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Abstract: This study investigates the effects of the thickness and donor
concentration of a hybrid MoS2 semiconductor layer on the saturation current
of a four-layer MOSFET, utilizing Comsol Multiphysics simulation software. By
leveraging the software's capabilities to adjust physical parameters, we
systematically analyze the influence of these variables on the device
performance. Our findings indicate that increasing the MoS: layer thickness
and donor concentration significantly enhances the saturation current, thereby
improving the overall efficiency of the four-layer MOSFET. These simulation
results align closely with experimental data and create a robust foundation for
future studies and fabrication efforts aimed at optimizing the performance of
MOSFETs through material engineering.
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1. Introduction

Molybdenum disulfide (MoS. hybrid) is a
solid, black metallic powder characterized by a
melting point (1422 K), a density (4.80 g/cm?® at 287
K), a purity (up to 99%), and particle sizes ranging
from 150 to 1000 nm. MoS: hybrid functions as a
semiconductor material, suitable for use in both
and multi-layer
Operating based on the field-effect transistor (FET)
mechanism, it finds widespread application in

single-layer

various fields, including sensors, optoelectronic
devices [2], and high-temperature applications due
to its chemical stability [3]. It is extensively used in
the production of displays [4], chemical sensors [5],
optical detectors [6], integrated circuits [7],
optoelectronic devices [8], biosensors [9],
piezoelectric devices [10], and transistors [11].
Furthermore, MoS, hybrid is considered a
promising next-generation semiconductor material
thanks to its mechanical flexibility [12], optimal

structures [1].
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band gap [13], high carrier mobility [14], and
excellent transparency [15].

To study and fabricate hybrid MoS; materials,
researchers predominantly ~ employ  both
experimental and simulation-based approaches.
The experimental techniques often involve
chemical vapor deposition and physical vapor
deposition methods to synthesize MoS; layers or
nanotubes [16]. Experimental results have
demonstrated that the band gap is affected by the
MoS;, nanotube diameter as well as the number of
layers, with smaller diameters and fewer layers
leading to a larger band gap [17]. For N-type MoS;
semiconductors, the on/off current ratio has been
observed to be approximately 60, and hybrid MoS;
nanotubes exhibit favorable crystal structures and
electrical properties, making them suitable for
various electronic applications [18, 19].

In a related study, Dong et al. explored the
phase transitions in doped ferroelectric polymers
for MoSz-based transistors, highlighting the
potential for tunable electronic properties through
donor concentration [20]. Additionally, Yoo et al.
demonstrated that the physical properties of MoS.-
based electronic devices, particularly the contact
resistance between the MoS; layers and the metal
electrodes, are highly sensitive to the number of
layers present [21]. This observation emphasizes
the critical role of layer control in optimizing device
performance. Furthermore, donor concentration
subthreshold of metal oxides has proven to be an
effective strategy for modulating the electronic
properties of MoS,, offering stability without
decomposition [22]. However, it has been noted
that the on/off current ratio tends to decrease at
oscillation points when metal oxide donor
concentration is employed [23].

In simulation approaches, researchers
leverage Moore’s law to predict and reduce the
dimensions of MoS, materials, facilitating their
application in next-generation nanoelectronic
devices [24]. These simulations are often
complemented by considerations of van der Waals
forces, which have an important place in the
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assembly and behavior of 2D materials like MoS;
[25]. Notably, hybrid MoS, materials possess
tunable band gaps, making them highly versatile
for use in nanoelectronic devices and further
enabling their incorporation into a wide range of
applications, from transistors to sensors [26].

To gain deeper insights into hybrid MoS;
materials, it is important to examine the influence
of electrical contact characteristics and the
Schottky barrier in device performance [27]. The
Schottky barrier, which forms at the metal-
semiconductor interface, has a pivotal role in
determining the efficiency of charge carrier
injection, impacting the overall electrical behavior
of MoS,-based devices. Furthermore, the
annealing process significantly affects the
hysteresis behavior in MoS; devices, altering their
stability and operational characteristics [28].
Annealing also has a profound impact on the
contact mechanism between metal and
semiconductor, optimizing the electrical contact
and reducing contact resistance [29].

