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Abstract 

An intensive study on structural, electronic mechanical and optical properties of bulk Niobium 
Dichalcogenides NbX2 (X=S, Se) was carried out using the first principle. The structural 
parameters such as Equilibrium Lattice Parameters, Volume, Bulk Modulus, and First-
Derivative Modulus were calculated to determine if the materials are energetically stable. 
Elastic constants were further obtained from which mechanical properties i.e. bulk, Young's 
and shear moduli and consequently Poisson's ratio were obtained. Based on the well-known 
Born stability conditions Bulk-NbS2 is most likely mechanically anisotropic ductile material. 
While Bulk-NbSe2 for the predicted B/G ratio in all three methods is less than a critical value 
of 1.75, hence this shows that NbSe2 is a brittle material exploring its electronic and optical 
properties whose motivation was to find out the most stable phase and ascertain if these 
materials could be used in various fields that suit their mechanical and optical properties. 
Furthermore, from the calculated optical spectra, plasma frequencies were analyzed which 
indicated the possibility of applying the material in plasmonic-related fields. 

Keywords: Niobium Dichalcogenides; Density functional theory plus Hubbard (DFT+U); dependent density functional 
theory (TDDFT), electronic and optical properties. 

 

I. INTRODUCTION 

iobium dichalcogenides with the general formula NbX2 
(X= S, Se and Te) have recently become the most 

interesting materials in many technological applications. 
Among them, a bulk-NbS2 has been experimentally 
synthesized by creating stoichiometric samples from the 
elements by reacting them at 950 °C and then quenching them 
at 750 °C for annealing [1]. During annealing, the products' 
stoichiometry depended on the pressure of excess Sulphur. For 

Nb1+x S2, only two phases were found in the range of 0<x<0.18 
a non-stoichiometric phase corresponding to 3R-Nb1+xS2 and 
a stoichiometric line phase corresponding to the 2H polytypes 
NbS2. There was only the 3R polytypes for 0.07 < x < 0.18 [2-
3]. Meissner flux expulsion measurements of superconducting 
transition temperatures revealed that 2HNbS2 superconducts 
at 6.3 K. Above 1.7 K, 3R-Nb1+xS2 does not superconduct [4]. 
They observed that 2H-NbS2 had a minor linear rise in 
susceptibility with decreasing temperature and was nearly 
twice as great. The authors observed the presence of the 
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distinct phases in niobium disulphide, which are categorized 
as stoichiometric (2H-NbS2 and 3R-Nb1+xS2) and non-
stoichiometric (2H-Nb1+xS2 and 3R-Nb1+xS2). They 
postulated that the surplus niobium atoms in the space 
between the sandwiches allowed nonstoichiometric behaviour 
[5]. 

NbSe2 is reported to crystallize in the P6/mmc space group 
by Kershaw et al. [6]. To create single crystals, the chemical 
transport method employed either bromine or iodine as the 
transport agent. They used a Norelco diffractometer and 
monochromatic light (AMR-202 Focusing monochromator) to 
determine the crystallographic properties of NbSe2 on powder 
samples. Based on their resistivity curves, NbSe2 exhibited 
metallic characteristics. As measured on single crystals, the 
superconducting transition for NbSe2 occurred at 7 K, 
consistent with the value reported [7, 8]. NbSe2 functions like 
a metal because the conduction band has a free electron [9]. 
The 2H-NbSe2 ABA stacking sequence. The comparatively 
weak van der Waals interaction between neighbouring 
chalcogenide layers in NbSe2 and other TMDs causes 
mechanical and electronic anisotropy, and this bonding allows 
bases to intercalate [11, 12]. As 2H-NbSe2 temperatures rise, 
the sign of the Hall coefficient shifts from n-type to p-type at 
26 K, [7, 13]. This behaviour was indeed unusual in that, at 
room temperature, the Hall coefficient had a positive sign 
while, the Seebeck coefficient had a negative sign when the 
hydrostatic pressure of 17 kbar was applied, the 
superconducting transition temperature of the layer crystal 
niobium diselenide increased from 6.9 K to 8.5 K. 

Looking at the progress on the above materials’ further 
investigations into their properties such as electronic and 
optical can make them be used in many technological 
applications. Density functional theory (DFT) has recently 
become one of the most successful tools in predicting and 
analyzing such mentioned properties, and the obtained DFT 
results were reported to be close to experimental results in 
similar transition metal dichalcogenides [14-16]. Recently 
many DFT investigations on the monolayer and bilayer of 
NbX2 (X=S, Se) have been reported [17-20] and in each case, 
different results which are a little far from the reported 
experimental ones have been obtained recommending that a 
bulk of such materials need to be investigated in details. 
Hence, this work used the DFT plus Hubbard (DFT+U) 
function [21] to study the structural, electronic properties of 
the bulk NbX2 (X=S, Se) and further used time-dependent 
density functional theory (TDDFT) and to examine the optical 
property within the visible photon energy range.  

