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ABSTRACT: Reported here is femtosecond laser mediated bandgap tailoring of
graphene oxides (GOs) for direct fabrication of graphene-based microdevices. When
femtosecond laser pulses were used to reduce and pattern GO, oxygen contents in
the reduced region could be modulated by varying the laser power. In this way, the
bandgap of reduced GO was precisely modulated from 2.4 to 0.9 eV by tuning the
femtosecond laser power from 0 to 23 mW. Through the first-principle study, the
essence of GO bandgap tailoring is proved to be femtosecond laser reduction
induced oxygen-content modulation. As representative illustrations, bottom-gate
graphene FETs were fabricated in situ by using femtosecond laser reduced GO as
the channel material, and an optimized room temperature on−off ratio of 56 is obtained. The controlled reduction of GO by
femtosecond laser contributes great potential for bandgap tailoring and microdevices patterning of graphene toward future
electronics.

1. INTRODUCTION
In recent years, graphene has triggered enormous research
interest due to its great potential in future electronics,1−5 such
as flexible e-paper. However, open problems such as scalable
preparation, bandgap tailoring, devices fabrication, and post-
integration are still challenging. For instance, graphene
prepared by epitaxial growth is not only limited in mass-
production, but also undergoes a complex substrate transfer
process, which brings considerable difficulties to its further
applications. More importantly, graphene is a zero-bandgap
semiconductor; its performance in field effect transistors
(FETs),6,7 microsensors,8−12 photodiodes13 and lasers,14 was
significantly limited due to the absence of bandgap.5 Therefore,
tailoring electronic band structures becomes a hot topic in the
current investigation on graphene-based microdevices. Typi-
cally, nanostructuring of graphene has been proved an effective
solution to open its bandgap.15,16 When the size of graphene
was structured into mesoscopic range, usually from several to
tens of nanometers, energy bandgap would form due to the
quantum confinement of electrons. However, the modulation
range of graphene bandgaps was quite limited because it is very
difficult to reduce its lateral dimensions into the sub-10 nm
range. As an alternative choice, similar to the case of carbon
nanotubes (CNTs),17 molecular doping is also used for
graphene bandgap tailoring.18,19 By various chemical grafting
or physical adsorption of guest molecules, the band structure of
graphene could be modulated in a certain range. However,
these methods usually suffer from poor stability or controll-
ability. Therefore, in order to promote the development of

graphene nanodevices, a versatile nanotechnology for both
processing and bandgap tailoring of graphene is highly desired.
From the practical point of view, graphene oxides (GOs)

have distinct advantages of (i) large-scale preparation, (ii)
solution processing compatibility, and (iii) tractable modifica-
tion.20 Essentially, the formation of bandgaps usually depends
on defects, so GO, which has plenty of natural oxygen-defects,
is undoubtedly considered as a preferred candidate for bandgap
tailoring.21−23 The fact that laser irradiation could effectively
reduce GO24,25 imparts the feasibility for further modulation of
its electronic band structure. In addition, laser processing allows
high accuracy and mask-free micronanopatterning, which
contributes supplementary advantages for microdevice fabrica-
tion and integration.
In this work, we show a femtosecond laser mediated bandgap

tailoring of graphene oxides (GO) for flexible fabrication of
graphene-based nanodevices. Bandgaps of reduced GO could
be precisely modulated from 2.4 to 0.9 eV by controlling the
laser power. First-principle study confirms that the residual
oxygen in reduced GO was essential for bandgap formation. As
representative illustrations, bottom-gate graphene FETs were
fabricated in situ by postintegration of the laser reduced GO
(LR-GO) channel between prepatterned source/drain electro-
des. The femtosecond laser processing of GO contributes great
advantages for flexible fabrication of graphene-based nano-
devices in future electronics.
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2. EXPERIMENTAL METHODS

2.1. Femtosecond Laser Reduction of GO Films. The
graphene oxide was produced via Hummers method from
natural graphite (Aldrich, < 150 μm). The GO films were
prepared by spin-coating GO solution on quartz substrate at
2000 rpm for 20 s, dried at 95 °C for 1 h, and cooled to room
temperature. Pulses from a femtosecond laser oscillator of 780
nm central wavelength, 120 fs pulse duration, and 80 MHz
repetition rate, were tightly focused by a 100× oil immersion
objective lens with a high numerical aperture (NA) of 1.35 into
the GO film. The focal spot of the laser beam was scanned
laterally by steering a two-galvano-mirror set and was vertically
moved along the optical axis by a piezo stage; 8−23 mW laser
power measured before the objective lens, 600 μs exposure
duration of each voxel, and 100 nm scanning step length were
adopted. Then, the femtosecond laser directly wrote on the GO
film according to preprogrammed patterns. The femtosecond
laser was generated by Tsunami, Spectra-Physics lasers (model,
3960-X1BB s/n 2617; ccd, AMSTAR, B/W; video ccd,
CAMERA).
2.2. Fabrication and Measurement of GO FETs. The

