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Ab initio calculations of structural and electronic properties of 6H -SiC„0001… surfaces

Magdalena Sabisch, Peter Kru¨ger, and Johannes Pollmann
Institut für Theoretische Physik II–Festkörperphysik, Universita¨t Münster, D-48149 Mu¨nster, Germany

~Received 13 December 1996!

We reportab initio calculations of structural and electronic properties of hexagonal 6H-SiC~0001! surfaces.
The calculations have been carried out self-consistently within a local density approximation employing su-
percell geometries, smooth norm-conserving pseudopotentials in separable form and Gaussian orbital basis
sets. In a systematic study, we have investigated the relaxation, as well as (A33A3)R30° reconstructions of
both Si- and C-terminated substrate surfaces. We have optimized eight structural models for the reconstructed
surfaces with Si or C adatoms and Si or C trimers adsorbed in threefold-symmetricT4 or H3 positions. In the
case of the Si-terminated substrate surface, our results favor Si adatoms inT4 sites as the optimal configuration
which is compatible with structure data from experiment. For the C-terminated substrate surface, our results
indicate that none of the investigatedA33A3 adatom or trimer configurations is the optimal surface structure.
We present the electronic structure of the relaxed and of some representative reconstructed surfaces and discuss
our results in comparison with other theoretical results and with experimental data from the literature.
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I. INTRODUCTION

Polar ~0001! surfaces of the technologically very impo
tant semiconductor compound 6H-SiC are attracting consid
erable interest in recent years.1–3 The clean, ideal
6H-SiC~0001! surfaces are either Si or C terminated. Sin
many reconstruction models for the~0001! surfaces involve
adatoms, we refer to them in the following as Si-
C-terminated substrate surfaces. They are characterized
~C! top-layer atoms with one dangling bond and three b
bonds connecting them with their three nearest-neighbo
~Si! atoms on the second substrate layer. While experim
can distinguish between different substrate-surface term
tions, an absolute determination of the Si face or the C f
seems difficult.3 The stacking sequence of Si-C bilayers
the hexagonal@0001# direction of 6H-SiC and in the cubic
@111# direction of b-SiC differs only beginning with the
ninth layer. Because of this fact, experimental low-ene
electron diffraction~LEED!, Auger electron spectroscop
~AES!, and electron energy loss spectroscopy~EELS! results
are almost identical for respective reconstructions of
b-SiC~111! and the 6H-SiC~0001! surface when using elec
trons with low energy.4 Based on the indistinguishabl
LEED results one can conclude that the surfaces are cha
terized by the same reconstruction geometry. The Si-
C-terminatedb-SiC~111! and 6H-SiC~0001! surfaces have
been and still are investigated very intensively by LEED,4–9

AES,4–8,10 scanning tunneling microcospy~STM!,7,9,11–14

atomic force microscopy~AFM!,15 EELS,4,7,10 x-ray photo-
electron spectroscopy~XPS!,6,10,16angle-resolved photoelec
tron spectroscopy~ARPES!,17 andk-resolved inverse photo
electron spectroscopy~KRIPES!.18 Among the structures
reported are~131!, A33A3, ~333!, 6A336A3, and ~9
39! configurations depending sensitively on temperat
and on sample preparation. TheA33A3 and 6A336A3 re-
constructions involve 30° rotations of the unit cell and a
R30° reconstructions therefore. These reconstructions
550163-1829/97/55~16!/10561~10!/$10.00
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thought to originate from adsorbed Si or C adatoms or S
C trimers and are thus interpreted as adsorption-induced
constructions.

Different preparation methods appear to yield differe
reconstructions.3 LEED patterns show an unreconstructed~1
31! structure up to 800° and various reconstructions a
annealing at 900–1100 °C.6 Chemical treatment inHF ~Ref.
6! or bufferedHF ~Refs. 7 and 8! removes the oxide and
passivates the surface. Annealing up to 900–1000 °C
UHV results in a A33A3 reconstruction for the Si-
terminated surface6,7,9 and in a 333 reconstruction6 for the
C-terminated surface. Further annealing above 1000
causes a Si depletion and graphitization of the surface le
ing to a 6A336A3 reconstruction.5,9,12,13Bermudez has pre
pared clean~0001! surfaces by annealing in a flux of Si va
por and observes a~333! structure for the Si-terminated
surface which converts to (A33A3)R30° upon further an-
nealing in vacuum.3 The author has observed that the~3
33) surface consists of an ordered layer of Si chemisor
on the Si substrate surface layer while the (A33A3)R30°
reconstruction involves an ordered arrangement of Si vac
cies. For the C-terminated surface, Bermudez has observ
~131! structure which transforms into a poor quality~3
33! structure upon further annealing. Owman a
Mårtensson9 have investigated Si-terminate
6H-SiC~0001!-(A33A3)R30° surfaces by STM. The au
thors observed images consistent with a structural mo
composed of 1/3 layer of Si or C adatoms in threefo
symmetric sites above the outermost Si-C bilayer, similar
the reconstructions observed for 1/3 monolayer of, e.g.,
Ga, In, or Pb on the Si~111! surface.19–22 Similar structural
models had been suggested by Kaplan,4 before. From STM
data alone, it is neither possible to identify which one of t
elements~Si or C! constitutes the adatoms nor to determi
in which of the two symmetry-allowed sites (T4 or H3) the
adatoms are located. A mixture of adsorbed Si and C a
toms was excluded in Ref. 9. But more complex structu
such as, e.g., trimers could not be excluded. Thus
10 561 © 1997 The American Physical Society
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10 562 55SABISCH, KRÜGER, AND POLLMANN
authors did not arrive at a definite structural model for
A33A3 reconstructed surface. Li and Tsong11 have studied
Si- and C-terminated surfaces after annealing at 850–9
°C under a Si flux using STM. On both surfaces the auth
observed a (333) reconstruction after annealing at 850 °
which changed into aA33A3 reconstructionin both cases
after further annealing at 950 °C. In general, the experim
tal structure data seem not to be entirely conclusive, yet

