Photoemission of the SiO,-SiC heterointerface
M. L. O'Brien, C. Koitzsch and R. J. Nemanich

Citation: Journal of Vacuum Science & Technology B: Microelectronics and Nanometer Structures Processing,
Measurement, and Phenomena 18, 1776 (2000); doi: 10.1116/1.591471

View online: https://doi.org/10.1116/1.591471
View Table of Contents: https://avs.scitation.org/toc/jvn/18/3
Published by the American Institute of Physics

ARTICLES YOU MAY BE INTERESTED IN

Band offsets of wide-band-gap oxides and implications for future electronic devices
Journal of Vacuum Science & Technology B: Microelectronics and Nanometer Structures Processing,
Measurement, and Phenomena 18, 1785 (2000); https://doi.org/10.1116/1.591472

Bandtails and defects in microcrystalline silicon (uc-Si:H)
Journal of Vacuum Science & Technology B: Microelectronics and Nanometer Structures Processing,
Measurement, and Phenomena 18, 1792 (2000); https://doi.org/10.1116/1.591473

Band offsets and electronic structure of SiC/SiO» interfaces
Journal of Applied Physics 79, 3108 (1996); https://doi.org/10.1063/1.361254

Silicon oxycarbide formation on SiC surfaces and at the SiC/SiO, interface
Journal of Vacuum Science & Technology A 15, 1597 (1997); https://doi.org/10.1116/1.580951

The valence band alignment at ultrathin SiO5/Si interfaces
Journal of Applied Physics 81, 1606 (1997); https://doi.org/10.1063/1.363895

Investigation of nitric oxide and Ar annealed SiO,/SiC interfaces by x-ray photoelectron spectroscopy
Journal of Applied Physics 86, 4316 (1999); https://doi.org/10.1063/1.371363



https://avs.scitation.org/author/O%27Brien%2C+M+L
https://avs.scitation.org/author/Koitzsch%2C+C
https://avs.scitation.org/author/Nemanich%2C+R+J
/loi/jvn
/loi/jvn
https://doi.org/10.1116/1.591471
https://avs.scitation.org/toc/jvn/18/3
https://avs.scitation.org/publisher/
https://avs.scitation.org/doi/10.1116/1.591472
https://doi.org/10.1116/1.591472
https://avs.scitation.org/doi/10.1116/1.591473
https://doi.org/10.1116/1.591473
https://avs.scitation.org/doi/10.1063/1.361254
https://doi.org/10.1063/1.361254
https://avs.scitation.org/doi/10.1116/1.580951
https://doi.org/10.1116/1.580951
https://avs.scitation.org/doi/10.1063/1.363895
https://doi.org/10.1063/1.363895
https://avs.scitation.org/doi/10.1063/1.371363
https://doi.org/10.1063/1.371363

Photoemission of the SiO ,—SIC heterointerface
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Photoelectron spectroscopy has been performed on SiC surfaces to investigate the valence band
characteristics during SiJormation. Various stages of the oxide development were investigated.
The y3X y3R30° 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 ,Si@eposition. Ultraviolet photoemission
spectroscopy was employed to measure the valence band discontinuity for the oxidgpencH

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 Sj@s determined to be a constapnt7.0 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 te-Bex 10'2cm 2. © 2000 American Vacuum
Society[S0734-211X00)11003-7

[. INTRODUCTION the oxidized film. The transport of the species to the gas
phase generates CO and £@olecules which must diffuse
The electronic structure of SiC heterojunctions is of inter-tg the surface. Studies have shown that the oxidation of sili-
est because of the high potential this material possesses fggn in a slight CO and CEatmosphere results in an increase
electr_onic applications. Silicon carbide devices promi_se OUtiy surface roughness and bubble formation throughout the
standing performance parameters due to the physical angswn oxide. It results in a significant degradation in elec-
electronic properties of the material, such as wide band gagygnic properties, such as increased interface state density,
high thermal conductivity, and high electron mobility. The yocreased generation lifetime, and increased surface recom-
wide ba_nd gap3.02, 3.26, and 2.4 eV f_o_r 6H, 4H,_and 3C. pination velocity? The same effects may be expected for the
respectively, excellent thermal conductivity, and high satu- oxidation of SiC. The oxidation of silicon carbide has been

