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k-resolved inverse photoemission of four different 6H-SiC„0001… surfaces

C. Benesch, M. Fartmann, and H. Merz
Physikalisches Institut der Universita¨t Münster, D-48149 Mu¨nster, Germany

~Received 12 June 2001; published 6 November 2001!

We have investigated the unoccupied electronic states of the Si-terminated~0001! surface of hexagonal
6H-SiC. The main problem with these surfaces is the reliable preparation of well defined surface reconstruc-
tions. We give reproducible methods to prepare the (131), ()3))R30°, (333), and the (6)
36))R30° surface by controlled heating of the SiC sample in a Si flux. These surface reconstructions show
a characteristic LEED pattern and a characteristic Si/C peak ratio in Auger electron spectroscopy. We present
k-resolved inverse photoemission spectra for the (131), ()3))R30°, and (333) surface. We compare the
measured dispersion relations withab initio local density approximation surface band structure calculations of
the (131)- and the ()3))R30°-reconstructed 6H-SiC~0001! surface and with a Mott-Hubbard model of
the electronic ground state of the ()3))R30° and (333) reconstruction. The comparison between experi-
ment and theory supports the Hubbard model: The experiment determines a value ofU52.0 eV for the
Mott-Hubbard Coulomb interaction parameter for the ()3))R30° reconstruction andU51.25 eV for the
(333)-reconstructed surface, respectively.

DOI: 10.1103/PhysRevB.64.205314 PACS number~s!: 73.20.At
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I. INTRODUCTION

Siliconcarbide~SiC! has become an interesting mater
for short wavelength optoelectronic, high temperature, ra
tion resistant, and high-power/high-frequency electronic
vices because of its wide energy bandgap, its high ther
conductivity, its high breakdown electric field and its hig
saturated electron drift velocity.

For the realization and optimization of the technologic
application of SiC in the field of electronic devices, the re
able knowledge of the electronic structure of this semic
ductor is advantageous. It is not only the electronic struct
of the bulk, but also of the different free surfaces, which is
high interest.

In this work we investigate the electronic surface ba
structure of all four known 6H-SiC~0001! surface reconstruc
tions with inverse photoemission~IPE!. Therefore we need
well prepared and characterized surfaces and we give re
ducible methods for preparing the four surface reconstr
tions. The quality of the preparation is controlled by low
energy electron diffraction~LEED! and Auger electron
spectroscopy ~AES!. At well prepared surfaces angle
resolved inverse photoemission spectra were performed
with these spectra several surface states of the differen
constructions of the 6H-SiC~0001! surface were determined

II. EXPERIMENTAL

The inverse photoemission spectra were performed in
UHV chamber, additionally equipped with a LEED optic an
a cylindrical mirror analyzer~CMA! for Auger electron spec
troscopy. During the measurement the base pressure
about 122310210 mbar.

The IPE setup is built by a band-pass Geiger-Mu¨ller
counting tube and a modified version of the Erdman-Z
electron gun1 and it works in the isochromat mode with
fixed photon energy of 9.9 eV. The Geiger-Mu¨ller counting
tube uses the combination of a CaF2 entrance window with
0163-1829/2001/64~20!/205314~10!/$20.00 64 2053
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an acetone filling. The ionization threshold of the gas and
transmission cutoff of the window define the energy ban
pass of the detector.2 With this combination an overall reso
lution in the IPE spectra~detector and electron gun! of 60.2
eV is achieved~determined by the 10–90 % onset at t
Fermi edge in the IPE spectrum of polycrystalline tantalum!.

The electron gun is a modified version of the Erdma
Zipf electron gun with a barium-oxide dispenser catho
The gun supplies an electron beam with kinetic energies
tween 0 and 30 eV with the above mentioned resolution
60.2 eV and a maximum sample current of a fewmA. The
angle divergence is determined by Scha¨fer to 0.8–1.0 nm21.3

The azimuthal incidence angle~or the direction ofki

within the Brillouin zone! is adjusted using the LEED pat
tern. The polar angle is calibrated with a laser beam reflec
by the surface of the sample: For the calibration proced
the electron gun is removed and replaced by a laser. If
laser beam and its reflected beam coincide, the samp
positioned in the normal incidence position~0°!.

For temperature measurements of the sample an infr
pyrometer~emission factor of 6H-SiC:a585%! is used. The
sample is heated by electron bombarding the back of
sample holder.

