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Abstract

Janus transition metal dichalcogenides (JTMDs) have attracted extensive attention
due to their exceptional optical and electrical properties. The extra intrinsic dipole mo-
ment of JTMDs can generate n-type and p-type contacts, which can be used for devices
such as solar cells and pin diodes. Our work explores JTMDs for complementary metal-
oxide-semiconductor field-effect transistors (CMOSFETs), enabling n- and p-type chan-
nels in a single material. Firstly, we investigate the spontaneous dipole field strength in
layered MoSSe through density-functional theory. The MoSSe spontaneous polarization
influences how it interacts with contacts, leading to Ohmic, p-type, or n-type contact for-
mations. Utilizing these contact properties, we employed a finite element Poisson-drift-
diffusion two-dimensional method to simulate the transistor device, and these simulations
guided us to design the best dimensions for CMOSFETs. Our final results demonstrate
that, through appropriate design, we can design CMOSFETs containing both n-type and

p-type transistors using only a single JTMD material as the channel layer, and form high-
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carrier-density regions without additional doping. In addition, we investigated the optical

absorption properties of two-dimensional MoSSe, extracting key absorption-related pa-

rameters for use in future optoelectronic device simulations.

Keywords: Janus Two-dimensional material, Density Functional Theory, Carrier Mobil-

ity, Absorption Coefficient, 2D Material Transistors
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Chapter 1

Introduction

1.1 Overview of Transition Metal Dichalcogenides

Due to their exciting potential, transition metal dichalcogenides (TMDs) have be-
come a focal point of intensive research within the two-dimensional materials field. These
materials consist primarily of a transition metal atom bonded to two identical chalcogenide
atoms, typically adopting the MX, stoichiometry, where M represents a transition metal
and X can be S, Se, or Te. While structurally similar to graphene, TMDs exhibit dis-
tinct electronic properties. Unlike graphene’s semimetallic nature, most TMDs have a
band gap, which often undergoes a transition from indirect to direct bandgap when re-
duced to a monolayer, enabling their bandgap to be tailored for specific optoelectronic
applications [5, 6]. Moreover, TMDs exhibit exceptionally high absorption coefficients,
particularly in the visible and near-infrared spectral regions, making them highly efficient
for optoelectronic applications [7]. The direct bandgap of TMDs also facilitates efficient
photon absorption and exciton generation. Nevertheless, the tunable bandgap of TMDs

through thickness modulation or external perturbations allows for customizable absorption
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spectra, enhancing their utility in photodetectors, solar cells, and other light-harvesting de-
vices [, 9]. Furthermore, TMDs possess exceptionally high carrier mobility [ | 0—12] and
the unique ability to be controlled down to the atomic level [13—15]. These remarkable
properties make TMDs promising candidates for the development of various optoelec-

tronic devices.

In addition to the special photoelectric conversion properties of the material itself, its
lack of dangling bonds and quantum confinement effects also allow devices to overcome
the short-channel effect when developed into small sizes, making TMD materials a good
candidate for field effect transistors (FETs) [9, 12, 16, 17]. The unique flexible mechani-
cal properties of TMDs make them promising materials for flexible FETs, and techniques
like growing TMDs on elastomeric substrates or encapsulating them in protective layers
are being explored to maintain device performance under bending or strain [ 18], which
creates a robust, high-performing electronics that can be integrated into wearable devices
and other flexible applications. Another application of TMD-made devices is 2D resis-
tive random access memory (RRAM), where researchers are exploring TMDs that exhibit
excellent switching characteristics, enabling ultra-fast write/read speeds and low power
consumption [!9]. Additionally, studies show promising endurance and retention char-
acteristics, with TMD-based RRAMs demonstrating high write/erase cycles and extended
data retention times [20, 21]. Overall, research in this exciting field is focused on cap-
italizing on the unique advantages of TMDs to develop superior device solutions with

enhanced performance, scalability, and potential for novel functionalities.

Several techniques have emerged for TMD synthesis, each offering distinct advan-
tages and limitations. Exfoliation, a method of mechanically separating thin layers from

bulk crystals, is a well-established technique for obtaining individual sheets of TMDs [22,
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]. One area of focus is developing methods for achieving controlled thickness during ex-
foliation. Researchers are exploring techniques like liquid-phase exfoliation with specific
solvents or polymers to achieve targeted numbers of TMD layers [22-24]. Additionally,
researchers are investigating using shear forces or specific substrates to promote specific
exfoliation thicknesses [25]. Another area of research involves increasing the yield of
high-quality flakes during exfoliation. This involves minimizing defects introduced dur-
ing the process and optimizing techniques to separate desired layers without damaging
them [26]. However, this approach has limitations for large-scale production. Chemical
vapor deposition (CVD) is another popular choice, allowing for precise control over layer
thickness and uniformity across large areas. Research efforts focus on achieving films
with several key characteristics. One important aspect is the large domain size, where the
TMD layer grows as a continuous unit rather than many small crystals. Researchers are
exploring ways to manipulate the growth process, such as using specific sapphire sub-
strates [27]. This approach can promote the nucleation and growth of large, single-crystal
domains. Another area of research involves achieving uniformity across the entire film.
Techniques like proximity precursor supply are being investigated to ensure consistent ma-
terial properties throughout the large area [28]. Overcoming challenges like grain bound-
aries is crucial for integrating these CVD-grown TMDs into future electronic devices. A
recent study by Yonggang Zuo demonstrates the successful growth of high-quality TMDs
in wafer scale using an active chalcogen monomer supply method, highlighting the im-
portance of optimizing precursor delivery for controlled growth [29]. Molecular beam
epitaxy (MBE) provides atomic-level control but requires expensive equipment and high-
vacuum environments [30, 31]. As research progresses, further refinement of existing

methods and exploration of novel techniques will be crucial for realizing the full potential

3 doi:10.6342/NTU202403452



of TMDs in next-generation devices.

1.2 Overview of TMD FETs

The exploration of TMD FETs began in the early 2010s, fueled by the discovery of
their semiconducting properties in the monolayer form [10, 32]. Early research focused
on n-type TMD FETs, with molybdenum disulfide (MoS,) emerging as a prominent ex-
ample due to its good air stability and ease of fabrication. MoS,; FETs have demonstrated
high on/off ratios (>10%) and subthreshold swing values (< 75 mV/dec), indicating their
potential for low-power logic devices [12, 17]. Another promising n-type TMD candi-
date is tungsten disulfide (WS,), which exhibits even higher carrier mobility compared to
MoS,, making it attractive for high-frequency applications [16]. The development of p-
type TMD FETs has been more challenging, but significant progress has been made. Gal-
lium Selenide (GaSe) [33] and tungsten ditelluride (WTes) [34] are two notable examples,
exhibiting good hole mobility and potential for complementary logic circuits alongside n-
type TMD FETs. Additionally, research on these TMD FETs has shown promising results

for achieving p-type behavior.

Beyond n-type and p-type functionalities, some TMDs exhibit ambipolar behavior,
where the material can conduct both electrons and holes depending on the gate volt-
age. This makes them attractive for logic devices with simpler transistor configurations.
2H-Molybdenum ditelluride, often called a-MoTes, is a well-studied example of an am-
bipolar TMD, demonstrating good performance in both electron and hole accumulation
regimes [1]. The 2H phase in MoTe, stands for the hexagonal structure, and often a 2H

to 1T’ phase transition would occur as both temperature and Te composition rise, chang-

4 doi:10.6342/NTU202403452



2H-Phase 1T’-Phase
(Alpha) (Beta)

Hexagonal Monoclinic
(Ambipolar) (Spin device)

Figure 1.1: Two common phases seen in 2D MoTe, material. The 2H-MoTe; exists as an
ambipolar characteristic.

ing the structure into a monoclinic phase, namely 3-MoTe, [35]. Other ambipolar TMD
candidates include niobium diselenide and zirconium dichalcogenides, which had been

carried out in experimental studies [17].

Although TMDs have enormous potential for FETs, there are obstacles in their prepa-
ration processes. Reducing the flaws and impurities that are introduced during procedures
like exfoliation and CVD is a major problem. Performance and reliability of the FET are
greatly reduced [36] as a result of these defects. Furthermore, it is still difficult to achieve
consistent characteristics among large-scale TMD films. The overall performance and
integration of devices can be affected by discrepancies in thickness, crystal orientation,

and defect density [37]. Another issue is scalability. broad-scale device manufactur-

5 doi:10.6342/NTU202403452



GaSe, WSe, MoS,, WS,
s WFERR R
Semiconductor Semiconductor

(Mostly p-type) (Mostly n-type)

Graphene-Like TMDs
2H-MoTe, VS,

A

Semiconductor Metallic
(Ambipolar) (No band gap)

Figure 1.2: A family of atomically thin TMD materials known for their diverse electrical
functionalities.

ing is limited by the difficulty of obtaining high-quality, single-crystal TMD films across
broad substrates, although CVD provides a route for large-area growth [38]. However,
to combine TMDs with other device components in an FET, transfer procedures are fre-
quently needed, which can lead to damage and alignment problems. The fragile TMD
flakes may get ripped, cracked, or wrinkled during the transfer procedure. Furthermore,
it may transfer impurities onto the TMD surface, hence deteriorating the device’s perfor-
mance and electrical characteristics [39]. On the other hand [40], misalignment may result
in inadequate electrical contact and decreased device performance. Lastly, high tempera-
tures are needed for various preparation techniques, especially CVD, which may interfere
with some device fabrication procedures and restrict the range of suitable substrates [41].

Notwithstanding these drawbacks, there are still difficulties in reaching high current densi-
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ties and resolving contact resistance problems in FET design and material selection [38].
Therefore, for the ongoing development of high-performance TMD FETs, research on
novel growth processes, interface engineering, doping techniques, transfer methods, and

device scaling is essential.

1.2.1 TMD Contact Properties with Electrode Materials

A FET device’s I-V characteristics and performance are known to be significantly
impacted by its contact characteristics. To maintain a linear /-V curve and improve the
electrical performance of FETs, low contact resistance typically necessitates Ohmic con-
nections at the semiconductor-metal interface [42, 43]. For the common 2D material
electrode graphene, researchers indicated that graphene’s excellent conductivity comes
into play, which can significantly reduce contact resistance in MoS, devices compared
to metal. This translates to improved performance in TMD field-effect transistors, with
higher currents and better mobility [44, 45]. The ability to tune graphene’s work func-
tion allows for engineering the interface with TMDs, optimizing performance in FET de-
vices [40]. For metal, regretfully, most TMD/metal contacts typically result in the for-
mation of Schottky barriers (SBs) [42, 43, 47—49]. For a FET with SB contacts to work,
carriers need to get beyond the energy barrier that prevents them from moving from metal
into the TMD channel region, which lowers the injection efficiency [50]. Furthermore,
TMD material’s interracial connection with metal is difficult due to the lack of dangling
bonds on the surface of a 2D material, which increases contact resistance as well [42].
Substitutional doping is a generic method [51] utilized in contemporary semiconductor
technology to lower contact resistance. Substitutional doping emerges as a powerful tool

to tackle contact resistance, a major hurdle in TMD-based devices. Studies show dop-
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ing MoS, with group V elements like niobium (Nb) or titanium (Ti) significantly reduces
resistance by creating more charge carriers near the contact to improve contact character-

istics [52—54].

Since such a doping procedure will significantly change the properties of 2D mate-
rials, which often cause negative effects [55], there are better ways to minimize contact
resistance. The majority of the work involved in engineering TMD/metal contacts is re-
lated to selecting an appropriate metal to modify the work function. A metal with a high
work function is typically chosen for p-FETs, while a smaller work function is required for
n-FETs. Numerous investigations have discovered that TMD/metal heterostructures such
as MoS,y/Cu, WSe,/Ti, and WS,/Cu may offer n-type SB contacts [47, 48], and p-type
SB contacts can be established with certain combinations such as WSes/Au and WSes/
Pd [47, 56]. But TMD-based FET contact design becomes more difficult since only a
particular TMD/metal combination is allowed for Ohmic contact formation [57]. Making
the FET devices achieve Ohmic contact using a TMD material without further treatment

is nearly impossible.

