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Abstract

In this study, the thermoelectric properties of the (6, 3) two sided-closed single-walled boron nitride nanotubes
are investigated. To examine the effect of the impurity on the thermoelectric properties, carbon atom is replaced
instead of boron and nitrogen atoms at the center, left and right the nanotube. The energy range is selected as
-5.5 10 5.5 eV and temperatures is considered as 200, 300, 500, 700, 900, 1100 and 1300 K. Investigations show
that with increasing temperature and creating impurity, the bandgap of the nanotube significantly reduces. The
greatest reduction in the bandgap and the least reduction in the height of the peaks is related to the temperature
of 1300 K, in which the carbon atom is replaced instead of nitrogen atom in the center of the nanotube. By
increasing temperature, the number of peaks decreases, the mobility of electrons and holes increases and their
localization decreases. Also, results show that the largest Seebeck coefficient is related to the temperature of
1300 K and in the case of carbon impurity instead of boron atom at the left side of the nanotube. The magnitude
of the maximum of Seebeck coefficient is about 5001V /K. Besides, the minimum amount of Seebeck coefficient
is about -600uV/K, which is related to carbon impurity instead of boron at the center of (6.3) TSC-SWBNNT.
The largest thermal conductivity is equal to 5.1 nW/K which is related to the pure (6, 3) TSC-SWBNNT at the
energy of - 4.3eV. The thermal conductivity values are in the nano (10~°) range, which is small amounts. Studies
demonstration that the highest amount of ZT is equal to 1.65 which is related to the impurity of carbon atom
instead of boron on the right side of the (6.3) TSC-SWBNNT at the temperature of 1300 K. This value occurs at
the energy of -5.2 eV. As the values of ZT are larger than 1, especially at high temperatures, one can conclude
that (6, 3) TSC-SWBNNTs is suitable selection as a thermoelectric material.
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1. Introduction

Thermoelectric materials can be considered as sources of clean
energy which can be used to convert heat into electricity [1,2].
Thermoelectric materials, using green technologies, can re-
duce energy crises by converting waste heat into electricity.
The thermoelectric performance of the material is evaluated
using a dimensionless figure-of-merit, ZT = ST o/ (k. +k;)
where T,S,0,k, and k; are absolute temperature, Seebeck
coefficient, electrical conductivity, electronic contribution to
thermal conductivity and thermal conductivity of the lattice
(phonons), respectively [3,4]. Semiconductors materials can
be high efficiency thermoelectric materials. In an organic
semiconductor with non-stationary 7 electrons, the energy
gap is an important property among the thermoelectric char-

acteristics of the molecule, which depends on the position
of the highest occupied molecular orbital (HOMO), the low
unoccupied molecular orbital (LUMO), and the Fermi energy
level relative to HOMO and LOMO [1-7].

The Seebeck coefficient is used to investigate and improve
the electronic and thermoelectric properties of nanostructures.
The values of Seebeck coefficient in semiconductors are from
several hundred to several thousand microvolts per Kelvin
(uV/K) and in metals about a few ¢ V/K [6]. By adding im-
purities to the structure of a semiconductor, their Seebeck
coefficient and the thermoelectric coefficients (which can be
positive or negative depending on the type and amount of
impurities) can be increased [7].

ZT is a good factor for choosing a structure with suitable
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Figure 1. Device made with pure (6, 3) TSC-SWBNNT and
two (5, 5) CNT electrode on both sides.

thermoelectric properties. A high-efficiency thermoelectric
material has high electrical conductivity, high Seebeck coeffi-
cient, low thermal conductivity, and large ZT [8,9]. In nanos-
tructures, quantum effects improve the value of the Seebeck
coefficient and electrical conductivity [10, 11]. Furthermore,
by decreasing phonon scattering, the thermal conductance
decreases [12, 13].

Nanotubes are among the nanostructures that is anticipated
to have suitable thermoelectric properties. The unique elec-
tronic, mechanical [14, 15] and thermal properties of carbon
nanotubes (CNTs) have led to their widespread applications
in transistors, internal connections, and management of the
generated heat [16]. To realize the application of the nanotube
in the thermoelectric field, their thermal properties should be
investigated.

