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A successful approach and the operational parameters necessary for reduction of graphite
oxide (GO) to multilayer graphene using 248 nm excimer laser irradiation in both vacuum
and ultrahigh purity N, background environments is described. The utility of excimer laser
reduction is demonstrated by production of simple line and logo patterns using standard

microscale lithographic patterning strategies. Multilayer graphene formation is confirmed
with Raman and X-ray photoelectron spectroscopies, and the morphology of the processed

GO sample is evaluated with scanning electron microscopy. Four-point probe measure-

ments of the excimer laser reduced GO indicate typical sheet resistances of ~100-500 Q/
sq, which is a significant improvement over other values reported in the literature for other
laser-based GO reduction methods.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past several years, graphene has attracted significant
interest from the global research community due to its com-
bination of high electrical and thermal conductivities, high
transparency, and unparalleled sheet strength, promising
new solutions for applications such as transparent conduc-
tive electrodes in flexible electronics. Thus, much effort has
been dedicated to the topic of graphene production. The typ-
ical methods for producing graphene include exfoliation of
graphite [1], epitaxial growth on silicon carbide via silicon
sublimation [2], chemical vapor deposition growth on metals
from carbon precursors [3], and the reduction of graphite
oxide (GO) [4-16].

To date, many GO reduction schemes have been proposed,
and these can be categorized in three broad categories: ther-
mal reduction [4,5,17], chemical reduction [6,7] and photore-
duction [8,16]. More recently, several research groups have
been investigating a laser approach for the photoreduction
of GO [10-15]. Even though many GO reduction methods have
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been reported so far, very few groups have demonstrated
definitive graphene formation from GO as verified by observa-
tion of the characteristic G’ peak in the Raman spectra
[4,14,16] and a corresponding low sheet resistance. Laser
reduction approaches that rely upon the use of inert back-
ground gas have been shown to achieve the best reduction
of graphite oxide as verified with Raman spectroscopy [14].
The roles of the inert gas and plasma plume interactions in
laser reduction of GO are not well understood. Most laser-
based approaches implicate purely thermal processes as the
primary reduction pathways. Though thermal and chemical
reduction produces graphene with significant defects, the
combination of these two reduction strategies decreases the
net defect densities [4]. However, it is difficult to carry out
these combined strategies in the spatially controlled manner
needed for device fabrication.

Pulsed excimer lasers have been enabling tools at the fore-
front of laser processing that includes state-of-the-art litho-
graphic nanopatterning, where their deep ultraviolet (UV)
wavelengths, coupled with new interferometric techniques,
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[18] have overcome previous concepts of optical lithography
limitations to routinely allow the fabrication of feature sizes
well below 100 nm [19,20]. In the present case, the strong la-
ser-induced electric fields and deep ultraviolet (UV) wave-
lengths can provide electronic excitation and non-thermal
desorption pathways as well. In fact, our previous work [14]
indicated that graphite-oxide reduction was improved using
355 nm photons instead of 532 nm photons due to more effi-
cient optical coupling. Since fully oxidized GO has a strong
absorbance at 5.37 eV (231 nm) [21], it was natural to extend
the process to 4.99 eV (248 nm).

In this paper, we employ 248 nm excimer laser light to
examine the role of pulsed deep-UV reduction of GO. Micro-
Raman spectra, X-ray photoelectron spectroscopy (XPS) spec-
tra, laser-shot and power dependence data are presented in
Section 3. These results collectively demonstrate that the
use of a high purity inert background gas or a vacuum envi-
ronment in conjunction with the appropriate number of incu-
bation laser pulses is the key to successful laser reduction of
graphite oxide. We determine that the very low oxygen con-
tent (~2-4%) on/in the graphene lattice produced via laser
irradiation of GO results in a minimal disruption of the graph-
ene structure. We briefly discuss the mechanisms and the po-
tential utility of this approach in device fabrication strategies.
We demonstrate that the merging of the well-established
excimer laser lithographic techniques with our approach for
GO reduction allows microscale patterning and will allow fab-
rication of graphene features with nanoscale resolution in the
near future.

