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Graphene (G), a single atomic layer of aromatic carbon atoms, has
attracted much attention recently owing to its fascinating
properties such as massless fermions, ballistic electronic
transport, and ultrahigh electron mobility.[1] Currently, there
are many approaches to the synthesis of graphene ranging from
chemical vapor deposition from hydrocarbon to solution phase
methods involving the chemical exfoliation of graphite.[2] One
commonly used solution-processing route to graphene involved
the chemical reduction of graphene oxide (GO). GO is produced
by the oxidative treatment of graphite.[2] The basal planes of GO
are decorated with epoxide and hydroxyl groups, while carboxylic
and carbonyl groups are located at the edges. These oxygen
functionalities render GO hydrophilic and improve its solubility,
however they destroy the aromaticity of the graphene framework.
As a result, GO is insulating, and a chemical reduction and
thermal annealing treatment is needed before electronic
conductivity could be recovered. The presence of oxygen
functional groups also reduces the thermal stability of GO
relative to that of G, since GO can be thermally pyrolized at high
temperatures and transformed into volatile carbonaceous oxides.
The thermal instability of GO motivates us to consider a strategy
for the microstructuing of GO nanosheets using laser-assisted
etching. The microstructuring of GO is relevant to the challenges
of lithographically patterning G, since GO and G are inter-
convertible to some extent. Recently, promising approaches for
the patterned assemblies of G on substrates have been
developed.[3–8] Micro-contact printing using molecular templates
was used to transfer GO sheets onto the pre-defined areas of the
substrate surfaces via electrostatic attachment.[3] Large-scale G
films were recently synthesized on patterned nickel layers using
chemical vapor deposition.[7] All the patterning methods reported
so far involved conventional lithographic techniques or employ-
ment of masks for the definition of patterns on substrates. To
date, there are few demonstrations of a maskless, direct ‘‘writing’’
pattern on G-related materials using electron beam or optical
methods.
Focused laser beam has been an important research tool in
the surface modification or microstructuring of thin films.[9] The
essence of this technique is the creation of an effective heat
zone by the focused laser beamwhich induces a localized physical
state transition. With sufficient laser power, ablation of materials
such as steel, ceramics,[10,11] nanostructures,[12] and biological
samples like human tooth can occur.[13]

In this Communication, we employed a focused laser beam
technique to construct an extended area of micropatterned GO
and reduced GO multilayers on quartz substrates in a fast and
controlled manner. The advantage of this technique is its
reliability, amenability, upwards scalability and low cost. Most
importantly, the creation of patterned features does not require
the use of any pre-defined patterned substrates.

Electrostatic layer-by-layer (LBL) assembly techniques were
employed to grow multilayers of GO film on a quartz substrate
with polyethylenimine (PEI) as a linker (Process 1, abbreviated as
P1).[14] At the single layer stage, atomic force microscope (AFM)
imaging of the film displays continuous monolayer film of
assembled GO (see Fig. S1a and b in Supporting Information).
The height profile reveals the thickness of the GO nanosheet to be
1.5 nm. The consecutive buildup of the LBL PEI/GO film was
monitored by UV-vis absorption spectroscopy (Fig. S1c). The
pronounced peak at 227 nm can be assigned to p!p* transitions
of aromatic C¼C bonds. The linear increase in absorbance as a
function of the number of layers deposited (inset of Fig. S1c)
indicates very uniform increase of layer thickness in each dipping
cycle.

The setup of the optical microscope-focused laser beam system
used in this work was described in our previous work.[12] The
laser used in this work is a continuous wave diode laser with
wavelength of 663 nm and a maximum output power of 80 mW.
The laser beam diameter is around 3mm. Figure 1 schematically
illustrates the procedures of patterning GO and the conversion to
reduced GO multilayer films. The film was placed in the focused
laser-beam system. When the focused laser beamwas incident on
the multilayer GO film, the irradiated area absorbed the laser
energy, and the energy was rapidly converted into local heat. The
intense heating raised the temperature of the irradiated area
above 500 8C in air and resulted in localized oxidative burning of
GO to volatile gases such as CO or CO2 (Fig. 1-P2 and P3). By
moving the computer-controlled sample stage in a programmable
step with respect to the focused laser beam, patterns with
tunable width and length could be directly written. Examples
include periodic micro-channels and square pillar as reported in
the present work (Fig. 1-P4 and P5). The patterned GO can be
subsequently reduced to G by exposure to hydrazine gas or
H & Co. KGaA, Weinheim 1
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Figure 1. Schematic illustration of the creation of microfeatures on GO
nanosheets with an optical microscope-focused laser beam.

