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ABSTRACT

Transition metal dichalcogenide MoS2 monolayers is very promising for many applications, especially in the
fields of optics as emitters and detectors, in electronics as transistors. It is first of all due that they have a direct
band gap Eg, which is dependent on external applied electric fields.

To create such an electric field, it is proposed to use the field induced polarization of ferroelectric polymers
such as PVDF and P(VDF-TrFE). These polymers in the ferroelectric phase are capable to create significant
polarization in very thin layers, about 5 A. By combining such ferroelectric layers and MoS: layers, hybrid
nanostructures can be created, that are convenient for design of new photodetectors with controlled properties.
The prominent properties of this hybrid structure arise and benefit namely from the ferroelectric-polarization-
induced ultra-high electric field of the PVDF or P(VDF-TrFE), that impact on MoS: layers and control the band
gap Eq.

In this work, we simulate such a hybrid structure based on PVDF and MoS: layers and study their features
and properties. For calculating MoSz, the methods of density functional theory (DFT) are used, implemented
in the VASP program. Semi-empirical methods based on the HyperChem software package are used to model
and study both individual layers of the hybrid structure and the features of their joint interaction. The results
obtained convincingly show a strong influence on the width of the MoSz bandgap E, from the side of the PVDF
layers, creating polarization P and an electric field E, which affects MoS: layers. In addition, the dependence
of the band gap E4 under the action of electric field E from the distance between the layers PVDF and MoS:2
has been established.

1. INTRODUCTION study of nanoscale devices have opened up new

possibilities  for using  monolayers  with
Transition metal dichalcogenides (TMD) constitute molybdenum disulfide (M0S::), tungsten (WSz), and
an important class of 2D materials: they have great other ~ TMDs in nanoelectronics  and
potential for future applications as photodetector optoelectronics. Layered molybdenum and
components due to their excellent optoelectronic tungsten dichalcogenides are semiconductors with
performance [1, 2]. Bulk dichalcogenide materials a band gap of 1.3-2.1 eV, while bulk materials are
have been studied for several decades, however, indirect-gap semiconductors, but monolayers are
only recently new approaches to the creation and direct-gap semiconductors [2, 3].
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Naturally, such 2D materials have attracted
much attention in the last decade for the
manufacture of photodetectors [3 - 5]. Among
them, the optoelectronic properties of the field-
effect transistor, especially for the MoS:
photodetector (sometimes called the
phototransistor), have attracted the most intense
attention of researchers.

Here, photodetectors and transistors based on,
for example, 2D graphene [6, 7] and MoSz, as well
as their combinations, including those with other
van der Waals structures [8], are promising.

On the other hand, the use of the properties of
organic polymer ferroelectrics (FEP) [9-11],
especially the discovery of two-dimensional
ferroelectrics based on polymers (FEP) such as
polyvinylidene fluoride (PVDF) and its copolymer
with trifluoroethylene - polyvinylidene fluoride-
trifluoroethylene P(VDF-TrFE) [12-22] turned out to
be a significant breakthrough here, as it made it
possible to create more and more efficient and at
the same time nanoscale composite structures that
have an ever wider range of adjustable properties,
including pyroelectric, optical and piezoelectric
properties) [9 - 22]. At the same time, composite
nanostructures based on PVDF/ P(VDF-TrFE) in
combination with Graphene/Graphene oxide [23-
27]) are now being created and studied here. Note
that in the study of such nanomaterials, computer
methods for modeling structures and calculating
the physical properties of these materials are also
widely used [16-27].

