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k-resolved inverse photoemission of four different 6H-SiQ0007) surfaces
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We have investigated the unoccupied electronic states of the Si-termi@@8d 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 thex{), (v3Xv3)R30°, (3x3), and the (&3
X 6v3)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 13, (v3Xv3)R30°, and (3x 3) surface. We compare the
measured dispersion relations wih initio local density approximation surface band structure calculations of
the (1x1)- and the {3Xv3)R30°-reconstructed 6H-S{G001) surface and with a Mott-Hubbard model of
the electronic ground state of th€3(xv3)R30° and (3<3) reconstruction. The comparison between experi-
ment and theory supports the Hubbard model: The experiment determines a vallre 20 eV for the
Mott-Hubbard Coulomb interaction parameter for th& Xv3)R30° reconstruction antd =1.25eV for the
(3% 3)-reconstructed surface, respectively.

DOI: 10.1103/PhysRevB.64.205314 PACS nuni§er73.20.At

I. INTRODUCTION an acetone filling. The ionization threshold of the gas and the
transmission cutoff of the window define the energy band-

Siliconcarbide(SiC) has become an interesting material pass of the detectérWith this combination an overall reso-
for short wavelength optoelectronic, high temperature, radiatution in the IPE spectrédetector and electron guof +0.2
tion resistant, and high-power/high-frequency electronic deeV is achieved(determined by the 10-90% onset at the
vices because of its wide energy bandgap, its high thermatermi edge in the IPE spectrum of polycrystalline tantglum
conductivity, its high breakdown electric field and its high  The electron gun is a modified version of the Erdman-
saturated electron drift velocity. Zipf electron gun with a barium-oxide dispenser cathode.

For the realization and optimization of the technologicalThe gun supplies an electron beam with kinetic energies be-
application of SiC in the field of electronic devices, the reli- tween 0 and 30 eV with the above mentioned resolution of
able knowledge of the electronic structure of this semicon+0.2 eV and a maximum sample current of a fa. The
ductor is advantageous. It is not only the electronic structur@angle divergence is determined by Sfefnao 0.8—1.0 nm*.2
of the bulk, but also of the different free surfaces, which is of The azimuthal incidence angler the direction ofk
high interest. within the Brillouin zone is adjusted using the LEED pat-

In this work we investigate the electronic surface bandtern. The polar angle is calibrated with a laser beam reflected
structure of all four known 6H-Si@001) surface reconstruc- by the surface of the sample: For the calibration procedure
tions with inverse photoemissiohPE). Therefore we need the electron gun is removed and replaced by a laser. If the
well prepared and characterized surfaces and we give reprgaser beam and its reflected beam coincide, the sample is
ducible methods for preparing the four surface reconstrucpositioned in the normal incidence positi¢@f).
tions. The quality of the preparation is controlled by low-  For temperature measurements of the sample an infrared
energy electron diffraction(LEED) and Auger electron pyrometer(emission factor of 6H-SiGi=85%) is used. The
spectroscopy (AES). At well prepared surfaces angle- sample is heated by electron bombarding the back of the
resolved inverse photoemission spectra were performed arghmple holder.
with these spectra several surface states of the different re- The Si-terminatedp-doped(A1) 6H-SiC wafer(N,=6.2
constructions of the 6H-Si0001) surface were determined. x 107cm™3, orientation on axiswas introduced into the

UHV chamber as delivered by Cree Ihaithout any previ-
Il EXPERIMENTAL ous chemical cleaning or etching. The four different surfaces
(1x1), (V3Xv3)R30°, (3x3), and (6/3%x6v3)R30°

The inverse photoemission spectra were performed in awere prepared by heating the sample in a Si flux. The Si flux
UHV chamber, additionally equipped with a LEED optic and was produced by an UHV evaporator with an integral flux
a cylindrical mirror analyzeCMA) for Auger electron spec- monitor from Omicron(EFM). The flux monitor continu-
troscopy. During the measurement the base pressure wasisly monitors the evaporation rate by measuring the ion
about 1-2x 10 1° mbar. current(in nA), which is proportional to the flux of neutral Si

The IPE setup is built by a band-pass Geigelbtu atoms. This allows a reproducible flux adjustment and a fast
counting tube and a modified version of the Erdman-Zipfflux control.
electron guh and it works in the isochromat mode with a  The position of the Fermi edge of the apparatus is cali-
fixed photon energy of 9.9 eV. The Geiger-Mu counting  brated by taking a reference IPE spectrum of polycrystalline
tube uses the combination of a Gagntrance window with  tantalum(which is mounted on a second sample hold€he
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TABLE |. Summary of the preparation parameters for the four
different 6H-SiG0001) surfaces.

