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ABSTRACT The stacking order of multilayer graphene has a profound
influence on its electronic properties. In particular, it has been predicted that a
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rhombohedral stacking sequence displays a very flat conducting surface state:
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the longer the sequence, the flatter the band. In such a flat band, the role of

electron—electron correlation is enhanced, possibly resulting in high T,
superconductivity, magnetic order, or charge density wave order. Here we
demonstrate that rhombohedral multilayers are easily obtained by epitaxial
growth on 3C-SiC(111) on a 2° off-axis 6H-SiC(0001). The resulting samples
contain rhombohedral sequences of five layers on 70% of the surface. We
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confirm the presence of the flat band at the Fermi level by scanning tunneling
spectroscopy and angle-resolved photoemission spectroscopy, in close agree-

ment with the predictions of density functional theory calculations.
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of “regular” graphite; the more complex stacking se-
quences of 6H-SiC (ABCACB) and of 4H-SiC (ABCB) will
lead to graphene multilayers mixing Bernal and rhom-
bohedral architectures. On the other hand, a cubic SiC
substrate, namely, 3C-SiC(111), provides an ideal tem-
plate for producing rhombohedral-stacked multilayer
graphene with a higher density. Simple crystallo-
graphic considerations suggest that rhombohedral
multilayer graphene grown on 3C-SiC(111) substrates
will be more stabilized than that grown other SiC
polytypes. Indeed, the close-packing ABCABC structure
along the [111] direction of 3C-SiC offers an ideal
scaffolding for rhombohedral graphite. Only a few
articles reported the growth of graphene on 3C-SiC-
(111) epitaxially grown on low-cost, large-area Si(111)
wafers.8~"* However, stress generation (and thus wafer
bowing) is huge, easily leading to cracks inside the SiC
layer after only a few micrometer thickness.'® In addi-
tion, the use of Si wafers limits both 3C-SiC and
graphene growth processes to those at rather low
temperatures (below the Si melting point). In the
specific case of graphene, the silicon in the Si substrate
starts to evaporate or even melt at the annealing
temperatures necessary for conventional UHV graphi-
tization. Consequently, controlled graphene growth is
difficult to achieve. A more appropriate way to grow
epitaxial graphene would be to work on 3C-SiC(111)
epitaxial layers grown on commercial 4H- or 6H-SiC
substrates, as shown previously."®'” To our knowl-
edge, there is only one work by Coletti et al."” which
focused on trilayer epitaxial graphene on the 3C-SiC-
(111)/6H-SiC(0001) substrate using angle-resolved
photoemission spectroscopy (ARPES). Their ARPES re-
sults suggest that the trilayer graphene exhibits a
tendency toward the development of presumably
large-area ABC-type stacking. However, such ultrathin
films do not permit long ABC sequences and conse-
quently an extended flat band in the reciprocal space.
The 3C-SiC(111) substrate can be a good candidate to
obtain large-area ABC-stacked graphene, and experi-
mental efforts have to be devoted to obtain long ABC
sequences and a dispersionless electron excitation
spectrum near the Fermi level. This demands a smart
growth procedure to get thick graphene films and a
direct visualization of the density and of the length of
rhombohedral stacking combined to spectroscopic
tools to observe the local density of states and the
electronic band structure. The growth of rhombohe-
dral multilayer graphene and a direct visualization of
the stacking, the density of rhombohedral stacking, the
local density of states, and electronic band structure
via scanning transmission electron microscopy (STEM),
low-temperature scanning tunneling microscopy and
spectroscopy (LT-STM/STS), and ARPES have not been
reported so far. Clearly, the availability of highly re-
solved experimental STS and ARPES data for multilayer
graphene would allow for a direct comparison with the
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local density of states and band structure predicted by
the density functional theory (DFT), thus leading to a
precise determination of the flat band at the Fermi level.