As a result, interest in such new composite and
hybrid nanomaterials with a two-dimensional
structure (2D materials) has grown dramatically
recently. Thus, in [4], it is proposed to use MoS: in
combination with an organic polymer ferroelectric
based on PVDF, which is safe and biocompatible.
Such a photodetector [4], built on the basis of a
hybrid quasi-autonomous FEP structure of the
PVDF / P(VDF-TrFE) type in combination with
MoS:, already has more possibilities. The 2D MoS:2
ultrafine structure brings a great advantage for the
heat dissipation of such a pyroelectric infrared
detector. At the same time, the P(VDF-TrFE)
polarization ferroelectric electric field significantly
improves the photoconductive properties of MoS:2
and reduces the dark current and noise.
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A further development of this approach is also
work [5], which presents a version of the prototype
photodetector with a broader spectral response,
built on a quasi-autonomous hybrid structure of an
organic FEP (P(VDF-TrFE)) and a two-dimensional
semiconductor MoSz. The two-dimensional 2D
ultrafine structure of MoS:z brings here a great heat
dissipation advantage for such a pyroelectric
infrared detector.

In addition, the electric field of ferroelectric
polarization can not only restrain and reduce the
dark currentin the entire spectrum, but also change
and narrow the band gap of MoS2, thereby
regulating the width of the optical absorption zone
here, which significantly increases the
photoconductive properties of MoS2. The most
impressive characteristic of this type of detector is
that these mechanisms are synergistic [5].

In the present work, the main attention is
focused to the study of the structural and physical
properties, the interaction of FEP of the PVDF and
P(VDF-TrFE) types with two-dimensional 2D
structures of dichalcogenides of the MoS: type -
using the methods of computer molecular
modelling and calculations by different methods.
These numerical and computer studies in this work
are carried out on the basis of the developed and
already well-tested approaches on other materials
(PVDF, Graphene, Hydroxyapatite) using the
density functional theory (DFT) [28-31] and
guantum-chemical semi-empirical methods (such
as PM3, ZINDO/1, etc.) [16-27, 49]. Theoretical
studies and calculations of the properties of a
number of TMD have already been carried out by
various methods [32—-36], and we use these results
for comparison with data obtained in our
calculations. In this work, we consider not only the
TMD and FEP themselves, but also the models and
properties of hybrid nanostructures based on them,
for example, such as “PVDF + MoS2” [31].

In the future, a similar simulation and study of
nanomaterials and heterostructures for
photodetectors based on MoTe:z [37], MoSe: [38],
MoSe2-Cr [1, 39] and other dichalcogenides of
transition metals and related ferroelectric
nanostructures will be carried out.
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2. COMPUTATIONAL METHODS AND DETAILS

The calculations were carried out using the first
principles DFT methods, implemented in Vienna
Ab Initio Simulation Package (VASP) [40—43]. The
generalized gradient approximation (GGA) with the
exchange-correlation potential was evaluated
using the Perdew, Burke, and Ernzerhof (PBE)
functional [43,44]. Core states were described by
means of the projector augmented wave (PAW)
method [45]. The values of the Kohn-Sham
energies of the ground states of systems were
calculated using plane waves with kinetic energy
up to Ecit = 400 eV to expand the wave functions
with fairly satisfactory convergence.

The primitive cell of single-layer MoS:
containing one Mo atom and two S atoms was used
under periodic boundary conditions. A vacuum
space of 19 A adopted along z-axis was used to be
able to decouple possible periodic interactions. The
valance electrons s2p4 for S and 4p5s4d for Mo
were included in the PAW pseudopotentials.

For single layer MoS: calculation (with a direct
band gap) GGA-PBE method was used taking into
consideration of the van der Waals (vdW)
interactions based on the method for VdW
correction developed by Grimme S., Antony J.,
Ehrlich S., and Krieg S. [46] and named D3. This
method is compatible with PBE and is implemented
in VASP (as “PBE + D3").

For the self-consistent calculations the Brillouin
zone (BZ) was sampled by 11 x 11 x 1 Gamma-
centred k-point grid obtained with Monkhorst-Pack
scheme [47]. The band structure was evaluated on
a path with k-spacing 0.05 A1, The real-space grid
of 20 x 20 x 128 points was chosen to keep
approximately constant spacing proportional to the
length of ai;, a;, and as lattice vectors. The
experimental data [4, 35, 48] provides the lattice
constants a; = a = a = b ~ 3.19 A of the known
crystal structures MoS; and with as = ¢ =~ 19.0 A,
which corresponds to the vacuum length between
two adjacent layers in the supercell. The relevant
grid density appears to be about ~ 6 points/A along
all the three directions.

