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ABSTRACT: The edge oxidation effects of chemical-vapor-deposition-grown graphene devices with nanoconstrictions of
different sizes are presented. The effects of edge oxidation on the doping level of a nanoconstriction graphene device were
identified by Raman spectroscopy and using the back-gate-voltage-dependent resistance. Strong p-type doping was observed as
the size of nanoconstriction decreased. The Dirac point of the graphene device shifted toward positive voltage, and the positions
of the G and 2D peaks in Raman spectroscopy shifted toward a higher wave number, indicating the p-type doping effect of the
graphene device. p-type doping was lifted by deep-ultraviolet light illumination under a nitrogen atmosphere at room
temperature. p-type doping was restored by deep-ultraviolet light illumination under an oxygen atmosphere at room temperature.
Edge oxidation in the narrow structures explains the origin of the p-type doping effect widely observed in graphene nanodevices.
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1. INTRODUCTION

Graphene, a two-dimensional planar layer of graphite, having
weak spin−orbit coupling and ballistic conduction with chirality
conservation, is a promising material for both fundamental
investigations and potential applications owing to its exclusive
electronic properties, especially its high carrier mobility at room
temperature.1,2 Electronic, optical, and mechanical properties
make graphene a promising candidate material for applications
such as sensors, ultrathin membranes, and transparent and
flexible electrodes.3 Recently, large-area graphene has been
synthesized by chemical vapor deposition (CVD) using a
copper or nickel catalyst. CVD-grown graphene can be easily
transferred to an intended substrate using poly(methyl
methacrylate) (PMMA) and poly(dimethylsiloxane) at com-
paratively low expense.3−6

The doping of graphene has received much attention owing
to the critical need to fabricate integrated devices with
convoluted structural design such as logic circuits. In recent
times, there has been strong research interest in clusters and
metal adatoms on graphene, for which it is known that there is
local doping and modification of the band structure.7,8 The
band structure has also been modified when graphene is
patterned at nanoscale. New phenomena found in graphene-
based electronic devices have given rise to extensive theoretical
studies.9 Understanding the edge effects on the device
performance is important because the modern nanolithography

procedure is still far from achieving ideal atomistic
precision.10,11 The edges of lithography-patterned graphene
nanoribbons are rough and have disordered regions. The
charge density induced by functional groups of edges should
vary from edge to center.11,12 Consequently, it is essential to
gain a better understanding of the unique properties of
extremely narrow graphene devices, which are associated with
the effects of edge chemistry and edge states in general.
Covalent attachment of chemical groups and oxidation in
particular can extensively modify the electronic properties of
narrow graphene. To improve the transport properties of
narrow graphene devices, it is critical to recognize the foremost
sources of carrier scattering and functional groups on the
edges.11,13−15

However, during standard fabrication processes employing
oxygen plasma etching, an O2 molecule mostly prefers to be
adsorbed at the edge site among different chemisorption sites,
where the edge trapping implies that the graphene edges
become oxidized.16−18 The effects of edge roughness and edge
oxidation on the electronic structures and properties of
nanopatterned graphene have already been reported on the
theoretical stage.9,14−18 Theories showed that the electronic
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structure and transport properties of graphene nanoribbons are
strongly affected by edge disorder and various functional groups
present at edges. In fact, theories focused on graphene
nanoribbons where the width is only a few nanometers. The
edge effects of extremely narrow graphene devices remain
experimentally unexplored.
In this paper, we show that the effect of edge oxidation

increases with a decrease in the width of nanoconstriction. We
have fabricated nanoconstriction devices of CVD-grown
graphene and investigated the characteristics of devices by
Raman spectroscopy and transport measurement. We found
that the doping effect is locally dominant at the edges of
graphene devices with nanoconstriction and that the doping
can be controlled through deep-ultraviolet (DUV) light
illumination with a gas flow.

