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Si-rich SiC(111)/(0001)3x 3 and /3x /3 surfaces: A Mott-Hubbard picture
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The electronic structures of Si-rich reconstructions of SiC surfaces oriented parallelctaxtseare studied
by means of first-principles calculations and angle-resolved photoemission spectrARWYS. Indepen-
dent of the reconstruction model, but in particular for the most favorable Si adtetramer-adlayes-sited Si
adatom models, the density-functional theory gives rise to half-filled pronounced dangling bond bands within
the fundamental gap clearly indicating metallic surfaces. In contrast to theory, ARUPS observes only fully
occupied surface-state bands but no density of states at the Fermi energy. The explanation of the discrepancies
within a Mott-Hubbard picture allows a reliable description of the details of the surface band structure.
[S0163-182698)03444-4

Silicon carbide(SiC), as a semiconductor with wide en- related to structural or many-body effects. From their ion-
ergy gap, is an interesting material for microelectronic andscattering studies and, respectively, core-level photoemission
optoelectronic applications. It crystallizes in various crystalmeasurements Lét al® and Johanssoet al? suggested Si
structures, e.g., the zinc-blende polytype 3C and hexagonaldlayer structures different from the adatom model. On the
polytypesnH with n Si-C bilayers in the unit cell. ThEL11]  other hand, such a discrepancy may be also traced back to
direction is the natural growth direction in the cubic case. Iteffects of the strong electron correlation not included within
corresponds tp0001] for hexagonal crystals. Independent of the DFT-LDA?
the polytype the basic reconstructions of the corresponding We have studied the energetical stability of a vast number
Si-rich surfaces are/3x /3 and 3x3.172 of adsorption geometries of Si-rich Si11) surfaces with

The structure of not too Si-rich 6H-S{@001) and 3C- /3x+/3 and 3x3 translational symmetry and varying Si
SiC(111) surfaces withy3x /3 translational symmetry is stoichiometry. The surface bands resulting for the most fa-
now generally identified by total-energyE) calculation§®  vorable structures within the DFT-LDA are compared with
and scanning-tunneling microscdp§STM) as aT,-site Si  band structures mapped within ARUPS studies of 3C-
adatom at the uppermost bulklike Si layer. For the correSiC(111), 6H-SiQ0001), and 4H-SiQ0001) surfaces for
sponding reconstructions on tti&11) and (0001) surfaces both translational symmetries. The bands and their disper-
the low-energy electron diffractiof.l EED) patternd as well ~ sion are compared and explained in terms of adatom interac-
as the total energies and geomeftiesre found to be essen- tions and strong electron correlation.
tially identical, indicating that the surface reconstructions of The calculations are performed within the framework of
the cubic and hexagonal polytypes are the same. There agensity-functional theory in the local-density approximation.
only weak indications from other experimehthat a second Explicitly we use the Viennaab initio simulation package
metastable/3x \/3 surface structure may exist which can be described elsewher&8 Ultrasoft pseudopotentials are used
explained by a vacancy model. Thex3 reconstruction of for carbon, silicon, and hydrogen, which allow us to reduce
the very Si-rich surfaces has been discussed withihe cutoff in the plane-wave expansion to 13.2 Ry. The sur-
various models: a dimer-adatom-stacking-faulPAS)  faces are modeled by repeated slabs with33or 3X 3
arrangement’®and as a modification of the DAS structure a lateral unit cells. Each slab consists of six Si-C bilayers and
single-adatom modé&lVery recently TE calculatio8 and  a vacuum region of the same thickness. The dangling bonds
their combination with LEED, LEED holography, and STM at the lower C-terminated half of the slab are saturated by
experiment! found the 3x 3 reconstruction to be related to a hydrogen in order to avoid spurious interactions or electron
Si adatom cluster on top of a polymerized triple-dangling-transfers. Additional Si adatoms are allowed to cover the
bond Si adlayer independent of the 6H or 3C polytype. Si-terminated slab side. We usé4 k points to sample one

The electronic structure of the 6H-SIC(00QBx 3  half of the Brillouin zone(BZ) of the \3x 3 (3% 3) sur-
surface has been studied by angle-resolved photoemissidace. Cubic stacking has been assumed along1thé) di-
spectroscopy? k-vector-resolved inverse photoemission rection in each slab. We have shdWhthat the actual stack-
spectroscopy® and spectroscopic STKA* No density of ing is of minor influence on the surface geometry and
states is found at the Fermi level. However, this is in contrasenergetics. However, discussing the electronic structure we
to the band-structure calculations in the framework of thehave to take into account that the fundamental energy gap of
density-functional theoryDFT) and local-density approxi- 6H-SIiC is about 1 eV larger than that of 3C-SiC. On the
mation (LDA).*® The question arises if this discrepancy is other hand, in any case we have to introduce a scissors op-
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FIG. 1. Brillouin zones for X 3, 3% /3, and X 1 reconstruc- 057
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erator to widen the energy gap due to the well-known gap

underestimate within the DFT-LDA. reconstructed 3C-SiC11) surfaces within DFT-LDA. The pro-

