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In this study, the impurity of a single carbon atom on the electronic properties of two side-closed
(6, 6) single-walled boron nitride nanotubes ((6, 6) TSC-SWBNNTS) has been investigated in
the right, left, and center of this nanotube using the Slater-Koster method and tight-binding
approximation. The non-equilibrium Green’s function approach has been used in this method.
The figures of the transmission spectrum in the impurity state of the carbon atom in the right, left,
and center of this nanotube were drawn at bias voltages of 0, 2.5, and 5 V and then compared
with those of the DOS (density of states). In energy values where the peak of the transmission
spectrum figure and the peak of the DOS exist simultaneously, the resonance state has occurred for
the incoming electron. In addition, a new electron tunneling has occurred, and the current change
can be observed as a jump and staircase state in the current figure according to the bias voltage. In
addition, due to the effect of interference in the two ends of the nanotube and the reduction of the
current in some values of the bias voltage, negative differential resistance can also be found, which

can be employed as high-speed electronic switches.
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1. Introduction

Carbon (C) nanostructures are widely used in various
applications such as electronics, drug delivery, biomedicine,
etc. due to their exceptional physical and chemical
properties. However, due to their more excellent thermal
and chemical stability and structural similarity with C
nanomaterials, boron nitride (BN) nanostructures have
attracted more attention than C nanostructures [1]. A
considerable deal of attention has focused on the unique
tubular structure and superior features of carbon nanotubes
(CNTs) in different fields since their production by lijima
(1991) [2]. Essentially, BN nanotubes (BNNTSs) are
structurally similar to CNTs; generally, C atoms in a
hexagonal plate are replaced alternatively by nitrogen (N)

and boron (B) atoms almost without a change in atomic
spacing. BNNTSs were theoretically predicted in 1994 and
synthesized after a year by electric arc discharge [3, 4].
BNNTs, unlike CNTs, are electrical insulators with a
band gap of about 5.5 — 6 eV without dependency on the
chirality, diameter, and number of nanotube walls [5]. In
2010, Wang et al. presented a brief review of the structure,
theory, and physical features of BNNTSs [6, 7]. However, the
advantages of BNNTSs over CNTs, including higher thermal
conductivity, radiation protection, insulating properties, and
non-toxicity, have led to the use of BNNTSs in many fields
like aerospace engineering, various biomedical applications,
especially the possibility of the delivery of anti-cancer
drugs, and tissue engineering. The main difference between


https://doi.org/10.57647/j.ijnd.2024.1502.11
mailto:m.reza.niazian@gmail.com

2/12 1IND15 (2024) -152411

Yadollahi et al.

Figure 1. Tool created with two (5, 5) CNT electrodes on both sides and pure (6, 6) TSC-SWBNNT.

BNNTs and CNTs is the ionic property between the
B — N bonds, changing molecular orbital configuration [8].
Although nanomaterials without defects possess attractive
physical features, in reality, defects are unavoidable, and
experimentally BNNTSs are usually not without defects
[9-13]. Such defects are vacancies, Stone-Wales defects,
and impurities with a considerable effect on the BNNTSs
properties [9, 10]. Research indicates that substituting a C
element with B or N in the BNNT. Hence, the nanotube
can be converted into an n-type or p-type semiconductor,
as an electron is added by replacement of a C atom with
B. However, a hole is made by replacement of a C atom
with N [14, 15]. Considering the rapid development of
nanofabrication methods, the amount of current can be
estimated through molecule wires, which are connected to
two electrodes [16, 17]. The rapid development of nanos-
tructure techniques allows the measurement of the amount
of current through two side-closed single-walled BNNTs
(TSC-SWBNNTSs) between two electrodes [18—22]. The
transport properties of SWBNNTSs are sensitive to defect
configuration, so theoretical and experimental research
is necessary to understand in detail the effect of defect
arrangement on their electronic and transport properties.
Therefore, the transport properties of the SWBNNTSs are
vital for fundamental research and potential applications of
the systems in future nano-electronic devices. Yadollahi
et al. [23] investigated the electronic transport properties
of (6,3) TSC-SWBNNT in the presence of C atom
impurity. In this paper, the electronic properties of (6, 6)
TSC-SWBNNTSs were investigated in pure and impurity

