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Photoemission of the SiO 2–SiC heterointerface
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Photoelectron spectroscopy has been performed on SiC surfaces to investigate the valence band
characteristics during SiO2 formation. Various stages of the oxide development were investigated.
TheA33A3R30° surface is used as the initial surface for the oxidation experiments. The substrates
were exposed to a succession of a 30 s oxygen exposure, two 30 s oxygen plasmas, and finally, a
plasma-enhanced chemical vapor deposition SiO2 deposition. Ultraviolet photoemission
spectroscopy was employed to measure the valence band discontinuity for the oxide onn-type 6H
and n-type 4H SiC substrates for each step in the oxidation process. X-ray photoemission
spectroscopy was used to confirm the valence band offset. The valence band discontinuity was
determined to be 2.0 eV. Furthermore, the location of the valence band maximum of the SiC to the
conduction band minimum of the SiO2 is determined to be a constant~;7.0 eV! between 6H and
4H SiC. Band bending effects are directly measured from ultraviolet photoemission spectroscopy
~UPS! and x-ray photoemission spectroscopy. From the UPS measurements of the band bending
effects, the interface state density is determined to be;531012cm22. © 2000 American Vacuum
Society.@S0734-211X~00!11003-0#

I. INTRODUCTION

The electronic structure of SiC heterojunctions is of inter-
est because of the high potential this material possesses for
electronic applications. Silicon carbide devices promise out-
standing performance parameters due to the physical and
electronic properties of the material, such as wide band gap,
high thermal conductivity, and high electron mobility. The
wide band gap~3.02, 3.26, and 2.4 eV for 6H, 4H, and 3C,
respectively!, excellent thermal conductivity, and high satu-
rated electron drift velocity are important for high power,
high frequency, and high temperature operations.1–6 SiC has
long been considered as an ideal material for high power
devices, and is favored over other wide-band-gap materials.
Much of the interest arises because of its ability to be ther-
mally oxidized to form SiO2. The thermal oxidation proper-
ties of SiC make it ideal for metal–oxide-semiconductor
~MOS! structures, and MOS gated devices are important for
certain high power applications.7 The MOS structure entails
a layered structure of metal–oxide–semiconductor. The ther-
mal oxidation of SiC enables passivation and local oxidation
to allow for integrated circuits on a single chip. Furthermore,
the electrical properties of SiO2 for integrated circuit and
device fabrication have been thoroughly investigated in sili-
con technology. However, the thermal oxidation of silicon
carbide has proven to be more complicated than that of sili-
con. Therefore, an understanding of the SiC SiO2 interface is
important for the development of SiC as a viable material for
MOS structure fabrication. Band bending behavior, band dis-
continuities, and interface state distributions are key consid-
erations for device design. Interface state densities below
1011cm22 are needed to ensure reliable device operation.

A significant issue for thermal oxidation of SiC is the
removal of the carbonaceous species from the interface and

the oxidized film. The transport of the species to the gas
phase generates CO and CO2 molecules which must diffuse
to the surface. Studies have shown that the oxidation of sili-
con in a slight CO and CO2 atmosphere results in an increase
in surface roughness and bubble formation throughout the
grown oxide. It results in a significant degradation in elec-
tronic properties, such as increased interface state density,
decreased generation lifetime, and increased surface recom-
bination velocity.8 The same effects may be expected for the
oxidation of SiC. The oxidation of silicon carbide has been
shown to generate a higher interface state density than for the
oxidation of silicon, which may be a result of carbonaceous
species diffusing through the oxide. It has been suggested
that the interface states are related tosp2-bonded carbon
clusters.9,10 The reduction of the interface state density of
silicon carbide is of great importance to the utilization of SiC
as an MOS device material.

Examining and monitoring the band bending and band
offsets during the initial oxidation of silicon carbide will
present information about the SiC/SiO2 interface. Prior stud-
ies have shown a lower interface state density for the oxida-
tion of the Si face of SiC as opposed to the C face.8 The
reaction of oxygen with the Si face of SiC has been shown to
be slower than the carbon face. It has been suggested that the
slower oxidation rate allows for a lower concentration of
by-products diffused through the oxide.11,12 Therefore, this
study will focus on the Si face of SiC.

