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We investigate the formation of SiO, /B-SiC(100) interfaces by direct and Rb-promoted oxidation by
means of photoemission spectroscopy using the Al K« (1486.6-eV) and Zr M (151.4-eV) x-ray lines at Si
2p, C 1s, O 1s, and Rb 3p core levels. Clean and stoichiometric 5-SiC(100) surfaces have been obtained
applying thermal annealing treatments only. Room-temperature Rb deposition on the clean 3-SiC(100)
surface induces a large decrease of the work function, reaching a minimum with A®= —3.3 eV. This
work-function change corresponds to the Rb saturation coverage of one physical monolayer (1 Rb ML).
Room-temperature exposure of the clean 3-SiC(100) surface to molecular oxygen results in only little ox-
ygen uptake and small amounts of silicon oxide, showing no evidence of bonding between carbon and ox-
ygen atoms on the surface. When the 3-SiC(100) surface is modified by a Rb monolayer, the oxygen up-
take is dramatically enhanced by four orders of magnitude, leading to a large increase of the oxidation
rate and forming high silicon oxidation states. The oxygen atoms appear to be more tightly bound to Si
than to Rb atoms while, as in the case of direct oxidation, there is apparently no sign of carbon-oxygen
bonding present on the surface, which can be explained by formation of CO or CO, species desorbing
into the vacuum. Upon thermal annealing at temperatures up to 700 °C, the oxide layer thickness is in-
creased with a significant improvement of the stoichiometry, leading to the formation of a nonabrupt
carbon-free SiO,/3-SiC(100) interface including lower oxidation states at the interface. The Rb over-
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layer is removed from the surface by thermal desorption below 780 °C.

I. INTRODUCTION

Silicon carbide is a promising IV-IV compound semi-
conductor, in particular with respect to potential applica-
tions in electronics. In fact, this “refractory” semicon-
ducting material, having a wide band gap and a high
thermal stability, could be very useful for operation at
rather elevated temperatures ( = 600 °C), especially when
compared to silicon (<150°C), and makes it especially
suitable for high-power and high-temperature electronic
devices; see Ref. 1. Furthermore, depending on whether
its structural phase is cubic () or hexagonal (a), silicon
carbide also appears as a promising alternative to III-V
compound semiconductors in fast electronic devices.
However, in contrast to many other elemental or com-
pound semiconductors, silicon carbide has received much
less attention in surface and interface science. This situa-
tion is mainly due to the difficulties encountered in the
growth of high-quality single crystals. Former investiga-
tions have been mainly focused on surface preparation
and on the surface structure, including in the latter case
some very recent theoretical investigations.?2° Adsorp-
tion studies were primarily oriented towards metal adsor-
bates with a special emphasis on metal/SiC interface for-
mation.*2* However, only few studies were so far
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oriented to another very important issue, i.e., the silicon
carbide surface passivation, especially by surface oxida-
tion, 226 which is a very important step in the production
of electronic devices. While it is rather easy to grow ox-
ide insulator films on silicon surfaces, the oxidation pro-
cess could in some cases turn out to be very different
when silicon is forming an alloy.?” In fact, when com-
pared to silicon, silicon carbide is a semiconductor on
which it is rather difficult to grow native oxides.

In order to grow oxide layers on SiC with reasonably
high formation rates, a metal catalyst providing a
stronger interaction between oxygen molecules and the
surface could be used. Many metals, including alumi-
num, noble, transition, and rare-earth metals, have been
shown to promote the oxidation of silicon and some other
semiconductors.?”?® However, in all these cases, the
mechanisms of promotion generally include surface dis-
ruption associated with diffusion into the bulk and sili-
cide formation.?”-2® This leads to oxides intermixed with
the metal catalyst, which might affect the overall dielec-
tric properties and result in some detrimental effects for
electronic device applications. In the recent years,
alkali-metal atoms have been shown to act as very
efficient promoters of semiconductor or metal oxida-
tion.?” 738 The presence of an alkali-metal layer on the
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surfaces of elemental group-IV materials such as silicon
or graphite, III-V compound semiconductors, and metals
like aluminum has been found to enhance the oxidation
rate by 4 to 13 orders of magnitude.?~** Furthermore,
unlike other metals, the alkali catalyst could be removed
from the surface by thermal annealings at moderate tem-
peratures in the case of silicon and aluminum surfaces
only.?*73%36=3% Eor all these surfaces, the micromechan-
isms of alkali-metal-promoted oxidation present some
common features including the weakening of the surface
atom back bonds, the drastic increase of the oxygen mol-
ecule sticking coefficient, and its efficient dissociation by
charge transfer into the antibonding molecular orbit-
als. 23133353739 myrthermore, the migration of oxygen
atoms underneath the surface is facilitated, which favors
the bonding with the substrate atoms.>"3 However,
some striking differences in the various steps of catalysis
were found, depending on substrate nature. While oxy-
gen atoms remain weakly bonded to the alkali catalyst on
semiconductor surfaces with no alkali oxide formation,
clear evidence of Na or K oxide growth was shown in the
case of alkali-metal-promoted oxidation of aluminum. 3
Furthermore, unlike elementary semiconductors, surface
defects seem to play a central role for III-V compound
semiconductors, which, in contrast to Si, generally form,
at room temperature, rather chemically reactive inter-
faces with alkali-metal atoms.*’ Finally, one should also
notice that, despite very close electronic and structural
properties with silicon surface,*' the oxidation of ger-
manium is, in contrast, inhibited by alkali-metal atoms at
room temperature.*? In these views, it is of particular in-
terest to study the effect of an alkali-metal overlayer on
the oxidation of a compound IV-IV semiconductor such
as silicon carbide, which is known to be hard to oxidize
when compared to silicon.

