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ABSTRACT:

A novel technique for growing graphene on relatively inert metals, consisting in the thermal decomposition of low energy ethylene
ions irradiated on hot metal surfaces in ultrahigh vacuum, is reported. By this route, we have grown graphene monolayers on
Cu(111) and, for the first time, on Au(111) surfaces. For both noble metal substrates, but particularly for Au(111), our scanning
tunneling microscopy and spectroscopy measurements provide sound evidence of a very weak graphene�metal interaction.
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Graphene, a single layer of carbon atoms with the same
arrangement as that in the graphite basal plane, has attracted

remarkable interest in the scientific community as a straightforward
consequence of the first experimental observation of some of its
fascinating properties, which became a reality in 2004.1 The key to
this advance resided in the development of a technique for producing
graphene consisting in the micromechanical cleavage of graphite and
the subsequent transfer of the exfoliated graphene flakes onto SiO2

substrates. Although very valuable for research purposes, this route is
not efficient enough to provide the large amounts of graphene that
would be needed for industrial applications. Currently, several
alternatives are being intensively studied with the main aim of
achieving a method of producing high-quality graphene films with
controllable thickness in order to allow its implementation in future
devices.One alternative attempted is the reduction of graphene oxide
flakes,2 but it produces graphene with reducedmobility of the charge
carriers. The graphitization of silicon carbide (SiC) substrates,
although it has served as a platform for the observation of some
exciting properties of graphene,3,4 presents the inconvenience that it
is not easy to detach the graphene sheet from the SiC substrate.
Graphene epitaxially grown onto metals gives rise to high-quality
graphene films,5�8 and these days it is considered as one of the most
promising approaches since chemical etching of the metal and
transfer of the graphene film onto arbitrary substrates have been
achieved.9,10 In addition, the growthof grapheneonmetals provides a
model system for studying the properties of the contact between

graphene andmetal,11,12 a key issue both froma fundamental point of
view and also to allow the integration of graphene in real devices. As a
consequence, huge efforts are being made to develop new methods
of obtaining graphene films on metals.13�16 The most commonly
employed techniques are segregation of carbon atoms from the bulk
of themetal7,8 and thermal decomposition of hydrocarbons catalyzed
via its adsorption on the surface of the metal.5,6,10 In contrast with
hydrocarbon decomposition, where graphene growth is mainly self-
limited to monolayers,10 graphene multilayers have been frequently
found by segregation and could give rise to problems in achieving a
monolayer.9,17The hydrocarbondecomposition can be performed in
two ways: the adsorption of the hydrocarbons on the metal surface
before annealing at high temperatures,18,19 and chemical vapor
deposition (CVD).5,9,10While bymeans ofCVDand under different
pressure conditions including ultrahigh vacuum (UHV) it is possible
to obtain high coverages of single layer graphene, the preadsorption
of hydrocarbons followed by annealing usually gives rise to scattered
graphene islands partially covering the metal surface.19

Therefore, CVD is a powerful technique to produce large
graphene flakes of high quality over a great variety of metals and, at
the moment, it is the only method suitable for large-scale production
of high-quality graphene films with uniform thickness.10,20 However,
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due to the catalytic role of the metal surface, it could fail with some
low reactivity metals where the hydrocarbons are hardly adsorbed.
Here, we present a novel route, complementary to CVD, which can
be used with relatively inert metals. We demonstrate its applicability
by growing single graphene layers onto Cu(111) and even on
Au(111), a quite inert surface where graphene had not been grown
until now. Thus, our newmethod paves the way to extend the range
of possible substrates for the epitaxial growth of graphene to other
low reactivity metals. This work has been performed in UHV and
using single crystals as metal substrates for the graphene growth in
order to characterize it at the atomic scale by scanning tunneling
microscopy (STM).

