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Wet and dry oxide films-4H-SiC epitaxial �0001̄� C-face interfaces have been characterized by
capacitance-voltage �C-V� measurements and soft x-ray excited photoemission spectroscopy
�SX-PES� and hard x-ray excited photoemission spectroscopy �HX-PES� using synchrotron
radiation. The interface state density for wet oxidation is much smaller than that for dry oxidation
at any energy level. In the PES measurements, intermediate oxidation states such as Si1+ and Si3+

were observed. In addition, the areal densities of these states were found to be in a good
correspondence with those of the interface states. The reasons for the good electrical characteristics
of metal-oxide-semiconductor devices fabricated by wet oxidation are discussed in terms of the
depth profiles of oxide films derived from the SX-PES and HX-PES results. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2345471�
I. INTRODUCTION

The physical properties of silicon carbide �SiC�, such as
its wide band gap and high-breakdown electric field, are at-
tractive for high-power and high-frequency electronic de-
vices whose specifications are difficult to obtain using Si or
GaAs. In addition, SiC can be thermally oxidized, and insu-
lating SiO2 layers, known as superior dielectric films for
metal-oxide-semiconductor �MOS� applications, can be
grown on it, similar to Si.1 However, SiC MOS field-effect
transistors �FETs�, especially for 4H-SiC, have problems that
need to be resolved before they can be used in practical
applications, including their higher on resistances than those
predicted from bulk properties. These poor electrical charac-
teristics are likely due to the low channel mobility �ch in the
inversion layer of SiC MOSFETs; the low �ch results from
the high interface state density. Therefore, controlling the
structure of the oxide-SiC interface is key for improving the
performance of SiC MOSFETs.

The oxidation rate of the �0001̄� C face is the largest
among all hexagonal SiC faces and is approximately ten
times larger than that of the SiC �0001� Si face.2 Hence,
utilization of the SiC C face can reduce the processing time
needed for the production of SiC MOSFETs. Until several
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years ago, it had been considered that MOSFETs fabricated
on the SiC C face have worse electrical characteristics than
those on the SiC Si face.3 However, it has been reported
recently that high-quality epitaxial films have been success-
fully grown on the 4H-SiC C face and achieved �ch of over
100 cm2/V s by pyrogenic oxidation technique, i.e., thermal
oxidation in a mixture of oxygen and hydrogen ambient, fol-
lowed by hydrogen annealing.4–8 These reports have shown
that the electrical characteristics of MOSFETs obtained by
dry oxidation of the 4H-SiC C face are significantly poorer
than those obtained by wet oxidation of the 4H-SiC C face.7

In contrast, in the case of the 4H-SiC Si face, the difference
in the electrical characteristics between wet and dry oxida-
tions is not very significant.9–11 It is therefore very important
to clarify the differences in the interface structures between
the wet and dry oxides.

There are many reports on the interfaces between oxide
layers and 4H-SiC studied by photoemission spectroscopy
�PES� to explain the reason for the poor electrical properties.
Virojanadara and Johansson12,13 have investigated dry oxide
films on C faces by comparing with those on Si faces. They
found that the crystallographic plane is correlated with the
intermediate oxidation states localized at the interface.
Namely, only the Si2+ oxidation states were observed in the

1+
case of the C face, and only the Si states were observed for
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the Si face. However, the difference in the electrical proper-
ties between the C and Si faces was not discussed. For the
comparison between wet and dry oxidations, Kobayashi et
al.14 have investigated 6H-SiC Si-face-oxide interfaces fab-
ricated by wet oxidation at low temperatures ��1000 °C�
and at high temperatures ��1000 °C�, and dry oxidation at
high temperatures. They found that the interface layer in the
case of high-temperature oxidation contains more interface
states, attributed to graphitic-carbon-related states, than in
the case of low-temperature oxidation. However, the differ-
ence in the interface structures between the wet and dry ox-
ides has not yet been clarified. We have recently reported the
results of soft x-ray excited �1050 eV� photoemission spec-
troscopy �SX-PES� using synchrotron radiation �“SPring-8”�
on dry oxide films on the SiC Si and C faces, and a wet oxide
film on the 4H-SiC C face.15 In our report, we showed that
the thickness of the compositional transition layer is relevant
to the electrical characteristics of MOS devices because the
difference in the thicknesses for the three samples is in good
correlation to the difference in the areal densities of the in-
terface states.