To date, only very few theoretical investigations of po
hexagonal 6H-SiC~0001! surfaces have been reporte
Badziag23,24 has carried out semiempirical structure stud
of Si- and C-terminatedA33A3R30° configurations. The
author employed semiempirical quantum-chemical clus
calculations of the modified neglect of differential overl
~MNDO! type and arrived at C trimers saturated by hydrog
atoms as the optimal configuration for the Si-termina
surface.24 For the C-terminated 6H-SiC~0001!-(A33A3)
surface Badziag favored a model containing Si adatoms
C atoms substituting for Si in the second layer of the un
constructed substrate surface.23Ab initio calculations within
local density approximation~LDA ! of density functional
theory have been reported by Northrup and Neugebau25

These authors have studied Si-terminatedb-SiC~111!-
(A33A3)R30° surfaces. As mentioned before, these
largely equivalent to the respective hexagonal surface s
the stacking sequence of Si-C bilayers along the@111# direc-
tion in b-SiC and along the@0001# direction in 6H-SiC,
respectively, is equivalent down to the eighth layer. For
Si-terminated substrate surface the authors favored ads
tion of Si adatoms inT4 sites as optimal structure. We hav
previously presented brief accounts of results of our LD
calculations for the structure and the electronic structure
Si- and C-terminated 6H-SiC~0001!-(A33A3)R30°
surfaces.26,27

To contribute to the vivid current discussion of the reco
structions of 6H-SiC~0001! surfaces, we have systematical
studied the relaxed~131!, as well as a number of recon
structedA33A3 configurations of both Si- and C-terminate
~0001! surfaces of 6H-SiC. In this paper we present an
discuss a full account of the results of ourab initio pseudo-
potential LDA calculations. We have optimized eight stru
tural models for the reconstructed surfaces with Si or C a
toms and Si or C trimers adsorbed in threefold-symme
T4 or H3 positions. The calculations have been carried
within the supercell approach using smooth pseudopoten
and localized Gaussian orbitals. For the Si- and C-termina
substrate surfaces we present optimal reconstruction con
rations of the investigated structure models and for so
representative configurations we present and discuss th
spective surface electronic structure.

The paper is organized as follows. In Sec. II we brie
summarize the framework of our calculations. Section III
devoted to the presentation of surface structural and e
tronic properties for both the Si- and the C-terminated
laxed ~131! substrate surface. In Sec. IV we present a
discuss our results for five different configurations with Si
C adatoms and Si or C trimers adsorbed in threefo
symmetricT4 or H3 positions at the Si-terminatedA33A3
substrate surface. In addition, we discuss three adatom s
tures at the C-terminatedA33A3 substrate surface. Our re
e
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sults are compared with those of other calculations and w
available experimental data. A summary concludes the pa
in Sec. V.

II. CALCULATIONAL FRAMEWORK

Our calculations are carried out in the framework
density-functional theory within the local densit
approximation.28 For the exchange and correlation potent
we employ the functional of Ceperley and Alder29 as param-
etrized by Perdew and Zunger.30 Nonlocal, norm-conserving
pseudopotentials in separable form, as suggested by K
man and Bylander,31 are used. They were generated follow
ing the prescription given by Hamann, Schlu¨ter, and
Chiang32 and have been reported elsewhere.33 Employing
our very smooth pseudopotentials in particular for the sec
row element carbon, the numerical effort is strongly reduc
The wave functions are expanded in terms of linear com
nations of Gaussian orbitals withs, p, d, ands* symmetry.
We find that 30 Gaussians per surface-layer atom and
Gaussians per atom for all other atoms in the supercell y
sufficient accuracy.34,35 Using these pseudopotentials an
Gaussian orbital basis sets we have successfully investig
the relaxedb-SiC~110!-~131! surface34 and a number of
reconstruction models forb-SiC~001! surfaces,35 previously.
The total energy is calculated self-consistently using
momentum-space formalism of Ihm, Zunger, and Cohe36

All computations are performed using sets of sixki points
for the ~131! unit cell and threeki points for the
(A33A3)R30° unit cell in the irreducible part of the surfac
Brillouin zone ~SBZ!. Using the supercell method we em
ploy eight layers of SiC, one layer of adatoms, and se
vacuum layers in the supercell. In addition, the brokensp3

bonds at the bottom layer atoms in each supercell are s
rated with one hydrogen atom, each. The lower four atom
layers of SiC are fixed in the bulk configuration employin
the theoretical lattice constantsa53.07 Å andc515.05 Å.
We optimize the structure by calculating the forces. W
move the atoms of the upper four substrate layers and
adlayer atoms in the supercell until all forces vanish with
1023 Ry/a.u.

