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The electronic properties of van der Waals heterostructures composed of MoS2 and WS2 under a per-
pendicular electric field are studied in terms of field strength, electron doping concentration, and interlayer
stacking arrangement based on the density-functional theory. The calculation results show that accu-
mulated carrier distribution can be controlled by tuning the field direction, field strength, and doping
concentration. The electron is localized on the MoS2 layer on the positively charged electrode side under
a strong positive field with a low doping concentration, whereas they are extended throughout both the
MoS2 and WS2 layers under a strong negative field. Stacking misorientation between the layers further
enhances the electron localization under a positive field and delocalization under a strong negative field.
The stacking arrangement and electric field allow additional tuning of the electronic properties of van der
Waals heterostructures.
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I. INTRODUCTION

Electric fields are widely used to control the physical
properties of solids, thin atomic films, and molecules in
numerous fields of pure and applied sciences [1]. Unusual
physical properties have been induced in materials by
applying external electric fields. These properties depend
on the field strength, the carrier concentration, the con-
stituent elements, and their geometries. The high carrier
density of ionic liquid electrolytes with an electric double
layer [2–4] results in room-temperature ferromagnetism in
Co-doped TiO2 [5], high carrier mobility at low power in
organic semiconductors [6], and superconductivity in sev-
eral insulators [7–10]. Bilayer graphene with an AB stack-
ing arrangement exhibits a metal-semiconductor transition
under a perpendicular electric field [11–16]. The band gap
of such bilayer graphene is approximately proportional
to the weak field and saturates at 0.27 eV at 0.06 V/nm
[15,16]. It has been predicted that bilayer graphene returns
to the metallic phase under a strong field, the carrier of
which is distributed along the graphene sheet and in the
vacuum spacing with a nearly free electron nature [16–18].

Atomic layered materials have been attracting
considerable attention because their well-controlled two-
dimensional electron systems display unusual electronic
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properties that depend on the constituent elements of the
layers and their stacking arrangement [19]. Atomic layered
materials could play a role as building blocks in the con-
struction of hierarchical structures, which are known to be
van der Waals structures, by the stacking of adequate layers
in appropriate manners. It has been well established that
the physical properties of hierarchical structures of layered
materials exceed the simple superposition of those of the
constituent layers. Graphene possesses a Dirac cone at the
Fermi level and the K point. Bilayer graphene exhibits an
interesting variation of these electronic structures, which
depends on the interlayer stacking arrangement [20–23].
Thermal diffusivity between graphene layers is substan-
tially deteriorated by twisting the layers [24]. Layered hier-
archical structures composed of heterogeneous constituent
layers also display diversity of their physical properties,
which depend on the constituent layers and their stacking
arrangements [25,26]. Transition-metal dichalcogenides
(TMDCs) are representative atomic layer materials that
can form hierarchical layered structures with large struc-
tural variation. TMDCs with semiconducting electronic
properties allow the band-edge alignment of van der Waals
heterostructures, whether they are type-I or type-II semi-
conductors, to be tuned because of their dependence on the
constituent layers and the stacking arrangement [27–34].

The application of an external electric field to van
der Waals hierarchical structures causes them to exhibit
fascinating physical phenomena that are unexpected in the
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absence of the applied field. Bilayer graphene with twisted
interlayer stacking arrangements under particular magic
angles is a superconductor and a strange metal under an
applied electric field [35–37]. We demonstrate that for
bilayer MoS2 with twisted stacking under an applied elec-
tric field, one of the layers acts as a screening layer upon
carrier doping. These findings imply that the constituent
elements of the layers further modulate the electronic
properties of van der Waals layered structures under an
applied electric field, in terms of the band-edge offset and
interlayer interactions [38]. Knowledge of the electronic
properties of van der Waals heterostructures under an
applied electric field is important for practical applications
of semiconducting technologies.