Surface Sifluxd  timet temp.T
[nA] [min] [°C]
(1x1) 1.step =40 10 800
2. step 10-20 930
(V3Xv3)R 30° 15-20 10 930
(3%3) 40 10 860
(6v3 X 6v3)R30° 10 980

steep onset in the tantalum IPE spectrum gives the position
of the Fermi levelE; of the apparatus.
The equation

k(E)=h"1V2m(E;—®) sin® FIG. 1. LEED pattern of the four discussed 6H-8Qa01) sur-

) ) . ) . faces: (1X1) at 180 eV, {3 XVv3)R30° at 99 eV, (X 3) at 98 eV,
is used for the calculation of thE(k) dispersion. In this  ang (6/3x 6v3)R30° at 105 eV.

equationE; is the energy of the incoming electrofwith
respect to the Fermi level of the sample) is the angle the surface increases. If the AES-Si/C-peak ratio reaches val-
between the electron beam and the sample normaldaisd ues=6 the Si flux was stopped and the next preparation step
the work function of the sample. The work function is mea-was started. The sample was annealed for 10 min at a higher
sured by a combined evaluation of target current spectrogemperature off =930°C. Without an offered Si flux this
copy(TCS) and IPE: The onset in the target current gives theheating procedure reduces the amount of silicon at the sur-
difference between the work function of the sample and thdace and at this temperature the surface shows a
work function of the cathode. The work function of the cath-(1X1)-LEED pattern as seen in Fig. 1. The sharpness of the
ode is separately measured by the onset within an IPE spetEED spots shows that these two steps are a suitable prepa-
trum of polycrystalline tantalum. With these combined tech-ration method for the (X 1) surface. The surfaces prepared
nigues we determine the work function of the 6H-&Q@01) in this way show no oxygen peak in the AES spectra and an
surface tod = (4.8+0.2) eV, in good agreement with Pelle- AES-Si/C peak ratio of about 1 in good agreement with van
tier et al®> & =(4.85+0.10) eV. Elsbergenet al. (1.0+0.5)° and Kaplan(<2).” The AES-

Si/C peak ratio of the (X 1) surface is the lowest Si/C ratio

A. Sample preparation of the four surfaces investigated in this paper.

In this work the (1x1), (V3XVv3)R30°, (3%x3), and 2. (V3XV3)R30° reconstruction

(6v3x6v3)R30° reconstructions of the 6H-SIG00D sur-  he (3 v3)R30° reconstruction can be prepared by an-
face were prepared by heating the sample in a controlled SHeaIing the sample at a temperatureTe£930 °C in a sili-
flux. With this method well-ordered reconstructions were.,n, flux of 15—20 nA for 10 min. The optimal value of the Si
produced, which not only show good LEED pattern, butq,y gepends on the previous state of preparation: If the
also—which is more demanding—well structured reproducy,reparation procedure starts at an AES-Si/C peak ratio of

ible inverse photoemission spectra. The different reconstrucsy,q ;¢ 6[e.g., with a preceding (8 3)-reconstructed surfate
tions were characterized by LEED and—independently—Dby, g; fiux of 15 nA or even less is required, but when starting
Auger electron spectroscop§AES). The different recon- with an AES-SI/C peak ratio of le.g., from the (X 1)
structions have different characteristic AES-Si/C peak ratio%urfacé a higher Si flux of 20 nA is needed. Figure 1 shows
(see_TabIe I. Dependent on the offered 5|I|co_n flux and th_ethe LEED pattern of they3xv3)R30° reconstruction. This
heating temperature of the sample a well defined narrow N3, rface exhibits an AES-Si/C peak ratio between 4 and 5, in

terval for the Si/C peak ratio for each reconstruction Wasgood agreement with van Elsbergenal. (4.3+2.2)° and

found. Thus for the preparation of a definite surface reconkaman (3.2-0.4).7 The value of 4—5 shows that the’Y
struction the three parametefd time of preparation(ii) . 3ypage reconstruction is a silicon rich surface. Thé (
silicon flux, and(iii) heating temperature of the sample havex‘/g) R30° reconstruction shows no change in the AES spec-
to be chosen within narrow intervals. Table | shows the uset{lra or the LEED pattern for hours but it is not very stable
preparation parameters for all prepared reconstructions. concerning taking good IPE spectfsee Sec. Il B After a
first successful preparation th€3(x v3)R30° reconstruction
can be reprepared easily and quickly by heating the sample

The (1X 1) surface was prepared in two steps: Startingat the above mentioned temperatureTef 930°C for 5 min
from a surface with a low Si/C ratio the sample was annealeavith no or only a small Si flux. Repeating this procedure in
in a first step at a temperature D&=800°C in a Si flux of 40  regular intervals is necessary for taking well structured IPE
nA for 10 min. With this preparation the amount of silicon at spectra(see Sec. Il B

