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Abstract. This paper investigates the structural stability and electronic properties of tita-
nium dioxide (TiO2) nanowires of different novel shapes using first-principle-based density
functional approach. Among linear, ladder, saw tooth, square, triangular, hexagonal, and

KEYWORDS

Nanostructures;
Ab initio calculations;

Electronic structure; octahedron shaped atomic configurations, the ladder shape is the most energetically stable.

. After computation of lattice parameters as well as various mechanical properties of nanowire
Density of states;

TiO2, it was observed that the highest bulk modulus was related to triangular TiO»
Bulk modulus.

nanowire, which showed the highest mechanical strength of structure, whereas hexagonal
configuration had the lowest bulk modulus, showing the lowest mechanical strength of
structure. Analysis of various electronic properties showed that different configurations of
TiOs nanowires could have different utilities as solid-state materials.

(© 2019 Sharif University of Technology. All rights reserved.

1. Introduction

In the past few decades, several families of nanostruc-
tures have been developed, including quantum dots,
carbon nanotubes [1], zero-bandgap graphene, and
semiconductor nanowires [2-5]. Each of the above
materials exhibits many interesting properties. The
main motivation for investigating a single material is
to study its magnificent properties, although a specific
single material with outstanding properties may not
constitute a total new technology. Specifically, the
potential to create new nanostructures and assembling
with a tunable composition enables radical change in
society and future technologies. In other words, in lieu
of exploring a single nanomaterial, investigations can
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be carried out into systems in which different struc-
tures, shapes, compositions, and properties analogous
to them can be tuned.

Considering the above facts, semiconductor
nanowires [6,7] are among the most powerful quasi
single dimensional (1D) platforms available in today’s
nano arena. Nanowire is an excellent 1D structure
with electrical carriers in one direction and restricted
in the other two directions. Nowadays, nanowires
have numerous applications in different research areas
like LASERS, sensitive polarized photodetectors, Light
Emitting Diodes (LEDs), logic gates, various families
of field effect transistors, renewable energy devices like
solar cells, single-electron storage devices, single-hole
transistors, lithium-ion storage batteries, and DNA
detectors [8-13]. Yong Pan et al. investigated the
intermediate product of LisSs, which plays a key role
in the charge/discharge process of Li-S batteries. They
predicted two new LisSs phases, namely orthorhombic
(Cmca) and orthorhombic (I mmm) structures, and
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calculated average open circuit voltages (V,.) and
electronic properties of LipSip [14]. As we know,
nowadays, the world is faced with different problems
due to consumption of fossil fuels, e.g., greenhouse
effect, which causes global warming leading to sudden
climatic changes. Thus, solar cells are the best alter-
native renewable energy sources. For producing solar
cells, different materials are used, e.g., monocrystalline
silicon [15], polycrystalline silicon [16], silicon thin
film [17,18], cadmium telluride [19], copper indium
gallium selenide [20], gallium nitride [21], gallium
arsenide [22], etc. These materials can be used in
producing solar cells with an efficiency of 14-19%,
whereas the newly developed Dye Sensitized Solar Cells
(DSSCs) have the efficiency of 32% under standard
test conditions; moreover, a two-level tandem DSSC
embodiment could reach 46% efficiency, according to
Prof. Michael Graetzel, Ecole Polytechnique Federale
de Lausanne (EPFL) [23]. These advanced solar cells
are made of titanium dioxide, which is known for
its non-toxicity, low cost, easy availability, long-term
stability, and superb photo catalytic nature [24,25].
Pan [26] investigated a hydrogen storage mechanism
and developed the hydrogen storage capacity using
hydrogen diffusion mechanism and hydrogenation pro-
cessing through MoS, with S-S interlayer. Then,
Pan and Guan [27] investigated MoSs as a poten-
tial hydrogen storage material due to the interaction
between hydrogen and unsaturated sulphur atoms.
They studied the structure as well as relevant physical
and thermodynamic properties of MoS3 and calculated
phonon dispersion, electronic structure, band struc-
ture, and heat capacity. Further, they investigated
Molybdenum sulphides. They found out that MoS
with hexagonal structure was more thermodynamically
stable due to the charge distribution with increasing S
concentration. They also concluded that the elastic
properties were dependent on S concentration [28].
TiO, has natural and high pressure phases; natu-
ral TiO, is a wide-bandgap semiconductor, whereas
high-pressure TiO, is perfect for making renewable
panels. TiO, was comprehensively investigated as a
photo anode for photo electrochemical (PEC) water
splitting by Fujishima and Honda [29]. They found out
TiO, had great photo catalytic activity, proper band
edge positions, and superior photo chemical stability.
Many research groups have conducted experiments on
TiO5 nanowires by implementing various experimental
procedures. Bin Wu et al. [30] reported solvothermal
synthesis of natural anatase TiOy nanowires in a large
quantity, which showed outstanding photo catalytic
activity in the degradation of Rhodamine B. TiO,
has also been used to improve the efficiency of various
solar cells; in addition, it can be utilized to improve the
performance of gas sensors. Despite all the mentioned
studies, which provide some interesting results about

