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Electronic and atomic structure of the 6H -SiC„0001… surface
studied by ARPES, LEED, and XPS
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We present an investigation of the electronic and geometric structure of the carbon terminated
6H-SiC(0001̄) surface. The samples were prepared in different ways that result in the same unreconstructed
(131) surface. From angle-resolved photoemission spectra taken along theḠ M̄ and theḠ K̄ azimuth, the
strong dispersion of a surface state in the ionic gap and of a bulk state at the boundary of the ionic gap is
measured. This indicates unambiguously that large areas of the surface are well ordered. The comparison with
band-structure calculations shows that even these areas do not have the properties of an intrinsic
6H-SiC(0001̄) surface. From a low-energy electron diffraction~LEED! structure analysis of the same surface
a model is determined with domains of all three possible bilayer truncations of the bulk unit cell present at the
surface with equal weight. For the well-ordered parts of the surface the combination of LEED and core-level
x-ray photoemission spectroscopy~XPS! favors a geometry with hydrogen adatoms bonded to the topmost
carbon atoms of the first bilayer thus saturating the surface dangling bonds. However, the XPS data also show
that the applied sample treatment does not yield a surface that is completely free of oxygen contamination,
which must be located in the disordered parts of the surface.@S0163-1829~98!11031-7#
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I. INTRODUCTION

Silicon carbide~SiC! belongs to a class of semiconducto
that on account of their unique properties are suitable
high power and high-frequency applications and can be
erated under extreme environmental conditions such as
temperature or high levels of radiation. The 6H polytype of
SiC is a well suited candidate in this respect in view of
high thermal conductivity,1 high breakdown field,2 and elec-
tronic band gap of 3.0 eV.3 However, there are a number o
difficulties preventing the industrial application of this mat
rial. Growth of SiC material sufficiently free of defects st
poses a problem that may be solved by improving the qua
of the growth surfaces. The hexagonal bilayer of SiC, i
the ~0001! plane in hexagonal and the~111! plane in cubic
polytypes, is of particular importance in that respect as i
the most widely used growth plane. A number of investig
tions dealing with the properties of surfaces in these orie
tions have recently been reported whereby most of
publications4–22 deal with qualitative aspects such as stoic
ometry and surface preparation. Little experimental wo
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however, has been published concerning the electronic b
structure of SiC. An exception with respect to the band str
ture of hexagonal surfaces appears to be the recent wor
Johanssonet al.21 identifying a surface state above th
valence-band maximum~VBM ! on 6H-SiC(0001), i.e., the
nominally Si-terminated surface. In very recent work23 some
of the present authors determined the valence-band ene
at theG andA critical points of the hexagonal Brillouin zon
of 6H-SiC. Otherwise, valence-band photoemission24–27and
core-level spectroscopy measurements28 have only been per-
formed forb-SiC~100!. Some insight into the detailed atom
structure of nominally silicon-terminated surfaces, i.e., 4H-
and 6H-SiC(0001) and 3C-SiC(111) came recently from
low-energy electron diffraction~LEED! and scanning tunnel
ing microscopy~STM! ~Refs. 29–39! including the structure
determination of the (333) reconstruction of 3C-
SiC(111).40–42On the 6H-SiC(0001̄) surface STM work by
Hoster et al.43 and a recent LEED study by some of th
present authors35,36 provided results for the atomic structur
of this nominally carbon-terminated SiC surface. In this p
4992 © 1998 The American Physical Society
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per we present results of angle-resolved photoemission m
surements on the (131) phase of 6H-SiC(0001̄) using ul-
traviolet and x-ray photoelectron spectroscopy~UPS, XPS!
to determine the surface-state band structure of the w
ordered parts of the surface and its chemical composition
a detailed LEED structure analysis we present the ato
geometry of the topmost surface layers including informat
about the surface morphology. LEED in combination w
core-level spectra from XPS provides further insight into
dangling-bond saturating adatom configuration of the w
ordered unreconstructed parts of the surface.

