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Rapid single-step fabrication of graphene patterns was developed using laser-induced chemical
vapor deposition (LCVD). A laser beam irradiates a thin nickel foil in a CH, and H, environment
to induce a local temperature rise, thereby allowing the direct writing of graphene patterns in
precisely controlled positions at room temperature. Line patterns can be achieved with a single scan
without pre- or postprocesses. Surprisingly, the growth rate is several thousand times faster than that
of general CVD methods. The discovery and development of the LCVD growth process provide a
route for the rapid fabrication of graphene patterns for various applications. © 2011 American

Institute of Physics. [doi:10.1063/1.3569720]

Graphene is a fast-growing topic in science and technol-
ogy in the past few years. Even more attention has been
attracted after the discoverers of graphene won the 2010
Nobel Prize in Physics. But what makes graphene such an
exciting topic for researchers? It is because graphene is a
really promising material in emerging electronic technology
due to the ease of manipulation (2-dimensional sheet can be
used with current planar manufacturrng processes) and
their unlque electrical,’ mechanical,™ thermal,* and optical
propertres. Graphene is expected to be the core material for
flexible and transparent electronics,’ including displays, solar
cells, sensors, and electrodes. Up to now, graphene can be
obtained through several different approaches such as me-
chanical exfoliation,”® annealmg of SiC,”'” and chemical va-
por deposition (CVD).'!*

Among the methods for graphene fabrication, CVD is
the most promising method due to the benefits of large-scale
production of high quality graphene and patterning process
for various electronic apphcatlons Especrally, large-scale
patterns can be achieved by patterning of catalytic metal
films before growth or direct patterning of graphene after
growth Although the CVD method can achleve large pro-
duction volume using a roll-to-roll method,' the fabrication
of graphene patterns by CVD methods is a multistep process
which is time consuming and costly. Generally, CVD meth-
ods consist of several steps including annealing, growth,
cooling, and patterning process for fabrication graphene pat-
terns, and the 4growth process needs several minutes up to a
few hours." ™' Besides, the patterning process also requires
expensive masks and time consuming processes. Therefore,
more efforts are needed to make the conventional CVD tech-
niques more suitable for electronic applications.

In this work, we developed a rapid single-step approach
for fabrication of graphene patterns by laser-induced CVD
(LCVD). Line patterns were fabricated on precisely con-
trolled positions on a nickel foil. Localized laser heating on
the nickel foil resulted in a rapid local temperature rise at the
laser focal point; and the temperature dropped rapidly after
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the laser beam moved away, which is much faster than that in
conventional thermal CVD methods. The growth rate is three
orders of magnitude faster than that of the conventional ther-
mal CVD methods. Graphene patterns can be fabricated
through the single-step process without annealing and pat-
terning procedures. Finally, the graphene patterns on the
nickel foil could be transferred onto a SiO,/Si substrate for
optical characterization and potential device applications.
The growth of graphene patterns was conducted in a
stainless steel vacuum chamber. As shown in Fig. 1, a fo-
cused continuous wave laser beam (optically pumped solid
state laser; Coherent Co. G5, A=532 nm) was used as a heat
source to increase the local temperature on the nickel foil in
the stainless steel chamber. The chamber was initially evacu-
ated to a base pressure of 107 torr with a rotary pump. CH,
was used as the precursor gas with a supply of H,; and the
pressure of the chamber was kept at 500 torr during experi-
ments. After many trials, 10 SCCM (SCCM denotes cubic
centimeter per minute at STP) CH, and 5 SCCM H, were
selected as the optimal flow rates during experiments. The
laser beam was then normally directed to the nickel foil with

Laser beam

Substra‘t\ 4

movement

CH,; & H; gas

FIG. 1. (Color online) Illustration of direct writing of graphene patterns by
LCVD on a nickel foil.

© 2011 American Institute of Physics
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FIG. 2. (Color) (a) Optical micrograph of a graphene pattern on a nickel foil
and (b) its Raman spectrum at “A” region. Raman intensity mapping of
(c) G-bnad (1582 cm™) and (d) 2D-band (2691 cm™') (wavelength
=514.5 nm).

an objective lens (Mitutoyo Corp., NIR 5X, focal length
=40 mm). The laser beam was defocused on the nickel foil
with a spot diameter of 20 um to reduce the power sensitiv-
ity. Laser power was controlled at about 5 W to induce the
local temperature rise for graphene growth. For direct writ-
ing of graphene patterns, the substrate was moved precisely
by a motorized stage with respect to the laser beam. The scan
speed of the motorized stage was around 50 um/s.