In this work, in order to clarify the reasons for the large
difference in the electrical characteristics of MOS devices
with wet and dry oxidations in detail, we have directly com-
pared the interface state density �Dit� estimated from the
capacitance-voltage �C-V� measurements with the oxide-SiC
C-face interface structure observed by SX-PES measure-
ments by using samples fabricated at the same time. Further-
more, in addition to SX-PES measurements, hard x-ray ex-
cited photoemission spectroscopy �HX-PES� measurements
have been carried out in order to examine the thicker oxide
films than those in SX-PES measurements.

II. EXPERIMENTS

4H-SiC C-face epitaxial films with 8° off-oriented,
n-type, Nd−Na�7�1016 cm−3 were used in this study. After
standard RCA cleaning, one SiC substrate was oxidized in
pure dry O2 flow at 1100 °C for 10 min, resulting in an
oxide thickness of �20 nm, followed by quenching at room
temperature �denoted as sample �DryH��. Another substrate
was oxidized in wet O2 flow �O2:H2O=2:1� at 900 °C for
60 min and 1100 °C for 5 min, resulting in the same oxide
thickness as sample �DryH�, also followed by quenching �de-
noted as samples �WetL� and �WetH�, respectively�. MOS
capacitors for C-V measurements were fabricated by thermal
evaporation of aluminum through a shadow mask and had a
gate-electrode diameter of 0.5 mm. C-V measurements were
performed using an LCR meter �Agilent Corp. 4284A� with a
1 MHz driving frequency, time constant of 10 s, and at room
temperature. The values of Dit were estimated by the Terman
method.16

The electron escape depths of Si 2p photoelectrons in
SiO2 excited by 1050 eV photons and Si 1s photoelectrons
excited by 4950 eV photons are 2.86 and 8.60 nm, respec-
tively, obtained by considering the dependence of the elec-
tron escape depth on the kinetic energy of the electrons. In
contrast to the oxide thickness of the specimen for the C-V

measurements ��10 nm�, the thickness used for the PES
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measurements should be on the order of the escape depth �a
few nanometers� to observe the interface structure. Accord-
ingly, all the oxide films were etched by buffered HF to
around 1.4 and 5.2 nm for the SX-PES and HX-PES studies,
respectively. The thicknesses of the samples used in the PES
measurements were measured by a spectroscopic ellipsom-
eter. We have shown that the structures of the interface layers
of thick oxide films are different from those of ultrathin ox-
ide films at the initial oxidation stage based on investigations
on oxide-4H-SiC interfaces using oxide film with varying
thickness �so-called slope-shaped oxide films17� as well as
oxidation time dependence of oxide-6H-SiC interface struc-
tures by spectroscopic ellipsometry.18,19 Therefore, the corre-
lation between PES and electrical measurements can be
made only when we use thin oxide films fabricated by etch-
ing thick oxide films, and cannot be made using ultrathin
oxide films at the initial oxidation stage. This is the reason
why we do not use ultrathin oxide films but use etched ones
for PES measurements. Since the electrical properties of
4H-SiC MOS structures are very sensitive to the
postoxidation-process conditions,20 thermal cleaning in
vacuum was not done before the PES measurements in order
to avoid changing the interface structures.

The SX- and HX-PES measurements were performed
using synchrotron radiation �undulator beamlines BL27US
and BL47XU of SPring-8, respectively� as a light source and
a hemispherical analyzer �Gammadata Scienta SES2002� as
an electron analyzer. The photon energies of 4950 and
1050 eV were used for the hard x-ray excited and the soft
x-ray excited core level studies, respectively. The normalized
energy resolution �E /E in the measurements was less than
2�10−4.