II. EXPERIMENT

Angle-resolved photoemission measurements were
formed at the Berlin synchrotron radiation source~BESSY!
using a toroidal energy analyzer44 and a toroidal grating
monochromator~TGM 4! in the photon energy range from
40 to 60 eV. The overall energy resolution was 0.25 eV a
the angular resolution61°. Angle-resolved spectra wer
acquired in steps of about 1° at polar angles ranging fr
290° to 190°. Angle-integrated core and valence-ba
spectra were also taken with a resolution of 0.5 eV us
monochromatized AlKa x-rays~XPS,hn51486.6 eV). The
636 mm2 sample was cut from a commercial 6H-SiC wafer
~Cree Research, Inc.!, which was oriented in the@0001̄#
direction perpendicular to the surface. After mechani
polishing, the C-terminated surface was plasma etched
hydrogen microwave plasma~power 500 W, H2 pressure
53103 Pa, H2 mass flow 100 sccm, sample temperatu
;800 °C! for about 30 min, dipped in diluted HF~5% in
deionized water!, and transferred into the spectromet
which had a base pressure of 531028 Pa. A sharp (131)
LEED pattern with a low background was observed indic
ing large well ordered and unreconstructed surface parts

A different piece of the same Cree wafer was prepared
thermal oxidation and, after a chemical cleaning proced
removal of the oxide by means of HF and NH4F treatment.
The sample was introduced into UHV immediately after t
chemical preparation using a sample transfer system. W
out any further treatment this sample also exhibited a sh
(131) LEED pattern corresponding to the SiC-bulk perio
icity. LEED measurements were carried out using a reve
view 4-grid LEED optics. The integrated diffraction spot i
tensities were acquired by means of a computer contro
video data acquisition system45 resulting in intensity versus
energy spectra,I (E), to be compared with dynamical inten
sity calculations for different trial surface models~see Sec.
IV !.

The experimentalI (E) spectra can also be used as fing
prints to compare the surface structure of different samp
As described above, two different preparation methods w
used in the course of these experiments. Obviously, the
face structure does not depend on theex siturecipe, as can be
concluded from the nearly identicalI (E) spectra of first-
order diffraction spots shown in Fig. 1. Furthermore, w
compared two different 6H-SiC(0001̄) samples, the Cree
sample and a bulk grown sample that was provided by
Helbig ~Lehrstuhl für Angewandte Physik, Universita¨t
Erlangen–Nu¨rnberg!. The similarity of the intensities also
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shown in Fig. 1 clearly confirms the reproducibility of th
preparation procedure.

III. ELECTRONIC STRUCTURE

The angle-resolved spectra for off-normal emission w
taken along the two high-symmetry azimuthsḠ-K̄ and Ḡ-M̄
in the surface Brillouin zone~Fig. 2!. Ḡ-K̄ and Ḡ-M̄ corre-
spond to the@12̄10# and @11̄00# directions in real space, re
spectively. A selection of spectra for several polar ang
recorded withhn552 and 50 eV is shown in Figs. 3 and
respectively. The corresponding peak dispersions~binding
energy vski) for the two directions are displayed in Figs.
and 6. The magnitude ofki was calculated in the usual wa
as the projection of the photoelectron momentum onto
crystal surface. The shaded areas in Figs. 5 and 6 are
projected bulk band structures according to Ref. 46. In
previous investigation of the bulk band structure of SiC
normal emission angle-resolved photoemission spe
~ARPES!,23 we found that this band-structure calculation r
produces the experimentally determined critical point en
gies quite well, provided the energy scale of the calculat
is stretched by 6% using the VBM as the zero of energy. T
same scaling was applied in Figs. 5 and 6. It is evident t
most of the experimental structures fall within the boun

FIG. 1. LEED I (E) spectra of the~10! beam from different
6H-SiC(0001̄) samples acquired immediately after HF treatme
and introduction to UHV following preparation by~a! plasma etch-
ing ~Cree wafer!, ~b! sacrificial oxidation~Cree wafer!, and~c! sac-
rificial oxidation ~Erlangen sample!.

FIG. 2. Surface Brillouin zone of the (131) reconstructed
6H-SiC(0001̄) surface.
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4994 PRB 58M. HOLLERING et al.
aries of the projected bulk band structure. In particular, pe
around 9 eV binding energy follow the dispersion of t
boundary fromḠ about half the way to the Brillouin zon
~BZ! boundary for both azimuths with a total dispersion
more than 1 eV. Other strongly dispersing features are fo
around 4 eV for theḠ-K̄ azimuth and around 14 eV alon
Ḡ-M̄ . Well-ordered areas on the sample surface are ne
sary for the observation of states dispersing withki ; other-
wise the spectra would show the dispersionless densit

FIG. 3. Angle-resolved photoelectron spectra for several p
angles along theḠ K̄ azimuth of the surface Brillouin zone at
photon energyhn552 eV. Sdenotes emission from a surface sta

FIG. 4. Angle-resolved photoelectron spectra for several p
angles along theḠ M̄ azimuth of the surface Brillouin zone at
photon energyhn550 eV. Sdenotes emission from a surface sta
ks

f
d

s-
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states. Thus the dominance of dispersing features in
ARPE spectra indicates that only a fraction of the surface
be disordered. The nondispersing structure at about 6
binding energy is ascribed to emission from the O 2p lone
pair orbital. This is due to a small amount of remaining ox
gen, as will be discussed in Sec. IV.

