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ABSTRACT: Graphene is formed through the thermally induced decomposition of ~ Ceo anneal transfor

Ceo in combination with a Ni thin film. After transfer to a SiO, substrate, optical
microscopy and Raman spectroscopy confirm the presence of graphene for films of
Cgo buried under nickel or alternatively for C4o adsorbed on a nickel surface. For
buried films the graphene thickness is shown to depend on the fullerene dosage, with

m )
graphene SiO,

evidence of domain growth from nucleation sites separated by tens of micrometers.
The adsorption of Cgp and the changes arising from annealing are also monitored using scanning tunneling microscopy. We relate
our results to previous studies of the decomposition of C4y on nickel and other transition metals.

B INTRODUCTION

Monolayer graphene consists of a single atomic layer of sp”
hybridized carbon atoms which are bonded in a honeycomb array
and has been grown and widely investigated on metallic substrates'
under ultrahigh vacuum conditions in a series of studies dating back
over many years. Following the demonstration by Novoselov et al.*
that single sheets of graphene could be isolated and transferred
to other substrates using an exfoliation method and the growth of
graphene on SiC,” there has been renewed interest in the growth
of graphene to provide large areas of material® *' for a variety of
applications. The great interest in the controlled production of
graphene arises from its exceptional electronic properties, and this
material has great technological potential for the fabrication of new
electronic devices and sensors.”

In recent reports, the formation of graphene on metal surfaces such
as nickel or copper is commonly achieved by chemical vapor
deposition (CVD) using a gaseous hydrocarbon source such as
methane, ethene, or propene®*~"” and differs from early studies in
that the growth does not occur under ultrahigh vacuum conditions but
under much higher pressures, even up to ambient pressure. Recently,
Yu et al."* and others®* ™ '® have shown that graphene grown by this
route can be released from the metal substrate by chemical etching,
The resulting graphene has overall thicknesses down to the few-layer
or monolayer and can be transferred to other surfaces.

It is also possible to form graphene from sources other than
gaseous hydrocarbons. In recent work, we have demonstrated that
immersion of a Rh film in an organic solvent followed by a thermal
anneal in vacuum can lead to the formation of graphene.”*** It has
also been shown that annealing nickel films on SiO, surfaces can
lead to the formation of graphene, due to trace background carbon
contamination” or the intentional inclusion of amorphous carbon.*®
The solid-state reaction relevant to these latter processes has been
studied greviously by Shelton et al,”” Eizenberg et al,”® and Fujita
et al>>* using carbon-doped polycrystalline nickel, and an alter-
native approach to the formation of graphene from solid sources on
copper films has also been recently reported.*"

In this paper, we investigate the use of a molecular source of carbon
for the formation of graphene in conjunction with a nickel thin film.
Specifically we demonstrate the formation of graphene on nickel films
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using Cep as a carbon source. Cg is chosen since the overall dosage of
sublimed molecular layers can be controlled down to the submono-
layer level, and it is also known that C4y decomposes on a nickel
surface,”>*” although the resulting product of this decomposition has
not hitherto been identified. Graphene films prepared from Cy, were
transferred to a SiO, surface, and their quality was analyzed using
Raman spectroscopy. The conversion of Cgg to graphene was also
studied in situ using scanning tunneling microscopy (STM).

B EXPERIMENTAL METHODS

Our experiments are typically performed using nickel thin films
deposited on SiO, (thickness 300 nm) grown thermally on a
Si(100) wafer apart from a small number of samples which were
grown on sapphire for use in STM investigations. Initially 7 X
10 mm” pieces of Si/SiO, are loaded in a vacuum system (base
pressure 10~ ° Torr) and degassed at 800 °C in 10~ ® mbar vacuum
conditions for over one hour (omission of this step leads to the
formation of graphene even for control samples with no intention-
ally added carbon as previously reported;” this indicates that
carbon-containing adsorbed species present on the SiO, surface
prior to nickel deposition can be transformed into a surface
graphene layer if this preparative procedure is omitted).

