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different parts of this nanotube. The energy range is from -5.5 eV to +5.5 eV. Based on
the obtained results, increasing the temperature and the impurity injection makes the band
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and electrons and their decreased localization. As the temperature increases, the height of
the thermal conduction peaks increases. However, the thermal conduction values are
generally in the range of 10”° nanoscale. The merit of figure (ZT) values increased with
the increase of temperature, with the highest values obtained at 1300 K. The high ZT
values, especially at high temperatures, indicate that (6, 0) TSC-SWBNNT is appropriate
to be chosen as a thermoelectric material.

1 Introduction

Applying a temperature difference between the two
ends of a material excites the charge carriers on the hot
side of the material by absorbing energy. As a result, it
moves them from the hot side of the material to its cold
side. As the carriers accumulate in the cold part of the
material, the charge neutrality is lost, and an internal
electric field is formed to prevent further carrier
migration. Finally, the balance is achieved, and an
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electric voltage difference is created along the material
length according to the temperature gradient [1-2].

The coefficient of merit (ZT) is an essential
thermoelectric property that depends on thermal and
electrical conductivity. High ZT requires low thermal
conductivity, high electrical conductivity, and a high
Seebeck coefficient [1, 3].

In addition, an increase in temperature causes an
increase in ZT. In this respect, the conduction of
phonons is different from the conduction of electrons.
The mean free path of electrons is only from a few A to
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a few nanometers. On the other hand, the mean free path
of phonons has a large range from a few nanometers to
several hundred micrometers, depending on the crystal
structure and microstructure of the material. Therefore,
scattering sites with length scales larger than a few
nanometers cannot affect electrons much, while they
can effectively scatter phonons with comparable mean
free paths. Hence, this phenomenon is an effective
solution to reduce the thermal conductivity of the lattice
and has little effect on electrical conductivity. This
method is called nanostructured or small-size
thermoelectric [1, 4-8].

Nanotubes are particular types of nanostructures. Since

the production of carbon nanotubes by Ijima in 1991,
these nanotubes have become the focus of research in
various fields regarding their unique tubular structure
and excellent properties [9]. Nanotubes always have
been of interest in terms of electronic and
thermoelectric transport. Carbon nanotubes have unique
mechanical, electrical, properties.
Accordingly, they can be used to make transistors and
transmission the generated heat [1, 10]. Phonons play a
large role in the thermal conductivity of nanotubes. The
contribution of phonons to the thermal power of carbon
nanotubes is a hundred times higher than the
contribution of electrons [1, 11]. Among other types of
nanotubes, the boron nitride nanotube has better
electrical and thermal properties than the carbon
nanotube. Also, the boron nitride nanotube has high
biocompatibility.

and thermal

Boron nitride nanotubes are structurally similar to
carbon nanotubes: carbon atoms in a hexagonal plane
are alternately replaced by B and N atoms with almost
no change in atomic distance. These nanotubes were
theoretically predicted in 1994 and synthesized a year
later via electric arc discharge [9, 12]. Unlike carbon
nanotubes, boron nitride nanotubes are -electrical
insulators with a band gap of about 5.5-6 eV,
independent of the diameter, chirality, and number of
nanotube walls [13]. It has also been reported that for
zigzag boron nitride nanotubes with a diameter smaller
than 1 nm, their band gap is affected by radius changes
[14].

Due to the polar nature of the B-N bond, boron nitride
nanotubes can form a stronger bond with polymers [15].
Regarding thermal properties, the thermal conductivity
of boron nitride nanotubes competes with carbon
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nanotubes of the same diameter [16]. In addition, boron
nitride nanotubes show better thermal stability. The
oxidation reaction of carbon nanotubes takes place at
500°C in air, while boron nitride nanotubes are resistant
up to 900°C under the same conditions [17-18]. The
high absorption of neutrons by boron makes boron
nitride nanotubes suitable to use in shielding materials
against neutron radiation, which can lead to catastrophic
failure for human space missions [19-20].

Zigzag and armchair boron nitride nanotubes doped
with carbon were investigated in terms of electronic
structure and compared with pure boron nitride
nanotubes [21]. The results confirmed that carbon
substitution with boron and nitrogen in boron nitride
nanotubes reduced the conduction energy band gap
from 5.1 to 1.3 eV compared to pure boron nitride
nanotubes, thereby increasing its electron transport
ability. However, there are studies on producing
intrinsically doped boron nitride nanotubes without
using external effects [22].