III. RESULTS AND DISCUSSION

A. Energy distribution of interface states

Figure 1 shows the C-V curves �a� and Dit distributions
�b� for the samples �DryH�, �WetL�, and �WetH�. As seen in
Fig. 1�a�, sample �DryH� shows the large positive shift of
flatband voltage, attributed to the high density of negative
charges, resulting in the missing accumulation region of the
C-V characteristic. In the previous report,20 we have pointed
out that nonbonding oxygen atoms exist at the interface and
are attributed to the interface states at a deep level observed
as a large flatband voltage shift. Although the surface orien-
tation of the substrate used here is different from that of the
substrate used in Ref. 20 �Si face�, the negative charges ob-
served in the case of sample �DryH� are also considered to be
attributable to the nonbonding oxygen atoms. Figure 1�b�
shows that Dit values over the entire range observed in the
measurements were reduced dramatically by the use of wet
oxidation. Comparing the effect of temperature, the Dit val-
ues for low temperature are lower than those for high tem-
perature at almost all the energies. These results follow the
results obtained by Fukuda et al.;8 however, the Dit values in
this work are not the same as those obtained by them. This
discrepancy likely results from the differences in the postoxi-
dation methods or/and in the characterization methods of Dit,

as reported in Ref. 21.
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B. C 1s photoelectron spectra

The angle-resolved C 1s photoemission spectra excited
by 1050 eV photons at various photoelectron take-off angles
�e for sample �DryH� are shown in Fig. 2. In these measure-
ments, the energy resolution is less than 100 meV. Although
we performed the same measurements for sample �WetL�, no
specific differences compared to sample �DryH� were ob-
served. The figure indicates that a peak originating from a
source other than the Si–C bond exists around 284.8 eV.
This component peak is considered to originate from the
CHx or C–C bond because its observed binding energy is
close to the known values of these bonds.22 There are many
previous reports that have suggested that the high interface
state density for oxide-4H-SiC systems originates from car-
bon clusters at the interfaces.14,23–25 However, as shown in
Fig. 2, the intensity of the peak dramatically increases with a
decrease in �e, which means that the origin of this peak ex-
ists at the sample surface rather than the oxide-
semiconductor interface. In addition, in our previous work,17

FIG. 1. Dit distributions.

FIG. 2. C 1s spectra as a function of the photoelectron take-off angle �e for
sample �DryH�. The intensity is normalized by the intensity around the SiC

peak at another �e.
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we showed that this peak disappears by a prethermal clean-
ing at 300 °C in vacuum. From these facts, this component
peak can be assigned to CHx, i.e., surface contamination.
Hereafter, we will use this CHx peak as a reference for the
calibration of binding energy.

Figure 3 shows the C 1s photoemission spectra at 55° in
�e for the samples �DryH� and �WetL�. The measured C 1s
spectra were decomposed into peaks with superposition of
Gaussian and Lorentzian.26 The component peaks and the
sum of all component peaks are shown by thin and thick
solid lines, respectively, together with the measured spectra
�shown by open circles�. As seen in the figure, a shoulder
peak is seen at the higher-energy side of the SiC peak. The C
1s spectrum obtained from HX-PES �not shown here� also
shows this extra peak. This extra peak, denoted as “C1+,” is
thought to originate from Ctop–O–Si3 �Ctop denotes the top-
most carbon layer in the SiC bulk layer� bonding at the top-
most layer of SiC because its binding energy is very close to
that of the Si–C bond.

C. Si 2p photoelectron spectra

The angle-resolved Si 2p photoemission spectra excited
by 1050 eV photons at various �e for the �DryH� and �WetL�
samples are shown in Fig. 4. The intensity of the component
peaks originating from the oxide layer is larger when �e is
smaller, i.e., it is highly surface sensitive.

Figure 5 shows the Si 2p photoemission spectra at 55° in
�e for the �DryH� and �WetL� samples. The measured spectra
were decomposed into peaks with the superposition of

FIG. 3. C 1s spectra at �e=55°: �a� sample �DryH� and �b� sample �WetL�.

FIG. 4. Si 2p spectra at various photoelectron take-off angles �e: �a� sample

�DryH� and �b� sample �WetL�.
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Gaussian and Lorentzian,27 as mentioned in the analyses of
the C 1s spectra. Two peaks other than those originating
from SiC and Si4+ are seen in both cases. The peak around
101 eV is assigned to Si1+ oxidation states because of its
relative energy from the binding energy of the SiC
peak.15,20,28,29 On the other hand, the peak around 102 eV is
assigned to Si3+ oxidation states because its relative energy
from the binding energy of SiC peak, i.e., 1.9 eV, corre-
sponds to 3/4 the energy separation between SiC and Si4+.
Also, this relative energy agrees with that reported in Ref.
30. In the case of the Si face, only the Si1+ states were re-
ported to be observed as the compositional transition
states.15,20,28,29 Therefore, the Si3+ states must be correlated
with the carbon polarity face. Based on the fact that these
states exist at the interface, they should originate from
Ctop–Si–O3.