To obtain the values of the energy, dipole
moment, and polarization of the various MoS: and
PVDF cluster structures the HyperChem package
[49] was used with various quantum-mechanical
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semi-empirical methods. The method PM3
(Parametrization No. 3, developed by Stewart
J.J.P. [50-52]) in the restricted Hartree-Fock (RHF)
approximation was mainly used. This PM3 method
is based on the AM1 method (Austin Model 1,
developed by Dewar M.J.S., et al. [53]). However,
in this our work another method named as
ZINDO/1 [54] is used widely. This method ZINDO/1
is based on a modified version of the intermediate
neglect of differential overlap (INDO) [55], which
was developed by Michael Zerner [54] is most
suitable for transition metals. An intermediate
neglect of differential overlap (INDO, ZINDO/1
scheme retains some of the one-center terms of
the overlapped integrals and the neglect of
diatomic differential overlap (NDDO) [52] schemes
used in these approaches keep all of the one-
center terms. Zerner's original INDO/1 used the
Slater orbital exponents with a distance
dependence for the first row transition metals only.
However, in HyperChem [49] constant orbital
exponents are used for all the available elements
too, as recommended by Anderson, Edwards, and
Zerner [54].

The main part of all quantum-chemical
calculations in HyperChem was made using Single
Point (SP) calculation method, which allow to
obtain all necessary molecular electronic orbitals
energy data values, such as, energy of the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). Difference
of these energies determine the forbidden band
gap Eg = ELumo — Enowmo . For some cases, when is
necessary to taken into account the changes of
geometry of the molecular systems, the
optimization of molecular systems and finding of
their optimal geometry is performed in this work
using the Polak—Ribere (conjugate gradient
method) algorithm, included in HyperChem
package [49]. This approach is a especially
important for the case of the dipole momentum
rotation switching (and polarization switching) in
the applied electric field at the critical point of the
systems, such as, phase transition and reversal
point of the hysteresis loop of the ferroelectric polar
system.  Simulation of the system under an
imitated applied constant electric field is available
in HyperChem packages too [49].

https://proa.ua.pt/index.php/nmse/
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3. RESULTS AND DISCUSSION

Results of calculations performed using VASP [40-
43] are shown on Fig. 1., where is presented the
structure of the single monolayer MoS2 with several
unit cells (top and side views — Fig. 1 a, b). The
lattice constant from self-consistent GGA-PBE
calculations (a=3.18999 A ~ 3.19 A) is close to the
experimental data [33, 48] and theoretical value of
other authors [32, 35, 56].

The electronic band structure obtained for
single-layer MoS: with Eg = 1.632 eV, is presented
on Fig. 1 c. It was intensively investigated recently
by both experiments and theory [2-5, 32-39, 56].
The data obtained by different authors varies in
some wide range.

A direct band gap, for example, of about 1.75
eV was obtained from the measurements [2]. The
dispersion of bandgap in the range of 1.75 -1.90 eV
in experiments may be come from the different

preparation and measurement methods. Emilio
Scalise [56] reported a value of 1.72 eV from GGA-
PBE method calculation. The theoretical findings
on direct bandgap calculations disperse also from
1.63 eV upto 2.76 eV. (depending on the exchange
and correlation functionals used) [35]. Otherwise,
C. Ataca [36] calculated a direct band gap of about
1.63 eV by GGA-PBE method taking into
consideration of the van der Waals corrections
(vdW) [46], and 1.87 eV by linear density
approximation (LDA) method. As it can be seen,
the LDA data turn out to be somewhat
overestimated, while taking into account van der
Waals interactions seems to give more realistic
results. Data recently obtained by Wang et al.
(published in Supplementary Materials section to
[4]) shown very close similar data with Eg = 1.63 eV
(Fig. 2 a).