ITO gate electrode was sputtered onto the substrates through a
shadow mask. To obtain a gate dielectric layer, poly(methyl
methacrylate)(PMMA) chloroform solution (0.1 g/mL) was
spin-coated on substrates at 3000 rpm and baked at 95 °C for
15 min. The thickness of PMMA is measured to be 200 nm.
GO films were spin-coated on PMMA layer and annealed at 95
°C for 1 h. Au source and drain electrodes were vaporized onto
the GO film under vacuum by using a shadow mask. In order to
modulate the active layer, GO film was then reduced and
patternd into a 30 μm width belt between the electrodes
(distance, 20 μm) for test.
2.3. Characterization. The UV−vis/NIR diffuse reflec-

tance spectra of the GO film was measured from the UV−
visible diffuse reflection spectroscopy (UV-3600, SHIMADZU,
Japan) with a BaSO4 coated integration sphere at room
temperature. For the measurement of bandgap, a 2 × 2 mm2

GO square was reduced by a femtosecond laser with variable
output power. X-ray photoelectron spectroscopy (XPS) was
performed using an ESCALAB 250 spectrometer. Atomic force
microscopy (AFM) images were measured with Digital
Instruments NanoScope IIIa. Optical microscope images were
obtained from a Motic BE400 microscope. Current−voltage
curves of FET were measured from a Keithley SCS 4200
semiconductor characterization system.

3. RESULTS AND DISCUSSION

In order to gradually remove the oxygen groups on GO sheets
and further modulate their bandgaps in a certain range,
femtosecond laser pulse with adjustable output power was used
for the reduction. Because of the ultra fast pulse duration (120
fs) of our femtosecond laser, here, GO is allowed to be reduced
in air without total ablation. In our experiments, by carefully
tuning the laser power, the reduction degree of GO could be
controlled in the irradiated region. Figure 1 shows the C1s XPS
spectra of pristine GO and laser-reduced GO (LR-GO)
samples. The three peaks at 284.6, 286.6, and 288.5 eV are
attributed to C−C (nonoxygenated ring carbon), C−O
(hydroxyl and epoxy carbon), and CO (carbonyl),
respectively. Obviously, the as-prepared GO is very rich in
oxygen; the content of carbon not bonded to oxygen is only
38%. After femtosecond laser reduction (10 mW), the C−C

percentage increases to 65%, indicating the partial removal of
oxygen. When the laser power is further increased to 23 mW,
the content of carbon not bonded to oxygen is as high as 83%,
meaning that a majority of oxygen-containing groups are
removed. Survey X-ray photoelectron spectra of the three
samples confirm that oxygen content decreases with the
increase of femtosecond laser power (Figure S1, Supporting
Information), indicating the controllable removal of oxygen.
The mechanism of the oxygen removing in our work is

mainly ascribed to electronic excitation effect and the electron−
hole (e−h) recombination induced thermal effect. During the
femtosecond laser reduction, the electronic excitation effect is
significant in the first several picoseconds. In this condition,
electrons could be excited from bonding states to antibonding
states. The excitation could significantly weaken C−O
electronic bonding near the top of the valence band and
therefore lead to an immediate oxygen removal. After sufficient
electron−hole (e−h) recombination (i.e., >∼100 ps), the
normal heat reduction on GO is dominated. Beside the laser
power, the irradiation time also shows similar influence on the
oxygen content control. However, as compared with laser
power, the effect is less obvious, and the modulation range is
relatively small. So in this work, we fix the exposure time at 600
μs and change the laser power for further modulation.

Figure 1. C1s XPS spectra of pristine GO (a), LR-GO (b, 10 mW),
and LR-GO (c, 23 mW). The C1s spectra of GO and LR-GOs are
deconvoluted into three peaks at 284.6, 286.6, and 288.5 eV,
corresponding to C−C, C−O, and CO, respectively.
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Raman spectra of pristine GO and LR-GO films were
measured to evaluate the structural change before and after
femtosecond laser reduction. As shown in Figure S2,
Supporting Information, the ID/IG ratios of GO, LR-GO (10
mW), and LR-GO (23 mW) were 0.98, 0.90, and 0.84,
respectively. A decrease of the ID/IG ratio is perhaps an
indication of graphitization. The Raman map of the ID/IG ratio
shows the pattern of the LR-GO due to the difference in the D/
G intensity. Furthermore, the ID/IG ratio of the LR-GO region
was very uniform, indicating the homogeneous property. Note
that the structure of GO is very complicated, and the oxygen
distribution is not homogeneous at atom scale, concerns of
homogeneity may arise in view of device fabrication. However,
the LR-GO that shows homogeneity at nanoscale is considered
to be homogeneous in various electronic devices.
The bandgap of the resultant LR-GO and pristine GO is

