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Abstract—The geometric, energy, and electronic characteristics of new non-carbon nanotubes based on silicon
dioxide are investigated in the framework of the local electron density functional formalism. Nanotubes are
classified according to the type of rolling-up of the SiO, sheet. It is shown that, among the entire set of consid-
ered nanotubes with different symmetries, the (6, 0) nanotubes are energetically more favorable. The densities
of states for nanotubes are calculated. It is established that all nanotubes are dielectrics with a wide band gap.
The band gap varies over a wide range with a change in the longitudinal strain of the nanotube.
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1. INTRODUCTION

Since the discovery of carbon nanotubes in 1991 by
lijima [1], nanotubes have continued to attract the
attention of researchers owing to their unique combina-
tion of electronic and physical properties [1]. A great
variety of non-carbon nanotubes composed of different
elements, for example, (Mo,W)S,, BN, etc. [2], have
been synthesized over the past few years. The existence
of nanotubes with other compositions, such as
(Mg,Be,Zr)B, diboride nanotubes [3] and BeO oxide
nanotubes [4], has been predicted theoretically. This
has opened up fresh opportunities for their use in elec-
tronic, optical, and electromechanical devices.

The particular interest expressed by researchers in
the structures based on silicon dioxide is associated
with their interesting electronic and optical properties.
The best known crystalline modification of silicon
dioxide is o-quartz, which is widely used in modern
electronics.

In recent years, there have appeared a large number
of papers concerned with hypothetical clusters [5-8]
and zeolites [9] based on silicon dioxide. Many experi-
mental works have dealt with the preparation of
pseudocrystalline and amorphous nanotubes [10-12]
and nanowires based on SiO, (x = 1-2) [13]. However,
the geometric structure of SiO, nanotubes is as yet
unclear. In recent papers [14, 15], it was noted that there
can exist a new class of energetically stable nanotubes
composed of one SiO, layer with a square lattice. In
[14], however, the calculations were performed using
rather crude semiempirical methods. In [15], the struc-
ture was considered only for very thin nanotubes. In the

present work, the geometric, energy, and electronic
characteristics of a large number of single-walled SiO,
nanotubes were investigated by the ab initio method.
Moreover, we considered their possible applications as
protective coatings for carbon nanotubes.

2. CLASSIFICATION OF NANOTUBES

Single-walled SiO, nanotubes, like dichalcogenide
nanotubes [2], are formed from three cylinders: O(o)
oxygen atoms lying on the outer cylinder and O(7) oxy-
gen atoms lying on the inner cylinder with respect to
the central cylinder with silicon atoms [14]. Like hex-
agonal nanotubes [1-3], the SiO, nanotubes under con-
sideration can be constructed by hypothetically rolling
up a planar structure based on a square lattice (rather
than on a hexagonal lattice) formed by oxygen atoms
(Fig. 1) that are tetrahedrally arranged around the sili-
con atoms. Therefore, SiO, nanotubes can be easily
described in terms of two integral indices (n, m) speci-
fying a two-dimensional developed square lattice: C =
na, + ma,, where the length of the chiral vector C is
equal to the circumference of the cylindrical layer con-
sisting of atoms. However, it should be noted that there
are a number of differences between the classifications
of SiO, and hexagonal nanotubes.

(1) The nanotubes with the indices (n, 0) and (0, n)
have been referred to not as zigzag nanotubes, as is the
case with hexagonal nanotubes, but as linear nanotubes
(Fig. 2a) owing to their geometric structure. These nan-
otubes are the sole nanotubes that have no screw axes.

2021



Fig. 1. Schematic drawing of the developed square lattice of
a SiO, nanotube. Closed circles indicate silicon atoms, and

open circles represent oxygen atoms. Designations: T is the
translation vector [T = (-2, 5)], and C is the chiral vector
[C = (5, 2)]. The oxygen atoms located along the unit vec-
tors a; and a, deviate from the layer of Si atoms in upward

and downward directions relative to the drawing plane,
respectively.

(2) For the same reason, the (n, n) nanotubes should
be referred to as zigzag nanotubes (Figs. 2b, 3a).

