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English Abstract

Transport properties of MoSs and WS5, are investigated by the Monte Carlo method.
Intrinsic mobilities of MoS,; and WS, are 171 cm?/V-s and 83 cm?/V-s . Besides,
for the free-standing MoS, and WS,, the valley energy separation between the K
and Q valley is the critical factor influencing transport. However, if 2D materials are
stacked in high-~ materials, remote phonon scattering becomes the most important
scattering mechanism and degrades the performance of the material very much. In
addition, 2D nanosheet transistors are discussed. Effects of the materials, the gate
length (L), the length of the underlap region (L,,,), dielectrics, and doping are
studied. We found out MoS, is more suitable for the channel material. As for the
dielectric, Al,Oj is better than HfO, due to the weak remote phonon scattering.
L., and doping can bring positive effects on on-current (I,,,). The selection of Ls
is a trade-off between shrinking and gate control. After optimization, maximum I,,,
happens at Lo=7nm, L,,,=1nm, 0.8nm EOT of Al,Oj3 dielectric and n-type doping
of 4x10'% cm=2. 1, can reach 495 uA/um when the supply voltage is 0.65V
and off-current is x 10~ yA/um, meeting the requirement of 2022 International

Roadmap for Devices and Systems. Furthermore, it also demonstrates good gate
v
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English Abstract v

control and electrostatics.
Keywords: 2D material, MoSs, WS,, Monte Carlo Method, 2D nanosheet

transistor
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Chapter 1

Introduction

1.1 Overview of Two-dimensional Materials

Two-dimensional (2D) materials are materials that can exist in a stable monolayer.
Nowadays, 2D materials have caught a lot of attention and been widely researched
for more than ten years. The first 2D material, graphene, was discovered in
2004 [26]. Besides the advantage of thickness, it also has unique electronic and
optoelectronic properties. In electronic properties, graphene has mobility of up
to 1 x 10 cm?/V-s and Dirac cone, which is ideal for applications of transistors
or electrodes [27, 28]. As for optoelectronic properties, it is ideal for transparent
electrodes to replace ITO due to their thickness of one atom. In addition, graphene
can also provide many functions in photovoltaic devices like transparent contacts,
a channel for charge transport, and catalysts [29]. When putting lots of efforts to

exploit graphene, people also began to look for other 2D materials, like graphene-
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1. Introduction 2

like silicene, black phosphorus, hBN, Transition Metal Dichalcogenides (TMD)

materials (e.g., MoS,, PtSe,), and other Dichalcogenides (e.g., SnS,, SnSes).

1.2 Introduction and Applications of TMD Materials

Although graphene is a good conductor, it has a limit of zero bandgaps to make
transistors and specific optoelectronic devices. As a result, TMD materials are
getting more popular. TMD materials have the composition of MX, (M=transition
metal, X=S, Se, and Te) and have different structural phases. Unlike zero-bandgap
graphene, TMD materials provide a wide range of bandgaps from metallic ones to
semiconductors and electron affinities [30, 31], offering much more opportunities
to design various kinds of electronic and optoelectronic devices.

Some TMD materials have bandgaps in the infrared and visible ranges, suitable
for optic and optoelectronic applications [32]. To make optoelectronics, some
researchers explored the optical and optoelectronic properties of TMD materials.
Chen, S. F. calculated the absorption rate of MoS, and presented an idea of an
intermediate band solar cell [33]. There are also papers exploring the possibilities
of using TMD materials in gas sensors and photodetectors [34, 35]. Huo, Nengjie,
et al. revealed that multilayer WS, nanoflake has high photosensitive characteris-
tics. It also has different charge transfer phenomena between it and different gas
molecules. The phenomena cause different photoelectrical properties in different
gas environments. These properties provide the potential for gas sensors and pho-

todetectors [36]. As for MoS., its photoresponse is relatively slow due to O and
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1. Introduction 3

H,0 vacancies on the surface of MoS,. Its photocurrent increases fast but decays
very slow. However, by proper encapsulation, the photoresponse time can be
under 10 ms [35]. Unlike n-type MoS, and WS,, WSe, exhibits n-type and p-type
depending on metals’ work functions and also has a fast response time of 20 ms
[35]. The examples mentioned above demonstrate the potential for optoelectronic
applications in the future.

In addition, as the gate length (L) of silicon-based transistors goes under 20
nm, severe short channel effect has become an important factor to limit scaling
down of L. It causes direct source-to-drain tunneling current and degrades gate
control. It is known that heavier effective mass, larger bandgap, and lower in-
plane dielectric can lower the influence of tunneling current. Fortunately, some
TMD materials, like €5;,50 = 4, have lower in-plane dielectric constants. MoS,
also has an effective mass of 0.5 and a bandgap around 1.8 eV. For the reasons
mentioned above, MoS; is expected to have better performance of suppression of
off-state leakage current and is seen as a candidate for the next-generation transistor
[37, 38, 39]. Nowadays, negative capacitance field-effect transistors (NCFETs)
with MoS, have been proposed in researches. NCFETs use HfZrO, and AlO,, as
gate dielectric and MoS, as the channel. NCFETs show great immunity to short
channel effect even in the sub-5-nm device [38]. Due to the improved gate control
caused by the ultrathin body, NCFETs demonstrate ultra-low subthreshold swing
(SS) value of 23 mV/dec, sub 60 mV/dec over six orders of I; modulation, on/off

ratio as high as 10°, and gate leakage current of 1x 107!3 A/um [40]. Even under
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1. Introduction 4

a switching frequency of 10 kHz, they show hysteresis-free steep switching and SS
value of sub 60 mV/dec [40]. Although NCFETs still have lots of challenges, they
show great potential for scaling and ultra-low power applications.

TMD materials have also been widely used in other electronic devices. For
example, MoS, is used as the field-effect transistor driving HfO, oxygen vacancies
or hBN RRAM in 1TIR configuration or 1T-nR configuration. Due to the larger
bandgap of monolayer MoS,, it increases the resistance of RRAM and then lowers
off-state leakage current. Besides, it is so thin that nanoscale vias can be used
to connect FETs in different memory layers, which is suitable for 3D monolithic
integration. Low-temperature fabrication is also an advantage. The whole fab-
ricated temperature is below 200°C [41, 42]. MoS; is also suitable for flexible
nanoelectronics. It was deposited on commercially available paper substrates as a
transistor channel. It demonstrated a high on/off ratio of 10, mobility of 6 cm?/V-s,
and durability of more than 10000 times of bending of 0.6 % strain [4]. With the
advantage of the ultrathin body, TMD materials have been widely applied on not
only NCFET but also large varieties of electronic devices. Besides devices, people
try to integrate devices into a circiut. Li, Jiayi, et al. integrated two surface channel
(TSC) transistors into 2T2R SRAM. Because TSC transistors can present AND
or OR logic, and the the original 6T SRAM can be simplified to be 2T2R SRAM.
The SRAM also had stable read/write ability, showing feasibility in the future [43].

Besides, because of the complement properties of TMD materials and graphene,

they can be combined into heterostructures to extract advantages of both materials.
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1. Introduction )

In this way, it is also possible to produce all-2D devices. At the same time, because
of weak van der Waal bonds, heterostructures can skip the lattice mismatch problem
[44]. Kim, Taesoo, et al. has used graphene/MoS, heterostructure in junction field-
effect transistors (JFET). Because of the bandgap of MoS,, there is a Schottky
barrier height between the interface of the heterostructure. By modulating the
Fermi level of graphene, effective Schottky barrier height is modulated and then
activates current transport in the graphene channel. With a bandgap of MoS and
excellent mobility of graphene, mobility of 100 cm?/V-s and on/off ratio of 108 are
measured in the JFET [45]. Up to now, heterostructure is still a popular topic to be
explored.

In the early stage of researches, mechanical exfoliation was the most used
approach to investigate properties of 2D materials. By mechanical exfoliation,
monolayer 2D material is isolated from the bulk material with high-quality crystal.
In addition, Huang, Yuan, et al. said the exfoliated area could be 20 — 60 times
larger than the area in established exfoliation methods [46] with the addition of heat
treatment. However, for the application of devices, large-scale synthesis methods
with high quality, good uniformity, and high yield are necessary. So far, chemical
vapor deposition (CVD) methods are commonly used because of their relative
simplicity, diversity of precursors and fast growth rate [47]. Many papers have
reported processes of growth of large-scale TMD materials through CVD. In 2012,
Liu, Keng-Ku, et al. dip-coated (NH4)2MoS, precursor solution on Si/SiO, or

sapphire substrates, followed by the two steps of high-temperature annealing. The
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1. Introduction 6

research showed that substrates and environments of annealing indeed had impacts
on crystalline quality [48]. Different from solution-based deposition, others pre-
deposited the metal on Si/SiOs. Then, sulfur is exposed to the thin-film metal for
sulfurization. The size of the thin film only depends on the size of the substrate.
Hence, it 1s much easier to scale up [49]. There are also papers proposing wafer-
scale CVD of monolayer TMD materials. Chen, Jiajun, et al proposed a 2-inch
wafer-scale deposition of WS, by CVD and thermal evaporation [50]. Xu, Hu,
et al. introduced multilayer layer MoS, islands to improve the quality of crystal
and fabricated FET arrays with mobility of 70 cm?/V-s [51]. Many groups are still
devoted to pursuing high-quality crystals. However, measured mobility of TMD
in large-scale deposition and performance of devices is still under simulation’s
prediction [52]. One of the major reasons is the high density of defects in the

crystal [50].

