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High-resolution core-level study of 64-SiC(0002)
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A photoemission investigation using synchrotron radiation of(@@®1) surface of &1-SiC is reported. The
studies were concentrated on ##xv3-R30° and 63X 6v3-R30° reconstructed surfaces, but results from the
chemically prepared unreconstructest 1L surface are also presented. Core-level and valence-band spectra
recorded from the X1 surface show strong oxygen derived features. Forvtheind 6/3 reconstructed
surfaces, which were prepared by heating thel urface to temperatures of ca. 950 °C and 1150 °C, respec-
tively, no oxygen derived features are detected. The core-level and valence-band spectra are found to be
significantly different on these reconstructed surfaces. Recorded high-resolution core-level spectra reveal un-
ambiguously the presence of surface shifted components in both th@ &n@ C Is core levels on the
reconstructed surfaces. For th& reconstruction, two surface shifted components are observed both in the Si
2p and C X level. These findings cannot be explained by a structural model composed of Si or C adatoms on
top of a Si-C hilayer. For thev8 reconstruction, the surface region is found to contain a considerably larger
amount of carbon. This carbon is found not to be graphitic, since surface shifte¢@riponents with binding
energies different from the graphitic &G peak are observed. Clear evidence of graphitization is revealed only
after heating to a higher temperature than that required for observing a well-devel@diffiiction pattern.
[S0163-18286)02720-9

[. INTRODUCTION present investigation, high-resolution spectra of the i 2
and C Is levels show the presence of surface shifted com-
Silicon carbide is an attractive material for electronic de-ponents in both levels. These findings are presented below
vice fabrication, particularly for high-temperature and high-and discussed in view of earlier results.
voltage application$=* This and recent developments in
growth methods™ to produce high-quality SiC material has
made the surface properties of SiC a topic of current interest.
Knowledge about the structure and composition of SiC sur- The experiments were performed on beam line 22 at the
faces and changes induced by processing are of fundamentdlAX synchrotron radiation laboratory. This beam line is
interest, but are also important for device fabrication. Manyequipped with a modified SX-700 monochromatbield-
polytypes of SiC exist, different only in the stacking se- ing a highly monochromatic photon beam in the UV and
guence of the hexagonal bilayers of alternating silicon andoft-x-ray range. The end station of this beam line, which is
carbon atoms. Among these th€ Zand &H polytypes have built up around a large hemispherical Scienta electron
been most intensively studi&d*® analyzert® operates at a base pressure of abowtld *°
The present investigation was carried out on Si terminatedhbar. The electron analyzer accepts a cone of angular width
6H-SIC(0001) surfaces. Previous low-energy electron- £8°. Normal emission and an incidence angle of 40° was
diffraction (LEED) studie§2%1° have shown thaex situ  chosen as the experimental geometry. A total-energy resolu-
chemically prepared surfaces producg1LEED patterns tion, determined by the operating parameters used, of around
directly after introduction into a vacuum. Upon thermal pro-80-meV at 130-eV photon energy and of about 200 meV at
cessing at temperatures of about 900 °Cy3xv3-R30° 330 eV was selected in the high-resolution studies of the Si
LEED pattern was found to devel8p®*°Further heating to  2p and C s core levels reported below. The valence-band
above 1000 °C produced aBx6v3-R30° patterrf®which  spectra presented were collected using an energy resolution
was interpreted to originate from graphitization of the sur-of about 0.2 eV.
face, as a result of gradual Si depletion by desorption. For The samples wera-doped SiC crystals grown with the
V3XV3 reconstruction, a structural model composed of a Lely method(loffe Institute, St. Petersberg, Russias well
layer of Si or C adatoms in threefold symmetric sites on topas crystals grown with the modified Lely meth@@ree Re-
of the outermost Si-C bilayer was proposed in a recent scarsearch Inc., Durham, NC Samples with different doping
ning tunneling microscopy(STM) investigation'> The  concentrations(N, 1x10%-4x10'® cm™3) were studied,
present high-resolution core-level study concentrates on thmainly in an effort to minimize possible broadening caused
reconstructed surfaces, but some results for the unrecomty band bending effects. Both on-axis and off-axis cut
structed X1 surface are also presented. In a previoussamples were used, some of which were sublimation etched
investigatiort® of the 3x2 Si-rich 3C-SiC(100) surface, two  (loffe Institute in order to remove surface damage resulting
surface-shifted Si @ components were revealed and inter- from the polishing process. Thex situpreparation procedure
preted to originate from the two topmost surface layersutilized earliet® to obtain well-ordered SiC surfaces was ap-
which were thought to be comprised of Si atoms. In theplied and the samples were then immediately load locked
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into UHV. The as introduced samples displayed thell
LEED pattern expected from a bulk truncated surface. The
1/§><1f3—F;BO° andp #3x6v3-R30° reconstructed surfaces Valence band ~p
were prepared, as reported earlizhy resistive heating to hv =130eV / :
temperatures of 950 °C and 1150 °C, as measured with an IR W
pyrometer. Five different Si-terminatedH6SIC samples N 1150°C ¢
were investigated, but since essentially identical results were 6V3
obtained, only results from one sampgkn on-axis sample
from the loffe Institute, with a doping concentration of about
3x 10" cm™3) are presented. The well-developed reconstruc-
tions, labeled/3 and 6/3 below, were obtained after heating
for 2 min at 950 °C and 8 min at 1150 °C, respectively. The
cleanliness of the samples was checked by monitoring the ; .
core levels of likely contaminant©, N, and B and by mea- Py v
surements of the valence-band region. For the as introduced 1x1 & \\._ —
1X1 surface, a strong oxygen and a weak fluorine signal RT ».‘
were observed. A weak fluorine signal remained for #fie ./\\__’/
surface, but for the W8 surface, no contaminants could be p
detected. The binding energies specified below are refer- | | | | | |
enced to the Fermi level determined from a Ta foil mounted T R T T R S (P
on the sample holder. The high-resolution core-level spectra BINDING ENERGY (eV)
were recorded with the sample holder cooled to a tempera-
ture of about 100 K, in order to minimize broadening effects. F|G. 1. valence-band spectra oH6SIC(0001), recorded using
a photon energy of 130 eV from the unreconstructed. 1thev3,
Ill. RESULTS AND DISCUSSION and the &3 reconstructed surface.

