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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 () of few-layer MoS, is tunable by an
external electric field (E). Through first-principles electronic structure calculations, including van der Waals
interactions, we show that at low fields (Fe, < 0.01 V/A) & 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 &
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 «A)

dependence of ¢ 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 MoS, through external

electric fields.

KEYWORDS: MoS, dielectric constant - dielectric response - tunable dielectric properties - electrostatic exfoliation - excitations

ayered molybdenum disulfide has been

attracting increasing interest as a

building block of a new class of nano-
devices. MoS, 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 MoS,' has opened
new avenues for the creation of field-effect
transistors with power dissipation lower
than conventional transistors,>> optoelectronics
devices in high-performance flexible elec-
tronics,* and thin-film solar cells> 7 that can
absorb light in the visible range. One of the
main features that influences all these prop-
erties is the MoS, thickness, which deter-
mines the charge distribution in the device
as well as the electronic structure through
the band gap and the electric field screen-
ing that depends on the dielectric constant
¢. The large range of values for & found by
different experiments®~'3 (from 4 to 17) has
become a subject of considerable discus-
sion. As is also the case in graphene,’ the
presence of substrates plays a role in
the experimental attempts to measure the
intrinsic dielectric constant in MoS, layers.
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In particular, recent electrical transport mea-
surements'> have shown that the dielectric
response of MoS, layers is sensitive to the
substrate used and the effect depends on
the sample thickness. In practical terms,
the effective dielectric constant of a two-
dimensional crystal is given by & = (e5,p + €ad)/2,
with &5y and &5 being the dielectric con-
stant values for the underlying substrate
and vacuum, respectively. However, using
this approach requires detailed knowledge
of the dielectric constant of the environ-
ment in which MoS, is embedded, which is
not always accessible. The determination
of the intrinsic value of ¢ is thus of great
interest and importance as it can lead to
novel routes for improving the performance
of MoS,-based devices and reveal the role of
electric-field screening in van der Waals
layered structures.

Here we show that & can be manipulated
by an external electric field E, with result-
ing values in the range of 4—16. Bilayer (2L)
MoS, does not show substantial modifica-
tions with the external field, while N-layer
MoS, (N > 2) displays a dependence of € on
the external bias. The linear response of the
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Figure 1. (a) Calculated dielectric constant ¢ as a function of
Eext (V/A) for 2L—8L MoS,. The AB stacking was used for all
calculations. (b) Band gap (eV) and polarization P (,uC/cmZ)
(inset) as a function of E.,; using the same labeling scheme
for the MoS; layers as in a.

polarization of MoS; as a function of the electric field
is the main driving force of the tuning, with the elec-
tric field being partially screened by thinner MoS,
crystals similar to the behavior observed in graphene
structures.'® 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 possi-
bility of layer exfoliation through an electrostatic gate.

RESULTS

Figure 1a displays how ¢ evolves with external fields
for different number of MoS; layers. At low fields, Eey; <
0.001 V/A, ¢ is almost independent of the number of
layers having a value close to ~4. As the external field
E.y is increased, € reaches larger values, up to ¢ = 16.8
at E.,. =0.8 V/A for N = 8 layers with a roughly linear
dependence of € on the number of layers N at a fixed
value of the field. These values for ¢ agree well with
those found by theoretical groups.'”’ =" The electric
susceptibility ¥ (not shown) extracted from the polar-
ization P clearly shows the roughly linear dependence
on the number of layers N. This is in close agreement
with electrical transport measurements?® perfor-
med on MoS, field-effect transistors as a function of
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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,®’ where fields as high as
0.6 V/A were attainted using top and bottom HfO,
gates. Moreover, the high electric breakdown of MoS,
layers allows the application of large electric bias as
recently measured by Lembke et al.*?

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 func-
tion of the field. This clearly demonstrates the dramatic
effect that the external field has on the electronic
structure (this is further analyzed later). The polariza-
tion 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 = yEetr, Where y is the electric susceptibility, related to
the dielectric constant by y = (¢ — 1)/4m, and E is the
effective field within the material; E.¢ decreases with
the number of layers N as discussed in more detail later,
while y 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 MoS, layered systems is shown
in Figure 2. We focus on the response of 2L MoS, that
captures the essential features. The application of Eqy;
generates an interlayer charge transfer which partially
cancels the external field, producing an effective field
Eesr in the region between the layers. At low Eey, all
values of E. are approximately constant (within the
numerical accuracy of our model). At fields close to
those used in MoS, transistors,” 0.08 V/A, E. 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.?®* The induced charge densities,
Ap, at different fields (Figure 2b) show a charge accu-
mulation at the layer that is under positive potential
and a corresponding depletion at the other one. The
integration of Ap along the direction perpendicular to
the layers (z coordinate), using the Poisson equation
V2V(2) = —Apleo, where & is the vacuum permittivity,
results in a response electric field E, (dashed line in
Figure 2b) that screens the external electric field, that
iS, Ectt ~ Eext — E,

