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Si-rich 6H- and 4H-SiC(0001) 3X3 surface oxidation and initial SiO,/SiC interface formation
from 25 to 650 °C
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We investigate the initial oxidation of the Si-rictH6 SiC(0001) 33 and 4H-SiC(0001) 33 surfaces and
the subsequent SYAH-SIC and SiQ/6H-SiC initial interface formation by S2p, C 15 and Olscore-level
photoemission spectroscopy using synchrotron radiation. K&<irface reconstruction is found to be highly
reactive to oxygen with an initial oxidation rate of about three to four orders of magnitude larger than for
silicon surfaces. Furthermore, for both polytypes, direct,$8IC interface formation is achieved already at
room temperature and extremely low oxygen exposures. However, the two polytypes have significantly differ-
ent behaviors with larger amounts of oxide products having higher oxidation states fdd {8833 0001) 33
surface, while mixed oxides including carbon spedi®sO-C) are the dominant oxide products for thél
polytype surface. The oxidation rate is improved at increased surface temperatures. In all cases, the oxygen
uptake remains significantly larger for ti&d1 polytype when compared to theH one. The very different
behavior of theH and4H polytypes seems to originate, at least in part, from the presence of two domains in
the bulk for the4H polytype (as evidenced by two bulk components in the2Bicore-level spectruimwhich
limits the oxygen insertion into theHSiC lattice. Instead théH polytype has only one bulk domain with a
single Si2p bulk component. Abrupt Sig6H-SiC interfaces could be achieved by thermal oxidation of a
predeposited Si overlayer onto the surface leading to have oxide thicknesses ranging from 10 A up to 80 A
after postoxidation with a transition layer of less than 5 A. This study shows that, using a “gentle” initial
oxidation approach at low temperatures and low oxygen exposures allow high-qualtyS8nterfaces. It
also brings interesting insights into the understanding of polytype crucial effect in SiC surface oxidation.
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. INTRODUCTION sponding interface formatiof?. 32 Despite a higher carrier
mobility for the cubicB-SiC, the hexagondH- and 4H-SiC

Silicon carbide(SiC) is certainly not a new material since phases are presently performed for potential applications pri-
it is older than the solar system. SiC has indeed been discownarily because of the availability of much better quality
ered more than a century aga 1899 by Henry Moissan on  single-crystal wafers but also because of wider band gaps
a meteorite fallen in the Diablo Canyon in ArizohBut it is ranging from 3 eV (&) to 3.3 eV (4) instead of 2.4 eV
definitively an advanced material which has been initiallyso, the cubic T-Sic.22
known as “carborundum” for its excellent mechanical  gyface passivation is one of the central issues in success-
properhes’: SiC is a IV-IV compound material belonging to ¢ sjc device technologi?** 1t is also of strong fundamen-
the wide band-gap class of semiconductors. SiC exists "%l interest since, e.g., oxidation is among the most interest-

various crystallographic ph_ases with more t_har_1 .170 po!y-mg elementary processes on surfaces. The success of silicon
types different by the stacking sequence periodicity and in-

; . . in microelectronics is in part due to the excellent properties
Wit Semating St and G atomic planes. ging. pelar O S naiive oxide (@) and to the low defect density of the
surfaces:* In addition to its strong fundamental interest, SiC SIO,/Si interface. In these V'eW2’3?'C Is of special interest
is an advanced electronic material especially suitable fofiNCE its native oxide is also S_ié ~"Indeed, the SigYSIC
high-temperature, high-power, high-voltage, and high_mterfage that forms dqrmg hlgh-tempergturse oxidation al-
frequency electronic devices and sendofsFurthermore, lows field-effect transistor(FET) operation® However,
SiC is one of the best biocompatible matefidt. is only ~ channel mobility in depletion mode FET are significantly
rather recently that well-defined SiC surfaces understood déwer than what could be expected considering bulk SiC
the atomic scale could be obtain&d® This has opened up properties and consequently a lot of studies have been de-
the possibility of investigating the effect of adsorbate specieyoted to SiQ/SiC interface in order to improve channel mo-
such as molecules or metals on SiC surfaces and the corrbilities. It appears that Si{JSiC interface has generally poor
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electrical properties: due to the presence of carbon, conveffiaces. In addition, we find significant differences between the
tional oxidation generally results in mixed oxide productstwo polytypes with larger amounts of oxide products having
including carbon and rough interfaces with high density ofhigher oxidation states for theHs SiC(0001) 33 surface
fixed charges and interface trap states>°~*°Fixed charges Wwhen compared to theH-SiC(0001) 33 one. The pres-
are related to oxygen vacancies in the oxiflehile inter-  ence of mixed oxides including carbon species is found to be
face states are due to carbon atoms located at theignificantly more important for théH polytype surface. In
interface®®3’ Also of special interest is the fact that the in- both cases, increasing the surface temperatures improves the
terface state density for SJISIC interfaces has been shown efficiency of the oxidation process with larger oxidation
to be significantly higher for théH polytype (3.3 eV band products and higher oxidation states including Sf@ma-
gap than for the6H one (2.9 eV band ga likely located in  tion with, once again, a more favorable situation for été¢
the band gap below the conduction-band minimum. Thigoolytype. The corresponding SjC5iC interfaces are not
leads to rather poor electrical properties, which is rather puzabrupt with significant amounts of substoichiometric oxida-
zling since bott6H and4H polytypes have the same surface tion states including (8f, S#*, and Si) and also mixed
reconstructior:*8 Furthermore, despite higher bulk carrier Si-O-C oxides products, SiObeing the dominant oxide
mobilities for the 4-SiC than for the &-SiC polytype, the product for the &-SiC(0001) 33 surface while substo-
n-channel mobilities for inversion M-SiC metal-oxide- ichiometric oxides are predominant for thé14SiC(0001)
semiconductor field-effect transistor is lower than for the3x3 surface. In all cases, i.e., at room and higher tempera-
6H-SiC based one¥. Incidentally, this stresses the impor- tures, the oxygen uptake remains significantly larger for the
tance of having well-defined SiC surfaces in order to be ifBH polytype when compared to thtH one. Oxidation of a
the position to achieve good quality SiSiC interfaces. In-  predeposited Si overlayer on théléSiC(0001) 33 surface
terface properties can be improved by postannealing in N@esults in abrupt SiQSiC interface formation with oxide
atmospheré2 The other approach is to start the interfacethicknesses ranging frory10 to 80 A and a transition layer
formation from an atomically controlled reconstructed SiChaving substoichiometric oxides of abos A. The pres-
surface and to use lower temperatures and lower oxygen eence of two domaingin the bulk for the 4H polytypes
posure processes to initiate a “gentle” oxidation which couldwhich is evidenced by two bulk components in correspond-
minimize surface/interface degradation during the oxidatioring the Si2p core-level spectrunfunlike the6H which has
process. SiC oxidation has recently been investigated bgnly one bulk componeptsuggests a barrier to oxygen mi-
various experimental electrical and spectroscopic techniquegration likely relevant in the observed different behavior to
using different approaches such as oxygen chemisorptioxidation.
plasma-assisted oxidation, thermal oxidation, or catalytic
Cudaton anging from he slami 3515, ] gigation to
ever, these investigations are primarily focusing on the elec- The photoemission spectroscopy experiments are per-
trical and electronic properties with most of them studyingformed at the Synchrotron Radiation Research Center
nonwell-defined surfaces, and generally bringing little infor-(SRRC, Hsinchu, Taiwan The light emitted by the third
mation if any on the oxide products and on the oxidationgeneration 1.5 GeV storage ring is dispersed by the high-
states at the interface, and on the interface structure. We haemergy spherical grating monochromator beam line. The pho-
recently performed an atomic scale investigation of oxygerioelectron energy is analyzed using a hemispherical angle
interaction onto thesH- and 4H-SiC(0001) X3 surface integrating(=15° solid angl¢electrostatic analyzer having a
using scanning tunneling microscopy, core-level photoemis150 mm radius. The overalmonochromator and analyzer
sion spectroscopy, and infrared absorption spectroscopy peenergy resolutions are 180 meV at the2fj 360 meV at the
formed in the very low oxygen exposure regitrel L=1  C 15 and 450 meV at the Qs core levels. The pressure in
Langmuir, with 1 L=10"8 Torr sec).*® Our results indicate the vacuum chamber remains always in the mid*I0rorr
the very high reactivity of the I8- and 44-SiC(0001) <3  range. We use 18-SiC(0001) sample(Epitronicy n-type
surfaces especially when compared to silicon surfat&se  (between 7.10'" and 8.108 cm™2 nitrogen dopepiwith a
oxygen molecule is readily dissociated at room temperatursurface disoriented by 2.5° andH4SiC(0001) sample
on the 6H- and 4H-SiC(0001) 3<3 surfaces with no (Crea n-type (2.5.10'® cm 2 nitrogen dopegwith a sur-
oxygen-atom interaction with the top surface atomic ldyer. face disoriented by 3.5°. ThéH- and 4H-SiC(0001) X3
The oxygen atoms are found to bond to the Si adlayer losurface preparation includes as the first step, an annealing at
cated well below the surface, near the C atomic pf&ne. elevated temperaturgs=1150 °Q in order to remove the

