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We report on the conversion of epitaxial monolayer graphene on SiC(0001) into decoupled
bilayer graphene by performing an annealing step in air. We prove by Raman scattering and
photoemission experiments that it has structural and electronic properties that character-
ize its quasi-free-standing nature. The (6./3 x 6,/3)R30° buffer layer underneath the mono-

layer graphene loses its covalent bonding to the substrate and is converted into a graphene
layer due to the oxidation of the SiC surface. The oxygen reacts with the SiC surface with-
out inducing defects in the topmost carbon layers. The high-quality bilayer graphene

obtained after air annealing is p-doped and homogeneous over a large area.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is a two-dimensional material that has been shown
to exhibit very unique and interesting physical properties [1-
3]. Due to some of these properties, such as very high carrier
mobility [4] and ballistic transport at room temperature [5], it
has been considered to be a promising candidate for future
applications in semiconductor technology.

Regarding its synthesis, growth of epitaxial graphene on
the hexagonal surfaces of silicon carbide (SiC) by tempera-
ture-induced depletion of Si atoms appears to be a promising
route. With this technique, it is possible to produce high-qual-
ity graphene on wafer-size areas [6,7] directly on an insulating
substrate that is technologically compatible [5,8,9]. Despite
these advantages, there are some factors that may limit the
technological application of this material. Although it has
been reported that graphene grown on the SiC(000-1) polar
face behaves electronically very similar to free-standing
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graphene, offering for instance high charge carrier mobilities,
a precise control over the number of grown layers is, however,
difficult to be achieved [10-12]. The growth of an homoge-
neous monolayer graphene on the SiC(0001) face can be, in
contrast, controllably achieved [6,13,14]. Nevertheless in this
case the charge carrier mobility at room temperature is dras-
tically reduced in comparison to that measured for free-
standing graphene [6,15,16]. This is due to an interaction be-
tween the monolayer graphene and the substrate, which is
mediated by a buffer layer (BL). This BL, also called zero-layer
graphene, is a (6,/3x6,/3)R30° carbon monolayer with an
atomic arrangement similar to that of graphene [16,17]. The
difference between this layer and a graphene one is that, in-
stead of being composed of only sp? hybridized atoms, the
BL has about 30% of its carbon atoms covalently bonded to
the Si atoms of the SiC interface [17] probably including a sig-
nificant degree of rehybridization to a more sp-like configu-
ration. Due to this strong coupling with the substrate, the
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BL does not exhibit graphene-like = bands and is, conse-
quently, electronically inactive [16-18].

By thermally treating a BL sample in a high-purity hydro-
gen atmosphere, Riedl et al. [19] showed that it is possible to
detach the BL from the SiC substrate. This occurs because
the hydrogen diffuses underneath the BL and breaks the cova-
lent bonding between its (6,/3 x 6,/3)R30° structure and the
substrate. The H atoms bond to the topmost Si atoms and pas-
sivate the SiC surface. Consequently, the BL becomes com-
pletely sp? hybridized and develops the structural and
electronic properties of monolayer graphene. The transport
properties of this material, called by the authors quasi-free-
standing graphene [19], were recently investigated by Speck
et al. [20] and Waldmann et al. [9]. They showed that the H
intercalated quasi-free-standing monolayer graphene has
charge carrier mobility almost independent on the tempera-
ture. At room temperature this mobility is about 3.5 times lar-
ger than that of conventional epitaxial monolayer graphene
on top of the BL. The production of quasi-free-standing bilayer
graphene by intercalating H underneath epitaxial monolayer
graphene has also been achieved [19,21-23]. The latter is of ex-
treme importance for electronic applications, since bilayer
graphene has an electric field tunable band gap [3,24-26].