2. Experimental
2.1.  Materials

Graphite oxide was synthesized using a modified Hummers’
method [22,23] (the reaction time was increased to 7 days to
allow for a complete oxidation of graphite) and was purified
via dilution with nanopure water followed by centrifugation.
The purification procedure was repeated until the solution
reached pH 7. The graphite oxide solution was then concen-
trated using centrifugation and was stored in a brown glass
container to prevent exposure to light. The stock solution
concentration (~3.115 mg mL™?) was determined by weighing
a dried GO film produced from a known volume of the con-
centrated GO solution. Thick GO films were produced with a
47 mm diameter high pressure filtration funnel (Pall Corpora-
tion). The thickness of the produced films depends on the
concentration of the graphite oxide solution. For these exper-
iments 5mL of concentrated GO solution was pipetted out
and mixed with enough deionized water to make a 50 mL
solution. The solution was pressure-filtered through a What-
man 47 mm nylon filter membrane with 200 nm pores at
170 psi of head pressure. The filtered graphite oxide on the
nylon membrane was dried for 24 h at 105°C in an oven to
produce uniformly thick free standing GO films. These films
were approximately 5-8 um thick and were stored in a dessi-
cator prior to being used.

It is necessary to clarify that in the literature there appears
to be a wide discrepancy as to the exact amount of oxygen

present in GO. We believe that variations arise because of
the drying and storage procedures utilized in the various
experiments. In our work, by following the experimental pro-
cedure outlined above, the starting GO films always contained
identical amounts of oxygen (~29%) as determined by XPS
analysis (the typical XPS detection limit ranges between 0.05
and 0.1 atomic percent for all elements). Due to the ease of
GO partial photo- and thermal reduction, it is necessary to
protect both the solution and dried powder from exposure
to ambient light and temperatures in excess of 105 °C.

2.2. Graphite oxide reduction

The laser reduction experiments performed at the Center for
Nanophase Materials Sciences (Oak Ridge National Labora-
tory) utilized a Lambda Physik LPX-300 KrF excimer laser
(25ns pulse width) with an excitation wavelength of
248 nm. A 10 x 10 mm aperture was imaged onto the sample
at approximately 5:1 reduction using a projection beamline,
and produced a rectangular spot on the GO sample that was
~1.8x1.98 mm. The sample was mounted in the vacuum
chamber equipped with XY translation. The laser was oper-
ated at a repetition rate of 1 Hz, and an attenuator was used
to achieve laser fluences that ranged from 60 m] cm~? to
400 mJ cm 2. For sheet resistance measurements, a similar
excimer laser setup was utilized at the Georgia Institute of
Technology that produced larger spot sizes.

Three experimental conditions were employed to promote a
reducing environment: high vacuum (~10~° Torr), low vacuum
(9.8 x 102 Torr), and flowing (500 sccm) ultrahigh purity N,.

2.3. Material characterization

Raman spectra were acquired with a Bruker Senterra micro-
Raman spectrometer (9 cm™' spectral resolution) using a
532 nm excitation wavelength and a 20x objective (Olympus
M Plan 20x/0.40 ~o/0). Micro-Raman mapping was performed
through a 100x objective (Olympus M Plan 100x/0.90 oc/0). The
laser power was attenuated to 2 mW to prevent sample damage
due to laser heating. XPS spectra were collected with a Thermo
Scientific K-Alpha XPS system using an Al Ka X-ray source. The
spot size of the X-ray beam was set to 200 um. Scanning
electron microscopy (SEM) images were acquired using a
Zeiss Ultra60 FE-SEM. Sheet resistance measurements were
performed at ambient conditions with a Keithley 2400 source
meter instrument, and a conventional 4-point probe station.