In this paper, we present a comprehensive investigation afiative oxides and amorphous carbon or graphite. This pro-
the initial oxidation of the Si-rich B- and 44-SiC(0001) cess leads to a significant Si depletion from the surface, so
3% 3 surfaces and the subsequent Si®IC interface forma- the original as-received surface is totally removed for both
tion by core-level photoemission spectroscopy using syn6H and4H samples. In order to restore the Si stoichiometry,
chrotron radiation for surface temperature ranging from 25 ta 10 min Si deposition at 650 °C onto the surface is per-
650 °C at oxygen exposures between 1 and 3000 L. Ouformed, followed ly a 2 min annealing at 750 °C. Such a
results indicate the high reactivity to oxygen of th&«3®  protocol results in smooth surfaces having very low defect
surface reconstruction with oxide product formation at verydensities—less than 2% of atomic defects—as checked by
low oxygen exposures, unlike the behavior of silicon sur-atom resolved scanning tunneling microscopy. In this way
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0,/ 6H-SiC(0001)-(3x3) at 25°C ~102.8 eV binding energy. Peak A intensity increases at
higher oxygen exposures ranging from 10 to 1000 L ¢f O
Si2p a) Cls b) with a higher binding energy at 103 eV, the latter value cor-
hv=150eV hv=330eV responding to silicon dioxide formatidfi0324"44However,

one can also notice that significant amounts of lower oxida-
tion states are also present at 1000 L indicating a nonabrupt
insulator/SiC interface formation.
1000 L Additional insights about oxygen interactions with the
6H-SiC(000) 3x3 surface could be found by looking at the
carbon atom environment using thel€core-level line. Fig-
100L ure 1(b) displays the Cls for the same oxygen exposure
sequence as in Fig(d). First, one can notice that, unlike the
Si 2p core level, oxygen exposures do not result in a chemi-
10L cal shifted component at the ©s core level. Of principal
interest, one can notice that thelS core level is shifted to
lower binding energy for increasing oxygen exposures, up to
1L 0.3 eV at 10 L of Q, and shifted back at its initial energy
059 eV position for the clean surface at 1000 L 0$.On addition,
we also note a significant broadening of thel€core level
Clean upon oxygen exposures by¥30% at 1000 L for the full
106 104 102 100 98 96 285 284 283 282 281 width at half maximum(FWHM) when compared to the
Binding Ensrgy (V) Binding Energy (6V) va_lue for the cl_ean surface. Such a behaV|o_r |nd|cate_s a cer-
tain degree of involvement of the C atoms in the oxidation
FIG. 1. (a) Si 2p core level for the 61-SiC(0001) 33 clean products._Up_ 0 10Lof @ the_blndlng-energy_ decrease of
surface and exposed at 1 to 1000 L &t 25 °C, recorded in the the C 1s |nd_|cates a change n the e_lectromc status of C
surface sensitive modeh¢=150 eV and emission angle, atoms resulting from O atoms interaction W|th_ Si atoms lo-
=30°). The chemically shifted component is labeled A while the C‘_"‘te,d close from the C atom pIaf?eThe back shift to higher
Si**, SP*, SB*, and St arrows indicate the binding energy of the bl_ndmg energy of the C_ls core level about 10 L together
four oxidation states of silicon. For the 1000 L, ®xposure, the With the large broadening30% at 1000 L of Q) suggest
gray shaded area indicates the difference between spectra from tférect O atoms bonding to C atoms, most likely as a carbon-
oxidized and the clean surfacéh) C 1s core level for the clean atelike oxidation product such as Si-0%&%°
6H-SiC(0001) 33 surface and for the same oxygen exposure se-
quence as ira) recorded in the surface sensitive mode & 330 B. Oxidation of the 4H-SiC(0001) 3X3 surface
eV and emission anglé,=30°). C 1s core-level peaks have full at room temperature