D. Si 1s photoelectron spectra

Figure 6 shows 4950 eV photon excited Si 1s photo-
emission spectra at �e=52° for samples �DryH� and �WetL�.
The energy resolution in the measurements is less than
500 meV. The measured spectra were also decomposed into
peaks with superposition of Gaussian and Lorentzian.31

Similar to the Si 2p spectra, compositional transition states
such as Si1+ and Si3+ were observed. Therefore, it is con-
firmed that the component peaks correlated with these states
are not produced by inadequate decomposition of the spectra.

FIG. 5. Si 2p spectra at �e=55°: �a� sample �DryH� and �b� sample �WetL�.
FIG. 6. Si 1s spectra at �e=52°: �a� sample �DryH� and �b� sample �WetL�.
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As in the case of Si 2p, the peak intensities of these states for
sample �WetL� are smaller than those for sample �DryH�.
Nevertheless, the oxide thicknesses of the samples used in
HX-PES measurements are about four times larger than
those used in SX-PES measurements. This reveals that a
small difference in oxide thicknesses does not influence the
peak intensity of the compositional transition states.

E. Depth profile of the bonding structure
of the oxide layers

We examined the depth profile of the oxide layers to
clarify the cause of the difference in the electrical properties
of samples �DryH� and �WetL�. The areal density of the com-
positional transition states, Nn, can be estimated from the Si
2p photoelectron spectra at a photoelectron take-off angle of
55°, where the effect of elastic scattering can be effectively
neglected,32 by using the following relation:33,34

NI

NS
=

Nn

ns�s sin �e
, �1�

where NI/NS represents the intensity of the Sin+ peak, i.e.,
the sum of the Si1+ and Si3+ peak intensities, normalized by
the intensity of the SiC peak, ns represents the density of the
Si atoms in a SiC substrate, and �s represents the electron
escape depth of Si 2p photoelectrons excited by 1050 eV
photons in the SiC substrate, �2.0 nm, derived from the
value in the case of Mg K� radiation �=2.3 nm �Ref. 17�� by
considering the dependence of the electron escape depth on
the kinetic energy of the electrons.35 We used a value of
4.80�1022 cm−3 for ns. If we assume that the areal density
of Si atoms of the Sin+ layer equals that of a SiC substrate
�=1.21�1015 cm−2�, then the number of monolayers �MLs�
of the compositional transition layer, Mn, can be expressed as
Nn / �1.21�1015 cm−2�. Assuming that one monolayer corre-
sponds to the Si–C bond length �0.189 nm�, the thickness of
the compositional transition layer, di, can be rewritten as
0.189�Mn� �nm�. The values of Mn and di for these samples
obtained are listed in Table I. By applying the same analysis
for the Si 2p spectra to the C 1s spectra, the areal density and
the thickness of the C1+ states, MC1 and dC1, can be esti-
mated. The values of MC1 and dC1 obtained are also listed in
Table I. In the previous work,15 we fabricated the sample of
SiC Si face by using the same fabrication method as sample
�DryH� �denoted as �DryH�Si�. We also estimate the values of
Mn and di for sample �DryH�Si and the resulting values are
shown in the table. The integrations of the interface state
density in the region of Ec−E=0.2–0.7 eV, Nit, for samples
�DryH� and �WetL� as well as �DryH�Si estimated from Ref.
20 are also listed in Table I. The table indicates that the areal
density of the compositional transition states correlates with
that of the interface states, while in the case of C1+ states,
there is no correlation. These results suggest that good elec-
trical characteristics of MOS devices fabricated by wet oxi-
dation of SiC C face can be attributed to the reduction in the
areal density of the compositional transition states, and the
C1+ states may not contribute to the interface states affecting

the electrical characteristics of SiC MOS devices.

AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



053710-5 Hijikata et al. J. Appl. Phys. 100, 053710 �2006�
The escape depth of Si 2p photoelectrons in Si4+, �o, can
be determined from the angle-resolved PES data by using the
relation36

NI

NO
=

ni�i sin �e�1 − exp�− di/�i sin �e��
no�o sin �e�exp�do/�o sin �e� − 1�

, �2�

where NO, no and ni, do, and �i denote the intensity of the
Si4+ peak, the densities of Si atoms in the SiO2 layer and the
compositional transition layer, the thickness of the SiO2

layer, and the electron escape depth of Si 2p photoelectrons
in the compositional transition layer, respectively. Here, we
assumed that no was the value for stoichiometric SiO2, and
that ni= �ns+no� /2 and �i= ��s+�o� /2. We used the value of
2.28�1022 cm−3 for no. Figure 7 shows the dependences of
NI/NO on �e for samples �DryH� and �WetL�. The values of
�o and do were determined by least-squares fitting, as shown
by the solid curves in the figure. The resulting values of �o

and do are listed in Table I. As seen in the figure, the calcu-
lated values of NI/NO did not agree well with the measured
ones for sample �DryH�, especially in the high �e side. As a
result, we could not obtain the value of �o for sample
�DryH�. This disagreement is likely because its composi-
tional transition layer is not localized at the interface because
the calculation model for Eq. �2� is satisfied only when the
compositional transition layer is localized at the interface.
Although the value of �o for sample �WetL� is 11% smaller
than that for stoichiometric SiO2 �2.86 nm�, it is almost the
same as that for thermal oxide films on Si �100� faces
�2.67 nm �Ref. 36��. On the other hand, in the case of sample
�DryH�Si, the value of �o is considerably smaller compared
to that in sample �WetL�. As discussed in Sec. III A, a lot of
nonbonding oxygen atoms might exist at the interface for
sample �DryH�Si. Because the nonbonding oxygen atom
causes Coulomb scattering against the photoelectron, these

TABLE I. Areal densities/thicknesses of the composi
respectively, the escape depths of Si 2p photoelectron
do, and integration of the interface state density in the
�WetL�, as well as for the dry oxidation film on SiC

Sample Mn /di �ML/nm� MC1 /dC1 �M

�DryH� 1.64/0.31 1.39/0
�WetL� 1.03/0.19 1.21/0
�DryH�Si 1.47/0.28 �detectio

FIG. 7. Dependence of NI/NO on �e for samples �DryH� and �WetL�. The

solid curves are denoted as fitting curves derived from Eq. �2�.
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nonbonding oxygen atoms therefore can be considered to be
one of the causes for the small �o.

As seen from Figs. 3 and 5 the binding energies of SiC,
C1+, Si1+, and Si3+ states for sample �DryH� are around
0.7 eV higher than those for sample �WetL�. In the case of
the valence-band region,15 the energy difference of 0.7 eV in
the valence-band maximum was also observed. The origin of
this binding energy shift can be considered to be the differ-
ence in the total thicknesses of the contamination layer and
the oxide film, the stress at the interface, or charges trapped
at the interface states. Although there is a small difference in
these thicknesses between the samples, it cannot account for
such a large energy shift. Also, the stress cannot account for
the same energy shift at the energy levels in C 1s, Si 2p, and
the valence-band spectra. The energy shift of 0.7 eV corre-
sponds to the number of interface states per unit area Nit of a
few 1013 cm−2, which agrees well with that obtained from
C-V measurements shown in Table I. The binding energy
shift therefore can be attributed to the difference in the
charges at the interface states. In the Si 1s spectra, this en-
ergy separation is slightly smaller than 0.7 eV, i.e., �0.6 eV.
This difference can be regarded as the difference in the di-
electric constant of the interface layer because the energy
difference between the Si 2p level and Si 1s level depends on
the dielectric constant of the interface layer.37 In our previous
report,20,29 we have pointed out that, in the case of the Si
face, the energy difference in the valence-band edge corre-
sponds to Nit. This correspondence is found to be valid for
both the Si and C faces.

