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ABSTRACT: The epitaxial growth of graphene on catalyti-
cally active metallic surfaces via chemical vapor deposition
(CVD) is known to be one of the most reliable routes toward
high-quality large-area graphene. This CVD-grown graphene is
generally coupled to its metallic support resulting in a
modification of its intrinsic properties. Growth on oxides is a
promising alternative that might lead to a decoupled graphene
layer. Here, we compare graphene on a pure metallic to
graphene on an oxidized copper surface in both cases grown by
a single step CVD process under similar conditions.
Remarkably, the growth on copper oxide, a high-k dielectric
material, preserves the intrinsic properties of graphene; it is
not doped and a linear dispersion is observed close to the Fermi energy. Density functional theory calculations give additional
insight into the reaction processes and help explaining the catalytic activity of the copper oxide surface.
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G raphene, a single layer of carbon atoms, is supposed to on SrTiO; was achieved'® demonstrating that this is a viable
transcend conventional silicon-based electronics, because and promising alternative. Moreover, evidence of graphene
of its overwhelming electronic properties.' * However, a growth on the oxygen-induced reconstructed copper surface
scalable and versatile route to obtain high quality graphene was reported in the case of copper films.'!

on noninteracting substrates that also preserves graphene’s Here we compare the growth of graphene on a high purity
intrinsic3 4properties, a prerequisite for graphene electronic oxide-free Cu(111) single crystal with the growth on a Cu(111)
devices,”" has not been developed yet. In comparison to the single crystal after the creation of a thin oxide layer. We also

establissh_e;i chemi.cal _vapor deposition (CVD) growth on performed density functional theory (DFT) calculations to get
metals,” " the epitaxial growth of graphene on both non- insight into the reaction processes and help explaining the
interacting and high-k dielectric substrates like oxides, f'1;s 1221 catalytic activity of copper oxide.
significant challenge that is gaining increasing interest.” Our results demonstrate the feasibility of growing high-
Direct growth on a dielectric material will eliminate the transfer quality monolayer graphene by a one-step growth process on a
step otherwise required to obtain freestanding-like graphene® preoxidized Cu(111) surface. In contrast to graphene on
on a (nearly) noninteracting substrate. The transfer step is not h ak i . d dooi found 22
easily scalable and often reduces the graphene quality b Cu(L11), where a weak interaction and doping are found,
Y 8rap 4 4 graphene grown on the oxidized Cu surface is effectively

introducing defects and contaminations. For this reason, . . .
. ] 13—19 decoupled from its substrate and thereby its intrinsic properties
various alternative routes have been developed. However, o
are preserved. Importantly, this implies that the band structure

the desired but still most challenging fabrication route is a . ! . o

. L . . of freestanding graphene is retained, where doping is absent.

single-step and self-limiting growth process directly on high-k T ; ' ) .
Because copper oxide is a high-k dielectric material, these

dielectric substrates that preserves the intrinsic properties of ] i > o
findings constitute an important contribution toward the

graphene. o ) X
realization of graphene-based electronic devices. Moreover,

Metal oxides are promising candidates in this respect due to
their good dielectric and catalytic properties.’® In general, we provide crucial information for the clarification of the role of

graphene grown on nonmetallic surfaces like oxides exhibits

reduced quality in comparison to graphene grown on metals® Received: September 23, 2014
and in some cases graphene was even found to be either p- or Revised:  January 9, 2015
n-doped.”*" Only very recently, high quality graphene growth Published: January 22, 2015
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Figure 1. Structural characterization of graphene grown on Cu(111) and on oxidized Cu(111). (a) STM image (170 nm X 170 nm) for graphene
grown on Cu(111). A Moiré pattern arising due to the lattice mismatch between graphene and Cu(111) is visible that continues over the step edges.
(b) STM image (6.8 nm X 6.8 nm) showing atomic resolution with the Moiré pattern present in the background. (c) LEED pattern of graphene
grown on Cu(111) taken at a primary energy of 150 eV. In addition to the Cu(111) diffraction spots (lattice vectors in light blue), a ring surrounding
these spots is visible that is related to the presence of graphene. (d) STM image (17 nm X 17 nm) of graphene grown on oxidized Cu(111). A
diffuse background coming from the oxide is visible. (¢) STM image for graphene grown on oxidized Cu(111) (4.3 nm X 4.3 nm) showing atomic
resolution. (f) LEED pattern of graphene grown on oxidized Cu(111) taken at a primary energy of 61 eV. The high intensity diffraction spots arise
from the oxidized Cu(111) (lattice vectors in red) while the spots marked in orange indicate the presence of graphene (see also Figure 2a,b).

