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Interface states at SiO2Õ6H -SiC„0001… interfaces observed by x-ray photoelectron spectroscop
measurements under bias: Comparison between dry and wet oxidation
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Interface states in almost the entire SiC band gap are observable by means of x-ray photoelectron spectros-
copy ~XPS! measurements under bias, although SiC is a wide-gap semiconductor having 2.9 eV band-gap
energy. When a SiO2 layer is formed by wet oxidation at 1000 °C on 6H-SiC(0001) Si-faced surfaces, only a
broad interface state peak is observed at;2 eV above the SiC valence-band maximum~VBM !, while for dry
oxidation at the same temperature, an additional sharp interface state peak is caused at 1.8 eV above the VBM.
When the wet-oxidation temperature is increased to 1150 °C, this 1.8-eV interface-state peak also appears. The
concentration of graphitic carbon at the SiO2 /SiC interface is found to increase with the heat treatment
temperature. The 1.8-eV interface-state peak is tentatively attributed to graphitic carbon with a special structure
near the interface. On the other hand, the broad 2-eV interface-state peak is attributed to Si dangling bonds at
the interface. Without the 1.8-eV interface-state peak, current-voltage (I -V) curves measured under x-ray
irradiation deviate only slightly from the idealI -V curve~;0.4 V!, while with this peak, the deviation becomes
much larger~;0.8 V!. XPS measurements under bias show that theI -V curves under x-ray irradiation are
determined by the magnitude of band bending in SiC. Therefore, the deviation from the idealI -V curve is
attributed to the accumulation of holes~i.e., minority carriers!, generated by x-ray irradiation, at interface states
with energies between the SiC and metal Fermi levels, causing a downward SiC band-edge shift and thus
resulting in a decrease in the magnitude of band bending in SiC. This result demonstrates that the interface
states affectI -V characteristics by a static effect~i.e., interface state charges!, not by a dynamical effect~i.e.,
electron-hole recombination at the interface states!.

DOI: 10.1103/PhysRevB.67.115305 PACS number~s!: 73.20.At, 79.60.Jv, 73.40.Qv
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I. INTRODUCTION

SiC is a wide-gap semiconductor~band gap of 6H-SiC:
2.9 eV! ~Ref. 1! which is chemically and thermally mor
stable than Si, and thus its application to devices under
vere conditions is expected. In fact, SiC-based devices
work at high temperatures ranging 300–650 °C.2 Moreover,
SiC possesses excellent physical properties such as a
thermal conductivity of 4.9 W cm21 K21, a high breakdown
electrical field of 4 MV cm21, a high electron drift velocity
of 2.03107 cm/s, etc.3 From these properties, SiC is des
able for application to power devices4 and high-frequency
devices.5 In the case of applications to metal-oxid
semiconductor~MOS! technology, another advantage lies
the fact that SiO2 layers can be formed by the direct therm
oxidation of SiC. However, the thermal oxidation of S
requires high temperatures above 1050 °C, i.e., higher
;200 °C than Si oxidation. High-temperature oxidati
causes degradation in interfacial properties such as an
crease in the interface-state density,6–9 and thus good electri
cal characteristics expected from the excellent physical p
erties are not achieved. Therefore, the observation
interface-state spectra is of importance for the improvem
of the MOS characteristics. For the formation of SiO2 layers
on SiC, wet oxidation in water-containing oxygen atm
spheres is believed to generate lower interface-state de
0163-1829/2003/67~11!/115305~8!/$20.00 67 1153
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than dry oxidation.10,11 It is also reported that the interface
state density is strongly dependent on the oxidat
temperatures.7,10 In the case of clean SiC~0001! surfaces with
a ~333! reconstruction produced in an ultrahigh-vacuum s
tem, oxidation proceeds at lower temperatures~500–650 °C!
with no formation of carbon species.12,13

For the observation of interface states in the S
band gap, electrical techniques such as capacita
voltage6,8–10,14–16 (C-V) and conductance-voltage6–8,15,16

(G-V) measurements are usually employed. Using the e
trical technique, however, interface states only in the limi
energy region are observable because deep interface s
possess too large time constants to respond to the ac si
The energy of the deepest interface states,Edp , with respect
to then-type SiC conduction-band minimum~CBM! is given
by17

Edp5kT ln
eNitsnn thK~T!

