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Structural, electronic, and optical properties of a new combined system of carbon and boron nitride nanotubes are studied using
the DFT first principles as implemented in Quantum ESPRESSO codes. The corrections to the quasi-particle energies were studied
via GW hybrid functional implemented in the YAMBO code within the many-body perturbation theory. The studies were
performed under different interwall distances of 3.0 nm, 2.5 nm, and 1.5 nm between CNTs and BNNTs. The results showed that
the structural properties demonstrated high stability of the double-walled carbon boron nitride nanotube (DWCBNNT) systems
under interwall distance (IWD) of 3.00 nm, 2.50 nm, and 1.50 nm. Results also demonstrated an inverse variation between the
IWD and the diameter of the DWCBNNT system. In terms of the electronic properties, all three configurations of the
DWCBNNTs reveal semiconducting behavior under KS-DFT showing a direct band gap of 3.30eV, 1.79 eV, and 0.81 eV under
IWD of 3.0 nm, 2.5 nm, and 1.5 nm, respectively. Furthermore, the band gap of the DWCBNNT increases with an increase in IWD
(decrease in inner tube diameter) and decreases with a decrease in IWD (increase in inner tube diameter). In all three cases, the
bands are formed by the molecular orbitals of the armchair CBNNT which are transformed to a series of continuous energy levels;
the behaviors of electrons that formed the heterostructure are related to the behavior of electrons in B, C, and N atoms. From the
optical properties perspective, the studies were conducted in parallel and perpendicular directions to the nanotubes’” axes. The
presence of static dielectric functions in parallel direction at 3.3, 3.4, and 4.5 for nanotubes under 3.0 nm, 2.5nm, and 1.5nm
demonstrated optical refraction. Refractions were also observed in directions perpendicular to the nanotubes. Furthermore,
optical reflections occur when there is a higher absorption. The ability of these CBNNT hybrid systems to refract in all directions
revealed the most exciting properties of the armchair CBNNT suitable to be used in magnifying glass materials. The findings
further imply that the optical absorption coefficient is inversely related to the diameter of the nanotubes and is directly correlated
to the band gap.
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1. Introduction

Carbon nanotubes (CNTs) are fundamentally exciting ma-
terials for solid-state physics because of their novel elec-
tronic structure and relatively massless Dirac-fermion
characteristics [1]. When two-dimensional (2D) graphene is
rolled up into a tubular seamless cylinder, the CNTs are
formed with excellent electrical, mechanical, thermal, op-
tical, and magnetic properties [2]. The CNT was discovered
in 1991 by Leo and Seo [3], and today they are considered as
promising materials for the next-generation optoelectronic
devices. On the other hand, boron nitride nanotube (BNNT)
is a polymorph of boron nitride (BN) and was predicted in
1994 by Chen et al. [4] and synthesized in 1995 by Li, and
since then, BNNT has become one of the most intriguing
noncarbon nanotubes. BNNTs are an isomorph of carbon
nanotubes (CNTs) with similar structural properties [5],
except for a physical difference in terms of their appearance.
The CNTs are black while BNNTS are white and sometimes
appear as yellow due to the presence of some vacancies by N
atoms. However, similar to armchair, zigzag, and chiral
CNTs, there are also armchair, zigzag, and chiral BNNTs.
Both BNNTs and CNTs are high aspect ratio nano-tubular
materials. Studies show that both BNNTs and CNTs are the
strongest lightweight nanomaterials with a very high tensile
property in the range of Terapascals (TPa). While CNTs are
metallic or semiconductors with a narrow bandwidth, the
BNNT is a very wide bandgap insulator in the range of 5-
6¢eV. The electronic band gap of BNNTs is not a function of
their chirality and diameter; thus, BNNTs provide good
insulation. Furthermore, BN material is an inorganic
compound with the chemical formula of BN and is com-
posed of an equal number of nitrogen and boron atoms. It is
isoelectronic with a graphene-like structure in which B and
N atoms are placed instead of C atoms to form a hexagonal
structure like graphite. Boron nitride is soft and a highly
resistant material found in various crystalline forms. Also, it
has a fixed electronic structure that is formed from
a graphite-like boron nitride sheet. BNNTs under the in-
duction of electrons or photons show purple or ultraviolet
luminescence while CNTs emit infrared light, and their
optical wavelength depends on chirality. Mechanically, both
BNNTs and CNTs can be applied as reinforcements, com-
posites, and metal matrix composites [6].

