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Electronic and structural properties of silicon carbide nanowires

R. Rurali
Laboratoire Collisions, Agrégats, Réactivité, IRSAMC, Université Paul Sabatier, 118 route de Narbonne,
31062 Toulouse cedex, France
(Received 26 January 2005; published 19 May 2005

We present density-functional calculations of the geometrical and electronic structure of nanometer-thick
silicon carbide nanowires grown along tkiE00) axis. We discuss first hydrogen-passivated wires and show
that the quantum confinement results in a broadening of the band gap. Second, we study pure nanowires. In this
case the facets’ dangling bonds strongly reconstruct and the surface states that form turn the system into
metallic. Both the gap broadening and the surface reconstruction driven metalization are analyzed in the case
of C- and Si-rich wires.
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I. INTRODUCTION tips, for instance, or to realize reliable nanocontacts for op-

In the latest years silicon carbid8iC) has settled as one €ration in a harsh environment. Moreover, the bio-
of the most interesting materials to replace silicon in high-compatibility of SiC (see Ref. 5 makes SICNWs ideally
power, high-frequency, and high-temperature devicesuited as interfaces capable of efficiently bridging biological
technology:? Its high breakdown field, high thermal conduc- systems to nanoelectronics devices.
tivity, and high saturation velocifyconcur in making SiC SiCNWs can be grown by means of reaction with carbon
stand out from other wide band-gap materiédsg., GaN, nanotubes. Dat al1® used multi-wall carbon nanotubes in a
GaP, diamony while having the benefit of a tractable mate- yapor-solid reaction, yielding SICNWs—and other carbide
rials technology, thanks to its superior chemical and menanorods—with diameters ranging from 2 to 30 nm. Zhang
chanical stability and to the existence of a native oxide—g; 5117 ysed single-wall nanotubéSWNTS in a solid-solid
silicon dioxide. So far, the most prominent bottleneck for @Nreaction, achieving a control of the growth process that al-

industrial-scale use of SiC has been the difficulty in Obtain'lowed them to fabricate SWNT-SICNW heterostructures
ing high-quality large crystals. However, present Progressegiih well-defined crystalline interface and with Schottky

in single CW.S“’?' g_rowtﬁ envisage the poss!b|I|ty 1o over- barrier-likel-V characteristic. SICNWs can also be grown by
come these limitations, going toward a feasible SiC technol- hemical vapor depositiofCVD) and wires of 10 to 30 nm

ogy for the next-generation electronic devices capable Oﬁave been reportéd® Zhou et al2° managed to reduce the

supplanting silicon in power electronics and harsh environ- : e d 5 . ; ticl th
ment applications. nanowire size down to 5 nm using an iron particle as the

More recently, SiC has started to attract attention also as §talyzer. Synthesis of SICNWs by arc-dischatgéor by
material for nanotechnology applications. Cicetal? dem-  direct chemical reactict down to 10 nm have also been
onstrated the use of the alternation of C- and Si-terminatelemonstrated. More recently, Yargal? proposed the syn-
surfaces as a biocompatible, patterned substrate to contrBlesis of SiC nanorods by the thermal decomposition of a
water interaction. Derycket al® reported the metalization of Polymeric  precursor with thicknesses ranging from
the Si-rich SiG100 surfacé by means of atomically con- 80 to 200 nm. A promising achievement for nanowire-based
trolled hydrogen adsorptidh® which opens the way to the molecular electronics is the growth of coaxial SICNWs, re-
development of ohmic contacts on top of a chemically pasported by Sheret al!
sive wide band-gap material. Zhaatal? reported the emis- Reducing the size pushes toward the approach ofuthe
sion of visible photoluminescence in 3C-SiC nanowhiskersguantum limif where the properties of the nanowire are sub-
with applications in the field of light-emitting diodes, while stantially different from the bulk material. For this reason, a
the field electron emission properties of bunches of SiCGletailed knowledge of such systems is extremely interesting
needles have been investigated by @all® More in gen-  both from the fundamental physics standpoint and for what
eral, the synthesis of SiC nanostructures, e.g., hollowconcerns the molecular electronics applications, because the
nanosphere¥, nanosprings? or nanowire-based flowerlike device sizes are being continuously reduced and 10 nm thick
structures? as novel functional elements for nanoscience isSICNWs can now be routinely grown.
becoming an active field of research. In this paper we discuss on theoretical grounds the geo-

