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Abstract. In the present work, we investigate the electronic and optical properties of few-
layer MS2 (M = Mo, W) and their van der Waals heterostructure MoS2/WS2 using density
functional theory. Our calculated results demonstrate that the energy gap of the MS2 depends
tightly on the number of layers. Besides, maximum absorption of the few-layer MS2 occurs
for energies in the range 10 eV to 15 eV and is also highly dependent on the number of
layers. While the monolayers MS2 are direct semiconductors, the MoS2/WS2 heterostructure
reveals an indirect band gap with a band gap smaller than that of the monolayers MoS2 and
WS2. In the heterostructure, while the contribution of the W-s orbitals to the conduction
band is outstanding, the Mo-s, Mo-p, and W-p orbitals contribute significantly to the valence
band. The relocation of the orbital in the monolayers MS2 to form a heterostructure has
brought many interesting properties that can be applied in the transistors based on MoS2/WS2

heterostructure.

1. Introduction

Since its discovery in 2004 via mechanical exfoliation [1], graphene attracted much attention
from scientists over the past decade with tens of thousands of articles being published.
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However, some limitations of this material have been found in the process of using it in
technology. For example, because of the zero energy gap, it is difficult to use it in field-
effect transistors [2]. In order to get around this technological limitation, scientists have
been constantly searching for new two-dimensional (2D) materials that have a graphene-like
structure. Thus, many graphene-like structures such as silicene [3], MoS2 [4], and others [5–7]
have been successfully synthesized.

Among these 2D materials, the transition metal dichalcogenides (TMDs) MX2, where
M represents a transition metal and X is a chalcogen atom, are semiconductors with a
large natural band gap. The band gap of the TMDs depends not only on M and/or X
atoms but also strongly on the number of layers of the material [8, 9]. With natural band
gap, the TMD monolayers, such as WS2, WSe2, MoS2, MoTe2, MoSe2, etc... become
competing materials for application in nanoelectronics and spintronic devices [10–17].
Physical properties of the TMDs monolayers have been studied by various methods [18–23].
In parallel with consideration of intrinsic properties of two-dimensional materials, van
der Waals (vdW) heterostructures offer many possibilities by stacking these 2D layered
materials. The vdW heterostructures are predicted to be the current research trend of
material scientists [24,25]. Recently, the fabrication of the vdW heterostructures from TMDs
monolayers has been made experimentally [16, 26]. Lopez-Sanchez and co-workers have
shown that the TMDs heterostructures can use in photovoltaic and optoelectronic devices
because they exhibit very strong light-matter interactions [27]. Besides, many theoretical
studies have focused on the electronic properties and the formation of the Schottky barrier in
the wdW heterostructures [28–34].

In the present work, we consider the electronic and optical properties of few-layer MS2

(M = Mo,W) and their heterostructures using the first principles calculations. Our study
focuses on the effect of the material thickness (number of layers) on electronic and optical
properties of the few-layer MS2. Electronic properties and charge transfer in the MoS2/WS2

heterostructure are also calculated and discussed in details.

2. Details of calculations

In this work, all calculations of the geometric optimization, electronic properties, and optical
characters of bulk and few-layer [monolayer (1L), double-layer (2L), and triple-layer (3L)]
MS2 are performed using the FP-LAPW method, which was implemented in the Wien2k
simulation package [35]. It is obligatory to test the convergence of numerical parameters,
there are two essential parameters which must be refined in order to perfectly describe the
systems studied. The first parameter is the product between the muffin-tin radius RMT and
the maximum modulus for the reciprocal lattice vectors Kmax and the second parameter
is the number k-point. When we plot these parameters as a function of the total energy
we must choose the values where the curve begins to stabilize. The total energy founded
at the equilibrium state of MoS2 bulk was −19392.294 eV. In the interstitial region, the
wave function was expanded with the basis function up to RMTKmax = 7. The charge
density is implemented from Fourier series up to Gmax = 12. To avoid the overlapping
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Figure 1. The atomic structure of the MS2 (M=Mo, W) bulk (a), trilayer (b), bilayer (c), and
monolayer (d). (e) Top view of the MS2 monolayer. The black and red balls represent the
atoms of metal M and sulphur S, respectively.

between atomic spheres, the RMT were chosen. In this work, we use the generalized gradient
approximation (GGA) based on Perdew-BurkeErnzerhof (PBE) parameterization and local
density approximation (LDA) for MS2 (M = Mo, W) multilayers (1L, 2L, 3L, and bulk). In
addition, the modified Becke and Johnson (MBJ) approximation was also used for the bulk
MS2. The geometric optimization was carried out with respect to both the atomic coordinates
and the lattice constants, using the PORT minimization method. The k-mesh of 16 × 16 × 3

and 14× 14× 1 of the irreducible Brillouin zone (BZ) were used for bulk MS2 (M = Mo, W)
and their layers, respectively.