2. EXPERIMENTAL SECTION
A graphene film was grown on 25-μm-thick copper foils from Alfa
Aesar (99.8% pure) via thermal CVD. A mechanically polished and
electropolished copper foil was inserted into a thermal CVD furnace.
The furnace was evacuated to ∼10−4 Torr, and the temperature rose to
1010 °C with H2 gas flow (∼10−2 Torr). After the temperature
became stable at 1010 °C, both CH4 [20 standard cubic centimeters
per minute (sccm)] and H2 (5 sccm) were injected into the furnace to
synthesize the graphene for 8 min. After graphene synthesis, the
sample was cooled at a rate of 50 °C/min to room temperature.3,4

Graphene films were transferred onto Si/SiO2 wafers as follows.
Copper foil was etched in an aqueous solution of ammonium
persulfate. The surface of the graphene was spin-coated with PMMA,
and the sample was then baked at 70 °C for 10 min. The PMMA
coating was applied to prevent graphene films from cracking and
folding during transfer to a desired substrate. PMMA/graphene film
was washed with deionized water after the copper foil had been
completely dissolved, and it was then transferred onto the Si/SiO2
wafer. The PMMA film was removed with an organic solvent. The
graphene sample was subsequently cleaned in isopropyl alcohol and
dried in a N2 gas flow.

3,4

We fabricated graphene devices by employing photolithography, e-
beam lithography, and oxygen plasma etching. Large electrode patterns
with a chromium/gold (6/30 nm) film were deposited using a thermal
evaporator after standard photolithography. E-beam lithography was
then employed to pattern a direct ohmic contact on the graphene.
Nanoconstrictions were produced by e-beam lithography and oxygen
plasma etching; nanoconstrictions had different sizes of 60, 80, and
100 nm. The distance between contact electrodes is 5 μm, and the
angle between graphene edges is 45° for all devices in this experiment.
The width of the graphene ribbon is 5 μm for all nanoconstriction
devices. A 5-μm-wide graphene strip was also fabricated as a reference
device. The characteristics of a single-layer graphene were examined by
optical microscopy and Raman spectroscopy.
Raman spectroscopy was carried out at the nanoconstriction of each

graphene device. Raman mapping was also conducted to examine a
CVD-grown graphene sheet at room temperature. The laser
wavelength of the Raman microspectrometer was 514 nm, and the
power was kept at less than l.0 mW to avoid a laser-induced heating
effect. The laser spot size of Raman spectroscopy was 0.7 μm for a
wavelength of 514 nm. The Dirac point of each graphene device was
observed by gate-voltage-dependent resistance measurement using a
four-probe measurement configuration with a lock-in amplifier.
Electrical transport measurement was also performed for graphene
nanoconstriction devices after exposure to DUV light with a
wavelength of λ = 220 nm and an average intensity of 11 mW/cm2

in N2 gas flow for a certain time. The device was placed in a glass tube,
and the glass tube was pumped to evacuate air. Then N2 gas was
introduced into the glass tube with continuous flow. DUV light was
turned on to shine on the device in the glass tube. Figure 1a is a
schematic diagram of the experimental setup of DUV light
illumination.

Raman spectroscopy provides a convenient, nondestructive, and fast
technique for characterizing the fundamental physical properties of
various carbon materials, such as monolayer, bilayer, and stacked
graphenes and single-walled/multiwalled carbon nanotubes.19−21

Raman spectra of monolayer, bilayer, and multilayer graphene have
two characteristic peaks (G and 2D). The G band is associated with
the E2g vibration mode of sp2 bonds.20−22 The 2D peak is the second
order of the D peak and originates from a process where momentum
conservation is satisfied by two phonons with opposite wave
vectors.21,22 The 2D peak is always present in Raman spectra of
graphene. For single-layer graphene, the I2D/IG ratio must be greater
than 2, and the full width at half-maximum (fwhm) of the 2D band is
about 30 cm−1. The D peak is due to A1g-mode breathing vibrations of
six-membered sp2 carbon rings, which are absent in pure
graphene.21−24