The design and construction of novel materials for su-
perconductivity and high computing resources have been
proved possible through the creation of new band gap
material by doping a zero band gap material with a wide
band gap material. However, the creation process through
experimental means is time-consuming, expensive, and
tedious. It can also lead to failure due to limited materials. In
order to curve this problem, scientists adopt theoretical
modeling [6] by appropriately applying computing tools to
help narrow down the choices of materials so that the
probability of success in experimental work can be achieved.
This study fabricates a hybrid hetero combination of (5, 5)
SWCNT and (5, 5) SWBNNT, called double-walled carbon
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Figure 1: Carbon boron nitride nanotubes showing intertube
distance (ITD).

boron nitride nanotube (DWCBNNT) and analyzes the
electronic and optical properties across different interwall
distances IWDs). It is different from the methods found in
literature in which carbon and boron nitride nanotubes were
aligned side-by-side known as intertube distance (ITD) as
shown in Figure 1. Other works were also done on the CNT/
BNNT combinations on the bases of interfacial regions.

The advantage of adopting the IWD over the ITD is due
to the fact that structural defects can easily be detected as
a result of new behaviors (such as gas adsorptions) of the
nanotubes. Figure 1 presents the diagram of the system
under study indicating the IWD; one of the advantages of
this method is that symmetry is achieved. The length and
chirality of the coupling systems are the same, therefore it is
easy to observe an instantaneous change in physical pa-
rameters such as a change in shape, size, and volume. A
review of the literature shows that only a few studies were
performed on the electronic and optical properties of the
CBNNT systems under different methods; these are sum-
marized in Table 1.

2. Research Methods

In this research, KohaSham equations were applied by
implementing the DFT ab initio framework within the
PerdiewBurkeErnzerhof (PBE) exchange functional. The
energy cut-off value for the construction of the plane-wave-
based set for DWCBNNT was achieved at 50 Ry, and the k-
point value which correlates to the ecut value was
1 x1x 28 k-mesh. This gives a total of 28 nk-points in the
first Brillouin zone (BZ). The norm-conserving pseudopo-
tentials were used to calculate the ion-electrons attractive
interactions. Furthermore, the GW-BSE calculations were
performed with the YAMBO code; these were used to cal-
culate the quasi-particle energies and optical properties of
the DWCBNNT systems. This is because the GW method
provides an accurate description of the electronic structure
including quasi-particle corrections [13]. A plane-wave-
based set was arranged such that the total energy conver-
gence was 5.5 107° Ry per carbon atom. In order to avoid
intertube interactions, we have created a vacuum from the
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FiGURE 2: (a) Top view, (b) slanted view, and (c) side view of armchair CBNNT under 3.0 nm IWD.

optimized lattice parameters concerning the total energy;
calculations were performed using a nonspin polarized DFT
to save computational cost. To ensure accurate results in this
study, the nanotube was appropriately relaxed to proper
geometries. The chiral/translation vectors were constructed
such that n=8, m =8 for SWBNNT, and n=m=6, 5, and 4
for SWCNT to ensure the proper armchair chirality. The
maximum force, stress, and displacements were set at
0.06eV/A, 0.06 GPa, and 6x107* A, respectively. The unit
cell volume is 5515.67 A® with lattice parameters a = 16.68 A
and c=7.68 A. The electronic and optical properties of the
DWCBNNT hetero system were studied under 3.0 nm
(Figure 2), 2.5 nm (Figure 3), and 1.5 nm (Figure 4) interwall
distance. The interwall distance (IWD) is the separation
between the wall of the outer SWBNNT and the inner
SWCNT structures. It is worth mentioning that to narrow
the band gap in the BNNT system, other attempts were
performed either by synthetic methods or by arranging the
tubes of CNT and BNNT side by side, however, in this work,
a new method of intertube coupling has been innovated in
which CNTs are coupled to the cylinders of BNNT of rel-
atively larger size to allow for IWD.