The samples _We use aféll)-oriented cubic S'_C films jected bulk band structures are shown as shaded regions, whereas
grown on a 6H-SiQD00Y) substrate by means of solid-source dotted lines represent bands of surface bound states. The strength of

molecular-beam eplt.ax%/In few cases we have also directly e qots indicates the degree of localization at the surface. The
investigated Si-terminated 6H-SIMO0Y) and 4H-SiC000)  yaience-band maximum is taken as energy zero.
substrates. Natural oxide is removed in the preparation
chamber by heating the sample in a Si flux at 900 °C. Dedangling-bond-related band is observed in the upper part of
pending on the heating time and the silicon supply, {82 the projected fundamental gap of 3C-SiC. According to the
X+/3, 1Xx1, and 3x 3 reconstructions of the Si-rich faces electron-counting rule this band pins the Fermi level. It is
could be observed and changed reversibly. Stoichiometrialf filled since there is only one dangling bond per surface
and symmetry of the surfaces are controlled using LEEDUnit cell. The bands are mostly related to<Hike orbitals
STM, and Auger as well as x-ray photoemission spectroslocalized at the adatoms. Therefore, they exhibit an ex-
copy. The dispersion of the occupied energy bands near tHgemely small dispersion in agreement with the adatom dis-
top of the valence bands is studied by rotating the sampléancesD=9.19 or 5.31 A. The bandwidths amount to 0.13
around an axis perpendicular to the direction of the analyzeand 0.40 eV. They approximately differ by a factor of 3 in
(SPECS EA20pD The incident direction of the radiation agreement with the variation of the hopping constant accord-
source is kept fixed to the analyzer direction. The ARUPSNg to 1D2.*® The band maximum is located at the(T")
measurements are performed along a directiork ispace  point, whereas the band minimum occurs atkhéK) point
which includes the'K, KM, andI'M directions via im- in the case of the 83 (/3% /3) phase. For the smaller
plicit BZ folding (cf. Fig. 1. UV-light excitation with three  reconstruction/3x /3 these findings and the bandwidth are
different photon energies 16.9 gW¥el), 21.2 eV(Hel), and  in agreement with other DFT-LDA calculatiofs.Only the
40.8 eV(Hell) is used. The acceptance angle of the analyzeabsolute position of the dangling-bond band is slightly
is +2°. higher with respect to the valence-band maxim(\iBM)

The ground state of the surfaces is evaluated by means oue to the 6H substrate considered there.
total-energy optimizations. All atomic coordinates in the up- The surface band dispersions near the VBM as derived
per slab half are relaxed until the Hellmann-Feynman forcefrom ARUPS are plotted in Fig. 3 along the same high-
vanish. Four different models suggested by varioussymmetry directions as in the case of the theoretical band
author§~** have been used as initial configuration of thestructures. For both surface reconstructions occupied
total-energy optimization in the>83 case. This number has surface-state bands are observed in the fundamental gap
been vastly increased for the/3x3 translational above the VBM but below the surface Fermi-level position,
symmetry®1’ Under very Si-rich preparation conditions it is which is identified to be pinned 1.95 &Z.15 e\j above the
found that the X 3 translational symmetry is represented by VBM in the case of the &3 (y/3x /3) structure indepen-
a Si tetramer on a twisted Si adlayer with cloverlike rings ondent of the underlying polytype. That means that both sur-
top of the Si-terminated fac@:'* Under less Si-rich prepa- faces are semiconducting in contrast to the results of the
ration conditions ay3x \/3 structure is favored. There is DFT-LDA calculations. In the/3x \/3 case this observation
consensus that this structure is formed Bly,adatom ontop  agrees with other band-mapping investigati&hs. On the
of the uppermost bulklike Si layér® The DFT-LDA band  other hand, the highest occupied surface bands behave in a
structures resulting for the two reconstructions are plotted isimilar way as the calculated dangling bond bands. The dis-
Fig. 2. In both cases of reconstructions a well-pronouncegbersion is weak. The bandwidths amount only to less than

