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Theoretical study of the „332… reconstruction of b-SiC„001…

L. Pizzagalli*
Department of Physics and Astronomy, Basel University, Klingelbergstrasse 82, CH-4056 Basel, Switzerland

A. Catellani
CNR-MASPEC, Parco Area delle Scienze, 37a, 43010 Parma, Italy

G. Galli and F. Gygi
Lawrence Livermore National Laboratory, Livermore, California 94551

A. Baratoff
Department of Physics and Astronomy, Basel University, Klingelbergstrasse 82, CH-4056 Basel, Switzerland

~Received 6 May 1999!

By means ofab initio molecular dynamics and band-structure calculations, as well as using calculated
scanning tunneling microscopy~STM! images, we have singled out one structural model for the (332)
reconstruction of the Si-terminated~001! surface of cubic SiC, among several proposed in the literature. This
is an alternate dimer-row model, with an excess Si coverage of1

3 , yielding STM images in good accord with
recent measurements@F. Semondet al., Phys. Rev. Lett.77, 2013~1996!#. @S0163-1829~99!51232-0#
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The reconstructions of SiC~001! surfaces have bee
widely studied in the last ten years,1 the characterization an
understanding of growth mechanisms on the~001! substrate
being prerequisites for technological applications. In the c
of Si-terminated surfaces, several reconstructions have b
found to occur; (231), c(432), and (n32)n53,5,7, . . . pe-
riodicities have been observed in low-energy elect
diffraction2–4 ~LEED!, reflection high-energy electro
diffraction,5 and scanning tunneling microscopy6–11 ~STM!
measurements. Both (231) and c(432) reconstructions
pertain to a complete Si monolayer at the top (uSi51), as
clearly indicated by all available experimental data.4,5 Unlike
those of Si~001!, the reconstructions of SiC~001! are charac-
terized by weakly bonded, flat dimers@(231) ~Refs. 12 and
13!# or by alternating symmetric dimers with differen
heights@c(432) ~Refs. 13–15!#. Adsorption of additional Si
produces successive (n32) reconstructions as a function o
Si coverage, including (732), (532), and a combination o
(532) and (332) periodicities.4–6,8,10,11

The (332) reconstruction seems to be the last stage
fore self-limitation of growth.16 Its atomic configuration and
electronic structure are not clearly established, though t
have been intensively investigated. Three different ato
configurations, depicted on Fig. 1, have been suggeste
the literature. In the double dimer-row~DDR! model, pro-
posed by Dayan2 and possibly supported by other expe
mental studies,6,11,17,18there are two Si ad dimers on top o
the full Si layer@Fig. 1~a!#. The resulting coverageuSi5

2
3 is

in contradiction with the measureduSi value of 1
3 reported by

several groups.4,5,16 The straightforward extension of thi
model to the (532) reconstruction is also inconsistent wi
the measured coverage.5 Moreover, this model is not sup
ported by some STM studies.7,8 The DDR is favored by em-
pirical molecular dynamics~MD! simulations,19 but the Ter-
soff potential used in these calculations is known to giv
poor description ofb-SiC surface reconstructions.20 Another
PRB 600163-1829/99/60~8!/5129~4!/$15.00
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model, the added dimer row~ADD!, was first suggested in
an early study by Haraet al.4 This configuration, with one S
ad dimer per unit cell@Fig. 1~b!#, corresponds to the mea
sured coverage for the (332) and (532) reconstructions.
However, though it appears consistent with several exp
mental data, both empirical21 and ab initio22 calculations
have shown that it is not energetically favored. Furthermo
STM investigations do not support this model.6,7 Another 1

3

coverage model, the alternate dimer row~ALT ! @Fig. 1~c!#,
was proposed by Yanet al.21,22 This configuration is sup-
ported both by calculations21,22and by STM studies.7,8 How-
ever, it cannot account for the observed relation betw
single domain LEED patterns with (231) and (332)
periodicities.1,3 It also fails to explain the (331) reconstruc-
tion observed after O or H adsorption.2,6 Note that all three
models involve Si ad dimers that are perpendicular to
dimers on the underlying Si surface. Indeed, previous ca
lations have shown that a single parallel ad dimer is energ
cally much less favored than a perpendicular one.23

All three models show some discrepancies either with
isting experiments or calculations, but none of them can
safely ruled out, owing to the lack of consistency between
available data. In this contribution, we report the results
self-consistentab initio total-energy calculations for all o
the three structural models, including full geometrical op
mizations. The surface energies are compared using g
canonical potentials. The computed dispersion of electro
states, as well as STM images, are compared to experim
Considering all the evidence, we conclude that the (332)
reconstruction of the Si-terminated surface of SiC~001! is
best described by the ALT model.