TiO,, few research groups have studied the transfer
properties of 1D TiO5 nanostructures.

Many groups have performed a large number of
experiments on TiO, synthesis and growth aspect, but
stability and various electronic properties of different
sizes and shapes have not been checked, either ex-
perimentally or theoretically, by any researcher. It
is a fact known to all that in nanometer regimes,
geometrical shape and structure play an important
role in various changes of the electronic and other
properties [31]. Many researchers have performed theo-
retical calculations on different shapes and structures of
other materials like gallium phosphide (GaP) [32], gal-
lium nitride (GaN) [11], gallium arsenide (GaAs) [11],
gallium antimonite (GaSbh) [11], aluminum phosphide
(AIP) [33], aluminum arsenide (AlAs) [33], and alu-
minum antimonite (AlSb) [33] nanowires. However,
none of them worked on proper theoretical investi-
gation into different shapes of the titanium dioxide
(TiO3) nanowires. Tafen et al. [34] investigated
four types of small-perimeter TiOy nanowires with
round, octagonal, hexagonal, and square shapes along
the ‘z’ direction. They found that, except for the
square structure, all other structures were stable in
nature. However, besides these four shapes, there
are many more shapes of TiOs nanowires, which have
not been investigated yet. This motivated us to
consider different shapes and investigate stability and
various electronic properties of every single shape of
thin nanowires containing up to 6 atoms. The band
structure and density of states are thoroughly analyzed
for all shapes of nanowires.

2. Computational details

All the simulations have been carried out within
the framework of Density Functional Theory
(DFT) [35,36], which is the basic theory used to find
out properties of any material. In this paper, seven
different shapes of TiOs, namely linear, zigzag, ladder,
square, triangular, hexagonal, and octahedron, are con-
sidered. The popular Atomistix Tool Kit (ATK) [37]
has been employed for optimization of different
geometrical shapes performed in Limited memory
Broyden-Fletcher-Goldfarb-Shanno (LBFGS) [38-41]
approximation. The generalized gradient approxima-
tion [42,43] with Revised Perdew, Burke, and Ernzerhof
(RevPBE) is used as an exchange correlation potential.
ATK is an advanced version of the previously available
TranSIESTA-C [44,45], which is based on the new
molecular technology, models, and various algorithms
developed in the platform of TranSIESTA. Some part
of this tool has been developed using McDAL [46],
which employs different localized basis sets developed
earlier in STESTA [47]. Here, using supercell technique,
nanowires are placed in the ‘2’ direction. The linear,
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Figure 1. Atomic configurations of TiO2 nanowires: (a) Linear, (b) ladder, (c) saw tooth, (d) square, (e) triangular, (f)
hexagonal, and (g) octahedron (blue atoms are O and white atoms are Ti).

ladder, saw tooth, square, triangular, hexagonal,
and octahedron configurations of TiOs nanowires,
which are considered here for simulation, are shown in
Figure 1. The cut-off energy is considered as 100 Ry
and the first Brillouin-zone integration is considered
with a Monkhorst-Pack scheme using 1x1x5 k-points.
The cut-off energy and the number of k-points are
continuously changed to find out convergence under
the force tolerance having the value of 0.05 eVA~! for
the various values reported here.