One-dimensional nanostructures deserve special attentiometrical and electronic structure properties of nanometer-
as they are expected to play a crucial role as building blockghick SICNWSs grown along th€100 direction with a bulk
of future molecular electronics applicatiotfst® Silicon car-  3C-SiC core. We address explicitly the problem of surface
bide nanowiredSICNWS9 have the considerable advantagereconstruction, comparing the results with analogous hydro-
over silicon nanowire$SiNWs) of a much higher electrical gen passivated wires. The wires that we discuss are of the
conductance and an excellent mechanical stability, makingrder of the thinnest SICNWs grown so ¥af® and can be
them extremely interesting as scanning probe microscopeiewed as a model for the diameter lower limit.
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Il. COMPUTATIONAL METHODS other different sectioning arrangements cannot be discarded

In this work we present density-functional theqiyFT) ~ @nd merit a separate study.
calculations performed with the computer coslesTa?526

The core electrons ha_ve been represented by norm- IIl. HYDROGEN-PASSIVATED WIRES
conserving pseudopotentials of the Troullier-Martins &fpe ) o o )
in the Kleinman-Bylander separable foffhwith core radii The one-dimensionality of nanowires is known to induce

of 1.25 bohr for C and H and 1.90 bohr for Si. We have used® 9ap broadening as a result of the quantum confinement. In
a double¢ basis set plus polarization functiddor the va-  the case of silicon nanowires this has been reported by sev-
lence electrons and the generalized gradients approximatidi@l authorgsee, for instance, Refs. 42 and)4Bor this to
(GGA) due to Perdew, Burke, and Ernzer¥foffor the  occur, it is necessary that no new surface state forms, in such
exchange-correlation functional. The basis functions havé way that the nanowire can be viewed as a purely 1D-
been optimized following Angladat al3! The numerical in-  confinedbulk system. This task is normally accomplished
tegrals have been performed on a grid fine enough to repréerminating the wire’s dangling bonds with hydrogen.
sent plane waves up to 100 Ry. The atomic positions havEl-passivation prevents the surface from reconstructing, satu-
been relaxed using a conjugate gradient minimization algotating its dangling bonds, and protects it against chemical
rithm until all the forces were reduced below 0.04 eV/A. attack, e.g., oxidation. The first part of this work has thus
The Brillouin zone has been sampled with a highly con-consisted in analyzing the nature of such an effect in the case
verged set ok-points, using grids up t¢1x 1x 12) points  Of (100 SICNWs.
according to the Monkhorst-Pack sche#Re. . Given the growth orientation and the geometry of the sec-
We have studied supercells of 57 and 114 atoms for th&0n, two kinds of SICNWs coexist: in one case the most
surface reconstructed SICNWs and of 93 atoms for the hyexternal layer is made of carbon atoms, while in the other it
drogen passivated SiICNWisee below The periodicity IS madt_e of silicon atoms. In bulk 3C-S|C_—and in all the
along the wire hampers the number of possible reconstructher SiC polytypes—one can change all Si atoms for C and
tions, preventing from forming those that are not commen.ice versa without affecting the symmetry of the lattice and
surable with the cell size. For this reason, we have also usg§fus the properties of the material. Whenever the 3D bulk
a nonorthogonal tight-binding mod&f* to explore larger Symmetry is broken this is no longer true, like in the
cell sizes, up to 228-atom supercell, i.e., four unit cells of theSIC(100 surfaces, which are carbasr silicon terminated,
wire. The tight-binding model employed proved to be ex-and wherg, obwou_sly, there is no symmetry with respect to
tremely reliable in describing the nanoscale structural feath® chemical species exchange. Throughout the rest of the
tures of several systef¥s3”and gave a very good agreement Paper we will call th.ese two klnds of SlCNVVtarbon-coateq
with DFT in a previous study of silicon nanowirésThe and5|l_|c<_)n-coatedN|res, referring respectively to the C-rich
survey carried out allowed us to conclude that no reconstruc@nd Si-rich phase. o
tion with an extent larger than the unit cell is observed. This We have analyzed the effect of H-termination in both the
result is extremely robust, because it is not a question of th€ases. In Fig. 1 we show the electronic density of states
accuracy that tight-binding has in reproducing a bond lengthPOS), comparing it with that of bulk 3C-SiC. It can be
or a bond angle, but whether a reconstruction is found or no§€en that both in the case of carbon-coated and silicon-coated
All the geometries have been subsequently relaxed witPiCNWSs, H-passivation results in a gap broadening, as ex-
DFT, but tight-binding permitted us to check that larger cellsPected. This is nothing more than the mentioned quantum
did not favor long-range reconstructions. confinement effect: the loss of two of the three dimensions of

