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(57) ABSTRACT 

Graphene production using a continuous or pulsed laser beam 
focused on a substrate of graphite oxide in a significantly inert 
environment is disclosed. Laser-induced graphene features 
are characterized by a 2D-band in the Raman spectra. When 
the photons of the laser at a various frequencies and power 
levels beam impinge a graphite oxide foil for various amounts 
of time, a strip, divet, trench, or hole, having graphene at the 
bottom or sides is produced. The concentration of the graphite 
oxide and the laser beam may be adjusted so that the depth of 
the trench created is a certain depth less than the thickness of 
the foil. Additionally, in some embodiments, the evaporation 
of the water during the Hummers method is adjusted so that 
there remains interlaminar water in the graphite oxide foil. 
The presently disclosed subject matter may also be used in 
patterning using rastering or substrate motion. 

19 Claims, 8 Drawing Sheets 
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PRODUCTION OF GRAPHENE SHEETS AND 
FEATURES VIA LASER PROCESSING OF 
GRAPHITE OXIDE/ GRAPHENE OXIDE 

CROSS-REFERENCE TO RELATED 
APPLICATION 

The present application claims the benefit of U.S. Provi
sional Patent Application Ser. No. 61/286,947, filed 16 Dec. 
2009, the entire contents of which are incorporated herein as 
if fully set forth below. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

This invention was made with U.S. Govermnent support 
under National Science Foundation Grant Number: DMR-
0820382. The U.S. Government has certain rights in the 
invention. 

TECHNICAL FIELD 

The various embodiments relate generally to the produc
tion and patterning of graphene. 

BACKGROUND 

Graphene is typically defined to be a one-atom-thick, sub
stantially planar sheet of sp2 bonded carbon atoms. Because 
of the sp2 bonding, the carbon atoms forming graphene are 
densely packed in a honeycomb crystalline lattice. Because of 
its electrical properties, graphene is being investigated as a 
possible replacement for silicon in electronic devices. There 
are several methods of forming graphene, including the draw
ing method (generally called micromechanical exfoliation or 
the Scotch tape method), epitaxial growth on silicon carbide, 
epitaxial growth on metal substrates, graphite oxide reduc
tion, growth from metal-carbon melts, pyrolysis of sodium 
ethoxide, and through production from nanotubes. 

BRIEF SUMMARY 

The subject matter provided herein discloses a way to 
produce graphene using a continuous or pulsed laser beam, in 
both focused and unfocused conditions, on a substrate of 
graphite oxide in an inert environment. It should be noted that 
although the presently disclosed subject matter may make 
specific reference to graphite oxide, depending on the thick
ness of the oxide, the same material may also be termed 
graphene oxide. The presently disclosed subject matter, 
unless specifically stated otherwise, is not limited to any 
particular thickness ofoxide that would be termed, depending 
on the thickness, graphite oxide or graphene oxide. Thus, as 
used in the presently disclosed subject matter, graphite oxide 
and graphene oxide may be used interchangeably unless oth
erwise specified. 

The laser-induced graphene features are characterized by 
the presence of a 2D-band in the Raman spectra.Using a form 

2 
graphene. The terms dived, strip, trench and hole may be used 
interchangeably unless otherwise specified. In some embodi
ments, the concentration of the graphite oxide and the laser 
beam is adjusted so that the depth of the strip or trench created 
is a certain depth less than the thickness of the graphite oxide 
foil. Additionally, in some embodiments, the evaporation of 
the water during the Hummers method is adjusted so that 
there remains interlaminar water in the graphite oxide foil. 

In one example, a method of producing graphene is dis-
10 closed. A graphite oxide substrate is prepared by exfoliating 

a plurality of graphene oxide sheets in an aqueous solution, 
neutralizing the aqueous solution to produce neutralized 
aqueous solution, centrifuging the neutralized aqueous solu
tion, and allowing at least a portion of the water in the aqueous 

15 solution to evaporate or spin coating the aqueous solution on 
a material to provide for the graphite oxide substrate having a 
substrate depth. The graphite oxide substrate is then placed in 
an inert, gaseous environment and an area of the graphite 
oxide substrate is exposed to a laser beam to create a trench of 