Here we describe the growth of high-density rhom-
bohedral stacking multilayer graphene on 12 um thick
twin-free 3C-SiC(111) grown on 2° off-axis 6H-SiC-
(0001). Interestingly, the coherence length of the
rhombohedral domains along the axis growth is about
five/six layers, permitting the onset of a dispersionless
electron excitation spectrum near the Fermi level. In
particular, the use of 2° off-axis 6H-SiC seed crystals,
and thus of an identically misoriented 3C-SiC(111)
epitaxial layer, favors the escape of Si from the in-
creased number of step edges generated by the mis-
orientation and an easier growth of multilayer
graphene. Low-energy electron diffraction (LEED) pat-
terns and STEM show unambiguously the epitaxial
growth of multilayer graphene. By comparing STM/
STS, ARPES measurements, and electronic structure
calculations, we unambiguously demonstrate the syn-
thesis of undoped rhombohedral multilayer graphene
on 3C-SiC(111) and the occurrence of a flat band at the
Fermi level. Our approach represents a significant step
toward the scalable synthesis of large-area high-density
rhombohedral stacking. Our samples are compatible
with the high structural quality and fine thickness control
needed to develop graphene-based electronic devices.

RESULTS AND DISCUSSION

The multilayer graphene used in this study was ob-
tained by annealing the substrate at T= 1600 °C under
atmospheric pressure. Figure 1a shows LEED patterns
of a probed area of approximately 1 mm? obtained
after graphene growth. The LEED only shows the six-
fold (1 x 1) graphite diffraction spots, in agreement
with micro-Raman spectroscopy (Figure S1, Support-
ing Information). This finding indicates the presence of
only a single orientation of the graphene layers and the
absence of rotational disorder and twinning domains.
The absence of a (1 x 1) signature of the SiC substrate
and a (6+/3 x 6+/3)R30° signature of the interface layer
is due to the thick graphene multilayer, which attenuates
the electron beam. The topographic atomic force micro-
scopy (AFM) image (Figure 1b) shows a self-ordered
stepped surface. The terraces are fully covered by gra-
phene. The step direction and the terrace width are
determined by the initial misorientation of the 3C-SiC
substrate with respect to the crystallographic (111) plane.
No pits and antiphase domain boundaries are seen.'®

In order to investigate the stacking structure of the
multilayer graphene, cross-sectional STEM experi-
ments were performed. When the crystals are oriented
along the (110) zone axis, only 3C-SiC(111) was re-
solved with atomic resolution (Figure 1c), indicating
that the multilayer graphene is not oriented along this
axis. In order to atomically resolve multilayer graphene,
we need to orient the crystals along the (112) SiC zone
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Graphene

3C-SiC(111)

Figure 1. Morphological and electronic properties of multi-
layer graphene on 3C-SiC(111). (a) LEED pattern at 124 eV
showing the diffraction spots due to the graphene lattice
(white arrows), as well as the absence of spots of the (6v/3 x
6~/3)R30° interface layer and the (1 x 1) spots of the SiC
substrate. (b) Typical AFM image of the multilayer graphene
on cubic SiC. (c) Atomic resolution high-angle annular dark-
field STEM image of the multilayer graphene cross section
after focused ion beam (FIB) preparation. The 3C-SiC epi-
layer is exactly oriented along a (110) zone axis. The multi-
layer graphene crystal is not on an axis. (d) Atomic
resolution bright-field STEM image of the multilayer gra-
phene observed in the cross section after FIB preparation.
Aninverse filtered image is given at its corresponding place
in the inset. The rhombohedral stacking of the multilayer
graphene stacking is observed when the crystal is oriented
along a (11—20) zone axis.