3. Results and discussion

3.1. Structural parameters

The TMD MS2 (M = Mo, W) has a hexagonal structure consisting of S–M–S layers as shown
in Fig. 1. The units cells of bulk MS2 belongs to the space group P63/mmc and contains six
atoms (two M atoms and four S atoms). The metal atoms (M) of one layer are directly above
the S atoms of the other layer and vice-versa. The MS2 monolayer is shown in Fig. 1(d,e).

Our computed results for the structural parameters of the optimized bulk MS2 structures
using GGA and LDA approximations are listed in Tab. 1. Our results are in good agreement
with available experimental data [36, 37] and theoretical calculations [18, 38–42].

3.2. Electronic properties

In Fig. 2, we illustrate the band structure of the few-layer MS2 with the spin-orbit coupling
(SOC) and without spin-orbit coupling (nSOC) using PBE, LDA, and MBJ approximations.
The MBJ approximation is used only for the bulk cases. We can see that the bulk and few-
layer 2H-MS2 (M = Mo, W) are semiconductors with indirect band gap, forming between the
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Table 1. Calculated lattice parameters a and c and the M–S bond length dM−S of bulk MS2

(M = Mo, W) using different functionals

LDA PBE

MoS2 WS2 MoS2 WS2

a (Å) 3.141 3.14 3.186 3.184
3.139 [39] 3.136 [39] 3.194 [39] 3.194 [39]

c (Å) 12.22 12.27 12.40 12.44
12.182 [39] 12.375 [39] 12.435 [39] 12.640 [39]

dM−S (Å) 2.40 2.395 2.43 2.428
2.39 [40] 2.39 [38] 2.42 [38] 2.42 [38]

lowest unfilled state of the conduction band (LOMO) in the K–Γ path and the highest filled
state of the valence band (HOMO) at the Γ point. However, when bulk MS2 are transformed
into monolayer form, it can be seen that a transition from the indirect to a direct band gap was
observed. It indicates that the MS2 (M = Mo, W) monolayers are semiconductors with the
direct band gaps, forming between the HOMO and LOMO at the K point.

The direct gap in MS2 depends on the localized d-orbital of the transition metal atoms
M, located in the middle of the S–M–S sandwiches, that justify when the number of layers is
decreased the state of the K-point remains almost constant. While the nature of an indirect
band gap in these materials depends on the overlap of d-orbital of transition metal atoms and
the p-orbital of the chalcogenide atoms, which depends strongly on the interlayer coupling.
Thus, as the number of layers is decreased the intrinsic direct band gap of the material
becomes more pronounced. This justifies the reduction of energy states between K and Γ

when the number of layers is decreased. Also, the transform from the indirect gap in bulk
material to the direct gap in the monolayer is due to the quantum confinement of charge
carriers. It is also observed that, at the valence band edge at the K point, the band structure
splits into two/three bands for bilayer/trilayer MS2 due to the interlayer hopping, which leads
to the band structure modification significantly.

The calculated band gap for the MS2 are listed in Tab. 2. Our DFT calculated results
for energy gaps are close to the results of previous experiment measurements [36, 37] and
theoretical studies [18, 38, 39, 41, 42]. Minor differences between our results and previous
results in the case of trilayer MS2 are due to the stacking configurations, forming between
three different MS2 monolayers. It is clear that for the 2D MS2 trilayer, there are many
different stacking configurations, forming between three different MS2 monolayers, such as
AAA, AAB, ABA, ABB stacking and so on. The electronic properties, including the band
gap of MS2 trilayer, depend strongly on their stacking configurations. In this work, we focus
on the ABA stacking configuration of the MS2 trilayer. This finding was observed in 2D MS2

trilayer [43]. Also, our results are in good agreement with a previous theoretical report (about
1.17 eV for MoS2 trilayer) [44]. The dependence of the energy gap on the number of layers
(thickness) of the MS2 is also shown in Fig. 3. As shown in Fig. 3, the band gap of the MS2

decreases because of the SOC effect. Besides, when the SOC effect is included, as shown
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Electronic and optical properties of layered van der Waals heterostructures... 5

