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A B S T R A C T

The interface defects formed at the oxide–SiC interface impact not only on channel mobility of MOSFET but also
on many scenes such as generation or extinction of Si/C atom vacancies and formation of single-photon sources.
Therefore, it is very important to know the oxidation mechanism of SiC more in detail. We have previously
proposed a unified SiC oxidation model based on the Si and C emission phenomenon. In addition, it has been
revealed that this model accurately reproduces the oxide growth rate in the entire oxide thickness range for
various oxidation conditions and substrate surface orientations. In this report, based on the experimental ver-
ifications for the four oxidation stages deduced from this unified oxidation model, the validity of this model was
reviewed. Furthermore, the interface-emitted Si and C concentrations were simulated for various oxidation
temperatures and substrate surface orientations. Based on the simulation results together with experimental
results of interface state density, the optimum oxide growth condition has been discussed.

1. Introduction

To deeply understand the thermal oxidation mechanism of silicon
carbide (SiC) is very important not only for the improvement in low-
power-loss performance and high-reliability of metal-oxide-semi-
conductor field-effect-transistors (MOSFETs) but for the performance of
bipolar devices. The reason for former is closely relevant to reducing
interface state density of the oxide–SiC interface [1] and the later one is
because the carrier lifetime is improved [2] by elucidating the SiC
oxidation mechanism. Also in the recent study, it has been reported that
stacking faults, which degrade the forward electrical current [3], are
formed at the epilayer/bulk interface [4] after a relatively long-term
oxidation [5]. Furthermore, it has been reported that oxidation of SiC
substrate brings about the formation of single-photon sources near the
oxide–SiC interface [6–8]. We have attempted to acquire some in-
formation about the SiC thermal oxidation mechanism by performing
real-time monitoring of the oxide growth on SiC substrates using an in-
situ spectroscopic ellipsometer. As a result of real-time growth rate
measurements, we found that the growth rate rapidly decreased in the
initial stage of oxidation [9–11]. This initial deceleration of growth rate
has also been pointed by the others [12,13]. In addition, we proposed a
kinetic model, termed “Si and C emission model” [14] (SCEM), that
accounts for this initial oxidation deceleration, and succeeded in re-
production of the observed growth rates generally in the whole thick-
ness region. Moreover, oxide growth rates for various crystal

orientations, oxidation temperatures, and oxygen partial pressures were
successfully reproduced using the SCEM, evidencing the validity of
SCEM [15,16]. The fitting parameters deduced from the calculations
revealed that: The activation energy of maximum surface reaction rate
corresponds to the number of Si backbonds for each surface orientation;
The difference in growth rate is chiefly attributed to the difference in
the Si emission ratio. Based on the obtained information on SiC oxi-
dation process, we categorized the SiC oxidation into four stages, as will
be described in next section.

In this paper, I review the validity of the four oxidation stages of
SCEM in the light of the experimental results recently obtained as well
as the reproduction of oxide growth rate.

2. Oxide growth processes

Based on information from the real time observations and the model
calculations of the oxide growth on SiC substrates, we inferred that
there were four stages in the SiC oxidation process [16]. Fig. 1 exhibits
a scheme of the SiC oxidation rate in the whole oxide thickness regime.
The details of these four oxidation stages are as follows: i) Oxide growth
on the surface (active oxidation [17]) is dominant; ii) Interface oxidation
reaction rate reducing, iii) Oxidation rate deceleration settled, iv)
Transferring to the oxygen in oxide diffusion-limited rate. In stage i),
since most of the emitted interstitials (Si and C) are segregated on the
oxide surface and are rapidly oxidized, interstitials are hardly
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accumulated near the oxidation interface. From stage ii), the interface
oxidation reaction (passive oxidation) is dominant and thereby interface
reaction rate is reduced due to the accumulation of interstitial near the
oxidation interface. Because the solubility limit of SiO2 is much higher
than that of SiC, the emissions into the oxide are dominant in the be-
ginning of Stage ii). However, when the accumulation of interstitial in
SiO2 is saturated (stage iii)), the emission into SiC begins to increase.
Still, the accumulation of C interstitial hardly occurs because of its high
diffusivity. On the other hand, the accumulation of Si interstitial just
inside SiC layer begins from stage iii), which has been confirmed by the
oxidation process simulations (Section 4). In stage iv), since the oxide
growth rate is reduced due to the oxygen diffusion-limited rate, also the
emission rates of interstitials are reduced.

