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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 SiQlayer is formed by wet oxidation at 1000 °C oh6SiC(0001) Si-faced surfaces, only a
broad interface state peak is observed-ateV above the SiC valence-band maxim(BM ), 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 $iSiC interface is found to increase with the heat treatment
temperature. The 1.8-eV interface-state peak is tentatively attributed to graphitic carbon with a special structure
near the interface. On the other hand, the broad 2-eV interface-state peak is attributed to Si dangling bonds at
the interface. Without the 1.8-eV interface-state peak, current-voltegé) (curves measured under x-ray
irradiation deviate only slightly from the ideBlV curve(~0.4 V), while with this peak, the deviation becomes
much larger(~0.8 V). XPS measurements under bias show thatlthé curves under x-ray irradiation are
determined by the magnitude of band bending in SiC. Therefore, the deviation from thé-dealrve is
attributed to the accumulation of hol@s., minority carriery generated by x-ray irradiation, at interface states
with energies between the SiC and metal Fermi levels, causing a downward SiC band-edge shift and thus
resulting in a decrease in the magnitude of band bending in SiC. This result demonstrates that the interface
states affect-V characteristics by a static effete., interface state chargesot by a dynamical effedi.e.,
electron-hole recombination at the interface states
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I. INTRODUCTION than dry oxidation®!! It is also reported that the interface-
state density is strongly dependent on the oxidation
SiC is a wide-gap semiconduct@and gap of 6-SiC:  temperature$™In the case of clean SiG002) surfaces with
2.9 eV) (Ref. 1) which is chemically and thermally more a(3X3) reconstruction produced in an ultrahigh-vacuum sys-
stable than Si, and thus its application to devices under séem, oxidation proceeds at lower _terrlgeratL(Eem)—GSO °G
vere conditions is expected. In fact, SiC-based devices cafyith no formation of carbon s_pemé%. . .
work at high temperatures ranging 300—65G°’oreover, For the observation of interface states in the SiC
SiC possesses excellent physical properties such as a hig@hd gap, electrical techniques such as capacitance-
o N voltage®-1014-16 (C.v) and conductance-voltajé>1°
thermal conductivity of 4.9 Wcm K™, a high breakdown 3
electrical field of 4 MV cm, a high electron drift velocity (S-V) measurements are usually employed. Using the elec-
of 2.0x 107 cm/s, eté From these properties, SiC is desir- trical technique, however, interface states only in the limited
able for applicat'ion to power deviceand hig;h—frequency energy region are observable because deep interface states
device$ In the case of applications to metal-oxide- possess too large time constants to respond to the ac signal.

) . . The energy of the deepest interface stagg,, with respect
semlconducto(MOS) technology, another advaptage lies in to then-type SiC conduction-band minimuf€BM) is given
the fact that SiQ layers can be formed by the direct thermal by

oxidation of SiC. However, the thermal oxidation of SiC

requires high temperatures above 1050 °C, i.e., higher by eN oK (T)

~200°C than Si oxidation. High-temperature oxidation Egp=kTIN——F—F7—, 1)
causes degradation in interfacial properties such as an in- o

crease in the interface-state denSityand thus good electri- whereN;, is the total interface state density in ¢f o, is
cal characteristics expected from the excellent physical propthe electron capture cross sectio, is the electron thermal
erties are not achieved. Therefore, the observation ofelocity, C., is the capacitance of an oxide lay&,is the
interface-state spectra is of importance for the improvementamp rate in Vs, and K(T) is equal to 3.97
of the MOS characteristics. For the formation of Si@yers X 10" T>cm™3. Inserting reported valude.g., 163 cm 2
on SiC, wet oxidation in water-containing oxygen atmo-for N, 10 cn? for o,, 10'cms?! for vy, 2
spheres is believed to generate lower interface-state density10 7 Fcm 2 for C,,, and 0.002 Vs for R (Refs. 8 and
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where E2 and E; , are defined with respect to the SiC
valence-band maximunvBM), D;, is the interface state
density as a function of the enerdy, in the SiC band gap,
Np is the donor density 5 is the permittivity of SiC,Vg is
the SiC band bending at zero bid;, is the density of oxide
fixed chargesEg , is the metal Fermi level before contact

FIG. 1. Band diagrams ofi-type SiC-based MOS diode®  with respect to the SiC VBM, an@,, is the capacitance of
before contact(b) after contact at zero bias, arid after contact the SiQ layer. In Eq.(3), the abrupt junction approximation
under a positive bias applied to SiC with respect to metal. is employed for the estimation @, .

