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Si and C emission into the oxide layer during the oxidation of silicon carbide and
SiO2 growth on the oxide surface were experimentally confirmed from depth profiles
of oxidized HfO2/SiC structures. With longer oxidation times, surface SiO2 growth
transitioned to oxide/SiC interface growth. The influence of Si and C emission on
the oxidation rate was investigated by real-time measurements of the oxide growth
rate. Experimental observations of annealing-inserted oxidation and two-temperature
oxidation indicated that the emission suppressed the oxidation rate. C 2015 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4922536]

Silicon carbide (SiC) is an attractive wide bandgap semiconductor material because it has
superior physical properties for power device applications and because its native oxide is SiO2,
which is utilized as an insulator in metal-oxide-semiconductor field-effect-transistors (MOSFETs).
Unfortunately, the prospective low on-resistance based on the material properties of SiC has not
yet been realized in actual fabricated SiC-MOSFETs, especially for 4H-SiC.1 This is believed to
be caused by the low channel mobility, which is attributed to the high trap densities at and/or near
the SiO2/SiC interface.2 Although fabrication processes that improve the interface characteristics,
such as nitridation of the interface, have been developed, it is difficult to simultaneously maintain
sufficient long-term reliability of the oxide.3 Since the creation of interface layers and the char-
acteristics of oxide layers should be closely related to the oxide growth mechanism, an improved
understanding of the mechanism is very important.

We carried out real-time measurements of the oxide growth rate of SiC using an in-situ spectro-
scopic ellipsometer,4–6 and showed that the oxide growth rates in the thin oxide regime are higher
than those predicted from the linear-parabolic model, called the Deal-Grove (DG) model.7 Ray et al.
also pointed out that the measured oxide thicknesses deviate from those predicted by the DG model
until a few tens of nm in thickness.8 A similar deviation in the thin oxide region has also been
observed in Si oxidation,9 and has been considered to result from a reduction in the reaction rate at
the Si–SiO2 interface due to the accumulation of Si atoms emitted into the SiO2 layer.10 Based on
this idea, we proposed an SiC oxidation model, called the ‘Si and C emission model’,11 in which it
was assumed that Si and C atoms are emitted from the SiO2–SiC interface into the SiO2 layer during
oxidation and the interfacial oxidation rate is reduced if these atoms accumulate near the interface.
To describe this initial deceleration process, we used an interfacial reaction rate that decreases as
oxidation progresses, i.e.,11

k = k0 *
,
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Si
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+
-
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,
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where k0, CI, and C0 are the initial interfacial reaction rate, the concentrations at the SiC–SiO2
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interface, and the solubility limits in SiO2, respectively. We calculated growth rates using the Si and
C emission model, and the calculated growth rate curves exactly reproduced the observed results,
even in the thin oxide regime.11,12

However, this model was not based completely on experimental evidence because the Si emis-
sion was theoretically deduced11,13 and its direct observation has been unsuccessful. However, there
is a hypothesis that Si vacancies formed by Si emission are the origin of the interface state density
near the conduction band edge.14 On the other hand, C emission has been observed on both the
SiO2

15,16 and SiC substrate sides.17–19 It has been reported that C injection into the SiO2 layer can
be attributed to the interface state over a wide energy range,20 and the injected C interstitials create
C dimers/di-interstitials in the SiC layer, which gives rise to the interface state near the conduction
band edge.21,22 Furthermore, it has been assumed in the development of bipolar devices that C
vacancies, which give rise to deep-level states called Z1/2 centers, are filled with C interstitials that
diffuse into the SiC layer during oxidation.17–19 It is believed that such atomic emissions during
oxidation can help explain device-killing defects.

In Si oxidation, obvious evidence of Si emission was obtained by oxidizing HfO2/SiO2/Si
structures.23 After thermal oxidation of the structure, the accumulation of Si species on the HfO2

surface was clearly observed by high-resolution Rutherford backscattering spectroscopy. Another
uncertainty of the Si and C emission model is whether the accumulation of Si and C interstitials near
the interface really reduce the oxidation rate, even if such accumulation occurs. In previous work
involving Si oxidation, this deceleration phenomenon has been confirmed by observing the increase
in the re-oxidation rate after Ar annealing, which was attributed to the diffusion of Si interstitials
from the interface.24

In this letter, we describe the behavior of Si and C atoms during the oxidation of SiC by
depth-profiling oxidized HfO2/SiC structures using time-of-flight secondary ion mass spectros-
copy (TOF-SIMS) and angle-resolved X-ray photoemission spectroscopy (AR-XPS). We attempted
to observe the transient period from the initial step in which oxide growth on the oxide sur-
face is predominant (i.e. active oxidation mode25) to the steady-state in which interfacial oxide
growth is predominant (i.e. passive oxidation mode). Furthermore, real-time measurements of the
re-oxidation rate after Ar annealing and two-temperature (two-step) oxidation were carried out to
examine the reduction of the oxidation rate due to accumulation of Si and C interstitials near the
interface.

