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Using the first-principles calculations, we explore the electronic structures of 2H-MX2 (M = Mo, W;
X = S, Se, Te). When the number of layers reduces to a single layer, the indirect gap of bulk becomes
a direct gap with larger gap and the band curvatures are found to lead to the drastic changes of effective
masses. On the other hand, when the strain is applied on the single layer, the direct gap becomes an indirect
gap and the effective masses vary. Especially, the tensile strain reduces the gap energy and effective masses
while the compressive strain enhances them. Furthermore, the much larger tensile stress leads to become
metallic.
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The trigonal-prismatic transition metal dichalcogenides
(TMDs)1 are quasi-two-dimensional, highly anisotropic-
layered compounds that are of great interest in basic research
due to a large variety of electronic behaviors such as semi-
conductivity, superconductivity, or charge density wave, as
well as in applications in areas such as lubrication, catalysis,
electrochemical photocells, and battery systems. TMDs gen-
erally have two types of MX2 (M is a transition metal and
X is a chalcogen) sandwiches depending on coordination of
the transition metal atom by the chalcogens.1 In 1T-MX2 the
coordination is octahedral, whereas in 2H-MX2 it is trigonal
prismatic. The M-X bonds are strongly covalent, but the
sandwich layers are coupled only by weak van der Waals
(vdW) interactions, resulting in easy slippage as well as easy
cleavage of planes.

Recently, a single layer of MoS2 (1L-MoS2; S-Mo-S),
which is obtained by employing the microexfoliation tech-
nique as popularly used in order to produce a graphene,2 has
aroused much interest for its many remarkable properties.
Most of these properties follow from that the 1L-MoS2 is a
direct gap semiconductor with a gap energy (Eg) of ∼1.8 eV,
whereas bulk MoS2 is an indirect gap semiconductor with Eg =
∼1.3 eV.3,4 This direct gap transition in the single-layer
limit3–5 was also observed in WS2

6,7 and WSe2.8 More
recently, theoretical studies have also revealed that indirect
gap semiconductors 2H-MX2 (M = Mo, W; X = S, Se, Te)
become direct gap semiconductors with significantly larger Eg

than those of the bulks when thinned to a single layer.9,10

More surprisingly, the excellent current on/off ratios of
1 × 108 and ultralow standby power dissipation have been
realized in the fabrication of a field-effect transistor based
on a 1L-MoS2.11 In fact, the mobilities of single layer or
thin film of MoS2 in the 0.1–10 cm2/Vs range2,12 are too
low to be applicable to practical devices. On the other hand,
it has been revealed that deposition of thick HfO2 (30 nm)
on a 1L-MoS2 dramatically enhances the mobilities in the
∼200 cm2/Vs range,11 which is comparable to the value of
bulk (200–500 cm2/Vs).13 Although the reason of the reduced
and recovered mobility of 1L-MoS2 has been explained by

using the Coulomb scattering model,11,14 which is crucial in
the graphene’s transport properties,15 the conductivities of 1L-
and few-layer MoS2 show that the dependences on the gate
voltage are roughly linear different from that of graphene2,12

and, therefore, other mechanisms need to be included for a
complete understanding of how the mobility of bulk reduces
upon lowering the numbers of layers and recovers the reduced
mobility of 1L-MoS2 by the deposition of high-κ dielectric.
In this Brief Report, we find that the electronic structures of
2H-MX2 strongly depend on the number of layers, and the
strain has the significant influence on the single layer.

For the bulk and the film of 2H-MX2, we used full-potential
linearized augmented plane wave (FLAPW) method16,17 to
solve the density functional Kohn-Sham equations. The gen-
eral gradient approximation (GGA)18 was adopted to describe
the exchange-correlation potential. Energy cut-offs of 12.25
Ry and 256 Ry were employed for the basis expansion and the
charge-potential within the interstitial region, respectively, and
spherical harmonics with l � 8 inside the muffin-tin spheres.
In the Brillouin zone 7296 and 470 k-points were used in
summation for the bulk and film, respectively.

Since it has been suggested that the experimental lattice
constants19−21 of bulk 2H-MX2 well produce the band gap of
single layer,22,23 we employed those in the present calculations,
as listed in Table I. Subsequently, all atoms were allowed to be
relaxed through a total energy minimization that was guided
by the calculated atomic forces. The resultant z parameters,
the distance (Å) between the M layer and the X layer in a
sandwich, are also given in Table I.

Effective masses of hole (m∗
h) and electron (m∗

e ) of MoS2,
the prototypical TMD of 2H-MX2, were derived at high-
symmetry points and listed in Table II.