INTENSITY (arb. units)

Characteristics of the three different surface structures ar&ucted  surfaces.
presented in Sec. Ill A and some aspects concerning surfa(f
graphitization are discussed in Sec. Il B. Results obtaine
when applying a curve-fitting procedure to the recordedsC 1
and Si 2 core-level spectra are presented in Secs. Il C an
[l D, and in Sec. Ill E we discuss possible origins of the
extracted surface shifted components.

It has been suggested, in recent
estigations;'® that the 11 surface, prepareex situand
mediately transferred into UHV, include oxygen atoms

ound on top of the outermost silicon atoms. For the purpose

f estimating if one layer of oxygen atoms can explain the

relative strength of the oxygen signal, the core levels of in-

terest were measured using a photon energy of 750 eV. The
relative strength of the Oslsignal was found to be 0.63 of

A. Valence band and core levels the C 1s signal and 0.32 of the Sig2signal, after dividing

Valence-band spectra recorded from the unreconstructd§e measured intensities with the calculated cross sections.
and reconstructed surfaces, using a photon energy of 130 e¥/sing a simple layer attenuation mo#fednd the approxima-
are shown in Fig. 1. The spectrum from th& 1 surface is
seen to be dominated by contribution from @ 2nd O &
derived states located at energies of about 7 and 25 eV, re-
spectively. The spectra recorded from the two reconstructed O1s .
surfaces are seen to be distinctly different. They exhibit sev- hv =130eV Y
eral sharp and strong features between 0 and 10 eV and some . .
broader and weaker features at larger energies. No oxygen .
related structures could be detected on these surfaces. Calcu- .
lated result®?*show that the valence-band density of states
of SiC can be divided into two subbands. A higher-lying
subband composed of hybridized-@ 2nd Si 3+ 3p states
and a lower-lying subband dominated by contribution from
C 2s electrons. A detailed comparison between valence-band
spectra recorded at different photon energies and calculated
partial densities of states is reported separdtehfere, the
recorded valence-band spectra are merely shown as represen- .
tative fingerprints of the three different surfaces investigated. 6V3 1150°C
An important thing to notice is that th& spectrum show no e et et 0 ae0s 000000 P et 590 e, 005y oae®
states at the Fermi level, while states close to the Fermi level | | | | | | | | |
are visible in the 63 spectrum. 536 534 532 530