Epitaxial wafers of 4H-SiC with an 8◦ off-oriented (0001) Si-face, n-type, and with a net donor
concentration Nd–Na = 1 × 1016 cm−3 were used in this study. 5.6-nm-thick HfO2 films were grown
by an electronic-beam evaporator. The surface roughness of the grown HfO2 films, as measured
by atomic force microscopy, was less than 0.4 nm, which is sufficient for TOF-SIMS analysis.
The samples were oxidized in an infrared furnace at 1100oC in a dry stable-isotope oxygen (18O2)
atmosphere at 13 Pa for 1 or 10 min in an attempt to trace the oxidant behavior under active
oxidation conditions. For comparison, a sample was also annealed in a high vacuum chamber (base
pressure <1 × 10−5 Pa) at 1100oC for 30 min. The samples were then analyzed by TOF-SIMS. The
details on the TOF-SIMS measurements were presented elsewhere.26 Another HfO2/SiC structure
was oxidized at 1100oC and 100 kPa to observe the transition from the active oxidation mode to
the passive oxidation mode. AR-XPS was performed to obtain depth profiles of the oxide films,
which were grown by 1, 10, 60, or 180 min of oxidation. To confirm the suppression of the
oxidation rate due to the accumulation of interstitials, real-time measurements of the re-oxidation
rate after Ar annealing and of two-step oxidation were carried out using an in-situ spectroscopic
ellipsometer. The SiC substrates used here were obtained from the same wafer mentioned above.
For Ar annealing-inserted oxidation measurements, the oxidation was ceased when the oxide was
grown to 10, 20, or 45 nm, then Ar annealing was carried out, and the oxidation was restarted. The
oxidation temperature was fixed at 1150oC, and the annealing temperature was 1150oC or 1050oC.
When switching gases, the furnace was pumped to vacuum, and heating was ceased under vacuum
in order to avoid the growth of carbon rich layer on the SiC surface. For the two-step oxidation
measurements, the initial oxidation temperature was varied between 900 and 1200oC, and the oxida-
tion temperature of the second step was fixed at 1100oC. The thickness at which the oxidation
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FIG. 1. Depth profiles of 18O, SiC, HfO2, C, Si18O2, and Si218O for 1 min oxidation (a) and 10 min oxidation (b).

temperature was switched was also fixed at 3 nm. The details of the oxide growth rate measurements
were presented elsewhere.5

Figure 1 shows depth profiles of 18O, SiC, 180Hf16O2, C, Si218O5 (equivalent to Si18O2), and
Si218O (equivalent to a sub-oxide, i.e. Si1+ in the Ref. 27), for 1 min of oxidation (a) and 10 min of
oxidation (b). Analysis of the annealed sample (not shown here) confirmed that no Si atoms were
emitted into the HfO2 layer. In contrast, the depth profiles of the oxidized samples clearly indicated
that SiO2 was grown near the HfO2 surface. Moreover, the SiO2 growth in the 10 min oxidized
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sample progressed more, and the Si18O2/HfO2 interface became more abrupt. These are strong indi-
cations of Si emission from the SiO2–SiC interface into the SiO2 layer during oxidation. Also, these
results confirm that the emitted Si atoms diffuse outward toward the surface and are oxidized when
they encounter oxygen from the gas phase. Under such oxidation conditions dominant to the active
oxidation mode, little growth of SiO2 occurs at the interface. Instead, only the sub-oxide grows at
the interface. Furthermore, the amount of sub-oxide increases very slightly as oxidation progresses.
Since the thickness of sub-oxide is determined by the diffusion length of Si interstitial (independent
of oxidation time),10 the thickness should become constant at the steady-state. In addition, the
growth of sub-oxide is transitioned to the steady-state at the very early oxidation stage because the
emitted Si interstitials are instantly oxidized near the interface, as revealed in the Si oxidation.23 As
shown in Fig. 1, it was found that in this oxidation stage, there were few C interstitials in the oxide.
Since the ratio of C interstitial emitting into the SiC substrate to the density of C atoms in SiC is
only the order of 10−10,28 most of C interstitials are emitted into the oxide-side and diffuse up to
the surface of oxide, then instantly evaporating toward the gas phase. As reported in the Refs. 15
and 16 in the case of ordinary pressure oxidation and thicker oxide, C interstitials with a higher
concentration should exit in the oxide.

Figure 2 shows a photoemission spectrum in the O1s region for a 1 min oxidized sample (a) and
the peak area ratio of I(SiOx) to I(HfO2) as a function of photoelectron take-off angle (θ; 0o denotes
parallel to the sample surface) for various oxidation times (b). As shown in Fig. 2(a), the spectrum is
divided into two component peaks, which originate from HfO2 at a binding energy of approximately
530 eV and from SiOx around 532 eV. The dotted curves in Fig. 2(b) were obtained by curve-fitting
using the layer attenuation model.27 The SiOx thicknesses derived from the curve-fits are shown
in Table I. Note that the multilayer structure used for the analysis was X2/HfO2 (2.8 nm)/X1/SiC.