1.2.2 TMD Complementary Metal-Oxide—Semiconductor FET de-

vice

In contemporary electronics, complementary metal-oxide-semiconductor field-effect
transistors (CMOSFETSs) are the mainstays. The basic components of integrated circuits
(ICs), which are included in practically everything electronic, including computers, cell-
phones, and calculators, are these tiny switches that turn electrical signals on and off.
Engineers can create complex logic gates and other functionalities that power modern
electronic devices by combining n-type and p-type FETs into CMOSFETs in complex cir-
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cuits. They are perfect for creating efficient and high-density integrated circuits due to

their small size, low power consumption, and fast switching speed [58].

One common approach to achieving CMOSFETs with TMDs involves horizontally
combining two different TMD channels on a single substrate. This approach leverages the
unique properties of specific n-type and p-type TMD materials, similar to how traditional
silicon CMOSFETs function [59—62]. However, this design presents some fabrication
challenges. Firstly, the process of transferring two different TMD materials onto a single
substrate can be delicate. There’s a risk of introducing defects or contamination during the
transfer process, which can significantly impact device performance and reliability [39,
63]. Secondly, using two different TMD materials necessitates the use of separate contact
metals for each channel. This increases the processing complexity and translates to a

longer and more time-consuming fabrication procedure.

V
Vg > out

Figure 1.3: An experimental example of a CMOSFET inverter device that combines
MoS2, n-FET and TMD «a-MoTe, p-FET horizontally [1].

To address these fabrication obstacles, researchers have explored the use of ambipo-

lar TMDs, which are TMD materials that can exhibit both n-type and p-type behavior
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depending on various factors like doping or gate voltage. Materials like MoTe; [64] and
ReSe, [64] have shown promise as single-channel CMOSFET materials. This approach
eliminates the need for complex multi-material transfer processes and separate contact
metals, simplifying fabrication and potentially paving the way for more efficient and scal-

able TMD-based CMOSFET production.

1.3 Transport Properties Simulation on TMD Materials

Just like the material’s transport properties, mobility also significantly impacts a
FET’s performance. Higher mobility translates to better current density and faster switch-
ing speeds. While current limitations in TMD fabrication, such as grain boundaries and
defects, hinder mobility in real-world devices, simulations can predict the optimal mobil-
ity achievable with future advancements. This allows researchers to envision the upper-

performance limits of TMD-based FETs.
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Figure 1.4: Anillustration of a model used to comprehend semiconductor carrier transport.

The Boltzmann transport equation (BTE) and Monte Carlo method are the two com-

mon approaches that are frequently implemented in theoretical transport studies. To repre-
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sent the transport phenomena, the BTE used a distribution function under an external per-
turbation in terms of the Fermi-Dirac function. We can infer all of the transport parameters
from the distribution, which would show us how electrons are spread in the k-space. The
distribution function will stabilize after taking scattering, applied fields, and carrier diffu-
sion into account through an iterative approach or writing into a balanced equation form.
Transport characteristics under an electric field, such as conductivity and mobility, may
then be computed by using the relaxation time approximation. However, another effective
technique for modeling electron transport turns out to be the Monte Carlo approach. To
reflect the possibility of various interaction scenarios, the procedure starts with specifying
the precise scattering processes in mathematical equations that are then put into probabil-
ity distributions. Next, a large number of simulated electron scattering events are gener-
ated by the Monte Carlo approach using random number generators. Based on the stated
distributions, the model determines the likelihood of different scattering events (such as
collisions with phonons or impurities) for each route. Following each scattering event, the
energy and direction of the electron are then updated to simulate its motion through the
medium, similar to the carrier transport behavior in a material. As a result, characteristics
like conductivity and mobility are achieved [65]. Numerous studies have estimated the
top bound of intrinsic transport in various TMDs by calculating the high-field peak veloc-
ities and low-field mobility using the two previously described approaches [4, 66], where
the comparison with experimental value is also given in Table 1.1. The huge difference
between the simulated and experimental values indicates that significant advancements

are needed in TMD fabrication processes to realize the full potential of TMD devices.
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Table 1.1: Intrinsic carrier mobility at room temperature of TMDs and Janus TMDs from

the literature. Mobilities (1) are all in units of cm?V ~1s71.

TMD Material | Simulated p. | Experimental y. || Simulated 1, | Experimental 1
MoS, 181 [4] 30 [67] 270 [66] 8.5(Doped)[57]
MoSe, 150 [4] 50 [68] 90 [66] 0.023 [6Y]
MoSSe 157 [4] - - -

WS, 382 [4] 33[67] 540 [66] 18.84 [70]
WSe, 264 [4] 140(Flake) [68] 270 [66] 110 [71]
WSSe 238 [4] - - -

1.4 Introduction and Applications of Janus TMD Mate-

rials

Different from the MXs composition, Janus transition metal dichalcogenides (JT-
MDs) exist in MXY stoichiometry, where M = transition metal and X, Y = S, Se, or Te,
with X # Y, might be an additional approach to creating a CMOSFET from a single ma-
terial. Several JTMDs have been successfully synthesized in recent years using various
methods. Lin et al. [72] prepared Janus WSSe by pulsed laser deposition, while mono-
layer MoSSe was synthesized using chemical vapor deposition combined with plasma
stripping [73] or an atomic replacement process [ 74]. Previous theoretical studies of these
JTMDs have confirmed their manufacturing stability, which unequivocally demonstrates
that their phonon spectra are stable and free of imaginary frequencies [75, 76]. In con-
trast to TMDs, JTMDs feature two distinct chalcogen-atom layers that combine to form an
asymmetric sandwich shape that generates an electric field vertical to the horizontal atomic
plane. Due to the dipole-like property of this out-of-plane field, it may find use in gas sens-

ing devices, catalysts, as well as piezoelectric, and electronic spinning devices [77-79].

Nevertheless, simulation research has demonstrated that when different sides are at-

tached to graphene, this intrinsic dipole feature of JTMDs can allow the formation of both
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Figure 1.5: An illustration of a comparison of typical TMD and Janus TMD crystal struc-
tures in atomistic configurations. Janus TMDs have an intrinsic out-of-plane dipole due
to structural asymmetry.

n- and p-type contacts concurrently without the need for extra doping [80—82]. This can
be implemented in the construction of pin-diode[&1] or photovoltaic[82] devices. Fur-
thermore, theoretical research has demonstrated that the intrinsic dipole present in JTMD
MoSSe linked to metals could significantly diminish the SB upon contact [57]. Un-
der some circumstances, the aforementioned JTMD/electrode contact devices may even
achieve Ohmic contact[57, 80]. Nevertheless, the utilization of n- and p-type Ohmic con-
tacts’ advantages in FET applications has not yet been investigated, in contrast to opto-
electronic devices. Moreover, little research has been done on using this intrinsic dipole
feature to create doping-free FETs or CMOSFETs. Therefore, looking at the possible ap-
plication of JTMD on CMOSFET is crucial and necessary. Part of this work has been

published in [3].
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Chapter 2

Methodology

2.1 Overview

This chapter details the methodological framework employed to calculate and ana-
lyze the electronic and contact properties of layered MoSSe, ultimately investigating its
device behavior in CMOSFETs. We use a variety of computational techniques, such as
density functional theory (DFT), density functional perturbation theory (DFPT), electron-
phonon Wannierization (EPW), non-parabolic band fitting, the multi-valley Monte Carlo
method, and the Poisson—Drift-Diffusion iterative solver. Figure 2.1 shows a detailed
flowchart that illustrates the simulation procedure from start to finish. The mobility ex-
traction procedure (Blue-dash box in Figure 2.1) of the TMD materials which utilized the
first-principle and Monte Carlo combination method was published by Pai [4], those in-
terested can find more information in his paper. The basic principles of the computational
techniques are given in the following sections, where the computational details for each

calculation method are also given as a reference.
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Figure 2.1: Flowchart of the device simulation process. JTMD-related inputs of the device
simulations are all calculated by the first-principle method.

2.2 Structure Building

The atomic structure buildings and visualization of the layered JTMD and MoSSe
contact in this work are all produced by VESTA, which is a powerful and versatile tool
for researchers and students who need to visualize and analyze 3D structures [83]. We
specify our contact structure building here since it is somewhat complicated. To achieve
MoSSe contact structure, we affix a VT x VTx1 supercell of Graphene toa 2 x 2 x 1
MoSSe supercell for contact simulation. Six layers of (111) Al ina 2 x 2 x 1 supercell
are connected to a v/3 x v/3x1 MoSSe supercell, whereas six layers of (111) Cu in a
VTxVTx1 supercell is connected to a 2 x 2 x 1 MoSSe supercell. The bulk feature of the

metal is guaranteed by the six layers of metal slabs. Below 5%, all lattice incompatibilities
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are managed and an energetically favorable surface simulation model is developed for each
metal [84]. The vacuum is set to 15-20 A for all systems to avoid interactions between

neighboring supercells.

2.3 Density Functional Theory and Related Methods

2.3.1 Introduction

To know the solid’s characteristics, solving the time-independent Schrédinger equa-
tion with a high number of electrons, which is a many-body problem, is necessary. How-
ever, even a basic two-electron system is already quite hard to acquire an analytical so-
lution through the Schrédinger equation, let alone solid materials. The problem creates
difficulties for researchers to directly apply simulation approaches to solid material re-
search and analysis in the past.

Non-interacting

& ion

\
\ ion

&/

Many Body Approach DFT Approach

Figure 2.2: Diagrammatic representation of the transition from a many-electron system to
an electron density.

Density Functional Theory (DFT), introduced recently, is now the basis for first-

principles simulations due to the reasonable balance between calculating efficiency and ac-
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curacy. This theory reduces complex many-body problems to the motion of non-interacting
electrons in an effective way. For instance, consider a system with N electrons. The clas-
sic many-body approach requires 3N coordinates parameters; however, DFT requires just
3 coordinates, regardless of the number of electrons in the system. Stated differently, the
electron density is reduced to a simpler computational entity. The wave functions in terms
of electron density can be obtained iteratively by solving two sets of equations: the Kohn-
Sham equations (Simplified Schrodinger equation) and the Effective Potential equation.
As the electron densities are known, any electron-related ground state properties, such as
electronic distribution, band diagram, density of states (DOS), and electrostatic potential,

can be calculated [2].

Initial Guess DFT Self-Consistent

Electron Density: n'(r) Iterative Algorithm
Calculate Effective Potential No)
Veff (1) = Vext ) + Viareree () + Vexe(n)
l Self Consistent? —
Solve KS Equation

[_%Vz + Vs f(r)] W (r) = &)W ()

l (

Calculate Electron Density Output

New Electron Density: n'(r) Energy, Forces, Eignvalues

Figure 2.3: Flow chart of the self-consistent iterative algorithm in DFT [2].

Given that intrinsic carrier transport is primarily constrained by phonon-related scat-
tering at room temperature, gaining insights into how carriers interact with phonons be-

comes crucial for resolving transport behavior from a theoretical standpoint. The electron-
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phonon (e-ph) interaction plays a significant role, involving the phonons generated by
lattice dynamics and the electrons. Researchers commonly integrate DFT with other tech-
niques or employ advanced variants to tackle specific challenges in simulation. For exam-
ple, phonon frequencies, dielectric constants, and phonon dynamical matrix are computed
by combining DFT with perturbation theory, known as Density Functional Perturbation
Theory (DFPT). By examining how the system’s electrical structure responds to minor
perturbations, DFPT expands on DFT. With DFPT, we can compute several physical pa-

rameters by examining the perturbation-caused reaction [2].

Coarse Real Fine
Mesh Space Mesh

MLWF . MLWF
é é

g, (K.q) g (K'q")

Figure 2.4: Diagrammatic representation of the physics-based interpolation from a course
to a dense mesh, where g,,,,,,,(k,q) is the e-ph matrix element.

