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A patterning technology of transfer-free graphene
for transparent electrodes of near-ultraviolet
light-emitting diodes†

Penghao Tang,a Jie Sun, *bc Yu Mei,a Zaifa Du,d Aoqi Fang,a Fangzhu Xionga and
Weiling Guo*a

Graphene is well known for its excellent physical and chemical properties and can be used in various

fields. Its application technology has become an important direction of research. In this study, a

patterning technology of transfer-free graphene is reported, and graphene transparent electrodes of near-

ultraviolet light-emitting diodes (LEDs) are fabricated accordingly. In the scheme, Ni film plays the dual role

of an etching mask and graphene growth catalyst, realizing the patterning growth of graphene. An SiO2

isolation layer is deposited between Ni and the substrate, avoiding the fusing of the substrate with Ni by the

high temperature of graphene growth, which makes the method applicable to nominally any high

temperature-compatible metal and semiconductor substrates. Both Ni and SiO2 are then removed, thus

directly achieving a good contact between graphene and the substrate. The graphene transparent

electrodes fabricated by this method greatly improves the performance of near-ultraviolet LEDs, which is

even better than that of indium tin oxide (ITO) in the near-ultraviolet band based on the optical

measurement results. This scheme avoids any possible damage and contamination of graphene in

traditional transfer and lithography patterning processes, which is scalable and suitable for real applications.

1. Introduction

Graphene, the first known and most widely studied two-
dimensional material, is applied in various fields1–6 such as
light-emitting diode (LED) transparent electrodes. GaN-based
LEDs have greatly promoted the development of lighting and
display fields since their inception; however, they still face
some problems. The difficulty of heavy doping of p-type GaN
means that the conductivity of p-type GaN is so poor that the
current cannot be effectively spread laterally, which affects the
device performance of GaN-based LEDs;7,8 thus, transparent
electrodes came into being. Indium tin oxide (ITO) is the most
representative transparent electrode material widely used in
various light-emitting devices.9–11 Compared with it, graphene

has significantly higher transmittance in the ultraviolet band,12

has better performance on flexible substrates,13–15 and is more
environmentally friendly because ITO contains the rare metal
indium. In addition, with the development of graphene-doping
technology and graphene composite electrodes, the photoelec-
tric performance of graphene transparent electrodes has been
further improved.16–19 Therefore, graphene has become one of
the most promising transparent electrode materials.20–25

Metals play a crucial catalytic role in the chemical vapor deposi-
tion (CVD) of graphene, greatly facilitating the growth of
graphene.26–31 Taking Ni as an example,32 after the carbon source
is cracked, C atoms enter the Ni layer and then precipitate, and
eventually few layers graphene will be grown. Therefore, the as-
grown graphene is virtually inseparable from the host metal.
However, the graphene attached to the metal surface is usually
difficult to use directly, which hinders the applications of graphene.

There are some solutions to this problem. The most com-
mon one is to transfer the graphene grown on the metal to the
target substrate by wet or dry transfer, and then the graphene is
patterned by lithography.12,22,33–37 However, contamination
and damage may be introduced during the transfer and pat-
terning process, which reduces the quality of graphene.

It is also possible to grow graphene directly on the target
substrate, which is currently divided into two directions
depending on whether metal catalysts are involved.
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In the first scenario, if graphene is grown without a metal
catalyst,38–45 the process will be simpler and the target substrate
will not be contaminated by metal catalysts. Nevertheless, there are
often more stringent growth conditions, such as higher tempera-
tures and longer growth times. In most cases, graphene grown in
this way is of lower quality than graphene with metal catalysis and
requires subsequent lithography to achieve patterning.

The other method is to grow graphene on the target substrate
with the help of a metal catalyst, which is usually deposited on
the target substrate. Some groups grow graphene between the
metal and the substrate or on the metal sidewall, achieving the
direct growth of patterned graphene on the target substrate.46–52

In our previous studies, the metal catalysts were removed by
evaporation42 or wet etching,53–56 so that the graphene on the
metal ‘‘fell’’ on the target substrate, and then the transfer-free
patterned graphene was obtained. In these reports, the target
substrate is mostly a dielectric, which is in direct contact with
the metal catalysts. However, semiconductors (such as GaN) or
weakly catalytic metals (such as Au) may also require metal
catalysts to help graphene grow on them. When the target
substrate is one of these materials, if the above methods are
followed, the substrate will be in direct contact with the metal
catalysts. At a high temperature of CVD, the two materials may
fuse with each other, impairing the properties of both.

