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ABSTRACT

Graphene was synthesized at 1000 °C by Atmospheric Pressure Chemical Vapor Deposition on copper foil
from methane diluted in argon and hydrogen. The influence of the main synthesis parameters was studied
on 2 x 2 cm? foils in order to obtain continuous monolayer graphene without crystalline defect. The uniformity,
crystal quality and number of layers of graphene were analyzed by Raman spectroscopy and Scanning Electronic
Microscopy. First, an increase of the annealing pre-treatment duration induced an increase of the average size
of copper grains, leading to larger graphene flakes of higher crystallinity presenting a lower number of layers.
Similar evolutions of graphene characteristics were observed when decreasing the methane concentration to
20 ppm, whereas an increase of run duration led to a loss of graphene quality and to a higher number of
graphene layers, confirming that graphene formation is not self-limiting on copper. An optimum hydrogen/
methane ratio was found, quite different from other results of the literature, probably due to differences in the
copper pre-treatment step. Finally, an optimized three step process was developed to form monolayer continuous

graphene of high quality, successfully transposed to 7 x 7 cm? substrates after a reactor scale-up.

1. Introduction

Graphene is a single atomic layer of carbon atoms bonded in a hexag-
onal lattice, exhibiting high mobility and optical transparency, in addi-
tion to flexibility, robustness and environmental stability. Graphene
attracts enormous interest thanks to this extraordinary combination of
properties, in particular in the fields of optoelectronics and transparent
conductors [1-3]. Graphene synthesis on copper by chemical vapor de-
position (CVD) has become the favored approach to form high quality
transferable graphene, due to the potential for large area, increasingly
inexpensive, commercially viable production [4]. However, utilization
of such graphene in many applications requires systematic optimization
of the CVD processes for obtaining selective single or bilayer growth, as
well as highly crystalline, large area domains [5]. Indeed, CVD processes
have typically yielded polycrystalline graphene films composed of rela-
tively small graphene grains (also called flakes). The higher density of
grain boundaries degrades the physical and chemical properties of
graphene [6]. Thus, it is desirable to prepare large single-crystal graphene
to minimize the impact of defects found at grain boundaries. Similarly,
good optical properties will be obtained by minimizing the number of
graphene layers [7]. The CVD synthesis of graphene on Cu has long
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been considered to be surface mediated and self-limiting due to the ex-
tremely low carbon solubility in Cu, leading to the formation of monolay-
er films [4]. However these last years, it has been shown that such
self-limiting behavior only exists under specific conditions, in particular
very low pressure and small amount of carbon precursor [8,9]. Atmo-
spheric Pressure CVD (APCVD) would obviously be more suited to
large-scale production than Low Pressure or Ultra High Vacuum CVD.
Despite many efforts to understand the influences of the copper substrate
characteristics and of the synthesis conditions on the graphene features,
there are still many challenges to be solved to form large monolayer
graphene domains of high crystalline quality on large surfaces.

In this framework, the present study concerns the synthesis of
graphene by APCVD on copper foils from methane diluted in argon
and hydrogen. We first investigate experimentally the influence of the
copper surface crystalline state and of the main synthesis conditions on
the graphene crystalline quality, number of layers and homogeneity on
2 x 2 cm? substrates. Then, optimized synthesis conditions are found
to form homogeneous mono and bi-layer graphene of high crystalline
quality. Finally, after a reactor scale-up, the process is successfully
reproduced on 7 x 7 cm? substrates.

2. Experimental

The CVD reactor consists in a horizontal tube in quartz of 1400 mm
length and 50 mm inner diameter. A three zone furnace of 760 mm



length surrounds the reactor. The 25 um-thick copper foils (99.999%
Alfa Aesar, 2 x 2 cm?) were placed in the central isothermal zone of
the reactor, using a substrate holder which maintains them vertically
during the process, as detailed below. They were heated to 1000 °C in
a 20 sccm H; and 400 to 1200 sccm Ar flow and annealed for 1 to 3 h.
Then between 0.0125 and 0.05 sccm of methane, corresponding to
methane concentrations between 10 and 120 ppm, were introduced
into the reactor during 30 to 90 min, with the same Ar and H, flow
rates. The samples were then cooled to room temperature with an
average rate of 16 °C/min under the same Ar/H, flow rates without
methane. Raman spectroscopy (confocal Raman microscope Labram —
Horiba Yvon Jobin) with a laser excitation wavelength of 532 nm and
optical microscopy were used to evaluate the thickness, crystalline
quality and uniformity of graphene at room temperature. Each spec-
trum was obtained by 5 acquisitions of 30 s accumulation time. Three
to six analyses were systematically performed at various places on
each sample. The morphology of graphene films was analyzed using
Scanning Electron Microscopes (Jeol JSM 6700F and SEM Hitachi
5500). The copper crystal state was analyzed by X-Ray Diffraction
(XRD, SIEMENS D5000).

