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raphene, a single monolayer of grap-
Ghite, has been attracting great inter-

est in both basic science and indus-
trial application." Fundamental properties
of this material have been explored mainly
on exfoliated graphene with a maximum of
hundreds of um? area.? Besides exfoliated
graphene flakes, graphene growth on SiC
was performed for in situ analysis under
ultrahigh vacuum (UHV) to reveal the high-
resolution electronic structure of graphene*
Both of these methods offer only a limited
area of graphene, and intensive effort has
been devoted to developing a large-scale,
high-throughput growth technique. The
commercially feasible growth of graphene
so that CMOS fabrication methods can be
applied with large uniform area enough to
integrate on silicon wafer was initiated by
thermal CVD growth with hydrocarbon gas.
This provides the chance to compete with
silicon technology in manufacturing cost.
Nevertheless, we need to further under-
stand the role of substrates during the
growth process®® as well as how to control
the uniformity and the number of graphene
layers on the wafer scale.”® In order to do
that, the mechanism related to CVD growth
atvarious conditions should be investigated
through microscopic approach such as uti-
lizing STM.

In CVD growth of graphene using a cata-
lytic substrate, the quality of graphene lar-
gely relies on the substrate metal, tem-
perature, and cooling rate.® The most suc-
cessful growths were achieved on Niand Cu
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ABSTRACT Scanning tunneling microscopy (STM) and density functional theory (DFT) calcula-

tions were used to investigate the surface morphology and electronic structure of graphene

synthesized on Cu by low temperature chemical vapor deposition (CVD). Periodic line patterns

originating from the arrangements of carbon atoms on the Cu surface passivate the interaction

between metal substrate and graphene, resulting in flawless inherent graphene band structure in

pristine graphene/Cu. The effective elimination of metal surface states by the passivation is expected

to contribute to the growth of monolayer graphene on Cu, which yields highly enhanced uniformity

on the wafer scale, making progress toward the commercial application of graphene.
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substrates. The importance of the cooling
rate associated with the segregation and
precipitation process was addressed in Ni,
one of the high carbon solubility metals,
while surface reaction between substrate
metal and hydrocarbon source was empha-
sized in Cu, which makes mostly single-layer
graphene. It was also reported that the
electronic density of states of graphene
changes depending on the underlying me-
tal due to the interaction with the substrate.
The electronic structure of graphene grown
on various metals has been studied by
scanning tunneling microscopy (STM) or
angle-resolved photoemission (ARPES).° '
From the previous studies, the measured
electronic structure of graphene on Ni could
be understood in terms of the strong inter-
action between graphene and substrate.
However, graphene on noble metals such
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as Pt or Cu, known to be weakly interacting between
graphene and the substrate, was revealed to show
features different from the intrinsic graphene band
structure by scanning tunneling spectroscopy
(STS).">® This raises a fundamental question on how
to interpret measured band structure coupled with
substrate metallic states.

Here, we report an electronically decoupled gra-
phene system on Cu(111) grown by low temperature
CVD, showing the inherent Dirac cone near the Fermi
level in STS. Density functional theory (DFT) calcula-
tions explain the measured STS data using a surface-
modulated interface structure which provides the
electronic detachment of graphene from Cu. Succes-
sive thermal treatment destroys this peculiar detach-
ment by reconstructing the interface between
graphene and Cu substrate and changes the electronic
band structure of graphene into previously reported
ones.

The growth substrate was prepared by depositing
500 nm thick Cu using electron-beam evaporation
onto a SiO,/Si wafer. After increasing the substrate
temperature to 650 °C, hydrogen plasma was applied
to clean the Cu surface. Then C;H, and Ar gas were
flowed with 100 W plasma power, and the graphene
was grown during the dissociation of C,H, for 3 min.'”'8
Unlike previous high temperature growth at ~1000 °C
on Cu foil” or single crystal,'® we adopted a plasma-
supported growth to lower temperature. This unique
synthesis by lowering temperature is a more practical
approach because we avoid the melting point of Cu
around 1000 °C in the fabrication process. The plasma
helps to dissociate the C,H, molecules. With this
external active energy from the plasma, we could
dissociate the hydrocarbon molecule at the low tem-
perature of 650 °C, causing the graphene to weakly
couple to the substrate. The grown graphene on Cu
thin film was transferred to an STM chamber, and we
took STM/STS measurements on the pristine graphene
and repeated it after annealing the graphene at ~500 K
for 24 h. Despite the polycrystalline character of the Cu
film, the majority of Cu substrate was revealed to have
(111) orientation by electron back-scattering diffrac-
tion (EBSD) measurement and STM images of neighbor
steps of the Cu substrate.

