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Laser direct patterning of a reduced-graphene oxide transparent circuit

on a graphene oxide thin film
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Department of Industrial and Systems Engineering, The Hong Kong Polytechnic University, Hung Hom,
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In this study, reduced-graphene oxide (GO) circuits were directly patterned on glass using an
industrially available excimer laser system. A threshold of laser energy density was observed,
which provided a clear differentiation on whether the GO was reduced. A sharp drop of resistance
by a factor of 10* was measured as the laser energy density increased from 65 to 75 mJ/cm? The
highest conductivity measured was ~1.33 x 10*S/m, which is among the best reported in the
literature for any laser reduction method. Raman analysis of the excimer laser-reduced GO film
revealed the formation of a prominent 2D peak at 2700 cm ™ '. The relative signal strength between
the Raman D and G peaks suggests that the amount of structural disorder in the reduced GO is
insignificant. The reduced GO displays a transmittance greater than 80% across the entire range
from 450 to 800 nm. The outstanding electrical, optical, and morphological properties have enabled
graphene to display promising applications, and this nano-processing method makes graphene even
more attractive when used as a transparent electrode for touch screens and in many more

applications. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812233]

INTRODUCTION

Graphene is a flat monolayer of sp>-hybridized carbon
atoms tightly packed into a two-dimensional (2D) honeycomb
structure. It has attracted growing attention owing to its supe-
rior thermal conductivity, electrical conductivities, and me-
chanical strength that rivals the notable in-plane values of
graphite (~3000W/m K, 8000 S/m, and 1000 GPa, respec-
tively).!* Much research has focused on its fabrication since
its first creation by micro-exfoliation in 2004.% Besides micro-
exfoliation, fabricating methods developed include thermal
chemical vapor deposition techniques,*® plasma enhanced
chemical vapor deposition,” chemical methods,'® thermal
decomposition of SiC,''™'* un-zipping CNTs,'*'” etc. In this
study, a nano-second laser is used to selectively reduce gra-
phene oxide (GO) to fabricate pre-defined graphene patterns.
It has many advantages including fast prototyping, reduced
technical steps, high throughput, no chemicals, environmen-
tally friendly, high yields, high resolution, and precision.

Atomic force microscopy (AFM) has been the primary
method used to identify single and multi- layers of graphene
on substrates.>'® However, this method suffers from low
throughput. In addition, due to the low chemical contrast,
only one and two layers of graphene films can be identified
by AFM if folds or wrinkles are present.’%’16 Raman spectros-
copy is a widely used method for characterizing carbon-
containing products, especially considering conjugated and
double carbon-carbon bonds exhibit high Raman intensities.
Graphene’s electronic structure can be uniquely identified in
its Raman spectrum.17 Raman fingerprints for single layers,
bi-layers, and multi-layers reflect changes in the electron
bands, providing an unambiguous, high-throughput, and
non-destructive probe to identify the graphene layer.
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The Raman spectrum of graphene has two prominent
peaks: the G and 2D peaks, which lie at around 1580 and
2700cm ", respectively. The G peak is due to the doubly
degenerate zone center E,, phonon (in-plane optical
mode).'® The 2D peak is the second order of zone-boundary
phonons. These phonons require no defects for their activa-
tion."” Single-layer graphene has a sharp, single 2D peak, in
contrast to graphite and multi-layered graphene.'® Zone
boundary phonons do not satisfy the Raman fundamental
selection rule, as they are not observed in first order Raman
spectra of defect-free graphene.?” They give rise to a peak at
~1350cm ™! in defective graphene, named the D peak.'®
The D peak is caused by the breathing modes of the sp,
atoms and a defect is required for its activation.'®*'=>* If the
structural defects in graphene are not sufficient to activate
the D peak, it can only be observed at the edges.

Graphene is a zero-bandgap semiconductor with a linear
band structure near the k-point. At high optical intensities, the
photo-generated carriers block further absorption. The high
frequency conductivity for Dirac fermions in graphene should
be a universal constant equal to e*/4h. This unique property
gives graphene a universal 2.3% linear optical absorption that
makes it transparent, despite its high conductivity.

