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Abstract

In this paper, the thermoelectric properties of zigzag single-walled carbon nanotubes (SWCNT)
and zigzag single-walled boron nitride nanotubes (SWBNNT) are investigated. For this purpose,
the chirality is considered as (9, 0). The characteristics are computed at three arbitrary tempera-
tures of 200K, 300K, and 500K. Results show the Seebeck coeflicient of zigzag SWCNT increases
by increasing the temperature, while decreases for the zigzag SWBNNT. The peak of the Seebeck
coefficient of the zigzag SWCNT at the temperatures of 200K, 300K, and 500K are«s71°(L}, sss10°( 1]
, and sm0°(£), respectively. The associated values of SWBNNT are, 4.38x|0"(%],3_03X103[%-1;nd 2000°(5 ),
respectively.Besides, it is observed that at the temperature of 200K, the Seebeck coefficient zigzag
SWBNNT is about 88 times the value of zigzag SWCNT. Moreover, due to the Seebeck coeflicient
sign type in the Fermi energy range, both of the considered nanostructures are semiconductors
and n-type. It is depicted that the electrical conductivity and total thermal conductance of SWCNT
are larger than SWBNNT. Efficiency is an important parameter to characterize the thermoelectric
properties of nanomaterials. Results show the figure-of-merit (ZT) value of SWBNNT is much
better than that of SWCNT. Due to the contribution of phonons, the zigzag SWBNNT has larger
Seebeck coefficient. The studies show that the maximum value of ZT of the zigzag SWBNNT at
the temperatures of 200K, 300K and, 500K are larger than 0.0207, 0.0342 and, 0.0718, respectively.
The results of this study can be useful in the design of nanoelectronic, and cooling systems.
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INTRODUCTION

In recent years, nanostructures have attracted
much consideration because of their influential
physical, chemical, electrical, biological, and
optoelectrical properties. Hence, nanostructures
are considered a very good research field [1-2].

Due to their application and properties,
carbon nanostructures such as fullerenes, carbon
nanotubes (CNTs), and graphene, are among the
most important nanostructures. The discovery
of CNTs by Sumio lijima in 1991 was one of the
most important developments in the field of
nanotechnology [3-5]. These nanostructures are

* Corresponding Author Email: m.reza.niazian@gmail.com

considered suitable options to make changes
in many industries. This is due to their special
mechanical, electrical, thermal, and optical
properties [6].

Because of their one-dimensional electron
structures, CNTs can transfer electrons along
their length without significant scattering. For
example, the mean free path of single-stranded
and conductive CNTs is about several microns. As a
result, the average means free path can be higher
than the length of CNTs, which means ballistic
electron transfer and cause a high electrical
conductivity [7]. Other important properties of
CNTs include good permeability, mechanical,

This work is licensed under the Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/.

R. Sadeghi et al.

and thermal stability, which cause their wide
applications in electrical conduction and drug
delivery for medical applications [8-11].

Due to the similarity of the h-BN structure
to graphene, exploring its properties has been
considered by many researchers [12]. Boron
nitride structures are compounds of boron (B)
and nitrogen (N) atoms with an equal number of
atoms, which are arranged in hexagonal, cubic,
and crystalline forms. In these structures, B and N
located in the same layers are covalently bound.
While the atoms located in different layers have
the van der Waals interactions. The structure
of h-BN is the cause of most of the anisotropies
in its properties. The difference in electrical
conductivity between h-BN and graphite can be of
the order of 10*. The main reason for this is the
different electron delocalization in these materials
[13-15]. Two methods have been proposed for
bulk production of atomically thin BN sheets. One
is substrate growth by chemical vapor deposition
(CVD) and the other is solution exfoliation under
sonication [16-17].

Boron nitride has polymorphs in its crystalline
structure with at least 4 different crystallographic
forms. Interestingly, carbon bulk also has four
similar structures. This is because of the fact that
both boron nitride and carbon are isoelectronic
materials [18]. In fact, the average number of
valence electrons in an atom is the same in these
two substances.