3. Results and Discussion

3.1. Structural Optimizations of Armchair DWCBNNT.
The scientific properties of the armchair CBNNT are
influenced by its mechanical, thermal, and electronic
structure. In order to obtain a well-suited hetero-
structure for this simulation, geometry optimization has
been realized. The structure of the hybrid DWCBNNT
material was optimized by selecting the nearest neighbor
distance of 1.421 A for carbon atoms and 1.47 A boron
nitride atoms, to ensure accurate calculation with re-
duced computational cost. The coordinates of the lattice
parameter were set as a;=(2.1315, 1.23062) and
a,=(2.1315, —1.23062). These coordinates help to find
the heteronanotube chirality according to the following
equation:

C =na, + ma,. (1)

The chiral translation vectors for a system of the arm-
chair DWCBNNT were, therefore, constructed by

C =5a, + 5a,. (2)

The values of n and m shown in the equation in section 2
were used for optimizing the hybrid system of (n, n) CBNNT
before relaxation. Table 2 presents the result of the structural
optimizations of the DWCBNNT under different IWDs
before and after relaxation.

As presented in Table 2, it can be mentioned that there is
an inverse variation between the IWD and the diameter of
the DWCBNNT system under study which is consistent with
other nanotube configurations reported [14]. Also, relaxing
the nanotubes does not change the nanotube translation
vector because the angle of translation for all armchair
nanotubes is 30" irrespective of the size of the nanotube; this
also demonstrated that our DWCBNNT system is
anisotropic [15].

The first geometric system of the armchair DWCBNNT
structure was optimized ensuring 3.0 nm interwall distance
(IWD) having the inner tube diameter of 6.89 A. The (7, 7)
armchair SWCNT was coupled with the (8, 8) armchair
SWBNNT, and the result obtained was the armchair double-
walled CBNNT heterostructure (DWCBNNT). Other two
configurations of the armchair DWCBNNT were obtained
via the same procedure, and the nanotube with 2.50 nm IWD
was obtained by coupling (6, 6) SWCNT with (8, 8)
SWBNNT; likewise, the nanotubes under 1.50 nm IWD were
obtained by coupling (5, 5) SWCNT with (8, 8) SWBNNT;
these are presented in Figures 2-4.

3.2. Electronic Transport of DWCBNNT. To demonstrate the
band structure of the hybrid armchair DWCBNNT system,
the Fermi energy level was chosen at the zero gamma point.
All three systems are semiconductors having a direct band
gap at the first Brillouin zone (BZ) [16]. The band structure
of armchair CBNNT heteronanotubes was studied under
three different IWD of 1.5nm, 2.3 nm, and 3.1 nm; the re-
sults are presented in Figures 5-7. The effects of IWD open
up a pseudogap of considerable eV by narrowing the band
gap of SWBNNT by SWCNT [16]. As presented in
Figure 5(a), a semiconducting property can be observed in
the armchair CBNNT hetero nanotube with 3.0 nm IWD.
The band gap obtained here is 3.30 eV under KS-DFT while
3.1 eV was obtained for the same structure with Gy, Wyquasi-
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FIGURE 3: (a) Top view, (b) slanted view, and (c) side view of the armchair CBNNT under 2.50 nm IWD.
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FIGURE 4: (a) Top view, (b) slanted view, and (c) side view of armchair CBNNT under 1.50 nm IWD.

TaBLE 2: DWCBNNT before and after relaxation.