CoxR
, ~1!

whereNit is the total interface state density in cm22, sn is
the electron capture cross section,n th is the electron therma
velocity, Cox is the capacitance of an oxide layer,R is the
ramp rate in V s21, and K(T) is equal to 3.97
31016 T1.5cm23. Inserting reported values@e.g., 1013 cm22

for Nit , 10217 cm2 for sn , 107 cm s21 for n th , 2
31027 F cm22 for Cox , and 0.002 V s21 for R ~Refs. 8 and
©2003 The American Physical Society05-1
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18!#, Edp at 298 K is estimated to be 0.83 eV. This estimati
shows that interface states present only near the majo
carrier band~i.e., conduction band forn-SiC! are observable
by means ofC-V and G-V techniques. Interface states to
close to the majority-carrier band@closer than 0.2 eV~Ref.
15!#, on the other hand, respond to both high and low f
quencies, also leading to the underestimation of the inter
state density.

Under UV light irradiation duringC-V measurements
~i.e., photo-C-V technique!, deep interface states respond
electrical signals, but only the total interface-state den
can be obtained using this technique.19,20

In the present study, the energy distribution of interfa
states in almost the entire SiC band-gap region is obta
using the spectroscopic and static techniques recently de
oped by us@i.e., x-ray photoelectron spectroscopy~XPS!
measurements under bias21–25#. Under x-ray irradiation,
electron-hole pairs are generated and interface states e
brate with the valence or conduction bands due to the p
ence of these charges.25 The measurements clearly show th
the interface-state spectra are greatly affected by the ox
tion type ~i.e., dry or wet oxidation! and the oxidation tem-
perature. Interface states are found to affect the curr
voltage (I -V) characteristics by changing the band bend
in SiC.

II. THEORETICAL PRINCIPLE

Four kinds of charges~i.e., interface state chargesQit ,
depletion layer chargesQD , oxide-fixed chargesQfix , and
their countercharges at the metal/SiO2 interface,Qm) are as-
sumed to be present in the interfacial region of SiC-ba
MOS structure. From the charge neutrality, we have

Qm52~Qit1QD1Qfix!. ~2!

Figures 1~a! and 1~b! show band diagrams before an
after contact, respectively. The interface neutral levelEi ,n
before contact is assumed to be located between the m
Fermi level and SiC Fermi level. After contact, all the Fer
levels coincide due to electron transfer from the SiC s
strate to the interface states and that from the interface s
to the metal. Due to the charge transfer, the interface st
betweenEi ,n and the interface Fermi levelEF

0 are newly
occupied by electrons. Therefore, using Eq.~2!, we have

FIG. 1. Band diagrams ofn-type SiC-based MOS diodes~a!
before contact,~b! after contact at zero bias, and~c! after contact
under a positive bias applied to SiC with respect to metal.
11530
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Ei ,n
Dit~E!dE1~2eND«sVb

0!1/21eNfix

5~1/e!~EF
02EF,m!Cox , ~3!

where EF
0 and Ei ,n are defined with respect to the Si

valence-band maximum~VBM !, Dit is the interface state
density as a function of the energy,E, in the SiC band gap
ND is the donor density,«S is the permittivity of SiC,Vb

0 is
the SiC band bending at zero bias,Nfix is the density of oxide
fixed charges,EF,m is the metal Fermi level before conta
with respect to the SiC VBM, andCox is the capacitance o
the SiO2 layer. In Eq.~3!, the abrupt junction approximation
is employed for the estimation ofQD .