We address next the dependence of & on the
number of MoS; layers N. In Figure 3, we show E. as
a function of the position z for N = 2, 3, 5. The
application of E,,. on thicker MoS, structures generates
a lower E¢ inside the slab. For instance, in the N =5
case, the maximum value of E.¢ between the two MoS,
layers is ~3 times smaller than that between the layers
in the N = 2 system. As ¢ is determined by the ratio of
the external and internal fields, the enhancement in
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Figure 2. (a) Effective electric field, E., as a function of the
interlayer distance at different external fields E.,, for bilayer
MoS,. (b) Induced charge densities, Ap = p(Eeye) — p(0), in /A3,
between the two MoS, planes. The bolder and lighter
shaded curves correspond to Eey = 0.14 V/A and Eeye = 1.5
V/A, respectively. The dashed line curve corresponds to the
electric field generated by the induced charge (E,) at Eq, =
1.5 V/A. The large black arrow shows the direction of E.
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.
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Figure 3. E as a function of the interlayer position (z =
6.70 A) for 2L (red), 3L (green), and 5L (blue) MoS, (the
dichalcogenide layers are shown in the background). The
black arrow indicates the orientation of E.,:. The applied
field is 0.73 V/A.

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 ¢ values for lower values of N. This decay of field
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with the thickness of MoS; layers is in good agreement
with recent electrostatic force microscopy?* and Kelvin
probe microscope® measurements.

The interplay of electric fields and the MoS, thick-
ness also influences other properties, for instance, the
optical conductivity o. Figure 4 shows the in-plane
(solid line) and the out-of-plane (dashed line) conduc-
tivity (in 10° Q' m™") as a function of the frequency w
(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 electron—electron
and electron—hole interactions, as well as local field
effects should be included in a full description of the
properties. At Eo = 0.0 V/A, the out-of-plane optical
response is mainly confined to energies higher than
2 eV (Figure 4a, er_r 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 differ-
ent number of layers (Figure 4b), which shows that, as
the MoS,; thickness increases, the energy difference
between the top and bottom of the valence and
conduction bands, respectively, decreases at I', which
determines the optical response for this polarization.
This behavior is in agreement with photoluminescence
measurements which show that thicker MoS, struc-
tures have smaller band gaps.' As the polarization
is in-plane (Figure 4a), lower excitation energies
(ex_k) appear which occur at the K-point, as shown in
Figure 4b. The different number of layers slightly shifts
the position of the ex_ transitions to lower frequen-
cies and enhances their signal with increasing N at
higher energies. Indeed, in the spectral range of
1.7—2.0 eV, there exist two optical transitions labeled
A and B'? that are directly associated with the excitonic
character of the emission peaks, which are not resolved
here due to the omission of spin—orbit coupling and
many-body effects as discussed above.'® 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 MoS, structures is
sensitive to some details in the calculation such as the
interlayer lattice distance, exchange-correlation func-
tional, 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 E.: > 0, the electric bias induces modifica-
tions on the out-of-plane optical conductivity with
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Figure 4. (a) Optical conductivity ¢ (10° Q' m ") as a function of the frequency w (eV) of 2L (orange), 5L (light blue), and 9L
(dark blue) MoS, at E. = 0.0 V/A. 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 MoS; at E.,; = 0.0 V/A with the same labels as in
a. The dashed line shows E¢ which is set to 0. The allowed interband transitions at K, ex_x, and I, er_r, are marked by arrows
with the resulting peaks at energies shown in a. (c,d) Similar to a and b, respectively, but at E.,; = 0.5 V/A.The biased electronic
transitions at I are shown for each stacking as ef'_1- (n = 2L, 5L, 9L), in the inset in ¢, with the electronic levels involved in d. The
electronic transitions at K are also marked, but they have smaller intensity compared to those at I'.

the appearance of peaks in the infrared (0.20—1.18 eV),
as shown in the inset in Figure 4c. These peaks, labeled
et (N =2, 5,9), originate from the interband transi-
tions at the I'-point between states close to the Fermi
level (E;) for each stacking. Figure 4d shows the
corresponding excitations marked by arrows. The er_r
transitions are mainly of p—d character between the
band edges for 2L, 5L, and 9L MoS,."* For the case of in-
plane 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 Kwhich diminishes the intensity of the
peaks.”® 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
MoS, in a field-effect transistor geometry.?”

Finally, we find that there is a limit on the magnitude
of E.y that can be applied to the system. Figure 5
shows the total energy for bilayer MoS, as a function of
the interlayer distance z. For Eo,; = 0.0 V/A, a van der
Waals barrier (E,gw) of 30 meV/atom prevents the
separation of the two layers from z, to infinity. For
Eext # O, the value of E, 4\ decreases, indicating that the
MoS, layers become less bound. At Ee,; = 2.0 V/A, the
two dichalcogenide layers can be easily separated with
a barrier of only 0.45 meV/atom. This suggests that an
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Figure 5. Energy per unit cell versus interlayer distance for
different values of E.. in V/A. The vertical dashed line
indicates the equilibrium interlayer distance z, = 6.70 A.
The inset shows the van der Waals barrier (E,4w) per atom as
a function of E..

electrostatic gate can be used to exfoliate dichalco-
genide layered materials as an alternative to chemical®®
or mechanical exfoliation.' The existence of an electro-
static 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.?