oxygen and of the surface oxide for CVD growth of graphene
on copper, a topic recently subject to much discussion.>*”>*
Because the (111)-oriented facets of polycrystalline Cu
substrates are known to promote fast, high-quality monolayer
graphene growth,” our results for single crystal Cu(111)
surfaces will be also relevant for polycrystalline substrates.
For graphene growth on Cu(111), the Cu single crystal was

preannealed in a hydrogen atmosphere to guarantee an oxide-
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free metallic surface. For graphene growth on oxidized
Cu(111), the clean copper single crystal was exposed to air
for approximately 12 h to obtain an oxidized surface onto which
graphene was grown subsequently without any hydrogen
treatment (see Supporting Information Methods and S1 for
more details).

The structural properties of graphene were characterized by
scanning tunneling microscopy (STM) as well as by low energy
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Figure 2. (a) LEED pattern of graphene grown on oxidized Cu(111), incident electron energy E = 61 eV. The oxide diffraction spots are much more
intense than the Cu(111) spots, which are at this particular energy not visible. The Cu,O reciprocal unit cell vectors are marked in red. Pink square:
close-up view of a second order Cu,O spot enhanced with a derivative algorithm for better visibility. The spots arising from Cu,O (red arrow),
graphene (orange arrow), and the Cu,O surface reconstruction (violet arrow) are marked. The blue dashed arrow points to the position where the
Cu(111) diffraction spot would be expected. (b) Simulated LEED pattern of Cu,O on Cu(111), in bold (black) the strongest diffraction spots of the
oxide are marked. The Cu(111) diffraction spots are indicated with blue circles. The expected location of the graphene diffraction spot is marked by
an orange circle. (c) Model of the Cu,0O(111) surface. Red, oxygen atoms; brown, Cu atoms. The top layer Cu atoms are represented by darker
colors. Top: top view. Unit cell marked in red, p(2 X 2) superstructure used for DFT calculations indicated by black lines. Bottom: side view.
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Figure 3. Mechanism of methane dissociation on Cu(111) (a) and Cu,0(111) (b) from DFT-based transition state calculations. The energies are
given with respect to the reference system of the free surface and methane in gas phase in units of eV. Furthermore, the barrier heights for
overcoming the different transition states are indicated. For both surfaces, the first step with transition state TSI is associated with dehydrogenation,
while the second step with transition state TS2 is associated with CHj diftusion.

electron diffraction (LEED). In Figure 1, STM images and surface, the LEED pattern of graphene on oxidized Cu(111)
LEED patterns of graphene on both metallic Cu(111) and (Figures 1f and 2ab) shows additional diffraction spots

oxidized Cu(111) are shown. On Cu(111), graphene grows (marked in red) due to the presence of the Cu surface oxide.
over the Cu step edges, which is confirmed by the absence of Analysis of the LEED pattern yields that the surface oxide is
changes in the Moiré patterns>’ originating from the lattice mainly arranged in a Cu,O lattice>?? that is known to
mismatch between graphene and Cu(111) (Figure Ia). A close- reconstruct by removing the under-coordinated Cu atoms of

up view of graphene on Cu(111) is reported in Figure 1b, the top atomic layer’' (see Figure 2c and Supporting

where in addition to the Moiré pattern the graphene lattice is Information Figure 3). The Cu(111) first order diffraction
visible. In different areas of the sample diverse periodicities for

the Moiré patterns were observed depending on the specific
angles between the principal directions of graphene and
Cu(111). In the LEED pattern (Figure lc) this polycrystalline
character of graphene is mirrored in a circle around the first
order Cu(111) diffraction spots.

