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The electronic properties of boron nanotubes with axial strain are investigated by first principle cal-
culations. The band gaps of the (3, 3) and (5, 0) boron nanotubes are found to be modified by axial

strain significantly. We find that the semiconductor—metal transition occurs for the (3, 3) boron nan-
otubes with both compressive and tensile strain. While for the (5, 0) boron nanotubes, only the tensile

strain induces the semiconductor—metal transition. These boron nanotubes have the largest gaps under

compressive strain.
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1 Introduction

One-dimensional nano-materials, such as carbon nan-
otubes and graphene nanoribbons, have attracted a lot of
experimental and theoretical attention [1—6]. For single-
walled carbon nanotubes, they can be semiconductors or
metals depending on the chirality and size [1]. While
for graphene nanoribbons, the shape of edges play the
most important role in the electronic properties [2]. Due
to the unique electronic structures, carbon nanotubes
and graphene nanoribbons have been used in nanoscale
semiconductor devices [3, 4]. The one-dimensional nano
materials are not limited to carbon-based materials. The
inorganic nanotubes, such as WSs and MoS,, have been
reported to be synthesized by making use of solid tem-
plates [5]. New synthetic strategies for the formation
of inorganic nanotubes have been developed, by which
high-quality semiconductor nanotubes have been pro-
duced [6].

Boron is the left neighbor of carbon in the periodic
table. Ciuparu et al. reported the synthesis of single-
walled boron nanotubes with diameters in the range of
3 nm [7]. Recently, Szwacki et al. have predicted that
the boron buckyball Bgy was a stable hollow cage, which
is symmetrically similar to the Cgg structure [8]. The Bgg
can form stable face-centered-cubic and body-centered-
cubic solids, both of which are metals [9, 10]. A flat sta-
ble boron sheet has been predicted, which is composed
of a hybrid of triangular and hexagonal configuration

[11, 12]. By first principles calculations, the vibrational
frequency, free energy, and heat capacity of the flat hy-
bridized sheet and buckled triangular sheet are compared
to verify the thermodynamic stability of the flat boron
sheet [13].

Using the stable flat boron sheet as precursors, a se-
ries of single-walled boron nanotubes (SWBNTs) [12,
14, 15] and nanoribbons [16] were obtained. For SWB-
NTs, they can be semiconductors or metals depending
mainly on the size of the tubes [12, 14]. When the di-
ameters of the tubes are larger than 17 A, all the SWB-
NTs become metals regardless of chirality [12, 14]. For
the boron nanoribbons, they can be semiconductors or
metals depending on the number of hydrogen passivated
on the zigzag edges. The bare boron nanoribbons and
one-hydrogen passivated ones are metals, while the two-
hydrogen passivated ones become semiconductors, if the
width is less than 24 A [16].

The electronic properties of one-dimensional nan-
otubes are distinct for applications. By chemical mod-
ification, carbon nanotubes have better electronic, op-
tical, thermal and mechanical properties than those of
the pure carbon counterparts [17]. Besides the doping
effects, the strain is usually used to tuning the elec-
tronic properties of nano-structures [18—22]. Under axial
strain, a semiconductor—metal transition is predicted to
occur in all zigzag single-wall carbon nanotubes [18]. For
the (n, 0) semiconducting single-wall carbon nanotubes,
the gaps with strain vary with the change of n: when
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mod(n,3) = 1, the strain-induced gap increases while
when mod(n,3) = 2, the strain-induced gap decreases
[19]. Using an atomic force microscope tip to vary the
carbon nanotube strain, Minot et al. found that strain
can open a band gap in a metallic nanotube and modify
the band gap in a semiconducting nanotube [20]. For the
graphene nanoribbons, the band gaps of zigzag nanorib-
bons are not sensitive to axial strain, while the band
gaps of armchair nanoribbons varies as a function of ax-
ial strain [21]. Besides carbon-based materials, strain is
also used to control the electronic band structure of Si
nanowires, which are manipulated to have direct band
gaps of Si nanowires by applying lattice strain [22]. Re-
cently, single-crystalline boron nanowires have been syn-
thesized in experiments [23, 24]. Tensile stress measure-
ments demonstrated that the prepared boron nanowire
has excellent mechanical properties as well as resistance
to mechanical fracture even under a strain of 3% [24]. Al-
though the boron nanowires experimentally synthesized
are structurally different to the SWBNTSs, a theoretical
study of strain effects on the SWBNTs will provide in-
sightful information for the experimental findings.