At zero bias@Fig. 1~b!# interface states present belowEF
0

are occupied by electrons, while those aboveEF
0 are empty.

By the application of a positive biasV to SiC, the SiC Fermi
level EF

V deviates downward from the metal Fermi levelEF,m

by the magnitude ofV @Fig. 1~c!#. Consequently, the inter
face states present betweenEF,m andEF

V become unoccupied
~i.e., accumulation of positive charges at the interface stat!.
Under x-ray irradiation, electron-hole pairs are generated
SiC, and holes are transferred to the SiO2 /SiC interface by
the electrical field in the space-charge layer. Therefore, in
face states equilibrate with the SiC valence band even if t
are deep states. A change in the charge concentration,DQV ,
induced by the biasV is given by

DQV5eE
EF

V

EF
0

Dit~E!dE1~2eND«S!@~Vb
V!1/22~Vb

0!1/2#,

~4!

where Vb
V is the SiC band bending under biasV which is

written as

Vb
V5Vb

01V2DQV /Cox . ~5!

These bias-induced charges cause a change in the pote
drop across the oxide layer,DVox , with the magnitude given
by

DVox5DQV /Cox5FeE
EF

V

EF
0

Dit~E!dE1~2eND«s!
1/2

3$~Vb
V!1/22~Vb

0!1/2%G Y Cox . ~6!

Since the energy difference between the metal Fermi le
and SiO2 band at the metal/SiO2 interface@denoted byA in
Fig. 1~b!# that between the SiO2 and Si bands at the SiO2/SiC
interface~denoted byB! and that between the SiC band an
the SiC core levels~e.g., Si 2p level! are constant, the SiC
core level at the interface is shifted byDVox , and this shift is
observable by means of XPS. It should be noted that
depletion layer width estimated from the donor density
;0.5mm, much longer than the mean free path of photoel
trons~2–3 nm!.26 Therefore, the photoelectron signal due
the substrate core level arises only from the interfacial reg
in which the SiC band can be regarded as flat. It is also no
that a change in the depletion layer charges@second term in
5-2
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INTERFACE STATES AT SiO2/6H-SiC(0001) . . . PHYSICAL REVIEW B67, 115305 ~2003!
Eq. ~6!# causesDVox with a magnitude of only 40 mV a
maximum: negligibly small compared toDVox induced by
interface-state charges.~The maximumDVox observed in the
present study is;1 V.! Therefore, we have

DVox'eE
EF

V

EF
0

Dit~E!dE/Cox . ~7!

On the other hand,EF
V is given by

EF
V5EF

02eV1e DVox . ~8!

Therefore, using Eqs.~7! and ~8!, the energy distribution of
interface states~i.e.,Dit as a function of energyE in the band
gap! can be obtained from measurements ofDVox ~i.e., bias-
induced shift of the substrate SiC core level! at various bias
voltagesV.

The interfacial Fermi levelEF
0 is determined from mea

surements of the energy difference between the Pt 4f and Pt
Fermi levels of the thick Pt film (E1), that between the sub
strate Si 2p level and the SiC valence-band maximum of t
SiC surface (E2), and that between the Si 2p and Pt 4f
levels of the^Pt/SiO2/6H-SiC(0001)& structure (E3) using
the following equation (E1 , E2 , andE3 are defined to have
positive values!:

EF
05E11E22E3 . ~9!

III. EXPERIMENTS

6H-SiC(0001) Si-face wafers having a nitrogen-dop
n-type epitaxial layer of 10mm thickness with a donor den
sity of 631015 cm23 were cleaned using the RCA metho
Silicon dioxide (SiO2) layers were formed by heat trea
ments at 1000 or 1150 °C in wet or dry oxygen.~Hereafter,
these oxide layers are called wet oxide and dry oxide, res
tively.! In some cases, post-oxidation annealing~POA! was
performed at 950 or 1150 °C in nitrogen for 20 h. Th
3-nm-thick platinum~Pt! layers were deposited by an ele
tron beam evaporation method, resulting in t
^Pt/SiO2/6H-SiC(0001)& MOS structure. Ohmic contact a
the rear SiC surface was achieved by the deposition o
nickel film followed by heat treatment at 900 °C.