1. (IX1) surface

205314-2



k-RESOLVED INVERSE PHOTOEMISSION B. ... PHYSICAL REVIEW B 64 205314

TABLE Il. Summary of the AES-SI(VV)/C(KVV) peak inten- [ T * T * T T T T * T 71T ]
sity ratios of the different 6H-Si@©00) surfaces. - .
AES-Si(LVV)/C(KVV)-peak ratio _ L ]
Surface This work  v. Elsbergest al2  Kaplar? é r ]
=} S K
(3%3) 6-7 7.8:2.1 5.5-0.4 s F 7
(V3XV3)R30° 4-5 4322 3.2:0.4 = .
(6v3 X 6v3)R30° 1.0-1.7 <2.2 =2 F =
(1x1) ~1 1.0+0.5 <2 g F ]
&= [ a) (V3 x v/3)R30°-reconstruction ]
3 rom Ref. 6. B b) (3 x 3)-reconstruction E
by ~ ¢) (6v/3 x 6+/3) R30°-reconstruction
From Ref. 7. [ d)) (1% S-reco?xstruction ]
[ [P TR TP ST S R SR | i

3. (3X3) reconstruction 4 o 0 > 4 6 8 10 12 14

To prepare the (Z3) reconstruction a relatively low E — EF [eV]

preparation temperature df=860°C and a relatively high

silicon flux (40 nA) is required for about 10 min. With these FIG. 2. Comparison of the normalized normal incidence inverse
conditions the amount of silicon at the surface rises; wellphotoemission spectra of the four discussed 6H{#C)) surfaces.
prepared (X 3) surfaces(e.g., see Fig. )ishow an AES-

Si/C ratio of 6 to 7, again in agreement with van Elsbergera semiconductor such as SiC is within the bulk bandgap, the
et al. (7.8+2.1)° and Kaplan (5.50.4)". The (3x3) re- Fermi energy is separately determined by a reference IPE
construction is the silicon richest surface of 6H-SIiC dis-spectrum taken at tantalum. If the tantalum sample and the

cussed in this paper. SiC sample have an ohmic contact, the position of the Fermi
level of the SIC wafer can be determined by measuring the
4. (6v3X6v3)R30° reconstruction onset in the IPE spectrum of the metallic tantalum sample.

Starting from a ¢3xv3)R30° reconstruction a (6 The.exact position of the Fermi Ievgl is determined by the
maximum of the first derivation at this onset.

X 6v3)R30° reconstruction is prepared by annealing the Typical measuring times of the IPE spectra were 9.9 s per

zimﬂzd?ttioi;?n;ﬁiiﬁu;ﬁffzjSrg oCrtefzr ;0 3;2 VI\EIIItStheLII’t er1point or in total 23.5 min per run. The sample current was a
y 6 P y . “T9€Mtew A at all measurements and the maximum counting rate
et al”’ If one starts from a (& 3) reconstruction with a high

AES-SI/C ratio the time of preparation is somewhat IongerWas about 15 000 counts per 9.9 s with an background of 3 to

In any case the (@ X 6v3)R30° reconstruction is reached, 4 counts per 9.9 s. For the subsequent evaluation of the struc-

: P I tures in the IPE spectra up to 10 runs were summarized and
identified by the LEED pattern shown in Fig. 1. AES showsa total measuring time per point of up to 99 s was achieved.

Tﬁﬁggfgniﬁcgﬁ'f,fals? CV?:r\évggsirlgévi?mgggtaOfrg’éThe maximum of counts was about 150 000. For the angle-
. P ' 6 9 9 esolved investigations such spectra are needed for each
ment with van Elsbergeat al. (<2.2).

angle position.
5. Summary of the preparation parameters

The good quality of the LEED patterri&ig. 1) and the
IPE spectra(see Sec. |l B show that suitable preparation  Figure 2 shows normalized normal incidence IPE spectra
conditions for the four different 6H-S(0001) surfaces were of the four different 6H-Si@00) surfaces. The IPE spectra
found. The preparation parameters are summarized in Tablef the different reconstructions differ considerably, thus an
I. Surfaces prepared in this way show characteristic AESidentification of a given reconstruction is also possible by
Si/C peak ratios. In Table 1l a summary of the Auger electronlPE.
intensity ratios Siyy/Ckyy IS given. The comparison with Each spectrum shows significant structures which are dis-
the values of van Elsbergest al® and Kaplar shows that cussed in the following section. The exact energetic position
the AES-SI/C peak ratios agree within narrow intervals: Theof the peaks is determined by taking the minima of the sec-
Si/C ratio decreases from the X3®) reconstruction over the ond derivation of the spectra. After many repeated prepara-
(V3Xv3)R30° and the (83x6v3)R30° reconstruction to tions of the same surface reconstruction this procedure gives
the (1x 1) surface. the position of the peaks within an uncertainty00.1 eV.