At zero bias[Fig. 1(b)] interface states present beldg

18)], E4p at 298 K is estimated to be 0.83 eV. This estimationare occupied by electrons, while those abE\Eeare empty.

shows that interface states present only near the majorityBy the application of a positive bias to SiC, the SiC Fermi

Ear?neéat:]asngf'ée_‘\’/csggéc_%)?ezm? LGE:H;SIl(r?t;:‘Zc%bztea:;gblt%o level E\F’ deviates downward from the metal Fermi letgl
y ques. by the magnitude o¥ [Fig. 1(c)]. Consequently, the inter-

close to the majority-carrier baridloser than 0.2 eV(Ref. Y :
15)], on the other hand, respond to both high and low fre-f‘.Slce states present betwe'h'.ea,m andEg becomg unoccupied
; . g.e., accumulation of positive charges at the interface states

Under x-ray irradiation, electron-hole pairs are generated in
Under UV light irradiation duringC-V measurements SiC, and holes are transferred to the SISIC interface by

: ) : : the electrical field in the space-charge layer. Therefore, inter-
(i-e., photo€-V technique, deep interface states respond toJace states equilibrate with the SiC valence band even if they

electrical signals, but only the total interface-state densit . .
can be obtained using this technigié® are deep states. A change in the charge concentratiQy,,
einduced by the bia¥ is given by

In the present study, the energy distribution of interfac
states in almost the entire SiC band-gap region is obtained J 0
E

Si2p

state density.

using the spectroscopic and static techniques recently devel- AQ,=e EVFDit(E)d E+(2eNpeg)[ (V) Y2— (V)2
oped by us[i.e., x-ray photoelectron spectrosco¥P9S F

measurements under bfds>. Under x-ray irradiation, (4)
electron-hole pairs are generated and interface states eqUNAmereVE)’ is the SiC band bending under bi¥swhich is
brate with the valence or conduction bands due to the presyritten as

ence of these chargésThe measurements clearly show that

the interface-state spectra are greatly affected by the oxida- VV=V8+V—AQV/COX. (5)

tion type (i.e., dry or wet oxidationand the oxidation tem- L . .
ype( y " t‘_l'hese bias-induced charges cause a change in the potential

perature. Interface states are found to affect the curren G h de laverV h th itude ai
voltage (-V) characteristics by changing the band bending rop across the oxide fayeLVox, Wi € magnitude given

in SIC. by

EO
IIl. THEORETICAL PRINCIPLE AV =AQy/Coy= efE\,FDn(E)d E+(2eNpeg)'?

F
/ Cox- (6)

%ince the energy difference between the metal Fermi level
and SiQ band at the metal/SiQinterface[denoted byA in
Qm=—(Qi;+Qp~+ Qsy)- 2) Fig. 1(b)] that between the SiCand Si bands at the SHZiC
interface(denoted byB) and that between the SiC band and
Figures 1a) and 1b) show band diagrams before and the SiC core levelge.g., Si D level) are constant, the SiC
after contact, respectively. The interface neutral lekigl  core level at the interface is shifted By, , and this shift is
before contact is assumed to be located between the metabservable by means of XPS. It should be noted that the
Fermi level and SiC Fermi level. After contact, all the Fermi depletion layer width estimated from the donor density is
levels coincide due to electron transfer from the SiC sub--0.5 um, much longer than the mean free path of photoelec-
strate to the interface states and that from the interface state®ns(2—3 nm.2° Therefore, the photoelectron signal due to
to the metal. Due to the charge transfer, the interface statehe substrate core level arises only from the interfacial region
betweenE; ,, and the interface Fermi levelEg are newly  in which the SiC band can be regarded as flat. It is also noted
occupied by electrons. Therefore, using E2), we have that a change in the depletion layer charfgecond term in

