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When epitaxial graphene layers are formed on SiC�0001�, the first carbon layer �known as the “buffer
layer”�, while relatively easy to synthesize, does not have the desirable electrical properties of graphene. The
conductivity is poor due to a disruption of the graphene � bands by covalent bonding to the SiC substrate. Here
we show that it is possible to restore the graphene � bands by inserting a thin oxide layer between the buffer
layer and SiC substrate using a low temperature, complementary metal-oxide semiconductor-compatible pro-
cess that does not damage the graphene layer.
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Following its experimental realization by Novoselov et
al.,1 graphene, one, or a very few, layers of carbon in hex-
agonal sp2-hybridized sheets, has been the subject of inten-
sive investigation. Its unique electronic properties2,3 have at-
tracted great interest owing to potential applications in
nanoelectronics.4,5 Graphene films can be produced in a va-
riety of ways, e.g., exfoliation of samples from pyrolytic
graphite,1 chemical-vapor deposition �CVD�,6–8 or sublima-
tion of Si from SiC�0001� substrates.9–12 From the standpoint
of compatibility with current device fabrication processes, Si
sublimation from SiC�0001� is particularly appealing: wafer-
sized graphene films of controlled thickness can be grown
directly on a semi-insulating substrates. However, graphene
growth on SiC�0001�,13 either by sublimation of Si or by
carbon CVD, has a serious drawback. The first graphene
layer, while easy to grow uniformly, is nonconductive.14,15

Thus from an electronic point of view, this layer is not
graphene at all, but rather a “buffer layer” on which addi-
tional, electrically active graphene must be grown. Band
structure measurements by angle-resolved photoemission
spectroscopy16 and first-principles calculations14,15 show dis-
ruption of the buffer layer � bands by strong covalent bond-
ing to the SiC substrate.

Recently, it was shown that annealing in hydrogen at tem-
peratures above 600 °C can decouple the buffer layer from
the SiC substrate, resulting in the appearance of the graphene
band structure.17 Here we describe a low-temperature oxida-
tion process that accomplishes the same decoupling. When
the buffer layer is exposed to oxygen at 250 °C, an oxide
layer is formed between the buffer layer and the SiC�0001�
substrate. We show that this ultrathin layer—containing
about 1.2 oxygen atoms per SiC unit cell—is sufficient to
decouple the buffer layer from the substrate, restoring the
�-band structure characteristic of free-standing graphene.
We correlate the existence of graphenelike � bands with the
appearance of the � plasmon in electron-energy loss spec-
troscopy �EELS�.

Although it perhaps seems counterintuitive to attempt to
improve the conductivity of a structure by oxidation, the for-
mation of a SiO2 decoupling layer between the graphene and
the SiC substrate has a fair amount of a priori thermody-
namic and kinetic plausibility. The free energy of formation
of SiO2 is more negative than that of CO2 by approximately
100 kcal/mole at 500 K. Thus if a buffer layer/SiC structure

were oxidized under such conditions so as to achieve ther-
modynamic equilibrium, essentially all of the oxygen reacted
would be in the form of SiO2. In addition, it has been shown
that SiO2 can be formed on SiC via exposure to oxygen at
relatively modest temperatures.18 Of course, this offers no
guarantee that the desired structure can be synthesized since
equilibrium is not achievable under practical oxidation con-
ditions. In fact, the equilibrium products of SiC oxidation are
undesirable, as graphitic carbon, presumably highly disor-
dered, would be produced in equimolar amounts to the SiO2.
Instead the ideal to be sought is a kinetic regime in which
graphene remains inert to the oxidant �e.g., O2�, SiC is oxi-
dized to produce sufficient SiO2, and the carbon liberated
from the oxidation of SiC is oxidized and carried away.
While these requirements appear quite stringent, graphene is
well known for its chemical inertness, and, as we show, no
more than the equivalent of one or two monolayers of SiO2
is required to decouple the film from the substrate. In addi-
tion there is precedent for oxidation selectivity such as we
desire between the graphene and the nascent carbon formed
by SiC oxidation: when carbon nanotubes are grown from
alcohol precursors it is believed that one of the roles of the
oxygen is to scavenge any amorphous carbon formed in the
pyrolytic process.19 In what follows we describe a low-
temperature, high-pressure oxidation process that accom-
plishes these goals, decoupling the buffer layer from the SiC
substrate and restoring the � bands to a substantially unper-
turbed condition.