Figure 1 displays the gap transition of 2H-MX2 upon
reducing the numbers of layers from the bulk (upper panels)
to the double-layer (middle panels) to the single-layer (bottom
panels). Each of the bulk compounds shows an indirect gap
consisting of a valence band maximum (VBM) at the �-point
and a conduction band minimum (CBM) at a midpoint along
�-K symmetry lines. As the number of layers reduces, both
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TABLE I. Lattice parameters a and c of 2H-MX2 (M = Mo, W; X = S, Se, Te) (Refs. 20–22) and the internal coordinate z, which
determines the intralayer chalcogen plane distance. The strain effects on 1L-MX2 [Fig. 3] retain the direct gap and metallic state in the range
of lattice a.

a (Å) c (Å) zbulk z2L z1L direct gap (% of a) metal (% of a)

MoS2 3.160 12.296 1.565 1.572 1.572 −1.3 ∼ 0.3 9.8
MoSe2 3.299 12.939 1.669 1.606 1.676 −0.9 ∼ 2.5 11.5
MoTe2 3.522 13.968 1.809 1.816 1.815 −0.3 ∼ 5 12.2
WS2 3.155 12.349 1.573 1.578 1.58 −0.2 ∼ 0.5 10.9
WSe2 3.286 12.976 1.682 1.686 1.688 0 ∼ 3.2 12.9

the VBM and the CBM move toward the K-point and direct
band gaps are obtained at all the single layers, where there
exists no noticeable vdW interlayer-interaction. Note that up
to the triple layers (not shown) from the bulk, the indirect gap
remains between the �-point of VBM and the midpoint of
CBM with enhancing the gap energy.

Based on previous studies,5−10,23 the total density of states
near the Fermi level originates from mostly TM d-states with
weak contribution of chalcogen p-states. In detail, the VBM
and CBM at K-point, which consist of a direct gap in the
single layer, are predominantly derived from xy/x2−y2 and
z2 orbitals, respectively. On the other hand, the VBM near
the �-point is derived from the z2 orbitals and the CBM at a
midpoint consists of the xz and yz orbitals.

The variations of Eg are summarized in Fig. 2. While the
indirect band gap of bulk materials are in the range of near
infrared, single layers are expected to be promising materials
for the solar cells because the band gaps match well with
the range of visible light as well as being a direct band
gap. Especially, both the 1L- (1.47 eV) and 2L- (1.46 eV)
MoSe2 have optimum band gaps (1.3–1.5 eV) for solar
energy conversion.24,25 It is also noticeable that 1L-MoS2 and
1L-WS2 have Eg within the optimum range (1.8–2.0 eV) for
photoelectrochemical production of hydrogen from water.26

Even though the indirect-to-direct gap transition of 2H-
MX2 upon reducing the thickness to single layer has been
revealed throughout recent first-principles calculations,9,10 we
found some characteristic differences.

First of all, based on the increase of gap energy upon
lowering the number of layers (see Fig. 2), the reason of the
reduction of mobility2,12 in the single- or few-layer MoS2 is
mainly due to the decrease of carrier concentration, which
is also contributed partly by the Coulomb scattering,15 near
Fermi level with respect to that of bulk. Accordingly the limited

phonon scattering with decreasing the numbers of layers has
been also revealed from the Raman spectroscopy27 that the A1g

(out-plane) vibration frequency decreases dramatically, while
the E1

2g (in-plane) vibration frequency increases slightly.28

In addition, the effective masses vary, as given in Table II.
From the bulk to 1L-MoS2 (2L-MoS2), the m∗

h at the �-
point dramatically increases to ∼396% (∼64%), and the
m∗

h at the K-point and the m∗
e at the midpoint just slightly

increases, respectively. In total the increase of effective masses
also elucidates why the mobility reduces upon lowering the
numbers of layers. However, for the case of double and single
layers, we need to consider carefully the change of lowest
points. The change of CBM from the midpoint to the K-point
may have no significant effect because of their similar effective
masses. In contrast, the change of VBM from the �-point to
the K-point, where the m∗

e for 1L-MoS2 (2L-MoS2) decreases
to ∼41% (∼34%), induces the dramatic decrease of effective
masses and the mobility should be increased. It is contrary
to the experimental results.2,12 However, the consideration of
carrier concentration may be helpful because it depends on
not only the band gap energy, but also the effective masses,29

i.e., the carrier concentration at the K-point would be lower
than that at the �-point. We could also consider that the
mobilities of charge carriers are mainly related to the Mo
dz2 electrons, which have the contribution to the VBM of
�-point through the vdW-interlayer-interaction. On the other
hand, the Mo dxy/x2−y2 electrons at the VBM of K-point have
the negligible contribution to the mobility due to the strong
covalent bonding. These dependences of carrier density and
effective masses upon the variation of thickness well explain
the reduced mobility of 1L-MoS2 than the Coulomb scattering
model.11

We have also studied the influence of strain on the electronic
structure of 1L-MX2. Figure 3(a) shows that even a just

TABLE II. Calculated the hole and electron effective masses (m∗) at the high symmetry points. The effective masses for the bulk, 2L-, and
1L-MoS2 are derived from the band structures as shown in Fig. 1. The effective masses for the strain effects are derived from those as shown
in Fig. 3. The unit is of the electron rest mass (me).