3. Results and discussion

3.1. Micro-Raman spectroscopy

Fig. 1represents the typical Raman spectra obtained for unirra-
diated graphite oxide and excimer laser-reduced graphite
oxide in high vacuum after 32 pulses at ~138 mJ/cm?. Fig. 1in-
set shows GO reduction as a function of the number of laser
pulses. The spectra were normalized to the G peak. In the un-
treated graphite oxide two main peaks were observed, D
(1351 cm™) and G (1590 cm™). Due to the sp® hybridization
nature of the graphite oxide carbon bonds, the D peak is very
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Fig. 1 - Typical Raman spectrum of untreated GO (red curve)
compared with a spectrum of excimer laser-reduced GO
(black curve) produced with 32 pulses at ~138 mJ/cm? laser
fluence in high vacuum (~10° Torr). The inset is the pulse
dependence of GO reduction at 138 mJ/cm? in high vacuum
(~10~© Torr). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version
of this article.)

prominent. Upon excimer laser irradiation, the D peak position
is shifted by 9 cm " to 1342 cm ™' and the intensity is greatly re-
duced; the G peak position is shifted by 25 cm™* to 1575 cm™*
and a prominent G’ peak grows at 2672 cm ™ *indicating produc-
tion of graphitic features. This G’ peak can be fit with a single
Lorentzian with a typical FWHM between 50-65cm™" [14].
Previous work has indicated that the G’ peak with a single
Lorentzian profile can reveal the presence of turbostratic
graphite, which is composed of multiple randomly oriented
graphene sheets [24,25]. The presence of the D peak in the la-
ser-reduced graphite oxide spectrum can be attributed either
to the remaining oxygen species present after the reduction
or possibly to the defects associated with the edge scattering
in the graphene sheets. Alternatively, due to the laser reduced
layer being directly on top of graphite oxide, the D band can be
partially attributed to the Raman scattering from the underly-
ing GO support. Additionally, Raman spectroscopy can be used
to estimate the mean domain sizes or interdefect distances (L,)
in graphene from the empirical relationship L, (nm)=
(2.4 x 1079 4*(Ip/I) %, where 4 is the probe laser wavelength
(nm) and Ip and I; are the integrated Raman intensities of the
D and G bands [26,27]. From Fig. 1, the L, values of 18.2 nm
and 31.5 nm were calculated for the untreated and the laser
reduced graphite oxide, respectively. An increase in the L,
value indicates a transition of the laser-reduced graphite oxide
to a more ordered state with fewer defects [27].

3.2 X-ray photoelectron spectroscopy

XPS is often used as a technique for verifying reduction of
graphite oxide. XPS is capable of quantitative measurement
of material composition and elucidating the chemical envi-
ronment surrounding atoms by measuring core level shifts,
which are affected by bonding states. Since it is difficult to
extract detailed information regarding defects and structure
within the graphene lattice, XPS analysis is generally more

useful when done in conjunction with Raman spectroscopy.
Collectively these two approaches can provide a more defini-
tive verification of graphene formation from GO. Figs. 2 and 3
illustrate the individual XPS spectra of the graphite oxide film
before (Figs. 2a and 3a) and after (Figs. 2b and 3b) excimer la-
ser irradiation in vacuum (~107®Torr) with 32 pulses at
~138 mJ/cm?. Note this data is only representative of the sur-
face of our samples as the escape depth of X-ray photoelec-
trons at these energies is on the order of 10 nm. More
specifically, we sample the film surface, which includes mi-
cron-size domains, but we are not sampling the bulk.

