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ABSTRACT

The optoelectronic properties of VSbz compound were studied using the Full Potential
Linearized Augmented Plane Wave (FP-LAPW) method, in accordance with the Density
Functional Theory (DFT). Thus, this study calculated the total (TDOS) and partial (PDOS)
density of states by the Engel-Vosko Generalized Gradient Approximation (EV-GGA)
implemented in the Wien2k code. From the calculations, the material possesses a metallic
character. Furthermore, the calculation involves the energy range between 0 eV and 14 eV,
the optical spectra including the real and imaginary part of the dielectric function, the
refractive index, the extinction coefficient, the optical conductivity, the absorption
coefficient, the reflectivity and the loss function, considering both intra- and inter-band
transitions. The optoelectronic properties study of VSb: intermetallic compound is
important because this material is likely to be used as a diffusion barrier, as an electrode or
in photovoltaic cells after doping or association with other materials. The results of the
electronic properties show the main contribution of the V-3d states in the DOS. Similarly, the
total density of states at Fermi energy N (EF) is 6.4 States/eV and an electron specific heat
coefficient y is 15.1 m].mol-L.K2. As for the optical properties, the VSbz is found to has a strong
absorbance in the ultraviolet region and high reflectance in the infrared domain. This work
is original because, according to the literature, even if this material has already been
synthesized, no experimental or theoretical calculation of the optical properties has been
made until now.
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1. INTRODUCTION

A single-phase sample of di-antimonide VSb; was first synthesized in 1951 by Nowotony et al. [1].
It was obtained from the powder of Sb and small pieces of vanadium mixed in stoichiometric ratio
with an extra of 3 to 5 wt.% antimony to compensate for losses during heat treatment performed
at 800°C [2]. The VSb, compound crystallizes in the tetragonal unit cell [4/mcm (space group no.
140) and lattice parameters are a =b = 6.5538 A and ¢ = 5.6366 A [3]. Based on this information,
some properties of this material such as structural, electronic and optical properties at zero
temperature can be determined [4]. The thermoelectric properties can also be investigated with
BoltzTraP program [5], which can be interfaced with the Wien2k code.

According to literature studies, VSb, compound was tested as anodic material [6] and as electrode
or diffusion barriers for Sb-based skutterudites thermoelectric devices [2]. However, no study
has been reported on its optical properties. Generally, the knowledge of the optical properties is
important in order to improve battery performance [7]. Therefore, it is useful to report it in this
work of an ab-initio calculation within density functional theory to determine these properties.

The electronic study carried out from the density of states shows the importance of the
contribution of the V-3d orbital compared to that of the Sb-5p orbital and the metallic character
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of VSb; compound. This last property is confirmed by optical studies which are considered an
important research topic for industrial applications as well as in fundamental research. Indeed,
the optical properties are of paramount importance because they allow studying the interaction
between the light (in the different domains visible, ultraviolet, and infrared) and the matter.
Several works have been carried out in this direction [8-10].

VSbz compound can be used as diffusion barriers or electrode for Sb-based skutterudite
thermoelectric devices [2]. As it can be used as electrode batteries, since Yazami's works [11]
have aimed at improving the performance of Lithium alloy anodes such as the binary antimonide
VSb;, CrSbz, and TiSb,. Those materials are expected to spread not only over small mobile
application but also in the Hybrid Electric Vehicles (HEV).

For determine the properties of VSb, compound, the FP-LAPW method which is considered one
of the most precise schemes is used to solve the Kohn-Sham equations and to enable most
accurate calculations of the crystal properties on the atomic scale [12].

2. COMPUTATIONAL DETAILS

The calculations are carried out using the full-potential linearized augmented plane-wave (FP-
LAPW) method in the framework of Density Functional Theory (DFT) as implemented in the
WIEN2K code [13], whose the procedure of solving the self-consistent Kohn-Sham equation is
given in Figure 1.
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Figure 1. Flow chart of WIENZ2k code [13], with H, S, V(r), p(r) are respectively Hamiltonian matrix,
overlap matrix, potential, and electron density.

