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Abstract

We report the results of first-principles molecular dynamics simulations of the physical properties of cubic SiC(001)
surfaces. In particular, we discuss the atomic geometries of several reconstructions, including (2 X 1), c(4 X 2) and (3 X 2),
and compare computed STM images with recent experimental results. © 2000 Published by Elsevier Science B.V.

PACS: 73.20.At; 68.35.Bs

Keywords: Silicon carbide; Surface; Reconstruction; Ab-initio methods

1. Introduction

Silicon carbide is an attractive material for high-
temperature micro- and optoelectronic devices [1]
because of its wide band gap, high thermal conduc-
tivity, high hardness and chemical inertness. Having
a small lattice mismatch with GaN, SIC has aso
emerged as a promising substrate for the growth of
nitride-based devices [1,2].

In the last decade, a notable effort has been
devoted to the characterization of SiC surfaces, since
SiC films for use in technological applications are
prepared by epitaxial growth. In particular, the (001)
surfaces of the cubic polytype B-SIC have been
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studied with a variety of experimental [3—11] and
theoretical [12-15] techniques. At the end of the
1980s, it was established that these surfaces are
terminated by only one species and a clear assign-
ment of different LEED patterns to either C- or
Si-terminated surfaces was given [3]. Nevertheless,
only very recently experimental and theoretical in-
vestigations have shed some light on the structural
properties of the C- and Si-terminated surfaces, with
many controversial issues about, e.g., SiC(001) sur-
faces with excess Si, remaining open. In this paper,
we focus on the Si-terminated surface of SiC(001),
for which a variety of reconstructions including (2 x
1), o(4X 2) and n X 2),_55,.. have been observed
in LEED [3,16,17], RHEED [18] and STM [19-24]
measurements.

Both (2 X 1) and c(4 X 2) reconstructions are be-
lieved to pertain to a complete Si monolayer at the
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top (65 = 1), as indicated by all available experi-
mental data [17,18], although a controversial [25],
theoretical paper [26] suggests a coverage of 1.5 for
the o(4 X 2) reconstruction. It is now generally ac-
cepted that the reconstructions of SiC(001) are char-
acterized by weakly bonded, flat dimers (p(2 X 1)) or
by aternating symmetric dimers with different
lengths (c(4 X 2)), unlike those of Si(001). The weak
bonding character of S—Si dimers is however in
contradiction with the results of fits to LEED data,
pointing at Si—Si dimers as tightly bound as on
Si(001) surfaces [7].

The adsorption of additional Si atoms on the
complete Si-terminated SiIC(001) surface layer pro-
duces successive (n X 2) reconstructions as a func-
tion of Si coverage, including (7 x 2), (5 2), and a
combination of (5 X 2) and (3 X 2) periodicities [17—
19,21,23,24]. The (3 X 2) reconstruction seems to be
the last stage before self-limitation of the growth
[27]. Its atomic configuration and €lectronic structure
are not clearly established, though they have been
intensively investigated. In particular, theoretical in-
vestigations come to different conclusions [14,28],
and discrepancies exist between different experimen-
tal probes [19-21,29,30].

Here, we summarize the results of several calcula-
tions on the p(2 X 1) [31,32], c(4 X 2) [31,32] and
(3 X 2) [33] reconstructions, as obtained by perform-
ing first-principles molecular dynamics simulations
both at zero and finite temperature, and by carrying
out band-structure calculations for selected geome-
tries. Our computations were done within Density
Functional Theory, using the Local Density Approxi-
mation. We used pseudo-potentials and a plane wave
basis set, which allowed us to perform systematic
checks on the accuracy of computed quantities. In
order to make contact with STM experiments, the
tunneling current 1(x,y,zV), and its derivative with
respect to applied voltage V have been computed
for selected, optimized geometries. The calculations
have been carried out using the Tersoff—Hamman
approximation [34], where 09l1(Xx,y,z;V)/dV o
Yl(x,y, 2> f'(e +eV). Here, ¢i(x,y,2) and ¢
are single particle wavefunctions and eigenvalues,
respectively, V indicates an applied voltage and f’
is the derivative of the Fermi distribution. We refer
the reader to the original papers for the details of our
first-principles simulations.