Accordingly, in this work, we aim to investigate the
electronic properties of van der Waals heterostructures
of MoS2 and WS2 under a perpendicular electric field
from dual-gate electrodes. The interlayer stacking arrange-
ment, field strength, and carrier concentration of the het-
erostructures are studied using the density-functional the-
ory (DFT) with the effective-screening-medium (ESM)
method. Our calculations show that the carrier distribu-
tion in the MoS2/WS2 heterostructures is sensitive to the
field strength, field direction, carrier concentration, and
interlayer stacking arrangement.

II. CALCULATION METHOD

All calculations are conducted using the program pack-
age STATE [39,40], based on DFT [41,42]. To express
the exchange-correlation potential energy between inter-
acting electrons, we use the generalized gradient approx-
imation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional [43,44]. Because of the GGA-PBE functional,
the conduction-band edge of constituent TMDCs is under-
estimated. Furthermore, it should be noted that the band
offset of the van der Waals heterostructures depends on
the treatment of the many-body effects, such as quasipar-
ticle approaches and hybrid functionals [45]. Therefore,
the results shown in this work give a qualitative insight
into the carrier accumulation in MoS2/WS2 heterostruc-
tures. The weak dispersive interaction between MoS2 and
WS2 layers is treated using the van der Waals density
functional vdW-DF2 with the C09 exchange-correlation
functional [46,47]. The interactions between valence elec-
trons and ions are described by ultrasoft pseudopotentials
[48]. The valence wave functions and the deficit charge
density are expanded in terms of plane-wave basis sets
with cutoff energies of 25 and 225 Ry, respectively. The
atomic structures of the TMDCs are fully optimized until
the force acting on each atom is less than 1.33 × 10−3

Hartree/Bohr under their experimental lattice parameter of
a0 = 0.315 nm. Integration over the Brillouin zone is car-
ried out using equidistant meshes of 20 × 20 × 1k- and
8 × 8 × 1k-points for MoS2/WS2 with AB and twisted
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FIG. 1. (a) A structural model of a dual-gate field-effect tran-
sistor of MoS2/WS2 van der Waals heterostructures with (b) AB
and (c) twisted interlayer stacking arrangements. The gray rect-
angles denote the top- and bottom-gate electrodes with infinite
permittivity. VT and VB are the top- and bottom-gate voltages,
respectively, which determine the electrostatic potentials of the
top gate, φT, and the bottom gate, φB, respectively. The purple,
gray, and yellow circles indicate Mo, W, and S atoms, respec-
tively. The blue dotted rectangles denote the lateral unit cell of
the MoS2/WS2 heterostructures.

stacking arrangements, respectively. The external electric
field and excess carriers on each heterostructure are treated
using the ESM method (Fig. 1) [49]. During the elec-
tronic structure calculations under an electric field and with
excess carriers, the geometric structures of the heterostruc-
tures are fixed to their optimized structures obtained under
zero-electric-field and neutral conditions. The maximum
force under the highest electric field with the highest car-
rier concentration is 2.6 × 10−3 Hartree/Bohr, which is too
small to cause substantial structural modulation.

III. STRUCTURAL MODEL

Each MoS2/WS2 van der Waals heterosheet is sand-
wiched by top and bottom gate electrodes that are simu-
lated by a planar ESM with an infinite relative dielectric
constant separated by a vacuum spacing of 0.6 nm, result-
ing in dual-gate field-effect transistors of MoS2/WS2 het-
erostructures [Fig. 1(a)]. A perpendicular electric field with
respect to the MoS2/WS2 sheet is controlled by the elec-
trostatic potential difference between the top and bottom
gate electrodes and the carrier concentration in the sheets
is tuned by the electrostatic potential at the middle of the
top- and bottom-gate electrodes. For the interlayer stack-
ing arrangement of the heterostructures, we consider AB
and twisted (twist angle θ = 38◦) arrangements [Figs. 1(b)
and 1(c), respectively] to investigate the influence of inter-
layer stacking on carrier accumulation and depression
in the heterosheets. Note that the electronic structure of
twisted MoS2/WS2 with an angle of 38◦ is qualitatively
the same as that with 27◦ (see the Supplemental Material
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[50]). Thus, MoS2/WS2 with an angle of 38◦ may repre-
sent the qualitative properties of the carrier accumulation
in terms of their large twist angles [51]. The optimal inter-
layer spacings of the heterostructures of MoS2 and WS2
are 0.30 and 0.33 nm for the AB and twisted arrangements,
respectively.