axis. A cross-sectional atomic resolution bright-field
scanning transmission electron microscope (BF-STEM)
image of multilayer graphene on 3C-SiC(111) is shown
in Figure 1d. Eleven graphene layers are present. The
interplanar spacing for the (0003) basal plane is mea-
sured at 0.344 4 0.001 nm, and the angle between the
{1-101} and the (0003) basal plane is 65 + 1.5°
(depending on the area on the multilayer graphene).
In particular, the inverse fast Fourier transform (IFFT)
image (inset in Figure 1d) shows purely rhombohedral
stacking without any Bernal layers. The rhombohedral
domains are about40—50 nm, with an estimated stack-
ing coverage of about 70% of the sample (selected area
electron diffraction of the multilayer graphene is
shown in Supporting Information Figure S2). We also
note that a stacking fault of about three layers (twisted
angle of about 2°/3°) between the topmost and bottom
layers is present (inside the red arrows in Figure 1d),
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thus decoupling the five rhombohedral stacking layers
from the bottom. This particular stacking is reproduci-
ble in several areas of the sample. The coherence
length of the rhombohedral domains along the axis
growth is about five/six layers. This is an important
advance in the elaboration of large-area and long-
sequence ABC-stacked multilayer graphene.

In order to obtain a structural and spectroscopic
fingerprint showing the existence of rhombohedral
multilayer graphene in our samples, we carried out
STM and STS measurements at a temperature of 4.2 K,
together with DFT calculations of the local density
of states (LDOS) (see Methods). By measuring simu-
Itaneously the constant-current image and the
differential conductance di/dV as a function of posi-
tion, we compared the topography (Figure 2a) and
the maps of LDOS (Figure 2b) for a fixed voltage, V =
100 meV. The surface consists of 600 nm wide, atom-
ically flat terraces that are separated by steps with a
height of multiple unit cells (1—2 nm). The terrace width
results from the step bunching of 3C-SiC(111) epilayers.
In Figure 2b, areas of high and low differential conduc-
tance are well-identified. Transitions between homoge-
neous conductance domains are highlighted by a black
line. We can assign the two domains to rhombohedral
and Bernal stacking, as attested by the analysis of the
STS data reported below. By analyzing several areas of
the sample and using the LDOS map (as in Figure 2b),
we estimated the coverage due to rhombohedral stack-
ing to be 70% of the surface, in agreement with STEM
measurements. The percentage of rhombohedral stack-
ing in this case is considerably higher than rhombohe-
dral stacking on hexagonal SiC substrates, in which it
represents only 20% of the surface.'® Remarkably, the
graphene lattice uninterruptedly crosses the boundaries
between the domains, as shown in Figure 2c (see
Supporting Information Figure S3 for a 3D image).

The comparison between DFT calculations and spa-
tially resolved STS di/dV versus bias voltage (Vypias)
spectra shown in Figure 2d,e permitted us to identify
the Bernal or rhombohedral stacking. Indeed, while the
standard V-shaped spectrum is evident in the right
region of Figure 2¢, a pronounced peak with a narrow
width of about 30 mV (fwhm) near the Fermi energy is
clearly resolved in the spectrum measured in the left
region. The close agreement between STS spectra and
DFT-calculated LDOS provides unambiguous proof
that the stacking of the left region is rhombohedral,
while that in the right region is Bernal. Moreover, as
shown in Figure S5 in the Supporting Information, in
the case of rhombohedral stacking, the position of the
secondary peaks at £200—300 meV and the intensity
ratio between the peak at the Fermi level and of the
secondary peaks vary substantially with the number of
layers. Our calculations support a five-layer rhombohe-
dral graphene flake, in agreement with results from
STEM experiments.
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Figure 2. STM/STS studies of the transition rhombohedral/Bernal stacking of multilayer graphene (T = 4.2 K). (a) Large-scale
STM topographic image (500 x 500 nm?, 100 mV, 200 pA, color scale: 0—21 nm) showing an area of bunched steps.
(b) Differential conductance dI/dV map simultaneously recorded in the same area and under the same conditions as image (a).
High and low differential conductance areas correspond to rhombohedral and Bernal stacking, respectively. (c) Atomic
resolution STM image of the coherence crystal at the step edges of the multilayer graphene (15 x 15 nm?, 100 mV, 200 pA,
color scale: 0—0.76 nm). (d,e) Experimental spectra of five-layer Bernal and rhombohedral stacking collected at the left and
right side of panel ¢, respectively, vs theoretical STS spectra. In the theoretical spectra, we show the density of states projected
on the a and  C atoms of the surface layer and the sum of these two contributions; o. and j3 are the two sublattices of the

graphene layer.

