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Quasifreestanding multilayer graphene films on the carbon face of SiC
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The electronic band structure of as-grown and doped graphene grown on the carbon face of SiC is studied
by high-resolution angle-resolved photoemission spectroscopy, where we observe both rotations between ad-
jacent layers and AB stacking. The band structure of quasifreestanding AB bilayers is directly compared with
bilayer graphene grown on the Si face of SiC to study the impact of the substrate on the electronic properties
of epitaxial graphene. Our results show that the C-face films are nearly free standing from an electronic point
of view due to the rotations between graphene layers.
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One of the most substantial problems that the graphene
community is faced with is a choice of substrate that pre-
serves the unique properties of the Dirac charge carriers in
graphene. Most substrates require tradeoffs between ease of
large-scale sample growth and the strength of the substrate
interaction. One of the earliest forms of graphene was grown
on transition-metal substrates like nickel,!? where the growth
process itself is straightforward but the interaction with the
substrate is very strong.>* More recently, free-standing
graphene has been isolated through mechanical exfoliation’
but the process is time consuming and unreliable. The ideal
graphene system for the purposes of both scientific studies
and industrial applications would be one where large-scale
sample growth is simple and efficient, and the graphene is
relatively free standing. Graphene grown on the carbon face

of SiC, SiC(0001) (Ref. 6) might be one such system. De-
spite the large number of graphene layers, the different ori-
entations between adjacent layers (most commonly *2° and
30° rotation with respect to the substrate)’~® causes them to
decouple from one another, resulting in a system whose
transport and electronic properties closely match those of
free-standing monolayer graphene.®!®-!3 On the other hand,
recent magnetospectroscopy and localization measurements
suggest a more complicated role of the interlayer
interaction' and the possible presence of AB-stacked (Bernal
or rhombohedral) domains."” In addition, X-ray measure-
ments of C-face graphene indicate an average lattice spacing
that lies between that of AB-stacked graphene and of fully
rotationally disordered films.® This is completely different
from the case of graphene grown on the Si face of SiC,
where all adjacent layers are coupled due to the AB
stacking.'6-18

To shed light on the role of the interlayer interaction and
to fully characterize the electronic structure of these samples,
it is of fundamental importance to directly measure their
band structure and in particular to study the 7 bands near the
Dirac point. Angle-resolved photoemission spectroscopy
(ARPES) is the ideal tool to directly measure the electronic
band structure of graphene and determine the number of
AB-stacked layers by measuring the number of 7 bands. The
thickness of AB-stacked films can be verified by measuring
the variation in photoemission intensity of these bands along
the k, (out-of-plane) direction.!”!?
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In this Rapid Communication we present high-resolution
ARPES studies of the 7 bands of epitaxial graphene grown
on the carbon face of SiC. On every sample, we observe the
decoupled band structure of free-standing monolayer
graphene, AB-stacked bilayer graphene, and other
AB-stacked few-layer-graphene band structures, although the
relative amounts of AB stacking can vary from sample to
sample. This indicates the prevalence of both AB stacking
and the decoupling of adjacent layers by azimuthal rotations
to create free-standing few-layer AB-stacked systems. We
discuss how to reconcile these findings with transport prop-
erties which appear to be identical to those of single-layer
graphene. Finally, we show how the band structure of free-
standing bilayer graphene grown on the carbon face of SiC
differ from those of bilayer graphene grown on the silicon
face of SiC, in order to demonstrate the impact of the sub-
strate on the electronic properties.

Samples were grown on the C-terminated face of SiC sub-
strate as previously reported.®” High-resolution ARPES data
were taken at BL12.0.1 of the Advanced Light Source at a
temperature of 15 K after annealing samples to 1300 K using
photon energies from 42 to 80 eV. The vacuum was better
than 3 X 10~!'! Torr.