In this paper, we present a comprehensive investiga-
tion on the direct and Rb-promoted oxidation of a cubic
B-SiC(100) surface by means of x-ray photoemission spec-
troscopy. After the description of surface preparation
and the deposition of Rb atoms, we demonstrate that the
presence of a Rb monolayer enhances the oxygen uptake
by four orders of magnitude at room temperature, favor-
ing the formation of high silicon oxidation states. We
also investigate the effect of subsequent annealing, lead-
ing to a SiO, layer with improved stoichiometry contain-
ing no carbon related species, likely due to the formation
of CO or CO, molecules desorbing into the vacuum. The
Rb atoms could be removed from the surface by desorp-
tion after thermal annealing at moderate temperatures.
In this way, a carbon-free SiO,/B-SiC(100) interface can
be achieved at much lower temperature than by direct
oxidation. Our results are also discussed in the context of
earlier works performed for silicon and III-V compound
semiconductors, for which the role of alkali-metal atoms
in the various steps of promoted oxidation and other
enhanced-surface reactions is better understood.

II. EXPERIMENTAL DETAILS

The core-level x-ray photoemission spectroscopy (XPS)
experiments were performed in an ultrahigh vacuum ex-
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perimental system using the Al Ka (1486.6-eV) and Zr
Mg (151.4-eV) lines at Si 2p, C 1s, O 1s, and Rb 3p core
levels. The photoelectron kinetic energy was measured
using a hemispherical electrostatic analyzer (CLAM 2 by
VG Microtech) having a mean radius of 100 mm. The x-
ray sources were extremely carefully outgassed. In these
conditions, the data were acquired at a working pressure
better than 6 X 107! Torr. Cubic B-SiC(100) single crys-
tal samples were prepared on a Si(100) wafer substrate by
chemical vapor deposition (CVD) leading to the forma-
tion of a SiC thin film having a thickness of about 1
um.* The structure was characterized by conventional
x-ray diffraction showing the formation of single crystal
silicon carbide. The native oxides, carbon, and other im-
purities were removed from the surface by sequences of
thermal annealings up to 1100°C. This treatment yields a
stoichiometric SiC(100) surface free from contaminant as
controlled by XPS. Details about this surface cleaning
process are given in Sec. III A. Pure Rb was deposited
onto the SiC(100) surface with a SAES chromate
dispenser. In order to avoid any codeposition of impuri-
ties which could dramatically affect the Rb mode of
growth, as we have shown recently for other alkali-metal
atoms on silicon surfaces, the Rb source was extremely
well outgassed in order to keep the pressure increase dur-
ing rubidium deposition always below AP <1x107!!
Torr.** We have also measured the work-function
changes upon Rb deposition using the secondary electron
cutoff observed in the photoemission spectra as already
described previously.* Surface exposures to a well-
defined quantity of oxygen molecules (research grade)
were performed through a tube leading directly to the
sample.’’ All other experimental details can be found
elsewhere. 374

III. RESULTS

A. B-SiC(100) surface preparation by thermal annealings

The first problem to address is obtaining a clean and
stoichiometric silicon carbide surface, which is not as
easy to achieve as for other semiconductor surfaces. The
Si 2p, C 1s, and O 1s core-level spectra of the B-SiC(100)
surface are presented in Fig. 1 for the “as received” sam-
ple and after several annealings at temperatures ranging
from 360 to 1100°C. The ‘““as received” sample exhibits
components with large chemical shifts for both Si 2p and
C 1s core-level spectra (see bottom curves). For Si 2p the
chemically shifted component indicates the presence of
native silicon oxide on the surface. The C 1s core level
has a 2-eV shifted component (C, ) located at the high
binding energy side. This feature is due to the presence
of carbon atoms on the surface (probably as clusters or as
graphite) and also likely to hydrocarbon molecules both
resulting from the CVD process.** The intense O 1s core
level results from the presence of silicon oxide (SiO, ), as
observed at the Si 2p core level. When the “as received”
B-SiC(100) surface is subjected to annealings, one can see
at both Si 2p and O 1s core levels that increasing temper-
atures induce the gradual decomposition and removal of
the oxide, which is completely eliminated at 1100°C.
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FIG. 1. Si 2p, C 1s, and O 1s core levels for the “as received”
SiC(100) surface (bottom spectra) and after annealings ranging
from 360 to 1100°C. The photon energies were 151.4 eV (Si 2p)
and 1486.6 eV (C 1s and O 1s).

During the same annealing sequence, the C 1s shows a
gradual decrease of its C, component, indicating the
desorption of the carbon related contaminants or graph-
ite clusters. After annealing at 1100°C, the 3-SiC(100)
surface is free of oxygen and carbon contaminants, while
the Si 2p and C l1s line positions correspond respectively
to the binding energies of Si fourfold bonded to C and
vice versa, which indicates the presence of a clean and
stoichiometric silicon carbide surface.