For graphene grown on oxidized Cu(111), in addition to the
clearly visible atomic honeycomb lattice of graphene, a
background due to the thin oxide layer is observed (Figure

spots are barely visible because of the presence of the oxide
layer. A LEED pattern where the Cu(111) diffraction spots
becomes visible is shown in Supporting Information Figure 4c.
The circular feature observed in LEED patterns for graphene
on metallic Cu(111) is replaced by individual diffraction spots,
mainly located along the principal Cu directions and next to the
Cu diffraction spots (orange ovals in Figure 1f, orange markers
in Figure 2ab). This indicates a substantial decrease of

1d,e). A change of the tunneling or tip conditions sometimes rotational disorder of the graphene domains. There is also
results in contrast variations (Supporting Information Figure evidence for a long-range ordered structure with a periodicity of
5—6 and S4). Importantly, the STM images show that high about 3.1 nm (indicated in violet in Figure 2a), which is
quality (defect-free) graphene can be grown on the oxidized attributed to a reconstruction due to the lattice mismatch of the
copper surface. As compared to graphene on the pure metal oxide layer with the Cu(111) surface and with graphene.
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Figure 4. Comparison of the electronic properties of graphene grown on Cu(111) and on oxidized Cu(111). Energy dispersion curves along the 'K
direction of the graphene Brillouin zone (inset) for graphene grown on Cu(111) (a) and oxidized Cu(111) (b), respectively. The Cu 3d as well as
the - and 7-bands of graphene are labeled in yellow. Detail of the Dirac cone at the K-point of the graphene Brillouin zone for graphene grown on
Cu(111) (c) and on oxidized Cu(111) (d), respectively. The white dashed line indicates the linear dispersion of the Dirac cone. (e) Normal
emission spectra measured at the I-point of the graphene Brillouin zone for graphene on Cu(111) (blue) and on oxidized Cu(111) (pink),
respectively. The Cu(111) surface state (SS) is shifted toward the Fermi energy for graphene grown on Cu(111) while it is not present anymore for

graphene grown on oxidized Cu(111).

Among the ordered oxide structures observed in LEED and
STM, Cu,O was by far the most abundant; for this reason we
performed DFT calculations using this Cu oxide as a model
surface. However, a second ordered oxide was in rare cases
found to coexist on the surface (see Supporting Information S3
for details).

Before going into the details of how graphene grows on the
oxidized Cu surface, we recall that dehydrogenation of the
carbon precursor (in our case methane) is the rate limiting step
for graphene growth by CVD,*® and that it was recently shown
that small amounts of oxygen on the copper surface can
enhance the dehydrogenation.”® To understand how the
dehydrogenation proceeds on the copper oxide surface
compared to metallic Cu(111), we calculated the energy
barrier for methane dehydrogenation on both Cu(111) and
Cu,0(111) within the framework of DFT including van der
Waals interactions (see Supporting Information Methods). The
reaction energy profiles, along with side- and top-views of the
optimized adsorption geometries, are reported in Figure 3.

Surprisingly, the energy barrier for methane dehydrogenation
on the Cu,O(111) surface is only slightly higher (1.53 eV) than
on a metallic Cu(111) surface (1.44 eV). Furthermore, as
methane binds slightly stronger to Cu,0O(111) than to Cu(111)
by 0.10 eV, the relative ratio between methane dissociation and
desorption (given by the Boltzmann factor) becomes very
similar on both surfaces. This elucidates why graphene can
form on both surfaces under similar growth conditions.

Previous studies showed that the top atomic layer of the
Cu,O(111) surface spontaneously forms a network of
vacancies®! (Figures 2c and 3) resulting in a reconstruction,
which, according to our DFT calculations, act as catalytic
centers for dehydrogenation. Methane is trapped at a Cu
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vacancy on top of an undercoordinated oxygen atom, which
catalyzes the dehydrogenation to form an —OH and a CH,
group. The CHj; then diffuses to a free oxygen atom in the top
layer or reacts with other molecules forming graphene. Notably,
the DFT results indicate that CHj; diffusion is considerably
slower on Cu,O(111) than on Cu(111). This may be the rate-
limiting factor for the growth on the oxidized surface. Assuming
that the same growth conditions are used, fewer graphene
domains should be obtained on Cu,O(111) as compared to
Cu(111). These results are consistent with recent studies,
which have shown that small amounts of oxygen on a copper
surface alter the growth from an edge-attachment-limited to a
diffusion-limited process, reducing the graphene nucleation
density.””?®

Our DFT calculations give an overview of the main steps
involved in the methane dehydrogenation process. However, to
fully model the complex kinetics of graphene growth at high
temperatures a more comprehensive theoretical study would be
required, taking into account many other processes, such as the
recombination of two CH; molecules and the attachment of
CH; to the graphene domains at elevated temperatures.
However, this would require a significant additional computa-
tional effort, clearly beyond the scope of this study. Because
local defects and vacancies are expected to only enhance the
surface reactivity with respect to the model presented here, this
will not change our main conclusion. Indeed, due to the
relatively high oxygen mobility in copper oxides, especially at
the high growth temperatures (>1200 K), vacancies can be
easily created and may act as additional catalytic centers. At the
same time, oxygen ions from deeper layers can migrate to the
surface and compensate for the surface reduction that might
happen during graphene growth. We speculate that this

DOI: 10.1021/nl5036463
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remarkable flexibility of the oxide layer may be the key factor
for obtaining high quality (defect-free) graphene on copper
oxide.

