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ABSTRACT: Here, we show that chemical vapor deposition growth of
graphene on copper foil is strongly affected by the cooling conditions.
Variation of cooling conditions such as cooling rate and hydrocarbon
concentration in the cooling step has yielded graphene islands with different
sizes, density of nuclei, and growth rates. The nucleation site density on Cu
substrate is greatly reduced when the fast cooling condition was applied, while
continuing methane flow during the cooling step also influences the nucleation
and growth rate. Raman spectra indicate that the graphene synthesized under
fast cooling condition and methane flow on cool-down exhibit superior quality
of graphene. Further studies suggest that careful control of the cooling rate and
CH4 gas flow on the cooling step yield a high quality of graphene.
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1. INTRODUCTION

Graphene, a two-dimensional hexagonal lattice of sp2-bonded
carbon atoms, has attracted great attention because of its
prominent physical properties. High transmittance, excellent
mobility, and good flexibility1−5 have made it a promising
candidate for a wide range of applications including transparent
electrode in flexible electronics.5−7

Various methods such as mechanical exfoliation, thermal
decomposition of SiC and chemical vapor deposition (CVD).
Among these methods, the CVD synthesis of graphene is
considered as a bottom-up method to obtain large-area
graphene films with the controlled thickness.8−10 However,
CVD-derived graphene is polycrystalline with the limited grain
sizes and grain boundaries composed of aperiodic heptagon-
pentagon pairs or overlapped bilayer. The grain boundaries in
CVD-grown graphene could degrade the mechanical and
electrical properties as compared to the exfoliated gra-
phene.11−13 Hence, it is critically important to develop methods
of controlling the grain sizes and grain boundaries, and thus
improve the quality of polycrystalline CVD graphene for the
practical applications including electronics.10−14

Recent studies of graphene growth on Ni and Cu substrates
have triggered interests in understanding fundamental growth
mechanism and optimizing CVD conditions for high quality
graphene films. Previous reports have shown to make graphene
grains with spatial structures by varying the growth parameters
such as growth temperature, chamber pressure, and H2 to CH4
(or Ar to H2) ratios.

11,13−15 It has been proposed that the CVD
growth of graphene on Ni substrate relies on the carbon
segregation and precipitation process.16 Therefore, different
segregation behavior can be produced by different cooling rates
and hydrocarbon concentration retained in the CVD chamber
during the cooling step. For example, a fast cooling rate is
required to suppress the formation of multiple graphene layers
and thus yield thin film of graphene. However, the growth on
Cu substrates is due to a surface nucleation and growth
process.10,13 Therefore, variation of cooling conditions such as
cooling rate and hydrocarbon concentration on the sample
cooling is expected to induce different nucleation and growth
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behavior, affecting the overall quality of the resulting graphene
films.
Herein, we describe the effects of the cooling condition on

the Cu-based CVD-derived graphene synthesis. It was found
that the variation of the cooling conditions such as cooling rate
and methane gas flow during cooling step leads to a drastic
change in the growth pattern and quality of the graphene.

2. EXPERIMENTAL SECTION
Graphene synthesis was done using a chemical vapor deposition
(CVD) method as illustrated in Figure 1. Cu foil (thickness = 0.35

mm, Nippon Mining & Metals Corporation) was used as a catalyst and
put into a 1.5 in. quartz tube. The quartz tube was then placed inside a
4-in. quartz tube of the CVD chamber. Ten sccm (standard cubic
centimeter per minute) of H2 was introduced to the CVD chamber,
and the temperature was brought up to 1000 °C in 40 min. The Cu
foil was annealed at 1000 °C for 20 min under hydrogen atmosphere
of 8 × 10−2 Torr to remove copper oxide layer. H2, CH4, and Ar were
then introduced in order into the chamber at a gas flow rate of 10, 15,
and 30 sccm, respectively.
The graphene growth was done for 1 and 25 min under the pressure

at 2.2 × 10−1 Torr. The CVD chamber was cooled to room
temperature with different cooling conditions. As summarized in Table
1, four different cooling conditions were used. The fast (20 °C/s) or
slow (0.3 °C/s) cooling rate were used either with CH4 flow
continuing or discontinuing.
H2 was discontinued during the cooling steps to rule out the role of

H2. Under conditions I and II (in Table 1), the graphene samples were
cooled without the continuing supply of CH4 at fast (20 °C/s) and

slow (0.3 °C/s) cooling rate, respectively, named sample 1 and 2.
Under the conditions III and IV, graphenes were cooled at fast and
slow cooling rates with CH4 continuing until the temperature reaches
600 °C, which were named sample 3 and 4.

