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the chirality of (6, 3) is selected with no impurities. The energy is considered in the range
of -5.5to 5.5 electron volts as the investigations are performed at temperatures 300, 500,
700 and 900K. The results show that increasing temperature results in significant

Keywords: reduction in the length of the bandgap. Besides, the peaks of the conduction diagram
Nanotube become smaller and their number decreases, indicating the return of more electrons and
Seebeck coefficient holes around the LUMO and HOMO bands, respectively, which leads to reduction of the
Coefficient of merit bandgap and increase in the conduction. Moreover, the seebeck coefficient (thermal

Thermal conductivity

. o power) increases to about 370 pV/K by increasing temperature to 900K. As the
Electrical conductivity

temperature increases, the coefficient of merit (ZT) increases to about 0.95, and it is
expected to experience more increase with further increase in temperature. Thermal
conductivity increases slightly with increasing temperature. However, the values of
thermal conductivity are at the nanoscale. Therefore, in general, it can be concluded that
the (TSC-SWBNNT) (6, 3) can be selected as a suitable thermoelectric material.

1 Introduction of the carriers. Eventually an equilibrium is reached and
an electric voltage difference is created according to the
When a conductor or semiconductor material is temperature gradient [2].

subjected to a temperature difference and electrical
conductivity is established in it, it is discussed in the
thermoelectric field [1]. Applying a temperature

ZT is a thermoelectric characteristic that depends on
both electrical and thermal conductivity. High ZT

. . . i high beck fficient, high electrical
difference between two ends of a material, results in fequires —igh - seebeck  coetlicient, - high electrica

increasing the energy of the charge carriers on the hot
side of the material. Hence these carriers are excited and
tend to penetrate from the hot zone to the cold zone.
With the accumulation of carriers in the cold part of the
material, the charge neutralization is lost and an internal
electric field is formed which prevents further migration

conductivity and low thermal conductivity [3].
Furthermore, increasing the temperature increases the
ZT. Phonon conduction is different from electron
conduction. The mean free path of electrons is only
from a few angstroms to a few nanometers. While,
depending on the crystal structure and microstructure of
the material, the mean free path of phonons is from a
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few nanometers to several hundred micrometers. As a
result, scattering sites with a length scale greater than a
few nanometers cannot have a considerable effect on
electrons, while they can effectively scatter phonons.
This phenomenon is known as an effective approach to
reduce the thermal conductivity of the lattice while
having a minor effect on the electrical conductivity.
This strategy is called nanostructured thermoelectrics or
small dimension [4-7].

By reducing the size of the system to nanometer
dimensions, it is possible that significant changes occur
in the electron density of states, leading to changes in
the seebeck coefficient, electrical conductivity, and
thermal conductivity. For the sufficiently small lengths,
and the effect of quantum constraint see Ref [8].

Nanotubes are one-dimensional nanostructures whose
electronic and thermoelectric transport have been
considered extensively. Carbon nanotubes (CNTs) have
unique mechanical, electrical, and thermal properties
which leads to their applications in different fields such
as construction of transistors and heat transport [9].
Phonons play a major role in the thermal conductivity
of nanotubes and are 100 times more effective in the
heat capacity of CNTs than the electrons [10]. The mean
free path length of phonons in nanotubes is estimated in
the order of micrometers. However, this length
decreases due to phonon scattering resulting from
phonon-phonon, phonon-boundary, and phonon-defect
interactions [11]. Boron nitride nanotubes (BNNTs),
with high biocompatibility properties, have better
electrical and thermal properties compared to CNTs.
They were first predicted in 1994 [12-17] and
synthesized experimentally a year later [18].

Since Boron nitride nanotubes are composed of
nitrogen and boron atoms, due to the electronegativity
difference between these elements, the B-N bonds
would be partially ionic. Caused by this
electronegativity difference, a band of 5-6 electron volts
is created for Boron nitride nanotubes, which is not
dependent on the chirality and its diameter [12-14].
CNTs are resistant to oxidation up to 500 °C, while this
temperature is 1000 °C for boron nitride nanotubes [19-
20]. Since increasing the temperature increases the ZT,
so0 a higher ZT can be achieved by further increasing the
temperature to 1000 °C for boron nitride nanotubes. In
this study, thermoelectric properties of the two sided-
closed single-walled boron nitride nanotube (6, 3)

422

((TSC-SWBNNT) (6, 3)) between two electrodes made
by (5, 5) CNTs has been examined at different
temperatures (See Figure (1)).

2 Method

In this research, the ATK simulation software is used.
According to Figure 2, the considered TSC-SWBNNT
consists of 60 N and 60 B atoms. The diameter and
length of this nanotube is about 6.1 and 15.6 A,
respectively.

