
PHYSICAL REVIEW B 15 JULY 1999-IVOLUME 60, NUMBER 3
Reconstructions of the Si-terminated„100… surface in b-SiC: A theoretical study
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Using a self-consistent-charge density-functional based tight-binding approach the structural properties and
relative stabilities of Si-terminated reconstructions of the~100! surface inb-SiC are discussed. All low-energy
surfaces are found to be semiconducting. Over a wide range of growth conditions a model with 233 period-
icity has a low formation energy. Only in a Si-rich environment does a 332 structure become stable.
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I. INTRODUCTION

Silicon carbide possesses a variety of interesting phys
properties such as its chemical inertness, high electron
bility, high thermal conductivity, and the capability of with
standing high temperatures, which makes it a promising c
didate for application in high-temperature, high-frequen
and high-power electronic devices.1

During the past decade the properties of cubic and so
hexagonal polytypes of bulk SiC have been extensively s
ied byfirst principleapproaches.2–5 With regard to the struc-
tural properties of SiC surfaces empirical and semiempir
calculations6–15 have been performed. Moreover, in rece
years, accompanied by the increasing interest in silicon
bide, a number of studies on anab initio basis has also ap
peared discussing a variety of reconstruction models
e.g.,~100! and~111! surfaces in the cubic phase16–23as well
as for the~0001! surface in the 6H hexagonal phase.24–27

By processing chemical vapor deposition using altern
ing exposure of the surface to hydrocarbon and silane-
gas phases the~100! and ~111! faces ofb-SiC have been
grown.28–31 The full-coverage Si-terminated~100! surface
appears in (231) or c(432) symmetries which have usu
ally been interpreted in terms of asymmetric dimers, ana
gously to Si surfaces.32 In the presence of excess silicon
increasing concentration and after long-time exposure
Si2H6 , 332, 532, and 732 reconstructions have been o
served, too.32–34For the 332 surface reconstruction mode
with different Si coverage have been proposed by Y
Smith, and Jonsson,27 Haraet al.33 and Dayan,34 all of which
basically consist of Si dimers on top of a silicon-terminat
surface.

Carbon-terminated~100! surfaces are either produced b
prolonged exposure to C2H2 ~Ref. 31! or by a long-time
annealing of the Si-terminated SiC surface at 1250 °C30

Similar to the related diamond counterpart this surface
stabilized by dimer formation, now developing, however
staggeredc(232) symmetry. For a more extensive accou
of the experimental situation on the~100! surfaces a recen
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review article of Bermudez36 is referred to.
The situation for the full-coverage Si-terminated surfa

is quite unclear. Semiempirical methods6–13 predict dimer
formation with relatively short dimer lengths (;2.16–
2.33 Å). On the contrary, though, various local-densi
approximation–density-functional-theory ~LDA-DFT!
calculations19,21support a very weak dimerization with rathe
long bonds~2.73–2.75 Å) and no buckling at all. Theab
initio results of Yan, Smith, and Jonsson27 yield short dimer
lengths (dSi-Si;2.26 Å) while calculations performed with
the same method by Catellani, Galli, and Gygi22 rather sup-
port the LDA-DFT predictions (dSi-Si;2.58 Å).

When considering Si-rich~100! surfaces, Yan, Smith, and
Jonsson27 report a 1/3 monolayer of excess silicon in an
ternate row structure as the most stable surface upon c
parison with the added-dimer-row model proposed in R
33.

6H-~0001! surfaces have been investigated using, e
low-energy electron diffraction~LEED!,37 scanning tunnel-
ing microscopy~STM!,38 and other surface sensitive tec
niques ~for a recent review see Martensson, Owman, a
Johansson39! and 333, 131, andA33A3 reconstructions
have been observed. For these surfaces several models
been proposed for the atomic arrangement. For the
terminated surface, Sabisch, Kru¨ger, and Pollmann,24