It is worth to mention that the width of the band
gap Eg significantly depends here on the applied
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Figure 1. The structure of single-layer MoS:z (obtained using Jmol after VASP calculations):
a) top view, b) side view; and c) the computed electronic band structure of MoS2 single monolayer
with direct band gap transition along k-point variation with direct transition localization at K with
computed energy value Eq = 1.632 eV.
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Figure 2. The band gap computed by DFT method [ 4] (a) and dependence Eq4 (E) from [ 35] (b).
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Figure 3. The PVDF single layer model structure under applied electric field E: a) direct position, b)
switched on the opposite orientation position, ¢) and d) show the similar design of experimental units
from Wang et al. work [4]. (D and P are the dipole moment and polarization of the PVDF chain of single
layer, consequently).
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Figure 4. Hysteresis loop of the polarization depending on electric field P(E), computed by both PM3
and ZINDO/1 methods in RHF approximation using HyperChem package [49].

both experimentally and theoretically [2-5, 34-39].
Moreover, this dependence is different (as well as
the value of Eyitself at an electric field E = 0) for
different multi-layered MoS: structures (besides
single mono- layer, were studied bilayer MoS: [32,
33], triple-layers MoS:2 [4]). But here we are
primarily interested in the single MoS: structure
with direct bandgap.

In particular, a similar structure was recently
investigated and calculated in [35] and this
dependence is shown in Fig 2 b. Typical values of
the applied electric field E in the range of 0.0—
0.001...0.2 V/A = 0.0 — 0.01...2 V/nm lead to a
change in Eg from 1.7eVto 1.0- 0.6 eV. The band
gap Eg value as a function of electric field is
displayed in Figure 2b for single MoS: layer
structure (from work [35]). Despite the ripple
character of studied MoSa, it is clearly shown that
Eg is linear dependent on electric field for any case.
The similar linear relationship of Eg with rise of the
electric field was reported also in the other
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transition-metal dichalcogenide, such as, bilayers
under external electric field [33].

Among other things, it turned out that this range
of variation of E; ~ 1.8 - 0.6 eV is very important for
optical measurements. From experimental studies
and the bandgap calculations, it can be seen that
the single-layer MoS:2 seems to be active for visible
light absorption spectrum. For example, the peaks
of the imaginary dielectric constant (which is sully
used for measures the light absorption ability of
materials) lie among the visible light range (350 nm
— 700 nm, or 0.34 eV — 1.77 eV) for single-layer
MoS:z. Since it would display high absorption of the
sunlight and could be ideal for various
photocatalysts applications, etc.

Another important point here was the search for
the most suitable tools for controling and
regulating the change in the width of Eg in the MoS:
layers of the vehicle, including, by influencing on
MoS2 samples by an electric field. The problem and
the important task here was to find such a method

https://proa.ua.pt/index.php/nmse/
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Figure 5. The MoS: single monolayer model interacting with PVDF layer (“PVDF + MoS2” model): a) with
direct PVDF orientation of the polarization vector P and with atoms F directed to atoms S, b) with
switched PVDF on the opposite orientation of the polarization vector P and with atoms H directed to
atoms S of MoS, ¢) and d) present the corresponding samples design of the hybrid structure
configuration, which was used in Wang et al. work [4].

and means that would allow us the manipulation at
the nanoscale, at sufficiently small micro-sizes, to
create the appropriate technology, nano-devices
and equipment.

It turned out that for this purpose, embedded
layers of such a ferroelectric polymer films as
PVDF and its copolymers P (PVDF-TrFE) can be
very convenient. These materials are capable of
creating and maintaining their spontaneous
ferroelectric polarization just at the nanoscale
sizes. And the electric field created by their
polarization is capable of penetrating into the MoS:
layers and affecting its Eg.

This idea was realized by Wang et al., for
example, in their work [4].
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It should be taken into account that the value of
the PVDF polarization itself also depends on the
electric field, which can be applied to layers of
PVDF sandwiched between two electrodes. Thus,
it is possible to easily change and render both the
magnitude of this polarization and the width of the
bandgap E4 in MoS: layers at the nano level.

