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We perform density functional calculations for the geometrics, strain energy, and electronic structures of
silicon carbide nanotubessSiCNT’sd. We find that the strain energy in SiCNT’s is as higher as 0.686 eV/atom
relative to 3C-SiC fors5,5d SiCNT and decreases with increasing tube diameter. All the SiCNT’s are semi-
conductors, the band gap of which increases with increasing tube diameter. In contrast to 3C-SiC, zigzag
SiCNT has a direct band gap at theG point, whereas armchair and chiral tubes have an indirect band gap. The
highest occupied valance band and the lowest unoccupied conduction band highly localize to C and Si atoms,
respectively. Hydrogen-decorated SiCNT’s display the characters ofp- or n-type semiconductors depending on
the adsorbing site.
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INTRODUCTION

Since the discovery of carbon nanotubes,1 the fabrication
of nanometer-scaled one-dimensional materials has attracted
considerable attention because of their potential use in both
nanotechnology and nanoscale engineering. Due to quantum-
size effects, one-dimensional nanostructures possess unique
properties compared to corresponding bulk materials. For ex-
ample, the electronic structure of carbon nanotubessCNT’sd
can be either metallic or semiconducting depending on their
chiral vectorssn,md.2–4 The energy gap of silicon nanowires
sSiNW’sd was found to increase with decreasing wire diam-
eter from 1.1 eV for 7 nm to 3.5 eV for 1.3 nm,5 and a tran-
sition from an indirect to direct band gap was predicted to
occur as the diameter is smaller than 0.77 nm.6 ZnO with
diverse nanostructures, such as nanowires, nanoribbons,
nanohelixes, nanotubes, and nanocages, is another unique
material that exhibits a large exciton binding energy
s60 meVd, a wide band gaps3.37 eVd, and a low lasing
threshold and thus has potential applications in optoelectron-
ics, sensors, transducers, and biomedical sciences.7 It has
also been revealed that tubular structures of III–V com-
pounds, such as BN, AlN, and GaN, display the characters of
band structure quite different from their bulk materials. For
example, zigzag tubes are direct band-gap semiconductors,
whereas armchair tubes have an indirect band gap.8–10 The
existence of a direct band gap in zigzag group-III nitride
nanotubes is important, because it indicates that such nano-
structures may exhibit strong electroluminescence, which has
never been observed for their bulk materials. Considerable
efforts have therefore been made to synthesize nanosized
structures, such as silicon carbide nanowires,11,12 gallium ni-
tride nanowires,13 Si-B-C-N nanorodes,14 heterostructures of
carbon nanotubes, and carbide nanorode.15

Among the various semiconducting materials, silicon car-
bide sSiCd possesses unique physical and electronic proper-
ties, which make it a suitable material for electronic devices
for high-temperature, high-power, and high-frequency

applications.16 Recently, one-dimensional silicon carbide
nanotubessSiCNT’sd and nanowires of various shapes and
structures were synthesized via the reaction of siliconspro-
duced by disproportionation reaction of SiOd with multi-
walled CNT’ssas templatesd at different temperatures.17 The
produced multiwalled SiCNT’s have interlayer spacings
ranging from 3.8 Å to 4.5 Å, significantly larger than 3.4 Å
normally observed for the multiwalled CNT’s. The energeti-
cally favorable configuration was predicted to consist of al-
ternating Si and C atoms with each Sisor Cd atom having as
nearest neighbors only Csor Sid atoms and vice versa, on the
basis of the generalized tight-binding molecular-dynamics
andab initio calculations.18,19 SiCNT’s are expected to have
the advantages over CNT’s because they may possess high
reactivity of exterior surface facilitating to sidewall decora-
tion and stability at high-temperature. The stability of
SiCNT’s against oxidation in air may exceed 1000 °C,
which would enable high-temperature, harsh-environment
nanofiber- and nanotube-reinforced ceramics. Experimen-
tally, the transformation of SiCNT to3C-SiCszinc-blendedd
structure was also observed under an electron beam anneal-
ing at the energy of 200 kV.17 This result indicates that the
SiCNT structure maybe an intermediate-metastable phase in
the reaction between carbon nanotubes and silicon to form
3C-SiC nanowires. However, no theoretical support has been
provided so far. The strain energy in SiCNT’s relative to their
bulk materials is helpful for evaluating the stability of
SiCNT’s and therefore is worth investigating. Moreover,
SiCNT’s are expected to have electronic properties quite dif-
ferent from their bulk materials and CNT’s. To our knowl-
edge, studies of the dependence of electronic structures on
the chirality and diameter of SiCNT’s are scarce and are
therefore highly desirable.

