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High-mobility semiconductor nanotubes have demonstrated great potential for applications in high-speed transistors,
single-charge detection, and memory devices. Here we systematically investigated the electronic properties of single-
walled boron antimonide (BSb) nanotubes using first-principles calculations. We observed that rolling the hexagonal boron
antimonide monolayer into armchair (ANT) and zigzag (ZNT) nanotubes induces compression and wrinkling effects, sig-
nificantly modifying the band structures and carrier mobilities through band folding and 7*—c* hybridization. As the chiral
index increases, the band gap and carrier mobility of ANTs decrease monotonically, where electron mobility consistently
exceeds hole mobility. In contrast, ZNTs exhibit a more complex trend: the band gap first increases and then decreases,
and the carrier mobility displays oscillatory behavior. In particular, both ANTs and ZNTs could exhibit significantly higher
carrier mobilities compared to hexagonal monolayer and zinc-blende BSb, reaching 103-107 cm?-V~!.s~!. Our findings
highlight strong curvature-induced modifications in the electronic properties of single-walled BSb nanotubes, demonstrat-
ing the latter as a promising candidate for high-performance electronic devices.

Keywords: ab initio calculations, nanotubes, electronic structure, carrier mobility

PACS: 73.63.Fg, 61.46.Fg, 51.50.4v, 91.60.Tn
DOI: 10.1088/1674-1056/adacd3

1. Introduction

Low-dimensional materials have attracted much attention
for their unique properties and promising applications in next-
generation electronic devices.!!™! An important example is
the experimental exfoliation of single-layer graphene, which
has attracted enormous attention for its exceptional intrin-
sic carrier mobility.[®”] However, graphene’s zero-bandgap
semi-metallic nature restricts its applications in electronic
devices.!® Therefore, identifying materials with a balanced
combination of moderate band gap and high carrier mobility
has gradually become a central focus in low-dimensional ma-
terials to address the limitation of graphene and unlock new
opportunities for advanced technologies.!”~!!!

Two-dimensional (2D) III-V compounds, especially the
compounds between boron and V group (BN, BP, BAs, and
BSb), have drawn significant attention for their narrow di-
rect band gap, low ionicity, high thermal conductivity, and
high melting point, making them promising materials for
applications in optoelectronic devices and high-temperature
environments. [!>-38] Recent studies have shown that BP, BAs,
and BSb monolayers exhibit extremely high carrier mobili-
ties, where the reported hole and electron carrier mobilities are
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generally above 103 cm?.V—1.g~1, 13940

| indicating that these
B-V compounds are promising for high-performance elec-
tronic devices.?**!! Notably, rolling up 2D materials to form
one-dimensional (1D) nanotubes (NT) could further tune the
electronic properties of the materials, which may lead to the
presentation of unique properties.[*>~*4! Indeed, several pre-
vious works reported that the BP and BAs NTs show higher
carrier mobilities than their 2D counterparts, reaching up to
10* cm?-V~=1.s7! and 10° cm?. V157!, respectively. 4340
This confirms that reducing the dimensionality to introduce
strong confinements is a useful way to enhance the transporta-
tion of carriers in materials. Given that BSb monolayer ex-
hibits the highest carrier mobilities among 2D B—V semicon-

ductors, surpassing 5 x 10% cm?-V~!.s71 [39:40]

it is intriguing
to explore the electronic properties of BSb nanotubes to exam-
ine whether they can achieve even higher carrier mobilities.
In this work, we employed first-principles method to in-
vestigate the electronic properties and carrier mobilities of
single-walled 1D armchair BSb NTs (ANTs) with chiral in-
dex (n, n) for n =5 to 14 and zigzag BSb NTs (ZNTs) with
chiral index (n, 0) for n = 5 to 22. Similar band structures to
those of C, BN, and BAs were observed, with the direct band

gaps of ANTs and ZNTs converging to the planar counter-
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parts. The carrier mobilities of ANTs and ZNTs were assessed
using the Boltzmann transport equation within the relaxation-
time approximation. The estimated mobility is higher than the
monolayer counterpart and ranges from 103 cm?-V~l.s7! to
107 cm?-V—1.s~! highlighting the potential of 1D BSb NTs
for advanced electronic devices applications.