Figure 2. Band structures of (MoS2 and WS2) bulk, trilayer (3L), bilayer (2L), and monolayer
(1L) are shown in (a-d) and (i-l), respectively. nSOC and SOC stand for without and with spin-
orbit coupling, respectively.

in Fig. 2(e-h, m-p), the splitting pattern is strongly changed. The valence band edges split
into two degenerate manifolds. Similar to MoS2, the WS2 has the same properties, except the
valence band splitting at K point, are much greater than that of MoS2. The different value of
splitting spin-orbit ∆SOC are grouped in the Tab. 3. Our results are in good agreement with
the previous works [45–50].

Figure 4 shows the partial density of states (PDOS) of the few-layer MS2 (Mo, W). It
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Table 2. Calculated band gap of few-layer MS2 (M = Mo, W) using LDA and PBE functional
with and without spin orbit coupling (SOC).

MoS2 WS2

Functionals 1L 2L 3L Bulk 1L 2L 3L Bulk

LDA 1.83 1.23 1.03 0.83 1.94 1.40 1.18 0.941

LDA(SOC) 1.75 1.22 1.02 - - - - -
PBE 1.72 1.29 1.11 0.93 1.85 1.45 1.26 1.04

PBE(SOC) 1.65 1.28 1.09 0.90 1.65 1.38 1.20 1.00

MBJ - - - 1.14 - - - 1.27

PBE [18, 38, 39, 41, 42] 1.67, 1.73 1.23 - - 1.81 - - -
LDA [18, 38, 39, 41, 42] 1.84 1.19 - 0.76 - - -

Exp. [36, 37] 1.84, 1.87 - - 1.23 1.96 - - 1.3

Table 3. ∆SOC splitting the valence band at K-point in the bulk, trilayer (3L), bilayer
(2L), and monolayer (1L) MS2 from first-principles calculations.

∆SOC (meV)

1L 2L 3L Bulk

MoS2 147 169 176 220
147 [45], 145± 4 [46] - - 196± 22 [47]

WS2 430 435 437 467
430 [48], 400 [49] 430 [50] 430 [50] 450 [49], 466 [47]

Figure 3. Dependence of band gap of MoS2 (a) and WS2 (b) on the number of layers (L).
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Figure 4. Partial density of states (PDOS) for (MoS2 and WS2) bulk (a, b), trilayer (3L) (c,d),
bilayer (2L) (e,f) and monolayer (1L) (g,h), respectively.

is seen that the DOS of MoS2 and WS2 are similar. The bands around −14 eV are mainly
contributed from the 3s-S orbital. The band near the Fermi level are mainly contributed from
the d-Mo/W and p-S orbitals.

3.3. Optical properties

Since the number of layers strongly affects the physical properties of MS2 (with M = Mo,
W), it is natural to expect that it also gives a vital effect on the optical properties. To

Page 7 of 21 AUTHOR SUBMITTED MANUSCRIPT - MRX-112310.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



Electronic and optical properties of layered van der Waals heterostructures... 8

study the optical properties, we use the dielectric function ε(ω) = ε1(ω) + iε2(ω), where
ε1(ω) and ε2(ω) are respectively its real and imaginary parts, ω being the photon energy.
The imaginary part can be obtained theoretically from the calculations of momentum matrix
elements between the occupied and unoccupied states as follows [51]

ε2(ω) =
e2h̄

πm2ω2

∑
v,c

∫
BZ
|〈Uck|e∇|Uvk〉|2δ{ωck(k)− ω}d3k, (1)

while the real part has been calculated from the imaginary part via the Kramers Kronig relation

ε1(ω) = 1 +
2

π

∫ ω

1

ω1ε2(ω1)dω1

ω2
1 − ω2

. (2)

For the compounds having hexagonal symmetry, the dielectric properties experiments has
been performed with the electric field ~E perpendicular or parallel to the crystallographic

Figure 5. Calculation of the real and the imaginary parts of the dielectric function of MoS2

(a–d) and WS2 (e–h).
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Table 4. The optical properties of MS2 (Mo, W) bulk, trilayer (3L), bilayer (2L), monolayer
(1L). The peaks A, B, and C are shown in Fig. 5. Only dielectric function ε at 0 eV and the
dichroic ratio < at 2 eV and 15 eV are shown.

