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First-principles density functional calculations were implemented to study the
electronic structure, optical, and magnetic properties of (10,0) Ni-combined boron
nitride BN nanotubes. BNNTs were substituted with Ni to afford the formula B1-xNixN
at (x) contents of 0.05, 0.10, 0.15, 0.20, and 0.25. The obtained calculations showed that
pristine BNNTSs have an extensive band gap of 4.12 eV. Incorporating Ni atoms in the
BNNTSs reduced the energy gap by generating additional states beyond the Fermi level
in the conduction band. Additionally, nickel dopants can cause magnetism in BNNTs,
leading to a split in the density of states. The polarized DOS diagram typically displays
noticeably different distributions, indicating that the Ni-incorporated material exhibits
magnetic properties. Optical calculations revealed that the pristine BNNT does not
have an absorption edge in the visible light region. Introducing Ni can increase the
absorption coefficient of B1-xNixN nanotubes in the visible and infrared regions of the
spectrum, thereby enhancing the material’s ability to conduct electrical current.
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1 INTRODUCTION

Group III-V semiconductors have garnered significant
attention due to their exceptional optoelectronic
properties. Among these materials, the boron nitride

is more electronegative than boron, it attracts electrons
closer to itself, creating a partial ionic bond [4].

This difference in electronegativity results in a bond
that is not covalent but rather highly ionic. This ionic

BN has attracted notable interest due to its significant
properties such as high thermal and chemical stability,
high mechanical rigidity, low dielectric constant, and
very low coeflicient of friction [1]. There are different
structural forms of boron nitride, such as bulk BN (hexag-
onal (h-BN) and cubic (c-BN)), boron nitride nanosheets
(BNNSs), and boron nitride nanotubes (BNNTs). Boron
nitride nanotubes are a type of one-dimensional nanostruc-
tured material. These materials are structurally similar
to carbon nanotubes because they substitute boron and
nitrogen atoms instead of carbon atoms. BNNTSs have
a wide energy gap of approximately 5 eV [2]. The
wide band gap of BNNTs results from the partial ionic
character of the (B-N) bond because of the differences in
electronegativity of the two elements [3]. Since nitrogen

property results in a large energy separation between the
valence and conduction bands [5]. In partial ionic bonds,
the required energy to motivate an electron from the
valence band (VB) to the conduction band (CB) is much
greater than that in covalent bonds. This high energy
requirement is the reason for the wide band gap in BNNTs.
These wide band gaps have multiple applications, includ-
ing optoelectronics, nanocomposites, thermal insulators,
and optical and biomedical applications.

Reducing the energy gap of boron nitride nanotubes
may have numerous benefits, including enhancing electri-
cal conductivity and improving optoelectronic devices, as
well as improving interactions with biological systems and
expanding the applications of nanocomposites. Several
methods have been used to reduce the energy gap of
BNNTs. Among these methods, doping involves the
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common technique of modifying a material’s electronic
properties [6,7]. Substitutional doping involves incorpo-
rating foreign atoms into the BNNT structure, altering
its electronic properties and reducing the band gap. This
technique can also change the optical properties of the
structure [8]. The doping of BN nanotubes can modify
their energy gap, resulting in a decrease in energy con-
sumption. This makes the BN nanotubes more conductive
and improves their ability to absorb light in various
spectral regions [9].

Common dopants include carbon (C), oxygen (O),
iron (Fe), cobalt (Co), nickel (Ni), and manganese (Mn).
In recent years, experimental and theoretical investiga-
tions into the electronic structure, magnetic, and optical
properties of doped BNNT systems have been conducted.
daSilvaetal. prepared and studied the effect of samarium-
doped boron nitride nanotubes [10]. Pi et al. investigated
the ability of Ni-doped BNNTSs to sense decomposed SF6
components [11]. Yuksel et al. applied DFT calculations
to study the adsorption and sensing of 5-fluorouracil
by Ni-doped boron nitride nanotubes [12]. Wang et al.
applied DFT calculations to determine the adsorption of
TCDD on Ni-doped BNNTs [13]. Habibi-Yangjeh and
Basharnavaz calculated the adsorption of HCN molecules
on Ni-doped BNNTs [14]. Tontapha et al. applied DFT
to investigate CO adsorption on Ni-doped boron nitride
nanotubes [15].

This study used first-principles calculations to in-
vestigate the electronic structure, optical, and magnetic
properties of Ni-combined BN nanotubes. Doping with
metal reduces the band gap of BN nanotubes, thereby
increasing their conductivity. Depending on the doping
of the metal, nanotubes can transform from insulating
to semiconducting or metallic conductors. Naturally,
BN nanotubes are nonmagnetic structures. Doping with
transition metals (such as iron, cobalt, and nickel) can
result in magnetic properties. The incorporation of these
metal atoms can generate local magnetic moments in the
BN lattice, leading to ferromagnetism or other magnetic
behaviors. Metal doping can produce new energy levels
within the band, improving optical properties, and might
be useful for optoelectronic applications.