The Si-terminated,p-doped~A1! 6H-SiC wafer~NA56.2
31017cm23, orientation on axis! was introduced into the
UHV chamber as delivered by Cree Inc.4 without any previ-
ous chemical cleaning or etching. The four different surfa
(131), ()3))R30°, (333), and (6)36))R30°
were prepared by heating the sample in a Si flux. The Si fl
was produced by an UHV evaporator with an integral fl
monitor from Omicron~EFM!. The flux monitor continu-
ously monitors the evaporation rate by measuring the
current~in nA!, which is proportional to the flux of neutral S
atoms. This allows a reproducible flux adjustment and a
flux control.

The position of the Fermi edge of the apparatus is c
brated by taking a reference IPE spectrum of polycrystall
tantalum~which is mounted on a second sample holder!. The
©2001 The American Physical Society14-1
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C. BENESCH, M. FARTMANN, AND H. MERZ PHYSICAL REVIEW B64 205314
steep onset in the tantalum IPE spectrum gives the pos
of the Fermi levelEF of the apparatus.

The equation

ki~Ei !5\21A2m~Ei2F! sinq

is used for the calculation of theE(ki) dispersion. In this
equationEi is the energy of the incoming electrons~with
respect to the Fermi level of the sample!, q is the angle
between the electron beam and the sample normal, andF is
the work function of the sample. The work function is me
sured by a combined evaluation of target current spect
copy~TCS! and IPE: The onset in the target current gives
difference between the work function of the sample and
work function of the cathode. The work function of the cat
ode is separately measured by the onset within an IPE s
trum of polycrystalline tantalum. With these combined tec
niques we determine the work function of the 6H-SiC~0001!
surface toF5(4.860.2) eV, in good agreement with Pelle
tier et al.5 F5(4.8560.10) eV.

A. Sample preparation

In this work the (131), ()3))R30°, (333), and
(6)36))R30° reconstructions of the 6H-SiC~0001! sur-
face were prepared by heating the sample in a controlle
flux. With this method well-ordered reconstructions we
produced, which not only show good LEED pattern, b
also—which is more demanding—well structured reprod
ible inverse photoemission spectra. The different reconst
tions were characterized by LEED and—independently—
Auger electron spectroscopy~AES!. The different recon-
structions have different characteristic AES-Si/C peak ra
~see Table II!. Dependent on the offered silicon flux and th
heating temperature of the sample a well defined narrow
terval for the Si/C peak ratio for each reconstruction w
found. Thus for the preparation of a definite surface rec
struction the three parameters~i! time of preparation,~ii !
silicon flux, and~iii ! heating temperature of the sample ha
to be chosen within narrow intervals. Table I shows the u
preparation parameters for all prepared reconstructions.

1. (1Ã1) surface

The (131) surface was prepared in two steps: Start
from a surface with a low Si/C ratio the sample was annea
in a first step at a temperature ofT5800°C in a Si flux of 40
nA for 10 min. With this preparation the amount of silicon

TABLE I. Summary of the preparation parameters for the fo
different 6H-SiC~0001! surfaces.

Surface Si fluxF
@nA#

time t
@min#

temp.T
@°C#

(131) 1. step >40 10 800
2. step 10–20 930

()3))R 30° 15–20 10 930
(333) 40 10 860
(6)36))R30° 10 980
20531
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the surface increases. If the AES-Si/C-peak ratio reaches
ues>6 the Si flux was stopped and the next preparation s
was started. The sample was annealed for 10 min at a hi
temperature ofT5930°C. Without an offered Si flux this
heating procedure reduces the amount of silicon at the
face and at this temperature the surface shows
(131)-LEED pattern as seen in Fig. 1. The sharpness of
LEED spots shows that these two steps are a suitable pr
ration method for the (131) surface. The surfaces prepare
in this way show no oxygen peak in the AES spectra and
AES-Si/C peak ratio of about 1 in good agreement with v
Elsbergenet al. (1.060.5)6 and Kaplan~,2!.7 The AES-
Si/C peak ratio of the (131) surface is the lowest Si/C rati
of the four surfaces investigated in this paper.

2. ()Ã))R30° reconstruction

The ()3))R30° reconstruction can be prepared by a
nealing the sample at a temperature ofT5930 °C in a sili-
con flux of 15–20 nA for 10 min. The optimal value of the S
flux depends on the previous state of preparation: If
preparation procedure starts at an AES-Si/C peak ratio
about 6@e.g., with a preceding (333)-reconstructed surface#
a Si flux of 15 nA or even less is required, but when start
with an AES-Si/C peak ratio of 1@e.g., from the (131)
surface# a higher Si flux of 20 nA is needed. Figure 1 show
the LEED pattern of the ()3))R30° reconstruction. This
surface exhibits an AES-Si/C peak ratio between 4 and 5
good agreement with van Elsbergenet al. (4.362.2)6 and
Kaplan (3.260.4).7 The value of 4–5 shows that the ()
3))R30° reconstruction is a silicon rich surface. The ()
3))R30° reconstruction shows no change in the AES sp
tra or the LEED pattern for hours but it is not very stab
concerning taking good IPE spectra~see Sec. II B!. After a
first successful preparation the ()3))R30° reconstruction
can be reprepared easily and quickly by heating the sam
at the above mentioned temperature ofT5930°C for 5 min
with no or only a small Si flux. Repeating this procedure
regular intervals is necessary for taking well structured I
spectra~see Sec. II B!.