1L 2L 3L bulk
MoS2 WS2 MoS2 WS2 MoS2 WS2 MoS2 WS2

Peak A 2.65 3.0 2.5 2.74 2.5 2.74 2.6 278
Peak B 3.6 4.12 4.1 4.4 4.1 4.5 4.1 4.5
Peak C 4.1 4.7 5.3 6.0 5.25 5.9 5.2 5.9
ε⊥1 (0) 4.6 3.27 7.05 4.61 8.62 5.42 15.97 8.21
ε
‖
1(0) 2.9 2.28 4.36 3.20 5.36 3.80 10.08 6.39

εr(0) 4.16 2.98 6.28 4.19 7.69 4.94 14.28 8.18

<(2 eV) 0.955 0.935 0.91 0.88 0.894 0.84 0.892 0.81

<(15 eV) 0.17 0.059 0.11 0.06 0.09 0.057 0.03 0.11

direction, renamed c-axis [52]. The measured dielectric functions ε‖ and ε⊥ are given by [52]

ε⊥(ω) =
1

2
[εxx(ω) + εyy(ω)], (3)

ε‖(ω) = εzz(ω). (4)

In Eqs. 3 and 4, εxx(ω), εyy(ω), and εzz(ω) are the diagonal parts of the dielectric matrix
εij(ω). Then the expression for the absorption coefficient α(ω), the refraction index n(ω),
and the extinction coefficient k(ω) can be gained by ε1(ω) and ε2(ω) [53]

α(ω) =
√

2ω
[√
ε21(ω) + ε22(ω)− ε1(ω)

]1/2
, (5)

n(ω) =
1√
2

[√
ε21(ω) + ε22(ω) + ε1(ω)

]1/2
, (6)

k(ω) =
1√
2

[√
ε21(ω) + ε22(ω)− ε1(ω)

]1/2
. (7)

Figure 5 shows the ε1(ω) and ε2(ω) of MoS2 and WS2 from bulk to thin film. The
ε2(ω) part shows a structure with peaks A, B and C, and the corresponding energies are
listed in Tab. 4. Our results on ε2(ω) are found to be in very good agreement with the
theoretical calculations by Reshak [52]. In the energy range from 2 eV to 5 eV, all the
intense peaks show a similar trend, with the exception of their energy values. Almost all the
perpendicular components of ε2(ω), hereinafter referred as ε⊥2 (ω), show two intense peaks
located around 2.3 and 4.2 eV, which is due to transition directly between the S-p (maximum
valence band) states and the Metal M-d (minimal conduction band) respectively at points Γ

and M . Interestingly, in the parallel component of ε⊥1 (ω), ε‖1(ω), intense peaks are observed
in the range from 4.5 eV to 6 eV. The different peaks have been grouped in the Tab. 4 (denoted
by peaks A, B, and C).

Figure 5 (a,b,e,f) shows the calculated results of the ε1(ω) part of the dielectric function.
The obtained dielectric spectra for the different number layers are similar to each other,
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Electronic and optical properties of layered van der Waals heterostructures... 10

showing a very weak influence of the low-inter-layer bond in the range of high energies. The
real part can be negative in some values of energy. Focusing on the ε⊥1 (ω) in MoS2 [Fig. 5(a)]
and WS2 [Fig. 5(e)], we see that there are maximum peaks in the ε⊥1 (ω) at low energy region.
These peaks tend to shift toward the lower energy region as we increase the number of layers
of the material. Here, the most important quantity is the zero energy limit of the dielectricity,
that is, the static dielectric constant for the E⊥c and E‖c polarization, which are summarized
in Tab. 4. We see that for the case of the bilayer, the dielectric constants decreases down to
55% compared with MoS2 and WS2 bulks. When the number of layers increases, the real part
increases. In the case of three layers, the difference between the dielectric constants of the
bulk and that of the three layers is reduced to 45%. This gives the possibility of storing more
electrical potential energy. Starting from MoS2 bilayer, the ultrathin are classified as high
dielectric constant materials [54] (ε‖1(0) > 7) and they are considered as interesting material
for application in nanoelectronic devices [54].

It is well-known that the dielectric functions of the WS2 are similar to that of the MoS2

Figure 6. Variation of Electron energy loss spectra (EELS) of MS2 for electric vector
perpendicular to c-axis (E ⊥ c) and electric vector parallel to c-axis ((E ‖ c)), with number
of layers.
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in the range from 0 to 4 eV. Our calculations are in good agreement with the experimental
data [55], except for the excitonic peak at 1.9 eV for the bulk MoS2.