The untreated graphite oxide (Fig. 2a), as expected, has
dominant carbon and oxygen features with a trace amount
of residual sulfur left over from the synthesis of graphite oxide
via the modified Hummers’ method. The initial oxygen con-
tent is ~29% and the C/O ratio is 2.43 (based on the ratio of
areas under the curve of Cls and O1s peaks). Curve fitting of
the C1s peak (Fig. 3a) reveals the presence of oxygen contain-
ing functionalities in the form of epoxy, hydroxyl and carbonyl
groups. Once the laser reduction is performed, a drastic
change in the amount of oxygen is observed (Fig. 2b). The
oxygen content is decreased to as little as ~2-3%, and
the C/O ratio reaches 40. Curve fitting of the Cl1s peak in the
laser-reduced sample (Fig. 3b) confirms a predominance of
the sp? hybridized carbon, indicating graphene formation;
although a contribution from carbonyl peaks is also observed.
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Fig. 2 - XPS spectra of graphite oxide before (a) and after (b)
excimer laser irradiation in high vacuum after 32 pulses at
~138 mJ/cm? laser fluence. Graphite oxide before irradiation
has ~29% oxygen content and a C/O ratio of 2.43. After the
excimer laser irradiation, the oxygen content is decreased
to ~2-3% and the C/O ratio is increased to 40.
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Fig. 3 - XPS C1s peak spectra of graphite oxide before (a) and
after (b) excimer laser irradiation in high vacuum with

32 pulses at ~138 mJ/cm? laser fluence. Before irradiation,
the Ci1s peak analysis of the untreated graphite oxide
reveals the presence of oxygen containing functionalities in
the form of epoxy, hydroxyl and carbonyl groups. After laser
irradiation, the peaks associated with the oxygen
containing functionalities are diminished, and the
predominance of the sp? hybridized carbon peak (red curve,
peak position at 284.9 eV) confirms graphene formation.

3.3.  Laser reduction parameters

An array of experiments were performed on a GO sample in
which the laser fluence was varied from 60 mj/cm? to
400 mJ/cm? along one axis, and the number of laser pulses
was varied from 2 to 32 along the other axis. Each of the irra-
diated areas was then analyzed with Raman spectroscopy and
XPS, and the data is presented using three dimensional (3D)
plots (Figs. 4 and 5). Fig. 4 shows reduction performed in high
vacuum (~107° Torr) and Fig. 5 demonstrates reduction per-
formed in flowing (500 sccm) ultrahigh purity nitrogen. XPS
3D plots (Figs 4a and 5a) were produced from XPS spectra ob-
tained from a ~200 um area on each of the irradiated spots.
The colors in the XPS 3D plots represent different C/O ratios
from 2.43 to 40 obtained by taking the ratios of the areas un-
der the C1s and O1s peaks in each spectrum. A higher C/O ra-
tio (red color) means better quality reduction to sp® carbon
(graphene) features. Also, Raman 3D plots (Figs. 4b and 5b)
were produced by obtaining several Raman spectra from each
of the laser reduced areas and then averaging them for each
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Fig. 4 - 3D plots of the graphite oxide sample after excimer
laser reduction in high vacuum as a function of laser fluence
and number of laser pulses. (a) Integrated G/O ratios,
measured with XPS. (b) G'/G peak intensity ratios, measured
with Raman spectroscopy.

of the laser irradiated spots. The colors represent different
G'/G peak intensity ratios from 0.1 to 0.5, with the higher ratio
(red color) indicating better quality reduction to graphene. It
is important to note that the dark blue regions at high laser
fluence and high number of laser pulses in Figs. 4 and 5 are
due to the GO films being ablated to the point of not having
enough material for analysis. Those regions were assigned a
value of zero for both the C/O and G'/G ratios.

