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The electronic band structure and energetic stability of two types of �110� oriented silicon nanowires
terminated by hydrogen atoms are studied using the density functional theory. The nanowires truncated from
the bulk silicon with �100� and �111� facets and the pentagonal star-shaped nanowires with �111� facets have
the lowest cohesive energies, whereas the hexagonal star-shaped ones are the highest in energy. The star-
shaped nanowires have the lowest band gaps with direct and indirect transitions for pentagonal and hexagonal
types, respectively. Based on the theoretical results, an interpretation of existing experimental data has been
provided.
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Silicon nanowires �SiNWs� represent a particularly attrac-
tive class of building blocks for nanoelectronics, such as the
field-effect transistors �FETs�,1,2 logic gates,3 and sensors.4

The effective sizes and electronic properties of the species
can be controlled during synthesis in a predictable manner.5

Some recent studies suggested that SiNW FETs exhibit trans-
port characteristics that are comparable to or exceed those of
the best planar devices fabricated by top-down approaches.2

At present, a number of perfect one-dimensional silicon
nanowires of various shapes and effective sizes have been
synthesized under high temperature conditions. The SiNWs
grow along a number of crystallographic directions: �100�,6,7

�110�,6–9 �111�,5,8,9 and �112�.8,9 Although the resulting wires
are generally covered by oxide layers, complete removal of
those oxide layers is possible, leading to SiNWs with
hydrogen-passivated surfaces.6

Because the exact atomic structure of the SiNWs is un-
known in most cases, some theoretical calculations of nano-
wires with different shapes can be found in the literature.
Zhao and Yakobson10 proposed the pentagonal and hexago-
nal SiNWs along the �110� direction. Also, the thinnest pris-
tine and covered by oxidized layer pentagonal species have
been investigated in detail by Avramov et al.11,12 In particu-
lar, the classification of these SiNWs was proposed.11 The
unpassivated and hydrogen-covered �100�-oriented
SiNWs13–15 were investigated by ab initio methods.
Svizhenko et al.16 studied the conductivity of the thinnest
SiNWs in �110�, �111�, and �100� directions. Justo et al.17

reported classical molecular dynamics simulations of pure
silicon SiNWs of various shapes and orientations. Marsen et
al.18 and Ponomareva et al.19 investigated the thinnest
clathrate-based SiNWs.

The main goal of this paper is a theoretical study of
hydrogen-covered �110�-oriented thin SiNWs, previously
discovered experimentally.6 The atomic and electronic band
structure of a set of known,10,20 as well as newly proposed
star-shaped pentagonal and hexagonal �110� oriented thin
silicon nanowires, have been calculated using the density
functional theory.

The electronic structure calculations of a set of silicon

nanowires were carried out using the density functional
theory in the framework of the local density
approximation21,22 �LDA� with periodic boundary conditions
using the Vienna ab initio simulation program �VASP�.23–25

We used a plane-wave �PW� basis set, ultrasoft Vanderbilt
pseudopotentials �PP�,26 and a plane-wave energy cutoff
equal to 200 eV. To calculate equilibrium atomic structures,
the Brillouin zone was sampled according to the
Monkhorst–Pack27 scheme with a 1�1�4 k-point conver-
gence grid. To calculate the electronic structure, a 1�1
�16 k-point one was used. To avoid interactions between
species, neighboring SiNWs were separated by 11 Å in the
tetragonal supercells. During atomic structure minimization,
structural relaxation was performed until the change in total
energy was less than 5�10−5 eV/atom or the forces acting
on each atom were less than 4�10−2 eV /Å. All parameters
given above were carefully tested and found to be optimal.

The LDA approximation systematically underestimates
the band gap of silicon-based materials by �0.6 eV �Egap

calc

=0.6 eV and Egap
expt=1.17 eV �Ref. 28� for the bulk silicon�.

