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Limiting Step Involved in the Thermal Growth of Silicon Oxide Films on Silicon Carbide
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Thermal growth of silicon oxide films on silicon carbide in O2 was investigated using oxygen isotopic
substitution and narrow resonance nuclear reaction profiling. This investigation was carried out in
parallel with the thermal growth of silicon oxide films on Si. Results demonstrate that the limiting steps
of the thermal oxide growth are different in these two semiconductors, being diffusion limited in the
case of Si and reaction limited in the case of SiC. This fact renders the growth kinetics of SiO2 on SiC
very sensitive to the reactivity of the interface region, whose compositional and structural changes can
affect the electrical properties of the structure.
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only at an abrupt interface. These efforts were curve be mobile and take part in the oxide growth process in the
In semiconductor device applications involving high
power, frequency, voltage, and/or temperature, Si use is
limited by its physical properties. An example is the
relative narrow band gap (1.1 eV) that prevents Si devices
from operating at high temperatures. The polar crystal
silicon carbide (SiC) appears to be the wide band-gap
material of choice since besides the wider gap (2.9 eV for
the 6H polytype) SiC has other desired properties such as
high thermal conductivity, breakdown voltage, and satu-
rated electron drift velocity. It is also the only known
compound semiconductor on which SiO2 can be grown
thermally. On the other hand, the properties of the
SiO2=SiC interface lead to electrical characteristics worse
than those of SiO2=Si, while the scatter of the available
data [1] suggests poor interface control. Investigations of
the thermal oxide film on SiC in its different regions have
been pursued [2–7], indicating that in the surface and
bulk regions the oxide is similar to that grown on Si
[4,8,9], that the interface is less abrupt [5,10], and that
incompletely oxidized C or Si are found near the interface
[2,3,6,7,11–14]. However, a thorough understanding of the
phenomena taking place during the thermal growth of
SiO2 on SiC is still missing.

Growth of SiO2 on SiC is much slower than on Si,
presenting more scattered data [15–17] and differences
along the polar directions [�0001� and (0001) in the
hexagonal polytypes]. Several authors have tried to model
the kinetics of the thermal growth of SiO2 on SiC
[15,17,18], mostly within the framework of the Deal and
Grove model [19], which satisfactorily describes the
thermal growth of SiO2 on Si in dry O2 for oxide thick-
nesses above 20–30 nm. This model is based on a
stationary flux of O2, the only mobile species, across
the growing oxide and on reaction with Si to form SiO2
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fittings which did not consider the reaction mechanisms
and limiting steps characteristic of the SiO2=SiC sys-
tem. The elucidation of the oxidation mechanisms—
identification of the limiting steps and the mobile species
and how they are transported during oxide thermal
growth—is necessary to develop an oxidation model
for SiC allowing prediction and control of the oxide
film properties (including electrical) based on oxidation
parameters.

In the present work oxygen isotopic substitution and
narrow resonance nuclear reaction profiling (NRP) [20]
were used to follow oxygen atomic transport during oxide
thermal growth. By starting oxidation of SiC wafers in
natural O2 (16O2) and then substituting it by 18O enriched
O2 (18O2) one can follow where and how much the newly
incorporated atoms from the gas phase fix themselves.
NRP was used to profile these 18O atoms nondestructively
with nanometric resolution. Si wafers were submitted to
identical oxidation procedures and analysis. From pre-
vious works it is known that in the oxide thickness range
of the present work the 16O2=