We shall now concentrate on a strongly dispersing tran
tion markedS in Figs. 3–6, which falls within the ionic gap
of the bulk band structure~between 9.3 and 10.5 eV below
the VBM! and must therefore be identified as emission fro
a surface-state band. Emission from this band can be
served as intense peaks in the spectra of both azimuths,
the dispersion fulfills all symmetry requirements such
symmetrical dispersion with respect to pointsḠ andM̄ of the
BZ, which are the center and boundary of the unrec
structed surface BZ, respectively. In order to stress the s
metry relative to the normal emission direction, which

r

.

r

.

FIG. 5. Energy dispersionE(ki) for the azimuthḠ K̄ of the
surface Brillouin zone as determined by angle-resolved photoe
tron spectra at a photon energyhn552 eV. Squares denote exper
mentally determined states, open squares represent the surface
S. The shaded areas are the projected bulk band structure acco
to Ref. 46 after it has been stretched in energy by 6%.

FIG. 6. Energy dispersionE(ki) for the azimuthḠ M̄ of the
surface Brillouin zone as determined by angle-resolved photoe
tron spectra at photon energyhn550 eV. Squares denote exper
mentally determined states, open squares represent the surface
(S). The shaded areas are the projected bulk band structure ac
ing to Ref. 46 after it has been stretched in energy by 6%.
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represented by the centralḠ point in Figs. 5 and 6, each
feature derived from the photoelectron spectra is plotted
both positive and negativeki vectors, i.e., for positive and
negative polar angles.

To our knowledge, this is the first experimental obser
tion of electronic surface states for the 6H-SiC(0001̄) sur-
face. Recently, Sabischet al. calculated the surface-sta
band structure for a relaxed C-terminated 6H-SiC(0001̄)
surface with carbon dangling bonds.46 However, there are
discrepancies between this calculation and our experime
For instance, the calculation yields a surface-state band
disperses within the ionic gap between about 9.9 and 10.5
near the pointsK̄ and M̄ and is degenerate with bulk state
around theḠ point. Contrary to our measurements, the bin
ing energy for the surface state is higher atK̄ than atM̄ . In
addition, the calculation shows a rather dispersionl
dangling-bond state 0.5 eV above the valence-band m
mum, where we do not observe any photoelectron emis
from occupied states. Accordingly, we have to assume
even those parts of the surface that exhibit the orde
(131) periodicity are not ideally C-terminated with unsa
urated dangling bonds on the carbon atoms. In the next
tion we determine the geometric structure of the surface
cluding the topmost layer stacking. In particular, we disc
whether surface dangling bonds are saturated by adat
which certainly would influence the energy and dispersion
any surface bands.

IV. ATOMIC SURFACE STRUCTURE

A. Surface layer stacking in 6H -SiC

We performed a quantitative LEED analysis to determ
the surface structure of the 6H-SiC(0001̄) sample. As men-
tioned before, SiC is composed of tetrahedrally bonded
bon and silicon in alternating positions forming hexago
bilayers. These bilayers are stacked on top of each othe
two possible orientations, rotated by 180° with respect
each other. A single orientation of all bilayers~linear stack-
ing! corresponds to a zinc-blende crystal structure, where
mutually rotated stacking of bilayers corresponds to a wu
ite structure. In SiC many different combinations of the
principal stacking sequences represent stable crystal s
tures~see Ref. 37 for more details!. The 6H polytype of SiC
investigated here is composed of a periodic arrangemen
two stacks of three linearly stacked bilayers oriented in
opposite direction~rotation by 180°!. The corresponding
stacking sequence isABCACB... .

