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ABSTRACT
In this study, we introduce a novel method to produce large area interconnected graphene
nanostructures. A single layer CVD (Chemical Vapor Deposition) grown graphene was nanostructured by
employing dewetted Ni thin film as an etching mask for the underlying graphene. As a result, a network of
graphene nanostructures with irregular shapes and widths down to 10 nm is obtained. The FET (field
effect transistor) devices fabricated employing the nanostructured graphene as channel material exhibit
increased on/off current ratio compared to pristine graphene indicating a slight band gap opening due to
the quantum confinement effect in such narrow graphene nanostructures. This technique can be useful
for the large scale fabrication of graphene based electronic devices such as FETs and sensors.
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1. Introduction

Graphene, two dimensional hexagonally arranged carbon atoms,
has received tremendous attention owing to its fascinating elec-
tronic, optical and mechanical properties.[1–4] High carrier mobi-
lities have been observed in graphene, which makes it highly
desirable for high speed electronics.[5–7] However, semimetallic
nature of graphene hinders its application to digital devices since
such a graphene device have small on/off current ratio.[8] One
way to circumvent this problem is to fabricate narrow graphene
nanostructures such as graphene nanoribbon or nanomesh,
where quantum confinement of charge carriers leads to forma-
tion of a band gap.[9] Furthermore, graphene nanostructures is
attractive for biological and gas sensing applications because
nanostructured graphene shows higher sensitivity compared to
its pristine counterpart.[10–13] To date, several methods have been
reported for the fabrication of graphene nanostructures.[14–18]

Most of these include lithography processes, which are compli-
cated, expensive and incompatible with mass production.

Here, we present a simple and scalable method to fabricate
graphene nanostructures. The dewetting of Ni thin film depos-
ited on graphene with annealing provides an etching mask for
the nanostructuring of graphene. We optimized the annealing
temperature and time for the desired degree of dewetting. As
the final product, a continuous network of graphene nanostruc-
tures is obtained. We investigated the structural properties of
the nanostructured graphene by Raman spectroscopy and stud-
ied the transport properties by fabricating FET devices.

2. Experimental

CVD grown graphene on copper, purchased from ACS
Materials, was transferred onto SiO2 coated high doped Si

substrates by well known PMMA (Poly(methyl methacry-
late)) transfer method.[19] The fabrication procedure of the
nanostructured graphene is schematically shown in Figure 1.
After transferring graphene onto SiO2 coated Si substrate,
5 nm thick Ni film was deposited on graphene by Temescal
electron beam evaporator, where the thickness was moni-
tored by a quartz crystal microbalance thickness sensor.
Then, Ni/graphene film was annealed at 300�C in a tube fur-
nace (Lindberg Mini Tube Furnace), which was kept under a
constant flow of 5% H2/N2 mixture. The annealing process
led to formation of interconnected Ni nanostructures, which
serve as an etching mask for graphene. Next, uncovered
regions of graphene were removed by O2 plasma etching at
30 W RF (radio frequency) power for 40s using a Trion reac-
tive ion etching system. Then, the samples were placed in
concentrated nitric acid solution for 1 hour to remove the
dewetted Ni film, followed by cleaning in deionized water
for 2 hours. Subsequently, the samples were subjected to a
post annealing process at 400�C in N2 atmosphere in order
to remove residual nitric acid molecules. The FET devices
were constructed by photolithography, following evaporation
of Ti/Au (10/100 nm) electrodes and lift off process. A sec-
ond photolithography step combined with O2 plasma etching
was performed to define a channel with a length and width
of 5 mm and 10 mm, respectively. Raman spectroscopy meas-
urements were carried out by Renishaw RM1000 with a
wavelength of 514 nm. Scanning electron microscopy (SEM)
images were taken with FEI SFEG UHR SEM (Schottky Field
Emitter Gun Ultra High Resolution Scanning Electron
Microscope). The transport measurements were conducted
at room temperature with Agilent B1500 semiconductor
device analyzer.
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3. Results and discussion

When metal thin films are heated, a structural change called
dewetting occurs in order to minimize the free energy of the
film/substrate system.[20] Dewetting is considered to be a two
step process: void nucleation and following void growth.[21]

Void nucleation is induced by defects, pinholes, gas bubbles
and grain boundary triple points.[21] In this study, we took
advantage of dewetting of Ni thin film as a self assembly pro-
cess to form a network of Ni nanostructures, which was then
employed as an etching template for the underlying graphene.
Ni was chosen as the dewetting material for two reasons: First,
we could deposit ultra-thin Ni film with high degree of thick-
ness control. Second, Ni thin film does not require high tem-
perature for dewetting.

Figure 2 shows the SEM images of 5 nm thick Ni film on
graphene, which was annealed at 300�C under 5% H2/N2 flow
for different time durations. As-deposited Ni film is continuous
(Figure 2a). Void formation is apparent in the Ni film annealed
for 5 minutes (Figure 2b). With further annealing, voids grow
into a porous network of Ni nanostructures (Figure 2c). Note
that the brighter regions in the image correspond to Ni. When
the sample is annealed longer, discrete Ni islands are con-
structed (Figure 2d). Since any charge transport device needs to
be continuous, we optimized the annealing temperature and
time to attain a continuous network of Ni nanostructures. As
seen in the SEM images, annealing of the 5 nm thick Ni film at

300�C for 10 minutes is the optimum condition for the desired
degree of dewetting. We have found that H2 is crucial for the
dewetting of Ni films on graphene because no dewetting behav-
ior could be observed for the samples annealed in pure N2

atmosphere. This can be attributed to the formation of nickel
hydride compounds in the presence of H2, which leads to an
increase in the free energy of the Ni/graphene system promot-
ing the dewetting of the Ni film.[22]

The SEM images of the dewetted Ni film used as etching
mask and the corresponding graphene nanostructures are
exhibited in Figure 3. In Figure 3b, the slightly lighter regions
represent the graphene nanostructures. The nanostructured
graphene has a similar construction to the dewetted Ni film
showing that the pattern was successfully transferred to gra-
phene after the O2 plasma etching and removal of the Ni film.
The resulting graphene nanostructures are irregular features
whose widths roughly range from 10 nm to 50 nm. We were
able to fabricate graphene nanostructures over 1 cm2 area.
Larger area nanostructuring should also be possible when a
larger tube furnace is used for the dewetting.