RESULTS AND DISCUSSION

On the pristine graphene on Cu, we obtained a new
incommensurate line structure, as shown by STM
images in Figure 1a. This differs from the previously
observed Moiré pattern.'® The periodic lines separated
by ~6.5 A in pristine graphene are clearly seen over
terraces, and 120°-rotated lines also exist on the same
terrace. The direction of substrate steps indicates that
the line patterns are generated on the Cu(111) domain
as supported by EBSD data. The graphene continues
to grow, covering the substrate steps. An atomic
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Figure 1. STM topography and d//dV spectra of the gra-
phene on line patterned Cu(111) synthesized by the CVD
method at 650 °C. (a) 30 nm x 30 nm STM topography of
the graphene. A domain boundary is highlighted with a
yellow line. Tunneling condition: 0.5V, 0.5 nA. (b) 3nx 3 nm
atomic resolution image of the lines covered by graphene.
Tunneling condition: 1.0 V, 0.5 nA. (c) FT from the STM
topography of panel b. Scale bar = 20 nm™". (d) di/dV
spectra across the lines or terraces.

resolution image of the line patterns and the corre-
sponding Fourier transform (FT) in pristine graphene
are shown in Figure 1b,c, respectively. Despite the low
temperature during CVD, epitaxially grown graphene is
clearly observed across the periodic line pattern, which
is marked as two points near the I' point. This super-
lattice structure covers most of the sample area, follow-
ing the zigzag direction of the graphene and remains
stable in the air at room temperature for several
months.

In order to investigate the electronic structure of
pristine graphene with the line patterns, STS was
performed at the temperature of ~3 K by standard
lock-in techniques to obtain dI/dV spectra over the
region in Figure 1a. The STS in Figure 1d is completely
different from the previously measured spectra of
graphene on Cu(111) and other metals. Previous dI/
dV spectra show the electronic structure of graphene,
highly intermixed with metal surface states, or even
dominated by the metallic surface structure.'>"® How-
ever, our pristine graphene with line superstructure
shows clear substrate-independent V-shape in STS,
which is expected for ideal graphene. This is the first
observation of the intrinsic electronic structure of
graphene grown on metal. Interestingly, the di/dv
spectra are homogeneous across the line patterns
and terraces of substrate, as shown in Figure 1d, im-
plying that the electronic structure of the graphene is
spatially uniform unlike epitaxial graphene on SiC.'%?°
STS results may include other effects such as phonon-
assisted inelastic tunneling (see the Supporting
Information), and the explanation of the STS will be
discussed using a theoretical study later.
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Figure 2. STM result on the graphene/Cu(111) annealed at
500 K. (a) 17 x 17 nm STM topography of the epitaxial
graphene showing the Moiré pattern whose period is ~6.5
nm. Tunneling condition: 1.0 V, 0.5 nA. (b) d//dV. (c) STM to-
pography of the same region in panel a at low bias. Stand-
ing waves are observed near point defects indicating the
probing of the surface states of Cu(111). Tunneling condi-
tion: 0.1V, 0.5 nA. (d) Dispersion relation deduced from the
variation of the wavelengths in panel c. The calculated
effective mass is ~0.4 m,.

After annealing the graphene sample at the tem-
perature of ~500 K for ~24 h, the aforementioned line
structures disappear and a Moiré pattern of large
hexagons with the period of ~6.5 nm appears, as
shown in Figure 2a, which is attributed to the discre-
pancy of lattice constants in hexagonal graphene and
the Cu(111) surface. The appearance of a Moiré pattern
by the thermal treatment accompanies the alteration
of the dI/dV spectra, as shown in Figure 2b. At low bias
regimes below 0.3V, as in Figure 2¢, the graphene is
electronically transparent and the metallic surface of
Cu(111)is visible in STM. The electronic standing waves
near point defects are a key feature of the unperturbed
surface states of Cu(111). With the varying wavelength
of the standing wave, we deduced the dispersion
relation of the surface state electrons under the gra-
phene in Figure 2d. Despite the limited energy window
due to the appearance of graphene's density of states
at higher energies, we could obtain the dispersion
curve with a similar effective electron mass (~0.40
me) as in clean Cu(111).2" From the above analysis,
we explain the altered STS as an observation of the
Cu(111) surface state through the graphene.