In this study, Slater-Koster [21] and ForceField [22]
methods along with tight-binding approximation and
non-equilibrium Green function (NEGF) are used. The
two sides of the nanotube are closed using pentagons
and hexagons made of boron and nitrogen atoms. The
(TSC-SWBNNT) (6, 3) is connected to the electrodes
using a hexagon made of boron and nitrogen atoms. The
plate passing through this hexagon is located parallel to
the cross section of the electrodes at both sides of the
nanotube.

The axis of the (TSC-SWBNNT) (6, 3) is considered
parallel to the z-axis. During the simulation, the mesh
cut off is equal to 150 Ridberg [23-24]. Besides,
brillouin area zone K-point is considered as 1 X 1 X
100 [22-23].

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 is considered in
the range of -5.5 to 5.5 eV while the bias voltage is
selected in the range of 0 to 5 volts. CNTs with the
chirality of (5, 5) and 1 X 1 X 4 repetitions are
employed in the electrodes.

In this study, thermoelectric properties including
electrical conductivity, thermal conductivity, Seebeck
coefficient, and ZT of pure (TSC-SWBNNT) (6, 3) at
the temperatures of 300, 500, 700, and 900K are
investigated. The transmission function T (E, V)
according to the NEGF relationship with energy E and
bias voltage V is obtained by the following relation [23-
25]:

T(E,V)

= Tr[[,(V)GR(E, VT (VIGA(E, V)], (1

where GR and G* are the retarded and advanced Green
functions of the central scattering region, respectively.
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g = i[Zf(R)(E) — Z‘L“(R)(E)] is broadening function,
Zf(R)(E) and Z‘L‘l(R)(E) are the self-energies of the
central scattering region that include all the effects of

the electrodes [25-26]. System current is expressed by
the Landauer-Butikker formula [26-28]:

2e
1) =2 [ - )

= f(E — up)IT(E,V)dE, ()

where h is Planck's constant, e is electron charge,
f (E - ML(R)) is function of the Fermi distribution of
electrons in the left (right) electrode, and (g is the

electrochemical potential of the left (right) electrode
[26-28].

In the linear response thermoelectric
coefficients arising from applying a voltage difference
(dV) or temperature difference (dT) between the two
electrodes are obtained using the following equations.
Equation (3) is used to compute the -electrical
conductivity (Ge) [29-30]:

region,

_dl

G, =— .
¢ dVlgr=o

(3)
The Peltier coefficient which is used in cooling
machines is obtained as [30-31]:

. 4
1 |dT=0 )
The Seebeck coefficient (thermal power) is equal to
[29-30]:

dv |

S= =—.

TdTl_ TV )

The thermal conductivity, which is the sum of the
electron thermal conductivity and the phonon thermal
conductivity, is obtained by the following relation [29-
301

dl,

Ty (6)

K=K+ Kyp =
The heat current is obtained from the following
equation [29-30]:

I, =dQ/dT, Q)
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The dimensionless thermoelectric coefficient (ZT) is
obtained as [29-30]:

G.S°T
T = )
k

®)

In this equation G, S, T, and k represent the electrical
conductivity, Seebeck coefficient, Kelvin temperature,
and thermal conductivity, respectively.

The above relations show how applying a temperature
difference leads to a voltage difference in a
thermoelectric material. These coefficients in the linear
response area are calculated by the thermoelectric
coefficients plugged in the ATK software.

Figure 1. Device made with pure (TSC-SWBNNT) (6, 3) and two
(5, 5) carbon nanotube electrodes on both sides.

3 Results and discussion

Electrical conduction diagram of the (TSC-SWBNNT)
(6, 3) are depicted in Figure 3 at different temperatures
including 200, 300, 500, 700, and 900 K. As the
temperature increases, the movement of electrons and
ions (phonons) increases and the number of charge
carrier densities increases. This increases the
probability of electrons and phonons colliding which
reduces their mean free path of electrons and phonons.
Phonon conduction is different from electron
conduction. The mean free path of electrons is only
from a few angstroms to a few nanometers. While,
depending on the crystal structure and microstructure of
the material, the mean free path of phonons is from a
few nanometers to several hundred micrometers. As a
result, scattering sites with a length scale greater than a
few nanometers cannot have considerable effect on
electrons, while they can effectively scatter phonons.
This phenomenon is known as an effective approach to
reduce the thermal conductivity of the lattice while
having a minor effect on the electrical conductivity.
According to Figure 3, the bandgap decreases
significantly by increasing the temperature. At 200 K,
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the number of peaks observed in the graph is larger than
other temperatures. Hence, it can be concluded that
increasing temperature results in decreasing the number
of peaks. This indicates that the motion of electrons and
holes increases and their localization decreases at larger
temperatures.