measured by diffuse reflectance spectra (DRS). Typically, an
overall 2 × 2 mm2 GO film was reduced by a femtosecond laser
with different power for the measurement. AFM and EFM
images show that the LR-GO region has smooth surface
morphology and uniform surface potentials, respectively
(Figure S3, Supporting Information). Note that a different
reduction degree would cause different surface morphology and
conductivity;24 this uniformity indicates the homogeneous
property of the laser reduced GO. As reported elsewhere,21,26

the band gap of GO can be deduced from the UV−visible DRS
in which the Kubelka−Munk function F(R) was used to
convert the reflectance of the sample (Rs), normalized by the
reflectance of the reference (Rr), into an equivalent absorption
spectrum with the following equations:
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where hυ is the energy of the incident photon, α is the
absorption coefficient, S is the scattering coefficient, and E0 is
the optical absorption edge energy. The exponent, n, depends
on the type of optical transition caused by the photon
absorption. In this study, n was chosen for the best fit to 1/2,
indicating a direct-allowed optical transition since the Lowest
Unoccupied Molecular Orbital (LUMO) and Highest
Occupied Molecular Orbital (HOMO) meet at the K point
for pristine graphite.27 BaSO4 was used as the reference sample.
Figure 2a shows the square of the Kubelka−Munk function
multiplied by the photon energy as a function of the photon
energy. The abscissa of the linear fit of the absorption edges
indicates the bandgap of the GO. Figure 2b shows the
dependence of the bandgap on the reduction laser power.
Notably, after FS laser reduction, the bandgap decreases from
2.4 eV for the pristine GO to 0.9 eV for the LR-GO (23 mW).
These results indicate that the band gap of laser reduced GO
can be tuned easily in a certain range by changing FS laser
power.
To get further insight into the origin of GO bandgap

tailoring in our laser reduction experiments, the first-principle
study was adopted for this investigation. Note that the atomic
structure for GO is still uncertain currently.28−30 Yet, it is

generally accepted that oxygen of GO is mainly in the form of
epoxy and hydroxyl groups.31,32 Here, we simplify the GO
model with only epoxy radical coverage on the same side of the
carbon sheet instead of complicated discussion with different
radicals and positions (Figure 3a). In the calculation, the
variation of bandgap with 0 to 100% oxygen coverage in GO
(equal to nO/nC = 0/32−16/32) are in the range of 0 to 2.74
eV (Figure 3b). Here, the absolute bandgaps are somewhat
deviated from our experimental results due to the simplification
of the GO model. However, the similar tendency is observed,
that is, with the decrease of oxygen content, the bandgap
becomes smaller. This directly lent a support that the
femtosecond laser manipulates GO bandgap through oxygen
content control. Figure 3c,d show the p-orbit DOS for different
oxygen coverage and the scheme for the band gap formation
process. It is well-known that the zero bandgap of graphene
comes from the p-bonding band and the p-antibonding band.33

Because of the larger electronegativity, oxygen would strongly
attract electrons from the carbon sheet. With the oxygen
coverage increasing, the p electrons of the O atom would bind
with the p electrons from graphene, which leads to the GO
valence band being energetically lower, and oppositely the
conduction band higher. As a result of the controllable oxygen
contents, bandgaps were modulated in a certain range (Figure
3d).
The femtosecond laser mediated bandgap modulation of GO

imparts great advantages to in situ fabrication and integration of
graphene-based microdevices. Take field effect transistors
(FET) as an example; conventional graphene FETs are usually
fabricated by postpatterning of source and drain electrodes to

Figure 2. (a) Absorption spectra related to the Kubelka−Munk
function. (b) Dependence of LR-GO bandgap on the reduction laser
power.
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connect the graphene channel including thermal/chemical
reduced GO or substrate-transferred graphene sheet. Com-
bined with femtosecond laser direct writing, our LR-GO
channel could be created freely between two precoated
electrodes, which hold great promise for flexible integration
of graphene-based microdevices. As shown in Figure 4a, a
bottom-gate FET was constructed with ITO as the gate and
PMMA as the gate dielectric layer. In the whole fabrication
process, the channel (here, LR-GO) with controllable bandgap
could be created at desired position in the last step, indicating
the unique feature of flexible fabrication. Moreover, the
powerful femtosecond laser processing allows flexible fabrica-
tion of micronanopatterns with high resolution;25,34−38 there-
fore, the channel could be shaped into various shapes and
patterns. As shown in Figures 4b−d, parallel microlines with
different width, sinusoid, and hexagon grid were directly
patterned between electrodes. Notably, the GO film under the
Au electrodes could also be reduced (Figure 4b−d), so a better
ohmic contact between source/drain electrodes and the
graphene channel is expected compared with conventional
approaches. The current−voltage curves of the above-three
channels are presented in Figure 4e, confirming the good ohmic
contact and conductivity of the patterned LR-GO. Note that
adjustable resistance was observed due to the different
reduction area of the GO channel; the LR-GO FETs could
be flexibly tuned with suitable working current.
In the test of our FETs, GO was simply patterned into a 20 ×

