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Abstract

In recent years, Transition Metal Dichalcogenides (TMDs) have gained broad interest as
the channel materials of Field Effect Transistors (FETs) after the development of
fabrication and growth of two dimensional (2D) materials. Suitable bandgap, dangling
bond free interfaces and atomic scale thickness make TMD materials, like Molybdenum
disulphide (MoS>) and Tungsten diselenide (WSe:), attractive for switching and logic
devices. A robust simulator with quantum mechanical effects of 2D FETs will be a
promising addition to the existing literature and will pave the way to explore the sub-10nm
technology in near future. In this thesis work a computationally efficient simulator
considering the quantum mechanical effects of TMD FETs has been developed by using
only MATLAB. Schrodinger-Poisson equations are solved self-consistently using material
parameters extracted from literature. The numerical simulator has been used to study the
transport performance of a monolayer WSe; FET structure with 20 nm of channel length.
The performance analysis revealed excellent on and off state performances of the device
with an impressive ON/OFF current ratio of ~10°, on current of 547 pA/um, and sub-
threshold swing of 85.27mV/dec. To show the compatibility with circuit level simulation
performance, analysis of monolayer MoS2 channel TMD FETs has also been presented.

Finally, the optimal structure with greatest performance for the device has been proposed.
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Chapter 1

Introduction

Ever since the pristine era of metal oxide semiconductor field effect transistor (MOSFET),
scaling has been the primary driving force behind its unprecedented success. According to
the figure 1.1, the prediction of “Moor’s Law” [1], number of components per integrated
chip will be doubled in every two years. This prediction was the guideline for the
semiconductor industry to set their goals and made them push harder to break the

technological boundaries through constant innovation.

Figure 1.1: The transistor count of each major Intel x86 chip family [2]

From 1975 to 2005, the early era of scaling, both dimension scaling and voltage scaling
were the characteristics features. Dimension scaling allows the number of transistor per
chip to increase by 1000000x and consequently their speed to increase by 1000x, and
voltage scaling keeps the power density practically constant throughout this scaling regime
[3]-[4]. However, around 2005, the voltage scaling almost stopped as further reduction in
the supply voltage and hence the threshold voltage was leading to exponential increase in
the OFF state current [5]. As a result the high clock speed and smaller device dimension

caused heat to get trapped into the chip. To counter the heating problem the industry halted



the increase in clock speed and introduced multi-core processors to keep up with the

Moore s law.

Figure 1.2: ITRS roadmap [6] for transistor.

With technology node goes down to 10 nm, 7 nm and eventually to 5 nm, to keep up with the
Moore“s law the physical gate length of the transistors needs to be shrunk as well. According
to both ITRS 2009 and ITRS 2013 roadmap [6], by the year 2028 the physical gate length of
transistors will be 5 nm (Figure 1.2) or below which means only around 10 Silicon atoms in
the channel. Beyond 10 nm node Silicon channel transistors will not suffice to overcome the

power dissipation and scaling challenges and new material and structures will be needed.

To overcome the requirement of small channel length and electrostatic and power challenges
low dimensional nanotubes [7-8], nanowires [9-10], and very recently nanosheets [11-17],
tunneling FETs [18-19], Si FinFETs [20], negative capacitance ferroelectric FETs [21],
excitonic FETs [22], spin based FETs [23-24] are considered as the promising replacement of
Si-CMOS devices. Among all these, monolayer Transition Metal Dichalcogenide (TMD)
materials are receiving significant attention as possible candidates for post-Si electronics owing
to their ultra-thin body nature that allows aggressive channel length scaling and hence high

performance.



1.1 Transition Metal Dichalcogenide channel FETs

After the successful preparation of grapheme, two dimensional (2D) materials have been
examined intensively to obtain new stable 2D materials beyond graphene. Researches on 2D
material include real world experiments where 2D materials have been prepared and analyzed,
as well as computational and theoretical works where the stability and band structure of existing
and hypothetical 2D materials have been computed. Demonstration of isolated 2D atomic plane
crystals [25] from bulk crystals paves the way for experimental work on monolayer 2D
materials. Both experiments and theoretical effort confirm that variety of 2D materials beyond
graphene does or should exist and their electronic properties span the full range from metallic

to insulating.