1.3 Simulation of the Transport Properties

Because high defect density suppresses the performance of devices, we still need
better growth methods. Besides, real performances of TMD devices are still
needed to be known. By simulation, we can evaluate the theoretical properties of
TMD materials and understand the upper limit of devices. Table 1.1 shows the
intrinsic mobility of the commonly-seen TMD materials, MoS, and WS, from the
simulation and the experiment. There are two characteristics in table 1.1. Firstly,

as the previous section said, the mobilities from the simulation are generally larger

doi:10.6342/NTU202102554



1. Introduction 7

Table 1.1: Intrinsic electron mobility of MoSs and WSs from the literatures

Material | Simulation y, (cm?/V-s) | Experimental s, (cm?/V-s)

MoS, | 130 [53], 144 [54], 150 [55], 28 [37], 56 [56],
250 [57], 284 [58] 70 [51],150 [59]
WS, 37 [60], 60 [54], 320 [52], 20 [61], 44 [62], 83 [63]

357 [58], 767 [60]

than that from the experiments. The characteristic comes from the high defect
density in the crystal. Therefore, if we don’t want the device performance to
be affected by the defects, we should build the simulation model to get the real
transport properties. Secondly, there are obvious differences in the mobilities from
the different simulation literature. Hence, at the same time, we need to realize the
critical factor influencing the transport by the simulation. Understanding the factor
could provide some approaches to enhance the device performance in the future.
Some approaches can simulate electrical properties of materials, like the Boltz-
mann transport equation (BTE) and Monte Carlo method [64]. Firstly, BTE
describes the distribution function of electrons under external perturbation. Under
consideration of carrier diffusion, applied fields, and scattering, the distribution
function will go steady. In the end, using relaxation time approximation, transport
properties, like mobility, conductivity, or diffusion constants, under an electric field
of 1 kV/cm can be calculated. Many papers have used this to calculate the low-field

mobility and proved that charged impurities limit currently reported mobility in
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1. Introduction 8

experiments [65]. Secondly, the Monte Carlo method is a numerical method that
repeats random number sampling to simulate the phenomena, which are naturally
probabilistic problems. When carriers transport materials, the process is also
probabilistic. The whole transport contains a series of free flight and scattering
events. In the simulation process, we need to select events according to probability
repeatedly until the stop criteria appear. More details of how to select events are
discussed in chapter 2. In the Monte Carlo Method, we can exert different electric
fields to observe the flight and velocities without the limit of the low electric field.
Therefore, we can extract high-field flight and saturation velocity by the approach.
As devices scale down, electric fields in devices, especially transistors, are easy to
be over 1 kV/cm. Hence, in the thesis, the Monte Caro method is used to calculate
the transport properties of MoS, and WSs, such as mobility and saturation velocity.
The results are discussed in chapter 3. When we simulate transport properties in
materials, the scattering rate is of much importance. In the thesis, we use Fermi
golden rule to calculate the scattering rate. Only by accurately estimating the
scattering rate can we accurately calculate transport properties. More details of
the calculation are discussed in chapter 2, and results are presented in chapter 3.
After we know the transport properties of MoSs; and WSs, those parameters and
the Monte Carlo model can be put into Poisson, Drift-Diffusion, and Schrodinger

Solver (DDCC) developed by our lab to discuss devices.

doi:10.6342/NTU202102554



1. Introduction 9

1000 L Good Corner |
W B2 (1.0V, 2.0V) A1 (1.6V, 100V)
® A7 (1.0V, 4.0V) o
m B3 (1.0V, 1.5V)

— ® A2 (1.0V, 1.0V)
& 100 ® A3 (0.5V, 5.0V) 1
=
~ 10} ® A4 (1.0V, 2.0V) o |

C
—° e MoS, FET (Vds, Vov)

mB1 (1.0V, 0.55V) [} W82 FET (VdS, VOV)

1 1 1 1
60 100 200 400 600 1000 2000

SS (mV/dec)

Figure 1.1: The current density and the SS value from the experimental literature. The
blue circles, Al to A7, represent the datas of the MoSs FETs [1, 2, 3,4, 5, 6, 7] and the

red squares, B1 to B3, represent the datas of the WSs FETs [8, 9, 10].

1.4 MoS,; and WSs> FET

Nowadays, many researchers are devoted to boosting the performance of the MoS,
and WS, transistors. Figure 1.1 shows the current density and the SS values from
the experimental literature. In the experiment, most of the V4, and the gate drives
are greater or equal to 1V to enhance the current. The phenomenon comes from
the immature process of the two materials. Because of the immature process, it
is hard to scale down the FET and keep the crystal quality good. Therefore, the
performances of the MoS, and WS 5 FETs are experimentally worse than that of

the Si devices. It is hard to know their potential for the next-generation transistors.
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Consequently, we use the device simulation to scale down the channel length and
neglect the degrading effect from the defects and get the true performance of the

MoS, and WS, FETs in the future.

1.5 Gate-All-Around Nanosheet Transistor

Nowadays, with a shorter L in FET, gate control becomes more difficult. Replac-
ing the planar FET, FinFETs are commonly used in chips to enhance gate control.
However, when Moore’s law goes under 5 nm technology node. Gate control of
FinFET is not enough. Therefore, companies and researchers began adopting Gate-

All-Around (GAA) or nanosheet FETs. With channel semiconductors surrounded

Planar FET FinFET GAAFET MBCFET™

(Nanowire) (Nanosheet)

Figure 1.2: Evolution of the FET structure. (From Samsung website)

by gate metal and dielectrics, these new types of FETs can provide better gate
control. Figure 1.2 shows the evolution of FETs. In 2017 VLSI, IBM and Samsung
published stacked nanosheet GAA transistors. Their SS value and DIBL achieved
75 mV/dec and 32 mV/V at Ls=12nm [66]. Figure 1.3 shows the [-V transfer

curves and cross-section view of the stacked nanosheet GAA transistors. Intel also
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1. Introduction 11

published 3D-stacked NMOS-on-PMOS nanoribbon transistors in 2020 IEDM
[16]. In 2021, IBM has claimed claimed they have finished 2nm chip technology
by nanosheet technology, chips can achieve 45 percent higher performance and 75

percent lower energy use than worldwide most advanced 7 nm technology chips.

10° - ; .
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4
1 0 f LE - ~Ci0 o 000 'I
" =l -
7 o |
j 1 SSam=g5mVid SSar=76mVid |
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Vs (V)

Figure 1.3: (a) Ip-V transfer curves and (b) cross-section of the IBM and Samsung

nanosheet GAA transistor.

With a very thin layer, MoS, can also be integrated into nanosheet transistors.
In 2020 IEDM, Huang, Xiaohe, et al proposed 2-levels-stacked multi-bridge
channels FET. With two nanosheet channels stacked between gates, this GAA-like
transistors have SS values of nearly 60 mV/dec [67]. With the advantages of better
gate control, 2D nanasheet transistors have the potential to be future transistors.
Therefore, we discussed 2D nanosheet FETs and investigated the gate control and
the current of the 2D nanosheet structure in chapter 4. Consequently, we optimized
the 2D nanosheet transistors to meet the requirement of the International Roadmap

for Devices and Systems (IRDS) for the future techonology.
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Figure 1.4: Cross section of the nanosheet FETs of IBM 2nm chip. (Figure comes from

IBM website)

Taller Fin

m 2018-2025

<2018

<2015

Standard cell architecture evolution

Figure 1.5: Scaling of the standard cell [11].

1.6 International Roadmap for Devices and Systems

The IRDS is a set of predictions of trends about devices, systems, and related
technologies for the future fifteen years [11]. The roadmap shows the requirements

for the future logic technologies to sustain Moore’s scaling law. Table 1.2 shows
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Table 1.2: IRDS roadmap (Vg st and 1, are set at I, 7 ;=100 pA/pm) [11]
Year 2020 2022 | 2025 | 2028 2031 2034
Industry Node (nm) 5 3 2.1 1.5 1 0.7
Device Architectures
Device Structure FinFET | FinFET | GAA | GAA | 3DGAA | 3DGAA
Gate Length Ls (nm) 20 18 14 12 12 12
Device Electrical Specs
Supply Voltage V4, (V) 0.7 0.7 0.65 | 0.65 0.6 0.55
SS value (mV/dec) 72 75 63 68 65 65
V1H st (MV) 345 363 312 | 341 326 326
R,q (ohm-pm) 285 271 257 | 244 232 221
Lo (WA/pm) 484 495 546 | 521 459 347
Energy per switch (fj) 0.66 0.65 0.49 | 0.47 0.40 0.33

parts of the requirements of the device architectures and the device electrical

specifications. As the previous section mentioned, the device structure will transit

from FinFET to GAA FET to improve the electrostatics. Furthermore, after 2028,

3D GAA FET might become the mainstream with PMOS and NMOS stacked

together, as shown in figure 1.5.