FIG. 2. Photoemission spectra in the O1s region for a 1 min oxidized sample (a) and the peak area ratio of I (SiO2) to I (HfO2)
as a function of photoelectron take-off angle (θ = 0o denotes parallel to the sample surface) for various oxidation times (b).
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TABLE I. Thickness of the multi-layer structure.

tox [min.]a d1 [nm]b d2 [nm]b

1 ∼0 0.19
10 ∼0 0.25
60 0.14 0.31
180 2.8 0.27

atox is the oxidation time.
bdn is the thickness of SiOx at nth layer in X2/HfO2 (2.8 nm)/X1/SiC structure.

Although analysis of samples oxidized for less than 10 min indicated Si oxide growth on the HfO2
surface, after oxidation for 60 min caused the oxide growth to predominantly occur at the oxidation
interface. Therefore, the active oxidation mode transitions to the passive oxidation mode as the
oxidation of SiC substrate progresses. This is similar to Si oxidation.29 In comparison to the case of
low-pressure oxidation, thickness of the SiO2 layer at ordinary pressure is smaller. The reason why
the lowering of the oxygen pressure enhances the SiO2 growth is probably due to a larger diffusivity
of Si interstitial.

Figure 3(a) shows the oxide growth rate as a function of oxide thickness, both without anneal-
ing, and before and after Ar annealing at 1150oC for 2 h. The unfilled and filled symbols denote

FIG. 3. (a) Oxide growth rates with and without Ar annealing insertion as a function of oxide thickness. The annealing
temperature was 1150oC, the annealing time was 2 h, and the annealed oxide thicknesses were 10, 20, and 45 nm. (b)
Annealing time dependence of recovery rates. Annealing temperatures were 1050 and 1150oC. The dotted curves denote
curves fit using Eq. (2).
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TABLE II. Parameters for Eq. (2), obtained from curve fitting.

da [nm]a ∆vmax at 1150 oC [nm/min.] τ at 1150 oC [min.] ∆vmax at 1050 oC [nm/min.] τ at 1050 oC [min.]

10 0.059 80 0.061 141
20 0.119 74 0.122 142
45 0.175 86 0.171 156

ada is the annealed thickness.

growth rates before and after Ar annealing, respectively. As shown in the figure, the growth rates
were increased by Ar annealing. Furthermore, the larger the annealed thickness, the larger the
increase in growth rate. Figure 3(b) shows the recovery rate (∆v; shown in Fig. 3(a)) as a function
of annealing time at 1150oC or 1050oC. Here, we assume that ∆v increases exponentially to the
maximum recovery rate (∆vmax) with a recovery time constant τ, i.e.,

∆v = ∆vmax (1 − exp(−t/τ)) . (2)

The dotted lines in the figure denote curves fitted using Eq. (2). Table II shows all of the values of
∆vmax and τ obtained in this study. From the table, ∆vmax increases with increasing annealed thick-
ness, and is almost independent of annealing temperature. Conversely, τ decreases with increasing
annealing temperature, and is almost independent of annealed thickness. According to the Si and C
emission model, the recovery of oxidation rate due to annealing can be explained by the diffusion
of Si and/or C interstitials from the oxidizing interface. Taking diffusion theory into account, this
model is reasonable because ∆vmax should depend only on the interstitial concentration before an-
nealing and τ should depend only on the diffusion coefficient of the interstitial, which depends not
on oxide thickness but on temperature.

Figure 4 shows the oxide thickness dependence of the oxide growth rate at various initial oxida-
tion temperatures, as obtained from the two-step oxidation experiments. It is very interesting that a
lower initial temperature leads to a higher growth rate in the second step, even though the second
oxidation temperature and switching thickness are common between these oxidation sequences.
Furthermore, for all initial temperatures, the growth rates converged to a common rate after a few
tens of nm of growth in the second step. According to the Si and C emission model, the oxidation
rate for the interface reaction rate-limiting step is determined by k0 and the ratio CI/C0, as shown
in Eq. (1). Since the k0 and C0 values are common after the second oxidation step begins, the

FIG. 4. Oxide growth rates as a function of oxide thickness at various initial oxidation temperatures. The second step
oxidation temperature was 1100oC for all samples. The inset denotes growth rate data restricted to the second oxidation.
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difference in the oxidation rates is probably due to the difference in CI. The lower C0 should lead to
a lower CI at the end of the initial oxidation and, therefore, the lower initial oxidation temperature
(i.e. lower C0) accounts for the higher oxidation rate of the second oxidation. In addition, the reason
why growth rates converge to a common rate is that, after oxide growth is sufficiently progressed,
each CI value approaches an intrinsic one for the second oxidation temperature.

In summary, we attempted to experimentally examine two phenomena related to the SiC oxida-
tion mechanism. One was Si and C emission into the oxide layer during the oxidation of SiC, which
was investigated by obtaining depth profiles of oxidized HfO2/SiC structures. With longer oxidation
times, a transition from active oxidation mode to passive oxidation mode was also observed. The
hypothesis in the Si and C emission model that emitted Si and C interstitials suppress the oxidation
rate was confirmed by two different real-time observations of oxide growth on SiC, i.e. variation
of the re-oxidation rate after Ar annealing and that of the oxidation rate during two-step oxidation.
These experimental results strongly support the validity of the Si and C emission model.
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