In this paper, we investigate the electronic properties
of boron nanotubes with axial strain by first principle
calculations. The semiconducting boron nanotube such
as (3, 3) and (5, 0) SWBNTs [12, 14, 15] are studied. For
both SWBNTSs, the band gaps are found to be modified
by axial strain significantly. For the (3, 3) SWBNTSs, the
semiconductor—metal transition occurs with compressive
and tensile strain less than 7.5%. While for the (5, 0)
SWBNTs, only the tensile strain induces semiconductor—
metal transition when the tension is up to 8% strain.

2 Methods

First principles calculations are performed by the
SIESTA (Spanish Initiative for Electronic Simulations
with Thousands of Atoms) code [25]. The total ener-
gies and electronic structures are calculated within the
density-functional theory using a double-( basis set with
additional orbitals of polarization. In our calculations,
the local density approximation (LDA) is adopted for
the exchange-correlation functional and the Troullier-
Martins scheme is used for the norm-conserving pseu-
dopotentials. A grid cutoff of 175 Ry is used and the Bril-
louin zone sampling is done using a 1 x 1 x 15 Monkhorst-
Pack grid. The supercells are used to simulate the iso-
lated SWBNTs and SWBNTSs are parallel to the z axis.
The distance of SWBNTs is larger than 10 A in order to
avoid interactions. All the structures are relaxed until
the maximum atomic force is smaller than 0.04 eV /A.
We perform the variable-cell calculations to get the
optimized lattice constants for the SWBNTs without
strain. For the (3, 3) SWBNTS, the equilibrium length
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Zy in the axial direction of the unit cell is 5.07 A. For
the (5, 0) SWBNTS, we obtain Zy = 8.76 A. The axial
strain is given by changing the unit cell size along the
axial direction. After changing the lattice length, the
coordinates of boron atoms are relaxed to obtain their
equilibrium positions. Then the electronic structures and
strain energies are calculated for the SWBNTs with axial
strain. In our paper, the axial strain is expressed as

e=(Z—20)/Z

where Z is the corresponding length of the unit cell for
the strained SWBNTs. Negative € value corresponds to
compressive strain and positive € value corresponds to
tensile strain.

3 Results

The electronic properties of the (3, 3) SWBNTs under
different strain are shown in Figure 1. For the nanotube
without strain, we obtain an LDA band gap of 0.215 eV,
which is in accordance with previous studies [12, 14]. The
(3, 3) SWBNTSs have a direct band gap and the valence
band maximum (VBM) and conduction band minimum
(CBM) are at the I' point. When the compression is
applied to the (3, 3) SWBNTSs, the conduction bands
drop down near the X point and the position of CBM
changes from the I' point to kdz ~ 4/5 point. On the
other hand, the position of VBM stays at the I' point
for the (3, 3) SWBNTSs with compressive strain. At the
strain of € = —2.5%, the minimum values of conduction
bands at the I' point and kdz ~ 4/5 point are nearly
the same as shown in Fig. 1(c). When the strain is up
to € = —5.0%, the CBM is located at the kdz =~ 4/5
point, and the (3, 3) SWBNTSs have an indirect band
gap of 0.131 eV. When the strain are ¢ = —7.5%, the
conduction bands near the kdz ~ 4/5 point drop below
the Fermi level and the (3, 3) SWBNTSs become metals
as shown in Fig. 1(a).

When the tension is applied to the (3, 3) SWBNTS,
the position of CBM stays at the I' point while the po-
sition of VBM changes from the I" point to kdz ~ 1/3
point. When the strain reaches ¢ = 2.5%, the minimum
values of conduction bands at the I" point and kdz ~ 1/3
point are nearly the same as shown in Fig. 1(e). When
the strain is up to € = 5.0%, the valence bands near the
kdz ~ 1/3 point rise to the Fermi level. The conduction
bands drop below the Fermi level and the (3, 3) SWB-
NTs become metals as shown in Fig. 1(f). As the strain
increases to € = 7.5%, the (3, 3) SWBNTs maintains
metallicity.