The magnitude and direction of polarization P of
this polymer ferroelectric is easily controlled by
applying an electric field to the PVDF layers. It is
also important here that on the basis of this
polymer ferroelectric it is possible to create ultrathin
layers up to one monolayer with a thickness of d ~
0.5 nm, which nevertheless has a highly ordered
polar structure. Practically important polymer

https://proa.ua.pt/index.php/nmse/
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Figure 6. Computed dependence P(E) for the hybrid “MoS2+PVDF” model with hysteresis loop
behaviour, having the asymmetric P(E) branches and various coercive field Ec* and Ec¢.

structures of various thicknesses, including
copolymers based on PVDF with tri-fluorine-
ethylene (P (VDF-TrFE), can be easily removed
either by ultracentrifugation methods (spun or spin
coating films, with thickness ~ 100-300 nm ) or by
Langmuir-Blodgett (LB) technique (for ultra-thin
films 0.5 - 100 nm). And these films are now quite
well studied, including by the methods of molecular
modeling [12-22].

In this work, we consider such a hybrid structure
of «<PVDF + MoS2» - using the approaches of
computer molecular modeling methods. First of all,
we will consider and evaluate PVDF itself their
main characteristic features and properties that
allow them to be applied as a control factor on the
Ey inside MoS: structure. This first model of the
PVDF single layer and its behaviour in electric field
E is shown in Fig. 3.

It is important that the polarization P and the
field created by P outside the PVDF layers also
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depend on the electric field applied to the PVDF
layers. Changing the magnitude and direction of
the applied field E changes the magnitude of
polarization P and switches the direction of

polarization and, accordingly, changes the
magnitude of the electric field induced in the MoS:
layers.

We here simulate these properties, calculate
and investigate the methods of semi-empirical
calculations in the HyperChem software package.
Here we have enough experience of such
calculations [16-27]. The example of the main
results and features for such simple PVDF chain
(layer), computed by two semi-empirical quantum-
chemical methods, is presented on Fig. 4. The
main peculiarity of PVDF behaviour in applied
electric field is following: 1) proportional rise of the
polarization in the direct electric field, 2) switching
on the opposite orientation of the polarization

https://proa.ua.pt/index.php/nmse/
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Table 1. Computed data for both PM3 and ZINDO/1 methods at the distance d between two
components of the “MoS2+PVDF” model: d=10 A, RHF approximation, both MoS: and PVDF, total
calculating volume of the system V= 469.96 A3,

Ez, Dz, P2, B2 EHOMO, | ELUMO, E,,
V/nm Debye C/m? =Pz/(2¢¢0), eV eV eV
V/nm
ZINDO/1

-1.0 -15.2632 0.1083 1.22 -6.235692 -1.790490 4.445202
-0.5 -19.0451 0.1352 153 -6.295287 -1.889087 4.406200
0.0 -20.4119 0.1449 1.64 -6.065749 -1.996101 4.069648
0.25 -21.7524 0.1544 1.74 -6.324941 -1.654380 4.670561
0.5 -21.9214 0.1556 1.76 -6.231306 -1.912776 4.328530
1.0 -25.7201 0.1825 2.06 - 6.305033 -1.865325 4.439708
2.5 -32.1791 0.2284 2.58 -6.09897 -1.981790 4117167
4.0 -39.1240 0.2777 3.14 -5.116526 -1.968208 3.148328
5.0 -43.8091 0.3109 3.51 -4.040537 -2.051025 1.989512
PM3

1.0 ; ; ; . . -
-0.5 -13.4113 0.0952 1.075 -9.569354 -3.372284 6.197070
0.0 -14.3315 0.1017 1.15 -9.563627 -3.360310 6.203317
0.25 -14.8299 0.1053 1.19 -9.422036 -3.280216 6.141820
0.5 -15.2687 0.1084 1.22 -9.533896 -3.335629 6.198267
1.0 -16.0992 0.1143 1.29 -9.451263 -3.760474 5.690789
2.5 -19.0066 0.1349 1.59 -9.530275 -3.347384 6.182891
4.0 -21.8701 0.1547 1.75 -8.486326 -3.464778 5.021548
5.0 -23.6958 0.1677 1.89 -7.425726 -3.320158 4.105568

vector P under influence of the electric field E,
when E reached its critical coercive values Ec.