Low-energy electron diffraction’ and x-ray diffraction®?
measurements of the C-face growth of graphene show a dis-
tribution of rotational orientations of the graphene planes
with respect to the SiC substrate. Since the sample has rota-
tional domains, ARPES data taken radially outward from the
I' point, along the I'-K direction (see cartoon in Fig. 1, top
center), are generally sharper than data taken along the azi-
muthal direction (the K-K’ direction), so the ARPES spectra
presented here are shown along the I'-K orientation. More-
over, the bilayer band intensity along the K-K' direction is
greatly suppressed by photoemission matrix elements (even
more so than monolayer graphene).

Figure 1(a) shows raw ARPES data that is typical of our
samples. It was taken at a K point (rotated by 2° from the
SiC lattice) along the I'-K direction, and there are several
bands that disperse toward the Dirac point, which is near the
Fermi level. This is surprising because the Dirac cone of
monolayer graphene has only a single band, whereas
AB-stacked graphite has only two. The extra bands are not
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FIG. 1. (Color online) (a) ARPES dispersions taken along the
I'-K direction at k,=4.0 A1, showing bands that correspond to a
superposition of signals from AB-stacked films of different thick-
nesses. (b) The second derivative of panel (a) enhances the weaker
multilayer sidebands. (c) Photon energy or k, dependence of photo-
emission intensity, at 1 eV binding energy, shows that the bands of
panel (a) correspond to different thicknesses of AB-stacked films.
(d) Four Lorentzian peaks were fit to ten MDCs to obtain the data in
(e). (e) A comparison of the intensity ratios of the bands in (a) to the
intensity ratios one should expect from previously measured x-ray
data.

due to rotated Dirac points, which have been ruled out by an
examination of the Fermi surface and other constant-energy
maps. The band velocities and Dirac point momenta also
disagree with the predicted band structure of rotational
supercells.?’ Instead, the bands in Fig. 1 correspond to a
superposition of the valence-band dispersions of single-layer,
double-layer, and multilayer AB-stacked graphene.>'~* For
thin AB-stacked graphene films, the thickness can be deter-
mined from photoemission by measuring the number of
bands, and can be confirmed by observing the intensity os-
cillations along the k_ direction.!”! In an AB-stacked ar-
rangement, the number of 7r bands is equal to the number of
graphene layers. The relative intensities of these ARPES
bands vary, and occasionally vanish, as the ARPES signal is
scanned along the surface of the sample.

From the separation of the momentum distribution curves
(MDCs) at E (not shown) we conclude that the sample is
slightly p doped: for monolayer graphene the doping is 8
X 10" ¢cm™ (Refs. 13 and 24), as expected for a free-
standing graphene sample.>?>>?® This differs significantly
from graphene grown on the Si face of SiC, where mono-
layer graphene is typically n doped by ~1 X 103 cm™2.'7 In
graphene grown on the Si face of SiC, a Schottky potential
forms between the graphene bilayer and the adjacent SiC
substrate, which induces a charge transfer onto the graphene
sheet,?”-?8 resulting in a higher doping level.'®?° In contrast,
graphene grown on the C face of SiC can be many layers
thick,” where the topmost films are well separated from the
SiC substrate, sitting instead on a thick graphitic substrate
and electronically decoupled by rotational faults. This results
in the lower doping level and lower overall interaction with
the substrate in graphene grown on the C face of SiC. Illus-
trations of the real-space structures are given in Fig. 2.

A standard method of graphene thickness characterization
by ARPES is the measurement of the photon energy, or k.,
intensity dependence of the graphene valence bands.!”-!”
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FIG. 2. (Color online) (a) A cartoon illustrating bilayer graphene
grown on the Si face of SiC, including the SiC substrate, carbon-
rich buffer layer (horizontal dotted line) and bilayer graphene
planes (horizontal solid lines). (b) A cartoon illustrating the stack-
ings in C-face graphene. Arrows mark rotational faults. Layer
groups (i)—(iv) correspond to 1 ML, 2 ML, 2 ML, and 1 ML
AB-stacked domains, respectively. (c) An AB-stacked bilayer pair.
(d) A rotated bilayer pair.