states. The impurity state was considered by replacing
the C atom with N and B atoms on the right, left, and
center of (6, 6) TSC-SWBNNTSs. These nanotubes have a
different chirality than the nanotubes previously studied
by Yadollahi et al. This difference is in the arrangement
of atoms, length, and diameter of nanotubes and causes
changes in their electronic properties. The figures of the
transmission spectrum, the density of states (DOS), and
bias current- voltage are drawn for each state. Further, the
presence of negative differential resistance (NDR) has been
investigated for the states as mentioned above.

2. Materials and methods

Due to the presence of many atoms in this structure, elec-
tronic properties have been studied with ATK’s reliable
simulation software. The basis of this is Python, which is

robust and high-level software. Furthermore, Slater-Koster
[24] and Force Field [25] methods, tight-binding approx-
imation, and the NEGF approach have been used in this
study). The two nanotube sides were closed via hexagons
and pentagons of N and B atoms. The TSC-BNNTs axis
is parallel to the z-axis. The mesh cut-off is 150 Rydbergs
during the simulation process [26—28]. Brillouin zone was
in 1 x 1 x 100 dimensions with K-point [29-33]. The force
tolerance of 0.01eV /A with the highest step of 500 has
been employed to optimize the device. The CN (5, 5) with
the repetition number of 1 x 1 x 4 is utilized in the elec-
trodes. Based on NEGF relations with bias voltage V and

Figure 2. Two side-closed (6, 6) SWBNNT.
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Figure 3. a) The tool created with (6, 6) TSC-SWBNNT with C atom impurity rather than two (5, 5) CNT electrodes on
both sides and B atom in the center. b) The tool created with (6, 6) TSC-SWBNNT with C atom impurity rather than two
CNT electrodes (5, 5) on both sides and N atom in the center. ¢) The tool created with (6, 6) TSC-SWBNNT with C atom
impurity rather than two (5, 5) CNT electrodes on both sides and B atom on the left side. d) The tool formed with (6, 6)
TSC-SWBNNT with C atom impurity rather than two (5, 5) CNT electrodes on both sides and N atom on the left side. ¢)
The tool generated with (6, 6) TSC-SWBNNT with C atom impurity rather than two (5, 5) CNT electrodes on both sides
and B atom on the right side. f) Tool made with (6, 6) TSC-SWBNNT with C atom impurity rather than two (5,5) CNT

electrodes on both sides and N atom on the right side.

energy E, the transmission function 7' (E, V) is:
T(E,V)=Tr[[L(V)GRE,V)[r(V)G*E, V)], (1)

where, G* and G® are the advanced and retarded Green’s
functions of the central scattering area, respectively.

Tip=i [Zf(R) (E)— Z?(R) (E )} shows the broadening func-

tion. Moreover, Z?(R) (E) and ZIZ(R) (E) represent the self-
energies of the central scattering area, which includes all
electrode effects [34, 35]. The system current is based on
the Landauer-Butikker relationship:

_26

1v)==°

[f(E—p)— f(E—pr)]T(E,V)dE. (2)
where £ is Planck’s constant and e is the electron charge. Ad-
ditionally, f(E — ,LLL(R)) and py (g) represent the electron’s
Fermi distribution function in the left electrode (right) and
the electrochemical potential of the left electrodes (right),
respectively [36-38].