3. RESULTS AND DISCUSSION
Figure 1a is a schematic diagram of a graphene device with
nanoconstriction and DUV light illumination with a gas flow.
Figure 1b shows the scanning electron microscopy (SEM)
image of a nanoconstriction device. As stated previously, the
nanoconstriction widths (w) were 60, 80, and 100 nm, and a 5-
μm-wide graphene device was examined as a reference sample.
Figure 2a shows the back-gate-voltage (Vbg)-dependent

resistance for the reference (5 μm) device and the CVD-
grown graphene samples with different nanoconstriction
widths. The maximum gate-dependent resistance identifies
Vbg of the Dirac point, and the slope corresponds to the
mobility of charge carriers in the graphene.25−27 The Dirac
point of the reference graphene (5-μm) sample was found to be
around Vbg = 1.3 V, indicating an almost undoped characteristic
of our sample. The Dirac points for 100-, 80-, and 60-nm-wide
nanoconstrictions were observed at 16, 30, and 48 V,
respectively. The Dirac points shifted toward more positive

Figure 1. (a) Schematic diagram of DUV light illumination of a
graphene device with a nanoconstriction with gas flow. (b) SEM image
of a graphene device with a 60-nm-wide nanoconstriction.
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gate voltages as the width of nanoconstriction decreased,
indicating the p-type doping of the graphene. As the
nanoconstriction width decreased, the resistance of a graphene
device increased, and a stronger p-type doping effect was
observed.
Asymmetry is found in the Vbg-dependent resistivity of the

graphene devices (see Figure 2a). Because the band structures
of graphene for the hole and electron are symmetric, the
mobilities of the electron and hole are expected to be equal.
Therefore, one can expect a symmetric Vbg-dependent
resistivity with respect to the Dirac point. However, in normal
graphene devices, the hole mobility is higher than the electron
mobility because of the different scattering cross sections for
the electron and hole by charge impurity in the relativistic
dispersion.28 Because the slope of the conductivity, dσ/dVg, is
proportional to mobility, the asymmetry in the Vbg-dependent
resistivity has been consistently observed in graphene devices in
this paper.
Figure 2b shows the gate-dependent resistances of the

graphene devices after 30 min of DUV exposure in a N2 gas
flow (DUV+N2). DUV+N2 exposure of the graphene device
shifted the Dirac point toward 0 V. The shift in the Dirac point
due to DUV+N2 treatment is shown in Figure 2c. The Dirac

points of the reference graphene device and devices with 100-,
80-, and 60-nm-wide nanoconstrictions were observed at 1.3,
16, 31, and 47 V, respectively, for the as-prepared condition
(before DUV+N2 treatment). After 15 min of DUV+N2
exposure of the graphene devices, the Dirac points shifted to
0.4, 3, 3.5, and 4 V, respectively. The Dirac points shifted
further to 0, 1.1, 1.9, and 3 V, respectively, after 30 min of DUV
+N2 exposure. We found that exposure to DUV affects the
Dirac point and that the position of the Dirac point remains
almost the same for a N2 gas flow without DUV illumination.
DUV illumination should provide the energy required for the
reaction of nitrogen atoms with oxygen atoms, which were
originally adhered to graphene. A minimum amount of energy
is required to release oxygen from the surface of graphene.29−31

Figure 2d shows the gate-voltage-dependent resistance for
the graphene device with a 100-nm-wide nanoconstriction after
10, 20, and 30 min of DUV exposure in an O2 gas flow (DUV
+O2). The Dirac points were observed at 39, 52, and 60 V after
10, 20, and 30 min of DUV+O2 treatment, respectively. Oxygen
adsorption on graphene should have a p-type doping effect.
The adsorption of oxygen on a graphene film has already been
studied.32−34 However, we found that the effect of oxygen
doping is more significant when graphene is exposed to DUV