Common material characteristics like resistivity, thermoelectricity, and superconduc-
tivity, among others, are intimately linked to how electrons and lattice vibrations interact.
As comprehensive data on electron and phonon properties is available, interpolation can be
performed using maximally localized Wannier functions (MLWFs), allowing us to lever-
age the spatial localization of e-ph matrix elements in the Wannier representation on highly
dense momentum grids. Though localized, MLWF offers an appealing alternative to con-
vey the same information as the Bloch functions when depicting the space occupied by

a Bloch band in a crystal. This localized representation lowers computational costs by
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enabling accurate band structure interpolation in reciprocal space, enabling precise com-
putation of derived features, including optical properties, transport, and e-ph coupling
calculation [85]. Subsequently, computing acoustic- and optical-phonon scattering rates
becomes feasible through Fermi’s golden rule, given the availability of known e-ph matrix

elements.

Quantum ESPRESSO[86] is used to do the DFT/DFPT computations while the Electron-
Phonon Wannier (EPW) program [87] is in charge of electron-phonon-related computa-
tions. Both software are free and open-source computational tools widely employed in

first-principles calculations across diverse research fields.

2.3.2 2D System Dielectric Constant Extraction

The inclusion of the vacuum layer across the z-axis presents a challenge when seek-
ing to calculate the in-plane dielectric constant (¢)) and out-of-plane dielectric constant
(e1) using DFT in 2D material systems. In DFT calculations, the necessity of including
a vacuum layer to prevent interactions between periodic images introduces an artifact,
leading to discrepancies between the calculated macroscopic dielectric constant and the
actual value for thin-layered TMDs. Akash Laturia et al. proposed a method utilizing the
principle of the equivalent capacitance method [£8] to distill the dielectric constants by
eliminating the contribution of the vacuum layer. After applying the equivalent capaci-

tance method in series on 2D material systems, the e;p || and €zp 1 can be written as:

€, = [1+ CEZ(GAZI,H - 1), (2.1)
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c 1
€p.L = [l + E( — 1)L (2.2)
€Al L

In Eq. (2.1) and Eq. (2.2), €4y, and €4y, indicate the whole simulated system’s
in-plane and out-of-plane dielectric constants, c is the thickness of the simulated cell con-
taining the 2D material, and d is the layer-to-layer thickness from transition metal to tran-
sition metal. A common approach to determine the parameter d for an N-layer TMD
system involves calculating the DFT relaxed structure of an (N+1)-layer system using
DFT. The average value of d obtained from the (N+1)-layer system is then used for the
N-layer system. This method is pretty sensitive to layer thickness which sometimes causes
unreasonable dielectric constants. Thus, relaxation conditions have to be set strictly and

carefully to prevent incorrect results.

2.3.3 Spontaneous Polarization Extraction

Spontaneous polarization (Fp) is an intriguing phenomenon that may happen in the
microscopic realm of materials where their average balance of positive and negative elec-
trical charges are not exactly equal. The fundamental feature of P, is this internal sep-
aration of charge because of their electrical and crystallographic characteristics, which
occurs in the appearance of structural asymmetry. Materials like GaN, AIN, BaTiO3, and
JTMDs exhibit this property. In the device simulations, this dipole effect is represented
by a P, term, as seen by the vertical arrow in Fig. 1.5. The P, term can be expressed as a

combination of the internal electric field £ and the out-of-plane dielectric constant esp | :

Psp = €2D,LE- (23)
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The e2p | can be calculated using the method described in the previous section. The

E is then determined based on the JTMD thickness and the difference in electron affinity

between the two outermost layers.

2.3.4 Computational Details

Table 2.1: First-principle DFT/DFPT simulation input parameters in QE software.

Executed Program | Parameters Input Value
forc conv thr 10~* Ry
etot conv thr 10-¢ Ry

conv thr

ecutwfc

ecutrho
mixing beta

10-% (MoSSe) / 10~7 (Hetero) Ry
50 (MoSSe) / 40 (Hetero) Ry
ecutwfcx 8
0.7 (MoSSe) / 0.5 (Hetero)

pW.X k-point mesh | 18x18x 1 (MoSSe) / 8x8x 1 (Hetero)
tefield TRUE
dip_field TRUE
eamp 0
edir 3
emaxpos 0.95
eopreg 0.05
tr2_ ph 1014 Ry
ph.x alpha mix(1) 0.7
g-point mesh 6x6x1

Quantum ESPRESSO is used for all DFT/DFPT-related computations. The gener-
alized gradient approximation (GGA) of the norm-conserving Vanderbilt[£9] pseudopo-
tentials and Perdew - Burke - Ernzerhof (PBE) exchange-correlation functional is com-
bined with DFT-D3 van der Waals correction[90]. For all computations, the Monkhorst-
Pack k sampling is employed. The geometry is revised until the maximal residual forces
are smaller than 0.015 eV/A. Currently, dipole correction (tefield, dip field, eamp, edir,
emaxpos, and eopreg are all dipole-correction-related parameters) is applied to all MoSSe
structures to counteract the artificial electric field that arises from their asymmetric topolo-

gies. For MoSSe hetero-structures, Marzari-Vanderbilt smearing with 0.01 Ry degauss is
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applied due to the metal material in the system. Table 2.1 provides the in-depth specifica-

tions.

Table 2.2: First-principle e-ph scattering rate simulation input parameters in EPW soft-

ware.
Executed Program | Parameters | Input Value
lifc TRUE
asr typ "crystal’
efermi read TRUE
fsthick 6.0 eV
temps 300 K
degaussw 0.001
epw.X nk mesh 30x30x1
nq mesh 6x6x1
nqf mesh | 800x800x 1
elecselfen TRUE
phonselfen FALSE
a2f FALSE
system_2d TRUE

EPW handles the e-ph interaction calculation on an ultra-dense mesh to assess the
e-ph matrix elements between electronic states and phonon wave vectors. This requires
using MLWF interpolation to evaluate the Brillouin zone integral for each phonon wave
vector. In our study, an 800x800x 1 fine ¢g-point mesh is used to evaluate the matrix
element. The e-ph matrix element g,,,,, , (Eq. (2.4)), electron self-energy 3, ph (Eq. (2.5)),

and the e-ph scattering rate in terms of relaxation time 7,,x (Eq. (2.6)) are given as follows:

1
gmn,u(k7 q) = 5 <1/)m,k+q|aquv|wn,k> ) (2.4)
Wav
s ph Z/ L P n(wqy) + f(€mkiq)
— JBz Qpz Emn,y €nk — Emk+q + Wqu + 10
4 (2.5)
n(wyg) + 1 = f€mkiq)
€nk — €mk+q — Wqv + )
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12
— = ﬁlm(Z;ph). (2.6)

Tnk

The electron wave function is denoted by 1, the phonon of wave vector q, branch
index v, and frequency wy, is represented by €, the phonon energy in the phonon branch
v and state q by wy,, the Bose occupation factors are represented by n(wg,), and 0 is a
real positive infinitesimal parameter that ensures the correct mathematical formalization
of the self-energies and prevents numerical issues. The Brillouin Zone (BZ) of volume

Q2 is covered by the integrals. In-depth specifications are provided in Table 2.2.

2.4 Non-parabolic Band Fitting

In this study, the materials possess a multi-valley band structure with energy varia-
tions between the valleys. This characteristic leads to significant electron scattering via
both intravalley and intervalley phonon interactions, which are crucial for electron trans-
port behavior under various electric fields. To address this complexity, a multi-valley
model is employed. This model simplifies the transport across the entire Brillouin zone
by focusing on the two lowest valley types that dominate the transport properties. Follow-
ing density DFT calculations, we utilize a non-parabolic effective mass approximation to
perform material parameter fitting:

h2k>

E(l+aF) = Sy

2.7)

Using m* as the effective mass to represent the low energy band and the non-parabolicity

coefficient « to describe the isotropic nature in the high energy region, the Eq. (2.7) could
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be extended into a two-dimensional specification:

nk: Ik

* x
2my - 2my

E(l+aF) = 2.8)

The £, and k, present the difference in different transport directions if the valley in the

two directions is anisotropic.

2.5 Deformation Potential Model

2.5.1 Intravalley Scattering

Unlike a perfect picture, real crystals have constantly vibrating atoms. These vibra-
tions strain the crystal, affecting electron behavior and creating strain energy. Phonons,
acting like particles, capture this effect. Collisions between electrons and phonons are a
result of these vibrations, which is the concept of previous e-ph interaction. Two main
phonon types exist: acoustic (atoms move in identical directions) and optical (atoms vi-
brate against each other). The acoustic phonon scattering rate, after using the perturbation

potential representation, can be described by [91]:

wkpT D?
Woe(k) = #NQD(Ek), (2.9)

where kg7 is the Boltzmann constant times temperature, p is the mass density of a two-
dimensional substance, v, is the sound velocity, D,. is the intravalley acoustic phonon
deformation potential and N5 is the 2D density of states. In low electric field or low
electron energy circumstances, acoustic phonon scattering is the predominant scattering

process because of the small amount of transfer of energy.
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On the other hand, optical phonon scattering, also originated from the energy per-
turbation caused by strain even though optical phonons exist in different atomic vibration
directions. Optical phonon energy remains non-zero even as the ¢ momentum approaches
zero. When there is no phonon energy, energy must either be emitted or absorbed during
the electron and phonon contact process. Using the perturbation potential formulation, the

optical phonon scattering rate may be expressed as the following equation similarly [91]:

wD2 1 1

2.5.2 Intervalley Scattering

Carriers may travel from one valley to another since the band structure has several
valleys. This valley-to-valley scattering of carriers resembles a deformation potential in-
teraction. Energy conservation must be met during the scattering process whenever elec-
trons take in and release a phonon. The phonon-assisted scattering between intervalley

may be expressed as [91]:

abs/emi 7TD2C 1 1

WA(Z/ (k) = 2p—£ [n(WAc) + 5 F 5} Nop(Ey £ hwae), (2.11)
abs/emi 7TD2 1 1

W (k) = TZ” {n(wop) +oF 5} Nop (B £ hwop), (2.12)

The footnotes ”Ac” or ”Op” indicate the phonon type engaged in intervalley scattering.

All scattering mentioned above formulas could be applied to hole transport as well.
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Figure 2.5: The electron/hole mechanism of intervalley e-ph scattering. Electrons from
phonons can be absorbed or emitted, causing scattering between the two valleys.
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2.6 Multi-valley Monte Carlo method

The physical information required to model transport qualities using the Monte Carlo
approach is provided via DFT, DFPT, and EPW computations. Carrier transport in a sim-
ilar fashion to Fig. 1.4 after accelerated by an electric field. During ballistic transport, a
carrier experiences repeated collisions with phonons—quantized lattice vibrations within
a material. The carrier’s momentum and velocity fluctuate randomly due to these scat-
tering occurrences. An effective technique for simulating this intrinsically unpredictable
process is the Monte Carlo approach. The approach precisely reconstructs the carrier’s
track, allowing the study of its transport characteristics within the material, by statistically
sampling the time intervals between scattering events and the post-scattering state. The

Monte Carlo method’s specific stages are shown in Fig 2.6.

Monte Carlo Simulation Process

Input E Field
Random Number Generator » k
No )
Determine Free Flight Time
Yes
Total Flight “
Random Number Generator » Reached?
Scattering Event Selection
Random Number Generator » l
Output
Calculating Final State <E>, <v>, <k>

Figure 2.6: The process of Monte Carlo simulation.
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The final state of simulated electrons, scattering events, and free-flight time are con-
trolled by a Monte Carlo method using random number generation. Through hundreds
of repetitions of this procedure in a certain electric field, we can determine the average
carrier velocity and mobility. To ensure statistical stability and mitigate any potential bi-
ases resulting from the random number sequence, every simulated electron is given a total
flight period of 10° nm. Mobility and velocity parameters that depend on the given field

can be assessed using this method.