r

FIG. 1. LEED pattern of the four discussed 6H-SiC~0001! sur-
faces: (131) at 180 eV, ()3))R30° at 99 eV, (333) at 98 eV,
and (6)36))R30° at 105 eV.
4-2
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3. (3Ã3) reconstruction

To prepare the (333) reconstruction a relatively low
preparation temperature ofT5860°C and a relatively high
silicon flux ~40 nA! is required for about 10 min. With thes
conditions the amount of silicon at the surface rises; w
prepared (333) surfaces~e.g., see Fig. 1! show an AES-
Si/C ratio of 6 to 7, again in agreement with van Elsberg
et al. (7.862.1)6 and Kaplan (5.560.4)7. The (333) re-
construction is the silicon richest surface of 6H-SiC d
cussed in this paper.

4. (6)Ã6))R30° reconstruction

Starting from a ()3))R30° reconstruction a (6)
36))R30° reconstruction is prepared by annealing
sample at a temperature ofT5980 °C for 10 min without
any additional silicon flux as reported by van Elsberg
et al.6 If one starts from a (333) reconstruction with a high
AES-Si/C ratio the time of preparation is somewhat long
In any case the (6)36))R30° reconstruction is reached
identified by the LEED pattern shown in Fig. 1. AES sho
that this reconstruction is a surface with a low amount of
An AES-Si/C peak ratio of 1.7 was measured in good agr
ment with van Elsbergenet al. ~,2.2!.6

5. Summary of the preparation parameters

The good quality of the LEED patterns~Fig. 1! and the
IPE spectra~see Sec. II B! show that suitable preparatio
conditions for the four different 6H-SiC~0001! surfaces were
found. The preparation parameters are summarized in T
I. Surfaces prepared in this way show characteristic AE
Si/C peak ratios. In Table II a summary of the Auger electr
intensity ratios SiLVV /CKVV is given. The comparison with
the values of van Elsbergenet al.6 and Kaplan7 shows that
the AES-Si/C peak ratios agree within narrow intervals: T
Si/C ratio decreases from the (333) reconstruction over the
()3))R30° and the (6)36))R30° reconstruction to
the (131) surface.

B. IPE

At the 6H-SiC~0001! surface reconstructions, prepared
the above mentioned way, inverse photoemission spectra
be taken successfully. Thereby the electron energy is sca
between22.0 and 12.0 eV~with respect to the Fermi leve
of the sample! in steps of 0.1 eV. Because the Fermi level

TABLE II. Summary of the AES-Si(LVV)/C(KVV) peak inten-
sity ratios of the different 6H-SiC~0001! surfaces.

AES-Si(LVV)/C(KVV)-peak ratio
Surface This work v. Elsbergenet al.a Kaplanb

(333) 6–7 7.862.1 5.560.4
()3))R30° 4–5 4.362.2 3.260.4
(6)36))R30° 1.0–1.7 ,2.2
(131) '1 1.060.5 ,2

aFrom Ref. 6.
bFrom Ref. 7.
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a semiconductor such as SiC is within the bulk bandgap,
Fermi energy is separately determined by a reference
spectrum taken at tantalum. If the tantalum sample and
SiC sample have an ohmic contact, the position of the Fe
level of the SiC wafer can be determined by measuring
onset in the IPE spectrum of the metallic tantalum samp
The exact position of the Fermi level is determined by t
maximum of the first derivation at this onset.

Typical measuring times of the IPE spectra were 9.9 s
point or in total 23.5 min per run. The sample current wa
few mA at all measurements and the maximum counting r
was about 15 000 counts per 9.9 s with an background of
4 counts per 9.9 s. For the subsequent evaluation of the s
tures in the IPE spectra up to 10 runs were summarized
a total measuring time per point of up to 99 s was achiev
The maximum of counts was about 150 000. For the ang
resolved investigations such spectra are needed for e
angle position.

III. RESULTS AND DISCUSSION

Figure 2 shows normalized normal incidence IPE spec
of the four different 6H-SiC~0001! surfaces. The IPE spectr
of the different reconstructions differ considerably, thus
identification of a given reconstruction is also possible
IPE.