Thermal oxidation of silicon carbide has been extensively
examined. It has been shown that there is a strong influence
of the oxidation conditions on the quality of the oxide for
cubic ~b! SiC. It has been determined that the interface state
density is an order of magnitude lower for wet oxidation than
dry.13,14 Further investigation has shown that by using an
off-axis substrate, the interface state density and fixed charge
characteristics improve. In addition, the interface density cana!Electronic mail: Robert_Nemanich@ncsu.edu
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be reduced to;1010cm22 eV21, by using various oxidation
and reoxidation steps in the thermal oxidation process. Using
these processes, the interface state density of the SiO2/SiC
interface approaches that of the Si–SiO2 interface.13–15

Oxides on hexagonal~a! polytypes of silicon carbide
have also been studied. It was found that the primary cause
for SiC MOS field-effect transistor~FET! device failure is
leakage and breakdown of the gate insulator.16 A more fo-
cused study of the application of oxides ona-SiC addressed
issues related to obtaining a functioning high-power device.
It was found that oxidation of the hexagonal as well as cubic
polytypes resembled the Deal–Grove model developed to
explain the thermal oxidation of silicon.17 The Deal–Grove
model describes the oxidation of silicon as two process:~1!
surface reaction limited, and~2! limited by diffusion for SiO2

formation.18,19

Thermal oxidation ofp-type SiC has further complica-
tions. The thermal oxide that is grown on ap-type substrate
exhibits a significantly higher interface state density than on
n-type substrates.16 Several models have been proposed to
account for this. One model suggests a redistribution of the
Al dopant into the oxide generates defects. However, similar
results were found using boron asp-type dopants.20–22Boron
has a high solubility in SiO2 and does not generate signifi-
cant defect densities for oxidation of silicon. The thermal
oxidation ofp-type SiC continues to present problems to the
development of SiC technologies.

In order to solve the problem of oxidation fora-SiC,
novel methods are being proposed. Since it has been shown
that a reoxidation step improves the quality of the oxide,22

plasma treatments are being investigated for both pre- and
post-oxidation treatments to improve the oxide quality. It has
been shown that plasma treatments before oxidation can im-
prove oxide quality by reducing the interface state
densities.23–25 Furthermore, nitridation of the SiO2 /SiC in-
terface has also been shown to reduce the interface state
densities.26–28 Another proposed solution for the fabrication
of MOS structures onp-type a-SiC is to use deposited ox-
ides as the gate dielectrics. In fact, recent results have shown
that deposited oxides may prove to be acceptable for forming
gate oxides on SiC.23,27,29

Investigation by internal photoemission into several poly-
types ~3C, 6H, 4H, and 15R! shows that the energy differ-
ence between the SiC valence band edge to the oxide con-
duction band is a constant~6 eV!. Therefore, the SiC band
gap determines the location of the conduction band of the
SiC relative to the oxide bands.42 The SiO2 band gap of;9
eV indicates that the valence band offset is 3.0 eV for the
several SiC polytypes examined. This implies that the SiC
band gap is approximately located in the middle of the SiO2

gap. The indication that the SiC band gap is approximately
midgap of the SiO2 is another advantage of using SiO2 as an
insulator on SiC.

This study focuses on the oxidation of SiC with hexago-
nal symmetry. The 4H or 6H stacking sequences were used
because these polytypes are commercially available and have
been used as substrates for electronic device fabrication. A

variety of surface reconstructions can be obtained fora-SiC
~0001!. The reconstructions that have been observed for the
Si surface of hexagonal SiC are 131, 333, A33A3, and
6A336A3. In this study, surfaces with aA33A3 low-energy
electron diffraction~LEED! pattern are prepared and studied
for the oxidation of SiC. TheA33A3 surface was selected
because uniform, nearly stoichiometric surfaces can be pre-
pared. The 333 surface is significantly Si rich, and is sub-
ject to significant variations in the Si/C ratio. Alternatively,
the 6A336A3 surface is significantly carbon rich. It has been
proposed that there are graphitic clusters on the surface.30

