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Abstract. In this paper, we will review some recent investigations on extendedtsl@i cubic SiC,
as obtained from first-principles molecular dynamics. As an exampldefects at surfaces, the
formation of self-assembled nanowires, originating from coordinatioectdefat the Carbon
terminated SiC(001) surface is discussed. Furthermore, the meclgousming the creation of a
network of edge dislocations at the SiC/Si interface is predemtes system, characterized by a
peculiar ~20% lattice mismatch, can be considered as a tengjldiggh lattice mismatched
heterostructures, where an ab initio approach is still affordablewM/eliscuss differences and
similarities between the (001) and (111) interfaces, and compare esuitsr with recent
experimental data.

Introduction

Silicon carbide is a group IV compound semiconductor showing unique prop#raesllow to
consider it as a true surface-science ‘laboratory’ [1]: thegehaolarization of the Si-C bonds
makes SiC a polar compound, midway between GaAs and ZnSe [2]; sheneri of hundreds of
tetrahedral SIC polytypes [3] rises fascinating fundamental prsbbnd opens the way to many
potential technological applications. From the technological point of, V&® is an extremely
promising semiconductor for high-pressure, high-temperature electdavices, but also for
biological applications. The potentialities of SiC are severfédgi@d by the large lattice mismatch
with most of the conventional substrates, that induces a poor contravethgformation of point
and extended defects (dislocation and micropipes), but also low reprotcddil doping,
metallization, surface preparation and stoichiometry. Several sthdie recently been devoted to
the understanding, characterization and technological exploitation girSgerties, and a number
of publications and review papers appeared on the theoretical study oflef@ats [4,5], surface
properties [2,3,6], and interface structure [7,8] in SiC. Here, withosuprption of completeness,
we will present the latest results of first-principles sitiohs on the formation mechanism,
energetics and local structure of extended defects at cubicu#i@ces and interfaces. We will
focus on selected systems, where the availability of recentiewpeal data complete the scenario
and allows to show the complementarity between the experimental and theopgtioatches.
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M ethod

The present paper deals with first principles molecular dynasimslations of electronic and
structural properties of defects in SiC: the method [9] allows foombined relaxation of both the
ionic and electronic degrees of freedom towards the ground statguatibn. Calculations are
performed in the supercell approach within the Density Functional TH&#Y), in the Local
Density Approximation (LDA); the problem of coordination defects anfiassembled C-wires
however requires the use of GGA [10]. An energy cutoff of at ARy is used for the plane
waves expansion of the wavefunctions, depending on the pseudopotential choic&hj1].
reciprocal space integration in the Brillouin Zone (BZ) is donedmsiclering only thé@" point of
the supercell. The lateral dimensions of the supercell are chogeanbigh to provide a good
sampling of the BZ, and non interacting defect repljta$ furthermore, a wide (> é) vacuum
space is included to avoid spurious surface-surface interaction betstgeercell replicas.
Calculations are always performed at the theoretical equiliblattice parameter, consistent with
the chosen pseudopotentials. Structures are considered converged wheradtiragp®n atoms are
less than 10 a.u. (0.005 eV/A) and energy varies by less thaneMyatom. Further details on the
method used can be found in [5,6,12] for the SiC(001) surfaces, and in [8] for the SiC/Si interface.

Self-assembled nanowires (sp* coor dination defects) at C-SiC(001)

Recent experiments [13] have shown that stapldike bonded carbon lines can be formed on the
C-terminated SiC(001) surface [14,15], by inducing an irreversiplesp’ phase transition in the
substrate. Thessp® lines point at possible precursors for diamond growth on SiC surfaces,
possibly at enhancing the SiC biocompatibility.

Motivated by these recent experiments [13], we simulated the apgeasf coordination defects
on the C-SiC(001)-c(2x2) reconstructed surface. Starting from thal igeometry of this
reconstruction, we arbitrarily rotated some C-dimers by 90° thus imgladiocalsp—sp’ transition.
The calculations were performed at different defect densi®es; 1/8, 1/4, 1/2. The defect
formation energy, which is 1.2 eV/dimer @t = 1/8, decreases rapidly when more defects are
created at the surface, and is ~ 0.05 eV/dimér atl/2, in good agreement with the experimental
findings, showing thasp® dimers are more probable at high defect concentrations. Our ab initi
results provide further details on the structural and electronic piexpef the defects, that cannot
be achieved in experiment: tisg® defects (see Fig.1), which always lie below #pepattern of
approximately 0.4 A, are unbuckled, with dimer bond length of 1.361&,383pending on defect
concentration. Although thep-dimers bond length is unaffected by the presence cfthdimer,
the overallsp chain geometry is modified, accordingly to the strain assocwtadhe presence of
these rotated coordination defects.