The boron nitride nanotube is composed of two
elements (i.e., nitrogen and boron). Therefore, the bond
partially the
electronegativity between these two elements. This
electronegativity causes a band gap of 5-6 eV for this
boron nitride nanotube, which does not depend on its
chirality and diameter [1, 13, 23]. Considering the wide
applications of boron nitride nanotubes, in this paper,
the thermoelectric properties of two sided-closed
single-walled boron nitride nanotube (TSC-SWBNNT)
with chirality (6, 0) between two electrodes made of
(5,5 investigated. The
experiments were conducted at different temperatures
(200, 300, 500, 700, 900, 1100, and 1300 K) and by
injecting the impurity of a single carbon atom instead of
nitrogen and boron in different parts of this nanotube.
The energy range is from -5.5 eV to +5.5 eV. For this
purpose, tight-binding approximation
equilibrium Green’s function approach (NEGF), Slater-
Koster [24-25], and Force Field [24, 26] methods were
used. Finally, a reliable ATK software package was
used for the simulation [27].

between them is ionic due to

carbon nanotubes are

and non-

2 Simulation and model

According to Fig. 1, the total number of atoms of
nitrogen and boron in the (6, 0) TSC-SWBNNT is 112.
According to Fig. 2, the diameter of the (6, 0) TSC-
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SWBNNT is about 5.8 A, and its length is about 19.9 A.
Both sides of the (6, 0) TSC-SWBNNT are closed with
boron and nitrogen atoms as pentagonal and hexagonal
structures. The (6, 0) TSC-SWBNNT axis is considered
parallel to the z-axis.

Figure 1. Device made with pure (6, 0) TSC-SWBNNT and two (5,
5) carbon nanotube electrodes on both sides.

Figure 2. (6, 0) TSC-SWBNNT.

According to Figs. 3a-3f, the carbon atom has replaced

boron and nitrogen atoms in parts of the central (Figs.
3a and 3b), left (Figs. 3c and 3d), and right (Figs. 3e and
3f). Because the atom of carbon has one electron more
than the atom of boron, by swapping the atom of carbon
with the atom of boron, one electron is injected into the
(6, 0) TSC-SWBNNT. This impurity can convert (6, 0)
TSC-SWBNNT into an n-type semiconductor. Besides,
the carbon atom has one electron less than the nitrogen
atom. By swapping the carbon atom with the nitrogen
atom, a hole is injected into the (6, 0) TSC-SWBNNT,
and this impurity can convert the (6, 0) TSC-SWBNNT.
0) into a p-type semiconductor [28-29].

Due to the large number of atoms, suitable simulation
software can be used in this case. One of these software
packages is Quantum ATk software, which is used in
this article. This research employs non-equilibrium
Green’s function approach and tight-binding
approximation, Slater-Koster [25], and Force Field [26]
methods. Pentagons and hexagons, which are made of
nitrogen and boron atoms, close both sides of this

nanotube. The (6, 0) TSC-SWBNNT axis is parallel to
the axis of z. The Mesh cut-off is 150 Rydberg [30-31]
during the simulation procedure. Brillouin zone was
considered with K-point, 1x1x100 [24, 32]. Tolerance
of the force of 0.01 eV/A with a maximum step of 500
was

Figure 3a. Device made with (6, 0) TSC-SWBNNT with carbon
atom impurity instead of boron atom in the center and two (5, 5)
carbon nanotube electrodes on both sides.
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Figure 3b. Device made with (6, 0) TSC-SWBNNT with carbon
atom impurity instead of nitrogen atom in the center and two (5, 5)
carbon nanotube electrodes on both sides.

Figure 3c. Device made with (6, 0) TSC-SWBNNT with carbon
atom impurity instead of boron atom on the left side and two (5, 5)
carbon nanotube electrodes on both sides.
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Figure 3d. Device made with (6, 0) TSC-SWBNNT with carbon

atom impurity instead of nitrogen atom on the left side and two (5,

5) carbon nanotube electrodes on both sides.

Figure 3e. Device made with (6, 0) TSC-SWBNNT with carbon
atom impurity instead of boron atom on the right side and two (5, 5)
carbon nanotube electrodes on both sides.

Figure 3f. Device made with (6, 0) TSC-SWBNNT with carbon
atom impurity instead of nitrogen atom on the right side and two (5,
5) carbon nanotube electrodes on both sides.

used to optimize the device. In addition, the carbon
nanotube (5, 5) with a repetition number of 1x1x4 was
used in the electrodes. After making the (6, 0) TSC-
SWBNNT device and optimizing and making the
mentioned settings, the program was implemented. The
function of transmission T (E, V) with bias voltage V
and energy E according to NEGF relationships is
obtained using the following formula [33-34]:

T(E,V)

= Tr[[,(V)GR(E, V)[R (V)GA(E, V)], €Y
where GR and G* are the retarded and advanced Green
functions of the central scattering region, respectively.
Ig = i[Zf(R)(E ) — Zf(R)(E )] is broadening function,
Zf(R)(E ) and Zf(R)(E ) are the self-energies of the
central scattering region that include all effects of the
electrodes [33-34].

