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Tuning the properties of graphene using a reversible
gas-phase reaction

Lin Gan1, Jian Zhou2, Fen Ke3, Hang Gu1, Danna Li1, Zonghai Hu3, Qiang Sun2 and Xuefeng Guo1,2

Graphene, because of its remarkable electronic and structural properties, has attracted considerable attention in both the

scientific and technological communities. However, a major roadblock to the realization of graphene-based field-effect

transistors is that large-area graphene behaves as a semimetal with zero bandgap, making it unsuitable for real applications

in sensing, detecting and switching systems. Surface functionalization could result in the construction of periodic micro/

nanostructures by breaking sp2 bonds and forming sp3 bonds. Therefore, direct chemical grafting might provide a useful way

to covalently modify graphene to tailor its properties. Owing to the inert reactivity of its surface, however, only a few chemical

reactions have been used to modify its atomic structure. Here, we demonstrate a controllable and efficient means of mild

plasma methylation to manipulate the reversible interconversion of two distinct species of graphene (one crystalline and the

other methylated). The strategy of incorporating diverse functional substituents (that is, methyl groups and hydrogen atoms)

into graphene, instead of a single type of chemical group, could provide a useful route for the development of different

applications, such as chemical/biosensors and multifunctional electrical circuits. Moreover, this finely tunable, methylated

graphene is stable at room temperature, which suggests that it has intrinsic potential for novel applications in graphene-based

optoelectronic devices, inviting further studies.
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INTRODUCTION

Graphene, a two-dimensional (2D) crystalline monolayer made of
sp2-hybridized carbon atoms arranged in a honeycomb lattice, has
attracted considerable attention in both the scientific and technolo-
gical communities.1–4 In particular, many scientists in the electron-
device community have recently been active in graphene research
because of its possible applications in many emerging areas such as
graphene-based electronic devices.5 In fact, graphene has been
considered a candidate material for post-silicon electronics, accord-
ing to the strategic planning report by the International Technology
Roadmap for Semiconductors.6 However, a major roadblock to the
realization of graphene-based field-effect transistors is that large-area
graphene behaves as a semimetal with zero bandgap, making it
unsuitable for real applications in sensing, detecting and switching
systems. Therefore, tuning the properties and the bandgap of
graphene in a controlled and practical fashion is the primary
challenge facing the scientific community at this time.
Theoretical calculations7–9 have suggested that the direct chemical

grafting process could result in the formation of covalent bonds on
the basal planes of graphene sheets, necessitating the breaking of sp2

bonds and the formation of sp3 bonds, which are followed by the

construction of periodic micro/nanostructures. Therefore, surface
functionalization, which has proved useful in enhancing the
semiconducting characteristics of single-walled carbon nano-
tubes,10–13 should provide an efficient way to covalently modify
graphene and thus tailor its chemical, electronic, and mechanical
properties. Among the approaches developed so far,14 such as
hydrogenation,15–17 diazonium chemistry,18–20 cycloaddition,21

photochemistry,22 and fluorination,23 gas-phase functionalization
techniques would be superior for modulating the electronic
properties of sp2 carbon nanomaterials because of their ease of
control, mild conditions and the high reactivity of plasma species.
For example, Elias et al.15 successfully demonstrated the complete
transformation of graphene from its conductive zero-overlap
semimetal state to an insulating state (graphane) through a
hydrogenation process. In this study, we provide a controllable and
efficient means of asymmetric plasma methylation for modulating the
electronic, optical and structural properties of single-layer graphenes
(SLGs), as evidenced by electrical characterization, Raman
spectroscopy, fourier transform infrared spectrometry, X-ray
photoemission spectroscopy, high-resolution scanning tunneling
microscopy and transmission electron microscopy (TEM). With
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proper plasma powers and exposure durations, the methylated and
hydrogenated coverage of SLGs can be manipulated up to the satura-
tion state (B25%). This study is different from that by Dai et al.,13

which showed that plasma methylation followed by an annealing
process can selectively etch and gasify metallic nanotubes while
retaining the semiconducting nanotubes in their near-pristine form,
thus improving the semiconducting characteristics of the resulting
devices.

