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Abstract The structural and electronic properties of non-
metal atoms (X = C, N, Si, P) doped (6,0) boron nanotube
(BNT) have been considered in a systematic study by
performing periodic spin polarized density functional the-
ory (DFT) calculations. The studies showed that cylindrical
shape of the nanotube is changed by doping, except for C
substitution. Notably, all the substitution processes are
endothermic and the C-substituted becomes energetically
more stable than the other dopants. It is revealed that the
C-doped BNT is semi-metal, whereas the nanotube in the
presence of the other dopants remains semiconductor.
Hence, the substitution is an effective way in narrowing
band gap of the nanotube. Doping by N atom changes the
band gap from indirect to direct, which can be suitable for
optical applications. Thus, electronic structure of the tube
has been controlled by type of the dopant atoms. Our study
predicted that the BNTs in the presence of the dopants are
promising candidate as interconnects for nano-devices as
well as field emission devices.

Keywords Density functional theory - Boron nanotube -
Impurity - Electronic structure

Introduction

Boron atom is one of the appealing and challenging ele-

ments to create novel structures [1]. Boron nanostructures
(BNS) have been received special attention as a result of
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their innovative uses in medicine [2], superconductivity
[3], hydrogen storage [4-8], and electrical interconnects
[9, 10]. Up to date, many experimental efforts have been
performed aiming to synthesize the BNSs [11-15]. Boron
nanotube (BNT) was originally predicted for the first time
by Boustani et al. [16] and then the BNTs have been
investigated in many experimental and theoretical studies
[3-5, 10-13, 17-21].

The previous studies confirmed that, hexagonal and
triangular patterns were more stable than a buckled trian-
gular or hexagonal boron sheet, which two and three center
bonds of these sheets (nominated as o-sheet) are main
reasons for their stability [17, 18]. Recently, tetragonal,
hexagonal and dodecagonal cycles for carbon, boron
nitride (BNNT) and aluminum nitride nanotubes have been
proposed [22]. Theoretical studies also showed that a series
of the BNTs may be obtained by rolling up the stable o-
sheet [17, 18]. In all these studies, researchers have found
out that the surface buckling is a common phenomenon for
the BNTs. Unlike carbon nanotube (CNT) [23], silicon
carbide nanotube (SiCNT) [24], C5N nanotube [25, 26],
and g-C3Ny4 nanotube [27], the BNTs based on the a-sheet
are predicted to be metallic [20, 21, 28-30] and semicon-
ductor for small diameters (diameter <17 10%) [1, 17-20].

The structural and electronic properties of structures can
be modified by chemical doping. Many experimental and
theoretical investigations on substitution of non-metal
impurity in CNT [31], boron nitride nanotube [32], SiCNT
[33], phosphorene [34], TiO, [35], and BNT [36-38],
encouraged us to explore the properties of the BNT in the
presence of non-metal impurity atoms. In the BNT case, it
is noted that the previous studies [36—38] have been carried
out only on hexagonal form (as an unstable form). Our
main concerns on the stable form are listed as follows. (1)
What is the effect of C, Si, N, and P atoms on the electronic
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Fig. 1 Optimized structures of a perfect BNT, b C-doped BNT, ¢ Si-doped BNT, d N-doped BNT, and e P-doped BNT. The tubes have been
shown in different views. Pink, gray, cyan, blue, and orange colors represent B, C, Si, N, and P atoms, respectively

properties of the BNT? (2) Do these atoms change the
structural properties of the BNT? (3) What is the best site
for doping and which substitution has the minimum for-
mation energy (Egorm)?

Computational methods

The spin-polarized DFT calculations were performed by
means of the Quantum ESPRESSO package [39] on (6,0)
armchair BNT. A (p,0) BNT corresponds to a (n,n) (n = p)
CNT and a (p,p) BNT corresponds to a (n,0) (n = 3p) CNT
[17]. The system is represented by a tetragonal supercell of
25 A x 25 A x 17.79 A, containing 192 atoms for the
perfect BNT, which the distance of the impurity adjacent
images in z-axis is suitable. The distance between the outer
walls of neighbor periodic images of the tube is at least
25 A to negligible the interaction between the tubes. The
Monkhorst—Pack meshes [40] of 1 x 1 x 7 were used for
sampling the Brillouin zone and the tetrahedron method
[41] was also used for the calculation of density of state
(DOS) to achieve high accuracy. A plane-wave basis set
with a cutoff value of 600 eV was used in combination
with ultrasoft pseudopotentials. All structures were fully
relaxed until the forces on each atom were less than
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0.01 eV A™'. To further analyze the electronic charge
population analysis, we have performed the analysis with
the Lowdin method [42]. Losing and gaining charge den-
sity are represented by negative and positive values for
charge transfer (CT), respectively. Further, work function
() is defined as the minimum energy required to remove
an electron from the surface to a point in the vacuum [43].

