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Abstract
Using the first principle calculations, the structural, electronic and optical properties of the monolayer graphene-like  MoX2 
sheet are calculated. Our results show that the chalcogenide atoms in the stability and the lattice parameters of the  MoX2 sheet 
have a key role, although it is known that the electronic properties are more dependent on the metal atoms in these sheets. 
Our data also confirm semiconductor behavior of the  MoX2 monolayers with direct band gap for S, Se and Te chalcogenides. 
Compared with the bulk compounds, they have similar structural properties but represent unique electronic and optical 
properties that can be used in nano-devices, nano-electronics and so on. In this work, the investigation of the chalcogenide 
atoms role in modifying the optical properties of these single-layer sheets, such as absorption and refraction coefficients, is 
carried out; the dielectric constant plays an important role. We also try to study the possibility of using these compounds on 
the solar energy industries and optical devices.
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Introduction

Graphene is a 2D hexagonal carbon sheet [1]; its zero gap, 
Dirac-shaped energy levels along Γ paths and also the high 
electron transfer rate made it a suitable material for elec-
tronic conduction and mechanical strength [2]. Because of 
some restrictions as zero gap, the scientists’ attention has 
been attracted to graphene-like structures [3, 4] so that in the 
last few years, by reducing the graphite thickness, achieve-
ment of monolayer and multi-layer graphene sheets has been 
possible [5, 6]. Accordingly, the ability to develop its applied 
capacities has been provided such as chemical sensors [7, 
8], nano-electronics [9] and hydrogen storage systems [10]. 
Besides carbon-based nanostructures [11], alternative exten-
sively studied single-layer compositions are silicone [12], 
germanene [11], stanene [13], phosphorene [14] and single-
layer transition metal dichalcogenides (MX2, M = Transi-
tion metal and X = Chalcogen) [15]. The 2D semiconducting 

sheets have the minimum possible thickness and wide band 
gaps; from the viewpoint of application, they can be used in 
photovoltaic, sensing, biomedicine, solar cells and catalysis 
[16–18]. The  MX2 compounds including X-M-X sheets are 
loosely coupled by strong bonds within layers [19]. These 
compounds have attractive and diverse physical properties; 
for example, HfS2 is an insulator, MoS2 is a semiconduc-
tor, WTe2 and TcS2 have semimetal behavior, and all the 
NbCh2 and TaCh2 are superconductors. A new advantage 
in the nanoscale materials opened up a new window for two-
dimensional dichalcogenides (TMDCs).  MX2 such as  MoS2, 
 MoSe2 [20],  WS2 and  WSe2 [21, 22] has sizable bandgaps 
that change from indirect to direct in single layers, allowing 
applications such as transistors, photodetectors and electro-
luminescent devices. Transition metal dichalcogenide com-
pounds also have a similar structure with graphite, which can 
be made by chemical vapor deposition such as  MoS2 [23]; in 
addition, the 2D  MoS2 sheets are made by micro-mechanical 
cleavage as old as grapheme [23]. The prior theoretical stud-
ies indicate that the  MoS2 semiconductor bulk has an indi-
rect band gap while the 2D  MoS2 sheet has a direct band 
gap. Moreover, the  MoS2 sheets can be piped into nanotubes, 
and the  MoS2 monolayer and thin films can be extracted as 
ferromagnetic metals [24].
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Recently, some applications have been reported for  MoS2 
compositions like the heterolayer structure [25, 26], FETs 
and memory devices with two-structure  MoS2-Gr [27, 
28]; photodetector devices include p–n junction [29] and 
 MoS2–WS2 [30], in photovoltaic devices from Au–MoS2–Au 
[31] and other heterostructures [32–34]. The  MoTe2 compo-
sitions have many applications, especially in optical devices, 
which one of them is in the novel heterolayer materials 
based on  MoTe2-In [35]. Generally, the results indicate that 
quantum confinement of carriers within monolayers can be 
exploited in conjunction with chemical composition to tune 
the optoelectronic properties of layered transition metal 
dichalcogenides at the nanoscale [36].