MATERIALS AND METHODS

Graphene growth and device fabrication
In this study, we developed a nondestructive method to fabricate graphene-

based transistors using a polymer-mediated transfer technique and selective

oxygen plasma etching. A schematic representation of the fabrication proce-

dure is given in Supplementary Figure S1. Each step is quite simple, requiring

neither traditional photolithography nor complicated electron beam lithogra-

phy. Within a very short time, this facile process allows us to mass-produce

graphene-based transistor arrays. We first grew large-area SLGs on Cu foils

using a chemical vapor deposition process (CVD), according to procedures

reported in the literature.24,25 During graphene growth, we fixed the CH4 flow

atB1 s.c.c.m (standard cubic centimeter per minute) and adjusted the H2 flow

to keep a growth pressure of B60Pa. We found that, with this modification,

we could achieve high-quality graphene sheets, as indicated by the suppression

of the D peak in Raman spectrum shown in Supplementary Figure S2d. After

graphene growth, polymethyl methacrylate (PMMA) with a 300-nm thickness

was spin-coated on the Cu films. The whole samples were then immersed in a

continually refreshed, saturated solution of iron nitrate for a long enough time

to remove the Cu substrates. The resultant transparent sheet floating in the

aqueous solution was transferred to a target silicon substrate (Supplementary

Figure S2a). To form graphene sheets, we directly applied an oxygen plasma

etching process (oxygen: 19 cm3 �min�1, pressure: 35Pa, power: 50W) for

2.5min, without removing the PMMA thin films after the transfer step, to etch

away the unprotected graphene beneath the exposed PMMA through a shadow

mask. Then, after removing the remaining PMMA in a boiling acetone

solution, graphene sheet arrays with the desired patterns were obtained.

Finally, we made the transistor arrays through a simple thermal evaporation

with the aid of another shadow mask. One key advantage of our device

fabrication process is its high yield and the uniform electronic properties of the

resulting materials. To show this, we fabricated 200 devices on a single substrate

over a large area (B8mm� 6mm). A representative device array is shown in

Figures S2b and S2c. Only three of the 200 devices are obviously damaged, and

the other devices are all conductive, showing yields as high as 98%. Based on

the electronic characterization, we estimate the average sheet resistance to be

B0.7–2.0 kO. Supplementary Figure S2d shows a representative Raman

spectrum from a random graphene sheet. A single symmetric 2D peak (full

width at half-maximum B34 cm�1), a small G/2D ratio and a negligible D

peak are observed, which strongly suggest that our graphene is a single layer

with high quality, also demonstrated by TEM (Supplementary Figure S2e). The

high yield of the highly conductive devices demonstrated here and the Raman

features confirm the growth of high-quality SLGs over a large area and the

efficiency of our nondestructive transfer technique.

Plasma methylation and characterization
To avoid physical destruction by high-energy methyl plasma, we optimized the

plasma power and exposure duration. In the vacuum chamber of the reactive

ion etching machine, we carefully applied methyl plasma (CH4: 10 s.c.c.m.,

pressure: 30Pa, power: 60W) to initiate the surface functionalization of the

SLGs at room temperature. Under the optimized conditions, we found that it

typically required 30min of plasma treatment to reach the saturation state.

The Raman spectra were recorded from SLGs made by a mechanical

exfoliation technique using a Horiba HR800 Raman system with 514.5 nm line

from an Arþ laser (Spectra-Physics model 163-C4205). The X-ray photo-

emission spectroscopy measurements were carried out on CVD-grown SLGs

on silicon wafers with a 300-nm-thick SiO2 layer using a Kratos Analytical Ltd

Axis Ultra Imaging Photoelectron Spectrometer (Kyoto, Japan) with Al Ka

radiation (225W, 15mA, 15 kV). The infrared spectrometry spectra were

recorded from CVD-grown SLGs on 100 nm SiO2 silicon wafers using a Nicolet

Magna-infrared spectrometry 750 Fourier transform infrared spectrometer

(Nicolet Ltd, Madison, WI, USA). The scanning tunneling microscopy

experiments were performed in a standard ultra-high vacuum chamber with

a base pressure of 5� 10�11mbar on copper substrates used for graphene

growth at a bias voltage of �320mV. The TEM electron diffraction

experiments were carried out on CVD-grown SLGs transferred to TEM grids

using a field-emission electron microscope (Tecnai F20, FEI, Hillsboro, OR,

USA) equipped with a digital camera operated at an accelerating voltage of

200 kV. The whole samples were 50–100mm, with a selected area 0.4mm in

diameter for the electron diffraction experiment. The devices were character-

ized using a standard probe station and semiconducting parameter analyzer

(Agilent 4155C, Agilent Technologies Co., Ltd, Santa Clara, CA, USA). All

reactions and measurements were performed at room temperature.