20 graphene having a trench depth. 
In another example, a system for producing graphene is 

disclosed. In some embodiments, the system has a laser 
source configured to provide a laser beam, graphite oxide 
substrate produced by exfoliating a plurality of graphene 

25 oxide sheets in an aqueous solution, neutralizing the aqueous 
solution to produce neutralized aqueous solution, centrifug
ing the neutralized aqueous solution, and allowing at least a 
portion of the water in the aqueous solution to evaporate or 
spin coating the aqueous solution on a material to provide for 

30 the graphite oxide substrate having a substrate depth. The 
system further has an inert gaseous environment provided by 
a gas flow cell having a gaseous inlet and a gaseous out, 
wherein the graphite oxide substrate is disposed within the 
inert gaseous environment, wherein an area of the graphite 

35 oxide substrate is exposed to the laser beam to create a 
graphene trench having a trench depth. 

Another example for producing graphene is disclosed. In 
some embodiments, the light of the laser is focused into an 
inert gas mixture surrounding graphite oxide. Focusing the 

40 laser light in these mixtures before it interacts with the surface 
can produce extreme ultraviolet light by a process known as 
harmonic generation. This light can be used to pattern fea
tures less than 100 nm. For example, the use of a focused laser 
in Xe at 355 nm generates 118 nm and the use of Ar produces 

45 89 nm light. Mixtures may increase the wavelength range and 
conversion efficiency. 

The foregoing summarizes only a few aspects of the pres
ently disclosed subject matter and is not intended to be reflec
tive of the full scope of the presently disclosed subject matter 

50 as claimed. Additional features and advantages of the pres
ently disclosed subject matter are set forth in the following 
description, may be apparent from the description, or may be 
learned by practicing the presently disclosed subject matter. 
Moreover, both the foregoing summary and following 

55 detailed description are exemplary and explanatory and are 
intended to provide further explanation of the presently dis
closed subject matter as claimed. 

of the Hummers method of preparing graphite oxide sheets, 
the concentration of graphite oxide is adjusted to provide for 60 

a foil having a certain thickness when partially or fully dried. 
When the photons of the laser at a various frequencies and 
power levels impinge the graphite oxide foil for various 
amounts of time, a dived, strip, trench, or hole, having 
graphene at the bottom and edges is produced. The presently 65 

disclosed subject matter is not limited to any one particular 
type of deformation caused by the exposure to create 

BRIEF DESCRIPTION OF THE FIGURES 

The accompanying drawings, which are incorporated in 
and constitute a part of this specification, illustrate multiple 
embodiments of the presently disclosed subject matter and, 
together with the description, serve to explain the principles 
of the presently disclosed subject matter; and, furthermore, 
are not intended in any manner to limit the scope of the 
presently disclosed subject matter. 
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FIG. 1 is an exemplary and non-limiting method for pro
ducing graphene. 

FIGS. 2a and 2b are Raman Spectra showing peaks at the 
2D point illustrating the production of graphene. 

FIG. 3 shows the integratedidI2Dratio as a functionof532 
nm and 355 nm pulsed power. 

FIG. 4a is a scanning electron microscope image of a 
graphene trench, or depression. 

4 
method steps or intervening method steps between those 
steps expressly identified. Similarly, it is also to be under
stood that the mention of one or more components in a com
position does not preclude the presence of additional compo
nents than those expressly identified. 

FIG. 4b is a spatially resolved map of the Raman 2D-band. 
FIG. 5 is an illustration of the Raman Shift measured in a 10 

In an exemplary embodiment of the presently disclosed 
subject matter, graphene features are produced via continu
ous-wave (e.g. 532 nm) or pulsed (e.g. 532 and 355 nm) laser 
excitation of graphite-oxide. It should be noted that these 
wavelengths are merely exemplary and non-limiting 
examples. Other wavelengths may be used depending on the graphene trench, or depression. 

FIG. 6 is an exemplary and non-limiting system for pro
ducing graphene. 

FIG. 7 is a Raman Spectra showing peaks at the 2D point 
illustrating the production of graphene using a femtosecond, 
730 nm laser. 

FIG. 8 is scanning electron microscope image of a trench 
produced using a femtosecond laser. 

Any headings provided herein are for convenience only 
and do not necessarily affect the scope or meaning of the 
claimed presently disclosed subject matter. 