BNNTs can be thought of as a rolled BN
hexagonal plate. Scientific societies have recently
paid more attention to BNNTs than CNTs, caused
by the particular properties of BNNTs, including
specific mechanical properties, chemical stability,
thermal stability, electrical properties, and
especially, higher biocompatibility than CNTs.
It has been shown that BNNTs have higher
biocompatibility and the ability to interact with
organic molecules, including proteins and DNA
than CNTs. In addition, it has been represented
that BNNTs are non-toxic for the cells and do not
damage the DNA [19-20]. These properties have
made them suitable nanocarriers for medical
applications instead of CNTs [21].

Today, due to considerable growth in energy
consumption, the management of the energy
crisis has found great importance. Hence,
thermodynamic materials play an effective role
in converting wasted heat into electricity. In this
regard, various approaches have been applied
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including steam and organic Rankine cycle,
containing power generation, absorption cooling,
direct power generation such as piezoelectric and
thermoelectric, biomass locating, desalination,
and so on. Among these technologies,
thermoelectric is of great importance to recover
heat loss. Because, unlike other technologies, it
has been converted thermal energy into electrical
energy, directly [22].

One of the most interesting approaches in the
production and conversion of energy in the future
is the Seebeck method, in which thermodynamic
materials can be converted directly into electrical
energy [23]. Excessive temperature rise can affect
the useful life and performance of electronic
devices. Therefore, reducing local heat and finding
the heat transfer approach is a challenge that
should be addressed in future investigations.
In this field, one practical method is to use
suitable thermodynamic materials with high-
temperature performance that can convert heat
energy into electricity. Due to their great electrical
properties and heat transfer, 2D materials have
found applications in thermal management,
thermoelectric energy (TE) generation, and heat
conversion to electricity [24].In this paper, the
thermoelectric properties of the zigzag SWCNT
and zigzag SWBNNT with the chirality of (9, 0) are
investigated and compared. For this purpose, the
first-principle calculations are used.

COMPUTATIONAL MODEL

Figs. 1 and 2 show the configurations of the
optimized zigzag SWCNT and zigzag SWBNNT
which have been considered for investigation.
The first-principle calculations are performed
to optimize the geometry of the considered
structures and calculate the thermoelectric
properties. For this purpose, the DFT is used along
with the non-equilibrium Green’s function (NEGF)
technique. Semi-Empirical (SE) calculator can be
used to model the thermoelectric characteristics
of molecules, crystals, and devices. For this
purpose, self-consistent and non-self-consistent
tight-binding models can be employed. Here,
tight-binding models are implemented based
on Slater—Koster’s model [25].In Slater—Koster
tight-binding model, the density functional based
tight-binding (DFTB) formalism is closely followed,
which has been described in. In this model, a
numerical function is used to express the distance-
dependence of the matrix elements. In the DFTB
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Fig. 2. Configuration of the optimized the zigzag ZSWCNT device.

approach, a second-order expansion of the Kohn-
Sham expression of the total energy with respect
to the fluctuations of the charge density is used
[26-27]. The zeroth-order method is considered a
common standard non-self-consistent (TB) plan.
While, in the second-order approach, atransparent
and parameter-free expression is derived from the
elements of the generalized Hamiltonian matrix.
Zigzag SWCNT and SWBNNT are considered here
as the device and the electrodes with a length of
4.35 A arelocated at the left and right sides of the
devices. Furthermore, the inner tube is selected
with the chiralities of =9, and m =0 which
is repeated along the A=1, B=1 and C=6
axes after optimizing the device. The Atomistix
ToolKit (ATK) is used for all of the calculations.
Quantum ATK software, formerly known as
Atomistix Toolkit and known as ATK software, has
unique capabilities for simulating nanostructures
and quantum systems at the atomic scale. This
software can model the electronic properties of
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open and closed quantum systems using density-
function theory (DFT) using a set of numerical
rules for the linear composition of atomic orbitals
(LCAO). A key parameter in solving Cohen’s
equations is the density matrix, which determines
the electron density. For open quantum systems,
the density matrix is calculated using the Non-
equilibrium Green function, abbreviated to NEGF.
For alternating and closed quantum systems this
matrix is obtained by Hamiltonian diagonalization
of Cohen’s equations. The electron density then
forms a set of effective potentials obtained by
Hartree, correlation exchange, and external
potential. To depict the atom cores, Troullier—
Martins norm-conserving pseudo potentials
are employed, which also represent the linear
combinations of atomic orbitals and can help
to expand the valence states of electrons. The
k-point is selected as 1,1,150 in the Brillouin
zone and the electrode temperature is set as
T =300K . Furthermore, the cutoff energy for
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Fig. 3. The Seebeck coefficient spectra in terms of energy of (3a) zigzag SWCNT and (3b) zigzag SWBNNT structure at three different
temperatures 200K, 300K and 500K.