Furthermore, theA33A3 surface has had notable work pre-
formed to determine its structure and composition. Scanning
tunneling microscopy~STM! has displayed the surface
structure,30 while UV photoemission and high-resolution
x-ray photoemission have been preformed to examine the
electronic and chemical nature of theA33A3 surface.31–38

In this study, ultraviolet photoemission spectra of the va-
lence band are obtained after different stages of the interface
formation process. The interface is formed by using a series
of oxygen plasma processes. The plasma processes were
used because the remote plasma-enhanced chemical vapor
deposition~RPECVD! oxides have shown promise in gate
oxides on SiC.23–25 From these spectra, information of the
surface electronic structure and electron affinity is obtained.
From this insight, the electronic properties of the SiC/SiO2

heterojunction are obtained.

II. EXPERIMENTAL PROCEDURE

The substrates used were sections of on-axis SiC wafers
supplied by Cree Research Inc. The sample size is approxi-
mately 1 cm31 cm. The wafers were wet chemically
cleaned prior to introduction into an integrated ultrahigh
vacuum ~UHV! system.39 The wet chemical cleaning con-
sisted of a 5:1:1 H2O:H2O2:NH4OH bath at 85 °C followed
by a DI rinse. Tungsten was then sputtered on the backside
to ensure sufficient heat transfer between the radiative heater
and the substrate. The substrates were then exposed to a
series of cleans consisting of UV/O3 oxidation followed by a
10:1 HF dip followed by a DI water rinse. The substrates
used weren-type 6H–SiC (r50.058V cm) and 4H–SiC (r
50.039V cm). The bulk Fermi levels for each substrate
were determined by the graphical method outlined by Size.18

The deduced values for the location of the Fermi level rela-
tive to the valence band maximum~VBM ! for the 6H and 4H
n-type substrates are 2.94 and 3.20 eV, respectively.

All measurements were completed in an interconnected
system employed for surface processing and characteriza-
tion. The multichamber system is connected through UHV
sample transfer and includes ultraviolet photoemission spec-
troscopy~UPS!, x-ray photoemission spectros-copy~XPS!,
LEED, Auger electron spectroscopy~AES!, remote plasma
processing, and Si e-beam deposition. These capabilities
were contained in five separate chambers of the system.

The substrates where preparedin vacu to obtain aA3
3A3 surface reconstruction. TheA33A3 reconstructed sur-
face is obtained first by generating a 333 reconstructed sur-
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face. The 333 surface is produced by annealing the SiC
substrate to;850 °C in a Si flux generated by e-beam evapo-
ration. After the 333 surface is obtained, a remote H-plasma
treatment is preformed. The remote hydrogen plasma is at-
tained with a 76 sccm flow of H2 through a quartz tube
located;40 cm above the substrate. The plasma is excited
with 20 W of 13.56 MHz rf power. After the H-plasma treat-
ment, the substrate is annealed to 700 °C for 5 min. The
resultant LEED reconstruction isA33A3. The plasma pro-
cessing of the 333 surface ensures no oxygen contamina-
tion or graphitization of the surface.

A series of oxygen exposures followed the preparation of
the cleanA33A3 surface. The substrates are first exposed to
a flow of 20 sccm of O2 and 100 sccm of He for 30 s at room
temperature. The next two exposures to the substrates are
remote oxygen plasma for 30 s at 100 °C. The remote oxygen
plasma is generated at approximately 40 cm above the sub-
strate by a rf source~13.56 MHz!. An oxygen flow of 20
sccm, a helium flow of 100 sccm, and plasma power of 20 W
are used to form a thin SiO2 layer on the surface. Finally, a
SiO2 film is deposited on the surface. The oxide deposition
was preformed by RPECVD at 450 °C. In the process, 20
sccm of O2 and 100 sccm of He are excited by 20 W rf
power using the same system. 20 sccm of 1% SiH4 in He is
introduced at the substrate surface through a gas dispersion
ring. The RPECVD deposited a thin SiO2 layer ~;15 Å
thick! on the surface.