The technique we present for growing graphene onto low
reactivity metals consists in the thermal decomposition of fragments
of hydrocarbons produced by irradiating the surface of the metal,
maintained at high temperatures, with an ion beam resulting from the
electron bombardment of ethylene (Figure 1). The irradiation has
been performed bymeans of an ion gun where ethylene is ionized by
electron impact and the resulting ion beam is accelerated against the
hot surface of the metal. It has been reported that after the ionization
of ethylene by electron impact, the ion beam consists mainly of
C2H4

+ ions, but smaller ions such asC2H3
+,C2H2

+,C2H
+,CH2

+, and
CH+ with decreasing concentrations could also be present.21 Once
the ionsof thebeamreach themetal surface, theymight beneutralized
or dissociated into smaller fragments. The adsorption on the surface
and the subsequent decomposition of this carbon-containing species
have been reported to be enhanced compared to the case of thermal
deposition of ethylene.22,23 However, at the ion beam energies
employed here (see below), the possibility of implantation of
ethylene ions and/or smaller fragments in the first subsurface layers
is not ruled out. Thermal decomposition of such hydrocarbon
fragments might also produce hydrogen desorption and diffusion
of carbon to the surface. Anyway, under further annealing at higher
temperatures once the irradiation is stopped, the result is the
formation of a graphene layer onto themetal surface. The best results
for the graphene growth over both Cu(111) and Au(111) substrates
were obtained by keeping the previously cleaned substrate at
temperatures of approximately 800 �C during the irradiation with
ions of 500 eV. After the irradiation, the sample is further annealed at
around 900�950 �C for 10min (for further details about themethod

see Supporting Information). Overfilling the UHV chamber with
ethylene at high pressures of 4� 10�4 Torr was necessary to obtain
typical currents of the accelerated ions between 1 and 2 μA. Further
annealingwas applied after the irradiation process.Different graphene
coverages were obtained (between 0.2 and 1ML) on both Cu(111)
andAu(111), byfine-tuning the irradiation time and current aswell as
the annealing time. Typically, to obtain a final graphene coverage of
0.9 ML on Cu(111) or 0.5 ML on Au(111), 35 min of irradiation at
1.8 μA followed by 10 min of further annealing were required.
However, adsorption and decomposition of ethylene by thermal
deposition on the surface were negligible even at such high pressures.
To demonstrate this, we exposed the hot metal surface under the
same conditions of temperature and ethylene pressure during 60min
but with the ion gun turned off. In this case, no carbon was detected
on the metal surface in our Auger spectroscopy measurements (see
Figure S2, Supporting Information).

Using the above-described procedure on a Cu(111) substrate,
we have obtained high-quality graphene single layers. Such
quality has been atomically characterized in UHV by using a
home-built variable temperature scanning tunneling microscope
(VT-STM)24 and WSxM software.25 Figure 2a displays an STM
image of an area of 93 nm� 93 nm, where an atomically perfect
graphene flake with a moir�e pattern of approximately 6.3 nm is
observed. Several moir�e patterns with different periodicities have
been detected in the present experiments, as would be expected
for graphene monolayers weakly coupled to the metal substrate.
As an example, panels b and c of Figure 2 show atomically
resolved STM images of two of the most frequently found moir�e
patterns. The moir�e pattern observed in Figure 2b is the same as
that shown in Figure 2a and can be explained by a small rotation
(0.8�) of the graphene layer with respect to the Cu(111)
substrate and a mismatch of the graphene lattice of 0.2%. The
moir�e pattern displayed in Figure 2c exhibits a periodicity of
around 2 nm that can be explained by a rotation of 7� and a
mismatch of 0.7% (see Supporting Information).