Each spectrum shows significant structures which are
cussed in the following section. The exact energetic posit
of the peaks is determined by taking the minima of the s
ond derivation of the spectra. After many repeated prepa
tions of the same surface reconstruction this procedure g
the position of the peaks within an uncertainty of60.1 eV.

A. „1Ã1… surface

Figure 3 shows angle-resolved IPE spectra of
(131) surface inGK and GM directions. Four different
structures at (1.860.1) eV, (4.760.1) eV, (6.960.1) eV,
and (8.060.1) eV can be determined for the normal inc
dence~0°! spectrum.

FIG. 2. Comparison of the normalized normal incidence inve
photoemission spectra of the four discussed 6H-SiC~0001! surfaces.
4-3
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FIG. 3. Angle-resolved inverse
photoemission spectra of the (
31) surface of 6H-SiC in the
high symmetry directionsGK and
GM of the first Brillouin zone.
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An inverse photoemission spectrum at an incidence o
taken after seven days without a fresh preparation show
significant difference: Both spectra have the same shape
the peaks are at the same position. That means the (131)
surface is a relatively stable surface concerning taking
verse photoemission spectra. This statement is confirme
LEED and AES measurements after these seven days:
LEED pattern is found as sharp and with the same inten
as at the freshly prepared surface, and in the AES spe
there is no difference in the Si/C ratio. After an exposure
30, 180, 500, and 3300 L oxygen we found no differen
between the IPE spectra, the LEED pattern or the AES-S
peak ratio and there is only a very weak oxygen peak in
AES spectrum. This means that the (131) surface repre-
sents a low reactivity surface. The fresh prepared (131)
surface is not oxide covered, because at well prepared
faces there is no oxygen signal in the AES spectra. Prob
the surface is saturated with hydrogen, which is not det
able with AES. This coverage could explain the low react
ity of this surface.

For the angle-resolved IPE spectra~Fig. 3! the angle be-
tween the normal of the sample and the electron beam
increased from 0° to 70° in steps of 5° in both of the hi
symmetry directionsGK and GM . The spectra in theGK
direction are relatively similar to each other and they
show the above mentioned four peaks observed in nor
incidence. The intensity of the peak at 4.9 eV decreases
higher angles and at 70° it almost has disappeared. The s
tra in GM direction are more different to each other. The fo
peaks can clearly be distinguished in this direction, too. T
intensity of the peak at 8.0 eV decreases and the intensit
the peak at 1.8 eV increases with growing polar angle. At
20531
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angle of 35° an additional peak at an energy of (0
60.1) eV becomes visible, its intensity increases to lar

angles. This feature around theM̄ point is a Fermi step, thus
the experiment shows that the (131) surface is a metallic
surface.

From these angle-resolved IPE spectra we plot theE(ki)
dispersion diagrams. Figure 4 shows the dispersion rela
E(ki) in GK and GM directions of the (131) surface. All
four bands show only a weak dispersion up to 0.5 eV.

For a comparison between experimental data and theo
ical surface band structure calculations the exact energ
position of the Fermi level with respect to valence ba
maximum~VBM ! for the examinedp-doped 6H-SiC sample
is needed. The position of the bulk Fermi level has be
determined by Pelletieret al. for p-doped 6H-SiC (NA
51024m23) at room temperature toEF2EVBM50.18 eV,5

but to the best of our knowledge there is no determination
the energetic position of the Fermi level with respect
VBM of one of the surfaces discussed in this paper fo
p-doped 6H-SiC sample. Because there is no possibility
determine the absolute position of the Fermi level with
spect to VBM in our apparatus so far, it is not possible
compare the absolute energetic position of the experim
tally measured peaks with theoretically calculated LDA ba
structures of the same surface.

Theoretical surface band structure calculations using lo
density approximation~LDA ! by Sabischet al.8 show a half
filled surface band at an energetic position of 2.1 eV abo
VBM and a completely unoccupied surface band 5.5
above VBM at theḠ point. The surface state at an energe
position of 2.1 eV (DSi) might be correlated to the measure
4-4
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k-RESOLVED INVERSE PHOTOEMISSION OF . . . PHYSICAL REVIEW B 64 205314
1.8 eV peak because both structures are the lowest struc
of this surface with unoccupied electronic states. Thus
origin of the experimentally determined peak at 1.8 eV co
be identified as a surface state. If the measured and the t
retically calculated structure correspond to each other,
energetic position of the Fermi level of the (131) surface
can be estimated as the difference between the energeti
sition of the surface peak in LDA calculation~2.1 eV! with
respect to VBM and the energetic position of the experim
tally determined peak position~1.8 eV! with respect to the
Fermi level of the (131) surface. The resulting value of 0.
eV for the energetic position of the Fermi level with respe
to VBM is in the region of the bulk Fermi level@EF
2EVBM50.18 eV ~Ref. 5!#. The experiment shows no dis
persion in theGK direction and an upward dispersion of 0
eV in theGM direction. This is in contrast to LDA calcula
tions which clearly shows a downward dispersion of abou
eV in both of the high symmetry directions. The measu