Besides the transition of the structure, the new electrical specifications of the

device are also needed. To pursue lower power consumption, the supply voltage
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(V4q) 1s also reduced. With the reduced V4, the gate drive is also reduced at the
same time. SS value is requested to remain low to sustain the gate drive. In addition,
reducing contact resistance (R;4) can also bring benefits to the performance. As
for the current density, the leakage current (I, ) target is under 100 pA/um for the
low-power applications. In the thesis, we will operate the 2D nanosheet transistor at
V44=0.65V and 1, /=100 pA/pum=1x10"* yA/um to follow the IRDS requirement.
Furthermore, the current density of the device will be compared with the I, of the
IRDS. In this way, we investigate whether the current density of the 2D nanosheet

transistor is qualified for future technology.
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Chapter 2

Methodology

2.1 Overview

In the chapter, we first describe the scattering rate and scattering mechanisms
involved in the Monte Carlo method. Afterward, we introduce the multi-valley
Monte Carlo method. This approach is used to calculate steady velocities and
transient velocities of MoSs; and WS,. Subsequently, Monte Carlo method and
Poisson-and-drift-diffusion model are combined to simulate the devices. In the end,
the device simulation software 2D-DDCC will be briefly introduced. Investigation

of devices in chapter 4 is by the simulation software.

2.2 Scattering Mechanism and Scattering Rate

Due to lattice vibration and lattice imperfection, carriers don’t transport in per-

fect periodic structures. When carriers go through those imperfections, they are

15

doi:10.6342/NTU202102554



2. Methodology 16

deflected from its original trajectory into the new direction. The phenomenon is
called scattering. As those imperfections are small, scatterings can be seen as
perturbation. When those scatterings are seen as a perturbation, Fermi’s golden
rule is used to calculate the rate of scatterings, which is called the scattering rate.

Fermi’s golden rule can be written as

2

Wk) ==

> My |6(Ey — Ey), (2.1)
k/

where W (k) is the scattering rate when the carrier is at the momentum of k, My
is the scattering matrix element, F, is the energy of the initial state and Ej is
the energy of the final state. There are two groups of scattering mechanisms,
elastic scattering, and inelastic scattering. Elastic scattering indicates that in the
process, energy is conserved. This group contains acoustic phonon scattering.
On the other hand, the process of inelastic scattering involves the emission and
absorption of energy. This group consists of optical deformation potential phonon
scattering and acoustic deformation potential phonon scattering. In the thesis, both
groups of mechanisms are included to discuss the scattering rates of MoS, and
WS,. With these scattering rates, we can realize the effect of those imperfections
on the transport of carriers. In the following sections, some important scattering

mechanisms in TMD materials are listed and explained.
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2. Methodology 17

2.2.1 Acoustic Phonon Scattering

In the real crystal, atoms are not stationary in their positions. They vibrate like
springs around their equilibrium positions. As atoms deviate from equilibrium,
they cause strain in the crystal. Strain, in turn, influences the electronic states
and results in strain energy. Phonon is proposed as a kind of particle to consider
the effect of strain energy. Scatterings caused by lattice vibration are seen as a
collision of electrons and phonons. Generally, as shown in figure 2.1, there are two
phonon types: acoustic phonon and optical phonon. They respectively represent
different modes of lattice vibration. When atoms in the unit cell move in the same
direction, the derivative of displacement results in strain energy. Acoustic phonon
is used to describe the phenomenon. Perturbation potential induced by the in-phase

movement is given by

(2.2)

where D, is the deformation potential in a specific valley for acoustic phonons
and % is the derivative of displacement of two atoms.

In figure 2.1(b) [53], LA, TA, and ZA represent acoustic phonon branches of
MoS;. As shown in figure 2.1(b), when acoustic phonon momentum q=0, phonon
energy is very small. When the material is under room temperature, we can see
acoustic phonon scattering as elastic phonon scattering. In the thesis, we combine

Eq. (2.1) and Eq. (2.2). After organization, acoustic phonon scattering rate is
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Figure 2.1: (a) Schematic diagram of lattice vibration of acoustic phonon and optical

phonon (b) Phonon dispersion of MoS,

described by

WkBTDQ

Wae(k) = “ Nop(Ek) (2.3)

hpvz,
where kg is Boltzmann constant, 7" is temperature, Nop(E}) is the density of state
of the energy level of Ej, p is the mass density of 2D material, v, is sound velocity.
Due to small energy transfer, acoustic phonon scattering is the dominant scattering

mechanism under low electric field or low electron energy.

2.2.2 Optical Phonon: Deformation Potential Scattering

Unlike the vibration mode of acoutsitc phonon, optical phonon happens when two
atoms vibrate against each other. Energy perturbation caused by strain also appears

and is proportional to the atomic displacement. Based on deformation potential
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2. Methodology 19
theory, perturbation potential can be described as
Udp = deu (24)

where Dy, is the deformation potential of optical phonon, and u is the relative dis-
placement of two atoms. The energy perturbation results in deformation potential
scattering. As shown in figure 2.1(b), A1, A2”, E’, and E” represent optical phonon
branches. When ¢ is near 0, phonon energy is still not zero. Zero phonon energy
indicates the process of electron and phonon interaction needs energy absorption or

energy emission. With perturbation energy in Eq. (2.4), Eq. (2.1) can be written as

mD? 1 1
Wap(F) = 5 [n(wo) 4 2:F2] Non(Ep + hy) (2.5)

2.2.3 Intervalley Phonon Scattering

As there are a variety of valleys in the band structure, carriers can transfer from
one valley to another. As carriers scatter from valley to valley, the interaction is
similar to deformation potential. The intervalley phonon scattering process needs
to fulfill energy conservation when electrons absorb and emit phonon. Intervalley

scattering rate can be written as

nD?, 11
Wac/dp — 2pw/dp n(wac/dp) + §:F§ N2D<Ek + hwac/dp) (26)

where footnotes ”ac” or ’dp” represent the phonon type involved in intervalley
scattering. Figure 2.2 shows intervalley phonon scattering happening in MoS..

As electrons absorb or emit phonon, they can scatter from K valley to satellite Q
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valleys. In addition, electrons can also scatter from Q valley back to K valley in

this way.

Emission

K valley

Figure 2.2: Intervalley phonon scattering process in MoSs2. Electrons can scatter from K
valley to satellite Q valleys by absorbing or emitting phonon. As electrons get higher

energy, they are much easier to have the K-to-Q intervalley phonon scattering.

2.2.4 Remote Phonon Scattering

When dielectric layers around 2D materials support polar vibrational modes, elec-
trons in 2D materials excite phonon in those dielectrics via long-range Coulomb in-
teractions. The phonon scattering is called “remote phonon scattering” or ’surface-
optical phonon scattering.” Nowadays, when investigating the performance of
2D-material-based FET, remote phonon scattering plays a key role to affect trans-
port [68, 69]. The process of remote phonon scattering is inelastic and has strong

relationships with types of surrounding materials. The electron-phonon coupling
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strength F2 is

F? h‘”( ! — ! ) 2.7)

246\t G o G
where hw,, is phonon energy of remote phonon mode, €5, is the high-frequency
permittivity of the top oxide, €5, is the high-frequency permittivity of the bottom
oxide, €f, . 1s the low-frequency permittivity of the top oxide, and €}, is the low-
frequency permittivity of the bottom oxide. If there are two remote phonon modes

in materials, 2 can be rewritten as [69]

hews, 1 1
F12 = - int int Lo 0 ’ (2.8)
2A€o €ior + €box Ctox + €box
hws, 1 1
F22 = 24 = ( 00 o _int int) ’ (29)
€o €tox + €hox €tox + €boz

where € is intermediate permittivity of the tox oxide and €, is intermediate

permittivity of the bottom oxide. The frequency of remote phonon mode wsy, 1s

[70, 69]

0 oo
€tox + €box

Wso,1 = WT0O,1 ; (210)
Elor T o
int 00
E%rolér + €box
Wso,2 = WT0,2 (21 1)

o] oo
Ciox + €hox
wro,1 and wro,; are transverse optical-phonon frequencies in the dielectric. Scat-

tering rate W, is
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27 1 e?F? exp (—qd)

Wiol(k) = B 4r? / e(q,w)? 2q (2.12)
1 1

{n(wo) + 2$2} 5(Ey — Ep + hwy)d

q is wave vector |g, — qx|, d is the thickness of 2D materials, and €(q, w) is the

static screening of the 2D material, which is described as

€(q,w) =1+ v.(q)1I(q, w), (2.13)

. 2 .. €2 +e? .
where v, is 57, & is 2~ and we approximate (¢, w) as 5

2.3 Multi-valley Monte Carlo Method

2.3.1 Monte Carlo Method

The Monte Carlo method is a statistical approach to simulate random events. In the
Monte Carlo method, random numbers are generated to simulate the real physical
phenomenon of probabilistic nature, like carrier transport in materials[64]. Figure
2.3 is the schematic diagram of electron transport in the material. As an electric
field is exerted on the material, it exerts an electric force on the electron. At the
same time, the electron is accelerated. The electron begins to fly in the direction of
the electric field. However, during flight, the electron will also scatter by phonon
or other charged particles, like impurity. When scattering happens, the transport of
the electron is influenced and mometum, and velocity are changed. After scattering,
the electron will transport the material with the new momentum and velocities until

the subsequent scattering happens. In the whole process, flight intervals between
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two scattering events and states after scattering are probability problems. Hence,
we can use the Monte Carlo method to generate random numbers to simulate the

whole process and know the electron transport properties.

<:Electric Field | F=-¢E
oFlree Flight Free Flight

S g

ree Flight

Free Flight S
o —

Figure 2.3: Schematic diagram of carrier transport in material.