Four kinds of chargesi.e., interface state chargeg;, ,
depletion layer charge®p, oxide-fixed charge®y,, and X{(VX)lIZ_(Vg)lIZ}
their countercharges at the metal/gi@terface,Q,,) are as-
sumed to be present in the interfacial region of SiC-base
MOS structure. From the charge neutrality, we have
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Eq. (6)] causesAV,, with a magnitude of only 40 mV at
maximum: negligibly small compared t&4V,, induced by

interface-state charged’he maximumAV,, observed in the
present study is-1 V.) Therefore, we have

Shift in Si 2p (eV)
o
(4,

-1.0 1.0 2.0
£0 — f t
Avoxwef o Dit(E)dE/Cyy. (7 Bias Voltage (V)
EF
g SiO, SiC
Ve i 105 | 2 > A
On the other handk¢ is given by e
<
V_ 0 z
Ef=Ef—eV+teAV. (8) £
Therefore, using Eqg7) and (8), the energy distribution of 196 Biding Energy (v}
interface statef.e.,D;; as a function of energl in the band
gap can be obtained from measurementsitf, (i.e., bias- FIG. 2. Plot of the shift of the substrate Sp2peak for the
induced shift of the substrate SiC core lgval various bias  (py/SiQ,/6H-SiC(0001) Si faceMOS structure with the SiQlayer
voltagesV. formed at 1000 °C in dry oxygen vs the bias voltage applied to SiC

The interfacial Fermi IeveEg is determined from mea- with respect to Pt. The inset shows the XPS spectra in thepSi 2
surements of the energy difference between thefPantd Pt region measured at zero bias.
Fermi levels of the thick Pt filmE,), that between the sub-

strate Si 2 level and the SiC valence-band maximum of the IV. RESULTS
SiC surface E,), and that between the Sip2and Pt 4 _ ) ) _
levels of the(Pt/Si0y/6H-SiC(0001) structure E;) using The inset of Fig. 2 shows the XPS spectrum in the Si
the following equation €,, E,, andE; are defined to have 2P region measured at zero bias for thPUSIO/
positive values 6H-SiC(0001) MOS structure with the ultrathin SiQayer
formed at 1000 °C in dry oxygen. An asymmetrical peak was
Eg: E,+E,~Es. ©) dl_Je to the overlapping of the Sp3;, and 2p.1,2 levels of the
SiC substrate and a broad peak to the Si&@yer. From the
ratio in the area intensity of the Sj(peak to that of the
IIl. EXPERIMENTS substrate peak, the SjQhickness was estimated to be 3.1

nm.
6H-SiC(0001) Si-face wafers having a nitrogen-doped Figure 2 plots the shift of the substrate $i peak versus
n-type epitaxial layer of 1Qum thickness with a donor den- the bias voltage for théPt/SiQ,/6H-SiC(0001) MOS di-
sity of 6x 10" cm 3 were cleaned using the RCA method. odes with the Si@ layer formed at 1000 °C in dry oxygen.
Silicon dioxide (SiQ) layers were formed by heat treat- By the application of a negative bias to the SiC substrate
ments at 1000 or 1150 °C in wet or dry oxygéHlereafter, with respect to the Pt overlayer, the substrate peak was
these oxide layers are called wet oxide and dry oxide, respeshifted toward lower binding energy, while upon application
tively.) In some cases, post-oxidation annealiRQA) was  of a positive bias, the peak shifted in the higher-energy di-
performed at 950 or 1150 °C in nitrogen for 20 h. Thenrection. The broad oxide peak also shifted in the same direc-
3-nm-thick platinum(P?) layers were deposited by an elec- tion, but its magnitude was much smafféThese shifts were
tron beam evaporation method, resulting in thecompletely reversibldi.e., by the removal of the bias volt-
(Pt/SiQ,/6H-SiC(0001) MOS structure. Ohmic contact at age, the shift always disappeaydd contrast to chemical
the rear SiC surface was achieved by the deposition of ghifts which are irreversible, and thus these shifts could be
nickel film followed by heat treatment at 900 °C. attributed to bias-induced charges in interface states. In the