(3) The nanotubes with the indices (n, m) and (m, n)
have different geometries because of the difference in
the arrangement of the outer and inner oxygen atoms
with respect to the silicon atoms located on the central
cylinder.
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Fig. 2. Comparison of the geometric shapes of the carbon
nanotubes (at the left) and the SiO, nanotubes (at the right):

(a) the (6, 0) nanotubes and (b) the (3, 3) nanotubes.
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3. COMPUTATIONAL TECHNIQUE

All the calculations were performed with the Vienna
Ab Initio Simulation Package (VASP) code [16-18].
This program package makes it possible to perform ab
initio calculations based on the Vanderbilt pseudopo-
tential method and expansion in a plane-wave basis set
within the framework of the local density functional
formalism [20, 21]. The geometry was optimized using
nine k points in the Brillouin zone along the axis of the
nanotube. The k points were generated by the
Monkhorst—Pack method [22]. The geometry optimiza-
tion was carried out until the forces acting on each atom
became less than 0.05 eV/A.

Before calculating the nanotubes under investiga-
tion, we calculated the corresponding characteristics
for a quartz crystal. The results of this preliminary cal-
culation showed that the geometric characteristics of
Si0O, structures can be predicted with a good accuracy,
namely, accurate to within 0.01 A (compare with the
experimental data taken from [23] for a-quartz: a .4 =
4.913 A and ., =4.914 A, c(yg = 5.4049 A and ¢, =
5.4054 A). However, the band gap proved to be under-
estimated: E,q = 5.9 €V and E,, = 8.9 eV [24]. This
disadvantage of the local density functional method is
well known. For this reason, the band gap of SiO, nan-
otubes can only be discussed qualitatively. In order to
calculate the characteristics of a carbon nanotube clus-
ter covered with a SiO, cluster, we used the PM3
semiempirical method (Parametric Model 3) included
in the GAMESS program package [25].

Fig. 3. Structures of (a) the (4, 4) SiO, zigzag nanotubes
and (b) the (8, 0) SiO, linear nanotubes.

No. 10 2006



ENERGY AND ELECTRONIC PROPERTIES OF NON-CARBON NANOTUBES

Fig. 4. Dependence of the difference between the radii of
the silicon layer and the inner oxygen layer on the radius of
the silicon layer for a number of SiO, linear nanotubes.

4. GEOMETRIC CHARACTERISTICS
OF THE NANOTUBES

We calculated a number of (n, 0) linear nanotubes
(n=3-6, 8, 10, 12, 15, 18) and (n, n) zigzag nanotubes
(n =3, 4). As an example of SiO, nanotube structures,
the (6, 0) and (3, 3) nanotubes are shown in Fig. 2 and
the (8, 0) and (4, 4) nanotubes are depicted in Fig. 3.

The results of calculating the geometric characteris-
tics can be summarized as follows.

The difference between the radii R of the silicon
layer and the inner layer of O(i) oxygen atoms, as well

2023

Tube axis

Fig. 5. Arrangement of atoms in the (n, 0) SiO, nanotube.
The silicon atoms are located on the central nanotube cylin-

der. The Oy and O) oxygen atoms are positioned on the

outer nanotube cylinder, and the O, and O'2 oxygen atoms
lie on the inner nanotube cylinder.

as the difference between the radii R of the outer layer
of O(o) oxygen atoms and the silicon layer, tends to
reach the difference between the radii of the corre-
sponding atomic layers in the planar structure (Fig. 4).

The bond lengths parallel and perpendicular to the
axis of the nanotube also tend to reach the correspond-
ing values for the planar structure (Table 1). Since the
silicon atom resides in the tetrahedral environment, the
bond angles in the most stable structure should be close
to those in a regular tetrahedron (Fig. 5, Table 2).

It is known that atomic relaxation brings about the
formation of a corrugated cylindrical surface of BN

Table 1. Main geometric characteristics of different SiO, nanotubes

R, A Si—O bond length, A | Si-Si bond length, A

"o m Rsr{eoa)» RO(o):RSi’ " =

0(i) Si 0(0) A A parallel | PEPERT 1 parallel | PEPERCE
(3,0) 1.31 1.50 2.24 0.18 0.74 1.65 1.63 2.82 3.00
4, 0) 1.88 2.26 3.12 0.38 0.86 1.65 1.62 2.81 3.19
(5,0 2.13 2.61 3.42 0.48 0.82 1.65 1.61 2.81 3.22
(6, 0) 2.61 3.20 4.06 0.59 0.86 1.65 1.61 2.81 3.20
(8,0) 3.44 4.12 4.98 0.68 0.86 1.65 1.62 2.83 3.15
(10, 0) 4.24 4.99 5.85 0.75 0.86 1.65 1.62 2.82 3.08
(12, 0) 5.16 591 6.78 0.75 0.87 1.66 1.63 2.84 3.06
(15, 0) 6.41 7.18 8.05 0.77 0.87 1.65 1.63 2.83 3.01
(18, 0) 7.82 8.61 9.48 0.78 0.87 1.66 1.63 2.84 2.98
(3,3) 1.59 2.02 2.92 0.44 0.90 1.68 1.64 2.65 2.64
4, 4) 2.03 2.64 3.51 0.61 0.88 1.68 1.63 2.67 2.68
(0, 10) 3.85 4.56 5.33 0.71 0.78 1.64 1.72 2.95 3.27
Planar structure 0.87 0.87 1.65 1.63 2.78 2.79

Note: The bond lengths were calculated in different (parallel and perpendicular) directions with respect to the axis of the SiO, nanotube.