The sp® defect conformation which results from our calculation is in appaisagreement with
the experimental observation [13] of asymmesgit dimers lying above thep chains, as inferred
from the measured STM images. In order to make contact with experiment, we lcale@alboth
filled and empty states STM images of the defected surfaeeh&Ve found two surface states
localized on the defects, and separated by a gap of 0.2 eV. These statie lsmme symmetry and
orbital character as the HOMO and LUMO surface states fouttieip(2x1) reconstruction [14].
The STM images (Fig. 1-a) computed using the Tersoff-Hamman apyaton [16] are in very
good agreement with the experimental ones (Fig. 1-b): the apparédinguaduced by charge
distribution in the neighborhood sf’like bonded carbon atoms strictly resembles its experimental
counterpart.

We have furthermore evaluated the effect of the presence of otteetsden the formation
energy of thesp—sp’ coordination defect: to this aim, we studied a symmetric slab avihissing
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sp dimer at both surfaces close to the coordination defect and optitheedomic and electronic
structures of the supercell. In this case the formation enettyg 8p® defect is approximately seven
times lower than on a clean surface with no missing dimers. Thsskls indicate that occasional
missing units on the C-SiC(001)-c(2x2) surface may representdeeds for thepto sp’ transition
observed experimentally.

The SIC/Si interface

Another example of application of first-principles calculations amglement and interpret the
experimental results is provided by the large scale simulatibrise SiC/Si(001) interface [8].
Thanks to the large lattice mismatch of ~ 20%, this interfaae Ime considered as a model of high
lattice mismatch heterostructure of covalent materials, wiadreinitio simulations are still
affordable.

Notwithstanding the high mismatch, SiC can be grown on Si(001), usirgyeditftechniques
[7,17,18]; the microscopic description of the interface is however incee@éassical [7] and ab
initio [19] molecular dynamics simulations indicate that pseudomorpimcSiC films cannot be
grown on Si: our investigations [19] on the stability of few (1-3) Bi@yers on Si(001) show that
SiC never grows in pseudomorphic, defect free films on this subsaradeeventually amorphous
SiC layers are found to be more stable. An efficient mechanisstrash relief must be at work at
the very first stages of growth to obtain an abrupt interface, and epitaxial88C fi

A recent High-Resolution Electron Microscopy (HREM) study of flyistem evidenced a locally
abrupt interface, with the presence of a periodic array of ndisfibcations [18]. These ones seem
to be pinned at the interface, which points at a vanishing criticadntess for this heterostructure.
Still it is diffcult to gain additional information from thesepeximents. In particular, the atomic
structure and the chemical environment at the interface, which defégdy its physical properties,
remain hardly accessible.

In order to provide a thorough description of the system, we have performed a combineal classic
and first-principles molecular dynamics study to investigate tbiehsometry of the interface as
well as its stability [8]. We first performed a structuogitimization for several possible interface
configurations, varying both geometry and stoichiometry, via classiccular dynamics, in order
to get the most stable structure. Slab sizes up to 60 SiC and&@Siwere considered. The Si-Si,
Si-C, and C-C interactions were modeled by means of the empiiecabff potentials [20]. The
relative energy of systems containing different numbers of atwere compared in the grand
canonical scheme [21]. Our classical results indicate that cwafigns with C atoms at the
interface are always more stable. In agreement with expetahresults [18], the favored core
structures are those with the dislocations pinned at the intewhaosd) corresponds to a vanishing
critical thickness.