Sample heating was achieved by passing a current through a piece
of highly doped silicon placed at the back of the SiO, sample wafer,
and the surface temperature was measured using a pyrometer. Nickel
was evaporated using an integral tungsten—alumina crucible, and the
film thickness (typically 100 nm) was measured using a quartz
microbalance. Cgy was sublimed from a Knudsen cell at constant
temperature with a deposition rate of 0.16 nm/min (0.8 nm of Cg is
equivalent to 1 monolayer, which has a surface density of 1.2 x 10°
molecules/ﬂmz). The samples were then annealed at 650—890 °C
for 2—15 min. Following annealing the current on the silicon back
heater was reduced to zero over a controlled period, typically 1S s.

Transfer of the graphene films was then performed using a

variation of the technique described previously,"* "> in which
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Figure 1. Graphene synthesized from Cg buried under a nickel film on
a Si0, surface. a Shows the preparation procedure done in vacuum: (I)
~1.6 nm of Cg, was deposited on a predegassed SiO, surface, (II) nickel
film was grown by evaporation, and then (1II) the whole assembly was
annealed at a chosen temperature for 15 min. b, ¢, and d are tapping
mode 2 X 2 um AFM images of the samples taken out after each of the
stages I, II, and III, respectively. e is the Raman spectra of transferred
graphene prepared at different annealing temperatures given, with the
peaks D, G, D/, 2D, and D + G assignment shown with dashed lines.

FeCl; is used to etch the nickel leaving the graphene attached to
supporting polymer layers (PMMA/PDMS was used in this study).
The graphene/polymer layer was placed on a separate substrate
(90 nm SiO, oxide grown thermally on Si) and immersed in acetone
to dissolve the PMMA and release the graphene. The resulting layer
is optically visible** and was characterized using Raman spectroscopy
(Horiba Scientific LabRAM HR) with an excitation wavelength of
532 nm. STM images are acquired in a vacuum using a commercial
(Nanograph Systems) instrument which is operated at room
temperature using Pt/Ir cut tips. Ambient STM images were
acquired using a commercial instrument (Molecular Imaging/
Agilent) also using cut Pt/Ir tips.

B RESULTS AND DISCUSSION

Two methods were used to grow the graphene films, which differ
in the order that the Cgy and nickel were deposited. We consider
first the deposition of nickel on Cg. Initially, 1.6 nm of Cgy was
deposited on the SiO, surface leading to the formation of islands
with typical width separations of 40 and 100 nm, respectively (see
images acquired using atomic force microscopy, AFM, in Figure 1;
average island height 14 nm), consistent with a Volmer—Weber
growth mode. After overgrowth of nickel, protrusions of similar
dimensions are observed in the surface topography suggesting that
the Cy islands are not significantly disrupted by the deposition of
nickel. After the Ni/Cg layers are annealed, the island topography is
no longer observed. Instead we observe a polycrystalline faceted
morphology which is essentially identical to that observed for an
annealed nickel film in the absence of Cg. This change in
topography indicates a significant reordering of surface constituents.
In the second procedure (see Figure 2a), the order of deposition is
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Figure 2. Graphene synthesized from 1.6 nm of Cg deposited over a
nickel film on a SiO, surface. a shows the procedure used: (I) nickel film
was grown on predegassed SiO, piece, (II) sample was exposed to Cyj,
and (III) then the sample was annealed for 15 min. b is the Raman
spectra of post-transferred graphene versus annealing temperature.

reversed so that nickel is first deposited on the SiO, surface followed
by deposition of Cy and then annealed.

After the etch-release of the surface layers, the presence of
graphene was confirmed using Raman spectroscopy. The spectra
in Figures le and 2b were acquired for, respectively, buried C4o and
Ceo-on-nickel, that were annealed at 710, 766, and 825 °C for 15
min. Annealing at 880 °C resulted in no transferred graphene.
Several peaks associated with the presence of graphene are easily
identified in all spectra, the D (1356 cm™ '), G (1581 cm™ '), D’
(1620 cm ™), 2D (2688—2728 cm™ '), and D + G (2950 cm ™ ')
peaks.*® The spectral intensity was normalized to the intensity of the
G peak, and selected peak intensities for each temperature are
presented in Table 1.