3. Results and discussion

First, two pre-deposition annealing durations were studied, 1 h
and 3 h. For some samples, the process was stopped just before the
deposition step, and the copper surface was analyzed by XRD. As
shown in Fig. 1(a) and (b), after 1 h the Cu substrate mainly presents
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oriented (100) grains, whereas after 3 h, (111), (100), (311) and
(111) peaks appear. Similar polycrystalline orientations have also
been found in other studies [3,10]. SEM views of Fig. 1(c) and (d)
show that the average size of copper grains is about several hundreds
of microns and tends to be higher after 3 h. This trend is confirmed by
the FWHM (full width at half maximum) of the (100) peak which is
thinner after 3 h, which means that longer annealing duration leads
to a larger average size of grains.

After annealing, the copper substrate was exposed to 120 ppm of
methane for 30 min. As shown in Fig. 2(a) and (b), graphene nuclei
are smaller and more numerous after 1 h of annealing than after
3 h. This observation is in agreement with Wang et al. [11] and Han
et al. [12] results, which have shown that longer annealing time sig-
nificantly reduces graphene nucleation.

The corresponding Raman spectra are presented in Fig. 2(c) and
(d). The disorder-induced D-peak (~1345 cm™"') intensity is clearly
lower after 3 h of annealing. Moreover, the average number of layers
estimated from the 2D (~2689 cm™1)/G (~1591 cm™!) peak ratios, is
also lower after 3 h. Indeed, graphene is mostly 3-4 layers after 1 h
and 1-2 layers after 3 h.

According to several authors, during annealing, the surface rough-
ness and the number of defects of the copper substrate are decreased
due to an enhanced crystal state, the level of volatile impurities and
contaminants is reduced [11] and the surface oxide is eliminated
thanks to the presence of hydrogen [13]. Therefore, the Cu active
sites for graphene nucleation are reduced leading to less numerous
and larger graphene domains. According to Vlassiouk et al. [3], the
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Fig. 1. XRD spectra of copper after (a) 1 h and (b) 3 h of annealing — optical views of copper after (c) 1 h and (d) 3 h of annealing.
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Fig. 2. SEM views of graphene for 120 ppm of methane after (a) 1 h, (b) 3 h of annealing — Raman spectra of graphene after (c) 1 h, (d) 3 h of annealing.

crystallographic orientation of the Cu foil may affect the carbon pre-
cursor dehydrogenation and adsorption, the generation of hydrogen
atoms and the surface diffusion, all steps able to modify the number
of graphene layers.

Then, the influence of methane concentration was studied for
annealing durations of 3 h. Two samples were synthesized at 20
and 40 ppm of methane. Raman analyses are presented in Fig. 3(a)
and (b). A small peak before the G band is present on some spectra.
We verified by specific Raman analyses on the copper substrate that
it is due to the substrate and that it only appears when the Raman
intensity of graphene peaks is low. Such variations of intensities are
related to the crystalline orientation of the substrate [14]. In both
cases, graphene presents few or no defects. This was also the case at
120 ppm of methane (Fig. 2(d)), meaning that for this range of oper-
ating conditions, this absence of defects is mainly due to the Cu
surface state induced by the 3 h annealing. Graphene synthesized at
20 ppm is strictly monolayer, whereas with 40 ppm of methane, the
resulting graphene is mono or bilayers with multilayer spots. This
result is in agreement with those found in the literature, since the
maximum methane concentrations allowing the synthesis of mono-
layer graphene vary from 5 ppm to 41 ppm [9]. According to Vlassiouk
et al. [3], the highest concentration of activated carbon exists at the
beginning of the process, when the open surface area of the catalyst is
maximum. If the inlet CH, concentration is not kept low enough,
multi-layer graphene is formed, which means that under APCVD condi-
tions, graphene synthesis on copper is not always self-limiting, as also
observed by other authors [8,15,16]. The mechanisms involved in the
formation of multi-layer graphene on copper are not yet understood.

According to Li et al. [16], due to the weak carbon-copper interactions,
ad-layers could form simultaneously and beneath the first layer by diffu-
sion of carbon species between the catalytic substrate and the first layer.

Fig. 3(c) and (d) shows SEM views of the two samples. Obviously,
a decrease of the methane concentration leads to a decrease of the
nuclei density and to an increase of the nuclei average size. Wu et
al. [9] also found that the amount of injected methane greatly influ-
ences graphene nucleation and growth. They observed the same evo-
lutions as ours. Luo et al. [17] also obtained high quality graphene
using very low methane concentrations.