FIG. 4. Experimental dispersion relations of the (131) surface
of 6H-SiC~0001! in the GK ~upper part! andGM directions~lower
part! together with a LDA calculation of the surface band structu
of Sabischet al. ~Ref. 8!.
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peak at 4.7 eV is not corresponding to a surface struc
within the theoretical calculations. Because there is no
perimental determined structure near the theoretical 5.5
peak this surface band could correspond to the experim
tally determined structure, although the calculated dispers
in GM direction is much larger than the experimentally d
termined. The energetic positions of the third and fou
measured peak at 6.9 and 8.0 eV are in an area without
calculated surface states but only~projected! bulk states. The
LDA calculations for the (131) surface and the experimen
do not agree very well.

B. ()Ã))R30° reconstruction

Figure 5 shows an IPE spectrum performed at
()3))R30°-reconstructed surface under normal in
dence taken by the authors~full curve! and by Themlin
et al.9 ~shadowed curve!. The spectrum shows five mai
structures: A well developed peak at (1.060.1) eV @peak
~a!#, two peaks with lower intensity at (2.260.1) eV and at
(3.560.1) eV @peaks~b! and ~c!#, a well developed one a
(4.660.1) eV@peak~d!# and at (7.160.2) eV@peak~e!#. The
2.2 eV and the 3.5 eV peak can only be separately reso
with the 60.2 eV resolution of the used Geiger-Mu¨ller
counting tube~see Fig. 5!.

The ()3))R30° reconstruction is much less stab
concerning taking IPE spectra than the (131) reconstruc-
tion. Figure 6 shows a series of IPE spectra taken at
()3))R30° reconstruction under normal incidenc
Within a few hours the intensity of the lower-energy pea
and especially of the first one decreases significantly. T
decrease of intensity is caused by the contamination of
surface by residual gas within the UHV chamber. Althou
all IPE spectra were taken at a base pressure of about 122
310210 mbar the intensity of the peak at 1.0 eV@peak~a!#,
the peak at 2.2 eV@peak~b!# and the 4.6 eV peak@peak~d!#
decreases. This is an experimental indication that the orig
of these peaks are surface states. The decrease in inte
makes it necessary to reprepare these surface reconstru
after each taken IPE run.

FIG. 5. Normal incidence inverse photoemission spectrum
the ()3))R30°-reconstructed 6H-SiC~0001! surface ~solid
curve! in comparison with an IPE spectrum taken by Themlinet al.
~Ref. 9! ~shadowed!.
4-5
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Figure 7 shows angle-resolved IPE spectra taken at
()3))R30°-reconstructed 6H-SiC~0001! surface in the
GK and GM directions. All spectra show the aboveme
tioned five peaks~a!–~e!. The different intensities of peak~a!
are caused by the fact, that the time interval between the
of the preparation and start of the next IPE run varied wit
a few minutes, thus the intensities of peak~a! cannot be
compared exactly with each other. But the peak positions
not related to the intensity and that makes it possible to p
duceE(ki) diagrams from these spectra.

Figure 8 shows the dispersion relationE(ki) in the GK
andGM directions. The structure at an energetic position
1.0 eV@peak~a!# shows a slight downward dispersion of 0
eV in theGM andGK directions. The second band at 2.2 e
@peak~b!# shows a downward dispersion to 2.0 eV in theGK

direction in the middle of theḠ and K̄ points and then an
upward dispersion up to 2.8 eV and ends at 2.5 eV at thK̄

FIG. 6. Time evolution of the normal incidence inverse pho
emission spectrum of the ()3))R30°-reconstructed 6H-
SiC~0001! surface.

FIG. 7. Angle-resolved inverse photoemission spectra of
()3))R30°-reconstructed 6H-SiC~0001! surface in the high
symmetry directionsGK andGM .
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point. In theGM direction the band is splitting. One branc
has a slight downward dispersion from 2.2 eV at theḠ point
to 2.0 eV around theM̄ point and the other band has a
upward dispersion from 2.2 eV at theḠ point to 3.2 eV in the
middle of theGM direction. Here it joins the next band@peak
~c!#. This band with an energetic position of 3.5 eV at theḠ
point has a wavelike dispersion in theGM direction. In the
GK direction the structure at 3.5 eV has a flat dispersion
the middle of theGK direction and then an upward dispe
sion up to 4.5 eV. The dispersion of the two peaks~b! and~c!
is difficult to determine, because of the small peak heights
the IPE spectra. The determination of the dispersion of p
~a! and the next two peaks~d! and ~e! is easier. Band~d! at
4.6 eV at theḠ point has a small upward dispersion of 0
eV in theGM direction and a larger dispersion of 1.2 eV
theGK direction. The band at an energetic position of 7.1