In this paper, the electronic, optical and structural prop-
erties of the  MoX2(X = S, Se, Te) sheets have been studied 
by first principle calculations. The electronic and structural 
properties including lattice parameters, band gap, cohesive 
energies, formation energies and density of states are in good 
agreement with previous research, so this study focuses 
more on optical parameters such as dielectric constant, the 
coefficients of reflection, refraction and absorption.

Methods

The calculations are based on the density functional theory 
using full potential linear augmented plane waves plus local 
orbital (FP-LAPW + lo) method with WIEN2K code [37]. 
The exchange–correlation (XC) energy calculations are 
used from the Perdew–Burke–Ernzerhof (PBE) functional 
form of the generalized gradient approximation (GGA) 
[37]. The separation energy used for both  MoS2 and  MoSe2 
is -6 Ry while for  MoTe2 is − 9 Ry. To avoid interaction 
between the mentioned sheets, the distance is considered 
more than  12A0, and also Kpoint, Rkmax, Lmax and Gmax, 
respectively, are chosen as 2000, 8.5, 10 and 12.5. In order 
to increase the calculations accuracy, the structures have 
been optimized by 1.0 a.u./dyne and the electrical charge 

convergence about 0.0001. Figure 1 is plotted by XCrysDen 
package, which after forming and relaxing the unit cell, we 
repeated it in directions x and y for better presentation. All of 
the other figures in this paper for greater clarity are plotted 
by the Sigma Plot software.

Results and discussions

Structural properties

The crystalline structure of the  MoS2 sheet is shown as 
an example of  MoX2 compounds in Fig. 1. The Mo atoms 
occupy a sub-lattice of a hexagonal sheet sandwiched 
between two layers of S atoms. In this work, the thickness 
of  MoS2 is obtained 3.17 A0 after optimization which is 
compatible to value 3.13 A0 at previous works [38]. In addi-
tion, the optimized bond length for  MoS2 is obtained 2.40 A0 
that is in a good agreement with 2.42 A0 (2.39 A0) in PBE 
(LDA) calculations [38]. The different chalcogenides mean-
ingfully change lattice parameters, listed in Table 1. The 
increase in chalcogenide atomic radius causes elevating the 
sheet thicknesses, bond length dMo-X and lattice constants as 
 MoS2 < MoSe2 < MoTe2 that is in accordance with previous 
works using both XC approximations HSE (Heyed–Scu-
seri–Ernzerhof) and GW correction [38].

The difference in chalcogenides effects appears not only 
in lattice parameters but also in cohesive (EC) and formation 

Fig. 1  a Used unit cell in calculations. For better presentation, b the side view and c the top view of the unit cell of  MoS2 have been repeated in 
directions x and y 

Table 1  Calculations of lattice constant, a metal chalcogenide bond 
length dMo-X and thickness of monolayers h are in  A0, and calcula-
tions of cohesive energy EC their formation energy Eform are in eV/
atom which have been calculated from GGA (PBA) approximation

a  (A0) dMo-X  (A0) h  (A0) EC (eV/atom) Eform (eV/atom)

MoS2 3.19 2.41 3.14 − 4.11 − 0.97
MoSe2 3.33 2.54 3.35 − 3.94 − 1.11
MoTe2 3.56 2.73 3.60 − 3.71 − 1.18
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Fig. 2  Band structure and the density of state of the single-layer sheets of a  MoS2, b  MoSe2 and c  MoTe2, which have been calculated with the 
GGA approximation, are shown
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(Eform) energies. In these calculations, cohesive energy is 
defined as:

where N is the number of atoms in a unit cell, EMoX2 is total 
energy of  MoX2 sheet, EMo atom and EX atom are isolated atoms 
energy of metal and chalcogenide, respectively. The nega-
tive energy indicates more stability in compounds. Table 1 
shows that EC(MoS2) < EC(MoSe2) < EC(MoTe2), and also, 
formation energy is defined as

where EMo bulk and EX dimer are atomic energies in their sta-
bilities elemental structures in bulk states, respectively. All 
of the  MoX2 sheets have negative values of EC and Eform 
indicating the thermodynamic stability.

