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A gas phase controlled graphene synthesis resembling a CVD
process that does not critically depend on cooling rates is
reported. The controllable catalytic CVD permits high quality
large-area graphene formation with deft control over the thickness
from monolayers to thick graphitic structures at temperatures as
low as 750 °C.

Graphene has attracted enormous attention because of its
exciting structural and electrical properties.! Extremely high
mobilities® and a tunable band gap® make graphene potentially
useful for innovative approaches to electronics* and sensing.’
For these applications a scalable and reproducible method for
graphene production is required. Mechanical exfoliation of
graphite® and decomposition’ of SiC surfaces upon thermal
treatment have been the main sources for graphene, with
limitations in quality and scalability. Solution-phase® and
solvothermal syntheses of graphene’ were a major improvement
for processing, however for device fabrication, a reproducible
method such as CVD yielding high quality films of controlled
thickness is desirable. Recently, the formation of graphene
under CVD-like conditions on Ir,'* Ru,'®” Ni'! and Cu'?
surfaces has been reported. Nevertheless, these processes are
not conventional CVD since they rely on precipitation of
carbon upon cooling and require high-quality substrates,
elevated temperatures (~ 1000 °C) and accurate control over
cooling rates.

Here, we introduce a CVD process which produces high
quality graphene with tunable thickness on Ni surfaces. We
have synthesised large-area graphene films (>1 cm?) in a
simple tubular CVD reactor using ethyne (acetylene) as precursor
under varying CVD parameters. The nickel substrates were
prepared by E-beam evaporation (Edwards Auto500) of Ni
(200 nm) on thermally-grown silicon dioxide (300 nm). The
substrates were introduced in a tube furnace heated to
temperatures between 650 °C and 1000 °C. After reduction
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by a mixture of hydrogen and argon (1:1) for 5 min, Ar was
shut off and acetylene was introduced, keeping the overall
pressure between 0.5 and 5 Torr for various dwell times. The
flow rate was nominally 60 sccm for acetylene and 180 sccm
for hydrogen or argon, unless otherwise specified. The
substrates were then cooled under nitrogen flow with rates
exceeding 15 °C s ! or as slow as 0.15 °C s~ !. For reference,
bare SiO, substrates were also placed in the CVD chamber.
A Zeiss Ultra FE SEM with an EDX detector was used
for imaging the graphene layers directly on the substrates.
Aberration-corrected HRTEM was carried out using an
Oxford-JEOL JEM2200MCO FEGTEM/STEM fitted with
two CEOS C; aberration correctors, operated at 80 kV. The
samples for HRTEM were prepared by directly peeling off the
carbon deposit from the substrate with a formvar film which
then was deposited onto a TEM grid. Raman spectra were
taken with a Jobin-Yvon Labram Raman spectrometer using
an excitation wavelength of 633 nm, with a probe size of 2 um.
Typically, five Raman spectra were taken on each sample to
confirm homogeneity over the sample area. Graphene films
were transferred by dissolving the Ni in HCI (~5 M) and
then dredging the films from the solution onto the desired
substrates. A Veeco Dektak6 profilometer was used to measure
the thickness of transferred films. The measurements were
taken before and after the graphene layers were oxidised at a
temperature of 800 °C in an open air furnace, in order to
minimise any contribution from residual Ni.

SEM images of graphene films display good homogeneity
and show domains a few pm? in area (Fig. la). Within the
domains the films do not show any structural features,
indicating the absence of defects. The TEM images (Fig. 1b
and c) show the defect-free honeycomb lattice of a graphene
monolayer, confirming the high quality of CVD-produced
graphene. Electron diffraction shows a typical six-fold
symmetry expected for graphene and graphite. The analysis
of diffraction intensity ratio [ 110)/I(1-210) Teveals a value of
1.38 proving that the flake is in fact a single layer.'> This is
further supported by the Raman spectra 3A and 4D where the
intensity ratio I/I>p of the G- and 2D-peaks at ~1580 cm ™!
and ~2660 cm ™!, respectively, is approximately 4, indicative
of graphene. These Raman spectra do not show any feature
around 1330 cm™!, proving the perfect crystallinity of our
graphene films within the probed area. The D-peak occurring
in this region is indicative of defects and/or disorder in sp’
carbon systems'* (see supplementary informationt).

Fig. 2a depicts two homogeneous graphene films after
transfer onto glass slides. The difference in thickness, apparent
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Fig.1 (a) SEM image of a transferred graphene film. (b) Aberration-
corrected HRTEM image of a transferred graphene film grown by
CVD. (c) Filtered HRTEM image of inset in (b), showing a perfect
hexagonal graphene lattice.

from different transparencies, results from varying growth
times. Fig. 2b shows the change in thickness with growth time
measured by profilometry. For comparison, the thickness of
pyrolytic carbon (PyC) grown under identical conditions
on catalytically inactive SiO, substrates is also shown.
The growth rate of graphene/graphite films on Ni is about
150 nm h™! in the first 5 min and then continues at approxi-
mately 30 nm h~!. The growth rate of PyC on SiO, is less than
that of graphite on Ni in the initial stages, but has the same
growth rate as Ni for longer dwell times.