X-ray photoelectron spectroscopy spectra were measurgsbsitive-bias region, which corresponded to the energy be-
using a VG Scientific Escalab 22XL spectrometer with a low the interfacial Fermi level, the shift increased with the
monochromatic AK « radiation source. X rays were irradi- bias voltage up to~1 V. Beyond 1 V the shift almost
ated from the Pt layer side, and photoelectrons were colstopped, indicating that the interface-state density was negli-
lected in the surface-normal direction. The electron pass ergibly low in this voltage region. This shift also increased
ergy in the hemispherical analyzer was set at 10 eV. Duringvith the negative-bias voltage up te—1 V, and a further
the XPS measurements, the front Pt layer was grounded aridcrease of the negative-bias voltage simply resulted in an
a bias voltage was applied to the rear Si surface. The energyicrease in the IR drop in the Pt layer due to a high-density
of the Pt 4 peak of the overlayer measured at each biadeakage current, but the interfacial Fermi level did not rise
voltage was taken as the energy reference. anymore.

The current-voltage 1€V) curves for (Pt/SiO/ Figure 3 shows the energy distribution of the interface-
6H-SiC(0001) MOS diodes were recorded without and state density obtained from the analysis of the energy shift of
with Al Ka x-ray irradiation, using an HP 4140B PA meter- the substrate Sif2 peak versus the bias voltageg., Fig. 2.
voltage source. It should be noted that interface states in the whole SiC
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FIG. 4. XPS spectra in the Cslregion for the ~2-nm
SiO, /SiC(0001) Si face structure measured after the following
POA treatments(a) at 950 °C in nitrogen andb) at 1150 °C in
nitrogen.

creased to 1150 °C, a sharp peak was observed at 1.8 eV in

addition to the broad structufspectrunb). For thermal oxi-

dation in dry oxygen at 1000 °C, the 1.8-eV sharp peak was

observed with a higher intensity and the broad structure was

also presentspectrunc). For all the SiC-based MOS diodes
...... : investigated, the density of interface states was considerably

10 10° 10" low _below 1.5 eV with respect to th_e VBM. _ _
(b) Interface State Density ( em2ev) Figure 4 shows the XPS spectra in the €r&gion. In this
case, 75-nm-thick SiQlayers were initially formed followed

by POA in nitrogen at 950 or 1150°C for 20 h. Then the

SiO, layers were etched with 1% hydrofluoric acid. The

etching was stopped when both the substrate and oxide Si 2

Energy (eV)

- peaks were observed with considerable intensities at the
fg 2.0 same time (Si@ thickness:~2 nm). At this etching point,
315 two peaks were observed in the G XPS spectrum for the
g 10 SiO, layers with POA at 1150 °Qspectruma), and the