Electronic properties

Figure 2 presents electronic band structure and DOS of 
 MoX2 (X = S, Se, Te) sheets which have been affected by the 
change in chalcogenide atom. The initial DFT calculations 
generally underestimate the band gap of the material [39]. 
Therefore, the PBE method has been used for the XC func-
tional to predict the band gap accurately. The  MoS2 sheet is 
a semiconductor with a direct band gap at K symmetry point 
at 1.72 eV confirmed by the latest experimental works [40] 
and theoretical studies [18, 41]. As shown in Table 2, similar 
to the  MoS2 sheet, the  MoSe2 and  MoTe2 sheets also have a 
direct band gap in K symmetry point, equal to 1.50 eV and 
1.06 eV, respectively, which is validated by the previous 
work [38]. As a result, all compounds have similar semicon-
ductor properties, so that their band gap is direct and around 
1.5 eV, which can be used in solar energy, luminescence 

EC

(

MoX2

)

=
(

EMoX2−EMo atom − 2 × EX atom

)

∕N

Efoorm

(

MoX2

)
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(

EMoX2−EMo bulk − 2 × EX dimer

)
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materials and so on. The electronic structures indicate the 
p-type semiconductor all of the mentioned cases by rela-
tively high electron mobility in the conduction bands which 
is confirmed in the partial DOS at upper Fermi level; also, 
the Mo-4d and X-3p are the excited electron states based on 
their overlapping in this energy range. The electron states of 
the above-mentioned orbitals at conduction band are greater 
than their states at valance area which confirmed again high 
electron mobility for these compounds. The high electron 
states of the above-mentioned orbitals at conduction band 
than their states at valance band confirmed the high electron 
mobility these compounds again.

Optical properties

The optical properties of the graphene-like compounds dis-
cussed in the energy range of 0–30 eV are calculated. In a 
compound with hexagonal symmetry, there can be two types 
of electrical vector (E): parallel and perpendicular to the C 
axis, which can be written as ε┴(ω) = (εxx(ω) + εyy(ω)/2 and 
ε∥(ω) = εzz(ω) [42], where εxx(ω), εyy(ω) and εzz(ω) are the 
dielectric matrix elements εij(ω). In this case, the imaginary 
part of the dielectric function is calculated from the band 
structure and the real part from using the Kramers–Kronig 
relationship [39]. In Fig. 3, the imaginary and real parts of 
the dielectric function are shown in both perpendicular and 
parallel directions for  MoS2,  MoSe2 and  MoTe2 sheets. In 
Fig. 3a, the  MoS2 response to the incident light shows a 
high degree of anisotropic in the infrared regions up to the 
beginning of ultraviolet (E < 8 eV) and isotropic at higher 
energies, which are in a good agreement with previous stud-
ies [16, 43, 44].

It is important to mention that the peaks in the imagi-
nary part of the dielectric function represent interband 
transitions. The imaginary part of the dielectric function, 
ε2
∥(ω) and ε2

┴(ω) for the  MoS2 sheet, represents the opti-
cal transitions of filled levels to empty ones at points of A 
(2.8 eV), B (3.6 eV), C (4.3 eV) and D (5.3 eV). At A point, 
the transition of the interband (as shown in Fig. 3) occurs 
from valence band to conduction one along the Γ–M and 
K–Γ directions. At B point, the story is the same with this 
difference that it is along the Γ–M direction and vicinity 
of M point. The transitions at C and D points are occurred 
along K–Γ symmetry direction and at the M symmetry point, 
respectively. All the above interband transitions are essen-
tially due to the p orbital of the S atoms to the d orbital 
of the Mo atoms, which are listed in Table 2. As seen, the 
structures move toward lower energies as we go from S to 
Se to Te.

