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Atomic Scale Oxidation of a Complex System: O2���a-SiC(0001)-(3 3 3)
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The atomic scale oxidation of the a-SiC�0001�-�3 3 3� surface is investigated by atom-resolved scan-
ning tunneling microscopy, core level synchrotron radiation based photoemission spectroscopy, and in-
frared absorption spectroscopy. The results reveal that the initial oxidation takes place through the
relaxation of lower layers, away from the surface dangling bond, in sharp contrast to silicon oxidation.
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Semiconductor surface passivation, while of central
importance to microelectronic and optoelectronic device
technologies, is poorly understood at a fundamental level.
In particular, the ultrathin silicon oxides required for the
latest very-large and ultralarge scale integration CMOS
technologies are finally approaching the fundamental
limits. At this level, it is essential to understand the
degree of homogeneity achievable and the nature of stress
induced upon oxidation. While a large amount of work
has been done on silicon oxidation due to the remarkable
interfacial properties of silicon�SiO2 [1–3], the situation
is generally very different for other semiconductors such
as III-V and IV-IV compounds, which do not have high
quality native oxides and/or the high interfacial quality.

In this view, silicon carbide (SiC) is of special interest.
SiC is a wide band gap IV-IV compound semiconductor,
existing in hexagonal �a�, cubic �b�, and rhombohedric
phases [4]. SiC has advanced characteristics making it es-
pecially suitable for high temperature, high power, high
voltage, and high frequency electronic devices and sen-
sors [4], and there is an urgent need to understand the
initial oxidation at the atomic scale. The challenge lies
in the complexities of both the surfaces and the oxida-
tion processes themselves. So far, there is only one study
on initial oxygen interaction on the a-SiC surface using
conventional Auger, electron energy loss, and diffraction
techniques primarily devoted to the effect of B on surface
reactivity [5]. For the present study, we therefore com-
bine three complementary advanced techniques to unravel
the initial oxidation of a particularly complex system, the
3 3 3 reconstructed a-SiC�0001� surface. Its structure in-
cludes a twisted Si adlayer above a bulk SiC substrate with
Si tetramers (Si trimer 1 Si adatom) on top [6], as shown
in Fig. 1.

In this Letter, we show that, in contrast to silicon sur-
faces, the a-SiC�0001�-�3 3 3� readily oxidizes at very
low oxygen exposures away from the top layer atoms (i.e.,
0031-9007�01�86(19)�4342(4)$15.00
dangling bonds). The oxygen migrates to a deep silicon
layer closer to the bulk carbon plane. Furthermore, oxida-
tion is shown to relieve the surface strain, again in sharp
contrast to silicon oxidation, suggesting that, ultimately,
the formation of a more homogeneous oxide is possible.

Scanning tunneling microscopy (STM) was performed
in an ultrahigh vacuum Omnicron instrument, core level
photoemission spectroscopy (CLPS) at the Synchrotron
Radiation Research Center (Hsinchu, Taiwan) and infrared
absorption spectroscopy (IRAS) at Bell Laboratories. The
use of these three complementary techniques is crucial.
While STM is a powerful tool for atomic scale real space
investigations, oxidation studies are often a challenge as
the observation of reacted sites cannot always be linked
to a specific oxygen configuration [7,8]. To the extent that
core level shifts can be directly linked to the oxidation state
[9,10], CLPS complements STM by providing precious
chemical information. However, charge transfer arising
from relaxation or bonding rearrangement in strained SiC
surfaces may also cause core levels to shift. IRAS is there-
fore also required to obtain evidence for oxygen insertion
[3,11]. Strong lattice and free carrier absorption in doped
SiC dictate a 45± incidence reflection geometry for IRAS,
providing submonolayer sensitivity to modes perpendic-
ular to the surface in the 650 950 cm21 range only [12].
Both 6H and 4H a-SiC�0001�-�3 3 3� surfaces, which are
known to have the same 3 3 3 surface structure, were pre-
pared by repeated Si deposition and thermal annealing se-
quences [4,6,9,13].