Phonons play a major role in the thermal conductivity of nan-
otubes. Temperature, defects, impurities, and diameter of
CNTs affect the amount and velocity of the phonons. High
crystalline order, long average free path length, and high ve-
locity of phonons in nanotubes influence positively on the
thermal conductivity [17]. The share of phonons in the heat
capacity of CNTs is one hundred times greater than the share
of electrons [18]. The average free path length of phonons
in nanotubes is estimated in micrometers range. However,
this length decreases due to phonon scattering caused by
phonon-phonon, phonon-boundary, and phonon-defect inter-
actions [19].

Boron nitride (BN) is a chemically resilient refractory mixture
that comprises boron and nitrogen atoms that gives it special
characteristics including a notable modulus of elasticity and
efficient heat transfer [20]. Since boron nitride nanotubes
(BNNT) have better electrical and thermal properties than
CNTs, they are a good alternative to CNTs. BNNTSs were first
predicted in 1994 [21-26], and synthesized experimentally
a year later [27]. They have a bandgap of 5-6 eV [21-23].
This bandgap is caused by electronegativity difference be-
tween boron and nitrogen, which leads a partial ionic bond
between boron and nitrogen. CNTs are resistant to oxidation
up to 500°C. However, BNNTSs are resistant to oxidation up
to 1000°C [28,29]. BNNTs without defect possess attractive
physical properties. However, defects are inevitable. One of
the types of defects is the presence of impurities [30-34]. If
a carbon atom is placed in a BNNT instead of N or B atom,
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Figure 2. (6, 3) two-sided closed boron nitride nanotube.

the nanotube becomes an n or p type semiconductor, respec-
tively [35,36].

Due to the wide range of applications of BNNTS, in this study
the thermoelectric properties of pure and impure (6, 3) two
sided-closed single-walled boron nitride nanotube ((6, 3) TSC-
SWBNNTS) are investigated. For this purpose, the nanotube
is located between two electrodes made of (5, 5) CNT (see Fig.
1). To examine the effect of the impurity on the thermoelec-
tric properties (electrical conductivity, Seebeck coefficient,
thermal conductivity, ZT'), carbon atom is replaced instead
of boron and nitrogen atoms at the center, left and right the
nanotube. The energy range is selected as -5.5 to 5.5 eV
and temperatures is considered as 200, 300, 500, 700, 900,
1100 and 1300 K. For this purpose, Slater-Koster [37] and
ForceField [38] methods, tight-binding approximation, and
non-equilibrium Green’s function (NEGF) methods are used.
Also, The ATK software is used for the simulations.
Research on boron nitride nanotubes has been done before,
but not theoretically on two sided-closed single-walled boron
nitride nanotubes, and this is a new study examining the ther-
moelectric properties of two sided-closed single-walled boron
nitride nanotubes are used to convert heat into electrical cur-
rent, which is used to prevent heat loss. The results of this
study can be useful in the design of nanoelectronic and cooling
systems.

2. Methodology

According to Fig. 2, the number of N and B atoms in (6, 3)
TSC-SWBNNTs is equal to 60 atoms. The diameter of this
nanotube is about 6.1 A and its length is about 15.6 A. Due to
the large number of atoms, the ATK software is used for the
simulations.

In this study, Slater-Koster [37] and ForceField [38] methods,
tight-binding approximation, and non-equilibrium Green’s
function (NEGF) methods are used. The chirality of the nan-
otube is chosen as (6, 3). The two sides of the nanotube are
closed using pentagons and hexagons made of boron and ni-
trogen atoms. The (6, 3) TSC-SWBNNTs is connected to the
electrodes via a hexagon made of boron and nitrogen atoms.
The plate passing through this hexagon on both sides of the
nanotube is located parallel to the cross section of the elec-
trodes.

The axis of the (6, 3) TSC-SWBNNTs is considered parallel
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Figure 3. 3-a: Device made of (6, 3) TSC-SWBNNT with carbon atom impurity instead of boron atom on the center and two
(5, 5) CNT electrodes on both sides. 3-b: Device made of (6, 3) TSC-SWBNNT with impurity of carbon atom instead of
nitrogen atom on the center and two (5, 5) CNT electrodes on both sides. 3-c: Device made of (6, 3) TSC-SWBNNT with
carbon atom impurity instead of boron atom on the left and two (5, 5) CNT electrodes on both sides. 3-d: Device made of (6, 3)
TSC-SWBNNT with carbon atom impurity instead of nitrogen atom on the left and two (5, 5) CNT electrodes on both sides.
3-e: Device made of (6, 3) TSC-SWBNNT with carbon atom impurity instead of boron atom on the right and two (5, 5) CNT
electrodes on both sides. 3-f: Device made of (6, 3) TSC-SWBNNT with carbon atom impurity instead of nitrogen atom on the

right and two (5, 5) CNT electrodes on both sides.

