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Abstract—Two dimensional (2D) layered transition metal 

dichalcogenides (TMDC) have recently attracted remarkable 

attention due to their direct and wide band gap. These 

semiconductor materials can be used in electronics device and in 

optoelectronic devices. In semiconductor materials the electronic 

and vibrational properties play a fundamental role in device 

characterization in consequently many physical observables 

specifically thermal and transport properties. Here the structural 

optimization, electronic properties and vibrational properties of 

tungsten disulfide (WS2) and molybdenum disulfide (MoS2) have 

been calculated by the first principle Calculation based on 

density functional Theory (DFT) which is implemented on the 

quantum espresso. The direct band gap of WS2 and MoS2 have 

been found at K point from the DFT calculations are 1.98 eV and 

1.9 eV. The high frequency optical phonon modes are separated 

from the low frequency optical phonon modes by a gap of 207 cm-

1 for single-layer WS2 and 285 cm-1 for single-layer MoS2 

respectively.  
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I. INTRODUCTION  

Graphene is an isolated layer of graphite, has attracted 
great attentions due to its intriguing structure and electronic 
properties, such as one-atom thickness, very strong 
mechanical property, extremely high electron mobility, high 
thermal conductivity, and room temperature quantum Hall 
effect [1,2]. The major problem of graphene is having  zero 
band gap that makes it unsuitable for optoelectronic devices 
application [2]. In order to overcome this limitation many 
scientists work out for search new 2D materials which have a 
band gap. 

Transition metal dichalcogenides (TMDC) are among the 
most studied layered compounds that have been isolated in 
monolayer form.  One of the most widely researched interest 
is the monolayer layered transition metal dichalchogenides 
(TMDC) [3]. Among various 2D Nano-materials, transition 
metal dichalcogenides (TMDC) demonstrate to superior 
electronic, magnetic, and electrochemical properties which 
have attracted great attention for energy related device 
applications such as super capacitor, solar cell, lithium ion 
battery, and water splitting to generate H2 [3]. 

TMDC also have a wide absorption range such as visible, 
infrared, ultraviolet and near infrared. Thus, they possess 
unique property of attainment self-excitation under light 

irradiation [3]. Electronic and optical applications often 
require materials with a tunable band gap [5]. For example, 
the channel material in field-effect transistors must have a 
sufficient band gap to achieve high on/off ratios [5]. In this 
respect, the semiconductor transition metal dichalcogenides 
can be the  complement of zero-band gap graphene [6]. 
Single-layer MoS2 is an attractive alternative for 
optoelectronic applications with an optical gap of 1.8-1.9 eV 
with high quantum efficiency [4]. 

Here, we study the electronic and vibrational properties of 
WS2 and MoS2 layered with first-principles calculations 
based on density function theory which is implemented in 
quantum espresso. 

In Fig. 1. the monolayer systems are shown together with 
their unit cells [3]. Different sheets of TX2 are composed of 
three atomic layers X-T-X, where T and X are covalently 
bonded. Sheets are held together by weak van der Waals 
forces. Graphene like MoS2 and WS2 are quasi-two-
dimensional compounds in which the atoms within the layer 
are held together by strong covalent forces while Van der 
Waals interaction enables stacking of the layers. TMDC of 
group IV (d2 electronic configuration), V (d3), VI (d4) and 
VII (d5) metals tend to form layered structures [4]. There is 
strong dispersion of energy bands parallel to the layers. 
Despite the weak interlayer interactions, there is also a 
significant dispersion perpendicular to the layers [8]. 

 

 

 

Fig. 1. Single layer Structure of Transition Metal Dichalcogenides. 
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II. CALCULATION METHODS 

       The vibrational properties of two dimensional WS2 and 

MoS2 layered can be calculated by using first principle 

calculations based on density functional theory. For first 

principle calculation Quantum espresso software has been 

used here.  

A. QUANTUM ESPRESSO 

       Quantum ESPRESSO is a software suite for ab initio 

quantum chemistry methods of electronic structure calculation 

and materials modeling, distributed for free under the GNU 

General Public License [9]. It is based on Density Functional 

Theory, plane wave basis and pseudopotentials (both norm-

conserving and ultra-soft). ESPRESSO is an acronym for 

Open-Source Package for Research in Electronic Structure, 

Simulation, and Optimization [9]. 