For a basal plane surface—which is the surface paralle
those bilayers of 6H-SiC—one has to distinguish betwee
different possibilities of abulk truncated surface structure.
The particular layer stacking sequence of the 6H-polytype
allows six different surface layer stacking terminations t
all comply with this definition. An actual real surface ma
even contain a mixture of domains of different stacking
quences. The principal scenario is plotted in Fig. 7 with o
three stacking sequences drawn that are distinguished b
arrangement of linearly stacked and mutually rotated bilay
~we call the different stacking arrangementsS1, S2, andS3
according to the depth of the first orientation change!. The
other three possible arrangements (S1* , S2* , andS3* ) can
r
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be constructed from these by a 180° rotation. They are o
erwise of equivalent geometry. While any of these layer
rangements has a threefold rotational symmetry in real sp
and would also show a threefold rotational symmetry in
diffraction pattern for normal primary beam incidence, t
experimentally observed LEED pattern is strictly sixfo
symmetric, as shown in Fig. 8. Accordingly, by symmet
arguments we conclude that a balanced ratio ofS and S*
stacking sequences must be present on the surface.37 Still,
differently weighted surface stacking sequences (S1, S2, or
S3) may lead to different surface-state band dispersio
which might explain the difference between the experim
tally observed and theoretically predicted surface-state b
energies. The domain occupation ratio is therefore one of
primary parameters to be tested in our LEED structure de
mination. From the absence of the dangling-bond state
the experimentally observed band structure, we might exp
adatoms to be bonded to the topmost layer. The presence
nature of a dangling-bond saturation might also influen
other surface states and thus could explain the differe
between the measured dispersion of the surface band~S in

FIG. 7. Possible stacking of bilayers on a 6H-SiC(0001̄) sur-
face shown in a cross-sectional projection parallel to the~112̄0!
plane. The three different possible configurations are distinguis
by the position of the orientation change in the bilayer stacking
labeled accordingly (S15CACBAB, S25BCACBA, and S3
5ABCACB). Each termination can be present in two orientatio
rotated by 180° with respect to each other.

FIG. 8. LEED pattern acquired from a 6H-SiC(0001̄) surface in
normal incidence geometry for 363 eV displaying sixfold rotation
symmetry.
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4996 PRB 58M. HOLLERING et al.
Figs. 5 and 6! and that calculated by Sabisch.46 Accordingly,
we also have to test different adatom configurations in
LEED analysis.

B. LEED intensities

Experimentally, LEEDI (E) spectra were acquired usin
a video data acquisition system as mentioned above.45 Nor-
mal primary beam incidence was adjusted by comparing
matching the intensities of the six different spots of a sin
diffraction order. For five different diffraction orders of th
(131) LEED pattern representing the~10!, ~11!, ~20!, ~21!,
and the~30! spot all symmetry equivalent spectra were th
acquired and averaged. For trial surface models, LEED
tensities were generated using full dynamical calculati
based on standard computer programs.50,51 The atomic scat-
tering properties were modeled using 11 relativistically c
culated and spin-averaged phase shifts based on pote
obtained from a bulk SiC crystal. Electron attenuation w
simulated by the imaginary part of the optical potentialV0i ,
which was considered energy dependent according
V0i;E1/3.52 The actual magnitudes ofV0i were adapted
from our previous analysis of 6H-SiC(0001) ~Ref. 29! and
correspond toV0i54 eV for the clean surface andV0i
53.5 eV for the adatom models at a primary energy
90 eV. Thermal vibrations were considered within the Deb
model. Vibration amplitudes were also taken from a previo
analysis35 and for both surface and bulk equivalent to Deb
temperatures ofQD5750 K for silicon andQD5860 K for
carbon. Adatom vibration amplitudes were set to the sa
value as for the topmost carbon atoms. The real part of
inner potentialV0R was fitted as usual by shifting experime
tal and theoretical intensities on the energy scale. Bilay
had to be treated as composite layers using the comb
space method51,53 due to their small thickness~0.63 Å in the
bulk!. Scattering between bilayers was considered using
layer doubling scheme.50,54 Submonolayer coverages in th
adatom layers were tested by using the averaget-matrix ap-
proximation ~ATA ! where the scattering amplitudes of tw
elements, or here the element and a vacancy, are aver
according to the atomic concentration.55 The intensities were
calculated for energies up to 400 eV. As the different bea
appear on the fluorescent screen at different energies—
~30! spectrum starts only at 370 eV—this amounts to a to
energy overlap between experiment and theory of 835
By optimizing the agreement between experimental and
oretical intensity spectra, which was quantified by the Pen
R factor Rp ,56 the correct model was determined. Using
statistical error estimate based on the variance ofRp , we
could judge the significance of a fit improvement.56 It was
necessary to employ an automated search algorithm57 in or-
der to be able to scan through the large parameter sp
which would otherwise be practically impossible to hand