Figure 2. Optical microscope images of a) the channel and b) the square
patterns created by laser-cutting of the 6-layer film. The bright region
corresponds to cut area, and dark region to the uncut one. Inset of (b) is the
magnified image.

Figure 3. a) 2D and b) 3D AFM images of the channel pattern, c) 2D AFM
image of the square pillar and the corresponding height profile, and d) 3D
AFM image of the square pillar.
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thermal annealing at high temperatures (Fig. 1-P6). The above
procedures described the laser cutting in air where oxidative
burning of the localized heated area occurs. When the focused
laser-beam cutting of the GO filmwas carried out with the sample
housed in an inert environment (N2 gas), we found that oxidative
burning did not occur and no cutting was obtained. Instead,
the GO was deoxygenated or thermally reduced to G in this case.
In other words, the direct writing of conductive G pattern on GO
films, where the G domains were isolated by insulating GO
matrix, was achieved (Fig. 1-P7). This presents very unique
advantages in device fabrication, which cannot be achieved by any
other techniques so far.

The optical microscopy images demonstrate the formation of
periodic arrays of GO channel (Fig. 2a) and square pillar (Fig. 2b)
via the laser-cutting of the 6-layer GO film. The bright and the
dark colored areas correspond to the cut and uncut regions,
respectively. The difference in color of the patterned film is due to
optical contrast arising from different thickness of the GO.[15] The
width of channel and the side length of the square pillar are
approximately 20mm, respectively. The AFM images display the
2D and 3D views of the channel (Fig. 3a and b) and square pillar
(Fig. 3c and d) patterns. The precipitates observed in Figure 3a
� 2009 WILEY-VCH Verlag G
originate from impurities due to incompletely exfoliated graphite,
which cannot be removed by laser irradiation. The cut trace can
be clearly seen in Figure 3c. The height profile demonstrates the
height of the pillar to be about 4.5 nm, corresponding to the
thickness of 3-layer GO. It indicates that the laser beam did not
remove the entire layers of the GO film, but 3 layers remained.
Hence by scanning the laser beam back and forth across the film
mbH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 1–5
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Figure 4. a) 2D and b) 3D Raman mapped images of the square pillar
pattern of the GO. c) 3D Raman mapped image of the channel pattern. All
the Raman images are generated from the intensity of G band. d) Raman
spectra of the cut and uncut area.

Figure 5. I–V curve of laser-modified area irradiated in N2 gas. Inset:
representative optical microscope image of the electrodes on the modified
area.
with small advancing step, we can fabricate periodic channels
with tunable width (Fig. S2).

The thickness of the laser-cut GO films, as well as the
occurrence of any phase changes following the laser treatment,
was tracked using spatially resolved Raman imaging. Raman
mapping of the square pillar configuration and the channel are
shown in Figure 4a–c, respectively. Raman spectroscopy
performed on the patterned domains shows that both cut and
uncut regions display the D and G bands at 1348 cm�1 and
1566 cm�1, respectively (Fig. 4d). A reduction by half of the D and
G band intensities was observed on the cut region compared to
uncut region, which indicates that loss of carbon material
occurred during the laser treatment. We find that there is a linear
relationship between the intensity of the Raman band and the
number of the GO layers (Fig. S3). The linear relation allows us
to deduce that the laser irradiation removed only the upper
3 layers of the 6-layer GO, and the bottom 3 layers remained. The
position and shape of the Raman peaks before and after laser
treatment are very similar, and no broadening of the peak
attributed to amorphous carbon is observed.[16] This suggests the
GO was removed cleanly and not transformed into amorphous
carbon.

The amount of laser energy absorbed is proportional to the
adsorption coefficient as well as the amount of the adsorbing
materials. We observed that the laser cutting worked only for GO
films with layered thickness exceeding 6 layers. For instance, a
10-layer film could be cut successfully (Fig. S4), although the
increasing roughness of the film surface with the increasing
number of layers makes it difficult to accurately determine the
thickness of cut GO. For GO films that are thinner than 6 layers,
the GO film remain intact even after prolonged laser irradiation
within the limits of the laser power in our experiments. It is found
that films of 1�4 layers cannot be cut at all (Fig. S5a) and the
cutting process has poor reproducibility on the 5-layer film
(Fig. S5b) using the same cutting procedure.

As expected of a thermally induced cutting process, we find
that the thermal conductivity of the substrate plays a critical
Adv. Mater. 2009, 21, 1–5 � 2009 WILEY-VCH Verlag Gmb
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role on the successful patterning of the GO film with the present
laser technique. When the 6-layer GO film is assembled on a
silicon substrate, no cut trace can be observed with the same laser
cutting procedure. This could be explained by the much higher
thermal conductivity (�148W m�1 K�1 at 1 atm and 25 8C)[17] of
silicon compared to quartz glass (�1.5W m�1 K�1 at 1 atm and
25 8C). The laser energy absorbed by the film can be easily
transferred to the substrate, which was subsequently quickly
dissipated.