The 2D peak (2688—2728 cm™ ') arises from the second-
order breathing mode of a single phenyl ring on the graphene,*®
and the intensity and position of this peak are sensitive to the
number of graphene layers. For monolayer graphene, a single
Lorentzian with full-width-half-maximum (fwhm) ~30 cm ™'
and normalized intensity (I,p/I) ranging from ~1 to 2 (<1 for
multilayers) are expected.”> On the graphene obtained from
buried Cgp there is an increase of the I,p/Ig ratio for higher
annealing temperatures. For graphene grown with C4 on nickel,
the I,p/Ig is generally higher, suggesting a higher monolayer
fraction, while for these samples the fwhm is lower and has less
variation with annealing temperature. These results suggest that
single graphene layers are best achieved with C4, deposited on
top of the nickel film and at annealing temperatures of
760—825 °C. Higher-temperature annealing results in a lower
number of graphene layers consistent with studies by Shelton
et al,”” Fujita et al,”® and Eizenberg et al.*® on carbon-doped
nickel. The Raman spectra in Figures le and 2b have an Ip/Ig
intensity which indicates a significant level of disorder. We
investigated the effect of the postannealing cooling rate, which
is known to limit carbon segregation and solvation during the
cooling process in graphene grown by CVD.'* An increase in
cooling rate leads to a small reduction of the D peak to values
In/Ig < 1.
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Table 1. Summary of Measured Values Obtained from the Raman Spectra of Transferred Graphene, Prepared with C4, under and

above the Nickel Film and Annealed at Different Temperatures”

anneal temperature D peak 2D peak

°C In/Ig Lp/Ig position/cm71 fwhm/cm
nickel on Cgg 710 2.31 1.61 2674.3 413

766 2.64 1.68 2675.7 37.7

825 0.95 2.18 2677.1 35.6
Cgo on nickel 710 1.94 2.33 2670.0 34.9

766 1.26 2.40 2674.3 31.0

825 1.53 2.39 2674.3 33.5

“The D peak and 2D peak intensities are normalized to the intensity of the G peak. The position and fwhm of the 2D peak are also given
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Figure 3. a and b are 150 X 150 um optical microscope images of
transferred graphene produced using the buried Cgo method with exposure
to 0.8 nm (5 min) and 1.6 nm (10 min) of Cgo, respectively. Darker and
lighter contrasts are graphene and bare SiO,, respectively. c is the Raman
spectra of the graphene regions in images a (green) and b (red).

The effect of varying Cg, dosage was also studied (see the optical
micrographs in Figures 3a and 3b). For low coverage (0.8 nm of
buried Cyy, see Figure 3a) we observe the formation of isolated near-
circular islands of graphene (darker regions) with typical diameters
and separations of 10 ym. A Raman spectrum acquired for such an
island is shown in Figure 3c (red line) and, with a ratio of Lp/
I ~ 2, is consistent with monolayer graphene. Higher coverage of
Ceo (1.6 nm of buried Cy) results in near complete sample coverage
(Figure 3b) and multiple layers as deduced from the 2D peak in the
Raman spectra (Figure 3c, green line) which has a fwhm ~47 nm
and Lp/Ig < 1. This result shows clearly that the graphene layer
thickness can be controlled by varying the coverage of Cg. In
addition, our results show that, following nucleation, graphene
initially grows as a monolayer. The use of a buried Cg, layer is
somewhat analogous to the use of amorphous carbon®® although
there are several differences in the Raman spectra we observe for a
fullerene source of carbon. In particular, the 2D peak is much
narrower in the current work indicating a high fraction (50%) of
monolayer graphene.

Figure 4. Succession of STM images acquired during preparation of the
Cgo—Ni—sapphire sample. a STM image obtained after ~1 monolayer
Ceo deposited onto 100 nm of nickel film on sapphire. Image b was
obtained after annealing the C4o—Ni—sapphire to 540 °C for 10 min,
demonstrating that the C( reordered and formed well-ordered islands. ¢
shows the STM image obtained after additional annealing to 595 °C for
10 min. d was obtained with an ambient-STM after taking the sample
from the vacuum chamber to air. Image e was scanned in the square
region indicated with an arrow in d. Tunneling parameters are: a —0.5V,
0.1nA; b +03V,03nA; c —1.0V,0.1 nA;d —0.3V, 1.0nA; e —02V,
1.0 nA.