THEORETICAL APPROACHES AND COMPUTATIONS

We performed density functionalsDFd calculations using
an efficientab initio code, known asSIESTA.20–22This code is
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based on density functional theory adopting a localized lin-
ear combination of numerical atomic-orbital basis sets for
the description of valance electrons and norm-conserving
nonlocal pseudopotentials for the atomic core. The pseudo-
potentials were constructed using the Trouiller-Martins
scheme23 to describe the valance electron interaction with the
atomic core; the nonlocal components of the pseudopotential
were expressed in the fully separable form of Kleiman and
Bylander.24,25The Perdew-Burke-ErnzerhofsPBEd form gen-
eralized gradient approximationsGGAd corrections were
used for the exchange-correlation potential.26 The atomic or-
bital basis set employed throughout was a double-z plus po-
larization sDZPd function. The charge density was projected
on a real space grid with an equivalent cutoff 100 Ry to
calculate the self-consistent Hamiltonian matrix elements.
The periodic boundary condition along the tube axis was
employed for SiCNT’s with a vacuum regions10 Åd be-
tween tubes to make sure that there is no interaction between
SiCNT’s. The supercells of the armchair and zigzag SiCNT’s
contain eight layers of atoms along the tube axis. In order to
determine the equilibrium configurations of SiCNT’s under
study, we relaxed all the atomic coordinates together with the
supercells using a conjugate gradientsCGd algorithm, until
each component of the stress tensor was below 0.5 GPa and
the atomic forces,0.02 eV/Å. In the calculations of the
total energies and band structures, according to the
Monkhorst-Pack approximation,27 we used 8schiral tubesd
and 32sarmchair and zigzag tubesd k points along the tube
axis.28 Binding energies were calculated from the difference
between the total energy of SiCNT’s and the energies of the
corresponding isolated Si and C atoms.

RESULTS AND DISCUSSION

We first obtained the equilibrium configurations of
SiCNT’s with different diameters and chiralities, where Si
and C atoms are placed alternatively without any adjacent Si
or C atoms. The equilibrium configurations ofs5,5d, s8,0d,
and s9,3d SiCNT’s are shown in Fig. 1. The average Si-C
bond length of these tubes is about 1.80 Å in our calcula-
tions, in good agreement with otherab initio results,18

slighter shorter than that of3C-SiC structure, 1.89 Å.29 Due
to the slight difference in hybridization of Si and C atoms on
the curved hexagonal layers, Si atoms moved toward the
tube axis and C atoms moved in the opposite direction after
relaxation, resulting in a buckling structure. The radial buck-
ling was 0.096 Å fors5,5d tube and 0.089 Å fors9,0d tubes.
The larger the diameter the slighter the buckling will be. For
s11,11d tubes, the buckling is only 0.042 Å. This reconstruc-
tion is similar to the results observed for group-III nitride
nanotubes where N atoms rotate outward and group-III at-
oms move inward.9,10,30 The surface dipoles resulted from
these bucklings may be relevant for potential applications in
piezoelectricity of these tubes. The binding energy ofs5,5d
SiCNT is calculated to be about −7.54 eV/atom on the basis
of the equilibrium configuration.

We then calculated the binding energy of 3C-SiC. We
chose a cubic supercell of 64 atoms for3C-SiC. Periodical
boundary conditions were applied alongx, y, and z direc-

tions. The lattice was relaxed together with the atomic coor-
dinates in the CG minimization until the stress tolerance was
less than 0.5 GPa and force tolerance less than
0.02 eV/atom. The optimized binding energy was
−6.854 eV/atom, with the nearest-neighbor distance of
1.91 Å or equivalently the cubic lattice constant of 4.41 Å,
in good agreement with the experimental results29 and other
DF calculations.31,32 The strain energy involved in SiCNT’s
relative to3C-SiC can therefore be determined from the dif-
ference between the binding energy of SiCNT’s and that of
3C-SiC materials. Figure 2 plots the variation of strain en-
ergy involved in different SiCNT’s as a function of tube
diameter. It is obvious that the strain energy decreases with
increasing tube diameter. The strain energy involved ins5,5d
SiCNT relative to cubic SiC material is about
0.686 eV/atom from our calculations. Fors11,11d SiCNT,

FIG. 1. Optimized supercells ofsad s8,0d, sbd s5,5d, and s9,3d
SiCNT’s. Gray and black balls represent silicon and carbon atoms,
respectively. The diameters of these tubes are 8.01 Å fors8,0d,
8.64 Å for s5,5d, and 10.77 Å fors9,3d SiCNT’s.