Virojanadara and Johansson have reported that other
than the SiC component peaks, only the peaks corresponding
to the Si2+ states in the Si 2p spectra and graphitelike-carbon
peaks in the C 1s spectra were observed in the case of the C
face.12,13 On the contrary, we observed Si1+ and Si3+ states in
the Si 2p spectra and C1+ states in the C 1s spectra. This
difference can be explained as follows. In the case of dry
oxidation, the difference in binding energies between Si4+

and SiC component peaks in the Si 2p spectra was found to
be about 2.6 eV by Virojanadara and Johansson. As in their
case wherein this energy difference is small compared to the
widths of these component peaks, the compositional transi-
tion state peak is hard to decompose. In our work, although
the energy difference in the case of dry oxidation was also
2.6 eV, the energy difference in the case of wet oxidation
was expanded to 3.3 eV due to the reduction in the interface
trap charges. Hence, we could carry out the decomposition

4+

transition states and C1+ states, Mn /di and MC1 /dC1,
the SiO2 layer, �o, the thicknesses of the SiO2 layer,
n of Ec−E=0.2–0.7 eV, Nit, for samples �DryH� and
ce �Refs. 15 and 20�.

� �o �nm� do �nm� Nit �cm−2�

¯ 0.76 4.1�1013

2.57 1.12 2.7�1012

it 2.29 ¯ 1.1�1013
tional
s in
regio
Si fa

L/nm

.26

.23
n lim
into the Si , suboxide, and SiC component peaks precisely.
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The reason why we observed the shoulder peak in the SiC
component at the C 1s spectra �C1+ state peak� is considered
to be the same as in the case of Si 2p.

As shown in Table I, the oxide thickness of sample
�DryH� estimated from angle-resolved PES, i.e., di+do, is
larger than that of sample �WetL�. This difference is puzzling
because the oxide thicknesses in the two cases estimated
from spectroscopic ellipsometry are almost the same. Also,
in the case of HX-PES, the intensity ratio of the SiC peak to
the peak originating from the oxide layer for sample �DryH�
is larger than that for sample �WetL�. This difference is
thought to be due to the difference in the densities of the
compositional transition states between samples �DryH� and
�WetL�, as follows. In general, a spectroscopic ellipsometer
estimates the oxide thickness under the assumption that the
refractive index of the oxide layer is equal to that of stoichio-
metric SiO2. Therefore, when the oxide layer includes a large
amount of compositional transition states, the estimated re-
sults for oxide thickness have a larger value than that in the
case of a smaller amount of compositional transition states
because the refractive index of the compositional transition
layer is higher than that of stoichiometric SiO2. This inter-
pretation is probably the reason for the difference in the ox-
ide thicknesses between spectroscopic ellipsometry and PES
measurements.

The effect of hydrogen termination of the dangling
bonds at the interface could be the reason for the improve-
ment in electrical properties for wet oxidation of SiC C face.
However, it has been reported that in the case wherein
SiO2–Si structures are exposed to atomic hydrogen, the in-
terface states detected electrically are not reduced well by
hydrogen termination of silicon dangling bonds38 and the
interface states relate closely to the compositional transition
structure.34 Therefore, the reduction in the areal density of
the compositional transition states for wet oxidation is a
promising candidate as the cause for the reduction in the
interface states.

IV. SUMMARY AND CONCLUSIONS

We have studied thermal oxide films on 4H-SiC �0001̄�
epitaxial films by the C-V method, and high-resolution SX-
PES and HX-PES. The C1+, Si1+, and Si3+ oxidation states
were observed at the oxide-SiC interface in both cases of dry
and wet oxidations. The bonding structures at the interface
were discussed, wherein the Si3+ and C1+ states are assigned
to Ctop–Si–O3 and Ctop–O–Si3 bonds at the topmost SiC
layer. The relation for the areal density of the interface trap
charge between the samples agrees well with that in the areal
density of the compositional transition states. These results
reveal that the small areal density of the compositional tran-
sition states in the case of wet oxidation is attributed to good
electrical characteristics of MOS devices on the SiC C face.
It is found from angle-resolved PES measurements that the
photoelectron escape depth in the SiO2 layer for wet oxida-
tion is almost the same as that for a thermal oxidation film on

a Si �100� face.
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