It has been well established that the quantum confine-
ment effects may change position and shape of bands [45]. 
According to Table 2, the calculated values of the real 

Table 2  Energy gap, (ε1
∥(ω), ε1

┴(ω)) of  MoS2,  MoSe2 and  MoTe2 mon-
olayers, also interband transitions (peaks) and Plasmon energy (EP

∥, 
EP

┴). The PBE approximation is used in calculations. The main peaks 
which represent the bulk plasmon oscillations are showen in highlight

Eg (eV) Peaks (eV) ε1
∥(0) Plasma energy (eV)

MoS2 1.72 A = 2.8 ε1
⊥(0) = 4.7 Ep

⊥ = 8.8, 10.9, 16.2, 
18.0.18.9

B = 3.6 ε1
∥(0) = 8.3 Ep

∥ = 7.2, 8.1, 18.5
C = 4.4
D = 5.3

MoSe2 1.50 A = 2.4 ε1
⊥(0) = 5.1 Ep

⊥ = 15.7, 17.2, 17.8
B = 3.1 ε1

∥(0) = 9.3 Ep
∥ = 7.8, 14.6, 17.6

C = 3.9
D = 4.7

MoTe2 1.06 A = 1.8 ε1
⊥(0) = 5.9 Ep

⊥ = 15.5, 15.9
B = 2.8 ε1

∥(0) = 11.6 Ep
∥ = 6.5, 7.0, 15.9

C = 4.0
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part of the dielectric function at the zero frequency (ε1
∥(0), 

ε1
┴(0)) for  MoS2,  MoSe2 and  MoTe2 are (4.69, 8.33), (5.13, 

9.30) and (11.63.5.98), respectively. The small case of 
ε1(0) is compatible with its relatively large gap in  MoS2, 
and as expected, there is ε1(MoS2) < ε1(MoSe2) < ε1(Mo
Te2), which expresses the semiconductivity of these com-
pounds, shown in Fig. 3. However, the largest response 
to the incident light occurs in parallel radiation for all 
compounds, indicating that these compounds may be suit-
able for optical industry or solar cells applications [25, 37, 
46]. Furthermore, the negative sign of ε1(ω) has been seen 
in different regions above the UV for all cases represent-
ing the lack of light transmission. Completely anisotropy 

behaviors were occurred in the infrared (IR), visible area 
and ultraviolet (UV) edge for the light angle which were 
shown in the ε1(ω) curves. Since there is no optical trans-
parency in the negative sign of ε1(ω) and in the energy 
interval of 4.5 eV to 18 eV, the sign ε1(ω) changes alter-
natively, so in this energy range, we see instability in the 
optical response. After 15 eV, the ε1(ω) and ε2(ω) have 
fully symmetric behavior for the two mentioned directions 
and their low amount implies the insulating treatment at 
higher energies for all cases. All three  MoS2,  MoSe2 and 
 MoTe2 graphenes act like a transparent matter after 15 eV, 
and light could pass through them, completely.

Fig. 3  Both real and imaginary parts of ε1
∥(ω) and ε1

┴(ω) for MoS2,  MoSe2 and  MoTe2 monolayers simultaneously in a, b and c, respectively. 
Dielectric functions are plotted for E perpendicular and parallel with C axis
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As shown in Fig. 3, ε1(ω) becomes zero several times 
(listed in Table 2) which can be due to different reasons. 
The most important reason is the Plasmon oscillations 
that of course need the existence of a peak in the energy 
loss spectrum for confirmation. The Eloss curve shows the 
amount of reduction and drop in the light energy through 
the material which is shown in Fig. 4 for  MoS2,  MoSe2 
and  MoTe2 monolayers in both perpendicular and parallel 
polarization states. In the  MoS2 composition, for perpen-
dicular direction to the sheet, there are peaks at energies 
of 8.8 eV, 10.9 eV and 18.9 eV displaying surface Plasmon 
oscillations while there is a peak at the energy of 18 eV 
demonstrating volume Plasmon oscillations. For paral-
lel direction, two peaks appear at energies of 8.1 eV and 
7.1 eV corresponding to the surface Plasmon.

