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N
anoelectronics based onmonolayer
graphene has attracted a great deal
of attention in recent years due to

graphene's high carrier mobilities.1�6 Since
monolayer graphene is a zero-gap semi-
metal with two linear bands crossing at
the Dirac point, much effort has been de-
voted to creating a considerable energy
gap in graphene-based materials for de-
vice applications.2,3,7 For that purpose,
chemical modifications such as hydrogena-
tion and oxidation have been routinely used
and can realize an energy gap with different
atomic structures.8

In previous attempts, hydrogen plasma
was used to modulate the electronic prop-
erties of individual graphene flakes, turning
them into so-called graphane insulators.5,9

Oxygen treatment was also applied to cre-
ate graphene islands.4 Since these methods
induce chemical modification over a large
area, special patterning and etching meth-
ods are required to apply such hydrogena-
tion and oxidation for graphene-based
nanoelectronics. In addition, thosemethods
require special conditions, such as high tem-
peratures, low pressures, high-voltage elec-
tric fields, and high purity gas sources.
If controlled nanoscale hydrogenation

and oxidation become feasible, one can
modify electronic structures of graphene
on the nanoscale and, furthermore, define
ultranarrow graphene nanoribbon (GNR)
circuits right on top of pristine graphene.
In addition, the two-dimensional superlat-
tice structures that have theoretically
been proposed to open a band gap in
monolayer graphene would become a
possibility.10�12 Therefore, nanoscale hy-
drogenation and oxidation can lead to facile
fabrication of nanoelectronic devices based
on graphene.

Nanoscale patterning has been ex-
plored in various materials using atomic
force microscope (AFM) lithography.13 In
the past few years, AFM lithography has
also been used for the fabrication of pat-
terns on graphene14�18 or graphene
oxide (GO).19�21 However, locally controlled
nanoscale hydrogenation ofmonolayer gra-
phene has not been reported yet. Moreover,
systematic studies of oxidation in the AFM
lithography methods, especially by Raman
spectroscopy, have been lacking. Since hy-
drogenated and oxidized graphene should
show different electronic behaviors, having
the capability to control both hydrogena-
tion and oxidation in nanoscale will be very
useful for designing a wide range of gra-
phene devices.
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ABSTRACT Monolayer graphene is one of the most interesting materials applicable to next-

generation electronic devices due to its transport properties. However, realization of graphene

devices requires suitable nanoscale lithography as well as a method to open a band gap in

monolayer graphene. Nanoscale hydrogenation and oxidation are promising methods to open an

energy band gap by modification of surface structures and to fabricate nanostructures such as

graphene nanoribbons (GNRs). Until now it has been difficult to fabricate nanoscale devices

consisting of both hydrogenated and oxidized graphene because the hydrogenation of graphene

requires a complicated process composed of large-scale chemical modification, nanoscale patterning,

and etching. We report on nanoscale hydrogenation and oxidation of graphene under normal

atmospheric conditions and at room temperature without etching, wet process, or even any gas

treatment by controlling just an external bias through atomic force microscope lithography. Both the

lithographically defined nanoscale hydrogenation and oxidation have been confirmed by micro-

Raman spectroscopy measurements. Patterned hydrogenated and oxidized graphene show

insulating behaviors, and their friction values are several times larger than those of graphene.

These differences can be used for fabricating electronic or electromechanical devices based on

graphene.

KEYWORDS: graphene hydrogenation . graphene oxidation . nanoscale lithography .
atomic force microscope . Raman spectroscopy
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In this report, nanoscale hydrogenated and oxidized
graphenes were formed on mechanically exfoliated
graphene supported on silicon substrates at ambient
temperature and pressure, using AFM lithography.
Hydrogenation and oxidation were confirmed by mi-
cro-Raman spectroscopy. Both hydrogenated and oxi-
dized graphene were highly insulating compared to
pristine graphene, while also showing friction values 3
times and 8 times larger, respectively. This opens up
the possibility of integrating graphene with oxidized
and/or hydrogenated graphene for electronic or elec-
tromechanical devices.