width at half maximumFWHM) of 0.59 a_nd 0.77 eV for the clean We now turn to the initial oxidation of theH-SiC(000Y)
and 1000 L @ exposed surface, respectively. 3x3 surface at room temperature by looking at an oxygen
, , . exposure sequence ranging from 1 to 1000 L as for the
and despite the sample different origins, the same morphol_sic(0001) 3x3 surface described above. The oxidation
ogy with high quality 3<3 surface reconstruction could_ be sequence could be followed by looking at the set oRBi
achieved for bott6H- and 4H-SiC(0001) polytypes, making cqre-level spectra in Fig.(8). A chemical shifted component
possible a comparison between them upon oxidation. Oxyélightly appears at the 102.8 eV binding energy for oxygen
gen is deposited onto the surface using research grade oX¥sosures above 10 L, i.e., at least ten times higher than for
gen exposures. .The surface quality is checked by qu_v—energgz]e 6H-SIC(000D 3x3 surface. At 1000 L Qexposure, the
electron diffraction to have sharp<@ patterns. Additional yiqe core-level shifted component A has its binding energy

details about high qualitpH- and 4H-SiC(000]) 3X3 sur-  4q4in reduces at 102.5 eV with apparently large amounts of

0.77 eV

T

; 45,46 At ' :
face preparation could be found elsewh€te. substoichiometric oxide products when compared to the
6H-SiC(0001) 3%x3 surface. Together with a necessary oxy-

Ill. RESULTS gen exposure ten times larger for the oxidation onset, this

behavior indicates that the oxidation process is apparently
much less efficient on thdH surface than on théH one.
Information about the interaction between oxygen and car-
We first look at the initial oxidation process at room tem- bon atoms could be found by looking at thel€core-level
perature for the Bl-SiC(0001) 3x3 surface by exploring the spectra for the same oxidation sequence as in Fig. In-
formation of oxidation products at silicon and carbon sitesterestingly, upon low oxygen exposures, we basically do not
using the SRp and Clscore levels. Figure (d) displays the observe a Clscore-level shift to the lower binding energies
Si 2p core level recorded at a 150 eV photon energy andas for the &1-SiC(0001) 3X3 surface, but a 0.3 eV core-
grazing emission incidenogurface sensitive mogldor the  level shift to higher binding energy at 1000 L, ®@xposure.
clean and oxygen-exposéfiom 1 to 1000 L) 6H-SiC(0001) In addition, a very large broadening of the 1S core-level
3X3 surface. Upon an Oexposure of 1 L, the S2p core  FWHM (by 60% is taking place at the 1000 L &xposure,
level exhibits a chemical shifted component A located ati.e., two times larger than for théH polytype. Such a be-

A. Oxidation of the 6H-SiC(0001) 3X3 surface
at room temperature
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0,/ 4H-SiC(0001)-(3x3) at 25°C
1000 L O, /SiC(0001)-(3x3) at 25°C :

Si 2p a) Cls b) - i
hv=150eV hv=330eV Si 2p Surface a) Si 2p Bulk b)
Sit hv=150€eV,8,=30° hv =300eV, 6, =60 °
Si“l
s S/ [ \1ooo L 095 eV A

1000 L

100L

>

100L

s

10 10L

1

0.61 eV

Clean N A e Ay ST 00
Relative Binding Energy (eV) Relative Binding Energy (eV)

Clean

:

106 104 102 100 98 96 285 284 283 282 281

Binding Energy (eV) Binding Energy (eV) FIG. 3. Comparison between the & core-level spectra for the
4H-SiC(0001) %3 and the &1-SiC(0001) X3 surfaces exposed
; to 1000 L G at 25 °C recorded irfa) surface sensitive modén ¢

surface and exposed at 1 to 1000 L & 25 °C, recorded in the  _ 150 e\ and emission angte,=30°) and(b) bulk sensitive mode
surface sensitive modeh¢=150 eV and emission anglé, (h»=300 eV and emission angie,=60°). The peak decomposi-
=30°). The chemically shifted component is labeled A while the ;01 tor the 1000 L of QI6H-SIC(0001) 33 surface show the
Si**, Si**, SP*, and Si arrows indicate the binding energy of the iicon four oxidation states &i, SP*, SR, and SP (straight

four oxidation states of silicon. For the 1000 L, @xposure, the  jihe) For the sake of clarity, the Sip contribution of the clean SiC
gray shaded area indicates the difference between spectra from tgﬁrfaoe is represented by a single pédit line) that includes the

oxidiz_ed and the clean surfacéb) C 1s core level fo_r the 1o surface-shifted componentSS1 and SS2and one bulk com-
4H-SiC(0001) 3¢3 for the same sequence ad@recordedinthe  ,ohent B see Fig. 4. The origin of the binding-energy scale is

surface sensitive modeh¢=330 eV and emission angl®e  |ojative to the 99.2 eV corresponding to the2ibinding energy
=30°). C 1s core-level peaks have full width at half maximum ¢, pure silicon.