The band gaps as a function of the strain € is plot-
ted in Fig. 2(a). Under the tensile strain, the (3, 3)
SWBNTSs have smaller band gaps than the ones with-
out strain. The semiconductor-metal transition occurs
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at € = 4.0%. For a larger tensile strain, the (3, 3) SWB-
NTs are always metals. When the compressive strain is
applied to the (3, 3) SWBNTSs, the band gaps increase
first. When ¢ = —2.0%, the (3, 3) SWBNTs have the
largest band gap of 0.295 eV. Then the band gap de-
creases with the increase of compressive strain. The
semiconductor-metal transition occurs at ¢ = —6.0%.
The strain energies of the (3, 3) SWBNTs, which are
denoted as AE = E(e) — E(0), are shown in Fig. 2(b).
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Here, E(¢) is the total energy of the strained SWBNTSs
and E(0) is the total energy of the nanotubes without
strain. The strain energies AFE as a function of € is
a parabolic curve. The metallic (3, 3) SWBNTs with
€ = 4.0% are 27 meV per boron atom in energy higher
than the ones without strain, while the strain energies
of metallic ones with € = —6.0% are 76 meV per boron
atom. Thus, the (3, 3) SWBNTSs change to metals more
easily with tension than compression.
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Fig. 1 The band structures of the (3, 3) SWBNTs under axial strain at (a) ¢ = —7.5%, (b) ¢ = —5.0%, (c)
e=—2.5%, (d) e = —0.0%, (e) e =2.5%, (f) e =5.0%, (g) € = 7.5%. The structure of the (3, 3) tube is shown in
(h). The Fermi level is indicated as the line at £ = 0.0 eV.

0.3F /..\ —l— Gaps
AN

% / "

~

©n

g

Y o1}
0.0F mm-m -E—a

-7.5-5.0-25 00 25 50 75

Strain / %
(a)

@ AFE
120
7
A 80F
>
9
o 40f
< /
'Y
° o
0F .\W o

-75-50-25 00 25 50 7.5
Strain / %

(b)

Fig. 2 (a) The band gaps and (b) the strain energies of the (3, 3) SWBNTs as functions of strain.
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For the (5, 0) SWBNTS, the electronic structures un-
der different strain are shown in Fig. 3. The (5, 0) SWB-
NTs without strain have an indirect band gap of 0.650
eV, which also agrees with previous studies [12, 14]. The
CBM is located at the kdz ~ 4/5 point and the VBM
is located at the kdz ~ 2/5 point. When the compres-
sion is applied to the (5, 0) SWBNTSs, one conduction
band at the I' point becomes lower significantly and the
valence bands at the I' point also change. When the
compressive strain is € = —7.5%, the position of CBM
changes to I' point and the VBM moves to the kdz =~ 1/3
points. As shown in Fig. 3(a), the (5, 0) SWBNTSs with

E/eV

E/eV
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e = —7.5% is semiconducting with a gap of 0.325 eV.
When the strain increase to € = —10.0%, the structure
cannot keep a tube form after relaxation. Thus, we find
that (5, 0) SWBNTSs have no semiconductor—metal tran-
sition under compressive strain.

For the (5, 0) SWBNTSs with tensile strain, the con-
duction bands at the I" points become lower significantly.
The CBM is located at the I" points for e=2.5%. Under
the tensile strain e=7.5%, the band gap decreases to 0.116
eV as shown in Fig. 3(g). When the strain increases,
the structure maintains a tube form and semiconductor—
metal transition occurs as shown in Fig. 4(a).