The bond lengths were predicted with an accuracy of 3%
�dSi-Si

calc =2.18 Å and dSi-Si
expt =2.246 Å �Ref. 29� for Si2 mol-

ecule�. It should be mentioned that this result is in good
agreement with other ab initio calculations �see, for example,
Ref. 30�.

Classical molecular dynamics �MD� simulations were car-
ried out using the GENERAL UTILITY LATTICE PROGRAM simu-
lation code.31 The atomic interactions were modeled by the
Tersoff many-body potential,32 which accurately describes
the binding energies and elastic properties of a wide range of
silicon structures.17,33

To study the electronic structure and energetic stability of
�110�-oriented SiNWs, only high-symmetry and uniformly
hydrogen-covered silicon nanowires were calculated using
the LDA, PW, and PP methods. Hydrogen passivation pre-
vents reconstruction of the silicon surface according to the
Wulff construction rule34 of minimization of the surface en-
ergy and makes the silicon nanowires reveal semiconducting
properties.13
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To study the experimentally observed �110�-oriented
nanowires uniformly passivated by SiH2 groups,6 two sets of
possible structures were calculated. The uniform distribution
of hydrogen atoms on the surface assumes that the surface of
the resulting structures remains unrelaxed because the relax-
ation of bare wires yields dramatic surface changes3 while
passivation stabilizes the nanowire structure keeping the te-
tragonal nature of all silicon atoms.

The SiNWs of the first type can be truncated from the
bulk silicon �SiNWTr� with �100� and �111� facets �see Fig.
1�a�, with parallel �left� and perpendicular �right� SiH2
groups orientation to the wire axis. Only SiNWTrs with SiH2
groups oriented perpendicular to the main axis correspond to

the experimentally observed structures6 and are energetically
preferable.35 Due to these facts, only SiNWTrs with perpen-
dicular SiH2 groups have been chosen to be theoretically
studied in this work.

SiNWTr can be conveniently described in terms of two
indices �n ,m� defined from the numbers of hexagons in the
SiNWTr cross-section parts with minimal �n� and maximal
�m� widths. For example, in Fig. 1�b�, the �2,5� SiNWTr is
shown.

A new type of pentagonal �Fig. 1�c�� and hexagonal �Fig.
1�d�� star-shaped silicon nanowires can be proposed by the
combination of five and six �1,n� SiNWTrs, respectively,
connecting the constituting parts through equivalent �111�
facets. The resulting objects have 10 and 12 perfect equiva-
lent energetically preferable �111� facets. Truncation of the
edges of the star-shaped nanowires produces �100� facet re-
gions and as the final result gives the pentagonal or hexago-
nal nanowires proposed by Zhao and Yakobson.10 The cen-
tral pentagonal or hexagonal channels of star-shaped wires
produce some shared strain but the tubelike surface leads to
the lowering of the surface energy and such structures are
energetically preferable according to Wulff construction rule
for small sized objects.10

The proposed pentagonal and hexagonal star-shaped
SiNWs also can be described in terms of two indices n and
m. The first and second indices correspond to a number of
symmetry-irreducible hexagons �plus one center pentagon
for pentagonal or one center hexagon for hexagonal wires,
correspondingly� in a star arm and body, respectively. For
example, in Figs. 1�c� and 1�d�, the �5,3� pentagonal and
hexagonal star-shaped SiNWs are presented. One can see
that the pentagonal and hexagonal SiNW limit structures
have �n ,n� indices �see, e.g., Figs. 1�e� and 1�f� for �3,3�
SiNWs�.

We determined the effective size of the studied nanowires
as the area of perpendicular cross-section of the species. A
similar method has been used in Ref. 17, where the perimeter
of SiNWs were used to estimate an effective wire size. Some
other methods, such as the determination of a single effective
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FIG. 2. �Color online� The
strain energy �Estrain� as function
of the SiNW cross-sectional area.
The bulk silicon energy is taken as
zero. SiNWTrs are marked by
empty circles; the pentagonal star-
shaped SiNWs are marked by
stars with italic type indices; the
hexagonal star-shaped SiNWs are
marked by hexagons with bold
type indices.

