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Abstract
Transition-metal dichalcogenides (TMDCs) have emerged as a new class of 

semiconductors that display distinctive properties at the monolayer thickness. Their 
electronic and optical properties are of particular interest and importance for applications 
in optoelectronics as light emitters, detectors, and photovoltaic devices. In the first part 
of this study, the temperature dependence of the energy gap of TMDCs (MoS2, MoSe2, 
WS2 and WSe2) for monolayers is discussed. The second part focuses on the determination 
and analysis of the spectral properties of these materials, at monolayer and bulk, in the 
range of 1.5-3.0 eV by MATLAB simulations. The optical bandgaps of TMDC monolayers 
have been simulated from their spectral dependence of the absorption coefficient. Case 
studies of the simulation of the optical properties of these materials on silicon, gold and 
fused silica substrates are presented.

Keywords: Transition Metal Dichalcogenides; Electronic Properties; Optical Properties; 
Influence of Substrates; Bandgap; Temperature Dependence; Band Structure.

Introduction
In recent years, the layered transition metal dichalcogenides (TMDCs) i.e. MX2 

(M= Mo and W; X= S and Se) have attracted unprecedented attention due to their 
unusual properties that has been attributed to their two-dimensional (2D) structure and 
high crystal quality, leading to significant research interest. Unlike graphene, these 
materials have an intrinsic band-gap which makes them suitable for transistor channels 
reminiscent of an ideal switch for digital logic applications [1].

TMDC monolayers such as MoS2, WS2, MoSe2 and WSe2, exhibit a direct band gap. They 
can be used in electronic devices such as transistors and in optical components as emitters and 
detectors. The band gaps of TMDC monolayers are in the visible range (between 400 nm and 
700 nm). TMDC monolayers are promising materials for applications in optoelectronics [2]. 

The preliminary studies of these TMDCs have been reported earlier [3]. In the present 
study, details of the energies of peaks and valleys in the optical spectra of the TMDCs 
have been identified. This should help to better interpret and understand the band 
structure of these materials. Values of the energy gap have been estimated for monolayer 
TMDCs based on the models for the energy dependence of the absorption coefficient.

Electronic Properties of TMDCs
At room temperature, the band gaps of bulk MoS2, MoSe2, WS2 and WSe2 are, 

respectively, as follows: 0.75eV, 0.80eV, 0.89eV and 0.97eV. For monolayer MoS2, MoSe2, 
WS2 and WSe2, the corresponding band gaps, respectively, are 1.89eV, 1.58eV, 2.05eV and 
1.61eV [4]. The monolayer TMDCs have larger band gap values than those of bulk TMDCs. 
We utilize these values to compare with their respective optical band gaps which have 
been simulated in the latter part of this paper.

https://doi.org/10.18689/mjnn-1000111
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Except for the lead chalcogenides, PbS, PbSe and PbTe 
[5], generally, the energy gap of most of the semiconductors 
is known to decrease with increase in temperature [6]. This is 
due to the electron-phonon interactions as well as the relative 
shift in the valence and conduction bands in the semiconductor 
[7]. One of the approaches to determining the temperature 
dependence of the energy gap of semiconductors is given by 
equation (1). Formulated by O’Donnell [8], the equation serves 
to be a direct replacement of Varshini’s equation [9].
Eg (T) = Eg (0) – S 〈ħω〉 [coth (〈ħω〉/2kBT) - l]	 (1)

Eg (0) is the band gap at 0 K, S is a dimensionless coupling 
constant, kB is the Boltzmann Constant and 〈ħω〉 is the average 
phonon energy. This equation has been explicitly used due to 
poor fitting results obtained from using full theoretical 
treatments [7]. Fitting parameters, based on equation (1), are 
shown in Table I. Monolayer TMDCs are considered in our 
calculations of the temperature dependence of the energy 
gap. Due to the sensitivity of semiconductor device properties 
and their performance to temperature, we have considered 
such a study of TMDCs. The variation in the band gap of 
TMDCs with temperature is shown in Figure 1. The results 
have been implemented using MATLAB with equation (1).

Table I. Fitting parameters of Eg for monolayer TMDCs
Material Eg (0) (eV) S  < ħω> (meV) References

MoS2 1.860 1.82 2.25 10
MoSe2 1.640 1.93 1.16 10
WS2 2.080 2.47 1.30 11
WSe2 1.742 2.06 1.50 12

Fig 1. Temperature dependence of the energy gap of monolayer TMDCs.

