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Abstract. The paper presents structural, electronic and optical properties of boron-group V hexagonal nanowires
(h-NW) within the framework of density functional theory. The h-NW of boron-group V compounds with an
analogous diameter of 12 Å have been designed in (1 1 1) plane. Stability analysis performed through formation
energies reveal that, the stability of these structures decreases with increasing atomic number of the group V element.
The band nature predicts that these nanowires are good electrical conductors. Optical behaviour of the nanowires
has been analysed through absorption coefﬁcient, reﬂectivity, refractive index, optical conductivity and electron
energy loss spectrum (EELS), that are computed from the frequency-dependent complex dielectric function. The
analysis reveals high reactivity of BP and BAs h-NWs to the incident light especially in the IR and visible ranges,
and the optical transparency of BN h-NW in the visible and UV ranges.
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1. Introduction
With declining natural fossil fuel sources and increasing
global warming, the search for highly efﬁcient clean
renewable energy sources such as solar cells is in high
demand. Studying the properties of III–V compound
nanowires [1–4] for their application in photovoltaics,
optoelectronics and nanoelectronic devices is on rise
and has become an extensive area of research owing
to their remarkable characteristics ranging from direct
band gap to high drive currents. The direct band gap
is an essential requirement for designing optoelectronic
devices, while the high drive currents are essential for
high power applications. A vast amount of research is
currently being pursued on the III–V nanowire-based
solar cells [5–8]. Though the III–V nanowire-based solar
cells earlier observed to offer efﬁciencies of just 3–5%,
a few years ago the researchers developed a solar cell
based on InP nanowire that has a remarkable 13.8%
efﬁciency [7].
An interesting character of the nanowires is that their
structural, electronic, optical, mechanical and transport
properties are highly dependent on their shape and size.
This enabled the researchers to tune the properties of
nanowires by giving them different shapes and sizes,

which in turn makes them eligible for various applications. The hexagonal-shaped compound nanowires
have already been experimentally grown by various
researchers and characterized for possible applications
in nanoelectronics and nanoscale photonics [9–11]. In
this work, the hexagonal NWs of B-group V compounds (BN, BP, BAs, BSb) have been designed with
an analogous diameter of 12 Å, to comparatively examine their properties at the same shape and size. Earlier,
our group has studied the properties of BAs h-NW at
different diameters viz. 5, 7 and 9 Å, and reported
the proportionality between stability and size [12],
where, hexagonal nanowire with higher diameter is
witnessed to be the most stable. Keeping it in mind,
we have considered sufﬁciently large diameter for hNWs in the present work to obtain stable B-group V
h-NWs.

2. Theoretical approach
The calculations have been performed using density
functional theory (DFT)-based commercial ab-initio
package Atomistix Toolkit-Virtual Nanolab (ATK-VNL)
[13]. The h-NW structures of 12 Å diameter have been
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Figure 1. Cross-sectional view (across the length) and side view (along the length) of B-group V h-NW.
Table 1. Structural parameters and band nature for boron-group V h-NWs.
h-NW
BN
BP
BAs
BSb

B–V Bond length (Å)

Binding energy (eV)

Band gap (eV)

1.56
1.96
2.06
2.30 (W)
2.07 (L)

8.14
6.06
5.38
4.50

SM
M
SM
0.047

Here, M refers to metallic, SM to semimetallic, L to along length and W to
along width.

designed by growing bulk structures of boron-group
V compounds in (1 1 1) plane, and a model structure
is depicted in ﬁgure 1. We utilized generalized gradient approximation (GGA) exchange-correlation functional with revised Perdew–Burke–Ernzerhoff (rPBE)
parametrization [14] for calculating structural and
electronic properties, and meta generalized gradient
approximation (MGGA) [15] for calculating optical
properties. MGGA is not preferred for the calculation of
electronic properties, owing to its failure in accurately
estimating the electronic properties of metallic structures. The valance electrons have been described using
localized pseudoatomic orbitals with double zeta double polarized (DZDP) basis set, and a large plane-wave
mesh-cutoff of 150 Ryd is considered throughout the
calculations. Furthermore, the Brillouin zone (BZ) has
been sampled using 1 × 1 × 40 Monkhorst-Pack of k
points.

3.1 Structural and electronic properties
The structural parameters such as bond lengths and
binding energies of B-group V h-NWs are calculated
and presented in table 1, where one can observe the
increasing pattern of the bond length with atomic number of group V element, reason being the dependence
of bond length on size of the bonded atoms. In general,
larger the size of the bonded atoms, larger will be the

3. Results and discussion
The hexagonal nanowires of boron-group V binary compounds with a diameter of 12 Å have been designed and
their structural, electronic and optical properties have
been calculated.