3. Results and discussion

3.1. Stability analysis

First, stability analysis is carried out on titanium
dioxide nanowires for different configurations, such as
linear, ladder, saw tooth, square, triangular, hexago-
nal, and octahedron, in which the equilibrium lattice
constant is obtained by minimizing the total energy in a
self-consistent manner. Figure 2 shows the plot of total
energy expressed in ‘eV’ versus total volume expressed
in ‘Ang?’ for all the nanowires with different atomic
configurations. In Figure 2, it can be observed that the

ladder shaped nanowire configuration has the lowest
energy; this implies that it can be the most stable
configuration among all configurations. The bond
lengths of all the 7 structures of nanowires have been
computed and listed in Table 1. As we know, bulk and
shear moduli are the parameters for the measurement
of hardness of any crystalline solid. Many researchers
worked on the elastic moduli of different types of
coating materials. Pan and Wen [48] investigated
structural stability and mechanical properties of IrAl
coating. They showed that vacancy mechanism played
an important role in improving Vickers hardness of
IrAl coating. Further, Pan [26] studied four RuAl,
structures and predicted their electronic and mechan-
ical properties. It was observed that among the 4
RuAl, structures, namely TiSi;, TiAl,, OsAly, and
AuAl,, TiSiy behaved like a semiconductor and the
other three had metal-like nature. He also studied
their elastic properties using bond length and shear
information [49,50]. Similarly, Pan et al. [51] investi-
gated structural and mechanical properties of PtAITM
ternary alloy in a first-principle manner. Furthermore,
Pan et al. [52] investigated crystal structure, elastic
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Figure 2. Total energy versus total volume of (a) linear NW, (b) ladder NW, (c) saw tooth NW, (d) square NW, (e)
triangular NW, (f) hexagonal NW, and (g) octahedron NW.

Table 1. Atomic configuration, bond length expressed in Ang., and various mechanical properties of bulk modulus (B),
shear modulus (G), and Young’s modulus (Y).

Structure Bond length (A) Mechanical properties

B G Y
Linear 2.09 27.42 6.95 316.3
Ladder 2.05 -12.69 69.79 3.20
Saw tooth 2.23 22.97 10.84 56.78
Square 2.15 13.20 9.94 76.79
Triangular 2.19 3792 2131 2285
Hexagonal 1.82 4.00 2.96 40.86

Octahedron 2.25 85.6674 61.6739  -230
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properties, Vickers hardness, elastic anisotropy, and
electronic and thermodynamic properties of transition
metal silicides like MosSiz.  Here, the results of
simulations of bulk, shear, and Young’s moduli for
different structures of TiOs nanowires are shown in
Table 1 and analysed briefly. In Table 1, it can be
observed that hexagonal structure has the lowest and
triangular structure has the highest stiffness.

3.2. Electronic properties

The band diagrams of TiO, nanowires for different
shapes are shown in Figure 3 along with other mechan-
ical properties, like bulk modulus, shear modulus, and
Young’s modulus. All the moduli for each configuration
of nanowires are found out by the 1-D analogy of
Murnaghan equation of state [53]. Mathematically, it
can be given as in Eq. (1):

r=22(()- ()
fegmal()-) o

where P is Pressure, V| reference volume, V' deformed
volume, B, bulk modulus, and B!, derivative of the bulk
modulus with respect to pressure.

It can be observed that all nanowire configura-
tions have indirect bandgap except saw tooth structure.
Furthermore, in Figure 3(a), it can be observed that
linear structure has a narrow bandgap of 0.48 eV
between I' and Z points. It can also be observed
that no conduction band crosses the Fermi level, which
confirms that linear structured nanowire is not metallic
in nature. However, some of the conduction bands are
very much close to Fermi level, which means that linear
nanowire can be a good semiconductor. In Figure 3(b),
the band diagram of ladder-type nanowire shows a
nominal bandgap of 0.028 eV and the transition occurs
indirectly from I" to Z. The bandgap mainly depends
on the number of atoms taken into consideration and
the pseudopotential taken for computation. In ladder-
structure nanowire, one conduction band crosses the
Fermi level in the band diagram, as shown in Figure
3(b). Thus, the ladder-type nanowire is metallic in
nature. Figure 3(c) shows the band diagram of saw-
tooth nanowire having a small bandgap of 0.094 eV;
interestingly, transition occurs directly at point Z.
As none of the conduction bands crosses the Fermi
level, this nanowire structure can be considered as
semiconductor. Similarly, in Figure 3(d), the band
diagram of square structured nanowire can be studied.
It is observed that four valence bands cross the Fermi
energy level, proving that square-type nanowire is
purely metallic in nature. Also, in Figure 3(e), it can
be seen that triangular nanowire has a large bandgap

of 11.5 eV and is indirect in nature. Therefore,
due to its large bandgap, triangular nanowire can
be categorized as an insulator. On the other hand,
hexagonal nanowire has a small indirect bandgap of
0.13 eV, as shown in Figure 3(f), and is classifies
as a semiconductor. Lastly, the band diagram of
octahedron-type TiOs nanowire can be observed in
Figure 3(g). As fabricated TiO» nanowires [54] are of
octahedron type, it is absolutely necessary to analyse
electronic structure of this type. As observed in the
figure, octahedron-type NW is purely semiconducting
in nature and has a direct bandgap of 0.17 eV.