Single-layer materials consisting of atoms of one single element arranged in a hexagonal
lattice are designated as X-enes. So far, graphene as well as its Si-, Ge-, and P-based
counterparts silicone [26], germanene [27], and phosphorene [28] have been
experimentally realized, and the band structure of stanene, the X-ene based on tin (Sn), has
been calculated [29]. The crystallographic structure of the X-anes is closely related to that
of the X-enes. They also possess a hexagonal lattice of carbon (graphane), silicon (silicane),
germanium (germanane), or tin (stanane) atoms. However, their lattice atoms are
additionally out of plane bonded to hydrogen atoms — this is frequently called
hydrogenated. Graphane was predicted to exist in 2007 [30] and was produced
experimentally shortly afterwards [31]. Recently, germanane could also be realized
experimentally [32]. Most relevant for electronic applications is the fact that graphane,
silicane, and germanane possess sizeable bandgaps. The Transition Metal Dichalcogenides
(TMDs) constitute a group of materials consisting of a transition metal (elements of groups
4, 5, and 6 of the periodic table of elements) and a chalcogen i.e., sulfur (S), selenium (Se),
or tellurium (Te). These transition metal and chalcogen elements form covalently bonded
2D layers of the type TMD (e.g., MoS2) with a hexagonal lattice. Single-layer TMDs
consist of three atomic layers where a layer of transition metal atoms is sandwiched
between two layers of chalcogen atoms. For example, single-layer MoS, is composed of
one layer of molybdenum atoms and two layers of sulfur atoms. Today, more than 40
different types of TMDs are known [33]. While many of them are metallic, those containing
Mo and W (i.e., MoS,, WSe;, etc.) as well as several of the Hf-, Pd-, Pt-, and Zr-based
TMDs are semiconductors with bandgaps of the order of 1-2 €V.10,45 It should be noted
that TMDs occur in different polytypes 1T, 1T°, 2H, and 3R, where T means trigonal, T’
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distorted trigonal, H hexagonal, and R rhombohedral, and 1, 2, or 3 indicates the number
of TMD layers in the unit cell [34-35] which have different properties. For example, the
common 2H polytypes of the Mo- and W-based TMDs are semiconducting while their
metastable counterparts of the 1T type are metallic [36].

1.2 Motivation for choosing WSe; and MoS:

In recent years, among the monolayer TMDCs, Molybdenum Disulphide (MoS,) and
Tungsten Diselenide (WSe>), have gained broad interest as transistor channel materials [37-
48]. Their high bandgaps and sub-1 nm thickness makes them the most suitable candidate
for next generation low power transistors. Apart from the application in memory devices
and microprocessors, flexibility, transparency, and pristine interfaces made TMDCs ideal
candidates for display electronics [49] and bio/gas sensors [50-51]. The TMDC based FET
has matured quite a lot over the years with the demonstration of large scale CVD growth
technique [52] and demonstration of both n-type and p-type FETs based on MoS2 and
WSe2 [53-54] FETs with record on-state and off-state performances. In addition,
tremendous research efforts are being given to improve the performance of TMDC FETs
addressing the residual issues like high contact resistances with source/drain metals, high
interface trap density, low electron and hole mobility and inefficient air-stable doping

methods [55].

1.3 Atomistic Simulation of WSez and MoS:

Monolayer WSe> and MoS: have different properties than bulk form. For example,
monolayer sheet has different bandgap than the bulk one. So to get the desired TMDs with
required properties atomistic simulation is necessary. Band structure of these materials
provide necessary material properties. Density-Functional Theory (DFT) method can
provide the properties of the material by determining the band diagram of the material.
Simulation tools like Quantum Espresso [56] and Atomistix ToolKit (ATK) [57] can be

used for the DFT simulation.



In 2013 Ramasubramaniam et al. [58] studied MoS, by using a combination of DFT and
Monte Carlo simulations. They demonstrated the potential for engineering a new class of

atomically thin dilute magnetic semiconductors based on Mn-doped MoS, monolayers.

In 2013 Duerloo et al. [59] employed DFT calculations to estimate the piezoelectric
coefficients WSe; along with few other monolayer TMDCs. The study revealed that
monolayer TMDCs possesses greater piezoelectric coefficients compared to commonly

used Wurtzite piezoelectrics.

In 2014 Chang et al. [60] used an ab initio density functional theory based electronic
structure method, they studied the effects of adatoms on the electronic properties of
monolayer transition metal dichalcogenide MoS,. For the most stable adatom positions,
they characterized the emergence of adatom-induced electronic states including any dopant

states.

In 2014 Yuan et al. [61] studied the spin—valley-coupled circular photogalvanic current
generation in WSe; using VASP DFT package. They have demonstrated a spin-coupled
valley photocurrent in a WSe; electric-double-layer transistor and found that the direction
and magnitude of the current is dependent on the degree of circular polarization and

external electric field.

In 2015 Allain et al. [62] used DFT calculations to show that, due to orbital overlap and reduced
tunnel barriers, edge contacts lead to a shorter bonding distance than top contacts for both the

monolayer and multilayer TMDs.

In 2015 Zhou et al. [63] investigated the phonon transport of monolayer WSe; employing DFT
with the phonon Boltzmann transport equation. The study found that, compared to other 2D
materials the monolayer WSe; has relatively lower thermal conductivity, which is attributed to

its Debye frequency and heavy atom mass.

