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Graphene layers have been grown by molecular beam epitaxy (MBE) on the (0001) C-face of SiC
and have been characterized by atomic force microscopy, low energy electron diffraction (LEED),
and UV photoelectron spectroscopy. Contrary to the graphitization process, the step-terrace structure
of SiC is fully preserved during the MBE growth. LEED patterns show multiple orientation domains

which are characteristic of graphene on SiC (0001), indicating non-Bernal rotated graphene planes.
Well-defined Dirac cones, typical of single-layer graphene, have been observed in the valence band
for few graphene layers by synchrotron spectroscopy, confirming the electronic decoupling of
graphene layers. © 2010 American Institute of Physics. [doi:10.1063/1.3526720]

Graphene is well known for its remarkable electronic
properties as studied in the recent years. From the different
proven methods of fabrication, graphene has been mainly
elaborated by hi%h temperature annealing (graphitization) of
silicon carbide," by exfoliation of graphite,3 and by chemi-
cal vapor deposition (CVD).** Both exfoliation and CVD
impose to transfer the graphene layers on other insulating
substrates, while graphene on SiC can be directly used for
electronic transport studies and related applications. The
graphitization consists in simultaneous Si sublimation and
reorganization of the remaining C. SiC is a polar material
and it is now well established that the graPhene properties
strongly depend on the considered SiC-face. 2 On the (OOOQ
Si-face, a C-rich interface layer, which leads to the (6v3
><6\6)R30° reconstruction, induces a strong interaction of
the graphene with the substrate. The graphene lattice is ro-
tated by 30° compared to the SiC one, with the graphitelike

Bernal stacking of graphene planes. On the (0001) C-face,
there is no such interface layer and the coupling between the
graphene layers and the SiC is so weak that uncoupled ro-
tated graphene domains are obtained.®™® The monolayer
graphene behavior is thus preserved even for thick layers
(=10 layers), especially the linear dispersion of the band
structure around the K—point.e One limitation of the graphi-
tization on the C-face of SiC comes from its high growth
rate,” which makes obtaining thin homogeneous graphene
layers a difficult process.

Even if molecular beam epitaxy (MBE) is a well known
process for semiconductor growth, it has onlly recently been
used to grow graphene on Sic,'"" silicon,'* and sapphire
substrates. ~ The present study focuses on the MBE growth
of graphene on SiC (0001), showing the interest of using this
alternative method on SiC carbon-face, without the degrada-
tion of the surface topographylo induced by the graphitiza-
tion process.

6H and 4H SiC (0001) n-type commercial wafers were
polished by NovaSiC to remove scratches and most other
surface defects. A thin tungsten film was deposited onto the
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rear face to allow ultrahigh vacuum (UHV) noncontact ra-
diation heating and the wafers were then diced into 4
X 4 mm? substrates. Growth was achieved in an UHV MBE
chamber. The reported temperatures were measured using
an optical pyrometer. Surface preparation, after a degassing
step in the 800-900 °C temperature range, consisted in a
long surface smoothening under Si flux exposure at
1050—1100 °C." To avoid the occurrence of graphitization,
the sample temperature was then lowered to 1030—1050 °C
before the MBE graphene growth, for which carbon was sub-
limated from a high temperature heated graphite filament cell
(MBE-Komponenten). The carbon flux has been estimated to
be roughly =7 X 10'? atoms/(cm? s).

The surface crystallographic structure was investigated
in another UHV chamber using low energy electron diffrac-
tion (LEED). Its topographic characterization was achieved
by atomic force microscopy (AFM) in tapping mode. The
chemical structure was studied by x-ray photoemission spec-
troscopy (XPS) carried out using Al Ka (hv=1486.6 V)
radiation from a monochromatic x-ray source and a hemi-
spherical energy analyzer. Angle resolved XPS was used to
calculate the graphene thickness.'” Valence band dispersion
was studied by angle resolved UV photoelectron spectros-
copy (ARUPS) at the ANTARES beam line of the SOLEIL
synchrotron.

Surface topography was controlled by AFM analysis be-
fore and after growth. Comparison between a substrate after
surface preparation [Fig. 1(a)] and 60 min growth at

FIG. 1. (Color online) AFM topographic pictures of 6H-SiC (0001) after
initial surface preparation (a), after MBE growth (60 min at 1040 °C) (b),
and after graphitization (10 min at 1140 °C) (c). Vertical scale: 2 nm; scale
bar=2 um.

© 2010 American Institute of Physics
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FIG. 2. (Color online) LEED images of MBE graphene grown for 25 min at
1040 °C (a) and 40 min of MBE growth (b). Left and right arrows indicate
(2X2) and (3X3) reconstruction spots, respectively, while the SiC
(1X1) spots are shown inside circles.

1040 °C [Fig. 1(b)] shows a step-terrace structure, almost
unaffected by the MBE growth. The terrace surface rms
roughness is higher on the graphene surface (roughness
=0.14 nm) than after smoothening (roughness=0.05 nm).
The AFM image of a graphene sample obtained by 10 min
graphitization at 1140 °C, a temperature/duration combina-
tion slightly above the graphitization threshold, is also shown
for comparison in Fig. 1(c). Although the step and terrace
structure is still visible, the onset of graphitization and the
resulting surface modification are obvious in Fig. 1(c). Since
such typical features are clearly not observed after MBE
growth [Fig. 1(b)], it is concluded that the graphene charac-
teristics observed in the following result from MBE
graphene without any significant contribution from graphiti-
zation.