Figure 2. Band structure of BN h-NW.
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Figure 3. PDOS for BN h-NW.
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Figure 6. Band structure of BAs h-NW.

Figure 7. PDOS for BAs h-NW.
Figure 4. Band structure of BP h-NW.

Figure 8. Band structure of BSb h-NW.
Figure 5. PDOS for BP h-NW.

bond length, provided they have undergone analogous
hybridization. Each of the h-NWs have shown unique
bond length, which is same throughout their structure
except for the case of BSb h-NW that shows different
bond lengths along and across its length. The structural

stability of h-NWs has been predicted through the calculated binding energies, where h-NW with the highest
binding energy is presumed to be the most stable. The
binding energies are calculated using the formula presented in eq. (1) and the corresponding values are listed
in table 1. The binding energies are found to reduce with
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The frequency-dependent complex dielectric constant
has been computed through the Kubo–Greenwood formulism for susceptibility tensor as shown in eq. (3), and
the real and imaginary parts of the dielectric function are
plotted in ﬁgures 10 and 11, respectively. The complex
dielectric constant is related to the susceptibility tensor
as [16]
(ω) = (1 + χi j (ω)),
χi j (ω) =
Figure 9. PDOS for BSb h-NW.

increasing atomic number of the group V element, predicting reduced stability with increasing atomic number
of group V element. Here, BN h-NW is observed to be
the most stable, whereas BSb h-NW is the least stable.
EB
=

N E T (boron)+ M E T (group V atom)−E T (h-NW)
.
(N + M)
(1)

The electronic nature of the B-group V h-NWs has
been estimated through the band structure and projected
density of states (PDOS) depicted in ﬁgures 2–9. BN
and BAs h-NWs exhibit semimetallic nature, while BP
h-NW exhibits metallicity. BSb h-NW shows a narrow
band gap of 0.047 eV. Clearly, the band nature predicts good electrical conducting ability for the h-NWs.
From PDOS plots, higher states density is observed in
the valance band than in conduction band for all the
four h-NW cases. Further, the states density observed in
both valance and conduction bands is mainly due to the
p states of boron and group V elements, reason being
the involvement of p-orbitals in the formation of weak
π -bonds which can be facilely disturbed to create free
electrons, whereas, the contribution of s-states to DOS
is near negligible in all the four h-NW cases as the sorbitals are involved in the formation of strong σ -bonds.

(2)

−e2 h̄ 4
nm
m 2 0 V ω2

×

f (E m ) − f (E n )
E nm − h̄ω − i h̄

i
nm

j
mn ,

(3)

where inm is the i-component of the dipole matrix element between n and m states, V is the volume, h̄ is the
reduced Planck constant,  refers to broadening and f
refers to Fermi function. The refractive index (n) and
absorption coefﬁcient (α) are calculated from the real
part of the dielectric constant (1 ) and imaginary part of
the dielectric constant (2 ) as


 2 + 2 + 
 1
1
2
(4)
n=
2
ω
α=2 k
(5)
c

3.2 Optical properties
The optical properties of B-group V h-NWs have been
estimated through the absorption coefﬁcient, reﬂectivity, refractive index, optical conductivity and electron
energy loss spectra (EELS), that are calculated from the
computed dielectric function over a photon energy range
of 0–5 eV.

Figure 10. Real part of dielectric constant as a function of
photon energy for B-group V h-NWs.
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Figure 11. Imaginary part of dielectric constant as a function
of photon energy for B-group V h-NWs.

where k is the extinction coefﬁcient,


 2 + 2 − 
 1
1
2
.
k=
2

(6)

The optical reﬂectivity is calculated from the refractive
index and extinction coefﬁcient as
(1 − n)2 + k 2
.
(1 + n)2 + k 2
The EELS is given by [17],
2
L= 2
.
1 + 22

r=

(7)

(8)

The real and imaginary parts of the optical conductivity,
σreal and σimaginary , are given by
E2
.
(9)
σreal =
4π h̄
E(1 − 1 )
σimaginary =
.
(10)
4π h̄
The dielectric function has been computed in three different directions x x ,  yy (across the NW length) and
zz (along the NW length). Owing to the periodic nature
of the NW in Z -direction and conﬁnement in X and
Y directions, the dielectric function is observed to be
anisotropic with x x =  yy  = zz . In ﬁgures 10–17,
the calculated optical parameters across the length of
the NW are indicated by dark green curve, while those
along the length are indicated by red curve.

Figure 12. Refractive index of B-group V h-NWs.

