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Electrically Driven Tuning of the
Dielectric Constant in MoS2 Layers

ABSTRACT The properties of two-dimensional materials, such as molybdenum disulﬁde, will play an important role

in the design of the next generation of electronic devices. Many of those properties are determined by the dielectric
constant which is one of the fundamental quantities used to characterize conductivity, refractive index, charge
screening, and capacitance. We predict that the eﬀective dielectric constant (ε) of few-layer MoS2 is tunable by an
external electric ﬁeld (Eext). Through ﬁrst-principles electronic structure calculations, including van der Waals
interactions, we show that at low ﬁelds (Eext < 0.01 V/Å) ε assumes a nearly constant value ∼4 but increases at
higher ﬁelds to values that depend on the layer thickness. The thicker the structure, the stronger the modulation of ε
with the electric ﬁeld. Increasing of the external ﬁeld perpendicular to the dichalcogenide layers beyond a critical value
can drive the system to an unstable state where the layers are weakly coupled and can be easily separated. The observed
dependence of ε on the external ﬁeld is due to charge polarization driven by the bias. Implications on the optical properties as well as on the electronic
excitations are also considered. Our results point to a promising way of understanding and controlling the screening properties of MoS2 through external
electric ﬁelds.
KEYWORDS: MoS2 dielectric constant . dielectric response . tunable dielectric properties . electrostatic exfoliation . excitations

L

ayered molybdenum disulﬁde has been
attracting increasing interest as a
building block of a new class of nanodevices. MoS2 oﬀers a novel set of features,
for example, as an alternative 2D material
that overcomes the limitation of a zero band
gap in graphene. The sizable band gap
observed in monolayer MoS21 has opened
new avenues for the creation of ﬁeld-eﬀect
transistors with power dissipation lower
than conventional transistors,2,3 optoelectronics
devices in high-performance ﬂexible electronics,4 and thin-ﬁlm solar cells57 that can
absorb light in the visible range.8 One of the
main features that inﬂuences all these properties is the MoS2 thickness, which determines the charge distribution in the device
as well as the electronic structure through
the band gap and the electric ﬁeld screening that depends on the dielectric constant
ε. The large range of values for ε found by
diﬀerent experiments913 (from 4 to 17) has
become a subject of considerable discussion. As is also the case in graphene,14 the
presence of substrates plays a role in
the experimental attempts to measure the
intrinsic dielectric constant in MoS2 layers.
SANTOS AND KAXIRAS

In particular, recent electrical transport measurements15 have shown that the dielectric
response of MoS2 layers is sensitive to the
substrate used and the eﬀect depends on
the sample thickness. In practical terms,
the eﬀective dielectric constant of a twodimensional crystal is given by ε = (εsub þ εvac)/2,
with εsub and εvac being the dielectric constant values for the underlying substrate
and vacuum, respectively. However, using
this approach requires detailed knowledge
of the dielectric constant of the environment in which MoS2 is embedded, which is
not always accessible. The determination
of the intrinsic value of ε is thus of great
interest and importance as it can lead to
novel routes for improving the performance
of MoS2-based devices and reveal the role of
electric-ﬁeld screening in van der Waals
layered structures.
Here we show that ε can be manipulated
by an external electric ﬁeld Eext, with resulting values in the range of 416. Bilayer (2L)
MoS2 does not show substantial modiﬁcations with the external ﬁeld, while N-layer
MoS2 (N > 2) displays a dependence of ε on
the external bias. The linear response of the
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polarization of MoS2 as a function of the electric ﬁeld
is the main driving force of the tuning, with the electric ﬁeld being partially screened by thinner MoS2
crystals similar to the behavior observed in graphene
structures.16 The interlayer coupling is also modiﬁed
with the electric bias, which produces two eﬀects: a
new set of excitations inside the band gap and a
transition from semiconducting to metallic behavior,
and a decreasing of the van der Waals energy barrier
that keeps the layers bound. This suggests the possibility of layer exfoliation through an electrostatic gate.
RESULTS
Figure 1a displays how ε evolves with external ﬁelds
for diﬀerent number of MoS2 layers. At low ﬁelds, Eext e
0.001 V/Å, ε is almost independent of the number of
layers having a value close to ∼4. As the external ﬁeld
Eext is increased, ε reaches larger values, up to ε = 16.8
at Eext =0.8 V/Å for N = 8 layers with a roughly linear
dependence of ε on the number of layers N at a ﬁxed
value of the ﬁeld. These values for ε agree well with
those found by theoretical groups.1719 The electric
susceptibility χ (not shown) extracted from the polarization P clearly shows the roughly linear dependence
on the number of layers N. This is in close agreement
with electrical transport measurements20 performed on MoS2 ﬁeld-eﬀect transistors as a function of
SANTOS AND KAXIRAS
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Figure 1. (a) Calculated dielectric constant ε as a function of
Eext (V/Å) for 2L8L MoS2. The AB stacking was used for all
calculations. (b) Band gap (eV) and polarization P (μC/cm2)
(inset) as a function of Eext using the same labeling scheme
for the MoS2 layers as in a.