II. COMPUTATIONAL METHOD 

Using density functional theory (DFT) as implemented in 
the Quantum ESPRESSO package [22] all calculations were 
carried out and a converged cutoff energy of 500 eV was set 
during optimization and electronic properties calculation. A 
special k-point of 6 × 6 × 1 grid meshes signified by 
Monkhorst-Pack [23] was set off. The convergence of energy 

and force are set to 1 × 10−6 eV and 0.01 eV/Å, respectively. 
For the geometry optimizations and electronic properties 
calculations, we have used a Perdew-Burke-Ernzerhof (PBE) 
[24] functional within the generalized gradient approximation 
(GGA) [25]. To get more accurate electronic properties, we 
adopt the GGA+U method with U = 4 eV for the 4d electrons 
of the Nb atom. 

The optical properties of crystalline materials are mostly 
calculated using the imaginary ɛ2(ω) and real ɛ1(ω) component 
of the complex dielectric function ɛ(ω) given by (12). 

ɛ(ω =  ɛଵ(ω) + iɛଶ(ω)    (1) 

The imaginary part can be calculated from the Kubo-
Greenwood equation expressed as  

ɛଶ(ω) =
ଶగ௘మ

ఆఌ೚
∑ |〈𝛹௞

௖|𝑢. 𝑟|𝛹௞
௩〉|ଶ

௞,௩,௖ 𝛿(𝐸௞
௖ − 𝐸௞

௩ − 𝐸) (2) 

Moreover, the real part ɛଵ(ω) of the dielectric function can 
be determine from the imaginary component using Kramer-
Kronig equation.  

ɛଵ(ω) = 1 + ቀ
ଶ
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In the above equation, ω is the frequency of the phonon, Ω 
is the unit cell volume, u is the unit vector, and e is the charge 
of the electron also 𝛹௞

௖ and 𝛹௞
௩ are wavefunctions for 

conduction and valence band electrons respectively at k. 
𝛼(𝜔)is the absorption coefficient, 𝜎(𝜔) optical conductivity 
and n is the refractive index of the material. 

III. RESULTS AND DISCUSSION 

A. Structural properties of Bulk NbX2 (X=S, Se) 

The optimized crystal structure of both Bulk NbS2 and Bulk 
NbSe2 is given in Fig. 1, the two materials have a hexagonal 
crystal structure space group (P63/mmc), starting with NbS2 
bulk as depicted in Fig. 1 (a) which forms a layered 
compound with the P3m1 space group. The interlayer stacking 
of the compound possesses Nb metal atoms inserted between 
sulphur atoms having a nonmetal character with strong 
covalent bonds involved in the association of the sulphur 
metal. Similarly, the bulk NbSe2 has the same form only with 
the Nb metal atoms inserted between selenium atoms as 
shown in Fig. 1 (b), it is only mildly influenced by van der 
Waals forces. This is in excellent agreement with the reported 
results [26-28]. 

To determine the structural stability, we have calculated the 
total energies for both bulk NbS2 and NbSe2. The obtained 
results are summarized in Table I. The calculated total 
energies are -210.1078 and -223.3221 Ry for NbS2 and NbSe2 
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respectively. These values indicate that these materials are 
thermodynamically stable due to the negative sign [29]. 

 
Fig. 1. Optimized crystal structure of (a) Bulk NbS2 (b) 

Bulk NbSe2 with optimized GGA parameters. 

Similarly, other structural parameters such as Equilibrium 
Lattice Parameters, Volume, Bulk Modulus, and First-
Derivative Modulus were calculated using (7). 

𝐸௧௢௧(𝑎) = 𝐸௢ +
ଽ௏೚஻೚
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Where 𝑎௢ equilibrium lattice is constant, 𝑉௢  is the equilibrium 
volume per atom, 𝐵௢ is the bulk modulus at zero pressure and 

the pressure derivative of the bulk modulus 𝐵௢
ᇱ = ቀ

డ஻

డ௉
ቁ

்
.  

The results summarized in Table I, show that the two 
systems are more stable in a possible magnetic state. This 
finding agrees with the results reported in [30-32]. 

Table I. Calculated Equilibrium Lattice Parameters, Volume, 
Bulk Modulus, and Their First-Derivative Modulus of Bulk 

NbX2 (X=S, Se). 