FIG. 2. Electronic structures of thexd (a) and y3x+/3 (b)
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1'5__ single-adatom model of Kulakaet al. (Ref. 9. The same notations
s ' as in Fig. 2 are used.
9 1.0 " rweendis, f noressy
5 05% . ,
5 0.0 band(about 1 eV above the VBMassociated with the top
T 051 atom of the adatom cluster. However, the positions of the
1 '0__ band maxima and minima do not agree with the experimental
_1'5 (b) findings. Hence, with Fig. 4 we can only demonstrate that
=T M K r defects and defect-induced variations of the surface33

FIG. 3. Experimental surface state band dispersions of the geconstructi(_)n may introduce additional surface bands, but
%3 (a) and 3x 3 (b) structure. The blackgray) dots refer to W€ can_not identify the _true nature of the second strongly
photon energies of 16.9 el21.2 eV}, i.e., Nel (Hel). As a guide- dispersive band occurring above the VBM. A crude scan
line for the eyes we also show the theoretical projected bulkhrough the band structures of few other possible defect
valence-band structuréshaded regions The theoretical and the Structures(missing top atom, C antisites in the first Si ad-
measured valence-band edge dispersions agree within experimentayen showed that many other structures may possess addi-
uncertainties. tional surface bands with considerable dispersion.

The question arises whether the opposite electronic-
structure results of DFT-LDA and ARUPS with respect to
the band occupation and hence the metallic or nonmetallic
surface character contradict the surface reconstruction mod-

0.1 eV (3x3) or 0.2-0.25 eV (3% /3). The band maxima
and minima occur in the/3x /3 case at the same positions

as calculated. The uncertainties in the measurements do Ng{. . i tetramer on a twisted Si adlaye(3) or aT,-site
allow such an identification in the>33 case. Si adatom (/3x +/3), which have been verified by various

Moreover, for the X 3 structure measured a second and a . tal and total tudi In th fthe 3
third surface band occur slightly above the projected py*Penmental and total-energy studies. in the case ot the

valence bands. The lower one agrees with the theory whick'3 and ‘/§X\/§ surface translational symmetries  of
finds bands with pronounced surface character more or le0Up-IV materials one always cuts an odd number of bonds
degenerate with the topmost bulk valence bafefs Fig. within one unit cell. Because of the four valence electrons
2(a)]. The surface character is especially enhancett fogc- ~ Per atom all bonding states should be completely filled with
tors alongKM, i.e., along the zone boundary. We trace the€lectrons, whereas more or less noninteracting dangling
states forming the lower band back to bonding combination®onds should be occupied with one electron. As a conse-
of Si orbitals belonging to two atoms in the twisted adlayerquence the DFT-LDA band structurés. Fig. 2) reflect the

or in the adcluster. The band observed experimentallynetallic behavior of the surface. The contrast to the experi-
slightly above the VBM cannot be explained in terms of themental findings suggests effects of strong electron correla-
band structure calculated for X3 surface within the tion beyond the scope of the one-electron theory, at least that
adcluster/adlayer modét.In the light of the STM studies of ~within DFT-LDA. Spin effects which could be treated within
this facé®?° one explanation could be related to surface dethe local spin-density approximation may be excluded. A
fects. Among them there are apparently missing adatoms omagnetic exchange splitting of about 2 eV, which has been
and adclusters and regions with additional silicon. Moreoverpbserved as the gap between filled and empty dangling-bond
careful LEED studies of the heat-induced transition be- bands in the\3x 3 case:® would be too large. On the
tween 3x 3 and+/3x /3 indicate the coexistence of several other hand, the extremely small bandwidths of the measured
translational symmetries, e.g.x®, 2x2, andy3x 3. To  surface bands indicate strong correlation effects on the elec-
illustrate the idea that other surface structures may be refonic structure in the sense of the Hubbard mdé@eRe-
sponsible for additional bands of surface bound states weently, Northrup and Neugebauer demonstrated for the case
show the band structure for the second energetically ratheaf a J3x /3 surface that a Mott-Hubbard insulating ground
favorable model suggested by Kulakewal® on the base of state may be a realistic scenafidn light of their findings it

a dimer-adatom-stacking-fault model known from(13i1) is a realistic assumption that also the'3 surface can be
(Ref. 4 in Fig. 4. The corner holes appearing in this struc-expected to undergo a Mott-Hubbard metal-insulator transi-
ture which can be viewed as defettacanciesin the first Si  tion.