thickness. We note that electric ﬁelds of the magnitude
considered here can in principle be achieved and
controlled, as reported, for instance, recently in the
case of trilayer graphene,21 where ﬁelds as high as
0.6 V/Å were attainted using top and bottom HfO2
gates. Moreover, the high electric breakdown of MoS2
layers allows the application of large electric bias as
recently measured by Lembke et al.22
The behavior of the band gap as a function of
applied external ﬁeld is also shown in Figure 1b and
is a monotonically but not uniformly decreasing function of the ﬁeld. This clearly demonstrates the dramatic
eﬀect that the external ﬁeld has on the electronic
structure (this is further analyzed later). The polarization P also exhibits a strong dependence on the
applied ﬁeld (see inset in Figure 1b). The change in
P with the layer thickness N is weaker than that of the
dielectric function or the band gap, which can be
explained by the fact that the polarization is given by
P = χEeﬀ, where χ is the electric susceptibility, related to
the dielectric constant by χ = (ε  1)/4π, and Eeﬀ is the
eﬀective ﬁeld within the material; Eeﬀ decreases with
the number of layers N as discussed in more detail later,
while χ increases with N, as Figure 1a shows, leading to
a weaker dependence of P on N.
The origin of the electric-ﬁeld-mediated tunable
dielectric constant in MoS2 layered systems is shown
in Figure 2. We focus on the response of 2L MoS2 that
captures the essential features. The application of Eext
generates an interlayer charge transfer which partially
cancels the external ﬁeld, producing an eﬀective ﬁeld
Eeﬀ in the region between the layers. At low Eext, all
values of Eeﬀ are approximately constant (within the
numerical accuracy of our model). At ﬁelds close to
those used in MoS2 transistors,2 0.08 V/Å, Eeﬀ is already
dependent on position, with the maximum value in the
region between the layers occurring at the midpoint
between the layers, similar to what is observed for
multilayer graphene.23 The induced charge densities,
ΔF, at diﬀerent ﬁelds (Figure 2b) show a charge accumulation at the layer that is under positive potential
and a corresponding depletion at the other one. The
integration of ΔF along the direction perpendicular to
the layers (z coordinate), using the Poisson equation
r2V(z) = ΔF/ε0, where ε0 is the vacuum permittivity,
results in a response electric ﬁeld EF (dashed line in
Figure 2b) that screens the external electric ﬁeld, that
is, Eeﬀ ≈ Eext  EF.
We address next the dependence of ε on the
number of MoS2 layers N. In Figure 3, we show Eeﬀ as
a function of the position z for N = 2, 3, 5. The
application of Eext on thicker MoS2 structures generates
a lower Eeﬀ inside the slab. For instance, in the N = 5
case, the maximum value of Eeﬀ between the two MoS2
layers is ∼3 times smaller than that between the layers
in the N = 2 system. As ε is determined by the ratio of
the external and internal ﬁelds, the enhancement in
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Figure 3. Eeﬀ as a function of the interlayer position (z0 =
6.70 Å) for 2L (red), 3L (green), and 5L (blue) MoS2 (the
dichalcogenide layers are shown in the background). The
black arrow indicates the orientation of Eext. The applied
ﬁeld is 0.73 V/Å.

the value of the dielectric constant with the number of
layers N is directly related to the reduction of the ﬁeld
in the innermost regions of the structure which leads to
lower ε values for lower values of N. This decay of ﬁeld
SANTOS AND KAXIRAS
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Figure 2. (a) Eﬀective electric ﬁeld, Eeﬀ, as a function of the
interlayer distance at diﬀerent external ﬁelds Eext for bilayer
MoS2. (b) Induced charge densities, ΔF = F(Eext)  F(0), in e/Å3,
between the two MoS2 planes. The bolder and lighter
shaded curves correspond to Eext = 0.14 V/Å and Eext = 1.5
V/Å, respectively. The dashed line curve corresponds to the
electric ﬁeld generated by the induced charge (EF) at Eext =
1.5 V/Å. The large black arrow shows the direction of Eext
relative to the bilayer structure. The positions of S and Mo
atoms are marked by the colored (yellow for S, purple for Mo)
vertical lines.

