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ABSTRACT: The bandgap engineering of graphene is a challenging task for its
potential application. Forming unique structures such as nanoribbons or
nanomeshes is an effective way to open up a bandgap in graphene. In this work,
a graphene nanomesh (GNM) was prepared through UV-mediated oxidation of a
graphene oxide (GO) film at atmosphere. Atomic force microscopy (AFM) was
used to track the evolution of the surface morphology of GO during the irradiation.
It was observed that a nanoporous network structure was progressively produced in
the basal plane, which can be attributed to the fact that highly reactive oxygen
species preferentially attack sp3 carbon-rich regions of the GO. In particular, the as-
prepared GNM shows interesting semiconducting characteristics and photo-
luminescence (PL) phenomenon, which make it become a promising candidate for
the use of electronics, optoelectronics, and biomedical engineering. Finally, the
field-effect transistors (FETs) were fabricated using the as-prepared GNM as the
active channel. The measured electrical characteristics indicate that the use of UV/O3 is an available choice to open the bandgap
of graphene and tune its properties for optoelectronics or biomedical applications.

■ INTRODUCTION

Since the first discovery of monolayer graphene (mechanical
exfoliation of graphite),1 a great surge of research in graphene
has emerged in different fields such as condensed-matter
physics, material science, nanoelectronics, and biomedical
engineering.2−9 Graphene, which is made up of 100% sp2-
hybridized carbon atoms arranged in a honeycomb lattice,
possesses a range of remarkable properties including high
carrier mobility, thermal conductivity, high values of Young’s
modulus, and an anomalous quantum Hall effect.8 These
intriguing characteristics make graphene become a promising
“star” material in the exploration of fundamental and
application science.9−12 However, due to the absence of energy
bandgap, the potential applications in electronics, optoelec-
tronics, and biomedical engineering are largely hindered.13

Therefore, looking for effective ways to open up the bandgap is
a challenging task.14,15 Due to the influences of the quantum
confinement, edge, and localization effects to graphene
bandgap, great efforts have been devoted to tailoring graphene
sheets into a confined geometry such as nanoribbons,16−18

quantum dots,19,20 and nanomeshes21−23 or doping some
heterogeneous atoms (O, N, and Mn) or molecules into the
graphene parent material.24−27 These well-designed structures

are effective in tuning and controlling the semiconducting
properties of graphene. In order to get these delicate structures,
various approaches have been explored, such as lithography
(including electron beam,28 block copolymer,20 and nano-
sphere27), ion irradiation,29 hydrothermal,30 template,31 chem-
ical vapor deposition,32 photocatalytic reduction or oxidation,33

plasma etching,34 etc. Among these methods, oxidation is of
particular interest not only from its technical advantages (easy
operation, cost-effective, versatile design, and short reaction
time) but also from a fundamental science perspective due to
the oxygen involvement.35,36 Elucidating how oxygen breaks
into carbon world could stimulate the development of a new
area of nanotechnology based on nanoscale graphite origami.37

Previously, the oxidation of graphene has been explored by
some researchers. For example, Soliś-Fernańdez et al. system-
atically investigated the oxidation behavior of reduced graphene
oxide (rGO) by thermal oxidation in air, microwave oxygen
plasma, and ultraviolet-generated ozone.9,10,38 Later, Tao et al.
reported the morphology of graphene sheets treated in an
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ozone generator.39 However, their work mainly focused on the
morphology changes and formation process discussions. A fully
comprehensive, systematic study of formation mechanism and
optoelectrical properties is still missing. In fact, after UV/ozone
oxidation, an electron energy gap in graphene could be opened
and its properties might give rise to some remarkable changes.
For example, Huh et al. reported that ozone molecules could
react with graphene to produce oxygen-containing groups and
induce the p-type doping of the graphene.40−43 Such structure
can be used as a highly Raman-active substrate for SERS
sensing applications.44 Gokus et al. induced the strong
photoluminescence (PL) in single-layer graphene by oxygen
plasma treatment.45−48 In this study, we fully used the
processing advantages and unique properties of graphene
oxide (GO) and utilized UV/ozone to oxidize/etch GO in a
sealed chamber; a detailed analysis of the evolution process
regarding the morphology characteristics of GO with different
exposure time (1, 3, and 5 min) was observed by AFM. After 5
min exposure, it is found that a nanoporous structure (called
graphene nanomesh, GNM) was produced in the basal plane.
XPS and Raman experiments were also performed to reveal the
structural changes before and after exposure. Subsequently, the
optoelectronic properties of GNM were also tested. Finally, the
field-effect transistors (FETs) were fabricated using the GNM
as the active channel and characterized.