In 2015 Dai et al. [64] used DFT computations to study bandgap tunability of the multilayer
WSe: sheets with the application of external electric fields. The study concluded that the
bandgap of WSe: sheet decreases with the increment of the vertical electric field and gradually
turns it metallic at about of 0.6-2.0 V/nm electric field, depending on the number of layers

present in the sheet.



In 2016 Wang et al. [65] studied the detailed bond reconstructions that occur in S vacancies
within monolayer MoS; using a combination of aberration-corrected transmission electron
microscopy, DFT and multislice image simulations. Removal of a single S atom causes little
perturbation to the surrounding MoS: lattice, whereas the loss of two S atoms from the same

atomic column causes a measureable local contraction.

1.4 Analytical Modeling

Analytical and compact modeling can give better insight into the operation of a device. For
monolayer TMDCs classical transport models will not be appropriate because of the
presence of high degree of confinement. The quantum model can be easily formulated by
assuming that the potential drop at the ultrathin channel in the confinement direction is
negligible. Also, the potential across the channel can be accurately approximated as a
quadratic function of the dimension. Using this approximation and solving Schrédinger and
Poisson equation analytically can give the surface potential profile and hence the current
transport across the channel. For modeling threshold voltage only semiclassically
approximated charge can be used to obtain simplified closed form equation. Once the
primary analytical model is developed various secondary effects like Mobility Degradation

and Interface Traps etc. can also be incorporated into the model.

In 2012 Jiménez et al. [66] presented a physics-based model for the surface potential and
drain current for monolayer TMDC FET. The work took the 2D density-of-states of the
monolayer TMDC and its impact on the quantum capacitance into account and modeled
the surface potential. The authors further developed an expression for the drain current
considering the drift-diffusion mechanism. The analytical expressions of surface potential
and drain current derived in this work are applicable for both the subthreshold and above
threshold regions of operation. Although the analytical model is benchmarked against a
prototype TMDC transistor, it has some major limitations like non-scalability due to
lumped capacitor network based intrinsic device characteristics and insufficient

differentiation between Fermi potential (voltage) and electrostatic potential in the model.

In 2014 Cao et al. [67] presented an analytical -V model for 2D TMDC FETs as well. The
model takes physics of monolayer TMDCs into account and offers a single closed form

expression for all three i.e. linear, saturation, and subthreshold regions of operation. The
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authors also incorporated various non-ideal secondary effects like interface traps, mobility
degradation, and inefficient doping in the model, although that resulted in current equations
having an integral form instead of closed form. The compact analytical model has been

benchmarked against both numerical device simulation and experimental result.

1.5 Fabrication

Over the year many groups have experimentally demonstrated monolayer WSe, channel
transistors. These work ranges from basic WSe2 MOSFETs to advanced devices like WSe»
based TFET, TMDC Heterostructure FET and so on. In this section few of those works

have been introduced from the literature.

In 2012 Fang et al. [68] reported high performance p-type monolayer WSe> FET with
chemically doped source and drain contacts and high-k gate dielectrics. The FET had a Si
substrate with 270 nm SiOz bottom oxide, 17.5 nm ZrO> top gate dielectric and Pd metal
gate. At room temperature, the monolayer transistors exhibited an effective hole mobility
of ~250 cm?/V-s, subthreshold swing of ~60 mV/dec, and on-off current ratio of 106 with
a channel length of 9.4 pm.

In 2015 Movva et al. [69] demonstrated dual-gated p-type few-layer WSe, FET with high
work-function Pt source/drain contacts, Pd top gate and a hexagonal boron nitride top-gate
dielectric. The devices achieved hole mobility and on-off current ratio of 140 cm?/V-s and
107 respectively at room temperature. The WSe> layer is deposited on a SiO»/Si substrate
with a effective channel length of 6 pm and supported a maximum drive current of 5 pA/pum

at -5 V top gate bias voltage.

In 2014 Tosun et al. [70] demonstrated a CMOS inverter by implementing both n and p-
type inverter on the same WSe; flake for the first time. In the p-FET, high work function
Pt is used to inject hole at the source contact of WSe>. Whereas, the n-FET is formed by
degenerately doping the Pt-WSe, contact by Potassium (K). Both the n and p-type FETs
achieved an on-off current ratio of 104 and the DC gain of the inverter was measured to be
greater than 12. The inverter had ZrO- top gate dielectric and 10 nm thick WSe:> flake grown
on Si0»/Si substarte. The effective channel length was 2 um with a gate underlap and

overlap at the source/drain contacts of n and p-FET respectively.
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In 2017 Zeng et al. [71] prepared exfoliated MoS, dispersions through a two-step liquid
phase exfoliation process with N-methyl-pyrrolidone (NMP) and Isopropanol (IPA). The
quality of the obtained MoS; flakes was characterized by transmission electron microscopy,
scanning electron microscopy, UV—Vis spectroscopy and Raman spectroscopy. For charge
transport analysis, bottom-gate thin film transistors (TFTs) based on exfoliated MoS: films

were fabricated via spray coating technique.