Spectra recorded of the GsXegion for the three surface BINDING ENERGY (eV)
structures, using a photon energy of 600 eV are shown in
Fig. 2. A strong O % signal is observed on thexll surface, FIG. 2. Spectra recorded of the G fegion for the three differ-
while no oxygen signal can be detected on the two reconent surface structures, using a photon energy of 600 eV.
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and to have a shape that suggests that it also contains more
. C1s than one component. It deserves to be pointed out that this
a) hv = 345 eV spectrum was recorded on the well-develope@ éecon-
R struction. A gradual transformation between #ffeand 6/3
reconstructions was observed when heating at temperatures
above 950 °C, as discussed further below.
6v3 - 1150°C Si 2p spectra recorded from the th_ree_surfaces, using a
- photon energy of 130 eV, are shown in FigbB The 1x1
e S spectrum consists of one broad structure, which, when com-
. pared to earlier results on Si surfac@$® must contain more
S than one spin split Si @ component. That this is the case
was clearly revealed by spectra recorded using lower photon
V3 w__,,_,"' ; 950°C energies, i.e., more bulk sensitive spectra, in which the
oo s e A shoulder on the low-binding-energy side in the 130-eV spec-
B trum actually was the dominating feature. If th& 1 spec-
1x1 RT trum is assumed to contain only two components, a shift of
IR ca. +0.5 eV is obtainetl between the low-binding-energy
PR T A NI (NI SN T ST bulk peak and the shifted oxygen related component. An
287 285 283 281 earlier investigatioff of oxygen adsorption onG-SiC(001)
BINDING ENERGY (eV) surfaces showed different oxide features to appear on the
high-binding-energy side in the Sip2spectrum. These sat-
A Si2p ellite structures were found to exhibit shifts between about 1
b) A hv =130eV and 3 eV and were compared to the formal oxidation states,
o . +1 to +4, previously revealed on pure Si surfaégaVe
7 “\ could not find clear evidence of oxygen related features with
3 /.i "r\\ 1150°C such large shifts in the spectra recor.ded on the as introduced
Y \*"‘\-h_. 1X1 surfaces. However, after heating at temperatures be-
H tween 550—-800 °C, an oxide related shoulder appeared in the
3 B spectrum at a binding energy of about 2 eV larger than the
£ '3 bulk peak. This observation supports the earlier
TN 5 o suggestion'® of adsorbed oxygen atoms on the as intro-
V3 7 A \’\E‘ duced surface and rearrangement and oxide formation upon
Y annealing’®
g For the reconstructed surfaces, the $ispectrum is dis-
i RT tinctly different. In thev3 spectrum, a shoulder is observed
K on the low-binding-energy side and the shape of the domi-
nating structure indicates that it contains at least two spin
T IR IR A S N split components. In thev8 spectrum, the shoulder on the
104 103 102 101 100 i low-binding-energy side is seen to have shifted to lower
BINDING ENERGY (cV) - . X .
binding energy and the main structure is seen to be domi-

FIG. 3. (@) C 1s and(b) Si 2p spectra from the unreconstructed nated by a Si @ component located at a somewhat larger

1x1, thev3 and the &3 reconstructed B-SiC(000]) surface. binding energy than the component.s present ivihepec-
trum. It should be noted that the Sp2and also the C 4

g§pectra, were recorded using photon energies giving a high

tion that the oxygen atoms are located 2.5 A above the ’ ivity. The mini i the elect f
surface atoms, values of 5.1 and 9.0 A are obtained for th&""3¢€ SZ?_SZ'B'V' y. The minimum in the electron mean-iree-

mean free path at kinetic energies of 450 and 65QweNch pgth curv is expected to occur at electron kinetic ener-
correspond to the kinetic energy of @ and Si 2 electrons, gies in the range 30-50 eV. Minimum mean-free-path values

6 .
respectively. These values appear reason&bié® indicat- of 3.6 and 3.9 A have been reported forzg?.' An important
ing that one layer of oxygen adatoms on a bulk terminated"€sSsage conveyed by these surface sensitive core-level spec-

SiC(000)) surface may explain the relative strength observecfr"j1 is that both Si and C atoms are present in the outermost
for the O 1s signal on the X1 surface. ayers on all three surfaces, i.e., also for th8 éeconstruc-

C 1s spectra recorded for the three surfaces, using a ph&i_on. In addition, the spectra show that théGeconstruction

ton energy of 345 eV, are shown in Fig(a® The 1x1 IS not glrsesult of pure graphitization that has been suggested

spectrum appears to contain only one component, located sf"r“er'
a binding energy of 283.4 eV. In th& spectrum, an addi-

tional weaker component is clearly visible at larger binding
energy, around 285 eV. The/& spectrum is dominated by a It was recently reportécthat annealing of the Si0001)
structure located between 285-286 eV, which has a widtlsurface at a temperature above 1000 K gives rise to a low-
and shape that suggest that it contains more than one coranergy shoulder in the carbon Auger peak, which was as-
ponent. The original lower-lying structurgocated around signed to graphitic carbon. The shoulder was reported to ap-
283.4 eV is seen to be considerably weaker in this spectrunpear more pronounced after extensive heating to 1160 K