Ill. RESULTS AND DISCUSSION

B. IPE A. (1X1) surface

At the 6H-SiQ0001) surface reconstructions, prepared in ~ Figure 3 shows angle-resolved IPE spectra of the
the above mentioned way, inverse photoemission spectra cda X 1) surface in['K and I'M directions. Four different
be taken successfully. Thereby the electron energy is scannetructures at (1.80.1) eV, (4.720.1)eV, (6.9:0.1) eV,
between—2.0 and 12.0 eMwith respect to the Fermi level and (8.0:0.1) eV can be determined for the normal inci-
of the samplgin steps of 0.1 eV. Because the Fermi level of dence(0°) spectrum.
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An inverse photoemission spectrum at an incidence of Oangle of 35° an additional peak at an energy of (0.3
taken after seven days without a fresh preparation shows ne 0.1) ev becomes visible, its intensity increases to larger
significant difference: Both spectra have the same shape a%%gles. This feature around tive point is a Fermi step, thus

the peak; are at .the same position. That means ”’@91 ._the experiment shows that the X1L) surface is a metallic
surface is a relatively stable surface concerning taking in- fface

verse photoemission spectra. This statement is confirmed F h | ved IPE lotd
LEED and AES measurements after these seven days: The rom these angle-resolve spectra we plotH(ie)

LEED pattern is found as sharp and with the same intensity/|SPersion diagrams. Figure 4 shows the dispersion relation
as at the freshly prepared surface, and in the AES spectfa(k)) in 'K andI'M directions of the (k1) surface. All
there is no difference in the Si/C ratio. After an exposure offour bands show only a weak dispersion up to 0.5 eV.
30, 180, 500, and 3300 L oxygen we found no difference For a comparison between experimental data and theoret-
between the IPE spectra, the LEED pattern or the AES-Si/@cal surface band structure calculations the exact energetic
peak ratio and there is only a very weak oxygen peak in thgosition of the Fermi level with respect to valence band
AES spectrum. This means that theX(1) surface repre- maximum(VBM) for the examineg-doped 6H-SiC sample
sents a low reactivity surface. The fresh preparek{) is needed. The position of the bulk Fermi level has been
surface is not oxide covered, because at well prepared sudetermined by Pelletieret al. for p-doped 6H-SIC N4
faces there is no oxygen signal in the AES spectra. Probably: 107*m %) at room temperature t&g—Eygy=0.18¢eV?>
the surface is saturated with hydrogen, which is not detectbut to the best of our knowledge there is no determination of
able with AES. This coverage could explain the low reactiv-the energetic position of the Fermi level with respect to
ity of this surface. VBM of one of the surfaces discussed in this paper for a
For the angle-resolved IPE spectfég. 3) the angle be- p-doped 6H-SIiC sample. Because there is no possibility to
tween the normal of the sample and the electron beam idetermine the absolute position of the Fermi level with re-
increased from 0° to 70° in steps of 5° in both of the highspect to VBM in our apparatus so far, it is not possible to
symmetry directiond’ K and 'M. The spectra in thd K ~ compare the absolute energetic position of the experimen-
direction are relatively similar to each other and they alltally measured peaks with theoretically calculated LDA band
show the above mentioned four peaks observed in normaitructures of the same surface.
incidence. The intensity of the peak at 4.9 eV decreases with Theoretical surface band structure calculations using local
higher angles and at 70° it almost has disappeared. The spedensity approximatiofLDA) by Sabischet al® show a half
train'M direction are more different to each other. The fourfilled surface band at an energetic position of 2.1 eV above
peaks can clearly be distinguished in this direction, too. Th&/BM and a completely unoccupied surface band 5.5 eV
intensity of the peak at 8.0 eV decreases and the intensity @fbove VBM at thel™ point. The surface state at an energetic
the peak at 1.8 eV increases with growing polar angle. At aiposition of 2.1 eV Dg;) might be correlated to the measured
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R S S S P FIG. 5. Normal incidence inverse photoemission spectrum of
k| [nm=?) the 3Xv3)R30°-reconstructed 6H-S{G001) surface (solid
curve in comparison with an IPE spectrum taken by Thenreliral.
T M (Ref. 9 (shadowed
S T T T T T - (0001)
ol W 4~ peak at 4.7 eV is not corresponding to a surface structure
| < s within the theoretical calculations. Because there is no ex-
7k W” N perimental determined structure near the theoretical 5.5 eV
2 peak this surface band could correspond to the experimen-
_ 6} | » K*# tally determined structure, although the calculated dispersion
b o S o] L u ™ in I'M direction is much larger than the experimentally de-
By ° ° termined. The energetic positions of the third and fourth
&'J ‘r D E [eV] HhRl measured peak at 6.9 and 8.0 eV are in an area without any
oL . N I:'fi o calculated surface states but offyrojected bulk states. The
% 6 oo \'\'\"— LDA calculations for the (X 1) surface and the experiment
2 M ] L do not agree very well.
1| ' L 0
T M B. (V3XVv3)R30° reconstruction
S G- e cavie _
°o 2 4 6 8 10 12 Figure 5 shows an IPE spectrum performed at the
ky [nm7] (V3Xv3)R30°-reconstructed surface under normal inci-

