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Abstract The electronic band structure and electronic
density of states of cubic SiC nanowires (SiCNWs) in
the directions [001], [111], and [112] were studied by means
of Density Functional Theory (DFT) based on the generalized
gradient approximation and the supercell technique. The
surface dangling bonds were passivated using hydrogen
(H) atoms and OH radicals in order to study the effects of
this passivation on the electronic states of the SiCNWs. The
calculations show a clear dependence of the electronic proper-
ties of the SiCNWs on the quantum confinement, orientation,
and chemical passivation of the surface. In general, surface
passivation with either H or OH radicals removes the dangling
bond states from the band gap, and OH saturation appears to
produce a smaller band gap than H passivation. An analysis of
the atom-resolved density of states showed that there is sub-
stantial charge transfer between the Si and O atoms in the OH-
terminated case, which reduces the band gap compared to
the H-terminated case, in which charge transfer mainly
occurs between the Si and C atoms.
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Introduction

In recent years SiC nanostructures have received a great deal
of attention due to their excellent chemical properties, such
as their high resistance to corrosion, high Young’s modulus,
ability to withstand high temperatures and mechanical

stresses [1], as well as their large surface areas, which make
them suitable for applications in H [2] or SO2 [3] gas
sensors. SiC nanowires (SiCNWs) are special 1-D structures
that are of particular interest due to their properties, which
lead to potential applications of SiCNWs in spintronics [4],
photocatalysis [5], capacitive humidity sensors [6],
nanoelectromechanical switches [7], and nanoemitters
in field emission appliances [8, 9], among others. Also,
SiC is an interesting material from a chemical function-
alization perspective [10] due to its binary nature, which
allows multiple surface configurations with varying
degrees of richness of Si or C.

SiCNWs offer interesting configurations for various
chemical species to attach to its surface, but most experi-
mental evidence suggests that their surfaces are mostly
covered with SiO2 [11–13]. Nevertheless, there are some
indications that there could also be surface hydroxyl (OH)
groups too [14, 15], which may arise through the apparent
dissociation of water molecules at SiC surfaces [16]. There
have been some theoretical studies of the electronic struc-
ture of the semiconducting and metallic properties of unpas-
sivated and H-passivated SiCNWs [17–19], and some others
that have investigated how the electronic structures of SiC
nanostructures change upon interaction with O [20], but
only a few studies [21, 22] have focused on variations in
the electronic structure of an SiC nanocrystal with OH
surface passivation.

Motivated by these experimental facts, and as a first
approach to modeling the interaction of O with the SiCNW
surface [23], we studied the effect of OH passivation on the
electronic properties of SiCNWs using first-principles den-
sity functional theory with the generalized gradient approx-
imation. The SiCNWs were grown in three different
directions ([001], [111], and [112]), which represent the
most commonly synthesized SiCNWs. A comparison was
performed of the electronic band structures and densities of
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states of the OH-terminated SiCNWs and the hydrogenated
SiCNWs, and at the same time the diameters of the SiCNWs
were varied to study quantum confinement effects in the two
types of passivated SiCNWs. The results show that the band
gaps are smaller for the OH-passivated SiCNWs where flat
surface states near the band gap edges are observed due to
localized orbitals around the OH radicals.

Model and computational details

The nanowires (NWs) were modeled using a supercell
scheme [24] in which atoms outside a tube of diameter d
oriented in the [001], [111], or [112] direction are removed
from an otherwise perfect bulk SiC crystal, as seen in
Fig. 1a–c, where the periodicity of this system in the
[001], [111], and [112] directions is a,
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respectively, where a04.35 Å is the lattice parameter of
crystalline SiC. To study the effect of confinement in these
structures, three diameters were chosen for each wire direc-
tion so that the nanowires could be compared (i.e., the
studied cases have similar diameters in the three directions).

The diameters of the [001] NWs for which the electronic
structures could be calculated were limited, so it was not
possible to compare NWs with diameters >0.75 nm. All
surface dangling bonds were saturated with H atoms and
hydroxyl (OH) radicals to remove dangling bond states from
the band gap, and to derive a first approach model of the
interaction between the O in OH radicals and the NW
surface. There are previous theoretical works in nanowires
oriented in the [111] direction.