The simplest model of the more complex hybrid
structure, consisting of PVDF and MoS: single
layer, is shown in Fig. 5. This model we also
investigate by various methods from HyperChem
package software [49]. Note that here besides
PM3 here we wide use the ZINDO/1 method,
available for transition metals. In any case we
compare the data obtained by both methods for the
case of the distance between PVDF and MoS:
layer d = 10 A (see below in Table 1).

The dependence P(E) have hysteresis loop
character with switching points at the E = + E¢ (Fig.
4).

For hybrid model “MoSz2 + PVDF” (Fig. 5) this
behaviour have the similar character, but
transforming to the more complex dependence with
two asymmetric branches of the polarization P
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behaviour (up and down zero field E) and having
two different coercive field E.* and E¢ (Fig. 6).

For comparison computed data of both used
semi-empirical RHF methods (PM3 and ZINDO/1),
the calculations performed at the distance d = 10 A
(between PVDF and MoS: components) were
presented in the Table 1.

In HyperChem software after self-consistent
calculations of the molecular structures by any
quantum-chemical semi-empirical methods (as
well by ab initio and DFT methods, included into
HyperChem package) the data resulted and
obtained have following main magnitudes (and its
values in corresponding units): 1) dipole moment
(in Debye unit), 2) total energy (in a. u. or can be
converted to other units too), 3) energy of the
highest occupied molecular orbital (HOMO in eV
units) and energy of the lowest unoccupied
molecular orbital (LUMO, eV), etc. We can

https://proa.ua.pt/index.php/nmse/
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Figure 7. Electronic molecular orbitals for main energy states of the hybrid “MoS2+PVDF” model and
using the different semi-empirical computing methods:
a) LUMO and b) HOMO computed by PM3 in RHF approximation;
¢) LUMO and d) HOMO computed by ZINDO/1 in RHF approximation.

calculate also the volume V, using special program.
The band gap Eg = E LUMO — E HOMO. These
data are presented in Table 1.

As usual, the value of the polarization P is
obtained from dipole moment D (in Debye units):

P = 3.33558255*D/V (in C/m?),

where V is structure’s volume on the Van der
Waals surface.

Here we should note that, the prominent
properties of this hybrid structure arise and benefit
from the ferroelectric-polarization-induced ultra-
high electric field of the PVDF (or P(VDF-TrFE) as
in real usual samples).

To determine and estimate the magnitude of
this local electric field E,* at the interface between
PVDF and MoS: layers, which is created inside the
MoS: layer from PVDF polarization P, we use the
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expression E;* = P2/(2¢g0). Here e is the dielectric
constant (permittivity) of the material (for MoS: it is
€ =4 -6 [57, 58], eo is the vacuum constant (g0 =
8.85:1012 C/(V-m)). For our estimation in this our
work, and presented in Table 1 as an example for
the calculations at d = 10 A (as well for other
estimations), we use the middle value e = 5.

As results, we obtained data for E;* ~ 1-2 V/nm
for PM3 calculations and more high values Ez* ~
1.2 — 3.5 V/nm for ZINDO/1 at the interface
distance d = 10 A (see in Table 1). These data are
some higher than estimations in [4] about of 0.5
V/nm. But, in [4] was used the experimental data
for polarization estimation as remnant polarization
~7mC-cm2= 0.07 C/m? ~ 0.1 C/m?, which is less
from our estimation. But, we must mentioned, that
we consider an ideal and simplified PVDF model,
while the experimental value of remnant
polarization for P(VDF-TrFE) is some less then
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Figure 8. Computed energy band gap Eg(E) for hybrid model “MoS:z + PVDF” (Fig. 5 a) from the applied
electric field E. This data is computed for distance d between MoS2 and PVDF components d = 10 A as
one of example of this hybrid system.

computed one. Therefore, these estimates can be
considered as quite close.