In general, MoS; has emerged as an optimal
material for Metal-Oxide-Semiconductor Field-
Effect Transistors (MOSFETs), which are crucial
components in modern electronics. MOSFETs with
MoS, are promising candidates for the
miniaturization of electronic devices, particularly in
applications requiring short channels, ultra-thin
materials, and compact dimensions. These
devices offer enhanced speed, high sensitivity,

lightweight construction, and reduced power
consumption, making them ideal for next-
generation nanoelectronics [30]. Remarkably,

MoS,-based MOSFETs can be fabricated at sizes
ranging down to the centimeter scale, further
demonstrating their potential for integration in a
wide range of applications [31].

In the current study, we proposed a robust
model that examines the impact of both thickness
and donor concentration of hybrid MoS;
semiconductor material on the saturation current
using COMSOL Multiphysics simulation software.
The results obtained from the simulations show
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excellent agreement with previous experimental
data, providing a reliable foundation for future
research and the fabrication of MOSFETs. The
research results can be extended to 2D
semiconductor materials. These findings are
expected to be of considerable value to
researchers working on the design and
development of MoS;-based devices.

2. Methodology

Initially, we selected the hybrid MoS:2
geometry for simulation within COMSOL
a) 5
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Multiphysics software, as illustrated in Figure 1.
This choice involved configuring the geometric
parameters to accurately represent the four-layer
hybrid MoS: structure.

Table 1 provides the detailed parameters
used for modeling the hybrid MoS, in COMSOL
Multiphysics. These parameters were meticulously
chosen to ensure accurate modeling and
simulation of hybrid MoS, materials, enabling
precise analysis of their impact on device
performance.

Figure 1. Geometry of MoS;, including (a) the cross-section of a four-layer hybrid MoS- and (b) the
model shape of hybrid MoS; in COMSOL Multiphysics
Table 1. Parameters of hybrid MoS;

Parameters Value Parameters Value
Thickness of MoS> 0.6 nm/layer Electron affinity 4L MoS> 4 eV
Electron affinity 1L MoS; 4.7eV  Electron effective mass 0.5 mo
Hole effective mass 0.5mo  Work function of gate 4.05 eV
Band gap 1L MoS: 2.76 eV  Relative permittivity 1L 4.2
Band gap 4L MoS> 1.6 eV Relative permittivity 4L 11
Si02 thickness 300nm  Thickness of gold contact 75 nm
Drain contact type Ideal ohmic Mobility 1L MoS> 6 cm*V:s
Shockley-Read-Hall (SRH) lifetimes 1L MoS>  1.5ns  Mobility 4L MoS; cng/-s
Shockley-Read-Hall (SRH) lifetimes 4L MoS> 0.3 ns  Silicon thickness 2 um
Length of MoS; 3.5um  SiO; relative permittivity 3.9
Source contact type Ideal ohmic Width 6.8 um

To determine the characteristic values of
electron mobility in semiconductors, the Poisson
equation is employed, reflecting how the charge
density (p) influences the electric field within the
material:

V- (eVV)=-p (1)
where: ¢ represents the vacuum dielectric

constant; V is the electric potential, and p denotes
the charge density.
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When evaluating semiconductor
components, it is important to consider the
contacts at the source, drain, and gate channels.
The efficiency of these contacts, particularly those
with Schottky interfaces, is quantified using the
Richardson constant (A*) [32], described by
equation:

-
4nqhk35m 2)
where: m*, h, ks, and q show the effective
mass of electrons or holes, Planck's constant,
Boltzmann's constant, and charge, respectively.
The Richardson constant is related to the thermal
emission of carriers over the Schottky barrier,
impacting the current-voltage characteristics of the
device.

A =

MoS: hybrid, made of Molybdenum and two
atoms of Sulfur, and being an n-type doped
semiconductor material, has a donor concentration
(Ng) of 1x10"™ cm™. This donor concentration
influences the carrier concentration and overall
electronic behavior of the material [33, 34].