Northrup and Neugebauer,25 and Käckell, Furthmüller, and
Bechstedt26 agree in that the Si adatoms placed on T4 po
tions provide the energetically most favorable structu
while for carbon termination Sabisch, Kru¨ger, and
Pollmann24 determine a 131 structure consisting of a ful
monolayer of Si adatoms as the most stable configuratio

In the following we are going to apply aself-consistent-
charge density-functionalbasedtight-bindingmethod~SCC-
DFTB! to investigate the reconstruction of zinc-blende S
~100! surfaces. We concentrate on Si-terminated surfa
only since for the C-rich surfaces there is now general ag
ment between theoretical predictions and experimental
sults ~see, e.g., the review of Bermudez36!. Moreover, in
view of a future application of our method to the study
1771 ©1999 The American Physical Society
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TABLE I. Structural parameters of the~110! surface. Bond angles are defined as follows:a5(Sisur

2Csur2Sisub), b5(Csur2Sisur2Csur), andg5(Csur2Sisur2Csub).

~110! 131 surface
dSi-C

sur (Å) dSi-C
sur-sub (Å) a b g Method

1.821 1.897/1.87 98.16 118.2 115.6 SCC-DFTB
1.767 1.86/1.823 99.8 120.2 116.4 DFT-LDA~Ref. 20!
1.761 1.89/1.84 106 122 112 ASED~Ref. 10!
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oxidation processes on Si-terminated SiC surfaces it is
interest to determine the range of stability of different reco
struction models at this termination. In the next section
briefly describe the computational approach. In Sec. III
sults for the~110! and (111)A33A3 surfaces are presente
as a benchmark for our method. In Sec. IV we consider t
different surface models for the~100! orientation at Si termi-
nation.

II. SIMULATION METHOD AND GEOMETRY

The interatomic potentials and forces are derived
means of adensity-functionalbased nonorthogonaltight-
binding scheme,40 which has recently been improved by in
cluding a self-consistent calculation of the Mulliken char
distribution at each relaxation step.41

We model our surfaces within slabs periodic in two d
mensions containing eight monolayers of SiC. The first fi
monolayers are allowed to relax whereas the atoms of
last three monolayers are fixed to preserve bulk symme
The dangling bonds at the bottom of the surface slabs
saturated with hydrogen. Fourk points are used to sample th
Brillouin zone.

Assuming thermodynamic equilibrium, the formation e
ergies of surfaces can be expressed as a function of
chemical potentials describing the growth conditions:

Efor5E2nCmC2nSimSi ,

whereE is the total energy of the supercell,ni the numbers
of each type of atoms in the cell, andm i the corresponding
chemical potentials. According to Quian, Martin, an
Chadi42 the above expression can be simplified to

Efor5E2nCmSiC
bulk2~nSi2nC!mSi . ~1!

III. BENCHMARKS

Recentab initio data on the~110! ~Refs. 10,16, and 20!
and ~111! ~Refs. 24–26! surface reconstructions provide
benchmark for applications of the SCC-DFTB method to S
surfaces.

In accordance with predictions from the aforemention
studies for the~110! surface we find a buckling of the firs
surface layer. This buckling is driven by a charge trans
from the Si atom to the more electronegative C atom. T
results in an emptied Si-derived dangling bond and a
lone pair localized at the C atom. Therefore the Si at
adopts ansp2-like hybridization whereas the C atom mov
outward into ap3-like configuration. The resulting surface
therefore semiconducting. The details of the geometry fo
within the SCC-DFTB approximation are in good agreem
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with the self-consistent-field~SCF! LDA results10,16,20 and
are shown in Table I. Moreover we calculated a surface f
mation energy of 224 meV/Å2, a value which agrees wel
with the reportedab initio result of 243 meV/Å2.5