2.7 Poisson and Drift-Diffusion Model

The self-consistent drift-diffusion equation model is the most basic and well-known
model that describes semiconductor device physics and its electrical properties. This ap-
proach was created over 20 years ago and has been extremely successful in numerous
academic groups ever since. The Poisson equation describes the potential distribution in
the device via carrier distribution under a given bias, and the drift-diffusion equation ex-
presses the current distribution. Both the Poisson and drift-diffusion equations are solved

self-consistently through an iterative process, in which the equations are as follows:

VD =V, [eV,V(r)] = q(Ny — N +n(E, Epn) — p(Ey, Epp)), (2.13)
I = —qpnn(Ee, Ep, )V, V(1) + ¢D, V.0 (E., Et,), (2.14)
Jp = _q,upp(Em Efp)er(T) - quvrp(Eva Efp)a (2-15)

where V' is the electric potential, F. is the conduction band potential, £, is the valance
band potential, s, and EY,, are the quasi-fermi level for electron and hole, respectively.

N is the doping concentration of the acceptor, N}, is the doping concentration of the
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donor, n is the concentration of electrons, p is the concentration of holes, notations .J and D
are the current densities and diffusion coefficients, accordingly. Our in-house developed
2D finite-element-based Poisson-drift-diffusion solver (2D DDCC) is employed for all
simulations, enabling us to analyze the performance of a wide range of devices. This solver
is the basis for all device simulations discussed in this work. Those who are interested in

this software could check Dr. Wu’s website at http://yrwu-wk.ee.ntu.edu.tw/.

2.8 Absorption-related Properties Extraction

A random-phase approximation (RPA) frequency dependent complex dielectric func-
tion is used to obtain the absorption-related properties implemented in the epsilon.x code
in Quantum Espresso [£6]. Mainly three parameters are calculated using this code: the
real part of the dielectric function ¢,, the imaginary part of the dielectric function ¢;, and
the joint density of states (JDOS). The smearing type is set to *gauss’, the number of points
of the frequency mesh is set to 10000 to ensure enough emergence of JDOS peaks, and

the smearing is set to 0.0259 (close to a single kg T) in all epsilon.x calculation input.

After requiring the three key parameters, the absorption coefficient « for the inter-

ested 2D material is calculated using the following equation:

o) = & = Wans (2.16)

?
cno Cnpy

with the light speed ¢ and the refractive index n = 1 due to a large vacuum introduced in
the simulated system [7]. Then the @ can written into the form of a direct band-to-band
absorption rate W, and the incident photon number n,,,, which can further be used to

extract the energy equivalents of the principal inter-band momentum matrix elements E,,.
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The band-to-band absorption rate W, is written as [65]:

weXhin,y,
Wops = ———— w?N. 2.17
b = R o) (@ ® p)ew|“Nipos, (2.17)
and the E,, is defined as:
2 CcU 2
Ep=—|(a°p) | ; (2.18)

mo
where N;pos stands for epsilon.x calculated JDOS for the calculated system, which is

calculated using the below formula:

1 _(Ek7f - Ek7i — Cd)z kak’
Njpos = E E E —~c exp{ g X (2%)3’ (2.19)
kK i f

with a broadening factor o, and the transition energy of Fy  — Ex ;. On the other hand,

the V;pos using the theory of 2D JDOS can be written via reduced effective mass (m;)

as follow:
1 1 \—1
mr (m_ + m_)
Nop jpos = — = —————+—. (2.20)
7h 7h
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Chapter 3

Properties of Janus MoSSe

3.1 Overview

This chapter delves into the fundamental transport and contact properties of Janus
MoSSe. MoSSe was chosen for this investigation due to its pioneering role as the first
discovered JTMD and its prevalence in synthesis [73, 74]. We begin by examining the
band structures of MoSSe for mono-layer (1L), bi-layer (2L), and tri-layer (3L) config-
urations. Subsequently, leveraging calculated deformation potentials, we determine the
intrinsic transport mobilities of electrons and holes for 1L- and 3L-MoSSe. These in-
trinsic mobilities, dominant under low carrier and impurity concentrations, represent the
upper limit of a material’s transport properties. Notably, the mobility of 3L-layer MoSSe
is further employed in device simulations. In parallel, we explore the hetero-structures
of MoSSe to elucidate their contact characteristics and understand how MoSSe’s contacts

deviate from those of traditional TMD materials.
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3.2 Band Structures and Related Electronic Characteris-

tics of MoSSe

3.2.1 Structural Relaxation and Band Structures

To study how the MoSSe layer affects the electron characteristic, we construct an
AA’ 2L-MoSSe and AA’A 3L-MoSSe structure as our main calculating systems since The
AA’ and AA’A stacking shows a relatively stable stacking sequence among five stacking

sequences for TMD materials [92, 93].

The DFT calculated lattice constant for the 1L-, 2L-, and 3L-MoSSe are 3.25 A,
3.23 A, and 3.23 A, respectively. The layer distance (From Mo to Mo) and the inter-
layer distance are about 6.44 A and 3.24 A, respectively, showing a good agreement with

previous studies [79, &1].

Table 3.1: The DFT calculated lattice constants, band gaps, K - Q valley separations
(AEKkg), K-T valley separations (AEkr / AErk), and the effective masses at relevant
energy valleys for all MoSSe systems.

MoSSe a Eg AEKQ AEKF / AEFK Mek | Me@ | MhK | MAT
Layer | (A) | (V) | (eV) (eV) (mo) | (mo) | (mo) | (mo)
1L 325 ] 1.56 | 0.21 0.02 (AEkr) | 0.51 | 0.81 | 0.61 | 2.90
2L 3231 0.78 | 0.11 0.15(AFErk) | 046 | 0.79 | 0.58 | 1.30
3L 3231024 | 040 036 (AFErk) | 0.37 | 0.47 | 0.48 | 0.75

Figure 3.1 depicts three systems’ resulting electronic band structures. Only the single
layer MoSSe exhibits a direct band gap with the conduction minimum and valence band
maximum located at the same K point in the momentum space. Increasing the number of
MoSSe layers to two and three induces a transition in the valence band maximum to the I'
point, signifying a characteristic shift towards an indirect band gap. 1L-MoSSe exhibits a

band gap of 1.56 eV, which progressively decreases to 0.78 eV and 0.24 eV for 2L-MoSSe
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Figure 3.1: Schematic of the calculated band diagram of (a) 1L-layer MoSSe, (b) AA’
stacking 2L.-MoSSe, and (c¢) AA’A stacking 3L-MoSSe.

and 3L-MoSSe, respectively. Beyond the band gap, the first conduction band displays the
second lowest six-fold degeneracy valley at the K-I" direction, often referring to the Q val-
ley. The energy difference between K and Q valleys, denoted as A E, can be directly
extracted from the band diagram. Similarly, the highest valence band exhibits two domi-
nant valleys at the K and I points. Their energy difference, A EF'xr, can also be determined
from the calculated band structure. These energy differences significantly influence trans-
port characteristics, which will be discussed in a dedicated chapter. In summary, Table

3.1 compiles the band-related parameters obtained from the DFT calculations.
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Figure 3.2: (a) The projected band structure of 3L.-MoSSe with AA’A stacking is pre-
sented. Green, blue, and red dots differentiate the top, middle, and bottom MoSSe layers,
respectively. (b) The projected band structure of the 3L-MoSSe is shown from a side
view, highlighting the mutual offset in each layer. This offset leads to a P, throughout
the system, depicted by the black arrow. This work has been published in [3].

To delve deeper into the layer-dependent properties of the 3L-MoSSe system, its
projected band structure is presented in Fig. 3.2(a). All three MoSSe layers exhibit an
indirect band gap, with the conduction band minimum located at the K valley and the

valence band maximum at the I" valley. Figure 3.2(b) further details the projected band
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structure for each MoSSe layer. The green, blue, and red dots represent the contributions
from the top, middle, and bottom layers, respectively, corresponding to the colored arrows
in Fig. 3.2(a). By isolating the band components of each layer, we observed a systematic
shift of 0.43 eV with the addition of each MoSSe layer. This translates to an average band
gap of 1.212 eV for a single MoSSe layer if considered independently. This inter-layer in-
teraction stems from the intrinsic out-of-plane dipole moment within MoSSe. Analogous
to those spontaneous polarization inherent materials such as gallium nitride, this dipole
effect can be incorporated in device simulations using a spontaneous polarization term,

Py, represented by the two diagonal black arrows in Fig. 3.2(b).

3.2.2 Spontaneous Polarization

The electrostatic potential plot can also present the P, phenomenon, which is also
used to determine the intrinsic electric field £ in MoSSe systems. As Fig. 3.3 shows,
the electron affinity of MoSSe decreases from 5.33 eV for a mono-layer to 4.47 eV for a
bi-layer and reaches 3.97 eV for a tri-layer. The energy offset in 3.3(c) also corresponds
well with the systematic shift in Fig. 3.2(b). By dividing the single-layer energy difference
by the distance between two vacuum regions, we can obtain the MoSSe’s intrinsic dipole
field, presented by F, in the vertical direction. According to the calculation results, the
calculated electric dipole field is approximately 1.36 x 10° V/m. This electric dipole field
value is much higher than that of common III-V semiconductor compounds such as GaN.
This strong dipole characteristic endows MoSSe with significant potential for application

in various devices.

The out-of-plane dielectric constant, which is the other important component for P,
is calculated through the DFPT method and is distilled to a 2D component using the equiv-

35 doi:10.6342/NTU202403452



alent capacitance strategy (See section 2.3.2), which the results before and after distilled

are both given in Table 3.2. After extracting e;p, | and E, the MoSSe’s P, term can be

obtained by Eqn. (2.3), which the results are also recorded in Table 3.2.

a b
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Figure 3.3: The DFT calculated electrostatic potential plot with (a) 1L-MoSSe, (b) 2L-
MoSSe, and (c) 3L-MoSSe. The intrinsic dipole field of MoSSe is also calculated. The
electron affinity for each system can also be known from the left-hand side vacuum region.

Table 3.2: The DFT calculated electron affinity, in-plane dielectric constant, out-of-plane
dielectric constant, and the spontaneous polarization for all MoSSe systems. d and c are

defined Eqn. (2.1) and (2.2).

MoSSe | E., C d €, | €An,L | €p, | €D,1 P,
Layer | (eV) | (nm) | (nm) | (&) | (e0) | (€0) | (o) (cm™?)
1L 5.33 20 642 | 570 | 1.36 | 15.65 | 5.81 | 4.31 x 103
2L | 447 | 35 |13.05| 648 | 1.45 | 15.70 | 5.96 | 4.40 x 103
3L 3.97 35 19.00 | 9.10 | 1.84 | 15.93 | 6.31 | 4.76 x 103
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3.3 Contact Characteristic of MoSSe

3.3.1 MoSSe with Graphene as Contact

Building upon the influence of F,,, we now investigate its impact on MoSSe-contact
interactions. Our initial focus is on the common 2D material contact graphene (Gr). Thus,
the Gr/AA’ A-MoSSe/Gr heterostructure, where the S and Se sides of MoSSe are attached
to Gr electrodes. This configuration introduces a 1.11% lattice mismatch between MoSSe
and Gr. Figure 3.4(b) depicts the projected band structures of this system. Intriguingly,
when Gr contacts the Se-face of 3L-MoSSe (shown in red), the Fermi level of the entire
system dips 0.38 eV below the MoSSe conduction band, signifying the formation of an
n-type Schottky barrier. Conversely, Gr contact with the S-face of 3L-MoSSe (shown in
green) reveals a p-type Ohmic contact at the I" point. These observations align well with

previous research on JTMD-graphene contacts [80, 81].