This dispersion is shown for the C-face sample in panel (c).
The most intense band is the vertical straight line that corre-
sponds to monolayer graphene; in rare cases, only this single
line is present. In addition to this straight line, one can dis-
cern an alternating double line due to the split bands of bi-
layer graphene, and a shoulder near k,=4.0 A-! corresponds
to bands from thicker films. The periodicity of the bilayer
band intensity matches that reported by Ohta et al.'”3° for
AB stacking on Si-face samples. This indicates that the AB
stacking in C-face and Si-face samples have the same out-
of-plane lattice constant to within 0.8%. These intensity
modulations, typical of every measured C-face sample (in-
cluding one UHV-graphetized 6H-SiC sample and several
furnace-graphetized 4H-SiC samples), confirm the presence
of AB-stacked graphene domains.

Since a single ARPES beamspot probes many domains on
the surface of the sample (which can also result in multiple
Dirac cones in a single ARPES spectrum), a statistical distri-
bution of film thicknesses can be obtained from a single
ARPES image.?' This can be done by Lorentzian fitting to
the MDCs extracted from the dispersion in panel (a) [a typi-
cal raw MDC with its fit is shown in panel (d)]. The high
spectral weight from AB-stacked ARPES bands, shown in
panel (e), are typical of all measured samples. The fact that
much of the sample forms AB-stacked structures is surprising
in light of transport experiments where bulk samples behave
like monolayer graphene.

The reason why many transport experiments do not show
signatures of multilayer domains might be related with: (a)
the smaller Fermi velocity of multilayer graphene; (b) the
possible presence of a band gap in undoped bilayer and few-
layer graphene;'®% (c) the local nature of some experiments,
where a single monolayer domain may certainly be probed;*?
(d) the bulk of these samples may have a lower AB density
than the surface probed by ARPES; (e) overall variations in
the AB-stacking probability from sample to sample; and per-
haps most importantly, (f) interactions across rotational
faults. Coupling between rotated planes may result in super-
cell band structures with linear dispersions that act like
monolayer graphene.’® However, we could not obtain any
evidence of these supercell bands, perhaps due to experimen-
tal limitations.
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FIG. 3. (Color online) (a) ARPES dispersions taken along the
I''K direction at k,=4.5 A1 for the as-grown sample. Tight-
binding dispersions have been added for the bilayer bands as a
guide to the eye. The vertical dotted line in panels (a) and (c) give
the position of the K point. (b) is a second derivative of (a). (c)
ARPES dispersions taken along the I'-K direction at k,=4.5 AL,
electron doped by 0.0158 electrons per unit cell by potassium depo-
sition. Tight-binding dispersions have been added as a guide to the
eye. (d) is a second derivative of (c). The K point in panel (d) has
been marked for each of the bilayer bands.

To address the way the stacking takes place in these
multilayer domains, we focus on bilayer graphene and use
the tight-binding model, as in a previous study,'®?'%3 to
model the onsite Coulomb potential U and the out-of-plane
nearest-neighbor interaction, 7y;. To obtain U and vy, we
electron dope the sample by potassium deposition and ex-
tract the bilayer graphene band positions at the K point for
each doping. According to the tight binding, the band posi-
tions at the K point are given by

— 2 1172
S(T,T(k=K)=(_ l)g{w%*_%} ,

where o, 7= * 1 correspond to the choice of band.

In Figs. 3(a) and 3(b) we show data for the as-grown
sample at k,=4.5 A~'. At this value of k., the two bilayer
bands have equal intensity, although the monolayer band is
more intense than both. The hatlike structure that is often
associated with bilayer graphene3?3* is absent for the un-
doped bands, which implies that the potential difference be-
tween the two bilayer graphene planes is small, a conse-
quence of the distance from the SiC substrate. The
dispersions for the doped sample are shown in panels (c) and
(d), where the potential created by the adsorbed potassium
atoms give the bilayer bands a hatlike shape.