As observed in Figure 1, the energy gap decreases with 
increase in temperature, which is generally the case for most 
semiconductors [6].

Fig 2. dEg/dT of monolayer TMDCs.

As can be seen in Figure 2, (dEg/dT) of the monolayer 
TMDCs is non-linear with temperature and is negative. It 
decreases with increase in temperature.

Optical Properties
In recent years, there has been a large volume of research 

conducted on the optical properties of TMDCs. However, much 
of the research revolves around the spectral reflectance, 
differential reflectance, differential transmittance, spectral 
absorptance and absorbance. These studies are usually based on 
experimental research and very less or, in some cases, no 
simulations are carried out. Despite the intense research carried 
out on the optical properties of TMDCs, most of the studies do 
not give a definite value of refractive indices and extinction 
coefficients. Furthermore, the results of most of the studies 
involving reflectance, absorptance and transmittance calculations 
are not in accordance with each other and there is a large spread 
in the obtained data of the optical properties of TMDCs. 

In our work, we have determined the values of optical 
constants (n and k) and optical properties (R, T and A) by 
MATLAB simulations under conditions of normal incidence. Li 
et. al [13]. have reported their studies of the dielectric 
constants for monolayer TMDCs at room temperature (ε1 and 
ε2) from experimental reflectance spectra by a constrained 
Kramers-Kronig analysis; we have utilized these values to 
calculate the photon energy-dependent refractive index (n) 
and extinction coefficient (k). As reported by Mukherjee et. al 
[14], the values of n and k determined by Li et. al [13], are 
found to be better than the set of values determined by other 
authors. Hence, we have chosen the data of the optical 
properties, reported by Li et. al [13] in the present study.

In order to elucidate the influence of the substrates on 
the optical properties, three different substrates, silicon, gold 
and fused silica wafers, of 650μm (equal) thickness, have been 
used in the simulation of the optical properties. These 
simulations have been performed in order to study the 
variation in the optical properties of TMDCs on a representative 
semiconductor, metal and insulator substrate which could 
contribute to their understanding and facilitate the 
applications of this multilayer system in areas such as coatings, 
electronics, optoelectronics, sensors, circuits and systems.

All the calculations of the optical properties in the present 
work are carried out at room temperature and under 
conditions of normal incidence. The complex dielectric 
constant (εr = ε1 + iε2) is a function of the amount of light 
absorbed by a material; ε1 and ε2 are, respectively, the real 
and imaginary parts of the complex dielectric constant; these 
are related to the refractive index and extinction coefficient 
by the following equations:
ε1 = n2 − k2	 (2)
ε2 = 2nk	 (3)
Here, n and k are the refractive index and extinction coefficient 
of the material, respectively.
From equations (2) and (3), we get:
4n4 − 4n2ε1 − ε22 = 0	 (4)
k = (ε2/2n)	 (5)
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By solving equation (4), we obtain multiple values of n; we 
choose the real and positive value of n to obtain the value of 
the extinction coefficient k from equation (5).

In these simulations, monolayer thickness of MoS2 and 
WS2 are considered as 0.65nm [15], while monolayer thickness 
of MoSe2 and WSe2 are taken as 0.70nm [15]. The bulk 
thickness of all the TMDCs are taken as 20nm, which seems to 
be the optimal value for the TMDCs [12].

Under conditions of normal incidence, the wavelength 
dependent Reflectance (R), Transmittance (T) and Absorptance 
(A) are given by:
R = [(n−1)2+k2] / [(n+1)2+k2]	 (6)
T = (1-R) (e-αt)	 (7)
In equation (7), α is the absorption coefficient and is calculated 
from equation (8).
α = (4𝜋𝑘/𝜆)	 (8)
Here, k is the extinction coefficient of the TMDC and λ is the 
wavelength (in nm) of the photon incident on the TMDC 
material.
A = (1 – R – T)	 (9)

The above calculations have been performed for 
suspended monolayer and bulk TMDCs and are dependent 
on the incident photon energy and thickness of the material.