In order to have a better estimation of the surface
stoichiometry, we have plotted the C 1s and Si 2p intensi-
ty ratio, weighted by the relative sensitivity factors deter-
mined by Wagner et al.,*® versus the annealing tempera-
tures (Fig. 2, bottom), and compared it to the correspond-
ing O ls integrated intensity (Fig. 2, top). As can be seen
in the top panel of Fig. 2, the oxygen loss becomes
significant only above 800 °C as a result of SiO, decompo-
sition of Si-O desorption. The bottom panel of Fig. 2
shows that, while the ‘“‘as received” substrate is carbon
rich, the C/Si ratio gradually decreases with increasing
annealing temperature, reaching finally 1 at 1100°C.
This shows that a clean and stoichiometric B-SiC(100)
surface can be obtained only by thermal annealings, and
that surface ion sputtering, which might leave Ar atoms
embedded in the surface or create defects, is not neces-
sary. Figure 3 compares the large scan (from 80 to 320
eV) spectra for the B-SiC(100) surface (dashed line) after
annealing at a temperature of 1100°C and for a clean
Si(100)2 X 1 surface (solid line), showing the Si 2p and C
1s core-level lines. One can observe the characteristic sil-
icon and silicon carbide plasmon loss features, which are
located at 17 eV (Si) and 22 eV (SiC), respectively, apart
from the core-level lines, which is in excellent agreement
with previous works. %47
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FIG. 2. Top: O ls integrated intensity vs annealing tempera-
ture (extracted from Fig. 1). Bottom: C 1s/Si 2p integrated in-
tensity ratio weighted by the relative sensitivity factors deter-
mined by Wagner et al. (Ref. 45) vs annealing temperature (ex-
tracted from Fig. 1). A dashed line has been drawn as a visual
guide.
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FIG. 3. Wide scan XPS spectra for a clean 3-SiC(100) surface
(dashed line) and a clean Si(100) surface (solid line) showing the
Si 2p and C 1s core-level lines and the characteristic plasmon
loss features (SiC: 22 eV; Si: 17 eV).
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B. Rb mode of growth and work-function changes for
Rb/SiC (100)

The Rb mode of growth on the SiC(100) surface is il-
lustrated by the Rb 3p core-level integrated intensity and
surface work-function changes as a function of the
alkali-metal evaporation time, which are, respectively,
shown in the top and bottom panels of Fig. 4. Upon in-
creasing Rb evaporation time, the Rb 3p core-level in-
tegrated intensity shows a linear behavior up to an eva-
poration time of 140 s, after which saturation is reached.

This mode of growth is very similar to what we have
observed for other alkali-metal atoms on nonreactive sur-
faces, such as SiC(100)2 X 1, reaching a saturation cover-
age at room temperature. This saturation coverage cor-
responds to one monolayer, meaning one “physical”
alkali-metal layer, as explained previously for other
alkali-metal-covered semiconductor surfaces.* It indi-
cates that, at room temperature, the Rb sticking
coefficient becomes negligible on SiC(100) at the com-
pletion of a monolayer. Further information about the
Rb uptake can be found in bottom panel of Fig. 4, which
displays the corresponding work-function change A®.
We can see that AP decreases linearly with the Rb cover-
age reaching the lowest work-function value with
A®= —3.3 eV at the Rb saturation coverage. The work
function does not change any more beyond the Rb satu-
ration coverage. Again, this behavior is very similar to
what has been observed for alkali-metal-covered silicon
surfaces, where work-function minima have been found
at values ranging from —3, —3.2, and —3.4 eV, respec-

Rb 3p Intensity
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FIG. 4. Top: Rb 3p integrated intensity vs Rb deposition
time on B-SiC(100). Bottom: Work-function change A® vs Rb
deposition time for Rb/B-SiC(100). An arrow indicates the
completion of the saturation coverage corresponding to one Rb
monolayer.
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tively, for Na, K, and Cs on the Si(100)2X 1.¥73% This
work-function change, which is a well-known feature of
alkali-metal adsorption on surfaces, is understood in
terms of the formation of a polarized bonding between
the alkali-metal atom and the substrate surface.’! The
results suggest that the bonding of Rb on SiC appears to
be, in analogy to the Si substrate, nonreactive in nature.
However, in order to draw a definitive conclusion about
this important issue, high-resolution photoemission ex-
periments using synchrotron radiation are necessary.

C. Direct and Rb-promoted oxidation at room temperature

We now investigate the effect of a Rb monolayer on the
room-temperature oxygen uptake and on the SiC(100)
surface oxidation. For comparison, we first study the
direct SiC oxidation by molecular oxygen exposures of
the bare SiC(100) surface. Figure 5 displays the Si 2p and
O 1s core-level spectra taken after exposures ranging
from 10*1% to 10*!° oxygen molecules. Upon such a se-
quence, the O 1s core-level intensity gradually increases,
indicating the progressive sticking of oxygen molecules
on the surface. However, a significant O 1s intensity is
achieved only at exposures higher than 10"!® molecules
of O,. The silicon oxide formation can be followed at the
Si 2p core level which exhibits a slight core-level shift on
the high binding energy side only at oxygen exposures
larger than 107'® molecules. This shows that, while
molecular oxygen is adsorbed on the B-SiC(100) surface,
the resulting silicon oxide formation remains limited to
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FIG. 5. Si 2p and O 1s core-level spectra taken after oxygen
exposures of a bare B-SiC(100) surface ranging from 10*!° to
10" molecules O,. The photon energies were 151.4 eV (Si 2p)
and 1486.6 eV (O 1s).