The detailed steps of the Monte Carlo method are shown in figure 2.4. First of
all, an electric field is exerted providing electric force to the electron. Secondly,
according to the newly generated random number, the flight interval is decided. Af-
terward, the electron will fly for the flight interval. Thirdly, scattering mechanisms
discussed in the previous section are included. A random number is generated to
select a scattering event. If a scattering mechanism has a larger scattering rate,
it has more chances to be selected. Fourthly, the final state of the electron after
scattering event is decided by the selected scatteirng and newly generated random
number. In the end, new momentum, carrier energy, velocities, and flight distance
during the flight interval are determined and recorded. Subsequently, repeat the
whole process until the condition, like total flight time or total flight distance, we

set are fulfilled. The five steps mentioned above are the process of simulating

doi:10.6342/NTU202102554



2. Methodology

24

an electron. Hundreds of times of the process should be conducted to know the

transport properties of carriers. In this way, the average velocities of carriers

and moblities will be known. In the thesis, to discuss mobilities and saturation

velocities, the strength of electric fields ranges from 1 x 10? V/cm to over 4x 10°

V/cm. In addition, the carrier flys for 0.02 cm to make sure the carrier is in a

steady state and not affected by the bias of random numbers. By these settings,

field-dependent velocities are extracted.

Input E field

7

-
“
Generate random number to
determine free flight time

(

L
\
Generate random number to
select scattering event

g .

(

Generate random number to
determine final state

.

Update <v> <E> <k>

Figure 2.4: Flow chart of Monte Carlo method.
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2.3.2 Multi-valley and non-parabolic band conditions

In the study of MoS, and WS,, the lowest valley in the conduction band is located
in the K point of the hexagonal Brillouin zone. With symmetry of hexagon, there
are two K-like valleys, K and K’ valleys, respectively. Figure 2.5(a) shows the
first Brillouin zone. Intervalley acoustic phonon scattering and intervalley optical
phonon scattering happen between the two valleys. In addition, there are six
satellite Q valleys around K valleys and with energy difference under 100 meV.
As a result, those satellite valleys may cause strong phonon scattering between
them. As a result, multi-valley Monte Carlo was adopted to deal with the effect of
those satellite valleys in transport. Figure 2.5(b) shows the inter-valley scattering
mechanism from K valley. By multi-valley model, the whole Brillouin zone is
simplified into two kinds of valleys, which are the main factors to influence the
transport.

To simplify the process of simulation, non-parabolic approximation

n2k?

E(l1+aF) = Yo

(2.14)

is used to describe K and Q valleys. With Eq. (2.14), we can use effective mass to
describe low energy bands and « to represent non-parabolic conditions of bands at
high electron energy. Besides, Eq. (2.14) is mainly used to describe the isotropic
valley, which has no evident difference in different transport directions. If the
valley is anisotropic, Eq. (2.14) can be converted into

Rk Wk,
2m

E(1+4aE) = (2.15)

*
x

*
2my
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(b)

K’

Figure 2.5: (a)K valleys and Q valleys in the first Brillouin zone. (b)Intervalley scattering
from K valleys to neighboring K’ valleys and satellite Q valleys. In figure(a), there is one
K valley and a symmetrical K-like valley, K’ valley, and six Q valleys in the first Brillouin
zone. The lowest conduction band is located in either K or K’ valley. In figure(b), the

green and blue lines represent the K-to-Q inter-valley scattering mechanism. The red line

represents K-to-K’ inter-valley scattering mechanism.

2.3.3 Transient Transport Calculation

When transistors scale down, carriers in the channel are facing an electric field over
1x10° V/cm. When carriers pass a short channel with such a large electric field,
overshoot transport happens [71]. When overshoot transport happens, carriers
transport through the channel with a less scattering process. The whole process is
like ballistic transport. Therefore, when we discuss a channel that is shorter than 20
nm, field-dependent mobility in steady-state is not proper to describe the transport
properties. Transient velocities of electrons should be considered. With the Monte
Carlo method, not only steady transport properties but transient velocities can
be calculated. The calculation of the transient transport will combine both the

Monte Carlo method and the Poisson-and-drift-diffusion model. More detail will
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be discussed in section 2.4.

2.4 Monte Carlo, Poisson and Drift-Diffusion Model

2.4.1 Poisson and Drift-Diffusion Model

The Poisson equation is used to describe the relationship between carrier distribu-

tion in the device and potential. Poisson is

(2.16)

tra,p)

1
VD = —6V6VEC =q(N;y —Nf +n—p+ N

where D is electric potential, E'c is electron potential, N, is the doping concen-
tration of the acceptor, N7}, is the doping concentration of the donor, n is the
concentration of electron, p is the concentration of hole, and N ?iap is concentration
of trap. As source voltage bias is applied on the device, carrier distribution will
change and there is the tilt of bands in the device. As current appears, we can use
the drift-diffusion model to calculate the current. The drift-diffusion model is in
equations

Jn = qua,nVV 4+ qD,Vn, 2.17)
Jp = quppVV — qD,Vp, (2.18)

where J, is electron current density, (i, is electron mobility, D,, is the electron
diffusion coefficient, .J, is hole current density, , is hole mobility, and D, is
the hole diffusion coefficient. Eq. (2.17) consists of two parts. One is qu,nVV

representing drift current in the device. Drift current comes from the acceleration
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of the electric field in the device and is proportional to the gradient of electric
potential VV'. The other one is ¢ D,, Vn representing diffusion current in the device
and 1s proportional to difference of electron concentration. Eq. (2.18) describes
in the same thing. When we know the electric field and carrier distribution in the

device, the total current can be solved with these equations.

2.4.2 Monte Carlo, Poisson and Drift-Diffusion Model

We combine the Monte Carlo method into the Poisson-and-drift-diffusion model
to consider the transient velocities. Firstly, we construct the material parameters
and field-dependent velocities by the Monte Carlo method. Secondly, we solve the
simulation model in the Poisson-and-drift-diffusion solver to get the distribution
of the electric field along the channel. Thirdly, the distribution of the electric
field is extracted and put into the Monte Carlo model to simulate the transient
velocities. The electric field input of the Monte Carlo method varies with the
position in the calculation of the transient velocities. Then, we calculate the
electron velocities of the different positions in the channel and get the position-
dependent velocities. The position-dependent velocities are the transient velocities.
Then, transient velocities are put into the Poisson-and-drift-diffusion solver to get
the new distribution of the electric fields. Afterward, the electric field from the
Poisson-and-drift-diffusion solver and the transient velocities from the Monte Carlo
method are calculated iteratively until the conduction band from the Poisson-and-

drift-diffusion solver converges. In this way, the transient velocities are considered
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in the device simulation.

Constructing the input of the field-dependent
velocities and other material parameters

Solving the simulation model in the Poisson
Drift-Diffusion Solver as the initial guess

Extracting the electric field profile along the

channel as the input of the Monte Carlo Method

Solving the Monte Carlo method to construct the
position-dependent velocities

Using the position-dependent velocities as the
input and solving the simulation model in the
Poisson Drift-Diffusion Solver

-

E. converges or not?

- Yes

Obtaining the convergent results

Figure 2.6: Flow chart of the Monte Carlo, Poisson and Drift-Diffusion Model.

2.4.3 Two Dimensional Poisson, Drift-Diffusion, and Schrodinger
Solver

All calculation of the Poisson-and-drift-diffusion model is executed in Two Dimen-
sional Poisson, Drift-Diffusion, and Schrodinger Solver (2D-DDCC). 2D-DDCC

is a software developed by Professor Yuh-Renn Wu and his lab, optoelectronic
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device simulation laboratory. The software is developed to describe optoelectronic
and electronic devices ranging from LED, Solar Cell, LASER, 2D material-based
transistors, etc [72, 73]. Besides 2D-DDCC, Professor’s team has also developed
the 1D-DDCC and the 3D-DDCC model. All three software have been applied on
many devices, and results are published in SCI papers. In the thesis. to discuss

transistors, 2D-DDCC is used to simulate the 2D nanosheet transistor.
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Chapter 3

Transport Properties of MoS> and

WS-

3.1 Overview

In the chapter, fundamental transport properties have been studied. Firstly, band
structures of MoS, and WS; are calculated in QuantumATK, a density functional
theory (DFT) software [74]. After getting band structures, acoustic phonon scat-
tering and deformation potential scattering are calculated in section 3.3. Both
phonon scattering mechanisms are intrinsic properties of materials, which naturally
exist in every material. Hence, we call them intrinsic transport properties. The
properties mainly dominate transport under low concentrations of impurities and
carriers. Without the impurities and remote phonon effect, it is the upper limits

of transport properties of materials. After the discussion of intrinsic transport
31
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properties, those properties are going to be used in devices. Furthermore, with the
monolayer structure stacked between two dielectric layers, transport properties are
significantly influenced by the remote phonon scattering. Hence, remote phonon

scattering will be discussed in section 3.4.

3.2 Band structure

3.2.1 Band structure by DFT

In the study, the geometry structure and band parameters come from DFT. LCAO
calculator is used with local density approximation as an exchange correction
function. The calculation is conducted in QuantumATK software. The crystal
geometry is optimized until the atomic force decreases to values less than 0.005
eV/A. In addition, to make sure each layer of MoS, in the repeated unit cell
won’t interact with each other, the vacuum region is set to be 40 A. Calculated
lattice constants of MoS, and WS, are 3.12 A and 3.123 A, respectively. With
the optimized structure, band structures are calculated and shown in figure 3.1.
Bandgaps are 1.87 eV in MoS, and 1.99 eV in WS,. Lattice constants and bandgaps
are in agreement with the results previously reported [75]. Besides the bandgap,
the energy difference between K and Q valleys (AEk () and effective mass are also

known. Table 3.1 shows the fundamental parameters from DFT.
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(a)
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(b)
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Figure 3.1: (a) Band structure of MoS». (b) Band structure of WSs.