to the z-axis. During the simulation method, the mesh cutoff
is equal to 150 Rydberg [38, 39]. Brillouin area with K-point,
100 = 1 % 1 [37,38] is chosen. To optimize the device, a force
tolerance of 0.01 eV/ A with a maximum of 500 steps is used.
To obtain thermoelectric properties, energy range of -5.5 to
5.5 eV and bias voltage in the range of 0 to 5 V are employed.
(5,5) CNT with 1 * 1 % 4 repetitions is use in the electrodes.
In this study, thermoelectric properties including electrical
conductivity, thermal conductivity, Seebeck coefficient, and
ZT of the pure and (6,3) TSC-SWBNNT are evaluated. For
impurity, the B and N atoms are substituted by one carbon
atom in the center, left, and right sides of the nanotube (see
Figures 3-a to 3-f). The investigations were performed at
temperatures of 200, 300, 500, 700, 900, 1100, and 1300 K.

According to the NEGEF relationship, the transmission func-

tion 7'(E,V) with energy E and bias voltage V is obtained by
the following relation [38—40]:

T(E,V)=Tr[[L(V)GRE,V)Ix(V)GYE,V)] (1)

Where GF and G# are the retarded and advanced Green’s
functions of the central scattering region, respectively. I'1g =
i [Zf(R) (E)— Z‘Z(R) (E)] is broadening function, Zf(R) (E) and
2‘2( ®) (E) are the self-energies of the central scattering region
that include all the effects of the electrodes [38—40]. System
current is expressed by the Landauer-Butikker relation [33,38,
41,42]:

_ 2e

1wy="=

=2 [ U~ )~ F(E - m)| T (EVIE @)

Here /1 is Planck’s constant, e is electron charge, f(E — i (g))
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Figure 4. 4-a: Electrical conductivity of (6, 3) TSC-SWBNNT at different temperatures a) without impurity b: with carbon
impurity instead of boron in the center ¢) with carbon impurity instead of nitrogen in the center d) with carbon impurity instead
of boron on the left e) with carbon impurity instead of nitrogen on the left f) with carbon impurity instead of boron on the right

g)with carbon impurity instead of nitrogen on the right.

is function of the Fermi distribution of electrons in the left
(right) electrode, and iz ) is the electrochemical potential
of the left (right) electrodes [36, 39, 42,43]. In the linear
response region, thermoelectric coefficients are obtained by
applying a voltage difference (dV') or temperature difference
(dT) between the two electrodes. Electrical conductance (G,)
is obtained from the following equation [43—45]:

dl

G, = —
“Tav

|lar=0 3)
The Peltier coefficient which is used in cooling machines is
obtained from the following equation [38—40]:

1
= 79 laT=0 4)

Seebeck coefficient (thermopower) is expressed as [43—45]:

dv IT
S=—"Z o= — 5
g7 0=, )
The thermal conductance equals the sum of the electron ther-
mal conductance and the phonon thermal conductance and is
obtained is as follows [43—-45]:

dl,

2 li=o (6)

k=kethpn =71

In the nonlinear reaction regime, the total current flowing and
the energy flux are obtained as where I is heat current and
calculated from the following equation [43-45]:

_ 40

Electrons conventional thermal conductance at zero electron
current, is given through the following expressions [46]:

k
k=(—-Z)—0=e[-SLi + ?BﬁRLz] ®)
Additionally, one can calculate the Seebeck S as [46]:

AV _ kgPrLy

S—= (-2, o=
AT =0 elo

( ©))

The coefficients L,(n = 0,1 and 2) are defined as [46,47]:

2 [ ang_ 9f A\dé
L,= h/mmzﬂ[—S] (-&)Pmﬂn,n(g)ds (10)

In the nonlinear reaction regime, the total current flowing and
the energy flux are obtained as [46,48]:

L) =5 [ T Past = )= Buft (1= )] a2, Vi)

—m,n
(11)

2 00
loW) =5 [ LIRS (1= FR) = Pufi (1= fi) Tua(e. Vi) de
(12)