IWD (nm) Diameter (A) Chiral vector Translation vector
Before relaxation

3.00 9.56 34.10 2.46

2.50 8.15 25.58 2.46

1.50 6.85 21.32 2.46

After relaxation

3.00 9.58 34.17 2.46

2.50 8.19 25.68 2.46

1.50 6.89 21.42 2.46

particle corrections which is blue-shifted. This result is
consistent with the characteristics of Gy W,, calculations, i.e.,
yielding small band gaps [17]. The corresponding density of
states is presented in Figure 6(b). The effects of IWD can be
easily observed by comparing the bands’ structure of
Figure 5(a) with Figures 6(a) and 7(a), and the corre-
sponding density of states is shown in Figures 6(b) and 7(b).
At the equilibrium gamma points, no bands are seen
crossing the Fermi level or intersections at the Dirac point as
such all the structures can be regarded as semiconductors
[18]. For the case of armchair CBNNT calculated with
2.30nm IWD, results are shown in Figure 6(a). There is
a relatively narrow band gap than the results obtained in
Figure 5(a). The energy states were seen a bit far from the
Fermi level due to the decrease of IWD from 3.0nm to

2.30 nm. This resulted in the creation of a narrow band gap
of 1.79eV (1.8eV with GyW,;). A narrower band gap of
0.81 eV (1.01 eV with G,W,) was obtained when the IWD is
further reduced to 1.50nm as shown in Figure 7(a). This
indicates that shorter IWD encourages more interaction
between carbon atoms towards narrowing the band gap of
the armchair CBNNT system [19]. Just like carbon nano-
tubes, diameters of armchair CBNNTs can be obtained by

d=i\/n2 +nm + m?, (3)
m

where a is the lattice constant in armchair CBNNT. The
results of the effects of IWD on the electronic band gaps are
shown in Table 3.

As presented in Table 3, it is evident that increasing the
IWD widens the band gap up to some limits before the
breaking of the bond. In all three cases, the bands are formed
by the molecular orbitals of the armchair CBNNT which are
transformed to a series of continuous energy levels [20], and
the behaviors of electrons that formed the heterostructure
are related to the behavior of electrons in B, C, and N atoms.
Bands are formed in Figures 5, 6(a), and 7(a) because the
discrete energy levels are perturbed through the quantum
mechanical effects of IWD and the occupation of the valence
bands by many electrons. As observed in Figures 5(a) and
6(a), the highest energy in the valence band and at the same
magnitude as the lowest energy in the conduction band are
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TaBLE 3: Effects of IWD on the electronic properties of DWCBNNT.

Structure IWD (nm) Inner diameter (A) DFT bandgap (eV) Gy W, bandgap (eV)
CBNNT 3.00 7.10 3.30 3.10
CBNNT 2.30 7.60 1.79 1.80
CBNNT 1.50 8.00 08.1 1.01

thus at the same momentum which allows the re-
combination of holes and electrons when the transition takes
place. As such a direct band gap [21] is formed, momentum
is conserved and energy is released in the form of light.

The quasi-particle band gaps are formed from the weak
interactions of SWCNT and SWBNNT atoms which are
renormalized to smaller values in the presence of dielectric
substrates of boron nitride nanotubes [22]. The narrowing of
the band gap is due to the polarization-induced screening
effects which change the correlation energy of the SWCNT
orbitals which stabilizes the valence band [23]. To further
confirm the electronic properties obtained from pseudo-
calculations presented above, we have carried out studies of
the number of occupations by electrons that take part in the
interaction process. The studies of the electronic density of
states (DOS) help us to understand more about the energy
level distributions that can be occupied by electrons in the
quasi-particlehetero-structure. This is achieved by revealing
the number of different states in the particular energy level
allowed to be occupied by excitons.

Figures 5(b), 6(b), and 7(b) demonstrate the total density
of states for the CBNNT systems under IWD of 30 nm,
2.30nm, and 1.50 nm, respectively with the GoW, method.
All the figures reported zero DOS at the Fermi energy level
which confirmed the semiconducting properties of the
hybridized armchair CBNNT system. As presented in
Figure 6(b), the energy states were seen a bit far from the
Fermi level due to a decrease of IWD from 3.0nm to
2.30 nm. This results in the creation of a narrow band gap of
1.80 eV. More bands are seen in the conduction band than in
the valence band because of the screened excitation by P’
orbitals of the C atom. Similarly, a band gap of 1.01 eV was
obtained in the case of 1.5 nm as shown in Figure 7(b). Based
on the results obtained, our computational results revealed
that increasing the IWD widens the band gap of the system
of the armchair CBNNT heteronanotubes [24]. The results
obtained are consistent with the previous ones obtained by
other methods [25]. Therefore, by examining the band
structure and the density of states, we can mention that as
the IWD of the armchair CBNNT increases, the band gap
increases while the DOS decreases [26].