with the thickness of MoS2 layers is in good agreement
with recent electrostatic force microscopy24 and Kelvin
probe microscope25 measurements.
The interplay of electric ﬁelds and the MoS2 thickness also inﬂuences other properties, for instance, the
optical conductivity σ. Figure 4 shows the in-plane
(solid line) and the out-of-plane (dashed line) conductivity (in 103 Ω1 m1) as a function of the frequency ω
(in eV) for 2L, 5L, and 9L structures. Both conductivities
are deﬁned in relation to the polarization vector being
perpendicular (in-plane) and parallel (out-of-plane) to
the z axis. Excitonic eﬀects are not taken into account
here; that is, we are conﬁning the discussion of the
electrical and optical response to a noninteracting
picture. Many-body eﬀects, such as electronelectron
and electronhole interactions, as well as local ﬁeld
eﬀects should be included in a full description of the
properties. At Eext = 0.0 V/Å, the out-of-plane optical
response is mainly conﬁned to energies higher than
2 eV (Figure 4a, eΓΓ excitations) that systematically
decreases to lower values as the number of layers
increases. This can be understood in terms of the
electronic band structure of the structures with diﬀerent number of layers (Figure 4b), which shows that, as
the MoS2 thickness increases, the energy diﬀerence
between the top and bottom of the valence and
conduction bands, respectively, decreases at Γ, which
determines the optical response for this polarization.
This behavior is in agreement with photoluminescence
measurements which show that thicker MoS2 structures have smaller band gaps.1 As the polarization
is in-plane (Figure 4a), lower excitation energies
(eKK) appear which occur at the K-point, as shown in
Figure 4b. The diﬀerent number of layers slightly shifts
the position of the eKK transitions to lower frequencies and enhances their signal with increasing N at
higher energies. Indeed, in the spectral range of
1.72.0 eV, there exist two optical transitions labeled
A and B12 that are directly associated with the excitonic
character of the emission peaks, which are not resolved
here due to the omission of spinorbit coupling and
many-body eﬀects as discussed above.13 Nevertheless,
the in-plane optical conductivity (Figure 4a) shows that
such features exist even in the noninteracting picture. In
addition, we note that the position of the top of the
valence band (VB) and the bottom of the conduction
band (CB) in the band structure of MoS2 structures is
sensitive to some details in the calculation such as the
interlayer lattice distance, exchange-correlation functional, and reciprocal-space grid point sampling utilized.
The diﬀerences in their values due to diﬀerent choices of
computational parameters can be as high as 67 meV,
which can change the position of CB or VB in the Brillouin
zone. We obtained well-converged values that avoid
these pitfalls through a systematic convergence study.
For Eext > 0, the electric bias induces modiﬁcations on the out-of-plane optical conductivity with
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Figure 4. (a) Optical conductivity σ (103 Ω1 m1) as a function of the frequency ω (eV) of 2L (orange), 5L (light blue), and 9L
(dark blue) MoS2 at Eext = 0.0 V/Å. The in-plane and out-of-plane components are shown by solid and dashed lines,
respectively, for each stacking. (b) Electronic band structures for 2L, 5L, and 9L MoS2 at Eext = 0.0 V/Å with the same labels as in
a. The dashed line shows EF which is set to 0. The allowed interband transitions at K, eKK, and Γ, eΓΓ, are marked by arrows
with the resulting peaks at energies shown in a. (c,d) Similar to a and b, respectively, but at Eext = 0.5 V/Å. The biased electronic
transitions at Γ are shown for each stacking as enΓΓ (n = 2L, 5L, 9L), in the inset in c, with the electronic levels involved in d. The
electronic transitions at K are also marked, but they have smaller intensity compared to those at Γ.