Equation (10) is used to compute the reflectance of the 
TMDCs on silicon, gold and fused silica substrates:

R = [(n1−n2)2+k12] / [(n1+n2)2+k12	 (10)
where, n1 and k1 are the refractive index and extinction 

coefficient of the TMDC, respectively, and n2 is the refractive 
index of the substrate. The transmittance and absorptance 
calculations for double layer follow the conventional 
phenomenological approach. The interface at the double 
layer is considered to be abrupt (no mixing or roughness at 
the interface is considered in these calculations).

Optical constants, n and k, are determined initially, 
following which the optical properties of suspended 
monolayer and bulk TMDCs are computed. Similarly, the 
optical properties of monolayer and bulk TMDCs on silicon, 
gold and fused silica substrate are determined.

Figure 3 shows the simulated n and k values of monolayer 
and bulk TMDC. In Figure 3, the peaks are attributed to the A 
and B exciton absorptions respectively. There is an observed 
shift in the values of n for monolayer and bulk TMDCs; this 
could be attributed to the difference in A and B exciton energy 
in bulk and monolayer TMDCs. The maximum value of 
refractive index (n) and the corresponding energy (E) for 
monolayer MoS2, MoSe2, WS2 and WSe2 are as follows: 
5.78(2.74eV), 5.20(1.52eV), 5.64(1.99eV) and 4.72(1.63eV) 
respectively. 

Similarly, the maximum value of n for bulk MoS2, MoSe2, 
WS2 and WSe2 and the corresponding energy (E), respectively, 
are 5.86(1.80eV), 5.49(1.51eV), 5.13(2.62eV) and 4.69(1.62eV). 
The difference in the maximum values of n between monolayer 
and bulk is significant and hence we can conclude that a 

change in the thickness of the material affects the refractive 
index. These values are in agreement with the values reported 
by Zhao et. al [16] and are very close to the values presented 
by Liu et. al [17]. In addition, the energies corresponding to 
the maximum refractive index differ significantly between the 
bulk and the monolayer.

The maximum value of extinction coefficient (k) and the 
corresponding energy (E) for monolayer MoS2, MoSe2, WS2 
and WSe2 are, respectively, as follows: 3.87(2.93eV), 
3.29(2.70eV), 3.23(2.02 eV) and 2.60(2.94eV). Similarly, the 
maximum value of k and the corresponding energy (E) for 
bulk MoS2, MoSe2, WS2 and WSe2 are, respectively, 
3.23(2.77eV), 3.04(3.00eV), 2.42(3.00eV) and 1.56(3.00eV). The 
difference in the maximum values of k between monolayer 
and bulk is significant and hence we can conclude that a 
change in the thickness of the material significantly affects the 
extinction coefficient. It should be noted that the above 
analysis is based on the range of photon energies, 1.5 to 3.0 
eV, considered in this study. The energies corresponding to 
the features in the variations of n and k, with energy, for 
monolayer and bulk TMDCs are summarized in Table II.

Fig 3. Refractive index and extinction coefficient as a function of 
photon energy for suspended monolayer and bulk TMDCs - (a) and 

(b) MoS2; (c) and (d) MoSe2; (e) and (f) WS2; (g) and (h) WSe2.
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Table II. Energies Corresponding to Features of  
n(E) and k(E) for suspended TMDCs

Material No. E(eV) n No. E(eV) k
MoS2 monolayer 1 1.83 5.563 7 1.87 1.341

2 1.97 5.089 8 2.02 1.607
3 2.74 5.781 9 2.93 3.879

MoS2 bulk 4 1.80 5.868 10 1.85 1.341
5 1.99 5.294 11 2.03 1.524
6 2.52 5.714 12 2.77 3.237

MoSe2 monolayer 13 1.52 5.201 19 1.55 1.328
14 1.71 4.94 20 1.75 1.333
15 2.41 5.049 21 2.70 3.298

MoSe2 bulk 16 1.51 5.49 22 1.55 1.121
17 1.77 5.041 23 1.80 1.272
18 2.21 4.992

WS2 monolayer 24 1.99 5.648 30 2.02 3.237
25 2.36 4.772 31 2.41 1.364
26 2.77 5.176 32 2.88 2.747

WS2 bulk 27 1.95 5.112 33 1.95 1.056
28 2.34 4.857 34 1.98 1.002
29 2.62 5.133 35 2.40 0.933

