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The influence of an external electric field on single-layer transition-metal dichalcogenides TX2 with T = Mo, W and X = S, Se

(MoWSeS) has been investigated by means of density-functional theory within two-dimensional periodic boundary conditions

under consideration of relativistic effects including the spin-orbit interactions. Our results show that the external field modifies

the band structure of the monolayers, in particular the conduction band. This modification has, however, very little influence on

the band gap and effective masses of holes and electrons at the K point, and also the spin-orbit splitting of these monolayers is

almost unaffected. Our results indicate a remarkable stability of the electronic properties of TX2 monolayers with respect to gate

voltages. A reduction of the electronic band gap is observed only starting from field strengths of 2.0 V Å−1 (3.5 V Å−1) for

selenides (sulphides), and the transition to a metallic phase would occur at fields of 4.5 V Å−1 (6.5 V Å−1).

1 Introduction

Monolayered transition-metal dichalcogenides, such as TX2

with T = Mo, W and X = S, Se (MoWSeS), have emerged as

novel attractive two dimensional (2D) materials for potential

applications in nano- and optoelectronic devices.1 TX2 of 2H

symmetry are hexagonal systems with one layer of transition-

metal atoms sandwiched between two layers of chalcogen

atoms. In the bulk form, the adjacent sheets are held together

via weak interlayer forces, thus allowing easy and fast me-

chanical or chemical exfoliation to the monolayered forms.2–4

Recently, Kis and co-workers have made a substantial break-

through by using MoS2 monolayers to fabricate field-effect

transistors,3 integrated circuits5, amplifiers6 and photodetec-

tors.7

Semiconducting MoWSeS materials undergo indirect to

direct band gap transition when thinned to the monolayer

limit.2,8,9 At this limit, the inversion symmetry is lost what

causes a giant spin-orbit-induced band splitting of 100 meV

for MoS2 monolayer from Raman experiments,10 148 meV

for MoS2 monolayer up to 456 meV for WTe2 from first prin-

ciples calculations.11 The electronic properties of these 2D

systems can be further tuned by mechanical distortions, such

as tensile strain. For example, by applying a small mechani-

cal strain of about 1% to the MoS2 monolayer, the band gap

shifts from direct to indirect, and for larger deformations a

semiconductor-metal transition occurs.12–16
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By means of further theoretical studies it has been reported

that applying an external electric field to a rippled MoS2

monolayer17 or MoS2 nanoribbons18–20 reduces the band gap

of semiconducting materials and causes severe changes in the

electronic structure. Dolui et al.20 have shown that the band

gap of armchair nanoribbons is primarily determined by a pair

of edge states, and it may be tuned by applying an external

transverse electric field, eventually leading to the insulator-

metal transition. They concluded that the critical electric field

for the transition can be reduced to a practical range with in-

creasing ribbon width. For the zigzag nanoribbons, Kou et

al.19 have shown that under a simultaneously applied electric

field and tensile strain, the response of the electronic and mag-

netic properties to strain exhibits significantly enhanced tun-

ability, and the modulations are highly sensitive to the strength

and direction of the electric field. Yue et al.18 have applied

both the transverse and perpendicular electric fields in the

monolayer and multilayer armchair MoS2 nanoribbons. The

authors have found that the band gap decreases with increasing

transverse electric field and closes at a critical field strength,

which depends on the width of the ribbon. The gap-tuning

effect in monolayer nanoribbon is absent when the perpen-

dicular field is applied. Moreover, Yue at al.18 showed that

the critical strength of perpendicular field for gap closure de-

scends with increasing number of layers.

Furthermore, there are several works on the electric field

applied to the bilayer MoWSeS materials. Ramasubrama-

niam and co-workers21 have studied, via first principles based

plane wave calculations, the effect of the perpendicular ex-

ternal electric field applied to TX2 bilayers. Their results in-

dicate that the band gap decreases linearly with the external
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electric field, resulting in a semiconductor-metal transition in

the range of relatively small electric field of 200-300 mV Å−1.

On the other hand, Liu et al.22 have reassessed the change of

electronic structure of a MoS2 bilayer in the presence of a per-

pendicular electric field, considering different stacking config-

urations of molybdenum and sulphur atoms in the 2D layers.

They found that the electric field strength at which the band

gap closes is significantly higher, between 1.0 and 1.5 V Å−1.