The electronic band structures and densities of states of all
of the NWs were calculated using first-principles density
functional theory based on the generalized gradient approxi-
mation with a revised version of the Perdew–Burke–Ernzer-
hof functional (RPBE) [25] and ultrasoft pseudopotentials
[26] as implemented in the CASTEP code [27]. The cutoff
energy used was 350 eV, and a highly converged set of k
points was employed, with grids up to 1×1×5 in size,
according to the Monkhorst–Pack scheme [28]. Finally,
the nanowires were relaxed to their minimum energy
configurations using the BFGS algorithm [29]; each
structure was considered relaxed when all of its forces
were less than 0.3 eV/Å.

Fig. 1 Cross-section of the
unrelaxed structures of the OH-
passivated SiCNWs grown in the
[001], [111], and [112] direc-
tions. The yellow, gray, red, and
white spheres represent Si, C, O,
and H atoms, respectively. The
dotted line represents the cir-
cumference of the nanowire

Fig. 2 Electronic band
structures of H-passivated
(yellow) and OH-passivated
(green) SiCNWs with diameters
of 0.65 nm, 0.75 nm, and
0.79 nm grown in the [001],
[111], and [112] directions,
respectively
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Results and discussion

In Fig. 2 we show the electronic band structures of H-
terminated (yellow regions) and OH-terminated (green
regions) [001]-, [111]-, and [112]-oriented SiCNWs with
diameters of 0.65, 0.74, and 0.79 nm, respectively. It is
apparent that all of the OH-terminated NWs have lower
band gap widths than their H-passivated counterparts. This
behavior has been observed previously in SiC nanocrystals
[21, 22], and was attributed to the substantial charge transfer
that occurs on the surfaces of the structures due to the
presence of the O atoms (especially those with C–OH bonds
[22]), which in turn reduces the charge transfer between Si
and C, reducing the size of the band gap. Another possible
explanation could be the extra p states introduced near the
edges of the band gap by the oxygen, as described for Ge
NWs [30]. It is worth noting that the OH-passivated nano-
wires have flat or almost flat states that arise around the
maximum valence band energy, which may be due to highly
localized orbitals around the oxygen atoms [23].

To analyze the electronic structures of the NWs, we
calculated their atom-resolved electronic density of states
(DOS). The results for the [111]-oriented NWs are shown in
Fig. 3. In this figure, the panels on the left and right show
the DOS for the H- and OH-terminated [111] SiCNWs,
respectively. The top, middle, and bottom panels represent
the DOS for NWs with diameters of 0.37 6 nm, 0.752 nm,
and 1.065 nm, respectively. The number of atoms of each
species per supercell is labeled in each case. It is clear that

the valence-band states in the H-terminated case are domi-
nated by contributions from the C atoms, while the principal
contributor to the conduction band states is Si. A similar
pattern was observed for the HOMO and LUMO orbitals of
SiC quantum dots [21]. This behavior suggests that a donor–
acceptor system is operating in the NWs, where Si is the

Fig. 3 Atom-resolved densities
of states (DOS) for SiCNWs
grown along [111]. Three NW
diameters were investigated: a
0.65 nm, b 0.75 nm, and c
0.79 nm. The left (right) panels
correspond to H-passivated
(OH-passivated) NWs. The
blue, black, gray, and red lines
represent the DOS of Si, C, H,
and O atoms, respectively. The
number of atoms of each spe-
cies per supercell is labeled in
each panel

Fig. 4 Evolution of the band-gap energy as a function of the NW
diameter for [001]-oriented (solid diamonds), [111]-oriented (solid
hexagons), and [112]-oriented (solid triangles) H-passivated SiCNWs,
as well as for the corresponding OH-passivated SICNWs (open
symbols)
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electron donor and C is the acceptor of the electrons that fill
most of the electronic states of the C atoms in the valence
band. Different behavior is observed for the OH-saturated
NWs, in which the main contributors to the valence band are
the O atoms and, to a lesser degree, the C atoms, even
though the number of H atoms is the same for all diameters
of the H-passivated NWs. Thus, the donor–acceptor system
of the H-passivated nanowires is different from that of the
OH-passivated nanowires. This may be due to the high
electronegativity of the O atoms, which strongly attract

electrons, thus reducing the electronic charge that C can
attract from Si. Another trend that can be observed is a
decrease in the band gap energy as the NW diameter
decreases for both H- and OH-passivated NWs, which can
be explained by quantum confinement.