lower- and higher-energy peaks were attributable to SiC and
graphitic carbon, respectivel§:?° For the SiQ layers with
: POA at 950 °C(spectrumb), the intensity of the peak due to
? graphitic carbon became much lowspectrumb). The take-
10™ 10" 10" off angle-dependent measurements showed that graphitic
(c) Interface State Density (cm'2eV™") carbon for spectrunb was present mainly on the SjGQur-
face, and thus it was attributable to contamination, the con-
FIG. 3. Interface-state spectra obtained from XPS measuremententration of which was estimated to be 0.4—0.5 monolayer.
under bias for th&Pt/SiQ,/6H-SiC(0001) Si faceMOS structure  For thick SiQ layers, we also observed a weak peak due to
with the SiG, layer formed under the following conditionéa) at  graphitic carbon attributable to contamination, and its con-
1000 °C in wet oxygen(b) at 1150 °C in wet oxygen, antt) at  centration was also found to be 0.4—0.5 monolayer. For
1150 °C in dry oxygen. spectruma, on the other hand, graphitic carbon was found
from the takeoff angle-dependent measurements to be
band-gap region are observable by means of XPS measurpresent mainly near the SJ@SiC interface. After subtracting
ments under bias as long as the interfacial Fermi level can bine intensity due to contamination from spectranthe con-
shifted by the bias. This is because holes generated by x ragentration of graphitic carbon at the interface was estimated
(or electrong are transferred to the SiC/SjOnterface and to be 2 monolayers, assuming that the rest of graphitic car-
they equilibrate with interface statés(The undetermined bon was present at the Sif8iC interface.
regions in the spectra correspond to the bias regimes where The concentration of interfacial graphitic carbon without
an increase in the bias voltage is consumed by the IR drop iROA was low even when the SjQayer had been formed at
the Pt layer due to the high current dengity. 1150 °C in dry oxygen and the Gskpectrum was nearly the
For the SiQ layers formed by thermal oxidation at same as spectrutmin Fig. 4. This is probably because, al-
1000°C in wet oxygen, only a broad interface state peakhough graphitic carbon was formed at such a high tempera-
centered at-2 eV was present in the interface-state specture, most of it reacted with oxygen, resulting in the forma-
trum (spectruma). When the oxidation temperature was in- tion of CO and thus in desorption. In the case of the ;SiO
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the interface states present between the SiC Fermi level and
metal Fermi level. The interface-state positive charges in-
duce a shift of the SiC substrate Sp deak. When a suffi-

34

—— 2’ ,‘I"“":. 4

"?: e ',-".B A ﬁ A ciently high negative bias is applied to SiC, on the other
T 1 @ 7 (b) hand, the band bending in SiC greatly decreases and conse-
E | $C e quently electrons in the bulk transfer to the interface. In this
é 01 - case, an equilibrium is achieved between interface states and

rent flows in the whole bias regidggef. Fig. 5, showing that
a){(b) . - A
. one of the SiC bands always equilibrates with interface
-1 0 1 2 states. Hence we can conclude that the interface Fermi level
Bias Voltage (V) always coincides with the SiC bulk Fermi level because of
. . . the equilibrium, and thus the energy distribution of the
FIG. 5. 1-V curves for the(Pt/SiQ,/6H-SiC(0001) Si fack  interface-state density can be obtained from the analysis of
MOS structure with the Si©layer formed under the following e pias-induced shift of the substrate $i peak.
Cond't'on%](a) atl.iooo doi Tt Véelt. oxygf]n a'm)yat 1000°C in dry | For the dry-oxide layers, a sharp interface state peak is
oxygen. The solid and dotted lines Show curves measure present at 1.8 eV above the VBM, while such a peak is not

without and with x-ray irradiation, respectively. The dashed I|nespresent for the wet-oxide layers formed at 1000 °C. We think

show the ideall-V curves under x-ray irradiation. Poins—C

denote the bias voltages at which the magnitudes of the SiC bant@at th? 1'8'6\( interfac.e. states are induced dur?ng the forma-
tion of interfacial graphitic carbon, for the following reasons.

bending are identical. : ¢ ‘ _
It is reported that loss of Si occurs during high-temperature