Our calculations were performed atT50 within the local
density approximation, usingab initio molecular dynamics
codes employed in previous studies of SiC surfaces.13 Fully
nonlocal norm-conserving pseudopotentials were used fo
(s and p nonlocality! and C (s nonlocality!.24 The system
R5129 ©1999 The American Physical Society
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was simulated by a slab in a periodically repeated super
The bottom layers were frozen in thep(231) configuration
determined earlier.13 Two different sets of calculations hav
been performed. To determine the relaxed surface ato
structures, we used a (634) supercell with 8 atomic layer
and a 10 Å vacuum region@the total number of atoms is 17
~184! for ALT and ADD ~DDR! models#. The plane-wave
energy cutoffs for the wave functions and the charge den
were 36 Ry and 130 Ry, respectively. Sums over occup
states were performed at theG point, which corresponds to
four inequivalentk points in the Brillouin zone~BZ! for a
(332) cell. Next, the electronic band structure was co
puted in a (332) supercell with 12 atomic layers and a 6
vacuum region, using an extension ofab initio MD codes to
finite wave-functions vectors, and keeping all atoms fix
Atomic positions in the six top layers and the two botto

FIG. 1. Ball-and-stick representation of the relaxed atom
structures for the DDR~a!, ADD ~b!, and ALT ~c! models.d anddz
are the distance and height difference between adatoms, re
tively. Only the ad layer and the first underlying Si layer are sho
for clarity. Bonds are drawn if the distance between atoms
smaller than 2.7 Å.
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layers were taken from the precedingab initio MD calcula-
tions, whereas those in the four central layers were assu
bulklike. Wave functions and charge densities were
panded in plane waves with cutoffs of 40 Ry and 160 R
respectively. In these calculations, the electronic charge d
sity was computed using eight specialk points in the BZ,
generated according to the Monkhorst-Pack scheme.25

The relaxed atomic structures for the three models
shown on Fig. 1. In the DDR geometry, one ad dimer
strongly tilted (dz50.62 Å) and has a short bond leng
(d52.26 Å) while the other, weakly bound (d52.66 Å),
is almost flat (dz50.03 Å). The inequivalence of the tw
ad dimers disagrees with simple expectations2,6 and with pre-
vious calculations by Kitabatake and Greene, who found t
flat ad dimers for the DDR model.19 Their use of the Tersoff
potential could explain this disagreement, owing to the
glect of charge transfer between Si and C atoms. A single
and weakly bonded ad dimer (d52.62 Å) is obtained in the
ADD model, the geometry being close to that previous
obtained by Yanet al. in a calculation similar to ours.22 Note
that two slightly different configurations are possible with
the same model, since the weakly bonded Si dimers in
underlying layer can be arranged either all on one side
originally proposed by Yanet al.,21,22 or in a staggered pat
tern ~see Fig. 1!. Starting from different configurations, ou
calculations always converged to the staggered pattern.26 Fi-
nally, in the ALT model, the ad dimer is strongly tilted (dz
50.5 Å) and strongly bound (d52.24 Å), in good agree-
ment with previous calculations.22 The length of the weak S
dimers in the underlying surface layer is close to the va
computed for the (231) reconstruction using the sam
method and a 434 supercell.13

In order to determine the most stable configuration,
have compared total energies. The ALT model is lower
energy than the ADD model by about 0.5 eV per (332)
cell; this energy difference is clearly in favor of the ALT, ou
error bar being 0.3 eV, as estimated from cutoff and
sampling tests. The drastic reduction from the 3.6 eV ene
difference quoted by Yanet al.22 is likely due to their poorer
BZ sampling and, to a lesser extent, to the additional rel
ation leading to the staggered pattern. A direct compari
with the DDR model is not possible since the correspond
Si coverage is different. This difficulty can be overcome
using the grand canonical scheme.27 The computed surface
energy differences as a function of the Si chemical poten
mSi are shown in Fig. 2. The value ofmSi for bulk silicon was
calculated with an energy cutoff of 40 Ry and 32 speciak
points in the BZ, whereas we used the heat of formation
SiC DH50.75 eV from a recent calculation,28 to obtain the
Si chemical potential under C-rich conditions. Since
32) growth is likely to occur under Si-rich conditions,
precise determination ofmSi is required only in that limit.
Our results show that the ALT model is the most sta
configuration over the entire allowed range of Si chemi
potential. However, the energy difference between ALT a
DDR obtained under Si-rich conditions is only 77 meV, i.
within our error bar. Consequently, the DDR model cann
be definitely ruled out solely on the basis of total-ener
comparisons.

Several experimental STM studies of the (332) recon-
struction are currently available.6,7,29,30In order to compare

c

ec-
n
s



te
n
3

ut
e

el,
lted
the
d in
e

up
ri-

he
ll

ce of
rom
o-
axi-
ec-
he
all

nd
del
ng

ic,
ied

e

i-
est

ed
ially
ond
ong
gap

inst

a
te,
f

or-
e
d is
t

e-

he

of

ro-
try.
try,
ed
sur-
hese
be-

er
fa

RAPID COMMUNICATIONS

PRB 60 R5131THEORETICAL STUDY OF THE (332) . . .
the three different models, we have calculated filled sta
constant-current STM images within the Tersoff-Hama
approximation.31 Representative images are shown in Fig.
In both the DDR and ADD models we find strings of pean
shaped spots, originating from a slight overlap betwe

FIG. 2. Total-energy difference per (332) unit cell as a func-
tion of the Si chemical potentialmSi .