The unique P, property likely explains the formation of both n- and p-type contacts
depending on the contacting face of MoSSe with Gr. Furthermore, Figure 3.4(c) illustrates
the impact of this intrinsic dipole. When the Se-face contacts Gr, the Py, pulls Gr down-
wards, shifting its Fermi level above the Dirac cone, resulting in intrinsically n-doped Gr.
Additionally, the P, tilts the band edges of Gr, leading to a smaller energy difference be-
tween the Gr Fermi level and the MoSSe conduction band compared to the valence band
offset at the Se/Gr interface. This scenario favors the formation of an n-type region. On the
other hand, S-side attachment elevates the Gr band energy, causing the valence band edge
to intersect the Fermi level. This indicates intrinsic p-doping of Gr and the formation of a

p-type contact region. Notably, the integrity of the Dirac cone in both Gr structures within
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the band diagram suggests the presence of physisorption between the two materials [94].
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Figure 3.4: (a) Schematic of the calculated Gr/AA’A-MoSSe/Gr heterostructure. The
color scheme for the MoSSe layers corresponds to the previous 3L.-MoSSe projected band
figure. Gray and black dots represent the contributions from the S/Gr and Se/Gr electrodes,
respectively. (b) Projected band structures for the Gr/AA’A-MoSSe/Gr system, revealing
a 0.38 eV n-type Schottky barrier contact and a p-type Ohmic contact. (c) Side-view
depiction of the layer separation within the Gr/AA’A-MoSSe/Gr system. The intrinsic
dipole field (i.e. F,) induces p-type doping on the Gr electrode attached to the S-face of
MoSSe and n-type doping on the Gr electrode attached to the Se-face. This work has been
published in [3].

3.3.2 MoSSe with Metal as Contact

Complementing our investigation with practical considerations, we explore metal

contact systems due to their prevalence in electrode applications. Common materials like
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aluminum (Al) and copper (Cu) were chosen for this exploration [42, 43, 47-49]. Fig-
ure 3.5(a) depicts the simulated heterostructure of a 2L.-MoSSe material with a metal con-
tact. Figures 3.5(b) and 3.5(c) showcase top-down views of this structure for both Al
and Cu contacts, revealing lattice mismatches of 0.44% and 2.97% for 2L.-MoSSe/Al and

2L.-MoSSe/Cu, respectively.

To understand the electronic interactions, Figures 3.6(a) through 3.6(d) present the
projected band structures. Figures 3.6(a) and 3.6(c) depict the scenario where the Se-face
of MoSSe contacts the electrode, while Figures 3.6(b) and 3.6(d) represent the S-face at-
tachment. When bilayer MoSSe (2L-MoSSe) attaches to the Al (111) face on either the Se
or S side (as shown in Figures 3.6(a) and 3.6(b)), the 2L-MoSSe band aligns with the Fermi
level, indicating the formation of Ohmic contacts between the metal and 2L-MoSSe states.
Unlike the previous Gr cases, the projected band structures for these metal contacts reveal
chemisorption characteristics due to the presence of significant hybridization evident in

the band diagram.

2L AA’ Stacking MoSSe
E 6 layers Al/Cu J

Figure 3.5: (a) A computed 2L-MoSSe/metal heterostructure system illustration. Top
views of the 2L.-MoSSe/Al (111) and 2L-MoSSe/Cu (111) systems are shown in (b) and
(c), respectively.

A key difference between MoSSe and typical TMDs is the role of the internal electric
field in MoSSe. This field plays a crucial role in enhancing the density of interface states.

In MoSSe specifically, the electric field promotes the creation of electronic energy levels
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at the metal-semiconductor interface through a chemisorption-like bonding process. This
phenomenon leads to a higher density of interface states between the two materials [57].
These additional bonding states, arising from the P, in MoSSe, are highlighted by the
dotted frames in the density of states (DOS) plots for all systems [94]. Due to the presence
of these additional chemical bonding states, it becomes difficult to definitively identify the

MoSSe band edge closest to the metal layer.

We analyze the impact of the previously mentioned P, direction on the band-edge
distribution of the MoSSe layer closest to the metal (1L MoSSe). We then correlate this
analysis with the peak observed at the valence band edge (Ev edge) of MoSSe layers. The
corresponding band edge with its Density of States (DOS) is depicted on the right side of
Figs. 3.6(d) and (e). In the Se-face contact with Al (Fig. 3.6(a)), the Fermi level aligns with
the valence band edge of the outer MoSSe layer (2L MoSSe). Due to the upward P, the
energy band of the inner layer (1L MoSSe) shifts downwards. Supported by the peak at the
Ev edge, this suggests a Fermi level closer to the conduction band, indicative of an n-type
contact tendency. Conversely, when the S face contacts Al (Fig. 3.6(b)), the downward
P, pushes the energy band of 1L MoSSe upwards. Comparing this scenario, the Fermi
level resides in the middle of the band gap, suggesting a p-type contact tendency. While
we can infer n- or p-type tendencies in both systems, the presence of numerous bonding
states within the gap region of 1L MoSSe signifies the formation of Ohmic contacts. This
implies that both electrons and holes can readily flow through this low-tunneling barrier,
ultimately enhancing device performance. Similar observations of n- and p-type Ohmic
contact formation are made for Cu (111) with different face attachments (Fig. 3.6(c) and
(d)). This suggests that Cu can also form Ohmic contacts upon attachment to 2L.-MoSSe.

This chemisorption-like property offers the advantage of reducing the tunneling barrier at
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Figure 3.6: (a) and (c) are the projected band structures with Se-side contact. (b) and (d)
are the projected band structures with S-side contact. For all 2L-MoSSe/Al systems, the
2L-MoSSe DOS is given. For reference, the band-edge correspondence diagram showing
the connection between the valence band (Ev) and conduction band (Ec), and Fermi level
(Ef) is placed on the right side of the picture. The projected band structures and the 2L-
MoSSe DOS of the MoSSe Se-side and S-side contact with Cu are shown in (c) and (d),
respectively. The metals’ contributions are the gray areas. This work has been published
in [3].
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the contact region, leading to improved device performance [57, 94].

3.4 Intrinsic Transport of Mono- and Tri-layered MoSSe

Phonon scattering mechanisms, particularly acoustic, optical, and inter-valley scat-
tering, significantly influence the intrinsic transport properties of TMD materials. The
calculated scattering rates from the EPW method are used within a Monte Carlo simula-
tor to determine transport characteristics like mobility and peak velocity. This analysis
focuses on both 1L- and 3L- MoSSe. 1L-MoSSe is the foundation for layered MoSSe

structures, while 3L-MoSSe will be employed in future device simulations.

Figure 3.7 presents the EPW-calculated scattering rates for electrons and holes in
1L-MoSSe. All scattering rates are calculated at 300 K. Figure 3.7(a) shows the elec-
tron scattering rates for K valleys, with the wave vector k of the initial electronic state
selected along the K-I" direction. Similarly, panel Fig. 3.7(b) depicts the Q-valley elec-
tron scattering rates with the wave vector k chosen along the Q-I" direction. Figure 3.7(c)
and (d) depict the scattering rates for holes in the K and I" valleys along the K-I" path of
MoSSe, respectively. As carrier energy increases, acoustic phonon scattering consistently
dominates over optical phonon scattering for both electron valleys (Fig. 3.7(a) and (b))
and the I" valley for holes (Fig. 3.7(c)). However, for the K valley in holes (Fig. 3.7(d)),
optical phonon scattering plays a more significant role at low carrier energies, gradually
diminishing at higher energies. The abrupt increases in scattering rates likely correspond
to the onset of intervalley scattering (e.g., K-to-Q electron or K-to-I" hole transitions) or
the emission of the optical phonon. The initiation of intervalley transition is mainly de-

termined by the valley energy difference (A Exr for electron and A Fxr for hole) in the
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Electron Scattering Rates for 1L-MoSSe System
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Figure 3.7: Electrons scattering rates of the lowest conduction band in (a)K and (b)Q
valleys of 1L-MoSSe calculated at 300 K. Hole scattering rates in (c)I" and (d)K valleys
of 1L-MoSSe calculated at 300 K. The AC and OP denote acoustic and optical phonon;
emi and abs denote emission and absorption, respectively.

band diagram. DFT calculation retrieves the phonon energy and deformation potential
constants needed for the computation, where the deformation potential used for MoSSe

electron and hole are given in the following two tables:
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Table 3.3: MoSSe deformation potential constants in the K and Q conduction bands, where
D stands for the deformation potential constants. ”ac” is acoustic phonons, and ”op” is
optical phonons. The relevant modes’ phonon energies are averaged and shown in the

third column [4].

MoSSe Electron

Intravelly D, hw

Transition (eV) (meV)
K— K(I), (ac) 5.8 0
Q— Q(I), (ac) 4.8 0

Intervelly Dy hw

Transition (10% eV/cm) | (meV)
K— K(K), (op) 3.6 30.62
K— K(K), (ac) 1.8 19.18
K— K(K), (op) 3.3 31.88
K— Q(Q), (ac) 2.0 14.95
K— Q(Q), (op) 52 32.51
K— QM), (ac) 3.7 18.30
K— Q(M), (op) 6.2 31.89
Q— Q(I), (op) 6.4 30.62
Q— Q(Q), (ac) 4.8 14.95
Q— Q(Q), (op) 4.6 32.51
Q— Q(M), (ac) 2.5 18.30
Q— Q(M), (op) 4.9 31.89
Q— Q(K), (ac) 3.0 19.18
Q— Q(K), (op) 5.4 31.88
Q— K(Q), (ac) 1.2 14.95
Q— K(Q), (op) 5.1 32.51
Q— K(M), (ac) 3.3 18.30
Q— KM), (op) 6.0 31.89

Since deformation potential is mainly dependent on lattice dimensions, which differs

less than 1% between mono-layer (3.25 A) and tri-layer (3.23 A) comparing our variable

cell relaxation results|

, 96], thus, deformation potentials extracted from 1L-MoSSe are

applied onto 3L-MoSSe for both electron and hole transport. Figure 3.8 presents the Monte

Carlo simulations of electron and hole low field mobility and peak velocity versus electric

field for 1L- and 3L-MoSSe. The 3L-MoSSe shows the best low-field mobility with a

value of 667 cm?V ~1s~!, while 1L-MoSSe showcases the worst 22 cm?V ~!s~1 mobility.

Comparing the carrier low-field mobility values between the two systems reveals a
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Table 3.4: MoSSe deformation potential constants in the [' and K valence bands, where
D stands for the deformation potential constants. ac” is acoustic phonons and “op” is
optical phonons. The relevant modes’ phonon energies are averaged and shown in the
third column.

MoSSe Hole

Intravelly Dy fuw

Transition (eV) (meV)
K— K(I), (ac) 3.8 0
I' - I'(D), (ac) 3.8 0

Intervelly Dy hw

Transition (10% eV/cm) | (meV)
K— K(K), (ac) 0.8 25.37
K— I'(K), (ac) 1.1 25.37
I' = K(K), (ac) 2.8 25.37
K— K(I), (op) 4.0 46.52
K— K(K), (op) 1.5 42.83
K— T'(K), (op) 3.0 42.83
' = ("), (op) 5.2 46.52
I' = K(K), (op) 1.8 42.83

significant improvement in the 3L system for both electrons and holes. Since the defor-
mation potential remains the same between 1L and 3L, the low-field mobility is mainly
affected by the valley energy separation (A FE) and effective first valley’s mass, where ta-
ble 3.5 listed the information of these curtail factors. The mobility enhancement is partially
attributed to the increased A E' between the two valleys. Specifically, A rises from 0.21
eV to 0.4 eV for electrons, and AF increases from 0.02 eV (indicating strong intervalley
scattering in very low energy) to 0.36 eV. This elevation in energy difference enhances

carrier confinement within the same valley, reducing changes in carrier transport valleys,

Table 3.5: The MoteCarlo simulated low-field mobility, accompanied by valley energy
separation, the two valley’s effective masses, and the two valley’s non-parabolic parameter
«a for all MoSSe systems.

MoSSe i AE | 1% Valley m | 279 Valley m | aqst Qlgnd
System | (cm?V~ts71) | (eV) (mo) (mo) evhH | eV
1L Electron 157 0.21 0.51 0.81 1.3 1.3
3L Electron 667 0.40 0.37 0.47 1.1 2.8
1L Hole 22 0.02 0.61 2.90 0.6 1.7
3L Hole 324 0.36 0.75 0.48 2.2 1.5
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Figure 3.8: (a) and (b) Monte Carlo simulated electron and hole mobility of the 1L-MoSSe
system. (c) and (d) Monte Carlo simulated electron and hole mobility of the 3L-MoSSe

system.

and thereby improving mobility. Additionally, as MoSSe transitions to the 3L configura-

tion, all effective masses decrease in both valleys, signifying a reduction in the 2D DOS.