layer with POA at high temperatures in nitrogen, on the othefeat treatments of SiC, resulting in the formation of graphitic
hand, the produced graphitic carbon accumulates at the intefarbon at the SiC surface™ In the present study, we also
face because of the absence of oxidizing species. It should served the formation of interfacial graphitic carbon when
noted that graphitic carbon in 0.4—0.5 monolayer due to conPOA was performed at 1150 °C, while no formation was ob-
tamination was always present at the surface and the deteserved when the POA temperature was lowered to 950 °C.
tion limit of the interfacial graphitic carbon was0.5 mono-  This result agrees with the recent observation that no carbon
layer. It is highly probable that when the oxidation species is formed in the case of low-temperature oxidation
temperature is high, interfacial graphitic carbon with a con{500—650 °Q of clean SiC(0001)(%3) surfaces?® It is
centration less than 0.5 monolayer is present even withouiot clear whether, in the presence of the Serlayer, this
POA. carbon accumulation results from the Si desorption or not,
Figure 5 shows thel-V curves for the (PUSIQ/  but we think that atoms in the interfacial region become
6H-SiC(0001) MOS diodes measured witho(golid lines  mobile at high temperatures, resulting in the carbon accumu-
and with x-ray irradiatior{dotted line$. Due to the ultrathin  |ation. Even after POA at 1150 °C, however, the interface-
SiO, layers, tunneling currents flowed and the diodesstate density is much lower than the concentration of gra-
showed rectifying characteristics. TheV curve without ir-  phitic carbor®® Therefore, the following possibilities are
radiation for the wet-oxide layers formed at 1000 °C wasconsidered for the 1.8-eV interface staté$:Defect states
observed in a more negative-bias region$§.2 V than that  such as carbon vacancies are introduced near the interface
for the dry-oxide layers at the same temperature. This voltduring the formation of interfacial graphitic carbon and these
age difference agrees with the difference in the interfaciatiefect states possess an energy level at 1.8 eV above the
Fermi level: i.e., 1.6 eV above the VBM for the wet-oxide VBM, and (ii) graphitic carbon only with a special structure
layers and 1.8 eV for the dry-oxide layeid. Fig. 3. acts as interface states. In the case of wet oxidation, graphitic
The ideal I-V curve under x-ray irradiation is simply carbon is not formed because of the reaction of carbon with
given by the parallel shift of the datkV curve by the mag- water to result in hydrocarbon which desorbs easily. If the
nitude of the photocurrent densify,as depicted by the 1.8-eV interface states were due to reasonthe interface
dashed lines. The observed/ curve under x-ray irradiation states would be still present after the removal of graphitic
for the 1000 °C wet-oxide layer deviated by0.4 V from the  carbon by the reaction of water. This is not the case, and thus

ideal |-V curve, while that for the dry-oxide layer deviated reason(ii) is more probable. The narrow width of the 1.8-eV
by ~0.8 V. peak indicates that the environment of the defect states is

monotonous. This result also supports the view that graphitic
V. DISCUSSION carbon only with a special structure acts as the interface
states.

X-rays generate electron-hole pairs in SiC, and in the There are two possibilities for the broad structure~&
presence of the upward band bending in SiC, generated hole¥/ above the VBM:(i) dangling bond states arnd) states
transfer to the SIC/SiQinterface. Holes at the interface arising from the deviation of the bond angles and bond
communicate with interface states, and equilibrium islengths from the bulk value¥.The states due to reasdin)
achieved between the SiC valence band and the interface expected to have a U-shaped energy distribiitien the
states. This is to say that positive charges are accumulated interface-state density decreasing with the energy from the

1
-
1

: SiC conduction band. Under x-ray irradiation, in fact, a cur-

t
N
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conduction (or valencé band to the midgapbecause the consequently the net bias voltage applied to the semiconduc-
probability of the deviation decreases with its magnitudetor, V., is reduced by this magnitude:
The observed interface-state spectra do not possess a

U-shaped feature, and moreover the interface-state density is n _X_ \

high only above the midgap. These facts exclude possibility OV, V-AV,,”

glb)featgdd:]nugsnrt]gebgfdagt;:;cg:r; ési::é)rrfzcirobably atmbUt'SinceAVox is mainly determined by the energy distribution