~
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as judged from the LEED patterr(4) 1 min at 1250 °C, and
e (5) 2 min at 1350 °C. The spectra recorded at the two highest
a) S Cls temperatures, labeled 4 and 5, show clear evidence of graphi-
: hv = 330 eV tization. The Si  spectrum is seen to consist essentially of
. ) one broad spin-orbit split bulk component, located at about
5 PG 101.4 eV, and shows no surface related components. In the C
g C 1s spectrum, a component interpreted as a graphitesC 1
peak appears at a binding energy of 284.7 eV, most pro-
nounced at the highest temperature. The curves labeled 3
correspond to the well-developes®reconstruction. In this
case, the Si g spectrum exhibits surface related features on
the low-binding-energy side of the strong bulk component
and the C % spectrum is dominated by a broad surface re-
lated structure located at a slightly larger binding energy than
the graphite C & peak. This C & spectrum shows clearly
that the &3 structure is not related to a graphite surface
. layer, since the shape of the carbon peak is so different from
N N T T T that of the graphite peak, which appears at higher tempera-
287 285 283 281 tures, as discussed above. There is a large amount of carbon
BINDING ENERGY (eV) in the surface region, however, and these carbon atoms oc-
cupy inequivalent sites, since the broad surface related fea-
b) A Si2 ture contains more than one component. The curves labeled
Pt 12p 2 represent a surface with a mixture of36andv3 recon-
i B hv = 130eV structed areas, since weaker36superstructure spots were
AN . o visible in the LEED pattern, while the3 spots were still
J_./' “\ME fairly strong. The C % spectrum exhibits, in this case, two
dominant features, which both show additional structure. The
) o high-binding energy feature is interpreted as related to the
A’ SN \w 6v3 reconstructed areas and the low-binding-energy feature
e to thev3 reconstructed areas, although the latter is seen to be
3 6 / ;\.,...:"-\8 min. 1150°C shifted compared to the dominant structure observed in the C
A s L S— ] 1s spectrum for the fully developed3 structure(curve J.
. . The Si 2o spectrum, curve 2, can be interpreted in a similar
AP 2 min. 1150°C fashion if the shoulders visible on the high-binding-energy
2 e i : e side are assigned to contributions from36reconstructed
[t g | o] areas(the above assigned bulk pgakhe other structures
1 3 s 2 min. 950°C can then be accounted for by shifting the $i peak, ob-
T —‘I"/I L tained for the fully reconstructed3 surface(curve J), to a
104 103 102 101 100 99 smaller binding energy. The Sip2spectrum for the/3 sur-
BINDING ENERGY (eV) face, curve 1, is seen to contain at least three spin split com-
ponents. The main peak in the correspondingsGgectrum
FIG. 4. (a) C 1s spectrum ahv =330 eV and(b) Si 2p spec- s seen to contain a shoulder on the low-binding-energy side
trum athv =130 eV recorded after heating fat) 2 min at 950 °C  and a weak broad structure located around 285 eV. It should
(thev3 structurg, (2) 2 min at 1150 °C{(3) 8 min at 1150 °Athe  pa noted that the3 reconstruction was found to be stable to
6v3 structur, (4) 1 min at 1250 °C, and®) 3 min at 1350 °C. prolonged heating. The curves labeled 1 were recorded after
heating for 2 min at 950 °C and essentially identical spectra
pattern, These findings were in agreement with previou ere obtained after heating the surface for 15 min at 950 °C.

studied and were stated to suggest development of carbon—‘ﬁen increasing the temperatgre to 1000 °C, or higher, the
carbon bonds after Si desorption. In view of these findings, iP 3 structure was found to begin to develop.

is worthwhile to consider how the Csland Si 2 spectra
were observed to change with thermal treatment. High-
resolution C 5 and Si 2 spectra recorded after heating at  In order to extract the shifts and relative intensities of the
temperatures between 950 and 1350 °C, using a photon edifferent components in the Csland Si 2 spectra, for the
ergy of 330 eV for C & and 130 eV for Si P, are shown in  reconstructed surfaces, a curve fitting procetfuveas uti-
Figs. 4@ and 4b). Spectra were also recorded at higherlized. Some complications were encountered when applying
energies, up to 500 and 240 eV, respectively, in order tahis procedure to SiC. The line-shape parameters are not
compare the surface sensitive spectra shown in Fig. 4 witknown for SiC and therefore Lorentzian widths similar to
more bulk sensitive spectra. The curves labeled 1-5 in Fig. hose previously used for Sip2on silicorr>?®and C s on
correspond to different heat treatmer(ts; 2 min at 950 °C  transition-metal carbidéshave been used. SiC is a semicon-
(i.e., the fully developed’3 structure, (2) 2 min at 1150 °C, ductor with a large band gap, which means that band bending
(3) 8 min at 1150 °C(i.e., the well-developed8 structure s likely to produce additional broadeniri§.Larger width
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when also the/3 reconstruction became visible in the LEED

C. Components in the Si D and C 1s spectra
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parameters, especially for bulk components, could therefore
be expected and were also obtained. Samples with different
doping concentrations were investigated, but no significant
difference in linewidths between low- and high-doped
samples was observed. The samples were investigated at a
temperature of about 100 K in order to minimize additional
broadening effects. For a semiconductor, the asymmetry pa- 2
rameter should be zero, since there are no states at the Fermis
level. Recorded valence-band spectra, see Fig. 1, show no£
states at the Fermi level for th8 reconstruction but, for the
6v3 structure states, are present close to or at the Fermi level,
which may give rise to an asymmetry in the core levels.
Several components were needed to fit these core-level spec
tra, so some constraint on the parameters had to be intro-
duced in the fitting procedure. The approach dedhs to
select one Lorentzian width and asymmetry parameter for all
components in a spectrum, but to allow the Gaussian width
to vary independently for each component. The Gaussian
width does, therefore, correspond not only to the instrumen-
tal broadening, but also includes other broadening effects.
Spectra were recorded at several photon energies between
315 and 500 eV for the Cdllevel and between 115 and 240
eV for the Si 2 level. A linear background model was ap-
plied in most cases, except for spectra recorded at such low
kinetic energies that the curvature of the inelastic tail had to
be accounted for. In this case, i.e., at photon energi€20
eV for the Si 2 level and<320 eV for the C § level, an
exponential background model had to be used. The back-
ground is included in all the fits presented below.