2. Unstrained bulk: p(2 x 1) reconstruction

Given the apparent disagreement on the p(2 X 1)
reconstruction of Si—SiC(001) between ab-initio cal-
culations [15,31] and LEED measurements [7], we
performed an extensive sampling of the potential
energy surface in order to determine the most stable
reconstruction. The potential energy of the system is
extremely flat as surface atoms move in the plane
parallel to the surface [15], and particular care must
be taken in the sampling procedure. We first consid-
ered a slab with the periodicity of the unstrained
bulk and therefore performed our calculations at the
equilibrium theoretical lattice constant [31] of bulk
SIC ag =430 A). We caried out total energy
global optimizations starting from a series of differ-
ent initial configurations. These include several c(4
X 2) geometries, with dimers having different lengths
and buckling. We aso devised starting configura-
tions with symmetries lower than o4 X 2). All of
these configurations turned out to be unstable. Irre-
spective of the starting point of our calculations, we
found the same stable minimum at the end of each
optimization procedure. The most stable reconstruc-
tion is aweak p(2 X 1) pattern with unbuckled dimer
rows (see Fig. 1a), having a total energy a few

(a) (2x1)
— 06—
(b) c(4x2)

Fig. 1. Ball-and-stick representation of the p(2x 1) () and c(4 X 2)
(b) reconstructions of the (001) silicon-terminated surface of cubic
SiC.
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meV /atom lower than that of the ideal surface. The
ideal surface corresponds to a metastable configura-
tion. In our calculations we found that the surface
symmetry is independent of the lateral supercell size
used in the simulation, i.e. of the k-point sampling of
the surface Brillouin zone (SBZ); on the contrary the
dimer bond length varies from 2.58 to 2.63 A when
going from slabs with 8-atom to slabs with 16-atom
per layer. The distances obtained in our calculations
are much larger than the value deduced from fits of
LEED patterns by Powers et a. [7]. These authors
assumed a buckled dimer geometry, which might
lead to errors in the resulting distances. Furthermore
temperature [31] and stress effects (see below) could
be responsible for reconstructions different from
those observed at equilibrium.

We found that, similar to the ideal configuration,
the p(2 x 1) reconstructed surface is non-metallic,
with a gap between w*-like and o-like surface
states. This is different from the electronic structure
of the Si(001) and C(001) surfaces [35-37] where
the reconstruction opens a band gap between = and
" surface states.

Experimentally, the p(2 X 1) reconstructions of
Si—SiC(001) have been often seen in areas of miss-
ing dimers [38] and low coverage [10]. It is, there-
fore, of interest to study a p(2x 1) reconstructed
surface with missing dimers, in order to analyze how
these defects influence the reconstruction pattern. In
our caculations, we found that the removal of a
dimer induces the formation of stronger bonds in
four dimers surrounding the missing unit; neverthe-
less it does not constitute a strong perturbation on
the p(2x 1) reconstruction, whose symmetry and
dimer bond lengths are basically unchanged. We also
found that removing a dimer lowers the surface
tension considerably (by about 25% in our dab).
Therefore we conclude that missing dimers alow the
surface to relieve stress and thus help to stabilize the
p(2 X 1) reconstruction.

3. Bulk under stress: c(4 X 2) reconstruction

Cubic SiC films are presently prepared by chemi-
cal vapor deposition on Si(001) substrates, the lattice
mismatch between Si and SIC being almost 20%.
This large mismatch is most probably accommodated

