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We report the synthesis of single-layer graphenes from ethanol using, what we call, “flash cooling”
just after chemical vapor deposition. The single-layer graphenes synthesized are high-quality and
several micrometers in grain size as revealed by Raman spectroscopy. Detailed comparison of the
cooling processes suggests that the single-layer graphene growth does not occur during the carbon
precipitation but rather stems from surface diffusions of carbon on a nickel substrate. Because of the
present simple and easiness for the large-scale synthesis under an inert gas atmosphere and at
atmospheric pressure, the present method can easily be applied for the future large-scale and
low-cost graphene production. © 2010 American Institute of Physics. 关doi:10.1063/1.3458797兴
Graphenes have attracted much attention as components
of future electronic devices such as field effect transistors
and transparent electrodes/conducting films because of
their excellent electron transport properties.1,2 To realize
these potential applications, it is essential to synthesize
high-quality and large-area graphene films. To date, such
graphenes have been synthesized by several methods such as
the thermal decomposition of SiC,3 the carbon precipitation
on Ru共0001兲,4 and the chemical vapor deposition 共CVD兲 on
various metal substrates.5–10 In particular, the CVD method
provides a promising way for device applications since the
large-area graphene films synthesized can be easily separated
from the metal substrate and transferred to other desired
substrates.6,11,12
One of the major challenges in CVD synthesis is the
development of facile synthesis that should be essential in
their industrial production. However, the previous methods
require vacuum and explosive gases such as methane and
hydrogen,5–8 which entails a high cost of instrumentation
together with a high degree of safety precautions. Thus, it is
highly desirable to develop a facile synthesis method of
high-quality graphenes.
Here, we report the facile synthesis of high quality
single-layer graphenes from ethanol using “flash cooling”
right after CVD growth. The graphenes are synthesized on
nickel 共Ni兲 foils under argon atmosphere at atmospheric
pressure. The single-layer graphenes so synthesized are highquality and several micrometers in grain size as revealed by
Raman spectroscopy. Interestingly, the graphenes have never
been observed for naturally cooled substrates in the present
synthesis condition. This indicates that the graphenes synthesized were decomposed during the natural cooling process
and that the flash cooling does not lead to this decomposition. This situation is quite different from the graphene
growth on Ni substrates through the conventional precipitation process. We, therefore, conclude that carbon absorption
on the Ni surface consists mainly of the following two different processes: 共i兲 the carbon dissolution into the Ni suba兲
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strate and 共ii兲 the direct formation of graphenes on the surface.
Graphenes were synthesized through the reaction of a Ni
substrate with ethanol at a temperature of 900 ° C. First, a
quart tube 共3 cm in diameter, 100 cm in length兲 was filled
with Ar gas with a flow rate of 300 cm3 / min. This gas flow
continues throughout the graphene synthesis and cooling.
Commercial Ni substrate 共foil with a thickness of 5 m,
nilaco兲 was inserted into a preheated quart tube at 600 ° C.
When the temperature reaches at 900 ° C, ethanol was introduced through the bubbling of liquid ethanol using Ar gas at
200 cm3 / min. After the reaction for 5 min, the bubbling was
stopped. The substrate was then cooled at different cooling
rates as shown in Fig. 1共a兲. In the flash cooling, the substrate
was immediately extracted from the quart tube and then the
temperature was decreased from 900 to 560 ° C for around
10 s. In the natural cooling, the temperature was decreased
from 900 to 560 ° C for around 20 min. Graphenes synthesized were transferred from Ni onto a SiO2 / Si wafer using
HNO3 as reported by Yu et al.9
Raman spectra were measured in the back-scattering geometry using a single monochromator with a microscope
共HR-800, Horiba Jobin Yvon兲 equipped with a chargecoupled device detector and a notch filter. The sample was
excited by a He–Ne laser at 633 nm. Raman imaging of
graphenes was performed with a micro-Raman spectrometer
共inVia, Renishaw, Inc. 兲 in the backscattering geometry using
a 100 objective lens. The excitation wavelength was at
532 nm from a Nd–YAG laser.
Raman spectroscopy has been used to characterize the
number of layers and grain size of graphenes synthesized
as previously reported.13,14 Raman spectra of a Ni surface
after the CVD process show the G-band at 1580 cm−1 and
symmetric two-dimensional 共2D兲-band with a narrow full
width of half maximum 共FWHM兲 of 33 cm−1 关Fig. 1共b兲兴.
This corresponds to the well-known feature of single-layer
graphenes.13 The relatively low intensity of D peak suggests
that synthesized graphenes is in high quality. The high G/D
ratio 共typically more than 20兲 suggests that grain size of
graphenes is larger than 500 nm.14
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FIG. 2. 共Color online兲 共a兲 An optical microscope image and 共b兲 Raman
spectrum of the transferred graphene on a SiO2 / Si wafer. Scale bar is 5 m.

FIG. 1. 共Color online兲 共a兲 Illustration of the present CVD process and the
three different cooling processes after the reaction. The temperature of substrates was changes 共i兲 from 900 to 600 ° C within 10 s 共flash cooling兲, 共ii兲
from 900 to 850 ° C around 70 s 共natural cooling兲 and then to 600 within 10
s 共flash cooling兲, and 共iii兲 from 900 to 600 ° C around 15 min 共natural
cooling兲. 共b兲 Raman spectra of the surface of Ni substrates after 关共i兲–共iii兲兴
each cooling processes and 共iv兲 reannealing of graphenes on Ni at 900 ° C
for 5 min under Ar atmosphere 共same to CVD condition except no ethanol
flow兲. 共c兲 Raman maps of the FWHM of 2D 共around 2700 cm−1兲 band on a
nickel substrate. Scale bar is 10 m.