Fermi’s golden rule states that the scattering rate is proportional to the 2D DOS. Thus,

the reduction in 2D DOS lowers the scattering rate, further contributing to the mobility

improvement. All in all, 3L-MoSSe shows better mobility compared to 1L.-MoSSe.
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3.5 Absorption Properties of Mono-layer MoSSe

In the previous section, we discussed the fundamental transport characteristics of
MoSSe, highlighting its suitability for electrical devices. However, the potential of MoSSe
extends far beyond these applications. By leveraging the strong absorption coefficients
and the intrinsic dipole of MoSSe, devices such as MoSSe abrupt pn-junctions can be de-
veloped [¢1]. These devices can exploit MoSSe’s P, to enhance absorption efficiency. To
further investigate the absorption properties of MoSSe, we employ first-principles meth-
ods to calculate the imaginary part of epsilon (¢;), the joint density of states (JDOS),
absorption coefficient, E,, and the band orbital contributions of 1L-MoSSe. A related

discussion with results is given in the below subsections.

The band diagram calculated via Quantum Espresso utilizes a non-self-consistent
field (NSCF) calculation, which calculates the missing k-point based on the previous self-
consistent field calculation result (method shown in Fig. 2.2). Under typical conditions,
the band structure’s form would be little influenced by sampling the k-points, although
not significantly. However, due to the delta function being represented by the Gaussian or
Lorentzian function in the JDOS calculation, the difference between band-to-band energy
offset and photon energy may cause an infinitesimal value, resulting in some missing
point in the JDOS calculation. In epsilon.x calculation, these vanished points are made up
through an inter-band broadening factor. This approach makes the calculation result less
accurate when the NSCF sampling of the k-point is too coarse, resulting in most of the

data being generated by broadening.

To address the "’loosely sampled NSCF k-points causing JDOS point disappearance”
issue, we calculated different NSCF sampling meshes and observed their effects on the
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Figure 3.9: The comparison of DFT calculated JDOS versus photon energy plot with the
1L-MoSSe using a 0.001 eV broadening factor in an (a) 80x80x 1, (b) 100x100x 1, and
(c) 200x200x 1 NSCF k-mesh calculation.

JDOS calculations. We set the inter-band broadening factor to 0.001 eV to minimize its
impact. Additionally, we set the photon energy sampling interval to 0.0001 eV to ensure
that the photon energy and absorption transition energy do not differ excessively, prevent-
ing the generation of extremely small JDOS values. Figure 3.9 shows the calculated JDOS

versus photon energy for three NSCF meshing densities: 80 x 80 x 1, 100 x 100 x 1, and
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200 x 200 x 1. As depicted in Fig. 3.9(a), the 80 x 80 x 1 sampling shows many missing
JDOS values, indicated by the red arrows, particularly near the band edge region (around
1.56 eV). When the meshing density increases to 100 x 100 x 1, although some miss-
ing JDOS points are recovered, a few peak vacancies remain among the photon energies.
Both cases indicate insufficient NSCF sampling points for accurate JDOS calculation.
Conversely, with a high-density 200 x 200 x 1 NSCF sampling, shown in Fig. 3.9(c), all
peaks appear at each photon energy, demonstrating that this calculation is fundamentally
more accurate than the previous two, as none of the JDOS data is purely generated through

the inter-band broadening factor.

Even though each peak appears in the 200 x 200 x 1 NSCF sampling, the conver-
gence of the JDOS calculation under this circumstance is not certain. However, aimlessly
increasing the mesh density in NSCF calculation is not a feasible approach, as the calcu-
lation becomes extremely resource-demanding (e.g., over 500 GB of storage is needed).
Therefore, the band eigenvalue for each k-point is extracted from the 200 x 200 x 1 mesh,

and a linear interpolation method is employed to refine the 3D band diagram (Fig. 3.10(a)).

As shown in our calculations, after a small 0.005 eV broadening with interpolation,
the JDOS calculation using 200 mesh sampling appears huge unreasonable flutter in the
JDOS calculation. The calculations using a 400 mesh show a slightly smoother curve,
however, there still exists a small shakiness in the curve as shown in the enlarged figure
in Fig. 3.10(b). As the mesh sampling keeps on increasing to 1000 and 2000, both curves
show a smooth curve with a good convergence compared with the theoretical JDOS value
(see Eqn. (2.20)) at the band edge, as depicted in Fig. 3.10(b). The overlapping of the 1000
and 2000 mesh curves indicates the convergence of the interpolation. Thus, we concluded

that the mesh density of 1000 x 1000 x 1 is enough for JDOS to reach the theoretical
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2D JDOS value and good convergence. In summary, to accurately calculate the dielectric

function using the DFT-RPA method, one must ensure a sufficiently fine NSCF mesh to

avoid generating empty JDOS versus energy points. Additionally, band interpolation is

recommended to ensure the calculation results match the theoretical 2D JDOS at the band

edges.
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Figure 3.10: (a) Schematic of the band linear interpolation process. (b) The comparison
between the theory 2D JDOS and the calculation result of different interpolation mesh
sampling with a small broadening factor. (c) The 1L-MoSSe absorption coefficient o« was
calculated using 1000 mesh sampling JDOS. The E,, is first extracted using interpolated
JDOS in the same condition. Then applied to the refined 1000 mesh JDOS to calculate a.

Figure 3.10(c) presents the absorption properties of 1L-MoSSe, calculated using the
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interpolation method after the NSCF utility in the Quantum Espresso package [¢6]. These
calculations assume vertical transitions (optical approximation) where the k momentum
is preserved, with intra-band transitions being negligible due to the relatively small mo-

mentum transfer by incoming/outgoing photons.

To obtain the E,, value, we fitted the epsilon.x calculated 200 mesh sample absorption
coefficient (blue dotted line in Fig. 3.10(c)) with our absorption coefficient calculation us-
ing the same condition in JDOS interpolation calculation (red dashed line in Fig. 3.10(c)).
The proximity of two lines indicates the rationality of E,, giving the extraction value of
E, = 26 eV. Then, by putting in the interpolated JDOS values and an extracted value of
E,, we calculated the absorption coefficient in Fig. 3.10(c) using a finer mesh and a small
broadening factor to obtain the correct value, which is the convergence case of the 1000
meshing JDOS in Fig. 3.10(b). Thus, the absorption coefficient at the band-gap is ex-
tracted to be 2.04 x 10° cm~!, which is slightly lower than that of MoS, compared to the
reference using similar approach [7] (about 2-3x10° cm™!). This suggests that MoSSe
exhibits slightly lower absorption performance compared to MoS,. However, the absorp-
tion value that 1L-MoSSe has is still higher than the typical semiconductors such as Si,
Ge, and GaAs at the band edge, showing its potential for optical applications [65]. The
following Tab. 3.6 shows the extracted absorption-related parameter, which either the E,,

or absorption coefficient can be further put into device simulation.

Table 3.6: The extracted absorption-related parameters near band edge for the 1L-MoSSe
system.

Absorption-related Parameter 1L-MoSSe Description
Eg 1.56 eV Band Gap
my 0.208my Reduced Effective Mass
a 2.04 x 10°cm~! | Absorption Coefficient
Energy Equivalents
E, 26evV Deformation Constant
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Figure 3.11 illustrates the DFT calculated orbital composition band diagram of 1L-
MoSSe. The projected band plot in Fig. 3.11(a) shows the outermost orbital contributions.
Mo’s d orbitals dominate the band edge’s composition, consistent with previous TMD
studies [97]. When an electron is absorbed in the direct band gap at the K point, it transi-
tions from an equal contribution of d,2>_,2 and d,, orbitals in the valence band maximum
to a predominantly d» orbital in the conduction band minimum. These transitions (d,z2_,2
to d,» and d,, to d,2) remain significant as the absorption shifts from the K point towards

the [ and M points, until leaving the K valley.

Figures 3.11(b) and 3.11(c) depict the band composition at the band edge correspond-
ing to the energy difference (F£. — F,) for the first conduction band and the last valence
band, respectively, corroborating the aforementioned observations. Around the K point,
the orbital contribution is dominated by 80% d.» in Ec and 40% each of d,2_,2 and d,,, in
Ev at the band gap energy. This indicates that extracted E, near band edge in Tab. 3.6 is
composited by the Hamiltonian between d > with d,2_,2 and d- to d,,, . As the absorption
transition moves away from the K point, the energy difference increases, resulting in a re-
duction of d > by about 20% in Ec and 10% each for d,2_,» and d,, in Ev. To compensate

for this decrease, d.» in Ev increases from zero to nearly 15%, while d,2_,2 and d,, in

~y
Ec each rise by approximately 10%, as the transition approaches from the K to the Q and
M points. This suggests that an additional independent transition, or second E,,, might be

required beyond the 2.3 eV energy transition to describe the absorption phenomenon in

higher energy regions.
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Figure 3.11: (a) Projected band of 1L-MoSSe with the orbital composition information.
(b) Orbital contribution versus Ec-Ev energy difference of the first conduction band in
1L-MoSSe. (c) Orbital contribution versus Ec-Ev energy difference of the last valance
band in 1L-MoSSe.
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Chapter 4

MoSSe Complementary
Metal-Oxide-Semiconductor
Field-Effect Transistor Design and

Simulation

4.1 Device Conceptualization and Simulation Parameter

Figure 4.1 shows a double-gate CMOSFET structure and schematic that takes use
of MoSSe’s strong intrinsic dipole characteristics. The process of creating a P-MOSFET
involves attaching two metal electrodes to the S face to form a p-type source and drain
regions, as shown to the left of the black dashed line. After the oxide and gate have been set
vertically, the remaining MoSSe region between them functions as a channel area. Similar
steps may be taken to build an N-MOSFET, as shown to the right of the dotted line. The
only difference is that metals are connected to the Se face in this instance instead of the S

face near the source and drain. Two benefits of this horizontal CMOSFET architecture are:
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Because only a single channel of material is needed to generate n- and P-MOSFETs, the
Janus MoSSe (1) simplifies the process of material selection and (2) allows layer-by-layer

development throughout the manufacturing process, increasing the process reliability.

Table 4.1: The JTMD MOSFET simulations’ input parameters. The MoSSe-related vari-
ables are represented by the values in the first section of the table, while the oxide param-
eters are found in the second section. Using DFT, all MoSSe parameters are derived. In
2D DDCC, the parameters SiO5 and Al,O3 are intrinsically provided. This work has been
published in [3].

Parameter | Numerical value Description
E, 1.212 eV MoSSe Average band gap
E.. 397 eV MoSSe Electron affinity
Le 667 cm?/(V-s) MoSSe Electron mobility
i 324 cm?/(V-s) MoSSe Hole mobility
m; i 0.37myg MoSSe Electron K -valley effective mass
mg o 0.47my MoSSe Electron )-valley effective mass
mj, 0.75my MoSSe Hole I'-valley effective mass
mj, g 0.48my MoSSe Hole K -valley effective mass
€] 15.93¢q MoSSe In-plane dielectric constant
€1 6.31¢ MoSSe Out-of-plane dielectric constant
Py, 4.76 x 10 cm™2 MoSSe Spontaneous polarization
E sio, 9.0eV Si0, band gap
Ey ano0, 89eV Al,O3 band gap
Ey w0, 5.8 eV HfO, band gap [9]
E., 0.95 eV Si0, Electron affinity
E.. 1.50 eV Al,O3 Electron affinity
Ee, 2.70 eV HfO, Electron affinity [98]
€Si0, 3.9¢g SiOy dielectric constant
€AL,05 9.3¢g Al; O3 dielectric constant
€HfO, 25¢q HfO, dielectric constant [99]

The 2D DDCC solver simulates device characteristics to examine the device-related
properties of the developed MoSSe MOSFETs. Since the 5-nm channel thickness of
MoSSe guarantees enough carrier flow in the channel area, we used this thickness to cre-
ate our device to simulate MoSSe multi-layers. Table 4.1 contains all of the parameters
utilized in the 2D DDCC simulation. We show that even under the most extreme metal se-
lection conditions, n- and p-type contact generation may occur by placing the metal work

function setup near the mid-gap of the MoSSe in the device’s contact. Although the 5-nm
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MoSSe corresponds to approximately 6 layers of MoSSe, the metal on both sides will pin
the MoSSe’s conduction and valence band edge, limiting the effect of P,. Thus, we used
the P, value before screening phenomenon in DFT (i.e., 3L-MoSSe) as the representative

value in the MoSSe channel.