The current of the system is given by the Landauer-
Butikker relationship [34-36]:
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2
1) =5 [ - )

— f(E —ur)IT(E,V)dE, (2)
where h is the Planck’s constant, e is the electron
charge, f (E — ﬂL(R)) is a function of the Fermi
distribution of electrons in the left (right) electrode, and
UL(r) s the electrochemical potential of the left (right)
electrode [34-36].

In the linear response area, thermoelectric coefficients
are obtained by applying a voltage difference (dV) or
temperature difference (dT) between two electrodes
from the following relations. Electrical conductivity
(Ge) is obtained from the following equation [34-36]:

_dl

G, =— .
¢ dVlgr=o

(3)

The Peltier coefficient is obtained from the following
relationship [34-36]:

I
n=-2

; @

dT=0

The Seebeck coefficient (thermal capacity) is [34-36]:

=7 5)

The coefficient of thermal conductivity, i.e., the sum of
the thermal conductivity coefficient of a phonon and the
thermal conductivity coefficient of the electron, is as
follows [34-36]:

dl,

K=Ke+1cph=—dT ,
=0

(6)

where the thermal current is obtained from the
following relationship [34-36]:
lo =dQ/dT. @)
Considering the above thermoelectric coefficients, the

dimensionless coefficient of merit (ZT), is derived as
[34-36]:
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G,S2T
2T =~ —. (8)

3 Results and discussion

In this paper, thermoelectric properties of (6, 0) TSC-
SWBNNT at different temperatures of 200, 300, 500,
700, 900, 1100, and 1300 K and applying impurity of
carbon instead of nitrogen and boron in three states of
the right, left and center sides of this nanotube are
investigated. Figures 4a-4g illustrate the electrical
conductivity (Q') of (6, 0) TSC-SWBNNT in the
impurity of carbon states instead of nitrogen and boron.
In all figures, the right half of the curves is longer or
equal to the left half of the same curve, suggesting the
almost equal density of charge carriers in both valence
and conduction bands. In all these shapes, the height of
the peaks decreased with increasing temperature [1,28].
As a result, these electrons and holes have moved more
towards the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital
(HOMO) levels, reducing the band gap and increasing
the conduction. The number of excited phonons
increases as temperature rises, preventing the easier
passage of charge carriers and thus reducing electrical
conductivity. Also, as the temperature rises, the number
of peaks decreases, indicating that the electrons and
holes mobility has increased while their localization has
decreased. With the increase in temperature, the band
gap has also decreased significantly. In this respect, the
largest decrease can be seen at the temperature of 1300
K in Figs. 4a-4g. By substituting the carbon atom
instead of boron (and because the carbon atom has one
electron more than boron) and injecting this extra
electron, the nanotube becomes an n-type
semiconductor [11, 37-38]. Hence, the band gap from
the right side decreases noticeably. Moreover, by
substituting the atom of carbon instead of the atom of
nitrogen and considering that the atom of carbon has
one electron less than the atom of nitrogen, the (6, 0)
TSC-SWBNNT turns into a semiconductor of p-type
[11,37-38]. As a result, the band gap decreases more
from the left side. The greatest decrease in band gap and
change in electrical conductivity is related to Figs. 4b
and 4c at 1300 K temperature, where the carbon atom is
placed in the center instead of boron and nitrogen

atoms, respectively [28]. Notably, the effect of this
impurity in the center is more visible than the impurities
on the right and left sides. This result is attributed to
replacing carbon atoms instead of boron and nitrogen
atoms and converting the nanotube into n- and p-type
semiconductors, respectively, and the higher density of
holes and electrons at both ends of the nanotube and
near the boundaries.

Conductance Q!

Figure 4a. Electrical conductivity of (6, 0) TSC-SWBNNT without
impurities at different temperatures

Conductance Q!