18O2 oxidation sequence
leads to the incorporation of 18O in near surface and
near-interface regions for both SiC [17,21,22] and Si
[20,23,24] indicating that the oxidant species is mobile
in both cases. In the case of Si oxidation, 18O fixation near
the surface is due to 16O-18O exchange mediated by
defects existing in this region [23]. 18O fixation near the
interface is due to interstitial diffusion of O2 across the
growing oxide without interacting with it and reaction
with Si at the interface, forming SiO2, while Si was
shown to be practically immobile being absent in its
nonoxidized form away from the interface region [25].
However, it has not been proven that O2 is the only mobile
species in the case of SiC, since both Si and C could also
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FIG. 1. Experimental excitation curves (symbols) of the
18O�p;��15N nuclear reaction around the resonance at 151 keV
and the corresponding simulations (lines) obtained using
SPACES for silicon oxide films thermally grown on SiC �0001�
(top) and on Si (bottom). Symbols in the upper graph are related
to the Si16O2=SiC �0001� samples etched for 1 (�), 10 (�),
20 (4), and 30 s (5). Symbols in bottom graph are related to
the Si16O2=Si samples etched for 1 (�), 30 (�), 40 (4), and
70 s (5). The area of each interfacial peak is indicated in
the respective excitation curve. A sample tilt of 30� was used
during analyses. 18O profiles used for the simulations of ex-
citation curves are shown in the respective insets. Con-
centration is normalized to O in stoichiometric SiO2. A sketch
of the HF-etching idea employed to generate different Si16O2

thicknesses and identical interfaces is shown in the top of the
figure. a.u. stands for arbitrary units.
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near-interface reactive layer, which is apparently much
wider in SiC than in Si. The thermal growth rate of SiO2

on SiC is up to 1 order of magnitude lower than that of Si.
If we consider that thermally grown oxides on these two
semiconductors are alike, except for the near-interface
region, this difference in growth rate must be ascribed to
differences in the oxide/semiconductor interface region,
which is where reaction takes place. Thermal growth of
SiO2 on Si to thicknesses > 50 nm (SiO2 thickness of
interest in the present SiC technology) is governed by
diffusion of the oxidant species [19]. However, the
growth rate of SiO2 on SiC suggests a reaction limited
process. In the following we present the strategy used
here to test this hypothesis.

6H-SiC and Si (001) wafers were submitted to different
sequential oxidation processes in natural O2 ( < 1 ppm of
water, termed 16O2) and then in 18O enriched (97%) O2

(termed 18O2) under static pressure. Excitation curves of
the 18O�p;��15N nuclear reaction around the resonance at
151 keV [20] were obtained for each sample and simu-
lated using the SPACES code [26], from which 18O profiles
were extracted. A depth resolution of �0:7 nm is obtained
near the oxide surface.

One set of SiC samples was thermally oxidized in a
single batch in 16O2 (45 h, 1100 �C, 100 mbar), etched in
a HF water solution (1 nm=s etching rate) for different
times (1, 10, 20, and 30 s) and then all oxidized in 18O2

(1 h, 1100 �C, 100 mbar). The aim was to generate differ-
ent thicknesses of Si16O2 (due to the different etching
times) that the oxidizing species would traverse during
the second oxidation step in 18O2, but identical Si16O2=Si
interfaces where it would react to form new oxide, since
HF attacked only the external surfaces. The 1 s etching
step was performed in order to ensure the same type of
SiO2=air interface to all samples. In parallel, Si wafer
samples were oxidized in 16O2 (8 h, 1100 �C, 100 mbar),
etched in the same HF solution for different times (1, 30,
40, and 70 s) and then submitted to 18O2 (1 h, 1100 �C,
100 mbar). 18O excitation curves are shown in Fig. 1 for
SiC �0001� (C-face, top) and Si (001) (bottom). In the
respective insets are the profiles used to simulate the
excitation curves. A sketch of the HF-etching idea em-
ployed to generate different Si16O2 thicknesses and iden-
tical interfaces is shown in the top of the figure. All
profiles exhibit an 18O rich region erfc-like at the
sample surface and another one, boxlike, at the oxide/
semiconductor interface region. The final thickness of the
oxides grown on SiC �0001� are approximately 52, 65, 76,
and 86 nm, while, on Si (001), they are 106, 134, 140, and
166 nm.