-

e

FIG. 8. Experimental dispersion relations of the ()
3))R30°-reconstructed 6H-SiC~0001! surface in theGK ~upper
part! andGM directions~lower part! together with a LDA calcula-
tion of the surface band structure of Sabischet al.
~Ref. 8!.
4-6
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k-RESOLVED INVERSE PHOTOEMISSION OF . . . PHYSICAL REVIEW B 64 205314
at theḠ point shows an upward dispersion of 1.1 eV in t
first half of theGK direction and an upward dispersion of 0
eV in the second half of theGM direction.

Ab initio LDA calculations of Sabischet al. show a half
filled surface band~D! 1.8 eV above VBM.8 The dispersion

of the surface state is slightly downwards to theK̄ and M̄
points, respectively, similar to the lowest experimental de
mined empty surface state, but in contrast to the theore
calculation the IPE experiment shows only fully unoccup
surface states. Northrupet al.also found in LDA calculations
a half filled surface state (S1) at an energetic position of 1.

eV above VBM at theḠ point dispersing downwards to 0.
eV in the GK direction and 1.3 eV in theGM direction.10

Both calculations show a larger dispersion than the exp
ment and a metallic surface in contrast to the measured s
conducting surface. The first fully unoccupied calculated s
face band at 3.0 eV above VBM, i.e., 1.2 eV above the h

filled surface state at theḠ point, could correlate to the sec
ond experimentally determined surface structure, which
ergetic position is also 1.2 eV above the lowest unoccup
surface state. But the theoretical calculated and experime
determined dispersion is different~see Fig. 8!. One reason
for that difference could be the difficulty in determining th
exact energetic position of the measured peaks in that
and the splitting of the surface bands in the theoretical
culations as well as in the experiment. The next calcula
surface band 5.1 eV above VBM at theḠ point, i.e., 2.0 eV
above the second surface state could correlate with the
perimental determined structure 2.4 eV above the second
perimentally determined band 4.6 eV above Fermi lev
Again the dispersion is different~see Fig. 8! and the theoret-
ical calculation has some breaks in the surface band, w
the experiment shows a well established peak in all spec
The measured 7.1 eV band~e! does not correspond to
theoretical surface band.

The comparison between LDA calculations and IPE sp
tra shows only a few agreements, and there are two con
diction to this point of view: First, both LDA calculation
predict a half filled surface band, but the IPE experim
shows a fully unoccupied surface band. No half filled surfa
band has been detected experimentally. And second, in
presented IPE spectra and in those of Themlinet al.9 the
position of the Fermi level is at the same energetic posit
~see Fig. 5!, but our sample isp doped and the one from
Themlinet al. is n doped. If the Fermi level of the surface
at the same energetic position as the Fermi level of the b
the position of the Fermi level of then-doped sample should
be in the upper part of the bandgap@EF2EVBM
.(1/2)Egap# and the position of the Fermi level of th
p-doped sample should be in the lower part of the band
@EF2EVBM,(1/2)Egap#. To explain these facts, a theory
needed in which the Fermi energy of the surface is the s
for different doping types~band bending at the surface! and
the theory should predict a semiconducting surface, i.e., f
occupied and fully unoccupied surface states.

Because of the narrow bandwidth of the abovementio
surface state~D or S1! correlation effects can occur, whic
20531
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are not taken into account by the cited one-electron-the
~LDA calculations!. Based on a Hubbard model, in which th
correlation energyU of the Si dangling bond is included
Northrupet al., Rohlfinget al., Furtmüller et al., and Anisi-
mov et al. have calculated a surface band structure for
()3))R30° reconstruction.11–14 They show, that the
Mott-Hubbard model can explain the fully occupied a
fully unoccupied surface states as the lower and upper H
bard band and the position of the Fermi level of the surfa
which is pinned between the lower and the upper Hubb
band, is independent of the bulk doping level. The presen
IPE spectra taken at ap-doped SiC sample together with th
IPE spectra of Themlinet al. taken at an-doped sample sup
port a strong band bending and a Fermi level pinning,
cause of the same energetic position of the Fermi leve
samples of different doping types. Based on the Mo
Hubbard model Furtmu¨ller et al. determine the Fermi leve
to be pinned 2.15 eV above VBM,13 which means the mea
sured empty state 1.0 eV aboveEF is placed 3.15 eV above
VBM at the center of the SBZ. The measured dispersion
that peak in theGM and GK directions is weak and the
corresponding surface band decreases slightly towards thK̄