The effects of low oxygen exposures on the
a-SiC�0001�-�3 3 3� surface are first investigated with
STM. Figure 2 displays 300 Å 3 300 Å STM topographs
(filled electronic states) for clean 2(a) and O2 exposed 2(b)
and 2(c) a-SiC�0001�-�3 3 3� surfaces. In agreement
with previous studies [6,14], the clean surface shows large
spots in hexagonal array, with one single spot per unit
cell representing the adatom 1 trimer structure. The most
© 2001 The American Physical Society
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FIG. 1. Schematic of (a) top and (b) side views of the
a-SiC�0001�-�3 3 3� reconstruction (after Ref. [6]) showing
adatom, trimer, and Si adlayer and layer planes and the
proposed D-O-B1 and B1-O-B2 initial bonding site for oxygen
atoms. A and A� represent the bright and dark sites observed in
STM, respectively. For clarity, the three first Si atomic planes
have been represented only on the side view (b), but all planes
above the C plane are represented in the inset (c).

common defects on the clean surface appear as bright
and dark spots, corresponding to excess and reduced
electron density, respectively. Upon 0.25 L �1 L �
1 Langmuir � 1026 torr ? s� oxygen exposure [Fig. 2(b)],
new bright and/or dark spots appear away from the
original bright or dark spots, in contrast to the cubic
b-SiC�100�-�3 3 2� surface where an initial bright defect
is the preferred adsorption site for oxygen [8]. A com-
prehensive statistical defect analysis of several series of
STM topographs, with a set representative ones shown in
both Figs. 2(b) and 2(c), reveals that the bright sites seem
to be created preferentially in pairs (side by side) rather
than in an isolated manner, each pair being associated
with a nearby dark site (in 94% of the cases). This leads
to the creation of patches of several reacted sites forming
a hexagonal arrangement looking similar to “flowers”
arranged side by side, with the bright spots forming the
petals [Fig. 2(c)].

Using well-established peak decomposition, Si 2p and
C 1s core level shifts during low oxidation regime are
key to identifying oxygen atom location with the unit
cell. For the clean, a-SiC�0001�-�3 3 3� reconstructed
surface [Fig. 3(a)], the Si 2p exhibits a bulk (100.18 eV)
and two surface shifted components SS1 and SS2 [13].
SS1 (98.75 eV) is associated with the Si adatom and SS2
(99.41 eV) to the Si trimer 1 Si adlayer [13] of the re-
cently accepted 3 3 3 model [6].

Upon very low (0.25 L) O2 exposure [Fig. 3(b)], the
Si 2p core level shape is significantly affected with a
new chemically shifted component located at 100.43 eV
binding energy corresponding to Si1 oxidation state. This

FIG. 2. 300 Å 3 300 Å (left) and detailed 100 Å 3 100 Å
(right) STM filled state topographs for the a-SiC�0001�-�3 3 3�
(a) clean surface and oxygen exposed at (b) 0.25 L and (c) 0.5 L.
Triangles indicate pairs of bright sites �A� associated with a dark
site �A��.
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FIG. 3. Si 2p core level for the a-SiC�0001�-�3 3 3� (a) clean
surface and oxygen exposed at (b) 0.25 L and (c) 0.5 L in the
surface sensitive mode (hn � 150 eV and emission angle and
ue � 30±). (d), (e), (f): C 1s core level for the same surfaces
as in (a), (b), and (c) (hn � 330 eV and emission angle and
ue � 60±).

indicates that we are not in a chemisorption regime, but al-
ready in an oxidation one at exposures significantly lower
than for other semiconductors [10]. At 0.5 L, two weaker
components with larger shifts are detected at 101.54 eV
�Si21� and 102.66 eV �Si31� [Fig. 3(c)] and indicate for-
mation of small amounts of higher Si oxidation states, even
at low exposure.

The Si 2p core level results clearly show that there
is oxidation at low exposures and that the components
associated with the adatom (SS1) and trimer (SS2), i.e., the
two topmost surface layers, are unaffected by this initial
oxidation. This implies that the oxygen atoms interact
with Si atoms located below the first two surface layers
to form an oxide structure in the third layer. This view is
consistent with the rather low number of surface reacted
sites that could be observed in the above STM topographs
(Fig. 2), suggesting that the dark and bright spots observed
in STM result from electronic effects rather than from
direct oxygen interaction with surface or subsurface atoms.

A 0.3 eV shift to lower binding energy of the C 1s
core level [Figs. 3(d)–3(f)] during the same exposure se-
quence, and a 10% broadening after 0.25 L O2 exposure
[Fig. 3(e)], indicates that the first C atoms, located in the
fifth atomic plane far away from the topmost Si surface
atoms are slightly affected by oxygen incorporation. This
further supports a picture of O atoms migrating well below
the surface, leaving the trimer/adatom structure unaffected
as clearly observed in the sharp 3 3 3 low energy electron
diffraction pattern after 0.25 L O2 exposure or above.
4344
FIG. 4. Infrared reflection absorption spectra of
a-SiC�0001�-�3 3 3� after (top) exposure to 0.25 L of 16O
(oxygen 16), (center) to 2L of atomic H (using 150 L of H2),
and (bottom) 0.15 L of 18O (oxygen 18).