Figure 1 shows the general procedure to additively fabri-
cate conducting micro-circuits with graphene which is pat-
terned and reduced from graphene oxide by an excimer laser.
Photochemical reactions between GO and laser light is com-
plex. As shown in Figure 1, there are C—C bonds and C-O
bonds around the graphene (C=C bond) in graphene oxide.
A C=C bond is 13% shorter but 76% stronger than that of a
C—C bond, whereas a C=0 bond is 15% shorter but over
100% stronger than a C—O bond. It is believed that the pho-
ton energy of light will cleave a C—C bond and C—O bond in
GO first because the C=C bond is stronger than the C-C

© 2013 AIP Publishing LLC
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bond and C-O bond. GO is then reduced to graphene. A pre-
viously ultrasonic and plasma cleaned soda lime glass for
indium tin oxide (ITO) application is dip-coated with GO
suspensions in water. The thickness and evenness of the GO
film can be modified by changing the dipping volume and
temperature of the glass substrate. Laser direct patterning is
a mature technology in industry, and versatile micro and
nano-circuits can be patterned on GO with the method
described above.

In this paper, we employ 248 nm excimer laser light to
examine the role of pulsed deep-UV on the reduction of a
GO film. Raman spectra, resistance measurement, with vari-
ous laser energy densities, are present. The results collec-
tively demonstrate that a laser pulse is able to reduce a GO
film with good electrical conductivity. The mechanisms and
the potential utility of this approach in circuit fabrication
strategies are briefly discussed. In addition, the reduced gra-
phene has good optical transparency and is mechanically
flexible in nature; graphene-based circuits and electrodes can
be used to replace the increasingly expensive ITO in touch-
screen displays, photovoltaic solar cells, and LED lighting.
The merging of the well-established excimer laser litho-
graphic techniques with the demonstrated approach for GO
reduction highlights the possibility of fast, large-scale micro-
patterning of graphene features in the near future.

EXPERIMENTAL

Single layer graphene oxide dispersed in water was pur-
chased from Graphene Laboratories, Inc., NY, with a compo-
sition of 79% carbon and 20% oxygen and a concentration of
500 mg/l. The flake size was in the range of 0.5-5.0 um. The
GO solution was spun coated at 3000 rpm on the glass, and
dried at 95°C for 30min. It is worth mentioning that the
temperature of the glass substrate should not exceed 100 °C,
at which temperature GO begins to be reduced. The as-
prepared GO film was used for further processing by a nano-
second laser.

The laser reduction experiment was performed using a
GSI Lumonics PulseMaster PM-848 KrF excimer laser
(20ns pulse width and 200 um/s scan speed) with a wave-
length of 248nm. A 300 x 300 um? aperture was imaged

_—
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FIG. 1. Schematic of reduction of GO
by laser. The black circuit represents
reduced GO.

onto the sample at approximately 30:1 reduction using a pro-
jection beamline, and produced a rectangular spot on the GO
film of size ~10 x 10 um®. To observe the change in GO
film resistance as a function of laser energy, the laser was
operated at a repetitive rate of 1 Hz, and its output energy
density was controlled in a range from 60 to 190 mJ/cm®. To
complete the laser reduction, the GO film was pre-treated
with one pulse at an energy density of 65-75 mJ/cm?, fol-
lowed by an additional 2-3 shots. The reduced GO was
observed under optical microscope. The patterned depth was
measured by an optical profiler, Wyko NT9000 optical
profiling system with sub-nanometer resolution. Unpolarized
Raman spectra on the GO film were obtained using a
Renishaw 2000 confocal Raman spectrometer using 514 nm
excitation with a x50 objective. Resistances of reduced-GO
circuits were measured with a Fluke 73 series III and insula-
tion resistance measurement system AMI-050-P. UV-Vis
absorption spectroscopy characterization was performed on
LAMBDA 650 UV/Vis spectrophotometer (PerkinElmer,
USA) in 350-800 nm.