III. RELAXED 6 H -SiC„0001…-„131… SURFACES

Clean relaxed 6H-SiC~0001! surfaces, so far, have no
been observed in experiment. At the unreconstructed
terminated~131! surface there is usually a disordered lay
of impurities like O which can be removed by annealing
UHV. The C-terminated~131! surface results from impuri-
ties at the surface,3 as well. For reference sake, we first a
dress the clean relaxed 6H-SiC~0001!-~131! surfaces.

A top and a side view of the Si-terminate
6H-SiC~0001!-~131! substrate surface as resulting from o
relaxation calculations is shown in Fig. 1. The paramet
characterizing the relaxed structure are introduced in the
ure, as well. Due to the hexagonal symmetry of the latt
only atomic relaxations along the surface vertical axisz
direction! can occur. For the relaxed C-terminated surfa
full dots and open circles have to be interchanged in Fig
Table I shows the structure parameters for the optimally
laxed Si- and C-terminated substrate surfaces in compar
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with the respective parameters of the ideal surfaces. The
tical distance between neighboring layersi and j is given by
zi j5 zi2zj . The most significant effect to be observed is
pronounced inward relaxation of the top-layer atoms for b
surfaces. The respective decrease ofz12, as compared to its
value at the ideal surfaces, amounts to20.15 Å for the Si-
and20.25 Å for the C-terminated surface. Concomitan
the bond lengthsd1 decrease by 0.04 Å and 0.07 Å, respe
tively, for the two surfaces. The relaxation-induced ene
gain of 0.30 eV at the C-terminated surface is more th
three times as large as that at the Si-terminated surface~0.09
eV! due to the larger relaxation of the C face. Bond-bend
angular forces at the second-layer atoms are involved
these downward relaxations of the surface-layer atoms. T
are considerably weaker at Si atoms than at C atoms so
the C-terminated surface shows the larger relaxation effe
The atomic relaxation on lower lying layers is very small

Figure 2 shows the surface band structure for the rela
Si- and C-terminated surfaces. The vertically shaded a
represent the~0001! projected bulk band structure~PBS!
which is, of course, the same for both surfaces. The PBS
an indirect gap of 1.97 eV which is smaller than the expe
mental gap of 3.02 eV. This is due to the well-known und
estimate of the band gap energy in LDA. For both Si- a
C-terminated relaxed surfaces we find a dangling-bond b

FIG. 1. Top and side view of the relaxed Si-terminat
6H-SiC~0001! surface. In this and in all following figures related
the surface structure, Si atoms are represented by open circles
C atoms are represented by black dots. Bonds lying in the draw
plane or parallel to it are shown by full lines and those forming
angle with the drawing plane are shown by dashed lines. Th~1
31! unit cell is indicated by heavy lines and the labeling of ch
acteristic structure parameters is introduced.
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in the gap energy region. These bands originate from
dangling bonds which are localized at the Si and C top-la
atoms, respectively. The dangling-bond band is half filled
both cases since there is only one top layer atom pe~1
31! unit cell. The resulting band structures are thus meta
Comparing the energetic positions ofDSi andDC it becomes
obvious thatDC occurs roughly 1.5 eV lower in energy tha
DSi . This is due to the stronger C potential, as compared
the Si potential. This potential difference gives rise to t
ionicity of SiC ~see also Ref. 34!, causing a charge transfe
from the Si to the C atoms. The dispersion ofDSi is more
pronounced than that ofDC, becauseDSi is laterally more
extended. This can be seen in Fig. 3, which shows the ch
densities of the dangling-bond statesDSi and DC. They
clearly reveal that the dangling bonds are predominantly
calized at the top-layer atoms and are oriented perpend
larly to the surface. The charge densities of the two dangli
bond states, however, show significant differences. Wh
DSi is predominantly directed outward into vacuum, t
maximum ofDC is directed towards the substrate. This cou
originate from the stronger relaxation of the C-terminat
surface.

IV. RECONSTRUCTED 6H -SiC„0001… -„A33A3…
SURFACES

A. Adsorption-induced reconstructions
of the Si-terminated substrate

TheA33A3 unit cell is three times as large as that of t
relaxed surfaces and contains three atoms per layer unit

ile
g
n

-

TABLE I. Optimized structure parameters~as defined in Fig. 1!
and energy difference per~131! unit cell between the ideal and th
relaxed surfaceDE in comparison with the ideal surface paramete
for the Si- and C-terminated 6H-SiC~0001! substrate surfaces.