Concerning the~111! surface its reconstruction behavio
should be expected to be similar to that of the~0001! surface
of the 6H polytypes due to the similar surface topologies
variety of experimental investigations has been reported
the latter~see, e.g., the review of Martensson, Owman, a
Johansson39! concentrating mainly on the atomic structu
of (A33A3)R30 reconstructions. Recent calculations
Northrup and Neugebauer,25 Käckell, Furthmüller, and
Bechstedt,26 and Sabisch, Kru¨ger, and Pollmann24 support
the experimental conclusions that structures with Si adato
placed on T4 or H3 positions are energetically favored. W
have investigated the stability of different reconstructio
with Si and C adatoms and basically obtained the same
ergetic order as in Refs. 24–26, see Fig. 1 where the sur
formation energies of some of the studied reconstructions
plotted versus the Si chemical potential according to Eq.~1!.
The energy differences between different surface models
in good agreement with the predictions ofab initio calcula-
tions. Surface structures with Si adatoms are always e
getically favored over those with C adatoms. In particular,
agreement with theab initio predictions a configuration with
Si adatoms on T4 places turns out to have the lowest for
tion energy over a wide range of variation of the Si chemi
potential. Under very rich Si-growth conditions a Si3~T4!
trimer configuration has, however, a slightly lower energy

FIG. 1. Formation energies as a function of the Si chemi
potential for surface reconstructions in~111! b-SiC at Si termina-
tion. The Si chemical potentialmSi ranges fromDH2mSi

bulk to mSi
bulk ,

where for the SiC formation energyDH we take the experimenta
value of 0.7 eV.
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TABLE II. Structural parameters of the reconstructions on the Si-terminated~100! surface. The AUDD
model evolves into an asymmetric dimer configuration withc(432) symmetry but with a slightly smalle
dimer buckling. Since in the calculations by Yan, Smith, and Jonsson the (231) surface transforms into a
pattern withp(232) symmetry, the dimer bond length and buckling height shown below refer to the
one.

~100!-Si-terminated surface
dSi-Si (Å) Dz(Å) Method

c(432) 2.544 0.29 SCC-DFTB
c(432) ~AUDD! ~Ref. 43! 2.547 0.26 SCC-DFTB
431 2.68 0.035 SCC-DFTB
231 2.56 0.15 SCC-DFTB

2.73 0.0 ab initio ~Ref. 21!
2.75 0.0 ab initio ~Ref. 19!
2.26 0.05 ab initio ~Ref. 27!

ab initio ~Ref. 23!
@p(232)#

2.58 0.0 ab initio ~Ref. 22!
2.46 Tersoff potential~Ref. 44!
2.16 ASED~Ref. 10!
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IV. RESULTS

We now turn to the reconstructions at the~100! Si-
terminated surface. Following recent experimental and th
retical work ~see Introduction! we consider models with 2
31, c(432), 431, 332, and 233 periodicities.

„100… Si termination

Experimentally, thec(432) and the 231 reconstruc-
tions have been found.36 While thec(432) appears in well-
formed surfaces, the 231 structure is now conceived as b
ing related to a high density of defects. For completeness
also have investigated a configuration with 431 symmetry
and a recently proposed new alternatively up- and do
dimer model.~AUDD model43! for the c(432) reconstruc-
tion consisting of symmetric dimers which are displaced
and down along the surface normal to form a 432 pattern.
Dimer bond lengths of the resulting structures are listed
Table II and compared with those obtained by other
proaches.

Starting from the unreconstructed 131 surface, in our
calculations it turns out to be metallic and the same is t
for exactly symmetric dimer rows. As a consequence, in s
a case energy may be gained by favoring a Jahn-Teller
tortion ~making the dimers asymmetric and inducing
charge transfer from the lower- to the upper-lying Si atom
a Mulliken population analysis shows!, which lifts the Fermi
level degeneracy, thus leading to an opening of a gap in
electronic spectrum.

This result disagrees with theab initio calculations in Ref.
21, where the unreconstructed 131 surface proves to be
semiconducting. Thus, only a comparatively small relaxat
is needed in order to further stabilize the surface. This is
reason the authors only find a very weak dimerization of
surface atoms.