The hydrogen/methane ratio is also crucial in graphene synthesis.
It is now well-known that hydrogen acts as an activator of surface-
bound carbon and also as an etching agent controlling the size and
morphology of graphene domains [18]. Losurdo et al. [19] reported no
graphene synthesis without hydrogen and a degradation of graphene
quality at too high H, concentration, thus confirming this dual role. It
is then necessary to find an optimal hydrogen/methane ratio. Here,
two ratios were tested, 800 and 400 for 20 ppm of methane. The
Raman spectra given in Fig. 4 clearly point out a decrease in graphene
quality for the ratio of 400. The average number of layers is increased
and a nonnegligible D-band is present. On the opposite, the ratio of
800 leads to a high quality monolayer graphene. In their study,
Vlassiouk et al. [3] mentioned an optimal H,/CH, ratio of 300, but for
synthesis conditions involving different substrate pre-treatments and
higher residence time of gas into the reactor.

The SEM analyses performed indicate that all the results obtained
above correspond to discontinuous graphene (i.e. flakes). For photonic
and optoelectronic applications, high quality continuous graphene is
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Fig. 3. Raman spectra of graphene formed with (a) 40 ppm, (b) 20 ppm of methane — SEM views of graphene formed with (c) 40 ppm, (d) 20 ppm of methane.

necessary. In order to reach a full coverage, the deposition duration was
then finally increased from 60 min to 90 min. Raman spectra are
presented in Fig. 5. This duration increase did not allow obtaining con-
tinuous graphene and led to a loss of graphene quality. Indeed, bi and
multilayers appear and the amount of defects is slightly higher. Wu et
al. [9] and Wang et al. [11] observed an increase of the surface coverage
without a marked evolution of the number of graphene layers, but
for deposition durations not exceeding 60 min. The non-self-limiting
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behavior of graphene synthesis for the tested conditions is then
confirmed.

The difficulty to obtain a full coverage of the substrate with graphene
of high quality has already been mentioned [9,16]. Wu et al. [9] have
shown that if the methane concentration is too low, a complete cover-
age would necessitate very long run durations. The most efficient way
to obtain a continuous monolayer of graphene seems to use a several
step process, first involving a very low methane concentration in order
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Fig. 4. Raman spectra for hydrogen/methane ratios equal to (a) 800, (b) 400 for 20 ppm of methane.
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Fig. 5. Raman spectra for run durations of (a) 60 min, (b) 90 min at 20 ppm of methane.

to form strictly monolayer graphene flakes with low nucleation density.
Then, methane concentration is progressively increased, to counter-
balance the decrease of active copper area. The aim is to maintain a
steady-state carbon ad-atom supply and to get complete monolayer
graphene coverage with large grain size [9,16], thus ensuring good
physical properties.

An optimized three step process was then developed. The methane
concentrations used were 10 ppm for 1h, 40 ppm for 1 h and
9500 ppm for the final step of 5 min. Raman spectra taken on 6 different
points on the sample are given in Fig. 6(a). They are all similar even if
some small variations can be noticed on the 2D peak position. They
can be attributed to differences in graphene stress which can vary
according to the copper crystal orientation. These differences can lead
to modifications of the 2D peak position over the sample without any
change in the graphene layer number [20,21]. SEM views confirmed
that the graphene film is homogeneous and continuous. Moreover, the
graphene presents a high crystalline quality, as indicated by the very
low D-band intensity. Only mono and bilayers (2D/G peak ratios > 1)
were observed over the entire copper surface.

The process was then reproduced on a larger CVD reactor,
100 mm internal diameter, 760 mm length, using the same furnace.
This reactor allows to treat Cu substrates of 7 x 7 cm?. The gas flow
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rates were increased to keep the same residence time of the gas
phase. Similar Raman spectra (Fig. 6(b)) and SEM views were obtained,
showing that an industrialization of the process could be considered.

4. Conclusion

The aim of the study was to develop an Atmospheric Pressure
Chemical Vapor Deposition process for the synthesis of graphene
with characteristics suitable for opto-electronics uses. A parametric
study was conducted to understand the influence of each key param-
eter on the crystal state, number of layers, density and size of nuclei
and continuity of graphene. Based on these results, a three step pro-
cess involving a progressive increase of methane concentration was
developed. Graphene obtained by this process has a good crystalline
quality and is mostly formed of continuous mono-bi-layers. A larger
decrease of the methane concentration in the last step would probably
allow the synthesis of strictly monolayer graphene film. Finally, the
three-step process originally developed on 2 x 2 cm? copper foils has
been successfully reproduced on 7 x 7 cm? copper foils after a reactor
scale-up. The analysis of the synthesized graphene performances in
terms of transparency and electrical conductivity is in progress.
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Fig. 6. Raman spectra of graphene produced from an optimized three step process (a) on a 2 x 2 cm? Cu foil, (b) on a 7 x 7 cm? Cu foil.
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