1.6 Objectives of the Thesis

The objectives of this work are:
1. To develop a self-consistent simulator for TMD FETs.

ii.  To present a comparative study of device parameters by considering different
TMD materials using the developed simulator.

1.7 Thesis Overview

This thesis is divided into four chapters.

Chapter 1 provides general introduction followed by necessary background, motivation,

literature review and the objectives of the work.

Chapter 2 presents detailed mathematical analysis of the Self-consistent Simulator.
Poisson’s equation is solved by performing a variable change to make the simulator
computationally efficient. Schrodinger’s equation is solved by using Non Equilibrium
Green Function. Upon the convergence of the self-consistent simulator device drain current

1s determined.

The results obtained from the developed simulator is presented in chapter 3. Drain current
for different gate bias is determined for WS; channel FET. Simulator is verified by referring
the obtained result to already existing literature. More than one reference is considered.
Then by using the developed simulator the drain current for MoS> channel transistor is
determined. A comparative study of the device parameters is also presented and a better

channel material for the structure considered is proposed in this chapter.



Chapter 4 contains the concluding remarks along with suggestions for future work on the

topic.



Chapter 2

Quantum Mechanical Simulation

In this chapter, the 2D transport simulator for TMD FETs is developed by implementation
of two components in MATLAB: a Poisson solver and a self-consistent solver. In the first
section, the Poisson’s equation is solved for a 2D cross section along the channel. A
variable change from potential to quasi-Fermi energy will be performed and solved using
the Newton-Raphson method. For the second section, the Schrodinger’s equation is solved
for a 1D cross section perpendicular to the channel by using the Non Equilibrium Green’s
Function (NEGF) method. From this result, the solution of Schrodinger’s equation across
the channel is approximated by applying the Perturbation Theory. The NEGF method is
mathematically equivalent to solving the Schrédinger’s equation with open boundary
conditions. Upon convergence, the computationally efficient self-consistent solver is able
to determine ballistic drain current, threshold voltage and sub-threshold swing for the TMD
FETs. These parameters will be used to measure the device performance in the next chapter.
To show the compatibility with circuit level simulation, performance analysis of monolayer

MoS; channel and WSe; channel TMD FETs will also be presented in the result section.

2.1 Device Structure

The device structure considered in this work has a 0.7 nm thick monolayer WSe> channel
of length 20 nm deposited on a 5 nm thick layer of SiO2. A 3 nm thick layer of ZrO; serves
as the top oxide of the device as shown in Figure 2.1. The metallic source/drain length is
taken as 10 nm and Au is used as the source material. Above the top oxide a metallic top

gate of Palladium (Pd) is placed. The channel doping density is 1x10%° m™.
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Figure 2.1 2D cross section of the monolayer WSe: channel FET [68]

2.2 Self-consistent Simulator

2.2.1 Poisson Solver

The numeric solution to the Poisson equation is obtained by making use of Gauss’s law.

# [eE(x,y)].dS = j g[=n + Np — N,]do) 21
Q

Where E is the electric field, n is the electron concentration, Npand N, are the donor and
acceptor concentrations, q is the electron charge and ¢ is the dielectric constant. For the
numerical solution there are Nx and Ny number of lattice mode considered along the X and
Y directions. A 2D numerical solution to the Poisson equation is composed of N, X
Ny potential values throughout the device region. To attain the N, X N,, unknowns, same
number of equations are needed. The equations are obtained either by applying equation
3.1 at all the internal nodes. We have considered m nodes for the row and n nodes for the
column. Using a central difference approximation for the spatial derivatives, we express E

in terms of potential V. The linearized finite difference form of equation 2.1 is,
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a a

v, +bV 2(a+b)V +bV + -V,
b m—1,n a mn—1 b a mn a mn+1 b m+1,n 294

ab
= _Q?(ND — Ny — n)m,n

Where a and b are the mesh spacing in the X and Y directions. Since the oxide thickness is
very small, to obtain a finer grid the spacing b is typically chosen smaller than the spacing
a. Now the dielectric constant should be modified according to the region of interest. If the
node is in silicon then € = &; or if the node is in the oxide region then € = ¢,,. If the top
and bottom oxides are different then the dielectric constant should be changed accordingly.