The grain size of single-layer graphene was also evaluated by using Raman mapping. Figure 1共c兲 shows the mapping result of FWHM of 2D peak of graphenes on a Ni
substrate. It can be seen that the several spots clearly show
the narrow FWHM 共around 40 cm−1 colored in red兲 of
single-layer graphenes. From this mapping result, the grain
size is estimated to be ranging from 1 to 10 m. This is
almost the same as the typical size of mechanically cleaved
single-layer graphenes.15 It is noted that the mapping of both
the 2D peak position and the intensity ratio of 2D to G peaks
are consistent with the result of the 2D FWHM. This indicates all of these Raman features can be used for the evaluation of grain size. In the same substrate, 2D peaks with
broader FWHM 共40– 60 cm−1兲 were also observed. These
2D peaks are similar to that of double-layer graphenes which
were obtained from mechanically cleaved graphite13 and also
have grain sizes from 1 to 10 m.

Similar Raman spectra of single-layer graphene were observed for transferred graphenes on Si/ SiO2 wafers and glass
substrates 关Fig. 2共b兲兴. The contrast of graphenes 共against that
of SiO2 substrate兲 in Fig. 2共a兲 is higher than that of mechanically cleaved single-layer graphenes as shown in the Ref. 16.
This is probably due to the presence of some surface impurities and/or the unique rotational stacking of the graphene
films which causes adjacent graphene layers to be electronically decoupled.17 The presence of single-layer graphenes
was also supported by high-resolution transmission electron
microscopy observations which clearly show their edge
structures 共Fig. S1 in Ref. 18兲.
In the present study, we found that the flash cooling 共immediately after the CVD process兲 is necessary to obtain high
quality single-layer graphenes. Although the flash cooling
can provide the single-layer graphenes, such graphenes have
never been observed for the surface of naturally cooled substrate 共Fig. 1兲. A similar result was obtained for the substrate
with flash cooling just after the natural cooling from 900 to
850 ° C 共within 70 s兲. This indicates that the decomposition
of graphenes start rapidly just after the stop of the supply of
carbon source. The graphenes decomposition on the hightemperature Ni was also confirmed by a reannealing experiment. Before the reannealing, the presence of graphenes was
confirmed from Raman spectra at room temperature. The reannealed sample also does not show any D- and G-band
Raman peaks, indicating the decomposition of graphenes. A
similar result was reported previously for graphenes on Ni
共111兲,19 where graphenes start to decompose above 650 ° C
although they are stable at temperatures below 650 ° C.
Based on these results, we think that the flash cooling does
not lead to this decomposition as illustrated in Fig. 3.
This situation is different from the graphene growth on
Ni substrates through precipitation processes as described in
previous reports. It is known that the CVD growth of
graphenes occurs through two different growth processes: 共i兲
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the present condition and the presence of two different
growth processes on the Ni substrate as summarize in Fig. 3.
The suppressed carbon dissolution can explain why the slow
cooling do not lead to the graphene formation through carbon precipitation in the present study, in contrast to the previous studies where sufficient carbon atoms could be dissolved in chemically etched Ni substrates.6–9

FIG. 3. 共Color online兲 Schematic illustration of graphene and graphite synthesis processes on a nickel substrate.

carbon dissolution into metals and the concomitant precipitation, and 共ii兲 surface diffusion of carbon on metal surface.
The former process has often been observed for a hightemperature Ni substrate which has high carbon solubility
around 1000 ° C.6,11 This precipitation process can produce
both single layer and multilayer graphenes depending upon
the cooling rate. In this process, single-layer graphenes
were preferentially produced by controlling the cooling
rate of substrate at typically 10 ° C / s 共Refs. 6 and 9兲 and
4 – 25 ° C / min.7 Furthermore, this graphene formation has
quenched at an extremely fast cooling rate.9 Importantly, this
quenching has never been observed in the present experimental conditions.
The latter has been seen for copper 共Cu兲 around
1000 ° C and led to high-quality, uniform single-layer
graphenes.12 In this process, the low carbon solubility and
surface catalytic activity jointly result in graphene growth
through surface diffusion. Although the bulk Ni usually has
high carbon solubility, it usually forms oxides on the surface.
Because the surface oxide may reduce the carbon solubility,
we attribute the presence of surface oxides to one of the main
reasons for graphene growth through not only the carbon
dissolution but also the surface diffusion.
If there were such different growth processes, one can
expect that the graphene formation depends on various reaction conditions such as reaction time and CVD buffer gases.
In fact, in the case of reaction for 30 min, most of the surface
was covered with multilayer graphenes. This is reasonable
because excess carbon dissolution should accelerate the segregation of multilayer graphenes. This multigrowth process
can explain the presence of not only single-layer graphenes
but also multilayer graphenes as shown in Fig. 1共c兲. For the
buffer gases, we found that introduction of hydrogen gas as a
carrier gas also caused the preferential growth of multilayer
graphenes in the present synthesis 共Fig. S2 in Ref. 18兲. This
suggests that the hydrogen etching removes surface oxide on
Ni and promotes the dissolution process of carbon in Ni.
These results indicate that the suppression of the carbon dissolution is a key factor for single-layer graphene growth in
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