2. Computational methodology

All calculations were performed using Quantum
ESPRESSO!*#8] and verified with Ab initio Real-space
Electronic Structure (ARES) code,*>>% employing Perdew—
Burke—Ernzerhof (PBE) exchange—correlation functional.>!]
The norm-conserving pseudopotentials generated by opti-
mized norm-conserving Vanderbilt (ONCV) pseudopotential

codel>?

were adopted for all geometry optimization and elec-
tronic properties simulations. The energy cutoff of 80 Ry was
used for all calculations, and the maximum force was con-
verged to 10~* Ry/Bohr for all geometry optimizations. For
the planar h-BSb, a 30 A vacuum layer was introduced to elim-
inate electrostatic interactions between periodic images, along
with 24 x 24 x 1 k-point meshes for accurate sampling. >3 For
BSb NTs, we designed single-walled ANTs and ZNTs based
on the chiral indices (n,n) and (n,0), respectively.’*>1 As
illustrated in Fig. 1, ANTs and ZNTs display varying periodic
unit lengths along the tube axis (z axis) and distinct radii de-
termined by the chiral index n. Specifically, for ANTs, the
periodic unit has an initial length of a along the axial direction
and v/3a in the circumferential direction; whereas for ZNTs,
the initial periodic unit length is v/3a in the axial direction
and a in the circumferential direction. Here, a denotes the
lattice constant of the primitive cell of the BSb monolayer.
The k-point grid meshes were set to 1 x 1 x 24 for ANTs and
1 x 1 x 14 for ZNTs. A sufficient vacuum distance of 20 A was
applied in the non-periodic directions for all NTs. Addition-
ally, convergence tests for energy cutoffs and k-point sampling
are shown in Fig. S1.15!

To investigate the transport behavior of BSb NTs, the
Boltzmann transport equation with relaxation-time approxi-
mation was employed to study the carrier mobility. To model
the scattering process, accounting solely for the coupling be-
tween electrons and long-wavelength acoustic phonons, the
deformation potential (DP) method®”! was used in conjunc-

tion with the effective mass approximation. The 1D mobility
[58]

et 2 eh*C
p=—=/ : (1)
m* T (kBT)1/2|m*|3/2E]23

where 7 is the scattering relaxation time, m* is the effective

is given by

mass, Ep is the DP constant for hole or electron, and C is the

elastic constant. These parameters are obtained as follows:

1 d%e e(k)
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ED_(AL>’ (3)
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-——— @
L 2’
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where £(k) is the band energy as a function of k points, &y de-
notes the energy of valence band maximum (VBM) or conduc-
tion band minimum (CBM) referenced to the vacuum energy,
Ly is the lattice constant in the unstrained state, and AL/Ly
denotes the uniaxial strain. So far, the mobility of holes (t)
or electrons (U) for BSb NTs at different temperatures can
be obtained by applying various deformations along the tube
direction. In this work, we applied 11 deformations of the
lattice constant ranging from —0.010Lg to 0.010Ly with an in-
terval of 0.002Ly. The least squares method was employed to
fit C and Ep using first-order and second-order polynomials,
respectively. The fitting results and root mean square errors of
ANTs are shown in Figs. S2 and S3, respectively, while those
of ZNTs are shown in Figs. S4 and S5, respectively. 3!
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Fig. 1. Structures of BSb nanotubes with varying chiral indices n. Blue
and orange spheres represent Sb and B atoms, respectively. (a) Armchair-
direction nanotubes and (b) zigzag-direction nanotubes, shown in top and
side views.

3. Results and discussion

Before investigating NTs, we first calculated the elec-
tronic structure properties of monolayer h-BSb to facilitate
comparison between planar and NTs. As shown in Fig. 2, ge-
ometry optimization and band structure calculations reveal a
B-Sb bond length of 2.15 A and a direct band gap of 0.31 eV
at K point, both of which agree well with previously reported

values. [21:33]
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Fig. 2. (a) Optimized structure of the monolayer h-BSb, where blue and
orange spheres represent Sb and B atoms, respectively. The dashed rhom-
bus indicates the unit cell. (b) The band structure of h-BSb with a direct
band gap at the K point.
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Fig. 3. The Brillouin zone and band structures of BSb nanotubes: [(a)
and (c)] The first Brillouin zone of a hexagonal BSb sheet (dashed line),
along with the allowed wave vectors (solid lines) for ANT and ZNT at
chiral indices n = 5, respectively. The wave vectors are constrained by
the periodic boundary conditions along the circumference direction. [(b)
and (d)] Band structures of ANTs and ZNTs with varying chiral indices
n (from left to right: n =5,8,11,14 for ANT and n = 5,11,16,22 for
ZNT). The green dashed line indicates the Fermi level.
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Fig. 4. (a) Band gap (E;) as a function of the nanotube radius for ZNTs
and ANTs. The gray line indicates the band gap of the monolayer h-BSb.
(b) The corresponding band-edge energies (Eyvgm and Ecgm) of ANTSs
and ZNTs.