14 304

small amounts only. This situation differs significantly
from the case of a Si substrate, where similar exposures
result in more important silicon oxide growth on the sur-
face.>? Unfortunately, the experimental resolution which
could be achieved with an x-ray source (=~1.0 eV) does
not allow a straightforward identification of the single Si
oxidation states, as performed when using synchrotron
radiation. 2 However, from the shoulder at the high
binding energy side of the Si 2p core level, one can reli-
ably estimate the presence of predominantly lower oxida-
tion states such as Si!* and Si>*. In contrast, the C 1s
core-level line does not exhibit any apparent change when
following the same oxygen exposure sequence. This
behavior indicates the lack of C—O bond formation
present on the surface.

After the direct SiC oxidation, we now turn to the Rb-
promoted oxidation at room temperature. Figure 6
displays the Si 2p and O 1s core-level spectra for a 3-
SiC(100) surface modified by a Rb monolayer, for the
same molecular oxygen exposure sequence as in the direct
oxidation presented above (Fig. 5). We first remark that
the presence of the Rb overlayer significantly increases
the oxygen sticking coefficient, especially at the very be-
ginning of the chemisorption process, showing a much
larger intensity of the O 1s core level already at the
lowest O, exposure of 10*!° molecules. Furthermore, the
O 1s core level clearly exhibits two components A4 and B,
in contrast to the case of direct oxidation, which has also
been found recently for the K and Cs promoted
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FIG. 6. Si 2p and O s core-level spectra taken after oxygen
exposures of a Rb-saturated S3-SiC(100) surface (©g,=1 ML)
ranging from 105 to 10*'? molecules O,. The photon energies
were 151.4 eV (Si 2p) and 1486.6 eV (O 1s).
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Si(100)2X 1 oxidation.3*37 The peak 4 corresponds to
oxygen atoms bonded to the substrate, i.e., predominant-
ly to silicon, which can be deduced from its energetic po-
sition and its relation to the intensity of the Si 2p chemi-
cally shifted component. The O 1s component B located
at lower binding energy can be related to oxygen bonded
to the Rb adsorbate, since its intensity scales with the
amount of alkali-metal atoms present on the surface. The
growth of silicon oxide products can be observed at the Si
2p core level (Fig. 6) showing an intense chemically shift-
ed component, which indicates the formation of much
larger SiO, amounts on Rb/B-SiC(100) as compared to
the bare surface. In contrast, the C 1s spectra do not ex-
hibit any change upon Rb deposition and/or oxygen ex-
posure, which again is a sign for the absence of any ap-
parent carbon-oxide species on the surface.

In order to follow the oxygen uptake on the clean and
Rb-promoted -SiC(100) surface, we have plotted in Fig.
7 the integrated intensities for the total O 1s core level
and also for its 4 and B components extracted from Figs.
5 and 6. Basically, the total oxygen uptake increases al-
most linearly with the logarithm of oxygen molecules for
both direct and Rb-promoted B-SiC(100) surface oxida-
tion. Furthermore, while the integrated intensity of O 1s
component 4 (O atoms bonded to Si) also follows the
same linear trend, the O 1s component B (O atoms bond-
ed to Rb) is already saturated at the smallest oxygen ex-
posure (107!% molecules) and remains constant also after
higher exposures. This behavior appears to be very simi-
lar to the case of alkali-metal-promoted oxidation of the
Si(100)2X 1 surface.’” In addition, by comparing the O
1s core level total integrated intensities for SB-SiC(100)
and Rb/f-SiC(100) surfaces at O, exposures of 10*!% and
10%! molecules, one can remark that the presence of Rb
increases the oxygen uptake by four orders of magnitude.
The magnitude of the promotion effect that is observed is
comparable to the case of silicon, but significantly smaller
when compared to III-V compound semiconductors,
where the oxidation rate could be enhanced by factors
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FIG. 7. O 1s total integrated intensity for O,/B-SiC(100) and
0,/Rb/B-SiC(100) surfaces vs the logarithm of the oxygen expo-
sures extracted from Figs. 5 and 6 (Og,=1 ML). The integrated
intensities of O 1s A4 (related to O—Si bonds) and B (related to
O—Rb bonds) components have also been plotted for the
0,/Rb/B-SiC(100) surface using the same scale.
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ranging from 1076 to 10113,40:53 Ajso, it is interesting to
notice that, upon Rb-promoted oxidation, silicon carbide
behaves very differently from other compound semicon-
ductors such as III-V. In the latter case, such a linear
dependence of oxygen uptake versus the logarithm of ox-
ygen exposures is not observed, with a trend to saturation
at the higher exposures,®>>3 which is probably due to a
more complex interface formation. *°