The versatility of the method presented here is demonstrated
by growing, for the first time, monolayer graphene on Au(111)
surfaces. Figure 3a shows an STM image acquired over an area of
53 nm � 41 nm exhibiting several graphene flakes (in red) over
the Au(111) substrate (in yellow). The herringbone reconstruction

Figure 1. Schematic drawing of the new method of growing graphene on low reactivity metals: (a) clean metal surface; (b) low energy ethylene
irradiation on the metal at high temperatures; (c) further annealing at higher temperatures; (d) graphene layer epitaxially grown on the metal surface.
The upper part of the figure shows 50 � 50 nm2 STM images acquired during the growth of graphene on Cu(111) after each preparation step, as
indicated by the arrows. Yellow regions correspond to the Cu(111) surface, while the red regions correspond to carbon areas. Tunneling parameters:
(a) IT = 1 nA, Vs = 60 mV; (b) IT = 0.2 nA, Vs = 745 mV; (c) IT = 19 nA, Vs = 280 mV.
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characteristic of clean Au(111) can be resolved on the bare area.
On the graphene flakes, reasonably large defect-free graphene regions
exhibiting a symmetric honeycomb structure with the periodicity of
graphene as expected for ML graphene on a weakly interacting sub-
strate26 are routinely found (Figure 3b).On the large scale, the degree
of perfection is not as high as in the case of Cu(111) surfaces and
some defects (white spots) are also seen. Most of them could be
nanobubbles and/or the beginning of wrinkle formation, similar
to those observed in graphene grown on other metals such as
Pt(111)27,28 or Ir(111),28 originated in the graphene layer due to
the mismatch in the graphene thermal expansion coefficient with
respect to the substrate one. We have also performed LEED
measurements and Auger spectroscopy (Figure 3c,d) that confirm
the formation of an ordered carbon layer on top of the Au(111)
substrate on the macroscopic scale. Several orientations of the
graphene layer with respect to the substrate can be deduced from
both high-resolution STM images and LEED patterns. In particular,
rotations between the graphene layer and Au(111) of close to 3� and
25� can be observed (see Figure 3c and Supporting Information).

Our success in growing epitaxial graphene over Cu(111) and
Au(111) surfaces has served us as a platform for investigating the

properties of the graphene�metal contact for both systems. Our
experimental results show that for both Cu and Au the interac-
tion with the substrate is very weak, probably weaker than in any
other reported graphene/metal system. A first evidence is shown
in Figure 4a, which presents an STM image measured at
low temperature (40 K) on a graphene monolayer grown on
Cu(111) with a point defect in its middle. Surrounding the defect,
a remarkable distortion of the graphene lattice with a (

√
3 �√

3)R30� (R3 in the following) periodicity can be observed.
Such R3 modulations of the local density of states (LDOS) are
expected for ideal graphene in the presence of a point defect as
the result of the intervalley scattering processes generated around
it.29 In well-decoupled graphene layers, such as epitaxial gra-
phene on SiC or HOPG surfaces, large R3 patterns associated
with atomic-size impurities have been observed by means of low-
bias STM images, which are a measure of the LDOS at EF.

4,29�34

Therefore, in analogy with the conclusions drawn from those
systems, the existence ofwell extendedR3patterns, observed here in
our STM images around point defects on epitaxial graphene not
only on Cu(111) but also on Au(111) (not shown) can be
explained as a direct consequence of the weak coupling between
graphene and metal for both Cu(111) and Au(111) substrates.

Additional support for this weak interaction can be obtained
through the observation, by means of low-bias STM images such
as the one shown in Figure 4b, of standing waves patterns
through the graphene layer. In these kinds of images, standing
wave patterns such as those resulting from the quantum inter-
ference of electrons on surface states of pristine metal surfaces
can be resolved. Surface states of noble metals through adsorbed
single layers have also been observed upon adsorption of low-
interacting materials such as rare-gas atoms,35 insulating NaCl,36

or aromatic molecules.37,38 In all these cases, due to the small
existing interaction, the surface state band of the original
substrate is only slightly perturbed as reflected by minor changes
in the Fermi wavevector (kF). We have estimated kF from the
present experiments by Fourier transforming low-bias images
such as the one shown in Figure 4b. For graphene grown on
Cu(111), the measured value, kF = 0.18( 0.03 Å�1, is somehow
smaller than that expected (0.215 Å�1) for the pristine Cu(111)
surface,39 suggesting a slight upward shift of the surface state
band if the effective mass is conserved.40 Such a small upward
shift could also contribute to the downward shift of the Dirac