adlayers induce additional bands in the fundamental gap be- In order to include strong correlation effects on electrons
low and above the position of the half-filled dangling-bondin dangling-bond states localized at the top Si atoms of the
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adclusters (X 3) or T,-site Si adatoms(3x y3) we con- states, the band with dispersie(k) known from the uncor-

sider a one-band Hubbard Hamiltonian related limit splits into two bands with approximate disper-
sion relations; & (k) and 3&(k)+U with the same spectral
H=t > Citrcjtr-’-UE Cﬁc”cﬁcu ’ (1)  strength. The surfaces undergo a Mott transition from a me-
i#j.0 [ tallic into an insulating stag®. Both Si-rich surface recon-

structions represent a Mott-Hubbard insulator. The gap be-
where thei andj sums run over the various Si dangling tween the two bands is defined by the electron correlation

orbitals ando describes the spin orientation. The hopping€nergy U. For the \3x /3 surface Themlinet al** have
term with the parameterindicates that only nearest neigh- aligned theirk-resolved inverse photoemission data to the
bors are taken into account. Theparameters should be occupied band found by former ARUPS studfeim an en-
smaller than 0.1 eV for the characteristic distances. With arergetical distance of about 2.3 eV. A possible uncertainty of
effective Coulomb integral of 7.64 eV and a surface screenthe alignment of about 0.2—0.3 eV may be assumed. The
ing constant of SiC of about 3.85, an effective interactionresulting valueU~2—2.5 eV for the\/§>< \/§ surface is in
parameter of roughly U~2 eV may be estimated good agreement with our estimate. Northrup and Neugebauer
empirically.18 It is also possible to estimate the effective in- estimated a theoretical value of about 1_62é\@orre5p0nd-
teraction parameteld by means of total-energy differences jng experimental data for the>83 structure are not avail-
between different occupationscharge statgs of the  gpje. Another argument for the validity of the strong corre-
dangling-bond band within the framework of DFT-LDA cal- |ation picture is the conservation of the dispersion in the
culations. It holdsU=E(+)+E(—)—2E(0) with E(+),  empty and filled correlation bands and the reduction of the

E(-). alde(O) r;.preser!tinlg thhe grognd-s(;[ate enelrgies of Hispersion of the measured bands by about a factor 2 in com-
positively charged, negatively charged, and neutral SUPercely, ;o 15 the DFT-LDA result. ARUPS measurements find

re.spectlvely._'l_'he gharges have to be IocaI|z_ed at the da ).2—0.25 eV(hera and 0.2 e\A? whereas the width of the
gling bond giving rise to the surface band of interest. From

: ) unoccupied band of about 0.35 g¥Ref. 13 seems to be
our calculations we estimate a valub~2.1eV U : .
~1.0 eV) for the \3x |3 (3x3) surface. However, the slightly larger in the\/§?<\/§case. On the other hand, for the
R . : ' 3X3 surface theory finds a measurable dispersion of 0.13
calculation of total energies of charged supercells suffer

. C : %V, the ARUPS value is smaller than the experimental un-
strongly from spurious electrostatic interactions between th%ertainties i e. smaller than 0.1 eV

rcells. Hen he val iven ve represent still ) .
supercells. Hence, the values given above represent still a In conclusion, we have calculated the electronic structure

rather crude estimate. The corresponding errors might be a o .
large as+0.5 eV. In comparison with pure Si surfaceé’ b the Si-rich SIC(111)33 and 3 |3 surfaces by means

the value forU is slightly enlarged in the case of thé@ of the DFT-LDA improved by the effects of strong electron

. ) correlation. The corresponding filled surface-state bands
X ‘/§ surface as a consequence of the smaller dielectric COlave been measured using ARUPS for SiC substrates of vari-
stant. For the more-Si-rich>33 surface the value dfl ap-

; ous polytypes. A puzzle remains on the yet unidentified na-
proaches more closely that of pure Si as a consequence of tlﬂ?re of a third surface band in the fundamental gap in the

rather large Si coverage of this structure. Without electroq:ase of the X3 structure. The details of the considered
correlation the resulting dangling-bond band dispersic) bands of filled surface bound states and the principal findings

is given Dby e(k)=2t[1+2coss)] along TM or g ating surface structures may be explained within the
=2t{2 co§(2m/3)s] + cog(4m/3)s]} along thel'K line (0 niorHubbard picture. The Hubbard constahshould be of

=<s=1) in the corresponding surface BZ. A fit to the disper-
sion of the dangling-bond band calculated within DFT-LDA ;Treugttjrir of 2 eV(1 eV) for the case of a/3x /3 (3x3)

yields a hopping parametdr=0.014 eV ¢=0.05 eV) for
the 3x 3 (y/3x/3) structure. This work was supported by the Deutsche Forschungsge-

With electron correlation the single-particle problem be-meinschaft(Sonderforschungsbereich 196, Project Nos. A3
longing to the Hamiltonian(1l) cannot be solved exactly. and A8. Most of the computations have been done at the
However, in the atomic limit<U and a nearly equal distri- Supercomputer CentérLRZ) of the KfA Juich (project-ID
bution of the electrons in the dangling bonds over the spirhjn02).
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