D. Effect of thermal annealings on the Rb-promoted oxidation

After the description of our results for the room tem-
perature Rb-promoted oxidation, we now turn to the
effect of thermal annealings. Figure 8(a) shows the Si 2p
and O 1s core-level spectra for the Rb-saturated pS-
SiC(100) surface after exposure to 107!° oxygen mole-
cules and subjected to rapid thermal annealings (RTA) at
various temperatures ranging from 330 to 950°C. Upon
increasing temperatures, the Si 2p chemical shifted com-
ponent related to silicon oxides exhibits an increase of in-
tensity and a shift to higher binding energies. This
behavior indicates the formation of a larger silicon oxide
layer having an improved stoichiometry. After annealing
at 440 °C, a significant intensity of the Si 2p oxide related
component is visible at a binding energy at 103.9 eV indi-
cating the formation of stoichiometric SiO,, while lower
Si oxidation states (Sit, Si*™, and Si**) are still present
as in the case of direct and alkali-metal-promoted silicon
oxidation.?"3* The C 1s and Si 2p core-level spectra tak-
en in a bulk sensitive mode with the Al K a line indicate
that the O,/Rb/SiC(100) surface exhibits a change of the
Fermi level position due to band bending giving rise to a
rigid shift at the core-level lines by about 0.4 eV to higher
binding energies. Therefore, it can be concluded that the
energy position in the SiC state of the Si 2p spectra is lo-
cated at a slightly lower binding energy with respect to
the Si 2p maximum [see marker in Fig. 8(a)]. This could
be explained by the contribution of the low Si oxidation
states (Si™, Si?*) having a slightly higher binding energy,
which are likely present at the surface and/or interface.
At annealing temperatures above 780°C, the amount of
silicon oxides starts to decrease, becoming negligible at
950°C. This results from the desorption of volatile Si-O
species initiated at temperatures around 800°C.%¢ Addi-
tional information abut the effect of thermal annealings
can be obtained by looking at the O 1s core-level spectra
for the same sequence [Fig. 8(a), right panel]. The O 1s
component B (related to O—Rb bonds) is decreasing with
increasing temperatures and becomes negligible after an-
nealing at about 700°C, with component A (related to
O—Si bonds) remaining the only spectral feature. As we
will see later, this behavior results from the gradual
thermal desorption of the Rb catalyst. The intensity of
the O 1s 4 component is dramatically reduced at 950°C
in agreement with silicon oxide decomposition and Si-O
desorption also evidenced in the Si 2p spectra.

The corresponding spectra of the C 1s and Rb 3p core
levels for the same sequence of thermal annealings are
presented in Fig. 8(b). As already observed above for
both direct and Rb-promoted oxidation, the C 1s core
level remains also basically unchanged upon the thermal

14 305
Si 2p O/Rb/SiC O 1s
hv = 151eV
Annealing
(a) Lemperature1
Ay_/\,_v,ﬁ
950°C
=y
n SiC
c
o 780°C
£ Sio,
c
o
)
K] 700°C
£
@
g
f 440°C A
330°C A
|
O/Rb/SIC ’
[ S T [ B B R
108 104 100 96 536 534 532 530 528

Binding Energy (eV)

O/Rb/SiC

C 1s Rb 3p

Annealing
kemperature1

—_
o
<

950°C

780°C

700°C

440°C

S

330°C

O/Rb/SiC

288 284 280 2

H
H
N
ES
o
N
w
o

Binding Energy (eV)

FIG. 8. (a) Si 2p and O 1s core-level spectra for the
0,/Rb/B-SiC(100) surface taken after various thermal anneal-
ings at temperatures ranging from 330 to 950°C (Og,=1 ML;
O, exposure =10"!" molecules). The photon energies were
151.4 eV (Si 2p) and 1486.6 eV (O 1s). (b) C 1s and Rb 3p core-
level spectra for the O,/Rb/B-SiC(100) surface taken after vari-
ous thermal annealings at temperatures ranging from 330 to
950°C (Og,=1 ML; O, exposure =10%!° molecules). The pho-
ton energy was 1486.6 eV.
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FIG. 9. O 1s and Rb 3p integrated intensities [extracted from
Figs. 8(a) and 8(b)] vs the annealing temperature for the
0,/Rb/B-SiC(100) surface (Og,=1 ML; O, exposure =10""
molecules).

annealings. In contrast, the Rb 3p core-level intensity de-
creases gradually with increasing temperatures to disap-
pear completely between 700 and 780°C. This indicates
that the Rb overlayer has been removed from the surface
by thermal desorption as previously reported for alkali-
metal-promoted silicon surfaces.?” 3! However, one
should notice that the Rb removal observed here for 3-
SiC(100) occurs at slightly higher temperatures when
compared to alkali-metal atoms on Si surfaces, where the
temperatures of the complete alkali-metal desorption
range from 550°C for Na, 600°C for K, and 650°C for
Rb and Cs.? 73133 This suggests that Rb atoms might be
significantly more tightly bound to the surface of (-
SiC(100) than to the Si(100) one. Anyway, this important
point requires a more specific and detailed investigation
of the Rb/B-SiC(100) interface formation.