The optoelectronic properties of VSb, compound were calculated using the exchange-correlation
functional called Engel-Vosko generalized gradient approximation (EV-GGA) [14]. The code
parameters must be optimized to have a stable structure of the material to determine the
different properties of the fundamental state. Thus, the product of RMTmin*Kmax = 8.5 (where
RMTmin is the smallest atomic sphere radius in a unit cell and Knax is the maximum wave vector
module in the first irreducible Brillouin zone) was obtained and a dense mesh of 800 k-points
was used in the first Brillouin zone. Inside the atomic spheres, the maximum value of the angular
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moment Imax was set at 10 and the cut-off energy of core set at -6.0 Ry. The self-consistent
calculations considered to converge when the total energy difference between successive
iterations is less than 0.0001 Ry per formula unit. From these data, the electronic and optical
properties of VSb, compound were calculated.

3. RESULTS AND DISCUSSION
3.1 Electronic Properties

Figure 2 displays the calculated total and partial densities of states of VSb, compound. It shows
that Fermi level Er (dashed line) lies in a region of high DOS, thus revealing a metallic behaviour.
This result has been confirmed by our calculation of the band structure using generalized
gradient approximation (GGA) and modified Becke-Johnson (mB]) potential scheme [15].

Calculations of electronic structure using TB-LMTO-ASA program package and measurements of
the electrical resistivity as a function of the temperature carried out by Armbrister et al. [16],
confirmed the metallic character of VSb..

Likewise, we note that the main contribution in the partial DOS plot is due to the 3D state of
vanadium atom, involving easier electronic transitions to this state. While the contribution of 5p
state of antimony atom is very weak.
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Figure 2. Total and partial densities of states of VSbz compound using EV-GGA.

From Figure 2, the total density of states at Fermi energy N(Er) is approximately 6.4 States/eV.
Armbrister et al. [16] using Stuggart TB-LMTO-ASA program employed the tight-binding (TB)
version of the linear muffin-tin orbital (LMTO) [17] method in the atomic sphere approximation
(ASA) found the total density approximately 7.2 States/eV. Meanwhile, in this study, the full-
potential linearized augmented plane wave (FP-LAPW) method was used as implemented in the
WienZ2k code [18]. The difference in results is due to the use of two different methods.

Thus, the y electron specific heat coefficient can be calculated using the following expression in
Equation (1):
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2 2
N, m N(E. )k
A FJ%g
y = R (1)

Where N, is Avogadro’s number and kg is the Boltzmann’s constant. Thus, the y obtained is 15.1
m]J.mol-1.K-2 for VSb,.

3.2 Optical properties

3.2.1 The Dielectric Function

The dielectric function € (®) is complex and can be expressed as in Equation (2) where &£1(w) and
€2(w) are the real and the imaginary part, respectively.

e(w) = & (w) +ig(w) (2)

It contains all intrinsic effects corresponding to the processes of light-matter interaction. In other
words, it reflects the interaction of photons of radiation with the electrons of the material. Since
VSb; has shown a metallic behaviour, in the expression of the dielectric function, two types of
contributions have to be taken into account which are inter-band and intra-band. Therefore, the
total dielectric function €(w) is written as in Equation (3):

s(w) — S[intra] (w) + g[inter] (w) (3)

The intra-band transitions correspond to electronic conduction by free carriers. While the inter-
band transitions are due to electron transitions from the occupied states below the Fermi level,
to the unoccupied states in a higher band, caused by its absorption of electromagnetic radiation
[19]. In other words, the last effect concerns bound electrons. The curves in Figure 3(a) and 3(b)
represent the real and imaginary part of the dielectric function of VSb; respectively in the energy
range [0; 14 eV].
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Figure 3. The real (a) and imaginary parts (b) of the dielectric function.

From the spectrum of the real part of the dielectric function in Figure 3(a), the large negative
value of the real part of the dielectric function at low energies, which confirms the metallic
character of VSb,; compound. The first root of e1(w) = 0isat 0.7 eV, itis located in the near-infrared
domain, where the optical response is dominated by the intra-band transition. This is due to the
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oscillating of the charge carriers caused by the incident electromagnetic radiation [20]. This value
corresponds to plasmonic oscillations. In order to obtain a better optical spectrum of the
dielectric function, it is essential to sample the Brillouin zone as finely as possible [21], in this
case, for VSby, several points k = 800 were taken.