As shown in Fig. 3, similar behaviors to those observed
in C, BN, and BAs NTs[#0:59-011 were also found in BSb NTs.
Specifically, ANTs exhibit a slightly larger direct band gap
compared to planar h-BSb around the 2/3 point along the I'-X
k-path. In contrast, ZNTs display direct band gaps that initially
increase and then decrease at the I" point with increasing chi-
ral index n. To understand the mechanism behind the band
gap variation, the relationship between the band gaps and the
radii of the NTs is presented in Fig. 4(a). For ZNTs with small
radii (< 3.0 A), strong 7*—c* hybridization occurs, lowering
the energy of the m* states and resulting in a relatively small

band gap compared to that of planar h-BSb. As the radius in-
creases, the effects of 7*—c* hybridization gradually weaken,
and the band gap begins to exhibit behavior similar to that of
ANTSs, decreasing monotonically with increasing radius. Fur-
thermore, the k vectors allowed by the periodic boundary con-
dition along the circumferential direction do not always pass
through the K point in h-BSb, as shown in Fig. 3(c). After
folding the allowed k-vectors in the Brillouin zone of ZNTs,
this results in the alternating 3 p fluctuation pattern observed in
the band gaps of ZNTs, with p being an integer.>°! A more di-
rect comparison of the band gap behavior between ZNTs and
ANTs is shown in Fig. 4(b). The energies of the VBM and
CBM are presented relative to the vacuum energy to align the
energy levels across different systems. For ZNTs, the Ecpm,
dominated by the 7* states,®? is significantly influenced by
hybridization effects when the radius is small, leading to a no-
table shift in energy. As the radius increases, these hybridiza-
tion effects gradually diminish, and the band energies gradu-
ally approach those of ANTSs, where both the Eyvpym and Ecpm
primarily originate from the band folding of the 2D h-BSb
monolayer. In summary, although the band gaps of BSb NTs
decrease slightly with increasing chiral index n, the curvature-
induced enhancement of the band gap suggests potential for
optical applications.

The rolling effect is clearly evident in the structural char-
acteristics shown in Figs. 5(a)-5(c). The BSb NTs are com-
pressed along the tube axis, and the lattice dilation increases
with the chiral index, eventually approaching the ideal lattice
constant without compression. Along the circumference, the
B and Sb atoms are distorted, with B atoms positioned on the
inner tube wall and Sb atoms on the outer tube wall. The
distance between the two walls decreases as the chiral index
increases. Moreover, the distortion in ANTs is more signif-
icant than that in ZNTs, even when they have similar radii.
For example, ANT(8,8) shows greater distortion compared to
ZNT(14,0). Further analysis was carried out to explore the
curling energy of BSb NTs. For a BSb NT with chiral index n,
the unit cell contains 2n primitive cells of h-BSb. Therefore,

the curling energy per formula unit of BSb NTs is given by
Ecun = Etube/(zn) — Ep_Bsp- )

As shown in Fig. 5(d), the curling energy per formula is
smaller than 50 meV when the radius is around 5 A, which is
significantly lower than that of BN and carbon nanotubes(©!-6%]
and close to the value for BAs,[%%! indicating a strong buckling
effect that reduces the energy of BSb NTs, making it more fa-
vorable to fold a h-BSb sheet into a nanotube compared to BN

or carbon.
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Fig. 5. Structural and energetic properties of ZNTs and ANTs with dif-
ferent chiralities. (a) The variation of the optimized lattice constant with
respect to the chiral indices n, where the lattice constant of ZNTs is nor-
malized for comparison by the factor v/3/3. (b) The variation in the opti-
mized diameter difference between B and Sb atoms, caused by wrinkling
of the nanotube wall, with respect to the chiral indices 7. (c) The radius
of the nanotube corresponding to different chiral indices n. (d) Curling
energy per formula as a function of the radius of BSb nanotubes with re-
spect to the energy of h-BSb. The gray lines in panels (a) and (c) represent
the non-optimized values calculated from the h-BSb monolayer.

—0.6 -~ ] £
= (a) ——h | o 7004 (b)
o —0.84 |
~ f=]
2 = 600
2 1.0 -
3 Z 5001
% 1.2 E
S T 400
o —1.44 g
a 2 3001
—1.61— . . . ol 7 . . . . .
6 8 10 12 14 g 6 8 10 12 14
n (ANTs) n (ANTs)

) (d)

M

6 & 10 12 14
n (ANTs)

Effective mass (m,)
e e < o
w o oW s A
S & o &
K
Mobility (10* cm2V~1ls~1)
© w 'S

6 8 10 12 14
n (ANTs)

Fig. 6. Carrier transport properties of ANTs as a function of the chiral
index n. (a) Deformation potential constants for electrons (e) and holes
(h). (b) Elastic modulus. (c) Effective masses of electrons and holes, in
units of the free electron mass (me). (d) Carrier mobilities of electrons
and holes.