We conducted Raman spectroscopy measurements to inves-
tigate the structural properties of the graphene samples. Figure 4
depicts the Raman spectra of the pristine and nanostructured
graphene, in which the main peaks of graphene are observed
for both samples. The intensity of D peak is associated with the
degree of disorder in graphene.[23] The intensity ratio of D peak
to G peak (ID/IG) can be used to compare the defect density in
graphene.[23] There is a dramatic increase in ID/IG after the
nanostructuring of the graphene sample (from 0.09 to 0.95),
resulted from the formation of edge defects after the oxygen
plasma etching process.[24] Moreover, a new peak denoted as D’

Figure 1. Schematic depiction of the fabrication procedure of the nanostructured
graphene FET devices.

Figure 2. SEM images of (a) As-deposited 5 nm thick Ni film. (b) 5 nm thick Ni film
annealed at 300�C for 5 minutes. (c) 5 nm thick Ni film annealed at 300�C for
10 minutes. (d) 5 nm thick Ni film annealed at 300�C for 20 minutes.

Figure 3. SEM images of the (a) dewetted 5 nm thick Ni film and (b) corresponding
graphene nanostructures.

Figure 4. Raman spectra of the pristine and nanostructured graphene.
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has emerged at a frequency of »1618 cm¡1, which is only acti-
vated with excess number of disorder.[25] Furthermore, we
observed an upshift in the positions of the G and 2D peak. The
upshift suggests hole doping in graphene, which was emanated
from the oxidation of graphene edges during the oxygen
plasma etching as well as nitric acid exposure.[26]

We fabricated FET devices employing both pristine and
nanostructured graphene as the channel materials. Heavily
doped Si back-gate and 300 nm thick thermally grown SiO2

gate dielectric was used to apply a gate voltage (VG) to the devi-
ces. Figure 5a shows the current-voltage (I-V) characteristics of
the pristine graphene device. The measured source-drain cur-
rent (ISD) linearly changes as the source-drain voltage (VSD) is
swept from ¡2 V to C2 V implying the metallic nature of the
pristine graphene sample.[27] We measured the I-V behavior of
the nanostructured graphene device in the same VSD range
under varying VG, in which the nanostructured graphene
device exhibits a non-linear I-V relationship (Figure 5b). Such
a non-linear behavior points out the existence of a Schottky
barrier between the contacts and the channel, which results
from semiconducting nature of the nanostructured gra-
phene.[17] The semiconducting nature of the nanostructured
graphene was also evidenced by measuring the ISD as a function
of VG. The ISD was measured at constant VSD of 1V while VG

was swept from ¡100 V to C100 V. The pristine graphene FET
device has an on/off ratio of 3 (Figure 5c), which is typical for
unpatterned single layer graphene.[28,29[ For the device com-
prising nanostructured graphene, we observed an increased on/
off current ratio of 9 (Figure 5d). The on/off current ratio
exponentially scales with band gap in accordance with
Ion 6 Ioff � exp Eg 6 2kbT

� �
, where Eg is the band gap energy,

kb is the Boltzmann constant and T is absolute temperature.[14]

Hence, an increased on/off current ratio signifies a band gap
opening for the nanostructured graphene. The quantum con-
finement of charge carriers in the narrow graphene nanostruc-
tures causes the emergence of the band gap, which scales
inverse linearly with the widths of the graphene nanostruc-
tures.[15] The on current value of the nanostructured graphene
device is three orders of magnitude lower than the pristine gra-
phene one. This can be explained by the formation of edge
defects after nanostructuring of graphene, which act as scatter-
ing centers for charge carriers impeding the conductivity.[30] In
addition, the nanostructured graphene FET device shows a typ-
ical p-type transport behavior, consistent with the Raman spec-
troscopy measurements.

The nanostructured graphene is also preferable for sensing
applications. It was reported that nanopatterned graphene was
more sensitivity to toxic gas molecules than unpatterned gra-
phene.[10,11] The enhanced sensitivity mainly arises from the
presence of large amount of edge defects, which have higher
activity for the adsorption of gas molecules.[31] Moreover, the
opening of a band gap in such graphene nanostructures results
in a reduced carrier concentration, which enables larger
conductance modulation with the adsorption of sensed gas
molecules.[11]

4. Conclusion

In conclusion, we have developed a facile method for the scalable
and low cost fabrication of graphene nanostructures. This
method allows the fabrication of graphene nanostructures with
widths as low as 10 nm. The nanostructured graphene shows
semiconducting behavior and possesses abundance of edge
defects indicated by electrical transport and Raman spectroscopy

Figure 5. (a) Source-drain current versus source-drain voltage plot of the pristine graphene. (b) Source-drain current versus source-drain voltage plot of the nanostruc-
tured graphene under varying gate voltages. (c) Source-drain current versus gate voltage plot of the pristine graphene. (d) Source-drain current versus gate voltage plot
of the nanostructured graphene.
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measurements, respectively. Such nanostructured graphene holds
a great promise for applications in logic devices and sensors.
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