2 MATERIALS AND METHODS

2.1 Computational details

The electronic structure, optical, and magnetic char-
acteristics of 10,0 BNNTs were calculated using density
functional theory (DFT). The pristine structure consisted
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of 20 boron atoms and 20 nitrogen atoms, as illustrated in
Figure 1. For incorporation, one of the boron atoms was
replaced by one of the considered nickel atoms. Boron
nitride nanotubes were substitutional doped with Ni to
afford B|_«NixN at (x) contents of 0.05, 0.10, 0.15, 0.20,
and 0.25. The generalized gradient approximation (GGA)
with the Perdew—Burke—Ernzerhof exchange-correlation
functional was used. Our calculations were performed
using "SIESTA" package [16]. The nanotube structures
were completely optimized until the force on each atom
was less than 0.04 eV/Ang. The Brillouin zone is sampled
by the Monkhorst-Pack scheme as 6 x 1 x 1 k-points along
the tube axis. The calculations were performed with a
vacuum width of 15 A to avoid interactions between
the surrounding structures. The energy cutoff for the
charge density and the wavefunction was considered to
be 200 Ry. The optical mesh size was 33 x 1 x 1 fora
one-dimensional nanotube.

Fig. 1 The pristine structure of the BN nanotube

The dielectric function was considered to determine
the optical parameters.

(1

where £ and &, refer to the real and imaginary parts of
the complex dielectric function, respectively, which can
be obtained from the Kramers-Kronig transform [17]:
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where P is Cauchy’s principal value of the integral, pij is
the dipole transition matrix element, £ lk and E f are the
first and final energy states of an electron with wavevector
k, and 7iw is the photon energy.

The dielectric function components play a significant
role in determining various optical parameters of materi-
als. Light and material can collaborate through a wide
range of wavelengths and frequencies. These parameters
were employed to calculate several optical properties
such as reflectivity (R), the absorption coefficient (@),
refractive index (n), power loss function (L), and optical
conductivity (o). These parameters can be considered
by carrying out equations (4-8) [18]:
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3 RESULTS AND DISCUSSION

3.1 Electronic structure

The electronic structures of zigzag (10, 0)B|_xNixN
nanotubes at various ( X ) rates were investigated. Be-
fore calculating the electronic structure and magnetic
properties, structural optimization of B;_yNixN was
performed. The optimization of the system was achieved
1000 times to obtain the best relaxed state. The energy-
K-point (E-K) diagram was used to investigate the elec-
tronic properties of the system. The (E-K) displays
the permitted energy levels for electrons in many re-
gions of the Brillouin zones. Figure 2 (a-f) illustrates
the band structure and associated density of states of
B _xNixyN(X = 0.05,0.10,0.15,0.20, and 0.25). The
energy gap of the pristine BNNTs was 4.12 eV , which
is in good agreement with the theoretical data obtained
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by Movlareoy, and Minaie [2]. However, this is still
less than the experimental results at approximately 5 eV .
This is due to the use of the GGA-PBE approximation.
GGA with the PBE function is known to reduce the
energy gap in materials. The GGA-PBE function does
not completely correct self-interaction errors when an
electron incorrectly interacts with itself. This error can
lead to a further reduction in the band gap. When the Ni
atom in the BNNTSs substitutes for the B atom, it generates
additional states within the Fermi level that are located
in the conduction band, thereby reducing the energy gap.
Generating these new states could shift the Fermi level
closer to the CB. This shift means that electrons can be
thermally excited into the conduction band more easily.
Table 1 displays the values of the energy gap of B;_xNixN
at various ( X ) rates.