When comparing the results from SiC and Si samples
two differences are apparent: (i) from the analysis of the
excitation curves, the amount of 18O fixed at the interface
region is essentially the same in all SiC �0001� samples
(950� 30 areal units), while in the case of Si samples it
increases with the etching time (3660, 4300, 6250,
256102-2
6950 areal units); (ii) from the profiles, the percentage
of 18O fixed in the interface region (see heights of the
boxes in the insets of Fig. 1) on SiC �0001� is less than the
isotopic enrichment of the 18O2 gas (97%) while it is
equal to the isotopic enrichment in the case of Si samples,
evidencing that in this last case the amount of 18O in-
corporated in the interface region formed stoichiometric
Si18O2. This result is also observed when comparing the
heights of the surface and interface peaks in the excita-
tion curves and corroborates previous findings [21,22].
Only the excitation curve corresponding to the thinnest
256102-2



VOLUME 89, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 16 DECEMBER 2002
oxide on SiC �0001� is presented with its simulation
because straggling prevents an accurate profile determi-
nation in the other samples. However, these excitation
curves could be well fitted using a similar profile to the
one shown in the inset, only its starting position being
deeper in the sample, corroborating the result obtained
analyzing the areas under the excitation curves.

The results from Si samples confirm the idea that the
oxide thermal growth process is limited by diffusion of
the oxidant species in the existing SiO2 layer, since for
thicker Si16O2 films the amount of newly formed Si18O2

at the interface is smaller. On the contrary, for SiC �0001�,
results corroborate the idea that the oxide thermal growth
process is limited by reaction of the oxidant species in the
interface region, since the amount of newly formed
Si18O2 at the interface did not depend on the thickness
of Si16O2 films that the 18O2 had to traverse before reach-
ing the SiC=SiO2 interface. As the 16O2 oxidation con-
ditions were identical for all SiC samples, very similar
interfaces (with respect to composition, chemical envi-
ronment, structure, etc.) must have been created, yielding
similar conditions for reaction to occur and thus similar
interfacial oxygen uptake in SiC �0001� samples. In Si
samples the O2 molecules diffuse through the oxide,
reach the oxide=Si abrupt interface, and there they react
forming new Si18O2, a behavior predicted a long time ago
[19]. On the other hand, for SiC the behavior can be
explained by an oxide thermal growth mechanism in
which the oxidant species reacts in a region near (and
including) the oxide=Si interface and not at an abrupt
interface as in the case of Si samples. This interface
cannot be wider than 15 nm, according to previous results
[22]. In this near-interface reactive region [2,3,6,7,11–14]
carbon and/or excess silicon (from SiC not completely
oxidized or from Si interstitials injected as a result of SiC
oxidation) may also be present. The mobility of lattice
oxygen could also be responsible for this phenomenon,
but it has been ruled out [21] by previous analyses of
samples oxidized in the 16O2=

18O2=
16O2 gas sequence.

The magnitudes and shapes of the 18O profile found in
near surface regions of SiC samples were practically
superposable to those of thermal oxides formed on Si
(100) under identical conditions. These facts, together
with the absence of 18O above its natural abundance of
0.2% in the oxides bulk (indicating that O2 diffuses with-
out interacting with silica in this region), are further
demonstrations of the structural and compositional simi-
larities [1,4,9] between the surface and bulk regions of
thermally grown silica films on SiC and on Si, supporting
the assumption that the diffusion coefficients of the oxi-
dant species should be similar in both cases.

Thus, we have an evidence that thermal growth of SiO2

films on SiC is limited by reaction in the near-interface
region, while on Si it is diffusion limited. A second set of
samples was oxidized for variable oxidation times in 16O2
(16, 26, 35, or 45 h at 1100 �C and 100 mbar), etched in
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the same HF solution for 1 s in all cases, also to ensure
the same type of SiO2=air interface to all samples, and
oxidized in 18O2 (1 h, 1100 �C, 100 mbar). In parallel, Si
wafer samples were oxidized for different times in 16O2
(26 or 45 h at 1100 �C and 100 mbar), etched in the same
HF solution for 1 s and then oxidized in 18O2 (1 h,
1100 �C, 100 mbar). The final thicknesses of the oxides
grown on SiC �0001� are approximately 34, 50, 59, and
75 nm, while, on Si (001), they are 138 and 184 nm. These
values are in a range comparable to those of the first set.
18O excitation curves of all samples are shown in Fig. 2.
The results for SiO2=Si exhibit the same trend as in Fig. 1,
corroborating the idea of a diffusion limited process. The
percentage of 18O fixed in the interface region is equal to
the isotopic enrichment of the O2 gas in the case of
SiO2=Si, while it is smaller than the isotopic enrichment
level in the case of SiO2=SiC. Furthermore, in the case of
the present study the amount of 18O fixed in the interface
region is seen to decrease in �0001� face samples (910,
670, 640, 630 areal units) with the increase of the oxida-
tion time in 16O2, indicating different reaction rates in
this region. A possible consequence of great impact is the
dependence of electrical characteristics of the SiO2=SiC
interface on the oxidation parameters.