Therefore, in this paper, we propose a transfer-free patterned
graphene that can be applied to most substrates and fabricate GaN
near-ultraviolet LEDs with graphene transparent electrodes. Ni film
is used as an etching mask for LED mesh because of its high
hardness and also as a catalyst to grow multi-layer graphene. The
choice of multi-layer graphene instead of single-layer graphene is to
ensure the continuity of graphene so that the performance of LEDs

is more stable and excellent. Due to the catalysis of Ni, graphene will
only grow on Ni but not GaN; thus, Ni can be patterned before
graphene growth to obtain the patterned graphene. Between Ni and
GaN, SiO2 is deposited to isolate Ni and GaN, preventing them from
fusing with each other at a high temperature (650 1C) at which
graphene is grown. The isolation effect of SiO2 has been analyzed in
detail, which indicates that this method can be extended to metal,
semiconductor, and dielectric substrates that can withstand
approximately 650 1C temperature. Both Ni and SiO2 are removed
in subsequent wet etching, and graphene ‘‘falls’’ on the substrate
surface with the support of PMMA, achieving a good contact
between graphene and GaN. The measurement results show that
graphene has a good current expansion effect while having high
transmittance, greatly improving the electrical and optical perfor-
mance of LEDs. LEDs with ITO transparent electrodes were also
fabricated and measured. Compared with the graphene LEDs, their
electrical performance is better but the optical performance is
worse, which is attributed to the fact that the transmittance of
graphene in the ultraviolet band is much better than ITO. In short,
this graphene growth and application technology has a simple
process flow and high repeatability. It avoids additional transfer
and patterning processes for graphene and is suitable for substrates
of different materials, providing a more mature scheme towards the
real application of graphene.

2. Results and discussion

Fig. 1 shows the schematic diagram of the process flow of the
graphene transparent electrode LEDs (see Section 4 for experi-
mental details). The figure mainly shows the three-dimensional

Fig. 1 Schematic diagram of the process flow and chip structures of LEDs with transfer-free patterned graphene as transparent electrodes. Three-
dimensional diagrams and cross-sectional diagrams are presented for clearer illustration. Abbreviations: ICP, inductively coupled plasma; CVD, chemical
vapor deposition; RIE, reactive ion etching; PECVD, plasma enhanced chemical vapor deposition; BOE, buffered oxide etching; MQW, multiple quantum
well.
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schematic diagram of the chip and its corresponding cross-
sectional diagram in different experimental stages, as well as
the annotation of the process undertaken. Among them, ‘‘pene-
tration etching’’ was invented by us,56 which refers to the
passing of the etchant through PMMA and graphene, and the
Ni layer and SiO2 layer are slowly etched away. Due to the close
contact between some PMMA and n-GaN, the suspended
PMMA and graphene after etching will ‘‘fall’’ on the sample
surface without floating away in the solution. Then, the PMMA
is removed after the graphene is in contact with the p-GaN,
which realizes the shift of graphene from the Ni surface to the
p-GaN surface.

The fabricated devices were characterized by scanning elec-
tron microscopy (SEM) and energy dispersive spectrometry
(EDS), as shown in Fig. 2 and Table 1. From the results, there
are no Si or Ni elements in the sample; thus, it can be
determined that SiO2 and Ni have been completely etched away
even if they are wrapped in PMMA and graphene, which proves
the effectiveness of penetration etching. Fig. 2b and c show the
SEM images of graphene on LEDs (inlens mode). It can be seen
that the mesa is completely covered with uniform graphene.
The chiaroscuro pattern is observed due to slight differences in
the number of layers of graphene in different locations. How-
ever, there are only slight differences in the Raman spectra of
graphene at different locations (Fig. S1, ESI†), which may be
due to the fact that small changes in the number of layers do
not have a large impact on the Raman spectra of multilayer
graphene (see below for a detailed analysis of the Raman spectra
of graphene). Fig. 2c shows the edge area of the LED mesa. From
left to right, they are the graphene on the mesa, n-GaN, and the
N electrode of the LED. It can be seen that graphene is only
present on the mesa, which indicates that transfer-free and
patterned graphene has been directly obtained. By the circular
transmission line model (CTLM) measurements,57,58 the sheet
resistance of graphene was measured to be about 1255 O sq�1