Decoupling a BL and/or an epitaxial monolayer graphene
by intercalation of other elements such as fluorine [27,28], sil-
icon [29], gold [30,31], germanium [32], lithium [33], as well as
oxygen [34,35], has also been reported. F intercalation to gen-
erate monolayer graphene has shown to be partial and not
homogeneous [27,28]. In addition, Wong et al. [28] has shown,
by using X-ray photoemission spectroscopy (XPS), that a frac-
tion of the intercalated F atoms establishes covalent bonds
with the graphene layer. Interestingly, production of bilayer
graphene could not be achieved using this element. The Si,
Au, Ge, or Li intercalation is based on the deposition of an ul-
tra-thin film of the desired element on top of a BL, or mono-
layer graphene, followed by their temperature-driven
diffusion below the carbon layers [29-33]. The process re-
quires careful control over the deposition and annealing
parameters and it appears not to be straightforward to
achieve a homogeneous intercalation. Intercalation of Si has
been shown to not be able to generate quasi-free standing bi-
layer graphene over large areas [29]. Au intercalation induces
defects and leads to the formation of Au clusters on top of the
graphene layer [30,31]. Furthermore, the intercalated atoms
have a non-negligible interaction with the graphene. In the
case of Ge [32], the decoupling of the BL to generate a mono-
layer graphene has been demonstrated. However, there is no
report on the generation of bilayer graphene. Virojanadara
et al. [33] demonstrated that Li atoms are able to diffuse
through the monolayer graphene and the BL and intercalate
at the interface between the BL and the SiC substrate. How-
ever, the intercalation is not complete. As observed by XPS,
the BL component on the C1S core level spectra does not van-
ish after the process, showing that a fraction of the BL is still
covalently bonded to the SiC. Furthermore, no information
about intercalation over large areas has been reported. The
oxygen intercalation, on the other hand, is realized by
employing thermal treatments in an O, atmosphere. The
decoupling in this case is associated with the formation of a
thin oxide layer underneath the BL [34,35]. Oida et al. [34]

investigated this process by using photoemission experi-
ments. However, no information was given about the interca-
lation uniformity and structural quality of the resulting
graphene layers. In a later study Ostler et al. [35] showed that
decoupling the BL by oxidation of the SiC interface introduces
a large amount of defects in the graphene, promoted by an
oxygen etching of the carbon layer.

In this contribution, we report on the decoupling of epitax-
ial monolayer graphene on SiC(0001) grown in an Ar atmo-
sphere [6,36], via oxygen intercalation upon thermal
annealing performed in air. This process allows the produc-
tion of high-quality quasi-free-standing bilayer graphene.
The changes promoted in the chemical bonding states within
the material during annealing were investigated by XPS,
which revealed the conversion of the BL into graphene as well
as the oxidation of the SiC interface. The analysis of the struc-
tural properties, which was based on the atomic vibrational
modes by Raman spectroscopy, showed the high structural
quality of the resulting bilayer graphene as well as the inter-
calation uniformity over the entire sample area (1 x 1 cm?).
The electronic band structure, investigated by angle resolved
photoelectron spectroscopy (ARPES), confirms these results.
The present method is a straightforward route to form large
area and homogeneous bilayer graphene on SiC(0001), which
is of major significance for future applications in graphene-
based devices.

2. Experimental

Epitaxial monolayer graphene was grown on 6H-SiC(0001)
substrates (1 x 1 cm?) cut from a nominally on-axis 2 inch n-
type wafer polished on the (0001) face (epi-ready process by
NovaSiC). The samples were chemically cleaned in n-butyl-
acetate, acetone and methanol. The following processing
steps, namely the H-etching and graphene growth, were both
performed in a furnace equipped with an induction heating
system. The H-etching treatment was carried out at 1400 °C
for 15min in a forming gas atmosphere (95 at.% Ar and 5
at.% H) of 900 mbar and a flow rate of 500 sccm. The epitaxial
monolayer graphene was prepared at 1600 °C for 15 min in a
900 mbar Ar atmosphere also with a flow rate of 500sccm.

Oxygen intercalation was accomplished by thermally
treating the samples for 40 min at 600 °C in air with a preced-
ing heating ramp of 50 °C/min.

Raman measurements were performed before and after
oxygen intercalation with a spatial resolution of 1 pm using
the 482.5 nm-line of a Kr* ion laser for excitation. The spatial
resolution allowed performing measurements at the surface
terraces (typically 5 pm wide, as determined by atomic force
microscopy), without any contribution of the step edges.
The absolute positions of the Raman peaks were calibrated
using the emission lines of a Neon lamp. All Raman spectra
shown in this paper correspond to the result obtained after
the subtraction of the Raman signal of a bare SiC substrate
from the original data.

XPS measurements were carried out with a Specs Phoibos
150 analyzer using a monochromated Al Ko X-ray source.
Prior to the measurements, the samples were annealed at
temperatures up to 400 °C for 20 min in ultra-high-vacuum
(UHV) to remove contaminants from their surface.
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ARPES was carried out using synchrotron radiation at the
beamline UE56/L-PGM2 at BESSY Il in Berlin, Germany. For an-
gle and energy resolved detection of the photoelectrons, we
employed a Specs Phoibos 100 analyzer in combination with
a six axis liquid nitrogen cooled manipulator. The sample
temperature during measurement is expected to be about
120 K. The resolution obtained was ~70 meV.