For transfer process, the graphene grown on copper foil was
supported by polydimethylsiloxane (PDMS) as a protective layer.7,17

Then, the underlying Cu foil was etched away with ammonium
persulfate solution (16 g of (NH4)2S2O8 powder dissolved in 1 L of DI
water) and rinsed several times in DI water. The PDMS-supported
graphene was transferred to SiO2 (300 nm)/Si substrates and PDMS
residues on top of graphene were removed by washing with acetone
and isopropyl alcohol. The obtained graphene was heat-treated in a
vacuum (10−3 Torr) at 300 °C for 10 min prior to characterization.
The graphene were imaged using a field emission scanning electron
microscope (FE-SEM; JSM 7500F). The electronic structure of
graphene films was evaluated by Raman spectroscopy (Renishaw
spectrometer, λ = 514 nm). The G and 2D peak positions and full
width at half-maximum (fwhm) were determined by Lorentzian
fitting11,18,19 of the line shape of the peaks. The data in the plot for the
intensity ratios and the fwhm were the average of five measurements
taken from five different points. For electron transport measurement,
we transferred the as-grown graphene onto Si substrates with 300 nm
thermal oxide as the gate dielectric and fabricated back-gated graphene
field-effect transistor (FET). Au were deposited as source and drain
electrodes by thermal evaporator. The electrical properties were
measured in a probe station under vacuum (3 × 10−3 Torr) at room
temperature and the I−V data were collected by a Keithley 4200
parameter analyzer.

3. RESULTS AND DISCUSSION

The evolution of graphene on Cu foil was monitored by varying
the parameters such as the cooling rate and the CH4 flow rate
upon cooling. Four different conditions were used and
summarized in Table 1. In these four processes, the annealing
step under H2, growth temperature (1000 °C), gas flow rates
(H2/CH4/Ar = 10/15/30 sccm), and chamber pressure were
identical, but the cooling rates and CH4 flowing on cooling step
differed. Figure 2 shows the scanning electron microscope
(SEM) images of graphene grown for 1 min under the different
conditions. Rectangular or hexagonal graphene islands with
mostly irregular edges were found in different areas. It is clear
that average size and density of the nucleated graphene are
strongly dependent on the synthetic conditions. When fast
cooling conditions was used (sample 1 and 3), the density of
graphene nuclei was estimated to be in the range of 0.048−
0.105 ea/μm2, which is much lower than those grown under
slow cooling conditions (sample 2 and 4). The growth rate of
graphene nuclei (defined here as the average area of graphene
grain for 1 min) was estimated to be 3.5−3.8 μm2/min in
sample 1, 3 (condition I, III, fast cooling rate) and 1.5−2.3
μm2/min in sample 2, 4 (condition II, IV, slow cooling rate).
In CVD growth of graphene on Cu substrate, the nuclei of

graphene are initially formed and continually grow larger via a
surface nucleation and growth pathway. Therefore, the average
size, density and growth rate of graphene nuclei is mainly
determined by the growth time, temperature, gas flow rates,
and pressure, but is likely to be independent of the cooling
rate.11,13,14 However, our results show that the different cooling
rates induce a change in both the density of nuclei and growth
rate. For example, the nucleation of graphene occurs to a
greater extent under slow cooling condition. This is likely
because the slow cooling (0.3 °C/min) allows for the extended
reaction time in which the CH4 gas retained in the CVD
chamber is catalytically decomposed on the Cu surface to create
new graphene islands. Therefore, the density of graphene nuclei

Figure 1. Conditions for graphene synthesis by chemical vapor
deposition. Preannealing under hydrogen atmosphere (step 1),
graphene growth under a gas mixture of hydrogen and methane
(step 2), cooling under 4 different conditions to the critical
temperature (step 3), and cooling to room temperature under argon
atmosphere (step 4).

Table 1. Cooling Conditions Used in This Study

sample
cooling rate
(°C/s)

CH4 flow rate on
cooling (sccm) cooling condition

1 20 0 I (fast cooling, no CH4
flowing)

2 0.3 0 II (slow cooling, no
CH4)

3 20 15 III (fast cooling, CH4
flowing)

4 0.3 15 IV (slow cooling, CH4
flowing)
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was increased by decreasing cooling rate. However, the growth
rate is found to be slower for the graphene (sample 2 and 4)
which was grown under slow cooling rate. This could be
associated with a decrease in the number of catalytic sites as the
density of graphene nuclei increases and the nucleated
graphene fills the Cu surface with large coverage. Therefore,
the catalytic sites available for the graphene growth are
somewhat limited leading to a slower growth rate. The sample
1 and 3 (fast cooling rate) showed lower density of graphene
islands and relatively higher growth rate, and therefore are
expected to increase grain sizes of graphene films as compared
to sample 2 and 4 (slow cooling rate).
To further study the correlation between the graphene

growth and cooling condition, CH4 gas flow rate differs with 0
sccm (sample 1, 2) and 15 sccm (sample 3, 4) during cooling

steps. Although the irregularly shaped graphene islands are
found similarly, the density of graphene nuclei changes with
respect to whether CH4 gases were supplied during the cooling
steps. The samples grown under continuing CH4 flow on cool-
down showed an increase in the density of graphene nuclei.
This indicates that CH4 gases supplied during the cooling step
can chemisorb on Cu surface to form active carbon species and
subsequently contribute to the nucleation of graphene
irrespective of cooling rate. It is noted that H2 gases were
discontinued on the sample cooling, however as it is known
that H2 can etch carbonaceous materials not only during
growth but also sample cooling, H2 gases retained in the CVD
chambers could influence the graphene growth kinetics as
well.12,18 The growth of graphene nuclei and the ultimate grain
sizes of graphene grown in the presence of the remaining H2