To understand the STM/STS of graphene before and
after annealing, we performed DFT calculations em-
ploying the local density approximation® and the
projector-augmented wave method as implemented
in VASP.22* valence electronic wave functions are
expanded in a plane wave basis set with a cutoff
energy of 273 eV. The Cu(111) surface is modeled by
periodic Cu slabs, each of four atomic layers thick,
separated by a vacuum spacing of ~10 A. To simulate
graphene on the Cu(111) surface, where the mismatch

JEON ET AL.

in the experimental lattice constants is as high as about
4%, we use the graphene (3/+/3 x 3/+/3)R30° supercell
on the Cu(111)-(5 x 5) supercell so that the resulting
lattice mismatch is below 1%. This combination is also
taken to explain the period of the line patterns in our
pristine graphene before annealing. The Brillouin zone
integration is made with a uniform (6 x 6 x 1) mesh. All
atoms except for the bottom Cu layer are relaxed until
all of the residual forces are less than 0.02 eV/ A,

The proposed model for the pristine graphene is
described in Figure 3a, where the line patterns are
introduced by modulating the top layer of the Cu
substrate. As the origin of the surface modulation, an
insertion of other elements into the top-layer Cu was
adopted, which can effectively reduce the density of
states of the surface states according to DFT calcula-
tion. The structure was based on Cu(111)-(5 x 5)
supercell, and feasible elements such as H or C were
selected as the insertion elements. The structure with
the additional C atoms reproduces well the period
(~6.4 A) and the direction of line patterns shown in
STM images. The distance between the graphene and
the substrate Cu atoms is ~3.0 A, big enough to
maintain the linear dispersion of graphene. The struc-
tures without the C atoms or with H atoms instead, on
the other hand, show a strong graphene—substrate
interaction with a reduced spacing between them of
2.2—2.4 A, failing to account for the linear experimental
d1/dV spectra (Supporting Information). Other possibi-
lities such as the Cu(100) or (110) surface as the
substrate, the edge-, or strain-induced reconstruction
of the Cu(111) surface, the linear Moiré pattern from a
cubic Cu lattice,*® and the regular surface dislocation or
reconstruction have been considered, but found not to
reproduce both the period and uniformity of the line
patterns and the weak graphene—substrate interac-
tion (Supporting Information). For the annealed gra-
phene/Cu surface, a substrate reconstruction to the
full-coverage Cu surface was assumed, as shown in
Figure 3d, where the equilibrium graphene—substrate
distance is calculated to be ~3.2 A.

The difference of STS in pristine and annealed
graphene/Cu system comes from two major physical
quantities: intensity of projected density of states
(PDOS) and spatial extension of involved wave func-
tions. In the pristine graphene/Cu (Figure 3b), the
PDOS of & bands of graphene (C 2p,) is larger than
the PDOS of Cu surface states (Cu 4p,), and the
modification of the electronic structure of graphene
is negligible. However, the PDOS of the Cu(111) surface
state exceeds the PDOS of the graphene z band
around the Dirac point in the annealed graphene, as
shown in Figure 3d. The amplitudes of the atomic wave
functions in the vertical direction are shown in
Figure 3e, where the distance of 3 A between graphene
and Cu is reflected. It is noticeable that the underlying
Cu surface state largely extends in the upward
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Figure 3. Calculated atomic and electronic structures for the pristine and annealed graphene/Cu(111) surfaces. (a,d)
Prospective views of the structural models of the pristine and annealed surfaces. Gray and red spheres are C and Cu atoms,
respectively. (b,e) Top views of the structural models. The graphene layer is depicted as a honeycomb network of gray sticks,
and the yellow and red spheres are the first- and second-layer Cu atoms, respectively. The gray spheres in (b) are the inserted
C atoms. (c,f) PDOS of the graphene C 2p, states and the top-layer Cu 4p, states of the structural models. (g) Spatial extent of
atomic radial wave functions. The wave functions of the C atom are 3 A upward shifted to reflect the graphene—substrate
separation. (h) Experimental d//dV data of the pristine (red line) and annealed (blue line) graphene/Cu(111) surfaces.

direction (blue curve). In the pristine graphene/Cu
system, the intrinsic band structure of graphene is
obtained due to the relatively large PDOS of graphene
m bands (Figure 3b), while the extended tails of Cu
surface states are probed by STM due to the relatively
small PDOS of graphene & band (Figure 3d) in the
annealed graphene/Cu system.