3. Results and discussion

Fig. 1a and b display the Cls core level spectra obtained by
XPS measurements performed before and after thermal
annealing in air at 600 °C for 40 min, respectively. The spec-
trum of the pristine monolayer graphene on SiC(0001) shows
four components, one at 284.8eV related to the carbon
bonded within the graphene layer, the SiC bulk component
at 283.9eV, and the BL components S; (285.0eV) and S,
(285.7 eV). The lower energy component S, is due to the cova-
lent bonds between the BL and the SiC surface, while S, is re-
lated to the sp? bonded carbon within the BL [17]. By using the
ratio between the intensities of the overlayer and the SiC sub-
strate components, the layer thickness was determined and
corresponds to a monolayer graphene on top of a BL [37].
On the other hand, after thermal treatment in air, no BL-re-
lated components are observed in the C1s core level spectrum
(Fig. 1b), which is now only composed of the graphene (at
284.4 eV) and bulk SiC (at 283.2 eV) components. Furthermore,
the intensity of the graphene component increased after the
annealing process and the thickness corresponds to bilayer
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Fig. 1 - C1s core level spectra of (a) pristine monolayer
graphene and (b) decoupled bilayer graphene after thermal
treatment in air. The spectra were fitted with Voigt profiles
for SiC bulk and BL components and a Doniach-Sunjic
profile for the graphene components to account for the
asymmetric line shape.

graphene. These results show that the covalent bonds
between the BL and the SiC were broken after thermal treat-
ment and that the former was converted into a graphene
layer.

The shift of 0.4 eV in binding energy between the graphene
components of the Cls spectra corresponds to a difference in
doping level between the pristine monolayer graphene
(Fig. 1a) and the decoupled bilayer graphene obtained upon
annealing in air (Fig. 1b). Also the SiC bulk component in
the Cls (Fig. 1) and Si2p (Fig. 2) core level spectra shifts
0.7 eV towards lower binding energy. This reveals that the
BL/SiC interfacial region is modified after annealing, causing
a different band bending. The modification of the interface
is confirmed by the presence of oxygen in the thermally trea-
ted sample. While the pristine monolayer graphene is oxy-
gen-free (Fig. 2a), the Si2p core level spectrum reveals that
the SiC is oxidized after annealing, showing two oxide com-
ponents, Si* and Si** (Fig. 2b), which are shifted with respect
to the SiC bulk line by 0.48 and 2.0 eV, respectively. It is worth
to notice that the lack of other components in the C1s core-le-
vel spectrum (Fig. 1b) shows that the oxygen does not interact
covalently with the carbon layers. The analysis of the Ols
spectral region (not shown) also reveals the oxygen-free nat-
ure of the pristine monolayer graphene as well as the oxygen
incorporation after annealing in air. Measurements per-
formed with different take-off angles (0° and 60°) confirm that
the oxygen is indeed located at the bilayer graphene/SiC inter-
face and not at the graphene surface. We can therefore

IIllIllIIIIIllIllIIIIIllIlllIIllIl
O experimental data 4
— fit

pristine

_Intensity (arb. units)

annealed

Intensity (arb. units)

106 105 104 103 102 101 100 99
Binding energy (eV)

Fig. 2 - Si2p core level spectra of (a) pristine monolayer
graphene and (b) decoupled bilayer graphene after thermal
treatment in air. The spectra were fitted using Voigt
doublets to account for the spin orbit splitting. The
spectrum of the pristine monolayer graphene was fitted
with two doublets, labeled SiC bulk and Sic, corresponding
to silicon in the SiC bulk and silicon at the SiC surface
bonded to carbon within the buffer layer, respectively.
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conclude that, during the air annealing, oxygen precursors
(02 or Hy0) diffuse underneath the BL, break the covalent
bonding of the BL with the SiC, and build up an oxide-termi-
nated SiC surface. Such a process converts the system from
monolayer graphene on BL to decoupled bilayer graphene.
Raman spectra of graphene samples obtained before and
after the oxygen intercalation are displayed in Fig. 3a and b,
respectively. Several measurements were performed over
the entire surface area (1 x 1 cm?), always on the terraces in
order to avoid the contribution of the few-layer graphene
(usually bi- or trilayer) existing at the step edges [38]. The Ra-
man spectra of graphene show two main features, the G
(~1580cm™) and 2D (~2700cm™Y) peaks. The former
corresponds to the symmetric E,; phonon at the Brillouin
zone center [39] and the second to a second-order phonon
scattering induced by a double-resonance process [40,41].
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Fig. 3 - Raman spectra of: (a) pristine monolayer graphene
and (b) quasi-free-standing bilayer graphene after thermal
treatment in air. The G peak splitting in two components (c)
for the decoupled bilayer graphene is fitted by two
Lorentzians. The 2D peaks of the spectra in (a) and (b) are
shown in detail in (d) and (e), respectively. The 2D peak of
the pristine monolayer graphene (d) is fitted by one
Lorentzian with 36 cm ™! of width. The 2D peak of the
spectrum obtained after thermal treatment (e) has typical
characteristics of free-standing bilayer graphene, and is
fitted by four Lorentzians.