P-FET N-FET

Formation of P-region

Source Gate Drain I Gate

N-MOSFET
Metal Metal Metal I Metal Sectional view

Oxide | Oxide f
h* h* bt -

o
MoSSe (JTMD) X lPSP

()
©e6 QJQa*

Oxide I Oxide I
P-MOSFET
Metal
Sectional view Metal I i Metal Metal
Gate I Drain Gate Source

Formation of N-region

Figure 4.1: The illustration of 2D MoSSe JTMD CMOSFET device design. This work
has been published in [3].

4.2 Spontaneous Polarization Effect on Band Diagram

For the dashed arrows denoted in the Fig. 4.1, the corresponding cross-sectional im-
ages of the energy band diagram are displayed in Figs. 4.2(a) and 4.2(b) for the p- and
N-MOSFETs cross-section, respectively. Similar to partial positive and negative charges,
the strong P, in the MoSSe vertically attracts electrons and holes. At the MoSSe region
interface, a negative polarization charge causes the Ec and Ev band to pull the Ec and Ev

upward (Fig. 4.2(a)) and to bend lower (Fig. 4.2(b)). This band-edge bending from P, is
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crucial for enabling Ohmic contact generation in the device, which is consistent with the

previously described DFT computations. Here, the variation in sign of Py, simply corre-

lates to the disparity in physical behavior among the opposite sides of MoSSe attachment.
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Figure 4.2: (a) P-MOSFET and (b) N-MOSFET energy band sectional-view diagrams.
The solid and dash lines compare the band diagram with and without P, from source
metal to gate, respectively. This work has been published in [3].

On the contrary, the same device structure is used to simulate TMDs without this
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inherent dipole, where P, is changed to 0 (dot lines marked ”w/o Py,”). When P, is not
there, there is insufficient Ohmic contact creation, which leads to a Schottky barrier at the

contact region due to the lack of the band-bending effect.

4.3 Effect of Gate Design

The -V characteristics of several MoSSe MOSFET designs are now investigated.
Figure 4.3(a) shows a single-gate design with gate length L, = 1 ym, which is a common
dimension adopted in experimental studies of FETs based on 2D materials [62, 67]. De-
vice modifications such as the use of double gates (Fig. 4.3(b)) and smaller dimensions
(Fig. 4.3(c)) are also simulated. The addition of the second gate can decrease the minority
carrier concentration on the other side of the channel interface since the gate metal will
inhibit the P, effect on the potential, aiding the formation of the majority carrier in the
channel region. The simulations for all devices assume an HfO, gate oxide of thickness

tox = 1 nm.

Figure 4.4 shows the transfer characteristics (145-V,) of the MOSFETs from
Fig. 4.3(a) to Fig. 4.3(c), where the transfer curve results are shown in Fig. 4.4(a) for P-
MOSFET and Fig. 4.4(b) for N-MOSFET. The curves with squares, circles, diamonds,
and stars correspond to the N-MOSFETs in Fig. 4.3(a), Fig. 4.3(b), Fig. 4.3(c) with L, =

200 nm and Fig. 4.3(c) with L, = 50 nm, respectively.

The key distinction lies in the opposite orientation of P, in the JTMD layer. The
typical /4,-V; curves for the n- and P-MOSFETs indicate that all three devices exhibit
satisfactory enhancement-mode MOSFET behavior. Among the three devices, the single-

gate design (Figure 4.3(a)) has the most significant subthreshold swing (SS) and the lowest
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Figure 4.3: (a) and (b) Layouts of the key device dimensions and L, = 1 yum structure of
single- and double-gate MoSSe MOSFET devices, respectively. (c) Double-gate MoSSe
MOSFET layout diagram, where L, = 200 and L, = 50 nm. This work has been pub-
lished in [2].

ON current Ion. When a bottom gate is added (Figure 4.3(b)), the SS drops to around
60.5 mV/dec, while Iy increases by an order of magnitude, indicating an improvement
in gate control. Having shown that both designs are feasible at a larger scale, we reduce the
horizontal scale of the double-gate design to L, = 200 and L, = 50 nm (Figure 4.3(c)) to

examine the device performance at a smaller scale. The decrease of the SS values in the
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Figure 4.4: The plots of I4,-V, for P- and N-MOSFET, respectively, using the designs
displayed in Figs. 4.3(a)—(c) for both polarities of the MOSFET, featuring a t,x = 1 nm
HfO, oxide thickness. Parameters are given in Table 4.1. This work has been published

in [3].

N-MOSFET suggests that reducing L, to 200 nm or even to 50 nm would significantly

enhance the control of the gate in this design, resulting in a decrease in SS. In addition, oy

is increased by an order of magnitude compared with that of the larger-scale device, while

the OFF-state current /o is decreased by about an order, indicating an improvement in
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Ion/Iopr. All of these results show that the SS and ON- or OFF-current characteristics of
the designs considered are those of a typical MOSFET device. The lower SS and higher
Ion consistently observed for all the N-MOSFETs compared with the corresponding P-
MOSFETs may originate from the slightly higher mobility of electrons compared with

holes.

4.4 Effect of Equivalent Oxide Thickness

Top Gate
Source  10pm 200/50 nm 10nm  Drain
A —p > =P
Metal
S nm Metal Metal
50 nm 50 nm
5nm MoSSe
! t,= 10 (HfO,), 2 (HfO,), 1 (All)nm
te [ Si0,, ALO;, HfO,
Metal
< >
320/170 nm

Bottom Gate

Figure 4.5: Design of a double-gate MoSSe MOSFET with L, = 200 and 50 nm, using
several oxides with varying EOT values.

A CMOSFET requires an enhancement-mode MOSFET to work correctly. The gate
oxide thickness, ¢.y, determines a MOSFET’s operating mode. The ideal device arrange-
ment in terms of equivalent oxide thickness (EOT) was determined by evaluating several
oxides and ¢, values, as illustrated in Fig. 4.5. Figures 4.6 and 4.7 illustrate the findings
for both MOSFET polarity with L, = 200 nm and 50 nm design, accordingly. Here, we

define ON or OFF state switching as Ion/Iopr > 10°.
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(@) 1.V, plot for P-MOSFET with different EOT (L, =200 nm)  (b)  1,-V, plot for N-MOSFET with different EOT (L, = 200 nm)
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Figure 4.6: (a) and (b) I4-V; plots for L, = 200 nm design of p- and N-MOSFETs,
respectively, with different values of EOT. ¢,, = 1 nm for all oxides, and, in addition,
results for designs with ¢,, = 2 and 10 nm are also shown for HfO,. The parameters are
given in Table 4.1. This work has been published in [3].

Firstly, we investigate the impact of different EOT values on the electrical perfor-
mance of transistors with a longer channel length of L, = 200 nm in small-scale designs
(Figure 4.5). A SiO, oxide gate with a thickness of 1 nm is tested, and the 1;-V, result is
illustrated by the curve of red circles. The device is obviously in the ON state (/; ~ 90 A/
cm?) when no gate bias is applied, suggesting that the MOSFET is a depletion-mode de-
vice. To determine the threshold EOT at which the device changes to enhancement mode,
we minimize the EOT by selecting an Al,O3 gate with t,x, = 1 nm (EOT = 0.42 nm,
blue triangles). However, the current stays on the order of 10" A/em? at V, = 0V, and
both polarities remain in the depletion state. To reduce the EOT of MOSFETs, a high-«
substance, HfO,, is used. Using HfO, with ¢, = 1 nm (EOT = 0.16 nm, green stars) pro-
duces a better enhancement-mode device for both P-MOSFETs and N-MOSFETs. Next,
we tune the ¢,y of the HfO5 to 2 nm (EOT = 0.31 nm, purple diamonds) to avoid current
flowing across the thin gate oxide. Figs. 4.6(a) and 4.6(b) show that the /;-V,, curves for
this optimized value of ¢, meet the OFF state brown dashed line at V;, = 0V, suggest-

ing that the enhancement mode is preserved even as the EOT increases. The findings for
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HfO, with t,, = 2 nm indicate that the EOT crossover between depletion and enhance-
ment modes in the present MOSFET architecture is 0.31 nm. The best MOSFET design
based on HfO, with ¢,x = 2 nm results in a SS of about 63 mV/dec, as shown in Figs. 4.6

for the L, = 200 nm design.

Since such low-t,, devices may encounter several processing difficulties, simulation
results for a more easily fabricated thick HfO, gate with ¢, = 10 nm (EOT = 1.6 nm, black
squares) are also given in Figs. 4.6(a) and 4.6(b). Owing to the increased EOT, both the p-
and n-type MOSFETs exhibit the depletion mode in terms of transfer characteristics, where

both the Iy drops and the device turns off at 1.8 V and —2.1 V for p- and N-MOSFETs,

respectively.
(a) I4-V, plot for P-MOSFET with different EOT (L, = 50 nm) (b) 14~V plot for N-MOSFET with different EOT (L, = 50 nm)
10* T T T T T T T 104 T T T T T T
[—&—HfO, , EOT = 1.6nm [~ HfO, , EOT = 1.6nm
r —8—5i0,, EOT = Inm 2 I |-®—5i0,, EOT = 1nm E
b—h— AL,O;, EOT = 0.42nm| —&— AL,O,, EOT = 0.42nm
—~ 10? —*—HfO, , EOT = 0.16nm| ~ 10? |p |*—HfO, ,EOT = 0.16nm|
E —4—HfO, , EOT = 0.31nm| g 0~ HfO, , EOT = 0.31nm|
& 12
£ 1 Ewf
] £
Y D
a 1 A r
E ------------------------ - 4 E ................
g10? 1 810k
] o)
s =
1 1 © r
a =)
10 1 Ytf
1 r
10 1 1 1 1 1 1 10° N M N [ N N
-1.5 -1.0 -0.5 0.0 0.5 Lo L5 2.0 2.0 -1.5 -1.0 0.5 0.0 0.5 1.0 15
Gate Voltage (V) Gate Voltage (V)

Figure 4.7: (a) and (b) 1,45-V, plots for L, = 50 nm design of p- and N-MOSFETs, respec-
tively, with different values of EOT. ¢, = 1 nm for all oxides, and, in addition, results
for designs with ¢, = 2 and 10 nm are also shown for HfO,. The parameters are given in
Table 4.1.

Here, a similar result is also presented as the L, is shortened to 50 nm. The optimal
MOSFET design remains the same as in the L, = 200 nm case, where the mode switching

between depletion and enhancement mode occurs at an EOT of 0.31 nm. Due to the shorter

channel, the SS in the HfO, design with ¢,x = 2 nm improves slightly, decreasing to
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62 mV/dec. Additionally, all /oy values experience a slight increase during the ON state.
Both results indicate an overall enhancement in the device performance as scaling down to
L, = 50 nm scenario. However, since the gate dimensions of the L, = 50 nm device are
relatively small, the lack of quantum effect consideration in our simulation model might
lead to slightly inaccurate performance results. Thus, the L, = 50 nm device in Figs. 4.7
serves as a simple inspection of the device scaling phenomenon. Overall, the /-V plots
demonstrate the possibility of creating a workable MOSFET even with larger values of ¢,

and provide a reference for future experimental studies.

To observe why a decrease in EOT causes a significant drop in /oy current for P-
MOSFET at V, = —1.5V (Fig. 4.6(a), for instance) between the devices with EOT = 0.16
nm (1 nm HfO,) and EOT = 1.6 nm (10 nm HfO,), we plot the majority carrier horizontal
cross-section for P-MOSFET in the L, = 200 nm design for both devices in Figure 4.8(a).
The horizontal cross-section position in the MoSSe channel is about 0.1 nm next to the
channel’s top gate/oxide interface. As depicted in Fig. 4.8(b), the low EOT device (blue
line) exhibits a high carrier concentration in both the source and drain contact regions,
suggesting that the contact resistance (R,) is lower compared to the high EOT device (red
line). The lower R. implies that less voltage drop occurs when the carrier flows through the
contact, resulting in a greater /oy current. Conversely, a low hole concentration produces
a higher R,., degrading the /oy current and consequently the device’s performance in

higher EOT circumstances.