For transferring graphene to SiO,/Si substrates,
graphene-patterned nickel foils were first spin-coated with a
poly(methyl methacrylate) (PMMA) layer at 2500 rpm. The
nickel foils in nickel/graphene/PMMA layers were then wet
etched using a commercially available etchant (nickel
etchant Type 1, Transience Co.) for 30—60 min, resulting in a
graphene/PMMA film floating on the etchant. This film was
then collected manually and rinsed in de-ionized water be-
fore transferring it onto a SiO,/Si substrate (with a 300 nm
SiO, top layer). Finally, the PMMA layer in the graphene/
PMMA layers was dissolved in acetone, leaving the
graphene patterns on the SiO,/Si substrates.

Figure 2(a) shows the optical micrograph of a line pat-
tern of graphene which was fabricated by LCVD on a nickel
foil. It is not easy to distinguish between the graphene pat-
tern and the Ni substrate because the graphene pattern is
highly transparent. Figure 2(b), Raman spectrum of region
“A” in Fig. 2(a), clearly shows the evidence of a monolayer
graphene. Both the symmetric 2D-band (2691 cm™') with an
full width at half maximum of ~35 cm™' and the high ratio
of the peak intensities of 2D- to G-bands (1582 cm™)
(ratio=3-4) confirm the presence of a monolayer graphene
patttern.“_14 The absence of D-band in this spectrum also
confirms the high quality of the as-grown graphene. Figures
2(c) and 2(d) show the intensity mapping of G-band (green)
and 2D-band (red) as shown in Fig. 2(b), respectively. The
Raman mapping in Figs. 2(c) and 2(d) shows that the inten-
sities of the G- and 2D-band signals are clearly distinguished
from the surrounding nonirradiated areas, thus demonstrating
the precisely controlled locality of the graphene pattern in
the LCVD process. The Raman intensity distributions of the
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graphene patterns are relatively uniform in the laser-
irradiated areas, also demonstrating the uniformity of the
fabricated graphene patterns.

It is noteworthy that the graphene patterns were fabri-
cated with a single scan on the nickel foil without annealing,
cooling, or other supportive procedures such as mask pat-
terning. A 10 wm wide line pattern was directly written at a
scan speed of ~50 um/s on the nickel foil. This means that
the graphene pattern with a size of 10X 10 um? can be rap-
idly grown in 0.2 s, which implies that the growth rate is
several thousand times faster than that of conventional ther-
mal CVD methods (up to 20 min).'"""? It is believed that the
rapid heating and cooling rates at the local region of the
metal foil contribute to the rapid growth of graphene pat-
terns. The fast heating and cooling processes play significant
roles in the rapid growth of igraphene patterns and can en-
hance the graphene growth.lz’ > The heating and cooling pro-
cesses for a 10X 10 um? area (a unit area of graphene pat-
tern) have to be finished within 0.2 s because the line
patterns with 10 um wide are fabricated at the scan speed of
50 um/s (the cooling rate faster than 5000 °C/s). These
heating and cooling processes for a unit area of graphene
pattern are also several thousand times shorter than those of
conventional thermal CVD methods. Considering inelastic
electron—phonon coupling [(~1 ps (Ref. 16)], a focused la-
ser beam with high intensity can increase the local tempera-
ture of the nickel foil very rapidly uf to the growth tempera-
ture (1000 °C in CVD methods, ' ™%). After laser irradiation,
the local temperature can also drop rapidly through thermal
conduction in the entire nickel foil placed in a room tempera-
ture environment. Therefore, localized laser heating has
much faster heating and cooling rates than those in conven-
tional thermal CVD methods using global heating and cool-
ing process. The single-step fabrication of graphene patterns
by LCVD utilizes a rapid heating and cooling mechanism in
highly localized regions, which can dramatically reduce the
process time. The graphene patterns were only observed fol-
lowing the laser scanning path on the illuminated-side of
nickel foil, which is different from conventional CVD meth-
ods, in which graphene layers are observed on both sides of
the foil due to the global heating.