RESULTS AND DISCUSSION

Electronic properties of graphene after plasma treatment
To electrically follow the reactions, we developed a facile and
nondestructive method to fabricate graphene-based transistor arrays
through a polymer-mediated transfer technique and selective oxygen
plasma etching. Using neither traditional photolithography nor
complicated electron beam lithography, one can mass-produce
high-quality graphene-based transistors in high yield within a short
time (see Materials and Methods). For graphene growth, we used a
CVD method to form large-area SLGs with high quality on Cu
foils,24,25 as demonstrated by Raman spectroscopy (Supplementary
Figure S2d), TEM images (Supplementary Figure S2e) and TEM
electron diffraction (Supplementary Figure S3). After device fabrica-
tion, all transferred graphene samples (B70mm wide) were annealed
up to 400 1C in an argon atmosphere for 4 h to further remove any
possible residues. To minimize any physical damage by high-energy
ions, we carefully optimized the plasma power and exposure duration.
Under the optimized conditions (CH4: 10 s.c.c.m., pressure: 30Pa,
power: 60W), we found that the reaction typically required 30min of
plasma treatment to reach the saturation state in electrical and Raman
characteristics. Figure 1a and b illustrate the effect of plasma
treatment on the electrical properties of SLG devices (Figure 1a,
inset). The extracted carrier mobility of this device is moderate,
B500 cm2 V�1 s�1, which could be enhanced by growing large-
domain single-crystalline graphene and/or improving the surface
cleanness. Before the reaction, the as-prepared SLG transistors
exhibited p-type electric field effects with little gate dependence
because the neutrality point (INP) shifted to the more-positive value
(black curve in Figure 1a), most likely due to chemical doping by
etching agents and polymer resists (iron nitrate and PMMA), which
could have occurred during graphene transfer and device fabrica-
tion.25,26 Interestingly, after 30min of plasma treatment, dramatic
drops in the drain current (ID) of these devices were observed (red
curve in Figure 1a). As methane plasma produces methyl and
hydrogen ion pairs, the current drop can be explained by the covalent
attachment of methyl groups and hydrogen atoms to the basal plane
of SLGs (Figure 1d), leading to the transition of the graphene carbon
atoms from sp2 to sp3 hybridization (and, therefore, a decrease in the
device conductance). Two additional important features should be
noted. One is that the neutrality point (INP) of the devices after
plasma treatment consistently became more negative (B20V), most
likely due to the doping effect of electron-donating methyl groups.7

The other important feature is that, after plasma treatment, these
devices exhibited obviously improved gate dependences. For example,
the on/off ratio of the device shown in Figure 1a increased from o2
to above 6. In combination with the aforementioned current drop, the
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shift of INP and the improved gate modulation suggest that chemical
grafting of various functional groups could be a promising strategy
for modulating doping-like effects and tuning the electronic proper-
ties of graphene devices.7–9 We found that plasma methylation on
graphene surfaces was rather gradual over time. Figure 1b shows the
time-evolution of the drain currents (ID) of the same device during
the plasma exposure. The reaction proceeded reasonably fast in a
controllable manner, as ID decreased to the saturation state within the
first 20min of reaction. The rate of the methylation reaction became
slower and slower with an increasing reaction time, most likely
because of the decreased number of active reaction sites
and the steric effect of methyl groups that have already been attached
to the surface.

