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An ultrathin Si oxide film grown on a 6H-SiC�0001� wafer was irradiated with 1 MeV electron
beam to examine its effect on the chemical species of a Si oxide/SiC wafer, where the Si oxide film
was composed of SiO2, Si suboxides �Si3+, Si2+, and Si1+�, and Si oxycarbides �Si–C–O�. Scanning
photoelectron microscopy and Si 2p core-level spectroscopy show that e-beam irradiation induces
chemical phase transitions from the Si suboxides and Si oxycarbides to SiO2. This suggests that
e-beam irradiation is an efficient and simple method of producing a chemically uniform SiO2 film
on SiC without thermal and chemical treatments. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2783483�

The oxidation of a semiconductor wafer plays an impor-
tant role in the fabrication of semiconductor devices. Re-
cently, the oxide thickness has been reduced to less than a
few nanometers. Therefore, it becomes increasingly impor-
tant to prepare abrupt and defect-free oxide/semiconductor
interfaces. Silicon has been chosen for semiconductor de-
vices on account of the excellent properties of its native ox-
ide �SiO2� and the low defect density at the SiO2/Si inter-
face. For high-temperature, high-voltage, and high-frequency
electronic devices, it is more efficient to adopt wide band gap
semiconductors.1 Among the wide band gap semiconductors,
SiC has attracted interest partly because a stable native oxide
�SiO2� film can be grown only on SiC.1 However, metal-
oxide-semiconductor field effect transistors �MOSFETs�
based on SiC have shown inferior electronic performance
than expected from the properties of bulk SiC.1 This poor
electronic performance is the result of defects at the
SiO2/SiC interface which produces fixed charges and inter-
face trap states.2–5 Several experiments using x-ray photo-
emission spectroscopy have shown that these defects are re-
lated to nonstoichiometric oxidation products such as Si
suboxides �Si3+, Si2+, and Si1+� and Si oxycarbides
�Si–C–O�.6–10

The formation of a chemically uniform Si oxide/SiC in-
terface is one of the crucial issues for device applications of
the promising wide band gap SiC. A wide variety of methods
such as preoxidation cleaning,11 Si overlayer oxidation,6 hy-
drogen annealing,12 annealing in nitric oxides,13–15 and Ar+

ion irradiation during a thermal oxidation16 have been ap-
plied in an attempt to achieve stoichiometrically uniform in-
terfaces. However, it is inevitable that some of C–O bonds
remain trapped at the Si oxide/SiC interface because carbon

release in the form of a CO or a CO2 molecule is limited
during the oxidation processes.17,18

In this study, a Si oxide/SiC wafer was irradiated with
1 MeV electron beam �hereafter, e-beam� at room tempera-
ture and ambient conditions. The effects of the irradiation on
the Si oxide/SiC wafer were investigated using synchrotron
radiation scanning photoelectron microscopy �SPEM� with
various photon energies �h��. The Si 2p core-level spectra of
irradiated and nonirradiated regions were measured with a
spatial resolution of 25 �m. The spatially resolved Si 2p
spectra show that irradiation reduces remarkably the concen-
tration of Si suboxides and Si oxycarbides in the Si oxide/
SiC wafer leaving a chemically uniform SiO2 film.

A Si oxide film with a thickness of about 1 nm was
grown naturally on a 6H-SiC�0001� wafer in air and irradi-
ated without further chemical treatment. An electron beam
accelerator at the Korea Atomic Energy Research Institute
was used for the 1 MeV e-beam irradiation. The wafer was
irradiated with a total fluence of 1�1016 cm−2 at room tem-
perature and ambient conditions. In order to avoid thermal
effects, the wafer temperature was kept below 50 °C during
irradiation using repeated cycles of irradiation for 2 min with
a sequent 2 min rest period. The chemical phase transition
induced by the irradiation was examined by shielding half of
the wafer with 600-�m-thick Ta foil.

The synchrotron radiation SPEM measurements were
performed at the 8A1 beamline in the Pohang Accelerator
Laboratory in Korea. The Si 2p and O 1s core-level spectra
were measured with an incident angle of 0° and an emission
angle of 55°, where the angle is 0° when the direction is
perpendicular to the surface. The incident photon beam size
on the sample, defined by a pinhole placed in front of the
sample, was 50 �m.

Figure 1 shows the SPEM images and Si 2p and O 1s
core-level spectra of the Si oxide/SiC wafer, where only half
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of the wafer was irradiated. The SPEM images, shown in
Figs. 1�a� and 1�b�, were obtained using a binding energy
�BE� window between 103.75 and 104.5 eV of the Si 2p
core-level spectrum and a BE window between 533.6 and
534.35 eV of the O 1s core-level spectrum, respectively. The
A and B regions indicate irradiated and nonirradiated re-
gions, respectively. Figure 1�c� shows the Si 2p core-level
spectra at the A and B regions. The peak with a BE of
104 eV is known to originate from SiO2.7,9,10 The brightness
of the SPEM image in Fig. 1�a�, which was acquired with a
BE window between 103.75 and 104.5 eV, is thus propor-
tional to the SiO2 density. This indicates that e-beam irradia-
tion induces the formation of SiO2. The e-beam-induced oxi-
dation was also observed in the O 1s core-level spectra �Fig.
1�d�� and its SPEM image �Fig. 1�b��, as shown by the higher
O 1s intensity at the irradiated region than at the nonirradi-
ated region.