~131! Si-term.~131! C-term.~131!

ideal relaxed relaxed

d1 ~Å! 1.88 1.84 1.81
d2 ~Å! 1.88 1.88 1.87
z12 ~Å! 0.63 0.48 0.38
z23 ~Å! 1.88 1.92 1.97
z34 ~Å! 0.63 0.61 0.60
DE ~eV! 0.00 20.09 20.30
ed

ly
FIG. 2. Surface band structures of the relax
Si-terminated~left panel! and C-terminated~right
panel! 6H-SiC~0001!-~131! surfaces. The pro-
jected bulk band structure is shown by vertical
shaded areas.
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10 564 55SABISCH, KRÜGER, AND POLLMANN
in the substrate. The STM measurements of Owman
Mårtensson9 for the Si-terminated 6H-SiC~0001!-
(A33A3)R30° surface have yielded images similar to t
Si~111! surface covered with 1/3 monolayer of Al, Ga, In,
Pb. Stimulated by this work we have investigated five a
sorption models of the Si-terminated 6H-SiC~0001!-
(A33A3)R30° surface. They are shown in Fig. 4 by top a
side views. The structure parameters characterizing the
ferent configurations are introduced in Fig. 4, as well. W
have considered Si adatoms inT4 @Fig. 4~a!# andH3 @Fig.
4~b!# and C adatoms inT4 positions@Fig. 4~c!#. In addition,
we have optimized Si and C trimers inT4 positions@Figs.
4~d! and 4~e!#. Adatoms inT4 (H3) positions reside above
second~fourth! substrate-layer atoms@see, e.g., Figs. 4~a!
and 4~b!#. For the sake of brevity, we will refer to the dif
ferent configurations as Si(T4), Si(H3), etc. The resulting
optimal structures obtained from our total-energy minimiz
tion are drawn to scale in Figs. 4~a!–4~e!.

1. Surface structure

In all five adsorption configurations the three substra
surface dangling bonds perA33A3 unit cell become fully
saturated by the adatoms. But now the adatoms have
gling bonds. Their number, however, is smaller than
number of the original dangling bonds at the clean subst
surface. In the configurations of Figs. 4~a!–4~c! the number
of dangling bonds is reduced by adatom adsorption to
third. In the case of the Si and C trimers@see Figs. 4~d! and
4~e!# the dangling-bond reduction sensitively depends on
which extent the dangling bonds at the trimer atoms beco
involved in chemical bonding.

The newly established surface bondsd1 have a bond
length which turns out to be slightly larger than respect
bulk bonds~2.33 Å for Si and 1.88 Å for SiC! and close to
the sum of the covalent radii of the involved atom
(rC50.77 Å andrSi51.17 Å!. The new surface bonds ar
significantly strained, however, since the respective b
anglea ~see Fig. 4 and Table II! is far from the tetrahedra

FIG. 3. Charge density contours of the dangling-bond state
the G point for the relaxed Si-terminated~left panel! and
C-terminated ~right panel! 6H-SiC~0001!-~131! surfaces. The
charge densities are presented for a side view of the relaxed s
tures~see also Fig. 1!.
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angle of 109.5°. There is an important difference betwe
theT4 andH3 configurations to be noted at this point. In th
T4 configuration, the system can reduce its strain and
crease the bond anglea by pushing down the second-layer
atom residing vertically below the adatom and lifting th
other two C atoms in theA33A3 unit cell on the second

at

c-

FIG. 4. Top and side views of the optimized (A33A3)R30°
reconstructions of Si-terminated 6H-SiC~0001! surfaces. The
A33A3 unit cells are indicated by heavy lines in the left pane
The structure parameters are introduced in the side views~see also
caption of Fig. 1!.
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TABLE II. Optimized structure parameters~as defined in Fig. 4! for the Si and C adatom and Si and
trimer reconstructions of the Si-terminated 6H-SiC~0001!-(A33A3)R30° surfaces adressed in this wor
The values in parentheses are the results of Ref. 25.

Adsorption models for the Si-terminatedA33A3 surface
Si(T4) Si(H3) C(T4) Si trimer(T4) C trimer(T4)

d0 ~Å! 2.59 1.41
d1 ~Å! 2.41 ~2.42! 2.44 1.93~1.98! 2.39 1.92
d2 ~Å! 1.71 ~1.75! 1.73 0.92~1.22! 2.37 1.69
d3 ~Å! 2.50 2.36 1.70 3.03 2.46
d4 ~Å! 1.88 1.88 1.87 1.87 1.89
Dz ~Å! 0.25 ~0.22! 0.31 ~0.52! 0.07 0.25
a(°) 70 53 105 86
o
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substrate layer. In consequence, a buckling of the sec
substrate layer, characterized byDz ~see Fig. 4 and Table II!
occurs. In theH3 configuration, on the contrary, all three
atoms per unit cell on the second substrate layer are equ
lent so that no buckling of the second layer can occur. T
strain relief can be accomplished much more efficiently
theT4 than in theH3 configuration.

In our optimized Si(T4) structure each Si adatom forms
bond of lengthd152.41 Å @see Fig. 4~a! and Table II# with
each of the three Si substrate-surface layer atoms. This b
length is larger than the Si-Si bulk-bond length of 2.33
The three Si surface atoms in theA33A3 unit cell slightly
shift in the direction of the adatoms. By pushing down t
second-layer C atom residing below the adatom and lift
the other two C atoms on the second substrate layer the b
anglea increases to 70°. So a buckling ofDz50.25 Å oc-
curs. The relaxation of the atoms on the third and fou
layer is smaller than 0.09 Å. The bond lengthsd4 between
the first and second substrate-layer atoms result as bulk

The numbers in parentheses in Table II are the LDA
sults of Northrup and Neugebauer.25 The agreement betwee
their results and ours for Si adatoms inT4 positions is very
close.