DETAILED DESCRIPTION 

The subject matterof the various embodiments is described 
with specificity to meet statutory requirements. However, the 
description itself is not intended to limit the scope of this 
patent. Rather, it has been contemplated that the claimed 
subject matter might also be embodied in other ways, to 
include different steps or elements similar to the ones 
described in this document, in conjunction with other present 
or future technologies. Moreover, although the term "step" 
may be used herein to connote different aspects of methods 
employed, the term should not be interpreted as implying any 
particular order among or between various steps herein dis
closed unless and except when the order of individual steps is 
explicitly required. It should be understood that the explana
tions illustrating data or signal flows are only exemplary. The 
following description is illustrative and non-limiting to any 
one aspect. 

It should also be noted that, as used in the specification and 
the appended claims, the singular forms "a," "an" and "the" 
include plural references unless the context clearly dictates 
otherwise. For example, reference to an ingredient is intended 
also to include composition of a plurality of ingredients. 
References to a composition containing "a" constituent is 
intended to include other constituents in addition to the one 
named. Also, in describing the preferred embodiments, ter
minology will be resorted to for the sake of clarity. It is 
intended that each term contemplates its broadest meaning as 
understood by those skilled in the art and includes all techni
cal equivalents which operate in a similar manner to accom
plish a similar purpose. 

Ranges may be expressed herein as from "about" or 
"approximately" one particular value and/or to "about" or 
"approximately" another particular value. When such a range 
is expressed, other exemplary embodiments include from the 
one particular value and/or to the other particular value. By 
"comprising" or "containing" or "including" is meant that at 
least the named compound, element, particle, or method step 
is present in the composition or article or method, but does not 
exclude the presence of other compounds, materials, par
ticles, method steps, even if the other such compounds, mate
rial, particles, method steps have the same function as what is 
named. 

It is also to be understood that the mention of one or more 
method steps does not preclude the presence of additional 

power density of the light. Less power is needed as you move 
to the shorter wavelengths. The shorter wavelengths are desir
able since one may be able to get diffraction limited features. 

15 In some embodiments, it may be possible to achieve this with 
near field optics to overcome a diffraction limit. Micro-Ra
man spectroscopy of these laser irradiated areas reveals D
and G-bands on the edges and 2D-bands characteristic of 
graphene in the central laser irradiated zones. IdI2D ratios 

20 vary with laser power and background gas. An IdI2D ratio of 
-0.17 is obtained using continuous-wave excitation in N2 

background indicating a dominance of graphene optical sig
natures. The I dIG ratio obtained for the same region indicates 
a particle size or interdefect distance of -40 nm. This tech-

25 nique could be useful for laser or lithographic patterning of 
graphene features. 

An exemplary precursor for graphene is graphite oxide. 
Graphite oxide is an oxidized form of graphite which can be 
readily exfoliated in water to form monolayers known as 

30 graphene oxide (collectively "GO"). Although the exact 
chemical structure of graphite oxide is still debated, several 
experimental studies confirm the presence of hydroxyl and 
epoxy groups in the basal plane and a variety of alkyl and 
oxygen-containing functional groups terminating the edges. 

35 These chemical modifications cause local sp2 to sp3 hybrid
ization changes and the formation of a band-gap. For 
O/C>0.5, gap energies between -2.5-4 eV have been calcu
lated using a local density approximation. 

Disclosed herein is a technique to produce graphene fea-
40 tures from direct laser irradiation of graphite oxide using 

either continuous wave or pulsed laser irradiation in an N2 

atmosphere. Typically, the reduction can be performed either 
in air or in any inert gas, but, in some examples, inert gas may 
be preferred because of an increased quality of materials 

45 produced. Additionally, as discussed below, a reactive gas 
may be added to the gaseous environment around the graphite 
oxide to provide for laser doping of the produced graphene. 

These laser-induced graphene features may be character
ized by the presence of a distinct 2D-band in the Raman 

50 spectra. This can be fit with a single Lorentzian and is very 
similar to that observed for single layer exfoliated graphene 
(EG) and epitaxial graphene. 