For the node in the Silicon oxide interface, the discontinuity of ¢ is considered as,

a b Ephot a b Ephot
~Vime1n +—(1+—|V, _—<—+—) 1+ |4
b m-—1n 2a ( gtop) mn—1 b a gtop mmn

b Epot a Epot
+- (1 +— Vm,n+1 + E_Vm+1,n
Etop €top 22b

B ab

(ND - NA - n)m,n
top

Where &, and €;,,; are the dielectric of the top and bottom materials of the interface

respectively. Now, rest of the equations is determined from boundary conditions. At the
external boundaries of the gates Dirichlet 1.e. fixed voltage boundary condition is used and
Neumann i.e. continuous electric flux boundary condition is used at the source and drain

contacts. So the equations are,
Vinn = Vi for the gate contact
Vinn — Vinn+1 = 0 for the top and bottom edges of drain/source
Vinn — Vin,+1n = 0 for the left and right edges of drain/source 22¢

2Vn = Vimt1n + Vimnsr = 0 for the corner nodes of the top edge of

drain/source

2Vmn = Vim—1n + Vimn+r = 0 for the corner nodes of the bottom edge of

drain/source
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Now these N, X N,, equations is to be solved for 1}, ,. However, for the set of coupled
equation the solution of current node depends on the solution of previous node. So it
requires a huge amount of time to determine the solution of theses coupled equation. To
make our solver computationally efficient we have used a different algorithm [72-74] for
Poisson equation solver. In this algorithm, upon the availability of electron density, a
variable change from electron density to quasi-fermi energy is performed by using the old

potential,

-1 [(M2D)m,
(F)mn = _Q(Vold)m,n + kBle/lz(%)

23

Where S[/lz is the inverse Fermi-Dirac integral of order 'z [75], nop is the 2D electron

density and N is the effective density of states in the conduction band. Now the density of

states can be determined from the above equation,

(Fn)m,n - qu,n]

(M2p)mn = NCS1/2 [ kT 24

Once the Quasi-Fermi level variable change is achieved, it is substituted into the nonlinear

Poisson equation,

]

N¢ 2.5

(Fn)m,n - qu,n _ ND - NA
kyT

V(e VWnn) = Nc[S1)a (

This non-linear equation is solved by using Newton-Raphson method [76-77] by rewriting
it in the form of F(V)=0 where a varies from 1 to N, X N,,. The Jacobian matrix of the

solution is obtained by,

_OE)
“P T avg 2.6

Where Vg is the 1D representation of V. For the new values of potential we use the

equation, View= Voud + AV. Using the Taylor expansion of the first order,

Fot(Vnew) = Fa(Vold) + Fa,B.[(Vold)- [AV] =0 2.7
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So the change in the potential is obtained by simply the matrix operation,

[AV]g = —Fa g (Voia) \Fa Vo1a) 2.8
This inner iteration will solve for the potential of the device.
2.2.2 Schrodinger Equation Solver

Schrédinger Equation (SE) allows to calculate the energy levels for any confining atomic

potential U (7). The basic time independent Schrodinger equation can be described as,

oY(r hZ2 2.9
ih lg(t” _ [—%\72 4 U(ﬂ]w(f)

This equation can be modified as Equation 2.10 and the system Hamiltonian is given in

Equation 2.11,

L0 2.10
th ot Hop ¢(7)
— h? ) _ 2.11
Hop = —%V + U(T‘)

For solving this equation numerically the wave function, 1 (7) is converted into a column
vector {i}and the deferential operator ﬁ;p into a matrix [H], then the partial deferential

equation into a matrix for is obtained,

L d 2.12
lha{w} = [H]{y}

If we assume transport direction along x axis and apply Schrodinger equation along that
direction, then by using finite difference technique we can convert differential equation into

a difference equation,

0? 1 2.13
< ¢> x=xn ? [d)(xn—l) - 2¢(xn) + ¢(xn+1)]

J0x?

U@ (x) = UG (xn) 2.14
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Where a is the difference between two consecutive nodes or the lattice spacing. Now, the

system Hamiltonian matrix elements have to calculate.
2.2.2.1 System Hamiltonian Matrix [H]

The system Hamiltonian describes the contact effects of the device in matrix. If N is the
total number of grid points of the device in transport direction then the Hamiltonian will be
of N X N blocks. Hamiltonian matrix size and element will depend on the device structure.

The time dependent Schrédinger equation can be written in the matrix form as,

E{y} = [H]{y)} 2.15

From the concept of effective mass we can say that electrons in a solid behaves like
electrons in the vacuum but with mass different from the electron mass, that is effective
mass m*. So we can replace the SE with the Effective Mass Equation in simple one

dimension along the x axis,

2 2.16

2m*

Ey(r) = l— V2 + Eclw(f)
Here the atomic potential is replaced by some constant Ec that indicates the conduction
band energy. Now we will explain the method to represent Equation (2.16) in a matrix from
like Equation (2.15) and choose the matrix elements of [H] so that it becomes equal to the
Equation (2.15). The solution of the differential equation with constant value can be written

in exponential form as,

w(x) = plkx 2.17
From Equation 2.16,
_ h2k? B p? 2.18
E= py— + EC_2_m*+ E.
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Figure 2.2: Simple 1D structure of the atom in the solid. The basis function is localized

around a particular atom

For a matrix of homogeneous system like the Equation (2.15), again the solution can be
written in exponential form and the dispersion relation obtained should be match with
Equation (2.18). We will use nearest neighbor tight binding model and so the wave function
will be a column vector and [H] will be square matrix with nonzero value only at diagonal,

upper and lower diagonal.