(Fig. S2 and S3, ESI†), and the contact resistivity between
graphene and p-GaN was measured to be about 0.3207 O cm2

(Fig. S4 and S5, ESI†). The measurement and calculation details
are shown in the ESI.†

The SiO2 isolation layer is crucial in this technology. To
analyze its effects, graphene transparent electrode LEDs with-
out the SiO2 isolation layer were fabricated for comparison.
Fig. 3 shows the Raman characterization of graphene with and

without the SiO2 isolation layer on devices at different stages.
The characterization of graphene at different experimental
stages is done to monitor the condition of graphene in ‘‘real
time’’ to determine whether the quality of graphene is affected
by penetration etching and the fabrication of metal electrodes.
There are three common Raman characteristic peaks of gra-
phene: D peak at 1350 cm�1, G peak at 1580 cm�1, and 2D peak
at 2700 cm�1. The D peak is generally associated with the
defects of graphene, and the higher its strength, the more
defects in graphene. The number of graphene layers is usually
estimated in terms of the 2D/G ratio and the shape of the
peaks.59 Due to the disordered Raman peaks of GaN at 1000–
1500 cm�1, for graphene on the surface of p-GaN, the Raman
signal of GaN will be superimposed with that of graphene,
resulting in interference; thus, the Raman spectrum of GaN is
also shown in Fig. 3 for reference.

As can be seen from both the figures, there is almost no
change in the Raman spectra of graphene before and after the
penetration etching and electrode fabrication, indicating that
the quality of graphene is hardly affected by these two steps.
Compared to graphene with the isolation layer, graphene with-
out the isolation layer has a significant D peak, which is almost
half the height of the G peak, indicating that it has more
defects. In addition, the intensity ratio of its 2D peak to G peak
is much smaller, meaning that it has more layers. Both of them
are multi-layer graphene. The graphene with the isolation layer
is enough to fully conduct the current, while graphene with
even more layers will block the light emitted by the LEDs. It is
worth noting that the Raman spectra of graphene with the
isolation layer is less affected by the GaN Raman signal. This is
because its overall Raman signal intensity is much stronger
than that of graphene without the isolation layer, and the
Raman signal intensity of GaN in different areas is basically
the same, which further proves that the quality of graphene
with the isolation layer is better. Clearly, graphene with an SiO2

isolation layer has a great quality advantage, while for the
sample without the isolation layer, there may be a reaction

Fig. 2 EDS and SEM characterizations of fabricated LEDs. (a) The distribution maps of different elements on the surface of LEDs. (b) SEM image of
graphene on the LED mesa (inlens mode). (c) SEM image of the edge of the LED mesa (inlens mode).

Table 1 Elemental content in fabricated LEDs, corresponding to Fig. 2a

C N Ga Au Si Ni

Weight% 3.57 9.49 57.76 29.19 — —
Atom% 15.22 34.72 42.46 7.6 — —
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between GaN and Ni at high temperatures, which affects the
catalytic performance of Ni in graphene growth.

Graphene with and without the isolation layer was character-
ized by transmission electron microscopy to explore their number
of layers, as shown in Fig. 4. Fig. 4a is the high-resolution
transmission electron microscopy (HRTEM) image of graphene
with the isolation layer, and Fig. 4b is the corresponding selected
area electron diffraction (SAED) image. By looking at the edges of
graphene in HRTEM and the number of bright spots in SAED, it is
speculated that the graphene may be five layers or more. The
thickness of graphene was roughly estimated to be 2.7 nm by
atomic force microscopy (AFM), as shown in Fig. S6 (ESI†). Fig. 4c
is the HRTEM image of graphene without the isolation layer, and
Fig. 4d is the corresponding SAED image. The diffraction spots can
be seen to converge into rings; thus, it can be inferred that this

graphene has more layers. It can be seen that the roughly
estimated number of layers of the two graphenes is basically
consistent with the results of Raman characterization.