within the interface layers by the formation of misfit
dislocations. However the therma mismatch (8%)
between SiC and Si isresponsible for residual stresses
in SiIC samples grown on Si, which are thus expected
to be strained. It is, therefore, of interest to study the
influence of stress on the surface reconstruction.
When applying a uniaxial compressive stress along
the S dimers, we found that the symmetry of the
surface is unchanged and the dimer bond length
increases (2.75 A) with respect to that of the un-
strained bulk. This indicates that under uniaxial com-
pressive stresses in the direction parallel to the dimers
the surface tends to adopt an ideal geometry. On the
contrary, when applying either a uniform tensile
stress or a uniaxial tensile stress along the dimers, a
change in the surface reconstruction is observed, in
particular a symmetry breaking leading to a c(4 X 2)
reconstruction. This is characterized by aternating
unbuckled short and long dimers (see Fig. 1b), the
short dimers having a smaller component in the
direction perpendicular to the surfage (z direction)
than the long ones, by about 0.06 A. The (4 X 2)
reconstruction found in our calculation is substan-
tialy different from that of Si(001) and is in very
good agreement with the aternating-up-and-down
dimer (AUDD) model recently proposed on the basis
of STM experiments [24,38,39]. We would like to
stress that the geometry found in our simulations is
not inferred from comparisons of total energies for
different fixed structures. It is the result of a sponta-
neous symmetry breaking of the potential energy
surface, found in molecular dynamics simulations,
which were performed in a supercell large enough to
accommodate reconstructions with several different
periodicities.

The surface states and the electronic structure of
the o4 x 2) surface are similar to those of the
p(2 x 1). Close to the top of the valence band are
two groups of four surface states with = character;
these come from the small splitting of the bonding
and antibonding states with = character, which takes
place when the symmetry is lowered from p(2 X 1)
to c(4 X 2) under tensile stress. Close to the conduc-
tion band bottom, we find surface states with o
character: these are atomic-like, non-bonding states.
A difference between the electronic structures of the
p(2 x 1) and c(4 X 2) reconstructions can be seen in
the electronic density of states and could be detected
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in photoemission experiments: below the Fermi level,
the shoulder originating from surface states is more
pronounced for the c(4 X 2) than for the p(2 X 1)
reconstruction.

The computed STM images for the p(2 x 1) and
c(4 X 2) reconstructions, at V= —15 eV, are re-
ported in Fig. 2. The computed 31(X,Y,zy;V)/dV is
basically identical to the measured STM image at
constant current [24,38]. Theoretically, states with
large components on the dimers are observed in
9l /aV mode, while experimentally they are imaged
in constant current mode: This might be related to a
change in the energy difference between surface
states induced by the tip electric field. Plots of
A(x,Y,25;V)/0V mainly show surface states with
large components on the dimers. These are w-like
bonding states. Bright spots appear on al dimers of

the p(2 X 1) dimer rows (left); on the contrary only
the up dimers are visible on the c(4 X 2) rows (right),
in agreement with the recent experimental results of
Ref. [24,38]. An isosurface of a Bloch state with
w-like bonding character and large components on
the dimers is reported in the left panel of Fig. 3, for
the p(2 X 1) reconstruction. Plots of 1(x,y,zV) =,
show surface states having large components be-
tween dimers. These are bonding and antibonding
w-like states. Depending on their position in the
surface Brillouin Zone, both bonding and anti-bond-
ing m-like Bloch states can have lobes tilted away
from the dimers, overlapping with those of adjacent
rows, since the distance between dimers is relatively
small. Isosurfaces of two of these states are dis-
played in the middle and right panels of Fig. 3.
States with maxima localized between dimers give

Fig. 2. Computed STM images of the p(2 X 1) (Ieft panel) and c(4 X 2) (right panel) reconstructions of Si—SiC(001): the upper and lower
panels show a plot of dI(X,Y,Z;V)/V a Tilis(x, v, 2> f'(e +eVv) and 1(x,y,zV) =1,, respectively (see text); in both cases

V= —-15eV.
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Fig. 3. Isosurfaces of selected surface states of the p(2 X 1) reconstruction of the (001) Si-terminated surface of cubic SiC, at different points
of the surface Brillouin zone: the left and middle panels show bonding states at k= (1,1) and k= (0,1), respectively; the right panel

displays an antibonding state at k = (1,1).

rise to bright spots of 1(x,y,z;V) between dimers.
On the p(2 x 1) surface these spots are identical on
all dimers (Fig. 2, left), while on the c(4 X 2) surface
(Fig. 2, right) they clearly show the difference in
height between up and down dimers. This difference
(Az), as estimated from the comparison between
experimental and computed STM images, is 0.1 A
[38,39], which is close to the value obtained in our
work. Since the model used in Ref. [39] to estimate
Az is different from ours and since in our calcula-
tions we did not include the effect of the tip electric
field on the sample, a quantitative comparison be-
tween experiment and our work is not straightfor-
ward.