 

B. Electronic properties of Bulk NbX2 (X=S, Se) 

Using the above-optimized parameters the electronic band 
structures and corresponding atomic density of state (ADOS) 
of the two bulk systems (NbS2 and NbSe2) were obtained and 
depicted in Fig. 2 and 3 respectively. From Fig. 2(a), it was 
observed that the valence band of bulk NbS2 crossed the Fermi 

level at the M-high symmetry point, indicating a semi-metallic 
or semi-conductor character. These results agree with studies 
reported in [30-32]. Fig 2. (b) shows the atomic density of 
states of the NbS2. The Total DOS affirmed the semi-metallic 
character as seen in the band structure, a high peak near the 
Fermi level has been observed and a possible small magnetic 
moment of Nb atom is indicated. In both cases, contributions 
to the electronic states come mainly from the S atom p-type 
orbitals and the metal atom d-type orbitals. 

 
Fig. 2. Calculated (a) electronic band structure and (b) 
atomic density of state of Bulk NbS2 using DFT-GGA 

optimized parameters. 

Similarly, when considering the calculated electronic band 
structure and corresponding DOS of Bulk NbSe2 Fig. 3(a and 
b). It proves the semi-metallic nature observed in NbS2, only 
with number bands in both CB and VB as seen in Fig. 3(a). 
This semi-metallic character is also revealed in DOS plot Fig. 
3(b), which shows a highly localized state cutting through the 
Fermi level. The DOS analysis reveals the electronic state at 
the Fermi level primarily comes from Nb d and Se p orbitals 
which hybridized nearly in the entire energy range, indicating 
a strong covalency between these two atoms. These results are 
in excellent agreement with studies reported in [30], [31] and 
[32]. 
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Fig. 3. Calculated (a) electronic band structure and (b) 
atomic density of state of Bulk NbSe2 using DFT-GGA 

optimized parameters. 

C. Mechanical Properties 

Analysis of elastic constants (𝐶௜௝) is essential for 
understanding the mechanical properties of the materials. 
These constants can be calculated for anisotropic materials by 
solving the compliance matrix given by 

𝐶௜௝ =

⎝
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⎠
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  (8) 

These constants vary from one crystal system to another 
based on the respective point groups and Born stability 
conditions [136, 156]. For The materials which are Hexagonal 
with a point group of 6mm, the mechanical stability criteria 
are 

𝐶ଵଵ > |𝐶ଵଶ|. , 𝐶ସସ > 0. , 𝐶଺଺ > 0. ,2𝐶ଵଷ
ଶ < (𝐶ଵଵ + 𝐶ଵଶ) (9) 

Similarly, for the bulk and shear moduli these constants are 
related within Voight, Reuss and Hill Averaging schemes by 
the following expressions. 
1) Voight Average schemes 

𝐵௏ =
ଶ

ଽ
ቂ𝐶ଵଵ + 𝐶ଵଶ + 2𝐶ଵଷ +

ଵ

ଶ
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2) Reuss Average schemes 
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3) Hill Average schemes 

𝐵ு =
ଵ

ଶ
(𝐵௏ + 𝐵ோ)    (14) 

𝐺ு =
ଵ

ଶ
(𝐺௏ + 𝐺ோ)    (15) 

Thermo_pw code of QE was used to obtain the numerical 
value of the above for both Bulk NbS2 and Bulk NbSe2 and 
summarized in Tables II and III respectively. 

Table II. Calculated independent elastic coefficients for Bulk 
NbS2 and NbSe2 

 

From Table II it is seen that the Born stability conditions 
have been achieved for the two bulk materials, hence we can 
affirm that Bulk NbS2 and NbSe2 are mechanically stable, 
although we did not compare The results with other calculated 
values recently Azizi et al [30] confirmed experimentally both 
NbS2 and NbSe2 are mechanically stable. 

Table III. Calculated B, E, G, ν and B/G for Bulk NbS2 and 
NbSe2 

 

From Table III, for Bulk-NbS2 the three averaging schemes 
gave B/G values ranging between 1.52 and 2.99. This 
indicates that Bulk-NbS2 is most likely mechanically 
anisotropic ductile material. For Bulk-NbSe2 the predicted 
B/G ratio in all three methods is less than a critical value of 
1.75, hence this shows that NbSe2 is a brittle material. These 
results agree with theoretical and experimental reports in [30-
32]. 
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D. Optical properties of Bulk NbX2 (X=S, Se) 