dence taken by the authofk&ull curve) and by Themlin
FIG. 4. Experimental dispersion relations of theq{1) surface et al® (shadowed curje The spectrum shows five main
of 6H-SiC(000]) in the 'K (upper partandI'M directions(lower  structures: A well developed peak at (1.0.1) eV [peak
part together with a LDA calculation of the surface band structure(g)], two peaks with lower intensity at (2:20.1) eV and at
of Sabischet al. (Ref. 8. (3.5=0.1) eV [peaks(b) and(c)], a well developed one at
(4.6+0.1) eV[peak(d)] and at (7.1-0.2) eV[peak(e)]. The

1.8 eV peak because both structures are the lowest structurés ev/ and the 3.5 eV peak can only be separately resolved
of this surface with unoccupied electronic states. Thus thgith the 0.2 eV resolution of the used Geiger-Mar

origin of the experimentally determined peak at 1.8 eV couldcoynting tube(see Fig. 5.
be identified as a surface state. If the measured and the theo- The (/3xv3)R30° reconstruction is much less stable

retically calculated structure correspond to each other, th@oncerning taking IPE spectra than thex(1) reconstruc-
energetic position of the Fermi level of the X1) surface  tjon. Figure 6 shows a series of IPE spectra taken at the
can be estimated as the difference between the energetic PQ3xv3)R30° reconstruction under normal incidence.
sition of the surface peak in LDA calculatid@.1 eV) with  \jithin a few hours the intensity of the lower-energy peaks
respect to VBM and the energetic position of the experimenzng especially of the first one decreases significantly. This
tally determined peak positiofl.8 eV) with respect to the gecrease of intensity is caused by the contamination of the
Fermi level of the (X1) surface. The resulting value of 0.3 g face by residual gas within the UHV chamber. Although
eV for the energetic position of the Fermi level with respecty)| |pe spectra were taken at a base pressure of abe@ 1

to VBM is in the region of the bglk Fermi Ieve[EF. % 10~ 1° mbar the intensity of the peak at 1.0 gpeak(a)],
—Eygu=0.18 eV (Ref. §5]. The experiment shows no dis- the peak at 2.2 eYpeak(b)] and the 4.6 eV pealpeak(d)]
persion in the'K direction and an upward dispersion of 0.5 decreases. This is an experimental indication that the origins
eV in theI'M direction. This is in contrast to LDA calcula- of these peaks are surface states. The decrease in intensity
tions which clearly shows a downward dispersion of about Imakes it necessary to reprepare these surface reconstruction
eV in both of the high symmetry directions. The measuredafter each taken IPE run.
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FIG. 6. Time evolution of the normal incidence inverse photo-
emission spectrum of the v Xv3)R30°-reconstructed 6H-
SiC(000)) surface.

Figure 7 shows angle-resolved IPE spectra taken at th
(V3Xv3)R30°-reconstructed 6H-S{0001) surface in the
I'K and I'M directions. All spectra show the abovemen-
tioned five peaks$a)—(e). The different intensities of pedk)
are caused by the fact, that the time interval between the er
of the preparation and start of the next IPE run varied within
a few minutes, thus the intensities of pe@ cannot be
compared exactly with each other. But the peak positions ar
not related to the intensity and that makes it possible to pro
duceE(k;) diagrams from these spectra.

Figure 8 shows the dispersion relati&tk,) in the 'K
andI’M directions. The structure at an energetic position of
1.0 eV[peak(a)] shows a slight downward dispersion of 0.1
eV in thel'M andI'K directions. The second band at 2.2 eV
[peak(b)] shows a downward dispersion to 2.0 eV in fhi¢
direction in the middle of thd” and K points and then an

upward dispersion up to 2.8 eV and ends at 2.5 eV akthe

=
o,

o

4

2

FIG. 8. Experimental of
XVv3)R30°-reconstructed 6H-S{000) surface in thel'K (upper
pard) andI'M directions(lower par} together with a LDA calcula-

tion structure of
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point. In theT'M direction the band is splitting. One branch
has a slight downward dispersion from 2.2 eV at Fhpoint

to 2.0 eV around théM point and the other band has an
upward dispersion from 2.2 eV at tlfepoint to 3.2 eVinthe
middle of thel M direction. Here it joins the next bamdeak
(c)]. This band with an energetic position of 3.5 eV at the
point has a wavelike dispersion in théV direction. In the
I’K direction the structure at 3.5 eV has a flat dispersion to
the middle of thel’K direction and then an upward disper-
sion up to 4.5 eV. The dispersion of the two peéisand(c)

is difficult to determine, because of the small peak heights in
the IPE spectra. The determination of the dispersion of peak
(a) and the next two peak®l) and (e) is easier. Bandd) at