(FWHM) of 0.61 and 0.95 eV for the clean and 1000 L €xposed
surface, respectively. 3(a) that the amount of Si oxide products on tbid surface

is significantly larger with higher oxidation states than for
havior suggests that, in contrast to thel-BiC(0001) 3x3  the corresponding M-SiC(0001) 3X3 surface, with, e.g., a
surface, the carbon atoms are immediately involved at th&igher binding energy of peak A for théH surface. Figure
lowest oxygen exposures in the oxidation process, which i$(b) (bulk sensitive modedisplays a comparison for the
further supported by the formation of smaller amounts ofbulk sensitive mode indicating the same trend. This behavior
silicon oxidation products which have lower oxidation states could be correlated to the much larger broadening observed
Therefore, this stresses the formation of larger amounts dit the Clscore level for thetH polytype when compared to
Si-O-C mixed oxides and carbonates products than for th&®6H oné which indicates a larger amount of mixed oxide
6H-SiC(0001) 3x3 surface which takes place already at theProducts formation in the case of the44SiC(000) 3x3

P P surface.
beginning step of the oxidation process. To get deeper insights into the knowledge of oxidation

states, we have performed a peak decomposition for the 1000
L of O,/6H-SIiC(000) 3x3 surface[Figs. 3a) and 3b)].
For the sake of clarity, the Qip contribution of the clean SiC

To better stress the above differences in the oxidation resurface is represented by a single peak that includes the two
gime between the I8-SiC and 4-SiC polytypes, we now surface-shifted componen{SS1 and SS2and one bulk
look in Fig. 3 at a comparison between i core levels for component B—see Fig. 4 beldW?° Notice that, in the very
1000 L O, exposures of botlbH- and 4H-SiC(0001) 3X3  low oxygen exposure regime, the & surface-shifted com-
surfaces using relative binding-energy scale having its origipponents(SS1 and SS2are unaffected by oxygen atoms who
at 99.2 eV, i.e., the S2p binding energy for pure silicon. have initial adsorption sites well below the surf4eelhe
Figure 3a) displays the corresponding Sp core level inthe  results exhibit four oxidation states corresponding t6" Si
surface sensitive modemission angle 30° off the surface at Si**, SP*, and Si, with Si*" and St" being the dominant
a photon energy ohr=150 e\) and Fig. 3b) in the bulk  features in the surface sensitive mdd&he situation looks
sensitive moddemission angle 60° off the surface at a pho-rather similar in the bulk sensitive mode with however, some
ton energy ofhr=300 e\). One can better see from Fig. significant differences: the Sirelated peak is the only domi-

FIG. 2. (a) Si 2p core level for the #-SiC(0001) 3«3 clean

C. Comparison between 61- and 4H-SiC(0001) 3X3 surface
oxidation at room temperature

165323-4



Si-RICH 6H- AND 4H-SiC(0001) 3X3 SURFACE . .. PHYSICAL REVIEW B 65 165323

Clean 4H- and 6H-SiC(0001)-3x3
FIG. 4. Si 2p core levels for clean

e VR I e oo PR ] I -SRI 4H-SIC(0001) &3 and -SIC(0001) 3
- "\ surfaces:(a) for clean H-SiC(0001) 33 and
(b) clean 6H-SiC(0001) 3<3 recorded in the
surface sensitive modeh¢=150 eV and emis-
0-73eV sion angled,=30°); (c) for clean 4H-SiC(0001)
o 3%3, and(d) for clean 8H-SiC(0001) 3<3 re-
__J N | corded in the bulk sensitive modé£=300 eV
f) and emission anglé,=60°); (e) peak decompo-
/X\ sition shows two surfaces shifted components
/ SS1 and SS2 and one BK§ or two B and B
L_,\ 061 eV (4H) bulk components(f) C 1s core levels for
o clean 4-SiC(0001) X3, and (g) for clean
6H / \ 6H-SiC(0001) X3 recorded in the bulk
I L sensitive model{r=480 eV and emission angle
104 102 100 98 96 104 102 100 98 96 285 284 283 282 281 6e=60%).
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

nant feature while St is basically absent. Notice that the  Additional information about the room-temperature oxi-
lack of SP™ and Sf" oxidation states has been observed indation process could be found by looking in Fig. 5 at the O
the case of #-SiC(0001) (3% (3 R30° surface, using very 1score level for both 61- and 4H- SiC(0001) 3x3 surface at

high oxygen exposures<10"® L of O,) and high surface the same OXygen exposure sequence as in Figs. 1 and 2. As
temperature™>800 °O, with however, the use of decompo- €& be seen in Fig.(8 for the 64-SiC(000]) 3x3 surface,
sition parameters that are apparently differ@nThe rela- the O1s basically includes three spectral features lab&ed
tively large intensity for the $i component together with at~553.4 eV BEM at~532 eV BE, anN at~530.7 eV

the large broadening of the Ts core level clearly suggest a SEré:riaezct) vcvci)tLretizoni?jutr% t;geillla?t?cr)]vgl?r):)l?ne tfr?é?s?:%org n
significant involvement of the C atoms in the oxidation pro- 9 P

cess leading to mixed oxide produc¢&i-O-C) formation® Ie\{el [Fig. 1) PeakN corr.es'ponds to carbqnate mixed
Unfortunately, we are not able to successfully perform oxide products formation again in agreement with the above

similar peak decomposition for the-4 SiC(0001) X3 oxi- as' 2p results{ Fig. 1(a)].™ PeakiM appears to be the dominant

dized surface using the same standards. We do, howevesrl,)eCtral feature with a lower binding energy compared to

perform a Si2p core-level peak decomposition for the clean 0, / 4H- 6H-8iC(0001)-3x3 at 25°C
4H-SiC(000)) 3x3 surface which is provided in Fig. 4, to-

gether with the corresponding curve fitting for the 6H-SiC : O 1s a) 4H-SiC: 0O 1s b)
6H-SiC(0001) 3x3 surface'® While the surfaces of both hv=590 eV b =590 eV

polytypes exhibit the same SS1 and SS2 surface-shifted and
bulk B components, theH-SiC(0001) 33 surface surpris-
ingly also displays a second bulk component label&daBd
located at 0.5 eV higher binding energy. This very different
behavior is most likely related to the stacking sequence of
the 4H-SiC polytype when compared to theH6SiC one.
Indeed, while the latter has been shown to have almost a
totally single domain stacking sequendes), the former in-
stead exhibits clearly two domairi65% of T3 and 35% of
T2).*8 This explains why the M- SiC(0001) 3x3 surface has

an additional B bulk component at the Qip core level with

the same B bulk component for bofi- and 64-SiC(0007)

3X3 surface. Actually, it is interesting to correlate the differ-
ent behavior observed at the & core level for6H and4H

to the corresponding Qs core level. Indeed, the Ts also
shows some difference between the two polytypes with a
linewidth that is 20% Iarger for theleS|C(OOOJ) 3X3 sur- FIG. 5. O1score-level spectra fo'ta) the 6H-SiC(0001) *3
face when compared to theH6SIC(0001) 3X3 surface  and(b) 4H-SiC(0001) 3¢3 surfaces exposed from 1 to 1000 O
[Figs. 4e) and 4f)]. In this view, it is unfortunately rather gt 25 °C and recorded with a photon enetgy="590 eV and an
difficult to perform a reliable SPp core-level peak decom- emission angl@,=60°. The three main peaks have been labeled O,
position evidencing the various silicon oxidation states of thev, and N and correspond to SjOmixed plus suboxides and car-
4H-SiC(0001) 3x3 surface. bonate products formation, respectively.