Table 3.1: Fundamental parameters of MoS, and WS from DFT

Material | Lattice (A) Bandgap (eV) | AEkg(meV)
MoS, 3.12 1.87 84.6
WS, 3.123 1.99 27.7

3.2.2 Band structure fitting

In the multivalley Monte Carlo model, the non-parabolic approximation is used to

catch the E-K relation of the two materials. Due to nearly isotropic properties in K

valleys of the two materials, Eq. (2.14) is used. As for Q valleys, with anisotropic

energy surface, Eq. (2.15) is used. Table 3.2 shows the fitted parameters. Figures

3.2 and 3.3 show the comparison of the DFT original data and fitted data.
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Table 3.2: Fitted effective mass and non-parabolic parameter, o of K and Q valleys in

MoS, and WS,

Material | mg (m,) | ax (1/eV) mg (m,) ag(l/eV)
MoS, 0.51 1.2 m,=0.56 m,=0.88 0.5
WS, 0.32 0.8 m,=0.65 m,=0.64 0.5

(a) (b)
0.1 0.1sF ~ ~ y
m=0.51 a=1.2 mx—O.S() m‘.—0.88
0088 —— Oveia: a=0.5 ’
—~ _g::glnal;[)tata 016 —Original Data’
% 0.06} ftting Lata 2 —Fitting Data
- 0.14
20 20
o 0.04} O
5 5 0.12
0.02f 0.1
0
KtoI' K KtoM Qto X Q QtoY

Momentum, K (1/m) Momentum, K (1/m)

Figure 3.2: (a) Fitting of K valley in MoSs. (b) Fitting of Q valley in MoS». Blue lines
represent the original data from the band structures, and red lines are fitting curves of the

E-K relation with non-parabolic Eq. (2.14) or Eq. (2.15).

3.3 Intrinsic Electrical Transport Properties

Intrinsic electrical transport properties of MoS, and WS are decided by the
phonon scatterings, including acoustic phonon scattering, optical phonon scattering,

and intervalley scattering. In the section, scattering rates mentioned above were
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Figure 3.3: (a) Fitting of K valley in WS,. (b) Fitting of Q valley in WS,. Blue lines
represent origin data from band structures, and red lines are fitting curves of E-K relation

with non-parabolic Eq. 2.14 and Eq. 2.15.

discussed and results were put into the Monte Carlo method to see the mobilities
and field-dependent velocities of both materials. We used deformation potentials
and phonon energies from [52] and [75] to calculate the scattering rate. The detailed
deformation potential constants and phonon energies are listed in Appendix A.
Figure 3.4 shows the calculated results of the scattering rate of MoS.. In figure
3.4(a), there are two apparent jumps in the total scattering rate. The first one is
located at 48meV, and the second one is located at 110meV. When the electron en-
ergy is under 110 meV, intravalley scatterings, including acoustic phonon scattering
and optical deformation potential phonon scattering, dominate the total scattering
rate. When the electron energy is under 48meV, the acoustic phonon is dominant.

When electrons reach 48meV, they begin to be scattered by emitting optical phonon
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Figure 3.4: Electron-phonon scattering rates in MoS» via (a) emission and (b) absorption
of phonons calculated at room temperature. The orange and purple lines represent acoustic
phonon scattering rate and optical deformation potential phonon scattering rate. The green
and blue lines represent intervalley scattering rates caused by acoustic phonon and optical
deformation potential phonon. The red line indicates the total scattering rates of all

mechanisms.

and to the state with lower energy. With optical phonon scattering happening, the
total emission scattering rate has a jump from 3x10'2 s7! to 1x10'® s=1 at the
energy of 48 meV. Consequently, the first jump appears. Furthermore, when the
electron energy is above 110 meV, the intervalley scattering comes into play, and
the total scattering rate significantly increases over 1x 10'* s, which is ten times
larger than the intravalley scattering rate. Because of the significant increase in

the total scattering rate, the second jump happens at 110 meV in figure 3.4(a). In
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addition, the intervalley scattering consists of K-to-K’ intervalley scattering and

K-to-Q intervalley scattering. K valley and K’ valley have the same energy level, so

K-to-K’ intervalley scattering activates at 26 meV, which corresponds to acoustic

phonon energy with the momentum of K. If electrons gain enough energy, K-to-Q

intervalley scattering happens. With six satellite Q valleys around K valley, K-to-Q

intervalley scattering works strongly and dominates the whole transport process.

Figure 3.4(b) shows the same results. The difference is that this kind of scattering

happens via the absorption of phonon.
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Figure 3.5: Electron-phonon scattering rates in WS, via (a) emission and (b) absorption of

phonons calculated at room temperature.

Figure 3.5 shows the calculated results of the scattering rate in WS,. Different

from MoS,, there is only one noticeable jump around 50 meV in figure 3.5(a). The
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reason is that AEx in WS, is only 27.7 meV. With the tinyAEy , intravalley
optical phonon scattering and intervalley scattering activate at almost the same
energy level. As a result, there is only one clear jump in the total scattering rate.
Besides, the energy difference between AEk and intervalley acoustic phonon
energy is only 10 meV. Therefore, electrons in WS, are easier to absorb phonon at

low energy compared to electrons in MoSs.

() (b)
200 —6x10°
® 180 »
Ni 160 5§ .
3 140 < 1x10
> 120 =
' s
> 5
E 60 ~ 1x10 Mos,
5 40 g
8§ 20 3 WS,
b o w 1x10*
2x10°  10° 10* 10° 4x10° 2x10°  10° 10* 10° 4x10°
Electron Field (V/cm) Electric Field (V/cm)

Figure 3.6: (a) Field-dependent mobilities and (b) field-dependent velocities are shown.
The red lines represent the intrinsic transport properties of MoSs, and the blue lines

represent the intrinsic transport properties of WSo.

After getting the scattering rates of both materials, we put them into the multi-
valley Monte Carlo model to calculate the intrinsic transport properties of the two
materials. Field-dependent mobilities and velocities are shown in figure 3.6(a)
and 3.6(b), respectively. The mobility of MoS, is 171 cm?/V-s, and the mobility
of WS, is 83 cm?/V-s. The mobility of MoS, is much higher than that of WS,.

However, there is no much difference in high field velocities. From figure 3.7,
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we can see the reason for the difference in transport behavior between low field
and high field. Figure 3.7(a) shows the average electron potential energy versus
the electric field. Under a low electric field, electron potential energy in WS, is
0.039¢V, which is higher than the AE of WS so intervalley phonon scattering
begins. The total scattering rate of WS, at energy=0.039 eV is 5.4x 103 s~1. On
the contrary, the electron potential energy of MoS, under a low field is 0.036 eV,
which is much lower than the AEx of MoSs, so intervalley phonon scattering
doesn’t work intensely. The total scattering rate of MoS; at energy=0.036 eV 1is
only 1.1x10'3 s~!. With a lower scattering rate, the mobility of MoS, is much
higher than that of WS,. As a result, AE influences activation of intervalley
phonon scattering and, then, significantly affects the mobility of both materials.
When the electric field is higher than 1x10* V/cm, electrons gain enough
energy and have a higher probability of transporting in higher energy states. When
electrons have higher energy states, both materials have comparable scattering
rates. Therefore, MoS, andWS, have saturated velocities of 5.2x10% cm/s and
4.5x10° cm/s at an electric field of 4x 105 V/cm. There is no much difference in

the high-field velocities.

3.4 Extrinsic Transport Properties
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Figure 3.7: (a) Average electron potential energy and (b) total scattering rates of both
MoS, and WS,. The average electron energy of WSs under low field is 0.039 eV and
higher than AEx. The corresponding scattering rate of WSy in (b) is 5.4 1013 s~1. The
average electron energy of MoS; under low field is 0.036 eV and higher than AEfq. The

corresponding scattering rate of MoSs in (b) is 1.1x 103 s~1,

3.4.1 Remote Phonone Scattering

Remote phonon scattering has been verified as a critical factor to degrade the
transport performance of TMD materials [68]. Therefore, to design devices, re-
mote phonon scattering caused by dielectrics in FET should be considered in our
transport model, especially when dielectrics consist of high-x materials. Here we
discuss the remote phonon of some commonly used dielectric materials, including

Si0,, Al;O3, HfO5, and hBN. Table 3.3 shows the permittivity and transverse
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Table 3.3: Remote phonon modes for different dielectric materials. €2, €' and €2° are

low-frequency, intermediate and high-frequency permittivities, respectively.

Material SIOQ A12 03 Hf02 hBN

€r (€p) 3.90 | 12.53 | 22.00 | 5.09

€ (o) 336 | 727 | 6.58 | 4.58

€° (€p) 240 | 3.20 | 5.03 4.1
hwio (eV) | 55.6 | 48.18 | 12.4 | 97.08

hw3, (eV) | 138.1 | 71.41 | 48.35 | 187.22

optical phonon frequency of these materials. Besides, in the nanosheet transistors,
both top and bottom dielectrics surround the channel. Therefore, we only discussed
the situation that 2D materials are stacked between the top and bottom dielectrics.

Calculation of the remote phonon scattering of MoS, is shown in figure 3.8.
MoS:s is stacked into the different dielectrics. With higher dielectric constant, HfO-,
and Al,O3 have stronger remote phonon scattering. Besides, with lower-energy
phonon modes, electrons are also scattered at lower energy states. On the contrary,
remote phonon scatterings of hBN and SiO, are weaker and activate at higher
energy, so they have less impact on the transport properties.