Although the high oxygen mobility on the copper oxide layer
plays an important role in vacancy creation and annihilation,
the oxide layer itself is quite stable. Indeed the oxide layer is
easily preserved upon annealing to 1200 K in ultrahigh vacuum
(UHV) and can be removed only by several cycles of sputtering
and annealing. Moreover our experiments exclude the
possibility of oxygen migration from the bulk that is instead
observed for low purity copper foil.

The oxide layer has a dramatic effect on the electronic
coupling between graphene and the substrate as revealed by
angle-resolved photoemission spectroscopy (ARPES) measure-
ments (see Supporting Information S2 for more information),
performed to investigate the electronic structure of graphene
grown on both metallic and oxidized Cu(111). ARPES spectra
were acquired along the T'K direction of the graphene Brillouin
zone with a photon energy of 27 eV. Figure 4 shows the
comparison of the ARPES measurements for graphene grown
on metallic (a,c) and on oxidized (b,d) Cu(111). The 3d-bands
of copper are visible between 2 and 4 eV below the Fermi
energy, Eg, while the 7-band of graphene is present between Eg
and ~8.5 eV below E; (Figure 4ab). Graphene grown on
metallic copper is n-type doped with the Dirac energy residing
at about 0.38 eV below Ej (Figure 4c). The z—z* and o-bands
are shifted accordingly. Such n-type doping is in agreement
with theoretical predictions and previous experimental
reports.>*>**>> On the other hand, for graphene grown on
oxidized Cu(111) the o- and z-bands are located closer to Ej
than for graphene on metallic Cu(111) (Figure 4b). This
becomes more evident when inspecting the Dirac cone (Figure
4d). Notably, within the limit of our experimental resolution
(~25 meV), the Dirac points reside at Eg, which means that
graphene grown on oxidized Cu(111) is not doped and the
oxide effectively decouples graphene from its metallic support.

For weakly interacting graphene, the Fermi velocity can be
approximated by fitting the dispersion of the z-band close to
the Dirac points with a Dirac-like linear dispersion." Graphene
grown on copper oxide is found to have a Fermi velocity of
~1.4 X 10° m/ s, which is in agreement with the theoretically
predicted value of freestanding graphene.' For graphene grown
on metallic Cu(111), a nearly three times smaller Fermi
velocity of ~0.5 X 10° m/s is obtained. The presence of
electronic coupling for graphene on Cu(111) is also evidenced
by a shift of the Shockley surface state of Cu(111) toward the
Fermi energy (Figure 4e and Supporting Information Figure 2).
The bottom of the parabolic dispersion of the surface state is
shifted from its usual value of 0.4 eV below Eg for Cu(111) to
about 0.23 eV below Eg in the presence of graphene. This is in
agreement with previous studies®>>* for graphene on Cu(111)
and can be explained by charge transfer from the Cu surface
state to graphene contributing to the observed n-type doping.
Instead, for graphene on oxidized Cu(111), the surface state is
absent due to the presence of the surface oxide layer on top of
Cu(111). The ARPES measurements therefore demonstrate
that graphene grown directly on copper oxide is electronically
decoupled from the substrate and exhibits comparable
properties as freestanding graphene.

Our results show that the commonly held belief that the
catalytic activity of the copper oxide for graphene growth is low
needs to be reconsidered and that CVD growth on metal oxides
surfaces is a promising route for the fabrication of graphene, as
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well as of graphene nanostructures, on high-k dielectric
substrates via industrially scalable and versatile methods.

Indeed, our experiments show that high-quality freestanding
graphene can be grown directly on an oxidized copper surface.
The possibility of graphene growth on a high k-dielectric
copper oxide surface, while preserving a freestanding-like
graphene band structure, has great implications for the
development of graphene-based electronics.
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Methods, additional STM images, and LEED analysis. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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