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Epitaxial graphene films grown on silicon carbide �SiC� substrate by solid state graphitization is of
great interest for electronic and optoelectronic applications. In this paper, we explore the properties
of epitaxial graphene films on 3C-SiC�111�/Si�111� substrate. X-ray photoelectron spectroscopy and
scanning tunneling microscopy were extensively used to characterize the quality of the few-layer
graphene �FLG� surface. The Raman spectroscopy studies were useful in confirming the graphitic
composition and measuring the thickness of the FLG samples. © 2010 American Institute of
Physics. �doi:10.1063/1.3427406�

Due to its unique mechanical, physical, and chemical
properties, graphene has generated intense experimental and
theoretical activities in material science and condensed-
matter physics.1 The successful microcleaving of graphene
from highly oriented pyrolytic graphite has opened up
exciting possibilities for wide spectra of experimental
investigations.2 Indeed high carrier mobility and ballistic
transport at room temperature,3 quantum confinement in
nanoscale ribbons,4 and single-molecule gas detection sensi-
tivity qualify graphene as a promising material for many
applications such as microelectronics, sensing, or catalysis.5

However, reliable and economically viable methods for pro-
ducing large-area of single-crystalline graphene domains
with uniform thickness are still needed. Up to now various
methods have been explored including deposition of
graphene oxide films from a liquid suspension followed by
chemical reduction,6 chemical vapor deposition on transition
metals,7,8 and ultrahigh vacuum �UHV� annealing of SiC.9

Finally if the use of single crystal hexagonal SiC substrates
has been demonstrated to be one of the more reliable ways to
provide high quality graphene films,9 commercial bulk SiC
substrates remain limited in size and expensive. These could
be seen as a major risk for the development of graphene
based devices. In order to address this issue, the heteroepit-
axy of cubic polytype �3C-SiC� on larger diameter �6 in.�
silicon wafers was proposed.10 But high-quality growth of
3C-SiC epilayers remains delicate, especially concerning the
�111� oriented films that experience high residual stress, gen-
erating an important bowing and possible film cracking.11

Many efforts were carried out to overcome these problems
and get a better insight in the defect generation during the
growth mechanism,12,13 making 3C-SiC�111�/Si heteroepil-
ayers a suitable template of great interest for graphene elabo-
ration.

In this paper, we report the growth of graphene on 3C-
SiC�111�. Growth, structure, and electronic properties of the
films were investigated in details using scanning tunneling

microscopy �STM� and x-ray photoelectron spectroscopy
�XPS�. Additional informations were obtained from low-
energy electron diffraction �LEED� and micro-Raman spec-
troscopy.

Graphene on Si-terminated 3C-SiC�111�/Si�111� sub-
strates were prepared in UHV by electron-bombardment
heating �Fig. 1�a��. Substrates were first degassed for several
hours at 600 °C under UHV conditions and then annealed
under a low �0.1 nm/min� Si flux at 900 °C to remove the
native oxide. The base pressure of the system was main-
tained around 2�10−10 Torr with a maximum peak pressure
of 10−9 Torr during the graphitization process. Immediately
after this, the samples were cooled down to room tempera-
ture and transferred ex situ from the growth chamber to the
RT-STM and then to a XPS experiment. For further charac-
terization the samples were again degassed at 600 °C for 30
min. XPS experiments were carried out on a Kratos analyti-
cal system using AlK� monochromatized source with an en-
ergy resolution of �350 meV. Raman spectroscopy was
performed at room temperature with a T64000 spectrometer.
A frequency doubled NdYVO4 laser with a wavelength of
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FIG. 1. �Color online� �a� Schematic diagram of graphene as used in our
investigations. �b� LEED pattern at 114 eV showing the diffraction spots due
to the SiC�111� substrate �S1, S2� and the graphene lattice �G1, G2�. �c�
STM images �27�15 nm2� of the surface of graphene/3C-SiC�111�. �d�
Honeycomb type structures �5�5 nm2� ��45 mV, 0.2 nA�.
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514 nm was used for excitation and a confocal optical mi-
croscope was employed to record micro-Raman spectra with
a spatial resolution of 1 �m.