Additionally, the EOT also affects the amount of 2DHG in the channel, becoming a
secondary reason for the decreasing /. We compare the 2DHG values at three channel
positions to illustrate this phenomenon: near the source (Fig. 4.8(a), Point A), middle

(Fig. 4.8(a), Point B), and near the drain (Fig. 4.8(a), Point C). Take Point A as an example,
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Figure 4.8: (a) Lg= 200 nm P-MOSFET with EOT = 0.16 nm and 1.6 nm. The channel
horizontal cross-section is shown by the black dash arrow and the 2DHG comparison
point A, B, and C are indicated in purple dots. (b) Log scale Hole concentration density
in P-MOSFETs channel horizontal cross-section with EOT = 0.16 nm and 1.6 nm. The
concentration drop in the source and drain (black arrow) causes the increase in R, thus
Ion drops.

the EOT = 0.16 nm channel has a 2DHG value of 4.7 x 10'3 cm~2, whereas the EOT
= 1.6 nm channel has 2.6 x 10¥ cm™2 2DHG (Low EOT to high EOT 2DHG ratio =
1.79). A similar outcome is observed at the other two points, with low EOT to high EOT
2DHG ratios of 1.55 and 1.20 for Point B and Point C, respectively. The lower EOT

enables stronger gate control, leading to slightly higher 2DHG formation, resulting in
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lower resistance in the channel and thus higher /. In summary, R, is the primary reason
for the /o drop in high EOT devices. The reduction in 2DHG in high EOT circumstances

may also slightly contribute to this /oy degradation phenomenon.

4.5 Effect of Spontaneous Polarization

Top Gate
Source 10 nm 200 nm 10 nm Drain
A > < > 4¢P
Metal
S/nm Metal Metal
b{ N SiO,, HfO, < >
50 nm 50 nm
S nm JTMDs (Different Py)
{ t, .= 10 (All), 3 (HfO,), 1 (Al)nm
t: I Si0,, HfO,
Metal
< >
320 nm

Bottom Gate

Figure 4.9: Diagram MoSSe MOSFET with several chosen JTMDs and oxides with vari-
ous P, and EOT numbers, correspondingly.

The effect of Py, on the carrier accumulation phenomena in the MoSSe channel area
should also be considered. We compute the two-dimensional electron gas (2DEG) in an
N-MOSFET device having a 200-nm channel in length. as shown in Fig. 4.9, for a range of
assuming Py, values, from 1x 10" to 5x 10 cm™2, to investigate the effect of the intrinsic
dipole’s magnitude on the efficiency of the device. The amount of P, impacts the device’s
2DEG, and these P, values may be thought of as JTMDs with varying inherent dipole
strengths. As typical low-x and high-x gate oxides for this investigation, SiO; (tox = 1

and 10 nm) and HfO, (t,x = 1,3, and 10 nm) were chosen. To separate the influence
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of P, the computations were carried out with zero bias, equivalent to the equilibrium

condition.

(a) Channel 2DEG with different Py, for N-MOSFET
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Figure 4.10: (a) 2DEG in channel vs linear scale P, magnitude diagram for N-MOSFETs.
(b) Plot of 14,V for N-MOSFET HfO, with the t,, = 10 nm design device, to comparison
with distinct F,. This work has been published in [3].

Figure 4.10(a) shows how P, affects the concentration of 2DEG. When P, increases,

the 2DEG increases almost linearly for situations with high EOT (SiO,, to,x = 10 nm).

This linearity occurs because the explored P, interval (1 x 10'® -5 x 10'® cm™?) permits
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carriers to attain saturation due to the large EOT. On the other hand, the linear region’s
onset moves towards greater P, values as EOT reduces. The linear zone, for example,
starts at 2 x 10 cm~2 for HfO, at t,, = 10 nm and 3 x 10'® ecm~2 with SiO, having a
tox = 1 nm. To achieve enhancement-mode devices, one can use the P, value to signal
when the linear regime starts. With ., = 1 nm in the HfO, design, the linear regime
begins beyond 5 x 10 cm™2 due to the lowest EOT. This suggests that because of its
originally low 2DEG concentration, MoSSe (illustrated in brown dotted box) can work
in enhanced mode. However, when the HfO, thickness is increased to 3 nm, the EOT is
raised and the linear region starts at 4 x 10'3 cm~2. Because of the greater initial 2DEG

concentration, this points to a depletion-mode response for MoSSe as HfO,’s £, = 3 nm.

Py, has an impact on MOSFETS’ I-V properties as well. We studied devices on P,
values such as 3 x 10%3, 4 x 10'3, and 4.76 x 10'3 cm~2, all constructed with a 10 nm
HfO, gate oxide , to illustrate its effect on the linear 2DEG region. Raising P, causes the
transfer /-7 curve to shift towards higher negative voltages, as Figure 4.10(b) illustrates.
This shift suggests that to exhaust the greater amount of 2DEG in the channel, a higher gate
voltage is required. Moreover, an increase in P, results in a larger electron concentration,

which raises the ON current (/py).

Furthermore, P, may affect the contacts’ carrier injection. The device displays a

2 as a result of decreased

bigger g,, value for P, values of 4.76 x 10'® and 4 x 10" cm™~
contact resistance. The purple dotted box indicates non-ideal /-}" curves near saturation
that the devices display if Py, drops below a specific threshold. Inadequate P, weakens
Ohmic contacts, as shown in Figure 4.2(b), which raises resistance because of an extra

barrier at the contact regions. To counteract weakened band bending at the contact surface,

this problem can be lessened by choosing a metal contact having a work function nearer
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to the band edge. The P-MOSFETs operate on the same principles.

4.6 2D Carrier Distribution

In Figure 4.11, which illustrates the ON and OFF characteristics of the P-MOSFET
and N-MOSFET devices with a HfO, gate and ¢,, = 1 nm, we present the two-dimensional
distribution map of the majority carrier under various operating conditions to understand
the carrier distribution within the device. The regions where the MoSSe touches the metal
are designated as the source and drain zones, resulting in a relatively high carrier con-
centration of approximately 10** cm™3 (indicated by the color green). The farther the
location is from the contact zone, the more gradually the carrier concentration decreases.
The presence of two high-concentration patches adjacent to the source and drain areas
is due to the 10-nm gate metal isolation design. Due to the thicker oxide, the MoSSe
dipole effect is eliminated, leaving the carrier gas in place. Using the P-MOSFET as
an example, we can observe that when a negative gate bias of —0.5 V is applied, holes
are attracted into the channel region, forming a strong inversion layer and activating the
device (Fig. 4.11(a)). Conversely, Fig. 4.11(b) shows the device in the OFF state when
a positive gate bias of 0.5 V is applied, causing holes to be depleted and the inversion
layer to vanish. For the N-MOSFET, a similar result is achieved; the only difference is
that when V;, = 0.5 V (Fig. 4.11(c)) is applied, a strong inversion layer forms, and when

Vy = —0.5 V (Fig. 4.11(d)) 1s applied, the inversion layer disappears.

Utilizing a 2D simulation of a double-gate N-MOSFET device operating in both de-
pletion (HfO,, t,x = 10 nm) and enhancement (HfO,, {,x = 1 nm) modes, Figure 4.12

illustrates the impact of the intrinsic dipole on the N-MOSFET channel region. To demon-
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Figure 4.11: Simulated majority carrier concentration plots for double-gate HfO, devices
are shown for (a) P-MOSFET under V, = —0.5V, (b) P-MOSFET under V, = 0.5V, (c)
N-MOSFET under V,;, = 0.5V, and (d) N-MOSFET under V;, = —0.5 V bias conditions.
For observational convenience, the V;, bias is set to zero. This work has been published
in [3].

strate the effect of P, on carrier distribution in the MoSSe channel, an additional dataset
labeled "Without Py,”, representing standard TMD materials, is provided. To observe the

carrier distribution under optimal conditions, all biases are set to zero.

When arrangements are made without an inherent dipole (as in Figs. 4.12(a) and (¢)),
regardless of oxide thickness, the electron concentration stays about 10!° cm™ and no
2DEQG is seen across the channel region. On the other hand, an intrinsic dipole acts as an
internal electric field in the channel layer when it is present in the channel region. Figs

show this field, which is affected by F,.(b) and (d) of 4.12. As a result, electrons line
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Figure 4.12: N-MOSFET 2D majority carrier concentration plots of enhance (HfO, t,x =
1 nm) mode design (a) without P, and (b) 4.76 x 10'® cm™2? P, in the channel layer.
And N-MOSFET depletion (HfO, t,x = 10 nm) mode design (c) without Py, and (d)
4.76 x 10" cm™2 P,, in the channel layer. All results are under an equilibrium state to
observe the effect of the intrinsic dipole on carrier distribution in the channel. This work
has been published in [3].

up with P, creating a 2DEG that resembles a typical GaN-based n-FET channel. This

typical 2DEG development will be seen in any JTMD with a prominent P,

EOT primarily regulates the intensity of the two-dimensional electron gas (2DEG).
The enhancement mode is indicated by an EOT value of 0.16 nm (Fig. 4.12(b)). As EOT
extends to 1.6 nm (Fig. 4.12(d)), the number of electrons in the channel near the source and
drain sides sharply increases, leading to a transition from enhancement to depletion mode.
The predominant carrier distribution of P-MOSFETs is similar to that of N-MOSFETs,

resulting in comparable outcomes.
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Chapter 5

Conclusion

This thesis has demonstrated how we utilize the intrinsic dipole properties of JT-
MDs to design a CMOSFET, focusing particularly on MoSSe. Our investigation covers
various heterostructures, including Gr/AA’A-MoSSe/Gr and 2L-MoSSe/Al (111) face, as
well as 2L-MoSSe/Cu (111) face structures, analyzed using first-principles density func-
tional theory. We explore the interactions between MoSSe, graphene, aluminum, and
copper electrodes, identifying characteristics such as Schottky barriers and Ohmic con-
tacts. Leveraging MoSSe’s strong dipole field, we create n- and p-type contact regions,
simplifying material selection for CMOSFETs. Our proposed horizontal CMOSFET ar-

chitecture offers fabrication reliability and integration advantages.

Device simulations provide insights into spontaneous polarization due to band bend-
ing and related carrier distribution, with an optimized equivalent oxide thickness of
0.312 nm favoring the MOSFET’s depletion and enhancement modes threshold. We dis-
cuss the influence of spontaneous polarization magnitude, crucial for achieving Ohmic
contact and forming the channel’s two-dimensional electron/hole gas. The majority carrier

plots demonstrate the device’s capability to control carriers in the MoSSe channel region,
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highlighting its potential for low-voltage logic elements in integrated circuits. The sur-
face polarization strategy employed suggests the possibility of forming MOSFETs from

any JTMD, provided the 2D material exhibits a strong intrinsic out-of-plane dipole.

In addition, we have explored the absorption properties of MoSSe, revealing its po-
tential for optical applications beyond its fundamental transport characteristics. By uti-
lizing first principles combined with interpolation methods under sufficient fine meshing
situations, we calculated the JDOS, absorption coefficient, and band orbital contributions.
Our results show that Mo’s d orbitals dominate the band edges, with significant electron
transitions observed in the direct band gap at the K point. The calculated absorption coef-
ficient of 2.04 x 10°cm ™! (with E,, of 26 eV) for 1L-MoSSe at band edge, though slightly
lower than MoS,, still surpasses typical semiconductors, underscoring its efficacy in op-
tical devices. The extracted optical values can be further utilized in optoelectronic device

simulation in a similar approach to MoSSe CMOSFET.

Overall, this work presents a promising material MoSSe, offering its insights into
interfaces, optical, and CMOSFET device characteristics, which may be extended to future

electronic or optoelectronic applications.
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