3. Results and discussion

Quantum ATK provides access to robust simulation tools
to study systems, including semi-empirical tight binding,
density functional theory, classical potentials, and non-
equilibrium Green’s functions (NEGF). The program was
implemented, by creating the (6, 6) TSC-SWBNNT device
and optimizing and making the settings mentioned above.
Figure 1 displays the tool constructed with pure (6, 6) TSC-
SWBNNT and two (5, 5) CN electrodes on both sides. Ac-
cording to the figure, the total number of N and B atoms
in (6, 6) TSC-SUBNET equals 144. As seen in Figure 2,
the (6,6) TSC-SWBNNT diameter is approximately 8.6
A, and its length is about 13.6 A . Both sides of the (6, 6)
TSC-SWBNNT are closed with N and B atoms of hexago-
nal and pentagonal structures. This (6, 6) TSC-SWBNNT
axis is parallel to the z-axis. Based on data in Figure 3a
to Figure 3f, C atom was replaced with N and B atoms in
the central (Figure 3a and Figure 3b), left (Figure 3c and

Figure 3d), and right (Figure 3e and Figure 3f) sections.
Considering that the C atom possesses one electron more
than the B atom, the C atom is substituted with the B atom,
and one electron is inserted into the LUMO part of the
(6, 6) TSC-SWBNNT. Such impurity can make the (6, 6)
TSC-SWBNNT into an n-type semiconductor. In addition,
the C atom possesses an electron less than the N atom; by
substituting the C atom for the N atom, a hole is inserted
into the HOMO part of the (6, 6) TSC-SWBNNT, and this
impurity can make the (6, 6) TSC-SWBNNT into a p-type
semiconductor [39, 40]. According to the periodic table of
elements, C is more electronegative than B, and N is more
electronegative than C, therefore, by optimizing the device,
the location of the atoms changes. Replacing the C atom
with each of the N and B atoms causes the bond length
between the C atom and the surrounding atoms to change,
and the bond length of the atoms further away from the C
atom is also affected. Therefore, the two factors of creat-
ing an additional electron or hole and changing the bond
length should be considered together. On the other hand,
according to Eq. 1, the transmission coefficient is based on
two factors, namely, the electronic energy of the molecule
and the strength of the electrode/molecule coupling. Hence,
changing the bond length and converting the nanotube to n
or p type can affect the transmission coefficient.

A bias voltage from O to 5 volts has been used between the
two right and left electrodes. The transmission spectrum
within the energy range of —5 to 5 eV and with an accu-
racy of 0.1 eV has been drawn according to Figure 4a to
Figure 4f for three values of bias voltage 0, 2.54, and 5
volts. Considering that in the electronic transport pro-
cess, electrons with Fermi energy play the most crucial
role in establishing the current, we have demonstrated the
transmission coefficients around the Fermi level. The right
and left sides of the transmission spectrum figures are re-
lated to the effect of holes and electrons in the transmission
spectrum, respectively. At the energy values of +1.2 and
—1.8 eV, two peaks for the pure state can be detected in
Figure 4a, indicating the possibility of tunneling at these
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Figure 4. a) The transmission spectrum figure for (6, 6) TSC-SWBNNT at 0 bias voltage in the pure state and impurity of
one C atom with one B atom in the three sections of the right, center, and left the nanotube. b) Transmission spectrum
figure for (6,6) TSC-SWBNNT at 0 bias voltage in pure state and impurity of one C atom rather than one N atom in the
three sections of the right, left, and center of the nanotube. ¢) The transmission spectrum figure for (6, 6) TSC-SWBNNT
at a bias voltage 2.5 V in the pure state and impurity of one C atom rather than one B atom in the three sections of the right,
Left, and center of the nanotube. d) The transmission spectrum figure for (6, 6) TSC-SWBNNT at a bias voltage of 2.5 V
in the pure state and impurity of one C atom rather than one N atom in the three sections of the left, right, and center of
the nanotube. e) The transmission spectrum figure for (6, 6) TSC-SWBNNT at a bias voltage of 5 V in the pure state and
impurity of one C atom rather than one B atom in the three sections of the left, right ,and center of the nanotube. f) The
transmission spectrum figure for (6, 6) TSC-SWBNNT at a bias voltage of 5 V in the pure state and impurity of one C

atom instead of one N atom in the three sections of the left, right ,and center of the nanotube.