RESULTS AND DISCUSSIONS

Figure 2(a) illustrates a typical result of the laser pat-
terning and reduction of GO. Ablated tracks can be distinctly
seen from the line scan of the optical profiler (see Figure
2(b)). The thickness of the as-spun GO was about 40 nm, and
the width of the ablated tracks was measured to be 10 um.
The distance between neighboring tracking lines was 15 pum.
After laser reduction and patterning, the ablated surfaces
could be clearly identified from the surface profiler. The
ablated depth was 18-25nm, which was much thicker than a
single layer of graphene, due to the fact that multi-layer GO
film was formed by spin-coating. However, the laser-
irradiated regions (ablated tracks) still displayed properties
of the multi-layer graphene, and is discussed in a later sec-
tion. The mean roughness of the laser-irradiated region
(Figure 2(c)) observed by AFM was 0.54 nm, of the order of
the thickness of a single graphene layer. This indicates that
the laser energy only breaks the G-O bonds and not the G-G
bonds. As a result, the structure of G-G is acceptably pre-
served. However, the rough edges of laser-irradiated tracks
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FIG. 2. (a) Optical image of patterned GO lines by laser, (b) step profile of
image (a), and (c) AFM 3D topography of the laser-irradiated region.

indicate more severe damage at the edges, which might be
due to the steep temperature change taking place at edges so
the GO experiences violent photo-thermal effects at the
edges.”*

Raman spectra of reduced GO

Figure 3(a) represents typical Raman spectra measured
for an un-reduced (zero energy density) GO film, and a laser-
reduced GO film irradiated at different laser energy densities.
The spectra were not normalized. Two main peaks were
observed in the spectrum for the un-reduced GO film, D
(1351cm™ ') and G (1590cm™"). The G peak is prominent
because of the sp” hybridization nature of the GO carbon
bonds. Upon excimer laser irradiation with increasing energy
density from 60 to 100 mJ/cm?, the D peak position shifts by
7em™! to 1344cm ™! and the intensity is reduced; the G
peak position shifts by 21 cm™" to 1569 cm ™" and a 2D peak
grows at 2700 cm ™', indicating the production of graphitic
features. The D peak exhibits two features: its position shifts
to lower frequencies with increasing incident laser energy
density and its relative signal strength (compared to the G
line) depends essentially on the amount of disorder in the
graphene.?® In our case, the change in relative signal strength
is infinitesimal, and it is suggested that the amount of struc-
tural disorder in the reduced graphene is insignificant.
Further increase in the laser density leads to a prominent 2D
peak (see Figure 3(b)). However, the relative signal strength
between the D and G peaks remains unchanged. The 2D
peaks can be fitted with a single Lorentzian, and the full
width at half maximum (FWHM) is ~64cm™~'. Previous
work suggested that the 2D peak fitted with a single
Lorentzian profile having a typical FWHM between 50 and
65cm ™' could reveal the presence of turbostratic graphite,
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FIG. 3. (a) Unpolarized Raman spectra of un-reduced GO compared with
spectra of laser-reduced GO with various energy densities (60-100 mJ/cm?),
and (b) Raman spectra from reduced GO with higher energy densities.

which is composed of multiple randomly oriented graphene
sheets.’*?” A bi-layer graphene structure exhibits a much
broader and up-shifted 2D band with respect to graphene.
This band is also quite different from that of bulk graphite.
In Figure 3(b), the presence of the Raman D peaks in the
laser-reduced GO spectra obtained at higher energy densities
can be attributed both to the remaining oxygen species pres-
ent after the reduction and to the defects associated with the
edge scattering in the graphene sheets. Alternatively, the
laser reduced top GO layer has underlying GO support, and
this can partially contribute to the Raman D band.

To estimate the difference between the GO films in term
of order parameters before and after laser-reduction, the
mean domain sizes (L,) in graphene is used.”®*° The empiri-
cal relationship L, (nm)=2.4x10""21Up/l5)™" is re-
examined, where /; is the probe laser wavelength (nm) and
Ip and I; are the Raman area intensities of the D and G
bands, respectively. From Figures 3(a) and 3(b), the L, val-
ues of 18.8 nm and 29.7 nm were calculated for the untreated
and the laser reduced GO, respectively. An increase in the L,
value suggests that the laser-reduced graphite oxide evolves
to a more ordered state with fewer defects.””