Figure 3.9 shows the electrical transport properties considering the influences
of the remote phonon scattering. If the dielectrics are hBN or SiOs, the transport
properties are close to the intrinsic transport properties. However, if dielectrics

are Al,O3 or HfO,, the transport properties are degraded by the remote phonon

doi:10.6342/NTU202102554



3. Transport Properties of MoS; and WS, 42

1015
Q)
Sl [T |
P 10
: i
8) 1013 |
L — hBN
8 10" — SI02
‘D’f Al203
4 — HfO2
1011

0.00 005 010 015 020 025
Electron Energy (eV)

Figure 3.8: Remote phonon scattering rates of MoSs stacked into the different dielectric at

the K valley.

scattering, which is due to the high dielectric constant and low-energy phonon
modes of the high-x materials. The influences of the four dielectric materials on
the transport are also verified by others [76, 68, 77]. The transport properties of
WS, with different dielectrics are shown in figure 3.10. They have the similar
characteristics as those of MoS,, but with stronger intrinsic phonon scattering,
mobilities of WS, are lower than those of MoSs.

After discussing the transport properties of MoS, and WS, w/o and with
different dielectrics, we know that MoSs can perform better due to better intrinsic
transport properties,. Therefore, MoS, will be our first choice for the channel of

the nanosheet transistors in the next chapter.
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Figure 3.9: (a) Field-dependent mobilities and (b) field-dependent velocities of MoSs with

different dielectrics are shown. If MoSs are surrounded by hBN or SiOs, remote phonon

scattering has no prominent effect on the electron transport properties. However, with

Al>03 or HfO9 surrounding MoS», mobilities are degraded a lot.

Electron Mobilit

(b)

200
180 — hBN
160 — Si02
140

Al20
120 2%3
100 — HfO2
80
60
40
28 .
2x10°  10° 10* 10° 4x10°

Electron Field (V/cm)

57x10°

~~

e

o

= 1x10°

=

(@]

o

(V)]

> 1x10° —hBN
c —Si0o2
e Ai203
O

2D 1y10* - o2
w " 2x10* 10° 10* 10° 4x10°

Electric Field (V/cm)

Figure 3.10: (a) Field-dependent mobilities, and (b) field-dependent velocities of WS,

with different dielectrics.
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Chapter 4

MoS-> and WS- Based Transistor

4.1 Structures and Simulation Model of 2D Nanosheet

Transistors

In this chapter, subthreshold swing (SS), drain-induced barrier lowering (DIBL),
and on-current (I,,,) will be discussed to see the gate controllability and the driving
abilities of the 2D nanosheet transistors. We use MoS, and WS, as the channel.
The channel of the transistor is a 0.6-nm-thick monolayer MoS, or WS, [67, 78].
Figure 4.1 shows the structure of the nanosheet transistor. Ls is the length of
the top gate. In this structure, the bottom gate is symmetrical to the top gate.
Therefore, the length of the bottom gate is also L. Besides, it is an underlap
structure. Consequently, we leave a length of the underlap region ( L,,,) between
the gates and the source/drain (S/D) contact for the underlap region.

Besides the structure shown in figure 4.1, which has symmetrical top and

44

doi:10.6342/NTU202102554



4. MoS, and WS, Based Transistor 45
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Figure 4.1: Illustration of the MoS, nanosheet transistor structure.
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Figure 4.2: Illustration of asymmetrical MoS9 nanosheet transistor structure.

bottom gates, we also discuss the nanosheet transistors with asymmetrical gates
shown in figure 4.2. The bottom gate of the nanosheet transistor overlaps the
S/D metal contact. With longer gate contact, the asymmetrical transistor has a
longer effective L. Although longer L increases the gate capacitance, lowers
the cutoff frequency and brings the negative influence to the RF applications, it
has more possibility of inducing more carriers in the channel and offering better

control [79, 80]. Later, we will compare the performances of the two structures.
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Table 4.1: Parameter settings for nanosheet transistors

Material MoS, WS, Al; O3 HfO,
Band gap E, (eV) 1.87 1.99 8.9 5.5
Electron affinity y (eV) 4.0[83] | 4.0 [84] 2.0 2.0

Electron effective mass m* (m?) 0.51 0.32 1.0 | 0.21 [85]

Relative dielectric constant €, (¢,) | 4.2 [86] | 5.4 [87] 9.3 22

Afterward, factors like L, dielectrics, L,,;,,, and doping will be discussed based on
the structure with better performance to optimize the performance of the device.

Before the discussion, we need to choose suitable dielectrics first. In chapter
3, we discussed the commonly-used dielectrics like SiO5, hBN, Al;O3, and HfO,.
The former two materials have slight degradation of mobilities. However, SiO; is
not suitable for scaling down [12, 81]. As for hBN, it has a dielectric constant of
only 5.09 [68]. If equivalent oxide thickness (EOT) is under 1nm, the thickness
of hBN is under 1.3 nm, four layers of hBN, and can’t sustain the gate leakage
current under 1 A/cm? [15, 82]. Figure 4.3 shows the leakage current density for
different dielectrics [12, 13, 14, 15, 81]. As a result, for better gate quality, Al,O3
and HfO, are better choices for dielectrics. We will discuss the thickness of AlyO5
and HfO, in the latter section to discuss the effect of the materials and EOT on the
nanosheet transistors. Table 4.1 shows the parameter settings of the 2D materials
and dielectrics.

Besides structures and dielectrics, the effects of changing L, L., and dop-
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Figure 4.3: Leakage current density vs. equivalent oxide thickness for different dielectrics

(Lo [12], Guha [13], Gusev [14], Britnell [15]).

ing are investigated, too. In addition, with dual gates in transistors, in the later

discussion, drain currents are normalized by W, which is equal to the double

gate width. Furthermore, when we compare the 1,, of the different transistors,

the transistors are operated at the gate voltage Vg=V,¢; + Vpp, where Vpp is

the supply voltage (Vpp) and V¢ is the gate voltage at which off-current (I,f)

happens. According to the IRDS, I,;; should be fixed at 1x10~* yA/um for the

low power applications and Vpp is 0.65V.
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4.2 Comparision of Symmetrical and Asymmetrical

Gate

Both symmetrical and asymmetrical MoS, and WS, nanosheet transistors with
L of 14, 12, 10, 7, and Snm are discussed. L,,, is 5Snm long, and the dielectric is
Inm EOT of Al,O3. 2D material has impurity doping of 1x 10 cm~2 (1.67x10'®
cm~?). Total R, including Re source and Re grain 18 267 €2 - um. Figure 4.4 shows
the transfer characteristics and output characteristics of the symmetrical MoS,
nanosheet transistor at Lg=5nm. Figure 4.5 shows the transfer characteristics and

output characteristics of the asymmetrical MoS, nanosheet transistor at Lo=5nm.
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Figure 4.4: (a) Ipg-V g transfer characteristics for the symmetrical MoSs nanosheet
transistor at Lg=5 nm. (b) Ips-V pg output characteristics for the symmetrical MoS»

transistor at L;=5 nm.

When comparing the performance of the two structures, we discuss the transfer

curves of the transistors at Vg—V,¢;. Figure 4.6 shows the transfer curves of
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Figure 4.5: (a) Ipg-V g transfer characteristics for the asymmetrical MoSs nanosheet
transistor at Lg=5nm. (b) Ips-V pgs output characteristics for the asymmetrical MoS»

nanosheet transistor at Ly=5nm.

both structures at Ls=5, 7, 12, and 14nm. In the symmetrical structure, the
largest I,,, is at Lg=14nm and reaches 114 pA/pm at Vps=Vg—V,¢r=0.65V.
In the asymmetrical structure, the largest I,, happens at L;=7 nm and is 264
puA/pm at Vps=Vg—V,r=0.65V. In addition, no matter how long L is, the I,
of the asymmetrical MoS, nanosheet transistor is two times more than that of the
symmetrical MoS, nanosheet transistor. There are two reasons. The first reason
is that with a longer bottom gate, gates can induce two times more electrons in
the channel. Figure 4.7(a) shows the electron density in the MoS; membrane.
The second reason is that the bottom gate also causes more carriers in the overlap
region between bottom and S/D metal. Figure 4.7(b) shows the relation between

the contact resistance (R.) and the gate bias. When the gate bias is larger, the
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Figure 4.6: Transfer characteristics for the (a-d) MoSs nanosheet transistor with Lg=5, 7,

12, 14nm. Transistors are operated at Vpp=0.65V and I, r=1x 10~ uA/pm following

the IRDS.

bottom gate of the asymmetrical structure can induce more carriers in the contact

region and lowers the effect from Schottky barrier between S/D metal and MoS,

[9]. Consequently, the R, of the asymmetrical structure becomes 105 €2-pm, which

is much smaller than 267 (2- um. Lower R.. also causes benefits to the I,,,,. Although

the contact resistance is totally reduced but the bottom gate has different influences

on the source and drain contact. In figure 4.7(a), the electron density in the contact

of the symmetrical structure is 1 x 10!, whcih means gate bias doesn’t affect the
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contact resistance. Instead, the electron density in the source and drain of the
asymmetrical structure is significantly enhanced and reduced. The gate bias in the
drain depletes the electron, which causes larger R.. However, the gate bias still

decreases the R...