and M̄ points. This course is parallel to the completely o
cupied photoemission structure measured by Ma˚rtenson
et al.15 as predicted by theory. At the center of the SBZ t
direct photoemission experiment gives the energetic posi
of the occupied surface state to 1.1 eV above VBM. With t
value the correlation parameterU can be estimate as th
energy difference between the lower and the upper Hubb
band, i.e., the energy difference between the identified
face bands in PE and IPE spectra toU52.05 eV. This value
is in good agreement with the calculatedU'2.1 eV of
Furthmüller et al. and U51.95 eV of Rohlfinget al. and
somewhat larger than theU51.5 eV of Anisimovet al. and
the U51.6 eV of Northrupet al. The latter mentioned tha
additional electrons or holes introduced by doping co
couple strongly to the adatom positional coordinates and
could lead to additional states near the Fermi level for do
surfaces. The similarity of our IPE spectra atp-doped SiC
and the IPE spectra of Themlinet al. at n-doped samples
shows, that there are no additional unoccupied states fop-
or n-doped bulk material. The electronic structure of t
()3))R30° reconstruction is independent of the dopi
type of the bulk.

In conclusion for the ()3))R30° reconstruction,
the presented IPE spectra show a few agreements
the one electron theory~LDA calculations!, but because
of the same Fermi level of thep- and n-doped ()
3))R30°-reconstructed SiC surface and the measu
semiconducting surface, the presented study supports
Hubbard model with an experimental determined correlat
parameter ofU52.05 eV.

C. „3Ã3… reconstruction

Figure 9 shows an IPE spectrum~solid line! in compari-
son to an IPE spectrum taken by Themlinet al.9 ~shadowed!.
These spectra agree well. Six different peaks can be dis
guished within these spectra at (0.660.1) eV @peak ~a!#, at
4-7
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C. BENESCH, M. FARTMANN, AND H. MERZ PHYSICAL REVIEW B64 205314
(1.860.1) eV @peak ~b!#, at (2.860.1) eV @peak ~c!#, at
(4.660.1) eV @peak~d!#, at (6.560.1) eV @peak~e!#, and at
(8.160.1) eV @peak ~f!# with respect to the Fermi level o
the sample.

The (333) reconstruction is not as stable concerning t
ing inverse photoemission spectra as the (131) reconstruc-
tion ~stable for a few days! but more stable than the ()
3))R30° reconstruction~stable for only one spectrum!.
After a fresh preparation IPE spectra can be taken for a
hours (3 h25 h), i.e., some spectra at different angles can
performed without a new preparation.

Figure 10 shows angle-resolved IPE spectra of the
33) reconstruction in theGKMK andGM directions. Figure

FIG. 9. Normal incidence inverse photoemission spectrum
the (333) reconstruction~solid curve! in comparison with an IPE
spectrum measured by Themlinet al. ~Ref. 9! ~shadowed!.
20531
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11 shows the dispersion relationE(ki) in the GKMK and
GM directions. In theGM direction all six peaks show no, o
only a weak dispersion. In theGK direction the peak at 0.6
eV shows also only a weak dispersion of 0.1 eV downwa

to theK̄ point. Peak~b! shows a small upward dispersion
the first half of theGK direction and a small downward
dispersion in the second part of theGK direction. In the
KMK direction peak~b! shows no dispersion. Peak~c!

shows a small wavelike dispersion in theGKMK direction
and peak~d! shows no dispersion in theGK direction and an
upward dispersion of 0.5 eV in theKMK direction. Peak~e!

shows also no dispersion in theGK direction, in theKM
direction a downward, and in theMK direction an upward
dispersion. Peak~f! shows a downward dispersion of 0.8 e

to the K̄ point, in theKMK direction the dispersion is up

ward to theM̄ point and downward to theK̄ point.
At this reconstruction again there is the fact, that t

Fermi level of ourp-doped sample and the Fermi level of th
n-doped sample of Themlinet al.9 are very similar~see Fig.
9!. This means, that there is a band bending at this surf
too, so that the Fermi levels of the different doped samp
are nearly identical. Furthermore, the spectra show co
pletely empty surface structures, thus the (333) reconstruc-
tion is a semiconducting surface.

As an analog to the ()3))R30°-reconstructed surface
Furthmüller et al.13 suggested a Mott-Hubbard model for th
surface with a Hubbard parameter ofU'1 eV to explain the
semiconducting character of this surface, because in ph
emission experiments they found a completely occupied
face state 1.3 eV above VBM but below the Fermi lev

f

e

FIG. 10. Angle-resolved in-

verse photoemission spectra of th
(333)-reconstructed 6H-
SiC~0001! surface in high symme-
try directionsGK andGM .
4-8
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~pinned 1.95 eV above VBM!. This surface band shows n
dispersion along the high symmetry directions.