Gauss's law for conservation of charge, that
links the electric field to the charge distribution, is
applied as follows:

D=¢-E (3)
where: D represents the electric
displacement field, and E shows the electric field.

The charge present in the semiconductor
quantifies the net charge distribution based on the
carrier concentrations being described by [35]:

P =q(P+Ny—N, -n)qg=-e (4)

Nq* shows the donor concentration, and Na
represents the acceptor concentration [35]. This
equation quantifies the net charge distribution
based on the carrier concentrations.

The gate (G) in the device, referred to as a
recombination gate, includes contributions to the
carrier current as modeled by the Shockley—Reed—
Hall (SRH) recombination model. The SRH model
specifically addresses non-radiative
recombination, which occurs through defect states
or impurity levels within the band gap of the
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semiconductor.

The SRH recombination rate for electrons

(Rn) is given by [35]:

1 1 p

T Tho " Po ®)

where: 1/1, is the total recombination rate of

electrons; Ty is the intrinsic or baseline lifetime of
electrons in the absence of any external influences;
p represents the hole concentration in the
semiconductor; and po is the equilibrium hole
concentration. The values of 1, is influenced by
material properties (such as the density of trap
states, the quality of the crystal lattice, and the
donor concentration levels).

Similarly, for holes (R), the recombination
rate is given by [35, 36]:

toa,n ©

‘Ep ’Epo no

where: 1/1; is the total recombination rate of

holes; Tp0 is the intrinsic or baseline lifetime of
holes; n is the electron concentration in the
semiconductor; and no is the equilibrium electron
concentration. The values of 1, are affected by the
material's characteristics, including factors such as
trap state density, crystal lattice quality, and donor
concentration. The recombination rate, which
significantly affects the carrier dynamics, depends
on these lifetimes.

For this study, four layers of MoS, were
modeled using the MAESTRO Macromodel [37].
Band gap values were extrapolated using density
functional theory (DFT) combined with the
extended Perdew—Burke—Ernzerhof (PBE)
functional and a Gaussian-type orbital (GTO) basis
set for geometry optimization. The MoS, model
dimensions were set at 2.24nm x 2.24nm x 1.4nm
with periodic boundary conditions (PBC) applied
along the x and y axes, while the z-axis was
excluded. To study the effect of thickness, two
parameters such as number of layers and donor
concentration must be kept constant to obtain
accurate results.

The CLAYFF potential force field (as a
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comprehensive tool used to model the interactions
between atoms and molecules in a material
system) was utilized to determine electrostatic
interactions between atoms. After applying the
CLAYFF force field [38], the analysis and
visualization of the resulting atomic interactions
and structures are carried out using specialized
softwares: Visual Molecular Dynamics (VMD) [39]
- a powerful tool for visualizing and analyzing
molecular dynamics simulations; and Chimera — an
advanced visualization tool used for molecular
modeling that complements with VMD [40]
software. Additionally, the methods used for
characterizing and analyzing these nanostructures
align with established techniques in the field [41]
and are essential for accurate modeling and
visualization of the material's electronic structure
and interactions.

3. Results and discussion

A detailed analysis of the influence of the
hybrid MoS, layer thickness and donor
concentration on the electronic conductivity and
performance of MOSFET devices, as modeled in
Figure 2 and Figure 3 is given in this section.

3.1. Device configuration and parameters

Figure 2a illustrates the structure of the
MOSFET device under study. The MOSFET
consists of a silicon (Si) substrate with 270 nm
thickness, covered by a silicon dioxide (SiO)
insulating layer of 50 nm thickness. The Si layer,
shown in blue, acts as the semiconductor base,
while the SiO; layer, depicted in red, serves as the
dielectric material. On top of this dielectric layer, we
place the hybrid MoS; semiconductor material,
consisting of four layers, and each 0.6 nm thick
(Total thickness of these four layers is 2.4 nm). For
each layer of MoS;, the band gap is 2.76 eV, which
reduces to 1.6 eV when aggregated to four layers.
This hybrid MoS; functions as an N-type
semiconductor.