FIG. 7. Angle-resolved inverse photoemission spectra of theé*-6 €V at thel” point has a small upward dispersion of 0.4

(V3Xv3)R30°-reconstructed 6H-S{000) surface in the high
symmetry directiond’K andI'M.
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at theI" point shows an upward dispersion of 1.1 eV in the@re not taken into account by the cited one-electron-theory
first half of theT'K direction and an upward dispersion of 0.7 (LDA calculations. Based on a Hubbard model, in which the
eV in the second half of thEM direction correlation energyJ of the Si dangling bond is included,

Ab initio LDA calculations of Sabisclet al. show a half Northrupet al, Rohlfinget al,, Furtmdler et al,, and Anisi-

. s . mov et al. have calculated a surface band structure for the
filled surface bandD) 1.8 eV above VBM The dispersion (V3XV3)R30° reconstructioht=** They show, that the

of the surface state is slightly downwards to ®eandM  Mott-Hubbard model can explain the fully occupied and
points, respectively, similar to the lowest experimental deterfully unoccupied surface states as the lower and upper Hub-
mined empty surface state, but in contrast to the theoreticadard band and the position of the Fermi level of the surface,
calculation the IPE experiment shows only fully unoccupiedwhich is pinned between the lower and the upper Hubbard
surface states. Northrugi al. also found in LDA calculations band, is independent of the bulk doping level. The presented
a half filled surface state>(;) at an energetic position of 1.3 IPE spectra taken at@doped SiC sample together with the

eV above VBM at thd point dispersing downwards to 0.9 IPE spectra oft;l'hedmlljietﬁl.taker& at ?‘dOPTd S?m'p|e. SUp'b
eV in theTK direction and 1.3 eV in th& M direction® port a strong band bending and a Fermi level pinning, be-
Both calculations show a larger dispersion than the experigaus’e of the same energetic position of the Fermi level at
samples of different doping types. Based on the Mott-
: X . Miubbard model Furtriiler et al. determine the Fermi level
conducting surface. The first fully unoccupied calculated sury, o pinned 2.15 eV above VBM, which means the mea-
face band at 3.0 eV abgle VBM, i.e., 1.2 eV above the half empty state 1.0 eV aboi is placed 3.15 eV above
filled surface state at thE point, could correlate to the sec- VBM at the center of the SBZ. The measured dispersion of
ond experimentally determined surface structure, which enthat peak in thel'M and 'K directions is weak and the
ergetic position is also 1.2 eV above the lowest unoccupiedresnonding surface band decreases slightly towards the
surface state. But the theoretical calculated and experlmentglnd M points. This course is parallel to the completely oc-
determined dispersion is differefgéee Fig. 8 One reason P . P pietely

; e ; e cupied photoemission structure measured byrtdteson
for that difference could be the difficulty in determining the et al2® as predicted by theory. At the center of the SBZ the

exact energetic position of the measured peaks in that are o . . , -
and the splitting of the surface bands in the theoretical Calgﬁfrfhcé g?g&o?églssiffgcixsggini %I\S/satgiveen\ig\jus/vﬁ)t%stﬂ%n
culations as well as in the experiment. The next calculateé/)alue the Eorrelation parameter.can be estimate as the
surface band 5.1 eV above VBM at thiepoint, i.e., 2.0 €V energy difference between the lower and the upper Hubbard
above the second surface state could correlate with the €¥%and, i.e., the energy difference between the identified sur-
perimental determined structure 2.4 eV above the second €¥5ce pands in PE and IPE spectrate- 2.05 eV. This value
perimentally determined band 4.6 eV above Fermi levelis in good agreement with the calculatégi~2.1eV of
Again the dispersion is differerisee Fig. 8 and the theoret- £\ ithmiiler et al. and U=1.95¢eV of Rohlfinget al. and

ical calculation has some breaks in the surface band, whilggmewhat larger than tHe=1.5eV of Anisimovet al. and

the experiment shows a well established peak in all spectrgne y=16eV of Northrupet al. The latter mentioned that
The measured 7.1 eV barf@) does not correspond t0 @ aqgitional electrons or holes introduced by doping could

theoretical surfece band. ) couple strongly to the adatom positional coordinates and this
The comparison between LDA calculations and IPE speczq|d jead to additional states near the Fermi level for doped

tra shows only a few agreements, and there are two contray, faces. The similarity of our IPE spectramtioped SiC

diction to this point of view: First, both LDA calculations 5.4 the IPE spectra of Themliet al. at n-doped samples

predict a half filled surface band, but the IPE experimenighgys that there are no additional unoccupied stateg-for
shows a fully unoccupied surface band. No half filled surface,, n-doped bulk material. The electronic structure of the

band has been detected experimentally. And sec%nd, in t 3xv3)R30° reconstruction is independent of the doping
presented IPE spectra and in those of Thendliral® the type of the bulk.
position of the Fermi level is at the same energetic position” |, ~onclusion for the 3xV3)R30° reconstruction