the grid integration is considered as 150 Rydberg,
which is mainly used to control the size of the real
space in the partitioning of the integral network
and solving Poisson’s equation [28-29]. The
quasi-Newton approach is utilized for completely
optimizing the atomic structures, including the
atomic positions as well as the lattice parameters.
Besides, the boundary conditions are considered
periodic. For all of the simulations, initially, the
geometry is optimized until all of the residual

forces are smaller than o_ozi .
A

RESULTS AND DISCUSSIONS
Thermoelectric properties

In this section, the thermoelectric properties
of the Zigzag SWCNT and Zigzag SWBNNT such as
the thermoelectric figure of merit, the Seebeck
coefficient, electrons conductance, and thermal
conductivity are investigated. For this purpose,
three temperatures are considered, including
200K, 300K, and 500K. Applying a temperature
difference among the two sides of a material leads
to creating a voltage difference which in turn results
in an electric current in the material. Furthermore,
applying a voltage difference causes the charge
carriers (electrons and holes) in the material
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to move. Therefore, the electrons move from
one side to the other by creating a temperature
difference [30- 31].In this way, thermoelectric
materials can convert heat directly into electricity
and vice versa. The efficiency of a thermoelectric
material depends on the thermoelectric figure of
merit, known as ZT, which can is expressed by the
following relation:

_S*GrT

ZT =
K,+K,

(1)

where S is the Seebeck coefficient, Ge is
the electrical conductivity; K, and K, are the
electronic and lattice contributions, and T is the
absolute temperature [32].

Seebeck Coefficient (SC)

In this section, the Seebeck coefficients of the
zigzag SWCNT zigzag SWBNNT are investigated.
The most common application of the Seebeck
effect is in the manufacturing of thermal diodes,
thermocouples and electric generators.

The figures (3a) and (3b) show the Seebeck
coefficient spectra versus energy of the considered

Int. J. Nano Dimens., 13 (3): 311-319, Summer 2022
[@)sy ]



R. Sadeghi et al.

nanotubes, respectively, at three different
temperatures including 200K, 300K and, 500K.

According to relation A} = SAT, in which AV
is voltage difference, S is the Seebeck coefficient,
and AT is the temperature gradient [33, 21], the
temperature difference between the two sides
of a material causes the charge carriers to move
from the side with the larger temperature (where
the electrons have more move) to the side with
the smaller temperature (where the electrons
have less movement). This movement of electrons
results in creating an electric current which causes
a voltage difference.

Fig. (3b) shows that the absolute value of
the Seebeck coefficient of the zigzag SWBNNT
is moderately stable at all of the considered
temperatures. The comparison of figure (3a)
shows that the Seebeck coefficient of the zigzag
SWBNNT decreases by increasing the temperature.
In other words, the largest and smallest Seebeck
coefficients are observed at the temperature 200K,
and 500K, respectively. The results show that the
Seebeck coefficient is dependent on temperature
and independent of the nanotube structure.

According to the figures (3a) and (3b), the
Seebeck coefficient increases by increasing the
temperature for Zigzag SWCNT. While it decreases
for SWBNNT.

Comparison of Figs. 3a and 3b shows that the
peak of the Seebeck coefficient of the SWBNNT is
larger than that of the SWCNT. More especially,
the peak of the Seebeck coefficient of the zigzag
SWCNT at the temperatures of 200K, 300K,
and 500K are 4.97x10"[%), 4.8&10*{%) and 5.70x10"[%)
, respectively. The associated values of SWBNNT
are,4.38x10"[%J,3-03><10J(%)and 2-0x10"(%), respectively.