As the temperature rises from 200 to 900 K, the height
of the main peaks decreases. This means that greater
number of electrons and holes are gathered in the
LUMO (highest capacity) and HOMO (lower capacity)
edges respectively for further conduction while the peak
heights are reduced at energies lower than the HOMO
band and higher than the LUMO band. At about 0.25
eV, a small conduction peak of 1 X 107° can be seen,
which slightly affects the bandgap.

Figure 4 shows the Seebeck coefficient (thermal
power) in terms of energy at the temperatures of 200,
300, 500, 700, and 900 K. It is observed that by
increasing temperature, the height of the peaks
increases while the number of peaks decreases. This
shows that although the value of Seebeck coefficient
increases at larger temperatures, the localization of
electrons and holes decreases. The maximum value of
Seebeck coefficient has increased from about 260 uV/K
in the range of 0.3 eV to about 370 uV/K in the range of
0.5 eV. Maximum of the Seebeck coefficient occurs at
the temperature of SO0K, which slightly decreases by
increasing the temperature to 900K.

Thermal conductivity of (6,3) TSC-SWBNNT at
temperatures of 200, 300, 500, 700, and 900 K is
represented in Figure 5 in terms of energy at
temperatures of 300, 500, 700, and 900 K. It is seen that
by increasing the temperature, the height of heat
conduction increases and the thermal
conductivity possesses larger values. However, the
values of thermal conductivity in Figure 5 are at the
nanoscale, which are small compared to values of the
Seebeck coefficient (see Figure 4) and the electrical
conductivity (see Figure 3).

curves

Figure 6 represents the merit coefficient (ZT) of (TSC-
SWBNNT) (6, 3) at temperatures of 300, 500, 700, and
900 K. As it can be seen in this figure, the height of the
peaks increases by increasing temperature, which
indicates an increase in ZT. Instead, the number of
peaks decreases at larger temperatures, which means
that by increasing the mobility of electrons and holes at
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larger temperatures, their localization decreases. The
maximum of ZT increases from about 0.4 at 200 K to
about 0.95 at 900 K. Furthermore, around 0.25 eV, two
small values of ZT (in order of 0.01) are observed. In
the energy of -2.25 eV, the peak is about 0.4 at the
temperature of 900K. This peak decreases by
decreasing temperature. With further increasing

temperature, it can be expected that the value of the
merit coefficient increases. This indicates that (TSC-
SWBNNT) (6, 3) can be a suitable thermoelectric
material.

Figure 3. Conductance diagrams of (TSC-SWBNNT) (6, 3) at
temperatures of 200, 300, 500, 700, and 900K.

Figure 4. Seebeck coefficient of (TSC-SWBNNT) (6, 3) at
temperatures of 200, 300, 500, 700, and 900K.
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Figure 5. Thermal conductivity of (TSC-SWBNNT) (6, 3) at
temperatures of 200, 300, 500, 700, and 900K.

Figure 6. Merit coefficient (ZT) of (TSC-SWBNNT) (6, 3) at
temperatures of 200, 300, 500, 700, and 900K.

4 Conclusions

In this study, the thermoelectric properties of pure
(TSC-SWBNNT) (6, 3) were investigated. For this
purpose, the energy range was considered as -5.5 to 5.5
eV. Besides, the simulations were performed at
different temperatures including 300, 500, 700, and
900K. The results showed that by increasing
temperature, the bandgap decreases significantly. In
addition, the coefficient of Seebeck (thermal power)
and ZT increased significantly by increasing the
temperature.

The results of this research can be summarized as
follows:

1- By increasing temperature, the bandgap decreases
significantly on both sides, which indicates
increase in the conductivity of the material. In this
study, a diode mode is used, ie the nanotube is
located between the two electrodes of the drain and
the source. If a gate voltage is also applied to the
device (Transistor mode), this will further reduce
the bandgap and other changes [31].

2- By increasing temperature and decreasing the
bandgap, more electrons and holes move towards
the band of LUMO and HOMO, respectively.
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Hence, the height of the conduction peaks and their
number decrease. Besides, the localization of
electrons and holes also reduce.

3- By increasing temperature, the Seebeck coefficient
(thermal power) increases from about 260 pV/K to
about 370 uV/K.

4- By increasing temperature, in the presence of
phonons  thermal also slightly
increases. However, its increase is as small as the

conductivity

nano (10”) range.

5- The value of coefficient of merit (ZT) increases by
increasing the temperature to about 0.95. It is
expected that by more increasing temperature, this
coefficient increases more and goes above 1.

6- According to the results, it can be concluded that
(TSC-SWBNNT) (6, 3) can be considered as a
suitable thermoelectric material.

7- The investigated nanotube is in pure state. It is
expected that the injection of various impurities can
significantly increase the value of the coefficient of
merit (ZT).
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