In our experiment, the growth process of graphene is mainly
that the gaseous carbon source is pyrolyzed under high tem-
perature and plasma, and then the carbon atoms forms gra-
phene on the sample surface under metal catalysis. In order to
further explore the specific effects of high temperature on Ni
and GaN during the growth of graphene and the protective
effect of SiO2 isolation layer, four samples were prepared on the
same GaN epitaxial wafer, as shown in Fig. 5a. The focus here is
on the interaction between GaN, Ni and SiO2 at high tempera-
tures rather than graphene. If the sample surface is covered
with graphene, it will be detrimental to our characterization of
the sample surface. Therefore, the four samples were treated
with PECVD under the conditions of growing graphene but
without the carbon source, which provides a state that approx-
imates graphene growth while preventing graphene from form-
ing on the sample surface. Then, the Ni and SiO2 of sample 2
and the Ni of sample 4 were etched away. These four samples
were characterized by SEM and EDS to observe Ni on samples 1
and 3 and GaN on samples 2 and 4. The penetration depth of
EDS was 200 nm.

Table 2 shows the percentage of elemental content in samples
1–4 characterized by EDS for the analysis of Ni and GaN. For
samples with the SiO2 isolation layer, the Ni surface is uniformly
gravel-like, which is a normal Ni annealed morphology (Fig. 5b).
As can be seen from Fig. 5c, the surface of GaN protected by the
isolation layer is very flat, and it can be considered that it has not
suffered any damage during the entire process. However, for
samples without the SiO2 isolation layer, irregular bumps and
holes formed on the Ni surface (Fig. 5d), which is likely to
introduce more defects on the grown graphene. More impor-
tantly, the EDS results indicate that the Ni in sample 3 has been
mixed with Ga, which will affect the catalytic performance of Ni
and reduce the quality of the grown graphene, consistent with the
Raman results. This phenomenon can be attributed to the fact

Fig. 3 Raman spectra of graphene grown with (a) and without (b) isolation layer at different experimental stages. As-grown Gr: graphene grown on the
surface of Ni; Gr falling on GaN: graphene that ‘‘falls’’ on the surface of GaN after penetration etching; final graphene: after the fabrication of electrodes,
the final graphene on the LED.

Fig. 4 Transmission electron microscopy characterization of graphene
with and without isolation layer. (a) and (b) HRTEM image and SAED image
of graphene with the isolation layer. (c) and (d) HRTEM image and SAED
image of graphene without the isolation layer.
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that when GaN and Ni are in direct contact at 650 1C, a portion of
Ga atoms gradually diffuses into the Ni layer, resulting in Ga
vacancies in GaN.60 After losing some Ga atoms, the N atoms
become less stable, escaping from the sample surface in the form
of N2 and forming small holes at the grain boundaries of Ni. In
addition, as can be seen from Fig. 5e, the loss of N and Ga atoms
leads to dense hexagonal holes on the GaN surface, which will
greatly affect the performance of LEDs fabricated on this basis. It
is worth noting that Al element was detected in the EDS char-
acterization of sample 4 because there is an AlGaN electron

blocking layer in addition to p-GaN in the 200 nm-thick surface
layer of the GaN epitaxial wafer. The proportion of Al atoms is so
low that no Al element is detected in sample 2, but Al is detected
in sample 4 because the loss of some N and Ga atoms increases
the proportion of Al atoms.

Three-dimensional AFM images and roughness of the four
samples are shown in Fig. 6. The characterization range of GaN
(sample 2, 4) was selected as 5 mm � 5 mm, and the character-
ization range of Ni (sample 1, 3) was selected as 10 mm � 10 mm
because Ni has a larger amplitude of morphological change. In
order to facilitate the observation of the differences of GaN and
Ni on different samples, the vertical scale of samples 1 and 3 is
�80 to 110 nm, and the vertical scale of samples 2 and 4 is �20
to 15 nm. It can be seen that the AFM results and SEM results
are basically consistent. In addition, the two-dimensional AFM
images and the height profiles of the selected sections are
shown in Fig. S7 (ESI†) in order to specify the height variation
in detail.

In short, the SiO2 isolation layer greatly protects the catalytic
ability of Ni and the integrity of the GaN substrate, which is the
basis for the application of this technology to metal and
semiconductor substrates.

Fig. 5 Four samples were prepared to explore the effect of 650 1C temperature on Ni and GaN as well as the isolation effect of SiO2. (a) The structural
diagram and processing method of the samples. The thickness of the Ni layer is 250 nm, and the thickness of the SiO2 layer is 100 nm. (b)–(e) SEM images
(SE2 mode) of samples 1–4 in sequence.