FIG. 3. Calculated constant-current STM images~bias V
521 V! for the DDR ~a!, ADD ~b!, and ALT ~c! models. Corre-
lation with the atomic structure is explicitly shown via the sup
posed ball-and-stick representations of the atoms in the first sur
layer ~see Fig. 1!.
s
n
.
-
n

maxima on adjacent flat ad dimers. For the DDR mod
additional maxima are located on the up adatoms of the ti
ad dimers. The resulting images are incompatible with
experimental observations of a single oval spot stretche
the @110# direction per 332 cell. On the other hand, in th
ALT model the spread out stretched spots located above
adatoms of the tilted ad dimers are in accord with expe
mental STM images of filled states.7

Additional insight can be obtained from analysis of t
electronic states within a few eV of the Fermi level. A
photoemission measurements agree about the presen
two occupied surface states in the band gap, 1 eV apart f
each other.18,32,33However, uncertainties exist about the l
cation of these states with respect to the valence-band m
mum ~VBM !. Recent angle-resolved photoemission sp
troscopy ~ARPES! measurements have shown that t
dispersion of all identified surface states is very sm
(<0.2 eV) along the@110# ~Ref. 18! and @110# ~Refs. 18
and 33! directions. Only the surface states of the DDR a
ALT models have been considered here, the ADD mo
being higher in energy than the ALT model and exhibiti
STM images that do not agree with experiment.

We find that in the DDR model the surface is metall
within the local-density approximation. The highest occup
state, about 1 eV above the VBM atG, is mainly localized on
the flat ad dimer and has ap* character with respect to th
dimer axis. Its dispersion is very small along the@110# di-
rection (<0.1 eV), but rather strong along the@110# direc-
tion (.1 eV). In the DDR model, we also find three add
tional surface states with energies between the high
occupied state and the VBM. Only one of them is localiz
above the up adatom of the tilted ad dimer, and is essent
dispersionless. The other two states originate from backb
and dimer states of the underlying surface, and show str
dispersions. The presence of dispersive states in the band
is in disagreement with ARPES evidence and points aga
the DDR model.

In the ALT model, the surface is semiconducting, with
direct gap atG of about 0.5 eV. The highest occupied sta
0.8 eV above the VBM atG, is localized on the up adatom o
the tilted ad dimer and has a strong ‘‘s’’ character. This
surface state has a small dispersion along both@110# and
@110# directions (<0.1 eV). Close to the VBM we find
another state, lying 0.7 eV below the highest occupied
bital. It is a p* state localized on the Si-Si dimer of th
underlying surface which are not bonded to ad dimers, an
nearly dispersionless (<0.2 eV). This state is only presen
in the @110# direction. Except for the energy difference b
tween the two highest surface states~0.7 eV vs 1 eV!, agree-
ment with ARPES experiments is definitely better for t
ALT than the DDR model.

A discrepancy exists about the number and location
occupied surface states or resonances.18,33 Yeom et al.18 ar-
gued that there should be a total of four states with p
nounced surface character in their proposed DDR geome
However, they considered the ideal nonrelaxed geome
with flat ad dimers only, and, more importantly, they ignor
backbond states and dimerlike states on the underlying
face that are also expected to exhibit surface character. T
additional resonant states could be difficult to resolve
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cause some are close in energy, and might have weak
toemission intensities. In our calculation we could ident
resonant states; however, we did not attempt to system
cally analyze their character and dispersion.

Turning to unoccupied states, we find only one surf
state in the band gap for the DDR model. It lies 2 eV abo
the VBM at G, is localized around the down adatom of t
tilted ad dimer, and has a predominant ‘‘pz’’ character. Its
dispersion is about 0.1 eV~0.4 eV! along the@110# (@110#)
direction. For the ALT model, two empty surface states h
been identified. The lowest one, with energy 1.2 eV ab
the VBM at G, is a s-like state on the lone Si dimer of th
underlying surface. It disperses about 0.1 eV along@110#
and 0.7 eV along@110#. The other one, 1.8 eV above th
VBM, is a ‘‘ pz’’-like state on the down adatom of the tilte
ad dimer and has a very weak dispersion along both di
tions (<0.2 eV).

The combination of all our results indicates that the A
model is the most suitable candidate, since it explains
large majority of available measurements. The ADD a
DDR models produce incorrect STM images. The ADD
energetically unfavorable, while the dispersion of the surf
states calculated for the DDR model is not compatible w
ARPES measurements.

To summarize, we have performed plane-wave pseud
o-

ti-

e
e

e
e

c-

e
d

e
h

o-

tential calculations for three structural models of the (
32) reconstructedb-SiC~001! surface. In particular, relaxed
atomic structures, surface energies, STM images, surf
states and their dispersion have been calculated and c
pared with experiments. Our results strongly favor the AL
model and exclude the DDR and ADD models, althoug
some ambiguities remain. More definitive conclusions cou
come from additional experimental studies, in particular i
vestigations of unoccupied electronic states, and a convi
ing confirmation of the Si coverage corresponding to the
32) reconstruction.
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