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Thermal oxidation of 6H-SiC was investigated by means of isotopic tracing and narrow nuclear
resonant reaction profiling techniques. The mechanisms of oxygen transport and incorporation were
accessed by sequential oxidations in dry O2 enriched or not in the18O isotope and subsequent
determinations of the18O profiles. After sequential16O2/18O2 or 18O2/16O2 oxidations of SiC, the
18O profiles were seen to be markedly different from those observed in Si oxidation, which led to
the identification of different mechanisms of oxygen incorporation and transport. The gradual nature
of the SiO2/SiC interface was also evidenced by the18O depth distributions in samples oxidized in
a single step in18O-enriched O2. A probable explanation for this gradual SiO2/SiC interface is
shown to be the formation of C clusters during oxidation. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1807033]

SiC is a wide band gap semiconductor material, possess-
ing desirable properties for devices operating in high tem-
perature, high frequency, high power and/or high voltage
conditions. Furthermore, SiC is the only compound semicon-
ductor that can be thermally oxidized forming a film of SiO2,
an outstanding dielectric material for device applications.
Despite all these advantages, the electrical characteristics of
devices built on SiC are worse than those prepared on Si,
mainly as a result of the detrimental properties of the formed
SiO2/SiC interface.1 This fact hampers the wide utilization
of this semiconductor in the fabrication of power devices.
Aimed at improving the properties of the SiO2/SiC interface,
different ways of growing the SiO2 layer2,3 and different pos-
toxidation treatments4–7 have already been proposed. In or-
der to achieve further improvement, fundamental knowledge
of the mechanisms involved in thermal oxidation of SiC and
the effects of each oxidation parameter(temperature, gas
pressure, etc.) are of major importance. This knowledge will
make it possible to modify conveniently the oxidation pro-
cess and improve the electrical characteristics of the final
device.

The structure and composition of the transition layer be-
tween SiO2 and SiC is still not as well understood as the
SiO2/Si interface. The fundamental difference between these
systems is the presence of C in the former. Investigations of
thermal oxide growth on SiC indicate that, in the surface and
bulk regions, the oxide is similar to that grown on Si,1,8–10

whereas incompletely oxidized C and/or Si are found near
the interface.1,3,11–13Besides, the oxidation of SiC entails the
production of carbonaceous species(mainly CO) that diffuse
through the oxide layer, giving rise to a new branch of pos-
sible reactions.

In the present work we investigate the atomic transport
and incorporation of oxygen during thermal oxidation of
SiC, with special attention to the oxide/SiC transition region.
These results are compared to those of similarly prepared Si
samples, whose oxidation mechanisms are well established.
The experiments consisted essentially of the sequential ther-
mal growth of oxides in natural O2s16O2d and in 97%
18O-enriched O2s18O2d, alternating the gas sequence, or per-
forming oxidations only in18O2.

6H-SiC and Si(001) wafers were cleaned in a standard
RCA routine, followed by a dip for 30 s in a 5% HF aqueous
solution, aimed at removing the native oxide, and water rins-
ing for 30 s. All oxides were grown in a resistively heated
quartz tube furnace under a static pressure of 100 mbar.18O
profiles were determined by narrow nuclear resonant reaction
profiling (NRP) using the resonance at 151 keV in the cross-
section curve of the18Osp,ad15N nuclear reaction. Profiles
and excitation curves were normalized by the areal densities
determined by nuclear reaction analysis and Rutherford
backscattering spectrometry in channeling geometry.14

Figure 1(a) shows the excitation curves and the corre-
sponding18O depth distributions in samples oxidized in two
steps:16O2 at 1100 °C followed by18O2. The profile ob-
tained for the SiO2/Si structure(dotted line) presents the
well-known 18O-rich regions: erfc-like at the sample surface
and box-like in the oxide/Si interface region.14 In the bulk of
the oxide, the absence of18O in concentrations above its
natural abundance(0.2%) indicates that18O2 molecules in
the second oxidation step diffuse through the already formed
16O-oxide without interacting with it, reacting with Si at an
abrupt interface to form new Si18O2.