For the pristine monolayer graphene (Fig. 3a) the G peak posi-
tion varies between 1593 and 1604 cm ™! [with a mean value of
(1598 + 4) cm™'] for measurements performed on different
surface regions. This variation of the G peak position is attrib-
uted to the existence of areas with different strain and charge
carrier concentration [42-46]. Despite of having homogeneous
morphology and being continuous over the whole substrate
surface, it is known that epitaxial monolayer graphene can
display substantial fluctuations in strain and charge carrier
concentration [46,47]. Apart from this frequency variation,
all spectra show the typical features of high-quality mono-
layer graphene on top of SiC, namely a narrow full width at
half-maximum (FWHM) of (14 = 1) cm™* for the G peak, and
a double-resonance peak (2D) at (2727 + 10) cm™* which can
be well fitted by a single Lorentzian with FWHM of (36 + 2)
cm™? (Fig. 3d). The estimated errors for the Raman parame-
ters correspond to the standard deviation extracted from
the distribution of peak positions. Based on the position of
the G and 2D peaks [42-45], and using the Griineisen parame-
ters y as determined by Zabel et al. [48] [y(G)=1.8 and
7(2D) = 2.6], a mean compressive strain of 0.2%, and a carrier
density of n=3.7x10"cm 2, were extracted. Such values
are in the range of those reported for epitaxial monolayer
graphene on SiC(0001) [46].

The Raman spectra collected after oxygen intercalation
show features of free-standing bilayer graphene. A closer look
on the G band (Fig. 3c) reveals that its shape is asymmetric
with a shoulder at lower wavenumbers. The splitting of the
G line into two modes, named Gy, and G, (or G* and G, respec-
tively), has been observed in gated [49,50] and asymmetri-
cally-doped (due to adsorbates) bilayer graphene [51]. It has
been shown that the induced dipole moment formed between
the graphene layers breaks the inversion-symmetry [3,25,
26,52] and, consequently, activates the antisymmetric mode
Ey [49]. The mixing of the E; and E, phonon modes is
responsible for the G peak splitting [50,53] and is highly
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Fig. 4 - Histogram of D/G peaks intensity ratio [I(D)/I(G)]
acquired from a Raman mapping (inset) taken from an area
of 15 x 15 ym?. The low intensity of the D peak and its
uniformity over the mapped area confirms the high-quality
and homogeneity of the quasi-free-standing bilayer
graphene.
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dependent on the difference in charge density between the
bottom and top layers of graphene [49-51,53,54]. For the inter-
calated sample, the higher energy mode (Gy,) is centered in the
1589-1593 cm ! range, with a mean value of (1591 + 1) cm™?,
while the lower energy mode (G)) has its center in the range
of 1581-1588 cm ™!, with mean value of (1584 +2) cm™*. Each
mode is fitted by a single Lorentzian with FWHM of 7 and
9cm™}, respectively. The reduction of the FWHM of the G
peak after the intercalation, as well as the decreased variation
in peak position, reflects the structural homogeneity of the bi-
layer graphene and shows that the intercalation is homoge-
neous over the entire surface. In addition, the shape of the
2D peak (Fig. 3e) obtained after the thermal treatment is char-
acteristic of bilayer graphene, being well fitted by four
Lorentzians [40,55,56]. The position of these four components
coincides, within the experimental error, with values deter-
mined by Malard et al. [56] for exfoliated bilayer graphene.
This shows that the original strain of —0.2% observed for
the pristine sample is released due to the intercalation. Thus,
the carrier density is the main factor which determines the
position and shape of the G, and G; peaks. Based on their
positions [50,54], we find that the bilayer graphene has a

mean carrier density of about 1x 10 cm™2 (p-type), with
the splitting of the G band indicating that the bottom and
top layers are doped to different degrees. The Raman results
confirm the quasi-free-standing nature of the bilayer graph-
ene and support the XPS results. Similarly to the G band,
the 2D peak shape and width do not change for measure-
ments performed on different regions, showing that the BL
decoupling leading to bilayer graphene is homogeneous over
the entire sample surface. The high quality of the material
is confirmed by the observation of only a very weak D peak
(at about 1375 cm™%). This peak, which is regarded to be de-
fect-induced [57], has an intensity of <4% of the intensity of
the G peak, as shown in the Raman mapping displayed in
Fig. 4. This confirms the high-quality of the material.