IV. RESULTS

Figure 2 shows the distributions of electron accumula-
tion and depression normal to the MoS2/WS2 heterostruc-
ture with an AB stacking arrangement under strong (±1.0
V/nm), weak (±0.1 V/nm), and zero electric fields at high
(1014/cm2) and low (1013/cm2) electron-doping concen-
trations. Note that the electric field and carrier density
considered here are relevant to those realized in exper-
iments [52,53]. The carrier distribution is calculated by
determining the difference between the valence charge
density of heterostructures under an electric field with
electron doping and that under an electric field without
excess electrons. The distribution depends strongly on the
electric field and the doping concentration. Under a zero
or weak electric field with a low doping concentration,
the electron distribution in MoS2 is approximately 10%
higher than in WS2, irrespective of the field direction.
These results indicate that the band-edge offset between
MoS2 and WS2 primarily affects the electron accumulation
in the MoS2/WS2 heterostructure. Under a strong posi-
tive electric field with a low doping concentration, 73%
of the electrons are accommodated in the MoS2 layer.
A large band-edge offset between MoS2 and WS2 leads

to a higher electron density on the MoS2 layer in the
MoS2/WS2 heterostructure than that of a MoS2 layer at
the positive-gate side of a bilayer MoS2 dual-gate FET,
where 57% of the electrons are distributed [38]. Accord-
ingly, under the positive electric field, the WS2 layer acts
as a good screening layer against the external field. Con-
versely, under a strong negative field with a low doping
concentration, the electrons are delocalized throughout the
layers. At high electron doping, the electron substantially
spills over the WS2 layer, resulting in a symmetric elec-
tron distribution even though the sheet consists of MoS2
and WS2. Although an asymmetric electron distribution
is retained under the strong positive field, the electrons
also spill over to WS2, causing a decrease of the electron
concentration on the MoS2 layer. Therefore, the carrier
distribution in the heterostructure is sensitive to the field
direction, field strength, and carrier concentration, indicat-
ing that the electronic structure of the heterostructure under
an applied electric field plays a crucial role in determining
the electron accommodation.

The electron distribution also depends on the inter-
layer stacking arrangement. Figure 3 shows the distribu-
tion of the electron accumulation and depression normal
to the MoS2/WS2 heterostructure with a twisted stacking
arrangement under an electric field and electron doping.
As in the case of the MoS2/WS2 heterostructure with the
AB stacking arrangement, the electron accommodation is
sensitive to the field direction, field strength, and electron
doping concentration. In addition, the stacking misorien-
tation further increases the electron concentration in the
MoS2 layer under the positive electric field and weak
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FIG. 2. The accumulated electron distribution as a function of the z axis of a van der Waals heterostructure consisting of MoS2 and
WS2 with an AB stacking structure under strong (±1.0 V/nm), weak (±0.1 V/nm), and zero electric fields with high (1014/cm2) and low
(1013/cm2) doping concentrations. Positive and negative values correspond to the regions where electron accumulation and depression
occur, respectively. The numerical values above each panel indicate the carrier ratio accommodated in the WS2 and MoS2 layers. The
gray points denote atomic positions. In each panel, the left- and right-hand sets of three points correspond to WS2 and MoS2 layers,
respectively.
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FIG. 3. The accumulated electron distribution as a function of the z axis of the van der Waals heterostructure consisting of MoS2
and WS2 with a twisted stacking structure under strong (±1.0 V/nm), weak (±0.1 V/nm), and zero electric fields with high (1014/cm2)
and low (1013/cm2) doping concentrations. Positive and negative values correspond to the regions where electron accumulation and
depression occur, respectively. The numerical values above each panel indicate the carrier ratio accommodated in WS2 and MoS2
layers. The gray points denote atomic positions. In each panel, the left- and right-hand sets of three points correspond with WS2 and
MoS2 layers, respectively.