B. DENSITY FUNCTIONAL THEORY 

      The density functional theory (DFT) is presently the most 

successful approach to compute the electronic structure of 

matter. Its applicability ranges from atoms, molecules and 

solids to nuclei and quantum and classical fluids. In its 

original formulation, the density functional theory provides 

the ground state properties of a system, and the electron 

density plays a key role. DFT is a very successful approach to 

calculating the (ground state) properties of many-electron 

systems from first principles. Density Functional Theory 

(DFT) in the Local Density Approximation (LDA) is an 

approximation method which may be used to solve the many-

electron quantum mechanical equations for the electronic 

structure of solids. This replaces the many electron problems 

with a single-particle in an effective potential [10].  

 

   Fig. 2. A flowchart of a Kohn-Sham equation algorithm [11]. 

       While this method improves upon those of the Hartree-

Fock approximation, it again gives rise to problems with the 

calculation of the band gaps, in this instance giving results 

which are too small. However, DFT provides an excellent 

description of the ground-state properties and overall crystal 

energies of the system, and gives an accurate description of 

structural parameters. Hence total energy calculations 

computed using DFT are reliable [10]. All of the basic theory 

has been outlined about density functional theory, but theory 

is not enough. The methodology needs to be outlined so that a 

more functional understanding of the theory can be obtained. 

As was mentioned the goal is to obtain the ground state energy 

of a many-body system. With that goal in mind an algorithm 

has been outlined in Fig. 2. To define the method used to solve 

the Kohn-Sham equations in Quantum Espresso [11]. 

C. DIFFERENT STEPS FOR CALCULATION 
    1) Band Structure Calculation 

a) First to structure optimization. 
b) Then to calculate self-consistent field (scf). 
c) Next to calculate non-self-consistent field (nscf). 
d) Then to calculate band structure. 

   2) Electronic Density of states  

a) First to calculate self-consistent field (scf). 
b) Next to calculate non-self-consistent field (nscf). 
c) Then to calculate DOS. 

   3) Phonon Density of States calculation 

a) Self consistent calculation of electron density. 

Outputs are wave functions. 
b)  Phonon calculation from linear response, with output 

on a rough grid 
c)  Fourier transforms to real space and obtain force 

constants by interpolation. 
d) Finally to calculate DOS using matdyn.x 

                     III.  RESULT AND DISCUSSION 

A.   Electronic Band Structure and Density of States of  WS2 

and MoS2 

       The calculated electronic band structure and electronic 

density of states of WS2 and MoS2 has shown in fig. 3. In fig. 

3, at zero eV, indicates the Fermi level. The top of valence 

band and bottom of conduction band are shown in the fig-3. 

The top of the valence band found at zero eV and the bottom 

of the conduction band found at 1.98 eV. From band structure 

curve, the direct band gap of WS2 found 1.98 eV. The band 

gap originates from transition from the top of valence band 

situated at G to the bottom of conduction band halfway 

between G and M high symmetry points. The direct band gap 

is situated at K point. At the same time, the direct band gap 

stays almost unchanged. From fig-4 it is found, the density of 

states becomes zero at 0 to 1.98 eV and higher density of state 

at -4.8 and 2.9 eV.  

       In Fig. 5. at zero eV, indicates the fermi level. The top of 

valence band and bottom of conduction band are shown in this 

figure. The top of the valence band found at -0.2 eV and the 

bottom of the conduction band found at 1.7 eV. From band 

structure curve, the direct band gap of MoS2 found 1.9 eV. 

The band gap originates from transition from the top of 
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valence band situated at G to the bottom of conduction band 

halfway between G and M high symmetry points. The optical 

direct band gap is situated at K point. As the number of layers 

decreases the indirect band gap increases and becomes so high 

in the monolayer that the material changes into a 2D direct 

band gap semiconductor.  

        At the same time, the direct band gap stays almost 

unchanged. In fig. 6 it is found, the density of states becomes 

zero from -0.2 to 1.7 eV and high density of states found at -

2.2 eV. And in that range, no energy band found. This 

perfectly matches with the theories described previously. 