Figure 2. Graphene grown for 1 min under a gas mixture of hydrogen and methane by CVD method on sample cooling, (a) fast cooling (20 °C/s),
(b) slow cooling (0.3 °C/s) under Ar atmosphere without H2 and CH4 to 600 °C, (c) fast cooling (20 °C/s), and (d) slow cooling (0.3 °C/s) with
CH4 continuing during cooling step. (e) Comparison of the nucleation site density and growth rate of graphene grown under four different cooling
conditions.

Figure 3. Raman spectra of graphene grown for 1 min (a−c) and 25 min (d−f) under different cooling condition. (a, d) Raman spectra (b, e)
intensity ratio of 2D to G and fwhm of the 2D peak, and (c, f) 2D peak normalizing25 to the G peak intensity.
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gases correspond to equilibrium between the graphene growth
and etching. In case of continuing supply of CH4 gases on the
sample cooling, the residual H2 gases can be swept away such
that the nucleation and growth on cool-down is preferred over
etching.
Raman analysis of graphene was performed to compare the

qualities of the graphene samples grown under different cooling
conditions and transferred to SiO2 (300 nm)/Si substrate by
PDMS similar to the reported method.7,17 Figure 3a shows the
Raman spectra collected from the center of graphene islands
grown for 1 min. Two pronounced peaks in the spectrum are
the G peak at ∼1589 cm−1 and 2D peaks at ∼2,689 cm−1. The
D peak at ∼1,350 cm−1 is negligible confirming the presence of
few sp3−bonded carbon atoms or defects. For all of the
samples, the I2D/IG intensity ratio was ∼3 and the full width at
half-maximum (fwhm) of the 2D peak was ∼29 cm−1, which
represent a monolayer graphene.10,19−27 Although all graphene
samples show similar Raman spectra, the sample 3 exhibits
highest I2D/IG intensity ratio and smallest fwhm value of the 2D
peak (Figure 3b). In addition, the 2D peak in the spectrum of
sample 3 is slightly red-shifted as compared to the other
samples (Supporting Information S1).
These trends are more pronounced for the fully grown

graphene samples. Figure 3d shows the Raman spectra of
graphene grown for 25 min under different cooling conditions.
In Figure 3e, sample 3 (fast cooling rate, CH4 gas flow on the
sample cooling) was found to have the highest I2D/IG intensity
ratios and smallest fwhm of the 2D peak, indicating higher
quality of the graphene. The 2D peak of sample 3 is also red-
shifted as compared to the other samples (Figure 3f). Since the
2D peak position is associated with a doping concentration,28

this result indicates that the sample is close to a pristine
graphene.25−27

On the basis of the Raman spectra, the sample 3 that was
grown under fast cooling rate with CH4 gas flowing on the
sample cooling showed the highest quality of graphene and
thus was expected to have larger grain size.
The grain sizes and grain boundaries of graphene is of

importance in device application since they may affect the
transport properties of graphene such as the carrier mobility.
The electrical properties of graphene samples grown under
different conditions were evaluated with back-gated field-effect
transistor (FET) devices (Figure 4).
For the device characterization, the graphene samples were

transferred to the Si/SiO2 wafer and their electron transport

properties were tested at room temperature in vacuum.29 All
the devices show strong p-type doping behavior, probably
because of the small volatile molecules (e.g., H2O) physisorbed
on the graphene surface during the sample processing. For the
device made with graphene sample 3, the estimated carrier
(hole) mobility was ∼2200 cm2 V−1 s−1, which is relatively high
as compared to other samples (Supporting Information S2).
This result suggest that better quality of graphene is derived
using the fast cooling rate and methane flowing on the cool-
down, which is consistent with the results from Raman analysis.

4. CONCLUSIONS
In summary, CVD growth of graphene on Cu foils under
different cooling conditions has yielded islands with different
sizes, density of nuclei, and growth rates. SEM images have
shown that the density of graphene nuclei decreased and the
growth rate increased as the fast cooling condition was applied.
In addition, continuing methane flow during the sample cooling
also influence the nucleation and growth of graphene on copper
foil. Raman spectra indicate that the graphene synthesized
under fast cooling condition and methane flow on cool-down
shows the highest quality among the samples examined in this
study. Further studies suggested that careful control of the
cooling rate and CH4 gas flow on the cooling step may yield a
high quality of graphene.
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