PHYSICS OF THE SOLID STATE Vol. 48 No. 10
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Table 2. Angles between atoms in different SiO, nanotubes (the designations of the atoms correspond to those used in Fig. 5)

Angle, deg
n,m A, deg
0,-Si-0; 0,-Si-0, 0,-Si-0;,

(3,0 118.132 106.959 107.314 8.66 2.51 2.16
4, 0) 116.88 109.79 107.77 7.41 0.31 1.71
(5,0) 117.24 109.27 107.38 7.77 0.20 2.09
(6, 0) 117.20 108.74 107.89 7.73 0.73 1.58
(8,0) 117.54 108.45 107.77 8.07 1.02 1.70
(10, 0) 117.31 108.98 107.78 7.84 0.49 1.69
(12, 0) 117.81 109.99 107.14 8.34 0.51 2.33
(15, 0) 117.39 111.11 107.09 7.92 1.64 2.38
(18,0) 118.14 110.61 106.99 8.67 1.13 2.49
(3,3) 132.96 123.05 102.32 23.49 13.58 7.15
4,4 129.97 118.63 105.52 20.49 9.16 3.95
(0, 10) 128.07 143.66 39.69 18.60 34.19 69.78
Planar structure 116.29 116.25 105.68 6.82 6.78 3.79

nanotubes [26]. In turn, this leads to the formation of an
energetically more favorable configuration. A similar
effect regarding an energetically more favorable config-
uration also manifests itself for SiO, nanotubes: the
Si0, layer fragment, unlike the graphite layer fragment,
has an optimum ‘“saddle” shape rather than a planar
shape [14].

5. ENERGY CHARACTERISTICS

OF THE NANOTUBES

The energy of a number of SiO, linear nanotubes
was calculated as a function of the silicon layer radius.
It can be seen from Fig. 6 that the (6, 0) SiO, nanotube

—23.32

—23.36

-23.40

E, eV/SiO,

23.44

—23.48

Fig. 6. Dependence of the energy of the linear nanotubes per
SiO, molecule on the radius of the layer formed by silicon
atoms.
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is energetically more favorable. This result can be
explained by the fact that the geometric configuration
of the tetrahedral environment of the silicon atoms in
this structure is most similar to a regular unstrained
configuration. The calculation of the (3, 3) and (4, 4)
SiO, zigzag nanotubes has demonstrated that these
structures are energetically less favorable (E = —22.42
and —22.55 eV/Si0,, respectively) than the (n, 0) linear
nanotubes with a close diameter (E = —23.43 eV/SiO,
for the (10, 0) nanotube). Furthermore, the absolute
value of the calculated energy of the (0, 10) nanotube
(E =-21.58 eV/Si0,) turned out to be less than that of

Fig. 7. (a) SiO, square nanotubes and (b) SiO, triangular
nanotubes.
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Fig. 8. Densities of states for (a) the linear nanotubes and
(b) the zigzag nanotubes.

the (10, 0) nanotube. Therefore, we can conclude that
the synthesis will most likely result in the formation of
(n, 0) linear nanotubes.

In addition to the above structures, we considered
SiO, nanotubes composed of ten “lines” of silicon
atoms with square (Fig. 7a) and triangular (Fig. 7b)
cross sections formed by oxygen atoms. The initial
energies of these nanotubes are equal to —21.6 and
—21.8 eV/Si0,, respectively. After the energy optimiza-
tion, these structures take on a standard circular shape
characteristic of (10, 0) nanotubes. Despite this result,
it can be assumed that similar noncircular structures are
formed in bundles of SiO, nanotubes owing to the high
flexibility of Si—~O-Si bonds.

PHYSICS OF THE SOLID STATE Vol. 48 No. 10
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Fig. 9. Dependences of (a) the difference between the O—

Si-O; bond angle and the bond angle of 109.471° formed

by the oxygen atoms in the SiO, tetrahedron and (b) the
band gap on the strain of the SiO, nanotubes.