RESULTS AND DISCUSSION

Figure 1a shows a schematic diagram of the AFM
lithography setup. When a negative dc bias voltage is
applied to a graphene sample using AFM (negative
lithography), positive hydrogen ions (Hþ) which are
dissociated electrically fromwatermolecules (H2O) can
be adsorbed on the graphene surface which acts as a
cathode. Since it is expected that hydrogen ions are
reduced at the graphene surface and readily form
hydrogen atoms, the graphene surface can be hydro-
genated by the reactive hydrogen atoms and some
remaining positive hydrogen ions. Furthermore, a
density functional theory calculation22 indicates that
hydrogenation of graphene can occur even with gas-
eous hydrogen created by chemical reaction (2Hþ þ
2e� f H2) during AFM lithography if a negative
perpendicular electric field is applied to reduce the
energy barrier for hydrogen atom dissociative adsorp-
tion on graphene. After hydrogenation on graphene,
the remaining oxyanions (OH�) can contribute to the
formation of oxide on the AFM tip.
When a positive dc bias voltage is applied to a

graphene sample using AFM (positive lithography), it
is expected that oxides grow on graphene which acts
as an anode. There is a threshold voltage at which the
anodic oxidation starts. A high electric field (E > 107 V/m)
can decompose water molecules adsorbed on gra-
phene into ions (e.g., Hþ, OH�, and O2�). Negatively
charged oxygen-containing radicals (e.g., OH� and O2�)
can be attracted to the anode and contribute to the
formation of surface oxides and also to the successive
growth of the oxide underneath.23

We have fabricated four different areas (3 μm� 3 μm)
by negative and positive AFM lithography in order
to study differences between the areas patterned
using dc biases with opposite polarity. We can easily
distinguish the areas formed by positive AFM lithogra-
phy using optical microscopy since they are optically
indistinguishable from the 300-nm-thick SiO2, while
pristine graphene shows a slight contrast, as shown in
Figure 1b. Figure 1c shows a topographic AFM image
including blue and red rectangular areas on mono-
(top) and bilayer (bottom) graphene samples at a
writing voltage (�7 V and þ7 V) and a writing speed

of 0.1 μm/s formed by negative and positive AFM
lithography, respectively. The areas formed by positive
AFM lithography (denoted by two red rectangles) have
a height of 3 nm and are easily distinguished by optical
microscopy. In contrast, it is more difficult to observe
areas formed by negative AFM lithography (two blue
rectangles). Both types of patterned surfaces are as
smooth as those of graphene samples or silicon oxide
substrates (Figure S1, Supporting Information).
Micro-Raman spectroscopy has been used to char-

acterize the blue and red rectangular areas formed
by AFM lithography on mono- and bilayer graphene
(Figures 1d and 1e, respectively). Since the size of
rectangular areas is larger than the laser spot size
(0.7 μm), we can take clear Raman spectroscopy data
neglecting any contribution to the Raman spectra
from pristine graphene outside the well-defined rec-
tangular areas.
The main features in the Raman spectra of carbon

based materials are the D and G bands that lie at
around 1350 and 1580 cm�1, respectively.5,24 Calcula-
tions of the Raman response indicate that the D band is
induced by local basal plane derivatization with sp3

distortion. The G band corresponds to optical E2g
phonons at the Brillouin zone center, whereas the D
band is caused by breathing-like modes and requires a
defect for its activation via an intervalley double-
resonance Raman process.24

Raman spectra taken from pristine mono- and bi-
layer graphenes before AFM lithography are shown in
Figure 1 panels d and e, respectively, showing two
intense bands, the G band at 1580 cm�1 and the 2D
band at 2700 cm�1 which are characteristics of pristine
mono- and bilayer graphenes.25,26 The 2D band is
ascribed to the Stokes�Stokes double resonant scat-
tering involving two iTO phonons near the K point of
the Brillouin zone. Because of the resonant nature, the
2D bands of pristine mono- and bilayer graphene
reflect the band structure of graphene and are very
strong.27 The Raman spectra show no detectable
defect-related Raman D band (∼1350 cm�1), indicat-
ing that both themono- and bilayer graphenes contain
initially very low density of defects.
As shown in Figure 1d,e (blue lines), negative AFM

lithography results in the appearance of the sharp D0

and D bands and the onset of a combination mode
(Dþ D0) around 2950 cm�1. The 2D bandwidth is slightly
broadened and its relative height to the G band
decreases. The D0 band located at ∼1620 cm�1 occurs
via an intravalley double-resonance process in the
presence of defects.25 The (D þ D0) band also requires
a defect for its activation because it is a combination of
two phonons with different momenta.5 The D band
for the region patterned by negative AFM lithography
on monolayer graphene is sharper than that in dis-
ordered or nanostructured carbon-based materials.26