The synthesis of epitaxial graphene layers on SiC�0001�
was carried out in an ultrahigh vacuum system equipped with
low-energy electron microscopy �LEEM�.11–13 The graphene
layers were formed at elevated temperature while the surface
was imaged with LEEM. Details on the preparation of clean,
flat SiC�0001� samples are given elsewhere.11,12 Two differ-
ent synthesis approaches were used, yielding essentially
identical results. In the first process, the sample is annealed
above 1300 °C in a background pressure of disilane until the
SiC decomposes, creating 1–3 ML of carbon in a controlled
manner. In the second process, a small amount of ethylene
�e.g., 1�10−7 Torr� is added to the disilane background be-
low the temperature at which SiC decomposes. A buffer layer
film limited to a single carbon layer can be formed with this
CVD approach. This latter method has the advantage that the
CVD process is self-limiting, yielding a single graphene
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buffer layer, with no possibility of producing additional
graphene, which would complicate the analysis of the experi-
ments. However, the nucleation rate of the graphene buffer
layer during CVD growth is difficult to control and the do-
main size of the CVD films can be significantly smaller than
that of films grown by thermal decomposition. After synthe-
sis, the graphene layer thickness was verified using the
LEEM reflectivity method developed by Hibino et al.20 The
LEEM instrument employed for these experiments includes
an energy filter, enabling us to obtain EELS spectra in situ
from the same area of the surface that is imaged.21 A focused
ion-beam system was used to mill out alignment marks on
the SiC substrate before graphene synthesis, which allowed
us to obtain EELS spectra and images from a specific area of
the surface, remove the sample from the LEEM chamber for
oxidation, return it to the LEEM chamber and collect LEEM
images and EELS spectra from exactly the same area of the
sample. For reference, an EELS spectrum from an exfoliated
graphite flake placed on SiC�0001� is shown in Fig. 1.

The incident electron energy was 33 eV and the scattering
geometry was such that both the incident and scattered
beams were approximately normal to the surface. The feature
near 6.2 eV loss energy corresponds to the surface � plas-
mon of graphite.22–24 A spectrum obtained under identical
scattering conditions from a graphene buffer layer synthe-
sized on SiC via CVD is also shown. As expected, owing to
the disruption of the graphene � bands, no plasmon loss
features are observed, confirming that the electronic structure
of the covalently bonded buffer layer is different from that of
graphene.

Following LEEM image collection and selected area
EELS characterization, the sample was removed from the
LEEM and atomic force microscopy �AFM� images were
obtained from the same area in which the EELS spectra were
obtained. It was then introduced into an oxidation chamber
connected to an x-ray photoemission �XPS� spectrometer.
The sample was oxidized in 1 atm of O2 at 250 °C for 5 s.
The effect of the oxidation on the sample was characterized
using XPS, as illustrated in Fig. 2.

In each panel, the bottom spectra show the Si 2p and C 1s
core levels of the buffer layer sample after growth but prior

to oxidation. The Si 2p region shows a single peak corre-
sponding to Si in SiC. �Some slight tailing to higher binding
energy is observed due to a small amount of oxide present on
this air-exposed sample.� The C 1s region shows a peak at
283.42 eV binding energy corresponding to carbidic carbon
and a second peak shifted to higher binding energy by 1.81
eV, corresponding to buffer layer carbon. After oxidation, the
spectra in the middle rows are obtained. The Si 2p spectrum
shows a weak satellite feature at higher binding energy,
which we attribute to the formation of oxidized Si. �The O 1s
spectrum, not shown, confirms the uptake of oxygen by the
system.� From the area of the weak satellite feature, we es-
timate the thickness of this oxidized layer to be surprisingly
thin: no more than a few angstroms. Ion-scattering measure-
ments in which the oxide thickness is precisely determined
are described below. For these oxidation conditions, the
growth of the oxide saturates within seconds and there is
little qualitative difference between samples oxidized for 5 s
or 1 h. In the C 1s spectrum, the graphene buffer layer peak
has shifted by approximately 0.26 eV toward lower binding
energy with respect to the carbidic carbon peak. This is
hardly surprising, since, as we shall show below, the valence
electronic structure of the graphene layer has undergone a
dramatic change. However we note that the graphenic carbon
intensity is unchanged from the unoxidized sample, indicat-
ing that within sensitivity of the XPS measurements �about
5%� the graphene layer is not chemically attacked by the
oxygen. We note that if the oxidation is carried out at the
same pressure but at higher temperatures �e.g., 300 °C� the
graphene is significantly etched.