L"’.‘tidf electron drift dvﬁloﬁ |:y are wpportant f?ljro_gghc p;}ower, shown to generate a higher interface state density than for the
'gh frequency, and high temperature opera I~ has — yidation of silicon, which may be a result of carbonaceous

Iong been co.n5|dered as an ideal ”.“ate“a' for high powegpecies diffusing through the oxide. It has been suggested
devices, and is favored over other wide-band-gap mater|al§

Much of the interest arises because of its ability to be therbrl]j;tgr]g,,llg t_?::ci dsl;[ittiisn ?)rfetrzzlail;i;fac-ebc;?gtzd d(;irs?tonof
mally oxidized to form SiQ. The thermal oxidation proper- ~.° o . o v
ties of SIiC make it ideal for metal—oxide-semiconductors'l'con carbide is of great importance to the utilization of SiC

(MOS) structures, and MOS gated devices are important fof'S @n MOS device matgrlql. .
certain high power applicatiorfsThe MOS structure entails Exammmg and |_”n_o_n|tor|n_g the band_ _bendmg gnd bgnd
a layered structure of metal—oxide—semiconductor. The the2ffSets during the initial oxidation of silicon carbide will
mal oxidation of SiC enables passivation and local oxidatiorP"€Sent information about the SiC/Sidterface. Prior stud-
to allow for integrated circuits on a single chip. Furthermore,i€S have shown a lower interface state density for the oxida-
the electrical properties of SiCfor integrated circuit and ton of the Si face of SiC as opposed to the C fcene
device fabrication have been thoroughly investigated in sili€action of oxygen with the Si face of SiC has been shown to
con technology. However, the thermal oxidation of silicon be slower than the carbon face. It has been suggested that the
carbide has proven to be more complicated than that of silislower oxidation rate allows for a lower concentration of
con. Therefore, an understanding of the SiC Si@erface is  by-products diffused through the oxidle'” Therefore, this
important for the development of SiC as a viable material forstudy will focus on the Si face of SiC.
MOS structure fabrication. Band bending behavior, band dis- Thermal oxidation of silicon carbide has been extensively
continuities, and interface state distributions are key considexamined. It has been shown that there is a strong influence
erations for device design. Interface state densities belowf the oxidation conditions on the quality of the oxide for
10*cm 2 are needed to ensure reliable device operation. cubic(B) SiC. It has been determined that the interface state
A significant issue for thermal oxidation of SiC is the density is an order of magnitude lower for wet oxidation than
removal of the carbonaceous species from the interface artty.**** Further investigation has shown that by using an
off-axis substrate, the interface state density and fixed charge
dElectronic mail: Robert_Nemanich@ncsu.edu characteristics improve. In addition, the interface density can
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be reduced to-10°cm~2eV %, by using various oxidation Vvariety of surface reconstructions can be obtained#@&iC
and reoxidation steps in the thermal oxidation process. Using2001). The reconstructions that have been observed for the
these processes, the interface state density of the/SiO  Si surface of hexagonal SiC arex1, 3x3, y3X3, and
interface approaches that of the Si—Sifterface'®1° 6,3Xx6,3. In this study, surfaces with.@x 3 low-energy
Oxides on hexagonale) polytypes of silicon carbide electron diffraction(LEED) pattern are prepared and studied
have also been studied. It was found that the primary caud®r the oxidation of SiC. The3x 3 surface was selected
for SiC MOS field-effect transistofFET) device failure is because uniform, nearly stoichiometric surfaces can be pre-
leakage and breakdown of the gate insuldfoh more fo- pared. The X 3 surface is significantly Si rich, and is sub-
cused study of the application of oxides afSiC addressed ject to significant varigtio.ns.ip the Si/C ratio.. Alternatively,
issues related to obtaining a functioning high-power deviceth® 6:3x 6,3 surface is significantly carbon rich. It has been
It was found that oxidation of the hexagonal as well as cubi@’0Posed that there are graphitic clusters on the sufface.
polytypes resembled the Deal-Grove model developed turthermore, the3x .3 surface has had notable work pre-
explain the thermal oxidation of silicdd.The Deal-Grove forme(_j to de_termlne its structure anql composition. Scanning
model describes the oxidation of silicon as two procéss: tunneling microscopy(STM) has displayed the surface

