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between the cantilever tip and Si substrate without any electrode directly connected to
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the graphene layer. When the bias voltage was applied on a cell of patterned graphene
through the cantilever tip, charge was accumulated on the cell and preserved for a long
time without decay. The accumulated charge and the surface potential were measured
by an electrostatic force microscope. The charge retention was measured as a function
of time, and the decay time constant was estimated to be 70 min.
Ó 2012 Elsevier Ltd. All rights reserved.

1.

Introduction

Since graphene has emerged as a next generation device
material [1,2], its patterning became a crucial issue for its
industrial applications. Nanometer-scale high-resolution
etching without chemical contamination is a main target of
the graphene patterning, in order to control the band gap
[3,4] and preserve its high mobility characteristic [5]. In
general, e-beam lithography technique has some limitations
to be used as a nano-patterning method: the spatial resolution of 10 nm scale and chemical contamination from resist
mask. On the other hand, scanning probe lithography (SPL) is
considered as a promising candidate because the spatial resolution can be reduced as much as a few nm and no resist
mask is required [6–8]. In this context, Tapaszto et al. fabricated 2.5 nm wide armchair graphene nano-ribbon by using
scanning tunneling microscopy in air [7]. While many groups
have performed the graphene patterning using SPL assisted
by water under ambient conditions, Park et al., have

succeeded in making 3 nm line width pattern in methanol
environment [6]. They claimed that methanol provided a suitable environment for the graphene to be etched, because
methanol has low viscosity and good wettability, and also it
lowers the activation energy of the chemical reaction. In spite
of these remarkable achievements on the graphene patterning, still there are limitations for SPL to be used as a general
tool for patterning. One of the main problems is that the
graphene layer should be connected to a counter electrode
forming current path. In this study, we report the SPL patterning of graphene without direct connection to the electrode.
Recently, several papers have reported about the surface
potential of graphene layer studied by electrostatic force
microscopy (EFM) [9–18]. As EFM signal is very sensitive to
the surface potential, it is used to study doping effect on the
graphene which modifies the surface potential. Burnett
et al. used EFM to identify the number of graphene layers
where the topography was disturbed by adsorbates [11]. They
developed EFM spectroscopy measuring the EFM phase as a
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Fig. 1 – (a) Optical microscope image shows a single layer
graphene deposited on a Si wafer with 300 nm SiO2 layer. (b)
Schematic diagram shows the setup for the SPL patterning.
While the Si substrate was connected to the ground,
graphene layer was not directly connected to the Si
substrate.

function of the electrical DC bias to investigate the surface
potential. Datta et al. reported EFM measurements revealing
that a few-layer-graphene surface potential increases with
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film thickness, and it was saturated at five layers to the bulk
graphite potential [10]. They attributed this effect to charge
screening by graphene’s relativistic low energy carriers. Very
recently, graphite was patterned into hexagonal shape by
Kurra et al., and charge storage effect was studied using
EFM [12]. They found that the isolated topmost graphene island on the graphite substrate had charge storage behavior
with unexpected stability of charged state. In this context,
we patterned a graphene layer into a cellular array and each
cell was studied by EFM spectroscopy and charging effect on
each cell was investigated.

2.

Experiments

Single layer graphene was prepared by mechanical exfoliation
method from a highly oriented pyrolytic graphite using a
‘Scotch tape’. The film was deposited on a Si wafer with
300 nm thick SiO2 layer. Fig. 1a shows an optical microscope
image of the sample on Si/SiO2 substrate. In the patterning
process, Si substrate was connected to the ground, and the

Fig. 2 – (a) Topography and (b) LFM images of dot patterns are shown. The tip bias voltages for writing were 12, 16, 20, and
24 V for upper four dots, and 8, 9.6, 11.2, 12,8, 14.4, 16.0, 19.2, 22.4, 25.6, 28.8, 32, and 40 V for lower 12
dots. (c) Topographic and (d) error images were measured after line patterning. Each line was drawn with different
frequencies of square waveform: 100, 50, and 10 Hz, respectively. (e) LFM and (f) non-contact mode AFM images were taken
for cellular array of graphene fabricated by combining the line drawings.
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Fig. 3 – For a cellular graphene array, (a) non-contact mode topography and EFM images from (b) amplitude shift and (c) phase
shift were measured simultaneously with tip-sample distance 16 nm and tip bias 2 V.