UPS analysis was performed on the clean surface and
after each oxygen exposure. The UPS was performed in a
Mu metal lined chamber using a VSW HA50 hemispherical
analyzer (r mean550 mm) with energy resolution of 0.10 eV
and acceptance angle of 2° that is mounted on a dual-axis
goniometer. The UV light is generated with a differentially
pumped noble gas resonance lamp. Using the He Ia line
(E0521.2 eV), the system pressure rose from 4.5310210 to
531029 Torr. However, the increased noble gas partial pres-
sure is not expected to cause sample contamination. For all
spectra, a22.0 V bias was applied to the substrate to ensure
that the photoemitted electrons would overcome the work
function of the analyzer. All UPS spectra were normalized to
the Fermi level of the system. The Fermi level was deter-
mined by measuring a clean molybdenum surface in electri-
cal contact with the sample.

XPS was used to examine the Si 2p, C 1s, and O 1s core
levels after each oxygen exposure. The sensitivity of the VG
Clam II XPS analyzer is such that the core level splitting is
not observable. XPS was preformed using an Al anode (hn
51486.6 eV) at 20 mA and 12 kV. The Si 2p core level is
measured to provide information about the Si–O bonding.
Investigation of the O 1s core level was used as an indication
of the oxygen concentration on the surface. Furthermore, the
C 1s core level is examined to determine C–O bonding con-
centration.

III. RESULTS

In this study, UPS and XPS are used to describe the initial
oxidation and growth of SiO2 on the A33A3 SiO surfaces.

The process may be described in terms of three distinct
growth stages. The initial stage is oxygen absorption onto the
surface and a transition to a 131 reconstruction. Next, a thin
oxide layer is formed on the surface. The formation of the
initial oxide layer results in a surface with no LEED pattern.
Finally, a thick SiO2 layer is formed. In this study, we ex-
plore these three stages as follows:~1! a cleanA33A3 sur-
face is exposed to a low flux of O2 at room temperature;~2!
the interfacial layer is generated by two separate low tem-
perature O2 plasma exposures~100 °C!; ~3! the thick oxide is
formed by plasma CVD.

For the three steps process outlined above, the AES spec-
tra for the substrates are nearly identical after each surface
preparation step. For the 4H and 6H substrates, the variance
of the O, C, and Si concentrations is,2%. Typical spectra
for the four processes are shown in Fig. 1. From the spectra,
the relative concentration of oxygen on the surface is deter-
mined by dividing the adjusted peak-to-peak height of the
oxygenKLL by the sum of the adjusted peak-to-peak heights
of the siliconLMM, carbonKLL, and oxygenKLL peaks. All
peak-to-peak values are corrected for the Auger sensitivity
factors. The relative surface concentrations of Si, O, and C
are shown in Table I. For the oxygen exposed surface, the

FIG. 1. AES spectra of~a! A33A3 reconstructed surface,~b! oxygen ex-
posed SiC,~c! 30 s O-plasma exposed SiC,~d! 1 min O-plasma exposed
SiC, and~e! PECVD 15 Å SiO2 layer.

TABLE I. Si, O, and C concentrations determined from the AES spectra.

Si LMM O KLL C KLL

O-exposed 27% 6% 66%
30 s O-plasma 28% 11% 61%
1 min O-plasma 24% 21% 55%
PECVD SiO2 film 28% 39% 33%

1778 O’Brien, Koitzsch, and Nemanich: Photoemission of the SiO 2–SiC heterointerface 1778

J. Vac. Sci. Technol. B, Vol. 18, No. 3, May ÕJun 2000



relative oxygen concentration is;6% and a Si:O ratio of 4.5
is formed. The two O-plasma-treated surfaces show relative
O concentrations of 11% and 21% and Si:O ratios of 2.5 and
0.9, respectively. However, the shape of the SiLMM peak
has significantly changed between the two O-plasma treat-
ments. The SiLMM peak of the first O-plasma-treated sur-
face appears to consist of Si–O and Si–C bonding. However,
the Si LMM peak of the second O-plasma-treated surface
shows a line shape characteristic of only Si–O bonding. The
PECVD deposited oxide has a relative oxygen concentration
of 39% and a Si:O ratio of 0.7. Inspection of the SiLMM
peak for the deposited oxide has the characteristic double
peak indicating Si–O bonding.