15 The same sequential
oxidations were performed on the Si face of the SiC wafers
(SiC (0001)). The 18O profile in the sample reoxidized in
18O2 at 950 °C (dash-dotted line) in the surface region isa)Electronic mail: fernanda@iq.ufrgs.br
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erfc-like as in the case of Si. However,18O is also incorpo-
rated in the bulk of the oxide and in the interface region,
where its concentration is only 13% and not equal to the
isotopic labeling of the gas(97%) as in the case of Si sub-
strate. The position of the oxide/SiC interface in this sample,
after the first oxidation step, is indicated by an arrow in Fig.
1(a). After the second oxidation, in18O2, the final thickness
remains roughly the same. The18O profile in the SiC(0001)
sample oxidized in the second step in18O2 at 1100 °C
(dashed line) is also shown. The SiO2 layer grown in the first
oxidation step was not sufficiently thick to clearly separate
the surface and interface contributions of18O. Besides, the
amount of 18O corresponding to the estimated interfacial
peak is too small to allow for a study on how18O incorpo-
rates close to the SiO2/SiC interface. Thus, the oxidation of
the SiCs0001I d (or C face) was undertaken, because it has a
higher oxidation rate, resembling more the Si oxidation rate
than the one of SiC(0001). It enables the incorporation of
higher amounts of18O in the interfacial region in reasonable
oxidation times. The18O depth distribution of this sample is
also shown(solid line). The 18O interfacial peak in the case
of the oxidized C face of the SiC sample evidences an18O

concentration that varies gradually at both sides of a narrow
plateau of stoichiometric Si18O2 instead of the abrupt
Si16O2/Si18O2 transition observed in the case of Si. Besides,
18O is also found in the bulk of the oxide film.

Figure 1(b) shows the18O profiles in Si and SiCs0001I d
samples oxidized in the same way as the precedent ones but
alternating the gas sequence: first oxidation in18O2 followed
by 16O2.

18O is seen to occupy the sites analogous to those
occupied by16O atoms in Fig. 1(a) and vice versa. In the
case of the Si oxidized sample[dotted line in Fig. 1(b)], there
is a rather abrupt transition between the bulk18O-rich oxide
and the near-interface16O-oxide, evidencing that the first
formed Si18O2 layer remained approximately unaltered after
the second oxidation step. However, the18O profile obtained
from the SiC oxidized sample is strikingly different in all
film regions[solid line in Fig. 1(b)], evidencing an18O con-
centration in the bulk region much lower than the isotopic
labeling of the18O2 gas, as well as the presence of a substan-
tial amount of 18O in the near-interface region, with a
gradual transition between these two regions.

Figure 2 shows the18O profiles obtained from the SiC
and Si samples oxidized in a single step in18O2. An abrupt
interface between SiO2 and Si is observed(dotted line).
However, in the case of the oxide/SiC interface the same
box-like distribution(dashed line) did not lead to a satisfac-
tory agreement between experimental data and the simula-
tion curve. A good fit is only obtained if one assumes a
graded interface(solid line). The gradual decrease of the18O
concentration near the SiO2/SiC interface brings about the
discussion on how the structure and/or composition of this
interface as well as the reaction-diffusion phenomena in-
volved in the oxidation of SiC could give rise to such a
gradual transition. One could attribute it to interface rough-
ness. However, this hypothesis was ruled out by high reso-
lution TEM images.12 Alternatively, the presence of another
element can lower the local O-concentration. Since the exis-
tence of a C-rich region close to the SiO2/SiC interface was
shown by electron energy loss spectroscopy analysis,12 one
may admit that the presence of C locally depletes the oxygen
concentration and one observes the nonabrupt oxide/SiC in-

FIG. 1. Experimental excitation curves(symbols) of the 18Osp,ad15N
nuclear reaction and the corresponding simulations(lines) for silicon oxide
films thermally grown on Si(001) (circles), SiC (0001) (triangles), and SiC
s0001I d (squares). The type of oxidized substrate is indicated.(a) Samples
were first oxidized at 1100 °C in16O2 and then reoxidized in18O2 at 950 °C
(circles and up triangles) or 1100 °C (squares and down triangles). The
position of the SiO2/SiC interface after the first oxidation step of the SiC
(0001) sample reoxidized at 950 °C(dash-dotted line) is indicated by an
arrow. (b) Samples were first oxidized at 1100 °C in18O2 and then reoxi-
dized in 16O2 at 950 °C(circles) and 1100 °C(squares). 18O profiles used
for the simulations of excitation curves are shown in the respective insets
with the same type of line of the respective simulations.18O concentration is
normalized to O in stoichiometric SiO2. a.u. stands for arbitrary units.