Figure 2. (a) Vbg-dependent resistance for the reference (w = 5 μm) and nanoconstrictions of CVD-grown graphene. Resistance is measured with
four-probe geometry using standard lock-in amplifier techniques. The Dirac point of the reference graphene sample is around Vbg = 1.3 V, indicating
an almost undoped characteristic of pristine graphene. The arrows indicate the y-axis scale for reference and different nanoconstriction graphene
samples. The rightward arrow indicates the scale for the reference sample, whereas the leftward arrow indicates the scale for nanoconstriction
devices. (b) Vbg-dependent resistance of the reference and nanoconstriction samples after 30 min of DUV illumination with a N2 gas flow. DUV+N2
treatment results in the shift of the Dirac point toward Vbg = 0 V. (c) Dirac point as a function of the nanoconstriction width for the as-prepared
graphene and after different DUV+N2 exposure times. (d) Experiment started with the device having a 100-nm-wide nanoconstriction after 30 min
of DUV+N2 treatment. DUV+O2 treatment was applied to restore the p-type doping of nanoconstriction. Vbg-dependent resistance after 10, 20, and
30 min of DUV exposure in an oxygen atmosphere. The Dirac points were observed at Vbg = 39, 52, and 60 V after 10, 20, and 30 min of DUV+O2
treatment, respectively.
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light. DUV light provides enough energy for electrons to adsorb
onto, or desorb from, the surface of graphene.
Raman spectra of the nanoconstrictions and reference

graphene are shown in Figure 3a. The Raman spectra indicate
the overall behavior of a single-layer graphene. The D peak
became more pronounced as the width of nanoconstriction
decreased. G and 2D peaks were observed at 1581 and 2682
cm−1, respectively, for the reference graphene device. As an
indication that the samples were single-layer graphene
structures, we found that the intensity of the 2D peak was 3
times that of the G peak and the fwhm of the 2D band of the
reference graphene was about 30 cm−1. The absence of the D
peak in the reference graphene indicates the high quality of the
reference. However, the D peak appeared for nanoconstriction
devices, and the D-band intensity increased drastically as the
width of nanoconstriction decreased. The observation of the D
peak was accompanied by a pronounced D′ peak at 1624 cm−1

and a D + D′ peak around 2945 cm−1. We note that D′ and D
+ D′ peaks were not observed for the reference graphene but
became prominent for nanoconstrictions.
Figure 3b shows the shift in the positions and change in the

intensities of the G and 2D peaks. While the G band was
observed at 1581 cm−1 for the reference graphene, it was found
at 1585, 1591, and 1597 cm−1 for nanoconstriction widths of
100, 80, and 60 nm, respectively. There was a blue shift of 16
cm−1 in the G band for 60-nm-wide nanoconstriction relative to
the reference graphene. There was also a blue shift in the 2D
band for nanoconstrictions. While the 2D band of the reference
graphene was observed at 2682.1 cm−1, those of nano-
constrictions with widths of 100, 80, and 60 nm were observed
at 2686.3, 2694.2, and 2699.1 cm−1, respectively. There was a
blue shift of 17 cm−1 in the peak position of the 2D band for
60-nm-wide nanoconstriction relative to the reference
graphene. Figure 3c shows Lorentzian fits for the G and D′
peaks. Red circles represent the experimental data, and black,
blue, and green lines are the Lorentzian fits for the G, D′, and
combined peaks, respectively. The fwhm’s of the G band were
16, 14, 13.1, and 11.5 cm−1 for the reference and nano-
constriction widths of 100, 80, and 60 nm, respectively. The
blue shifts of the G and 2D band positions are known to be
associated with p-type doping of graphene, and doping reduces
the fwhm of the G peak.35