Table 1 Energy gaps of the B;_xNixN nanotubes at
various (x) rates

X EgeV
0.00 4.12
0.05 3.92
0.10 3.67
0.15 2.62
0.20 2.43
0.25 2.8

To investigate the magnetic properties of the
B|_xNixN nanotubes, the polarized density of states
(DOS) of these systems was calculated. The density of
polarized states is a concept used to describe the distri-
bution of electronic states in a spin-polarized material.
This means that the electronic states differ for electrons
with spins aligned in various directions. In ferromagnetic
materials, the spins are spontaneously aligned in the same
direction that resulting in a net magnetic moment. Mag-
netic materials typically exhibit an imbalance between
the up- and down-spin states, indicating the material’s
magnetization. In antiferromagnetic materials, adjacent
spin states line up in opposite directions, resulting in no
net magnetic moment. The system may show similar
densities for spin-up and spin-down states. The spin
states are randomly oriented in paramagnetic materials
but can align in an external magnetic field. The density
of polarized states in paramagnetic materials does not
differ significantly between spin-up and spin-down states
without an external magnetic field. Figure 3 (a-f) shows
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the polarized DOS of the B; _«xNixIN nanotube at various
(x) rates. pristine BNNTSs are nonmagnetic materials since
the spin-up and spin-down DOSs are usually symmetric.
This result is connected with the data gained by Pantha et
al. [19]. Nickel dopants can induce magnetism in BNNTSs,
leading to a split in the density of states for spin-up and
spin-down electrons. The polarized DOS diagram typi-
cally exhibits noticeably different distributions, indicating
that the material possesses magnetic properties.
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Fig. 2 Band structure and associated density of states of
B _xNixN for various x values (a 0.00, b: 0.05, c: 0.10,
d: 0.15, e: 0.20, and f: 0.25)
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Fig. 3 (a-f) Polarized DOS of the B;_xNixN nanotubes
at various (x) rates (a: 0.00, b: 0.05, c: 0.10, d: 0.15, e:
0.20, f: 0.25)

3.2 Optical properties

In this section, the optical properties of the B;_xNixN
nanotubes from density functional theory (DFT) calcu-
lations were investigated using the complex dielectric
function, which contains real and imaginary parts from the
Kramers—Kronig transformation [20]. The calculated real
part of the dielectric function of the B{_xNixN nanotube
is shown in Figure 4. The maximum peak in the real
part of the spectrum of the pristine BNNTs occurred at
a wavelength of 308 nm in the UV region. The risky
UV region refers to the part of the ultraviolet spectrum
that poses potential health risks to humans due to its
high-energy radiation. This result is associated with the
data obtained by Satawara et al. [21]. Additionally, €
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increases in the middle of the UV region. At that point,
it quickly decreases in the wavelength range of 310-466
nm. €] increases with increasing Ni content in B;_xNixN
in the wavelength range of 574-1190 nm.

€4
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Fig. 4 Real parts of the dielectric functions of the
B _xNi, N nanotubes at various (X) rates

e indicates the energy loss of the electric field as it
propagates through the material. Figure 5 illustrates e, of
the B1_xNixN nanotube at various (x) rates. The highest
peak occurring at e; is consistent with the result obtained
by Satawara et al. [21]. e increases with increasing
Ni content inB;_yNixN in the wavelength range from
333-1190 nm.
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Fig. 5 e, of the B;_«NixN nanotube at various (x) rates
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The absorption coeflicient reflects the decrease in
the intensity of the incident light that passes through the
material. The absorption coefficient relies on the material
type and the wavelength of the absorbed light [22]. Figure
6 displays the absorption of the B;_xNixN nanotubes at
various (x) rates. The absorption peak for pristine BNNTs
regularly appears in the deep-UV region at approximately
200-250 nm. The pristine BNNT does not have any
absorption edge in the visible light region. This result
is consistent with the results of Satawara et al. [21].
This makes BNNTSs valuable in applications such as UV
lasers and UV light detection, as well as a protective
coating against UV radiation. Increasing the Ni content in
B_xNixN shifted the absorption coefficient peaks toward
regions of low wavelength. Introducing metals such as
Ni can increase the absorption coefficient of B;_xNixN
nanotubes in the deep-UV region of the spectrum.
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Fig. 6 The absorption of B;_xNixN nanotubes at various
(x) rates

Optical conductivity defines a material’s response to
an electromagnetic field. The optical conductivity of
the B{_xNixN nanotubes is shown in Figure 7. Pristine
BNNT showed a prominent sharp peak at a wavelength
of 239 nm. Its transparency is considered to be in the
visible range, and its strong absorption occurred in the
ultraviolet (UV) region. Incorporating BNNTs with Ni
introduced additional electronic states within the band
gap, thereby reducing the band gap and enhancing the
material’s ability to conduct electrical current.
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Fig. 7 Optical conductivity of B;_xNixN nanotubes at
various (x) rates

4 CONCLUSION

The electronic structure, optical, and magnetic prop-
erties of substitutional doped Ni in (10,0) BN nanotubes
were studied in detail. Our calculations revealed that
incorporating Ni atoms into BNNTSs reduces the energy
gap. Additionally, nickel dopants can split the density
of states of BNNTSs, indicating that the Ni-incorporated
material exhibits magnetic properties. Introducing Ni
can increase the absorption coefficient of B{_xNixN
nanotubes in the visible and infrared regions of the
spectrum, thereby enhancing the material’s ability to
conduct electrical current. These improved electrical
properties make Ni-doped BNNTs candidates for use in
nano-electronic devices, such as transistors and sensors.
The improved magnetic properties also make them suit-
able for spintronic devices, where the spin of electrons is
utilized for information processing.
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