By observing all four graphs in Figs. 4 and 5, both Raman
and XPS show that the application of 10-15 pulses is neces-
sary to initiate laser reduction of graphite oxide to multilayer
graphene. This is evident by the transition to higher G'/G ra-
tios and higher C/O ratios (from blue to green in all plots). It
is also apparent that XPS is less sensitive than micro-Raman
spectroscopy with respect to revealing the irradiated areas
with the best graphene quality. Interestingly, a high C/O ratio
(from XPS analysis) is not the deciding factor when it comes
to determine if graphene signatures are exhibited or not. This
is very apparent in the high vacuum reduction plots (Fig. 4a
and b) where according to the XPS (Fig. 4a), graphene should
be formed after ~30 laser pulses and ~300 mJ/cm? Raman
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Fig. 5 - 3D plots of the graphite oxide sample after excimer
laser reduction in a N, environment as a function of laser
fluence and number of laser pulses. (a) Integrated C/O ratios,
measured with XPS. (b) G’/G peak intensity ratios, measured
with Raman spectroscopy.

analysis, however, reveals that high quality graphene signa-
tures are already present after 15-20 laser pulses with only
~150 mJ/cm? (Fig. 4b).

When comparing XPS and Raman spectra of GO reduction
performed in high vacuum (Fig. 4) with GO reduction per-
formed in nitrogen (Fig. 5), several clear distinctions emerge.
According to Raman analysis, ~30pulses at a fluence of
200-300 mJ/cm? are required in nitrogen (Fig. 5b) to achieve
a similar level of graphite oxide reduction when compared
with that produced by 15-20 laser pulses at ~150 mJ/cm? in
high vacuum (Fig. 4b). The XPS plots of the C/O ratios for both
high vacuum (Fig. 4a) and nitrogen purged samples (Fig. 5a)
reveal that, regardless of the environment, a C/O ratio of 40
is reached after irradiation.

3.4. Mechanisms and plume interactions

The physics governing laser desorption of semi-conducting
and insulating materials can be dominated by electronic and/
or thermal processes. The relative contributions of non-ther-
malvs. thermal processes are governed by the degree of energy
localization. Though electron-lattice temperature equilibra-
tion occurs on the picosecond time scale in graphite, hole-hole

localization, exciton self-trapping and subsequent material
ejection can occur. The localization of energy via these path-
ways can be facilitated by the strain associated with the oxygen
in GO [28,29]. It is well known that laser desorption can be ini-
tiated by excitation of surface defects and that significant
material removal (i.e. ablation) relies upon the production of
a critical density of vacancies [30]. These vacancies are mainly
created by thelocalized holes in the top of the valenceband and
the subsequenthole-hole Coulomb interactions. From XPS and
Raman analysis (Figs. 4 and 5), it is clear that an incubation
dose of 10-15 shots at ~150 mJ/cm? (~2 x 10" photons/cm?) is
necessary before appreciable laser ablation/reduction can take
place. We associate this dose dependence with the formation
of vacancies and the removal of terminal O atoms. Indeed, this
is consistent with the XPS C/O ratio (~15-20) shown in Figs 4a
and 5a. This ratio indicates that an oxygen content of ~4-7%
- and the corresponding number of carbon vacancies - is an
optimal value to initiate excimer laser reduction of GO to
graphene at 248 nm. The samples reduced in high vacuum,
with C/O ratio of as low as 25 (Fig. 4a, green color), exhibit
graphene features in Raman (Fig. 4b). Though the presence of
some residual oxygen functionalities on laser reduced GO is
tolerable for preservation of the graphene electronic structure,
the best graphene is produced when the reduction is per-
formed in an oxygen-free environment -i.e., vacuum or ultra-
pure nitrogen. This is evidenced by comparing Raman G'/G
peak ratios as a function of environment (see Figs. 4 and 5).
Ejecta formed during laser ablation expand normal to the
sample plane in a plume with a shape that is driven by pres-
sure gradients, and therefore is inversely proportional to the
beam dimensions. The plume expands initially with a veloc-
ity that is determined by the numerous collisions within the
very dense collisional Knudsen layer close to the target sur-
face. In vacuum, following the collisions within the Knudsen
layer, which result in a fraction of material redeposited on the
sample surface, the forward-going component of the plume
freely expands. In a background gas, however, this expansion
is short-lived - roughly until the pressure within the plume
equals that of the surrounding gas. The plume sets in motion
a shock wave in the background gas, and a rarefaction wave
can lead to further redeposition of material on the target. Un-
der these conditions, it is likely that the difference mentioned
above regarding graphene quality as a function of environ-
ment may be due to redeposition of the ejected oxidized spe-
cies and possible reoxidation of the laser reduced GO. This
plume behavior is similar to the dynamics reported for the la-
ser ablation of graphite in vacuum and inert gases [31].
Although the composition of the plume during excimer laser
reduction of GO has not been analyzed during the present
experiment, previous reports of the photoreduction approach
[32] and during photon irradiation studies of GO [33,34] show
that the plume contains oxygen rich sp® hybridized carbon
fragments as well as species such as H,0, CO, O, and CO,. Pre-
vious work on laser ablation of carbon and graphite also dem-
onstrates the direct removal of nanoscale graphene sheets
[35]. Clustering reactions within the plume can also form
higher mass sp? hybridized carbon products, and under the
N, purging conditions utilized in our experiments, these
carbon-bearing products can be deposited on the surface
and serve as seeds for growth of larger graphene particles or
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sheets. Lastly, though the plume may react with the nitrogen
gas, no nitrogen incorporation was observed during the XPS
analysis of the present samples.