Figure 4b. Electrical conductivity of (6, 0) TSC-SWBNNT with
carbon impurity instead of boron in the center at different
temperatures
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Figure 4c. Electrical conductivity of (6, 0) TSC-SWBNNT with
carbon impurity instead of nitrogen in the center at different
temperatures
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Figure 4d. Electrical conductivity of (6, 0) TSC-SWBNNT with
carbon impurity instead of boron on the left side at different
temperatures
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Figure 4e. Electrical conductivity of (6, 0) TSC-SWBNNT with
carbon impurity instead of nitrogen on the left side at different
temperatures
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Figure 4f. Electrical conductivity of (6, 0) TSC-SWBNNT with
carbon impurity instead of boron on the right side at different
temperatures
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Figure 4g. Electrical conductivity of (6, 0) TSC-SWBNNT with
carbon impurity instead of nitrogen on the right side at different
temperatures

Figures 5a-5g depict the coefficient of Seebeck for
different states of carbon impurity instead of nitrogen
and boron in the right, left, and center sides of the (6, 0)
TSC-SWBNNT. Figures 5a-5g are related to the
coefficient of Seebeck’s figure at different
temperatures. With the increase in temperature, the peak
number in the coefficient of Seebeck has decreased,
suggesting that the electrons’ mobility and holes
increase and their localization decreases. Nevertheless,
the most changes in the Seebeck coefficient in these
figures are in the band gap range. The peak height
increases with increasing temperature, indicating an
increase in the coefficient of Seebeck. The maximum
peak height corresponds to 1300 K in the range of -0.5
to -1.5 eV (Figs. 5a-5g). Meanwhile, the highest peak
height of the coefficient of Seebeck in these figures is
related to 1300 K and in the case of carbon impurity
instead of nitrogen in the center of the nanotube. The
maximum value of the coefficient of Seebeck is about
750 pV/K. In these figures, the lowest value of the
Seebeck coefficient is about -950 puV/K, which is
related to the impurity of carbon instead of nitrogen on
the right side of the (6, 0) TSC-SWBNNT.

Figures 6a-6g display the thermal conductivity of
different states of carbon impurity instead of nitrogen
and boron in the three parts of the right, left, and center
sides of the (6, 0) TSC-SWBNNT. As can be seen, the
altitude of the peaks increases as the temperature rises,
indicating the increase in thermal conductivity with the
temperature increase. In all figures, half of the right of
the curves is longer or equal to the left half of the same
curve, which shows the charge carriers’ density in the
valence and conduction bands. However, the thermal
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conductivity values are in the range of 9-10 nm, which
are small values. According to Eq. (8), as thermal
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L
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Figure 5a. Seebeck coefficient (thermal power) of (6, 0) TSC-

SWBNNT without impurities at different temperatures
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Figure 5b. Seebeck coefficient (thermal power)
SWBNNT with carbon impurity instead of boron
different temperatures
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in the center at
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Figure 5c. Seebeck coefficient (thermal power) of (6, 0) TSC-
SWBNNT with carbon impurity instead of nitrogen in the center at
different temperatures
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Figure 5d. Seebeck coefficient (thermal power) of (6, 0) TSC-
SWBNNT with carbon impurity instead of boron on the left side at
different temperatures
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Figure 5e. Seebeck coefficient (thermal power) of (6, 0) TSC-
SWBNNT with carbon impurity instead of nitrogen on the left side
at different temperatures
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Figure 5f. Seebeck coefficient (thermal power) of (6, 0) TSC-
SWBNNT with carbon impurity instead of boron on the right side at
different temperatures
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Figure 5g. Seebeck coefficient (thermal power) of (6, 0) TSC-
SWBNNT with carbon impurity instead of nitrogen on the right side
at different temperatures.

conductivity is in the equation denominator, ZT
increases with a decrease in thermal conductivity. Due
to the attendance of the phonon, curves in Figs. 6a-6g
have been slightly shifted upwards. The highest total
thermal conductivity is related to the impurity state of
carbon instead of nitrogen in the center (6-c), (6, 0)
TSC-SWBNNT, which has a value of 3.3 nW at an
energy value of 3.8 eV. K is the lowest of total thermal
conductivity at 1300 K, corresponding to the state
without impurities (6, 0) TSC-SWBNNT. Moreover, as
can be inferred from Figs. 6a-6g, the band gap has
decreased noticeably with temperature rise, and the
reduction is different based on the semiconductor type
in terms of carbon impurity instead of nitrogen (p) or
boron (n).