Results and discussion

Full geometry optimization without any constraints on the
(6,0) BNT was performed. The optimized structures are
depicted in Fig. 1. The average calculated B-B bond length
and diameter of the nanotube are about 1.71 and 9.5 A,
respectively. These values are in good agreement with the
previous reports [17, 18]. As shown in Fig. la, buckling
pattern is observed for the nanotube: the two atoms in the
triangular regions become inequivalent with one moving
radially outward (B atom labeled B1) and the other moving
radially inward (B atom labeled B3). Based on Lowdin
charge analysis [42], we found that the BNT is an
amphoteric molecule, containing acidic sites [B atoms
which lose charge like B1 (40.19 lel), B3 (+0.20 lel), and
B4 (40.03 lel)] and basic sites [B atoms which gain charge



J Nanostruct Chem (2017) 7:243-248 245
Table 1 Calculated structural Pure BNT  C-doped BNT  Si-doped BNT ~N-doped BNT  P-doped BNT
and electronic properties of the
nanotubes doin (A) - 1.6 2.19 1.37 2.09
Etorm (€V) - +0.28 +1.85 +2.00 +2.86
AQx (e)* - -0.17 +0.61 —0.24 +0.53
Prot (A) - 0 +1.3 +2.0 —-1.2
E, (eV) 0.36-indirect ~ Semi-metal 0.27-indirect 0.28-direct 0.33-indirect
ug (Bohr mag/cell)  0.00 0.1 0.3 0.0 0.0
D (eV) 2.854 2.504 2.787 2913 2.839
The diin, Eform» AQx, Prot, E,, ug, and @ are the distance between impurity atom with the nearest B atom,
the formation energy of the nanotubes, the variation of Lowdin charge on impurity atom, the protrusion of
the impurity atom with respect to the surface of the tube, the band gap of the nanotube, the total mag-
netization, and the work function of the nanotube
* AQx (e) = Qx (in atomic form) — Qx (after doping)
>
)
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Fig. 2 Band structures of a perfect BNT, b C-doped BNT, ¢ Si-doped BNT, d N-doped BNT, and e P-doped BNT. The band gaps have been

assigned by green color

like B2 (—0.03 lel)]. As a result of dissimilarity in the B
atoms, four various positions for further analysis were
considered.

Let us consider first the structural properties of the
doped BNT. For the doped BNT, one B atom is substituted
by another atom in the supercell. As shown in Fig. 1, C
atom retains on the surface of the tube, while the other
dopants will leave the surface. As shown in Table 1, the
minimum distance (d;,) between C, Si, N, and P with the
nearest B atom is found to be 1.60, 2.19, 1.37, and 2.09 A,
respectively. Due to large atomic radius of Si and P atoms,
the long Si-B and P-B bond length are expected. Fur-
thermore, Si, N, and P in the doped BNT are moving
radially outward, outward, and inward, respectively. The
protrusions of the dopant atom with respect to the surface
of the tube are 2.0, 1.30, and —1.20 A, for N, Si, and P
atoms, respectively (the minus value is represented for

inward moving). The drastic changes in the geometric
structure of BNT can be seen in Fig. 1d where the N atom,
as smaller study atoms, can locate among two B atoms and
bonds with pyramidal like configurations, with bond angles
close to 99.4°. The N-B bond length is quite smaller than
the B—B bond.

To probe the relative stability of the X-doped BNT, the
computational methods of the doped systems were esti-
mated. The enhancement of energetic stability is supported
by the E¢orm. The Efyn of the most stable configurations is
presented in Table 1. Through the total energy calculation,
the Egom are computed using:

Eform = E[impurity tube] — E [pure tube] + Up — My, (1)

where Ejimpurity tbe] a0d Ejpure wbe) are the total energy of
the doped tube with the impurity atoms and the undoped
case, respectively. Further, the ug and uy are the chemical