3.3. Optical Properties of the Armchair DWCBNNT. In order
to understand the precise properties of low dimensional
materials that will make them suitable for next-generation
nanoscience and technology, it is necessary to figure out its
response to interactions with incident electromagnetic en-
ergy; this is called photon energy [27]. When an incident
light impinges on a material, some of it is refracted, some are
absorbed, and some are transmitted and so on depending on
the nature of the material. The number of incident photons

refracted, transmitted, absorbed, reflected, or conducted by
a material reveals its suitable area of application. The study of
the optical properties of solids is essential for analyzing their
atomic and electronic structure. In this research, optical
properties in terms of electron-electron interactions are
studied using the random phase approximation (RPA); this
deals with the real and imaginary parts of the dielectric
function, refractive index, extinction coefficient, electron
energy loss function, optical absorption, and optical con-
ductivity. Nanotube structures exhibit different responses to
electromagnetic radiation in different directions.

3.3.1. Complex Dielectric Functions. We use the complex
dielectric functions to report the optical properties of the
hybrid armchair CBNNT systems under different IWDs.
This is achieved through the description of the nanotube
response from the incident electromagnetic fields which in
turn is a function of the band structure of the CBNNT
systems. Full descriptions of the real and imaginary di-
electric constants for the armchair CBNNT heterosystem are
presented in Figures 8 and 9. The studies were conducted for
the incident photon in both parallel (z-direction) and
perpendicular (x-direction) to the nanotube axis. Figure 8
presents the real spectrum of the dielectric function; as can
be seen, the presence of peaks was observed along the
nanotubes at 3.5, 3.5, and 4.5 for 3.0nm (Figure 8(a)),
2.30nm (Figure 8(b)), and 1.50nm (Figure 7(c)), re-
spectively. Lower peaks can also be observed in the per-
pendicular direction of all three nanotube configurations.
The presence of these peaks confirms the dielectric func-
tions; similarly, the presence of peaks in both parallel and
perpendicular directions demonstrates that our CBNNT
systems respond to electromagnetic waves in all directions.

From the diagram of the imaginary dielectric functions
presented in Figure 9, under 3.0 nm IWD, a bound state can
be observed at 3.2eV and 3.3eV in parallel and perpen-
dicular directions, respectively. This is the threshold for the
optical and band gap for this nanotube. Furthermore, the
values agreed well with the band gap obtained under 3.0 nm
IWD (see Figure 2); this further confirmed our earlier claim
that the nanotube response incident electromagnetic fields
are a function of the band structure. Other bound states
obtained are 1.6 eV and 0.9 eV under 2.30 nm and 1.50 nm,
respectively. These are shown in Figures 9(b) and 9(c), re-
spectively. The optical absorption edges can be confirmed by
the presence of the raise in the peaks below 5eV in the
imaginary dielectric and as well as constant behavior above
15eV. In the parallel directions, three peaks were observed
in Figure 9(b) under 2.30 IWD; similarly, two other peaks
were observed in Figure 9(c). These are due to the intraband
transitions (absorption by free electrons). When compared
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under different IWDs, it can be reported that the higher
dielectric function is observed for 1.50 nm which has the
smallest IWD and larger diameter, as such dielectric func-
tion is inversely related to the diameter of the nanotube.
There are also direction variations between the dielectric
functions and the intensity of the band gap. Furthermore,
the imaginary dielectric function is partly the result of the
actual transfers between occupied and unoccupied states. It
can also be reported that the interband transition is because
of the excitations at the absorption edges. Also, absorptions
are higher in the parallel than perpendicular direction for all
the nanotube configurations.