36 2.70 2.154
WSe2 monolayer 37 1.63 4.722 41 1.65 1.117

38 2.36 4.685 42 2.08 0.937
39 2.77 4.478 43 2.46 1.698

44 2.94 2.602
WSe2 bulk 40 1.62 4.697 45 1.61 1.032

46 2.18 1.059
The nature of the bandgap, direct or indirect, is generally 

determined by the absorption spectra [18, 19]. While a variety of 
approaches to the determination of energy gap of semiconductors 
have been detailed in the literature, the various functional forms of 
the spectral dependence of the absorption coefficient have been 
utilized to determine the value of the band gap as well as its nature 
– direct or indirect. If a plot of α2 versus ħν leads to a straight line, 
it is inferred as a direct band gap. The band gap is evaluated by 
extrapolating the α2 versus ħν straight line to α = 0 axis. However, 
a plot of α1/2 versus ħν, leading to a straight line, is inferred as an 
indirect band gap. This indirect band gap is estimated by 
extrapolating the α1/2 versus ħν straight line to α = 0 axis.

Fig 4. Optical band gap of monolayer TMDCs.
A similar analysis for monolayer TMDCs is shown utilizing 

our simulated absorption coefficient values. As seen from 
Figure 4, we observe a straight line corresponding to the first 
peaks of all the four monolayer TMDCs; this shows that the 
monolayer TMDCs have direct band gaps. The values of the 
optical band gap of monolayer TMDCs were obtained by 
solving the equations to the straight lines. The optical band 
gaps of monolayer MoS2, MoSe2, WS2 and WSe2 are 1.82 eV, 
1.51 eV, 1.98 eV and 1.62 eV, respectively. The calculated 

optical band gaps are generally smaller than the electronic 
band gaps; this is due to the additional energy absorbed by 
the electrons during the transition from the valence band to 
the conduction band; there is a difference in the coulomb 
energies of the two systems (excitation spectroscopy and 
tunneling spectroscopy) which therefore causes changes in 
the optical band gaps and electronic band gaps.

The simulated reflectance and transmittance spectra, 
under conditions of normal incidence and room temperature, 
are presented in Figure 5. For all four monolayer and bulk 
TMDCs, the two lowest energy peaks in the reflectance spectra 
correspond to the excitonic features that are associated with 
the inter-band transitions in the K (K’) point in the Brillouin 
zone [20]. The two significant peaks in Figure 5 can be 
attributed to the splitting of the valence bands by spin orbit 
coupling [21]. At higher photon energies, we observe the 
spectrally broad response from higher-lying inter-band 
transitions [20], including the transitions near the Γ point [22, 
23]. The maximum value of Reflectance (R) and the 
corresponding energy (E) for monolayer MoS2, MoSe2, WS2 
and WSe2 are, respectively, as follows: 60.5% (2.91eV), 55.7% 
(2.64eV), 56.5% (2.01eV) and 49.7% (2.90eV). Similarly, the 
maximum value of R for bulk MoS2, MoSe2, WS2 and WSe2 are, 
respectively, as follows: 56.6% (2.73eV), 52.6% (2.98eV), 50.6% 
(2.69eV) and 43.9% (1.61eV).

Fig 5. Simulated reflectance spectra of (a) MoS2, (c) MoSe2, (e) WS2 
and (g) WSe2. Transmittance spectra of (b) MoS2, (d) MoSe2, (f) WS2 

and (h) WSe2.
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For the simulated transmittance spectra, the maximum 
values of Transmittance (T) and the corresponding energy (E) 
for monolayer MoS2, MoSe2, WS2 and WSe2 are, respectively, 
as follows: 57.0% (2.11eV), 59.2% (1.60eV), 66.5% (2.06eV) and 
65.4% (1.71eV). The maximum value of T for bulk MoS2, 
MoSe2, WS2 and WSe2 are, respectively, 58.2% (1.50eV), 43.1% 
(1.63eV), 64.5% (1.50eV) and 55.6% (1.50eV).

Fig 6. Simulated absorptance spectra of suspended monolayer and 
bulk TMDCs.