535 533 531 529 535 533 531 529
Binding Energy (eV) Binding Energy (eV)
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peak O (Si0,), therefore suggesting its assignment to the 1000 L O,/ 6H-SiC(0001)-(3x3) at 25°C-500°C oxidation
lower oxidation state oxide products. However, pédkis

very wide and its contribution could also result from mixed |Si 2p Surface a) Si 2p Bulk b)
oxide products including carbon species at a lower content|hv=150eV,6,=30° hv =300¢V, 6, =60°
compared to the carbonates. Interestingly, one can remar si* s+

+ Sil+

that the intensities of peak@ andM increase with the oxy-
gen exposures while the intensity of pedkemains almost
unaffected. This suggests that pelskis primarily due to
substoichiometric Si oxides that are most probably located a
the insulator/SiC interface.

Turning to the H-SiC(0001) 3x3 surface in Fig. &),
we basically notice the same three spectral feat@eM,
andN as for the @1-SiC(0001) 3x3 surface, with however
some significant differences regarding the relative intensities
of each of these components. Of particular interest is the
carbonate related pedk which is the dominant feature at
low oxygen exposure€lO L) while the SiQ related pealO
appears to be weak, therefore stressing once again that tr

oxidation process is less efficient for th&H polytype, 25°C |25°C

in agreement with the picture derived above from th&si , _ . . ' , .
core level[Figs. 1@ and Za)]. In addition, the behavior 106 104 102 100 98 106 104 102 100 98
of peakN for the 4H-SiC(0001) 3x3 surface is consistent Binding Energy (eV) Binding Energy (eV)

with C 1score levels broadeup to 25% when compared to FIG. 6. Si2p core-level spectra for theH6-SiC(0001) 33
the 6H-SiC(0001) 3x3 surface indicating a more important surface exposed at 1000 L,@or different substrate temperatures
C atom involvement in the oxidation products for thel  ranging from 25 to 500 °C and recordél in the surface sensitive
polytype. mode hv=150 eV and emission anglé,=30°) and(b) in the
bulk sensitive modehr=300 eV and emission angleé.=60°).
D. Effect of temperature on the 6H- and 4H-SiC(0001) 3X3 The Sf*, S*, SP*, and St arrows indicate the binding energy of
surface oxidation the four oxidation states of silicon and the gray shaded area indi-

The effect of temperature on théd6SiC(0001) 3% 3 sur- cates the difference between spectra from the oxidized and the clean
face oxidation process could be followed by looking at the SiEU"aces:

2p core Iev_els prowdgd in Fig. 6. Figure(@ displays & 4H-SiC(0001) 3x3 surface exposed to 1000 L of,Qat
representative set of 8p core-level spectra recorded at vari- 5o °c while Fig. Tb) shows the same sequence of oxidation
ous surface temperatures during an oxygen exposure of 1009 the bulk sensitive mode. As can be seen by a simple visual
L, in the surface sensitive mode with a photon energy ofinspection, one can immediately note dramatic differences
hy=150 eV. As can be seen from Fig@h upon increasing between the two polytypes, that are much more pronounced
surface temperatures, the amount of oxidation products ithan the ones observed in Figs. 1 and 2 for the room-
dramatically increased especially favoring the high oxidationemperature oxidation sequences. In the surface sensitive
states (SiQ). At 500 °C, the dominant oxide product ap- mode[Fig. 7(a)], the dominant spectral feature for tdé
pears to be siQ(Si*") with however, significant amount of polytype is located at 2.7 eV binding energy while for 6t¢
lower oxidation states (i, SP*, Si*, and also Si-O-C polytype, the most intense peak is located at 4.5 eV relative
mixed oxide$ clearly indicating a nonabrupt SiBH-SiC ~ binding energy. Peak decomposition for the latter indicates
interface formatiorf®3%*3In order to probe the oxide forma- SiO, as the main oxide product while for thé44SiC(0001)

tion in the subsurface and bulk regions, we record thasi 3X3 surface, intermediate oxidation states and mixed Si-O-C

core level in a bulk sensitive mode for the same sequence &¥ides are responsible for the dominant peak at 2.7 eV. Un-

in Fig. 6(@) using a photon energy of 300 eV at a photoe|ec_fortunately, while we are able to achieve a peak decomposi-

tron emission angle of 60°. Figure(tB shows the corre- tion for the6H surface, it is also not possible to do so for the

: : 4H one, because of the*Badditional bulk component exist-
sponding sequence which stresses even better the nonabru ! ; S .
character of the Sig6H-SiC interface with the dominant ”ﬁ% on 4H-SiC(000) (see above in Fig. Jwhich overlaps

. with the chemically shifted components resulting from the
sg)zcictrgl fegture located at 100.9 eV BE, porrequndmg Yowest oxidation states. Next, we explore the subsurface and
SiT oxidation state and probably also to Si-O-C mixed ox-

. . . bulk regions by looking in Fig. (b) at the differences be-
ide formation;®*2 with much smaller amounts of Si  yyeen the two polytypes upon oxidation in the photoemis-
(SiO,) present below the surface. Again, one can clearly segjon pulk sensitive mode. It is evident from FigbYthat the
that higher te_mperatures result in a dramatic increase of th@nemically shifted component related to intermediate and
amount of oxide products. mixed oxides is much more intense for ti by 85%. This