We attribute the activation of this sharp D band to
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breaking of the translational symmetry of C�C sp2

bonds after negative AFM lithography. We also de-
tected a small / band (1116 cm�1) from patterned
monolayer graphene. This band is often found in free-
standing hydrogenated monolayer graphene,5 as re-
ported in the supporting information of ref 5, and is a
strong indication of hydrogenation. In the case of
bilayer graphene, after performing negative AFM litho-
graphy, a much smaller intensity of D band is observed
compared with that of monolayer graphene. Mono-
layer graphenes, either free-standing or supported on
SiO2 substrates, have significant ripples9 while such
ripples were found to decrease with increasing thick-
ness of the graphene samples.9 The hydrogenation is
expected to occur preferentially on top of ripples
promoting sp3 hybridization in sp2-hybridized carbons
in the presence of hydrogen radicals.5,9 Therefore,
measurements through either optical microscopy or
topographic AFM images cannot distinguish the hy-
drogenated area from the pristine owing to the low

coverage of hydrogenation on top of the ripples while
the Raman spectroscopy can (Figure 1b,c). These phe-
nomena also explain whymonolayer graphene ismore
reactive than bilayer graphene.
For the regions patterned using positive AFM litho-

graphy in both mono- and bilayer graphenes, the Ra-
man spectra (red lines) are dramatically modified from
those of pristinegraphene. They show threemain bands
of D, G, and 2D. The disorder-induced D band, which is
not detectable in our pristinegraphene, canbedetected
although it has a low intensity.We find that the intensity
of the 2D band is reduced for the region patterned by
positive AFM lithography, implying a significantly mod-
ified atomic structure. The G band is broadened and
shifts to a significantly higher frequency (1607 cm�1)
compared to 1583 cm�1 of the pristine graphene. All
these characteristics in the Raman data for the regions
patterned by positive AFM lithography are similar to
those found in graphene oxidized by thermal oxidation
or modified Hummer method.4,25,28,29

Figure 1. Patterns formed using negative and positive AFM lithography on mono- and bilayer graphene: (a) schematic
diagram of the AFM lithography setup; (b) optical microscope image; (c) topographic AFM image; and Raman spectra of (d)
mono- and (e) bilayer graphene. The black lines in panel b indicate boundaries between SiO2, monolayer graphene, and
bilayer graphene. The blue and red rectangular regions shown in panel c are areas formed by negative and positive AFM
lithography, respectively.
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During thermal annealing, graphene samples pat-
terned by negative or positive AFM lithography are
expected to undergo structural changes due to the loss
of hydrogen or oxygen, respectively. The carbon atoms
in the basal planemay also rearrange during annealing
owing to the available thermal energy.29 Such structur-
al changes can be monitored by micro-Raman spec-
troscopy measurements taken after each annealing
step in Ar gas at 5 mTorr, as shown in Figure 2.
The reduction of the D band intensity due to anneal-

ing is more pronounced in the area formed on mono-
layer graphenebynegativeAFM lithography (Figure 2a).
The intensity of the small / band (1116 cm�1) also
decreases after annealing. On the other hand, the
intensities of the G and 2D bands increase with anneal-
ing temperature. This corresponds to the weaker bond-
ing strength between carbon and hydrogen in the
hydrogenated graphene than that between carbon
and oxygen in graphene oxide, leading to an easier
removal of hydrogen atoms by annealing. These results
are in good agreementwith previous reports for plasma
induced hydrogenation.5,9

Figure 2b shows a shift of the G band toward lower
frequency when the area formed by positive AFM
lithography is annealed at an elevated temperature,
agreeing with observations in the previous GO
experiments.29 As the annealing temperature in-
creases, the intensities of the D, D0, and D þ D0 bands
decrease, whereas those of the G and 2D bands
increase. This is an indication of annealing-induced
recovery of the sp2 honeycomb structure of graphene
as the oxygen atoms are removed from the patterned
area.9 Therefore, we can confirm that the areas written

on mono- and bilayer graphenes by negative and
positive AFM lithography are hydrogenated and oxi-
dized, respectively.
After confirming hydrogenation and oxidation of

graphene by AFM lithography through Raman spec-
troscopy, first we examined the dependence of the
patterned line width on the writing voltage at a con-
stant writing speed of 0.1 μm/s (Figure 3a) and on the
writing speed at a constant writing voltage of �7 V
(Figure 3b). The patterns are written on a monolayer
graphene using negative AFM lithography at a con-
stant loading force of 1 nN and relative humidity (RH) of
33%. As mentioned earlier, because it was difficult to
distinguish regions patterned by negative AFM litho-
graphy by topographic AFM (right), we used frictional
force microscope (FFM) images (left) due to higher
friction value of hydrogenated graphene from pristine
regions. From the image in Figure 3a we can infer that
the experimental threshold voltage for the hydrogena-
tion on monolayer graphene using negative AFM
lithography is �6 V at the writing speed of 0.1 μm/s.
The line width by negative AFM lithography increases
with the tip�sample voltage. The width of the lines
formed at �6 and �10 V was 107 and 125 nm,
respectively. As shown in Figure 3a, the FFM image
becomes less clear and we could no longer measure
the width at less than �5 V at the writing speed of 0.1
μm/s. Similarly, the line width decreased with increas-
ing scan speed from 0.1 to 1.0 μm/s as described in
Figure 3b; however, it was difficult to measure the
exact width and increase for hydrogenation.
Next we considered the dependence of the pattern