surface reaction limited, ar(@) limited by diffusion for SiQ structure’” while UV photoemission and high-resolution
formation1819 x-ray photoemission have been preformed to examine the
Thermal oxidation ofp-type SiC has further complica- eIectromc and chemlc.al nature of tk113>_< 3 surface’ "
In this study, ultraviolet photoemission spectra of the va-

tions. The thermal oxide that is grown orpaype substrate band btained after diff i st f the interf
exhibits a significantly higher interface state density than odence oand are ovtained atter diiierent stages of tne intertace
ormation process. The interface is formed by using a series

n-type substrate¥ Several models have been proposed toOf Oxvaen plasma brocesses. The plasma. processes were
account for this. One model suggests a redistribution of the ygen p P ' P P

: : .. _used because the remote plasma-enhanced chemical vapor
Al dopant into the oxide generates defects. However, S|mlla(rje osition(RPECVD) oxides have shown promise in gate
results were found using boron psype dopant$®~??Boron P P 9

. S 9 " oxides on SiG3~?° From these spectra, information of the
has a high solubility in Si@and does not generate signifi- . o .
. L . surface electronic structure and electron affinity is obtained.
cant defect densities for oxidation of silicon. The thermal

oxidation ofp-type SiC continues to present problems to theFrom this insight, the electronic properties of the SIC/SIO

h X . ed.
development of SiC technologies. eterojunction are obtained

In order to solve the problem of oxidation fer-SiC,
novel methods are being proposed. Since it has been showh EXPERIMENTAL PROCEDURE

that & reoxidation step improves the quality of the oXitle,  The substrates used were sections of on-axis SiC wafers
plasma treatments are being investigated for both pre- a”é’upplied by Cree Research Inc. The sample size is approxi-
post-oxidation treatments to improve the oxide quality. It haﬁ”ﬂately 1cmxlcm. The wafers were wet chemically
been shown that plasma treatments before oxidation can iqeaned prior to introduction into an integrated ultrahigh
prove oxide quality by reducing the interface stateygcyum(UHV) systent® The wet chemical cleaning con-
densities>~*° Furthermore, nitridation of the Si@SIiC in-  sisted of a 5:1:1 KD:H,0,:NH,OH bath at 85 °C followed
terface has also been shown to reduce the interface stag§ a DI rinse. Tungsten was then sputtered on the backside
densities’®~?® Another proposed solution for the fabrication tg ensure sufficient heat transfer between the radiative heater
of MOS structures om-type a-SiC is to use deposited 0X- and the substrate. The substrates were then exposed to a
ides as the gate dielectrics. In fact, recent results have showgeries of cleans consisting of UV4@xidation followed by a
that deposited oxides may prove to be acceptable for formingo:1 HF dip followed by a DI water rinse. The substrates
gate oxides on Si€*"?? used weren-type 6H-SiC p=0.058Q cm) and 4H-SiCf
Investigation by internal photoemission into several poly-=0.0390 cm). The bulk Fermi levels for each substrate
types(3C, 6H, 4H, and 15Rshows that the energy differ- were determined by the graphical method outlined by $lze.
ence between the SiC valence band edge to the oxide coffhe deduced values for the location of the Fermi level rela-
duction band is a consta® eV). Therefore, the SiC band tive to the valence band maximuf¥BM ) for the 6H and 4H
gap determines the location of the conduction band of thei-type substrates are 2.94 and 3.20 eV, respectively.
SiC relative to the oxide bandéThe SiQ band gap of~9 All measurements were completed in an interconnected
eV indicates that the valence band offset is 3.0 eV for thesystem employed for surface processing and characteriza-
several SiC polytypes examined. This implies that the SiGion. The multichamber system is connected through UHV
band gap is approximately located in the middle of the,SiO sample transfer and includes ultraviolet photoemission spec-
gap. The indication that the SiC band gap is approximatelytroscopy (UPS, x-ray photoemission spectros-copxPS),
midgap of the SiQis another advantage of using Si@ an  LEED, Auger electron spectroscogpES), remote plasma
insulator on SiC. processing, and Si e-beam deposition. These capabilities
This study focuses on the oxidation of SiC with hexago-were contained in five separate chambers of the system.
nal symmetry. The 4H or 6H stacking sequences were used The substrates where prepargdvacu to obtain a3
because these polytypes are commercially available and hawve,3 surface reconstruction. Thex /3 reconstructed sur-
been used as substrates for electronic device fabrication. face is obtained first by generating &3 reconstructed sur-