■ EXPERIMENTAL SECTION
Materials. Reagent grade chemicals were purchased from

Aldrich. Graphitic powder (500 mesh) was purchased from
Beijing Chemical Reagents.
Preparation of Graphene Nanomesh. Graphene oxide

(GO) was first produced through a modified Hummer’s
method by reacting natural graphite powder in a mixture of
NaNO3, H2SO4, and KMnO4.

8−10 After the reaction, H2O2 was
added to the system. The yellow suspension was filtered and
washed for three times using HCl and then dispersed in
deionized H2O. The homogeneous graphene oxide dispersions
were obtained by sonicating the graphite oxide suspension at
room temperature for 1 h. GO dispersion in water was
deposited onto the freshly prepared mica sheet surface (1.0 ×
1.0 cm2) and dried in a vacuum oven at 60 °C. Subsequently,
the dried sample was put into a 25.4 cm i.d. Rayonet
photochemical chamber equipped with Hg lamps. The Hg

lamps were designed to emit 184.9 and 253.7 nm photons. The
irradiation experiment was carried out at atmosphere.

Characterization of Graphene Nanomesh. Atomic force
microscopy (AFM) measurements were performed in tapping
mode on a multimode nanoscope V scanning probe microscopy
system (Veeco Instruments).44 Commercially available AFM
cantilever tips with a force constant of ∼48 N m−1 and
resonance vibration frequency of ∼330 kHz were used.
Photoelectron spectroscopy (XPS) measurements were carried
out on an Axis Ultra DLD X-ray photoelectron spectroscope
(Kratos Analytical, UK) using a monochromatic Al Kα (1486.6
eV) source at 15 kV. Raman measurements were performed on
an Invia/Reflrx Lasser Micro-Raman spectroscope (Reinshaw,
England) with excitation laser beam wavelength of 514 nm.
Pristine GO or UV-irradiated GO were placed on a clean mica
sheet. Electrical conducting measurements of individual GO, r-
GO, and graphene nanomesh were performed using a two-
electrode system based on conductive atomic force microscopy
(C-AFM). PL measurement was carried out using a
fluorescence microscope (Olympus IX71) equipped with a
multispectral imaging system (Caliper CRi Nuance). The GO
and GNM samples were coated on glass sheet with a layer of
thickness of 10 nm. Then, the sample was put under the
inverted florescence microscope to be observed.

Construction and Property Measurement of FET
Devices. GNM-based FET devices were fabricated on a Si/
SiO2 (300 nm) wafer. The Au electrodes were defined by
thermal evaporation for 2 h through a shadow mask with the
channel width (W) of 1200 μm and the length (L) of 80 μm.
The current−voltage (I−V) curves were characterized by
Keithley 4200 semiconductor characterization system under
ambient and dark conditions. We employ density functional
theory in the generalized gradient approximation implemented
in the Quantum-ESPRESSO package. Perdew−Burke−Ernzer-
hof norm-conserving pseudopotentials are used. We find that a
5 × 5 × 1 surpercell of pristine graphene is sufficiently large for
our calculations. The supercell with a lattice constant of a =
12.2 Å contains 50 carbon atoms. All calculations are performed
with a plane wave cutoff energy of 544 eV and a 4 × 4 × 1 k-
mesh for the Brillouin zone integration. Interlayer interactions
due to the periodic boundary conditions are prevented by a
vacuum slab of ∼20 Å thickness. The atomic positions are fully

Figure 1. (a) Schematic illustration of the UV exposure process of GO to form a perforated GNM. First, GO solution was deposited onto the freshly
prepared mica sheet surface (1.0 × 1.0 cm2) and dried in the vacuum oven. Then, the dried substrates were put into a sealed box with UV irradiation.
Note: the dark gray areas represent sp3 carbon clusters and the remaining regions are sp2 carbon domains. (b−d) AFM images of GO sheets on the
mica substrate: (b) the starting GO sheets, (c) the UV-irradiated GO, and (d) zoom-in of a square region; see (c) showing the perforated structure
of an individual sheet.
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relaxed in all cases until an energy convergence of 10−7 eV and
a force convergence of 0.05 eV/Å are reached.