Figure 4~b! shows our optimized Si(H3) structure by a
top and a side view. The respective structure parameters
given in Table II, as well. The bond lengthsd1, d2, andd4
for Si(H3) are very similar to those for the optimize
Si(T4) configuration. The discerning feature of the two co
figurations is the bucklingDz50.25 Å in the second sub
strate layer which can occur only for adatoms inT4 posi-
tions. The Si(H3) configuration turns out to be energetical
less favorable than the Si(T4) configuration byDE50.60 eV
perA33A3 unit cell. This result is in very close agreeme
with the respective energy difference ofDE50.54 eV, re-
ported in Ref. 25.

When C adatoms are adsorbed inT4 positions, the bond
length of d151.93 Å between the C adatoms and the
substrate surface-layer atoms is smaller than that for th
adatoms because of the smaller covalent radius of car
The distance of the C adatoms to the second-layer C at
turns out to be onlyd351.70 Å. In consequence, the seco
substrate-layer bucklingDz is as large as 0.31 Å in our re
sults. The surface bonds are very strongly strained sinced3 is
very small anda turns out to be only 53°. Because of the
smaller covalent radius the C adatoms in C(T4) reside nearer
nd

a-
s

nd
.

g
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re
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Si
n.
s

to the Si substrate-surface atoms than the Si adatom
Si(T4). Northrup and Neugebauer25 have found a similar
bond length between the C adatoms and the Si surface-l
atoms. But in their optimized configuration the C atoms
the second substrate layer residing vertically below the
adatoms show a larger relaxation towards the substrate.
authors find a buckling ofDz50.52 Å which is larger than
our respective value. These differences may be relate
slight differences in technical details~basis sets, number o
special points used in the Brillouin-zone integration
pseudopotentials, and slab geometries! which can be ex-
pected to be more pronounced for C adatoms than fo
adatoms since the C potential is more strongly structu
than the Si potential and the C orbitals are more localiz
than the Si orbitals.

When Si trimers are adsorbed inT4 positions at the sub-
strate surface, we observe that the individual Si atoms of
trimers move into new positions vertically above the Si su
strate surface atoms@see Fig. 4~d!#. In the optimized configu-
ration their lateral distance of 2.59 Å is considerably larg
than twice the covalent radius of Si or the Si-Si bulk-bo
length of 2.33 Å, respectively. Therefore in Fig. 4~d! no
bond was drawn between the Si adlayer atoms in the o
mized configuration. The structure parameters are show
Table II. The bonding configuration is nearly tetrahedal,
sulting in an angle ofa5105° and a concomitantly sma
bucklingDz50.07 Å of the second substrate layer. The bo
length d1 between the Si adatoms and the Si substra
surface-layer atoms of 2.39 Å is close to the bulk-bo
length of Si and to the sum of the covalent radii of two
atoms.

When C trimers are adsorbed inT4 positions the resulting
C-Si bond lengthd151.92 Å is again close to the sum of th
covalent radii of C and Si. The three C trimer atoms satur
the substrate-surface dangling bonds and fo
C-C bonds with a bond length ofd051.41 Å. This value is
between the length of C5C double bonds~1.36 Å! in mol-
ecules and C-C single bonds~1.52 Å! in bulk diamond. The
bond anglea586° is closer to the tetrahedal angle than f
the Si(T4) and C(H3) adatom geometries. Because of t
smaller strain in the bonds, the buckling of the C atoms
the second substrate layer (Dz50.25 Å! is smaller than for
the C(T4) structure (Dz50.31 Å!.

If we adsorb, instead, a full C monolayer in on top po
tions above Si substrate-surface-layer atoms the C at
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10 566 55SABISCH, KRÜGER, AND POLLMANN
become onefold coordinated to the substrate and exh
three dangling bonds each. This configuration is very un
vorable ~by 11 eV per unit cell!, as compared to our opti
mized C3(T4) configuration. Badziag favored this type o
configuration24 containing, however, H atoms saturating t
C adatom dangling bonds.

2. Determination of optimal surface structure
for the Si-terminated substrate surface

The different optimized adsorption models cannot direc
be compared in a meaningful way since the number~one or
three! and the species~Si or C! of the adatoms are differen
Nevertheless, we can compare the energies of the diffe
structures using the grand canonical potential atT50 K, as
suggested by Qian, Martin, and Chadi37 and by Northrup and
Froyen:38

V5E2(
i

m ini .

The m i are the chemical potentials of atomic speciesi and
ni is the number of atomsi in the system. Now, if a system
consisting of a SiC crystal and Si and C atoms in the
phase is in thermodynamic equilibrium, the following rel
tion holds:

mSi1mC5mSiC~bulk! .

In addition, the following relation holds:

mSiC~bulk!5mSi~bulk!1mC~bulk!2DHf .