* @ Springer



246

J Nanostruct Chem (2017) 7:243-248

potentials for B and X (C, Si, N, and P) atoms, respectively.
The ug, Hc, Hsi, Un, and up are calculated as the total
energy per atom in the rhombohedral structure of o-boron,
pure graphene, Si bulk, gaseous N, molecule, and P,
molecule, respectively. The positive value indicates that
the process is endothermic. Due to unique structure of the
BNT (hexagonal and triangular pattern), endothermic
process can be expected. Endothermic processes for doping
with non-metal atoms in different structures were obtained
[44—47]. The most favorite site for C, Si, N, and P atoms is
2, 1, 1, and 3 sites, respectively. As a result, the Efop,
depends on the occupation sites. It is noted that the doping
with C atom is energetically more favorable the other
dopants. The results showed that the doping with P atom is
energetically more expensive than the doping with Si and
N atoms which need to a high external energy. Our
investigations showed that four parameters may be affected
on stability of the tubes. These parameters are the number
of electrons in the dopants, structural distortion of the
tubes, the magnetic moment of the structures, and the
amount of charge variation between the guest and host
atoms. C and Si atoms have an extra valence electron with
respect to B atom, while the other dopants have two more
electros. It seems that the BNT does not have a good ability
to accept two more electrons in the system. A small dis-
tortion, as another criterion for stability, has been observed
in C- and Si-doped BNT systems. An important aspect of
non-metal-doped BNT is the magnetic behavior of the
system. The results of magnetic moments are also pre-
sented in Table 1. From the results, we can see that no
magnetism is observed when N and P atoms are doped in
the tube, while magnetic moment is observed after doping
with C and Si atoms. This evidence can be explained by the
number of electrons in the system (odd numbers of elec-
trons in the N- and P-doped BNT). Unlike Si atom, C atom
located at the surface of the nanotube; thus, C atom can
hybridize with their neighboring atoms, showing small
diamagnetic ordering. Interestingly, the tubes with large
magnetic moment are favorable than the other systems. As
an important result, the numbers of valence electrons,
atomic radius of the dopants, the amounts of structural
distortion, and total magnetic moment have synergic
effects on the Efopp.

The electronic properties of small gap semiconducting
(6,0) pure and impurity BNTs were also studied, as sum-
marized in Table 1. Based on Lowdin analysis, the ele-
ments of the second (third) row of the periodic table gain
(lose) charges. This charge variation can be explained by
Pauling electronegativity. Although Si atom has higher
electronegativity with respect to B atom, the B atoms in the
BNT have more tendencies toward electrons respect than B
in atomic form.
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Fig. 3 Density of states of a perfect BNT, b C-doped BNT, ¢ Si-
doped BNT, d N-doped BNT, and e P-doped BNT. The Fermi level is
shown by dashed red line. The surfaces of the valence and conduction
regions are shown by green color

In addition, the electronic band structures and DOSs of
the structures were also studied, as shown in Figs. 2 and 3.
After doping with the atoms, several impurity states below
the Fermi level (FL) will appear which can easily donate
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electron to conduction band minimum (CBM). The BNT
with a donor impurity is known as n-type semiconductor.
In the case of Si-, N- and, P-doped systems, the FL. moves
to valence band maximum (VBM) and some impurity
states are introduced between the VBM and the CBM.
These impurity states are filled (in the case of N and P) or
present unpaired electrons (in the case of C and Si). As a
result of these new states, charge carrier would become
easier to transport from the VBM to the CBM. These
transfers make a hole in the states under the FL. In other
words, the conductivity of the BNT is enhanced by the
impurity atoms.

The results of Table 1 revealed that the C, Si, and P can
increase the field emission current of BNT by reducing the
work function (®). In semiconductors, the field emission
strongly depends on the ®. By definition, the @ (computed
here as the difference between the energies of FL and the
vacuum region) is the minimum energy needed by one
electron to escape the surface. The inverse relation between
@ and electron emission from the semiconductor surface in
the presence of an electric field can be observed [43]. We
believe that the electronic and chemical properties of
semiconductor BNT can alter in the presence of the doped
atoms; therefore, it could be potentially used in several
applications.

Conclusion

In summary, a first-principles method has been applied
to investigate the influence of non-metal (C, Si, N, and P
atoms) impurities on the stability and electronic prop-
erties of the BNT. The obtained results showed that the
number of electrons in the dopants, structural distortion,
the amount of charge variation between the guest and the
host atoms, and the magnetic moment of the structures
have impact role in the Ef,.,. Doping with C atom is
energetically more favorable than the other dopants. The
results showed that the doping with Si and N atoms
needs to a high external energy and doping with P atom
is more expensive energetically. The calculations indi-
cated that the performance of BNT in field emission
devices should be affected by non-metal impurities, and
the magnetic moment is very sensitive to the number of
electrons of guest atom. The calculated results showed
that the substitution of B atom by the non-metal may
induce change in the electronic structure, where the band
gaps are narrowed for all the doped systems. Our study
proposes that the BNT in the presence of the doped atom
is potentially useful for spintronic applications and the
development of magnetic nanostructures.
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commons.org/licenses/by/4.0/), which permits unrestricted use, distri-
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