Since we have considered a homogeneous system all the diagonal elements will be same
and the upper and lower diagonal elements will also be same. We can write Equation (2.15)

as,

lpl c t .. 0 1/11
ATl M L 219

l/JN 0O 0 .. c le
From this equation for the n' atom,
Ey =ty 1 + e + thpiq 2.20

For this type of homogeneous system we can represent the solution in terms of exponential

functions,

16



lpn—l — eik(n—l)a
l/) — eikna
n

¢n+1 — eik(n+1)a
From Equation 2.20 the dispersion relation will be,

E =te % + ¢ + tetk®

= c + 2tcos(ka)

2.21

2.22

Figure 2.3: Dispersion Relation

If the parameters are chosen properly this two dispersion relation will match for a certain

limit. For electron flow property the electrons around the conduction band have to be

considered and for our case this cosine and parabolic function match quite well. Electrons

will occupy the conduction band energy level over a few Kgr plus the applied voltage.

We determine the limit by using Taylor series expansion,

x?> x* x®

COS(X)= —7 E—a
x2
=

So Equation 2.22 becomes,

E = (c + 2t) — ta’k?

Since Equation 2.24 and 2.18 are equal, so U(xn)=U, and

system Hamiltonian matrix, [H] as,

17

2.23

2.24

h2 ]
Pl to. We can write the



UO + 2t0 _to e 0

= oo BEHe o0 225
0 0 v Uy + 2t
2.2.2.2 Eigen States

Since Equation Eigenvalues of [H] are the energy levels and Eigenvectors of [H] are the
corresponding wave functions associated with those levels. Now for time dependent

Schrédinger equation we can write from Equation 2.12 as,

L dy
ih dtn = —toPn-1 + (Up + 2t0)Yn — toPn+1
2.26
= Z _toén,m—l + (UO + 2t0)6n,m - t06n,m+1
m

Where 6, ., is the Kronekar delta, which is equal to 1 if n = m and 0 if n # m. So the

elements of the Hamiltonian can be expressed as,
Hym = —tobpm-1 + Uo + 2t0)5n,m — to0nm+1 2.27

If the initial state is given then {Y(t)} can be calculated from eigenvalues E,

and eigenvectors {a} of the matrix [H],
[Hl{a} = E {a} 2.28
Wave functions can be defined as,

WO} =Y Ce T (@) 22

As aresult Y1p* = |p?] is the probability distribution of the charge.
2.2.3 NEGF Formalism for the Transport Simulation

First Uncoupled Mode Space (FUMS) [78-79] has been used for this 2D simulator. By
using the initially approximated Poisson equation is solved and the potential, V is

determined at each node of the device. Then potential energy U(x,y) is calculated. Average

18



potential energy along the confinement direction is determined by using the following
equation,

1 (I
00) = — f UCx,y)dx
L, 0 2.30

Where, Ly is the length of the device in the transport direction. This average potential
energy is substituted into the Schrodinger equation and by solving the equation average

subband energy, EI

m and the wave function ™ (y) for the m™ subband is determined.

This wave function is considered as a constant along the transport direction according to
the FUMS [28] approach. For the Eigen energies, First Order Perturbation Theory [29] is

considered and the calculated energy the system Hamiltonian, H is formed.

Non-equilibrium Green's Function is used to calculate ballistic electron density and hence
the current in the device. The properties of the channel material is considered in the
Hamiltonian matrix [H]. So the retarded Green's function with potential matrix [U] at a

specific energy E,
G™(E) = (El —H - X§'(E) - Zp'(EN ™ 2.31

Where, I is the identity matrix, Y. o' (E)and Y.} (E) are the self-energy matrices representing
the interaction of channel with source and drain. The spectral function, A for the source

and drain can be determined as,
AFH(E) = G™(E)I(E)G™ (E) 2.32
p(E) = GM(E)Tp (E)G™ (E) 2.33

Where T§' and ' are the coupling matrices for the source and the drain and they are

described by the spectral broadening as,
s = i(Xs(E) — X5 (E)) 2.34
Is* = i(Xs'(E) — X5 (E) 2.35

The 2D electron density is determined by the equation,
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/mzic; f 1 ) diag (AQ”(E))

) diag (AQ”(E))

2.36

+‘Z§1(kT

3D electron density can be determined by multiplying n!* with the wave function|yp™ (y)?].
Total electron density, n, is determined by summing the above equation for all the subband

considered in the simulation. Then the total ballistic current is determined by,

. q ‘ m*kgT (% Us m
! _ﬁz 2 j_w[?’—%( kT ) diag (A3'(E))

g 2.37
b 1(” - )diag (AT (E))|T(E)dE

Where T(E)is the transmission coefficient which is obtained by summing the transmission

coefficient, T™(E) for all the subband considered,
T™(E) = Trace (TFG™(E)IHG™ (E) ) 2.38