HeremSi andmC are the chemical potentials of the free a
oms in the gas phase whilemSi(bulk) , mC(bulk) , and
mSiC(bulk) are the chemical potentials of the atoms in the
spective bulk crystals. Finally,DHf is the formation enthalpy

FIG. 5. Comparison of grand canonical potentials~relative to
that of the ideal surface! for six different structural models~relax-
ation and five different reconstructions! of the Si-terminated
6H-SiC~0001!-(A33A3)R30° surface as a function of the S
chemical potentialmSi for the allowed range.
it
-

y

nt

s

-

of the SiC bulk crystal. The above relation allows one
eliminatemC in the grand canonical potential. Thus we c
evaluteV as a function of the chemical potential of the i
volved Si atoms, alone. The formation enthalpyDHf results
as DHf50.51 eV in our calculations. Northrup an
Neugebauer25 obtained a value of 0.75 eV in their calcula
tions. The experimental value is 0.72 eV.

The chemical potentialm Si is restricted to the range37,38

mSi~bulk!2DHf<mSi<m Si~bulk! .

In Fig. 5 we show the change inV relative to its value for
the ideal surface for the six different configurations stud
as a function ofmSi . Obviously, C adatoms and C trimers a
less favorable than the ideal Si-terminated surface. This
sult derives from the fact that C adatoms are too smal
efficiently saturate the dangling bonds on the Si substr
surface-layer atoms, as has been pointed out already
Northrup and Neugebauer.25 In particular, the bonds betwee
C adatoms and Si substrate-surface-layer atoms are far
tetrahedral and thus strongly strained. The relaxation of
ideal surface slightly lowers the energy. Si(H3) and Si(T4)
configurations are more favorable. The energetic order
Si(T4) and C(T4) corresponds to the size of the bond ang
a which is 70° and 53°, respectively, in the two cases~see
Table II!. Note that the change inV increases~decreases! for
adsorbed C~Si! atoms as a function ofmSi .

From our analysis we conclude that the Si-termina
6H-SiC~0001! surface shows aA33A3 reconstruction if Si
and C atoms are offered in the gas phase. Our conclusion
our actual Si(T4) structure are compatible with experiment
data3,4,6,7,9,11and in very good agreement with the LDA re
sults of Northrup and Neugebauer.25

FIG. 6. Surface band structure of the Si-terminat
6H-SiC~0001!-(A33A3)R30° surface for Si adatoms inT4 posi-
tion @see Fig. 4~a!#. The projected bulk band structure for th
A33A3 SBZ is shown by vertically shaded areas.
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3. Surface electronic structure

We have calculated the surface electronic structure fo
optimized adsorption models of the Si-terminat
6H-SiC~0001!-(A33A3)R30° surface. For the sake of brev
ity, we restrict ourselves to a discussion of the surface b
structure and salient charge densities for the energetic
optimal Si(T4) configuration@see Figs. 4~a! and 5–7#. Con-
cerning the surface band structures of the other models s
ied, the interested reader is referred to Ref. 39. Figur
shows the PBS of the (A33A3)R30° SBZ by vertically
dashed lines. Bands of localized surface states and of su
resonances are shown by full lines. Within the projected
energy region we find three bands of localized states.
bandsP1 andP2 with px and py symmetry originate from
the interaction of the Si(T4) adatoms with the Si substrate
surface-layer atoms~see Fig. 7!. The bandD having mostly
pz wave-function character originates from the danglin
bond states localized at the Si(T4) adatoms~see Fig. 7!. The
dispersion of theD band is very small because the Si ad
toms have a large distance of 5.32 Å and thus interact o
very weakly. The dangling-bond charge density show
strong contribution at the C atoms that reside on the sec
substrate layer vertically below the Si adatoms inT4 posi-
tions. The dangling-bond-derived bandD is half filled since
there is only one adatom perA33A3 unit cell. The resulting
band structure is metallic, therefore. The metallic nature
this surface, as resulting from our calculations, is in agr
ment with the theoretical results of Ref. 25. Contrary to th
theoretical results, recent ARPES~Ref. 17! and KRIPES
~Ref. 18! investigations have observed a band of occup
and a band of empty dangling-bond states in the gap en
region, respectively. In both Refs. 17 and 18 the auth
conclude on the basis of their data that the surface is se
conducting. This is an obvious contradiction between the
and experiment which calls for further investigations. O
possible reason for the discrepancy could be the fact tha
actual structure of this surface is more complex than we h
anticipated so far. Adatoms with five valence electrons, e
instead of Si adatoms would lead to a semiconducting
face. In such a case a fully occupied dangling-bond b

FIG. 7. Charge density contours of salient surface states a
M 8 point of the (A33A3)R30° SBZ of the Si-terminated
6H-SiC~0001!-(A33A3)R30° surface for Si adatoms inT4 posi-
tion. The charge density of theP1 state is presented in they-z plane
~see Fig. 4!. The charge densities of theP2 andD states are pre-
sented in thex-z plane containing the middle Si-C zigzag chain~see
also caption of Fig. 1!.
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would result within the gap. But no empty dangling-bon
band would occur, in contrast to the observation of Them
et al.18 Another possible explanation could be related
many-body correlation effects of the Hubbard type in t
dangling-bond band giving rise to a splitting of theD band.
This would result in an occupied and an empty danglin
bond band within the gap energy region. These topics h
been briefly addressed already in Refs. 17, 18, and 25.
tainly, more work is needed in this field to resolve the iss