JVST B - Microelectronics and Nanometer Structures



1778 O'Brien, Koitzsch, and Nemanich: Photoemission of the SIO  ,—SiC heterointerface 1778

face. The X3 surface is produced by annealing the SiC AES Spectra for Various Oxygen Exposures
substrate to-850 °C in a Si flux generated by e-beam evapo-
ration. After the 3< 3 surface is obtained, a remote H-plasma
treatment is preformed. The remote hydrogen plasma is at-
tained with a 76 sccm flow of Hthrough 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 ig3X 3. The plasma pro-
cessing of the &3 surface ensures no oxygen contamina-
tion or graphitization of the surface.

A series of oxygen exposures followed the preparation of
the clean/3x 3 surface. The substrates are first exposed to
a flow of 20 sccm of @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 sourc€13.56 MH2. An oxygen flow of 20
sccm, a helium flow of 100 sccm, and plasma power of 20 W
are used to form a thin SiQayer on the surface. Finally, a
SiO, film is deposited on the surface. The oxide deposition Energy
was preformed by RPECVD at 450°C. In the process, 2Q: 1. Ags spectra ofa) 3Xx (3 reconstructed surfacéh) oxygen ex-
sccm of Q and 100 sccm of He are excited by 20 W rf posed SiC(c) 30 s O-plasma exposed Si@) 1 min O-plasma exposed
power using the same system. 20 sccm of 1%,SiHHe is  SIC, and(e) PECVD 15 A SiQ layer.
introduced at the substrate surface through a gas dispersion
ring. The RPECVD deposited a thin SiQayer (~15 A
thick) on the surface. The process may be described in terms of three distinct

UPS analysis was performed on the clean surface an@irowth stages. The initial stage is oxygen absorption onto the
after each oxygen exposure. The UPS was performed in surface and a transition to &1 reconstruction. Next, a thin
Mu metal lined chamber using a VSW HA50 hemisphericaloxide layer is formed on the surface. The formation of the
analyzer €mea=50mm) with energy resolution of 0.10 eV initial oxide layer results in a surface with no LEED pattern.
and acceptance angle of 2° that is mounted on a dual-axfsinally, a thick SiQ layer is formed. In this study, we ex-
goniometer. The UV light is generated with a differentially plore these three stages as follows) a clean3x 3 sur-
pumped noble gas resonance lamp. Using the Hine  face is exposed to a low flux of Gat room temperaturé?)
(Eo=21.2eV), the system pressure rose fromx1® °to  the interfacial layer is generated by two separate low tem-
5x 10 ° Torr. However, the increased noble gas partial presperature @ plasma exposurgd00 °Q; (3) the thick oxide is
sure is not expected to cause sample contamination. For dPrmed by plasma CVD.
spectra, a-2.0 V bias was applied to the substrate to ensure For the three steps process outlined above, the AES spec-
that the photoemitted electrons would overcome the worlra for the substrates are nearly identical after each surface
function of the analyzer. All UPS spectra were normalized taPreparation step. For the 4H and 6H substrates, the variance
the Fermi level of the system. The Fermi level was deterof the O, C, and Si concentrations 482%. Typical spectra
mined by measuring a clean molybdenum surface in electrifor the four processes are shown in Fig. 1. From the spectra,
cal contact with the sample. the relative concentration of oxygen on the surface is deter-

XPS was used to examine the $i,2C 1s, and O ks core  mined by dividing the adjusted peak-to-peak height of the
levels after each oxygen exposure. The sensitivity of the V@XygenKLL by the sum of the adjusted peak-to-peak heights
Clam Il XPS analyzer is such that the core level splitting isoOf the siliconLMM, carbonKLL, and oxygerKLL peaks. Al
not observable. XPS was preformed using an Al andde ( Peak-to-peak values are corrected for the Auger sensitivity
=1486.6eV) at 20 mA and 12 kV. The Sp2core level is factors. The relative surface concentrations of Si, O, and C
measured to provide information about the Si—O bondingare shown in Table I. For the oxygen exposed surface, the
Investigation of the O 4 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-TABLE |. Si, O, and C concentrations determined from the AES spectra.
centration.