The electron energy loss spectra (EELS) for the parallel and perpendicular polarization,
describing the loss of energy of a fast electron passing through the material, can be defined as
follows [53]

Im

{ −1

ε(ω)

}
=

ε2(ω)

ε21(ω) + ε22(ω)
. (8)

The characteristics of loss energy appearing at energies lower than 50 eV, although contain
a wealthy information, are less studied. In this region, some of the energy loss processes
taking place are the collective excitations of the valence electrons. This phenomenon could
be investigated as a plasma. The excitations can appear when the incident electron interferes
with the outer valence electrons, causing collective oscillations which are called plasmons at
frequency ωp.

Fig. 6 (a,b) show that the energy loss spectra of electrons consist of two important
resonance characteristics for perpendicular polarization (E ⊥ c). The plasmons peak π below
10 eV is due to the collective π − π∗ transition while the plasmons peak π–σ above 10 eV
results from the σ–σ∗ excitation. The electron energy loss spectra for parallel polarization
(E ‖ c) of MS2 [see Fig. 6(c-d)] consists of one prominent resonance feature above 10 eV [56]
due to π-σ plasmons excitation. We can see a remarkable shift in the plasmon peaks energies
π and π–σ for parallel and perpendicular polarization is the result of the limit from bulk to
the monolayer. It appears that when we go from bulk to monolayer, the electron average
concentration decreases, resulting from a considerable increase in the electron effective
mass. Therefore, the lowest value of resonant frequency for monolayer is consistent with
the plasmon frequency described by the equation

ωp =
Ne2

ε0meff

. (9)
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Figure 7. Dependence of the degree of anisotropy the number of layers in (a) MoS2 and (b)
WS2.
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Figure 6 shows the variation of plasmon peak’s intensity with the number of layers. It
can be seen that the π–σ plasmon peak’s intensity increases while the π plasmon peak one
decreases with the increase of the number of layers from the monolayer to bulk. To quantify
the degree of anisotropy in the MoS2 and WS2 from bulk state to the thin film, the dichroic
ratio < at different energies was calculated using the following relationship

< =

∣∣∣∣∣∣ε
⊥
2 (ω)− ε‖2(ω)

ε⊥2 (ω) + ε
‖
2(ω)

∣∣∣∣∣∣ . (10)

Figure 8. Variation of the absorption α(ω) (a-d) and the conductivity σ(ω) (e-f) for the
polarizations (E⊥c , E‖c) with the variation of layers number. The dotted line in a) shows the
experimental data for the polarization E⊥c perpendicular to c-axis.

Page 12 of 21AUTHOR SUBMITTED MANUSCRIPT - MRX-112310.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



Electronic and optical properties of layered van der Waals heterostructures... 13

Table 5. Refractive index n⊥,‖(0) and the birefringence ∆n(0) at zero energy of the bulk,
trilayer (3L), bilayer (2L), and monolayer (1L) MS2 (M = Mo, W).

1L 2L 3L Bulk
MoS2 WS2 MoS2 WS2 MoS2 WS2 MoS2 WS2

∆n(0) 0.45 0.3 0.565 0.36 0.62 0.38 0.82 0.46

0.3 [62] 0.57 [62] 0.79 [62]
n⊥(0) 2.16 1.8 2.65 2.14 2.93 2.32 3.99 2.99

n‖(0) 1.7 1.51 2.08 1.78 2.31 1.95 3.17 2.52

Our calculations show that, in the low energy range (< 9 eV), the dielectric functions
are strongly anisotropic and they become isotropic in the higher energy range as shown in
Fig. 7. We also note in the figure that the anisotropy of MoS2 and WS2 increases by reducing
the layer number from bulk form to monolayer. Therefore, the MS2 monolayer has a strong
anisotropic compared to the thicker leather. It is well-known that TMDs are assumed to be
optically isotropic material. However, several theoretical works indicated that the 2D MoS2
shows high anisotropic physical properties, which can be related to the layered structure
because of the strong covalent bonding of atoms in the same layer and the weak interlayer
interactions [57]. On the other hand, the anisotropic effects are found to be considerable
in monolayer MoS2 [58] and Molina and co-workers [59] previously demonstrated that the
dielectric functions of MoS2 monolayer are strong anisotropy. This makes MS2 becoming a
potential candidate for applications in optoelectronic devices.