Figure 3. (a) STM image of an area of 53 � 41 nm2 exhibiting three graphene flakes grown epitaxially on a Au(111) surface. The herringbone
reconstruction characteristic of the Au(111) surface can be observed. Tunneling parameters: Vs = 500 mV, It = 0.5 nA. (b) STM image over a defect-free
graphene area displaying the honeycomb structure. Tunneling parameters: Vs = 30 mV, It = 21 nA; size: 2.5� 2.5 nm2. (c) LEED pattern acquired at 62
eV on a graphene/Au(111) sample together with a schematic drawing to facilitate its understanding. Segments with atomic periodicity corresponding to
the graphene lattice located around(3� and(25� are visible (red lines) together with the (1� 1) spots corresponding to the Au(111) substrate (yellow
dots). (d) AES spectrum of the graphene layer grown epitaxially on Au(111). The energy of the primary beam was 2.8 keV.

Figure 2. (a) STM image acquired over an area of 93 nm� 93 nm of a
high-quality graphene sheet epitaxially grown on Cu(111) exhibiting a moir�e
pattern with 6.3 nm periodicity. Tunneling parameters: Vs = 110 mV, It = 21
nA. (b, c) STM images with atomic resolution recorded on areas of 15 �
15 nm2 and 4.6� 4.6 nm2, respectively, of two of themost frequently found
moir�e patterns. Tunneling parameters: (b) Vs = 80 mV, It = 21 nA and (c)
Vs = 50 mV, It = 22 nA. The inset in (b) is a zoom-in corresponding to the
3.0 nm � 1.4 nm area marked with a black rectangle.
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point reported for graphene on Cu(111).6 Moreover, high-
resolution images such as the one shown in Figure 4b reveal
that the standing wave patterns related to the Cu(111) substrate
can be imaged at the same time as the atomic periodicity of the
graphene layer above it. This is an important observation as it
shows that most of the defects present in the underlying Cu(111)
surface, which give rise to the standing wave interference patterns
on themetal surface, do not act as scattering centers for the quasi-
particles belonging to the graphene layer, since an R3 pattern is
not observed around them. Such R3 patterns are a signature of
intervalley scattering processes, which play a key role in the
transport properties of graphene systems, and therefore their
absence implies that these defects in the Cu(111) metal substrate
are not expected to strongly affect the mobility of the charge
carriers of the graphene layer.

The growth of graphene on an atomically controlled Au(111)
surface has allowed us, for the first time, to electronically
characterize the properties of the graphene/Au interface on a
well-known surface, a fundamental step to understand and
optimize the contact properties of graphene with such a com-
monly used material in graphene contacts. For Au(111) sub-
strates, we have also observed standing wave patterns through the
graphene layer. In this case, the Fermi wave vector estimated
from STM images measured at low bias is kF = 0.17 ( 0.01 Å�1

(see Figure S8, Supporting Information). This value is in perfect
agreement with kF = 0.167 Å

�1 for the surface state of the pristine
Au(111) surface,39 suggesting that significant changes are not
expected in the energy onset of the Au surface state band or in the
energy position of the Dirac point. Further insight into the
electronic structure of graphene on Au(111) has been gained by
scanning tunneling spectroscopy (STS). Figure 5b shows differ-
ential conductance plots (dI/dV vs V) consecutively measured at
room temperature (RT) with the same microscopic tip both on
the pristine Au(111) surface and on graphene. The reference
spectrum, measured on the relatively narrow Au(111) terrace
shown in Figure 5a (yellow dots), exhibits the expected rise in the
LDOS associated with the Au(111) surface state onset at around
�0.5 eV, which ensures tip quality. A broad dip at positive
voltages can also be observed due to the electronic confinement
inside the terrace. The spectrum measured on the graphene
region (red line in Figure 5b) exhibits the characteristic V shape