30 μm belt as channel materials between source and drain
electrodes. Figure 5 shows the output characteristics of four
FETs, which are fabricated with GO and LR-GOs (reduced by
different laser powers) as channels. Notably, a GO film without

reduction shows no gate effect (Figure 5a) due to its wide
bandgap and the high hole-injection barrier between the Au
electrodes and GO. The very small S/D current indicates that
the carrier concentration is very low, so GO is insulating to
some extent. In this case, the pristine GO film could be
considered as a part of the substrate for the later devices. When
femtosecond laser was used to modulate the bandgap of GO
film between source and drain electrodes, a LR-GO channel
with adjustable bandgap was created. As shown in Figure 5b,
conductivity of the channel with a bandgap of 2.1 eV (LR-GO,
10 mW) increased under negative gating conditions due to the
residual oxygen functionality induced hole doping, indicating its
p-type behavior.26 The device shows a Ion/Ioff ratio of 56 with
an estimated hole mobility of 0.19 cm2 V−1 s−1, which is
estimated from the following equation:

μ = Δ ΔL WC V I V( / )/( / )ox d d g

where Cox = ε0εPMMA/tox is capacitance per unit area of the gate
insulator; ε0 is vacuum permittivity (8.85 × 10−12 F/m); εPMMA
is the relative dielectric constant of PMMA (3.0); tox is the
thickness of PMMA (200 nm); L andW are channel length (20
μm) and width (30 μm), respectively. When we increase the
laser power to 16 mW, the bandgap of the channel is reduced
to 1.7 eV and a Ion/Ioff ratio of 6.5 with an estimated hole
mobility of 1.17 cm2 V−1 s−1 was observed (Figure 5c). With the
decrease of bandgap, carrier concentration increases at room
temperature. The decrease of on−off ratio is explained as the
increases of carrier concentration, which covered the
modulation of gate voltage partly. The mobility has a great
relationship with reduction level since the scattering of carriers
is caused by the oxygen defects. As a result, an increase of
mobility is observed when the oxygen groups decrease. A
channel reduced by laser power of 23 mW shows no gate bias
modulation, indicating its metallic behavior (Figure 5d). These

Figure 3. (a) Structures of GO with different oxygen to carbon atoms
ratio (nO/nC); gray and red balls are C and O atoms, respectively. (b)
The calculated GO bandgaps with respect to the different oxygen
coverage. (c) The p-orbit DOS for C and O atom for the oxygen
coverage 0% (nO/nC = 0/32), 37.5% (nO/nC = 6/32), and 100% (nO/
nC = 16/32). The valence band maximum is set to 0. (d) Scheme for
the bandgap formation process of GO.

Figure 4. (a) Scheme of the bottom-gate GO FET. Optical
microscopic images of (b) parallel microlines with different width,
(c) sinusoid, and (d) hexagon grid was patterned between source and
drain electrodes as a channel. (e) I−V curves of the above three
channels with Vg = 0.
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results reveal that the performance of GO FET could be
optimized by modulating the channel bandgap in a controlled
fashion. In the analysis of our FETs, we did not consider the
effect of the intrinsic GO region since it performs as a substrate
due to its insulation property. Notably, this selected reduction
for device fabrication is not a special case; similar device
structure could be found in the traditional doping of intrinsic
silicon in IC technology. The difference is that the laser direct
writing process can achieve regulation of the semiconductor in
a mask-free manner. This direct patterning and synchronous
bandgap tailoring of GO might find broad applications in soft
drive circuits for OLED display in the near future.

4. CONCLUSIONS

In conclusion, a femtosecond laser modulation of GO bandgap
was successfully developed toward flexible fabricaton of
graphene-based microdevices. After irradiation by a femto-
second laser with different output powers, LR-GOs with
variable oxygen content were obtained. Moreover, the bandgap
of GO was modulated in the range of 2.4 to 0.9 eV by tuning
the femtosecond laser power from 0 to 23 mW. Through the
first-principle study, the origin of GO bandgap tailoring is
explained as femtosecond laser reduction induced oxygen-
content control. As a representative test, bottom-gate graphene
FETs were successfully fabricated, and an optimized room
temperature on−off ratio of 56 is obtained by tuning the laser
power. The novel femtosecond laser modulation of GO makes
great contributions to flexible fabrication of graphene-based
microdevices, and thus, it holds great promise for future
nanoelectronics.
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