Referring to the method illustrate in FIG. 1, graphite oxide 
is synthesized 100. Although there may be various ways to 

55 synthesize GO, an exemplary and non-limiting way is to use 
Hummers method in which a concentrated aqueous solution 
of graphite oxide was used. In the present example, GO foil 
was produced by allowing the aqueous solution to evaporate 
102 on a glass substrate in an oven at -110° C. It should be 

60 noted that in some embodiments, there may remain after 
evaporation trapped interlaminar water. In the present 
example, the dried GO foil sample was suspended between 
two pieces of carbon tape adhesive, assuring the samples 

65 

never contacted the underlying glass microscope slide. 
In some embodiments, the concentrated aqueous solution 

is centrifuged prior to evaporation. Prior to exposure to a 
laser, the GO foil, or graphite oxide substrate, is placed in an 



US 8,883,042 B2 
5 

inert environment. For example, the GO foil may be placed 
under an N2 blanket. In another example, the inert environ
ment may also contain other gases that provide for the doping 
of the graphene to create graphene having n- or p-type char
acteristics. In other examples, the graphite oxide (or, as stated 
earlier, graphene oxide) may be reduced in an environment of 
liquid or gaseous hydrocarbons such as, but not limited to, 
methane and methanol. In some examples, this environment 
may be used to increase the quality of the produced graphene. 

The GO foil is then exposed 106 to a laser. In an example, 10 

a continuous wave approach for graphene production was 
utilized using a Raman microscope 532 nm diode laser. In this 
example, the laser (20 mW) was focused on the GO foil 
sample using a 20x objective for a 1 second exposure time. 
Graphene formation using pulsed (-9 ns, 20 Hz) irradiation 15 

was carried out using the frequency doubled (532 nm) and 
tripled (355 nm) outputs of a Nd:YAG laser. As with the 
continuous wave measurements, the GO foil was suspended 
between two pieces of carbon tape. In this example, the unfo
cused laser beams irradiated the GO foil for approximately 20 20 

seconds with typical energies of a few ml/pulse or total power 
densities in the MW/cm2 regime. It should be noted that other 
types of laser sources can be used. 

To probe the laser-impact area, a Raman microscope laser 
power was set at 2 mW. At this low level, laser-induced 25 

reduction/damage of the GO surface is negligible. For the 
sake of comparison, a micro-Raman spectral signatures from 
highly oriented pyrolytic graphite (HOPG) was obtained. 
These are shown in FIG. 2a. Two major peaks are assigned to 
the G mode (-1590 cm- 1

) and the 2D (often referred to as G') 30 

mode (-2720 cm- 1 
). The G mode is the in-plane vibration of 

the C atom sp2 network. This one phonon process involves 
E2g optical phonons near the r point. The 2D mode results 
from a two-phonon resonant scattering process and is nor
mally considered an overtone of the defect mediated D-band. 35 

Though the D-band is not present in HOPG and defect free 
samples, the 2D feature is always observed with widths 
defined by the thickness and stacking order along the c-axis. 
For single layer graphene, a single Lorenztian line shape 
centered at 2690 cm- 1 can indicate electronic structure that is 40 

dominated by Dirac-Wey! dispersion. It is therefore accepted 
as one of better optical signatures regarding the presence of 
graphene. 

6 
lowest powers and the (IdI=) ratio is about 1.0-2.0. Though 
sample surface non-uniformity causes variability, this ratio 
remains close to 1.0 even at the highest power. On the con
trary, the IdI= ratio is usually dependent on the power when 
using 532 nm photons and discernable 2D-band features are 
not evident until -5 ml/pulses. The 355 nm light excites 
single-photon mediated valence-to-conduction band transi
tions. This produces electron-hole plasmas in the material at 
all pulse energies studied. Since at least two 532 nm photons 
are required to exceed the band-gap, a coherent multiphoton 
or incoherent multiple photon process may be required to 
create a similar electron-hole plasma. This is consistent with 
the 532 nm 2D-band formation threshold of 2.8 MW/cm2 

which is below the pre-ablation threshold of graphite. 
Without being held to any specific theory of operation, it is 

believed that the mechanisms oflaser desorption and ablation 
according to embodiments of the presently disclosed subject 
matter can be dominated by electronic and/or thermal pro
cesses with the partitioning governed by the degree of energy 
localization. Though electron-lattice temperature equilibra
tion occurs on the picosecond time scale in graphite, strain 
associated with the oxygen in GO can lead to exciton self
trapping, hole localization and subsequent material removal. 
Depending upon the density of electrons, ions and neutrals 
emitted, one can create a plasma plume which must expand as 
it leaves the surface. 