The strongly underestimated values of Ramasubramaniam et

al.21 may be caused by applying inappropriate constrains to

the symmetry of the bilayer structures. In addition, it has been

reported that, in contrast to bilayers, the band gaps of TX2

monolayers are insensitive to perpendicular external fields in

this range of strength.21,22

In this study, we have focused on the MoWSeS monolayers

and their electronic structure stability with respect to the per-

pendicular external electric field. We have employed the first-

principles calculations explicitly considering spin-orbit inter-

actions. In contrast to previous studies, we have applied 2D

periodic boundary conditions within the TX2 layers and thus

avoided spurious periodicity in the applied electric field and

resulting polarization normal to the monolayers. Our results

show that the electronic structure of MoWSeS monolayers is

not affected by electric field strengths that are common in elec-

tronic devices. First changes are observed for the conduction

band, which modulates more strongly than the related elec-

tronic band gaps and charge carrier mobilities. For all mate-

rials, we observe a transition from direct to indirect band gap

for field strengths of about 2.0 V Å−1. Electronic band gaps

and effective masses of electrons and holes stay almost un-

affected at the K point for field strengths below 2.0 V Å−1

(3.5 V Å−1) for selenide (sulphide) materials. The band split-

ting in the monolayers, a result of spin-orbit coupling, remains

unchanged for the whole range of electric fields studied in the

present work. As the field does not affect the electron and hole

effective masses, our calculations suggest that the electronic

transport properties remain unchanged if the monolayers are

subjected to an even excessively high gate voltage.

2 Computational Details

We have studied the changes in the electronic band structures

of TX2 monolayers (T = Mo, W; X = S, Se) with respect to the

applied perpendicular external electric field. All calculations

were carried out using density functional theory (DFT) at the

GGA-PBE23 level as implemented in the ADF-BAND soft-

ware.24,25 Mixed numerical and Slater-type orbitals with va-

lence triple-zeta quality and one polarization function (TZP)

were adopted for all the atoms, together with a small frozen

core. The structures were fully optimized (atomic positions

and lattice vectors) and the maximum gradient threshold was

set to 10−4 Hartree Å−1. Relativistic effects were taken

into account for the optimization procedure by employing the

scalar Zero Order Regular Approximation (ZORA).26 Elec-

tronic band structure calculations were performed on the op-

timized structures employing the spin-orbit coupling (SOC)

and an external electric field normal to the basal plane of the

monolayers. It is important to mention that the electronic

structures do not change significantly, when monolayers are

optimized with applied field. The k-point mesh over the first

Brillouin zone was sampled according to the Wiesenekker-

Baerends scheme,27 where the k-space integration parameter

is set to 5, leading to 15 k-points in the irreducible wedge.

3 Results and Discussion

We have applied an external electric field normal to the basal

planes of MoWSeS monolayers. The range of the electric

field strengths considered in the present studies is 0.0–7.5 V

Å−1. Fig. 1 shows the change in the band structures of the 2D

systems for selected external field strengths. In their equilib-

rium structures, all systems are direct band gap semiconduc-

tors at the K point. Application of the electric field changes

the position of the conduction band minimum (CBM) to the

2/3 position between K and Γ and the systems become indi-

rect band gap materials. The only exception is found for the

MoS2 monolayer. Here, the transition between Γ and K is

very similar in energy. Moreover, sulphide systems get metal-

lic only at larger field strength compared to the corresponding

selenide materials, at about 6.5 versus 4.5 V Å−1. We observe

the so-called Stark effect, resulting in a shift of the bands and

in a change of the band structure in presence of an external

electric field, especially in the conduction region. The Stark

effect is most pronounced for the WX2 monolayers.

Fig. 2 shows the band gap and the dipole moment evolution

of MoWSeS monolayers with respect to the field strength. The

band gaps stay almost constant up to 3.5 and 2.0 V Å−1 for sul-

phides and selenides, respectively. At the same time the dipole

moments increase linearly with external field strength, even in

the regions where the band gaps are unaffected. Above a crit-

ical field strength, the decrease in the band gap is more rapid

for the Mo-based systems compared with the W-counterparts.

As the strength of the electric field increases, the polarization

also increases and hence the dipole moment changes deviate

from linearity, leading to the band gaps closure for critical

electric fields.

The changes in the energies of the valence band maximum

(VBM) and CBM with the electric field are shown in Fig. 3.

Slow reduction in the energy of both extrema are observed

even for weak fields, however, above the critical values of

electric field, 2 V Å−1 (3.5 V Å−1) for selenides (sulphides),

the change is more drastic.