3. Evidences for the oxidation stages

In this section, each stage i)–iv) mentioned in Section 2 will be
evidenced based on the experimental data.

3.1. Oxide surface growth: stage i)

It has been found that the growth rates at the very early stage are
remarkably high [18,19]. Especially in the case of low-pressure oxi-
dation, the growth rates cannot be explained by the Si emission model
for Si oxidation [20,21], as well as by the SCEM for SiC oxidation
[15,16]. Accordingly, we performed the measurements of oxide growth
rate on 4H-SiC substrates at various oxygen-partial pressures using an
in-situ spectroscopic ellipsometer [15]. In general, wide bandgap
semiconductors such as a 4H-SiC are transparent at a wide range of the
visible wavelength region. In this case, the angle of incidence should be
set to the Brewster angle to improve the accuracy of oxide thickness. In
the case of 4H-SiC, the Brewster angle is about 70°. However, once
oxide growth starts, the Brewster angle increases with increasing oxide
thickness. Accordingly, we selected an angle of incidence of 75°, which
was optimized for monitoring the oxide growth on 4H-SiC. Fig. 2 shows
the oxide growth rates at various oxygen-partial-pressures [16]. As can
be seen from the figure, the growth rates are much higher than the
growth rate curves calculated by the Si and C emission model (broken
lines.) We considered that this discrepancy was due to the oxidation
rates insufficiently introduced with the surface oxidation. Accordingly,
by introducing an additional surface oxidation term to the growth rate
equation, we attempted to reproduce the growth rates at the very early
stage correctly [16]. As revealed by the solid lines in Fig. 2, the ob-
served growth rates were successfully reproduced by this modification,

evidencing the presence of the enhanced surface oxide growth.
Furthermore, the Si and C emission into the oxide layer during the

oxidation and the SiO2 growth on the oxide surface were confirmed
from the depth profiles of oxidized HfO2/SiC structures. A HfO2 layer of
5.6 nm thickness was deposited on a SiC Si-face epi-substrate. The
samples were oxidized in 18O ambient of 10 Pa pressure at the tem-
perature of 1000 °C. Fig. 3 shows depth profiles of 18O, SiC, 180Hf16O2,
C, Si218O5 (equivalent to Si18O2), Si218O (equivalent to a sub-oxide),
and HfO2 for 1min of oxidation (a) and 10min of oxidation (b) ob-
tained by time-of-flight secondary ion mass spectroscopy (TOF-SIMS)
[22]. The results surely confirm the Si emission and the SiO2 growth on
the oxide surface. However, the presence of C emission was identified
as a small amount of HfC2 in the sample surface and not a few amounts
of HfC2 around the Si3O–SiC interface which is due to the reaction of C
and Hf. A very recent report identified the C emission into the oxide
layer after post-oxidation Ar annealing [23]. It is likely that the C
emission occurs during oxidation as well as during post-oxidation an-
nealing because the C (or CO) interstitial diffusion becomes faster when
the interstitials encounter coming oxygen and thereby they rapidly
escape from the oxide.

We also performed angle-resolved X-ray photoemission spectro-
scopy (AR-XPS) for the oxide films grown by 1, 10, 60, or 180min of
oxidation. Fig. 4 shows the schematic illustrations of the HfO2/SiC
structure during initial oxidation and the multi-oxide-layer structures
after the oxidation deduced from the TOF-SIMS analyses. A HfO2 film of
2.8 nm thickness was deposited on a SiC Si-face epi-substrate. The
oxidations were carried out at the temperature of 1100 °C and atmo-
spheric pressure. Here, the multi-layer structure at right end was as-
sumed for the AR-XPS analyses. Photoemission spectra in the O1s re-
gion were used to derive the thicknesses of the multi-layer structure.
The details on the analysis were presented elsewhere [22].