The large width of the 2-eV peak probably results fromOf interface states, as E(f) shows,n, depends on the bias

the variation in the environments of dangling bond states. Iyoltage._On the other_ hand depencjs on the_ current f!OW.
is likely that dangling bonds weakly interact with the nearestmeph"?m'sm' €.g., unity for _the .majorlt.y—ca_rner.therm|0n|c
Si or oxygen atom in the SiQlayer, and the variation in the emission current and the minority-carrier diffusion current,
magnitude of the interaction due to various distances caus€§1d r;glarly two for the interface-state recombination
the broadening of the 2-eV peak. In the case of interfac&Urent . . . .
states present at Sj@Si interfaces, theoretical calculations The dark current density due to majority-carrier thermi-

using a density functional theory method show that Si dan—OniC emission Jgay. is expressed &
eV L
ex Nk T

11

gling bond energy varies greatly due to the interaction with b
atoms in the Si@ layer® Jgan= PA* ex;{ _ k_T)
The density of the 2-eV interface states for the wet-oxide

layers is nearly the same as that for the dry-oxide layers, 1 eV

indicating that dangling bond states at the SiC/Si@erface ~PA* exp{ - k_T( P+ n—)

are not eliminated by reaction with H or OH. In the case of 0

SiO, /Si interfaces, Si dangling bond interface states are ef- Eco—Eryp eV,
fectively passivated by hydrogen due to the formation of =PA* EXF{ - T) F<— W) (12

Si-H bonds®®*” In the case of the formation of SjCfrom
SiC in wet oxygen, high temperatures above 1000 °C—muchvhereA* is the modified Richardson constagit;s the bar-
higher than the temperature at which Si-H bonds are rupturetler height at zero biag;c ,, andEg p, are the energies of the
[550-600 °C(Refs. 38 and 3g—are required, and therefore bulk conduction band and bulk Fermi level, respectively, and
Si dangling bond interface states cannot be passivated by, is the SiC band bending given by
hydrogen formed by the decomposition of water. oV

The lower interface-state density for wet oxidation than o eV
that for dry oxidation is often attributed to the passivation of eVo= b~ (EcptErp)+ Ny’ (13
Si dangling bonds by H and OH.It is also reported that the

density of interface states at Si(BIiC interfaces is de- cgy—oxide layers of~0.2 \ reasonably agrees with the dif-

ggeoafgdinbr{ dhr'gh;fgrgrr)er;aéggatge?ém"i?;r&ergtiegtt t?éc;ltj_r}erence in the barrier height between these oxide layers
yarog P [which difference is identical to that in the interface Fermi

ments(up to 400°G in an atomic hydrogen ambiefit.In level, i.e., 1.6 and 1.8 eV above the VBM for the wet- and

these studies, the decrease in the interface-state density w S oxide lavers. res ectivel(cf. Fig. 3], supporting the
tentatively attributed to the passivation of dangling Y Yers, P - 719. 9, supp g

bonds***° The present study suggests that the removal Ofr:?\:jf)hn?itntgr?t rgggr? r'%’ggtrrc')?rtmeégsnéﬁr?gr‘]'tss'on current is
graphitic carbon at the interface by the reaction with hydro- P :

gen is an important factor in the decrease of the interface; Under x-ray |r_rad|at|on, _electron-hole pairs are gen_erated,
state density. followed by their separation by an electrical field in the

For the MOS diodes fabricated in the present study, aspace—charge layer. The total current density given by the

current flows through the ultrathin SjQayer. In general, the iﬁ:?eﬁft z‘gniﬁ;? ctzgz?gd(t;nsmark and the constant photo-
dark current density g, IS written as ph e
Equation(14) shows that for the ideal cadee., in the ab-

'{ eV
ex nonkT

sence of interface stateghel-V curve under irradiation is
whereP; andJ? are the transmission probability through the simply given by the parallel shift of the'V curve measured
SiO, layer and the dark saturation current density, respecin the dark by the magnitude of the photocurrent density. The
tively, for theith current componenty is the bias voltage ideall-V curves under irradiation are depicted by the dashed
applied to am-type semiconductor with respect to the metallines in Fig. 5. Thel-V curve observed for the wet-oxide
electrode, andhy andn; are then values(ideality factor$  layers(curvea) slightly deviates from the ideal curfe-0.4
which do not and do depend on the kind of the currentv deviation, while that for the dry-oxide layerécurve b)
componenté? The physical meaning afy, is that a part of greatly deviates from it~0.8 V deviation for the following
the external bias voltagé is applied across the oxide layer, reason: In the case of the dry-oxide layers, high-density in-
AV,,, mainly due to the presence of interface stAfeand terface states are present below the Fermi léwbiich cor-