Convincing experimental evidence has shown thaperiodicity(with respect to the bu)kinduces a discretization
SICNWSs grow around a monocrystalline bulk c8f8:18-24 of the continuum of the electronlc'states, t'hus re§ulting in a
Unlike the case of Let al,?! who reported 6H- SiC wires, in Proadening of the gap. The effect is especially evident in the
all the other cases the grown polytype was 3C-Qi@bic or ~ Case o_f the carb_on-coated SICNW where the band gap is
B-SiC), which is the one that we have chosen for this study@PProximately twice as large as the bulk case. Experimental
It should also be stressed that no polytype coexistence, i_ef_e,vldence of quantum confinement has been recently reported

polytype conversion along the wire’s axis, has been reportell! 3C-SiC nanocrystallite’
so far. The gap broadening is thus a pure effect of the confine-
Even though we have restricted our study ¢b00) ment and hydrogen passivation intends to be a simple and
SICNWs, different wires’ sections can be considete@en-  effective model of all those experimental cases in which the
erally, at the macroscopic scale the favored section can b@rmation of new surface states is prevented, e.g.,
deduced following the so-called Wulff's ruf@4! However, ~Oxidation:® and coverage with amorphous layéfs. _
it has been shown that when the energy of the edges is no The one-dlmens!onal confinement is al_so expected to im-
longer negligible, a situation that is common in the case of!y @ l0ss of cohesion, at least at a certain degree. We have
one-dimensional structure at the nanoscale, Wulff's rule@lculated the cohesion enerdiesf these wires, defined as
breaks dowrs>*! In this work we study wires with rounded
angles in a Wulff-like fashiod®4° because this is the only Econ= (Emt_z n‘E‘>' (1)
geometry that allows us to have all-C and all-Si facets, '
whose electronic structure analysis is one of the main purwheren; is the number of atoms belonging to a given species
poses of this studysee below. However, the stability of andE; is the corresponding energy for the isolated atom; the
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- -coated wire dimers[see Figs. @) and 3a)]. The Si dimers of the Si-
% coated wire, on the other hand, narrow the bulk angle up to
Py [ values of~102-107°, allowing a slight outward protrusion
o l with respect to the unrelaxed bulk terminated posifisee
| , V\AA/}/\\/\/\W, Figs. 2b) and 3b)]. The different leveling of the dimer
2 4 angles results also in a different effectieeverageof the
E-E,, [eV] {100; facets, as it is shown in Fig. 4. The short C dimers of

Fig. 4a) are plain and tend tenterinside the facet, mixing
FIG. 1. The electronic density of statéDOS) of (a) bulk  with the inner Si shell. On the contrary, the Si dimers of Fig.
3C-SiC, (b) carbon-coated SiICNW, an@) silicon-coated SICNW.  4(b) relax outward the facets, generating a thick all-Si outer
The DOS plots have been normalized to the number of states itayer. At variance with the {100, facets of silicon
order to allow a comparison between systems calculated with difnanowires’® here the asymmetry of the dimers is almost neg-
ferent simulation cells and aligned to the top of the valence bandligible, though systematic. The formation oft@ughin the
We have not compensated for the underestimation of the band gapenter of the facet—which strictly speaking still takes place
however the broadening-narrowing trend is expected to be correcisee Fig. 4b)]—is thus frustrated. We ascribe this difference
to the higher rigidity of the C-Si bond with respect to the

sum runs over the species present in the system. We ha\%fs' bond. Ifc is noteworthy that, contrary to the case of
obtained a cohesion energy of 4.66 eV/atom for C-coated!lcOn nNanowires, we have not found any other longer-range,
wire and of 4.36 eV/atom for the Si-coated, compared td°0MPeting reconstruction. In that case, we found that flip-
6.32 eV/atom which is the value for bulk 3C-SiC. Despite aPing one of every four dimers on the facet could give rise to

decrease of around 25%, the values obtained are still typicé& Stable geomegr?. _
of well-bonded systems, e.g., of the same order of bulk sili- _ Wellandet al. reported the growth of S'CZNZWS covered
con. with an outer graphite layer, while Seeggral“* observed

an amorphous-carbon coverage. Despite those wires being
thicker than those considered in this study, that might be an
IV. SURFACE RECONSTRUCTED WIRES indication of the existence of different C-rich phases and that
A. Structural and mechanical properties further StUdIeS |n thIS dII’eCtIOFI are needed St'”, |t |S remal’k-
able that thegraphitizationtrend of the surface, i.e., th&?