The results of applying the curve-fitting procedure to C
1s spectra are shown in Figs(éd—5(c). In each figure, the
raw data recorded using a photon energy of 380rface
sensitive and 500 eV(less surface sensitiyare shown by
dots. The curves below the 330-eV spectrum show the com-
ponents used and the curve through the data points show the
result of the fit. The C & spectrum for the/3 structure, Fig.
5(a) shows two surface components besides a bulk compo- a) Cls
nent located at 283.4 eV. The surface components, located at
282.8 and 285.0 eV, are directly discernible in the recorded
curve. For the well-developed/8 structure, Fig. k), the C
1s spectrum is dominated by a broad surface related struc-
ture, which contains, at least, two components: a broad and 5
strong component located around 285.3 eV and a weaker and:-
narrower one around 285.7 eV. Since one component is soE
broad, efforts to use three components were made but wereZ
unsuccessful. No consistency in relative intensities with pho- z
ton energy between the different components could then be
obtained. The low-energy structure, most pronounced in the

~ INTENSITY (

INTENSITY (arb. units)

arb. units)

500-eV spectrum and thus bulk related, contains in this case 52 S1

two components, a strong one located at 283.8 eV and a I SV N SR NN ST E T R

weaker one located around 283.1 eV. The spectra shown in 288 286 284 282

Fig. 5(b) were recorded on the surface where th@ 8truc- BINDING ENERGY (eV)

ture had started to develdpame as curve 2 in Fig)4The FIG. 5. C Is spectra recorded using two different photon ener-

high-binding-energy structure is decomposed into two comgjies are shown by the dots. The solid curves through the data points
ponents also in this case and the broad one is seen to be evéibw the result of the curve fit and the curves underneath the
more dominating than in Fig.(6). Two bulk components are 330-eV spectrum show the components used. Latlsb), and
obtained in this case, one stronger located at 283.1 eV and(g) correspond to 1, 2, and 3 in Fig. 4, i.e., to #f& the mixture of
weaker one located around 283.8 eV. A shoulder is clearly3 and 6/3, and the 3 reconstructed surface.

visible on the low-binding-energy side in the 330-eV spec-

trum and yields a surface related component around 282 @ixture ofv3 and 6/3 reconstructed areas, this can however
eV. At first glance it appears strange that two bulk compo-be explained by a difference in Fermi-level pinning for the
nents can be observed. Considering that this surface hast&o reconstructions.
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sides the bulk component located at 101.1 eV. The bulk
component is seen to be considerably broader than the sur-
face shifted components. For the fully develope@ 6econ-
struction, an even broader bulk component is extracted, lo-
cated at 101.4 eV. Three additional components are resolved
in this case, two of which are clearly surface related, since
their contribution is considerably weaker in the 240-eV spec-
trum. The third of these components, the one located at about
100.7 eV, is not much attenuated in the 240-eV spectrum and
is not a surface component. The origin of this feature is
obvious when looking at the fit in Fig.(8), i.e., for the
surface containing a mixture o8 and the &3 reconstructed
areas. Two bulk components are resolved, located at energies
of 100.7 and 101.4 eV respectively, and interpreted to origi-
' ' nate from thev/3 and 6/3 reconstructed areas. The two other
components, located at 100.3 and 99.7 eV, are clearly sur-
face related.

Si2p The picture thus appears very similar when looking at the
C 1s and Si 2 spectra. The bulk component for th&
reconstruction is shifted about 0.4-0.5 eV towards smaller
binding energy when thevB reconstruction begins to de-
velop and a new bulk component shifted about 0.3-0.4 eV
towards larger binding energy appears. For the well-
developed 83 structure the high-binding energy bulk com-
ponent is found to be the dominating one. Surface related
components are unambiguously identified in thesCahd Si

2p spectra for both the’3 and 6/3 surfaces. The widths
obtained for the different components deserve a comment,
particularly since the Si bulk components are found to be
so different for the/3 and 6/3 surfaces. That a bulk compo-
nent is broader than a surface component can for SiC most
likely be attributed to band bending effects. This may also be
a reason why the bulk Sif2component on thev® surface is
considerably broader than on th& surface, since our results
indicate that the Fermi-level pinning is different for these
surfaces. The additional broadening may, however, also
originate from compositional variations with depth from the
surface or from the presence of different defects. These high-
resolution core levels show, however, unambiguously that
surface shifted C 4 and Si 2 components do exist both on
thev3 and the &3 reconstructed surface. The extracted core-
level shifts and the Gaussian widths obtained in the fits are
summarized in Table | for the two reconstructed surfaces.