The blue shift of the G and 2D peaks and reduction of the
fwhm of the G peak indicate a p-type doping effect, which can
be also confirmed by the electrical measurement of the
graphene device.35−41 Our experimental observations clearly
indicate the p-type doping of the graphene device when
patterned with nanoconstriction. The doping effect is closely
related to the adsorption of O2 molecules at the edge of
nanoconstriction during the patterning process. During the
patterning process, the entire area is covered with PMMA so
that O2 molecules can attach mostly to the graphene pattern
edges. Here O2 trapping implies that the graphene edges
become oxidized and p-type-doped.10,11,17,18

The width of the graphene ribbon is kept the same as 5 μm
for all devices in the experiment. Therefore, the effect of the
distance between edges on edge oxidation can be seen by
changing the width of nanoconstriction. As we reduce the
nanoconstriction width, electrons passing through narrower
nanoconstriction are more actively affected by oxidized edges.
Actually, Figure 2a shows the effect of the distance between
edges on edge oxidation. Figure 2c shows that effect of the
distance between edges on an edge−edge-redox reaction. When

the distance between edges decreases in nanoconstriction, the
influence by the edge oxidation (or edge-redox reaction) on the
transport properties becomes more dominant.

Figure 3. (a) Raman spectra of the as-prepared reference and
nanoconstriction devices. (b) Shifts in the positions of the G and 2D
peaks. G-band peaks in Raman spectra were observed at 1582.1,
1585.3, 1591.2, and 1598.1 cm−1 for the reference (w = 5 μm) and
nanoconstrictions (w = 100, 80, and 60 nm), respectively. 2D-band
peaks in Raman spectra were observed at 2682.1, 2686.3, 2694.2, and
2699.1 cm−1 for the reference (w = 5 μm) and nanoconstrictions (w =
100, 80, and 60 nm), respectively. (c) Lorentzian fits for the reference
(w = 5 μm) and nanoconstrictions (w = 100, 80, and 60 nm). Red
circles represent the experimental data, and black, blue, and green lines
are the Lorentzian fits for the G, D′, and combined peaks, respectively.
fwhm’s of the G-band peaks are 16, 14, 13.1, and 11.5 cm−1 for the
reference (w = 5 μm) and nanoconstrictions (w = 100, 80, and 60
nm), respectively.
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We performed an experiment to remove oxygen at the edge
of nanoconstriction and checked the effect of the redox
reaction. Oxygen at the edge was removed by DUV
illumination with a N2 gas flow (DUV+N2) for 15 min. Figure
4a shows Raman spectra of the reference graphene (w = 5 μm)
and nanoconstrictions after DUV+N2 treatment. There were

significant changes in the Raman spectra. First, the intensity of
the D peak decreased with DUV+N2 treatment. The decrease
in the D peak intensity should be due to removal of the oxygen
functional groups from the edges. Second, the positions of the
G and 2D peaks of nanoconstrictions after DUV+N2 treatment
were the same as those of the reference graphene, as shown in
Figure 4b. The main features of Raman spectra indicate that p-
type doping was lifted by 15 min of DUV+N2 treatment. Figure
4c shows Lorentzian fits for the G and D′ peaks of
nanoconstrictions after 15 min of DUV+N2 treatment. Red
circles represent the experimental data, and black, blue, and
green lines are the Lorentzian fits for the G, D′, and combined
peaks, respectively. We note that the fwhm of the G peak for
nanoconstriction after DUV+N2 treatment was greater than
that of the G peaks in Figure 3c. The p-type doping of
nanoconstriction was restored if DUV+O2 treatment was
applied to the sample, as shown in Figure 2d.
We examined the location of oxygen adsorption on the

graphene devices with nanoconstrictions. Figure 5a shows the

Raman D-peak intensity mapping of 60-nm-wide nano-
constriction. The intensity is scaled by color from blue to
red. While the D-peak intensity was low in the wide graphene
area, the highest D-peak intensity was found at nano-
constriction. However, the D-peak intensity was high at edges
of the graphene, which is related to the edge roughness and the
presence of oxygen and different functional groups on the
edges. Figure 5b shows the Raman mapping of the I2D/IG ratio
for 60-nm-wide nanoconstriction. The minimum magnitude of