The measurement of the penetration of the photon in the material before its absorption
can be described by the absorption coefficient α(ω). Figure 8 shows the absorption coefficient
and the conductivity σ(ω) of MoS2 and WS2 from bulk to a thin film for a polarization
perpendicular and parallel to the c-axis. The absorption coefficients of MS2 bulk and few-
layers are similar to the imaginary dielectric functions in the region from 0 to 3.5 eV, which
corresponds directly to the electronic transitions, and it is clear that the MS2 monolayer
shows a minimal absorption increases as we increase the layer number. Figure 8 also
shows a strong decreasing of the absorption coefficient before 2.2 eV, which indicates that
a photodetector using MS2 is only useful for detecting the light above 2.2 eV. In the case of
MoS2 layered material, it has shown excellent characteristics for application as an ultraviolet
detector [60, 61].

Figure 9 (a-b, e-h) shows the refractive index and the extinction coefficient of MS2

monolayer and multilayer, respectively. It can be seen from the figure that when the number
of layers reduces from bulk to monolayer, the maximum peaks of the refractive index move
to the higher energy region while those of the extinction coefficient gives a red-shift. We also
note that the maximum peak’s amplitude of the MS2 bulk is higher than that of the layers.
Therefore, the amplitude increases by increasing of thin film thickness, which means that the
bulk material absorbs the light better than the thin films. Our calculated results is in good
agreement with a previous work [62].

From Tab. 5, we can see that the static refractive index (n⊥(0), n‖(0)) in the perpendicular
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and parallel directions of the electric field is equal to the square root of the component real
static dielectric ε⊥1 (0) and ε‖1(0), i.e.

n⊥(0) =
√
ε⊥1 (0), (11)

n‖(0) =
√
ε
‖
1(0). (12)

Figure 10 depicts the variation of birefringence ∆n(ω) in MoS2 with photon energy for
bulk and the different number of layers. In solid MoS2, it is found that ∆n(0) is 0.82, which is
significantly higher than that obtained from a thin film of 2L (0.565). The monolayer shows

Figure 9. Variation of the the refractive index n(ω) (a-d) and the extinction coefficient k(ω)

(e-f) for the polarizations (E⊥c , E‖c) with the variation of layers number.
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the lowest value (0.45) of ∆n(0). Besides, by increasing the number of layers, the ∆n(ω)

also increases and reaches the maximum for the bulk. The highest value of ∆n(ω) is found at
around 2.2 eV of energy for most layers, which is close to the direct bandgap for layers at Γ.
For lower energy, the birefringence ∆n(ω) is positive. However, in the higher energy region,
the opposite trend is observed where the ∆n(ω) becomes negative. We have observed that at
a critical value of 3 eV (called isotropic point) the ∆n(ω) tends to zero. The experimental
birefringence of rhenium disulfide was addressed in Refs. [63, 64] where the phenomenon
occurs due to anisotropic confinement in the crystal structure. For molybdenum disulfide, the
birefringence was obtained in the liquid crystal form [65]. In the monolayer configuration,
it has been difficult to measure and only reports of measuring the complex refractive index
exist [66]. It is hoped that soon this controversy is cleared up in the literature.

3.4. MoS2/WS2 van der Waals heterostructure

In this part, we consider the electronic and optical properties of the vdW heterostructure
MoS2/WS2 composed by the vertical stacking of two different monolayers MoS2 and WS2.
The optoelectronic behavior of this vdW heterostructure is still unclear at the nanoscale limit.
In particular, it is experimentally unknown whether the optical transitions will be indirect or
direct in this heterobilayer.

Each layer of MS2 (M = Mo or W) is composed of a plane of Mo/W atoms sandwiched
between two planes of S atoms as shown in Fig. 11. Hybrid layers are maintained by
weak vdW forces. Band structures of the monolayers MS2 and the vdW heterostructure
MoS2/WS2 are shown in Fig. 12. Figure 12(a,b) shows that the monolayers MoS2 and
WS2 are the direct bandgap semiconductors, while Figure 12(c) reveals that the MoS2/WS2

heterostructure is a semiconductor with an indirect gap of 1.46 eV formed from the valence
band maximum (VBM) at the point Γ and the conduction band minimum (CBM) at the K
point. Our calculated results are consistent with the available experimental measurements [16]
and theoretical reports [67,68]. The PDOS of the MoS2/WS2 heterostructure is also shown in

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5

Figure 10. The variation of birefringence in MoS2 with photon energy for bulk and different
number of layers.
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Fig. 13.
From the band structure and the DOS of the MoS2/WS2 heterostructure, we can see that

the CBM locating at the K-point is due to states d of the Mo atoms, while the VBM locating
at the Γ-point is due to states d of the W atoms. Since the VBM and CBM can be located on
different semiconductors [type II alignment as illustrated in Fig. 11(b)], the MoS2 monolayer
is the barrier material for the holes whereas the monolayer WS2 acts as a barrier material for
electrons.