FIG. 2. Variation of strain energysEsd in SiCNT’s relative to
3C-SiC with tube diametersDd. The solid and dotted lines are the fit
to Es=E0+a /D2 ssee textd.
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the strain energy decreases to 0.613 eV/atom. These strain
energies are relatively high, indicating SiCNT’s are a meta-
stable phase and likely to transform to cubic structures, such
as 3C-SiC nanowires, under certain conditions. We also find
that the strain energy in SiCNT’s is approximately propor-
tional to the inverse square of the tube diameter. The varia-
tion of strain energyEs as a function of tube diameterD can
be fitted to the data given by the expressionEs=E0+a /D2,
whereE0 corresponds to the strain energy involved in gra-
phitic sheet of SiC. The fitting parameters ofE0 and a are
calculated to be 0.595 eV and 6.78 eV Å2 for armchair and
0.591 eV and 7.22 eV Å2 for zigzag SiCNT’s. This suggests
that SiCNT’s follow classical elasticity theory. Similar to the
results of BN,8 AlN,9 and GaN,10 the strain energy in
SiCNT’s is relatively insensitive to the chirality of the tube,
but in contrast to the fact that carbon armchair nanotubes are
more stable than zigzag nanotubes.33

We calculated the electronic structure ofs8,0d, s5,5d,
s16,0d, ands9,3d SiCNT’s, utilizing the nonlocal DF calcula-
tions in the generalized approximation. The diameters of
these tubes are 8.01, 8.64, 15.9, and 10.77 Å, respectively.
The length of the unit cellssLd of these SiCNT’s along the
tube axis are 12.64 Å fors5,5d, 10.78 Å fors8,0d ands16,0d,
and 19.43 Å fors9.3d. The calculated electron energy bands
of these tubes are presented in Fig. 3. Unlike the character of
carbon nanotubes that armchair is metallic, all of these
SiCNT’s are semiconductors with the band gap ranging from

0.90 to 1.83 eV.34 This is related to the higher ionicity of SiC
leading to the opening of a band gap in the hexagonal struc-
ture compared to semimetallic graphite. This result also ac-
cords with the features of the valance charge distribution in
SiCNT’s sas shown in Fig. 4d. Because of strong 2p potential
of the C atom, the valance charge density is strongly accu-
mulated around the C atom, resulting in large asymmetry in
charge distribution, displaying features of typical ionic bind-
ings. The charge transfer from Si to C is about 0.45ueu for
s4,4d SiCNT as revealed from the analysis of Mulliken popu-
lation, close to the value 0.6ueu obtained by using otherab
initio calculations.19 Connecting the asymmetry of the charge
density to the ionicity of a compound, Carcia and Cohen
predicted that cubic SiC has an ionicity similar to many
III–V materials.35 Therefore, it is not surprising that SiCNT’s
possess characteristic energy bands similar to BN,8 AlN,9

and GaN10 nanotubes.
3C-SiC material has been revealed to possess an indirect

band gap of about 2.4 eV in previous literature.30,31 There-
fore, it is interesting to compare the differences in the band
structures of armchair and zigzag nanotubes. Our calcula-
tions show that armchair and chiral SiCNT’s have an indirect
band gap similar to 3C-SiC, whereas zigzag SiCNT’s have a
direct band gapsG-Gd. The top of the HOVB ins5,5d SiCNT
is at about 0.43s0,0,1dp /L, while the bottom of the LUCB
is at 0.18s0,0,1dp /L. For s9,3d SiCNT, the top of the HOVB
and the bottom of the LUCB are at theG and X points,
respectively. The existence of a direct band gap in zigzag
nanotubes is significant, since it suggests that such nano-
structures may exhibit strong electroluminescence, which has
never been observed for their bulk materials.36

We also investigated the diameter dependence of band
gap for armchair, zigzag, and chiral SiCNT’s. The evolution
of the band gaps of these tubes as a function of diameter is
plotted in Fig. 5. Quite different from the features of carbon
nanotubes that armchair tubes are all metallic, whereas zig-
zag tubes oscillate between the metals and small- to medium-
gap semiconductors, the calculated band gap of SiCNT’s in-
creases monotonically with increasing diameter and saturates
at the calculated gap for graphitic sheet of SiC. This is simi-
lar to the results of BN,8 AlN,9 and GaN10 nanotubes, and
may be related to the curvature-induceds-p hybridization in

FIG. 3. Band structures along the tube axis ofsad s8,0d, sbd s5,5d,
scd s16,0d, and sdd s9,3d SiCNT’s. The Fermi levelssEFd of these
tubes are denoted by the dashed lines in the figure.

