (QCSE) and lead to a red shift in the
wavelength. When the injected current becomes large, however,
due to the relatively long lifetime of the carriers (in the order of ns),
they will accumulate in the quantum well, leading to a build-up of
an electron-hole plasma that screens the built-in field.58 That
results in a blue shift compensating for the red shift induced by
QCSE, and the large injection current induced blue shift is
hence explained. We also note another interesting phenomenon.
The GaN-graphene LED demonstrates redshifts of about 4.9 nm
and 4 nm at 20 mA and 100 mA, respectively, as compared with
the pristine and ITO coated GaN LEDs (see Fig. 5e). Also, for the
graphene coated sample, the full width at half maximum
(FWHM) of the emission peak is wider than those of graphene-
free LEDs. We attribute those effects to the growth process of
graphene. Even though the graphene growth temperature has
been reduced to 600 1C, there may still be a small degree of
indium segregation occurring in the GaN. In other words, In
diffusion makes the interfaces between the wells and barriers in
the MQW not as abrupt as before. Some amount of In leaves the
wells and enters the barriers, resulting in the overall reduction of
the InGaN bandgap, which in turn translates into a red shift of
the GaN-graphene LED. As the interlayer diffusion can not
be absolutely uniform, the several quantum wells are not as
identical as before, naturally leading to an enlarged FWHM.

It is well known that higher operating temperatures of LEDs
simply means higher junction temperatures, which can cause
the light output power of the LEDs to decay, thereby reducing
the lifetime.59,60 Graphene is believed to have the highest

thermal conductivity of any known, and presently synthesizable
materials.61 It has shown demonstrable potential as an effective
heat spreader in various thermal applications.62–65 In fact,
unlike ITO, graphene has a high potential as the heat spreader
in LEDs.66–68 It may positively augment the thermal management
of GaN LEDs, which is explored here. Fig. 6a–f shows thermal
maps (SC7300M F/2 (MCT) thermal imaging camera FLIR
Systems) on the samples of Fig. 4 operating at 20 mA and
100 mA in constant current mode. Fig. 6g and h is a summary
of the temperature distribution along the line from the p electrode
to the n electrode of the LEDs as shown in Fig. 6a–f, with the
horizontal axis being the coordinates of the line. At 20 mA,
compared to room temperature, the temperature increase of the
GaN-graphene LED is 0.55–1.2 1C (in average 0.86 1C). The pristine
GaN LED and the ITO coated LED increase by 0.86–1.76 1C and
0.63–1.61 1C (in average 1.24 1C and 1.05 1C), respectively. Clearly,
by incorporating graphene, it has reduced the temperature
increase by a significant 30.6% as compared with the pristine
GaN LED. When the current is raised to 100 mA, the GaN-
graphene LED temperature increases by 9.85–12.29 1C (in average
10.97 1C), while the pristine and ITO coated GaN LEDs increase by
12.29–16.28 1C and 10.70–14.92 1C, respectively (in average
13.88 1C and 12.54 1C). Evidently, there is a strong thermal
spreading effect from the graphene. We conclude that the as-
grown graphene has played a significantly positive role in the
cooling of GaN LEDs, both at smaller and higher currents,
but with a more pronounced effect towards higher injection
current in particular. The results indicate that our directly grown
graphene technology may be especially useful for high power
density GaN based LEDs (e.g. extremely high pixel density micro-
LED displays).

Fig. 6 (a–f) Thermal maps of the three types of GaN LEDs operating at 20 mA and 100 mA. (g and h) The temperature increase of the GaN LEDs at 20 mA
and 100 mA (compared to room temperature).
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4. Conclusion

In summary, we have demonstrated, for the first time, a practical
and deployable method for the production of transfer-free
patterned graphene directly grown by PECVD on GaN LED
epiwafers. The developed process has been seen to be the GaN
process compatible through the use of low graphene synthesis
temperatures of only 600 1C and the use of dual-functionality Co
which catalyzes graphene growth and also functions as an
effective GaN dry etching hard mask, which successfully
bypasses the complicated problem of the graphene transfer
process in the traditional fabrication process, dramatically
improving the reproducibility. Also, because graphene grows
only on pre-patterned Co, there is no need for additional
graphene patterning, eliminating the possibility for graphene
to encounter any photolithography, which avoids it from being
contaminated and doped by the photoresist. The graphene
growth temperature is reduced by virtue of the plasma enhance-
ment technique. Our vertical cold wall CVD system offers the
possibility of growing graphene in merely 2 min, and the entire
graphene growth process (even including heating and cooling)
takes less than 25 min. Based on the study on the effects of
different plasma powers and growth time, we have confirmed
that 2 min and 40 W AC (15 kHz) plasma are the best growth
conditions for the deposition of graphene. Consequently, high-
quality graphene is obtained in situ on the GaN LED epiwafers
with an average optical transmission of 91.74% from 400 nm to
1000 nm wavelength. Comprehensive electrical, optical and
thermal analysis of the GaN-graphene LEDs produced by this
method have been conducted. The integrated GaN-graphene
LEDs demonstrate improved current spreading, current injec-
tion and heat spreading functionalities. Unlike other works on
graphene application in GaN optoelectronic devices, this facile
method is fundamentally scalable, reproducible, controllable,
and compatible with current semiconductor planar processing,
which is suitable for massive device production towards real
applications whilst contributing to the deployment of graphene
as a sustainable ITO alternative.
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