(see Fig. 3, but our sample ip doped and the one from o resented IPE spectra show a few agreements with
Themlinet al.is n doped. If the Fermi level of the surface is w5 one electron theoryLDA calculations, but because

at the same energetic position as the Fermi level of the bulkys +ha same Fermi level of the and n-doped 3

the p_osmon of the Fermi level of the-doped sample should xv3)R30°-reconstructed SiC surface and the measured
be in the upper part of the bandgapEr—Evewm  semiconducting surface, the presented study supports the

>(1/2)Eqey| and the position of the Fermi level of the \,hparq model with an experimental determined correlation
p-doped sample should be in the lower part of the bandgaBarameter ofJ=2.05eV.

[Er—Evem<(1/2)Egyy]. To explain these facts, a theory is

needed in which the Fermi energy of the surface is the same

for different doping typegband bending at the surfagcand

the theory should predict a semiconducting surface, i.e., fully Figure 9 shows an IPE spectru@olid line) in compari-

occupied and fully unoccupied surface states. son to an IPE spectrum taken by Thenginal® (shadowejl
Because of the narrow bandwidth of the abovementionedhese spectra agree well. Six different peaks can be distin-

surface statéD or X.;) correlation effects can occur, which guished within these spectra at (€.6.1) eV [peak(a)], at

C. (3X3) reconstruction
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- T ¥ T T - T 11 shows the dispersion relatidf(k;) in the TKMK and
I'M directions. In thd’M direction all six peaks show no, or
. only a weak dispersion. In thEK direction the peak at 0.6
eV shows also only a weak dispersion of 0.1 eV downward
4 to theK point. Peak(b) shows a small upward dispersion in
the first half of thel'K direction and a small downward
J dispersion in the second part of th&K direction. In the
KMK direction peak(b) shows no dispersion. Pealc)
shows a small wavelike dispersion in th&K MK direction
and peakd) shows no dispersion in tHeK direction and an
upward dispersion of 0.5 eV in tHeMK direction. PeaKe)
-2 0 2 4 6 8 10 12 4 shows also no dispersion in tHeK direction, in theKM
E — Ep [eV] direction a downward, and in thelK direction an upward
FIG. 9. Normal incidence inverse photoemission spectrum Oidlspers_lon. Pealf) shows a downward dispersion of 0.8 eV
the (3% 3) reconstructior(solid curve in comparison with an IPE  to the K point, in theKMK direction the dispersion is up-
spectrum measured by Them# al. (Ref. 9 (shadowel ward to theM point and downward to thi point.
At this reconstruction again there is the fact, that the
(1.8+0.1) eV [peak (b)], at (2.8-0.1) eV [peak (c)], at  Fermilevel of oup-doped sample and the Fermi level of the
(4.6+0.1) eV[peak(d)], at (6.5-0.1) eV[peak(e)], and at n-doped sample of Themliat al? are very similar(see Fig.
(8.1+0.1) eV [peak (f)] with respect to the Fermi level of 9). This means, that there is a band bending at this surface,
the sample. too, so that the Fermi levels of the different doped samples
The (3X3) reconstruction is not as stable concerning tak-are nearly identical. Furthermore, the spectra show com-
ing inverse photoemission spectra as theX () reconstruc-  pletely empty surface structures, thus the<@®) reconstruc-
tion (stable for a few daysbut more stable than the/§ tion is a semiconducting surface.
XVv3)R30° reconstruction(stable for only one spectrum As an analog to thevB X v3)R30°-reconstructed surface,
After a fresh preparation IPE spectra can be taken for a fewurthmiiler et al!® suggested a Mott-Hubbard model for this
hours (3 k-5 h), i.e., some spectra at different angles can b&urface with a Hubbard parameterldf1 eV to explain the
performed without a new preparation. semiconducting character of this surface, because in photo-
Figure 10 shows angle-resolved IPE spectra of the (Zmission experiments they found a completely occupied sur-
X 3) reconstruction in thE KMK andI’M directions. Figure face state 1.3 eV above VBM but below the Fermi level

intensity [arb. units]

I T T T T T T T
2 1 =z
= L ] =
50 1 27 y
< [ 2 ,
= [ ] = FIG. 10. Angle-resolved in-
=1 . — T 7 verse photoemission spectra of the
2L 1 2 (3% 3)-reconstructed 6H-
é i 1 a L 4 SiC(000Y) surface in high symme-
X 1 4::3 try directionsI'K andI'M.
g r ] =
i TKMK-direction ] i TM-direction |
T T T T T T T T ' e T !
4 2 0 2 4 6 8 10 12 14 4 2 0 2 4 €& 8 10 12 14
E — Ep [eV] E — Er [eV]
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intensity [arb. units]

E - Ep [eV]

E E — Er [eV]

o FIG. 12. Normal incidence IPE spectrum of the vB6
X 6v3)R30°-reconstructed 6H-S{G00J) surface.