In Fig. 4 we summarize the results of the fitting to several
dopings. These are compared with data from graphene grown
on the Si face of SiC,!® where the interaction with the sub-
strate is strong,?’ to study how the tight-binding parameters
are affected by an increase in the interlayer interaction. Panel
(a) shows the band positions at the K point of both types of
sample as a function of doping, (b) shows U, and (c) shows
v:. We find that all of these parameters have a larger value
for the C-face graphene than for the Si-face graphene.

For U, this is a demonstration of the free-standing nature
of the C-face samples. For the Si-face samples the graphene
layer is separated only by a carbon-rich “buffer layer” from
the substrate and is hence subject to a strong interaction with
the substrate. This shifts the Dirac point of monolayer
graphene by ~400 meV (Refs. 17 and 29) and results in a
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FIG. 4. (Color online) (a) Comparison of band energies at the K
point [in Fig. 2 these are the energies where bands cross the vertical
dotted lines, as marked by Greek letters in panel 2(d)] for bilayer
graphene grown on the C face in red (gray) and Si face (black) of
SiC, as a function of doping. Si-face data were obtained from Ref.
18. (b) Comparison of U as a function of doping. The error bar for
the leftmost data point gives an upper limit from a tight-binding fit.
(c) Comparison of 7y, as a function of doping.

large potential difference between the as-grown sheets of bi-
layer graphene. On the contrary, for the C-face sample the
graphene layer is separated from the SiC substrate by a thick
graphitic film, resulting in an almost negligible interaction
with the substrate. This induces only a small shift of the
Dirac point of monolayer graphene by only 39 meV from the
Fermi level (smaller by more than an order of magnitude; the
charge transfer is smaller by two orders of magnitude), and
the undoped bilayer graphene is relatively free standing with
little potential difference between the as-grown sheets. As a
result, the value of U is offset by ~320 meV between
graphene grown on the Si face and the more free-standing C
face. This is outlined schematically in Fig. 5, where it is
shown how the built-in field of the as-grown Si-face sample
adds an overall offset to the doping dependence.

The larger values of vy, reflect a greater overlap between
nearest-neighbor out-of-plane orbitals for the C-face sample.
For the Si-face samples, changes were attributed to a shorter
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FIG. 5. (Color online) Illustrations of the interlayer potential
difference U for bilayer graphene on the carbon and silicon faces of
SiC for several dopings. On the Si face, the as-grown junction be-
tween bilayer graphene and the SiC substrate forms a Schottky
potential and a buildup of charge near the interface, which results in
a finite U. On the C face, azimuthal rotations between bilayer
graphene and the graphitic substrate result in a much smaller sub-
strate interaction and a smaller U. Electron doping the sample with
potassium increases U as indicated.
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screening length due to the increased charge density.!® The
same is true when changing substrates; the graphitic film on
the surface of the C-face sample has a higher dielectric con-
stant than that of SiC, which could help screen the interlayer
interaction and result in a slightly smaller lattice spacing.
This might be responsible for the overall offset in ;. The
presence of the carbon-rich buffer layer on the Si face of SiC
(Refs. 35 and 36) could also be responsible for a change in
Y-

In conclusion, we have demonstrated that the electronic
properties of the graphitized carbon face of 6H-SiC are a
good example of quasifreestanding single and multilayer
AB-stacked graphene, as demonstrated by the measured coni-
cal dispersion characteristic of free-graphene sheets in the
presence of higher dielectric screening. In particular, we
demonstrated the intrinsic properties of bilayer graphene by
extracting some of the tight-binding parameters and compar-
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ing them to those of samples with a stronger substrate inter-
action. The presence of multilayer graphene on the carbon-
face samples may enable future studies and growth of free-
standing multilayer films and a better understanding of the
effects of a substrate on the transport properties of graphene
films.
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