energy values. When the C atom replaces B or N, the height
of transmission peaks increases and this indicates the in-
creased transition probability at these points. According to
Figure 4a to Figure 4f, the band gap from the left side is
significantly reduced when the C atom is replaced by the
N atom. Especially in the impurity state on the right side,
the peak energy value decreases by 0.1 from 1.2 eV to 1.1
eV. A new hole is created when C is substituted by N, and
the (6, 6) TSC-SWBNNT becomes a p-type semiconductor.
In addition, the number of holes increases in the capacity
level, and the band gap decreases from the left side of the
figure. When C impurity is substituted for B, the band gap
slightly decreases from the right side of the figure. The
reason is that when C is placed instead of B, the (6, 6) TSC-
SWBNNT confronts an increase in electrons and changes
into an n-type semiconductor. Further, the number of the
electrons in the conduction level is increases, At the same
time, the band gap decreases from the right side of the fig-

ure. Of course, considering that by replacing C with B and
N, the length of bonds changes in the different discussed
states, the shape of the transmission spectrum curves also
changes from the left and right sides. As the bias voltage
increases, the height of the peaks decreases. In addition, the
sharpness of the peaks of the curves in Figures ??c and ??d
increased as the bias voltage increased to 2.5 V, while their
width decreased slightly, indicating that the electrons and
holes of the transmission spectrum were converted. This
state of increasing the sharpness of the peaks at the bias
voltage of 5 V can be observed in Figure 4e and Figure
4f. Furthermore, the height of the peaks in the left curves
is higher than in the right, indicating a more significant
influence of holes at negative energies than of electrons at
positive energies. Moreover, by raising the bias voltage, the
peaks height decreases, demonstrating more localization of
holes and electrons with the increase of the bias voltage.

Figures 5a and Figure 5b illustrate the DOS for the (6, 6)
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Figure 5. a) DOS figure for (6, 6) TSC-SWBNNT in pure state and impurity of one C atom rather than one B atom in the
three sections of the left, right, and center of the nanotube. b) DOS figure for (6, 6) TSC-SWBNNT in pure state and
impurity of one C atom in place of one N atom in the three sections of the left, right, and center of the nanotube.

TSC-SWBNNT in the pure and impurity states of one C
atom in place of N and B atoms, respectively, in the left,
right, and center of the nanotube. The DOS of a system
describes the number of states available for occupation in
each energy interval at each energy level [41, 42]. Based on
the comparison of DOS figures and transmission spectrum
figures, at energy points where resonance occurs between
electrons hitting the molecular levels, the peaks of the trans-
mission coefficient are close to the molecular levels, and the
electron is transported, leading to conduction occurrence.
According to Eq. 1, the transmission coefficient is based
on the electronic energy of the molecule and the electrode/-
molecule coupling strength. Thus, Green’s function, the
DOS of the coupled molecule, and the transition spectrum
change as the electronic energy of the associated molecule
represents a change. Hence, the large transmission func-
tions values are close to the molecular levels of the (6, 6)
TSC-SWBNNTs. In regular transport, it is assumed that
the electron wave function spreads regularly throughout
the system. Accordingly, when the electron’s energy is
approximately equal to the molecular alignment, a large
transmission occurs, and the electron passes through the
molecule resonantly.

Figure 6a and Figure 6b depict the current figure in terms

of bias voltage. A bias voltage between of 0 — 5 volts has
been applied between the right and left electrodes. A thresh-
old voltage is required to cause current to flow through the
device, indicating that the device is in the off state at a low
applied voltage. This is because there are no peaks in the
Fermi energy range. The step-like behavior of the I-V fig-
ures can be explained by transmission coefficient curves
(Figure 3a to Figure 3b). If Er = 0 is considered, the length
of the bias interval or the integral interval in the integral of
the total current is actually [V} /2, V}, /2]. Moreover, the
total current is the area under the transmission curve in the
bias interval [Eq. 2]. The amount of current increases sig-
nificantly when a new peak moves into the bias interval by
increased bias voltage (opens a new channel). The current
starts from the bias voltage of about 2.2 V, the amount of
which is extremely low, up to about 3.5 volts. A significant
jump in the current value can be observed for a bias voltage
higher than 3.5 V. Replacing a C atom with a B atom and
the creation of one more electron lead to the creation of an
n-type semiconductor and an increase in the electron at the
point of the presence of the C atom while a decrease in the
passing current. Moreover, in the case of the substitution of
a C atom instead of N, the current increases slightly with
electron absorption, which is caused by the formation of one