We particularly observed a difference in the obtain
dimer bond lengths. The 231 andc(432) reconstructions
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show almost the same dimer lengths, 2.56 Å and 2.54
respectively, values which are similar to that reported
Catellani, Galli, and Gygi,22 dSi-Si;2.58 Å. The Si-Si bond
on the 431 surface, on the contrary, is strongly stretched
2.68 Å, which is quite close to the results of Sabischet al.21

and Wenzien, Ka¨ckell, and Bechstedt.18 Furthermore, the
symmetric dimers of the AUDD model become asymmet
upon relaxation, still retaining the 432 symmetry with ba-
sically the same Si-Si bond length (2.547 Å) as in thec(4
32) configuration mentioned above. The instability of t
AUDD model has also been recently supported by theab
initio calculations of Lu, Kru¨ger, and Pollmann.23

The obtained buckling heights are substantially spread
their values: while they are relatively large, 0.19, 0.29, a
0.26 Å for the 231, c(432), and AUDD structures, re
spectively, the surface dimers are only buckled slightly (Dz
;0.035 Å) in the 431 cell.

The results of semiempirical methods yield, when co
paring to our calculations, in most cases symmetric and s
tematically shorter dimers, ranging from 2.16 Å@atomic-
superposition and electron-delocalization ~ASED!
techniques10# to 2.46 Å @Tersoff potentials44 and modified
neglect of differential overlap~MNDO! calculations on the
PM3-level.11 The ab initio calculations of Yan, Smith, and
Jonsson27 surprisingly support the semiempirical results
the short Si dimer lengths of 2.26 Å. However, the initi
structure with rows of symmetric dimers arranged in a
31 pattern they start from changes after relaxation into
p(232) configuration of slightly asymmetric dimers (Dz
;0.05 Å). On the contrary, from DFT-LDA calculations
the dimers are expected to be quite long and symme
dSi-Si;2.73–2.75 Å. The results of Catellani, Galli, an
Gygi22 also point in this direction.

The energy differences between the reconstructions
only a few meV, so that a clear energetic order is qu
difficult to specify. This fact combined with quite differentl
obtained geometries indicate that the energy hypersurface
these~100!-type reconstructions is so flat that the results m
be sensitive to the computational scheme used.
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In the presence of excess silicon the most stable struct
reported experimentally are 332, 532, and 732 surface
cells.28,29,32,34,43 Concerning the 332 surface a missing
dimer-row~MDR! model with a silicon coverage of 2/3 wa
early proposed by Dayan34 by analyzing LEED and Auger
electron spectroscopy results, see Fig. 2~b!. It did not, how-
ever, correlate with other experiments, indicating that
excess silicon coverage is a 1/3 monolayer~see Ref. 36 for a
review!. Molecular dynamics simulations carried out by K
tabatake and Greene15 on the basis of empirical Tersoff po
tentials indicated, however, that the MDR model is a lo
energy configuration. Furthermore, recent core-le
photoemission35 measurements again give some support to

Two other surface models have still been suggested
Yan, Smith, and Jonsson27 and Semondet al. 43 @alternate
dimer-row ~ADR! model#, and Haraet al.33 @added dimer-
row ~ADDR! model#, both having a 1/3 silicon coverage
These authors favor the ADR model to be about 3.58 eV/
dimer lower in energy than the ADDR configuration. A
though Yan, Smith, and Jonsson27 label the ADR model as

FIG. 2. Si-rich SiC~100! surface reconstructions. Note that th
ADR model actually has 233 symmetry.
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332, it should be noted that it actually has a 233 symmetry
as pointed out, e.g., in Ref. 45.

In Fig. 3 we show the calculated surface formation ene
for these three models as a function of the Si chemical
tential. For comparison the formation energy of the pre
ously discussed cleanc(432) Si-terminated surface is als
shown. The ADR model in our calculation has the lowe
surface formation energy over a wide range of the Si che
cal potential. The MDR model of Dayan is less stable th
the ADR structure with the exception of a small region und
very Si-rich growth conditions where it becomes energe
cally more favorable than the ADR configuration. Th
ADDR model is energetically quite unfavorable. Under S
rich conditions it lies about 15 meV/Å2 higher in energy
than the ADR and about 10–14 meVÅ2 above Dayan’s
model. Under low Si-growth conditions both the ADR an
MDR models become increasingly unfavorable and a surf
with c(432) symmetry has then the lowest formation e
ergy, as expected.