Here [y (€,Vy) = exp[Ba(€ +mhw — liy)] + 1 is the Fermi-
Dirac distribution function, P, = [1 —exp(Brh®)] exp(Prmho)
is the Boltzmann distribution function, ;g = Ef £1/2¢V,
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Figure 5. Seebeck coefficient (thermopower) of (6, 3)
TSC-SWBNNT at different temperatures a) without impurity
b) with carbon impurity instead of boron in the center c¢) with
carbon impurity instead of nitrogen in the center d) with
carbon impurity instead of boron on the left e) with carbon
impurity instead of nitrogen on the left f) with carbon
impurity instead of boron on the right g) with carbon
impurity instead of nitrogen on the right.
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is used to represent the electrochemical potential of the elec-
trodes located on the left and right, respectively, e is the elec-
tron charge and # is the Planck’s constant.

In the linear response area, the thermoelectric factors are pre-
sented by the following expressions: [46,49]

Ie o €2L0 ekBﬁRLl \%4
<IQ> o <eL1 kBﬁRL2> <59>
These expressions indicate that the energy and charge fluxes
are straightly dependent on the difference between the chemi-
cal potential V = (u;, — Ug)/e and the temperature difference
A6 = 6 — 6g.
The incoming channel m with the outgoing channel n are

connected based on transmission probability of individual
transitions [46].

13)

Tnn(€,Vp) = ”[fLGAﬁH,anRGﬁH,nH] (14)
The transmission function depends on the energy and the bias
voltage. Here, the coupling function I';  is the line widths
function, and Gg is the advanced and retarded Green’s func-
tion of the left and right electrodes, respectively. In addition,
electron energies are confined by the energy conservation law
En +mhw = g,,, + nho. It should be noted that the elastic
contributions can be achieved by imposing the finiteness of
elastic transitions where €;,, =,,; or more accurately m = n.

By applying the bias voltage, the Green’s function of the
structure is appraised from the effective Hamiltonian of the
molecule (H,) and self-energy functions (}) as [46,50,51]:

GA (e,Vy) = [(e+im)i —He— Y (&.V5) = Y.(e,Vp)] ™" (15)
L R

here 7 = 0T is a positive infinitesimal constant. Using the
wide band approximation, the self-energy matrices of the left
and right leads are determined as [46, 50-51]:
Y =2l =—
o

ttc8atac(t=L,R) (16)

Where 7 is the hopping matrix coupling the molecule to the
leads, and its elements is the independent of the energy. g4 =
iTpy is the surface Green’s function of the uncoupled o -
electrode, and py, is the density of states of the o -electrode
for the Fermi energy.

The dimensionless thermoelectric coefficient (ZT') is obtained
from the following equation [43—45]:

G.S’T

zZT
+k

a7

The above relations show how applying a temperature differ-
ence leads to a voltage difference in a thermoelectric material.
These coefficients in the linear response area are calculated
by the Thermoelectric Coefficients plugin in ATK software.
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Figure 6. Thermal conductivity of (6, 3) TSC-SWBNNT at
different temperatures a) without impurity b) with carbon
impurity instead of boron in the center ¢) with carbon
impurity instead of nitrogen in the center d) with carbon
impurity instead of boron on the left e) with carbon impurity
instead of nitrogen on the left f) with carbon impurity instead
of boron on the right g) with carbon impurity instead of
nitrogen on the right.

JTAP16(2022) 162230 8/11

3. Results and discussion

In this study, thermoelectric properties of (6.3) TSC-SWBNNT,
including electrical conductance, Seebeck coefficient, ther-
mal conductance and merit coefficient (ZT'), are investigated.
Larger merit coefficient of material indicates that it is a bet-
ter thermoelectric substance. This coefficient increases by

increasing temperature, electrical conductivity and Seebeck
coefficient and decreasing thermal conductivity. The men-
tioned thermoelectric properties are computed for pure (6, 3)
TSC-SWBNNTSs and impure nanotube by applying carbon im-
purity instead of boron and nitrogen atoms at three locations

including center, left, and right side of this nanotube. More-
over, the simulations are performed at different temperatures

in the range of 200 to 1300 K.