For eachn-type substrate, 4H or 6H, the XPS spectra are
similar. The only differences observed in the XPS spectra are
slight shifts in peak locations due to changes in the Fermi

level location between substrates. For the initialA33A3 sur-
face, there is detectable oxygen in the XPS spectra as shown
in Fig. 2. The corrected oxygen concentration is;4%. The
corrected oxygen concentration is given by

AreaO 1sSO 1s /~AreaO 1sSO 1s

1AreaSi 2pSSi 2p1AreaO 1sSO 1s!,

whereSx is the XPS sensitivity factors for the assigned core
levels, and Areaxx is the area of the curve fitted peak. How-
ever, examination of the Si 2p and C 1s core levels shows no
detectable Si–O or C–O bonding. The location of the C 1s
peak for theA33A3 surface is 283.860.1 eV below the
Fermi level. The XPS spectra of the oxygen exposed surface
shown in Fig. 3, display a considerable increase in the oxy-
gen concentration~13%!. After a 30 s O-plasma treatment,
the relative oxygen concentration via XPS is further in-

FIG. 2. XPS spectra of~a! A33A3 reconstructed surface. Core levels exam-
ined are~a! Si 2p, ~b! O 1s, and~c! C 1s. The spectra were excited using
the Al Ka line.

FIG. 3. XPS spectra of the oxygen exposed surface. Core levels examined
are ~a! Si 2p, ~b! O 1s, and ~c! C 1s. The spectra were excited using the
Al Ka line.
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creased to;26%. There is significant Si–O bonding appar-
ent in the XPS spectra which is shown in Fig. 4. The O 1s
bonding energy for the O-exposed surface is 283.960.1 eV
below the Fermi level. Moreover, as shown in Fig. 5, the
spectra for the 1 min O plasma, the Si–O peak intensity is
again significantly increased. However, for either O plasma,
there is no observable C–O bonding in the O 1s core level
scan. For the SiO2 deposited film, there are two definite Si
peaks shown in Fig. 6. The corrected relative oxygen con-
centration for the SiO2 film is 64.5%. The C 1s core level
again reveals no significant C–O bonding. The binding en-
ergy for the C 1s core level that is observed after the SiO2

layer is deposited is 283.960.1 eV below the Fermi level.

A. N-type 6H SiC „0001…Si

The UV photoemission spectra ofn-type 6H SiC shown
in Fig. 7 follow the different stages of the SiC/SiO2 interface

formation. The electronic states of theA33A3 spectra32,33

are no longer evident in any of the various stages of the
oxide growth. In particular, the in-gap surface state of the
A33A3 surface is no longer evident after the initial O2 ex-
posure. The spectra showed no dispersion with changing of
the analyzer angle. The photoemission spectra of the oxygen
exposed surface ofn-type 6H SiC show two distinct states
that are indicative of oxygen. State B is located at 6.9
60.1 eV below the Fermi level, and state A is located at
9.560.1 eV below the Fermi level, a difference of 2.7
60.1 eV.

A linear extrapolation method is used to determine the
location of the VBM. The process has been outlined else-
where. The determination of the VBM is shown in Fig. 8.
The linear extrapolation of the VBM is supported by deter-
mining the VBM from the Si–C bond in the Si 2p core level

FIG. 4. XPS spectra of the 30 s O-plasma-treated surface. Core levels ex-
amined are~a! Si 2p, ~b! O 1s, and ~c! C 1s. The spectra were excited
using the AlKa line.

FIG. 5. XPS spectra of the 1 min O-plasma-treated surface. Core levels
examined are~a! Si 2p, ~b! O 1s, and ~c! C 1s. The spectra were excited
using the AlKa line.
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at 101.5 eV below the Fermi level. The energy difference of
the Si–C bond from the Fermi level~101.8 eV! for the
H-plasma-treated SiC surface is used to determine the SiC
VBM for the various oxygen exposures.