B SN P
=_<
T

100 200 300 400 500 600

Si LMM O KLL C KLL
O-exposed 27% 6% 66%
Ill. RESULTS 30 s O-plasma 28% 11% 61%
. . . ... . 1 min O-plasma 24% 21% 55%

In this study, UPS and XPS are used to describe the initial pecyp sig film 28% 39% 330

oxidation and growth of Si@on the y3X 3 SiO surfaces.

J. Vac. Sci. Technol. B, Vol. 18, No. 3, May /Jun 2000
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Fic. 3. XPS spectra of the oxygen exposed surface. Core levels examined

Fic. 2. XPS spectra ofa) y3X y3 reconstructed surface. Core levels exam- . . .
. . . ) are (a) Si2p, (b) O1s, and(c) C1s. The spectra were excited using the
ined are(a) Si2p, (b) O1s, and(c) C 1s. The spectra were excited using Al K( )Iine P, (0) © P 9

the AIK,, line.

level location between substrates. For the initiak 3 sur-

relative oxygen concentration 186% and a Si:O ratio of 4.5 . :
. . face, there is detectable oxygen in the XPS spectra as shown
is formed. The two O-plasma-treated surfaces show relative

O concentrations of 11% and 21% and Si:O ratios of 2.5 an Lorlilagc.tezd E?(f/g(;or:r(?g:\iir?t)r(ggg: izogi(\:/(;:trs;lon\lé%. The

0.9, respectively. However, the shape of theLBIM peak

has significantly changed between the two O-plasma treat- Areay 1sSp 15/ (Areas 1sSo 15

ments. The SLMM peak of the first O-plasma-treated sur- + Area A

face appears to consist of Si—O and Si—C bonding. However, reas; 2pSsi 2p T Ar€2 1550 15

the SiLMM peak of the second O-plasma-treated surfacavhereS, is the XPS sensitivity factors for the assigned core

shows a line shape characteristic of only Si—O bonding. Théevels, and Areg, is the area of the curve fitted peak. How-

PECVD deposited oxide has a relative oxygen concentratioever, examination of the Siand C Is core levels shows no

of 39% and a Si:O ratio of 0.7. Inspection of the WM  detectable Si—O or C—O bonding. The location of thesC 1

peak for the deposited oxide has the characteristic doublpeak for the 3x 3 surface is 28380.1eV below the

peak indicating Si—O bonding. Fermi level. The XPS spectra of the oxygen exposed surface
For eachn-type substrate, 4H or 6H, the XPS spectra areshown in Fig. 3, display a considerable increase in the oxy-

similar. The only differences observed in the XPS spectra argen concentratioril3%). After a 30 s O-plasma treatment,

slight shifts in peak locations due to changes in the Fermthe relative oxygen concentration via XPS is further in-

JVST B - Microelectronics and  Nanometer Structures
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110 105 100 95 110 105 100 95
E-E, (eV) E-E, (eV)

545 540 535 530
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FIG: 4. XPS speptra of the 30 s O-plasma-treated surface. Core Ieyels €Xic. 5. XPS spectra of the 1 min O-plasma-treated surface. Core levels
amined are(@) Si2p, (b) O1s, and(c) C1s. The spectra were excited examined arda) Si2p, (b) O 1s, and(c) C 1s. The spectra were excited
using the AIK,, line. using the AIK, line.