Based on Figure 3(a), the real part €1(w) of the dielectric function of VSb; takes negative values in
the energy range 0 - 0.7 eV, with very low value when energy tends to 0. First, this highlights the
mechanism of free electrons [22], and second confirms the metallic character of VSb,. €1(w) is
positive in the range 0.7 - 3.3 eV, with the occurrence of two highest peaks, one centred at 1.4 eV
in the infrared range, and the other at 2.1 eV in the visible range. Indeed, they are both related to
inter-band transitions of bonding electrons [23]. From 11.5 eV, notice that the real part of the
dielectric function takes negligible values.

The imaginary part of dielectric function €;(w) (refer Figure 3(b)) takes great positive values
when energy tends to 0. Thus, the VSb, compound has a metallic behaviour which is in good
agreement with the density of states calculation. In other words, a low energy incident photon
allows electrons transmission in intra-band. But, at 0.7eV energy value, rapid decreases of the
curve can be observed, which again implies plasmonic oscillation. By increasing the energy of the
incident photons, the electronic transitions increase, hence, the first peak of electronic transition
at 1.6 eV in the limit of near-infrared - visible, followed by the second peak at 3.3 eV located in
the limit visible — near UV were observed. These two peaks are generally due to the optical
transitions (inter-band transition) [22].

3.2.2 The refractive index

The complex refractive index n(w) consists of a real part n(w) (refractive index) and the
imaginary part k(w) (extinction coefficient) which shows the energy absorption of the incident
wave by the material [24]. This property is given by the expression in Equation (4):

n(w) = n(w) + ix(w) 4)

Figure 4 presents the variation of refractive index and extinction coefficient as a function of
energy n(o) and k(®) respectively. For low energy, n takes great values owing to the presence of
free electrons [22]. This is due to the metallic character of VSb, compound.
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Figure 4. (a) Refractive index and (b) extinction coefficient of compound VSb..
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At the limit of near IR-visible, a broad peak appears, labelled by a in Figure 4(b). However, for
the high energy regime, greater than 6.3 eV; the refractive index is less than one, indicating
possible super-luminescence phenomenon in the compound. This effect can be used in some
applications such as optoelectronics devices, electronics, the optical communications, optical
networks, and waveguides components [25-26]. This is corroborated by the decrease of the
extinction index, «, (Figure 4(b)). Generally, the peaks in n(w) and k(w) spectra in the infrared
region are due mainly to the intra-band transition of electrons.

3.2.3 The absorption coefficient

The absorption coefficient is given by the relation in Equation (5) where k(w) is the extinction
coefficient, and c the speed of light in a vacuum [27].

a(w) = — (5)

Figure 5 shows the evolution of the absorption coefficient of VSb, material as a function of
incident energy in the range of 0 eV to 14 eV comprising infrared, visible and ultraviolet domains.
Due to the metallic character of this compound, absorption starts at very low photon energy. In
the visible domain, the absorption curve rises rapidly with the energy until reaching a maximum
absorption value in the ultraviolet domain. Subsequently, absorption remains high due to the
inter-band transitions [28]. Most of the light absorbed in infrared and visible spectra contributes
to the electron transition [29] from the valence to conduction bands. From the absorption
spectrum of VSb; which reaches a saturated limit in the middle-ultraviolet region, this compound
is more absorbent in the ultraviolet region than in the infrared and visible regions.
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Figure 5. Absorption coefficient a(®) of VSb2 compound.
3.2.4 The optical conductivity
Another calculated optical parameter, depending on the intra- and inter-band transitions of
electrons, is the optical conductivity o(w), consisting of a real part o1(®) (which defines the Ohmic

losses) and an imaginary part oz(®) as in Equation (6) [30].

0(w) = 01(w) + i0y(w) = —igow(e(w) — 1) (6)
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Figure 6. The real and imaginary parts of the optical conductivity of VSb2 compound.