From the width of the spectra, it is possible to determine
the difference between the SiC VBM and the vacuum level.
The width of the spectra is determined by measuring the
energy difference between the VBM and the low-energy
electron cutoff. The electron affinityx is determined using
the following relation: x5hn2Eg2W, where W is the
width of the spectrum,Eg is the band gap, andhn is the
incident photon energy~21.2 eV!. Using the equation to de-
termine the electron affinity, the energy difference between
the SiC VBM and the vacuum level (x1Eg) can easily be
determined. The difference between the vacuum level and

the valence band maximum~i.e., x2W! of the SiC is deter-
mined to be 7.060.1 eV.

For then-type 6H SiC, the locations of the peaks in the
spectra are approximately equivalent for the two O-plasma
exposure times. After the first 30 s exposure, state B is lo-
cated at 6.760.1 eV below the Fermi level, and state A is
located at 11.060.1 eV below the Fermi level. The energy
difference between the two states is 4.360.1 eV. Further-
more, after a second 30 s O-plasma exposure, the binding

FIG. 6. XPS spectra of the PECVD SiO2 surface. Core levels examined are
~a! Si 2p, ~b! O 1s, and~c! C 1s. The spectra were excited using the AlKa

line.

FIG. 7. UPS spectra of 6Hn-type SiC~a! A33A3 reconstructed surface,~b!
oxygen exposed SiC,~c! 30 s O-plasma exposed SiC,~d! 1 min O-plasma
exposed SiC, and~e! PECVD 15 Å SiO2 surfaces. Spectra were excited with
HeI radiation.

FIG. 8. VBM determination of 6Hn-type SiC~a! oxygen exposed SiC,~b!
30 s O-plasma exposed SiC,~c! 1 min O-plasma exposed SiC, and~d!
PECVD 15 Å SiO2 surfaces.

1781 O’Brien, Koitzsch, and Nemanich: Photoemission of the SiO 2–SiC heterointerface 1781

JVST B - Microelectronics and Nanometer Structures



energies of the two states are nearly unchanged. State B is
located at 6.860.1 eV below the Fermi level, and state A is
located at 11.160.1 eV below the Fermi level. The energy
difference between the two states is also 4.360.1 eV.

Moreover, the O-plasma-treated surfaces exhibit a dual
turn-on. The first turn-on located at 2.260.1 eV below the
Fermi level is attributed to the SiC and the second turn-on
located at 4.460.1 eV below the Fermi level is attributed to
the oxide. The two observed VBMs directly determine the
valence band offset. Furthermore, the location of the dual
VBMs relative to the vacuum level is the same for the dif-
ferent O-plasma times. The energy difference between the
SiC VBM and the vacuum level is 7.860.1 eV.

After oxide deposition of SiO2 onto then-type 6H SiC
substrate, the photoemission properties change; the location
of the oxygen bonding and antibonding states and the energy
difference between the VBM and the vacuum level change.
However, the energy difference between state B, located at
8.260.1 eV below the Fermi level, and A, located at 12.5
60.1 eV below the Fermi level, remained the same at 4.3
60.1 eV. The oxide VBM is measured to be 5.160.1 eV
below the Fermi level. The location of the oxide VBM rela-
tive to the vacuum level is ascertained to be 10.160.1 eV.

B. N-type 4H SiC „0001…Si

Analysis of the photoemission spectra from oxygen ex-
posedn-type 4H SiC shows analogous features with the 6H
SiC spectra. The photoemission spectra shown in Fig. 9 dem-
onstrate that the locations of the features are slightly differ-
ent between the two polytypes. The determination of the
VBM is shown in Fig. 10. For the O-exposed surface, state B
is located at 7.660.1 eV below the Fermi level, and state A
is located 11.960.1 eV below the Fermi level. Again, from
the width of the spectra the energy difference between the

VBM and the vacuum level is determined to be 7.8
60.1 eV; a variance of;1.0 eV from the 6Hn-type SiC
substrate.