Figure 3a,b shows an STM and tunneling current
image of the transition from the Bernal to the rhom-
bohedral structure (from left to right in the figures) in
the absence of a step edge. The two domains are
identified by the STS measurements. There is no
measurable difference in the lattice parameters of
the two regions. The Fourier transform (FT) of the
STM images is shown in Figure 3c: the surface exhibits
clearly two ordered structures with the (1 x 1) sym-
metry of the graphene layer. The most intense spots
are due to the Bernal and rhombohedral stacking,
while the less intense spots are attributed to the “no
overlap” regions which present a small strain (~0.4%).
From the FTs, it is possible to measure the spatial
periodicity of 2.45 A for both stacks.

Figure 3d is the magnified STM image of the region
shown in Figure 3a, where we can appreciate the
continuous transition between the local Bernal and
rhombohedral stacking. The presence of two ampli-
tudes in the surface atomic corrugations can be seen in
the line scan presented in Figure 3e. The average width
of this transition region is estimated to be about 4 nm,
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and its apparent depression is about 40 pm.' It is
worthwhile to notice the honeycomb pattern observed
in this region. A graphene lattice is composed of o. and
B sublattices, and this asymmetry in the surface atom
electronic environment results in a three-fold symme-
try six-for-three pattern in which three bright or dark
features can be observed for each set of six carbon
atoms. This is an uncommon observation in rhombo-
hedral and Bernal-type stacking, where two nonequi-
valent sites (. and ) are probed by the STM tip in the
surface primitive cell. Indeed, the honeycomb struc-
ture is regularly observed in monolayer graphene or in
the case of few-layer graphene presenting either an
incommensurate shift between top and bottom layers
or an “AA stacking”.?® In Figure 3f, we show that the
equivalence between a and fj sites can be recovered
also in the transition region when one of the two layers
in the Bernal stacking is shifted by a fraction of a unit
cell vector with respect to the other layer to recover the
neighboring rhombohedral stacking.

As STEM and STM/STS are local microscopic probes,
in order to judge the homogeneity of the rhombohedral
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Figure 3. STM images of the rhombohedral/Bernal stacking transition of multilayer graphene at the same terraces (T = 4.2 K).
(a,b) Large-scale (15 x 15 nm?, 100 mV, 200 pA, color scale: 0—0.30 nm) STM topographic and STM tunneling currentimage of
the transition between Bernal and rhombohedral stacking. (c) Fast Fourier transformation of (a) showing the periodicity of the
graphene lattice as well as that of the (1 x 1) pattern induced by the no overlap transition. (d) Zoom (6 x 6 nm?, 100 mV,
200 pA, color scale: 0—0.20 nm) of (a) showing graphite (left and right) and graphene-like (honeycomb) surface charge
densities (middle). (e) Profile line showing the presence of two roughnesses at the terraces. (f) Schematic structure of the

rhombohedral and Bernal stacking transition.