the appearance of peaks in the infrared (0.201.18 eV),
as shown in the inset in Figure 4c. These peaks, labeled
eNL
ΓΓ (N = 2, 5, 9), originate from the interband transitions at the Γ-point between states close to the Fermi
level (EF) for each stacking. Figure 4d shows the
corresponding excitations marked by arrows. The eΓΓ
transitions are mainly of pd character between the
band edges for 2L, 5L, and 9L MoS2.13 For the case of inplane polarization, the external electric ﬁeld induces
small variations of the optical conductivity at lower
frequencies (inset in Figure 4c). The relatively weaker
in-plane optical response is due to the diﬀerent amount
of p and d states at K which diminishes the intensity of the
peaks.26 At energies higher than 1.6 eV, the in-plane
response shows little modiﬁcation for the structures with
diﬀerent number of layers, with slight variations on the
peak shape. This behavior is in agreement with recent
optical absorption experiments, performed on few-layer
MoS2 in a ﬁeld-eﬀect transistor geometry.27
Finally, we ﬁnd that there is a limit on the magnitude
of Eext that can be applied to the system. Figure 5
shows the total energy for bilayer MoS2 as a function of
the interlayer distance z. For Eext = 0.0 V/Å, a van der
Waals barrier (EvdW) of 30 meV/atom prevents the
separation of the two layers from z0 to inﬁnity. For
Eext 6¼ 0, the value of EvdW decreases, indicating that the
MoS2 layers become less bound. At Eext = 2.0 V/Å, the
two dichalcogenide layers can be easily separated with
a barrier of only 0.45 meV/atom. This suggests that an
SANTOS AND KAXIRAS

Figure 5. Energy per unit cell versus interlayer distance for
diﬀerent values of Eext in V/Å. The vertical dashed line
indicates the equilibrium interlayer distance z0 = 6.70 Å.
The inset shows the van der Waals barrier (EvdW) per atom as
a function of Eext.

electrostatic gate can be used to exfoliate dichalcogenide layered materials as an alternative to chemical28
or mechanical exfoliation.1 The existence of an electrostatic ﬁeld that can be used to exfoliate layered materials
was successfully applied to graphene, in which case
highly oriented pyrolytic graphite has been exfoliated
to produce prepatterned few-layer graphene.29
CONCLUSIONS
We have considered the interplay between electric
ﬁelds and screening properties of few-layer molybdenum
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charge imbalance generated by the bias can also drive
the system to an unstable state where the layers can be
separated from each other, suggesting an electrostatic
exfoliation process.
The behavior reported here for MoS2 is likely to be
obtained in other layered materials of similar structure, like the family of metal dichalcogenides MX2
(M = W, Mo; X = Se, S, Te), which have semiconducting properties,30 as well as in combinations of layered
materials, for instance, the recently observed combination of graphene and MoS2 layers in a vertical heterojunction device.31 The dependence of the dielectric
response of these structures on two easily accessible
parameters, the thickness in terms of number of layers
involved and the externally applied electric ﬁeld, opens
new possibilities in the design of interesting devices
with tunable response and possibly new physics of the
conﬁned and driven electronic states.

METHODS

which we obtain

The simulations reported here are based on density functional theory calculations using the SIESTA code.32 We have
used the nonlocal van der Waals density functional for the
exchange-correlation term.33 We used a double-ζ polarized
basis and norm-conserving TroullierMartins pseudopotentials.34 Atomic coordinates were allowed to relax using a conjugate-gradient algorithm until all forces were smaller in magnitude than 0.01 eV/Å. Speciﬁcally, we included the relaxation of
the out-of-plane distance between layers and the in-plane
lattice constant at each value of the external electric ﬁeld.
To avoid interactions between layer images, the distance
between periodic images of the MoS2 structures along the
direction perpendicular to the dichalcogenide plane was set
larger than 20 Å. The resolution of the real-space grid used to
calculate the Hartree and exchange-correlation contributions to
the total energy was chosen to be equivalent to 150 Ry planewave cutoﬀ. The number of k-points was chosen according to
the MonkhorstPack35 scheme and was set to the equivalent of
a 44  44  1 grid in the primitive unit cell of MoS2, which gives
well-converged values for all the calculated properties. We used
a FermiDirac distribution with an electronic temperature
of kBT = 21 meV.
We applied a spatially periodic sawtooth-like potential perpendicular to the MoS2 layers which simulates the external ﬁeld
across the supercell. The MoS2 layers exhibit no spontaneous
polarization, which facilitates the description of the periodic
boundary conditions under an applied electric ﬁeld. The calculation of the dielectric constant is based on a formulation from
ref 36. The polarization P = χEeﬀ corresponds to an electric
dipole moment of magnitude m = PV = (χEeﬀ)(dA), where d is the
MoS2 thickness, A is the cross section of the unit cell, and V = Ad
is the volume of the MoS2 layer. The dipole moment density is
given by (m/A) = χEeﬀd, which gives rise to an electrostatic
potential ΔV in MoS2: ΔV = 4π(m/A) = 4πχEeﬀd. The SIESTA code
works with periodic boundary conditions (PBC) and includes
automatically a compensating ﬁeld, EPBC = ΔV/c, to cancel this
electrostatic potential shift along the total length c of the supercell
in the same direction as the applied ﬁeld. This compensating ﬁeld
is added to the input ﬁeld Einp in the calculation which results in a
ﬁeld Eext outside of the MoS2 layers of intensity
Eext ¼ Einp þ EPBC ¼ Einp þ