In summary, based on the present findings we can
distinguish between the limiting processes involved in
the thermal growth of silicon oxide films on SiC and on
Si. While oxide growth on Si is governed by diffusion of
the oxidant species through the oxide layer, growth on
SiC is limited by reaction in the near-interface region. We
observed that the reaction rate in the near-interface re-
gions and therefore the instantaneous oxide growth rate
of SiO2 on SiC was modified in the case of first oxidations
of different durations. Discrepancies among kinetics and
electrical characterization data in the literature could
be explained taking this idea into account. The similar
erfc-like profiles found at the surface regions of all films
and the absence of 18O newly incorporated in the bulk of
the oxides grown on SiC and on Si support the idea,
already proposed in previous works, that in these two
regions the oxides formed are similar. On the other
hand, in the oxide/semiconductor interface region the
18O profiles are similar in shape (boxlike) but differ in
area and in the maximum amount of 18O incorporated,
evidencing a lower reaction rate and an extended reaction
region, in the case of SiC samples, where both oxygen
isotopes (18O and 16O) may be present as well as C
and/or excess Si. It is worth mentioning that the conclu-
sions obtained here for the C-face are also valid for the
Si-face, which results (not shown here) support the same
reasoning.

In order to further understand the thermal growth
mechanisms of SiO2 films on SiC and to relate them to
those of Si we are currently modeling the thermal growth
of SiO2 films on SiC in O2 using a reaction-diffusion
approach, but to accomplish that, more information is
256102-3



FIG. 2. Experimental excitation curves (symbols) for the
18O�p;��15N nuclear reaction around the resonance at 151 keV
and the corresponding simulations (lines) obtained using
SPACES for silicon oxide films thermally grown on SiC �0001�
(top) and on Si (bottom). Symbols in the upper graph are related
to the Si16O2=SiC �0001� samples grown for 45 (�), 35 (�),
26 (4), and 16 h (5), the other oxidation parameters being kept
fixed. In the bottom graph, symbols were used to represent the
data obtained from the oxide=Si samples oxidized first in 16O2

for 45 (�) and 26 h (4), the other oxidation parameters being
kept fixed. The area of each interfacial peak is indicated in the
respective excitation curve. A sample tilt of 30� was used
during analyses. The 18O profiles used for the simulations of
samples on SiC and on Si are shown in the respective insets.
Concentration is normalized to O in stoichiometric SiO2. In the
top of the figure there is a sketch of the idea of different 16O2

oxidation times employed to generate different Si16O2 thick-
nesses and eventually different interfaces. a.u. stands for arbi-
trary units.

VOLUME 89, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 16 DECEMBER 2002
required on the extended reactive zone in the near-
interface region where growth takes place, especially on
the nature of the mobile species and the specific kind of
defect present in this region. In order to investigate that,
we are determining the dependence of the phenomena
described here on the gas pressure during the second
oxidation step (in 18O2) as well as on the oxidation time
in 18O2. Experiments performed in a symmetric gas
sequence 18O2=16O2 are also in progress aiming at con-
256102-4
firming the presence of oxygen from the first oxidation
step in the reactive region at the interface. Finally, Si
isotopic substitution experiments are on course to clarify
the injection of interstitial Si in the near-interface region.
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