(IPE) and the completely occupiedPE) measured surface
: T : . bands and the extremely similar IPE spectra psf and
n-doped samples with a nearly identical position of the sur-
face Fermi level. That means the Fermi level of the surface is
° i w different from the Fermi level of the bulk, and there is a band
K bending which pins the Fermi levels pf andn-doped SiC

at the same energetic position. The Fermi level of the surface

sk _ is independent of the doping type of the bulk material.

D. (6V3X6v3)R30° reconstruction

FE - EF [eV]

e ] Figure 12 shows an IPE spectrum at normal incidence of
2| H,Q_Tke\e\ 1 the (6/3X6v3)R30° reconstruction. To the best of our

knowledge there is no theoretical band structure calculation
T et e—o20o ] for this reconstruction. The first Brillouin zone at the surface
ol . . RS . of the (6v3 X 6v3)R30° reconstruction is so small.1 nmi?

in the I'M direction, that it is not meaningful to evaluate
E(k,) diagrams from angle-resolved IPE spectra taken with
FIG. 11. Experimental dispersion relations of the the angle resolution of the used sample manipuletorallest

(3% 3)-reconstructed 6H-SI0007 surface in thd'K (upper pait steps of 2.5 anqlthe angle diverggnqe of the used electron
ESTYE gun (0.8-1.0nm ). At the normal incidence spectrufeee

Fig. 12 the five peakga)—(e) at energetic positions of (1.0
(pinned 1.95 eV above VBM This surface band shows no +0.1), (2.4-0.1), (3.6-0.1), (4.8-0.1), and at (7.4
dispersion along the high symmetry directions. +0.2) eV can be distinguished. The energetic position of the
With that position of the Fermi level the first measuredpeak (a) is within the bulk bandgap similar to the lowest
peak at an energetic position of 0.6 eV with respedEtds  unoccupied surface band at the other reconstructions. There-
2.55 eV above VBM within the bulk bandgap. This position fore it can be identified tentatively as surface peaks. The
within the bulk bandgap is a indication for the_SUfface_Char-nature of the h|gher peaKg) and (d)—surface or bulk—is
acter of this peak. It shows no dispersion in the andI’K  open at present.
directions. This fully unoccupied surface state and the com-
pletely occupied surface state determined with direct photo- IV. CONCLUSIONS
emission can be identified as the lower and upper Hubbard
band, and from the energetic difference of the highest occu- We can determine dispersion relations of thex(ll)-,
pied and lowest unoccupied surface state the correlation p&v3xXv3)R30°-, and (3<3)-reconstructed 6H-Si000J)
rameterU can be estimated td =1.25eV. This value is in surface by means of angle-resolved inverse photoemission.
good agreement with the calculated value=~ef eV from  The stability concerning taking inverse photoemission spec-
Furthmuler et al. and also in agreement with Johanssontra of these surfaces decreases in the ordex ), (3
et al, who determined the surface bandgap by a anglex3), (V3Xv3)R30°. All reconstructions can be easily
resolved direct and inverse photoemission to 1.0(Réf.  reprepared in a Si flux at controlled temperatures. Normal
16) also supporting the Mott-Hubbard model. incidence IPE spectra of all four known reconstructions
In summary for the (% 3) reconstruction we support the show four to six peaks. Series of angle-resolved IPE spectra
Mott-Hubbard model, because of the completely unoccupiediaken at three surfaces allow a determination of the energy

k” [nm_l]

andI"'M directions(lower pary.
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dispersion of the bands within the first Brillouin zone. We sample are nearly the same, a Mott-Hubbard picture fits bet-
compare the experimental results with calculated singleter the experimental data. The Hubbard parameter can be
electron surface band structurédsDA calculationg and a  estimated from experimental data tb=2.05eV[1.25 eV]
Mott-Hubbard model which takes intra-atomic Coulomb in-for the (V3 Xv3)R30° [(3X3)] reconstruction of the 6H-
teraction into account. There are a few agreements betweeiC(000]) surface, which is in good agreement with theoret-
single electron LDA calculations for the &l1)- and ¢/3  ical values ofU=2.1eV[~1 eV] of Furthmiler et al. and
XVv3)R30°-reconstructed 6H-S{G00)) surface and the ex- U=1.95eV of Rohlfinget al. for the "3 Xv3)R30° recon-
perimentally determined surface band structures, but thetruction and somewhat larger than tde= 1.5 eV of Anisi-

LDA calculations predict a half filled surface stdie(2,) mov et al. andU = 1.6 eV of Northrupet al.

for the (V3 Xv3)R30° reconstruction, while all experiments
show fully occupied and fully empty surface states at this
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