3.3.2. Electron Energy Loss. The calculated energy loss
function was presented in order to further study the energy
released by an electron upon exiting another band. The
results were shown in Figure 9; different photons combined
to excite with different frequencies. This may further help us
to understand the absorption peaks in both systems of our
CBNNT nanotubes. There is a greater loss of energy in the
parallel direction; this can be justified by the peaks at the
intensity of 1.9 (Figure 10(a)), 1.89 (Figure 10(b)), and 1.99
(Figure 10(c)). Virtually, the amount of energy loss under

3.0nm, 2.30nm, and 1.50 nm is approximately the same.
This amount of energy loss is due to the high interactions of
photons  with  electromagnetic  radiation. ~ Smaller
n-electronic peaks were also seen in all cases of perpen-
dicular to the tube axis with predominantly higher Plasmon
peaks in the parallel directions. However, more energy is lost
in the perpendicular direction, hence less absorption.

3.3.3. Optical Refraction and Extinction. As per the litera-
ture, the refraction properties of nanomaterials are analyzed
in terms of the crystallographic structure and velocity of the
incident photon. We define the static refractive index as the
value of the index of refraction at zero energy level [27]. This
value of the static refractive index is equal in magnitude to
the value of the static dielectric constant [28]. In this study,
we report the static refractive indices of the armchair
CBNNTunder 3.0 nm, 2.50 nm, and 1.50 nm IWD; results so
far obtained are presented in Figure 11. For all three con-
figurations, the refractive index reaches a minimum value
between 7 and 8eV; the refraction also becomes constant
from 17.5eV. Therefore, reflection is increased in these
regions; refractions are also recorded in both directions.
Therefore, all three systems can be regarded as transparent.
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However, the systems in Figures 11(a) and 11(b) demon-
strate lower refraction than the system in Figure 11(c);
therefore, CBNNT under 1.50nm is regarded as more
transparent. Furthermore, it can be inferred that the optical
refractive index is a function of the real dielectric constant
based on the similarities with static dielectric values. The
ability of this hybrid system of the CBNNT to refract in all
directions revealed the most exciting properties of the
armchair CBNNT to be applied for use in magnifying glass
materials [29]. The lowest refractions are recorded in both
systems; also, the refraction becomes generally constant
from 15 eV, as such the CBNNT demonstrates low refraction
generally in the visible range. Furthermore, the refractive
index decreases with the increase in incident photon energy
after 5eV; here, the phase velocity of the passing light is
higher than the speed of light in a vacuum; this behavior is
called normal dispersion [30]. This provides the photo-
luminescence phenomenon in CBNNT.

The coefficient of extinction in Figure 12 similarly shows
that there is a gap in both directions of the incident light, and
the peaks are in the range of 7 eV. In this energy range, there
is a maximum drop in the amplitude of the incident wave for
hybrid CBNNT. While a more uniform behavior is seen in
perpendicular directions, the amplitudes of the electro-
magnetic waves are higher in parallel than in perpendicular
directions.

As presented in Figures 12(a) and 12(b), the higher
transmission of a photon is seen in direction parallel to the
nanotube axis; meanwhile, more peaks appeared in the
system of Figure 12(c) which demonstrates more trans-
missions. The coefficient of extinction for CBNNT was seen
to be in one region only (Figure 12(a)); however, after in-
creasing the IWD, many peaks appeared (Figure 12(c)).
There are also transmissions in perpendicular directions.
From our results, it can be reported that CBNNT transmits
photons in all directions. Because of the effects of IWD, the
system in Figure 12(c) has higher transmission than the
system in Figure 12(a). The transmission properties of this
new system of CBNNT bring it to use as sensors for mobile
phone touch screens [31]; also, the transmission has in-
creased from ultraviolet to the visible range region.

