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Abstract—A method of local anodic oxidation has been used to obtain graphene-oxide regions on SiC. The
change of the surface properties was confirmed by atomic-force microscopy and Raman spectroscopy.
Experimental data were obtained on the conductivity, potential, and topography of the oxidized regions. It
was shown that the oxidation leads to a rise in the surface potential. A relationship was found between oxida-
tion parameters, such as the scanning velocity and the probe voltage. The method of local anodic oxidation
was used to obtain by lithography an ~20-nm-wide nanoribbon and an ~10-nm-wide nanoconstriction.
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Graphene is a layer in which carbon atoms form a
2D hexagonal crystal lattice [1]. Graphene is a prom-
ising material for development of new-generation
electronic and optoelectronic devices. It is already
used to fabricate thin-film transistors [2], OLED dis-
plays [3], and many other devices. Large-size wafers of
high-quality homogeneous graphene are economi-
cally advantageous for numerous applications. The
approach the most widely used to obtain large-area
graphene is the chemical vapor deposition onto thin
metallic foil, with its subsequent transfer to a dielectric
substrate. However, the orientation of domains in the
thus-grown graphene is random, which impairs its
transport characteristics. A high-quality epitaxial
graphene with regular orientation of domains can be
grown by thermal destruction of a semi-insulating sin-
gle-crystal SiC substrate [4, 5]. It is a great advantage
of this technique that there is no need to transfer a film
grown in this way onto a dielectric substrate.

Devices based on graphene are, as a rule, fabricated
by photo or electron lithography. In most lithographic
procedures, a resist is deposited onto the graphene
surface or is removed therefrom. However, the elec-
tronic structure of graphene is exceedingly sensitive to
structural defects and surface adsorbates, which low-
ers the carrier mobility [6]. An alternative to lithogra-
phy, which rules out any use of a resist, is the local
anodic oxidation (LAO) [7, 8]. In this method, the
surface aqueous film dissociates under the probe of an
atomic-force microscope when an electric voltage is
applied, with the subsequent oxidation of the
graphene layer. The oxidation only occurs where a
water meniscus is formed under the probe brought in

contact with the surface, and the electronic structure
of graphene is not disrupted on the rest of the surface.
The possibility of local anodic oxidation of graphene
on SiC was demonstrated in [8]. It should be noted
that the electronic properties of graphene oxide (GO)
on SiC remain nearly unexamined. In addition, low
electric voltages and, as a consequence, low probe
velocities are used in most studies of this kind with
LAO, which hinders lithography on large-area sam-
ples. The installation used in the present study makes
it possible to apply voltages of up to –50 V. This opens
up an opportunity for studies of various oxidation
modes at varied voltage and probe velocity. The goal of
our study was to examine the graphene oxidation
modes and the electronic and structural properties of
GO films by atomic-force microscopy (AFM), Kel-
vin-probe microscopy, and Raman spectroscopy.

Our experiment was performed on an Ntegra Aura
(NT-MDT) microscope with DCP (NT-MDT) con-
ducting probes having tip diameter of 100 nm. The
sample had the form of a high-quality single-layer
graphene with a small fraction (~10%) of two-layer
island inclusions of submicron dimensions, produced
by thermal destruction of the Si-face of a 6H-SiC
(0001) substrate in argon [5]. In measurements of cur-
rent–voltage (I–V) characteristics and in LAO, the
electric voltage was applied between the AFM probe
(first electrode) and the pressure contact to the sample
surface (second electrode). The humidity level was
monitored with a system constructed in the micro-
scope. Raman spectra were measured at room tem-
perature in the backscattering configuration on a
Horiba Jobin Yvon T64000 spectrometric installation
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Fig. 1. (a) Topography, (b) surface potential distribution
after the treatment, (c) I–V characteristics measured
at points p. 1 and p. 3, and (d) Raman spectrum obtained
at point p. 2. The inset shows the spectrum obtained at
point p. 1.
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equipped with a confocal microscope. This made it
possible to obtain information from a part of a
graphene film with diameter of ~1 μm. The Raman
spectra were excited with an Nd:YAG laser (λ =
532 nm).

Figure 1 shows an (a) AFM topographic image and
(b) surface-potential-distribution map for part of the
surface with an oxidized region in the upper right-
hand panel (p. 3). The oxidation was performed at a
voltage of –30 V and probe velocity of 1.5 μm/s in the
contact mode at a pressing force of 60 nN and relative
humidity of 45%. In the oxidation, the fast-scanning
axis was horizontal and, therefore, a vertical band
was formed at the boundary of the oxidation region in
Fig. 1a (p. 2). The appearance of this band was due to
the partial transfer of graphene oxide to the boundary
of the region in which the oxidation was performed. It
can be seen in the surface-potential-distribution map
that the region subjected to the treatment has distinct
boundaries and its potential is 350 mV higher than the
potential unperturbed regions. As is known, the sur-
face potential of SiC without graphene layer is also
350 mV higher than the potential of SiC with a mono-
layer of graphene. Thus, oxidation of graphene leads to
a weaker screening of the SiC potential under
graphene.