graphene layer was not connected to the Si substrate, as
shown in Fig. 1b. A cantilever with conductive coating was
biased with Vtip, which was contacted to the graphene layer.
In this geometry, the resistance between the tip and Si substrate was larger than 109 X, and the current with 10 V bias
was less than 10 nA. For the scanning probe microscope, a
commercial machine (XE-100, Park systems) was used under
ambient conditions. In the patterning process, contact-mode
scanning was employed, and for EFM measurement a twopass method was used with 10 nm lift height. To apply tip
bias larger than 10 V, an external voltage source was connected manually to the cantilever. For the EFM, cantilever system (Multi 75E-G, Budget Sensors) with a 3 N/m force constant
and 75 kHz resonant frequency was used, and the patterning
was accomplished by Pt coated (CSG01/Pt, NT-MDT)
cantilever.
For the writing process, negative voltages in square
waveforms with 100 Hz frequency and time duration 5 s were
applied to the tip. The peak-to-peak voltages Vpp were in the
range from 8 to 40 V, and the writing speed was about
0.4 lm/s. This voltage scale is much higher than that when
graphene layer was grounded directly. In this experiment the
graphene was floated, so higher voltage was required to induce
enough electric field to activate the chemical reaction. It should
be noticed that a conductive coating on tip does not make electrical contact to the graphene surface due to surface oxidation
on tip, unless it was pressed with a strong normal force.

3.

Results and discussion

Some representative patterns written by the SPL are shown in
Fig. 2. In Fig.2a contact mode topography and (b) lateral force
microscopy (LFM), dot patterns were fabricated by bias voltage at fixed points. From the topography (a), the dots seem
to be etched holes, but the contact mode image may have
artifacts due to second order effect of frictional force, which
was already discussed in the literature published by our group
[8]. From the LFM image (b), the frictional force contrast is
much clearer than the topography, but non-contact mode
AFM image should be taken to measure the real topography.
Line patterns were also fabricated by scanning with negative
voltages, as shown in Fig. 2c topography and (d) error image. A
cellular array of graphene was fabricated by combining the
line drawings with the same conditions, as shown in Fig. 2e
and f. From the LFM image (e), it is clear that each cell is separated by patterned lines, confirming the patterned parts exert large frictional force, again. However, the non-contact
mode topography (f) shows that patterned surface is not
smooth with some parts swelled partially. As the singlelayer-graphene thickness is very thin (0.3 nm), the etched
parts are not distinguishable, but the swelled parts are noticeable which is supposed to be oxidized with –O, or –OH group.
It is well known that SPL on graphite causes etching or protrusion, depending on the voltage [8]. The carbons are oxidized
by the activation energy provided from electric potential
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Fig. 4 – (a) Topography and (b) EFM images of the cellular graphene were taken simultaneously. (c) At three points indicated by
symbols (h, s, D), the EFM phase signal was collected as a function of the tip bias between 2 and +2 V. (d) This illustration
shows that effective area of the capacitive coupling with a metallic probe is expanded by the ballistic motion of electrons in
graphene.

energy. Depending on the voltage, the oxidized carbon either
remains in the surface, or is gasified as CO, CO2 [6,19]. In this
experiment, the high voltages were applied, but all carbon
atoms were not gasified judging from the topography.
In order to investigate the electric properties of the patterned cell of graphene, EFM measurements were carried
out. Fig. 3 shows (a) non-contact mode topography, EFM
images obtained from (b) amplitude and (c) phase, simultaneously measured with tip-sample distance 16 nm and tip
bias 2 V. The amplitude image and phase image are almost
identical, confirming that both images reflect the same physical properties eventually. The EFM contrast between the pristine graphene and patterned graphene (closed cell) is very
clear. The SiO2 layer at the left lower corner was not covered
by the graphene, which has different brightness. The patterned lines with very high resistance disconnect the electrical conduction [12,20]. Judging from the EFM contrast, it is
confirmed that each cell is isolated from the open graphene,
having different capacitive coupling with the tip. As the
SiO2 layer is brightest and the graphene is darkest in EFM, it
is presumed that the brightness is inversely proportional to
its capacitive couplings.