creased to~26%. There is significant Si—O bonding appar-
ent in the XPS spectra which is shown in Fig. 4. The<O 1 formation. The electronic states of th&x 3 spectrd*®
bonding energy for the O-exposed surface is 2809 eV  are no longer evident in any of the various stages of the
below the Fermi level. Moreover, as shown in Fig. 5, theoxide growth. In particular, the in-gap surface state of the
spectra for the 1 min O plasma, the Si—O peak intensity is/3X 3 surface is no longer evident after the initiaj €x-
again significantly increased. However, for either O plasmaposure. The spectra showed no dispersion with changing of
there is no observable C—O bonding in the ©cbre level the analyzer angle. The photoemission spectra of the oxygen
scan. For the SiQdeposited film, there are two definite Si exposed surface ai-type 6H SiC show two distinct states
peaks shown in Fig. 6. The corrected relative oxygen conthat are indicative of oxygen. State B is located at 6.9
centration for the Si@film is 64.5%. The C% core level *=0.1eV below the Fermi level, and state A is located at
again reveals no significant C—O bonding. The binding en9.5+0.1eV below the Fermi level, a difference of 2.7
ergy for the C & core level that is observed after the $iO *0.1eV.
layer is deposited is 283190.1 eV below the Fermi level. A linear extrapolation method is used to determine the
. location of the VBM. The process has been outlined else-
A. N-type 6H SIC (0001)s where. The determination of the VBM is shown in Fig. 8.
The UV photoemission spectra oftype 6H SiC shown The linear extrapolation of the VBM is supported by deter-
in Fig. 7 follow the different stages of the SiC/Sidterface  mining the VBM from the Si—C bond in the Sip2core level

J. Vac. Sci. Technol. B, Vol. 18, No. 3, May /Jun 2000
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T T e)
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Fic. 7. UPS spectra of 6li-type SiC(a) 3 3 reconstructed surfacé)
oxygen exposed SiGg) 30 s O-plasma exposed Si@l) 1 min O-plasma
exposed SiC, ante) PECVD 15 A SiQ surfaces. Spectra were excited with
! ' He| radiation.
545 540 535 530
E-E, (eV)

the valence band maximufne., y —W) of the SiC is deter-
mined to be 7.@¢0.1eV.

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 6.720.1eV below the Fermi level, and state A is
located at 11.660.1eV below the Fermi level. The energy
difference between the two states is #(31eV. Further-
more, after a second 30 s O-plasma exposure, the binding

290 285 280 275

E-E, (eV)

Fic. 6. XPS spectra of the PECVD Sj@urface. Core levels examined are
(a) Si2p, (b) O 1s, and(c) C 1s. The spectra were excited using thekd]
line.

at 101.5 eV below the Fermi level. The energy difference of -
the Si—C bond from the Fermi levell01.8 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 affinity is determined using

the following relation: y=hv—E;—W, where W is the

width of the spectrumEg is the band gap, antv is the -6

incident photon energ{21.2 e\j. Using the equation to de-
termine the electron affinity,
the SiC VBM and the vacuum levek(t+E4) can easily be

JVST B - Microelectronics and Nanometer Structures

a) b)
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the energy difference betweerhe. 8. VBM determination of 6H-type SiC(a) oxygen exposed SiGb)
g : 30 s O-plasma exposed Si@) 1 min O-plasma exposed SiC, arid)
determined. The difference between the vacuum level andecvD 15 A SiQ surfaces.
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Fic. 9. UPS spectra of 4-type SiC(a) y3X 3 reconstructed surfacéy)
oxygen exposed SiGg) 30 s O-plasma exposed Si@l) 1 min O-plasma
exposed SiC, ante) PECVD 15 A SiQ surfaces. Spectra were excited with T ! ) T T
He radiation. -6 -4 -2 0 2 -
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Fic. 10. VBM determination of 4Hh-type SiC(a) oxygen exposed SiCb)
30 s O-plasma exposed Si@;) 1 min O-plasma exposed SiC, arid)

energies of the two states are nearly unchanged. State B BECVD 15 A Siq surfaces.