negative electric field compared with that for the het-
erostructure with the AB stacking arrangement. Over 80%
of electrons are localized on MoS2 under a strong positive
field and weak electron doping. With increasing doping
concentration, the electron density in WS2 increases, but
61% and 68% of electrons are still distributed on the MoS2
layer under weak and strong fields, respectively. Under
the weak negative field with a low electron doping con-
centration, the electrons are highly localized on the MoS2
layer compared with that in the case of MoS2/WS2 with
AB stacking. For the strong negative field, the electrons
are distributed throughout the layers, showing an approx-
imately symmetric distribution with respect to the layers.
Indeed, under a strong field with a high doping concentra-
tion, the electrons are equally distributed on the MoS2 and
WS2 layers.

V. DISCUSSION

As pointed out, the characteristics of the electron distri-
bution of the MoS2/WS2 heterostructures under an applied
field are associated with their band-edge alignment under
the electric field. Figure 4 shows an energy diagram
of the electron states of heterostructures with AB and
twisted stacking arrangements around the band gap under
strong positive and negative (±1.0 V/nm) electric fields,
together with that under the zero electric field. The het-
erostructure consisting of MoS2 and WS2 has type-II band-
edge alignment with band gaps of 1.27 and 1.40 eV for
the heterostructures with AB and twisted stacking struc-
tures, respectively. The band gap of the heterostructures
increases with a decreasing electric field because of their

type-II band-edge alignment. For MoS2/WS2 with AB
stacking, the band gap is wider by 0.07 eV and narrower by
0.12 eV under negative and positive electric fields, respec-
tively, compared with the band gap without an applied
electric field. For MoS2/WS2 with twisted stacking, the
band gap is wider by 0.15 eV and narrower by 0.19 eV
under negative and positive electric fields, respectively,
compared with the band gap of this structure without an
applied electric field. The positive electric field enhances
the offset of the conduction-band edges of MoS2 and WS2
in the heterostructure. The conduction-band edge localized
on MoS2 is deeper than the lowest unoccupied state asso-
ciated with the WS2 layer. Therefore, the doped electrons
are primarily accommodated in the MoS2 layer for the
heterostructures with AB and twisted stacking structures.

Under the negative electric field, the conduction-band-
edge offset between MoS2 and WS2 is substantially sup-
pressed. For the AB stacking, the conduction-band edge is
slightly deeper by 0.13 eV than the lowest unoccupied state
associated with the WS2. Furthermore, the suppression of
the band-edge offset also causes interlayer hybridization,
leading to the extended nature of the wave function of
the conduction-band edge. For the twisted stacking, the
conduction-band edge is slightly deeper by 20 meV than
the lowest unoccupied state associated with the WS2 layer.
Interestingly, in sharp contrast to the AB stacking, the
conduction-band edge of the twisted stacking retains its
localized nature on the MoS2 layer, even though the state
has approximately the same eigenvalue compared to that
of the lowest unoccupied states associated with the WS2
layer. As a result, the electrons are accommodated in both
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FIG. 4. The energy diagram of the electronic states near the
band gap of the MoS2/WS2 van der Waals heterostructure with
(a) AB and (b) twisted stacking structures under strong negative
and positive electric fields. The band edges of the heterostruc-
tures under the zero electric field are also listed in each figure.
The purple, gray, and orange levels indicate the electron states
localized on the MoS2 layer at the K point, localized on the
WS2 layer at the K point, and distributed on both layers at the
� points or the middle of the K-� line, respectively. CBE and
VBE indicate conduction and valence band edges, respectively.