The simulated absorptance spectra are shown in Figure 6. 
Spectra of monolayer and bulk are separated due to the large 
change in magnitude of absorptance of monolayer and bulk. 
This change is reasonable due to the increase in the number 
of layers which leads to increase in absorptance of light by the 
material. As observed from Figure 6, the maximum values of 
Absorptance (A), in the energy range of 1.5 to 3.0 eV, for 
monolayer MoS2, MoSe2, WS2 and WSe2, occur at 3eV and are, 
respectively, as follows: 2.93%, 2.78%, 2.55% and 2.72%. 
Similarly, the maximum values of A for bulk MoS2, MoSe2, WS2 
and WSe2 also occur at 3eV and are, respectively, as follows: 
39.1%, 40%, 39.7% and 34.87%. The location of the peaks in 
either case remains relatively similar; these peaks are the A 
and B exciton absorption peaks which originate from the 
spin-split direct gap transitions at the K point of the Brillouin 
zone. All the energy values corresponding to the features, 
present in Figure 5 and Figure 6, are summarized in Table III.

Table III. Energies Corresponding to Features of R, T and A for suspended TMDCs
Material No. E(eV) R No. E(eV) T No. E(eV) A

MoS2 1 1.85 0.491 7 1.57 0.585 44 1.87 0.00848
monolayer 2 1.99 0.474 8 1.92 0.537 45 2.03 0.01135

3 2.91 0.605 9 2.11 0.57
MoS2 bulk 4 1.8 0.507 10 1.92 0.376 46 1.85 0.214

5 1.99 0.485 11 2.17 0.349 47 2.04 0.247
6 2.73 0.566

MoSe2 12 1.53 0.469 17 1.6 0.592 48 1.56 0.00792
monolayer 13 1.72 0.457 18 1.83 0.577 49 1.76 0.00911

14 2.64 0.557
MoSe2 bulk 15 1.51 0.484 19 1.63 0.432 50 1.55 0.159

16 1.78 0.469 20 1.88 0.353 51 1.82 0.202
WS2 21 2.01 0.565 27 2.06 0.665 52 2.02 0.0185

monolayer 22 2.38 0.446 28 2.49 0.576 53 2.41 0.0121
23 2.85 0.531 29 2.96 0.466

WS2 bulk 24 1.95 0.469 30 1.95 0.35 54 1.95 0.181
25 2.38 0.446 31 2.1 0.51 55 1.99 0.191
26 2.69 0.506 32 2.45 0.359 56 2.43 0.205

WSe2 33 1.64 0.43 38 1.71 0.654 57 1.66 0.00773
monolayer 34 2.03 0.425 39 2.14 0.582 58 2.09 0.00798

35 2.41 0.456 40 2.56 0.561 59 2.47 0.0162
36 2.9 0.497

WSe2 bulk 37 1.61 0.439 41 1.61 0.4 60 1.61 0.160
42 1.79 0.519 61 1.69 0.137
43 2.29 0.378 62 2.19 0.222

Optical properties of monolayer and bulk TMDCs on 
three representative substrates, gold, silicon and fused silica, 
have been simulated. The values of n and k for gold, silicon 
and fused silica have been used from an open source website 
[24]. These three substrates are chosen, in this study, due to 
their wide applications in the semiconductor industry.

Fig 7. Simulated reflectance and absorptance spectra of monolayer 
and bulk TMDCs/Au.
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Figure 7 shows the simulated reflectance and absorptance 
spectra of TMDC/Au. We observe that the reflectance tends to 
decrease with increase in photon energy, while the absorptance 
of TMDC/Au increases with the increase in photon energy. Due 
to the large thickness of gold considered in the simulations, the 
transmittance of TMDC/Au is ~0 in this energy range; thus, 
reflectance and absorptance are complementary with each 
other. We also observe that the change in thickness of TMDC 
does not necessarily cause a significant change in the reflectance 
and absorptance of the TMDC/Au. No sharp peaks are observed 
in the reflectance and absorptance spectra. Maximum values of 
reflectance and absorptance for monolayer TMDC/Au and bulk 
TMDC/Au remain approximately the same, with maximum 
reflectance of ~90% and maximum absorptance of ~70%. It is to 
be noted within this context that, for the wavelength range 
considered in this study, the transmittance of gold is ~0 for 
thickness of 0.1 microns.