X-ray photoelectron spectroscopy spectra were meas
using a VG Scientific Escalab 220i -XL spectrometer with a
monochromatic AlKa radiation source. X rays were irrad
ated from the Pt layer side, and photoelectrons were
lected in the surface-normal direction. The electron pass
ergy in the hemispherical analyzer was set at 10 eV. Dur
the XPS measurements, the front Pt layer was grounded
a bias voltage was applied to the rear Si surface. The en
of the Pt 4f peak of the overlayer measured at each b
voltage was taken as the energy reference.

The current-voltage (I -V) curves for ^Pt/SiO2/
6H-SiC(0001)& MOS diodes were recorded without an
with Al Ka x-ray irradiation, using an HP 4140B PA mete
voltage source.
11530
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IV. RESULTS

The inset of Fig. 2 shows the XPS spectrum in the
2p region measured at zero bias for thêPt/SiO2/
6H-SiC(0001)& MOS structure with the ultrathin SiO2 layer
formed at 1000 °C in dry oxygen. An asymmetrical peak w
due to the overlapping of the Si 2p3/2 and 2p1/2 levels of the
SiC substrate and a broad peak to the SiO2 layer. From the
ratio in the area intensity of the SiO2 peak to that of the
substrate peak, the SiO2 thickness was estimated to be 3
nm.

Figure 2 plots the shift of the substrate Si 2p peak versus
the bias voltage for thêPt/SiO2/6H-SiC(0001)& MOS di-
odes with the SiO2 layer formed at 1000 °C in dry oxygen
By the application of a negative bias to the SiC substr
with respect to the Pt overlayer, the substrate peak
shifted toward lower binding energy, while upon applicati
of a positive bias, the peak shifted in the higher-energy
rection. The broad oxide peak also shifted in the same di
tion, but its magnitude was much smaller.27 These shifts were
completely reversible~i.e., by the removal of the bias volt
age, the shift always disappeared! in contrast to chemica
shifts which are irreversible, and thus these shifts could
attributed to bias-induced charges in interface states. In
positive-bias region, which corresponded to the energy
low the interfacial Fermi level, the shift increased with th
bias voltage up to;1 V. Beyond 1 V the shift almost
stopped, indicating that the interface-state density was ne
gibly low in this voltage region. This shift also increase
with the negative-bias voltage up to;21 V, and a further
increase of the negative-bias voltage simply resulted in
increase in the IR drop in the Pt layer due to a high-den
leakage current, but the interfacial Fermi level did not r
anymore.

Figure 3 shows the energy distribution of the interfac
state density obtained from the analysis of the energy shif
the substrate Si 2p peak versus the bias voltage~e.g., Fig. 2!.
It should be noted that interface states in the whole S

FIG. 2. Plot of the shift of the substrate Si 2p peak for the
^Pt/SiO2/6H-SiC(0001) Si face& MOS structure with the SiO2 layer
formed at 1000 °C in dry oxygen vs the bias voltage applied to S
with respect to Pt. The inset shows the XPS spectra in the Sip
region measured at zero bias.
5-3
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KOBAYASHI, SAKURAI, TAKAHASHI, AND NISHIOKA PHYSICAL REVIEW B 67, 115305 ~2003!
band-gap region are observable by means of XPS meas
ments under bias as long as the interfacial Fermi level ca
shifted by the bias. This is because holes generated by x
~or electrons! are transferred to the SiC/SiO2 interface and
they equilibrate with interface states.25 ~The undetermined
regions in the spectra correspond to the bias regimes w
an increase in the bias voltage is consumed by the IR dro
the Pt layer due to the high current density.!