sample and its extension, we also performed ARPES
at the APE beamline of the ELETTRA synchrotron.
Figure 4a shows ARPES data taken around the K point
along the I'K direction of the first Brillouin zone for an
incident photon energy of hv = 60 eV and a probed
area of approximately 50 x 100 ﬂmz. Although we
have several (at least 11) layers of graphene, the ARPES
map is different from a graphite-like band structure,?'
suggesting a decoupling of the upper layers of gra-
phene, as shown in the STEM data (Figure 1d). Follow-
ing the maximum intensity in this map at energies well
below the Fermi level, a linear-shaped dispersion is
observed. This agrees with the expected conical dis-
persion of relativistic electrons near the Dirac point.
From the analysis of the energy distribution curves
(EDC) shown in Figure 4b, we observe a high density of
states at the Fermi level, in agreement with the occur-
rence of rhombohedral stacking. Near the K point, the
flat band region extends by about 0.08 A~'. More
insight can be obtained by taking the second deriva-
tive of the ARPES spectrum, as shown in Figure 4c.
Within the experimental accuracy, two mixed internal
bands are observed with intersections located at 0.3
and 0.6 eV below the Fermi level. The one at 0.3 eV
below has a higher intensity, and remarkably, it is not
centered on the K point. By comparing with electronic
structure calculations on pentalayer graphene with
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Bernal and rhombohedral stackings (in Figure 4d—f,
we consider a pure Bernal ABABA sequence, a pure
rhombohedral ABCAB sequence, and a mixed rhom-
bohedral—Bernal ABCAC sequence), we see that the
extension of the flat band at the Fermi energy and the
shift from the K point of the maximum of the band at
0.3 eV is only consistent with the presence of a long
rhombohedral sequence. In addition, the flat band
region extends by about 0.08 A~'; this value is in
agreement with the theoretical flat band of ABCABC
band structure. However, we do not exclude the
possibility of the presence of ABCAC structure. The
measured ARPES band structure is thus consistent with
the occurrence of rhombohedral-type stacking in un-
doped multilayer graphene on 3C-SiC(111). In order to
study the stability of these flat bands, we exposed the
surface of multilayer graphene on 3C-SiC(111) to air for
1 year. After being annealed at 600 or 900 °C for 30 min,
no oxygen traces due to eventual contaminations
and/or oxidation were observed in XPS spectra (no
contribution at ~530 eV in Figure S7 Supporting
Information). Interestingly, ARPES data are character-
ized by a band structure identical to that obtained in
Figure 4d, with a flat band close to the Fermi level/Dirac
points (Figure S8). In order to underline the role of
the substrate, we have also studied the stacking of the
same thickness of graphene layers on 4H-SiC(0001).
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Figure 4. Electronic structure of multilayer graphene. (a) Dispersion of the ;= bands measured by ARPES. The spectra are
measured with a photon energy of 60 eV and with scans oriented along the 'K direction of the graphene Brillouin zone. (b)
EDC of (a), showing the presence of a flat band. (c) Second derivative of the intensity ARPES data along the I'K direction of the
multilayer graphene. (d—f) Theoretical calculation of five layers with pure rhombohedral ABCAB, mixed rhombohe-

dral—Bernal ABCAC, and pure Bernal ABABA sequence.

Figure S9a,b shows XPS and ARPES data. The XPS
spectrum performed on a wide energy range is iden-
tical to that of multilayer graphene on 3C-SiC(111)
(Figure S7). The ARPES map taken around the K point
along the T'K direction of the first Brillouin zone is
similar to a graphitic-like band structure without the
presence of the flat band at the Fermi Level. This result
confirms the presence of a high-density Bernal stacking
graphene on 4H-SiC(0001) with respect to multilayer
graphene on 3C-SiC(111), confirming that the substrate
also has an important role in the stacking order.

CONCLUSIONS

In summary, we have demonstrated that high-
quality multilayer graphene can be obtained on cubic
SiC/off-axis 6H-SiC(0001) substrates. The homogeneity,
large area, and high quality of the sample are con-
firmed by AFM imaging. The STEM data suggest that,

METHODS
Sample Preparation. The 3C-SiC(111) seed was elaborated in

two steps: first a 2 um thick twin-free 3C-SiC(111)*? layer was
grown by a vapor—liquid—solid mechanism on 2° off-oriented
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when grown on 3C-SiC(111) substrates, graphene ex-
hibits a large amount of rhombohedral stacking
(~70%), much more marked than in natural graphite.
Moreover, the sequence of rhombohedral stacking is
up to five layers, well beyond the ABC trilayer pre-
viously obtained on cubic 3C-SiC(111) substrates.'”
STM experiments confirm the lateral and vertical ex-
tent of the rhombohedral stacking in our samples.
Nicely, a peculiar LDOS, characterized by an intense
and narrow peak close to Eg, is probed by STS experi-
ments. Finally, we have directly visualized, by ARPES
measurements, the electron band dispersion spectra of
rhombohedral-stacked multilayers and shown that
they correlate well with the DFT calculations and the
STS measurements. The flat band observed close to E¢
contributes to the pronounced peak in the tunneling
density of states, and it is a genuine consequence of
the rhombohedral stacking.