In the  MoSe2, peaks at 17.9 eV and 17.5 eV represent 
volume Plasmon oscillations for perpendicular and parallel 
directions, respectively. Similarly, the sharp–large peaks in 
the  MoTe2 single layer appear at 17.8 eV and 17.6 eV for 
perpendicular and parallel directions due to the absorption 

of Plasmon energy, respectively. Finally, yet importantly, 
the Eloss’s main peak experiences a shift toward lower 
energies for  MoS2 to  MoSe2 and  MoTe2. The main losses 
of the optical curves in Fig. 4 have occurred in the two 
areas, 5–10 eV and 15–20 eV, which are resulted from the 
oscillation of electric dipoles and the environment ioniz-
ing. These compounds can have good optical efficiency at 
the IR and visible range based on zero amounts of Eloss 
curves in Fig. 4.

Figure 5 shows the absorption and reflection spectra for 
 MoS2,  MoSe2 and  MoTe2 monolayers for both the mentioned 
directions. The absorption and reflection spectra of  MoS2 
monolayer can so forth be seen around 2.8 eV (442 nm), 
5.6 eV (221 nm), 6.4 eV (193 nm) representing interband 
transition and returning to ground state, and also a minimum 
of the reflection and absorption is seen at 7.2 eV owing to 
volume Plasmon oscillations from 6.9 to 7.9 eV with a gap 
of 1 eV width.

Another important optical factor is the absorption coef-
ficient calculated as A(ω) = 2ωK(ω)∕C, where K is the 

Fig. 4  Energy loss function graph, ELoss = Img(1/ε), calculated for the components of E perpendicular and parallel to C axis at 0–30 eV for 
 MoS2,  MoSe2 and  MoTe2 sheets
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Fig. 5  Absorption and reflection diagrams in two directions of parallel and perpendicular radiation to a  MoS2, b  MoSe2 and c  MoTe2 sheets
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extinction coefficient. Accordingly, the maximum absorp-
tion occurs when there are a high extinction coefficient and a 
minimum wave transfer. As shown in Fig. 5a, the  MoS2 com-
bination has an upper absorption gap from around 2.4 eV 
(500 nm) to 22 eV (50 nm) and is a suitable absorber for 
electromagnetic waves. Moreover, it has several sharp peaks, 
ranged from 2.9 eV (500 nm) to 22 eV (50 nm), and it is also 
a good reflector from ultraviolet to infrared. Considering 5b, 
c diagrams, it can be found that by increasing the chalco-
genide atomic number, the initiation of absorption and also 
reflection energies experience a redshift. In the infrared and 
visible areas, the  MoSe2 also works better than the  MoS2 
while the  MoTe2 is better than both of them. In Table 3, 
the extracted data from Fig. 5 which include the energies 
of absorption and reflection peaks in nanometer scale, as 
well as the static reflection coefficient R(0) of the MoX2 
monolayers in two states of parallel and perpendicular (the 
important peaks are shown in full color), are listed. Based 
on the high absorption and continual diagrams of all the 
mentioned cases and low Eloss till 15 eV energy, these com-
positions are suitable optical absorber in the visible and UV 
edge. The reflection coefficients of all cases have the maxi-
mum amount in the 5 eV area, which was due to the electric 
charges oscillation and ionic behavior of these compounds.

The refraction coefficient is a complex function 
ň(ω) = n(ω) + ik(ω) related to the dielectric constant as [47]:

In Fig. 6, the refraction spectrum and the extinction 
coefficients are observed in both directions. The minimum 
static refraction coefficient (in zero energy) is n = 2.9 for 
MoS2 and then for MoSe2 is n = 3; the maximum value 
is n = 3.4 for MoTe2. Generally, n increases ascendingly 
from zero energy to the first peak (about 4 eV) and then 
decreases by a few oscillations down to a minimum value 
(approximately 16 eV energy). Accordingly, the notable 
point is that the first peaks of the real refraction coef-
ficients from low to high energies are occurred for the 
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above combinations as follows: MoTe2 at the energy of 
1.6 eV (770 nm), MoSe2 at 2.4 eV (520 nm) and MoS2 at 
2.5 eV (500 nm). The extinction coefficient diagram sug-
gests that the non-penetration of electromagnetic waves 
for  MoS2 is from about 2 eV (620 nm) to 16 eV (77 nm), 
for  MoSe2 is from 1.5 eV (820 nm) to 16 eV (77 nm) and 
similarly for  MoTe2 is from 1.1 eV (1120 nm) to 16 eV 
(77 nm). By comparing the extinction and corresponding 
reflection coefficients (Figs. 5, 6), it can be concluded that 
most of the peaks occur in the same level of energies for 
each composition as expected. The refraction and extinc-
tion diagrams have been increased and dropped rapidly, 
respectively, at 5 eV, and in the lower energies show the 
anisotropy. Also in the parallel mode, Fig. 6 curves have 
redshift. After 15 eV, the refraction is smaller than one and 
extinction rose to zero which implied to the superluminal 
phenomena (Table 4).  