(a) 10™ , , . . (b) 1200 , , ,
MoS,, nanosheet transistor TLM At V=0.05V
— .
o — Symmetrlgal Lgfrom 1 pm to 2um
g 10" —— Asymmetrical 900
3 Asymmetrical MoS
~ Source y 2
= €
g 1012_ . 600
) Channel * I 1
Qo c
o
8 x Original R,
S10" 300k _ __ L _ N\ 2670 pm _+
O
Q
w Vps=Vg-Voei0.65V
1010 ' ' L L 0 : : N
0 5 10 15 20 25 0.4 0.5 0.6
X (nm) V-V (V)

Figure 4.7: (a) The average of the electron density in the MoS, membrane. (b) R, vs. the

gate bias.

Besides, figures 4.8(a) and 4.8(b) show DIBL and SS values as a function of
L. The asymmetrical structure can keep SS value under 65 mV/dec and DIBL
under 23 mV/V at L;=5nm, demonstrating better gate control than the symmetrical
structure. With a better gate control, gate drive at the limited supply voltage also
increases.

The performances of WS, nanosheet transistors are also investigated and are
summarized in figure 4.9. With a stronger scattering rate mentioned in chapter 3,

the 1,,,, of WS 5 transistors is lower than that of MoS, transistors. In addition, when
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Figure 4.8: (a) Subthreshold swing SS at Vp5=0.65V as a function of Lg and (b) DIBL at

Lsr=1x10"% A/um as a function of L¢; for symmetrical and asymmetrical MoS

nanosheet structure.
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materials, and L.
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Lgs scale down, the two designs show different trends of 1,,,, . In the asymmetrical
structure, Ipg are increasing when L is narrowing down. But when L scales
down from 7nm to Snm, the trend stops. The phenomenon comes from degradation
of SS at Lo=5nm. When SS degrades, gate drive at V,»=0.65V gets smaller. The
effect of a smaller gate drive surpasses the benefit from L scaling down. Then,
the I ,, can’t keep increasing. As for the symmetrical structure, scaling down
can’t increase I,,,. The distinct phenomenon comes from the difference in the gate
controllability between the two structures. The symmetrical structure has worse
gate control. As L shrinks, the disadvantage of the SS degradation exceeds the
advantage of enhancing electric fields. Consequently, I,,, decreases with L scaling
down. Therefore, if we want to pursue a higher 1,,, under limited V pp, gate control
is critical. If the transistor can’t suppress short channel effects, shrinking Lg
will make transistors worse. Finally, the performance of the asymmetrical MoS,
nanosheet transistor is the best. Therefore, in the later section, the asymmetrical

structure and MoS, are adopted to optimize the transistor.

4.3 Effect of Dielectric

EOT of dielectric is a critical factor influencing the performance of transistors.
Nowadays, groups succeeded in growing HfO, on MoS, with an EOT of 1nm [88].
A model forecasts that to meet the requirement for the gate leakage of 1A/cm?,
limits of EOT of Al,O3 and HfO, are 0.8nm and 0.9nm, respectively [89]. In

the previous section, Inm EOT Al;O; dielectric is discussed. However, when
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L scales down to Snm, Inm EOT of Al;Og3 dielectric can’t sustain very low SS
and then slightly degrades I,,,. As a result, a more aggressive design is needed to
enhance the gate control and increase I,,,. In the section, we use the asymmetrical
MoS; nanosheet transistors to investigate the effect of the dielectric. Dielectrics

are Al,O3 and HfO,, with EOT ranging from 2nm to 0.8nm.

(2) Asymmetrical MoS, Transistor (b) Asymmetrical MoS, Transistor

10° . . : : 10° . :
AlLO, dielectric HfO, dielectric
10°f Ly = 5nm 3 10% Lg = 5nm
10k L,.= 5nm 1 10't L,=5mm
0 0
5 10% ' 5 10%
< 0 atVps=065V | < ot at Vpg=0.65V |
":n — EOT=0.8nm ":D — EOT=0.8nm
01 0'2 L EOT=0.9nm g10-2_ EOT=0.9nm
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107k —EOT=1.6nm | { 107k —— EOT=1.6nm
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Figure 4.10: Ips-V transfer characteristics of the asymmetrical MoSs nanosheet

transistors with (a) AlsO3 and (b) HfO5 dielectric.

Figure 4.10 shows the transfer characteristics of the transistors with the dielec-
tric of Al,O3 or HfO», respectively. With smaller EOT, the transfer curve is steeper,
indicating smaller SS value. At the same time, I, is also enhanced. Therefore,
thinner EOT can boost the performance of the transistors.

We summarize the performance of the transistors with different dielectrics,
EOTs, and L at Vps=V¢—V,5 =V pp=0.65V. Comparing figures 4.11(a) and (b),

the transistors with Al,O3 show larger 1,,,. At Lg=5nm, I,, reaches 308 pA/pm.
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Figure 4.11: Comparison of the performance of the transistors with (a) AloO3 and (b)

HfO, dielectric. AloO3 dielectric demonstrates better performance.

As for HfO,, the maximum I, is 141 pA/pum. As a result, Al,Oj is a better choice
for the dielectric due to less impact from the remote phonon scattering. Besides,
with thinner EOT, the gate control is improved. The benefits from scaling down
of L appears. However, when we make EOT 0.8nm, which is the limit of the
dielectric thickness, I, still can’t reach the requirement of the IRDS. As a result,

the transistor structure needs other improvements.

4.4 EffectofL,,

In the previous section, the length of the discussed L., is Snm. However, it is
possible to enhance 1,,, by selecting proper L,,, [90]. In this section, we investigate
the influences of L,,,, and select suitable L,,, to increase I,,.

In figure 4.12, the drain currents of the transistors with different L,,,, are com-
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Figure 4.12: Transfer characteristics of transistors with (a) Lg=5nm, (b) Lg=7nm, (c)

Lg=12nm and (d) Lg=14nm. With longer L, transistors demonstrate better gate control.

With shorter L, n, I, increases but gate control degrades.

pared at the same I, ;=1 x 10~* pA/um and V pg=0.65V. If L, shrinks, currents

are greatly enhanced beacause reducing L,,, can effectively lowers the channel

resistance. If L, changes from 5nm to 1nm, the current at L;=7nm increases

from 308 1A/pm to 438 1A/pm, reaching 90% of the IRDS requirement. However,

shorter L, also brings DIBL and makes SS worse. In figure 4.13(a), when L,,,

shrinks down to 1nm, DIBL becomes stronger. Particularly at L;=5nm, DIBL

increases more than 30 mV/V. Figure 4.13(b) shows the conduction band of the

transistor with L,,,=1nm, and different L and Vpg. When L is 14nm, increasing
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Vps doesn’t lower the potential barrier. On the contrary, when Ls is Snm, the
barrier maximum decreases with V pg increasing. It means stronger DIBL exists
in the shorter channel device and worsens the gate control. Figure 4.14 shows
shrinking L,,,, causes higher I,,, and worse SS. As L, shrinks under 5Snm, worse
gate control causes less gate drive. Consequently, the maximum current of 438

uA/pm appears at Lg=7nm.
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Figure 4.13: (a) DIBL as a function of L. (b) Conduction bands of the channels in the

transistor with L;=5 nm (solid line) and L;=14nm (dotted line).

4.5 Effect of Doping

Doping can increase carrier density in the channel, but it is challenging to dope in
an atomically thin layer. However, substoichiometric metal oxide has been studied
to provide stable n-type and p-type doping in the 2D material layer [91, 92]. AlO,,
is n-type doping substoichiometric metal oxide. It can offer energy states beyond

the bandgap of MoS, and induce more mobile electrons in MoS, [93]. Nowadays,
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Figure 4.14: Comparison of the performance of the transistors with L,,,,=1, 3, 5, and 7nm
and Ls=5, 7, 10, 12, and 14nm. The transistors are operated at Vpp=0.65V and

L p=1x 10~* 1A/pm and 0.8nm EOT Al,O3 dielectric is used.

with one-sided AlO, capping on MoS,, the doping concentration in MoS;, can
reach 2x 10" cm~2 [93]. Here we consider the undoped MoS, channel, which
has electron concentration of 1x10* ¢cm™2, surrounded by the top and bottom
AlQ, to discuss the influences of the doping concentrations. Figure 4.15 shows the
structure. First, devices with L;=100nm are used to discuss the relation between
the doping concentration of AlO, and the induced electron concentration in MoSs.
The relation is shown in figure 4.16. In this section, we have n-type AlO, with the
doping concentrations of 1.1x10'%,2.8x10'%, 5.6x10'", 8.4x10'", and 1.1x10%°
cm~? and the corresponding induced electron concentrations in MoS, are 4 x 10'2,

1x10'3, 2% 10", 3x10'3 and 4x 10" cm~2.
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Figure 4.15: Illustration of the AlO, doped MoS; nanosheet transistor.
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Figure 4.16: Linear relation between the doping concentration of AlO,, and the induced
eletron concentration of MoSs. The black dots are the doping concentrations to be

investigated.

In figure 4.17(a), when the doping concentration increases, the threshold volt-
age (Vrp) decreases. Vpy shifts rise from more electrons in the MoS, channel.
When comparing the performance, we also compare the transfer characteristics at

Ve—V,ys. Transistors operate at Vpp=0.65V. Figure 4.17(b) shows the perfor-
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60

mance of the transistors with different doping concentrations. As doping increases,

there is no influence on the gate control. Besides, I,, significantly increase. At

Ls=7nm, L,,,=1nm and n=3x 10'® cm~2, 1,,,=483 pA/um. Comparing to devices

without doping, I,,,, increases 10%, and fulfills the requirement of the 2020 IRDS.