Optical properties of graphene after plasma treatment
The surface methylation of SLGs has been corroborated using Raman
spectroscopy. To avoid the influence of any possible residues (for
example, photoresist), we used pristine SLGs made by a mechanical
exfoliation technique for the Raman characterization. Figure 1c shows
the time-evolution of the Raman spectra of a representative SLG
sample (Figure 1c, inset) during the plasma exposure. Before plasma
treatment, we observed the characteristic peaks in the Raman
spectrum of graphenes at B1580 and 2680 cm�1, which are ascribed
to G and 2D bands, respectively. The G peak corresponds to optical
E2 g phonons at the Brillouin zone center, whereas the 2D band is the
overtone of the D band usually observed at B1340 cm�1, which is

indicative of the presence of defects and serves as a convenient
measure for the amount of disorder in graphenes.27,28 After plasma
treatment, three new peaks at B1340, 1620 and 2920 cm�1 were
observed, which should be assigned to D, D0 and DþD0 bands,
respectively. The D peak at 1340 cm�1 is very sharp compared with
that in disordered or nanostructured carbon-based materials, with a
full width at half-maximum of B18 cm�1.28 The D0 peak at
1620 cm�1, which occurs via an intravalley double-resonance
Raman process only in the present of defects, is rather weak and
tends to merge into the G band as a shoulder. The weak DþD0 peak
at 2920 cm�1 is a combination of the D and D0 modes.28 Unlike the
2D and D0 bands, this band requires a defect for its activation because
it is a combination of two phonons with different momentum.
Therefore, the observation of D, D0 and DþD0 bands proves the
presence of defects in the graphene lattice, which were likely induced
by plasma methylation, resulting in the breaking of the translational
symmetry of C¼C sp2 bonds and the formation of C-C or C-H sp3

bonds (Figure 1d).
In addition to the observed appearance of new peaks, we also

noticed a slight broadening and a decrease in the intensity of the 2D
band relative to the G band consistent with those found in
hydrogenated graphenes,15 most likely due to chemical doping
induced by plasma methylation.29 Interestingly, we found that the
ID/IG ratio has a nonmonotonic dependence on time. The evolution
of the resulting ID/IG data as a function of time is shown in Figure 1c,
inset. Within the first 10 seconds of plasma exposure, ID/IG ratios
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Figure 1 Electrical and Raman characterizations of graphenes before and after plasma treatment. (a) Device characteristics of a representative graphene

transistor before plasma treatment, after plasma treatment and after annealing. The inset shows the device structure. (b) The time-evolution of drain

currents from the same device during plasma exposure. The inset shows the switching cycles of the same device under the sequential plasma and annealing

treatments. (c) Time-dependent changes in the Raman spectra of a single-layer graphene (SLG) caused by plasma methylation. The inset pictures show an

optical image of a SLG with the area used for the Raman measurement marked with a red circle and the dependence of the ID/IG ratios versus reaction time

for the same SLG, respectively. (d) A schematic of the possible chemical groups on the SLGs after plasma treatment. The black and green spheres

represent carbon and hydrogen atoms, respectively.
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sharply increased to a peak value and then gradually decreased to the
saturation level. Such a behavior can be explained by the existence of
two disorder-induced, competing mechanisms contributing to the D
band. In the first stage, a proper quantification of the amount of
defects in graphene has been given by the well-known Tuinstra-
Koenig relation,30 La¼ (2.4� 10�10) l4(ID/IG)�1, where La is the size
of in-plane crystallites formed by a certain number of carbon rings
and l is the laser excitation wavelength. It can be assumed that a
higher number of defects with increasing plasma treatment results in
higher D peak intensity and a lower La. However, in the second stage,
the Tuinstra-Koenig relation was broken down according to (ID/IG)
p(La

2). This result provides the experimental support for a
phenomenological model proposed by Lucchese et al.31 which could
be useful for quantifying disorder in graphene monolayers.
We found that the plasma-treated SLG samples were quite stable, as

they retained their electrical and Raman characteristics when kept in
the dark for at least two weeks at room temperature. Interestingly,
after annealing at 400 1C under an Ar atmosphere for B2 h, we were
able to restore the original electrical and Raman properties of the
samples. After annealing, the device characteristics of the functiona-
lized devices almost recovered to their initial value and shape (green
curve in Figure 1a). The sequential steps of plasma treatment and the
annealing process can be operated in a reversible manner for at least
three switching cycles while keeping the devices in good shape
(Figure 1b, inset). The recovery was not complete, however, which
might be due to vacancies induced by plasma damage and/or residual
oxygen during oven annealing.15,32 Consistently, all of the defect-
related peaks in the Raman spectrum (D, D0 and DþD0) completely
disappeared or were strongly suppressed after annealing (Figure 1c).
However, the residual D and broadened G peaks were still observed,
indicating the presence of some disorder in the annealed graphene.
These changes in the Raman spectra are in good agreement with the
electrical measurements.
To probe the reaction extent, we screened the spatial maps of the