From ﬁgure 10, BP h-NW has the highest static
dielectric constant (real (ω = 0)) of 9.66 and 22.72
in IR region, across and along the length respectively,
compared to other h-NWs studied. The lowest static
dielectric constant of 2.36 (across the length) and 1.16
(along the length) are observed for BN h-NW. The
measured static dielectric constant follows the trend
BP>BAs> BSb>BN h-NW. Figure 11 presents the
imaginary part of the dielectric constant, where the
observed peaks correspond to interband transitions. All
these NWs show peaks majorly in the infrared (IR) range
(0–1.77 eV) of the electromagnetic (EM) spectrum. BN
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Figure 14. Absorption coefﬁcient of B-group V h-NWs.

Figure 13. Reﬂectivity of B-group V h-NWs.

has real > 0 and imag ≈ 0 in the visible (1.78 to 3.1
eV) and ultraviolet (UV) (3.2 to 5 eV) ranges, predicting
the transparent behaviour of the NW in these regions.
Figure 12 depicts the refractive index of B-group
V h-NWs as a function of photon energy. In general,
refractive index offers the information about the angle
of refraction the light undergoes while entering into a
medium. Higher refractive index causes lesser refraction angle measured from the normal. Higher refractive
indices are observed for all the four h-NWs in the IR
range than in visible and UV ranges. BP h-NW has
exhibited relatively highest peaks of 3.1 (across the

length) and 4.76 (along the length) at 0 eV than its counterparts. The peak refractive index has followed the trend
of BP > BAs > BN > BSb (across the length) and BP
> BAs > BSb > BN (along the length).
The optical reﬂectivity of the B-group V h-NWs is
plotted in ﬁgure 13, where high reﬂectivity is observed
in the IR range, while the reﬂectivity observed in the
UV range is near negligible. Moreover, BP h-NW is
observed to possess relatively high reﬂectivity and BSb
h-NW the least in comparison to their counterparts.
Approximately zero reﬂectivity is observed for BN hNW in the visible and UV ranges, support its transparent
behaviour.
Absorption coefﬁcient furnishes the information of
the rate at which intensity of light decreases as it
passes through the material. Absorption coefﬁcient of
a material depends on both the dielectric constant of
the material and wavelength of the incident light. The
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Figure 15. Electron energy loss spectra of B-group V
h-NWs.

Figure 16. Real part of optical conductivity for B-group V
h-NWs.

frequency-dependent absorption coefﬁcient for the Bgroup V h-NWs is shown in ﬁgure 14. BP and BAs
h-NWs offered good absorption at IR and visible ranges,
whereas BN is observed to be more active at the UV
range. Further, BP h-NW shows relatively better photon
absorption than its counterparts, with peaks located at
1.9 eV (across the length) and 2.4 eV (along the length)
in the visible range. BSb h-NW has a consistent but very
poor absorption behaviour throughout the EM range.
The plotted EELS in ﬁgure 15 has peaks for BN hNW at 1.1 eV (across the length) and 4.25 eV (along
the length), while, for BAs h-NW at 1.6 eV (across the

length) and 1.9 eV (along the length), and for BSb hNW at 0.4 eV (across the length) and 0.44 eV (along the
length). BP h-NW has the highest loss peaks at 2.6 eV
(across the length) and 2.7 eV (along the length), which
might be due to plasmon excitation as the corresponding
dielectric function is nearly zero in that location. The
remaining small peaks with non-zero dielectric function
correspond to interband transitions.
The real and imaginary parts of frequency-dependent
optical conductivity are plotted in ﬁgures 16 and 17,
respectively. Once again, the BP h-NW dominated its
counterparts with relatively high peaks at 1.9 eV (across
the length) and 0.5 eV (along the length) in the real part
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4. Conclusion
The present paper illustrates the structural, electronic
and optical properties of the B-group V h-NWs of analogous diameter of 12 Å, performed through DFT-based
ﬁrst principle approach. Structural analysis reveals the
decreasing stability of the NWs with increasing atomic
number of the group V element. The electronic nature
assessed through band structure and DOS calculations
reveal metallicity for BN, BP and BAs h-NWs, and semiconducting nature for BSb h-NW. The analysis of optical
properties illustrates higher reactivity of BP and BAs hNWs for light, especially in the IR and visible ranges,
than their contenders. Owing to its optical transparency,
metallic nature and high stability, the BN h-NW may
be utilized in optoelectronic devices. Further, our theoretical observations are expected to serve as a basis
for the researchers working on developing B-group V
nanowire-based solar cells and optoelectronic devices.
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