■ RESULTS AND DISCUSSION
Preparation of Graphene Nanomesh. The overall

strategy of punching holes on the GO to form GNM is
schematically displayed in Figure 1a. First, solution-phase
prepared water-dispersible GO deposited on mica was
employed as the starting material. Inherited from the
preparation process, GO is highly oxidized, bearing hydroxyl
and epoxide functional groups forming sp3 bonds with carbon
atoms on their basal planes. The sp3 bonded carbon clusters
with irregular sizes and shapes (Figure 1a, gray region) are
embedded in the sp2 carbon network. Upon UV irradiation,
some highly reactive oxygen species are created in the
photochemical cell.39 Initially, the preferred attacking site is
located on sp3 carbon clusters or defective regions. The
oxygenation leads to the release of CO and CO2 in sp3 carbon-
rich regions, leaving behind a porous sp2 carbon percolating
network structure.
Characterization of Graphene Nanomesh. Atomic force

microscopy (AFM) was employed to observe the change of a
single GO sheet before and after UV irradiation. Figure 1b is
the AFM image of the untreated GO sheets which show the
clean and smooth surfaces. After 5 min UV exposure, as shown
in Figure 1c, lots of pits are observed on the heavily roughened
surfaces. However, their sizes are not apparently reduced, and
no global fracturing or curling behavior occurs. Meanwhile, it
seems that the local cracks are not triggered from the edges.
The same phenomenon was previously reported for hydro-
thermal steaming of GO sheets, assuming that the edges of the
GO sheets are not more reactive sites than the basal planes.40

Therefore, UV/O3 etching of GO sheets can disrupt their
structures, likely to initiate from the more defective sp3-rich
domains. This is also identified by UV−vis spectra, showing
that the electronic conjugation was restored upon UV/O3
etching (Figure S1). Figure 1d is the magnified image of a
square area on an individual GO sheet. As can be seen, the
shapes and sizes of cracking regions are irregular, with an
average width of 20 nm. The remaining parts (particulate
domains) are interconnected to form the nanoporous network.
To better understand the evolution of GO sheets exposed to

UV, we carried on with a more detailed AFM study on an
individual GO sheet for different irradiation times. Figures 2a−
c show typical AFM images of the morphological evolution at
room temperature after the exposure of 1, 3, and 5 min,
respectively. For the shortest exposure time (1 min, Figure 2a),
the morphology is similar to the untreated GO sheet as shown
in Figure S2. However, a slight increase of the corrugation
occurred in Figure 2a, reflecting the starting interaction of
oxygen species with the surface of GO at 1 min. After 3 min of
exposure, the morphology gives rise to notable changes with
lots of pits formed through the whole sheet as shown in Figure
2b. After 5 min of exposure (Figure 2c), more pits occur on the
surface and become much deeper than observed in Figure 2b.
Compared with the height profiles shown in Figure 2d for three
different exposure time (1, 3, and 5 min), we find that the
average thickness for 1 min exposure is ca. 1.0 nm, which
matches well with the thickness of untreated GO sheet (Figure
S2, the height profile). However, the height profile changes
greatly after 3 min exposure, with the average thickness of the
sheet decreasing to 0.3−0.5 nm, showing a great number of
dangling C−O bonds have been eliminated for the extending

exposure. This apparent height change is further proved for 5
min exposure in which the average thickness of the sheet is ca.
0.3 nm, and some points even are near to 0 nm. It is worth
noting that the thickness of an ideal monolayer of graphene is
∼0.34 nm. According to this fact, we assume that the initial sp3

carbon-rich “islands” nonhomogeneously distributed in the sp2

carbon “ocean” were etched off during the UV irradiation
process, leaving behind a sp2 carbon interconnecting network
structure in our terminal product. On the basis of this
assumption, on one hand, we can elucidate the height profile
changes corresponding to different irradiation times; on the
other hand, the formation of GNM can also be given a
reasonable explanation due to sp3 carbon etching. Considering
the participation of oxygen species in the reaction, the
disappearing sp3 regions may have escaped as CO and CO2
(Figure S3). This has been proved experimentally that ozone-
reacted CNTs (SWCNTs) containing surface-bond functional
groups such as CO, CC, and C−O could release gas phase
CO2 and CO under a heat treatment (T > 473 K) of UV/O3.

41

Although the exact chemical structure of GO is not well
established, it is believed that a variety of oxygen-containing
functional groups (such as epoxide and hydroxyl groups on the
interior of the sheet and carbonyl groups at the edges) could
become the active sites as similar as the ozone-reacted CNTs.
Raman spectroscopy was further used to study the structural
information on GO and GNM. The D and G peaks are two
important features which reflect the ordered/disordered crystal
structures of carbonaceous materials. The G band (corresponds
to the E2g phonons of the sp

2 C−C bonds) is caused by bond
stretching of sp2 carbon pairs in both rings and chins, while the
D band (corresponds to the breaking mode of κ-point phonons
of A1g symmetry) is generated by local defects and disorder.