The reactivity of the surface to low oxygen exposures
is confirmed by infrared absorption spectroscopy. In the
range of 0.2 to 1 L of 16O2, two absorption features are
observed at 742 and 752 cm21, and at 705 and 709 cm21

upon 1 L 18O2 exposure, as shown in Fig. 4. Their fre-
quencies, strengths, and characteristic isotopic shifts are
consistent with symmetric stretch vibrations of two distinct
Si-O-Si structures within a surface unit cell [11]. These
features are altered at higher exposures �.1 L�, consis-
tent with further incorporation and therefore vibrational
interaction of additional oxygen within the unit cell. Inter-
estingly, an unusual Fano feature has also been identified
at 904 cm21 on the clean a-SiC�0001�-�3 3 3� surface
(not shown) and been assigned to a coupling of the highest
frequency adatom/trimer normal mode with the adatom
dangling-bond associated electronic band transition [15].
This feature disappears upon H exposure and is substan-
tially affected by high oxygen exposures, but is unaffected
during the initial exposure regime �,1 L�, precisely in the
range where the 742 and 752 cm21 modes are observed.
These observations taken together suggest that initial
oxidation occurs by oxygen insertion into bridge sites
away from the adatom/trimer structure, in excellent
agreement with the above Si 2p and C 1s core level
shifted component behavior.

The results obtained with STM, CLPS, and IRAS can be
correlated while considering the specific structure of the
3 3 3 surface reconstruction (Fig. 1). Since the reaction
between oxygen and Si atoms occurs below the surface, the
bright/dark sites that are created result from charge redis-
tribution associated with the reaction underneath. We gen-
erally observed that two bright sites are created together
with a dark one, these three sites being nearest neighbor
spots in the STM topographs (Fig. 2). This indicates that
each of these three spots, representing adatom 1 trimer
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atoms �A�, is affected by the oxygen reaction with an atom
underneath. One should notice here that all B atoms, the
nearest atoms bonded to the trimer atoms, do not have
strictly identical bonding, with different bond angles [6]
due to the adlayer rotation (Fig. 1). The group “A” atoms
give the STM topographs spots which could be bright A
or dark A�. Having these three A groups affected by oxy-
gen must result from an asymmetric charge redistribution
from oxygen-silicon atom bonding. In this context, atom
D is of special interest since it is at the “center of grav-
ity” of the three A groups. In addition, atom D which
belongs to the Si adlayer, is far from the ideal sp3 con-
figuration with a vertical backbond to the underlying Si
plane while the three other bonds (to Bi atoms) are equiva-
lent and horizontal [6]. These features suggest that the D
atom or its neighboring B atoms are likely to be initially
affected by an oxygen atom. IRAS makes it possible to
discriminate among these various possibilities. The modes
at 742 and 752 cm21 indicate two bridge bonding con-
figurations, without the involvement of the trimer atoms
since the Fano feature is unaltered and the Si-O-Si sym-
metric stretch modes are mostly polarized perpendicular
to the surface. The existence of two distinct oxygen vibra-
tion modes clearly suggests D-O-B and B-O-B bonding
configurations, as represented in Fig. 1 as, e.g., D-O-B1
and B1-O-B2. In the oxidation process, D could approach
a more ideal sp3 bonding configuration with the forma-
tion of a D-O-B bond, lowering the surface energy through
strain relief. This would, in turn, result in additional charge
transfer from D toward the Si adlayer and also to the car-
bon plane as indicated by the 0.3 eV shift of the C 1s core
level [Fig. 3(e)]. However, such an effect is more difficult
to detect at Si 2p due to composition with chemical shift
related to O atoms bonding.

The above picture of D-O-B1 and B1-O-B2 bond forma-
tion would account for the observation of a dark A� site
in STM pictures (Figs. 1 and 2). Indeed, the two oxygen
(D-O-B1 and B1-O-B2) atoms bonded to B1 will induce
charge depletion resulting in a A� to B1 charge transfer
leading to a dark spot in the STM image. The formation
of the two bright A sites is most likely linked to the strain
relief induced by oxidation, leading to charge redistribu-
tion in the two other A structures of the unit cell.

In conclusion, the atomic scale initial oxidation of
a-SiC�0001�-�3 3 3� has been unraveled, pointing to
dramatic differences with silicon oxidation. Using three
complementary techniques, room temperature molecular
oxygen was shown to dissociate readily �,1 L�, with
subsequent incorporation in to the lower silicon layer far
away from the only dangling bond associated with the top
adatom/trimer layers. Furthermore, in contrast to Si, this
initial oxidation is likely to relax the highly strained SiC
surface, suggesting that a more uniform silicon oxide layer
can be produced on SiC than on Si surfaces. Finally, this
work suggests that even the interfaces of more complex
technological materials of the future can now be studied
when combining a number of state-of-the-art techniques.
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