Long range order modifications experienced by the sur-
face after thermal annealing were investigated by LEED
measurements. Initially, �3�3� and ��3� �3�R30° diffrac-
tion patterns were observed by annealing the sample in a flux
of Si at 900 °C and 1050 °C, respectively. These diffraction
patterns were attributed to a Si rich surface.14 Between 1100
and 1200 °C, a �6�3�6�3�R30° begins to develop. Figure
1�b� shows the LEED pattern of the sample after graphitiza-
tion at 1250 °C. Two contributions can be clearly distin-
guished in the LEED diagram. The first one arising from the
�1�1� graphene layer confirms the presence of this material
at the surface of the sample. The second one which is char-
acterized by isotropic �circular� 1/6 fractional spots is the
�6�3�6�3�R30° reconstruction. This structure can be rep-
resented as a precursor phase of graphitization, i.e., a carbon
layer not exhibiting the usual properties of graphene.14 It
must be outlined here that the successive surface reconstruc-
tions steps observed during the thermal treatment of the 3C-
SiC�111�/Si�111� are totally similar to those observed on Si
terminated 6H or 4H-SiC�0001� substrates.14 STM image of
this surface at higher bias ��2 V� shows two-dimensional
hexagonal structures patterns in real space with a periodicity
of 18 Å are observed in both directions �Fig. 1�c��, which is
consistent to the �6�6� surface reconstruction with respect
to the unreconstructed 3C-SiC�111� surface. This structure is
attributed to a C-rich �6�3�6�3�R30° reconstruction of the
SiC precursor layer below the graphene. It has been inter-
preted as a multiple diffraction between an unreconstructed
SiC substrate and the graphite overlayer rotated by 30° with
respect to the substrate.15,16 Then, at lower bias sample at
�45 meV, a honeycomb lattice can be put in evidence �Fig.
1�d��, superposed on the �6�3�6�3�R30° structure. The pe-
riodicity of this structure is equal to 2.5�0.1 Å which is in
good agreement with the �1�1� graphene lattice.16 Similar
images have been observed in STM studies of single-layer
graphene, where both sublattices �A-B� are imaged at almost
the same intensity.15 This asymmetry in the surface elec-
tronic environment results in a threefold symmetry �“six-for-
three”� pattern in which three bright or dark features can be
observed for each set of six carbon atoms.

Chemical states of thin graphene layers were also probed
using the XPS technique. XPS spectra were recorded on
C 1s core level in dependence on the temperature annealing,
in order to track the chemical environment variations expe-
rienced by the sample after each thermal annealing �Fig.
2�a��. The C 1s peak at 284.8 eV associated with graphene
appears clearly at 1200 °C, for higher temperature and
longer annealing time, graphene peak intensity continues to
increase. The assumption of an epitaxial graphene layer is
supported by the following observations: �i� The pronounced
asymmetrical shape of the peak confirms the conductive state
of carbon,14,17 �ii� The higt energy of C 1s peak shift from
285.2 to 284.5 eV which confirms the presence of sp2 hy-
bridized C–C bonds as the temperature increases, �iii� The
attenuation of the SiC component. Applying a curve-fit pro-
cedure to the C 1s spectra of a graphene sheet grown on
SiC�111� at 1250 °C, we obtained three components located
at binding energies of 283.6, 284.7, and 285.2 eV. These
components correspond, to bulk SiC, graphene, interface

��6�3�6�3�R30°� layers, and are denoted as bulk SiC, G
�still asymmetrically�, and I, respectively �Fig. 2�b��. Indeed
this peak �I� is associated with an interfacial layer between
the graphene and the SiC�111� substrate without strong rear-
rangement of the surface structure and is accompanied by the
formation of chemical bonds between the substrate and
graphene layer.17 We were able to determine the graphene
film thicknesses by measuring the attenuation of the C 1s
peak associated with the SiC substrate at 283.6 eV. For the
sample annealed at 1250 °C during 10 min a graphene film
of approximately 2 monolayer �ML� thick is formed and the
surface contribution �I� corresponding to less than 0.6
ML.14,17 This thickness measurement is corroborated by the
attenuation observed in the Si 2p XPS.