Fig. 5 shows the thicknesses of the multi-layer structure as a func-
tion of oxidation time obtained from the AR-XPS analyses. The thick-
nesses d1 and d2 are surface oxide thickness and interface oxide thick-
ness, respectively, shown by Fig. 4. The results indicated that the
oxidation process actually followed the process illustrated in Fig. 4.
Namely, only the surface growth is dominant at the very early stage and

Fig. 1. Schematic illustration of the SiC oxidation rate in the entire thickness
region.
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Fig. 2. Dependence of the oxide thickness on the growth rates for the (a) Si-face
and (b) C-face at various oxygen-partial-pressures and 1100 °C. The solid and
dashed curves represent growth rates calculated using the Si and C emission
model with and without modified surface oxide growth rate, respectively.
Source: Reproduced from [16]. CC BY 3.0.
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then, the surface growth is calmed down and the interface oxide growth
predominantly progresses.

The above-mentioned three experimental results indicated that the
Si and C interstitials emit into the oxide layer during oxidation and the
surface oxide growth prominently occurs at the very early stage.

3.2. Interfacial reaction rate deceleration: stage ii)

According to the Si emission model [24] and the Si and C emission
model [14], the initial growth rate deceleration of Si/SiC oxidation is
due to the deceleration of interface reaction rate, which is induced by
the accumulation of Si (and C) interstitials emitted during oxidation. To
describe the deceleration of the interface reaction rate, these decreasing
functions, k, were given for the Si and SiC oxidation [14,24]:

⎜ ⎟

⎜ ⎟⎜ ⎟

= ⎛
⎝

− ⎞
⎠

= ⎛
⎝

− ⎞
⎠

⎛
⎝

− ⎞
⎠

k k
C
C

k k
C
C

C
C

1 (for Si),

1 1 (for SiC),

0
Si
I

Si
0

0
Si
I

Si
0

C
I

C
0 (1)

where k0, CI, and C0 are the initial interfacial reaction rate, the con-
centrations at the SiC–SiO2 interface, the solubility limits in SiO2, re-
spectively, and the subscript means the value for the corresponding
atom. That is, it is assumed that the solubility limit is the maximum
concentration of interstitial and the k is negatively proportional to the
concentration of interstitial. Here, in the case of SiC oxidation, de-
creasing terms for Si and C interstitials were given because the SiC
oxidation involves the emissions of Si and C interstitials as revealed in
the previous section.

To prove the interfacial reaction rate deceleration and the validity
of Eq. (1), we carried out two kinds of test experiments: Real-time
measurements of the re-oxidation rate after Ar annealing and two-
temperature (two-step) oxidation [22].

A scheme of the growth rate curves with and without Ar annealing
is shown at the left-side in Fig. 6, where da and Δv are the annealed
oxide thickness and the recovery rate, respectively. Since such a
thermal treatment without oxidation reaction (i.e. Ar annealing) en-
hances diffusion of interstitials, the value of CI should be reduced,
leading to the increase in interfacial reaction rate k. Here, we assume
that Δv increases exponentially to the maximum recovery rate (Δvmax)
with a recovery time constant τ, i.e.,

∆ = ∆ − −v v t τ(1 exp( / ))max (2)

Fig. 6 shows the parameters for Eq. (2) as a function of the annealed
thickness obtained from curve fitting. SiC Si-face epi-layers were used
in this experiment. The Ar annealing temperature was 1050 or 1150 °C.
We see from the figure that the maximum recovery rate is almost
proportional to the annealed thickness but scarcely depends on oxida-
tion temperature. Conversely, the recovery time constant depends not
on da but on oxidation temperature. Therefore, it is reasonable to
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Fig. 4. Schematic illustrations of the HfO2/SiC structure and the multi-oxide-layer structures after oxidation. The structure at right end was assumed for the AR-XPS
analyses.
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consider that the interface-accumulated Si and/or C interstitials were
diffused by the thermal treatment.

Next, consider the results from two-temperature measurements.
Obviously, the lower oxidation temperature, the lower CI. Hence, we
expect the results of the two-temperature measurements as follows
(here, the initial temperatures are various ones and the second tem-
perature is common): the growth rate of the sample that underwent
lowest initial oxidation temperature is the highest when switching to
second oxidation temperature. Fig. 7 exhibits the oxide growth rates as
a function of oxide thickness at various initial oxidation temperatures.
SiC Si-face epi-layers were used in this experiment. It can be seen from
the figure that just in the beginning of oxidation, oxide growth rate is
extremely high and then rapidly decreases. Because the bare SiC sub-
strate actively incorporates oxygen, once the surface is covered with
reacted oxygen, the oxidized layer itself prevents the oxide growth. As
expected, the lower oxidation temperature at the initial oxidation, the
higher growth rate at the second oxidation. The result also confirms
that the growth rates converge to a common rate after the accumulation
of interstitials are saturated, i.e. at stage iii).