width in positive AFM lithography and demonstrated

Figure 2. Raman spectra from the treated areas onmonolayer graphene using (a) negative and (b) positive AFM lithography
before and after vacuum annealing for 2 h at 200 and 450 �C in 5 mTorr of Ar atmosphere.
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that one can control the width of oxidized line from 45
to 82 nm by changing the bias voltage and scan speed.
Here we change writing voltages from 4.5 to 10 V at a
constant writing speed of 0.1 μm/s (Figure 3c). In other
cases, the writing speeds are varied from 0.1 to 1.0 μm/
s at a constant writing voltage of 10 V (Figure 3d). We
use a constant loading force of 1 nN and RH of 20%.We
chose a lower RH of 20% in order to minimize the
line width which is significant for AFM-based
nanolithography.30,31 When a 4.5 V bias is applied to
amonolayer graphene sample with respect to the AFM
tip at a writing speed of 0.1 μm/s, the formation of a
barely distinguishable line begins, as shown in
Figure 3c, although the formation of the line does
not continue along the whole length of writing. We
infer that the experimental threshold voltage for the
oxidation on monolayer graphene using positive AFM
lithography is 4.5 V at the writing speed of 0.1 μm/s. As
with negative AFM lithography the line width by
positive AFM lithography increases with the tip�sam-
ple voltage. The width of the lines formed at 5 and 7 V
was 45 and 55 nm, respectively. When the writing
speed is increased gradually, the line width decreases
again, as shown in Figure 3d. The width of the lines
formed at writing speeds of 0.1 and 10 μm/s with a
fixed writing voltage of 10 V is 82 and 61 nm, respec-
tively. The widths of the oxidized regions are much
easier to measure compared to the hydrogenated
regions mentioned earlier. The topographic AFM
images of Figure 3c,d show that bump structures with
a height of around 2 nm are formed on monolayer
graphene by positive AFM lithography. Our result
shows that nanoscale patterns can be written with a
high resolution on monolayer graphene using both
negative and positive AFM lithography with a bias less
than 10 V.

Besides the bias voltage and scan speed, humidity is
also a very important factor for nanoscale patterning of
graphene by AFM lithography. At low humidity, it is
impossible to write a pattern using AFM lithography
starting from the center area of a monolayer graphene
sample since the C�C bonds in a graphene sheet are
too strong to be broken directly.14 Humidity is also
known to have a dramatic effect on friction of the
hydrophilic hydrogenated graphene surface via for-
mation of hydrogen bonds leading to considerably
increased friction compared to nominally dry con-
ditions.32 AFM lithography can change the surface
from hydrophobic to hydrophilic states by hydrogena-
tion resulting in a change of the friction force of
monolayer graphene (Figure S2, Supporting Infor-
mation). Therefore it is practical to start writing pat-
terns using AFM lithography from a point already
patterned or a graphene edge due to easier formation
of water-meniscus between the AFM tip and the point
underneath it. In fact, nanoscale AFM lithography is
readily initiated from the edges on monolayer gra-
phene even at low relative humidity (and thus finer line
widths), and then it can be extended from the edge to
the center by scanning.
Finally, for the applicability of AFM lithography

toward graphene devices, an electrically isolated con-
ductive island has been demonstrated by fabricating
rectangular-shaped insulating hydrogenated or oxi-
dized lines on monolayer graphene. Figure 4a shows
FFM (left) and conducting AFM (C-AFM) (right) images
of areas patterned using blue dashed hydrogenated
(�10 V, 0.1 μm/s) or red dashed oxidized (þ7 V, 0.1 μm/s)
lines. The hydrogenated lines were fabricated with
sequentially increased loading force, 1 f 2 f 4 nN,
for high coverage of hydrogen atoms on graphene.
During the C-AFM measurement, 0.1 V dc bias