C. LEED structure analysis

Among the models considered were all three different s
face stacking sequences alone and combined in diffe
mixing ratios. In all cases the sixfold symmetric LEED pa
tern was generated by averaging the intensities calculate
equally weightedS and S* domains of identical geometry
For each individual domain type several interlayer spac
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parameters were varied, including the topmost bilayer thi
ness (d11) and up to three spacings between bilayers@Di j ,
see Fig. 9~a!#. Finally, hydrogen, oxygen, and silicon ad
toms were included in the model variation in different hig
symmetry bonding geometries, accounting for a poss
saturation of dangling bonds. We tested theT1 site where
the adatom is located on top of the topmost carbon atom
two threefold hollow sites, one with the adatoms above a
atom in the topmost bilayer, i.e., quasi-fourfold-coordinat
~T4 site!, and one with the adatoms above the second bila
Si position, i.e., truly threefold coordinated (H3 site!.29 Note
that a model with silicon inT1 geometry simulates a half
bilayer although this appears to be an energetically unfav
able structure. Full and submonolayer concentrations w
tested for oxygen and hydrogen. In addition, two oxide ty
models were tried, one with linear Si-O species orien
along the surface normal direction and bonded to the topm
carbon atoms of the first bilayer, and the other with a S
bilayer linearly stacked on top of the topmost substrate S
bilayer. For clarity, the different adatom models are plott
in Fig. 9 @panels~b!–~d!#. In these models the same substra
interlayer spacings were varied as in the clean surface m
@panel ~a!#. In addition, the spacing between the topmo
substrate and the adatom layer (d01), and in the case of the
Si-O models@panels~c! and~d!# the vertical spacing betwee
Si and O, (d210), were considered.

In a first step of the analysis the substrate geometry
tested without adatoms. An almost equally weighted mixt
of all three possible stacking sequences yielded anR factor
of Rp50.198. The dominance of a single domain type
found previously on a 6H-SiC(0001) surface29 could be ex-

FIG. 9. The SiC~0001̄! surface models tested in the LEE
analysis:~a! A clean unreconstructed surface terminated by a
bilayer. The topmost bilayer thickness (d11) and the first two inter-
bilayer spacings (Di j ) are given.~b! Adatom model with adatoms
in T1 coordination.H3 andT4 sites were also tested. The bon
length (d01) is shown in the plot.~c! Surface normal, linear Si-O
species inT1 position. C-Si (d01) and Si-O (d210) bond lengths are
indicated.~d! Si-O bilayer linearly continuing the substrate stacki
sequence. Hered01 is the C-Si bond length andd210 the Si-O bi-
layer thickness.
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cluded withR factors not lower than 0.35. The exact doma
type ratios can be deduced from theR-factor analysis as
shown in Fig. 10 and were found to be 25% (S1/S1* ), 30%
(S2/S2* ), and 45% (S3/S3* ). However, the deviation from
a 1:1:1 mixture is not statistically significant as judged by
variance of theR factor ~0.04, cf. Fig. 10!. Using the vari-
ance level of theR factor we can estimate the error marg
for the mixing ratios to be about620%. It should be noted
that theR-factor curves shown for the domain mixture a
obtained by fixing the percentage value ofone domain and
optimizing all other geometrical and percentage parame
of the surface model avoiding cross correlations and
yielding the true statistical error in the multidimensional p
rameter space. Bilayer spacings as derived from the be
are more or less bulklike~1.89 Å! below the surface while
the first bilayer is on average compressed by 20%~see Table
I for exact values!. When no adatoms are considered in the
~clean surface in Table I!, the trends for layer spacing relax
ations qualitatively agree with the structure optimized by
tal energy calculations.46,58 There, the topmost bilayer i
compressed even more to 0.38 Å~compared to a domain
average of 0.51 Å from LEED! while the first bilayer dis-
tance is expanded to 1.97 Å~1.90 Å from LEED!. The bal-
anced presence of all three possible domain types comp
well to the observation by transmission electron microsco

FIG. 10. R-factor plots for different mixtures ofS1, S2, andS3
type domains~discussed in the text!.
-

e

rs
o
-
fit

t

-

res
y

of equally distributed single bilayer height steps on t
~0001̄! orientation of as-grown homoepitaxial 4H- and
6H-SiC layers.59 Such a configuration requires a 1:1:1 mi
ture of domains. We therefore assume that a single step m
phology is present on our 6H-SiC(0001̄) sample as well.