FIG. 1. �Color online� �a� The studied silicon nanowire struc-
tures: �a� SiNWTr with �2,5� indices, �b� the pentagonal- and �c�
hexagonal star-shaped SiNWs with �5,3� indices, and �d� pentagonal
and �e� hexagonal star-shaped SiNW with �3,3� indices.
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diameter of a nanowire as the smallest diameter taken from a
perpendicular cross-section31 or the smallest cylinder con-
taining a nanowire,12,18 are not unambiguous and cannot be
applied to species with complex shapes and different facets.

The one-dimensional nature of the wires is also expected
to imply a loss of cohesion, at least to a certain degree. The
dependence of SiNW strain energies �bulk silicon has zero
cohesive energy in this scale� upon the cross-section area is
presented in Fig. 2. We would like to mention that the energy
of wires truncated from the bulk silicon tends to the bulk
value. The star-shaped NWs with infinite diameters should
be unstable due to structural tension of central pentagonal or
hexagonal channels.

It was found that nanowires with a hexagonal cross sec-
tion possess the highest energies among all considered
SiNWs. The most energetically favorable are the SiNWTrs
and pentagonal star-shaped SiNWs. This result is really un-
expected because of the strong surface tension of the species

due to the sharp surface of the star arms. Probably it is
caused by prohibition of surface reconstruction due to satu-
ration of the surface dangling bonds by hydrogen atoms.

To prove this guess, classical molecular dynamics simu-
lation of hydrogenated and pristine �without hydrogen atoms
on the surface� �4,4� �Ref. 10� and �7,4� hexagonal star-
shaped silicon nanowires was performed. The energy of
hydrogen-covered nanowires is equal to −3.78 eV/atom �for
�4,4� SiNW� and −4.04 eV/atom �for �7,4� SiNW�, whereas
for the pristine nanowires, the cohesive energies are
−4.43 eV/atom for �4,4� SiNW and −4.01 eV/atom for �7,4�
SiNW. The MD simulations directly show that the surface
reconstruction effects play the main role in inversion of the
stability of the species under the saturation of dangling
chemical bonds, which prevents the reconstruction of the
surface and therefore lowering the surface energy.

To study the stability of the species under different con-
ditions, the 100 ps MD simulations of pentagonal star-shaped
�7,4� SiNW at T=1000 K and 1500 K were performed. The
images of the wire, presented in Fig. 3�a�, demonstrate that at

TABLE I. Comparison of theoretical models and experimental
data from Ref. 6.

Nanowire
du

�Å�
dw

�Å�
Egap

�eV�
Estrain

�eV/atom�

SiNWTr �4,7� 15 29 0.73 �+0.6� 0.07

SiNWTr �4,6� 15 25 0.83 �+0.6� 0.18

Pentagonal �4,4� 15 27 0.70 �+0.6� 0.21

Experimental dataa 13 26 1.5

aReference 6.
FIG. 3. �Color online� Structural changes in the pentagonal star-

shaped SiNW �7,4� in MD simulation at T=1000 K and 1500 K
after 100 ps of simulation time.
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FIG. 4. �Color online� The
band gap �Eband gap� of the studied
structures as function of the SiNW
cross-sectional area. SiNWTrs are
marked by empty circles; the pen-
tagonal star-shaped SiNW are
marked by stars with italic type
indices; the hexagonal star-shaped
SiNWs are marked by hexagons
with bold type indices.
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1000 K, the initial shape of �7,4� SiNW does not reveal sig-
nificant structural changes except for some surface recon-
struction. Increasing the temperature �1500 K� transforms the
SiNW into tubelike patterns. The polygonal contour of a star-
shaped SiNW prevents a transformation to a tubelike one,
and only high temperature �T=1500 K� creates a smooth
contour, along with a completely destroyed nanowire struc-
ture �Fig. 3�b��. In the case of �4,4� SiNW, temperatures of
1000 K already transform the wire to a tubelike structure,
according to results of Ref. 10, with smooth surface contour.
For other star-shaped species ��5,3� and �9,5� pentagonal
SiNW and �7,4� hexagonal SiNW� the MD simulations give
similar results.