Figure 3. Images of lines written on monolayer graphene using AFM: frictional force microscope (FFM) images (left) and
topographic images (right) of lineswritten under various (a) negative and (c) positive dc bias at a constantwriting speed of 0.1
μm/s, and lines written under various writing speed at a constant dc bias of (b) �7 and (d) 10 V. Loading force and RH were
kept at constant values of 1 nN andnegative (positive) 33% (20%), respectively, duringwriting.White arrows indicate the scan
directions during AFM lithography.
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was applied between a C-AFM tip and a ground
electrode located outside the conductive island. The
current value less than 5 pA at the areas surrounded
by the hydrogenated or oxidized lines confirms
that hydrogenated or oxidized graphene is highly
insulating.
After making a conductive island surrounded by

oxidized lines, we have drawn several horizontal lines
as indicated by the black dashed lines in Figure 4b. We
cannot form lines inside the conductive island using
positive AFM lithography whose ground electrode is
located outside the island. Thus, we can conclude that
the conductive islands are electrically isolated from the
surrounding area by oxidized or hydrogenated gra-
phene regions. The insulating behaviors of hydroge-
nated and oxidized graphene are in good agreement
with previous reports for hydrogenated5 and oxidized
graphene20,29 formed by other methods requiring ex-
treme conditions.
Using AFM lithography, we have also successfully

fabricated electrically isolated island structures on tri-
and tetralayer graphene samples whose bottom-most
layers are electrically connected to ground electrodes
(Figure S3, Supporting Information). Isolated proper-
ties of multiple graphene sheets may result from
propagation of oxidation perpendicular to the surface,
similarly to the case of highly oriented pyrolytic gra-
phite (HOPG) which has been previously reported.33

Since we can control the gap between neighboring
insulating patterned lines down to 10 nm, as shown in

Figure 4b and Supporting Information, Figure S4, AFM
lithography can be a promising method for fabricating
devices based on graphene.
Although AFM lithography methods have limited

throughput, the manufacture of graphene quantum
devices could be achieved by using arrays of probe
tips.34 Independently addressed probe tips could alter-
nately read or write nanostructures on a surface and
large arrays could address wafer-scale areas at high
speed. This method may be widely used to fabricate
quantum devices with high throughput. Moreover,
controllable local frictions may make oxidized and
hydrogenated graphene candidates for lubricants in
microscale or nanoscale electromechanical devices to
control the interaction at the contact area between
materials.

SUMMARY

We developed a facile method to achieve nanoscale
hydrogenation and oxidation of graphene under nor-
mal atmospheric conditions and at room temperature
using AFM lithography. By changing the polarity of
applied voltage between graphene and a conductive
AFM tip, we could control hydrogenation and oxida-
tion on the nanoscale. The lithographically defined
nanoscale hydrogenated and oxidized graphene were
confirmed by micro-Raman spectroscopy measure-
ments. Both are insulating as well as have several times
larger friction values than those of pristine graphene.
We also demonstrated that the pattern widths can be

Figure 4. Nanoscale images of electrically isolated regions formed onmonolayer graphene using negative and positive AFM
lithography: (a, left) FFM and (a, right) C-AFM images of areas surrounded by hydrogenated or oxidized lines; (b, left) FFM and
(b, right) C-AFM images of the regions formed by oxidized lines with the square pattern initiated from the top-left edge and
then scanning through black dashed lines. Blue and red dashed lines in image a denote hydrogenated and oxidized lines,
respectively. Panel b shows that sub-20 nm conducting gaps are formed between neighboring insulating oxidized graphene
lines.
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controlled by changing the scan speed and voltage of
the conductive AFM tip. Themethods here could easily
extend to fabricate conductive and hydrophobic GNR

with dimensions down to sub-10 nmwidth surrounded
by insulating and hydrophilic patterned lines onmono-
layer graphene.

EXPERIMENTAL SECTION
Graphene layers were prepared by the standard exfoliation

method as introduced in other papers4,5 from natural graphite
supported on a thermally grown 300-nm-thick SiO2 on a Si
substrate. The graphene layers were identified by their color
contrast under an optical microscope followed by thickness
measurements using AFM and Raman spectroscopy. The Ra-
man spectra were obtained using a micro-Raman system using
the 514.5-nm line of an Ar ion laser as the excitation source.
Other experimental details have been previously reported.25

The nanoscale lithographywas performed at normal tempera-
ture and pressure by a contact mode AFM (Nanofocus n-Tracer
AFM system and SEIKO SPI300HV). A Si cantilever with a Pt/Ir
coated conductive tip (Point Probe series, NANOSENSORS) was
used to apply local dc bias voltage between a graphene sample
and the conductive AFM tip. The spring constant and resonance
frequency were set to 0.2 N/m and 13 kHz, respectively. The RH
was maintained at ∼20% and at ∼33%. To avoid surface
contamination from resist residues, electrode contact pads were
formed using colloidal silver paste (TED PELLA), instead of the
conventional electron beam lithography technique.14�18
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