2008-8868[https://doi.org/10.57647/j.ijnd.2024.1502.11]


https://doi.org/10.57647/j.ijnd.2024.1502.11

8/12 1IND15 (2024) -152411

10000

[~~~ Impurity in the center]
— Impurity in the left

[ |-~ Impurity in the right
8000 . _ . No impurity

6000 -

—_
<
c
=
= 4000 -
2000 -
0 . T L L =
0 05 1 15 2 25 3 35 4 45 5
v
6a
10000 T T
----- Impurity in the center| 600
— Impurity in the left
8000 |-/~ Impurity in the right
- - -No impurity
6000
—_
<
<
=

Figure 6. a) The current-voltage figure for (6,6) TSC-
SWBNNT pure and impurity state of one C atom instead
of B atom in the three sections of the left, right, and center
of the nanotube. b) The current-voltage figure for (6, 6)
TSC-SWBNNT pure and impurity state of a C atom rather
than an N atom in the three sections of the left, right, and
center of the nanotube.

more hole in (6, 6) TSC-SWBNNT and creating a p-type
semiconductor. On the other hand, the length of the bonds
around the C atom changes by substituting the C atom with
N and B. In the case of this nanotube, in almost all cases
in the impurity state, the value of the passing current for
various bias voltages is higher than the current in the pure
state. As mentioned earlier, the replacement of the C atom
rather than N and B, in addition to creating the semicon-
ductors of n-type and p-type, respectively, the length of
the bonds also changes, and changes in the length of the
bonds increase the current in the impurity state compared
to the pure state both for the substitution of C with B and
for N. Additionally, due to the high density of holes and
electrons in the two ends of the (6, 6) TSC-SWBNNT near
the electrodes, as seen in Figure 6a and Figure 6b in the
center of the (6, 6) TSC-SWBNNT, the amount of current
increase is greater than the other two sides. In addition, in
Figure 6a and Figure 6b, NDR can be detected for different
bias voltages, which can be utilized as high-speed electronic
switches in electrical circuits. The (6,6) TSC-SWBNNT
is not linked to the right and left electrodes, and electrons
are only transported through tunneling. On the other hand,
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for (6, 6) TSC-SWBNNT pure and impurity state of a C
atom rather than an N atom in the three sections of the left,
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given the asymmetric distribution of N and B atoms on both
sides of the (6, 6) TSC-SWBNNT, due to the existence of
pentagons close to the right and left electrodes (the number
of N and B atoms in this pentagon is not equivalent) and
the presence of the interference effect, NDR is observable
in the current figure in terms of bias voltage.

Figure 7a and Figure 7b show the proportion of current
differential/voltage differential for bias voltage from O to 5
V. Figure 7a and Figure 7b display system conduction as
differential changes (dI / dV). The comparison of data in
Figure 7a and Figure 7b indicates that, in general, the height
of the peaks in Figure 7a is more significant that in Figure
7b; in other words, the conduction is more substantial in
the case where C is placed instead of B. Figure 7a and Fig-
ure 7b illustrate that conduction has positive and negative
values. Furthermore, in all curves, with the increase in volt-
age, there is a decrease in conductivity in some sections of
the curves, representing that the curve has a negative slope,
indicating NDR.

According to reference [23], Yadollahi et al. investigated
the electronic transport properties of (6, 3) two side-closed
SWBNNTS in pure and impurity states of C rather than

Table 1. Characteristics, diameter, and number of atoms of (6, 3) TSC-SWBNNTs and (6, 6) TSC-SWBNNTs structures.