The results show that at the temperature of
200K, the Seebeck coefficient of SWBNNT is about
88 times that of SWCNT. For a (n, m) SWCNT, if n=m
a metallic behavior is observed in the nanotube.
Besides, if n - m is a multiple of 3, n#gm and n=
m # 0, the nanotube is quasi-metallic with a very
small bandgap. Due to the fact that the electric
transport coefficient and thermoelectricity are
mainly dependent on the electronic properties, a
large band gap may reduce the concentration of
charge carriers around the Fermi surface [34].

According to the results, the energy gap of
zigzag SWCNT is much smaller (0.2 eV) than zigzag
SWBNNT (2.6 eV) which can lead to larger Seebeck
coefficient in SWBNNT than SWCNT. Comparing
zigzag SWCNT and SWBNNT shows that the gap
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band length of the SWCNT is much shorter than
that of SWBNNT. Hence, it is expected that in
the SWBNNT more electrons to be transferred
from the valance band to the conductive band by
increasing the temperature.

The chemical potential of u=0 is selected in the
highest valence band of these nanostructures, the
positive (negative) chemical potential corresponds
to the contamination of the charge carrier type n
(p)-

In addition, when the chemical potential £, of
the zigzag SWCNT and SWBNNT is lower than the
Fermi level E (i.e. E, < E), the Seebeck coefficient
S is positive, and when E,_ > E, the Seebeck
coefficient is negative. Therefore, it can be
concluded that both zigzag SWCNT and SWBNNT
are semiconductors and of n-type [35-36].

The Seebeck effect depends on the amount of
doping, and the dimension of the sample and the
temperature [37].

The electrical conductivity (G )

Figs. 4a and 4b show the electrical conductivity
spectra (G_) against the energy of the zigzag SWCNT
and SWBNNT, respectively, at the temperatures of
200K, 300K, and, 500K. Fig. 4 indicates that the
conductivity experience considerable fluctuations
with the changeinchemical potential. The changing
trend is almost the same at different temperatures,
which may be related to the quantum size effect
of the zigzag SWCNT and SWBNNT. Figs. 4a and
4b also represent that the electrical conductivity
value is almost independent of the temperature.
It can be seen that at the temperature of 200K,
the maximum amount of electrical conductivities
of zigzag SWCNT and SWBNNT are 9.41x10™*S and
5.24x107*S , respectively.

Inaddition, in Figs.4aand 4banareaisobserved
with a conductivity close to 0 which corresponds
to the forbidden band of the zigzag SWBNNT and
SWCNT. This area is wider in the zigzag SWBNNT,
because the zigzag SWBNNT is a wide-bandgap
semiconductor. However, the forbidden band area
in SWCNT is very small, which indicates the quasi-
conductivity of the nanotube. Therefore, the
conductivity of the zigzag SWCNT is expected to
be greater than the zigzag SWBNNT. It is also clear
from Figs. (4a) and (4b) that the conductivity value
is equal at different temperatures. According to
these figures, the largest and smallest peaks of the
electrical conductivity can be seen in the curves
associated with the zigzag SWCNT. Furthermore,
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Fig. 4. The conductivity spectra in terms of energy of (4a) zigzag SWCNT and (4b) zigzag SWBNNT structure at three different tem-
peratures 200K, 300K and 500K.
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Fig.5. The total thermal conductance spectra in terms of energy of (5a) zigzag SWCNT and (5b) zigzag ZSWBNNT at three different
temperatures 200K, 300K and 500K.

the height of conductance peaks are in the range
of E < E, for both of the considered nanotubes.
On the other hand, the number of conductance

resonances and height of conductance peaks at temperatures 200K, 300K, and 500K. Figs. (5a)
depends on the structure types in the quantum and (5b) show the electrons thermal conductance
transport that is in accordance with other works spectra against the energy of the zigzag SWCNT
[38]. and SWBNNT at the considered temperatures.

The total thermal conductance (K)

The total thermal conductances (K, + X, ) of the
zigzag SWCNT and SWBNNT are also investigated
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Fig.6. The thermoelectric figure of merit (ZT) spectra in terms of energy of (6a) zigzag SWCNT and (6b) zigzag SWBNNT at three
different temperatures 200K, 300K and 500K.