The Total Density Of States (TDOS) and Partial
Density Of States (PDOS) are important properties
to study and analyse the electronic properties of a
material. The TDOS and PDOS for each of the
nanowire configurations are shown in Figure 4 and
Figure 5. It can be seen in Figure 4(a) that there is a
small peak in valence band region and two prominent
peaks occur in the conduction band region. The
peak that occurs at 0.6 eV has the highest magnitude
and is much closer to Fermi level. It confirms that
considerable localization of states occurs near the Fermi
level. Both peaks can be seen in PDOS plot of linear
nanowire, as shown in Figure 5(a). Similarly, Figures
4(b) and 5(b) show the TDOS and PDOS in ladder
structured nanowire. In the figure, it is seen that two
peaks occur in the valence band region near —17.2 and
—3.5 eV. But, the highest peak occurs at 0.9 eV, which
lies in the conduction band region. As this peak is much
closer to the Fermi level, localization of states is highly
close to Fermi level. Both the peaks are proved by the
PDOS plot of ladder nanowire. Similarly, the TDOS
and PDOS of saw tooth can be seen in Figures 4(c)
and 5(c). Here, 2 prominent peaks are observed in the
valence band region at —19.6 and —5.6 eV. However,
like in the ladder-shape nanowires, the highest peak
occurs near 1.5 eV in the conduction band region,
which shows that the allowed states are much closer to
the Fermi level. The same can be observed in PDOS
plot as shown in Figure 5(c). For the square-shape
nanowire, TDOS and PDOS are shown in Figures 4(d)
and 5(d), respectively. Figure 4(d) demonstrates that
two peaks are near —19.1 and —5.2 eV in the valence
band region and one peak with the highest magnitude
occurs in conduction band region at 1.3 eV. As this
peak is also very close to the Fermi region, it proves
that the allowed states are very close to Fermi level.
The same can be observed in PDOS, as shown in Figure
5(d). The TDOS and PDOS of the triangular-shape
nanowire are also depicted in Figures 4(e) and 5(e).
It can be seen in Figure 4(e) that there is only one
peak in the valence band region at —40 eV and two
peaks in conduction band region at 30 and 40 eV. This
indicates that there is less localization of allowed states
near Fermi level. Thus, the triangular structured TiO»
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nanowire can be used for the purpose of insulation, as
also observed in its PDOS plot shown in Figure 5(e).
The DOS for hexagonal shaped nanowire is shown in
Figures 4(f) and 5(f). It can be seen that there are
two prominent peaks, which occur in the valence band
region. The peaks are placed at —20.2 and —5.9 eV.
Two other peaks also occur in the conduction band
region at 3.1 and 21.7 eV. Thus, the allowed states are
close to the Fermi level; also, localization occurs, which

can be observed in the PDOS plot provided in Figure
5(f). Finally, the total density and partial density of
states for octahedron-type NW are shown in Figures
4(g) and 5(g). In both plots, it is seen that octahedron-
type NW is of pure semiconductor type. A great
number of peaks are seen in the conduction band, which
prove the heavy localization of allowed states near the
Fermi region. Thus, octahedron TiOs nanowire can
best be used in different semiconductor applications.
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4. Conclusion

In this paper, a DFT-based first-principle method was
implemented to investigate the structural stability of
TiOs nanowires with different atomic configurations.
The ladder structure was found to be the most en-
ergetically stable configuration and triangular shaped

TiO2 nanowire had highest bulk modulus, confirming
its highest elastic strength among all configurations.
Ladder and hexagonal shaped atomic configurations
had very low bulk modulus, which proved softening
of the material if dimensions were reduced. Linear,
saw tooth, and hexagonal shaped atomic configura-
tions showed semiconducting nature, whereas ladder
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and square shaped nanowires had metallic nature;
the triangular shaped nanowire behaved as a pure

insulator.

Finally, octahedron nanowire had neither

low nor high bulk modulus, which proved that it was a
semiconducting material.
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