These experimental results are strong indication that evidences the
validities of the interfacial reaction rate deceleration and Eq. (1). Also,
it is suggested that the concentrations of Si and/or C interstitial at the
oxidation interface are eliminated by a smaller oxide thickness or a
lower oxidation temperature. The simulations for densities of Si and C
interstitials at the interface will be presented in Section 4.

3.3. Linear and parabolic oxide growth: stage iii) & iv)

It is well-known that a linear-parabolic oxide growth equation, so-
called Deal-Grove model [25], well reproduce the oxide growth rate of
Si at the thicknesses more than a few 10 nm. Several studies pointed out
that this model is also applicable to the SiC oxidation in this thickness
range [13,26–28]. Since the Deal-Grove model assumes a series oxi-
dation reaction in which the constant interface reaction is dominant in
the thin oxide regime followed by the oxygen diffusion rate-limiting in
the thick oxide regime, it is clear that this model is identical to the
above-mentioned stage iii) and iv). Therefore, the validity of Stage iii)
and iv) was evidenced.

4. Macroscopic simulations

So far the validity of the Si and C emission model has been verified.
Consequently, its validity was revealed in all the oxide thickness region
and oxidation conditions (i.e. oxidation temperature, oxygen-partial-
pressure, substrate surface orientation, …). On the other hand, it is
obvious that the concentrations of Si and C interstitials are closely re-
lated to the density of interface traps. Accordingly, we carried out the
simulations of concentrations of Si and C interstitials for various oxi-
dation conditions so as to establish a structure-optimized guideline of
MOS interface on a calculator using this model. Although I have de-
scribed only the concentrations of Si and C interstitials at oxide-side
(CSi

I and CC
I in Eq. (1)), the concentrations at the SiC-side are also

important because the carriers actually run in the SiC-side. Accordingly,
we also obtained the concentrations of Si and C interstitials at the SiC-
side by performing simulations using diffusion theory. The calculation
method in detail is found elsewhere [16].

Fig. 8 shows dependence of the oxide thickness on the Si and C
interstitial concentrations at the interface with the Si-face, a-face and C-
face at various oxidation temperatures and 1.0 atm, where CIb denotes
the concentrations at the SiC-side. It is noticed that, in the case of Si
interstitial, the higher temperature gives rise to the lower concentration
at the initial stage of oxide-side and at the entire stage of SiC-side.
According to the report from Hosoi et al [29], the oxidation tempera-
ture dependence of interface state density exhibits that the higher
temperature corresponds to the lower interface state density. In com-
parison between 1150 °C and 1200 °C, the interface state density is re-
duced by a factor of several 10%, which is coincidence with the con-
centration of Si interstitial at the SiC-side. In addition, only in the case
of Si-face, decreasing of concentration at the oxide-side corresponding
to the diffusion rate-limiting step was not clearly seen. Therefore, the
higher temperature and thinner oxide are superior to reduce Si-related
defect such as NIT [30].

For C interstitial, the results for oxide-side clearly exhibited a
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maximum around a few 10 nm. While in the SiC-side, the concentra-
tions showed a monochromatic increase with increasing oxide thickness
and an increase in whole of thickness region with elevating tempera-
ture. Although the concentrations at SiC-side were several orders lower
than those at oxide-side, it is possible that the C interstitials at SiC-side
react to each other to be immobile defects and these defects accumulate
at the interface, as proposed by Shen and Pantelides [31]. Anyway, it is
predicted that a thinner oxide grown at lower temperature is appro-
priate to the reduction of C-related defect (e.g. C cluster [30].)

5. Conclusion

The four oxidation stages included in the SiC thermal oxidation
model which we previously proposed were experimentally verified. As
a result, these four oxidation stages were completely evidenced. The
simulations of Si and C interstitial concentrations at the oxidation in-
terface as a function of oxide thickness on various oxidation tempera-
tures and substrate surface orientation were performed using the SiC
oxidation model. Based on the simulation results, a guideline that es-
tablishes the oxide formation recipe for reducing the SiC MOS interface
defect could be obtained.
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