3.5. SEM analysis, sheet resistance measurements and
laser patterning

Fig. 6a depicts a SEM image of an unirradiated GO sample,
showing that it has a smooth surface morphology. Fig. 6b-e
shows several views of the GO film after laser processing.
After the laser reduction, the film becomes rough with abun-
dant edges, which have a direct effect on the intensity of the
D peak in the Raman spectra. It is clear from the SEM images
that the surface area of the laser reduced GO is quite large due
to the expanded nature of the graphene layers (Fig. 6d,e) with
protrusions of reduced graphite oxide as high as ~3.2 ym as
seen in the cross sectional view in Fig. 6c. It is interesting to
note that the close contact between the laser reduced graph-
ene sheets and the high surface area provide multiple paths
for charge transport, and it is likely that the majority of the
carriers move through the sheets with little scattering from
defects and terminal edges.

To gain insight into carrier transport within this material,
sheet resistance under ambient conditions was evaluated as a
function of the number of laser pulses (Fig. 7). As mentioned
earlier, these samples required larger laser beam spot sizes
onto which silver paste contacts could be deposited. These

KrF-laser irradiation experiments were carried out in low vac-
uum (9.8 x 102 Torr) with a fluence of ~204 mJ/cm?. The max-
imally-reduced Raman spectra obtained from these samples
were comparable to those reduced at high vacuum (G'/G of
0.41 vs. 0.50, respectively). The only notable difference is the
larger number of laser pulses required for the reduction pro-
cess, a result which is consistent and predictable from
Fig. 4b. The Van der Pauw four-point probe method [36] was
utilized, and the lowest sheet resistance measured was
~491 Q/sq. For GO samples that were pre-reduced thermally
at 150 °C for 24 h to decrease the oxygen content from ~29%
to ~18%, the lowest sheet resistance measured after laser pro-
cessing was ~100 Q/sq. The sheet resistance of untreated GO
was previously reported to be ~10*° Q/sq [7], making the pres-
ent values among the best reported thus far for any laser
reduction method. The only other GO reduction approaches
that report comparable sheet resistance values are based on
the combination of chemical and/or thermal reduction of
graphite oxide [4]. It is known that the sheet resistance of
GO is related to the C/O ratio [4,5,37-40] and overall film qual-
ity/defect density. The very low sheet resistance in our re-
duced GO can be collectively accounted for by the high C/O
ratio, high surface area and many overlapping points of
contact.