For the SiO2 layers formed by thermal oxidation a
1000 °C in wet oxygen, only a broad interface state pe
centered at;2 eV was present in the interface-state sp
trum ~spectruma!. When the oxidation temperature was i

FIG. 3. Interface-state spectra obtained from XPS measurem
under bias for thêPt/SiO2/6H-SiC(0001) Si face& MOS structure
with the SiO2 layer formed under the following conditions:~a! at
1000 °C in wet oxygen,~b! at 1150 °C in wet oxygen, and~c! at
1150 °C in dry oxygen.
11530
re-
be
ys

re
in

k
-

creased to 1150 °C, a sharp peak was observed at 1.8 e
addition to the broad structure~spectrumb!. For thermal oxi-
dation in dry oxygen at 1000 °C, the 1.8-eV sharp peak w
observed with a higher intensity and the broad structure
also present~spectrumc!. For all the SiC-based MOS diode
investigated, the density of interface states was consider
low below 1.5 eV with respect to the VBM.

Figure 4 shows the XPS spectra in the C 1s region. In this
case, 75-nm-thick SiO2 layers were initially formed followed
by POA in nitrogen at 950 or 1150 °C for 20 h. Then th
SiO2 layers were etched with 1% hydrofluoric acid. Th
etching was stopped when both the substrate and oxide Sp
peaks were observed with considerable intensities at
same time (SiO2 thickness:;2 nm!. At this etching point,
two peaks were observed in the C 1s XPS spectrum for the
SiO2 layers with POA at 1150 °C~spectruma!, and the
lower- and higher-energy peaks were attributable to SiC
graphitic carbon, respectively.28,29 For the SiO2 layers with
POA at 950 °C~spectrumb!, the intensity of the peak due t
graphitic carbon became much lower~spectrumb!. The take-
off angle-dependent measurements showed that grap
carbon for spectrumb was present mainly on the SiO2 sur-
face, and thus it was attributable to contamination, the c
centration of which was estimated to be 0.4–0.5 monola
For thick SiO2 layers, we also observed a weak peak due
graphitic carbon attributable to contamination, and its co
centration was also found to be 0.4–0.5 monolayer.
spectruma, on the other hand, graphitic carbon was fou
from the takeoff angle-dependent measurements to
present mainly near the SiO2 /SiC interface. After subtracting
the intensity due to contamination from spectruma, the con-
centration of graphitic carbon at the interface was estima
to be 2 monolayers, assuming that the rest of graphitic
bon was present at the SiO2 /SiC interface.

The concentration of interfacial graphitic carbon witho
POA was low even when the SiO2 layer had been formed a
1150 °C in dry oxygen and the C 1s spectrum was nearly the
same as spectrumb in Fig. 4. This is probably because, a
though graphitic carbon was formed at such a high temp
ture, most of it reacted with oxygen, resulting in the form
tion of CO and thus in desorption. In the case of the Si2

nts

FIG. 4. XPS spectra in the C 1s region for the ;2-nm
SiO2 /SiC(0001) Si face structure measured after the follow
POA treatments:~a! at 950 °C in nitrogen and~b! at 1150 °C in
nitrogen.
5-4
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INTERFACE STATES AT SiO2/6H-SiC(0001) . . . PHYSICAL REVIEW B67, 115305 ~2003!
layer with POA at high temperatures in nitrogen, on the ot
hand, the produced graphitic carbon accumulates at the i
face because of the absence of oxidizing species. It shou
noted that graphitic carbon in 0.4–0.5 monolayer due to c
tamination was always present at the surface and the de
tion limit of the interfacial graphitic carbon was;0.5 mono-
layer. It is highly probable that when the oxidatio
temperature is high, interfacial graphitic carbon with a co
centration less than 0.5 monolayer is present even with
POA.