An important consequence of the vdW stacking of these layers is the absence of a
depletion region which causes rapid interlayer charge transfer [26, 69]. Thereafter, charge
carriers are largely localized in opposite layers, the 2D heterojunction manifests a vertical
p-n junction [70, 71]. In then MoS2/WS2 hetero-bilayers, electrons are confined to the MoS2
layer and holes are confined to the WS2 layer. Hong and co-workers have investigated the
ultrafast charge transfer in MoS2/WS2 heterojunction and they found the charge-transfer time
is in femtosecond scale, very smaller than that in MS2 (M=Mo, W) monolayer [26]. The
investigated MoS2/WS2 heterostructure exhibits a lower energy gap than the bands of each
of the two distinct monolayers, which can be advantageous by separating electron-hole pairs.
This character is useful for the detection and harvesting of light. The vertical separation
of the electron and the hole will eliminate the recombination of electron-hole pairs and
prolong the lifetimes (∼ 40 ns [72]) of interlayer excitons compared to intralayer in the MS2

monolayers. This long lifetime is important because it circumvents the limitation imposed by
the picosecond lifetime of the excitons in MS2 monolayers.

In the Fig. 14, we have plotted the dielectric constant ε(ω) and the refractive index n(ω)

Eg = 1.72 eV

Eg = 1.47 eV

Eg = 1.85 eV

Figure 11. (a) The atomic structure of the heterostructure MoS2/WS2. (b) Energy-level
diagram showing type-II band alignment and interlayer charge transfer in the MoS2/WS2

heterostructure. Te(Th) represents the interlayer charge transfer rate for electrons (holes).
4c (4v) is the conduction (valence) band offset between the two monolayers. (c) Illustration
of the interlayer excitons formed from the large electron–hole Coulomb interaction spatially
separated in different layers of the heterobilayer.
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Figure 12. Band structures of the MoS2 monolayer (a), WS2 monolayer (b), and MoS2/WS2

heterostructure (c).
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Figure 13. Total and partial densities of states of the vdW MoS2/WS2 heterostructure.

for a polarization perpendicular and parallel to the z-axis in the energy range from 0 to 10 eV
for the MoS2 and WS2 monolayer and their vdW heterostructure. The relative dielectric
function of the MS2 monolayer and their vdW heterostructure is also shown in Fig. 15. The
spectra show a similar trend, with the exception of their energy values, it can be seen that
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Figure 14. Real dielectric constants ε1(ω) and refraction index n(ω) of the MoS2, WS2

monolayers and MoS2/WS2 heterojunction.

Figure 15. Relative dielectric function of 1L-MoS2, 1L-WS2 and MoS2/WS2 heterostructure.

the static refractive index, the real dielectric static component and relative dielectric function
of the heterostructure are higher than that of WS2 monolayer. This is a consequence of the
decrease in the energy gap.

4. Conclusions

In conclusion, we have systematically investigated the electronic and optical properties of
the few-layers MoS2 and WS2 and their heterostructure MoS2/WS2 using DFT calculations.
Quantum confinement (due to reduced material thickness) leads to significantly changes in the
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energy structure of the MS2 (M = Mo, W). Besides, the anisotropy and optical spectrum of the
MoS2 and WS2 also depend strongly on the number of layers. Whereas the MoS2 and WS2

monolayers have a direct band gap, the heterostructure formed by vertical stacking of these
monolayers has an indirect band gap. Also, charge carriers in the MoS2/WS2 heterostructure
are widely localized on different layers and an out-of-plane p-n junction is formed. A type
II bands alignment has been formed in the MoS2/WS2 bilayer heterostructure which can be
advantageous by separating the electron-hole pairs leading to a long lifetime of interlayer
excitons. These properties may be useful for applications in nanoelectronic technology.
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