the MoS2 and the WS2 layers. In particular, at high dop-
ing concentration, the doped electrons exhibit a symmetric
distribution with respect to these layers. Therefore, the
perpendicular electric field can continuously control the
band-edge offset of heterogeneous van der Waals materi-
als, leading to further variation of the electronic properties
of the heterostructures. To provide further physical insight
into the carrier accumulation, we investigate the wave-
function distribution of the MoS2/WS2 heterostructures in
terms of their interlayer stacking and the external electric
field. Figure 5 shows the squared wave function of the
conduction-band edge of MoS2/WS2 heterostructures with
AB and twisted stacking arrangements under perpendicular
electric fields. For the MoS2/WS2 heterostructure with an
AB staking arrangement under a negative electric field, the
conduction-band edge shows strong hybridization between
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FIG. 5. Isosurfaces and contour plots of the squared wave
function of the conduction-band edge of MoS2/WS2 van der
Waals heterostructures with AB stacking under strong (a) neg-
ative and (b) positive electric fields and with the twisted stacking
arrangement under strong (c) negative and (d) positive electric
fields. The purple, gray, and yellow circles indicate Mo, W, and S
atoms, respectively. The gray dotted rectangles denote the lateral
unit cell of MoS2/WS2 van der Waals heterostructures.

MoS2 and WS2, because the conduction-band edge is asso-
ciated with the valley located between the K and � points
[Fig. 5(a)]. According to the wave-function hybridization,
the accumulated electrons are extended throughout both
layers, even though the band edge is separated from the
lowest unoccupied states associated with the WS2 layers.
For the MoS2/WS2 heterostructure with a twisted stack-
ing arrangement, in contrast to the case of the AB stacking
arrangement, the conduction-band edge retains its local-
ized nature on MoS2 [Fig. 5(c)], owing to the interlayer
stacking misorientation, which suppresses the interlayer
orbital overlap. However, injected electrons are simul-
taneously accommodated in the MoS2 and WS2 layers,
exhibiting an extended nature through the MoS2/WS2 het-
erostructure, because of the nearly degenerate band edges
of the MoS2 and WS2 layers.

Under a positive electric field, the conduction-band edge
is primarily distributed on the MoS2 layer and was substan-
tially deeper than the lowest unoccupied state associated
with the WS2 layer for both stacking arrangements. There-
fore, injected electrons are localized on the MoS2 layer. By
carefully investigating the wave-function distribution, we
can further provide physical insights into the enhancement
of the electron localization in the heterostructure with the
twisted arrangement: the conduction-band edge of the het-
erostructure with twisted stacking is highly localized on
the MoS2 layer [Fig. 5(d)], whereas that with AB stack-
ing has a small but finite amplitude in the WS2 layer,
demonstrating its hybridized nature [Fig. 5(b)]. Therefore,
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the enhanced electron localization on the MoS2 layer
in the heterostructure with twisted stacking is ascribed to
the highly localized nature of the wave function of the
conduction-band edge. Furthermore, the absence of the
interlayer hybridization in the twisted stacking arrange-
ment also causes a substantial shift of the conduction-band
edge under the positive and negative electric fields.

These results corroborate that the conduction-band-edge
alignment of the constituent layers under the external elec-
tric field and the interlayer wave-function hybridization by
the stacking orientation determined the electron accumula-
tion in the van der Waals heterostructures of TMDCs. This
means that the stacking misorientation could be an addi-
tional parameter to control the carrier distribution in van
der Waals heterostructures under a perpendicular electric
field.

VI. CONCLUSION

Using DFT with the ESM method, we investigate the
electronic properties of van der Waals heterostructures
consisting of MoS2 and WS2 under a perpendicular electric
field, in terms of the field strength, field direction, doping
electron concentration, and interlayer stacking arrange-
ment, in order to provide a theoretical insight into the
microscopic mechanism of electron accumulation in dual-
gate field-effect transistors with van der Waals heterostruc-
tures. Our calculations show that the accumulated carrier
distribution can be controlled by tuning the field direction,
field strength, and doping concentration. The electrons
are localized on the MoS2 layer under a strong positive
field with a low doping concentration, whereas they are
extended throughout the layers under a strong negative
field. Stacking misorientation between the layers further
enhances the electron localization under a positive field
at a low doping concentration. Under a strong negative
field, the injected electrons are completely delocalized
throughout the layers with a twisted stacking arrangement.
The characteristic electron distribution in van der Waals
heterostructures is ascribed to the conduction band-edge
offset of the constituent layers and their spatial distribu-
tion, which can be tuned by controlling the field direction,
the field strength, and the interlayer stacking arrangement.
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