The whole simulation process is presented below with a flow diagram,
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Figure 2.4: Algorithm for self-consistent solution
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Chapter 3

Results and Discussion

In this chapter, we present a comprehensive study of the device parameters of the TMD
channel FETs with WSe; and MoS: as the channel material. First of all, device parameters
of WSe> is presented. For this simulation, 1.6 eV bandgap, 3.9 eV electron affinity and
0.33my effective mass are considered [80-81] [57]. Simulator verification is provided in
this chapter. Later in this chapter, device parameters of MoS> channel based FET are

provided.

3.1 WSe: channel FET

In this section, different characteristic properties of WSe> channel FET are presented.
Figure 3.1 shows the first subband energy profile at fixed gate bias of Vg=0.4 V. Drain
bias is considered from OV to 0.4V in an interval of 0.1V. Little variation in the top of the
barrier confirms the strong gate control of the device. Figure 3.2 shows the first subband
energy at fixed drain bias of V4s=0.4V and the gate bias varies from 0.2V to 1.0V in an
interval of 0.2V. Rapid top barrier change at lower voltage confirms stable threshold

voltage. Three subbans are considered in our work.
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Figure 3.1: First subband energy profile across the channel at a fixed gate bias of Vg =

0.4 V with Vgs= 0.0 V to 0.4 V with an interval of 0.1 V
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Figure 3.2: First subband energy profile across the channel at a fixed drain bias of Vgs=

0.4 V with Vgs=0.2 V to 1.0 V with an interval of 0.2 V
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Figure 3.3 shows the 2D electron density along the device and in middle of the channel

region the value is approximately1013m~2. Figure 3.4 is the 3D electron density across

04Vand Vg =0V.

the device for Vgs=

n2D (m'z)

40

30 35

0 5 10 15 20 25
X (nm)

Figure 3.3: 2D electron density along the device

Electron Density for Wds=0.4 % and Ygs=0W

25
® 10

| A i ,_h
i

e
F%WHI'

Figure 3.4 : 3D elctron density for Vgs=0.4 Vand Vg =0V
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Figure 3.5 shows the transfer characteristics of the device. Drain current of the device at
different gate voltage is presented in the I-V characteristics. Figure 3.6 shows the drain

current at different gate bias.
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Figure 3.5: I-V characteristics
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Figure 3.6: Ips vs Vas
3.1.1 Parameter Extraction for WSe: channel FET

Threshold voltage, Vi of the device is the minimum source to gate voltage required to
create the conducting path between source and drain terminals. This important device
parameter is extracted from the extrapolated Ipgvs Vs curve. X-intercept of the rising
region of the curve or the tangent of that curve indicates the V. From Figure 3.7 Vi, for

the device structure considered is 0.23 V for Vgs =0.2 V and 0.29 V for V4 =0.8 V.
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Figure 3.7: Vi calculation

The ON/OFF ratio of the drain current is determined from Figure 3.8 and the maximum
obtained ON/OFF ratio is ~10° for both the drain bias of 0.2 V and 0.8 V. The gate bias
of 0.1V is considered as OFF state and 0.8 V as the ON state of the device.
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Figure 3.8: Determination of ON/OFF current ratio

Subthreshold Swing (SS) is determined from the Figure 3.8. Slope of the logio(ldas)- Vs
curve denotes the SS [82]. SS of the device is 85.27 mV/decades which is very close to
the theoretical limit of 60 mV/decade of these type of devices.

Vps=0.2V
V=08V

107 F

102 55 =835.27 mV/decade i

Ipg (nA/um) (log scale)

02 01 0 01 02 03 04 05 06 07 038
Vs M)

Figure 3.9: Determination of Subthreshold Swing
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3.2 Simulator Validation and Efficiency

The simulator is validated by comparing the device current with the existing reported
simulator by Khan et al [83]. The device simulated by Khan et al is a monolayer WSe»
channel Field Effect Transistor. They have used COMSOL multiphysics tool for their
simulation and Fast Uncoupled Mode Space (FUMS) approach for their device current
calculation. The reported result is in complete affirmation with our result. Again,

monolayer TMD transistor reported by Yoon et at [84] is also taken as the reference for the

validation of our simulator.

00 ' ' ' | yamgamszzezieeiy
aaafd?
E Our Simulator
:E 200F = Yoon et al.
= a  Khan et al.
on - -
== 100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Vs ™)

Figure 3.10: Drain current of Monolayer WSe; channel FET by our simulator, Khan et al

[83] and Yoon et al [84] at the gate bias from 0.2 V to 0.6 V with an interval of 0.2 V.