Figure 5 shows theI -V curves for the ^Pt/SiO2/
6H-SiC(0001)& MOS diodes measured without~solid lines!
and with x-ray irradiation~dotted lines!. Due to the ultrathin
SiO2 layers, tunneling currents flowed and the diod
showed rectifying characteristics. TheI -V curve without ir-
radiation for the wet-oxide layers formed at 1000 °C w
observed in a more negative-bias region by;0.2 V than that
for the dry-oxide layers at the same temperature. This v
age difference agrees with the difference in the interfa
Fermi level: i.e., 1.6 eV above the VBM for the wet-oxid
layers and 1.8 eV for the dry-oxide layers~cf. Fig. 3!.

The ideal I -V curve under x-ray irradiation is simpl
given by the parallel shift of the darkI -V curve by the mag-
nitude of the photocurrent density,30 as depicted by the
dashed lines. The observedI -V curve under x-ray irradiation
for the 1000 °C wet-oxide layer deviated by;0.4 V from the
ideal I -V curve, while that for the dry-oxide layer deviate
by ;0.8 V.

V. DISCUSSION

X-rays generate electron-hole pairs in SiC, and in
presence of the upward band bending in SiC, generated h
transfer to the SiC/SiO2 interface. Holes at the interfac
communicate with interface states, and equilibrium
achieved between the SiC valence band and the inter
states. This is to say that positive charges are accumulate

FIG. 5. I -V curves for the^Pt/SiO2/6H-SiC(0001) Si face&
MOS structure with the SiO2 layer formed under the following
conditions:~a! at 1000 °C in wet oxygen and~b! at 1000 °C in dry
oxygen. The solid and dotted lines show theI -V curves measured
without and with x-ray irradiation, respectively. The dashed lin
show the idealI -V curves under x-ray irradiation. PointsA–C
denote the bias voltages at which the magnitudes of the SiC b
bending are identical.
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the interface states present between the SiC Fermi level
metal Fermi level. The interface-state positive charges
duce a shift of the SiC substrate Si 2p peak. When a suffi-
ciently high negative bias is applied to SiC, on the oth
hand, the band bending in SiC greatly decreases and co
quently electrons in the bulk transfer to the interface. In t
case, an equilibrium is achieved between interface states
SiC conduction band. Under x-ray irradiation, in fact, a c
rent flows in the whole bias region~cf. Fig. 5!, showing that
one of the SiC bands always equilibrates with interfa
states. Hence we can conclude that the interface Fermi l
always coincides with the SiC bulk Fermi level because
the equilibrium, and thus the energy distribution of t
interface-state density can be obtained from the analysi
the bias-induced shift of the substrate Si 2p peak.

For the dry-oxide layers, a sharp interface state pea
present at 1.8 eV above the VBM, while such a peak is
present for the wet-oxide layers formed at 1000 °C. We th
that the 1.8-eV interface states are induced during the for
tion of interfacial graphitic carbon, for the following reason
It is reported that loss of Si occurs during high-temperat
heat treatments of SiC, resulting in the formation of graph
carbon at the SiC surface.31,32 In the present study, we als
observed the formation of interfacial graphitic carbon wh
POA was performed at 1150 °C, while no formation was o
served when the POA temperature was lowered to 950
This result agrees with the recent observation that no car
species is formed in the case of low-temperature oxida
~500–650 °C! of clean SiC(0001)(333) surfaces.12,13 It is
not clear whether, in the presence of the SiO2 overlayer, this
carbon accumulation results from the Si desorption or n
but we think that atoms in the interfacial region becom
mobile at high temperatures, resulting in the carbon accu
lation. Even after POA at 1150 °C, however, the interfac
state density is much lower than the concentration of g
phitic carbon.33 Therefore, the following possibilities ar
considered for the 1.8-eV interface states:~i! Defect states
such as carbon vacancies are introduced near the inte
during the formation of interfacial graphitic carbon and the
defect states possess an energy level at 1.8 eV above
VBM, and ~ii ! graphitic carbon only with a special structu
acts as interface states. In the case of wet oxidation, grap
carbon is not formed because of the reaction of carbon w
water to result in hydrocarbon which desorbs easily. If t
1.8-eV interface states were due to reason~i!, the interface
states would be still present after the removal of graph
carbon by the reaction of water. This is not the case, and
reason~ii ! is more probable. The narrow width of the 1.8-e
peak indicates that the environment of the defect state
monotonous. This result also supports the view that graph
carbon only with a special structure acts as the interf
states.