With that position of the Fermi level the first measur
peak at an energetic position of 0.6 eV with respect toEF is
2.55 eV above VBM within the bulk bandgap. This positio
within the bulk bandgap is a indication for the surface ch
acter of this peak. It shows no dispersion in theGM andGK
directions. This fully unoccupied surface state and the co
pletely occupied surface state determined with direct pho
emission can be identified as the lower and upper Hubb
band, and from the energetic difference of the highest oc
pied and lowest unoccupied surface state the correlation
rameterU can be estimated toU51.25 eV. This value is in
good agreement with the calculated value of'1 eV from
Furthmüller et al. and also in agreement with Johanss
et al., who determined the surface bandgap by a ang
resolved direct and inverse photoemission to 1.0 eV~Ref.
16! also supporting the Mott-Hubbard model.

In summary for the (333) reconstruction we support th
Mott-Hubbard model, because of the completely unoccup

FIG. 11. Experimental dispersion relations of th
(333)-reconstructed 6H-SiC~0001! surface in theGK ~upper part!
andGM directions~lower part!.
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~IPE! and the completely occupied~PE! measured surface
bands and the extremely similar IPE spectra ofp- and
n-doped samples with a nearly identical position of the s
face Fermi level. That means the Fermi level of the surfac
different from the Fermi level of the bulk, and there is a ba
bending which pins the Fermi levels ofp- andn-doped SiC
at the same energetic position. The Fermi level of the surf
is independent of the doping type of the bulk material.

D. (6)Ã6))R30° reconstruction

Figure 12 shows an IPE spectrum at normal incidence
the (6)36))R30° reconstruction. To the best of ou
knowledge there is no theoretical band structure calcula
for this reconstruction. The first Brillouin zone at the surfa
of the (6)36))R30° reconstruction is so small~1.1 nm21

in the GM direction!, that it is not meaningful to evaluat
E(ki) diagrams from angle-resolved IPE spectra taken w
the angle resolution of the used sample manipulator~smallest
steps of 2.5°! and the angle divergence of the used elect
gun (0.821.0 nm21). At the normal incidence spectrum~see
Fig. 12! the five peaks~a!–~e! at energetic positions of (1.0
60.1), (2.460.1), (3.660.1), (4.860.1), and at (7.4
60.2) eV can be distinguished. The energetic position of
peak ~a! is within the bulk bandgap similar to the lowe
unoccupied surface band at the other reconstructions. Th
fore it can be identified tentatively as surface peaks. T
nature of the higher peaks~b! and ~d!—surface or bulk—is
open at present.

IV. CONCLUSIONS

We can determine dispersion relations of the (131)-,
()3))R30°-, and (333)-reconstructed 6H-SiC~0001!
surface by means of angle-resolved inverse photoemiss
The stability concerning taking inverse photoemission sp
tra of these surfaces decreases in the order (131), (3
33), ()3))R30°. All reconstructions can be easil
reprepared in a Si flux at controlled temperatures. Norm
incidence IPE spectra of all four known reconstructio
show four to six peaks. Series of angle-resolved IPE spe
taken at three surfaces allow a determination of the ene

FIG. 12. Normal incidence IPE spectrum of the (6)
36))R30°-reconstructed 6H-SiC~0001! surface.
4-9
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dispersion of the bands within the first Brillouin zone. W
compare the experimental results with calculated sing
electron surface band structures~LDA calculations! and a
Mott-Hubbard model which takes intra-atomic Coulomb
teraction into account. There are a few agreements betw
single electron LDA calculations for the (131)- and ()
3))R30°-reconstructed 6H-SiC~0001! surface and the ex
perimentally determined surface band structures, but
LDA calculations predict a half filled surface stateD (S1)
for the ()3))R30° reconstruction, while all experimen
show fully occupied and fully empty surface states at t
reconstruction. Because the Fermi level of the investiga
p-doped sample and the Fermi level determined at an-doped
s

.

r,

20531
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en
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s
d

sample are nearly the same, a Mott-Hubbard picture fits
ter the experimental data. The Hubbard parameter can
estimated from experimental data toU52.05 eV @1.25 eV#
for the ()3))R30° @(333)# reconstruction of the 6H-
SiC~0001! surface, which is in good agreement with theor
ical values ofU52.1 eV @'1 eV# of Furthmüller et al. and
U51.95 eV of Rohlfinget al. for the ()3))R30° recon-
struction and somewhat larger than theU51.5 eV of Anisi-
mov et al. andU51.6 eV of Northrupet al.
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