We prepared another sample for the detailed analysis, and
the EFM measurements were carried out more carefully. After
the cellular patterning, (a) topography and (b) EFM images
were taken simultaneously as shown in Fig. 4. At three selected points indicated by symbols (h, s, D), the EFM phase
signal was collected as the tip bias was swept between 2 V
and +2 V. Each data set taken from the specific points was
plotted in Fig. 4c. The EFM signal comes from the capacitive
coupling force between the tip and sample mainly, which is
given by Lei et al. [13].
Fel ¼

1 dC
ðVtip  Vs Þ2
2 dz

ð1Þ

where C is the capacitance between the tip and the sample,
and Vs is the surface potential of the sample. Accordingly,
phase signal of the EFM is given by
2

D/ ﬃ

Q d C
ðVtip  Vs Þ2
2k dz2

ð2Þ

where Q is the quality factor and k is the spring constant of
the cantilever.
The phase change data as a function of Vtip can be fitted to
Eq. (2), and Vs can be estimated. From the phase spectrum in
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Fig. 5 – (a) Topography and (b) LFM images of cellular graphene fabricated with different sizes were taken simultaneously. (c)
EFM image shows the different contrasts depending on the size of the cells. (d) EFM spectrum on each cell was measured, and
(e) its curvature is plotted a function of cell area. The data show a saturation behavior for the cells larger than 0.5 lm2.

Fig. 4c, local surface potential is estimated as 0.33, 0.42, and
0.36, (with standard deviation ±0.03) for cellular graphene,
open graphene, and SiO2, respectively. All positive values of
Vs mean that the sample was p-type doped. This doping effect
may likely be due to the residue of the sticky tape in the
mechanical exfoliation process [15]. As the graphene is very
sensitive to contamination, the Vs shift is larger than SiO2 surface. However, in case of patterned part of graphene, the residue was supposed to be eliminated partially due to the
chemical oxidation process, and the surface potential shift
is reduced. The curvatures of the parabolic curves are quite
different in the order: open > cellular > SiO2. As the SiO2 layer
is insulating material, the smallest capacitance is plausible.
In case of open graphene having largest effective area, the
second derivative of capacitance in Eq. (2) was expected to
be small, but the result was reversed. Therefore, we insist that
the curvature is not only determined by the second derivative
of the capacitance, but also it depends on the local conductivity, effective size or doping of the graphene. One possible
explanation can be found in the fact that the cellular
graphene has limited area for electrons to move without collision, while the electrons in open graphene may have ballistic motion with collision length 500 nm [9,21,22]. Due to the
ballistic motion of carriers in graphene, the capacitance between graphene and local probe has an effective area larger
than the probe size (20 nm). The effective range affected
by the capacitive coupling is expanded up to the mean free
path of the graphene as illustrated in Fig. 4d. It is noted that
the capacitance in this experiment means ac capacitance