In addition to the changes in shape in the Si 2p and C 1s
spectra upon oxidation, both spectra shift rigidly to lower
binding energy. This is indicative of a band bending effect
caused by the introduction of negative charge in the surface
region. We compare this oxidation-induced band bending of
the middle row of Fig. 2 with the band bending resulting
from growing graphene multilayers on SiC made via SiC
decomposition, shown in the top panel. We note that the
band bending induced by adding electrically active graphene
onto the surface, shown in the top panel, is similar to the
band bending produced by low-temperature oxidation. An
obvious interpretation of this coincidence is that following
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FIG. 1. �Color online� Electron-energy loss spectra recorded
from �a� a thick graphite flake placed on SiC�0001� �black�, �b� a
graphene buffer layer on SiC�0001� before oxidation �blue/dark
gray�, and �c� the same buffer layer after oxidation �red/gray�. All
spectra were recorded using 33 eV electrons.

FIG. 2. XPS spectra of the �a� Si 2p and �b� C 1s core levels
from a buffer layer grown on SiC�0001�. The bottom spectrum in
each panel is from the buffer layer before oxidation. The middle
spectra are from the buffer layer after oxidation. The top spectra are
from a thick graphene film grown on SiC�0001� via high-
temperature sublimation.
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oxidation the graphene has become electronically decoupled
from the substrate, and has become electrically active, exhib-
iting roughly the same local chemical environment �e.g.,
doping level� as few-layer graphene. After oxidation, subsid-
iary experiments were performed which showed that flash
heating to 1200 °C causes the oxide to decompose. Analysis
of the C 1s spectra of these samples before and after flashing
shows no significant difference in the intensities of the
graphenic carbon peaks before and after flashing, indicating
that the graphene layer is unaffected by this process, an ob-
servation we shall exploit below.

Selected-area low-energy electron diffraction �LEED� and
ex situ AFM images, recorded from the same area of the
surface before and after oxidation, are shown in Fig. 3. The
AFM images are virtually identical, demonstrating that the
graphene is not consumed during the oxidation of the sub-
strate. Note that the defect features, such as the small holes
in the graphene layer �arising from the high nucleation rate
of the graphene during CVD�, have identical shapes and
sizes before and after oxidation. This “edge graphene” would
certainly be the most reactive feature of the buffer layer and
even it is apparently unaffected. In addition, we observe no
features which could be attributed to silicon oxide on the
surface �e.g., hillocks or protrusions�, which suggests that the
oxide formed is subsurface, as desired. While AFM suggests
no significant change in the surface morphology, the LEED
patterns are quite different, suggesting a decoupling of the
buffer layer from the substrate. Before oxidation, the ex-
pected 6�3�6�3 diffraction pattern of the buffer layer is
observed. The fractional-order spots arise from double dif-
fraction from the SiC�0001� and graphene lattices,9 consis-
tent with a strong coupling of the graphene buffer layer to
the substrate. However, following oxidation, the fractional-
order spots are extinguished. The pattern corresponds to a

superposition of diffraction from graphene and from
SiC�0001�, indicative of a weaker coupling to the substrate,
e.g., due to the formation of a thin amorphous oxide layer
between the graphene layer and the substrate. Similar
changes in the LEED pattern are observed during H
intercalation.17

EELS spectra recorded after oxidation suggest that the
buffer layer has adopted the electronic structure of graphene.
The EELS spectrum �Fig. 1�c�� exhibits a loss feature at 6.2
eV, where none was present before �Fig. 1�b��. This feature
occurs at the same energy as the �-plasmon feature seen on
the graphite flake �Fig. 1�a��. From this observation we con-
clude that the oxidation process has indeed decoupled the
buffer layer from the substrate and restored the graphenelike
� bands.