Optical transmittance of reduced GO

Figure 4 shows the optical transmittance from 350 nm to
800nm for the reduced GO film at different spots within a
sample. The transmittance drops rapidly at wavelengths
below 400nm. The reduced GO displays a transmittance
greater than 80% across the entire range from 450 to 800 nm.



244903-4 Yung et al.

100 T T T T

86.1 % -

80

60

40

20F .

Transmittance [%]

400 500 600 700 800
Wavelength [nm]

FIG. 4. UV/Vis transmission spectra of reduced-GO film on different spots
within a sample. The transmittance is 83% at the most sensitive human eye
wavelength 555 nm.

Therefore, the great advantages of the reduced GO circuits
are that they have a broad optical transparency, which makes
these electrodes highly suitable for transparent electrodes for
touch screens, and that they can be made remarkably thin
(~20nm) with low surface roughness, and also retain suffi-
cient conductivity.

Resistance of reduced GO

Figure 5 displays the resistance variation of reduced-GO
with increasing laser energy densities. A sharp drop of resist-
ance by a factor of 10" is measured as the laser energy den-
sity increases from 65 to 75 mJ/cm?, followed by a gradual
decreasing of resistance when the energy density increases
from 75 to 110 mJ/cm?® The sharp drop indicates that a
threshold of laser energy density exists for the reduction of
graphene oxide, which is about 70 mJ/cm?, after which mas-
sive reduction takes place. The reduction of GO is actually a
macro-scale bond-breaking of the G-O bond, which occurs
only when the laser inducing energy is stronger than the
binding energy of the G-O bond. This energy is the threshold
of the laser. A considerable decrease in resistance from about
2500 Q at 75 mJ/cm” to 1000 Q at 100 mJ/cm? is followed
by a steady increase in resistance to 7900 Q at 190 mJ/cm?.
The conductivity was calculated to be ~1.3 x 10* S/m at
110 mJ/cm?. The decrease in resistance is due to the fact that

T T T T ] T T l T
[u] o oo | I
— 10 I 1 i
G l 1
| 1
E 1k 1 1 i
8 Re uction: Ablation :Trade off
% 0.1k 1 1 _
» : I
‘» 1
o 0.01¢ 1 h-o-O- 4
o | . o o-o-0
DD\ 1 D/D’D‘ 1
1E-3k - . 4

0O 30 60 9 120 150 180 210
Energy density [mJ/cm?]
FIG. 5. Resistance of reduced GO as a function of laser energy density. The

graph is divided into three regimes with respect to the resistance responding
to laser energy density.
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more GO is reduced to graphene when the laser energy is
increased (the reduction regime is shown in Figure 5).
However, the higher laser energy density induces bond-
breaking of the G-G bonds, that is, the newly formed not-
dense graphene will be ablated by subsequent laser pulsing,
leaving the GO exposed to the laser pulse, which induces an
abnormal increase in resistance of the laser-irradiated tracks
(the ablation regime is shown in Figure 5). Eventually, there
will be a trade-off between the newly generated reduced-GO
and the ablation of the reduced GO. This induces a plateau in
the resistance plot at much higher energy density (the trade-
off regime is shown in Figure 5).

CONCLUSIONS

In this work, we have implemented an excimer laser
direct reduction technique for patterning nano-metre sized
graphene circuits on glass. The laser patterning arises from
the oxidative burning of the GO films in air. The
nano-second laser directly reduces the patterned graphene
nano-circuits. The reduced GO shows significant reduction
in resistivity. The quality of the reduced GO was examined
by Raman spectroscopy and optical transparency measure-
ment. Specifically, Raman analysis of the excimer laser-
reduced GO film revealed the formation of a prominent 2D
peak at 2700cm ™ '. The relative signal strength between
Raman D and G peaks remained unchanged, suggesting that
the amount of structural disorder in the reduced graphenes is
insignificant. The reduced GO has a broad optical transpar-
ency. Future work involving improvements of the process by
evaluating the effects of substrates and background gases on
the laser-GO reduction mechanism is underway and will be
reported later.
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