These simulations have been performed for single layer unit 

cell of molybdenum disulfide (MoS2) where the number of 

atoms was 3 and types of atoms were 2. Here cut off energy 

50 Ry has been used. The first Brillouin zone is sampled with 

a 12× 12 × 1 Monkhorst-Pack grid for single-layer systems.  

 
 
      Fig. 3. Band Structure of 2D-WS2. 

    

 
 

 

       Fig. 4. Density of State (DOS) for 2D-WS2. 
 

 

 
 

 

 

 
           
      Fig. 5.  Band Structure of 2D-MoS2. 

 

 

   Fig. 6.  Density of State (DOS) for 2D-MoS2. 

 

B.   Phonon Dispersion Relation and Phonon Density of 

States of Single-layer WS2 and MoS2 

        The analysis of vibrational properties has been started 

with the phonon dispersion and phonon density of states. In 

fig-7 the single-layer phonon dispersion has two acoustic 

modes. Those that vibrate in-plane (longitudinal acoustic, LA, 

and transverse acoustic, TA) have a linear dispersion and 

higher energy than the out-of-plane acoustic (ZA) mode. In 

the single layer, the high frequency G modes E21g and E1u 

collapse into the mode E’. The low frequency optical modes 

are found at 90 cm
-1

 and 130 cm
-1

. It is worth to mention the 

absence of degeneracies at the high symmetry points M and K 

and the two crossings of the LA and TA branches just before 

and after the M point. The high frequency optical modes are 

separated from the low frequency modes by a gap of 280 cm
-1

. 
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This calculation has been performed for single-layer tungsten 

disulfide as vibrational properties. The first Brillouin zone is 

sampled with a 12× 12 × 1 Monkhorst-Pack grid for single 

layer systems. For this calculation grid vector 2 has been used. 

In Fig. 7. the 18 bands have been shown. There are also high 

frequency optical modes which are separated from low 

frequency acoustic modes by a gap of 285 cm
-1

. In Fig. 8. the 

calculated phonon density of states of WS2 have been shown. 

From the curve, it is found that the phonon density of states is 

zero between 175 cm
-1

 to 460 cm
-1

. In Fig. 9. the low 

frequency optical modes are found at 143 cm
-1

 and 176 cm
-1

. It 

is worth to mention the absence of degeneracies at the high 

symmetry points M and K and the two crossings of the LA 

and TA branches just before and after the M point. The high 

frequency optical modes are separated from the low frequency 

modes by a gap of 211 cm
-1

. This calculation has been 

performed for single-layer molybdenum disulfide as 

vibrational properties. The dynamical matrix or q-mesh 4 × 4 

× 1 have been used for phonon calculation. In Fig. 9. the 18 

bands have been also shown. There are also high frequency 

optical modes which are separated from low frequency 

acoustic modes by a gap of 207 cm
-1

. In Fig. 10. the calculated 

phonon density of states have been shown. From the curve, it 

is found that the phonon density of states is zero between 243 

cm
-1

 to 450 cm
-1

.  

 

 
                                           

      Fig. 7. Phonon Dispersion relation for 2D-WS2 
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             Fig. 8.  Phonon Density of State (PDOS) for 2D-WS2 

 

         Fig. 9. Phonon Dispersion relation for 2D-MoS2. 
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        Fig. 10.  Phonon Density of State (PDOS) for 2D-MoS2.  

 

                                  IV.          CONCLUSION 

        In this work, electronic band structure, density of states 

and vibrational properties of single-layer WS2 and MoS2 have 

been calculated using density functional theory using the 

Quantum espresso software. From the band structure curve the 

direct band gap has been found for 2D-WS2 is 1.9 eV and for 

2D-MoS2 is 1.9 eV. In phonon dispersion calculation, the 

positive frequency has been created for both 2D-WS2 and 2D-

MoS2 which mean that the two structures are stable. The two 

highest peaks are found for WS2 at 140 cm
-1

 and 174 cm
-1 

and  

for MoS2 higher peaks are found 180 cm
-1

 and 570 cm
-1

. The 

results are expected to simulate further studies aimed at better 

understanding of the phenomena related to vibrational 

properties such as thermal conductivity, specific heat capacity 

and electron-phonon interaction of single layer tungsten 

disulfide (WS2) and molybdenum disulfide related materials 

as well as for the interpretation of experiments on infrared, 

Raman and neutron diffraction spectra of this disordered 

structure.  
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