Structure Length (A) Diameter (A) Atoms Number
(6,3) TSC-SWBNNTSs 15.6 6.1 120
(6,6) TSC-SWBNNTs 13.6 8.6 144
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Figure 8. Two side-closed (6, 3) SWBNNT.

B and N atoms in different situations. Figure 8 shows the
structure of the (6, 3) two side-closed SWBNNT. This struc-
ture contains N = 120 N and B atoms, the nanotube length
is 15.6 A, and its diameter is 6.1 A. Furthermore, in this
work, the differences in the transport properties of (6, 6)
two side-closed SWCNTSs were also examined in compared
to the (6, 3) two side-closed SWBNNTs. The investiga-
tion of transmission spectra at bias voltages of 0, 2.5, and
5 volts, both in pure and impurity states of C in place of
N and B atoms in the right, left, and central positions of
the nanotube, reveals that the number of peaks and their
heights in the (6, 6) SWBNNT structure is higher than the
(6,3) SWBNNT structure at the same voltages. This differ-
ence can be attributed to the number of atoms in the (6, 6)
SWBNNT structure and the effect of the nanotube geomet-
rical features, such as its length and diameter (see Table 1).
On the other hand, the comparison of the current passing
through the (6,3) SWBNNT and (6, 6) SWBNNT struc-
tures reveals that the current passing through the (6, 6)
SWBNNT structure is more significant than that through
the (6, 6) SWBNNT structure in both in pure and impurity
state of C instead of N and B atoms in right, left, and central

positions. For instance, at a voltage of 5 volts, the current
for the (6,6) SWBNNT and (6,3) SWBNNT structures
at the center, with C instead of B, is 9.03 x 10° nA and
2.62 x 10° nA, respectively, and with C instead of N, it is
8.69 x 10° nA and 4.24 x 10° nA, respectively (see Table
2).

Therefore, the summary of the investigations for these
two structures indicates that the transmission spectra, peak
heights, and current passing through the (6, 6) SWBNNT
structure are greater than those of the (6,3) SWBNNT
structure, in both pure and impurity conditions. According
to Table 1, the results show that the length of the (6, 6)
SWBNNT structure is smaller, and its diameter is larger
than the (6, 3) SWBNNT structure. Since conductivity is di-
rectly proportional to the length and inversely proportional
to the diameter hence, it is expected that the conductivity
in the structure of (6, 6) SWBNNT is higher than that of
(6,3) SWBNNT, and the current through it is also increased,
which agrees with the results.

Table 2. Electric current values at 5 V voltage for structures (6, 6) TSC-SWBNNTs and (6, 3) TSC-SWBNNTs.

Stracture Voltage (5V) and Current (nA)
No Impurity or Impurity No Impurity  2.62 x 103
Center 2.51x10°
Impurity Carbon instead Boron Left 5.14 x 10°
(6, 3) TSC-SWBNNTSs Right 5.85x 103
Center 4.24 x 10°
Impurity Carbon instead Nitrogen Left 1.99 x 103
Right 7.64 x 103
No Impurity or Impurity No Impurity  6.86 x 103
Center 9.03 x 10°
Impurity Carbon instead Boron Left 6.48 x 103
(6, 6) TSC-SWBNNTs Right 6.66 x 103
Center 8.69 x 107
Impurity Carbon instead Nitrogen Left 5.56 x 103
Right 5.25% 103
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4. Conclusion

In this paper, the impurity of a single C atom was
investigated considering N and B atoms in the right,
left, and center on the electronic properties of the (6, 6)
TSC-SWBNNT. With the impurity of a single C atom, the
transmission spectrum figure is changed, and the band gap
is influenced and represents a slight reduction. The band
gap was investigated in (6, 6) TSC-SWBNNTS structures in
pure and impurity states. In addition, the DOS was plotted
and compared with the shape of the transmission spectrum,
and it was also shown that at energies where resonance
occurs, tunneling of electrons, holes, and changes in the
current value can be observed. Finally, the presence of
NDR in current figures in terms of bias voltage can be used
as an advantage in the production of high-speed electronic
switch devices.
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