The e-beam-induced oxidation was further analyzed by
measuring the Si 2p core-level spectra of the irradiated and
non-irradiated regions at different h�, as shown in Fig. 2.
The Si 2p core-level spectra measured at h�=140 eV was
the most surface sensitive one and became more bulk sensi-
tive with increasing h�. The Si 2p core-level spectra were
decomposed by a standard nonlinear-least-squares fitting
procedure using Voigt functions and well fitted with three
components, as shown in Fig. 2.19 The component with the
higher BE relative to that of bulk SiC �hereafter, core-level
shift �CLS�� of 2.7 eV is known to originate from SiO2, as
denoted by SiO2.7,9,10 Another component with a CLS of
1.0 eV, which is denoted by D, is due to Si suboxides and Si
oxycarbides.6,7,10 The Si 2p core-level spectrum of the non-
irradiated region at h�=140 eV �Fig. 2�a�� indicates that the
density of Si suboxides and Si oxycarbides was almost half
of the SiO2 density. In contrast, irradiation reduces remark-
ably the D component enhancing the SiO2 component, as

shown in Fig. 2�e�. This suggests that most of the Si subox-
ides and Si oxycarbides changed to SiO2 as a result of
e-beam irradiation.

The depth dependence of the e-beam-induced chemical
phase transitions was measured from the changes of the rela-
tive intensities in the three components as a function of h�,
as shown in Fig. 3. The sampling depth at each h� is � sin �,
where � and � are the inelastic mean free path and emission
angle, respectively.20 Note that 95% of photoelectrons come
from the Si atoms located within the sampling depth and the
energy resolution of h� was below 0.2 eV. At the nonirradi-
ated region, the relative intensities of the SiC components at
h�=140 and 240 eV were 0.11 and 0.21, respectively, and
the sampling depths at h�=140 and 240 eV were 0.7 and
1.2 nm, respectively. This indicates that the thickness of the
SiO2 film is roughly below 1 nm because 95% of photoelec-
trons are emitted from the Si atoms located within the sam-
pling depth.20 The relative intensity of the D component at
the nonirradiated region reached a maximum at h�=240 eV.
This suggests that the density of the Si suboxides and Si
oxycarbides increases at the Si oxide/SiC interface. Interest-
ingly, at all photon energies, the D component at the irradi-
ated region was dramatically reduced by irradiation com-
pared with the nonirradiated region. This leads to the

FIG. 1. �Color online� SPEM images of the Si oxide/SiC wafer for Si 2p �a�
and O 1s �b� core-level spectra obtained at h�’s of 140 and 630 eV, respec-
tively, after 1 MeV e-beam irradiation. Irradiated and nonirradiated regions
are denoted by A and B, respectively. The intensity in the SPEM image is
proportional to the number of photoelectrons within a defined BE window.
The Si 2p �c� and O 1s �d� core-level spectra were measured from the two
different regions. The dotted lines in �c� and �d� are the BE windows used to
acquire the SPEM images �a� and �b�, respectively.

FIG. 2. �Color online� Si 2p core-level spectra acquired at various photon
energies �h�� from 140 to 630 eV of the nonirradiated and irradiated re-
gions. The binding energy is relative to that of bulk SiC. The three compo-
nent of the Si 2p core-level spectra are denoted by SiO2 �light blue�, D
�pink�, and SiC �dark blue�.
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conclusion that irradiation produces SiO2 at the expense of
the Si suboxides and Si oxycarbides, which occurs from the
surface of the Si oxide film to the Si oxide/SiC interface. The
carbon of the Si oxycarbides can be removed in the form of
a CO or a CO2 molecule during e-beam-induced reoxidation
in air, as suggested theoretically.18 The roughness of the Si
oxide/SiC interface and the electronic performance of the
MOSFETs based on Si oxide/SiC wafers will require further
study.

In conclusion, we found that 1 MeV e-beam irradiation
causes chemical phase transitions of the Si suboxides and Si
oxycarbides of the Si oxide/SiC wafer to SiO2 resulting in a
chemically uniform SiO2 film. The Si suboxides and Si oxy-
carbides were reduced from the surface of the Si oxide film
to the Si oxide/SiC interface. Furthermore, e-beam-induced
reoxidation can be performed at room temperature and am-
bient conditions. Therefore, MeV e-beam irradiation is a
promising method for producing a high quality SiO2 film on
a SiC wafer.
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FIG. 3. �Color online� Plot of the relative intensities of the three compo-
nents in the Si 2p spectra of the nonirradiated �a� and irradiated �b� regions.
The three components, SiC, SiO2, and D, are denoted by the black rectangle,
blue circle, and red triangle, respectively.
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