1) Calculated optical properties of Bulk- NbS2 

The material's optical properties make its behaviour in the 
presence of electromagnetic radiation more understandable. 
When determining the dielectric properties of a compound 
with hexagonal symmetry, the electric vector 𝐸 might be 
either parallel or perpendicular to the z-axis. Using the 
Sternwheeler approach within the time-dependent density 
functional theory (TDDFT) as implemented in the 
Thermo_pw code of the Quantum ESPRESSO, the complex 
dielectric constant of Bulk NbS2 has been calculated. The 
obtained real 𝜀ଵ(𝜔)and imaginary 𝜀ଶ(𝜔)part of the dielectric 
function is given in the energy range of  0-10 eV as given in 
Fig. 4(a, b) from the plot it can be seen that both 
𝜀ଵ(𝜔) and 𝜀ଶ(𝜔)  have similar characters in the case of the x 
and y axis but different z direction, which results in identical 
optical functions in the x and y axis since all other optical 
properties are functions of 𝜀(𝜔) = 𝜀ଵ(𝜔) + 𝑖 𝜀ଶ(𝜔). 
Fig. 5(a-f) gives the calculated optical properties such as 
absorption coefficient, reflectivity, refractive index, extinction 
coefficient, Absorption coefficient within the visible range 
and Reflectivity within the visible range of bulk-NbSe2. The 
plot shows no distinct pattern in the refractive index in Fig. 
5(c) and extinction coefficient in Fig. 5(d). Considering the 
visible regime, maximum absorption along the z-axis occurs 
between the photon range of 1.80-p. 

 

 
Fig. 4. Calculated real and imaginary parts of the complex 

dielectric function of bulk-NbSe2 

 
Fig. 5. (a) absorption coefficient, (b) reflectivity, (c) refractive index, (d) extinction coefficient, Absorption (e) coefficient 

within the visible range and Reflectivity within the visible range of the bulk-NbS2.
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Also, within the visible range, wide absorption peaks occur 
at around 2.00 eV and 2.46 eV for the z-axis and x, and y-axis 
respectively. This implies that when the incoming photon hits 
bulk-NbS2 along the x and y axis, it will appear orange in 
colour whereas when it strikes along the z-axis, it will appear 
green in colour. The screened in-plane plasma frequencies 
occur at around 1.2 eV, 3.6 eV, 3,8 eV, 5.0 eV and 9.0 eV 
whereas out-of-plane plasma frequencies occur at around 0.3 
eV, 1.2 eV, 2.2 eV and 9.0 eV as shown in Fig. 4. From the 
predicted values of plasma frequencies, NbS2 is a promising 
plasmonic material since Plasmon excitations occur in the 
visible and UV region giving high Plasmon quality. 

2) Calculated optical properties of Bulk- NbSe2 
NbSe2 possesses similar optical properties to those of NbS2. 

Fig. 6(a-f) gives The calculated optical properties for the bulk-
NbSe2, showing the magnitude of the obtained absorption 
coefficient along the x, y-axis (corresponding to in-plane) 
which exceeds along that of z-plane (corresponding to out-of-
plane) up to 0.4 eV beyond the out-of-plane dominates. 
Intensity of in-plane reflectivity exceeds out-of-plane 
reflectivity up to 0.75 eV beyond which out-of-plane 
reflectivity exceeds in-plane reflectivity. In-plane refractive 
index and in-plane extinction coefficient exceed 
corresponding out-of-plane counterparts up to around 1.25 eV 
and 0.2 eV respectively beyond which out-of-plane refractive 
index and extinction coefficient dominate. 

 
Fig. 6. (a) absorption coefficient, (b) reflectivity, (c) refractive index, (d) extinction coefficient, Absorption (e) coefficient 

within the visible range and Reflectivity within the visible range of the bulk-NbSe2. 

Within the visible range, along the z-axis (corresponding to 
out-plane) absorption and reflectivity exceed along the x, y-
axis (corresponding to in-plane). Wide absorption peaks occur 
at the edge of the visible region hence we predict that when 
NbSe2 is illuminated with light, it will appear violet in colour 
irrespective of the interface light shines on. Screened in-plane 
plasma frequencies occur at around 1.0 eV, 4.4 eV and 8.5 eV 
whereas several out-of-plane plasma frequencies were 
predicted at around 6.5 eV, 6.7 eV,6.9 eV, 7.1 eV and 7.2 eV. 
Its screened plasma frequencies occur at the infrared and 
ultraviolet region as shown in Fig. 6(e and f) hence a 

promising material for plasmonic-related applications. The 
obtained results agree with studies reported in [30] and [31]. 

IV. CONCLUSION 

An investigation on the structural, electronic, mechanical, and 
optical properties of Bulk transition metal dichalcogenides 
(NbSe2, NbS2) were carried out using the first principle, with 
the obtained structural properties comparable to the available 
experimental data. From the obtained mechanical properties, 
the bulk NbS2 was found to be an anisotropic ductile material, 
while the NbSe2 was predicted to be brittle. From the 
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electronic band structure plots, both NbSe2 and NbS2 showed 
metallic characters, indicating a strong possibility of band 
engineering via the introduction of donor impurities which can 
lead to obtaining a semiconducting nature that can be applied 
in designing optoelectronic devices. Finally, the obtained 
optical properties clearly show that NbSe2 and NbS2, are 
promising plasmonic materials in their bulk form.  
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