The XPS and AFM data suggest that the oxidation process
results in a very thin oxide layer under the buffer layer. In
order to directly determine both the oxygen content and the
location of the oxygen relative to the graphene, we per-
formed structural measurements using medium-energy ion
scattering �MEIS�.25 Using this high-resolution form of Ru-
therford backscattering, we measured the depth profiles for
oxygen, carbon, and silicon, verifying that the oxygen accu-
mulates in a thin layer underneath the graphene. For these
experiments SiC�0001� samples with a 1–2 graphene layers
were prepared via sublimation and characterized using XPS.
In Fig. 4 we show typical data for a sample before and after
oxidation, taken using a normally incident beam of 100 keV
protons. The data for each element have been replotted on a
depth scale and the intensities have been normalized to the
cross sections. Before oxidation �Fig. 4�a��, a large surface
carbon peak is seen, caused by the graphene layer. For this
sample, the graphene film thickness corresponded to roughly
2 ML �the buffer layer and one additional carbon layer�.
Deeper into the sample, the carbon intensity drops to the
same level as the subsurface silicon peak, representing the
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FIG. 3. ��a� and �c�� 28 eV LEED patterns and ��b� and �d��
AFM images recorded from a graphene buffer layer on SiC�0001�
��a� and �b�� before and ��c� and �d�� after oxidation of the SiC
substrate. The AFM images are nearly identical while the diffraction
patterns show that strong coupling to the SiC lattice is lifted by the
oxidation.
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FIG. 4. �Color online� Medium-energy ion-scattering spectra for
graphene/SiC�0001� �a� before and �b� after oxidation. Contribu-
tions from carbon, silicon, and oxygen have been shifted and plot-
ted on the same depth scale. After oxidation, the oxygen leading
edge occurs deeper than the carbon edge, showing that the oxygen
is subsurface.
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contribution from the outermost layers of the SiC substrate.
Only a small oxygen peak is observed due to ambient expo-
sure during transfer to the MEIS system. After oxidation
�Fig. 4�b��, a more pronounced oxygen peak is observed.
Note that the leading edge of the oxygen signal occurs
deeper than the carbon edge, demonstrating that the oxygen
located below the surface. The carbon peak has a slightly
smaller intensity in the oxidized spectrum, which we at-
tribute to nonuniformity in the graphene film thickness, con-
sistent with XPS measurements which suggest that the thick-
ness varies from 1–2 ML over this sample. Quantitative
modeling of the spectrum supports the idea of an oxide-
supported graphene film; we were able to accurately fit the
results �solid lines in Fig. 4� with of the unoxidized sample
as 1.9 layers of Gr/SiC�001� and after oxidation as 1.9 layers
of Gr /3.4 Å SiO2 /SiC�0001�. Note that this derived oxide
thickness assumes a stoichiometric SiO2 layer, which is un-

likely. The absolute oxygen density, 1.5�1015 cm−2, corre-
sponds to about 1.2 oxygen atoms per SiC unit cell.

In summary, we have shown that the covalent bonding of
the graphene buffer layer to the SiC�0001� substrate can be
lifted by the insertion of an ultrathin ��3 Å� oxide layer
between the graphene and the substrate. The activated buffer
layer exhibits the �-plasmon characteristic of graphene,
showing that the band structure of graphene has been largely
recovered. The low-temperature oxidation method offers po-
tential advantages for the device fabrication. It is simple to
implement, can be carried out on prefabricated devices �i.e.,
with metal contacts in place�, and is compatible with conven-
tional complementary metal-oxide semiconductor processes.

This work was supported by DARPA under Contract No.
FA8650–08-C-7838 through the CERA program.

1 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y.
Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov, Sci-
ence 306, 666 �2004�.

2 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I.
Katsnelson, I. V. Grigorieva, S. V. Dubonos, and A. A. Firsov,
Nature �London� 438, 197 �2005�.

3 Y. Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, Nature �Lon-
don� 438, 201 �2005�.

4 C. Berger et al., Science 312, 1191 �2006�.
5 M. Y. Han, B. Özyilmaz, Y. Zhang, and P. Kim, Phys. Rev. Lett.

98, 206805 �2007�.
6 M. Eizenberg and J. M. Blakely, Surf. Sci. 82, 228 �1979�.
7 J. C. Shelton, H. R. Patil, and J. M. Blakely, Surf. Sci. 43, 493

�1974�.
8 P. W. Sutter, J.-I. Flege, and E. A. Sutter, Nature Mater. 7, 406

�2008�.
9 A. J. Van Bommel, J. E. Crombeen, and A. Van Tooren, Surf.

Sci. 48, 463 �1975�.
10 I. Forbeaux, J.-M. Themlin, and J.-M. Debever, Phys. Rev. B 58,

16396 �1998�.
11 J. B. Hannon and R. M. Tromp, Phys. Rev. B 77, 241404 �2008�.
12 R. M. Tromp and J. B. Hannon, Phys. Rev. Lett. 102, 106104

�2009�.
13 All of our experiments have been performed on the Si face of

semi-insulating SiC�0001�-4H.