CONCLUSIONS

We have considered the interplay between electric
fields and screening properties of few-layer molybdenum

A N AN
SANTOS AND KAXIRAS VOL.7 = NO.12 = 10741-10746 = 2013 ACINJAN() | 10744

WWwWW.acsnano.org



disulfide, which is an interesting material for future
applications in electronic and optoelectronic devices.
We find that the effective dielectric constant is elec-
trically tunable, with the MoS, thickness playing an
important role in the enhancement of the tuning. The
thicker the MoS, structure is, the stronger the tuning
with electric bias. The driving force for such behavior is
due to the linear dependence of the electrical polariza-
tion of MoS, 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 in-
plane 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 inten-
sity of these features depend on the MoS, thickness
and on the field strength. The induced interlayer

METHODS

The simulations reported here are based on density func-
tional theory calculations using the SIESTA code.>? We have
used the nonlocal van der Waals density functional for the
exchange-correlation term.>*> We used a double-¢ polarized
basis and norm-conserving Troullier—Martins pseudopoten-
tials.3* Atomic coordinates were allowed to relax using a con-
jugate-gradient algorithm until all forces were smaller in mag-
nitude than 0.01 eV/A. 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 MoS, structures along the
direction perpendicular to the dichalcogenide plane was set
larger than 20 A. 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 plane-
wave cutoff. The number of k-points was chosen according to
the Monkhorst—Pack® scheme and was set to the equivalent of
a44 x 44 x 1 grid in the primitive unit cell of MoS,, which gives
well-converged values for all the calculated properties. We used
a Fermi—Dirac distribution with an electronic temperature
of kgT =21 meV.

We applied a spatially periodic sawtooth-like potential per-
pendicular to the MoS, layers which simulates the external field
across the supercell. The MoS, layers exhibit no spontaneous
polarization, which facilitates the description of the periodic
boundary conditions under an applied electric field. The calcu-
lation of the dielectric constant is based on a formulation from
ref 36. The polarization P = yE. corresponds to an electric
dipole moment of magnitude m = PV = (yE.¢)(dA), where dis the
MoS, thickness, A is the cross section of the unit cell, and V= Ad
is the volume of the MoS, layer. The dipole moment density is
given by (m/A) = yEesd, which gives rise to an electrostatic
potential AVin MoS;: AV = 4m(m/A) = 4y Ecxd. The SIESTA code
works with periodic boundary conditions (PBC) and includes
automatically a compensating field, Epgc = AV/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 E;n, in the calculation which results in a
field Ee, outside of the MoS, layers of intensity

4ty Eeqrd

Eext = Einp +Epac = Einp + c

Assuming that the normal component of the electric displacement
D is conserved gives Eeq = D = Eeft + 47P = Eoef(1 + 4oty) from

SANTOS AND KAXIRAS

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 MoS, is likely to be
obtained in other layered materials of similar struc-
ture, like the family of metal dichalcogenides MX,
(M =W, Mo; X = Se, S, Te), which have semiconduct-
ing properties,® as well as in combinations of layered
materials, for instance, the recently observed combina-
tion of graphene and MoS, layers in a vertical hetero-
junction device' 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.

which we obtain

1 Einp — Lext

L= 47 Eogl — dJ0) — Enp

The value of ¢ can then be obtained by using € = 1 +-4my with E;,,
as the input value of the electric field in the calculation and E; as
the calculated output field, after self-consistency, in the region far
from the MoS, layers.

The values of the spatially varying effective electric field Eqy(r)
shown in Figure 2 were calculated taking a derivative with
respect to the distance of the averaged electrostatic potential
(V(r)) by finite differences between a calculation at 0 and at a
finite value of the external field. (V}4(r)) 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.?” For the calculation of the value of ¢,
we have used the expression mentioned above in terms of y
that involves only the values of Eq, and Ej,, and not Ee,(r); this
method avoids any dependence of ¢ on the filter functions that
could give different numerical values depending on the length of
the step function used.®” Value of Ap(r) was calculated using a
similar procedure as that for E.,(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 Ap(r) through V- P(r) = —Ap(r) for each external field value.

The calculation of the optical properties was based on the
computation of the complex dielectric function &(w) = &,(w) +
iez(w), in which the imaginary part e,(w) is given by

e’h
ea) = W%/Bzdklw’f(k”zé[‘” ol ()

where the integral is over all k-points in the Brillouin zone (BZ)
and the sum runs over all possible pairs of valence |¢;) and
conduction |¢;) bands with corresponding eigenvalues E;and E;,
such that Aw;i(k) = E; — E;. The electric dipole transition matrix
element Wj(k), which represents the transition rate of an electron
from state |¢;) to state |@)), is given by W(k) = (¢(k)|e-p|¢i(k)),
with @ and p being the polarization vector and the momentum
operator, respectively. The optical conductivity is given by
o(w) = (w/4m)(ex(w) — 1).38 We found the dielectric function
and optical conductivity to be sufficiently well-converged with a
mesh of 30 x 30 x 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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