There are two possibilities for the broad structure at;2
eV above the VBM:~i! dangling bond states and~ii ! states
arising from the deviation of the bond angles and bo
lengths from the bulk values.34 The states due to reason~ii !
are expected to have a U-shaped energy distribution@i.e., the
interface-state density decreasing with the energy from

s
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conduction~or valence! band to the midgap# because the
probability of the deviation decreases with its magnitu
The observed interface-state spectra do not posses
U-shaped feature, and moreover the interface-state dens
high only above the midgap. These facts exclude possib
~ii !, and thus the broad structure is more probably attrib
able to dangling bond states at the interface.

The large width of the 2-eV peak probably results fro
the variation in the environments of dangling bond states
is likely that dangling bonds weakly interact with the near
Si or oxygen atom in the SiO2 layer, and the variation in the
magnitude of the interaction due to various distances ca
the broadening of the 2-eV peak. In the case of interf
states present at SiO2 /Si interfaces, theoretical calculation
using a density functional theory method show that Si d
gling bond energy varies greatly due to the interaction w
atoms in the SiO2 layer.35

The density of the 2-eV interface states for the wet-ox
layers is nearly the same as that for the dry-oxide lay
indicating that dangling bond states at the SiC/SiO2 interface
are not eliminated by reaction with H or OH. In the case
SiO2 /Si interfaces, Si dangling bond interface states are
fectively passivated by hydrogen due to the formation
Si-H bonds.36,37 In the case of the formation of SiO2 from
SiC in wet oxygen, high temperatures above 1000 °C—m
higher than the temperature at which Si-H bonds are ruptu
@550–600 °C~Refs. 38 and 39!#—are required, and therefor
Si dangling bond interface states cannot be passivated
hydrogen formed by the decomposition of water.

The lower interface-state density for wet oxidation th
that for dry oxidation is often attributed to the passivation
Si dangling bonds by H and OH.10 It is also reported that the
density of interface states at SiO2 /SiC interfaces is de-
creased by high-temperature heat treatments at aro
800 °C in hydrogen40 or moderate temperature heat tre
ments~up to 400 °C! in an atomic hydrogen ambient.41 In
these studies, the decrease in the interface-state density
tentatively attributed to the passivation of dangli
bonds.39,40 The present study suggests that the remova
graphitic carbon at the interface by the reaction with hyd
gen is an important factor in the decrease of the interfa
state density.

For the MOS diodes fabricated in the present study
current flows through the ultrathin SiO2 layer. In general, the
dark current densityJdark is written as

Jdark5(
i

PiJi
0FexpS 2

eV

n0nikTD21G , ~10!

wherePi andJi
0 are the transmission probability through th

SiO2 layer and the dark saturation current density, resp
tively, for the i th current component,V is the bias voltage
applied to ann-type semiconductor with respect to the me
electrode, andn0 and ni are then values~ideality factors!
which do not and do depend on the kind of the curr
components.42 The physical meaning ofn0 is that a part of
the external bias voltageV is applied across the oxide laye
DVox , mainly due to the presence of interface states,43 and
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consequently the net bias voltage applied to the semicon
tor, Vs , is reduced by this magnitude:

n05
V

Vs
5

V

V2DVox
. ~11!