We now compare the oxidation behavior of the behavior not only stresses that the oxide/SiC interface is not
6H-SiC(000) 3x3 surface with the H-SiC(000) 3X3  abrupt for both polytypes but also that the intermediate and
one. Figure 7a) exhibits Si2p core levels in the surface mixed oxides are always dominant for théd4SiC(0001)
sensitive mode for the M-SiC(000) 3x3 and surface.
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1000 L 02 / 6H- 4H-SIC(0001)-(3X3) at 500°C oxidation 02/ Slc(0001)_(3x3) at 500°C
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FIG. 7. Comparison between the & core-level spectra for the
4H-SiC(0001) X3 and 61-SiC(0001) X3 surfaces exposed to
1000 L O, at 500 °C in(a) surface sensitive modé¢=150 eV and  and(b) 4H-SiC(0001) X3 surfaces exposed from 1 to 1000 L O
emission angl&,=30°) and(b) bulk sensitive model(r=300 ev  at 500 °C recorded with a photon enetyy=590 eV and an emis-
and emission anglé,=60°). The peak decomposition for the 1000 Sion angled,=60° (surface sensitive mogeThe three main peaks
L of O,/6H-SiC(0001) 3<3 surface show the four oxidation prod- have been labeled O, M, and N and correspond tg,Sixed plus
ucts ST+, SP*, S+, and ST (straight ling. For the sake of clarity, suboxides and carbonate products formation, respectively.
the Si2p contribution of the clean SiC surface is represented by a
single peak(dot line) that includes the two surface-shifted compo- the effect of surface temperature which increases the oxygen
nents (SS1 and SS2and one (or two) bulk components B uptake in the higher oxygen exposure regime for4kkeand
(B*)—see Fig. 4. The relative binding-energy scale is relative to6H surfaces. In fact, increasing surface temperatures is likely
the 99.2 eV binding energy of Qip in pure silicon. to favor oxygen atom migration below the surface, which
indeed is likely to become more efficient in the higher oxy-
gen deposition regimes.

FIG. 8. O1score-level spectra for thea) 6H-SiC(0001) <3

Additional insights about théH- and 4H-SiC oxidation
process at 500 °C could be found using thészore level at
various oxygen exposures. Figur@Bdisplays the Qlscore
level for the @4-SiC(0001) 3x3 surface exposed to 0
(from 1 to 1000 1) at 500 °C. At a low oxygen exposuté Since the direct oxidation of the Si-richx® surfaces of
L), the Olsexhibits two feature®! andN located at 532 eV 6H- and 4—|-S|C(OOO:D a|WayS results in nonabrupt inter-
and ~530.6 eV corresponding to intermediate and mixedfaces, it is interesting to explore alternative approaches such
oxide products 1) and carbonate specieN, respectively. s the oxidation of a predeposited Si overlayer onto the sur-

In contrast, the higher oxygen exposures result in a single @ce. Figure 10 exhibits S2p core levels recorded in the
1s core-level component located at 533 eV and correspond-

ing to SiO, formation which, in agreement with the above Si
2p core level (Fig. 7), stresses that SiOis the dominant

E. SiOy6H-SiC(000)) interface formation by predeposited Si
overlayer oxidation

0,/ SiC(0001)-(3x3)

oxidation product for thesH polytype. A totally different 2 1l e iscusorc ///'
scenario is taking place for the correspondiitjpolytype as £ jo| —*— #H-siCatsooC
can be seen in Fig.(B) with peakN related to carbonate < |l D ZE:EEV o
products being the dominant feature at 10 and 100 L of O ] ///Y/
exposures while peaM (intermediate oxidation states plus = 6 P
mixed oxide productsis the dominant one at a 1000 L of,O LA '/f//‘/ ]
exposure. s 4

In order to evaluate the oxygen uptake at various surface ] 10 100 1000
temperatures and different oxygen exposures, we plot in Fig. 0, Exposure (L)

9 the integrated intensity of the Gs core level for both6H-
and 4H-SiC(0001) 33 surfaces. As can be seen in Fig. 9,  FIG. 9. Comparison of the oxygen uptake on tté-&iC(0001)
the oxygen uptake for théH polytype remains always below 3x3 and &4-SiC(0001) 3<3 surfaces at 25 and 500 °C.13 peak

that of the 6H polytype, regardless of the ;Oexposures intensity is displayed using arbitrary units and correspond to the
and/or the surface temperature. Another interesting feature istegrated surface of the core-level peak.
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order to evaluate the relative importance of these various

0,/8i/6H-8iC(0001)-(3x3) : post-oxidation oxidation states. First, we note the presence of the silicon
Si%pSuface oro,| [SiZpBuk, T Tsn0ro, substoichiometric oxidation states tsi s, Si*) with
ARTTATAY a6s0C| [0V AR a1 650°C also Si-O-C mixed oxide€3°3 However, the latter has
i N ;‘,' been shown to be present only at the interface between the

e-124] 1y pure oxide and the SiC surface with oxygen atoms bonded to
both C and S aton®®%43|n this way, the oxidation process
probably always stops on a carbon atomic pl&&:**No-

tice that this Si overlayer has been shown to have an unex-

£
1

3
cleant
i

20001 O,

~ 2000 L O, i 0 )
A at 500°C AN A at 500°C pected and novel cubic43 array growing on hexagonal SiC

E\ surface and to be highly sensitive to oxygen, likely due to

A “ higher surface electronic densities favoring oxygen molecu-
/ ~ 4 / | lar dissociatior? This is very likely to be at the origin of
— - s S — rather abrupt Sigl6H-SiC interface formatiori®
L. 1000LO, Si™ ¥ $if} 10001 0, Next, using the photoelectron attenuation layer metHod,
b0k \ETS‘%‘C at 500°C ’?‘ VAR we determine the total oxide thickness whistoi A at1000
\"\\+ sv/ml | ’ L anc_j 500 °C at 12 /3\ at 3000 L and 650 °C._These values are
2) N b) / A consistent _W|th ellipsometry spectroscopic measurements
- e performed independently and also showing that oxygen ex-
106 104 102 100 98 106 104 102 100 98 posures up to 120000 L at 500 °C results in a total oxide
Binding Energy (eV) Binding Energy (eV) thickness of about 80 A From the oxide thickness and the

integrated intensities of the 8p chemically shifted compo-
FIG. 10. Thermal oxidation of a predeposited Si overlayer ontonents(in the bulk sensitive regimeit is possible to extract
the 6H-SiC(0001) 3 surface followed by a postoxidation se- the respective thicknesses of the silicon dioxide and of the
quence: Si2p core-level spectra for the Si6SIC(0001) surface  sybstoichiometric oxidation products. The results are pro-
exposed to 1000 L Hat 500 °C and then reexposed to a total of yided in Table I. This gives thicknesses of 4.5 A for both
2000 L O, at 500 °C and 3000 L 9at 650 °C recorded ifa) g0, and substoichiometric oxides at an oxygen exposure of
surface sensitive modér =150 eV and emission angk,=30°) 1000 L at 500 °C, and 6.7 A for Siproducts and 5.3 A at
and (b) bulk sensitive modet(»=300 eV and emission anglés 5, yygen exposure of 3000 L at 650 °C. This indicates a
:_600)' . The total oxide thicknesss() is 9 A for the transition oxide layer that is about a few atomic layers thick
Si/6H-SiC(0001) and surface exposed to 1000 4 & 500 °C and (~<3 atomic layers which is rather thin. On such