implying the electrons move dynamically synchronized with
the cantilever motion. As a result, the hindered ballistic motion on cellular graphene decreases the capacitance with
metallic probe.
Another cellular graphene array was fabricated with different cell sizes, as shown in Fig. 5a contact-mode topography
and (b) LFM images. EFM results in Fig. 5c show different contrasts depending on the size of the cells. The small cell has
bright contrast and large cell has dark contrast as a whole. Representative cells were numbered as indicated in Fig. 5c with
the order of cell size, and EFM spectroscopy was measured
for each cell as shown in Fig. 5d. The surface potential shift
is not noticeable, but the parabolic curvatures are quite different. The curvatures are plotted as a function of the cell area as
shown in Fig. 5e. While the curvature is increased as the cell
size grows initially, for the cells with areas larger than 0.5
lm2 it was saturated to the value of open graphene. This
means that the cell size of 700 nm is larger than the mean
free path of electrons in graphene. This length scale is also in
good agreement with the values reported by others [1,9,21,22].
Particular cells were charged by biased tip with writing
voltage (Vw) in contact mode for 2 min and the EFM images
were taken by the same biased tip with reading voltage (Vr),
as shown in Fig. 6. Because the patterned boundary has large
resistivity [23], the cell is expected to retain the charges.
Fig. 6a and b shows EFM images taken after charging on the
cells marked by circle with different Vw and Vr. These images
show clear difference in charging status which confirms that
the cells are charged and retained the charging status stably.
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Fig. 6 – (a) and (b) show EFM images taken after charging on the cell marked by circle with different writing and reading
voltages : (+8 V, +2 V), (8 V, +2 V), (+8 V, 2 V), and (8 V, 2 V), sequentially from left to right. (c) EFM spectra on the charged
cell marked in (b) were measured. Some stains were made by unintended erroneous operations in the measurements.

On the charged cell, the EFM spectra were taken, as shown in
Fig. 6c. As expected, the cell charged with positive bias (j) has
positive surface potential +0.5 V and the negative biased cell
(.) has negative surface potential 0.25 V. The spectra for
open graphene (d) and SiO2 (m) are shown here for comparison, which appear similar as already shown in Fig. 4c. The
negatively (positively) charged cell possessed electron (hole)
carrier which was injected from the biased tip. This charging
effect occurred noticeably in the cells with areas from
0.06 lm2 to 0.270 lm2, but it was not distinguishable on the
large area cells.
In order to study the time evolution on the charged cell,
the EFM measurements were repeated for a long time period
after the charging. The consecutive images show that the

bright cell is gradually faded out with time, as shown in
Fig. 7a. The time evolution was plotted as shown in Fig. 7b,
where the contrast along y-axis was defined as a relative
intensity compared to that of the SiO2 (not shown). The data
was fitted to an exponential decay function, and the best
fitting results are shown by the red line. The reduced contrast
means that the charge diffusion by leakage current, and the
diffusion time constant was estimated as 70 min.
In general, when the charges injected in a localized area
diffuse through conducting medium, they decay in an exponential form. From the continuity equation, the charge
density as a function of time is given by
qQ ðtÞ ¼ q0 eðr=eÞt ;

ð3Þ
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Fig. 7 – (a) Sequential images were taken at 5, 20, 90, 190, 280, 365, and 450 min, after charging on the cell marked (j). (b) The
time evolution of the EFM contrast was plotted as a function of time, and was fitted to an exponential decay function marked
with a red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

where r is the conductivity, e is the dielectric constant, and the
relaxation time s is given by s = e/r. Assuming that the charge
injected on the cell is a point charge and the oxidized graphene barrier is the surrounding uniform medium, the resistivity
of the oxidized graphene is estimated as q = s/e  1014 X m,
and the patterned part can be utilized as a good insulating barrier for the graphene-based electronic device.

4.

Summary

We have prepared a cellular graphene device using SPL without directly connected electrode under ambient conditions.
By using EFM, the capacitance of the individual cells was

investigated as a function of the cell area. The ballistic motion
of the electrons in the single layer graphene was confirmed,
from the unexpected capacitance decrease of the cells with
smaller area. The estimated mean free path of the electrons
was about 500 nm. Charges were accumulated on isolated cellular graphene and the surface potential was measured by
EFM. The time evolution of charge diffusion was measured,
and the decay time constant was estimated to be 70 min.
From the decay constant, the resistivity of the oxidized graphene was found as 1014 X m. As a conclusion, SPL technique
can be applied to fabricate the graphene-based electronic devices, and the charging effect on the cellular graphene can be
utilized in memory devices.
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