Fig. 3 The band structures of the (5, 0) SWBNTs under axial strain at (a) e = —7.5%, (b) ¢ = —5.0%, (c)
e = —2.5%, (d) e = —0.0%, (e) e =2.5%, (f) e =5.0%, (g) € = 7.5%. The structure of the (5, 0) tube is shown in
(h). The Fermi level is indicated as the line at £ = 0.0 eV.
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Fig. 4 (a) The band gaps and (b) the strain energies of the (5, 0) SWBNTSs as functions of strain.
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We plot the variation of the band gap for the (5, 0)
SWBNTs under strain in Fig. 4(a). The variation of
the band gap for strained (5, 0) SWBNTSs is similar to
that of the (3, 3) ones. Under the tensile strain, the
band gap decreases monotonously and the (5, 0) SWB-
NTs become metals at € = 8.0%. Under the compressive
strain, the band gap increases first and then decreases
monotonously. At e = —2.5%, the (5, 0) SWBNTSs have
the largest band gap of 0.702 eV. However, different from
the (3, 3) SWBNTS, there is no semiconductor—metal
transition for the (5, 0) nanotubes under compression.
The strain energies of the (5, 0) SWBNTSs are shown in
Fig. 4(b). The metallic (5, 0) SWBNTSs with € = 8.0%
are 104 meV per boron atom in energy higher than the
ones without strain. Thus, it is hard for the (5, 0) SWB-
NTs to become metals under axial strain.

The (3, 3) and (5, 0) boron nanotubes open the band
gaps due to rehybridization of buckled boron atom [14].
The semiconductor-metal transitions occur when the re-
hybridization is broken. We plot the local density of
states (LDOS) of the (3, 3) and (5, 0) SWBNTs in Fig. 5
and 6, respectively. For the (3, 3) SWBNTSs, the LDOSs
of VBM and CBM for strained nanotube at ¢ = —2.0%,
which have the largest band gap in the calculated range,
are shown in Fig. 5 (a) and (b) with a broadening factor
of 0.1 eV. The LDOSs of VBM and CBM for the strained
(3, 3) SWBNTSs have similar shape as the HOMO and
LUMO of Bgy [26]. While for the metallic nanotubes,
the LDOSs at Fermi level are quite different from those
for the semiconducting ones. For the compression, the
tube form change from cylinder to hexagon prism. While
for the tension, the buckling of the boron atoms weaken
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Fig. 5 The LDOSs of the (3, 3) SWBNTs for (a) VBM with
e = —2.0%, (b) CBM with € = —2.0%, (c) around the Fermi en-
ergy level with e = —7.5%, (d) around the Fermi energy level with
€ = 7.5%. The isosurfaces are 50% of the maximum of the density.
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Fig. 6 The LDOSs of the (5, 0) SWBNTs for (a) VBM with
e = —2.0%, (b) CBM with e = —2.0%, (c) VBM with e = —7.5%,
(d) CBM with € = 7.5%. The isosurfaces are 50% of the maximum
of the density.

as shown in Fig. 5(d). Thus, the strain breaks the
buckling and the rehybridization disappears when the
semiconductor-metal transitions occur. The same mech-
anism exists in the strained (5, 0) SWBNTSs. The LDOS
of VBM for the strained nanotubes (e = —2.0%) in Fig.
6 has a similar shape as those for the nanotubes with-
out strain [14]. When the compressive strain is applied,
the rehybridization remains as shown in Fig. 6(c) and
the nanotubes are always semiconducting. While for the
tensile strain, as the unit cell length along the z axis in-
creases, the buckling of the boron atoms weaken and the
rehybridization disappears. Thus, the semiconductor—
metal transition appears for the (5, 0) SWBNTs under
tension.

4 Conclusion

We have studied the electronic structure of (3, 3) and (5,
0) SWBNTSs under axial strain. The band gaps of both
SWBNTSs are modified by the compressive and tensile
strain. Both (3, 3) and (5, 0) SWBNTSs have the largest
gap values under about 2% and 2.5% compressive strain.
The semiconductor—metal transitions occur for the (3, 3)
SWBNTSs at compressive strain ¢ = —6.0% and tensile
strain € = 4.0%. For the (5, 0) SWBNTS, the tensile
strain of up to € = 8.0% induces semiconductor-metal
transition. The semiconductor-metal transitions occur
due to the strain weakening the buckling of boron nan-
otubes and breaking the rehybridization.
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