14 A. Mattausch and O. Pankratov, Phys. Rev. Lett. 99, 076802
�2007�.

15 S. Kim, J. Ihm, H. J. Choi, and Y.-W. Son, Phys. Rev. Lett. 100,
176802 �2008�.

16 K. V. Emtsev, F. Speck, T. Seyller, L. Ley, and J. D. Riley, Phys.
Rev. B 77, 155303 �2008�.

17 C. Riedl, C. Coletti, T. Iwasaki, A. A. Zakharov, and U. Starke,
Phys. Rev. Lett. 103, 246804 �2009�.

18 F. Amy, P. Soukiassian, Y. K. Hwu, and C. Brylinski, Phys. Rev.
B 65, 165323 �2002�.

19 S. Maruyama, R. Kojima, Y. Miyauchi, S. Chiashi, and M.
Kohno, Chem. Phys. Lett. 360, 229 �2002�.

20 H. Hibino, H. Kageshima, F. Maeda, M. Nagase, Y. Kobayashi,
and H. Yamaguchi, Phys. Rev. B 77, 075413 �2008�.

21 R. M. Tromp, Y. Fujikawa, J. B. Hannon, A. W. Ellis, A.
Berghaus, and O. Schaff, J. Phys.: Condens. Matter 21, 314007
�2009�.

22 T. Eberlein, U. Bangert, R. R. Nair, R. Jones, M. Gass, A. L.
Bleloch, K. S. Novoselov, A. Geim, and P. R. Briddon, Phys.
Rev. B 77, 233406 �2008�.

23 T. Langer, H. Pfnur, H. W. Schumacher, and C. Tegenkamp,
Appl. Phys. Lett. 94, 112106 �2009�.

24 Y. H. Ichikawa, Phys. Rev. 109, 653 �1958�.
25 J. F. van der Veen, Surf. Sci. Rep. 5, 199 �1985�.

OIDA et al. PHYSICAL REVIEW B 82, 041411�R� �2010�

RAPID COMMUNICATIONS

041411-4

http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1038/nature04235
http://dx.doi.org/10.1126/science.1125925
http://dx.doi.org/10.1103/PhysRevLett.98.206805
http://dx.doi.org/10.1103/PhysRevLett.98.206805
http://dx.doi.org/10.1016/0039-6028(79)90330-3
http://dx.doi.org/10.1016/0039-6028(74)90272-6
http://dx.doi.org/10.1016/0039-6028(74)90272-6
http://dx.doi.org/10.1038/nmat2166
http://dx.doi.org/10.1038/nmat2166
http://dx.doi.org/10.1016/0039-6028(75)90419-7
http://dx.doi.org/10.1016/0039-6028(75)90419-7
http://dx.doi.org/10.1103/PhysRevB.58.16396
http://dx.doi.org/10.1103/PhysRevB.58.16396
http://dx.doi.org/10.1103/PhysRevB.77.241404
http://dx.doi.org/10.1103/PhysRevLett.102.106104
http://dx.doi.org/10.1103/PhysRevLett.102.106104
http://dx.doi.org/10.1103/PhysRevLett.99.076802
http://dx.doi.org/10.1103/PhysRevLett.99.076802
http://dx.doi.org/10.1103/PhysRevLett.100.176802
http://dx.doi.org/10.1103/PhysRevLett.100.176802
http://dx.doi.org/10.1103/PhysRevB.77.155303
http://dx.doi.org/10.1103/PhysRevB.77.155303
http://dx.doi.org/10.1103/PhysRevLett.103.246804
http://dx.doi.org/10.1103/PhysRevB.65.165323
http://dx.doi.org/10.1103/PhysRevB.65.165323
http://dx.doi.org/10.1016/S0009-2614(02)00838-2
http://dx.doi.org/10.1103/PhysRevB.77.075413
http://dx.doi.org/10.1088/0953-8984/21/31/314007
http://dx.doi.org/10.1088/0953-8984/21/31/314007
http://dx.doi.org/10.1103/PhysRevB.77.233406
http://dx.doi.org/10.1103/PhysRevB.77.233406
http://dx.doi.org/10.1063/1.3100776
http://dx.doi.org/10.1103/PhysRev.109.653
http://dx.doi.org/10.1016/0167-5729(85)90001-9