The more detailed computed data of the P(E)
for this case are presented on the Fig. 6. These
data shown two various branches of P(E) with
different asymmetric coercive field. This
asymmetry occurs because the MoS: layers is
located only from one side of the PVDF layers (see
on Fig. 5). As a result, we obtain the similar
hysteresis behaviour of the P(E) for the hybrid
model system (Fig 6) as for alone PVDF (Fig. 4),
but it is shifted and having some different
asymmetric shape of this hysteresis loop.

It means also that the additionally applied
electric field E to the PVDF layers (using electrodes
shown on Fig. 3) influences then trough risen
polarization P(E) directly on the MoS: layer, which
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is positioned at the some distance d from PVDF
place (Fig 5).

Further interesting and very important
characteristic features is that the electronic
molecular orbitals HOMO and LUMO are localized
precisely on the MoS: layer positions remote at a
distance d from the PVDF layer, as are shown in
Fig. 7 (where are presented HOMO and LUMO
computed using both PM3 and ZINDO/1 methods).
Therefore, it is clearly show that the ferroelectric-
polarization-induced ultra-high electric field of the
PVDF (or P(VDF-TrFE) impact directly on the MoS2
layer structure and influence on the Eq = E LUMO
— E HOMO.

The next most important feature of this hybrid
model system “PVDF + MoS?2” is that the
dependence of band gap Eg4(E) clearly exists only
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Figure 9. Computed dependence of the Eq (E) for different distances d - between MoS:z and PVDF
components of the hybrid model system.

for electric field E>0 (shown in Fig. 8), while for the
E<0 we obtain only fluctuations around the average
Eq value, close to the value existing without electric
field. (see in Fig. 8 left side at the E<0).

The specific feature of the Ey (E) behaviour is
again asymmetric dependence of the band gap Eg
from electric field E and existence of two different
coercive field E¢c* and Ec, which limited the region
of the existence of the electric field from PVDF
layer impact on the MoS: layer.

The most characteristic feature here is that
namely only at E > 0 there is a pronounced
dependence of Eg4 from the electric field E (Fig. 8).

Another important founded and observed
(possibly obvious) factor is the dependence on the
distance between the PVDF and MoS: layers (Fig.
9). The calculations performed using ZINDO/1
method show that this dependence have the similar
close to linear behaviour E4(E) (see details in Fig.
9) as it was founded for several different MoS:
structures by various authors [4-6,32-35, 56].
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The very important feature is that this behaviour
depends also from the distance d - between MoS:
and PVDF. it is characteristic that this behaviour
E4(E) has a similar, close to linear type of behaviour
at different distances d between both components
of the hybrid structures. But at the same time, with
an increase in this distance d, the slope of the
dependence becomes steeper and it shifts along
the E axis.

It is the results obtained here for very simple
theoretical molecular models and they describe
approximative results of its features and
behaviours. But these data obtained show the
main principal features of the E4 behaviour from
electric field E and intermediate distance d
between both nanostructures MoS: and PVDF,
which would be very important for further practical
design of the devise unit of the created
photodetector samples.

The results obtained are, of course, somewhat
different from the most precise DFT calculations.
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But they are qualitatively very similar and reflect the
main characteristics and dependencies. A more in-
depth study will be carried out in further
investigations using the DFT VASP methods.

4. CONCLUSION

Performed modelling and calculations presented in
this study directly show that the band gap Eq of the
MoS: layer is strongly affected by external electric
field. The Ey changes are influenced, controlled
and regulated by the electric field formed by a
polarization in the ferroelectric polymer layers such
as PVDF and its copolymers P(VDF-TrFE)
depending on the discussed distance d. The
electric field formed in the ferroelectric layers
strongly affects the band gap Eg of the MoS:
layered structure. The nano-size devices created
on the basis of such hybrid nano-structures can be
considered as the prototypes of the photodetectors
and other photosensitive units for numerous
practical applications. Further studies based on the
most powerful DFT software (such as VASP, etc.)
will open many new features for fundamental
knowledges and practical usage.
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