Figures of 4-a to 4-g indicate the electrical conductivity of
(6.3) TSC-SWBNNT with carbon impurity instead of boron

and nitrogen. In figures, electrical conductivities are drawn

at different temperatures. Some similar results are observed

in all figures. In all diagrams, the left half of the curves is

higher than the right half of it, which indicates larger density

of charge carriers in the capacity band and the high impact of
capacity band on electrical conductivity. In all of these figures,
the height of the peak reduces by increasing the temperature,
and instead, electrons and holes move towards HOMO (the

highest occupied molecular orbital) and LUMO (the low un-
occupied molecular orbital). Hence, the bandgap reduces and

the electrical conductivity increases.

Besides, by increasing temperature, the number of excited

phonons increases which prevents more transmission of charge

carriers. This results in reducing the electrical conductivity.
Moreover, by increasing temperature, the number of peaks

decreases. Therefore, it can be concluded that by increasing

temperature, the mobility of electrons and holes increases and

their localization decreases. On the other hand, the bandgap

decreases by increasing the temperature. The highest decrease

is observed at the temperature of 1300 K. The bandgap of
the impure nanotube is significantly smaller than that of pure

nanotubes. This decrease depends on the atom instead of
which the C atom is replaced. Considering that the carbon

atom has one more electron than boron atom, substituting C

atom instead of B atom nanotube is converted to n-type semi-
conductor [29,52,53]. In this case, the bandgap significantly

reduces from the right, which can be seen in Figures of 4-b,
4-d and 4-f.

By replacing the carbon atom instead of nitrogen atom, consid-
ering that the carbon atom has an electron less than nitrogen

atom, the (6.3) TSC-SWBNNT is converted into p-type semi-
conductor [29,52,53]. In this case, the bandgap is significantly

reduced from the left side of the curves which can be seen

in Figures of 4-c, 4-e and 4-f. The greatest reduction in the

bandgap and the least reduction in the height of the peaks

is related to Figure 4-C and the temperature of 1300 K, in

which the carbon atom is replaced instead of nitrogen atom in

the center of the nanotube. As it was previously mentioned,
replacement of carbon atom instead of nitrogen atom converts

2251-7227/2022/16(3)/162230 [http://dx.doi.org/10.30495/jtap.162230]
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different temperatures a) without impurity b) with carbon
impurity instead of boron in the center c) with carbon
impurity instead of nitrogen in the center d) with carbon
impurity instead of boron on the left e) with carbon impurity
instead of nitrogen on the left f) with carbon impurity instead
of boron on the right g) with carbon impurity instead of
nitrogen on the right.
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the nanotube into a p-type semiconductor. Due to the higher
density of electrons and holes at the two ends of the nanotube
and near the boundaries and their lower density in the center,
the effect of this impurity in the center is more observable
than the impurity on the left and right side.

Figures of 5-a to 5-g represent the Seebeck coefficient for
different conditions of carbon impurity instead of boron and
nitrogen in the center, left and right side of the (6.3) TSC-
SWBNNT. The effect of the temperature on the Seebeck co-
efficient can be studied in these figures. By increasing the
temperature, the number of peaks in diagrams of the Seebeck
coefficient reduces. This can be related to increasing the mo-
bility of electrons and holes and decreasing their localization
by increasing the temperature. The largest changes in the
Seebeck coefficient are in the range of bandgap.

The height of the peaks increases by increasing the tempera-
ture, which indicates increase in the Seebeck coefficient. The
highest height of the peaks is related to the temperature of
1300 K in the range of -1 to -1.5 eV in each of the figures of
5-ato 5-g. The largest Seebeck coefficient in these figures is
related to the temperature of 1300 K and in the case of carbon
impurity instead of boron atom at the left side of the nanotube.
The magnitude of the maximum of Seebeck coefficient is
about 500 uV/K. Besides, the minimum amount of Seebeck
coefficient is about -600 ©V/K, which is related to carbon im-
purity instead of boron at the center of (6.3) TSC-SWBNNT.
Figures of 6-a to 6-g show thermal conductivity (6, 3) TSC-
SWBNNTSs in which carbon impurity is located instead of
nitrogen and boron in the center, left and right side of the
nanotube. Again, the investigations are performed at differ-
ent temperatures. It can be observed that by increasing the
temperature, the height of the peaks increases, that indicate
an increase in the thermal conductivity of the nanotube by
increasing the temperature. In all diagrams, the left half of
the curves is longer than its right half, which represents the
density of charge carriers in the capacity band and the high
impact of capacity band on thermal conductivity.