In some experiments, an enhanced scattered light intensity 
during laser irradiation of the GO surface occurs. This may 
result from particle and plasma mediated photon scattering 
and fluorescence. The output CO and C02 as well as the 
release of H2 0 during laser irradiation has been observed in 
some experiments. The release of high mass (up to 100 amu) 
carbon cluster ions during photon- and low-energy (5-50 eV) 
electron-stimulated desorption studies of GO has also been 
observed in some experiments. Previous work on laser des
orption/ablation of carbon and graphite demonstrates the 
direct removal of nanoscale graphene sheets. Clustering reac
tions within the plume are also known to form higher mass sp2 

hybridized carbon products. Under the atmospheric pressure 
conditions utilized in some experiments according to various 
embodiments of the presently disclosed subject matter, these 
products can be deposited on the surface and serve as seeds 
for growth of larger graphene particles or sheets. 

The D-band persistence and 2D-band growth after laser The micro-Raman spectrum of GO is also shown in FIG. 
2a. It is different than that from HOPG. Specifically: i) the 
G-band is much broader and blue shifted (-5-10 cm- 1

); ii) 
there is a strong D-band at 1345 cm- 1

; and iii) the 2D-band is 
nearly absent. These changes are correlated with structural 
changes and defects associated with the hydroxyl and epoxy 
groups in the basal plane and a variety of alkyl and oxygen
containing functional groups terminating the edges. 

45 treatment is consistent with laser-induced plasma formation 
and graphene-like material re-deposition/growth. To examine 
the mean domain/particle size(s) or interdefect distances, the 
empirical relationship: La(nm)=(2.4xl o-10)A. 4 I(IdIGf 1 

where A is the laser wavelength (nm) and In and IG are the 

FIG. 2b shows the micro-Raman spectrum of GO foil irra
diated with a CW 532 nm beam in the presence of ambient air. 
The 2D-band is observed and there is a narrowing of the 
G-band as well as diminution of the D-band. When using N2 

background gas, the 2D-band is further enhanced, the G-band 
is much narrower and the D-band is nearly removed. FIG. 2b 
also shows the Raman spectra of GO foil irradiated with 
pulsed 532 and 355 nm photons in N2 background. Formation 
of the 2D-band and G-band narrowing also occurs. However, 
the D-band feature, though reduced relative to untreated GO, 
remains independent of the laser flux. This indicates an intrin
sic difference in the defect density and material quality rela
tive to that formed using CW excitation. 

FIG. 3 displays integrated D and 2D peak intensity ratios 
(IdI=) as a function oflaserpulse power for 355 and 532 nm. 
When using 355 nm photons, the 2D-band is produced at the 

50 integrated Raman intensities may be used. The data in FIG. 3 
shows a -40 nm lower bound for the mean value of La. Since 
La may also refer to the interdefect distance, it can also be 
considered an indicator of order. 

Since electron-phonon coupling within a graphite oxide 
55 sheet is also strong, rapid local heating causes temperatures to 

exceed that required for oxidative disruption of the GO foil 
lattice. This can be the source for production and release of 
CO and C02 . Heat dissipation can also occur by heating and 
vaporizing the interlaminar water creating high internal pres-

60 sures between the graphene oxide sheets. Efficient material 
removal may then occur via rapid degassing and quasi-phase 
explosion of the superheated underlying layers. Without 
being bound to any specific theory of operation, this is con
sistent with the observation of water release and the SEM 

65 image in FIG. 4a. 
FIG. 4a shows a 10 µm widex5 µm deep depression, or 

trench 400, formed by 532 nm CW irradiation of GO foil, or 
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substrate. Inspection indicates: i) the depth is self-limiting, ii) 
the edges outwardly expand, and iii) there is little to no 
evidence of melt zones or substantial particle/material build
up near the edges. This feature has been mapped with the 
micro-Raman spectrometer and has been found that the 
D-band is present mainly at the edges. Conversely, the 2D 
feature is present mainly in the depression, trench 402, center 
as shown in FIG. 4b. This is consistent with explosive 
removal followed by re-deposition and growth. 