We will now consider some structural details of the
models. Since the ADDR model turns out to be energetica
unfavorable we only discuss the structural properties of
ADR and MDR configurations. Some relevant structural p
rameters are displayed in Table III. Let us first discuss
ADR configuration, Fig. 2~a!. According to Ref. 27 the
added dimers are highly asymmetric (Dzsurf;0.52 Å) and
very strongly bonded (dSi-Si

surf 52.28 Å). Our calculations, on

FIG. 3. Surface formation energy as a function of the Si che
cal potential for different models of the 332 reconstruction~Si-rich
surface! in ~100! b-SiC. For comparison we also show the form
tion energy of thec(432) Si-terminated surface. The range
variation ofmSi is the same as in Fig. 1.
e
TABLE III. Structural parameters of 332 reconstructions on the Si-rich~100! surface. For notatons se
Fig. 2.

~100!-Si-rich surface
dSi-Si

surf (Å) dSi-Si
sub (Å) Dzsurf (Å) Dzsub (Å) Method

233 alternate dimer- 2.36 2.52/2.41 0.38 0.02 SCC-DFTB
row model~Ref. 27!

2.28 2.60/2.75 0.52 0 ab initio ~Ref. 27!
332 missing dimer-row 2.357/2.452 2.41 0.34/0.28 0.02 SCC-DFTB
model ~Refs. 29 and 34!
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the other side, yield a dimer length of 2.36 Å and a buckl
of 0.38 Å indicating a weaker asymmetry of the dimers y
in any case stronger than in the ADDR model. The ba
bonds connecting the added dimers and sublayer dimers
2.47 Å, and 2.38 Å for the higher and lower position
added dimers atoms. Both values exceed those reporte
Ref. 27, where 2.40 Å and 2.32 Å have been listed. T
lengths of the sublayer dimers are 2.52 Å, and 2.40 Å,
dicating stronger Si-Si bonds than obtained within theab
initio scheme, 2.75 Å and 2.60 Å. Furthermore, the
dimers are almost symmetric,Dz;0.02 Å. The isolated
subsurface dimers show a buckling ofDz;0.19 Å and a
Si-Si bond at 2.60 Å which is weak compared to the mu
smaller value of 2.29 Å obtained by Yan, Smith, and Jo
son.

Consider now the MDR model of Dayan, Fig. 2~b!. While
in the original structure the dimers formed by the adato
are all symmetric,34,29 they now become asymmetric afte
relaxation, and pairs of adjacent dimers along the~110! di-
rection develop an alternating buckling with two differe
dimer lengths: 2.35 Å and 2.45 Å and related differe
buckling heightsDzsurf of 0.34 Å and 0.28 Å, respectively
At places where adatoms are missing, almost symmetric
surface dimers (Dzsurf50.02 Å) are formed developing
rows at a length of 2.41 Å, which is also in contrast to t
original Dayan model, where no subsurface dimerization w
postulated. The backbonds of all subsurface atoms to
il-
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carbon atoms are only slightly larger than in the bulk, 1.9
1.91 Å, indicating a very weak relaxation of the substra
The semiempirical results of Kitabatake and Greene15 also
support the formation of asymmetric added dimers althou
they do not apparently show the alternating buckling fou
by us.

In summary, we have presented an investigation of
terminated surface reconstructions in SiC using a s
consistent-charge density-functional based tight-binding
proach. The full-coverage~100! Si-terminated surface is
stabilized by the formation of asymmetric dimer rows. T
assertion ofab initio calculations that by the 231 recon-
struction no dimerization would occur could not be co
firmed, although the obtained bond lengths indicate a wea
Si-Si bonding than that usually obtained by semiempiri
methods. For Si-rich surfaces the alternate dimer-row mo
proposed by Yan, Smith, and Jonsson possesses the lo
energy over a wide range of growth conditions. However
modified Dayan model becomes energetically more fav
able under very Si-rich growth conditions.
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