42,43

Therefore, the ID/IG ratio can be regarded as a measure of the
amount of disorder present within the materials.31 Typical
Raman spectra of monolayers of GO and the GNM obtained at
an excitation wavelength of 532 nm are shown in Figure 3a.
The D and G bands are located at about 1350 and 1600 cm−1,
respectively. The ID/IG ratio increases from 0.66 for GO to 0.79

Figure 2. In-situ tapping mode AFM images and height profiles
(superimposed on the images) showing the evolution of a perforated
GNM on the mica surface for different UV illumination times: (a) 1,
(b) 3, and (c) 5 min. (d) Representative height profiles taken along
the marked white lines.
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for the GNM, indicating the more defects and disorder
occurred due to the UV irradiation. The defects can be
attributed to the formation of pores in the GNM as seen in the
AFM images. Although the Raman spectrum can detect small
changes in the crystal structure, the change of chemical
composition remains unclear. In order to clarify the changes of
the surface chemical state of the GO sheets and GNM, XPS was
utilized. Figure 3b shows the deconvoluted C1S XPS spectra of
the pristine GO sheets. The signal at 284.5 eV corresponds to
C−C bonds, while the signals in the range of 286−289 eV are
assigned to C−O bonds. The ratio of C/O is 1.52. After UV
irradiation, the peaks of the C−C bonds are strongly increased
in intensity, while the peaks of the C−O bonds decline
significantly, as shown in Figure 3b. Note that the ratio of C/O
increases to 5.23, suggesting that the most oxygen-containing
groups have already been removed, leaving behind a
predominant sp2 carbon cluster interconnected network. The
XPS C 1s spectrum can partially support our deduction that
oxygen can leave in the form of CO and CO2.
As the properties of GO are largely depended on the

structure and chemical composition,6 in other words, due to
UV-mediated oxidation disruption, the newly arranged π-
electrons of the sp2 carbon on the GNM will particularly affect
its optoelectronic characteristics.44−46 Importantly, density

functional theory study indicates that a low oxidation on GO
will yield a small band gap which gives GO a semiconducting
behavior.48−51 These previous analysis prompted us to
investigate the electrical conductivity and photoluminescence
toward graphene bandgap engineering.44−47 For comparison,
the electronic properties of pristine GO, hydrazine reduced
GO, and UV-treated GO were studied by building a two-
electrode system based on conductive atomic force microscopy
(C-AFM). C-AFM is very useful for the measurement of high
resistivity films. The principles are schematically shown in the
insets of Figure 3c. To perform C-AFM measurement, a
selectable bias between the GO sample and the conductive
SPM tip virtually on ground was applied (Figure 3c, schematic
inset). As the conducting tip is scanning the GO sample in
contact mode and imaging the topography, a linear amplifier
with a range of 1 pA to 1 μA senses the current passing through
the GO sample. Thus, the sample’s topography and current
image are measured simultaneously, enabling the direct
correlation of the location with electrical properties. Pristine
GO has a sheet resistance (Rs) values of about 1012 Ω sq−1 or
higher, thus showing an insulating nature (see Figure 3c).
Owing to the high number of oxygen-containing functional
groups present on the surface, the pathways among the sp2

carbon clusters can be blocked, inhibiting carrier transport.46

Figure 3. (a) Raman spectra of GO (black) and the corresponding perforated GNM (red) with 5 min UV exposure. Note: D peak/G peak = 0.66 for
GO; in contrast, D peak/G peak = 0.79 for the GNM. Therefore, the ratio of D/G is evidently increased, showing that more disorders and defects
generated. After UV illumination for 5 min, the newly formed sp2 clusters are connected so that transport by percolation might occur. (b) X-ray
photoelectron spectroscopy (XPS) spectra in C 1s of GO (black) and GNM (red), showing that after UV illumination for 5 min, the C 1s peaks of
oxygen-containing groups were decreased largely. (c) Electrical properties of GO-based devices on mica. Current−voltage curves measured by using
conductive atomic force microscopy (C-AFM) for three different types of devices: as-prepared GO (black), N2H4-reduced GO (green), and GNM
(red). Note: over 10 devices have been measured for each of the three states. The inset shows a schematic illustration of a two-electrode system.
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However, the conductivity can be enhanced by N2H4 reduction.
This could be due to the preferential attack of hydrazine to
oxygen-containing groups, leading to partial restoration of the
sp2-conjugated graphene network. Conversely, the GNM
formed by UV-mediated oxidation shows a semiconducting
nature. In view of the above results and discussions, we believe
that approximate oxidation eliminates the sp3 carbon domains
and forms a percolating network of sp2 carbon which is
beneficial to carrier mobility.
In addition, microscopic structural defects/disorders may