It is possible to estimate the fraction of deposited carbon atoms
that is incorporated in the graphene. A Cgo layer with average
thickness 0.8 nm (1 monolayer) has a carbon content equivalent
to ~3.2 monolayers of graphene, but as shown in Figure 3 an
annealed film with this coverage actually results in a lower overall
coverage of ~0.5 monolayers. We believe that the remaining carbon
forms pyrolitic carbon (PyC) at the nickel—SiO, interface or
remains dissolved within the nickel. Evidence for the formation of
PyC is provided by Raman spectroscopy and optical imaging of the
SiO,/Ni interfacial region following etching (in this case no transfer
was performed, and the resulting carbon layers remained on the
substrate used for growth), which confirmed the presence of a
material with very wide D and G bands similar to the spectra for PyC
formed by CVD on SiO,.*

Further insight into the transformation of Cg to graphene can be
obtained by monitoring the nickel surface using STM. For these
experiments, we use sapphire as a substrate since the resulting nickel
films are flatter (following annealing at 710 °C for ~10 min) and
therefore more compatible with STM imaging. Figure 4a shows an
image acquired following deposition of 1 monolayer of Cg.
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Although the overall arrangement is disordered, it is possible to
resolve individual molecules. After annealing the sample at 540 °C
for 10 min (Figure 4b) well-ordered hexagonal close-packed islands
are observed with an apparent height of 0.42 nm. Kusch et al. have
previously investigated the adsorption of Cg on Ni(111) using low-
energy electron diffraction (LEED).*> These authors find that,
similar to our STM results, adsorption at room temperature leads
to a disordered arrangement, but a hexagonally ordered phase is
formed following annealing. The temperature we observe for the
transition from disordered to well-ordered Cyy domains is in good
agreement with the value of 530 °C reported by Kusch et al.*" The
measured intermolecular Cg, distance of 1.0 nm matches well with a
4 X 4 periodicity with the Ni(111) surface (an; = 0.249 nm, 4 X ay;
=0.996 nm). The estimated fractional Cy coverage is reduced to
~0.5 ML at this stage. Annealing at higher temperature, 595 °C,
results in a change of the surface morphology (Figure 4c), with an
absence of Cg4 domains of molecules, but the nickel terrace
structure remains essentially unchanged. Our results indicate that
dissociation of Cgy occurs between 540 and 595 °C since we have
found that graphene is present for samples annealed at >600 °C.
This result is fully consistent with previous studies of Cgy on
Ni(111), while on Ni(110) decomposition and conversion to a
graphitic layer have also been reported, but at a slightly lower
temperature (490 °C).>> Additional annealing at 655 and 710 °C
did not cause a significant change of morphology.

Images of the surface have also been acquired using an
ambient-STM following transfer of the sample to atmosphere.
Figures 4d and 4e show an overall morphology that is very similar
to that observed in vacuum apart from the presence of shallow
holes (Figure 4d). A zoomed image in the region indicated with
an arrow is shown in Figure 4e and shows a regular structure with
a period ~0.24 &£ 0.01 nm, close to the expected surface lattice
constant of graphite/graphene and similar to previously pub-
lished images of graphene on nickel.'”?” The presence of
graphene is confirmed by applying the polymer-etching-transfer
procedure to this sample. The resulting Raman spectra confirm
the presence of ~2 layers of graphene. As noted in a previous
publication, the graphene layer inhibits oxidation of the metal
surface,” and we believe this facilitates the ambient STM studies.
We attribute the presence of pits, which are typically up to 1.5 nm
deep, to defects in the graphene layer which allow, and possibly
arise from, localized oxidation of the graphene/nickel surface.

B CONCLUSIONS

To conclude, we have shown that the decomposition of C4, on
nickel, which has previously been reported in the literature, provides
graphene as a product. The formation of graphene has been verified
by releasing the resulting layers by etching the metal substrate. The
Ceo coverage, annealing temperature, and deposition sequence were
all found to influence the properties of the graphene layers, and this
molecular source of carbon provides a method of controlling the
total dosage of carbon introduced into the film with a high degree of
precision. Raman spectra acquired for our transferred films indicate
that the films grown using fullerene have a high monolayer fraction
but also a higher defect (D) peak than is commonly observed for
CVD few-layer graphene grown on nickel. It is possible that the film
quality can be further improved using other metals or different
molecular precursors while retaining the high monolayer fraction we
observe. In conjunction with our previous report of graphene
growth,” it is also clear that carbon present at a buried metal/
SiO, layer can diffuse and segregate at the surface, and graphene

growth can even arise from adsorbed carbon unless this is removed
by annealing, or some other process, prior to metal deposition.
Overall, our results provide an alternative solid-state approach for
the formation of graphene with controlled layer thickness.
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