In order to better compare the effects of annealings on
the behavior of Rb and O adsorbates on the 3-SiC(100)
surface, we have plotted in Fig. 9 the O 1s and Rb 3p to-
tal integrated intensities [extracted from Figs. 8(a) and
8(b)] versus the annealing temperature. Interestingly, we
can see that the amount of oxygen present on the surface
remains basically constant from room temperature up to
700°C, with an onset of decrease around 780 °C and total
oxygen removal at 1000°C. This indicates that, upon in-
creasing temperature, oxygen is transferred from Rb
influenced adsorption sites to Si atoms in the substrate,
thereby contributing to the growth of additional oxides
and to the improvement in the silicon oxide
stoichiometry as observed in the Si 2p spectra. The Rb
3p integrated intensity shows a different behavior upon
increasing temperatures with three different regimes in-
cluding (i) a slight decrease from room temperature to
350°C, (ii) a change of slope with very rapid decrease be-
tween 350 and 600 °C and, (iii) after another slight change
of slope, a linear decrease up to 780 °C corresponding to
Rb removal from the surface by desorption. One should
note that the temperature of 500 °C corresponds approxi-
mately to the threshold of silicon dioxide formation. A
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linear decrease of the alkali catalyst versus annealing
temperature has also been observed for Si(100)2 X 1-
promoted oxidation after SiO, formation,?>3! which pro-
vides a consistent behavior for the thermal desorption of
alkali-metal atoms from a silicon oxide layer on both sub-
strates.

IV. DISCUSSION

The results presented above demonstrate that rubidium
acts as an efficient promoter of 8-SiC(100) surface oxida-
tion. While direct oxygen exposures result only in the
formation of very small amounts of SiO, (Fig. 5), the
presence of a Rb monolayer enhances the oxygen uptake
by four orders of magnitude as can be seen in Fig. 7.
Furthermore, the corresponding 3-SiC(100) surface oxi-
dation rate is also significantly improved. In fact, for
both room-temperature oxidation and upon thermal an-
nealing, the Rb-modified B-SiC(100) surface exhibits
larger amounts of silicon oxides. This can be evidenced
by looking at the Si 2p core level presented in Fig. 10,
which allows an easy comparison between direct and
Rb-promoted oxidation at room temperature and after an
annealing at 440°C. The promotion effect appears to be
more pronounced at elevated temperatures. It results
from the transfer of oxygen atoms initially bonded at
Rb-influenced sites at room temperature to Si substrate
atoms by Rb—O bond breaking upon thermal annealings.
This interpretation is evidenced from the disappearance
of the O 1s B component (related to O species bonded to
Rb) at elevated temperatures [Figs. 8(a) and 10], while the

O 1s

Si 2p
hv=151eV

! bare SiC

SliC

| Rb/SiC
(©r,=1.0)

after
annealing
(440°C)

Photoemission Intensity
>

after O,
exposure
(10" mol)|.

| I T T R | 1 I | 1 1
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FIG. 10. O 1s and Si 2p core-level spectra comparing the ox-
ygen uptake and oxidation of bare 8-SiC(100) (dashed lines) and
Rb-saturated B-SiC(100) (©g,=1 ML; solid lines) after room-
temperature oxygen exposure (107!° molecules) and after subse-
quent annealing at 440°C. The photon energies were 151.4 eV
(Si 2p) and 1486.6 eV (O 1s).
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O 1s total integrated intensity remains constant up to
700°C (Fig. 9). One should note that at 700°C, the O 1s
component A (related to O atoms bonded to Si) is the
only dominant feature, which further supports the pic-
ture that oxygen atoms are transferred from rubidium to
silicon atoms. As can be deduced from the Si 2p core-
level spectra in Fig. 8(a), the thermally activated migra-
tion of oxygen atoms towards the bulk contributes to the
additional Si oxide growth. 333

Besides the O—Si bond establishment leading to silicon
oxide formation, the Rb-promoted oxidation does not
show any evidence of O—C bonds present on the surface,
which has already been observed also for the direct oxi-
dation of SiC.!%2~27 In order to illustrate this point and
to trace the existence of a possible core-level shift at C 1s,
we compare in Fig. 11 the Si 2p and C 1s core-level spec-
tra both recorded in a bulk sensitive mode at a photon
energy of 1486.6 eV (Al Ka), after Rb-promoted oxida-
tion and subsequent thermal annealing at 700°C. In or-
der to visualize the presence of a chemically shifted com-
ponent, the data have been fitted with a single peak
Gaussian (solid line), having a fixed width as extracted
from the clean substrate spectrum (bottom curves). By
comparing with the latter spectrum, one can see the lack
of any change for the C 1s core level in contrast to Si 2p
showing oxide formation even in the bulk sensitive mode.
This situation significantly differs from the case of alkali-
metal-promoted oxidation of other compound semicon-
ductors, such as GaAs(110), InP(110), or GaSb(110),
where both cation and anion oxides were formed. %5354
However, alkali-metal atoms were shown to promote also
the oxidation of carbon as graphite.*>*¢ Therefore, it is
very likely that such an oxidation also takes place here
with the formation of CO or CO, species, which are

Oxidation of Rb saturated 3-SiC(100)

Si2p C1s
AlK, AlKy
O/Rb/SiC O/Rb/SiC

after 700°C

oxide
formation | J

after 700°C

no oxide
formation

Photoemission Intensity

clean
B-SiC(100)

clean
p-SiC(100)

L L L " L L L 2
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Binding Energy (eV)