The device features source (S) and drain (D)
channels made of thin gold (Au) layers and a gate
channel (G) composed of a gold-chromium alloy
(Au/Cr) with yellow color, which acts as a P-type
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semiconductor. The contact surface area is
optimized with an electrode channel width of 500
nm to minimize charge loss during electron
transfer.

3.2. Electrical characteristics

Figure 2b demonstrates the correlation
between the applied voltage (V4) and the electron
current intensity (l4). For a hybrid MoS; layer with a
thickness of 0.6 nm and a donor concentration of
Ng = 1x10" cm™3, the current |4 increases linearly
with voltage from 0 to 0.5 V. This linear relationship
is due to the increasing electric field causing more
electrons to migrate from the source to the drain.
However, as V4 exceeds 0.5V, the rate of increase
in lg begins to decelerate. This is attributed to the
rising voltage increasing the electric field between
the source and gate channels, leading to a portion
of the electrons flowing through the gate channel,
thus causing a slower increase in lq. Further
increases in donor concentration from 1x10" to
2x10" cm™ result in a higher saturation current,
rising from 3 to 8.13 pA, indicating improved
conductivity with higher donor concentration levels.
3.3. Thickness and donor concentration effects

Figure 3a1 through 3a5 illustrates the impact
of varying the hybrid MoS; layer thickness on the
saturation current Iy according to donor
concentration. The results show that increasing the
donor concentration or increasing the thickness of
a single MoS; layer increases the saturation
current. These results are reflected in the
electronic conductivity images shown in Figures
3b1 through 3b5. In which, dark blue represents
low saturation current intensity and increases to
green and highest is red.

For more details, the effect of MoS; layer
thickness on the saturation current intensity is
shown in Figure 4.

For a fixed donor concentration of Ng =
1x10"® cm™3, increasing the MoS; layer thickness
from 0.6 to 0.8 nm leads to an enhancement in the
saturation current from 3.95 to 6.2 yA (Figure 4a).
Similarly, for Ng = 1.5x10"® cm™, the current
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increases from 8 to 13.5 pA (Figure 4b), and for Ny
= 2x10" cm™, it increases from 13.5 to 22 pA
(Figure 4c).

The increased current with layer thickness
and donor concentration is due to enhanced

D
i
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electronic conductivity. The thicker MoS, layers
provide a greater volume for electron transport,
while higher donor concentration increase the
number of free charge carriers, both contributing to
higher electron conductivity.
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Figure 2. (a) Schematic representation of the MOSFET device structure and (b) Saturation current
intensity for a MOSFET with a single 0.6 nm thick hybrid MoS: layer
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Figure 3. (a) Relationship between voltage and saturation current; (b) Electronic conductivity distribution
across the MOSFET regions.
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Figure 4. Relationship between |4 and thickness of MoS; layer

4. Conclusion

This research effectively investigates the
impact of varying the hybrid MoS, semiconductor
layer thickness and donor concentration on the
saturation current intensity of a four-layer
MOSFET, utilizing COMSOL  Multiphysics
software. The findings indicate that increasing the
hybrid MoS; layer thickness from 0.6 to 0.65, 0.7,
0.75, and 0.8 nm results in a corresponding
increasing in saturation current from 3.95 to 6.6 pA.
This positive correlation suggests that the layer
thickness significantly impacts charge carrier
mobility and, consequently, the saturation current,
as thicker MoS, layers may enhance the
conductive pathways within the MOSFET, thereby
facilitating a higher current flow. Furthermore,
enhancing the donor concentration from 1x10'® to

1.5x10" cm™, and 2x10"™ cm™3, significantly
boosts the saturation current, demonstrating that
both increased layer thickness and higher donor
concentration levels improve MOSFET
performance. In conclusion, this study provides a
valuable foundation for future experimental studies
aimed at developing advanced multilayer
MOSFETs with enhanced efficiency and
functionality.
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