of free-standing graphene with a minimum very close to the
Fermi level. We have reproducibly performed this kind of STS
measurement with many different tips and sample preparations;
see for example Figure S10 (Supporting Information) where we
show a new pair of dI/dV curves measured at 40 K on a large
Au(111) terrace, together with a dI/dV spectra measured, with
the same tip, on a graphene region. All our dI/dV curves on top of
graphene layers were consistent with the ones plotted in red in
Figure 5b and Figure S10 (Supporting Information), showing a
LDOS with minimum at ∼EF accompanied by a fairly linear
increase as expected for free-standing graphene. Therefore, all
our data suggest that this minimum can be associated to the Dirac
point of graphene’s electronic structure, indicating that no
appreciable doping exists for this remarkable system. This is
the first experimental measurement of the Dirac point position
for monolayer graphene grown epitaxially on Au(111) surfaces
and again points to extremely low interaction of the graphene
with the underlying Au(111) surface. This result is in good
agreement with theoretical calculations, which predict small
shifts of the Dirac point with respect to the Fermi level,11,41�44

and with experimental measurements performed by angle-re-
solved photoemission spectroscopy for graphene grown onto
Ru(111),45 Ni(111),46,47 and SiC48 substrates, which show that it
is possible to electronically decouple graphene from the substrate
by intercalating the appropriate amount of Au.

In summary, we have developed a new technique for growing
epitaxial graphene which can be used as an alternative to CVD
onto low reactivity metals where hydrocarbons are hardly
adsorbed. It consists in the thermal decomposition of hydro-
carbon fragments produced by irradiation of the metal surface at
high temperature with low-energy ethylene ions. This route has
allowed high-quality graphene to be grown not only on Cu(111)
but also, for the first time, on Au(111). This has given us the
opportunity to obtain by STM the first experimental measure of
the Dirac point on an atomically characterized Au substrate. In
addition, we have observed by STM, through the graphene layer,
the standing waves originating from the scattering of surface state
electrons on Cu(111) and Au(111). The comparison between
the wave vector found for such standing waves and the Fermi
wave vector of the pristine surfaces together with the observation

Figure 5. (a) STM imagemeasured on graphene/Au(111) showing the
interface between a graphene flake and a narrow Au(111) terrace.
Tunneling parameters: Vs = 200 mV, It = 11 nA. Image size: 3.7 �
7.3 nm2. (b) Room temperature differential conductance plots (dI/dV
vs V) obtained by mathematical differentiation of I/V curves consecu-
tively performed at the positions indicated by the arrows on the clean
Au(111) and on the graphene/Au(111) regions displayed on (a).

Figure 4. (a) STM image with atomic resolution measured at 40 K on a
region of graphene/Cu(111), where a point defect as well as the R3
pattern arising from intervalley scattering in the graphene layer is observed.
The R3 unit cell of the scattering pattern is outlined in black. Such R3
modulations are also visible by Fourier transforming this image, as shown in
the Supporting Information. Tunneling parameters: Vs = 100 mV, It = 0.2
nA; size: 4.7� 4.7 nm2. (b) Atomically resolved STM image acquired at 40
K on top of a graphene flake. The standing wave patterns corresponding to
the scattering of the surface state electrons of the underlying Cu(111)
substrate are observed through the graphene layer. Tunneling parameters:
Vs = 60 mV, It = 2.7 nA; size: 12 � 12 nm2.
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of R3 patterns on the graphene layers with large decay lengths is
in good agreement with the picture of a very weak graphe-
ne�metal interaction for both substrates. In the case of Au(111),
such interaction appears to be exceptionally weak.
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