Like all properties, the complex conductivity depends on the incident energy. The real part of
conductivity begins at about 5.3%x104 S.m"! for very low energy of a photon, which is in agreement
with the band structure of the VSb, compound which does not show a bandgap [15].

In the infrared region, the conductivity decreases sharply to reach a minimum value of 2.3x10*
S.m1 around 1 eV, then it increases to reach a maximum value of 1.1x105 S.m-! at 3.3 eV. This
shows that the number of free charge carriers generated increases when the material absorbed
an incident electromagnetic wave [31], especially in near-ultraviolet range, which is due generally
to the inter-band transitions. In other words, the maximum of the spectrum of the conductivity
usually corresponds to a maximum photo-current [24]. In the energy range where the optical
conductivity is maximum, the compound behaves as a good conductor of when exposed to
incident radiation. Beyond 3.3 eV, the real part of conductivity decreases with a rise in the
frequency. In addition, the imaginary part of the conductivity is responsible for the phase shift
between the local electric field and the current density [32].

For low frequencies, the imaginary part of the conductivity takes values smaller than the real part
(02<< 01). In contrast, in the limit ultraviolet, the 62 >> o1. Thus, the electrons have an inductive
character [33].

3.2.5 The Reflectivity

The reflectivity R(w) can be defined as the ratio between the reflected flux and the flux incident

by surface element. It is given by the following relation in Equation (7) where €;(w) and &2(w) are
respectively the real and imaginary parts of the dielectric function.

) - (CRTS) )
(0)- ((s vie,) +1)

1

As shown in Figure 7, at very low energy, the reflectivity of VSb, compound is higher than 95%,
which is reasonable if considering the metallic character of this compound. The reflectivity
decreases rapidly in the infrared range to an absolute minimum of about 48% at about 1.2 eV. It
increases to about 64% in visible and near ultraviolet domains and oscillate between 65% and
78% in the rest of the energy domain.
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Figure 7. The reflectivity spectra of VSbz compound.

3.2.6 The Energy Loss Function

This property describes the loss of electronic energy when an electromagnetic wave transit
through the material. It provides information about plasmon excitation, the inter-band and intra-
band transitions [34]. The electron energy loss function L() is given by Equation (8):

() (8)

M) 2 )2 ()

Figure 8 shows that in the range 0 - 0.7 eV, the energy loss function increases with increasing
photon energy, this correspond to the negative value of €1(w) in this domain, revealing the loss of
light transit for VSb, compound. In addition, the peak at 0.7 eV is related to plasma resonance and
the corresponding energy is so-called plasma energy.
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Figure 8. The energy loss function of VSbz compound.
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4. CONCLUSION

Based on the (FP-LAPW) method under Density Functional Theory (DFT) in Wien2k code with
Engel-Vosko Generalized Gradient Approximation (EV-GGA), the density of states (DOS) and the
optical properties of VSb, compound were studied. From the density of states at the Fermi level,
the electronic specific heat coefficient y can be deduced which is found to be 15.1m]J.mol-1.K-2. This
small value means that electronic contributions dominate the thermal conductivity.

The calculations of the density of states show an overlap between the conduction band and the
valence band this indicates that VSb, material is a metal.

The optical properties versus incident energy such as the dielectric function &(w), optical
conductivity o(w), refractive index n(w), absorption coefficient a(w), loss function L(w) and
reflectivity R(w), within the range [0; 14eV] were calculated and discussed. The intra-band and
inter-band transitions were considered. Thus, the results confirm the metallic character of the
studied compound VSb,. Indeed, at low energy, large negative values of €;(w) and large positive
values of €2(w) were obtained. The refractive index takes a maximum value and the reflectivity is
higher than 95% due to free electrons, and the observed peak in the electron energy loss
spectrum corresponds to the plasma frequency.

Finally, the optical properties of VSb, compound are very interesting in the ultraviolet region. The
objective of this work was to understand the optical properties of the VSb, compound, which have
not been investigated so far by ab-initio methods. It is hoped that the results found in this work
will serve as a reference for future experimental and theoretical studies of this compound.
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