Table 2 The weight and atom percentage of each element in samples
1–4. The penetration depth of EDS was 200 nm

Elements

Weight% Atom%

SP 1 SP 2 SP 3 SP 4 SP 1 SP 2 SP 3 SP 4

C 3.8 2.59 2.97 2.84 16.2 8.77 13.32 9.37
N — 14.86 — 14.59 — 43.11 — 41.29
Ni 96.2 — 81.05 — 83.8 — 74.34 —
Ga — 82.55 15.98 79.94 — 48.12 12.34 45.46
Al — — — 2.64 — — — 3.88

Abbreviation: SP, sample.
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In order to visually demonstrate the performance of the
graphene transparent electrodes, LEDs with 70 nm-thick ITO
transparent electrodes and LEDs without transparent

electrodes were also fabricated for comparison. Fig. 7a shows
the current–voltage characteristics of the LEDs, and the inset
shows the current–voltage characteristics in the semi-log scale

Fig. 6 Three-dimensional AFM images and roughness of the four samples. (a) Sample 1. (b) Sample 2. (c) Sample 3. (d) Sample 4.

Fig. 7 Electrical and optical properties of LEDs fabricated by different methods, including LEDs with ITO transparent electrodes (shown as ITO, the same
below), LEDs without transparent electrodes (W/o TE), graphene LEDs without the isolation layer (Gr w/o IL) and graphene LEDs with the isolation layer (Gr
w/IL). (a) Current–voltage characteristics of LEDs. The inset is the current–voltage characteristics in the semi-log scale. (b) Optical microscope images of
LEDs at 20 mA or 100 mA. (c) The radiant flux of LEDs as a function of current. The inset shows the transmittance of ITO, graphene with the isolation layer
and graphene without the isolation layer. (d) Electroluminescence spectra of the graphene LEDs with isolation layer (Gr w/IL) at different currents.
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to facilitate the observation of the leakage current of LEDs.
Fig. 7b shows the optical microscopy images of four LEDs at
either 20 mA or 100 mA. The ideal turn-on voltage for the LEDs
is approximately 2.8–2.9 V. It can be seen that the LEDs with
ITO have almost no leakage current, reaching 100 mA at about
4.8 V, with excellent electrical performance, and the entire
mesa emits bright light evenly. The graphene LEDs with an
isolation layer also have no leakage current, but they need
about 5.6 V to reach 100 mA, which indicates that the series
resistance of the graphene LEDs is larger than that of ITO LEDs.
Their luminous image is almost indistinguishable from that of
LEDs with ITO, achieving a good current spreading. The LEDs
without transparent electrodes have a leakage current of about
10 mA, and because there is no transparent electrode to provide
current spreading, only the area connected to the metal elec-
trodes can emit light, which leads to their extremely weak light
so that only a faint ‘‘white light’’ can be seen in the luminous
image, even at 100 mA. The leakage current generated by the
graphene LEDs without the isolation layer is the largest of the
four LEDs, and the discontinuous and uneven light emitting
can be seen from the luminous image. According to the
previous analysis, one reason for this phenomenon is the low
quality of this graphene, and the more important reason may
be that the p-GaN surface was damaged during graphene
growth, which weakens the performance of the LEDs.

Since the LEDs without transparent electrodes emit too little
light to be measured optically, Fig. 7c shows the radiant flux of
three LEDs as a function of current. The inset shows the
transmittance of ITO, graphene without the isolation layer and
graphene with the isolation layer from 320 nm to 550 nm.
Consistent with the luminous image, the radiant flux of the
graphene LEDs without the isolation layer is very low. Surpris-
ingly, the radiant flux of the graphene LEDs with the isolation
layer is higher than that of the ITO LEDs, even though their
current–voltage characteristic is not as good, which should be
attributed to one of the advantages of graphene—higher trans-
mittance. The transmittance of ITO decreases sharply in the
ultraviolet band as the wavelength decreases, which means that
graphene will show greater competitiveness in ultraviolet LEDs.
In addition, graphene without the isolation layer has a lower

transmittance than graphene with the isolation layer, meaning
that it has more layers, which is consistent with the Raman
results. Because the three LEDs are from the same wafer, their
electroluminescence spectra are not very different at the normal-
ized intensity coordinates; thus, only the electroluminescence
spectra of the graphene LEDs with the isolation layer are shown
here (Fig. 7d). It can be seen that as the current increases, the
temperature of the device increases, resulting in a redshift in the
luminous wavelength.