FIG. 11. Comparison of the oxide formation at Si 2p and C
1s core-level lines after Rb-promoted oxidation and thermal an-
nealing at 700°C. The solid lines indicate single-peak fits to the
data points. All spectra are taken in a bulk sensitive mode at a
photon energy of 1486.6 eV. Squares represent the data points,
and the single-peak fit is shown by the solid line.
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desorbed already at room temperature. In fact, an inter-
mediate compound such as oxygen atoms bridge-bonded
to both C and Si appears not to be stable at the surface as
evidenced from the lack of any shifted component at C 1s
[Figs. 8(b) and 11], which should clearly be visible in the
presence of C—O bonding. Anyway, one can easily im-
agine that the O—Si bond formation subsequently results
in C—Si bond breaking. In principle, this process should
leave carbon atoms on the surface (as clusters and/or
graphite). Apparently, this is not the case, since we do
not observe any corresponding spectral feature at the C
1s core level [Figs. 8(b) and 11] as on the “as received”
B-SiC(100) surface (Fig. 1). Since, as mentioned above,
alkali-metal atoms do promote also the oxidation of
graphite surfaces,*>*¢ the only remaining possibility to
explain this behavior is that the carbon atoms released
during the silicon-oxygen bond establishment are also ox-
idized. The resulting oxidation products are likely to in-
clude CO or CO, molecules, which leave the surface by
thermal desorption. A similar scenario has already been
proposed in the case of the direct oxidation of the hexag-
onal a-SiC phase at 1100°C.!° During the direct and
Rb-promoted oxidation process, there is a dynamic equi-
librium between Si—C bond breaking, Si—O and C—O
bond formation, and the subsequent desorption of CO or
CO, species from the surface. This mechanism leads to
the room-temperature formation of a silicon oxide layer
on the B-SiC(100) surface which is basically free from car-
bon species. Subsequent annealing leads to the formation
of a considerable amount of stoichiometric SiO, oxide
leading to the formation of a Si oxide/B3-SiC(100) inter-
face in which silicon dioxide is dominant [Fig. 8(a)]. In
fact, as in the cases of direct and promoted silicon oxida-
tion, this interface is not abrupt, but includes sub-
stoichiometric oxide species, with silicon atoms bonded
to one, two, and three oxygen atoms (Sit, Si**, and
Si3*), which are predominantly present at the internal in-
terface and substrate surface.

We now turn to the discussion of the micromechanisms
of Rb-promoted oxidation. By a simple comparison of
the O 1s core-level intensity for both direct and promoted
oxidation (Figs. 5, 6, and 7), it is obvious that the pres-
ence of the Rb monolayer on the B3-SiC(100) interface
enhances dramatically the oxygen molecule sticking
coefficient, even in the low-exposure regime. It leads to
the very large enhancement of the oxygen uptake by four
orders of magnitude. The high sticking probability is a
common feature which has been observed on several
alkali-covered semiconductor surfaces, such as Si.2%3133
The alkali-metal-promoted dissociation of oxygen has
also been demonstrated by valence-band studies on
InP(110),% and can be explained by an efficient dissocia-
tion process mediated by charge transfer into the anti-
bonding orbitals of the O, molecules.?">3%3% Apparently
this mechanism takes place also for the present case of
Rb-modified B-SiC(100). Another important point which
explains the enhanced sticking probability has been illus-
trated by a theoretical study, using ab initio molecular
cluster calculations based on the local density functional
theory for the prototypical K/Si(100) system, showing
that the adsorption energy for oxygen molecules is in-
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creased by 0.24 eV in the presence of the alkali-metal
overlayer.*

Similar to other semiconductor substrates, the forma-
tion of alkali-metal oxides can be excluded,?”3® which is
evidenced by looking at the O 1s core level which does
not exhibit an alkali-oxide-related component: the O 1s
peak B, which scales with the alkali-metal coverage,
shows up already at the lowest oxygen exposures and/or
low alkali-metal coverages, excluding the possibility of an
interpretation in terms of a Rb-oxide related core-level
shift. Furthermore, the O 1s peak B binding energy does
not match to any of the known line positions of bulk
alkali-metal oxides.’” This situation is similar to the case
of silicon surfaces where the same O 1s component B is
related to O atoms weakly bonded only to the alkali-
metal-substrate complex.’” Another way to trace the
possible formation of Rb oxides would be to look at the
existence of a chemical shift at the Rb 3p core levels. Al-
though such a feature could possibly be compensated by
final states effects, the lack of a clear chemical shift at the
Rb 3p core level [Fig. 8(b)] further supports the picture of
no alkali-oxide formation. When the 3-SiC(100) surface
modified by a Rb monolayer is exposed to oxygen, the Rb
3p core level [Fig. 8(b)] is in fact just slightly affected with
a 10% energy broadening only. This results from oxygen
atoms chemisorbed to the Rb atoms through a weak
bonding rather than from Rb oxide formation. In these
views, it is interesting to notice that a totally different sit-
uation could be observed for alkali-metal-promoted oxi-
dation of a metal surface such as aluminum modified by
Na or K, with a clear evidence of alkali-oxide formation
from large chemical shifts observed at Na 2p or K 3p al-
kali core levels,®®>% which are not observed here for SiC
as in the case of semiconductor surfaces modified by
alkali-metal atoms in the monolayer range coverage. *8