Further details on the electronic properties of the
graphene film were acquired using micro-Raman spectros-
copy. Figure 3 shows Raman spectra of �6�3�6�3�R30°
reconstruction and two-layer graphene grown on Si-
terminated 3C-SiC�111�. Raman spectrum of �6�3
�6�3�R30° �annealing at 1150 °C for 10 min� shows the
dominant band of the �6�3�6�3�R30° /3C-SiC�111� which
may be attributed to transverse optical �TO� phonon modes
at 1510 cm−1.18 For the sample annealed at 1250 °C during
10 min, three additional bands appears at around 1350, 1596,
and 2700 cm−1, which are attributed, respectively, to the D,
G, and 2D bands. The presence of a single G and 2D bands
indicates that our graphene, consists of a few-layer graphene
�FLG�. The appearance of the D bands at 1350 cm−1 is at-
tributed to the defects or structural disorder. The defects in-
cluding vacancies and distortions may be attributed to twist-

FIG. 2. �Color online� �a� C 1s XPS spectra of the fully grown graphene on
3C-SiC�111� for different temperatures. �b� XPS spectra of the C 1s core
level for graphene with a Doniach–Sunjic lineshape analysis �red line�; De-
composition with bulk and two surfaces components identified by B, G, and
I, respectively.
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ing, corrugation, and steps edges.18 It should be also noted
that the samples with a �6�3�6�3�R30° reconstructed sur-
face show no detectable Raman intensity at 1570 cm−1. This
confirms that the interfacial �I component� carbon layer/
buffer layer is covalently bonded to the substrate. In addition
to that it is not responsible for electronic properties and
the second C rich plane which constitutes the first
graphene layer.19 Moreover, significant blueshifts of G-band
�16 cm−1� and 2D-band ��25 cm−1� of epitaxial graphene
layer are observed compared to those of graphene made by
micromechanical cleavage. A possible cause for this blue-
shift may be compressive strain which builds up during the
cool down procedure or charge doping from the substrate.
The influence of the charge has been studied by Das et al.20

They observe an upshift of the G-peak frequency by as much
as 20 cm−1 when the graphene layer is doped with electrons
with a density of 4�1013 cm−2. It is shown that the depen-
dence of doping on shift in the 2D-band is very weak. It is
roughly 10%–30% compared to that of G-band �3 and
5 cm−1�.20 Therefore, the 25 cm−1 2D-band shift is too large
to be achieved by electron/hole dopings. We attribute it to the
interaction of SiC�111� substrate with epitaxial graphene,
most probably the strain effect, whereby the strain changes
the lattice constant of graphene, hence the Raman peak fre-
quencies. Assuming that the mismatch between the graphene
and the �6�3�6�3�R30° reconstructed surface of 3C-
SiC�111� is completely relaxed at the growth temperature. A
residual compressive strain arises during sample cooling to
room temperature because of the large difference in the co-
efficients of linear thermal expansion between graphene and
SiC. The strain in our graphene has been deduced at RT from
the Raman shift of the 2D bands �25 cm−1�. It is close to
0.7%, which is in good agreement with the previously re-
ported results of epitaxial graphene on 6H-SiC�0001�
substrates.18,21

We have successfully demonstrated a new technique for
the synthesis of FLG on Si-terminated 3C-SiC�111�/Si�111�
substrates. The growth of FLG was confirmed by LEED and
STM. XPS and Raman Spectroscopy were both found to
provide accurate estimation of the graphene layer thickness.
The 16 cm−1 higher frequency shift of the G peak relative to
micromechanically cleaved graphene on SiO2 was associated
with a charge exchange phenomena resulting form the under-
lying 3C-SiC�111� substrate and compressive strain of
graphene. The much greater �25 cm−1� blueshift observed
for the 2D-band may be correlated with compressive strain.
The proposed low cost and scalable approach may be of
considerable interest for future industrial applications of
graphene films based devices.

The authors thank B. Etienne and S. Guilet for fruitful
and stimulating discussions.
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