4. Excess Si on Si—SiC(001): the (3 x 2) recon-
struction

Three different atomic configurations, depicted on
Fig. 4, have been suggested in the literature for the
(3 X 2) reconstruction of Si—SiC(001). In the Dou-
ble Dimer-Row (DDR) model, proposed by Dayan
[16] and apparently supported by other experimental
studies [19,24,29,30], there are two Si ad-dimers on
top of the full Si layer (Fig. 4a). The resulting
coverage 64 = 2/3 isin contradiction with the mea-
sured 6y value of 1/3 claimed by several groups
[17,18,27]. The straightforward extension of this
model to the (5 X 2) reconstruction is also inconsis-
tent with the measured coverage [18]. Moreover, this
model is not supported by some STM studies [20,21].
Another model, ADDed dimer-row (ADD), was first
suggested in an early study by Hara et al. [17]. This

configuration, with one Si ad-dimer per unit cell
(Fig. 4b), corresponds to the measured coverage for
the (3 2) and (5% 2) reconstructions. However,
though it appears consistent with several experimen-
tal data, both empirical [40] and ab-initio [14] calcu-
lations have shown that it is not energeticaly fa-
vored. Furthermore, STM investigations do not sup-
port this model [19,20]. Another 1 /3 coverage model,
the ALTernate dimer-row (ALT), was proposed by
Yan et a. [14].This configuration is supported both
by calculations [14,40] and by STM studies [20,21].
However, it cannot account for the observed relation
between single domain LEED patterns with (2 X 1)
and (3 X 2) periodicities [3,41]. It also fails to ex-
plain the (3 X 1) reconstruction observed after O or
H adsorption [16,19]. Note that all three models
involve Si ad-dimers, which are perpendicular to the
dimers on the underlying Si surface. Indeed, previ-
ous calculations have shown that a single parallel
ad-dimer is energetically much less favored than a
perpendicular one [42].

The relaxed atomic structures computed for the
three models are shown on Fig. 4. In the DDR
geometry, one ad-dimer is strongly tilted (8 z = 0.62
A) and has a short bond length (d = 2.26 A) while
the other, weakly bound (d = 2.66 A), is amost flat
(8z=0.03 A). The inequivalence of the two ad-di-
mers disagrees with simple expectations [16,19] and
with previous calculations by Kitabatake and Greene
[28], who found two flat ad-dimers for the DDR
model. A single flat and weakly bonded ad-dimer
(d=2.62 A) is obtained in the ADD model, the
geometry being close to that previously obtained by
Yan et a. [14] in a caculation similar to ours.
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d=2.26A
5z =062 A

Fig. 4. Ball-and-stick representation of the relaxed atomic struc-
tures for the DDR (&), ADD (b), and ALT (c) models of the
(3% 2) reconstructed surface of SiC(001). d and 3z are the
distance and height difference between adatoms, respectively.
Only the ad-layer and the first underlying Si layer are shown for
clarity.

Findly, in the ALT model, the ad-dimer is strongly
tilted (8z= 0.5 A) and strongly bound (d = 2.24 A),
in good agreement with previous calculations [14].
The length of the weak Si dimers in the underlying
surface layer is close to the value computed for the
(2 X 1) reconstruction.