Another important step in the promotion mechanism
is the enhanced migration rate of oxygen atoms under-
neath the surface breaking the substrate backbonds. This
can be seen in Fig. 7 by comparing the uptake curves of
the total integrated O 1s intensity for the bare SiC surface
with the O 1s 4 component intensity for Rb-modified
SiC. The latter component is related to oxygen-substrate
bonding only and therefore indicates the amount of O
atoms diffused into the bulk which contribute in the ox-
ide formation. It can be seen that the uptake curves show
a linear increase with the logarithm of the oxygen expo-
sure (Fig. 7). The same behavior has also been observed
in the oxide growth for the promoted oxidation of the
Si(100)2X 1 surface by various alkali-metal atoms.* In
these cases, it was demonstrated that the amount of sil-
icon oxides formed on the surface and the oxygen uptake
both strictly follow a linear law versus the logarithm of
oxygen exposures and do not depend on the alkali-metal
coverage.>>%” This behavior reflects the diffusion process
of oxygen atoms underneath the surface into the bulk,
which is the limiting factor for the oxide formation after
room-temperature oxygen exposure. The much higher
intensity of the O 1s 4 component for Rb/SiC(100) com-
pared to the O ls total intensity for bare SiC (Fig. 7)
clearly indicates the effect of the alkali overlayer which
facilitates the oxygen migration into the bulk and the
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substrate backbond breaking. Detailed studies of the
alkali-metal—-Si system revealed that this effect is mediat-
ed by the covalent bonding nature of the metal adsorbate,
which induces a weakening of the substrate backbonds. 3!
If this is also the case for the Rb-covered SiC surface, one
cannot make any definitive conclusion on the ground of
the present study. Our results show, however, that Rb
chemisorption does not result in large SiC(100) surface
disruption, as evidenced from the lack of large core-level
shift at the Si 2p and C 1s core levels. Also, from the
work-function measurements, one can deduce that the
Rb/3-SiC(100) surface/interface formation behavior ap-
pears to be very close to the one observed for elemental
semiconductor systems such as alkali-metal-silicon sur-
faces. Therefore, the weakening of backbonds appears to
be present also on the 3-SiC(100) surface, which would
certainly improve the surface reactivity and facilitate its
interaction with the oxygen atoms. However, an investi-
gation including high resolution core-level photoemission
spectroscopy using synchrotron radiation would
definitively be necessary to confirm this view.

Thermal annealing leads to an improved stoichiometry
of the oxide layer, which is mediated by the thermally ac-
tivated interdiffusion of oxygen and substrate atoms. As
already outlined above, the carbon oxide species leave the
surface by thermal desorption into the vacuum and a
carbon-free silicon oxide layer dominantly composed of
SiO, remains on the substrate after annealing at tempera-
tures up to 440 °C [see Figs. 8(a) and 10]. The heating re-
sults also in the gradual removal of the Rb catalyst from
the surface by thermal desorption, with no more Rb
atoms present on the surface at 780°C. One should no-
tice that this Rb desorption temperature is significantly
higher than observed for silicon surfaces, where tempera-
tures between 550 to 650°C are required.? 3133 It sug-
gests that Rb atoms are more tightly bound to the surface
on 3-SiC(100) than on Si(100)2 X 1. Interestingly, ab ini-
tio DMOL molecular force calculations for the
K/Si(100)2X 1 system have shown that, upon impinging
oxygen molecules, the K-Si distance is relaxed by 5%,
which gives rise to a bond weakening.’® A similar
behavior could also be expected here, which would ex-
plain the relative easy bond-breaking between the alkali-
metal and the substrate atoms upon rising temperature,
finally leading to an alkali-metal-free oxide layer on the
B-SiC(100) surface. Such an interesting feature has al-
ready been successfully achieved for alkali-metal (Na, K,
Rb, and Cs)-promoted oxidation of elemental semicon-
ductor surfaces such as Si(100)2X1 or Si(111)7
X 7.29731,33,59,60 However, this approach has been shown
to fail for other compound semiconductors like III-V be-
cause of the low thermal stability of their oxides®* and/or
surface/interface disruption at rather low tempera-
tures. !

V. CONCLUSIONS

We have investigated the direct and Rb-promoted oxi-
dation of a S3-SiC(100) surface by core-level photoemis-
sion spectroscopy. A clean and stoichiometric SiC sur-
face could be obtained using sequences of careful anneal-
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ings only. Direct room-temperature O, exposures of the
clean B-SiC(100) surface result only in little oxygen up-
take. In contrast, the presence of a Rb monolayer on the
B-SiC(100) surface, which decreases the surface work
function by —3.3 eV, is found to increase the room-
temperature oxygen uptake by a factor of 10"* leading
into the formation of high silicon oxidation states. Car-
bon oxide species are not found on the surface, which can
be addressed to the formation of CO and CO, molecules
desorbing into the vacuum. Unlike other compound
semiconductors such as III-V, this process leads to the
selective formation of silicon oxides only on the fS-
SiC(100) surface. The micromechanisms of catalysis for
this prototypical IV-IV compound semiconductor and
the role of Rb appear to be close to the described steps
for alkali-metal-promoted oxidation of elemental semi-
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conductors such as silicon. Subsequent annealing at tem-
peratures up to 700°C leads to the formation of a
carbon-free silicon oxide layer with a strong reduction of
the Rb overlayer, leading to the formation a nonabrupt
SiO,/B-SiC(100) interface having lower oxidation states
near the SiC(100) surface at lower temperatures than by
direct thermal oxidation. The Rb atoms are completely
removed from the surface at temperatures below 780 °C.
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