3.3.4. Reflection. The spectrum of optical reflection for the
armchair CBNNT under different IWDs is presented in
Figure 13. According to this spectrum, armchair CBNNT
generally demonstrated lower reflection than refraction. As
can be seen, the highest intensity of the reflection is 0.25
(Figure 13(a)) as compared to the highest refraction peak of
2.4 in Figure 13(c). Maximum reflection was observed at the
energies in which the highest absorption occurs. For ex-
ample, the maximum reflection under 3.0 nm in the parallel
direction is 2.12 at 5eV; this corresponds to maximum
absorption of 20x10"®cm ™" in the absorption spectrum of
Figure 14(a). Lower reflections observed in the perpendic-
ular directions to the nanotube axes demonstrated the
nanotubes’ high aspect ratio. Generally, decrease in the IWD
increases reflection peaks, for example, in Figure 13(a),
smooth peaks are seen for CBNNT under 3.0 nm; as the IWD
is further decreased to 2.30 nm (increase in the tube di-
ameter), more peaks appear as shown in Figure 13(b).
Further increases in reflection peaks are observed in
Figure 13(c) due to a further decrease in the IWD to 1.50 nm.
This means that the reflection coefficient has an inverse
relation with the nanotubes’ diameter and is directly related
to the IWD. The rise and fall in the reflection peaks in the
energy range from 2.7eV to 17 eV which demonstrate the
CBNNT’s ability to serve as a potential candidate for the next
generations’ optoelectronic chips. Furthermore, the re-
flection occurs in the range of ultraviolet region which
suggests its potential for quality control in the beverage
industry and chemical research.

3.3.5. Optical Absorption. The absorption spectrum of
armchair DWCBNNT under different IWDs is shown in
Figure 14. From the figure, the allowable optical transitions
of the electron between the empty states of the conduction
band and the filled states of the valence band were observed.
The threshold energy for the transition in the absorption
spectrum corresponds to the gap size in the band structure of
CBNNT nanotubes, and it means that the electrons are
excited and make a transition by getting the lowest energy
that is larger than the band gap value. The comparison
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between different nanotubes with various diameters also
indicates that the highest absorption is associated with the
armchair DWCBNNT nanotube under 3.0 nm (Figure 14(a))
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which has the smallest diameter and largest gap, and the
lowest absorption is correlated to the armchair DWCBNNT
nanotube which has the largest diameter and the smallest
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gap (Figure 14(c)). These findings imply that the optical
absorption coeflicient is inversely relevant to the diameter of
the nanotubes and is directly correlated to the band gap.

4. Conclusions

In conclusion, we have performed DFT calculations on the
hybrid DWCBNNT heteronanotube under different IWDs.
Due to the effects of IWD, new features were observed in the
DWCBNNT system which makes it as a potential material for
advanced applications. Calculations of the electronic band
structure revealed that the band gap varies directly with the
IDW and inversely with the inner tube diameter, for example,
aband gap of 3.3 eV (KS-DFT) was obtained under 3.0 nm and
0.81eV (KS-DFT) was obtained under 1.5nm. Results from
quasi-particle corrections with a one-shotGyW, method in-
dicated a blue shift under 3.0nm and a red shift with 2.3 nm
and 1.5nm, respectively. In all three cases, the bands are
formed by the molecular orbitals of the armchair CBNNT
which are transformed into a series of continuous energy levels.
The behaviors of electrons that formed the hetero-structure are
related to the behavior of electrons in B, C, and N atoms
because the discrete energy levels are perturbed through
quantum mechanical effects of IWD and the occupation of the
valence bands by many electrons. Moreover, the studies were
conducted for the incident photon in directions both parallel
(z-direction) and perpendicular (x-direction) to the nanotube
axis. The presence of peaks in both parallel and perpendicular
directions demonstrates that our CBNNT systems respond to
electromagnetic waves in all directions. Virtually, the amount
of energy loss under 3.0nm, 2.30nm, and 1.50nm are ap-
proximately the same, which is due to the high interactions of
photons with electromagnetic radiations. Generally, the rise
and fall in the absorption peaks, higher refractions, and re-
flections behavior reveal the potential of this material to serve as
the next generation’s optoelectronic devices.
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