The higher the temperature gradient between
the structures in a thermoelectric system, the
amount of generating voltage and thermoelectric
efficiency of the system is higher. The results show
that the total thermal conductance increases
with increasing the temperature for both of the
structures. In fact, increasing the temperature
results in exciting the electrons, besides, many
higher-order modes can be excited gradually
by increasing the temperature. Hence, thermal
conductivity is expected to increase. As the
temperature rises, it opens up more channels for
phonon transmission [39].

By comparing the changes of K values in
different bandwidths, it is found that by increasing
temperature the K of both zigzag SWCNT and
SWBNNT increases and the forbidden bandwidth
decreases. According to the figures (5a) and
(5b), the maximum and minimum peaks of the
electrical conductivity are observed for zigzag
SWCNT and zigzag SWBNNT, respectively. Also,
for both of the zigzag SWCNT and SWBNNT the
highest conductivity peaks are in range E < E.. Due
to the anisotropy in the zigzag SWBNNT structure,
it is seen that zigzag SWCNT have higher thermal
conductivity than zigzag SWCNT.
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Thermoelectric figure of merit (ZT)

Efficiency is an important parameter to
characterize the thermoelectric properties of
nanomaterials. The maximum efficiency of a
thermoelectric material is determined by its
thermoelectric figure of merit (ZT) [40-42]. The
calculated ZTs value as functions of the energy
are shown in Figs. (6a) and (6b). As it can be seen,
some fluctuations are seen in these figures. Due to
the contribution of phonons, the zigzag SWBNNT
has larger Seebeck coefficient. the calculations
show that the maximum value of ZT of the zigzag
SWBNNT at the temperatures of 200K, 300K and,
500K are larger than 0.0207, 0.0342 and, 0.0718,
respectively (see Fig. 6a). Furthermore, the
maximum value of ZT of the zigzag SWCNT at the
temperatures of 200K, 300K and, 500K are larger
than 0.0098,0.0100 and 0.0178, respectively (see
Fig. 6b).

Since the transport coefficients are mainly
dependent on the electronic properties, large
band gaps may reduce the concentration of
charge carriers around the Fermi surface. This
can lead to large Seebeck coefficients, as well as
large ZT coefficients. At very low temperatures,
a small number of electrons are excited, leading
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to a decrease in electron thermal conductivity.
Therefore, it is possible that thermal conductivity
is expressed by the lattice’s contribution, meaning
that the phonon thermal conduction sentence
due to lattice vibrations plays a major role in ZT. As
the temperature rises, especially at temperatures
above room temperature, more electrons are
excited, which leads to an increase in electron
conduction, while the Ilattice contribution
decreases due to the increase in phonon scattering
due to lattice vibrations.

According to these figures, the value of ZT
dramatically decreases in the resonance region
of transmission about Fermi’s energy. Also, the ZT
valuse increases by increasing the temperature
for both of the considered nanotubes. The
resonant tunneling effect of electron leads to the
fluctuations of the electronic conductance. As
expected, the maximum of the ZT of the zigzag
SWBNNT is larger than zigzag SWCNT, indicating
that the thermoelectric properties of the zigzag
SWBNNT are better than zigzag SWCNT.

CONCLUSION

In this study, the thermoelectric properties
of the zigzag SWCNT and zigzag SWBNNT were
investigated at three temperatures including 200K,
300K, and 500K. The structures of the nanotubes
were modeled in the Atomistix ToolKit software
(ATK). The figure-of-merit (ZT) is an important
parameter to determine the thermoelectric
properties of nanomaterials. Hence, the ZT value
of the zigzag SWCNT and zigzag SWBNNT were
evaluated. Because the ZT value depends on some
parameters such as the electrical conductivity,
the electrons thermal conductance, and Seebeck
coefficient, these parameters were also examined.
The results showed that the ZT value of the zigzag
SWBNNT is larger than the zigzag SWCNT.However,
the electrical conductivity, and the electronic and
lattice contributions of the zigzag SWBNNT are
smaller than those of the zigzag SWCNT.
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