The simulated reflectance spectra of TMDC/Si are presented 
in Figure 8. As observed from this figure, the maximum values of 
Reflectance (R) for monolayer MoS2, MoSe2, WS2 and WSe2 on 
silicon are, respectively, as follows: 15.16%, 14.76%(2.84eV), 
13.15% and 10.84%. Similarly, the maximum value of R for bulk 
MoS2, MoSe2, WS2 and WSe2 on silicon are 12.33%, 14.94%, 
7.78% and 3.80%, respectively.

The maximum value of Absorptance (A) for monolayer 
MoS2, MoSe2, WS2 and WSe2 on silicon are as follows, respectively: 
98.81%(1.58eV), 98.2%(1.61eV), 99.92% and 99.84%(1.73eV). The 
maximum value of A for bulk MoS2, MoSe2, WS2 and WSe2 on 
silicon are 98.6%, 97.6%(1.62eV), 99.87% and 99.44%(1.90eV), 
respectively.

Fig 8. Simulated reflectance and absorptance spectra of monolayer 
and bulk TMDCs/Si.

The reflectance has a very low value with the average 
maximum value of ~10% as compared to that of TMDC/Au 
(average maximum value of ~90%). The absorptance of TMDC/
Si is very high compared to that of TMDC/Au. Similar to TMDC/
Au, the transmittance of TMDC/Si is ~0 due to the large thickness 
of the silicon wafer and is therefore not included in this study.

Figure 9 presents the simulated reflectance and transmittance 
spectra of monolayer and bulk TMDCs/fused silica. It is observed 
that the transmittance of TMDC/fused silica is considerably high 
which is due to the transparent nature of fused silica and TMDCs. 
As observed from Figure 9, the maximum value of Reflectance 
(R) for monolayer MoS2, MoSe2, WS2 and WSe2 on fused silica 
are as follows: 48.06%(2.91eV), 42.74%(2.65eV), 43.60%(2.01eV) 
and 35.94%(2.90eV), respectively. The maximum value of R for 
bulk MoS2, MoSe2, WS2 and WSe2 on fused silica are: 
43.48%(2.73eV), 39.41%(3.00eV), 35.97%(2.71eV) and 
29.76%(1.61eV), respectively.

The maximum value of Transmittance (T) for monolayer 
MoS2, MoSe2, WS2 and WSe2 on fused silica are, respectively, 
as follows: 72.81%(1.57eV), 73.37%(1.60eV), 80.26%(2.07eV). 
The maximum value of T for bulk MoS2, MoSe2, WS2 and WSe2 
on fused silica at 1.50eV, are 72.48%, 54.75%, 78.64% and 
68.86%, respectively.

Fig 9. Simulated reflectance and transmittance spectra of monolayer 
and bulk TMDCs on fused silica.

Simulated absorptance spectra of TMDC on fused silica are 
shown in Figure 10. The maximum values of Absorptance (A) for 
monolayer MoS2, MoSe2, WS2 and WSe2 on fused silica are as 
follows: 3.83%, 3.57%, 3.26% and 3.43%, respectively. The 
maximum values of A for bulk MoS2, MoSe2, WS2 and WSe2 on 
fused silica are 50.33%, 51.06%, 50.40% and 43.7%, respectively.
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Fig 10. Simulated absorptance spectra of monolayer and bulk 
TMDCs on fused silica.

The absorptance spectra shown in Figure 10 are very 
similar to that in Figure 6; however, the values differ from each 
other by a small factor. The trend in the change in the value of 
the absorptance for monolayer and bulk TMDCs are similar.

Conclusion
In the above study, an overview of the electronic and 

optical properties of transition metal dichalcogenides (MoS2, 
MoSe2, WS2 and WSe2) has been presented. Temperature 
dependence studies of the energy gap of monolayer TMDCs, 
in the range of 50 to 450 K, have been discussed. The optical 
constants and optical properties of suspended monolayer and 
bulk MoS2, MoSe2, WS2 and WSe2 have been simulated by 
mathematical modeling utilizing MATLAB. The results are in 
accord with the experimental data and show an appreciable 
convergence. Based on the absorption coefficient, the optical 
band gaps of these monolayer TMDCs have been evaluated 
and compared with their respective electronic band gaps. The 
calculated optical properties of TMDCs on semiconductor, 
metal and fused silica substrates are presented.
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