Since the width of the 2D feature in FIG. 4b may yield 10 

valuable information regarding the graphene thickness, FIG. 
5 shows a detailed view of the measured 2D-band. The pri
mary peak can be fit with a single Lorentzian with a full width 

8 
energy photons may be rather efficient in material removal. 
Without being held to any specific theory of operation, it is 
possible that this action is driven by a localized plasma. The 
laser may be the "ignition" source of the plasma. The laser can 
also ignite a plasma within the capillary tube vs. at the surface 
of or within the graphite oxide. Biasing the graphite oxide 
substrate and controlling the local fields with a magnetic 
base/material may also be useful since the plasma parameters 
will change somewhat. 

Further, the presently disclosed subject matter is not lim-
ited to continuous wave and nanosecond laser pulses. In some 
examples, shorter then nanosecond laser pulses can be used. 
In one example, shown with reference to FIG. 7, a femtosec
ond laser source with 730 nm wavelength laser excitation at half maximum (FWHM) of 65 cm- 1

. A similar but nar
rower (FWHM -30 cm- 1

) feature has been observed for 
mechanically exfoliated graphene supported on a Si02 sur
face. The exfoliated graphene bilayer displays a broader 2D 
feature which cannot be fit to a single Lorentzian. However, 
the 2D feature of bilayer graphene epitaxially grown on Si
terminated 6H-SiC(0001) can be described using a single 
Lorentzian with a FWHM of 47 cm- 1

. 

15 maybeusedforthereductionof graphite oxide. FIG. 7 shows 
the Raman Spectra measured when GO foil was exposed, 
according to various embodiments of the presently disclosed 
subject matter, to a femtosecond laser having a wavelength of 
730 nm. FIG. 8 is an exemplary scanning electron microscope 

20 image of a trench 800 produced using a femtosecond laser 
source. It should be noted that the area of the trench identified 
is for illustrative purposes only. 

While the present disclosure has been described in connec
tion with a plurality of exemplary aspects, as illustrated in the 

The peak shift and increased width (relative to the mono
layer of exfoliated graphene) has been partially correlated 
with compressive strain of the graphene. Reported measure
ments of the 2D-band width/shift together with scanning 
tunneling microscopy of bilayer graphene on Si-terminated 
6H-SiC(0001) also lead to the conclusion that domains of 
about 35 nm were present. The observed widths and positions 
are likely indicative of a thicker sample that has undergone 
strain. 

25 various figures and discussed above, it is understood that 
other similar aspects can be used or modifications and addi
tions can be made to the described aspects for performing the 
same function of the present disclosure without deviating 
therefrom. For example, in various aspects of the disclosure, 

FIG. 6 is an exemplary and non-limiting system that may 
30 methods and compositions were described according to 

aspects of the presently disclosed subject matter. However, 
other equivalent methods or composition to these described 
aspects are also contemplated by the teachings herein. There
fore, the present disclosure should not be limited to any single 

be used to produce graphene. Laser source 600 provides a 
laser beam for exposing a suspended graphite oxide GO. In 
some examples, GO 604 may be produced by the method as 
described in relation to FIG. 1. The laser beam oflaser source 
600 may be focused to change the characteristics of the laser 
when GO 604 is exposed. For example, to achieve certain 
trench dimensions, the laser beam may be focused using 
focusing optics 602 to produce a very narrow beam. If a larger 
area of the GO is to be exposed for a single "pass", the laser 40 

may be less focused to have a larger area of exposure. The 
laser beam may also be rasterized to create various patterns. 

35 aspect, but rather construed in breadth and scope in accor
dance with the appended claims 

In another example, the depth of the graphene trench created 
after exposure may be adjusted by adjusted the parameters of 
the laser beam. For example, it may be desirable to create a 45 

graphene trench having a depth less than the thickness of GO 
604. In other examples, it may be desirable to create a 
graphene trench having a depth of about one half to three 
quarters the thickness of GO 604. 