Fig. 1 Fig. 3

Symmetry Point Bulk 2L 1L (b) a = 3.100 Å (c) a = 3.299 Å

m∗
h/me � 0.711 1.168 3.524 8.049 1.527

K 0.625 0.628 0.637 0.703 0.594
m∗

e/me midpoint �K 0.551 0.579 0.569 0.564 0.565
K 0.821 0.542 0.483 0.585 0.405
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FIG. 1. (Color online) Band structures of (a) MoS2, (b) MoSe2, (c) MoTe2, (d) WS2, and (e) WSe2 from the bulk (upper panels) to
double-layer (2L, middle panels) and single-layer (1L, bottom panels). The horizontal solid lines in each panel indicate the VBM and the dotted
lines indicate the CBM. The solid blue arrows indicate the lowest energy transitions.

slightly different lattice value for 1L-MoS2 from the bulk
optimum value of a = 3.16 Å induces the direct-to-indirect
gap transition with changing the gap energy and the positions
of the VBM and CBM. The direct band gap is maintained
only in a quite narrow range of −1.3 to 0.3%, deviated from
the optimum value. Furthermore, the increased a more than

∼9.8% is found to become metallic. Upon the strain the other
single layers also retain the direct gap and become metallic in
the range of lattice a as given in Table I, respectively.

Figures 3(b), 3(c), and 3(d) correspond to the band struc-
tures of 1L-MoS2 under compressive and tensile stresses on
1L-MoS2, respectively. In Fig. 3(b) the reduced lattice constant

FIG. 2. (Color online) Thickness dependence of band gap energies of 2H-MX2 (M = Mo, W; X = S, Se, Te). Right axis corresponds to
the wavelengths.
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FIG. 3. (Color online) (a) Strain dependence of band gap energies
of 1L-MoS2 (a = 3.160 Å). The representative band structures
for the (b) compressive and (c), (d) tensile stresses are displayed,
respectively. Inset indicates the hexagonal structure consisting of Mo
(red/gray balls) and S (yellow/light gray balls) from the top views.

of a = 3.100 Å (−1.9%, compressive stress) enhances Eg from
1.73 to 1.86 eV with changing the position of CBM to the
midpoint from the K-point. Accordingly the m∗

h at the �- and
K-points and the m∗

e at the K-point increase by ∼128%, ∼10%,
and ∼21% compared to those of the unstrained 1L-MoS2,
respectively. Notably, the compressive stress is supposed to
reduce the mobility of 1L-MX2. However, we became aware
of concurrent and independent work (only the case of MoS2),30

which reports that the excessive compression leads to be
metallic.

In the case of tensile stress, the increased lattice of a =
3.299 Å (4%, tensile stress) as shown in Fig. 3(c) reduces
the Eg to 0.83 eV. In further the tensile stress larger than
11% [Fig. 3(d)] leads to be metallic. The position of VBM is
also changed from the K-point to the �-point while the CBM
retains at the K-point. These results support the enhancement
of carrier concentration. Accordingly the m∗

h at the �- and
the K-point and the m∗

e at the K-point are also decreased to
∼57%, ∼7%, and ∼16%, compared to those of the unstrained
1L-MoS2, respectively.

In comparison with the compressive stress, the tensile stress
explains how the reduced mobility of 1L-MoS2 recovers by
deposition thick HfO2.11 Since 1L-MoS2 has been revealed to
be locally puckered31 as freely suspended or loosely adhered
to a substrate, the deposition of high-κ dielectric materials
is enough to form the lattice-mismatched strain. Much very
recently, these predictions have been verified experimentally.
The temperature dependent photoluminescence (PL) on 1L-
MoS2 shows that the band gap energy increases upon lowering
temperature and furthermore the two PL peaks with the energy
difference of 90 meV are observed.32,33 These results are
similar with the compressive strain induced direct-to-indirect
gap transition with increasing the band gap energy. The two
peaks at low temperatures would be related to the coexistence
of direct and indirect band gaps such as the case of 2L-MoS2.4

In addition, the oxide-covered-flakes confirm the strain effects
on 1L-MoS2, i.e., the Al2O3 and HfO2 increases and decreases
the band gap energy, respectively. The former and latter
correspond to the compressive and tensile strains, respectively.
These experimental evidences are in best agreement with our
findings.33

In conclusion, we have revealed that the electronic band
structures of 2H-MX2 (M = Mo, W; X = S, Se, Te)
semiconductors are strongly dependent on the numbers of
layers and the strain (lattice constants). All bulk MX2 with
an indirect gap has been confirmed to be a direct gap in the
single layer with the limit of lattice constants. Our findings
on the 1L-MX2 such as the increase of band gap with a
transition to the direct gap, the change of band curvatures, i.e,
the increase of effective masses and the strain effects explain
how the mobility reduces and recovers, respectively.
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