ID/IG ratios over the circled area of the same SLG used in Figure 1c
before and after plasma methylation. As shown in Figures 2a and b,
the whole region exhibits both large-area uniformity and a much
greater degree of disorder after methylation than before methylation.
The intensity of the defect D band is as great as B120% of that of the
G band, which is consistent with the previous ID/IG ratio measure-
ments. These results suggest that a periodic patterning of methyl
groups and hydrogen atoms on the graphene surfaces at the
saturation state may have formed, which could result in a confine-
ment potential for the carriers in graphene and potentially lead to a
bandgap opening.33

To check the chemical effects of plasma methylation, we carried out
fourier transform infrared spectrometry experiments. After plasma

treatment, we detected infrared spectrometry vibrational modes at
B2964, 2927 and 2857 cm�1 (black curve in Figure 2c), which should
be assigned to C-CH3, C-H or C-H2 and C-H2, respectively
(Figure 1d). This observation is in perfect agreement with those in
Dai’s work,13 where methyl groups and hydrogen atoms can be
grafted on carbon nanotube sidewalls through a gas-phase reaction.
After annealing, these peaks completely vanished, indicating the
elimination of covalently bound groups through demethylation and
dehydrogenation. These results are consistent with those obtained
above in the electrical and Raman characterizations.

Structural properties of graphene after plasma treatment
To obtain a deeper understanding of the chemical properties of the
methylated graphenes, X-ray photoemission spectroscopy studies
were carefully performed. Figure 3a and b show comparisons of the
representative C 1s core-level spectra of the same SLG sample before
and after plasma treatment. Generally, the C 1s spectra were fitted
with four components before plasma treatment. The main peak at
284.8 eV is assigned to the C-C sp2 bonds in the graphene hexatomic
ring structure, and the other three peaks with higher-binding energies
at 286.0, 286.8 and 289.1 eV should be assigned to C-OH, C¼O and
C(O)O bonds, respectively, and may originate from oxidization, from
iron nitrate and/or O2 in air. The peak of the trace C-N bonds, which
might result from copper etching by iron nitrate (Supplementary
Figure S4), is overlaid with the peak of the C¼O bonds.34,35 After
plasma treatment, we found that the C 1s peak became much simpler.
The main peak at 284.8 eV still corresponded to sp2-hybridized C
atoms in graphene. However, compared with the results before plasma
treatment, two significant differences should be highlighted. One is
that a prominent peak is newly formed at 285.4 eV, which should be
assigned to the sp3 hybridized C atoms.36 This observation strongly
strengthened the fact that plasma methylation results in the breaking
of the translational symmetry of C¼C sp2 bonds and the formation
of C-C or C-H sp3 bonds. The other is that the other three peaks (that
is, at 286.0 eV (C-OH), 286.8 eV (C¼O and/or C-N) and 289.1 eV
(C(O)O)) completely vanished after plasma treatment. This is
consistent with the results from the whole X-ray photoemission
spectroscopy spectra (Supplementary Figure S4), where we found that
the amounts of O and N atoms were strongly suppressed after plasma
treatment. We speculate that, based on the above observations,
methane plasma ignites the reaction at a defect on the graphene
surface (either present before plasma treatment or induced by the
plasma) and then continues to react with graphene. From the data in
Figure 3b, the ratio of the integrated areas for sp3- and sp2-hybridized
carbon components is B0.51. As methane plasma produces methyl
and hydrogen ion pairs, if we hypothesize that both of the active
species can simultaneously react with graphene to form C-CH3 and
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Figure 2 Comparison of graphenes before and after plasma methylation via two-dimensionalRaman spectra and fourier transform infrared spectrometry