located at 6.8 0.1 eV below the Fermi level, and state A is
located at 11.£0.1eV below the Fermi level. The energy
difference between the two states is also4061 eV. VBM and the vacuum level is determined to be 7.8
Moreover, the O-plasma-treated surfaces exhibit a dual. 0.1eV; a variance of-1.0 eV from the 6Hn-type SIiC
turn-on. The first turn-on located at 2:®.1 eV below the substrate.
Fermi level is attributed to the SiC and the second turn-on The effects of the two O plasmas are similar for the
located at 4.4 0.1 eV below the Fermi level is attributed to n-type 4H SiC and the-type 6H SiC. For both, the location
the oxide. The two observed VBMs directly determine theyt giate B is 6.9-0.1 eV below the Fermi level, and state A
valence band offset. Furthermore, the location of the duailS 11.2+0.1 eV below the Fermi level. The difference be-
VBMs relative to the vacuum level is the same for the dif- tween the two states is 4:3.1eV. The energy difference
fgrent O-plasma times. The energy difference between thBetween the VBM and the vacuum level for the 4H polytype
SiC VBM Qnd the vacuum Ieve_l is 7:80.1eV. ) for both O-plasma exposures is 9.1 eV. The O-plasma-
After oxide deposition of SiQonto then-type 6H SIC  yoateq 4H SiC surfaces also exhibit a dual turn-on. The
substrate, the photoemission properties change; the Iocauqum_on for the SiC is 2.80.1 eV below the Fermi level, and
of the oxygen bonding and antibonding states and the energ¥ia turn-on for the oxide is 4:80.1eV below the Fermi
difference between the VBM and the vacuum level Cha”gel'evel.
However, the energy differe!ﬂce between state B, located at Again, after the oxide deposition, the photoemission prop-
i%ilo'\l/eg/ |b3v|0€’rv1 thFe ::n?irrlmvlelverl,n?n%% tlﬁcate?nat 1tz45 erties change from that of the hetero-interface to that of a
10'12v '(rahoe oxige \e/BM ii, ?n,eai,u?edeto bz ;am 1ee?/ “Bj0, layer. The location of the states and the energy differ-
— > : X - ; . ence between the VBM and the vacuum level change with
QEIOW the Fermi level. The Iocatlon of the oxide VBM rela- ¢ oyige deposition. However, the difference between state
tive to the vacuum level is ascertained to be #0011 eV. B, located at 7.7 0.1 eV below the Fermi level, and state A,
located at 12.640.1 eV below the Fermi level, remained the
same at 4.3 0.1 eV. The location of the VBM relative to the
B. N-type 4H SiC (0001) vacuum level is ascertained to be 18.0.1eV. The energy
difference between the VBM and the vacuum level has in-
Analysis of the photoemission spectra from oxygen ex-creased by 1.9 eV between the O-plasma processed surface
posedn-type 4H SiC shows analogous features with the 6Hang the SiQ layer. A summary of the values obtained from

SiC Spectra. The photoemiSSion Spectra shown in Flg 9 demhe uv photoemission Spectra is shown in Table II.
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 BJV' DISCUSSION

is located at 7.660.1 eV below the Fermi level, and state A Investigation of the relative binding energies of states A
is located 11.90.1 eV below the Fermi level. Again, from and B can be used as an indication of the oxide formation on
the width of the spectra the energy difference between théhe surface. For the O-exposed surfaces, the relative binding
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TasLE Il. Values determined from the UPS spectia eV). TasLE lIl. Values for Eq.(1) to determine the valance band discontinuity
for the various substratés eV).

N-type 6H SiC

E! E! El E! AE AE
VBM Cutoff S; S, AState S§,—Sg) Evac— Evem VEM core  TVBM core oore v

6H n-type SiO 2.2 101.9 5.1 104.5 2.1 1.8

O-exposure 2.2 16.7 6.8 95 2.7 7.0 4H n-type SiC 22 101.9 5.3 104.6 21 1.9
Plasmal 22 156 6.8 111 4.3 7.7
Plasma2 22 156 68 11.1 4.3 7.7
Sio, 51 161 7.2 115 4.3 10.1

N-type 4H SiC

- The measured VBM of the cleayBx 3 surface and the
Ol'eXpOS“re ;-g 16-3 Z'S 11-; 4-; 6-2 VBM of the SiO, film in conjunction with the oxide core
Elzzmg " iglg e ﬂz 3'3 ;'8 level energies shown in Table Ill. The valence band discon-
Sio, 53 165 7.7 120 43 98 tinuities for the SiC/SiQ interface are~2.0+0.1eV for

each substrate. These values agree with the directly mea-
sured values from the UV photoemission spectra.