12 A for the 3000 L Q at 650 °C. The SRp core-level peak de- . I - . .
composition for the @/Si/6H-SiC(0001) surface shows the four S'QZ/GH'S.'C |nt¢rf§ces,.lt IS potentlally pOSSIbI(.a to grow
thicker silicon dioxide without interface degradation.

oxidation products $f, S, SP*, and St (straight ling. For the
sake of clarity, the SBp contribution of the clean SiC surface is
represented by a single peédot line). IV. DISCUSSION

. . . Our above results support a picture &H- and
surface and bulk sensitive modes for a Si overlayer deposite : . e
onto the 64-SiC(0001) surface and exposed to 1000 and?H-SlC(OOOl) X3 surface reconstructions which is ex-

2000 L of O, at 500 °C, and 3000 L at 650 °C. As can be tremely reactive to oxygen since the growth of oxide prod-
seen from Fig. 10 the, SiBH-SiC interfaces Ibok much Yt s already detected at very low oxygen expos{iresL.)

more abrupt than those obtained by direct SIC oxidation. Ir{and at room temperature. This behavior is in sharp contrast

all cases, the dominant spectral feature is corresponding {5 the case of silicon for which oxide growth is taking p"’?‘ce
at oxygen exposures higher by several orders of magnitude

SiO, oxide products. We perform peak decomposition for the 47 4853\ p s T -
o o S . (3 to 4.*"**>*While this high surface reactivity of the 3
1600 L (500 °G and 3000 L(650 °G oxidation sequences in X 3 reconstruction applies to boéH and4H polytypes, one

. ) . should remark that the former one is even much more reac-
TABLE |. Oxides thickness deduced from peak decompositiontjye than the latter. Indeed, the room-temperature oxidation
famd e_lttenur?\tlon layer mod_eit is the_ total o_X|de _thlckness includ- ¢ the 6H-SiC(0001) 3<3 surface results in larger amounts
ing SI0,, mixed and suboxidessio, is the SiQ thickness andsu, ot gjlicon oxides having higher oxidation states than for the
the thickness of the mixed and suboxides. corresponding M-SiC(0001) 3«3 surface. In both cases,
the oxide/SIiC interfaces are not abrupt with significant
amounts of intermediate oxidation states®(SiS#*, and

1000 L O, 3000 L O,

at 500 °C at 650 °C o . . . o
Si™) but also mixed oxide species containing carbon atoms
Percentage of SiQversus 49% 55% as Si-O-C, the latter being more present for the
total amount of oxides 4H-SiC(0001) X3 surface. One of the striking differences
er=Total oxides thickness 9A 12 A between theésH- and the 4H-SiC(0001) X3 surface is the
&sio,= Si0; thickness 45 A 6.7 A presence of two bulk components for the latter one. This
&= Suboxides thickness 45 A 5.3 A feature could be related to the presence for thke FiC of