According to these figures, the thermal conductivity values
are in the nano (10~%) range, which is small amounts. Besides,
as it can be seen in Eq. (17), since the thermal conductivity
is in the denominator of the equation, for the small values of
thermal conductivity larger values of ZT would be obtained.
Due to the presence of phonon, the curves of Figures 6-a to
6-g have shifted slightly upwards. Hence, the minimum of
thermal conductivity in the range of 0.5 nW/K. In this range,
the lowest value is related to the temperature of 200 K, which
is lower than 0.5 nW/K and the highest value is associated
with the temperature of 1300 K, which is larger than 0.5 nW/K.
The largest thermal conductivity is equal to 5.1 nW/K which
is related to the pure (6,3) TSC-SWBNNT at the energy of
-4.3 eV (see Figure (6-a)). It can also be seen from Figures 6-a
to 6-g that the bandgap decreases significantly by increasing
the temperature. The increasing intensity depends on the type
of semiconductor than nanotube converted into it by replacing
the C atom instead of boron (n-type semiconductor) or nitro-
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gen (p- type semiconductor).

According Eq. 17, the temperature values, the Seebeck co-
efficient, and electrical and thermal conductivity affect the
value of the ZT. The effects of these parameters on ZT are
shown in Figures 7-a to 7-g. Again, the pure and impure
(6.3) TSC-SWBNNT investigated. The carbon atom is used
as the impurity to be replaced instead of B and N atom at the
center, left and right-hand side of the nanotube. The results
are reported at different temperatures. It is observed that by
increasing the temperature ZT increases. Hence, the highest
values of ZT are related to 1300 K. Moreover, by increasing
the temperature, the number of peaks decreases which can
be related to due to the more mobility and less localization
of electrons and holes at larger temperatures. Besides, by
increasing the temperature, the length of the bandgap also
decreases. The highest amount of ZT is equal to 1.65 which is
related to the impurity of carbon atom instead of boron on the
right side of the (6.3) TSC-SWBNNT at the temperature of
1300 K (see Fig. 7-d). This value occurs at the energy of 5.2
eV. As the values of ZT are larger than 1, especially at high
temperatures, one can conclude that (6, 3) TSC-SWBNNTSs is
suitable selection as a thermoelectric material.

4. Conclusion

In this study, the thermoelectric properties of pure and impure
(6, 3) TSC-SWBNNT were investigated. The C atom was
used as the impurity which was replaced instead of boron and
nitrogen atoms at three locations of the nanotube including in
the center, left, and right of the side. The energy range was
considered as -5.5 to 5.5 eV. Besides, all of the simulations
were repeated at different temperatures including 200, 300,
500, 700, 900, 1100 and 1300 K.

The general results in this research are as follows:

The results show that by increasing temperature and creating
impurity, the bandgap of the nanotube significantly reduces.
The greatest reduction in the bandgap and the least reduction
in the height of the peaks is related to the temperature of 1300
K, in which the carbon atom is replaced instead of nitrogen
atom in the center of the nanotube.

Comparison of electrical conductivity properties shows that
with increasing temperature, the number of peaks decreases.
Therefore, it can be concluded that by increasing temperature,
the mobility of electrons and holes increases and their local-
ization decreases.

The largest Seebeck coefficient is related to the temperature
of 1300 K and in the case of carbon impurity instead of boron
atom at the left side of the nanotube. The magnitude of the
maximum of Seebeck coefficient is about 500 u'V/K. Besides,
the minimum amount of Seebeck coefficient is about -600
uV/K, which is related to carbon impurity instead of boron at
the center of (6.3) TSC-SWBNNT.

The largest thermal conductivity is equal to 5.1 nW/K which
is related to the pure (6, 3) TSC-SWBNNT at the energy of
-4.3 eV. In addition, the thermal conductivity values are in the
nano (10- 9) range, which is small amounts.
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The highest amount of ZT is equal to 1.65 which is related
to the impurity of carbon atom instead of boron on the right
side of the (6.3) TSC-SWBNNT at the temperature of 1300
K. This value occurs at the energy of -5.2 eV. As the values of
ZT are larger than 1, especially at high temperatures, one can
conclude that (6, 3) TSC-SWBNNTs is suitable selection as a
thermoelectric material.
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