In addition to the known graphene G, 2D, and D features,
additional spectral structures are always observed in the pris-
tine sample in the range between 1200 and 1650 cm™*
(Fig. 3a). However, after oxygen intercalation, these features
are no longer observed in the spectrum (Fig. 3b), in a similar
way to what has been reported for graphene obtained by
hydrogen intercalation [20]. These additional Raman features
are associated with the BL while it is still covalently bonded to
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Fig. 5 - Photoelectron intensity maps for oxygen intercalated bilayer graphene. (a) Overview map vs. binding energy for
Egz = —12 eV to Er and parallel momentum for the I'-K, I'-M and M-K directions of the graphene Brillouin zone. This map
clearly shows the presence of two n-bands and thus the existence of double layer graphene. (b) High resolution map vs.
parallel momentum in two perpendicular directions of the Fermi surface. The dotted circle centered at the K-point denotes
the Fermi momentum. (c) High resolution map vs. binding energy for Eg = —2 eV to Er and parallel momentum along the
dashed red line in (b), showing the linear dispersion of the n-bands. All spectra taken with Ey, = 65 eV, linear polarized.
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SiC.! Interestingly, the absence of these structures provides a
simple way to verify the conversion of a BL into graphene as a
consequence of intercalation.

ARPES measurements (Fig. 5) also confirm the presence of
bilayer graphene. In Fig. 5a the well-known graphene ¢-bands
are clearly resolved. The two n-bands from bilayer graphene
are clearly visible around the M-Point as well as along the
I'-K direction in the vicinity of the K-Point. No SiC bulk bands
are observed over the whole graphene Brillouin zone. In non-
intercalated bilayer graphene samples, ie. two layers of
graphene on top of the BL, bulk bands are also not visible
[24]. This confirms the high-quality and uniformity of the pro-
duced bilayer graphene. The Dirac point is not visible due to
hole doping of the intercalated bilayer graphene. The amount
of doping, calculated from the magnitude of the Fermi wave-
vector (dotted blue circle in Fig. 5b), is of 0.0068 holes per unit
cell or 1.3x 10 cm~? (in agreement with Raman results). In
contrast to earlier attempts to intercalate graphene on SiC
by oxygen [34,35], the graphene layer itself remains intact to
a very high degree. No oxidation or defect formation, which
would be indicated by a strong broadening of the photoemis-
sion lines, can be seen (see Fig. 5a and c).

Finally, it is important to mention that the same air
annealing process was applied to a BL/SiC(0001) sample but
did not work with the same success. For annealing tempera-
tures ranging up to 500 °C, the conversion of the BL into
graphene was observed but not without inducing defects in
the structure, as verified by Raman measurements (not
shown). At 600°C, the BL was completely etched during
annealing. The protecting effect that the topmost monolayer
graphene provides to the BL during the thermal annealing is
intriguing and is currently under further investigation. It is
also worth to notice that thermally treating epitaxial graph-
ene in a pure O, atmosphere also promotes graphene etching,
as previously reported [34,35]. Thus, a question that arises
here is whether the O, present in the air is indeed the precur-
sor responsible by the BL decoupling. One plausible explana-
tion would be that the H,O vapor is the oxygen precursor.
Nevertheless, to clarify what is the rule of each substance in
the process, further experiments are required.

4, Conclusions

We have shown that the thermal annealing of epitaxial mono-
layer graphene in air leads to the decoupling of the BL due to
oxygen intercalation, giving rise to bilayer graphene. The qua-
si-free-standing bilayer, which is highly p-doped, offers high-
quality and is homogeneous over a large area. The thermal
annealing in air provides a simple and easy way to produce
bilayer graphene on SiC(0001) without the need of well-con-
trolled processes requiring either high purity atmospheres
or UHV thin film deposition followed by annealing, as it is
used in the other approaches for decoupling graphene.
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