To further investigate the potential applications of BSb
NTs in electronic devices, the carrier mobility at room temper-
ature (300 K) was calculated. For ANTs, as shown in Fig. 6,
the DP constants (Ep), obtained using Eq. (3), exhibit a mono-
tonic decrease with increasing chiral index n for both elec-
trons and holes. The increasing absolute values of Ep indicate
stronger acoustic phonon scattering, which leads to reduced
carrier mobilities. According to Eq. (1), the mobility u is pos-
itively correlated with the elastic modulus and negatively cor-
related with the effective mass (m*) and |Ep|. Although both
the elastic modulus and effective mass increase nearly linearly
with n, the dominant influence of the rising |Ep| causes the
mobilities of electrons (Ue) and holes (uy,) to decrease with in-
creasing n. At n = 14, corresponding to an ANT with radius
of 14.4 A, the mobilities reach their lowest values among the

calculated ANTSs, with e of 1.9 x 10* cm?>-V~1.s~! and gy, of
43x10* cm?V-ls7l,

For ZNTs (shown in Fig. 7), the elastic constants increase
linearly with n, exhibiting a trend similar to that observed in
ANTSs. The |Ep| and m* show comparable behavior, consis-
tent with findings in BAs nanotubes.!*®! Specifically, the Ep
of holes exhibits a 3p-alternating behavior, while the Ep of
electrons increases with n. However, for n > 12, the Ep of
electrons transitions to a 3p-alternating trend opposite to that
of holes. This behavior could be attributed to the combined
effects of 7*—c* hybridization!®®! and band folding™®*! in the
h-BSb monolayer. The hybridization effect dominates for
n < 12, leading to a decrease in |Ep |, while the band folding in-
troduces distinct bonding behaviors[“®! that give rise to the 3p-
alternating pattern. The carrier mobilities of ZNTs are primar-
ily influenced by Ep and m*. For n =5, the mobilities are rela-
tively small (te = 1377 cm?>-V~!.s71, yp, =848 cm?- V1571
due to significant acoustic phonon scattering. As n increases,
the Ep of holes fluctuates around zero, causing the py, to os-
cillate between 10* cm?-V~!1.s7! and 107 cm?-V~!.s~!. This
oscillatory behavior results from the disappearance of the 3p-
alternating trend in E12)- Meanwhile, the Ep of electrons de-
creases slowly, passing through zero for n < 12, leading to
a large electron mobility (e ~ 10® cm?>-V~1.s71). Beyond
n = 12, the Ep of electrons begins exhibiting a 3 p-alternating
behavior below zero, resulting in a corresponding oscillatory

pattern in L.
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Fig. 7. Carrier transport properties of ZNTs as a function of the chiral
index n. (a) Deformation potential constants for electrons (e) and holes
(h). (b) Elastic modulus. (c) Effective mass for electrons and holes, in
units of the free electron mass (m.). (d) Carrier mobility for electrons and
holes.

Overall, the calculated results demonstrate that the rolling
process serves as an effective method for tuning the carrier
By rolling the h-
BSb monolayer into armchair (ANTSs) and zigzag nanotubes

transport properties of BSb structures.

(ZNTs), compressive strain and wrinkling are introduced in
different directions. A strong buckling effect is observed in
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these nanotubes, facilitating their structural stability and ease
of formation. The combined effects of band folding and 7*—
o* hybridization lead to distinct behaviors in the electronic
properties of ANTs and ZNTs. For ANTs, both the band gap
and carrier mobilities decrease monotonically with increas-
ing chiral index, yet the mobilities remain significant (ye of
1.9 x 10* ecm®-V~1.s7! and py, of 4.3 x 10* cm?-V—1.s71) for
n = 14. In contrast, ZNTs exhibit a more complex trend: the
band gaps first increase and then decrease, while the carrier
mobilities initially rise sharply and later display oscillatory
behavior, spanning a wide range from 10° cm?V~!'-s7! to
107 cm?-V~1.s~! for both . and .

4. Conclusion

In this work, first-principles calculations were employed
to investigate the electronic properties of BSb NTs. The results
reveal that band folding of the BSb monolayer and 7*—c* hy-
bridization give rise to distinct band structures and carrier mo-
bilities in ANTs and ZNTs. In ANTs, L is consistently higher
than py, which both decrease as the radius increases. In con-
trast, ZNTs exhibit oscillatory mobilities, which can surpass
those of ANTSs in most cases. Notably, both types of BSb NTs
demonstrate significantly higher carrier mobilities compared
to the h-BSb monolayer or zinc-blende BSb bulk, underscor-
ing their value for experimental validation and practical appli-
cations in electronic devices.
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