The overall results are summarized in Fig. 4, which
shows how the electronic band gap evolves as the diameter
of the SiCNW is increased. The solid shapes (hexagons for
[111], rhombi for [001], and triangles for [112]) represent
the H-saturated NWs, while the corresponding empty shapes

Fig. 5 Electron charge densities of a [001]-, b [111]-, and c [112]-
oriented NWs. The first column shows a projection of the electron
charge density in a plane that passes through only C and O atoms. The
side view of this plane is shown in the second column. The third

column presents a {110} plane that passes through C atoms along the
nanowire axis. Finally, the isosurface of the electron charge density
(isovalue: 0.4 Å−3) for the {110} plane examined in c is presented in
the fourth column
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represent the OH-terminated ones. It can be seen that both
types of NWs show signs of quantum confinement, since the
gap decreases as the nanowire diameter increases. However,
OH-terminated nanowires show smaller band gaps; in par-
ticular, [111] nanowires present different trends for H- and
the OH-saturated NWs of diameter 1.065 nm, which can be
explained by the increased amount of OH radicals on the
surface for the OH-saturated NWs. The NWs that exhibit the
widest band gaps are the [001]- and [111]-oriented, H-
terminated NWs with diameters of around 0.3 nm. This
may be due to the morphology of these nanowires in par-
ticular, as in these cases the wire axis can be regarded as a
collection of interconnected clusters, creating a confinement
effect similar to that present in a 3-D nanostructure; the
resulting increased quantum confinement broadens the band
gap. This particular morphology is present, but to a lesser
degree, for the thicker [001] nanowires, as can be observed
in the H-passivated case. However, due to the large number
of surface OH bonds compared to the Si–C bonds in the
bulk region of the NW, the effects of quasi 3D confinement
are reduced for the OH–passivated NWs. The possibility of
tailoring the HOMO and LUMO states of SiCNWs by
chemically modifying the NW surface and/or adjusting the
orientation of the NW could be very useful in band-gap
engineering.

Finally, to further explore the reason for this narrowing of
the band gap with increased NW diameter, we calculated the
electron charge density of each OH-passivated NW. The
results are shown in Fig. 5. We first considered a plane that
passes through the C and O atoms normal to the wire axis
(Fig. 5, first column), and—as expected—the charge density
is mainly localized on the O atoms and to lesser degree on
the C atoms in all three NW orientations. Then we analyzed
a plane along the NW axis that was in the {110} family of
planes for each nanowire (see the third column in Fig. 5). In
these cases the charge density is concentrated in small
planes with different orientations depending on the NW,
creating a ropelike structure for the [111] and [112] orienta-
tions. To illustrate the charge density across the whole
structure, the fourth column in Fig. 5 shows the isosurface
with an isovalue of 0.4 Å−3 for each NW orientation. These
isosurfaces show that in all cases the charge is located
around the C atoms and OH radicals, which may be due to
the fact that these two species have higher electronegativ-
ities than Si, meaning that the Si atoms would transfer most
of their charge to these other atoms, creating Si states in the
conduction band (as reflected in the DOS shown in Fig. 3).

Conclusions

We have analyzed the effects of changes in nanowire orien-
tation and chemical modifications of the nanowire surface

on the electronic properties of SiC nanowires using an
ab initio DFT scheme based on the generalized gradient
approximation and the supercell technique. The nanowires
modeled in this work were grown in the [001], [111], and
[112] directions, and either H or OH passivation of the
surface dangling bonds was applied. The results show that
the nanowires exhibit signs of quantum confinement regard-
less of the surface passivation technique used, since the
electronic band gap decreases as the nanowire diameter
increases. The H-passivated nanowires also show significant
anistropic effects, as the [001]-oriented nanowire exhibited
larger band gaps, probably due to its enhanced quantum
confinement, which can be regarded as a quasi 3D confine-
ment. Also, OH passivation was found to have a notable
effect on the electronic structures of the NWs, as it narrowed
the band gap and introduced flat states near the maximum
valence band energy, due to orbitals localized around the O
atoms. In addition, the DOS for the OH-passivated nano-
wires were rather different from those for the H-passivated
nanowires; in contrast to the charge transfer seen for the H-
passivated nanowires, the charge transfer in the OH-
passivated nanowires occurred mostly from Si to O than
from Si to C, which may be the reason for the narrower band
gaps of the OH-passivated nanowires. These results suggest
interesting possibilities for the application of these nano-
structures in the field of optoelectronics, as their band gaps
can be engineered by adjusting the nanowire orientation and
the chemical passivation of the nanowire surface.
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