INTENSITY (arb. units)

b)
V3 +6V3

INTENSITY (arb. units)

INTENSITY (arb. units)

103 1(|)2 1(|>1 1(|)0 99
BINDING ENERGY (eV) For the purpose of elucidating in somewhat greater detail
the development of the graphitic Cslcomponent, fits of
FIG. 6. Si 2 spectra recorded using two different photon ener-spectra recorded after heating at 1250 °C and 1350 °C are
gies are shown by the dots. The solid curves through the data pointshown in Fig. 7. These are seen to contain a bulk component,
show the result of the curve fit and the curves underneath thggcated around 283.8 eV, and two surface components. The
130-eV spectrum show the components used. La@sb), and  gne |ocated at 284.7 eV becomes strong and fairly narrow
(c) correspond to 1, 2, and 3in Fig. 4, i.e., to ¥ the mixture of  after heating at the highest temperature and is interpreted to
v3 and 673, and the &3 reconstructed surface. be the graphitic C & peak. The broader surface component,
located at about 0.5-eV-larger binding energy, indicates the
Fits of the Si 2 spectra are shown in Figga#—6(c). In presence of surface carbon in a different form than graphite.
each figure, the raw data recorded using a photon energy dhe Si 20 spectrum is dominated by one broad bulk compo-
130 (surface sensitiveand 240 eV(less surface sensitive nent in these cases, as illustrated in Fig. 8. However, a weak
are shown by dots. The curves below the 130-eV spectrurgontribution of additional components on the low-binding-
show the components used and the curve through the dagmergy side is revealed by the fits. For these two surfaces, the
points show the result of the fit. For th& reconstructed LEED pattern showed thevB8 structure spots, but also a
surface, Fig. @), two surface components are obtained be-significantly larger background contribution, largest at the

D. The C 1s graphite peak
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TABLE I. Binding energy(BE) and surface core-level shifsCLS in eV for components resolved for the
v3 and 6/3 reconstructions. The Gaussian wid@®W) in eV used for each component is also specified. The
binding energy referenced to the Fermi level of a Ta foil were determined with an accuradyoeV. The
surface core-level shifts are given relative to Bie component. In each case, the mean value specified was
obtained from at least six independent determinations and the maximum deviation is given in parentheses.

C 1s level Si 2p level

V3 reconstruction BE/SCLS GW BE/SCLS GW
B1 bulk comp. 283.4 0.60 101.1 0.55
S1 surf. comp. —0.61 (+0.05 0.32 —1.10 (+0.09 0.40
S2 surf. comp. +1.46 (+0.09 1.35 —0.41 (+0.09 0.33

Clslevel SiZplevel
6v3 reconstruction BE/SCLS GW BE/SCLS GW
B2 bulk comp. 283.8 0.64 101.4 0.57
B1 bulk comp. 283.1 0.64 100.7 0.31
B2-B1 separation +0.66 (+0.06 +0.65 (+0.06
S1’ surf. comp. —1.16 (+0.06 0.43
S2' surf. comp. —0.39 (+0.06 0.39

S3 surf. comp.
4 surf. comp.

+2.11 (x01) 1.20
+2.67 (+0.15 0.51

highest temperature. The most distine36attern was ob- quite large changes in the chemical composition in the sur-
tained for the surface we have labeled “well-developedface region. For thev8 structure, an interesting point is if
6v3,” which was prepared by heating at 1150 °C for 8 min. one surface layer of carbon can give rise to such strong sur-
face components. An estimate of the largest surface to bulk
intensity ratio to be expected using the layer attenuation
, , i model, a bilayer separation of 2.52 A, and the minimum
Surface shifted components in both the €dnd Si D 04 free-path values previously repoéd® yield a ratio

core '?Ve's were unambiguously identified in the hlgh'of =<1.3. A considerably larger intensity ratio is extracted
resolution spectra presented above for the reconstructed SUom the 330-eV spectrum, as shown in Figc)s which

faces. Ideally one would like to assign these shifted COMPO_ - octs that more than one laver is affected in this recon-
nents with specific sites for the atoms. In a previous 99 y

investigationt® of the 3x2 Si-rich 3C-SiC(100) surface, two struction. For the/3 structure, on the other hand, the relative
surface shifted Si @ components having shifts ef0.48, and strength of the extracted surface components in both the C