two domains in the bulk corresponding to different building
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blocks bulk termination in the stacking sequence as recentlgddition, these calculations are neither SiC polytype specific,
observed experimentalfy. Therefore, one can easily imagine nor SiC surface reconstruction specifisvhich, as reported
that block boundaries could act as a limiting factor in oxygenpreviously®2%4% and also observed here are definitely of
interactions, diffusion, and finally insertion into the SiC lat- central importance in SigSIiC interface formation, quality,
tice, thereby resulting in a lower oxidation rate for the ~ and composition.
polytype?® Together with other features such as large differ- Actually, the structure of the predeposited Si thin film
ences in the electronic properties, this factor is likely to play(few atomic layerswhich has been shown to organize into a
an important role in limiting the oxidation rate of the novel and unexpected cubic8 structure seems to be here
4H-SiC(0001) 3«3 surface and in the formation of oxide of crucial importance in the successful abrupt interface
products having properties significantly degradespecially formation>! Indeed, such a structure has a very open array
for the oxide/SiC interfagewhen compared to the situation most probably favoring oxygen atom migration into the
occurring for the &1-SiC(0001) 33 surface. bulk®! In addition, the &3 cubic Si thin film has been
When the surface temperature is increased, we have seéhown to have a higher electronic-filled states density which
above that the amount of oxidation products increases sigvould favor oxygen molecule dissociatishThe other very
nificantly for both 6H- and 4H-SiC(0001) X3 surfaces interesting feature is the formation of a carbon-free
with however, the same significant differences in the oxida-SiO,/6H-SiC interface at 500 °C. It is likely that upon high
tion products and interface quality. The major oxidationtemperatures, the oxygen atoms are also oxidizing the carbon
product at 500 °C is Si©for the 6H polytype, while mixed layer. Such a process would result in CO or fpecies that
and substoichiometric oxides are the dominant ones for thare desorbed into the vacuum upon elevated temperature an-
4H surface indicating that, despite higher temperatures favomealings(=500 °Q and in subsequent abrupt $i6H-SiC
ing oxygen subsurface penetration, the oxygen migration antiterface formation. Such a mechanism has indeed been
subsequently insertion into the lattice seems to be signififound to occur for alkali-metal promoted oxidation of cubic
cantly lower for the4H polytype. Indeed, when looking at 3C-SiC oxidation as evidenced experimentally by x-ray pho-
the oxygen uptake at various exposures, and at room tenteemission spectroscop§A similar mechanism of oxidized
perature and 500 °GFig. 9), one can clearly see that the C atom desorption as CO or G@olecular species should
oxygen uptake for théH remains always below the oxygen also take place and would be favored at elevated tempera-
uptake for the6H polytype, regardless of the surface tem- tures for the direct oxidation of thet6-SiC(0001) 3<3 and
perature. This probably stresses the fact that structural diffedH-SiC(0001) 33 surfaces. However, the mechanism that
ences between both polytypes remain the key limiting factotimits oxygen diffusion and insertion in the# SiC lattice is
in the 4H-SiC(0001) X3 surface oxidation, even at el- likely to also interfere with CO and C{emission, thus lead-
evated temperatures. Furthermore, thdsJFig. 8 as well ing to a more carbon-rich SKSiC interface on thetH
as the Si2p (Fig. 7) core levels show the much higher in- polytype when compared toH6-SiC one as indeed found
volvement of the carbon atoms with larger amounts of mixechere. Overall, the above results suggest that the oxygen at-
Si-O-C oxides. However, it is interesting to notice that theoms passing through the Si overlayer are more active, possi-
oxide thicknesses are about the same for both polytypes, dély as negative O™ ions. Indeed, the role of such negative
spite that the B61-SiC(0001) X3 surface exhibits higher oxygen ion species has been suggested for alkali-metal pro-
oxidation states with primarily Sipas the dominant oxide moted oxidation of semiconductor surfaces. For the Si cov-
product. ered @8H-SiC(0001) surface, the results also suggest that the
Turning to the SiQ6H-SIC interface formation by oxi- oxidation process stopg a C plane, leading to have at the
dation of a predeposited Si overlayer, we have seen abouaterface, oxygen atoms bonded to both C and Si atoms. This
that it is possible to achieve abrupt SI6H-SIC interfaces would be responsible for the remaining i small chemical
with basically very little if any carbon atom involvement into shifted component located around 101.7 eV [Big. 10a)].
the oxidation products. Together with our previous sttfdy, Finally, it is interesting to remark that the postoxidation at
our finding is in sharp contrast to the conclusions drawn in650 °C does not destroy the SiBH-SIC interface with a
recent theoreticabb initio calculations probing the Si-O thicker oxide layer reaching 12 insteati®A in the case of
bonding configurations and predicting that, contrary to thethe initial oxidation at 500 °C. The transition layer between
case of SiQ/Si interfaces, an abrupt S}@8IC interface can- SiO, and the &1-SiC surface includes few atomic layers of
not be achieved Our results clearly show that this is not the substoichiometric oxideé~3) having a thickness of about
case, thereby stressing that one has to be very careful when5 A. This interesting finding would allow one to use such a
making predictions based on calculations not taking intossystem to regrow additional oxide thereby permitting a
consideration the entropy and performed for a system “frothicker SiG overlayer while still keeping an abrupt interface.
zen” at 0 K. Indeed, the abrupt S)@SIC interface is ob- One should also keep in mind that these #68 -SiC inter-
tained after high-temperature annealings which involve delifaces are grown here at rather low temperat@wd®en com-
cate kinetics and complex effects that are not taken intgared to conventional oxidation processes used in device
consideration in the calculations of Ref. 54. Such “static” technology in which temperatures around 1000 °C are com-
calculations, which are performed on laterally limited atomicmonly used, which probably minimizes C atoms’ involve-
models, cannot address the complex dynamical processesent in the oxidation process and results in abrupt interface
that are occurring here during the oxide/substrate interfacéormation. Also, a low-temperature process provides oxides
formation and safely derive information about the latter. Inthat are known to be more resistant to the radiation damages.
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V. CONCLUSIONS Si overlayer on the B-SiC(0001) 3<3 surface is exposed
Using synchrotron radiation based core-level photoemis!® ©Xxygen at elevated temperatur80-650 °G, an abrupt
sion spectroscopy, we have investigated in detail the initiaP!O2/SIC interface formation is achieved with oxide thick-
oxidation of the Si-rich6H- and 4H-SiC(0001) %3 sur- ~ NeSses ranging fromv10 to 80 A and a transition layer hav-
faces and the subsequent $IQIC interface formation at Ing subst_0|ch|ometr|c oxides O.f about5 A. The very open
various surface temperaturé25—650 °G and low G expo- 4X3 cubic structure of the Si overlayer together with the

sures from 1 to 3000 L. TheX33 surface reconstruction is possible existence of negative oxygen ion species are most

found to be highly reactive to oxygen with oxidation rates /K€l the key factors in carbon-free and abrupt 98pi-SiC

three to four orders of magnitude larger than for silicon syrnterface fOfm?‘“O.“- Itis also inte.resting to remark that using
“gentle” oxidation approach including low-temperature

faces and, unlike silicon, oxide product formation at aIready"l . o .
extremely low oxygen exposurés.l L O,) and room tem- processing(<650 °C when compargd to 'the much higher
perature. The behavior of the two polytypes is found to b emperatures generally us”ed, e.gH, n devur:]e tfecr?nﬁlaggll_

significantly different with larger amounts of oxide products ow oxygen exposures allows the growth of high-quality
having higher oxidation states for theH6SiC(0001) 3<3 SiO,/SiC interfaces. These findings, which also stress the

surface, and presence of mixed oxides including carbon sp@—rUCial role Of _SiC polytypism,_ b”F‘g insights into the under-
cies that are significantly more important for die polytype ~ Standing of silicon carbide oxidation.

surface. Increasing the surface temperature improves the oxi-
dation rate with larger amounts of oxide products having
higher oxidation states primarily consisting of Si@rma-

tion for the 6H polytype while thedH polytype, the X3 This work was supported in part by the Institut Fraisc
surface mostly exhibits substoichiometric {Si S#*, and  de Taipei (IFT), by the National Science CounciNSC,

Si*) and C containing mixed(Si-O-C) oxide formation. Taipe), and by the Dkegation Gaeale a I'Armemant
Whatever the surface temperature is, the oxygen uptake réDGA, Paris, France It is based upon research conducted at
mains significantly larger for théH polytype when com- the Synchrotron Radiation Research Cerf@RRQ, Hsin-
pared to the4H one. The very different behavior of tleH  chu, Taiwan. The authors are especially grateful to the SRRC
and4H polytypes is likely to originate, at least in part, from staff for expert and outstanding assistance and to Dr. Tseng
the presence of two domains in the bulk for #té polytype  for the use of his experimental system, and to Alfred Hof-
as evidenced by the two bulk components in th@score-  richter and Bernard Drevillon at Ecole Polytechnique, Pal-
level spectrununlike the6H which has only one bulk com- aiseau, France, for performing state-of-the-art spectrometric
ponenj. Such a structural difference probably limits oxygen ellipsometry measurements of the oxide thickness on the SiC
atom insertion into th&H-SiC lattice. When a predeposited surfaces.
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