The ZT values for the (6, 0) TSC-SWBNNT are shown
in Figs. 7a-7g. These figures were drawn based on the
impurity of carbon atoms instead of nitrogen and boron
atoms in the right, left, and central the (6, 0) TSC-
SWBNNT. These figures exhibit the ZT change in
terms of temperature (K) change. With the increase in
temperature, the ZT values increased in all figures, with
the highest values related to 1300 K. With the increase
in temperature, the number of peaks decreased. This
result is caused by the greater mobility of electrons and
holes with the increase in temperature and their less
localization. Furthermore, with increasing temperature,
the length of the band gap has also decreased. The
highest ZT is related to the impurity state of a carbon
atom instead of a boron atom in the center of the (6, 0)
TSC-SWBNNT at 1300 K (Fig. 7b), which is 2.25 at an
energy of -5.2 eV. Considering the high values of ZT,
especially at high temperatures, the (6, 0) TSC-
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SWBNNT seems suitable to choose as a thermoelectric
material.
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Figure 6a. Thermal conductivity of (+ ,")TSC-SWBNNT without
impurities at different temperatures.
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Figure 6b. Thermal conductivity of (+ ,1)TSC-SWBNNT with
carbon impurity instead of boron in the center at different
temperatures.
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Figure 6¢. Thermal conductivity of (+ ,7)TSC-SWBNNT with
carbon impurity instead of nitrogen in the center at different
temperatures.
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Figure 6d. Thermal conductivity of (+ ,))TSC-SWBNNT with
carbon impurity instead of boron on the left side at different
temperatures.
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Figure 6e. Thermal conductivity of (6, 0) TSC-SWBNNT with
carbon impurity instead of nitrogen on the left side at different

temperatures.
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Figure 6f. Thermal conductivity of (6, 0) TSC-SWBNNT with
carbon impurity instead of boron on the right side at different
temperatures.
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Figure 6g. Thermal conductivity of (6, 0) TSC-SWBNNT with
carbon impurity instead of nitrogen on the right side at different
temperatures.

200K
—300K
—— 500K
— 700K
—— 900K
— 100K
—— 1300K|

Figure 7a. Merit coefficient (ZT) of (6, 0) TSC-SWBNNT without
impurity at different temperatures.
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Figure 7b. Merit coefficient (ZT) of (6, 0) TSC-SWBNNT with
carbon impurity instead of boron in the center at different
temperatures.
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Figure 7c. Merit coefficient (ZT) of (6, 0) TSC-SWBNNT with
carbon impurity instead of nitrogen in the center at different
temperatures.
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Figure 7d. Merit coefficient (ZT) of (6, 0) TSC-SWBNNT with
carbon impurity instead of boron on the left side at different
temperatures.
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Figure 7e. Merit coefficient (ZT) of (6, 0) TSC-SWBNNT with
carbon impurity instead of nitrogen on the left side at different
temperatures.
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Figure 7f. Merit coefficient (ZT) of (6, 0) TSC-SWBNNT with

carbon impurity instead of boron on the right side at different

temperatures.
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Figure 7g. Merit coefficient (ZT) of (6, 0) TSC-SWBNNT with
carbon impurity instead of nitrogen on the right side at different
temperatures.

4 Conclusions

In this research, the thermoelectric characteristics of (6,

0) TSC-SWBNNT are investigated in the state without
impurity and single carbon atom impurity instead of
nitrogen and boron atoms in the right, left, and center
side of this nanotube. The study is conducted in the
energy range of -5.5 to 5.5 eV and in temperatures of
200, 300, 500, 700, 900, 1100 and 1300 K. The overall
results of this article are as follows:

I- In all thermal power (Seebeck coefficient)
figures, the number of peaks has decreased with
increasing temperature, indicating that the
mobility of holes and electrons grows and their
localization decreases. However, the most
changes in thermal power in these figures are in
the band gap range. As temperature increases,
the height of the peaks increases, suggesting an
increase in thermal power.
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2- The highest amount of thermal power in the
thermal power figures is related to the carbon
atom impurity instead of nitrogen in the center,
which occurs at 1300 K.

3- As can be seen from the thermal conductivity
figures, the altitude of the peaks increases with
increasing temperature, indicating the increase
in thermal conductivity with increasing
temperature. Nevertheless, the values of
thermal conductivity are generally in the range
of 9-10 nm, which are small values. According
to Eq. (8), as thermal conductivity is in the
equation denominator, ZT increases with a
decrease in thermal conductivity. Due to the
presence of phonon, the curves slightly shifted
upward.

4- According to the thermal conductivity figures,
the band gap has significantly decreased with
the increase in temperature. Besides, the
amount of reduction is different based on the
type of semiconductor in terms of the impurity
of carbon instead of nitrogen (p) and boron (n).

5-  With the increase of temperature in the figures
related to ZT, the ZT values increased, with the
highest values corresponding to 1300 K. As
temperature rises, the number of peaks
decreases. This result is due to the greater
mobility of electrons and holes with the

temperature their
localization. Also, as temperature increases, the
length of the band gap also decreases.

6- Regarding the high values of 1 for ZT,
especially at high temperatures, the (6, 0) TSC-
SWBNNT seems suitable to choose as a
thermoelectric material.

increase in and less
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