The effects of the two O plasmas are similar for the
n-type 4H SiC and then-type 6H SiC. For both, the location
of state B is 6.960.1 eV below the Fermi level, and state A
is 11.260.1 eV below the Fermi level. The difference be-
tween the two states is 4.360.1 eV. The energy difference
between the VBM and the vacuum level for the 4H polytype
for both O-plasma exposures is 7.960.1 eV. The O-plasma-
treated 4H SiC surfaces also exhibit a dual turn-on. The
turn-on for the SiC is 2.860.1 eV below the Fermi level, and
the turn-on for the oxide is 4.860.1 eV below the Fermi
level.

Again, after the oxide deposition, the photoemission prop-
erties change from that of the hetero-interface to that of a
SiO2 layer. The location of the states and the energy differ-
ence between the VBM and the vacuum level change with
the oxide deposition. However, the difference between state
B, located at 7.760.1 eV below the Fermi level, and state A,
located at 12.060.1 eV below the Fermi level, remained the
same at 4.360.1 eV. The location of the VBM relative to the
vacuum level is ascertained to be 10.060.1 eV. The energy
difference between the VBM and the vacuum level has in-
creased by 1.9 eV between the O-plasma processed surface
and the SiO2 layer. A summary of the values obtained from
the UV photoemission spectra is shown in Table II.

IV. DISCUSSION

Investigation of the relative binding energies of states A
and B can be used as an indication of the oxide formation on
the surface. For the O-exposed surfaces, the relative binding

FIG. 9. UPS spectra of 4Hn-type SiC~a! A33A3 reconstructed surface,~b!
oxygen exposed SiC,~c! 30 s O-plasma exposed SiC,~d! 1 min O-plasma
exposed SiC, and~e! PECVD 15 Å SiO2 surfaces. Spectra were excited with
HeI radiation.

FIG. 10. VBM determination of 4Hn-type SiC~a! oxygen exposed SiC,~b!
30 s O-plasma exposed SiC,~c! 1 min O-plasma exposed SiC, and~d!
PECVD 15 Å SiO2 surfaces.
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energies of states A and B are 3.760.1 and 4.160.1 eV for
6H and 4H SiC, respectively. The lack of consistency in
these values indicates that a SiO2 film has not yet formed on
the surface. However, for the O-plasma-treated surfaces and
the PECVD oxide film, the relative location between states A
and B is 4.360.1 eV for both surfaces. The uniformity of the
relative energies of the two states is an indication that an
oxide film has formed on the surface.

The photoemission spectra~XPS and UPS! from depos-
ited oxide film yield information of the characteristics of
SiO2 without interface effects. From the turn-on of the spec-
tra and the energy difference between the oxide VBM and
the vacuum level, it is possible to establish the band relations
for the SiO2–SiC interface. Relative to the vacuum level, the
locations of several features in the photoemission spectra are
identical. States A and B are at the same location from the
vacuum level for each substrate. The energy for the oxygen
lone pair 2p orbital is 12.260.1 eV from the vacuum level,
and the energy for the Si–O bond is 16.560.1 eV from the
vacuum level. These values correspond well to the accepted
values of 12.15 and 16.4 eV for SiO2 on Si.40,41Furthermore,
the relative location of the two states to each other is 4.3 eV,
which coincides with other results for the remote plasma-
enhanced deposited oxide.40

The initial valence band offset can be directly determined
from the photoemission spectra of the O-plasma exposed
surfaces. The valence band offset is directly determined from
the difference in the two turn-ons observed in the O-plasma
processed UPS spectra. The valence band offset (DEv) for
the 6H SiC is determined to be 2.160.1 eV, andDEv for 4H
n-type SiC is 2.060.1 eV.

From the XPS spectra, a significant amount of Si–O
bonding is observed which implies the formation of a film of
SiO2. It is also possible to observe both the Si–C and the
Si–O bonds in the Si 2p core level spectrum. Using the rela-
tive location of the two core levels~2.1 eV!, and the bulk
values of the core levels, it is possible to determine the va-
lence band discontinuity from the XPS spectra. The valence
band discontinuity can be determined using the following
equation:

DEv5~EVBM
I 2Ecore

I !2~EVBM
II 2Ecore

II !1~DEcore!.

The measured VBM of the cleanA33A3 surface and the
VBM of the SiO2 film in conjunction with the oxide core
level energies shown in Table III. The valence band discon-
tinuities for the SiC/SiO2 interface are;2.060.1 eV for
each substrate. These values agree with the directly mea-
sured values from the UV photoemission spectra.