The effective masses of electrons and holes at the K point

are very stable with respect to the external electric field (see
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Fig. 1 Electronic band structures of TX2 systems with respect to the

external electric field. The top of valence and bottom of conduction

band are highlighted with blue and green, respectively. The Fermi

level (EF ) is shifted to the top of valence band. The values of

fundamental band gaps are given.

Tab. 1). Also the band splitting, caused by the spin-orbit cou-

pling, is not affected by the electric field. The presence of

Stark effect, however, is pronounced and can be observed in

the shape of the band structures (see Fig. 1).

Applying external electric field causes changes especially

in the conduction band and other minima, namely between the

Γ−M and K−Γ, become close in energy to the CBM. There-

fore, it might be of interest to investigate the electron effective

masses for those minima (see Tab. 2). The effective masses

of electron at those k points are more sensitive to the external

electric field than at the K point and reduce (increase) signif-

icantly for the Γ−M (K −Γ). At zero fields, they are larger

than the corresponding values at the K point, though. Note,

we do not report the hole effective masses for other maxima

in the valence band (at the Γ point), as the bands are very flat

and the values become very large and meaningless.

Fig. 4 shows the deformation density maps at zero and

the critical electric field strengths. In these plots, the red

zone refers to electron depletion, while the blue colour cor-

responds to an excess of electrons. At the equilibrium, there

is a uniform charge distribution, symmetric with respect to the

transition-metal layer for all MoWSeS monolayers. Once the

electric field reaches a critical strength, that is at the point of

semiconductor-metal transition, we observe a strong polariza-

tion of the system, indicated by the red colour that starts to

dominate in the upper chalcogen layer, while the blue colour

0 2 4 6 8

EField [V Å
-1

]

0

0.5

1

1.5

2

∆
 [e

V
]

MoS2
WS2
MoSe2
WSe2

0 2 4 6 8

EField [V Å
-1

]

0

5

10

15

µ
[D

eb
ye

]

MoS2
WS2
MoSe2
WSe2

a)

b)

Fig. 2 Calculated band gaps (a) and total dipole moments (b) versus

external electric field of MoWSeS monolayers.

appears in the lower chalcogen layer. This means that a

strong polarization occurs normal to the basal plane, induc-

ing a dipole moment, which leads to the reduced band gaps.

4 Conclusions

In conclusion, we show that MoWSeS monolayers TX2, T =

Mo, W, X = S, Se are very stable with respect to external

electric fields that are common when applying a gate volt-

age. Only at very strong fields, exceeding 2 V Å−1, effects

on the electronic structure become notable. Those include a

Stark effect and the change of electronic structure, leading to

a transition from direct to indirect band gap in the monolayers.

Even though the band structures, in particular the conduction

bands, change due to the Stark effect, quantities that dominate

the electronic properties of the materials such as band gap,

effective masses of electrons and holes, and the value of the

spin-orbit splitting are unaffected by the external fields.
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Fig. 3 Energies of the valence band maximum (VBM) and

conduction band minimum (CBM) versus external electric field of

MoWSeS monolayers.

Fig. 4 Deformation density maps (a.u.) of TX2 systems at zero

(left) and finite (right) external electric field (V Å−1).

Table 1 A Spin-orbit splitting ∆SO of the highest occupied valence

band and effective masses of electrons and holes at K point versus

the electric field of MoWSeS monolayers.

System Efield at K point

(V Å−1) ∆SO(meV) m∗

e /m0 m∗

h/m0

0.00 150 0.450 -0.537

MoS2 3.00 150 0.451 -0.546

4.00 149 0.451 -0.551

0.00 183 0.561 -0.614

MoSe2 2.00 181 0.564 -0.620

4.00 180 0.556 -0.630

0.00 430 0.367 -0.334

WS2 3.00 424 0.381 -0.342

4.00 415 0.393 -0.347

0.00 453 0.426 -0.355

WSe2 2.00 443 0.435 -0.360

4.00 441 0.455 -0.372

Table 2 Effective masses of electrons for minima along the Γ−M

and K −Γ paths of MoWSeS monolayers for selected electric field

strengths.

System Efield m∗

e /m0

(V Å−1) CBM (Γ−M) CBM (K −Γ)

MoS2
0.00 0.956 0.599

3.00 0.676 1.259

MoSe2
0.00 0.776 0.542

2.50 0.653 1.305

WS2
0.00 0.886 0.541

3.00 0.619 0.869

WS2
0.00 0.694 0.436

2.50 0.565 1.175
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