The patterned GO film can be chemically reduced to G upon
exposure to hydrazine vapor at 80 8C for 6 h, in accordance with
similar chemical reduction process reported before.[18] We
discovered that reduction to G could also be attained by the
laser modification of the GO film in an inert atmosphere (N2),
which prevents oxidative burning. Raman analysis did not detect
any significant changes in the intensity of the Raman bands
between the cut and uncut regions, implicating no significant
mass loss detectable by Raman spectroscopy. To measure the
changes in conductivity of the film before and after laser
treatment, electrodes were deposited on the GO film. The
electrical measurement showed that the laser-modified region
displayed appreciable conductivity of�1.1 Sm�1 compared to the
totally insulating GO before laser irradiation (Fig. 5). This is
indicative of a reduction of GO into G, arising possibly from
thermal induced desorption of the surface oxygen groups and
reconstruction of the surface.[19] Therefore, the laser writing may
constitute as a powerful approach for the direct-writing of
graphene channels isolated by GO dielectric.

One question remained. Why was a 6-layer GO film cut to
3-layer film, and no further? A theoretical simulation was carried
out to provide an insight into the heat adsorption and subsequent
cutting performance during laser irradiation on the GO film. The
dynamics of laser heating can be considered as a typical 3D heat
flow problem, which can be simulated by the solution of the heat
conduction equations. The energy losses due to radiation and
convection to the ambient are negligible with respect to the
energy absorbed in the considered GO films. Thus, the surface of
GO thin films can be assumed to be adiabatic. The differential
equation for heat conduction can be written in terms of the
H & Co. KGaA, Weinheim 3
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temperature distribution T(x,y,z,t) at varied position and time
t as[20]
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where r is the mass density, Cp is the specific heat, a is the

absorption coefficient, and k is the thermal conductivity. The laser

power density I(x, y, z) is determined by the interaction of the

laser radiation with the GO film and the subsequent transfer of

the energy to the lattice. The laser power absorbed by each layer

can be considered to have an exponential decay and written as:

I x; y; zð Þ ¼ 1� Rð ÞI0 x; yð Þ exp �azð Þ (2)

where R is the reflectivity and I0(x, y) is the temporal distribution

of the laser power. The laser source irradiation has the Gaussian

profile:[12]

I0 x; yð Þ ¼ I0 exp � x2 þ y2

r2g

 !" #
(3)

where rg is the radius of the Gaussian laser beam and I0 is the
inward heat flux (3.4� 109W m�2).

We employed the finite element method (FEM) to compute the
time-dependent temperature of GO layers under laser scanning
(see Supporting Information, Fig S6). The thermal conductivity
and specific heat capacity of GO was assumed to be similar to
amorphous carbon in this calculation (refer Table 1 and 2 in
Supporting Information). Figure 6 shows the simulated
temperature fields in top surface of the GO thin films with
different layers under laser irradiation. The calculation shows that
the laser irradiation elevates the surface temperature of the GO
Figure 6. Temperature fields in top surface of GO thin films with varied
number of layers. The temperature fields are captured at 0.01 s under laser
shinning.

� 2009 WILEY-VCH Verlag G
film to a nearly constant value within 0.01 second, and this is
enhanced with the increasing thickness of the GO layers due to
increasing absorption. While the highest temperatures attainable
for the uppermost layers of the GO films containing fewer than 5
layers are below 400 8C, the uppermost layers of the 6-layer GO
film can reach temperature above 500 8C, as indicated by the red
circled area with diameter of about 500 nm. As the desorption of
oxygen functional groups of GO was reported at around
200–230 8C, and the oxidation of the carbon backbone is
anticipated above 500 8C,[21] the numerically calculated tempera-
ture fields clearly reveal that: (1) GO films consisting of more than
6 layers can be burned off under laser shinning; (2) 5-layer GO
can only be partially removed; (3) thin films with less than 5 layers
GO cannot be burned off due to insufficient adsorption of
thermal energy, although the laser heating might induce removal
of functional groups. The simulation results are consistent with
our experimental observation.