studies. (a and b) Spatial maps of the ID/IG ratios over the circled area of the same SLG used in Figure 1c before (a) and after plasma methylation (b). The
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C-H bonds, respectively,13 we can calculate the maximum defect
coverage on graphene surfaces to be B(0.51� 2/3)/(0.51� 2/
3þ 1)¼B25%, where 100% defect coverage indicates that each
carbon atom in the basal plane of graphene was methylated or
hydrogenated. This value is consistent with the theoretical prediction
(25% coverage) that could form the electronic structure with the most
stable configuration, possibly resulting in a quantum confinement for
a bandgap opening.7 Atomic force microscopic characterizations
showed that the average thickness increase of SLGs after plasma
methylation was B0.21nm (Supplementary Figure S5). By control-
ling the reaction extent, we were able to successfully see the individual
absorbed atoms or groups using high-resolution scanning tunneling
microscopy. Before plasma treatment, a clean, densely packed

honeycomb crystal lattice of pristine graphenes was observed
(Figure 4a). Figure 4b shows a representative scanning tunneling
microscopy image of graphene after plasma treatment with a reaction
coverage of B5%. Interestingly, we found two types of distinct
quantum dots with different levels of brightness, which should be
ascribed to methyl groups (bright with the red circle) and hydrogen
atoms (dark with the blue circle), respectively. This observation is well
explained by the theoretical simulations under �0.3V bias voltages
shown in Figure 4c, which show that methyl groups are brighter than
hydrogen atoms (more details about the theoretical calculations can
be found in the Supplementary Information). It is the use of methyl
plasma that allows us to flexibly control the reaction extent and
graphene’s atomic structure (and potentially its band structure).
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More structural information about methylated SLG samples are
provided by TEM studies. Figures 5a and b show a comparison of the
representative TEM electron diffraction patterns from dozens of
measured samples. Again, the intensity of the diffraction spots from
the outer hexagon being almost equivalent to the intensity from the
inner hexagon confirms that our graphene samples are single layer
(Supplementary Figure S3).27 Before plasma treatment, all samples
consistently exhibited clear and strong diffraction patterns
(Figure 5a), indicating crystalline hexagonal symmetry with a narrow
lattice constant d (2.46±0.02 Å). In contrast, plasma methylation led
to a dramatic change in the lattice constant d but preserved the
hexagonal symmetry and corresponding crystallinity, so the diffrac-
tion images became obscure (Figure 5b). In real experiments, the
changes in the lattice constant d were not uniform. As shown in
Figure 5c, another area of the methylated graphene exhibited locally
different in-plane periodicities with the average decrease
beingB3.3%. Such a nonuniformity is reasonable because the
compression force induced by chemical reactions is too tiny to
equilibrate the local physical environment of the sample, thus
restricting the isotropic shrinkage. As proposed by Elias et al.,15 the
in-plane shrinkage of the graphene lattice should be only the result of
chemical modification. Generally, the C-C bond distance a in
graphene is B1.42 Å. However, methylation and/or hydrogenation
results in the hybridization of carbon atoms from sp2 to sp3

(Figure 5d), thus leading to the elongation of C-C bonds (B1.52 Å,
close to that of diamond) and the in-plane periodicity d to be B1%
less than in graphene, consistent with the theoretical calculations
discussed in the Supplementary Information. From the experimental
distribution of d, the dominant value is found at B2.38 Å, suggesting
that either shorter or stronger C-C bonds, or both, are present. More
sophisticated experimental investigations need to be performed to
understand the intrinsic structure of the novel species. Interestingly,
annealing treatment led to the complete recovery of the original
periodicity of graphene observed in TEM electron diffraction.

CONCLUSIONS

The combined experimental and theoretical results prove that plasma
methylation results in the interconversion of two distinct species of
graphene (one crystalline and the other methylated) in a controllable
and reversible manner, which induces pronounced changes in the
electronic, optical and structural properties of graphene. The methy-
lated graphene is finely tunable and stable at room temperature,
suggesting its wide application in electronics. Therefore, these results
demonstrate the potential to realize confinement-induced gap open-
ing by sophisticated chemical modification, which might provide
appealing opportunities for novel scientific and technological research
and innovation with graphene-based optoelectronic devices.
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