B. Adsorption-induced reconstructions
of the C-terminated substrate

We have also investigated several (A33A3)R30° recon-
struction models of the C-terminated substrate surface. Th
different adsorption configurations have been optimized.
have considered Si and C adatoms inT4 position@Figs. 8~a!
and 8~c!# and Si trimers inT4 position @Fig. 8~b!#. The re-
sulting optimal structures obtained from our total-ener
minimization are shown in Figs. 8~a!–8~c! by top and side
views. The relevant structure parameters are defined in
figure. In experiment there seemed to be no indication o
(A33A3)R30° reconstruction for the C-terminate

he

FIG. 8. Top and side views of the optimized (A33A3)R30°
reconstructions of the C-terminated 6H-SiC~0001! surfaces. The
structure parameters are introduced in the side views~see also cap-
tion of Fig. 4!.
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surface3,6 until very recently when the STM results of Li an
Tsong11 were published. For this termination rather~333!
reconstructions or impurity-stabilized~131! structures were
mostly observed.

1. Surface structure

First we discuss our results for the adsorption of Si an
adatoms inT4 position on the C-terminated 6H-SiC~0001!
surface. The optimized structure is shown in Figs. 8~a! and
8~c! by top and side views. The structure parameters
given in Table III. At this surface, the C~Si! adatoms are
bound to three substrate-surface-layer atoms. The respe
C-C and Si-C bond lengthsd1 ~see Table III! are somewhat
larger than respective bulk-bond lengths of diamond~1.52 Å!
and of SiC~1.88 Å!. In both Si(T4) and C(T4) configura-
tions the resulting distancesd2 between adatoms and Si a
oms in the second substrate layer are relatively small bec
of the very small covalent radius of C. In consequence
large bucklingDz of the second substrate layer results. T
Si atoms on this second substrate layer show a much la
buckling than the C atoms on the corresponding second l
of the Si-terminated surface~see Table II!. These differences
are again related to the differences in angular forces at th
or Si atoms which are involved in the reconstruction-induc
bond bending.40 Correspondingly, the bond anglea is 68°
for Si(T4) at the C-terminated surface while it is only 53° f
C(T4) at the Si-terminated surface. The bonds are l
strained in the former case, therefore.

For Si trimers adsorbed inT4 positions we obtain an un
expected result. It turns out that upon energy minimizat
the Si atoms move to ideal on top positions above the
atoms at the substrate-surface layer and a geometrically
~131! structure results. But in this structure the Si adato
are only onefold coordinated to the substrate and thus h
three unsaturated dangling bonds, each. Finally we note
in all reconstructions considered in our work the bo
lengthsd4 between Si and C atoms on the first and seco
substrate layers are nearly the same as in bulk 6H-SiC.

TABLE III. Optimized structure parameters~as defined in Fig.
8! for the C and Si adatom and Si trimer reconstructions of
C-terminated 6H-SiC~0001!-(A33A3)R30° surfaces addressed
this work. Adsorption of Si trimers leads to an ideal~131! structure
in our calculations, in which the Si surface atoms are onefold co
dinated with the C substrate-surface-layer atoms and have t
unsaturated dangling bonds each.

Adsorption models for the C-terminatedA33A3 surface
C(T4) Si(T4) Si trimer(T4)

d0 ~Å! 3.07
d1 ~Å! 1.66 2.04 1.88
d2 ~Å! 0.73 1.24 1.88
d3 ~Å! 1.86 2.21 2.51
d4 ~Å! 1.87 1.89 1.88
Dz ~Å! 0.68 0.50 0.00
a(°) 63 68 109.5
C
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2. Determination of optimal surface structure
for the C-terminated surface

In Fig. 9 we show the change in the grand canonical
tential V relative to its value for the ideal surface for th
investigated structures as a function ofmSi . Similar to the
case of the Si-terminated substrate surface, C adatoms
out to be less favorable than the ideal surface structure.
relaxation of the ideal surface reduces the total energy in
case more than for the Si-terminated surface. The Si(T4)
configuration is, however, considerably more stable for
values ofmSi . The grand canonical potential is even low
than that for the Si(T4) configuration~see Fig. 5! of the
Si-terminated substrate surface.

Concerning the Si monolayer which results from adsorb
Si trimers after energy minimization it turns out that it
energetically most favorable. In this case there are th
equivalent adatoms perA33A3 unit cell while in the
Si(T4) configuration there is only one adatom per unit ce
The Si monolayer gives rise to a~131! structure in which
the Si adlayer atoms have three unsaturated dangling b
each. Considering the grand canonical potential we hav
compare the energies of three Si adatoms adsorbed in
onefold-coordinated sites, having three dangling bonds e
with one Si adatom adsorbed in aT4 site of theA33A3 unit
cell and two free Si atoms in the gas phase. Although
Si(T4) adatom is stronger bound than each Si adatom in
ideal ~131! configuration, the monolayer system has t
lower grand canonical potential.