The simulator is also validated for MoS, channel material. Monolayer TMD based
transistor reported by Yadav [85] et al has used 20nm as the channel length of the device.

Figure 3.11 shows that our simulation are compatible with the reported result of MoS>

channel material transistor.
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Figure 3.11: Drain current of Monolayer MoS; channel FET by our simulator, Yadav et al

[85] at the gate bias from 0.2 V to 0.8 V with an interval of 0.2 V.

In our algorithm, Poisson equation makes the simulator computationally efficient. To
illustrate the solution process of Poisson equation, we present the sparsity of the Jacobian
matrix in Figure 3.12. The pattern shows that the Jacobian is very sparse matrix. The five
diagonal lines indicate that each node is only coupled to its four neighbourings in the finite
difference approximation. The sparsity of the Jacobian give rise to large savings in memory

and computational time.
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Figure 3.12: Sparsity of Jacobian Matrix

In the convergence profile of Newton-Raphson Loop shown in Figure 3.13, the first few
points indicate that the trial potential is away from the solution. After that quadratic

convergence is seen. Due to the variable in Poisson-Transport coupled system, The

Transport-Poisson convergence is smooth.
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Newton-Raphson Loop Transport-Poisson Loop

Figure 3.13: Convergence profile of Newton-Raphson Loop and Transport-Poisson Loop
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3.3 MoS: channel FET

For this simulation of MoS» channel FET, 1.8 eV bandgap, 4.07 eV electron affinity and
0.56mo effective mass are considered [36-37]. Same simulator has been used for this
simulation. Thickness of the monolayer MoS: channel is considered as 0.6 nm [38]. Top
oxide of thickness 2nm, bottom oxide of thickness 4nm and 20nm channel length are
considered in this simulation. Both drain and source lengths are considered as 10nm. Figure
3.14 shows the final result of this simulation. Drain current at different gate bias is

presented in this figure.

Laa

Vee=02Vie 08V

A
El
=
=
=
ik 4
lI:II'I]' 4 8 12 16 2
Vos W)

Figure 3.14: I-V characteristics of MoS> channel FET
3.3.1 Parameter Extraction for MoS: channel FET

Figure 3.15 shows the threshold voltage, Vi for MoS: channel FET. For this device Vi, is
0.4V for Vps =0.4 Vand 0.41 V for Vps =2.0 V.
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Figure 3.15: Vu calculation for MoS; channel FET

Figure 3.16 shows the ON/OFF current ratio for this device structure and the ratio is

~3 X 10°.
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Figure 3.16: ON/OFF current ratio of MOS; channel FET
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Figure 3.17 shows the subthreshold swing for this device structure and the value is 93.27

mV/decade.

10-—1 T

ol 8

107

S8 =9327 mV/decade

Ing (nA/um) (log scale)

Ves M

Figure 3.17: SS for the MOS; channel FET
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Chapter 4

Conclusion

This chapter presents the whole work in a nutshell. Some unexplored facts of this work

which can be put under extensive research.

4.1 Conclusion

In this work a computationally efficient Simulator for TMD channel FET is developed. For
the simulator development, Poisson’s equation is solved by using a faster method.
Schrédinger’s equation is solved and this self-consistent simulator is used to determine the
device current by using NEGF method. We have studied the effect of channel material for
the device structure we have considered. In our work, we used WSe; and MoS: as our
channel material. Different device parameters are determined. According to our study the

device parameters are given below,

Table 4.1: Device Parameters obtained from the Simulator

Channel material Threshold Voltage | ON/OFF Current | Sub-threshold Swing
(in Volt) Ratio (in mV/decade)

WSe: 2 ~10° 85.27

MoS: 4 ~10° 93.27

For faster switching the FET devices should have a lower threshold voltage and higher
ON/OFF current ratio. From our study it can be inferred that for this type of FET structure
monolayer WSe> is a better choice as the channel material than the monolayer MoSo.
However, the fabrication facility is not considered in our study. Fabrication facility of these

devices most be considered for the commercial production of this device.
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4.2 Limitations and Suggestion for Future Works

X/
°

X/
°

The fabrication facility of a device is the main concern for the commercial
availability of the device. So, first of all fabrication process for this device should
be developed.

Experimental results for 20nm channel length FETs are still not available in the
literature. As a result the simulator is validated with existing simulation results. So,
validity of the device parameters should be done by developing an analytical model.
In the numerical simulation, the 2D material channel is considered fully depleted
under all gate bias condition. Although this assumption is true for strong inversion
region, it introduces error in subthreshold current calculation. In future this
limitation can be addressed by using a dynamic depletion width with applied gate
voltages.

The simulator determines only the ballistic current of the device structure. To
determine more accurate current profile of this device, scattering can be introduced.
For the introduction of scattering Butikker probes can be considered inside the
channel region.

The approach of the simulator can also be applied for other types of device

structures.
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