If the dangling bon.ds of the fgce_ts, e., th‘? wire's Iateralrehybridization, is captured even by the most simple C-rich
surface, are not passivated, their high reactivity makes the@tructure.

unstable and a reconstruction is expected to be favored, like
it does in conventional infinite semiconducting surfat&¥.
We have considered the case of pure SICNWSs, the facet:
relaxation, and the corresponding electronic structure. Ay
cross-section view of the minimum energy geometries found
for the C- and Si-coated SICNWs is shown in Fig. 2. In both
the phases, the facet dangling bonds form rows of dimers
following the typical pattern of the infinite (@00 and
Si(100 surface€®4” C dimers are much shorter than Si
dimers, 1.39 A against 2.59 A, and form indistinctly on the
{100} and on thg110} facets, while the rows of Si dimers are

uniquely located at th¢l0CQ facets. (Z‘) : ()
A major difference between the two phases is that the C
atoms that dimerize favor asy? rehybridization of their or- FIG. 3. (Color onling The detail of{100} facets:(a) symmetric

bitals, resulting in an almost plain geometry, with bondC dimer of a C-coated wire antb) asymmetric Si dimer of a
angles of~115°, that gives rise to an inwasthrinkingof the  Si-coated wire. The angles formed are indicated.
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FIG. 4. (Color online The minimum energy reconstruction of FIG. 5. The band structure of the C-coated SICNW. Four states
the {110} facet for(a) the carbon-coated ar(@) the silicon-coated  (two of which degenerajecross the Fermi level at the center of the
SICNW. The Si dimers formed in the Si-coated are slightly asym-Brillouin zone.
metric, as indicated, where crosses and balls refamter andouter ) ) )
atoms, respectively. The C dimers formed in the case C-coate@N the other hand, has five metallic stateso of which are
wires [panel(a)], on the other hand, are symmetric. degenerate thus amounting to a maximum of five quanta of
conductance. This is a remarkable result because it implies
. . ._that nanometric-thick SICNWs are conducting without the

Qne.of the properties 'ghat_ mak_es_ SiIC a more appea!mgeed of doping. The metalization relies on the reconstruction
choice in a variety of applications is its mechanical stability o (e tacets. Thereforeonfininginto the finite dimensions
and its hardness. Such features could represent an importagt 5 facet the corresponding infinite surfad€- or
differential factor also for what concerns molecular electron-gj_terminated SiC(100)] alters the packing density of the
ics applications, i.e., if the wires are to be used as switches Qjyrface layers, turning its electronic structure into metallic.
contacts. To study the mechanical rigidity of the surface- The ability to control the doping concentration within cer-
reconstructed SICNWSs, we have calculated the Young'sain tolerances is essential in the fabrication of standardized
modulus, which accounts for the response to axial stresgievices and it becomes a very critical task at the nanoscale.

according to A rather high concentration of dopants in bulk SiC, e.g.,
1 #E ~10% cm 3, amounts to having one dopant atom every

Y= —— , (2 ~4480 C-Si pairs. In SICNWs like those studied in this

Vo 7€ | =g work, this would imply having one dopant atom every

wheree is the axial strain, an¥, andE are the equilibrium 70 nm of wire. Several authors reported doping concentra-
volume and the total energy, respectively. We have obtaineonS Of this order of magnitude in SiNW-based devices.
values of~255—280 GPa. Therefor&,00 SICNWs are ap- 'Howev_er., it is clear that such a parameter bec_:omes increas-
proximately twice as rigid as SINWs grown along the samdnaly difficult to control and to reproduce reliably as the
direction, confirming the rigidity mismatch that holds in the SCa€ is reduced. In the case of thin nanowires, a statistical
bulk phasé® Despite the result being physically sound, this fluctuation of t_he doping cpncentratlon may imply to have no
test is only apparently redundant. For what concerns therm&opant at all in large regions of the system. For these rea-
transport, for instance, recently Mingo and Brdilshowed ~ SONS: the possibility to have conducting SiNVése Ref. 38
that a material with higher thermal conductivity is not nec-and SICNWs without the need of doping should be properly
essarily the best nanowire thermal conductor. Hence, cros§onsidered.
overs between the bulk and the nanowire properties canno* 1.0
be discarded. J
No qualitative change is detected in the cohesion energies
[see Eq.(1)], which are 3.35 and 3.32 eV/atom for the C-
and Si-coated SICNW, respectively.