The picture of a domain mixture does not change dram
cally when adatoms are included in a refinement analy
For some models the percentage numbers slightly cha
but never significantly enough to exclude an equa
weighted mixture. In fact, for none of the adatom mod
does theR factor decrease to an extent that the clean surf
as described above would be outside the error limits. Fo
full monolayer oxygen coverage, theR factor even rises. The
Si-O bilayer model yields the sameRp value as the clean
surface, which probably is just an indication that the scat
ing properties of oxygen and carbon are rather similar,
least for non-forward-scattering angles. However, even fo
planar layer the Si-O bond length~1.78 Å! would be too
large. Hence, this model seems improbable. No minimum
the R factor appears for any geometry of the linear Si
model, thus it also has to be excluded. Only for a hydrog
layer or submonolayer concentrations of oxygen both inT1
position, i.e., sitting on top of the topmost carbon atom, c
the fit be improved. With 100% hydrogen covering all thr
domains with an average bond length ofd0151.02 Å, theR
factor drops toRp50.184. The best fit for oxygen is eve
lower with Rp50.168, however still not outside theR-factor
variance. In the case of partial oxygen termination, the o
mum oxygen coverage is found to be 26% with a bo
length d0151.40 Å as averaged over the three domains.
both cases~hydrogen and oxygen! the bond lengths are in a
reasonable range and compare very well to 1.10 Å in m
lecular C-H bonds and 1.43 Å ins bonded C-O. In Table I
the best-fit geometries and the resultingR factors are sum-
marized for the adatom model search. In addition, the b
layer spacings and the optimized structure of the total ene
calculations46 are given. Nevertheless, from the LEED ana
sis alone we cannot determine a best-fit adatom model th
significantly better than the clean surface itself. However,
discussed in the next paragraph, evidence from XPS all
us to favor one of the models.
s
stacking

f. 46

1.88
1.88
TABLE I. Best values of domain mixing percentages, layer spacing, adatom coverage, andR factor for the different surface model
considered. Individual values for each domain and an average evaluated according to the mixing ratio is given. In addition, layer
values are given for the SiC bulk and for the surface structure optimized by total energy calculations~Ref. 46!. A dash is listed when the
respective parameter was not varied in the calculation.

Model Clean surface Hydrogen adatoms Oxygen adatoms SiO layer Bulk Re

Domain S3 S2 S1 av S3 S2 S1 av S3 S2 S1 av S3 S2 S1 av
mix ~%! 45 30 25 30 45 25 30 45 25 45 30 25
d11 ~Å! 0.53 0.53 0.47 0.51 0.57 0.63 0.60 0.60 0.57 0.54 0.63 0.57- - - - 0.63 0.38
D12 ~Å! 1.89 1.91 1.89 1.90 1.94 1.94 1.84 1.91 1.94 1.94 1.79 1.90 1.84 1.94 1.89 1.88 1.89
D23 ~Å! 1.83 1.89 1.91 1.87 1.89 1.89 1.84 1.88 1.89 1.89 1.84 1.88 1.94 1.84 1.89 1.90 1.89
D34 ~Å! 1.95 1.92 1.92 1.93 - - - - - - - 1.89 -
d01 ~Å! - - - - 1.03 1.03 1.00 1.02 1.38 1.38 1.44 1.40 1.84 1.89 1.89 1.87
d210 ~Å! - - - - - - - - - - - - 0.25 0.25 0.44 0.30
ad~%! - - - - 100 100 100 100 30 20 30 26 100 100 100 100
RP 0.198 0.184 0.168 0.178
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D. Additional structural information from XPS