What is claimed is: 
1. A method of producing graphene, comprising: 
preparing a graphite oxide substrate by: 

exfoliating a plurality of graphene oxide sheets in an 
aqueous solution; 

neutralizing the aqueous solution to produce neutralized 
aqueous solution; 

centrifuging the neutralized aqueous solution; and 
allowing at least a portion of the water in the aqueous 

solution to evaporate or spin coating the aqueous solu
tion on a material to provide for the graphite oxide 
substrate having a substrate depth; 

placing the graphite oxide substrate in an inert gaseous 
environment; and 

exposing an area of the graphite oxide substrate to a laser 
beam that produces ultraviolet and vacuum ultraviolet 
photons to reduce the graphite oxide by electronic exci
tations while in the inert gaseous environment to create 
graphene, 

wherein the inert gaseous environment comprises a rare 
gas or hydrogen. 

Prior to exposing GO 604 to the laser beam oflaser source 50 

600, GO 604 may be placed in gas flow cell 606 which 
provides for an inert gaseous environment surrounding GO 
604. The inert gaseous environment of gas flow cell 606 is 
provided by controlling the gases entering gas in 608 and gas 
out 610. In one example, the gas used may be comprised 55 

primarily ofN2 . In another example, it may be desirable to 
cause the graphene produced to be doped to haven- or p-type 
characteristics. In that example, in addition to another inert 
gas, such as N2 , it may be desirable to input a gas that causes 
doping of the graphene in conjunction with its creation. 

2. The method of claim 1, wherein the inert gaseous envi-
60 ronment further comprises nitrogen. 

There are also different embodiments for controlling the 
background gas and for removing the laser-induced plume. 
One such configuration is via a capillary tube or waveguide 
filled with rare gases for laser delivery. When using Xe in the 
tube and 355 nm light, you can frequency convert the light to 65 

118 nm. You can also seed the gases with Ne and hydrogen to 
generate Lyman-alpha photons (121.6 nm). These higher 

3. The method of claim 2, wherein the inert gaseous envi
ronment further comprises a dopant to provide for an n- or 
p-type graphene characterization. 

4. The method of claim 1, wherein the laser beam is from a 
pulsed laser source or a continuous wave laser source. 

5. The method of claim 1, wherein the wavelength of the 
laser beam is 532 nm or 355 nm. 
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6. The method of claim 1, wherein the area of the graphite 
oxide substrate is exposed for approximately 3 seconds to 
approximately 30 seconds. 

7. The method of claim 1, wherein the laser beam is ras
terized. 

8. The method of claim 1, wherein the laser beam is 
focused or unfocused. 

9. The method of claim 1, wherein the dried exfoliated 
graphene oxide sheets comprise interlaminar water. 

10. The method of claim 1, wherein the rare gas is selected 10 

10 
eous environment, wherein an area of the graphite oxide 
substrate is exposed to the laser beam, wherein the laser 
beam produces ultraviolet and vacuum ultraviolet pho
tons that reduce the graphite oxide by electronic excita
tions to create graphene, 

wherein the inert gaseous environment comprises a rare 
gas or hydrogen. 

12. The system of claim 11, wherein the laser beam is 
rasterized. 

13. The system of claim 11, wherein the laser beam is 
focused or unfocused. 

14. The system of claim 11, wherein the laser beam is from 
a pulsed laser source or a continuous wave laser source. 

from the group consisting of argon, xenon and neon. 
11. A system for producing graphene, comprising: 
a laser source configured to provide a laser beam; 
a graphite oxide substrate produced by: 

exfoliating a plurality of graphene oxide sheets in an 
aqueous solution; 

15. The system of claim 11, wherein the area of the graphite 
15 oxide substrate is exposed for approximately 3 seconds to 

approximately 30 seconds. 

neutralizing the aqueous solution to produce neutralized 
aqueous solution; 

centrifuging the neutralized aqueous solution; and 
allowing at least a portion of the water in the aqueous 20 

solution to evaporate or spin coating the aqueous solu
tion on a material to provide for the graphite oxide 
substrate having a substrate depth; and 

an inert gaseous environment provided by a gas flow cell 
having a gaseous inlet and a gaseous out, wherein the 25 

graphite oxide substrate is disposed within the inert gas-

16. The system of claim 11, wherein the wavelength of the 
laser is 532 nm or 355 nm. 

17. The system of claim 11, wherein the inert gaseous 
environment comprises nitrogen. 

18. The system of claim 11, wherein the inert gaseous 
environment further comprises a dopant to provide for an n
or p-type graphene characterization. 

19. The system of claim 11, wherein the dried exfoliated 
graphene oxide sheets comprise interlaminar water. 

* * * * * 