FIG. 2. Experimental excitation curves(symbols) of the 18Osp,ad15N
nuclear reaction and the corresponding simulations(lines) for silicon oxide
films thermally grown on SiC(0001) (triangles) and on Si(001) (circles).
The type of oxidized substrate is indicated. Oxidations were performed in
18O2 at 1100 °C.18O profiles used for the simulations of excitation curves
are shown in the inset with the same type of line of the respective simula-
tions. 18O concentration is normalized to O in stoichiometric SiO2. a.u.
stands for arbitrary units.
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terface as shown in Fig. 2. This phenomenon also leads to
the different18O distributions observed in SiC samples as
compared to those of Si in the interface region. In the case of
Si, there is no measurable mixture of oxygen incorporated in
distinct oxidation steps, except for the oxide surface. In the
case of SiC, the results shown in Fig. 1 evidence a mixture of
16O and 18O from different oxidation steps also in the
SiO2/SiC transition region. We propose that this mixture is
intervened by the formation and consumption of C clusters
during oxidation as represented pictorially in Fig. 3.

Following this reasoning, CO molecules produced in the
near-interface region by reaction of O2 with SiC will diffuse
and may undergo further chemical reactions. Possible reac-
tions of CO with the SiO2 network were investigated and
nucleation and growth of C clusters in the oxide film and the
emission of CO2 molecules was theoretically predicted.16

They also showed that these clusters can be consumed by
their reaction with diffusing O2 molecules during oxidation.
Thus, in the oxidation process, there is simultaneous forma-
tion of C clusters and their progressive consumption by re-
action with O2, resulting in a depth distribution of C clusters
that can be like the one shown in Fig. 3(a). The resulting
oxygen profile is analogous to the solid line one in Fig. 2,
obtained by oxidizing SiC in a single step. A second oxida-
tion step in18O2 following a first step in16O2 will cause18O
incorporation by:(i) the formation of new Si18O2 at the in-
terface,(ii ) the consumption of the carbon clusters, and(iii )
isotopic exchange in the surface region. Mechanism(ii ) is
confirmed by the18O profile of the SiC sample oxidized first
at 1100 °C in16O2 followed by oxidation at 950 °C in18O2
[dash-dotted line in Fig. 1(a)]. In this case, during the sec-
ond, lower temperature oxidation step, the CO production is
strongly diminished and, consequently, many less C clusters
are formed. Therefore,18O incorporation is mostly a result of
consumption of the C clusters already formed in the previ-
ously existing oxide layer. In fact, it is known that a low
temperature reoxidation of the SiO2/SiC structure is respon-
sible for a decrease in the density of electronic states of the
SiO2/SiC interface, related to a reduction on the concentra-
tion of carbonaceous species.7 Performing a reoxidation(in
18O2) at a higher temperature leads to, besides the consump-
tion of the previously formed clusters, oxidation of the SiC
substrate, creating a new layer of Si18O2 and forming new C

clusters close to the new SiO2/SiC interface. The near-
interface 18O distribution that emerges from this model is
represented in Fig. 3(b). The solid line profile in Fig. 1(a),
from an oxidized SiCs0001I d sample, corroborates this idea.

A further test to the validity of this reasoning could be
obtained by performing a low temperature reoxidation in
18O2 of the SiC sample of Fig. 2. If the preceding model is
valid, this procedure should transform the smooth decrease
of the18O concentration observed before the reoxidation step
to a more abrupt transition. In fact, this confirmation was
achieved17 using x-ray photoelectron spectroscopy to ob-
serve the effect of a low temperature reoxidation in an effort
to obtain a more abrupt SiO2/SiC interface. Nevertheless, we
do not exclude the existence of other possible mechanisms
that can contribute to the incorporation of18O in the already
formed Si16O2 layer, like the ejection of Si interstitials from
the substrate and16O–18O isotopic exchange.18

In summary, based on the present findings this letter has
identified different mechanisms through which oxygen is in-
corporated in the bulk and interface oxide regions during
thermal oxidation of SiC, namely consumption of carbon
clusters and reaction with the SiC substrate in a wider region
as compared to Si oxidation. The dynamics of these pro-
cesses gives rise to different18O profiles. However, the
present findings do not exclude the existence of other mecha-
nisms that can also contribute to the final18O depth distribu-
tions. The abruptness of the SiO2/SiC interface was also
investigated, evidencing that the formation of C clusters dur-
ing oxidation is a probable explanation for the gradual nature
of this interface. In order to get further insight into this sub-
ject, we intend to perform C depth profiling of these samples
with secondary ion mass spectrometry and NRP techniques.
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