The two distinct systems of graphene on Cu are
described schematically in Figure 4. Gray spheres are
carbon atoms, and the vertical extension of the atomic
wave function (C 2p,) is represented as gray ellipses.
Orange spheres represent Cu atoms, and they show
long atomic wave function (Cu 4p,) in both systems.
Dark and bright orange ellipses indicate the relatively
large and small PDOS of Cu surface state near the Fermi
energy, respectively. In Figure 4a, it is clearly seen that
the STM tip probes mainly the graphene electronic
structure as the gray ellipses are dominant compared
to the bright orange ellipses, reducing the catalytic
function of Cu. On the other hand, dark orange ellipses
are extended over graphene wave function in
Figure 4b, which implies that the STM tip probes
mainly the Cu surface state.

Finally, we want to underline that the quality of our
CVD graphene on Cu at low temperature is distinguis-
hed, compared to graphene grown at high temperature.

JEON ET AL.
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Figure 4. Schematic pictures for the two systems of gra-
phene/Cu. Gray spheres are carbon atoms and orange
spheres are Cu atoms. (a) Bright orange ellipse indicates the
small PDOS of Cu surface state. STM tip probes both gray and
orange ellipse, but the C atomic wave function dominates the
measurement. During the growth process, C;H, molecules
are not dissociated to make the second layer of graphene
because of the weak catalytic effect of Cu substrate. (b) In
high temperature CVD processes done by other groups, Cu
atomic wave function penetrates the graphene layer, so that
additional partial layers of graphene may be grown. The Cu
atomic wave function dominates STM measurement, as
shown by dark orange ellipses close to the STM tip. This
explains the STS results showing the Cu surface state in
previous studies and in our annealed graphene.

It has been reported that higher order layer shows slower
growth rate due to a much lower concentration of Cu
catalyst available to promote the decomposition of
hydrocarbon gas so that the graphene multilayers cover
a small area regime of 5%, which is a tremendous
advantage of single-layer graphene grown on Cu.?® In
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our epitaxial graphene grown at low temperature, no
sign of the evolution into even a bilayer or triple layer
was recognized.'® Any contrast change comparable to
the multilayer was not detected in the optical image or
Raman spectral spatial mapping in the intensity ratio of
2D/G or half-width at half-maximum (hwhm) of 2D as
well as having an optical transmittance of 97.7% at 550
nm. Here G and 2D, conventional notations, are the zone
center phonon and the overtone of K point phonon,
respectively. The blockage of Cu electronic states by the
graphene layer should help the growth of uniform single
graphene, as shown in Figure 4. In addition, naturally
occurring byproduct, like ripples owing to the high
temperature process, does not exist in our single-layer
graphene. We believe that this low temperature process
could give us the chance to improve device quality with
enhanced electronic properties of graphene and devel-
op mass producible commercial products using a top-
down CMOS compatible approach.

METHODS

Sample fabrication was done by preparing 500 nm thick
Cu using electron-beam evaporation onto a SiO,/Si wafer.
We used this substrate for growth of graphene layers using
plasma-enhanced chemical vapor deposition (PECVD). In
the PECVD chamber, we first increased the substrate tempera-
ture to 650 °C, then hydrogen gas was flowed into the chamber
while and external RF coil was used to induce the plasma
to clean the Cu surface. The pressure during this step was
kept at 50 mTorr, while the hydrogen gas flow rate was 40 sccm,
and the RF forward power was 100 W. Then, C,H, at 1 sccm
and Ar gas at 40 sccm were flowed with 100 W plasma power.
The graphene was grown during the dissociation of CyH,
for 3 min. The low temperature of 650 °C caused the graphene
to weakly couple to the substrate. The grown graphene on
Cu thin film was transferred to an STM chamber, and we
took STM/STS measurements on the pristine graphene and
repeated it after annealing the graphene at ~500 K for 24 h.
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