In XPS we observe a single, slightly asymmetric Cs
line at a binding energy of 283.7 eV and a Si 2p line at
101.3 eV (SiI) with a minute shoulder at 103.8 eV~see
Fig. 11!. The shoulder on the Si 2p spectrum can be fitted b
two chemically shifted components located at 102.2 eV (SII)
and 103.2 eV (SiIII ). The sum of SiII and SiIII amounts to
about 13% of the total Si 2p intensity. On account of an O
1s signal at 533.0 eV these shifted Si components can
ascribed to silicon suboxides. However, according to
LEED analysis as discussed above, oxygen bonded to S
be ruled out. Therefore, this oxide cannot be present on
well-ordered parts of the surface but rather seems to resid
scratches that remained from the mechanical polishing
could not be removed in the course of the surface prep
tion. In fact, the amount of oxide as judged from the oxyg
signal corresponds approximately to the equivalent of
monolayer while the shifted silicon signal can only accou
for about half of it. The C 1s core-level spectrum of the
6H-SiC(0001̄) surface shown at the bottom of Fig. 11 ca
be fitted with the major component at 283.7 eV (CI) and a
minor one shifted by 0.8 eV (CII) towards higher binding
energies, which amounts to;9% of the total C 1s intensity.
A conspicuous absence of C 1s components shifted by
3–6 eV towards higher binding energies precludes a mea
able amount of oxygen bonded to carbon.48,49 That also con-
firms that there is no oxygen within the well-ordere
carbon-terminated parts of the surface. Accordingly,
have to dismiss the oxygen adatom model inT1 geometry
although it yields overall the bestR factor in the LEED
analysis.

FIG. 11. Si 2p and C 1s XPS core-level spectra o
6H-SiC(0001̄). The meaning of the labels SiI, SiII , etc. is explained
in the text.
e
e
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,
e

We noted above that the theoretical calculations
Sabischet al.predict a dangling-bond surface state about
eV above the valence-band maximum on a relaxed,
terminated 6H-SiC(0001̄) surface with carbon dangling
bonds.46 However, in the valence-band spectra discussed
Sec. III, no indication for the existence of such a valen
band is observed. Thus, the clean surface as tested in
LEED analysis is also incompatible with the spectrosco
evidence. Only the model with hydrogen terminatio
(Rp50.184) is thus consistent with all data sets. It is n
possible to identify the nature of the shifted C 1s component
unambiguously. It might be attributed to a graphitic impur
related to the disordered parts of the surface, or to a sm
chemical shift due to a hydrogen bond in the well-order
parts. A similar shoulder was indeed observed for a hyd
gen exposed diamond~111! surface.47 Thus, from the com-
bination of LEED and XPS we conclude for the well-order
parts of our sample surface that the only possible specie
adatoms saturating the surface dangling bonds is hydro
Unfortunately, theoretical calculations including adatoms
the (131) structure have not been published to our know
edge. The LEED spectra for the best-fit hydrogen model
the clean surface alone are shown in Fig. 12 in compariso
the experimental data@the~30! beam is omitted in view of its
small energy range#. The visual agreement between expe
ment and theory is very good for both geometry models. T
R-factor improvement for the hydrogen model primarily r
sults from the better reproduction of the first peak in the~11!
beam. Nevertheless, the overall scattering cross section
hydrogen is too small to cause significant differences in
LEED intensities, as is well known and manifested in t
small absoluteR-factor improvement.

V. SUMMARY

We succeeded in preparing 6H-SiC(0001̄) surfaces with
large, well-ordered, and unreconstructed areas by eith
hydrogen plasma treatment in a microwave discharge
subsequent HF treatment or by growing a sacrificial ox

FIG. 12. Comparison of experimental~solid lines! and calcu-
lated LEED spectra for the favored hydrogen adatom model~short
dashed lines! and the optimized geometry for a clean surface~long
dashed lines!.
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and subsequent HF treatment. The equivalent of one mo
layer oxygen is located in scratches that are left over a
mechanical polishing and therefore does not interfere w
band dispersions measured in angle-resolved photoemis
and with the analysis of LEEDI (E) spectra. In ARPES a
dispersing bulk and a strongly dispersing surface state in
ionic gap but no dangling-bond state above the VBM
observed. The origin of this surface electronic structure
not been identified by calculations so far.

In the quantitative LEED structure determination we o
tained a best fit for a model for the well-ordered parts of
surface containing a nearly equally weighted mixture of d
mains with different stacking sequences of the topmost
layers. The fit is improved by hydrogen and oxygen adato
in T1 position, not to an extent, however, to exclude t
clean surface model. Yet, in combination with evidence fr
the core-level spectra and in absence of a dangling-b
state, we favor the hydrogen model rather than a clean
l.
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face and exclude oxygen adatoms. Nevertheless it sh
remain clear that concluding the presence of hydrogen
based on indirect evidence. We have not been able to dire
observe hydrogen on the surface.
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