For the CVD growth of graphitic carbon reported here,
we propose a catalysed hetero-epitaxial deposition on Ni,
followed by homo-epitaxial growth to yield thicker graphite
layers. The initial catalysis of graphene formation on Ni under
similar conditions has been described earlier,'® and is thought
to take place at step edges on the Ni surface.'® The graphitising
effect of Ni is clearly confirmed by the Raman spectra in
Fig. 3. Highly crystalline graphene monolayers (3(A)) as well
as bulk graphite layers (3(B)) on Ni are observed, while in
contrast the carbon film on inert SiO, under the same
conditions (3(C)) exhibits a large D-peak due to the nano-
crystalline structure typical of PyC.'” The catalysis of graphene
formation takes place under similar conditions as those for the
synthesis of carbon nanotubes on Ni nano-particles, however
it is discontinuous, since a closed graphene layer puts a stop to
further penetration of carbon feedstock into the Ni catalyst.
Thus, thicker graphite films must be formed by homo-epitaxial
growth on top of the initial graphene deposit. This two-step
behaviour can be seen in the growth rates for graphitic
deposits on Ni shown in Fig. 2b: the high initial growth rates
are due to catalysed graphene formation, followed by slower,
non-catalysed homo-epitaxial growth, with the same growth
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Fig. 2 (a) Photograph of graphitic films transferred onto glass slides
with different thicknesses. (b) Thickness as a function of time
of carbon deposits grown on Ni and SiO, substrates at 950 °C and
5 Torr.
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Fig. 3 Raman spectra (A) of graphene monolayer obtained on
Ni after 30 s growth at 950 °C and 1 Torr, (B) of graphite on Ni after
1 h at 950 °C and 5 Torr, (C) of PyC on SiO, under identical
conditions as (B).

rates as for PyC. (Raman spectra for initial stages of growth
are shown in supplementary informationt).

Growth models based on carbon segregation upon cooling
cannot account for the graphite thicknesses that we observe,
since the equilibrium solubility of carbon in Ni is less than 1%
at 950 °C.'"* Assuming that a 200 nm Ni film is fully saturated
with carbon and that all of this segregates upon cooling, a
maximum of a 2 nm thick deposit can be expected, assuming
similar lattice constants. This behaviour is observed upon slow
cooling (0.15 °C s~ 1) of a substrate, which produces FLG as
shown by Raman spectrum 4(A). This provides an estimate for
the upper bound of carbon that can segregate from our Ni
films. A possible contribution of segregation based growth in
our other experiments can not be ruled out, but will be
minimal as the carbon segregation is quenched for fast cooling
rates, yielding thin graphene films deposited directly from the
gas phase (Raman Spectrum 3(A)).

We further observed the formation of graphene at 750 °C,
which to the best of our knowledge, is the lowest temperature
reported for graphene synthesis.'” The Raman spectrum 4(B)
shows FLG grown at 750 °C, where maximum rates for the
decomposition of acetylene have been reported.?’ The formation
of graphene by segregation is unlikely at lower temperatures,
since the diffusivity drops exponentially with temperature. The
diffusivity of carbon in Ni is approximately 25 times lower
than that at 950 °C (see supplementary informationt), where
already a 2-fold decrease of the diffusion time causes the
suppression of graphene formation.''” Further, we were able
to achieve control over graphene thickness by varying the flow
rate of the precursor gas only, underlining a gas phase con-
trolled formation of graphene. As shown in the Raman spectra
(C) and (D) of Fig. 4, mono-layered graphene was synthesised
with a very low precursor supply, while a higher flow resulted
in FLG.

By varying growth times we have demonstrated that graphitic
carbon of controllable thicknesses down to monolayer
graphene can be obtained by CVD. The dependence of film
thickness on dwell time and precursor flow rates and low
temperature growth are not consistent with the segregation-
controlled growth reported previously and indicate hetero-
epitaxial graphene formation on Ni followed by homo-epitaxial
deposition. Better understanding of the growth mechanism of
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Fig. 4 Raman spectra (A) of graphene grown on Ni for 30 s at
950 °C, 1 Torr and slow cooling (<0.15 °C s'), (B) of graphene
grown at 750 °C and 1 Torr for 2 min, (C) of few layer graphene and
(D) of monolayer graphene obtained at 950 °C, 1 Torr with a
precursor flow of 20 sccm, and of 2 sccm for 2 min respectively.

graphene will open a wealth of applications since it can be used
for high-volume fabrication with fewer constraints on the
substrates used and a considerable reduction in the thermal
budget. Apart from film thickness control, CVD will also
provide facile routes for the doping of graphene which will
be vital for precise band gap tailoring.
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