6. ELECTRONIC BAND STRUCTURE
AND ITS DEPENDENCE ON THE STRAIN
OF THE NANOTUBE

The results of our calculations have demonstrated
that the nanotubes under investigation are dielectrics
with a wide band gap. As the nanotube radius increases,
the band gap tends to reach the corresponding value for
the planar structure. The densities of states for the lin-
ear and zigzag nanotubes are shown in Figs. 8a and 8b,
respectively. It can be seen from these figures that, as
the transverse size of the nanotubes increases, the band
gap decreases in the linear nanotubes and increases in
the zigzag nanotubes.

It is known [27] that deformation of nanotubes
based on boron nitride leads to a change in the band
gap. In order to verify this effect for SiO, nanotubes, we
analyzed the change in the electronic band structure of
the energetically most stable (6, 0) SiO, nanotube. Fig-
ure 9 depicts the calculated dependence of the differ-
ence Ao between the largest O—Si—O bond angle in the
nanotube structure and the corresponding angle in the
quartz structure (Fig. 9a) and the dependence of the
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Fig. 10. Densities of states for nanotubes. The solid line
indicates the density of states for a system consisting of the
(6, 0) carbon nanotube fragment inserted into the (12, 0)
Si0O, nanotube fragment. The dashed and dot-dashed lines

represent the densities of states for the (6, 0) carbon nano-
tube and the (12, 0) SiO, nanotube, respectively. The inset

shows the structure of “(6, 0) carbon nanotube—(12,
0)@Si0O, nanotube” clusters.

band gap (Fig. 9b) on the longitudinal strain € = lol—l X

0
100% for the (6, 0) SiO, nanotube (where [, and [ are
the lengths of the initial unstrained and strained unit
cells of the nanotube, respectively). As can be seen
from Fig. 9b, the band gap in the electronic spectrum of
the SiO, nanotube depends substantially on the longitu-
dinal strain. It should be noted that the band gap reaches
a maximum for the strain at which the O-Si-O bond
angle under compression of the nanotube becomes
equal to the corresponding angle in the quartz structure
(Ao = 0); i.e., in the case where the atomic configura-
tion of the nanotube most closely resembles the atomic
configuration of the quartz structure. Therefore, the
deformation of SiO, nanotubes should affect their elec-
tronic properties.

7. FIELD OF APPLICATION
OF THE NANOTUBES

Owing to the screw axis (n # 0, m #0), the SiO, nan-
otubes should possess piezoelectric properties, as is the
case with BN nanotubes [28] and quartz crystals. The
silicon dioxide nanotubes under consideration can be
used as materials for fabricating springs and mechano-
electrical elements in micromachines, as building
blocks for the design of new nanomaterials, and as
objects for protecting carbon nanotubes against exter-
nal actions, because SiO, nanotubes with fully satu-
rated atomic bonds are chemically inert insulating
materials. The idea of creating such protection is not
new. In particular, Golberg et al. [29] synthesized BN

PHYSICS OF THE SOLID STATE  Vol. 48

CHERNOZATONSKII et al.

nanotubes on carbon nanotubes. Enyashin et al. [30]
theoretically proved that a dielectric single-walled BN
nanotube insulates a conducting carbon nanotube. In
recent years, a large number of experimental works
have dealt with the deposition of SiO, amorphous lay-
ers onto carbon nanotubes [31, 32]. In this study, the
interaction between the SiO, and carbon nanotubes was
calculated using the PM3 semiempirical method. We
considered a cluster system consisting of a (6, 0) carbon
nanotube fragment (C,,3H;, cluster) inserted into a (12,
0) SiO, nanotube fragment (see the inset to Fig. 10).
The geometry optimization has established that the
final configuration is stable and remains virtually
unchanged as compared to the initial structures. The
analysis of the density of states (Fig. 10) has demon-
strated that the SiO, nanotube does not substantially
contribute to the region in the vicinity of the Fermi
energy. Therefore, the electronic structure of the SiO,
nanotube has no effect on the conductivity of the pro-
tected carbon nanotube.

8. CONCLUSIONS

Thus, the geometric, energy, and electronic charac-
teristics of new non-carbon nanotubes based on a SiO,
square lattice were investigated in the framework of the
local electron density functional formalism. We exam-
ined nanotubes of different types. It was demonstrated
that linear nanotubes are energetically more favorable
and that the (6, 0) SiO, nanotube has the lowest energy.
The densities of states for the SiO, nanotubes were cal-
culated. It was revealed that all nanotubes are dielec-
trics with a wide band gap. The band gap of the nano-
tubes was shown to vary over a wide range depending
on the longitudinal strain. The possibility of fabricating
a protective coating from a SiO, nanotube for a carbon
nanotube was analyzed.
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