Table 3 is a comparison of several graphene preparation
studies in terms of technical characteristics, process condi-
tions, and graphene properties. It can be seen that our technol-
ogy has certain advantages in terms of transfer-free patterning,
suitable for semiconductors and short growth time, but there is
still room for improvement in the sheet resistance of graphene.
In addition, it has recently been reported that reasonable
quality graphene has been prepared at rather low temperatures
and devices with acceptable performance have been prepared
with it,61–63 which may be one of our future research directions
for further refinement.

3. Conclusions

In this paper, a technology for the fabrication of transfer-free,
patterned graphene on dielectric, semiconductor or weakly cata-
lytic metal substrate is presented, and the graphene transparent
electrodes on GaN-based LED with 398 nm wavelength is fabri-
cated accordingly. The core of this technology is mainly three: the
penetration etching process, the Ni masking and catalytic layer
and the SiO2 isolation layer. Among them, penetration etching is
the foundation of this technology. Ni was selected as both the
etching mask and graphene growth catalyst because of its high
hardness and good catalytic properties. It performs an excellent
auxiliary role and simplifies the process. SiO2 is used to isolate
the Ni layer and the substrate, allowing the technology to be
applied to a wider variety of substrates and serve more fields. The
results show that high-quality, transfer-free, patterned graphene
has been fabricated, which as transparent electrodes achieve
good current expansion and light transmission, and their

Table 3 Comparison of several graphene preparation studies in terms of technical characteristics, process conditions, and graphene properties

Equipment
Transfer-free
or not

Patterning
or not

Temperature
(1C)

Time
(min)

Metal
catalysts

Target
substrates

Number
of layers

Sheet resistance
(KO &�1)

Transmittance@
398 nm Ref.

PATCVD Yes No 150 90 Ti Polyester sulfone 1 0.082 More than 81% 63
CVD Yes Yes 935 20 Mo Parylene 7 0.565 B77% 24

40 10 0.461 B71%
60 17 0.23 B59%

CVD Yes No 300 40 M–Cu SiO2 1 0.093–0.121 B96.2 61
CVD No No 1005 20 M–Cu — 1 0.314 B96% 37

P–Cu 1 0.362 B95.4%
PECVD Yes No 600 2 — Glass B10 1.6 B77% 45

B14 1.4 B66%
B16 0.97 B61%

PECVD Yes Yes 650 5 Ni GaN 5 or more 1.25 B86% This
work

Abbreviation: PATCVD, plasma-assisted thermal CVD; M–Cu, monocrystalline Cu; P–Cu, polycrystalline Cu.
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performance is even slightly better than that of ITO. In addition,
the growth of graphene in PECVD can be continuously optimized
in the future to obtain even higher quality graphene. The process
of this technology is simple but the effect is remarkable, which
provides a new solution for the scalable application of graphene.

4. Experimental details

The epitaxial wafer used was provided by Xiangneng Hualei
Optoelectronics Company, which can withstand a maximum
temperature of 700 1C. If the temperature is higher than this,
the GaN may decompose partially because in the graphene CVD
we do not have a proper protection atmosphere, which a
standard GaN metal–organic CVD uses. On the other hand,
usually the higher the growth temperature, the better the
quality of graphene. Thus, in this paper, 650 1C was selected
as the growth temperature due to the consideration of gra-
phene quality and experimental stability.

Graphene LEDs with and without isolation layer

First, a 100 nm SiO2 film and a 250 nm Ni film were deposited
on the sample (for the graphene LEDs without the isolation
layer, only a 250 nm Ni film was deposited) and patterned in a
single lithography. With Ni as the mask, the LED mesas of 300
� 700 mm2 were obtained by ICP-RIE. Subsequently the sample
was treated in PECVD at 650 1C and 6 mbar under an atmo-
sphere of CH4/H2/Ar (5/20/960 sccm) at a plasma power of 40 W
for 5 min. After the growth of graphene, PMMA was spin-coated
(3000 rpm for 30 s) on the sample and baked at 150 1C for
12 min. The sample was then immersed in the etching solution
(CuSO4 : HCl : H2O = 10 g : 50 mL : 50 mL) for more than four
hours to etch the Ni layer away. For graphene LEDs with the
isolation layer, the sample was then immersed in BOE (HF :
NH3F : H2O = 3 mL : 6 g : 60 mL) for more than four hours to
etch away the SiO2 isolation layer. After natural drying, the
sample was baked at 150 1C for 10 minutes to strengthen the
contact between graphene and GaN. Then, PMMA was removed
by acetone and isopropyl alcohol. Finally, 15 nm Ti and 80 nm
Au were lithographically sputtered as the metal electrodes.