Figure 1c shows I–V characteristics measured
when the probe is brought in contact with the unper-
turbed and oxidized surface at points p. 1 and p. 3,
TEC
respectively. The I–V characteristic obtained in the
case of a probe in contact with graphene (p. 1) has a
linear shape typical of the ohmic contact with a resis-
tance of 30 MΩ. The I–V characteristic measured in
the contact of the probe with the oxidized surface (p. 3)
exhibits a rectifying (diode) shape typical of a Schottky
barrier with n-type semiconductor. It is noteworthy
that the oxidized region is insulating relative to the
unperturbed surface in a wide range of voltages.

Figure 1d presents a Raman spectrum obtained at
the point of accumulation of products formed in
the interaction of the probe with the surface (p. 2).
The spectrum shows broad bands D (~1345 cm–1),
G (~1603 cm–1), and 2D (~2692 cm–1) [5]. This spec-
trum is typical of graphene oxide [9]. Compared with
the Raman spectrum of the starting unoxidized
graphene layer (it is shown in the inset of Fig. 1d), the
GO spectrum is characterized by a significant broad-
ening of the G band and a substantial rise in the inten-
sity of the D band. It is known that the ratio of the inte-
gral intensities of the peaks (ID/IG) is a measure of the
disorder and is inversely proportional to the average
size of sp2 clusters [10, 11]. The increase in this param-
eter in the GO spectrum points to its higher defective-
ness and to a decrease in the size of the sp2 clusters in
GO as compared with the unoxidized layer. In addi-
tion, the intensity of 2D band in GO is suppressed
because of the smaller number of unfaulty atoms with
an sp2 electronic structure. The Raman spectrum of
GO shows at high frequencies, in addition to 2D, sev-
eral more bands (~2931 and 3188 cm–1) associated
with specific features of its electronic structure [9].
Thus, analysis of the Raman spectrum suggests that
the graphene surface is modified, which yields
graphene oxide.

The humidity strongly affects the oxidation pro-
cess. The higher the humidity, the lower the probe
voltage at which the oxidation occurs. However, a high
humidity (~60%) impairs the locality of the process.
In this case, the oxidation occurs not only in the
region below the probe, but extends to regions with
adsorbed water around the probe. The size of these
regions may reach several micrometers.

When confirming that graphene oxide is formed in
LAO, we examined the oxidation modes (probe volt-
age and scanning velocity) at a relative humidity of
45%. The most effective mode was that with –15 V
and 1 μm/s. This mode combines a moderate probe
voltage, a probe velocity sufficient for a fast treatment
of large areas, and uniform oxidation of the surface. It
is noteworthy that, when the scanning velocity is
raised by 1 μm/s, it is necessary to change the probe
voltage by –5 V (e.g., 2 μm/s and –20 V, etc.).

The oxidation-mode data enabled us to pass to
experiments on obtaining the minimum lithographic
resolution. For this purpose, we used probes with a
smaller tip radius (NT-MDT: HA_FM/W2C with
~20–30 μm). We performed an experiment on obtain-
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Fig. 2. (a) Graphene nanoribbon (width ~20 nm and
(b) graphene nanoconstriction (width ~10 nm) between
two oxidized regions.
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ing a graphene nanoribbon and a nanoconstriction
with as small width as possible. Recently, the authors
demonstrated in [12] a record-breaking nanoconstric-
tion with width of 10 nm, obtained on a graphene
monolayer produced by mechanical f laking of graph-
ite and transfer to a SiO2 substrate.

The oxidized region and the gap between these
with a linear size of tens of nanometers are, as a rule,
detected by measuring the force of probe friction
against the surface because the friction between the
probe and graphene oxide exceeds that between the
probe and graphene [10]. Figure 2 shows friction-
force-distribution maps for a part of the surface on
which a 20-nm-wide unoxidized graphene nanorib-
bon (Fig. 2a) and a 10-nm-wide nanoconstriction
were formed by the LAO method. This is comparable
with the best results obtained on flaked graphite. The
light and dark regions in the image correspond to,
respectively, oxidized and unoxidized graphene. On
performing a set of experiments, we determined the
optimal lithographic parameters that provided the best
resolution. The lithography was performed in the con-
tact mode at a relative air humidity of ~45%, voltage
of –6 V, probe velocity of 0.2 μm/s, and exposure at
a point for 10 ms.

Thus, we examined the influence exerted by the
parameters (electric voltage and scanning velocity) on
the oxidation of graphene monolayers. The parame-
ters providing the reproducible formation of graphene
oxide were determined. Experimental data on the con-
ductivity, potential, topography, and crystal structure
of the oxidized regions were obtained. The results of
the study suggest that the local anodic oxidation of
graphene on SiC can be considered a nanolitho-
TECHNICAL PHYSICS LETTERS  Vol. 44  No. 5  201
graphic method with a resolution of 10 nm, which can
be used to fabricate devices based on thin graphene
layers.
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