The classical MD analysis allowed us to select the coreadisbn structures and slab size for
the ab initiosimulations. Since the relative atomic distortions are less2¥aafter the 4th layer,
when considering a 7/7 or a 60/60 layer slab, and the 7/7 slab reprodueesiycthe asymptotic
value of an infinite (60/60) system, the ab initio simulations wertopeed on a 7/7 layer slab.
Among all the considered geometries, our first-principles sinamativere performed only for the
most meaningful ones: the stoichiometric interface and the one wgHmest in energy. The latter
(see Fig.2, left) is obtained from the stoichiometric solution moxel of all the C atoms along the
two core dislocation lines (13 atoms per supercell): this configara 5.69 (15.05) eV/cell lower
in energy than the stoichiometric one in C-rich (C-poor) conditionqeotisely, in the case of a 7/7
layers slab.

The analysis of the configuration topology gives some hints for unddisggthis result. The set
of classical calculations has indeed shown that it is prefei@blave C atoms at the interface in the
first SIC layer, although the stretching of carbon bonds is eneatigtiexpensive. In this
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reconstructed interface, with an understoichiometric carbon layefirsh&iC layer is carbon-like,
but there is only one C atom involved in the reconstructed dislocatios. db@so presents the
peculiar characteristics that almost no atoms are sub- or ogstieated, owing to the formation of
a topological ring along one direction and the formation of a silicorerdatong the other. This
configuration is then the best candidate to represent the atoractusér of the SiC/Si(001)
interface. A qualitative indication of the residual strain distrdyust the interface can be obtained
by inspection of the deformation of the converged system coordinatésresjtect to the ideal
bulk-like positions. Fig. 2 represents the residual strain fieldhatiriterface for this geometry,
evaluated in terms of atomic displacements from ideal bulk-liketiposi As it is evident from
simple inspection, the major deformations are localized in Si, wiashsmaller elastic constants
than SiC. This result, along with the occurrence of a periodic diglacaetwork, has been recently
confirmed by accurate High Resolution TEM experimental [22] andilated [23] images. A
detailed description of the structure and energetics of the seosrfajurations studied is reported
elsewhere [24].

The ab initio simulations, although providing a deeper insight and struetadaelectronic
details that remain prohibitive in empirical calculations, validate results obtained by classical
molecular
dynamics. Based on these findings, we studied also the SiC/Si(1lfddatebecause of the large
supercell size requested by the hexagonal lattice, we performetisi case only classical
simulations [23]. The (111) surface of a zincblende crystal can be obtained eitharshiiffle or a
glide plane which differ for stability and number of dangling bonds; at a (11ifaceehe situation
is furthermore complicated by the possibility of having an inversighariayer stacking sequence.
A number of different configurations have been considered thus samplicgrithguration space
for this interface. We first investigated the possibility ofniorg stoichiometric interfaces by
matching a Si and a SiC layers with different terminatiortb@interface: two shuffle planes, two
glide planes or a shuffle and a glide plane were considered. Quisrexlicate that interfaces
between shuffle planes are always more stable. Furthermoréarkinm what was found for the
SiC/Si(001) system, our calculations revealed that it is al@ysrable to have carbon at the
interfaces. We also considered the possibility of having pseudomorghigr&ivn layers, before
the dislocations start, which was found to be an unfavorable configuratims, &s in the-
SiC/Si(001) interface, the dislocation cores are directly pinnedeainterface, in agreement with
experimental evidence [18].

The dislocation core for the most stable stoichiometric integtrceture is presented in Fig. 3.
The structure presents under-coordinated C atoms forming three SiC b&W4& long in a
distortedsp’ hybridisation. At variance with the SiC/Si(001) system, structinésined eliminating
the unsaturated and distorted atoms are higher in energy. We famalysed the possibility of
having a stacking inversion at the interface, which would lead t&€ ai§stal structure mirrored
with respect to the previous one. We found that the energy differeheednmethe two structures
lays in the error bar of our calculation, resulting than degendrates are thus likely to form
directly at the Si(111) surface, as indeed revealed by recent HREM dark fietdyraphs [18,25].

Summary

In conclusions, the two examples of ab initio simulations of extendedtdah SiC presented in

this work evidence the capability of the method in complementing theriexental result, and

provide a microscopic description of the defect structure. In patjcidr the SiC/Si interface,

which can be considered as a template of high lattice mismatichegtojunctions, the large scale
calculations required to describe the dislocation network, are innieeyagreement with newest
experimental results.
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