ITO LEDs and LEDs without transparent electrodes

There is only one difference in the fabrication of these two
LEDs, i.e., for ITO LEDs, the ITO of 110 nm is pre-deposited on
the epitaxial wafer surface by reactive plasma deposition. First,
an Ni mask of 250 nm was deposited on the sample surface and
patterned by lithography. The 300 � 700 mm2 mesas were then
obtained by ICP-RIE (in the case of ITO LEDs, ITO outside the
mesa was also etched away in this process). Finally, 15 nm Ti
and 80 nm Au were lithographically sputtered.
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Aleixandre and M. Garcı́a-Hernández, 2D Mater., 2017,
4, 015009, DOI: 10.1088/2053-1583/4/1/015009.

44 J. Chen, Y. Guo, Y. Wen, L. Huang, Y. Xue, D. Geng, B. Wu,
B. Luo, G. Yu and Y. Liu, Adv. Mater., 2013, 25, 992, DOI:
10.1002/adma.201202973.

45 M. S. A. Kamel, C. T. Stoppiello and M. V. Jacob, Carbon,
2023, 202, 150, DOI: 10.1016/j.carbon.2022.11.017.

46 Z. Peng, Z. Yan, Z. Sun and J. M. Tour, ACS Nano, 2011,
5, 8241, DOI: 10.1021/nn202923y.

47 D. Wang, H. Tian, Y. Yang, D. Xie, T.-L. Ren and Y. Zhang,
Sci. Rep., 2013, 3, 1348, DOI: 10.1038/srep01348.

48 I. Martin-Fernandez, D. Wang and Y. Zhang, Nano Lett.,
2012, 12, 6175, DOI: 10.1021/nl302993m.

49 R. Hirano, K. Matsubara, G. Kalita, Y. Hayashia and M. Tanemura,
Nanoscale, 2012, 4, 7791, DOI: 10.1039/c2nr31723k.

50 T. Kato and R. Hatakeyama, ACS Nano, 2012, 6, 8508, DOI:
10.1021/nn302290z.

51 Z. Yan, Z. Peng, Z. Sun, J. Yao, Y. Zhu, Z. Liu, P. M. Ajayan and
J. M. Tour, ACS Nano, 2011, 5, 8187, DOI: 10.1021/nn202829y.

52 C. Y. Chen, D. Dai, G. X. Chen, J. H. Yu, K. Nishimura,
C.-T. Lin, N. Jiang and Z. L. Zhan, Appl. Surf. Sci., 2015,
346, 41, DOI: 10.1016/j.apsusc.2015.03.204.

53 Y. Dong, Y. Xie, C. Xu, X. Li, J. Deng, X. Fan, G. Pan,
Q. Wang, F. Xiong, Y. Fu and J. Sun, APL Mater., 2018,
6, 026802, DOI: 10.1063/1.4992077.

54 Y. Dong, Y. Xie, C. Xu, Y. Fu, X. Fan, X. Li, L. Wang, F. Xiong,
W. Guo, G. Pan, Q. Wang, F. Qian and J. Sun, Nanotechnol-
ogy, 2018, 29, 365301, DOI: 10.1063/1.4992077.

55 Y. Dong, S. Guo, H. Mao, C. Xu, Y. Xie, C. Cheng, X. Mao,
J. Deng, G. Pan and J. Sun, Nanomaterials, 2019, 9, 1633,
DOI: 10.3390/nano9111633.

Journal of Materials Chemistry C Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 3
:3

8:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1039/c8nh00374b
https://doi.org/10.1039/c8nh00374b
https://doi.org/10.1016/j.carbon.2020.08.055
https://doi.org/10.1021/acsami.2c12006
https://doi.org/10.1007/s12274-023-6176-y
https://doi.org/10.1016/j.nanoen.2014.12.035
https://doi.org/10.1088/0022-3727/45/14/145101
https://doi.org/10.1063/1.4802800
https://doi.org/10.1063/1.4802800
https://doi.org/10.1063/1.4880732
https://doi.org/10.1038/s41378-022-00430-x
https://doi.org/10.1038/s41378-022-00430-x
https://doi.org/10.1002/adom.202002102
https://doi.org/10.1002/adom.202002102
https://doi.org/10.1021/jp508177k
https://doi.org/10.1021/nl900927f
https://doi.org/10.1021/nl900927f
https://doi.org/10.1016/j.surfcoat.2016.10.081
https://doi.org/10.1021/nn200854p
https://doi.org/10.1038/nature09579
https://doi.org/10.1007/s10853-015-9440-z
https://doi.org/10.1007/s10853-015-9440-z
https://doi.org/10.1021/nl902515k
https://doi.org/10.1063/1.4863640
https://doi.org/10.1038/nature07719
https://doi.org/10.1063/1.3675631
https://doi.org/10.1364/OE.22.0A1040
https://doi.org/10.1364/OE.22.0A1040
https://doi.org/10.1016/j.carbon.2021.02.097
https://doi.org/10.1016/j.carbon.2015.09.075
https://doi.org/10.1039/c3ce27029g
https://doi.org/10.1063/1.4883359
https://doi.org/10.1021/ja2063633
https://doi.org/10.1002/advs.201800050
https://doi.org/10.1088/2053-1583/4/1/015009
https://doi.org/10.1002/adma.201202973
https://doi.org/10.1016/j.carbon.2022.11.017
https://doi.org/10.1021/nn202923y
https://doi.org/10.1038/srep01348
https://doi.org/10.1021/nl302993m
https://doi.org/10.1039/c2nr31723k
https://doi.org/10.1021/nn302290z
https://doi.org/10.1021/nn202829y
https://doi.org/10.1016/j.apsusc.2015.03.204
https://doi.org/10.1063/1.4992077
https://doi.org/10.1063/1.4992077
https://doi.org/10.3390/nano9111633
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc04656g


This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. C, 2024, 12, 9824–9833 |  9833

56 Y. Dong, S. Guo, H. Mao, C. Xu, Y. Xie, J. Deng, L. Wang,
Z. Du, F. Xiong and J. Sun, ACS Appl. Electron. Mater., 2020,
2, 238, DOI: 10.1021/acsaelm.9b00719.

57 G. S. Marlow and M. B. Das, Solid-State Electron., 1982,
25, 91, DOI: 10.1016/0038-1101(82)90036-3.

58 L. Wang, Y. Zhang, X. Li, Z. Liu, E. Guo, X. Yi, J. Wang,
H. Zhu and G. Wang, J. Phys. D: Appl. Phys., 2012,
45, 505102, DOI: 10.1088/0022-3727/45/50/505102.

59 A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri,
F. Mauri, S. Piscanec, D. Jiang, K. S. Novoselov, S. Roth and
A. K. Geim, Phys. Rev. Lett., 2006, 97, 187401, DOI: 10.1103/
PhysRevLett.97.187401.

60 I. Chary, A. Chandolu, B. Borisov, V. Kuryatkov, S. Nikishin
and M. Holtz, J. Electron. Mater., 2009, 38, 545, DOI: 10.1007/
s11664-008-0655-5.

61 F. Qian, J. Deng, Y. Dong, C. Xu, L. Hu, G. Fu, P. Chang,
Y. Xie and J. Sun, ACS Appl. Mater. Interfaces, 2022,
14, 53174, DOI: 10.1021/acsami.2c16505.

62 T. Kang, A. Rani, W. Ren, M. J. Sultan, N.-E. Lee and
T. G. Kim, J. Mater. Sci. Technol., 2024, 183, 215, DOI:
10.1016/j.jmst.2023.10.029.

63 V.-D. Tran, S. V. N. Pammi, B.-J. Park, Y. Han, C. Jeon and
S.-G. Yoon, Nano Energy, 2019, 65, 104018, DOI: 10.1016/
j.nanoen.2019.104018.

Paper Journal of Materials Chemistry C

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 3
:3

8:
42

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1021/acsaelm.9b00719
https://doi.org/10.1016/0038-1101(82)90036-3
https://doi.org/10.1088/0022-3727/45/50/505102
https://doi.org/10.1103/PhysRevLett.97.187401
https://doi.org/10.1103/PhysRevLett.97.187401
https://doi.org/10.1007/s11664-008-0655-5
https://doi.org/10.1007/s11664-008-0655-5
https://doi.org/10.1021/acsami.2c16505
https://doi.org/10.1016/j.jmst.2023.10.029
https://doi.org/10.1016/j.nanoen.2019.104018
https://doi.org/10.1016/j.nanoen.2019.104018
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc04656g