FIG. 4. Total valance charge density contours in the tangent
planes ofsad s5,5d andsbd s8,0d SiCNT’s. The solid circles indicate
the positions of Si atoms.

STRAIN ENERGY AND ELECTRONIC STRUCTURES OF… PHYSICAL REVIEW B 71, 085312s2005d

085312-3



SiCNT’s with different diameters. It was already pointed out
that rehybridization in small nanotubes shifts thep* ands*

bands to lower and higher energies, respectively.37,38The en-
ergy of LUCB at theG point for s8,0d SiCNT is downshifted
by 1.41 eV compared to that ins16,0d SiCNT, whereas no
remarkable change observed for HOVB, reducing the band
gap ofs8,0d tube to 0.9 eVfas shown in Figs. 3sad and 3scdg.

As the diameter of SiCNT becomes larger, the band gap
increases due to the repulsion betweenp andp* states. We
can also see from Fig. 5 that for the SiCNT’s with similar
diameters,s6,6d, s11,0d, and s8,4d tubes, the armchair tube
has a larger band gap than the zigzag tube at about 0.4 eV,
while the band gap of chiral SiCNT is in the middle. These

FIG. 6. PDOS ofs5,5d SiCNT projected to Sissolid lined and C
sdotted lined, respectively. The energy at Fermi level is denoted by
the dashed arrow in this figure.

FIG. 7. Optimized supercells
and DOS of H-decorateds5,5d
SiCNT. The H atom chemically
adsorbs above a Cfsad and sbdg
and Si fscd and sddg on the tube
wall. The Fermi levelssEFd are in-
dicated by the dashed lines. The
local maps near the adsorbing
sites are also presented as the in-
sets of this figure.

FIG. 5. Dependence of band gap of armchairsopen uptrianglesd,
zigzag ssolid uptrianglesd, and chiral sopen square and stard
SiCNT’s as a function of the tube diameter.
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results imply that the curvature-induceds-p hybridization
has the most pronounced effect on zigzag SiCNT’s, resulting
in a strong downshift of the conduction bands, whereas the
electronic band structure of armchair and chiral tubes is less
affected.

Finally, we present the density of states projected to dif-
ferent atomssPDOSd of s5,5d SiCNT in Fig. 6. From this
figure, it is obvious that the HOVB and LUCB are highly
localized to C and Si atoms, separately. This is coincident
with the results that the valance charge density is strongly
accumulated around C atomssas shown in Fig. 4d. This
asymmetry suggests that sidewall decoration of SiCNT’s
with the same atom or radical at different sitesC or Si atomd
on the tube wall may result in different electronic properties.
As a test, we calculated the density of statessDOSd of
hydrogen-decorateds5,5d SiCNT, where an H atom adsorbs
at the C and Si atoms, respectivelysas shown in Fig. 7d.
When an H atom chemically adsorbs above a C atom at the
exterior of the tubefFig. 7sadg, the hybridization of the C
atom changes fromsp2 to sp3, breaking the relatedp-p
bonds nearby and resulting in a local state close to the LUCB
fFig. 7sbdg. Further analysis shows that this local state mainly
arises from the states of the three Si atoms nearest to the C
atom. This local state is half-occupied and therefore acts as a
donor state, making the hydrogen-decorated SiCNT display
the characters ofn-type semiconductors. When an H atom
adsorbs above a Si atomfFig. 7scdg, things are quite differ-
ent, however. A local state that mainly localizes to the C
atoms nearest to the Si atom appears close to the HOVB
caused by the decoration of H atom. This half-occupied local
state can therefore act as an acceptor state, making the

hydrogen-decorated SiCNT have the characters ofp-type
semiconductors. In view of the higher reactivity of exterior
surface of SiCNT’s in facilitating sidewall decoration, this
result is rather important since different types of semicon-
ductors can be obtained through chemical decoration with
the same radical at different sitessC or Si atomd.

CONCLUSION

Our calculations show that the strain energy involved in
SiCNT’s relative to 3C-SiC can be as higher as
0.686 eV/atom fors5,5d SiCNT and decreases with increas-
ing tube diameter. All the SiCNT’s are semiconductors with
the band gap depending on the diameter and chirality. Arm-
chair and chiral SiCNT’s are indirect band gaps, whereas the
zigzag tube has a direct band gap at theG point. The band
gap increases with increasing tube diameter. The HOVB and
LUCB mainly localize at the C and Si atoms, separately.
Hydrogen-decorated SiCNT’s display the characters ofp- or
n-type semiconductors depending on the H-adsorbing site.
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