—1.41 eV, were revealed. These components were intertS @nd Si 2 spectrum is small enough for each of them to
preted to originate from the two outermost layers, a buckled® interpreted as contr|b_ut|0n from one surface layer or less.
topmost Si layer and a Si layer underneath. The component For the\f3_ reconstruction, fistructural model compqsed of
exhibiting the largest shift was assigned to up atoms in the layer of Si or C adatoms in threefold symmetric sites on
buckled topmost layer and the component showing thdop of the outermost Si-C bilayer was proposed in a recent
smaller shift was interpreted to originate from the other at-STM investigation:> This model, however, cannot explain
oms in the topmost layer, plus the atoms in underlying layerthe occurrence of two surface shifted components in both the
The 3x2 Si-rich 3C-SiC(100 surface was prepared by ex- Si 2p and C I level, as observed for thé3 surface. If the
posing the sample to a flux of Si, from an evaporationadatoms are assumed to be Si atoms, one can account for the
source, during heating. In our case, the reconstructed sutwo shifted components observed in the $i ZheS1 com-
faces were prepared big situ heating of 64-SiC samples, ponent can be assigned to the Si adatoms andgsZheom-
which after load locking into UHV showedX1 LEED pat- ponent to the Si atoms in the topmost bilayer. We rule out
terns. For the/3 and 6/3 reconstructions, we can rule out the the possibility that Si atoms in the bilayer underneath the
possibility that the two topmost layers are comprised solelytopmost bilayer contributes 82, since a considerably larger
of Si atoms, since prominent surface @ @omponents are surface to bulk intensity ratio would then be expected. The
observed in both cases. For the36structure, our results problem encountered is how to interpret the two shifted com-
show that the surface region contains a considerably larggyonents appearing in the G pectrum. One component can
amount of carbon than silicon compared to #3estructure, be accounted for, th&1 component, which can be inter-
since the relative strength of the surface €($i 2p) com-  preted to originate from carbon atoms in the topmost bilayer.
ponents are largefsmalle) for the 6/3 reconstruction than TheS2 component, appearing at a larger binding energy than
for the v3 reconstruction. Moreover, the drastic changes obthe bulk peak, is however difficult to find an explanation for.
served in both the Cdand Si 2 spectrum show that the The presence of defect areas may be envisioned, but it ap-
structural change from the3 to the 6/3 is accompanied by pears unlikely since the recent STM restitmdicate that

E. Origin of the surface shifted components
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a) Cls Si 2p

6v3 + diff. 1250°C =

backgr, hv=130eV
1250 °C

6V3 + diff. backgr.

INTENSITY (arb. units)
INTENSITY (arb. units)

288 286 284 282
BINDING ENERGY (eV) ] | | | | | | |
103 102 101 100 99
BINDING ENERGY (eV)
b) Cls
673 + diff. backgr. FIG. 8. Si 20 spectrum recorded using a photon energy of 130

eV after heating 1 min at 1250 °C, i.e., corresponding to 4 in Fig. 4.
The LEED pattern showed the/8 spots, but also a large diffuse
background contribution.

1350°C

The above arguments concerning the existence of two sur-
face shifted components in both Sp 2nd C Is level for the
V3 reconstruction also rule out an interpretation in terms of a
trimer arrangement of C, or Si atoms on top of the outermost
Si-C bilayer!® From cluster calculations;*® hydrogenated
L : : 1 : triangles of C atoms saturating the surface silicon dangling
bonds in the outermost Si-C bilayer has been proposed as the
FIG. 7. C 1s spectra recorded using two different photon enermost favorable model for the3 reconstruction. This model
gies are shown by the dots. The solid curves through the data poinissnnet, however, explain our experimental results.
show the fitted curves and the curves underneath the 330-eV spec- Other possible arrangements have, therefore, to be consid-
trum the components used. Labésand(b) correspond to 4and 5 araj - One option is to assume that the topmost bilayer is
in Fig. 4, i.e., to heating 1 min at 1250 °C and 3 min at 1350 °C, o, yifieq in thev/3 reconstruction, such thtof the Si atoms
respectively. The LEED pattern showed thé3&pots, but also a d bed so the onlv Si atoms remaining are the adatoms
large diffuse background contribution in these cases. are desorbe y 9 -
on top of an arrangement of C atoms. The second bilayer
could be assumed to be affected by these rearrangements to
the concentration of defects is too small to account for ssuch an extent that also these atoms should give rise to sur-
surface component of this magnitude. A similar difficulty of face shifted components. This would explain the observation
assigning the four surface shifted components is encounterexf two shifted components in both levels and also the appear-
if the adatoms instead are assumed to be C atoms. [$2he ance of a surface Cslcomponent shifted to larger binding
component in the C 4 spectrum is assigned to the C ada- energy. The observed components could then be assigned as
toms and theS1 component to the C atoms in the topmostfollows. TheS1 component in the Sif2 spectrum to the Si
bilayer, the problem then concerns the two shifted compoadatoms and th&2 component to Si atoms in the second
nents in the Si P spectrum. One of these can then be as-bilayer. TheS2 component in the Cdspectrum to C atoms
signed to the Si atoms in the topmost bilayer, but the occurin a modified (“carburized”) topmost bilayer, and th&1l
rence of a second component with a distinctly differentcomponent to C atoms in the second bilayer. This would also
relative strength is difficult to explain. One possibility to be consistent with the extracted relative intensities of the
account for these shifted levels would be to assume regiongdifferent components. In the Sp2spectrum, th&S1 compo-
with different terminations to exist on the surface, i.e., thenent is considerably smaller than t82 component, while in
presence of C and Si terminated areas. This possibility seentke C 1s spectrum, the magnitude of the bro&d and the
unlikely, however, in view of the recent STM resultsAda-  narrowerS1 component are fairly similar. At present, we can
toms of Si, or C, in threefold symmetric sites on top of theonly speculate about various possible arrangements of C at-
outermost Si-C bilayer are moreover not consistent with ouoms in such a modified layer, since no theoretical results are,
observation that the valence-band spectrum forvhiesur-  as far as we know, available to predict the core-level shift
face show no states at the Fermi level. These adatoms shouldsulting from a certain change in carbon bonding configu-
produce a metallic surfacé which is not observed experi- ration on SiC. One could, for example, consider a trimer
mentally. arrangement of C atoms above the second bilayer and under-