Another important note about refraction diagrams is a 
great peak for (< 4)  MoS2,  MoSe2 and  MoTe2 graphenes 
in the visible area which can be used in the antireflection 
coatings for photonics and optoelectronics [48], high-per-
formance substrates for advanced display devices [49] and 
optical encapsulants for the enhancement of photovoltaic 
cell response [50].

Conclusions

In summary, the structural, electronic and optical properties 
of the  MoX2 graphene-like monolayers have been investi-
gated using the first principle calculations. In this regard, 
it has been concluded that the stability level increases from 
 MoTe2 to  MoSe2 and also from  MoSe2 to  MoS2. Hence, 
the results show a good stability, and it is also possible to 
produce sheets from their stable elemental bulk structures 
applying chemical methods. The  MoX2 sheets have similar 
lattice constants, increased by elevating the chalcogenide 
atomic number. All of three compounds are semiconductors 
with direct band gaps in the range of 1–1.7 eV, decreased 
by increasing the chalcogenide atomic number, and it is in a 
good agreement with previous experimental works. The den-
sity of states around Fermi energy depends on the d orbital 
of Mo atoms and the p orbital of chalcogenide atoms. In the 

Table 3  Static reflection 
coefficient R(0) and the energy 
related to absorption and 
reflection (the good and sharp 
peaks are shown in bold) and 
the monolayers of  MoS2,  MoSe2 
and  MoTe2 compositions in 
two states: perpendicular and 
parallel

Absorption peaks (nm) R(0) Reflectivity peaks energy (nm)

MoS2 A∥: 442, 193, 102 R∥(0) = 0.24 R∥: 442, 344, 275, 193, 187, 102
A⊥: 221, 150, 127, 106, 93.83 R⊥(0) = 0.14 R⊥: 220, 127, 106, 93, 83, 48

MoSe2 A∥: 500, 213, 109, 97, 83 R∥(0) = 0.26 R∥: 500, 375, 317, 258, 213, 196, 109,96
A⊥: 238, 163, 134, 115, 99, 92 R⊥(0) = 0.15 R⊥: 238, 163, 134, 115, 106, 99, 92, 82, 77

MoTe2 A∥: 689,344, 243, 140, 133, 127, 112 R∥(0) = 0.3 R∥: 689, 427, 344, 243, 124, 112
A⊥: 273, 180, 132, 105 R⊥(0) = 0.15 R⊥: 302, 273, 180, 132, 121, 102, 92, 74
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dielectric function of  MoX2 sheets, an asymmetric behav-
ior is observed below the energy of 8 eV and a symmetric 
one at higher energies. These sheets are good absorbent 
of the electromagnetic waves, and the beginning of light 
absorption spectrum is encountered a redshift by increasing 

chalcogenide atomic number. In general, by increasing the 
chalcogenide atomic number, the threshold curve of optical 
functions includes the imaginary part of dielectric, absorp-
tion, reflection, refractive and extinction shifts toward 
less energy, and the altitude of these peaks decreases in 

Fig. 6  Spectrums of refractive coefficient(n) and extinction coefficient (k) of the above compounds in two directions: perpendicular and parallel
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the visible region by increasing their chalcogenide atomic 
number. In the UV region, these attitudes are in the order 
MoTe2 > MoS2 > MoSe2, respectively.

The data obtained in this study suggest that the  MoX2 
sheets have good potential in the field of nano-electronics 
and optical instruments such as solar cells, photodetectors, 
reflector layers and lenses.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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