SinceDVox is mainly determined by the energy distributio
of interface states, as Eq.~7! shows,n0 depends on the bia
voltage. On the other hand,ni depends on the current flow
mechanism, e.g., unity for the majority-carrier thermion
emission current and the minority-carrier diffusion curre
and nearly two for the interface-state recombinati
current.44

The dark current density due to majority-carrier therm
onic emission,Jdark, is expressed as30

Jdark5PA* expS 2
f

kTD FexpS 2
eV

n0kTD21G
'PA* expF2

1

kT S f1
eV

n0
D G

5PA* expS 2
EC,b2EF,b

kT DexpS 2
eVb

kT D , ~12!

whereA* is the modified Richardson constant,f is the bar-
rier height at zero bias,EC,b andEF,b are the energies of the
bulk conduction band and bulk Fermi level, respectively, a
Vb is the SiC band bending given by

eVb5f2~EC,b1EF,b!1
eV

n0
. ~13!

The separation between the darkI -V curves for the wet- and
dry-oxide layers of;0.2 V reasonably agrees with the di
ference in the barrier heightf between these oxide layer
@which difference is identical to that in the interface Fer
level, i.e., 1.6 and 1.8 eV above the VBM for the wet- a
dry-oxide layers, respectively~cf. Fig. 3!#, supporting the
view that the majority-carrier thermionic emission current
the dominant component of the dark current.

Under x-ray irradiation, electron-hole pairs are generat
followed by their separation by an electrical field in th
space-charge layer. The total current densityJ is given by the
sum of the dark current densityJdark and the constant photo
current densityJph ~Ref. 30!:

J5Jdark1Jph5PA* expF2
1

kT S f1
eV

n0
D G1Jph. ~14!

Equation~14! shows that for the ideal case~i.e., in the ab-
sence of interface states!, the I -V curve under irradiation is
simply given by the parallel shift of theI -V curve measured
in the dark by the magnitude of the photocurrent density. T
ideal I -V curves under irradiation are depicted by the dash
lines in Fig. 5. TheI -V curve observed for the wet-oxid
layers~curvea! slightly deviates from the ideal curve~;0.4
V deviation!, while that for the dry-oxide layers~curve b!
greatly deviates from it~;0.8 V deviation! for the following
reason: In the case of the dry-oxide layers, high-density
terface states are present below the Fermi level~which cor-
5-6
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responds to the positive-bias region!, as shown in Fig. 3~c!.
In the dark, these interface states cannot capture holes~mi-
nority carriers! because of the extremely low hole dens
due to the wide gap. Under x-ray irradiation, on the oth
hand, holes are generated and they are transferred to
interface by the electrical field in the SiC space-charge la
Under a positive bias, the interfacial Fermi level is shift
downward and holes are newly accumulated in the interf
states present between the metal Fermi level and SiC F
level. These positive charges at the interface states shif
SiC band edge downward, and consequently the band b
ing in SiC is decreased by the same magnitude, resultin
the shift of theI -V curve in the positive-bias direction.

For the majority-carrier thermionic emission current, t
current density is determined only by the magnitude of
band bending in SiC,Vb , as is evident from Eq.~12!. In Fig.
5, points at which the magnitudes of the band bending in
with the wet- and dry-oxide layers are the same are den
by A–C, which were determined from XPS measureme
under bias. It is clearly seen that the current densities are
same when the magnitudes of the band bending are iden
indicating that the majority-carrier thermionic emission is
dominant current flow mechanism. We can therefore c
clude that theI -V curves under x-ray irradiation are dete
mined by the band bending in SiC, which is in turn det
mined by the interface-state charges, and that the inter
states do not act as effective recombination centers for h
and electrons.

VI. CONCLUSION

Interface-state spectra for the 6H-SiC(0001)-based MOS
diodes with an ultrathin SiO2 layer have been obtained from
XPS measurements under bias, and the analysis of the re
leads to the following conclusions.
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