The total energy comparison of the three models
of Fig. 4 is not straightforward owing to their differ-
ent numbers of adatoms. This difficulty can be over-
come by using the grand canonical scheme [43]. We
found that the ALT model is the most stable configu-

ration over the entire allowed range of the Si chemi-
cal potential. However, the energy difference be-
tween ALT and DDR obtained under Si-rich condi-
tions is only 77 meV, i.e. within our error bar.
Several experimental STM studies of the (3 X 2)
reconstruction are currently available [19,20,44,45].
In order to make contact with these experiments,
filled states constant-current STM images of the
three models of Fig. 4 have been calculated. Repre-
sentative images are shown in Fig. 5. In both the
DDR and ADD models, we find strings of peanut-
shaped spots, originating from a dight overlap be-
tween maxima on adjacent flat ad-dimers. For the
DDR model, additional maxima are located on the
up adatoms of the tilted ad-dimers. The resulting
images are incompatible with the experimental ob-
servations of a single oval spot stretched in the [110]
direction per 3 X 2 cell. On the other hand, in the

(b)
ADD

[110]

Fig. 5. Calculated constant-current STM images (bias V= —1V)
for the DDR (a), ADD (b), and ALT (c) models of the (3X2)
reconstructed surface of SiC(001).
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ALT model, the spread-out stretched spots located
above up adatoms of the tilted ad-dimers are in
accord with experimental STM images of filled states
[20].

Additional insight into the electronic structure of
the (3 X 2) reconstructed surface can be obtained
from analyses of the electronic states within a few
eV of the Fermi level. All photoemission measure-
ments agree about the presence of two occupied
surface states in the band gap, 1 eV apart from each
other [30,46,47]. However, uncertainties exist about
the location of these states with respect to the Va
lence Band Maximum (VBM). Recent angle-re-
solved photoemission spectroscopy (ARPES) mea-
surements have shown that the dispersion of all
identified surface states is very small (< 0.2 eV)
aong the [110] [30] and [110] [30,47] directions.
Only the surface states of the DDR and ALT models
have been considered in our calculations, the ADD
model being higher in energy than the ALT model
and exhibiting STM images which do not agree with
experiment.

We find that in the DDR model the surface is
metallic, within the Local Density Approximation.
The highest occupied state, about 1 eV above the
VBM at TI', is mainly localized on the flat ad-dimer
and has a w* character with respect to the dimer
axis. Its dispersion is very smal along the [110]
direction (< 0.1 eV), but rather strong along the
[110] direction (= 1 eV). In the DDR model, we also
find three additional surface states with energies
between the highest occupied state and the VBM.
Only one of them is localized above the up adatom
of the tilted ad-dimer, and is essentially dispersion-
less. The other two states originate from backbond
and dimer states of the underlying surface, and show
strong dispersions. The presence of dispersive states
in the band gap is in disagreement with ARPES
evidence and points against the DDR model.

In the ALT model, the surface is semiconducting,
with a direct gap at I" of about 0.5 eV. The highest
occupied state, 0.8 eV above the VBM at I, is
localized on the up adatom of the tilted ad-dimer and
has a strong ‘s character. This surface state has a
small dispersion along both [110] and [110] direc-
tions (< 0.1 eV). Close to the VBM we find another
state, lying 0.7 eV below the highest occupied or-
bital. Itisa =" state localized on the Si—Si dimer of

the underlying surface which are not bonded to
ad-dimers, and is nearly dispersionless (< 0.2 V).
This state is only present in the [110] direction.
Except for the energy difference between the two
highest surface states (0.7 vs. 1 eV), agreement with
ARPES experiments is definitely better for the ALT
than the DDR model.

5. Conclusion

In summary, we have studied the physical proper-
ties of reconstructed Si—SiC(001) surfaces. Our cal-
culations have shown that an unstrained bulk ex-
hibits a non-metallic p(2 X 1) reconstruction. Miss-
ing dimers allow the surface to relieve stress and
help stabilize this reconstruction. Small applied
stresses were found to lower the symmetry of the
surface reconstruction from p(2 X 1) to o(4 X 2). This
suggests that residual stressesin SIC grownon Si are
responsible for the different reconstruction patterns
observed experimentally. Calculated STM images
are in excellent agreement with experimental results.
We have also performed a comparative study of
three different models for the (3 X 2) reconstruction
associated with excess Si on the surface. Our calcula
tions strongly favor one of the models, and exclude
the two others, although some ambiguities remain.
More decisive conclusions on this reconstruction
could come from an experimental confirmation of
the Si coverage corresponding to the (3 X 2) recon-
struction.
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