The band relations for the 6H SiC/Sithterface and 4H
) SiC SiC/SiQ interface are shown in Fig. 11. From the plots,
energies of states A and B are 3.0.1 and 4.3 0.1eV for i is shown that the VBM for the different polytypéeH and
6H and 4H SiC, respectively. The lack of consistency ingH) are at the same location relative to the oxide. This is in
these values indicates that a $if@m has not yet formed on  partial agreement with the previously reported restits.
the surface. However, for the O-plasma-treated surfaces andowever, the energy difference between the VBM of the SiC
the PECVD oxide film, the relative location between states Agnd the vacuum level is-8.0 eV compared to the previously
and B is 4.3:0.1 eV for both surfaces. The uniformity of the reported 7 e\/l,2 and the VB discontinuity is 2.0 eV com-
relative energies of the two states is an indication that ampared to the previously reported3 eV. Furthermore, from
oxide film has formed on the surface. the plots, the vacuum level is continuous across the interface.

The photoemission specttXPS and UP$from depos-  Using the location of the VBM relative to the vacuum level
ited oxide film yield information of the characteristics of for the O-plasma-treated surfaces, and the VBM relative to
SiO, without interface effects. From the turn-on of the spec-the vacuum level for the Sigfilm, the bands align following
tra and the energy difference between the oxide VBM andhe electron affinity rule. Therefore, the electron affinity rule
the vacuum level, it is possible to establish the band relationfpor VBM lineup is a valid method when using the O-plasma-
for the SiQ—SiC interface. Relative to the vacuum level, thetreated surface and the Si@®m.
locations of several features in the photoemission spectra are |t should be noted that these results are significantly dif-
identical. States A and B are at the same location from th$erent from those reported by Affanas’é%/]nvestigation of
vacuum level for each substrate. The energy for the oxygethe SiQ, photoemission spectra and the O-exposed surface
lone pair 2 orbital is 12.2-0.1 eV from the vacuum level, photoemission spectra indicate that if the electron affinity
and the energy for the Si—O bond is 16.6.1eV from the  ryle is used with these surfaces, the valance band disconti-
vacuum level. These values correspond well to the acceptegliity is ~3 eV. This discrepancy should be explored further.
values of 12.15 and 16.4 eV for Sj@n Si*** Furthermore, In order to determine band bending effects, the built-in
the relative location of the two states to each other is 4.3 eVpotential (Vg) needs to be determined. Once the built-in
which coincides with other results for the remote plasmapotential is determined, the interface state density can be
enhanced deposited oxid. approximated by the relationy= 2k e,VgNp /€, wheren

The initial valence band offset can be direCtly determineqs the density of excessive Charge at the Surfa@,is the
from the photoemission spectra of the O-plasma exposegoping concentration, and is the dielectric constant. The
surfaces. The valence band offset is directly determined fronygMs of the SiC for the plasma process are2(21 eV for
the difference in the two turn-ons observed in the O—plasmah_type 6H SiC and 2.6 0.1 eV for 4H SiC. These values are

processed UPS spectra. The valence band offSe,X for  markedly different from the bulk valug®.94 and 3.20 e}/
the 6H SiC is determined to be 2:D.1 eV, andAE, for 4H

n-type SiC is 2.&:0.1eV.
From the XPS spectra, a significant amount of Si—O 'y yY
bonding is observed which implies the formation of a film of a) b)
SiO,. It is also possible to observe both the Si—C and the ~9.0eV ~9.0eV
Si—0O bonds in the Sig core level spectrum. Using the rela-
tive location of the two core level@.1 eV), and the bulk
values of the core levels, it is possible to determine the va- 3.02¢V v
lence band discontinuity from the XPS spectra. The valence x

A
3.26eV

band discontinuity can be determined using the following 2.1eV v 2.0eV .
equation:
Fic. 11. Interface band relations ¢&) 6H n-type SiC/SiQ, and (b) 4H
_ (gl I I I
AE,= (Evem— Ecore) —(Evaw— Ecore) +(AEcord - n-type SiC/SiQ.
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