To demonstrate the applicability of the excimer laser
reduction approach, a variety of features have been litho-
graphically patterned on GO samples using laser reduction

Fig. 6 - Typical SEM images of GO before (a) and after (b-e) excimer laser irradiation in high vacuum with 32 pulses at
~138 mJ/cm? laser fluence. (c) The typical cross-sectional view of the excimer laser reduced GO in high vacuum. (d and e)
Close-up view of spots 1 and 2 in (b) shows the highly expanded nature of the excimer laser-reduced GO. Note the high
surface area and close contact between parts of the reduced GO sheets.
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Fig. 7 - Sheet resistance as a function of number of laser
pulses, measured from a sample irradiated in vacuum
(~9.8 x 102 Torr) with a 248 nm KrF excimer laser (fluence of
~204 mJ/cm?). The inset is the magnified view of the last
three data points.

at optimal laser fluence and optimal number of laser pulses
(Fig. 8). The patterning was performed in contact mode using
a quartz shadow mask. The smallest patterned features were
~1.5-2 ym wide as determined by the mask’s pattern dimen-
sions. The inset in Fig. 8a shows Raman G’ peak (2672 cm™?)
mapping of an area that includes micropatterned lines. The
dark blue color represents the areas of unirradiated graphite
oxide, whereas the green-yellow-red areas represent the
areas with various graphene qualities (red indicating the high-
est quality). The non-uniformity in quality can be attributed to
the use of contact mode instead of projection mode mask
lithography. In contact mode, due to the inherent roughness
of the GO film, the shadow mask is in intimate contact with
some portions of GO and is slightly elevated from others. Also,
the shadow mask prevents the escape of the oxygen rich plas-
ma plume produced during laser irradiation, and since it can-
not escape, the ejecta redeposits on the laser irradiated areas
(as well as the mask). These factors result in material with
non-uniform quality. Projection mode lithography should re-
sult in more uniform graphene patterning because there is
no mask to trap the plume. It is foreseeable that direct pattern-
ing of highly conductive nanofeatures [18-20] will be possible
because of the short wavelengths produced by excimer lasers.
To evaluate the scalability of this method, institutional logos
were patterned as shown in Fig. 8b.

4, Conclusions

We have demonstrated excimer laser-induced reduction of
graphite oxide using 248 nm photons. The quality of the
produced graphene was verified with both Raman and XPS
spectroscopies as well as sheet resistance measurements.
Specifically, Raman analysis of the excimer laser-reduced
samples reveals the formation of a prominent G’ peak at
2672 cm™" and a high G'/G ratio of 0.5. The XPS analysis re-
veals the C/O ratio to be as high as 40. The sheet resistance
was measured to be ~100-500 Q/sq and these values are
among the best reported in the literature for any laser reduc-
tion method thus far. The key to complete laser reduction of

Fig. 8 - (a) Lithographic pattern of microscale parallel lines
(~1.5-2 pm wide) produced with a contact mode quartz
shadow mask and excimer laser irradiation in high
vacuum. The inset is the Raman mapping of the G’ peak at
2672 cm ™! as a function of XY position indicating reduction
to graphene in the laser irradiated regions. (b) Logos of
Georgia Tech and Oak Ridge National Laboratory, produced
via contact mode lithography with excimer laser irradiation
of graphite-oxide in high vacuum.

graphite oxide is pre-treatment with 10-15 pulses at a fluence
~100-300 mJ/cm? (i.e. a photon flux of up to 2-4 x 10*® pho-
tons/cm?) followed by an additional 10-20 shots. The addi-
tional laser shots lead to material removal and laser plume
production. This laser-based reduction strategy requires the
use of an oxygen free environment. The quality of graphene
produced in high vacuum is slightly better than that produced
in a N, background gas. The use of Raman spectroscopy in
conjunction with XPS is essential to verify graphene forma-
tion. Scalability of the excimer laser reduction approach
was confirmed by patterning institutional logos and micro-
scale features (1.5-2 pm wide parallel lines). Future work will
involve further improvements of the process by evaluating
the effects of other background gas mixtures on the laser-pro-
duced plume composition and dynamics.
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