B. Electronic structure properties

-E,[eV]

The strong reconstruction the facets go through is ex-/=
pected to alter significantly the electronic structure of the
whole wire. A band structure diagram is shown in Figs. 5 and
6 for both the C- and Si-coated SICNW, respectively. Inter-
estingly enough, it can be seen that the surface states due t -L0 0
the reconstruction cross the Fermi energy, thus indicating an
induced metalization of the otherwise semiconducting wires. FIG. 6. The band structure of the Si-coated SICNW. Five states
The C-coated wire has four states crossing the Fermi levetwo of which degenerajecross the Fermi level at different values
(which are degenerate two by tyvdrhe Si-coated SICNW, of the wave vectok in the first half of the Brillouin zone.

/e
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have obtained 1.58 eV for bulk 3C-SiEig. 1(a)] against

the experimental value of2.2 eV. Therefore, one should
take into account the possibility that the surface states arising
inside the band gap are rather an artifact of the computational
model. Despite the underestimation of the gap width, DFT is
known to reproduce extremely well the dispersion of the
bands, so that all the major technique for gap-error compen-
sation consist in acting with a scissor operator on the band
structure, rigidly shifting some of the states upward. Looking
at Fig. 6 one notices that, operating on the five states that
cross the Fermi level, it is not possible to open a gap without
violating electron counting. Therefore the metalicity of the
Si-coated wires seems to be robust against possible failure of

,,} ///’:”' DFT. Such an argument cannot be directly extended to the
’\//’}/ \ band structure of Fig. 5, where the four metallic states are

degenerate by pairs and it cannot be excludeatiori that
two of them should be shifted upward, opening a gap. Thus,
the limitations of DFT only allow us to claim that the
C-coated wire is semi-metallic or a small gap semiconductor.
An important difference between the C- and the Si-coated
SICNWs discussed is that, in the case of the latter, the me-
©) (d) tallic states cross the Fermi level at differdnpoints. This
increases the robustness of the metallic character of the wire,
FIG. 7. (Color online The wave function iso-surfaces of the as it makes it unlikely that a gap opened due to Peierls dis-
four states of the C-coated SICNW that cross the Fermi leset  tortion destroys the metalicity. On the contrary, this is pos-
Fig. 5. The degeneracy by pairs is revealed by the wave functiorsible in the case of the C-coated SICNW, where all the me-
symmetry. tallic states cross the Fermi level at the same wave véctor

XN
J X
%2

R

The surface nature of the mgtalli_c states is evident in Figs. V. CONCLUSIONS
7 and 8 where the representation in real space of the corre-
sponding wave functions is shown. As can be seen there, the We have studied nanometer-thick SICNWs with density-
conduction will be sustained by the outer layers of the wiresfunctional calculations. When the dangling bonds of the fac-
with an almost negligible penetration in the bulk core. ets are terminated with hydrogen, the formation of surface
It is well known that DFT underestimates the band gap instates is prevented and SiICNWs are semiconducting. The
semiconductors and insulators. In this case, for instance, wgap is broadened as an effect of quantum confinement, both
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v‘»\{;\(i’ FIG. 8. (Color onling The
YAV wave function iso-surfaces of the
five states of the Si-coated
SICNW that cross the Fermi level
(see Fig. 6. The degeneracy of
states (@ and (b) can be

appreciated.
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in the case of C- and Si-rich wires. In the absence of such the diameter is expected to be monotonic, it is more difficult
passivation the facets strongly reconstruct in search for ato figure out when the metalicity of the surface reconstructed
energetically stable configuration. This rearrangement of thevires breaks down. A detailed analysis of the dependence of
facets’ atoms results in a metalization of the wire. The methe electronic properties of SICNWSs on the size is thus re-
tallic states are surface states, thus the conduction is suguired to improve the understanding of these systems.
tained almost entirely by the outer layers of the wire.

Both th_e gap—broadening of the H—passivatec_i wires and ACKNOWLEDGMENTS
the metalization of the surface reconstructed wires are ex-
pected to depend on the diameter thickness. In the limit of This work has been financially supported by the Generali-
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any role and the electronic features of #190 facets will  lada is greatly acknowledged for his help in optimizing the
approach that of the corresponding infiniteE00 surfaces, basis set used in the calculation. Thanks to N. Lorente and N.
which are both semiconducting. However, even though théestres for the useful suggestions concerning the writing of
dependence of the gap-broadening of passivated SICNWs dhe manuscript.
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