The dependence of band gap upon the cross-sectional area
for all examined nanowires shows the typical 1 /dn

character36 of the quantum confinement effect �see Fig. 4�,
where d is the effective size and n is a fitting parameter,
usually ranging from 1 to 2. All SiNWs have the band-gap
widths in the range from 0.5 to 1.6 eV. Because of quantum
confinement for the thin nanowires, the energy gap is signifi-
cantly larger the bulk one. The star-shaped nanowires have
the lowest band-gap widths among all considered SiNWs.
For the thickest size, the band gap of SiNWTr tends toward
the bulk value ��0.6 eV�. The star-shaped SiNWs display a
different situation: their “bulk” value �the interpolation of the
area of cross-section of nanowire to infinity� is different
��0.4 eV� from the value of band gap of bulk silicon. This
result confirms that such structures cannot exist in the bulk
form due to the impossibility of periodicity in directions per-
pendicular to the wire axis �e.g., in the case of pentagonal
star-shaped nanowire, the fivefold symmetry axis is forbid-
den in crystals�. This means that star-shaped nanowires can
exist only for finite sizes.

In Fig. 5, the band structures are presented along the wire
growth direction. Because of orientation, the features of all
bands for all nanowires are similar. All SiNWTrs have a
direct band gap �Fig. 5�a�� according to previously reported
results.20,37–39

In the case of star-shaped SiNWs, the situation is more
complicated. The pentagonal SiNWs have a direct band gap
�Fig. 5�b��, similar to SiNWTrs, whereas the hexagonal star-
shaped SiNWs have an indirect band gap �Fig. 5�c��, with the
valence-band maximum located at the G point and the
conduction-band minimum located approximately at 85%

from G to X. Thus, hexagonal SiNWs can evidently be sepa-
rated from pentagonal SiNWs using optical adsorption ex-
periments.

The STM images of thin �110�-oriented nanowires6 reveal
the width du=13 Å of the upper facet with total width of the
species about dw=26 Å. There are only three possible struc-
tures which can be fitted to the experimental STM image:
�4,7�, �4,6� SiNWTr, and pentagonal �4,4� SiNW �see Table
I�. At the LDA PW PP level of theory, the band gaps of these
nanowires are equal to 0.73, 0.83, and 0.70 eV, respectively.
These values coincide with the experimental data
�1.5 eV� taking into account the LDA gap underestimation
��0.6 eV�. Since the �4,7� SiNWTr has the lowest energy,
this species is the most probable structure discovered in this
experiment.6

We have examined the stability and electronic properties
of two types of �110�-oriented thin silicon nanowires trun-
cated from the bulk silicon and star-shaped pentagonal and
hexagonal structures with �100� and �111� facets. It has been
shown that hexagonal star-shaped nanowires are the highest
in energy. The pentagonal star-shaped structures and nano-
wires truncated from the bulk silicon are close in energy and
energetically preferable due to prevention of surface recon-
struction caused by hydrogen saturation of the dangling
bonds. All examined SiNWs reveal band-gap widths in the
ranges from 0.5 to 1.6 eV. Comparison of the theoretical
band-gap widths with the experimental data6 shows that the
�4,7� SiNWTr is the most probable structure discovered in
the experiment.

This work was in partially supported by a CREST �Core
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the CHEMCRAFT software.40 One of the authors �P.V.A.� ac-
knowlege the encouragement of Keiji Morokuma, Research
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agement of Leonid A. Chernozatonskii, Research Leader at
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FIG. 5. �Color online� The
electronic bands of different sili-
con nanowires: �a� �2,4� SiNWTr
with �100� and �111� facets; �3,3�
�b� pentagonal and �c� hexagonal
star-shaped SiNWs.
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