also influence the conductivity of the GNM. On the other hand,
photoluminescence (PL) spectroscopy was also measured to
prove that the bandgap opening of GNM through UV/O3
treatment. Room temperature imaging and PL were carried out
on GNM using 400, 455, and 570 nm excitation wavelengths
and a CCD spectrometer. The solid GNM shows two different
PL characters (green and red light) as observed in Figure 4a−c.

It seems that the photoluminescent areas are made up of some
incontinuous dots with different sizes and intensity. Combined
with our AFM observation, we deduce that these PL carbon
dots are likely derived from the isolated sp2 carbon parts on
GNM. Correspondingly, three distinct PL peaks (collected on
individual PL dot) at the maximum wavelengths of 550, 560,
and 760 nm are measured, as shown in Figure 4d. Obviously,
the emission maximum shifted with increasing excitation
wavelengths; PL carbon dots should be responsible for this
phenomenon. The photoluminescence could be attributed to
the electron-confined sp2 islands (its shape, size, and ratio of
sp2/sp3 carbon),46,47 it is more likely to arise from UV/O3
oxidative etching as described in Figure 1. Our results also show
that the UV/O3 oxidative etching method can be used for
preparation of PL carbon dots; their collection and application
for biomedical engineering are under way, which will be
reported in another paper.
Construction and Property Measurement of FET

Devices. Considering the conducting property of the obtained
GNM, after characterizing the chemical and physical structures
of GNM, we then used it as the active channel to fabricate FET
devices (Figure S4), with a heavily doped Si as the gate, a 300
nm thick SiO2 layer as the gate dielectric, and thermally
evaporated Au as the source and drain electrodes (Figure 5a).

80 nm thick Au source and drain electrodes were prepared by
thermal evaporation through a shadow mask to define the
channel width of 1200 μm and the length of 80 μm.42−44 The
electronic characterization of the FET devices was carried out
under ambient and dark conditions. Figures 5b and 5c show the
measured transfer (ID−VGS) and output (ID−VDS) electrical
characteristics, respectively, which indicate n-type transistor
behaviors. The ON/OFF current ratio is about 2.5. The
measured gate leakage (IG) as a function of the gate bias (VGS)
is also shown in Figure 5b to prove that the measured drain
current (ID) modulated by the gate bias (VGS) is mainly
contributed by the channel, and therefore it can be confirmed
that the GNM prepared through UV-mediated oxidation of a
GO film presents the semiconducting properties.

■ CONCLUSIONS
In conclusion, we have utilized UV/O3 to build up a
nanoporous, electrically conductive GNM. The approach is
simple, scalable, energy efficient, and controllable. During the
UV irradiation, oxygen species produced in the air (mainly
singlet oxygen) are efficient attackers to sp3 carbon domains on
GO. The components of the attacked sites are taken away in
the form of CO and CO2, giving rise to a percolating network
which is mainly made up of sp2 carbon clusters. The resulting
product (GNM) shows interesting electronic and optical
characteristics, forming an exciting platform to study GO-
based nanodevice application. The semiconducting property is
also confirmed by electrical measurements on a back-gated FET
device. Moreover, the established oxidation mechanism is useful
to understand the atomic-level mechanisms of oxidation in
carbon-based materials. We believe that the UV/O3 generated
GNM is one kind of promising carbon-based material and owns
great potential in applications such as optoelectric devices and
biosensors as well as biomedical engineering in the near future.

■ ASSOCIATED CONTENT
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Figures S1−S4. This material is available free of charge via the
Internet at http://pubs.acs.org.

Figure 4. Fluorescence microscopic imaging (×100) and correspond-
ing PL spectrum of GNM with three different excitation wavelengths
(400, 455, and 570 nm).

Figure 5. Room temperature electrical properties of a GNM device.
(a) Schematic illustration of a GNM-FET. The device is fabricated on
a heavily doped silicon substrate with 300 nm SiO2 as the gate
insulator layer. (b) The measured transfer characteristics (ID−VGS)
and gate leakage as a function of the gate bias (IG−VGS) of the GNM
FET. (c) The output characteristics (ID−VDS) of the GNM FET at the
gate bias from 0 to 40 V with the step of 10 V.
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