The MBE graphene thickness has been studied as a func-
tion of the growth time by XPS. Only two components are
identified on the experimental curves (not shown), respec-
tively, located at 282.6 and 284.6 eV and corresponding to
C-Si and C—C bonding. These spectra are fully consistent
with previous XPS analysis of graphene obtained by
graphitization.6’15‘16 For example, a film thickness of
1.8*+0.5 ML is found after 25 min of MBE growth at
1040 °C. The graphene component intensity increases while
the bulk peak decreases with longer growth time, as ex-
pected. An average graphene growth rate of 0.05 ML/min is
deduced in good agreement with a carbon flux of =7
X 10'% atoms/(cm? s).

Crystallography of surfaces has been studied versus the
growth time starting from the (1 X 1) SiC prepared surface,
in real time by reflected high energy electron diffraction
(RHEED), and after growth by LEED. After 25 min at
1040 °C, the LEED pattern simultaneously displays the
C-rich (2X2) and (3 X3) surface reconstructions together
with the graphene-related arcs oriented 0° with respect to the
substrate [Fig. 2(a)]. For thicker graphene layers, both the
(2%2) and (3X3) surface reconstructions disappear: the
graphene arcs and the (1X 1) SiC spots are then only ob-

Appl. Phys. Lett. 97, 241907 (2010)

[1-210]

FIG. 3. (Color online) Graphene and SiC RHEED patterns after MBE
growth (1050 °C for 10 min) along the [1-100] (a) and [1-210] (b) direc-
tions. Schematic of the graphene on SiC reciprocal lattice (c).

served [see Fig. 2(b)]. For even thicker layers, the SiC
(1X1) spots finally vanish and the graphene contribution
only remains (not shown here). It must be pointed out that
the successive surface reconstructions observed during MBE
growth of graphene are identical to the ones observed during
the graphitization process.l’G’17 The graphene pattern is made
of arcs, which means that rotated domains or stacking of
rotated graphene planes exist with respect to the SiC sub-
strate. This is a typical feature of graphene grown on the
C-face of SiC.%'® It directly results from the weak coupling
between graphene and the SiC substrate,”® but also between
successive graphene planes.7 Although these observations
may look similar to the study of Al-Temimy et al," it is
worth mentioning that their growth work started on the
heated-induced (3 X3) C-rich surface. This (3X3) recon-
struction is a mandatory pathway toward graphene growth
during graphitization.l’8 So, a contribution of the graphitiza-

tion to the observations on SiC (0001) reported in Ref. 11
cannot be excluded. This restriction does not apply to the
present study, where MBE growth has been started directly

on the (1x1) SiC (0001). Some RHEED pictures taken
along the [1-210] and [1-100] azimuths are presented in Fig.
3. They clearly show that different orientations of MBE
graphene are observed from the beginning of the growth, at
least distributed a few degrees around the [1-210] and
[1-100] directions. This observation suggests that growth im-
mediately starts along different orientations in separated do-
mains, as already observed for graphene obtained by
graphitization.*®'” For longer growth time (not shown),
graphene along the SiC [1-210] direction is predominant
which is confirmed by the LEED picture [Fig. 2(a)].

The remarkable properties of MBE graphene on SiC

(0001) have been confirmed by studying the valence band
structure through ARUPS experiments along the I'-K-M axis
at a photon energy of 110 eV and a temperature of 100 K.
For 1.8 ML growth, the o-band and 7r-band are clearly ob-
served [see Fig. 4(a)] and are well in agreement with previ-
ous results for similar thickness of graphene obtained by
glraphitization.é’20 Enlargement in Fig. 4 shows the Dirac
cone (b) with continuous linear dispersion up to the Fermi
level. A thicker MBE graphene film (3 ML) presents identi-
cal dispersion characteristics (not shown here). It confirms
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FIG. 4. (Color online) Valence band spectra (hv=110 eV) of MBE grown
graphene (25 min at 1040 °C), displaying the dispersion along I'KM (a) and
around K-point (b).

again that graphene layers behave as uncoupled graphene
layers on the C-face of SiC.
A solid carbon source has been used to grow graphene

on SiC (0001) by molecular beam epitaxy in an UHV cham-
ber. Topography analysis by AFM shows that such graphene
layers grow without altering the initial atomically flat step
and terrace structure of the substrate, contrary to the graphi-
tization process. Photoelectron spectroscopy has been

Appl. Phys. Lett. 97, 241907 (2010)

achieved to estimate the thickness of the MBE graphene and
to study the valence band structure, showing the well-defined
Dirac cone dispersion at the K-point. Graphene grown by
MBE or obtained by graphitization basically behaves identi-
cally on the C-face of SiC, noticeably the occurrence of ro-
tated and weakly coupled domains. The main advantage of
MBE is to preserve the initial SiC surface morphology and to
allow a precise control of the thickness especially at the be-
ginning of growth (1-2 ML). These promising results en-
courage further study on the MBE of graphene.

This work has been achieved with the financial support
of the French ANR (project Xp-Graphene) and the Nord-Pas
de Calais Regional Council.
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