Figure 4. (a) Raman spectra of the reference and nanoconstriction
graphene devices after 15 min of DUV+N2 treatment. (b) Enlarged
Raman spectra for the peak positions of the G and 2D bands after 15
min of DUV+N2 treatment. (c) Lorentzian fits for the reference (w = 5
μm) and nanoconstrictions (w = 100, 80, and 60 nm) after 15 min of
DUV+N2 treatment. Red circles represent the experimental data, and
black, blue, and green lines are the Lorentzian fits for the G, D′, and
combined peaks, respectively.

Figure 5. (a) Raman mapping of the intensity of the D peak for the
graphene device with 60-nm-wide nanoconstriction. (b) Raman
mapping of the peak intensity ratio I2D/IG for the graphene device
with 60-nm-wide nanoconstriction. The minimum I2D/IG was
observed in the area of nanoconstriction.
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I2D/IG was observed at nanoconstriction. The magnitude of
I2D/IG was also low at the graphene edges. In the middle of the
graphene away from the edges, the I2D/IG ratio was higher. We
can confirm that oxygen adsorption was dominant at
nanoconstriction. To confirm further the occurrence of oxygen
adsorption, the nanoconstriction device was examined by
energy-dispersive X-ray spectroscopy. The oxygen adsorption at
nanoconstriction should be effectively removed by DUV+N2
treatment to lift the p-type doping effect. Table 1 presents the

results of analysis by energy-dispersive X-ray spectroscopy
before and after DUV+N2 treatment for three devices with 60-
nm-wide nanoconstriction. The X-rays were scanned on an area
of 120 × 120 nm2 centered on nanoconstriction to get the
average value of the atomic elements. The relative amount of
oxygen at nanoconstriction decreased by the amount of ∼2.5%
after DUV+N2 treatment. The background signal for oxygen,
mostly originating from a 300-nm-thick SiO2 capping layer, is
large, and hence the change of oxygen looks small. However, a
∼2.5 % reduction of the amount of oxygen was consistently
observed after DUV+N2 treatment for all devices, as shown in
Table 1.

4. CONCLUSION
We fabricated graphene devices with nanoconstrictions and
examined the characteristics of the devices through Raman
spectroscopy and transport measurements. Raman spectra and
transport measurements indicated that nanoconstriction affects
the structural confinement and electronic properties of the
CVD-grown graphene. The blue shift in the G and 2D Raman
peak positions indicated p-type doping in the graphene
nanoconstriction devices. However, red shifts in the G and
2D peak positions with DUV+N2 exposure indicated the
dedoping of nanoconstrictions. The doping effect is attributed
to the adsorption of O2 molecules at nanoconstriction and
edges of the graphene during the patterning process. As the
width of nanoconstriction decreases, the effect of the edge
oxidation state becomes more dominant in electronic transport.
Oxygen atoms are bound to the carbon atom present at
nanoconstriction. Oxygen atoms can be desorbed by DUV
illumination with a N2 gas flow. Oxygen atoms are likely to
form NO molecules in a N2-gas environment, and NO
molecules are then desorbed from graphene with the aid of
DUV illumination.
Raman mapping of the D peak and I2D/IG shows that the

adsorption site is located at nanoconstriction. Energy-dispersive
X-ray spectroscopy of nanoconstriction further confirms that

oxygen is the element for p-type doping and that DUV+N2
treatment effectively removes oxygen atoms at nanoconstric-
tion, leading to a dedoping effect. p-type doping is restored by
applying DUV light illumination under an oxygen atmosphere
at room temperature. The edge oxidation of narrow structures
explains the origin of the p-type doping effect widely observed
in graphene nanodevices.
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