The band relations for the 6H SiC/SiO2 interface and 4H
SiC SiC/SiO2 interface are shown in Fig. 11. From the plots,
it is shown that the VBM for the different polytypes~6H and
4H! are at the same location relative to the oxide. This is in
partial agreement with the previously reported results.42

However, the energy difference between the VBM of the SiC
and the vacuum level is;8.0 eV compared to the previously
reported 7 eV,42 and the VB discontinuity is 2.0 eV com-
pared to the previously reported;3 eV. Furthermore, from
the plots, the vacuum level is continuous across the interface.
Using the location of the VBM relative to the vacuum level
for the O-plasma-treated surfaces, and the VBM relative to
the vacuum level for the SiO2 film, the bands align following
the electron affinity rule. Therefore, the electron affinity rule
for VBM lineup is a valid method when using the O-plasma-
treated surface and the SiO2 film.

It should be noted that these results are significantly dif-
ferent from those reported by Affanas’ev.42 Investigation of
the SiO2 photoemission spectra and the O-exposed surface
photoemission spectra indicate that if the electron affinity
rule is used with these surfaces, the valance band disconti-
nuity is ;3 eV. This discrepancy should be explored further.

In order to determine band bending effects, the built-in
potential (VBi) needs to be determined. Once the built-in
potential is determined, the interface state density can be
approximated by the relation:ns5A2ke0VBiND /e, wherens

is the density of excessive charge at the surface,ND is the
doping concentration, andk is the dielectric constant. The
VBMs of the SiC for the plasma process are 2.260.1 eV for
n-type 6H SiC and 2.660.1 eV for 4H SiC. These values are
markedly different from the bulk values~2.94 and 3.20 eV!.

TABLE II. Values determined from the UPS spectra~in eV!.

N-type 6H SiC

VBM Cutoff SB SA DState (SA2SB) EVac2EVBM

O-exposure 2.2 16.7 6.8 9.5 2.7 7.0
Plasma 1 2.2 15.6 6.8 11.1 4.3 7.7
Plasma 2 2.2 15.6 6.8 11.1 4.3 7.7
SiO2 5.1 16.1 7.2 11.5 4.3 10.1

N-type 4H SiC

O-exposure 2.6 16.8 7.6 11.7 4.1 6.9
Plasma 1 2.6 15.9 6.9 11.2 4.3 7.8
Plasma 2 2.6 15.9 6.9 11.2 4.3 7.8
SiO2 5.3 16.5 7.7 12.0 4.3 9.8

TABLE III. Values for Eq.~1! to determine the valance band discontinuity
for the various substrates~in eV!.

EVBM
I Ecore

I EVBM
II Ecore

II DEcore DEv

6H n-type SiO 2.2 101.9 5.1 104.5 2.1 1.8
4H n-type SiC 2.2 101.9 5.3 104.6 2.1 1.9

FIG. 11. Interface band relations of~a! 6H n-type SiC/SiO2, and ~b! 4H
n-type SiC/SiO2.
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From the equation above, the interface state density that
would cause the band bending of 0.6 eV is;5
31012cm22.

V. CONCLUSIONS

Formation of the SiO2/SiC heterojunction is monitored by
UV photoemission. The band bending at the interface is also
monitored. Plasma processing and RPECVD were used to
oxidize and deposit oxides on the surface. The heterojunction
band structure for the SiC/SiO2 has been shown for 6H and
4H n-type SiC. The valence band offset was directly mea-
sured by ultraviolet photoemission. The valence band offsets
determined by UPS are 2.1 eV for 6Hn-type SiC and 2.0 eV
for 4H n-type SiC. From the valence band offset and the
electron affinity measurements, the use of the electron affin-
ity rule for determining the heterojunction band offset is
verified. It is evident that there is little or no change of the
interface dipole at the SiC/SiO2 interface. Furthermore, the
relative location of the SiC VBM to the conduction band
minimum of the SiO2 is determined to be a constant between
6H and 4H SiC.
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