The temperature gradient inside the 6-layer GO thin film was
calculated. The calculation shows that the temperature decreases
along the depth and falls by �100 8C from the top layer to the
bottom layer (Fig. S7). The layer-by-layer stacked GO can be
expected to have a larger in plane thermal conductivity compared
to the out of plane, hence heat conduction in the vertical direction
will be less efficient. The temperature of the upper 3 layers can
reach �500 8C while the temperature of the bottom 3 layers is
significantly below 500 8C. This indicates that the upper 3 layers
of GO can be burnt off under laser illumination, while the bottom
layers remain. The remaining three layers do not have sufficient
thermal energy to be burnt off and hence become thermally
stable. This explains the incomplete removal of GO thin films (>6
layers) in our experiments and also reveals the surprising results
that thin GO films can bemore stable than thick films with regard
to thermal damage threshold.

There are several salient features regarding the conditions
needed for successful laser etching on GO that must be pointed
out. First, we observed that the laser etching did not work on
reduced GO that has been chemically reduced and annealed. The
reduced GO sheets appear to be thermally stable in air, due
perhaps to the recovery of the aromatic structures following the
loss of oxygen groups. Second, the laser etching did not work in
inert atmosphere. It is known that the interlayer distance in GO is
affected by the humidity, due to the intercalation by water
molecules.[2] One possibility is the instantaneous generation of
steam from these intercalated water during laser irradiation
expands the GO sheets and favors its exfoliation and decom-
position in air.

In conclusion, we have implemented an inherently parallel and
high throughput technique for creating ‘‘direct-write’’ features on
GO samples. The laser cutting arises from the oxidative burning
of the GO films in air. Thick films (>5 layers) can adsorb
sufficient thermal energy to reach the evaporation temperature
needed for forming oxidized carbonaceous materials, as opposed
to thin films (<5 layers). As a result, the laser etching is
self-terminating and a 6-layer film is uniformly cut to a 3-layer
film. In view of the recent discovery that trilayer graphene is a
semimetal with electrical behavior markedly different from single
or bilayer G,[22] the ability to self-terminate the cutting to a 3-layer
GO film affords a route to trilayer G films from thick films of
non-uniform thickness. In addition, in inert atmosphere, the
mbH & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 1–5
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laser causes a reduction of the GO to G, so this method provides a
method to create G channels within the matrix of insulating GO.
It can be anticipated that by optimizing parameters like the
thermal conduction properties and temperature of the substrate
as well as the energy of the laser, a greater degree of control in
terms of trimming the layers to the desired thickness may be
possible.

Experimental

Preparation of GO: GO was prepared using a modified Hummers’
method from graphite powders (Grade 230U kindly presented by Asbury
Graphite Mills Inc. Kittunning, Pa) [23].

LBL Assembled GO Multilayer Film: A surface-cleaned quartz glass
substrate was modified by treatment with a protonic PEI aqueous solution
of 2.5 g dm�3 at pH 9.0 for 20min to introduce positive charge to the
substrate surface, followed by thorough washing with water and drying
under N2 flow. The protonic-PEI treated substrate was then immersed in
negatively charged GO nanosheets solution at pH 9.0 for 20min, followed
by rinsing with water and drying under N2 flow. By repeating the above
steps, the desired number of GO layers can be achieved.

Laser Cutting: The optical microscope-focused laser beam setup was
described in our previous work [12]. The laser beam was focused with a
50� objective lens with a working distance of 8.3mm. The laser used was a
continuous wave diode laser with wavelength of 663 nm and a maximum
output power of 80mW. The laser beamwas directed towards the objective
lens of the microscope via a beam splitter and was focused tightly onto
the GO multilayer film. The power of the laser beam after passing through
the system of lens and mirrors was reduced to �30% of the original
emitted power. The scan rate of the laser beam on substrate is 15mm s�1

and the laser beam diameter is around 3mm. The laser power density
irradiated on sample surface is 3.4� 109Wm�2. The sample was mounted
on a computer controlled x–ymotorized stage such that during the process
of laser patterning the film was moved relative to the focused laser beam.

Characterization: The optical microscopy images were taken on Carl
Zeiss with AxioCam MRc5. AFM images were taken with Dimension 3100,
Digital Instruments, Veeco Metrology Group. The UV-vis absorption
spectra were recorded on a Shimadzu UV 2450PC spectrophotometer.
Field Emission Scanning Electron Microscope (FE-SEM) images were
obtained with a FE scanning electron microanalyzer (JEOL-6300F, 5 kV).
The Raman spectra were obtained with a WITEC CRM200 Raman system
[24]. The excitation source is a 532 nm laser (2.33 eV) with a laser power
below 0.1mW on the sample to avoid laser-induced local heating. A 100�
objective lens with a numerical aperture (NA) of 0.95 was used in the
Raman experiments, and the spot size of a 532 nm laser was estimated to
be 500 nm. The spectra resolution of our Raman system is 1 cm�1.
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