Our results clearly show that the investigatedA33A3
structures of the C-terminated surface are no minimum c
figurations. Instead, an adsorbed Si monolayer turns out t
energetically much more favorable. It seems obvious, ho
ever, that such a monolayer is not stable since each adl

e

r-
ee

FIG. 9. Comparison of grand canonical potentials~relative to
that of the ideal surface! for four different structural models~relax-
ation and three different reconstructions! of the C-terminated
6H-SiC~0001!-(A33A3)R30° surface as a function of the chem
cal potentialmSi for the allowed range~for details, see text!.
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Si atom has three unsaturated dangling bonds in this~131!
configuration. A more complicated reconstruction is the
fore to be expected. This conclusion is in accord with exp
ment, which has observed~333! reconstructions6–8 of this
surface. To study more extended (333) reconstructions one
would have to consider slabs with nine atoms per layer u
cell. We have, so far, not yet addressed such large re
structions. Another possibility could be aA33A3 B5 model,
as discussed in Refs. 11 and 23, in which Si adatoms
adsorbed inT4 positions above the C-terminated surface a
all second-layer substrate Si atoms are replaced by C at
Also impurity-stabilized~131! structures, as observed b
Bermudez,3 should be considered in this context.

3. Surface electronic structure

In the discussion of the electronic structure of t
C-terminated 6H-SiC~0001!(A33A3)R30° surfaces we
concentrate on the optimized Si(T4) adatom configuration
The surface band structure for this configuration is shown
Fig. 10. The electronic surface structure for the oth
optimized adsorption geometries of C-terminat
6H-SiC~0001! surfaces is given in Ref. 39.

We address this surface band structure for the sake
comparison with Fig. 6 although the Si(T4) configuration of
the C-terminated surface obviously is not the energy m
mum configuration. In the gap energy region we find an
cupied valence bandP and a half-occupied dangling-bon
bandD. Comparing these bands with those in Fig. 6 it b
comes obvious that they result roughly 1 eV lower in ene
than the corresponding bands at the Si-terminated surf
This originates from the stronger C potentials on t
substrate-surface layer of the C-terminated substrate as
pared to the Si potentials on the substrate-surface layer o
Si-terminated substrate. The related charge density~see Fig.
11! of the dangling-bond stateD is localized at the Si(T4)
adatoms but shows a strong coupling to the C atoms on
first and third substrate layers, in addition. This is sign

FIG. 10. Surface band structure of the C-termina
6H-SiC~0001!-(A33A3)R30° surface for Si adatoms inT4 posi-
tion @see Fig. 8~a!#.
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cantly different from the respective coupling of theD state in
Fig. 7.

V. SUMMARY

We have reportedab initio studies of relaxed and
A33A3 reconstructed 6H-SiC~0001! surfaces. For the re-
laxed surfaces, we find an inward relaxation of the top-laye
atoms towards the substrate in both cases. This top-lay
relaxation is larger at the C-terminated (20.25 Å! than at the
Si-terminated (20.15 Å! ~131! surface. For theA33A3
reconstruction at the Si-terminated substrate surface, our
sults favor Si adatoms inT4 positions with a distance of 2.44
Å to the Si atoms in the top layer of the substrate. This is i
close agreement with the results of a complementaryab ini-
tio calculation.25 The optimal Si(T4) geometry is also more
favorable than the relaxed Si-terminated~131! surface con-
figuration. Our optimal Si(T4) structure is compatible with
experiment, which finds an ordered arrangement of Si vaca
cies in a chemisorbed Si layer on the (A33A3)R30°
reconstruction.3 The A33A3 reconstructions of the
C-terminated substrate surface which we have studied tu
out to be energetically less favorable than a full monolaye
of Si adsorbed in a~131! configuration. In the latter struc-
ture, the Si adatoms are onefold coordinated to the substr
and they have three unsaturated dangling bonds, each. T
structure, certainly, is not expected to be stable. A mor
complex reconstruction such as, e.g., a~333! structure or
possibly aA33A3 B5 structure is to be expected. This
would be compatible with recent experimental data for th
C-terminated substrate surface.3,6,11

All configurations for the relaxed and the
(A33A3)R30° reconstructed surfaces which we have inves
tigated have a metallic nature. This is caused by the fact th
there is an odd number of valence electrons per surface-lay

FIG. 11. Charge density contours of salient surface states at t
M 8 point of the SBZ of the C-terminated 6H-SiC~0001!-
(A33A3)R30° surface for Si adatoms inT4 position. The charge
densities are presented in thex-z plane containing the middle Si-C
zigzag chain~see Fig. 8!.
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10 570 55SABISCH, KRÜGER, AND POLLMANN
unit cell, in each case, which can only partially occupy t
dandling-bond bands in the gap energy region. For the c
of the Si-terminated substrate this finding is in contradict
to experiment, which observes the (A33A3) surface to be
semiconducting.17,18 These conflicting results mean that e
ther the optimal structure for this surface is more comp
cated than anticipated in our work or that many-body cor
lation effects give rise to a splitting of the dangling-bo
bands. Another possibility to arrive at semiconducting s
faces would be adatoms other than Si or C with an o
Sc

i-
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, J

ur
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number of valence electrons. These open questions cal
further studies of more extended reconstructions or
impurity-stabilized surfaces which are beyond the scope
our current calculations.
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