Figures 3(a) and 3(b) show the optical micrographs of
the graphene layers on a SiO,/Si substrate. The inset in Fig.
3(a) shows the line patterns which consist of both monolayer
and multilayer graphene. The thin top SiO, layer under the
graphene patterns can enhance the optical sensitivity to hu-
man eyes, which allows characterizing the number of
graphene 1211yers.l7 Color difference can be observed with re-
spect to the number of graphene layers on the SiO, layer as
shown in Figs. 3(a) and 3(b). The color of the monolayer
graphene pattern in Fig. 3(a) is lighter than that of the
multilayer one in Fig. 3(b). The monolayer graphene pattern
in Fig. 3(a) is highly transparent and its Raman spectrum in
Fig. 3(c) also confirms a monolayer of the as-transferred
graphene. Figure 3(d) shows the Raman spectra of the “b”
and “c” regions in Fig. 3(b), which represents the bilayer and
multilayer characteristics of the graphene, respectively. It
should also be noted that the experimental condition to pro-
duce monolayer graphene patterns is very sensitive to the
scan speed. A lower scan speed is more suitable for the fab-
rication of multilayer graphene.

Atomic force microscopy (AFM) was carried out to
study the surface topography of the graphene patterns on the
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FIG. 3. (Color) Optical micrographs of (a) monolayer graphene and (b)
multilayer graphene pattern on a SiO,/Si wafer (SiO,=300 nm). The inset
in Fig. 3(a) shows the line patterns which consist of both monolayer and
multilayer graphene. (c) Raman spectrum of the monolayer graphene at “a”
region. Raman spectra of bilayer and multilayer graphene patterns at “b”
and “c” region, respectively. (Excitation wavelength=514.5 nm).

Si0, substrates. The graphene patterns have a crumpled to-
pography and can be easily torn off, as shown in Fig. 4. The
crumpled graphene is caused by the difference thermal ex-
pansion between graphene patterns and the nickel substrate
during cooling process.18 The width difference along the pat-
terns is attributed to a different temperature distribution
along the width direction, which results from nonuniform
reflectivity of the nickel foil during the laser beam scanning.
The nanoparticles in Fig. 4 are PMMA residues, which are
not completely removed during the transfer processing. Fig-
ure 4(b), the magnified scan image of the selected region of
“A” in Fig. 4(a), shows the edge area of the line pattern. It
indicates that the outer region of the graphene pattern is
higher than the inner region, which indicates that the edge of
the graphene is lifted up from the substrate. The bottom inset
shows the surface profile across points “a” and “b.” The

2pumec

FIG. 4. (Color online) Surface topography of a graphene pattern on a
Si0,/Si wafer. (a) AFM image of the graphene pattern. (b) The magnified
image of a selected region in “A.” The bottom inset shows the surface
profile across (a) and (b). Note that the height difference between “a” and
“b” is 0.4 nm.
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height difference between “a” and “b” is 0.4 nm, which cor-
responds to a monolayer graphene thickness, but most of
regions of graphene patterns are usually crumpled and lifted
up from the substrate, which makes it difficult to figure out
the exact thickness of the graphene patterns.19

In conclusion, a rapid single-step fabrication method was
developed for graphene patterning using LCVD. Line pat-
terns of graphene were grown on nickel foils at room tem-
perature with a short process time. No annealing or pattering
processes are required for the fabrication of graphene pat-
terns on nickel foils. The significantly enhanced growth rate
of graphene is ascribed to the rapid heating and cooling
mechanism in the LCVD process. Graphene pattern of 10
X 10 um? area can be rapidly grown in 0.2 s, which implies
that the graphene growth rate is three orders of magnitude
faster than the conventional thermal CVD methods. The fab-
ricated line patterns can be transferred to various substrates
for different applications, without additional steps removing
the graphene from the back-side of nickel foil. It is believed
that the LCVD method for graphene patterns will have a
significant contribution to the rapid-developing graphene in-
dustry.

This research work was financially supported by Na-
tional Science Foundation (Grant Nos. ECCS 0652905 and
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