(toward [11—20]), Si face 6H-SiC(0001) commercial wafer. Then
this 3C-SiC layer was thickened to 12 um by chemical vapor
deposition at 1600 °C; see ref 23 for more details. The 3C-SiC was
the heated to 1600 °C in an Ar atmosphere (800 mbar) for
10 min in order to obtain multilayer graphene.** The sample
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was then cooled to room temperature and transferred ex situ
from the growth chamber to undergo XPS/ARPES and STM/STS
measurements. Before each measurement, samples were an-
nealed at 600 °C for 30 min to remove surface contaminations.

Characterization: LEED/AFM/STM/STS/XPS/ARPES. STM/STS mea-
surements were carried out using an Omicron ultrahigh vacuum
low-temperature scanning tunneling microscope (UHV-LT-
STM). STM/STS measurements were acquired at 4.2 K in the
constant current mode for different bias voltages V applied to
the sample. For the STS measurements, performed at T=4.2 K,
the (V) characteristics were acquired while the feedback loop
was inactive, and the differential conductivity di/aVv (V, x, y),
proportional to the LDOS, was measured directly by using
a lock-in technique. For this purpose, a small AC modulation
voltage Vioq Was added t0 V (Vimod,p-p = 10 MV, froq = 973 Hz),
and the signal di/dV was detected using a lock-in amplifier in
order to determine the differential conductivity di/dV,,cq.
ARPES measurements were carried out at APE beamline®
(ELETTRA lItalian synchrotron facility). The photon source was
an APPLE Il-type quasi-periodic undulator (energy range
10—100 eV) set to deliver linearly polarized light. The light
was monochromatized by variable spacing gratings and then
focused on the sample into a spot size 50 x 100 (H x V) ,umz.
Incoming photons impinged on the sample at 45° from its
normal. The emitted photoelectrons were detected by a SES-
2002 hemispherical analyzer with an acceptance angle of £7°
operated with an angular resolution of 0.2°. The experiment was
carried out at liquid nitrogen temperature (~77 K) with a total
energy resolution of 15 meV. The photon energy (hv = 60 eV)
and sample orientation were set in order to explore the k space
region around the K point in the I'K direction of the Brillouin
zone. XPS/ARPES experiments after 1 year were carried out at
TEMPO beamline?® (SOLEIL French synchrotron facility) at low
temperature (~120 K). The photon source was a HU80 Apple Il
undulator set to deliver linearly polarized light. The photon
energy was selected using a high-resolution plane grating
monochromator, with a resolving power E/AE that can reach
15000 on the whole energy range (45—1500 eV). The end-
station chamber (base pressure = 10~'° mbar) was equipped
with a modified 200 nm hemispheric electron analyzer (Scienta
200) equipped with a delay line detector.?” For ARPES measure-
ments, the photon energy (hv = 60 eV) and sample orientation
were set in order to explore the k space region around the K
point in the TK direction of the Brillouin zone. The photon beam
impinged on the sample at an angle of 43°, and photoelectrons
were detected around the sample surface normal with an
angular acceptance of 6°. The spot size was 100 x 40 (H x V) um?.

DFT Calculation. The electronic structure calculations were
performed using the QUANTUM-ESPRESSO?® code. We used
the local density approximation and norm-conserving pseudo-
potentials and a PW energy cutoff of 65 Ry. For the electronic
integration in the self-consistent calculation, we used a 2562
electron-momentum mesh with a 1 meV Gaussian smearing.
We computed the local DOS using a denser 5122 electron-
momentum grid. In all figures of the paper, the DFT band energy
was rescaled by a 1.18 multiplicative factor to correct for the DFT
underestimation of the Fermi velocity.?®
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