The separation between the dark/ curves for the wet- and

+eV
g

1
‘]:‘]dark+ Jph: PA* eXL{ - ﬁ_ +‘]ph' (14)

Jgan= > PiJ? —1} (10)
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responds to the positive-bias regipas shown in Fig. &). (1) Wet-oxide layers formed at 1000 °C have a broad
In the dark, these interface states cannot capture kiples interface-state peak at2 eV above the VBM, and this peak
nority carriers because of the extremely low hole density is attributed to Si dangling bonds at the interface. The large
due to the wide gap. Under x-ray irradiation, on the othemwidth of the peak is caused by the interaction of the dangling
hand, holes are generated and they are transferred to th@nds with a Si or oxygen atom in the Si@yer.

interface by the electrical field in the SiC space-charge layer, (2) By an increase in the wet-oxidation temperature from
Under a positive bias, the interfacial Fermi level is shifted1000 to 1150°C, a sharp interface-state peak newly appears
downward and holes are newly accumulated in the interfac8t 1.8 €V above the VBM. The formation of graphitic carbtzn
states present between the metal Fermi level and SiC Ferrfit the interface occurs when POA is peorformed at 1150°C,
level. These positive charges at the interface states shift thhile it is not formed by POA at 950°C. Therefore, the
SiC band edge downward, and consequently the band ben .8-eV interface-state peak has been tentatively attributed to

ing in SiC is decreased by the same magnitude, resulting igraphitic-carbon-related interface states. We think that gra-
the shift of thel -V curve in the positive-bias direé:tion. phitic carbon only with a special structure acts as the 1.8-eV

. . > o interface states.
For the majority-carrier thermionic emission current, the

N . . (3) In the case of wet oxidation at high temperatures,
current density is determined only by the magnitude of they ahhitic carbon formed at the interface is partially removed
band bending in SiCyy, as is evident from E12). In Fig. |y the reaction with H and OH, while such reactions do not

5, points at which the magnitudes of the band bending in SiCyccur in the case of the dry oxidation. Therefore, the 1.8-eV
with the wet- and dry-oxide layers are the same are denotegterface-state density for the dry-oxide layers is higher than
by A-C, which were determined from XPS measurementshat for the wet-oxide layers.
under bias. It is clearly seen that the current densities are the (4) The density of the Si dangling bond interface states at
same when the magnitudes of the band bending are identicak2 eV does not strongly depend on the oxidation tempera-
indicating that the majority-carrier thermionic emission is ature and atmosphere, while that of the graphitic-carbon-
dominant current flow mechanism. We can therefore conselated interface states at 1.8 eV is greatly dependent on
clude that thed -V curves under x-ray irradiation are deter- them.
mined by the band bending in SiC, which is in turn deter- (5) The |-V curve measured under x-ray irradiation for
mined by the interface-state charges, and that the interfadée dry-oxide layers greatly deviates from the idéaV
states do not act as effective recombination centers for holeg!rve, while the deviation for the wet-oxide layers is much
and electrons. smaller. The interface states affect theV curves under
x-ray irradiation by changing the SiC band bending due to
VI. CONCLUSION the accumglated charges, _but thg _electron-hole recombina-
tion at the interface states is negligible.

Interface-state spectra for thél6SiC(0001)-based MOS (6) Majority-carrier thermionic emission is the dominant
diodes with an ultrathin SiQlayer have been obtained from mechanism of the dark current. TheV curve in the dark
XPS measurements under bias, and the analysis of the resuttepends on the SiC Fermi level, which is in turn determined
leads to the following conclusions. by interface-state charges at zero bias.
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