If doping can reach n=4x10'3 cm~2, I, reaches 495 pA/um, fulfilling the require-

ment of the 2022 IRDS. Therefore, if the process of doping won’t infuence the

quality of the inteface, substoichiometric metal oxide doping can bring benefits to

the performance.
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Figure 4.17: (a) Comparison of the tranfer characteristics of the transistros with Lg=5nm,

L,,=1nm, and different concentrations of MoSs doping. (b) Comparison of I,,, and SS of

transistors with different doping concentrations at I, ;=1x 10~* pA/pum and V pp=0.65V.

In figure(b), doping concentrations are gradually increasing from the bottom point to the

top point.
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4.6 Benchmark

With 0.8nm EOT Al,Os dielectric, L,,,=1nm, L;=7nm, n-type doping=4x10'3
cm™2, the best performance of the MoS; nanosheet transistor is I,,=495 pA/pm at
Lsr=1x10"* uA/um. We compare the MoS, nanosheet transistors with Si GAA
FETs. Benchmarks of DIBL vs. L and Ipg vs. SS value for Si GAA FETs are
shown in figure 4.18 [16, 17, 18, 19, 20, 21, 22, 23, 24, 25]. We define the gate
drive voltage V,,=Vs—Vry. Vrp is the gate bias at which the current density is
0.1 pA/um [16]. In figure 4.18(a), the MoS, nanosheet transistor demonstrates
very low DIBL and shows good electrostatics. In figure4.18(b), low SS value
shows good gate control. Besides gate control, with multiple improvements of the

structures and doping, 1,,, can also reach I,,,, requirement of the IRDS.
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Figure 4.18: Benchmarks of (a) DIBL vs. L and (b) Ipg vs. SS value for Si GAA FETs.

Only this work is the MoS2 nanosheet transistor. The data from this work is labeled by the

blue stars. The blue star in (b) is the best I, in this work. Label A to J corresponds to

references [16, 17, 18, 19, 20, 21, 22, 23, 24, 25], respectively.
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Chapter 5

Conclusion and Future Work

In chapter 3, the transport properties of MoS; and WS, are discussed with the
Monte Carlo method. By this method, the intrinsic mobilities of MoS, and WS,
are calculated to be 171 cm?/V-s and 83 cm?/V-s, respectively. AE K@ 1s the critical
factor in influencing the transport properties of materials. With smaller AE,
K-to-Q intervalley phonon scattering activates earlier. With six satellite Q valleys,
K-to-Q intervalley phonon scattering rate is almost ten times more than the sum
of the other intrinsic phonon scattering rate. Transport properties are significantly
degraded by K-to-Q intervalley scattering if the scattering mechanism activates too
early.

When we design transistors, the dielectric is also an important factor. To pursue
low EOT, high-x materials are selected to be dielectrics. However, with high
dielectric constant and low-energy phonon mode, the remote phonon scattering

from the high-~ material degrades the transport a lot. MoS, stacked between Al;O3
63
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and HfO, are 73 cm?/V-s and 15 cm?/V-s. On the contrary, although hBN and SiO,
are not suitable for scaling down, they have weak remote phonon scattering.
After discussing the transport properties of MoS, and WSs, both materials are
used as the channels of 2D monolayer nanosheet transistors. Two structures of
nanosheet transistors are compared. One structure is the transistor with dual sym-
metrical gates. The other one is the transisitor with dual gates but a wider bottom
gate. With inducing double carriers in the channel and contact, the asymmetrical
structure has two times more current at the same Vpp. As for materials of the
channels, MoS, shows better performance than WS, due to a weaker scattering
rate,. Because of better performance, the asymmetrical MoS, nanosheet is adopted
to be optimized. We optimized transistors in several approaches, including L,
dielectric, L,,,, and doping. For L, scaling down of L is not certain to bring ben-
efits to I, at limited V pp. If L shrinks, gate control has the possibility of being
degraded too much. Consequently, shrinking L; is a trade-off. EOT and materials
of the dielectrics are also investigated. Smaller EOT can increase gate control
and enhance I,,,, but at the same time, gate leakage current must be considered.
Furthermore, with weaker remote phonon scattering, Al,Os is a better choice for
the dielectric. As for L,,,,, shrinking L,,,, increases I,,,, but also increases DIBL. At
EOT=0.8nm, L;=7nm, the transistor is not affected much by DIBL when shrinking
L., to Inm. At Vpp=0.65V, it can reach 438 pA/mum, which is 90 % of the
requirement of the IRDS. As for doping, substoichiometric metal oxide doping

is selected. AlO, dielectric is used to dope undoped MoS,. Doping increases I,
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and doesn’t influence the gate control. At a doping level of 3 x 103, nanosheet
transistors can reach 1,,=483 pA/um, close to the requirement of the 2020 IRDS.
At a doping level of 4x10'3, nanosheet transistors can reach I,,,=495 pA/um at
Vpp=0.65V, meeting I,,, requirement of the 2022 IRDS. Comparing with Si GAA
FETs, MoS, nanosheet transistors show good electrostatics and gate control. After
optimization, I,, also reaches the international requirement. As a result, MoS,
nanosheet transistors indeed have the potential for the future technology.

In the future, there are several ways to enhance the performance of the transis-
tors. The first way is by lowering the intrinsic scattering rates of TMD materials.
In the literature, the band structures of MoS; and WS, are sensitive to strain [94].
With strain applied, it is possible to increase AEk and reduce the influence of
the K-to-Q intervalley scattering [75]. By lowering the scattering rate, we can
enhance mobilities and enlarge the probability of ballistic transport under a high
electric field. Consequently, I, will increase. Another way is about dielectrics.
Although Al,Oj is a suitable dielectric, HfO, is a more commonly seen material
for high-K dielectric because of its high dielectric contant. How to reduce remote
phonon scattering caused by HfO, becomes an important issue. Bi-layer dielectric,
like Al,O3/HfO,, has been proposed [95]. It might be a promising way to reduce
the remote phonon scattering from HfO,. For example, we can stack a few layers
of hBN between MoS; and HfO,. With the longer distance between MoS, and
HfO,, the Coulomb force is decreasing and reduce the remote phonon scattering.

Therefore, bi-layer dielectric has the possibility to reduce EOT and enhance current.
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These improvements have the possibility of enhancing I,,,, of the 2D transistors and

making 2D transistor more suitable for the process and future technology.
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Appendix A

Deformation potential constants for

MoS-> and WS-

Deformation potential constants of MoS, and WS in first brillouin are given in
Table A.1 and Table A.2 [52]. In the tables, “ac” means acousitc phonon and “’dp”

means deformation potential optical phonon.
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Table A.1: Deformation potential constants for electron-phonon interaction in the

conduction band of K and Q valleys.

Transition Phonon mode Phonon energy (meV) MoS, Units

K—K ac, I' 0 4.5 eV
dp, T 49.5 5.8 10%eV/cm
K—-K ac, K 26.1 1.4 10®eV/ecm
dp, K 46.8 2.0 10®eV/cm
K—Q ac, Q 20.7 0.93 10%eV/cm
dp, Q 48.1 1.9 10%eV/cm
K—Q ac, M 242 44 10®eV/cm
dp,M 47.5 5.6 10%eV/cm

Q1 — Ql ac, I 0 2.8 eV
dp, T 49.5 7.1 10®eV/cm
Q1 — Q2(Q6) ac, Q 20.7 2.1  10®eV/cm
dp, Q 48.1 4.8 10% eV/cm
Q1 - Q3(Q5)  ac,M 242 20  10%eV/em
dp,M 47.5 40 10®eV/cm
Q1 — Q4 ac, K 26.1 48 10%eV/cm
dp, K 46.8 6.5 10®eV/cm
Q1 =K ac, Q 20.7 1.5 10%eV/cm
dp, Q 438.1 24 10%eV/em
Ql - K ac, M 24.2 44  10%eV/cm
dp, M 47.5 6.6 10®eV/cm
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Table A.2: Deformation potential constants for electron-phonon interaction in the

conduction band of K and Q valleys.

Transition Phonon mode Phonon energy (meV) WS, Units

K—K ac, I 0 3.2 eV
dp,T 46.8 3.1 10%eV/cm
K—K ac, K 45.0 1.4 10%eV/ecm
dp, K 45.0 1.1 108 eV/ecm
K—Q ac, Q 20.7 0.93 10%eV/cm
dp, Q 45.9 1.6 10%eV/ecm
K—Q ac, M 242 44 108 eV/cm
dp,M 45.8 47 10® eV/cm

Q1 — Q1 ac, I’ 0 1.8 eV
dp, T 46.8 3.4 10%®eV/cm
Q1 — Q2(Q6) ac, Q 17.7 1.7 10%® eV/cm
dp, Q 45.9 2.3 108 eV/ecm
Q1 — Q3(Q5) ac, M 19.6 1.5 10%eV/cm
dp,M 45.8 1.9 10%eV/cm
Q1 — Q4 ac, K 20.5 3.7 10®eV/cm
dp, K 45.0 3.1 10%eV/cm
Ql —- K ac, Q 17.7 1.4 10%eV/cm
dp, Q 45.9 1.3 10®*eV/cm
Ql =K ac, M 19.6 4.0 10%eV/cm
dp, M 45.8 4.6 10%eV/cm
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