4πχEeff d
c

Assuming that the normal component of the electric displacement
D is conserved gives Eext = D = Eeﬀ þ 4πP = Eeﬀ(1 þ 4πχ) from

SANTOS AND KAXIRAS

χ ¼

ARTICLE

disulﬁde, which is an interesting material for future
applications in electronic and optoelectronic devices.
We ﬁnd that the eﬀective dielectric constant is electrically tunable, with the MoS2 thickness playing an
important role in the enhancement of the tuning. The
thicker the MoS2 structure is, the stronger the tuning
with electric bias. The driving force for such behavior is
due to the linear dependence of the electrical polarization of MoS2 on the external ﬁeld. The response
ﬁeld calculated from the polarization charge does not
screen completely the external electric bias. The optical
conductivity is used to study the excitations in both inplane and out-of-plane polarizations. In ﬁnite ﬁelds,
prominent peaks exist inside the original band gap
(infrared range) which are generated due to interband
transitions at lower energies. The existence and intensity of these features depend on the MoS2 thickness
and on the ﬁeld strength. The induced interlayer

1
Einp  Eext
4π Eext (1  d=c)  Einp

The value of ε can then be obtained by using ε = 1 þ4πχ with Einp
as the input value of the electric ﬁeld in the calculation and Eext as
the calculated output ﬁeld, after self-consistency, in the region far
from the MoS2 layers.
The values of the spatially varying eﬀective electric ﬁeld Eext(r)
shown in Figure 2 were calculated taking a derivative with
respect to the distance of the averaged electrostatic potential
ÆVH(r)æ by ﬁnite diﬀerences between a calculation at 0 and at a
ﬁnite value of the external ﬁeld. ÆVH(r)æ was calculated by taking
the planar average over planes parallel to the atomic planes,
followed by a convolution with a ﬁlter function to eliminate
oscillations and conserve only those features that are relevant
on a macroscopic scale.37 For the calculation of the value of ε,
we have used the expression mentioned above in terms of χ
that involves only the values of Eext and Einp and not Eext(r); this
method avoids any dependence of ε on the ﬁlter functions that
could give diﬀerent numerical values depending on the length of
the step function used.37 Value of ΔF(r) was calculated using a
similar procedure as that for Eext(r), taking the total charge density
distribution (ionic plus electronic) as the initial quantity. The
spatially varying polarization P(r) was calculated by the integration
of ΔF(r) through r 3 P(r) = ΔF(r) for each external ﬁeld value.
The calculation of the optical properties was based on the
computation of the complex dielectric function ε(ω) = ε1(ω) þ
iε2(ω), in which the imaginary part ε2(ω) is given by
ε2 (ω) ¼

e2 p
πm2 ω2 i, j

∑

Z
dkjWij (k)j2 δ[ω  ωij (k)]

(1)

BZ

where the integral is over all k-points in the Brillouin zone (BZ)
and the sum runs over all possible pairs of valence |φiæ and
conduction |φjæ bands with corresponding eigenvalues Ei and Ej,
such that pωij(k) = Ej  Ei. The electric dipole transition matrix
element Wij(k), which represents the transition rate of an electron
^ 3 p|φi(k)æ,
from state |φiæ to state |φjæ, is given by Wij(k) = Æφj(k)|e
^ and p being the polarization vector and the momentum
with e
operator, respectively. The optical conductivity is given by
σ(ω) = (ω/4π)(ε2(ω)  1).38 We found the dielectric function
and optical conductivity to be suﬃciently well-converged with a
mesh of 30  30  1 k-points. A Gaussian broadening of
100 meV was used to plot the optical conductivity as a function
of the frequency.
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