INTENSITY (arb. units)
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neath the adatoms, since this would not be in conflict withstruction on the surface. The bulk component related to the
the previous STM observatiod3Trimers would give rise to V3 structure does not disappear until clear evidence of
substantial changes in the carbon bonding configuration angraphitization of the surface is obtained, as seen in Figs. 7
could be assumed to produce a more graphitelikess€dm-  and 8. For the/3 areas, it appears as if a certain Si concen-
ponent, like thes2 component observed. In a trimer model it tration gradient is maintained in the outermost layers by dif-
is, however, difficult to envision how the strain induced in fusion from deeper layers.
the bonds are accommodated. Therefore, a more complex
arrangement of C. atoms in allayer underneath Si adatoms V. SUMMARY
seems to be required to explain the shifted levels observed.
At present, we cannot propose a specific arrangement, but For the as introduced>1 surface, strong oxygen related
hope that future theoretical efforts concerning core-levefeatures are identified in the valence-band spectra. One layer
shifts in SiC may provide new insight concerning the struc-of oxygen atoms on top of a bulk terminated surface is found
ture of thev3 reconstruction. What we can do is to list the to be a reasonable estimate from the relative strength ob-
experimental observations that such a structural model forained for the O % signal. Upon heating, the oxygen is found
the v3 surface should account for in order to be consistento disappear before thé& reconstruction develops. Valence-
with our photoemission results. It should account for twoband spectra recorded from tw8 and 6/3 reconstructions
surface Si d levels shifted to smaller binding energies andshow distinct differences, but no oxygen related features.
for a considerably weaker relative strength for the compo- The high-resolution core-level results for th@ recon-
nent exhibiting the largest shift. It should account for two struction show unambiguously the presence of two surface
surface C 5 components of comparable relative strength,shifted levels in both the Siand C Is levels. This cannot
one exhibiting a negative shift and one a positive shift. Fi-be explained using a model of Si or C adatoms on top of a
nally, it should account for a semiconducting surface. bulk terminated Si-C bilayer. Instead, we propose a model in
One puzzling observation is made concerning the corewhich the topmost bilayer is modified, such that oflyf the
level intensities when comparing th& and the &3 struc-  Si atoms remain as adatoms on top of a modified arrange-
ture. In the Si » spectrum, shown in Fig. 6, the surface-to- ment of C atoms. The adatoms, the modified carbon layer,
bulk intensity ratioS1/B1 andS2/B1) are seen to increase and the bilayer underneath are proposed to give rise to the
in going from thev3 to the 6/3 reconstruction. These two surface shifted components observed.
surface shifted Si @ components were above interpreted to  For the well-developedv@ reconstruction, the surface re-
be related solely to th€3 reconstruction. The LEED pattern gion is found to contain a large amount of carbon, as re-
and also STM imagé$ suggest that thev8 reconstruction vealed by strong surface related features in thesGsfiec-
begins to develop in certain areas on the surface, while theum. This carbon is found not to be graphitic, since two
rest remains/3 reconstructed when increasing the heatingsurface related components appear with binding energies dif-
temperature from 950 °C to 1150 °C. If the changes inducederent from the graphitic C 4 peak observed after heating at
were restricted to the two outermost bilayers, one would exhigher temperatures. The changes observed in the core levels
pect the surface-to-bulk intensity ratio related totfiestruc-  when the surface transforms from & to the 6/3 structure
ture to remain constant, i.e., contrary to our experimentasuggest that compositional changes are induced several lay-
observation. This suggests that changes in deeper lying bérs deep into the crystal and that the Fermi-level pinning is
layers accompany the structural transformation, since thdifferent onv3 and 6/3 reconstructed areas. Clear evidence
bulk component related to thé& structure decrease in rela- of graphitization, i.e., the appearance of a graphitic € 1
tive intensity when the areas of/® reconstruction increase. peak, is revealed only after heating to a higher temperature
The 6/3 structure has been suggested to form upon Si deplehan that required for observing a well-develope@ 6EED
tion by desorption and Si atoms must then diffuse to thepattern.
surface before desorption when more than one bilayer is af-
fected. One way to explain the strange behavior of the bulk ACKNOWLEDGMENTS
component related to thé structure is to assume that bulk
diffusion creates a concentration profile fairly deep into the Financial support from the Swedish Natural Research
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