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Abstract

Tunneling in low-power device-design: A bottom-up view of issues, challenges, and
opportunities

by
Kartik Ganapathi
Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Sayeef Salahuddin, Chair

Simulation of electronic transport in nanoscale devices plays a pivotal role in shedding light on
underlying physics, and in guiding device-design and optimization. The length scale of the
problem and the physical mechanism of device operation guide the choice of formalism. In the
sub-20 nanometer regime, semi-classical approaches start breaking down, thus necessitating a
quantum-mechanical treatment of the electronic transport problem. Non-equilibrium Green's
function (NEGF) is a theoretical framework for investigating quantum-mechanical systems —
interacting with surroundings through exchange of quasiparticles — far from equilibrium.
Although hugely computation-intensive with a realistic device-representation, it provides a
rigorous way to include particle-particle interactions and to model phenomena that are inherently
quantum-mechanical.

We build the Berkeley Quantum Transport Simulator (BQTS) — a massively parallel, generic,
NEGF-based numerical simulator — to explore low-power device-design opportunities.
Demonstrating scalability and benchmarking results with experimental tunnel diode data, we set
out to understand tunneling in devices and to leverage it for both digital and analog applications.

Investigating InAs short-channel band-to-band tunneling transistors (TFETs), we show that
direct source-to-drain tunneling sets the leakage-floor in such devices, thereby limiting the
minimum subthreshold swing (SS) in spite of excellent electrostatics. A heterojunction TFET
with a halo doping in the source-channel overlap region is proposed and is shown to achieve
steep SS as well as large ON current. We discover that by band-offset engineering, the steepness
therein could be controlled primarily by the modulation of heterojunction-barrier. Subsequently,
exploring layered materials for analog applications, we demonstrate that doping the drain
underlap region in graphene FETs prolongs the onset of tunneling in their output characteristics,
and hence significantly increases their output resistance (7y) and intrinsic gain (g,7y). Due to
large bandgap, and consequently, large ry, monolayer-MoS, FETs exhibit a significant
enhancement in maximum oscillation frequency (f,..) over their graphene counterparts.
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CHAPTER 1

INTRODUCTION

In this chapter, we begin with a brief overview of the challenges and opportunities associated
with low-power device-design. Subsequently, we examine the necessary considerations in
choosing the electronic transport formalism to investigate next-generation of energy-efficient
transistors. We then provide a summary of the non-equilibrium Green’s function based quantum
transport formalism, which is the approach we use during the course of this study. Finally, after
examining various efforts reported in the literature on using tunneling as a means to achieving
lower power consumption, we outline the questions that we hope to answer in the subsequent
chapters.

1.1 OVERVIEW

Over the past 40 years or so, microelectronics industry has seen an exponential growth. In
accordance with Gordon Moore's observation in his 1965 paper, we have seen several cycles of
transistor-scaling resulting in higher performance at lower cost, consequent fueling of market
growth, and subsequent capital reinvestment in further research [1] (Fig.1.1). Today, we are
seeing an explosion in two important respects - 1) the total number of mobile devices —
smartphones, tablet PCs, gaming consoles to name a few — has been increasing rapidly; 2) the
static power consumption — a negligible fraction of the total power consumed in earlier CMOS
generations — is reaching alarming levels in the ultra-scaled, sub-100 nanometer technology
nodes due to short-channel effects [2].

Computing Growth Drivers Over Time, 1960-2020E

Transistor More than
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1,000,000
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> 10 O Units Entertainment
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Figure 1.1. Evolution of computing market over the last five decades showing an exponential increase in number
of electronic devices. Source: ITU, Mark Lipacis, Morgan Stanley Research.



With the proliferation of technology and increase in people’s computing needs, it can be
expected that in future, demands on cloud computing, which fuels most of the high-performance
computing today, would increase. Additionally, it is envisioned that we would reach an era of
immersive computing where a large number of physically standalone devices (e.g., wireless
sensor networks, wearable electronics) would augment our sensory perceptions of physical
reality [3](Fig.1.2).

Thus, the motivation to investigate design of energy-efficient, low-power electronic devices and
systems is threefold — (a) the global non-renewable, fossil fuel reserves are anticipated to deplete

Figure 1.2. A speculative view of the future of low-power electronics — a swarm of physically standalone devices
increasing the number of ways in which we interact with our surroundings (top); a huge number of wearable
devices (bottom), necessitating energy-efficient computing (adapted from Ref. [3]).
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to discomfortingly low levels in the coming few decades; (b) the share of electronics in people’s
energy consumption requirements is increasing, and (c) the battery life of devices, particularly in
cases such as medical implants (cochlear implant, artificial cardiac pacemaker etc.), wireless
sensors deployed in remote areas to name a few, is critical. Hence it is unsurprising that, in
addition to finding renewable, clean and sustainable ways of electric power generation as a
means to address some of the above concerns, a great volume of research is directed towards
designing next-generation of power-parsimonious electronics through innovations not only at the
transistor level, but also at circuit and system levels [4]-[6].

In this thesis, however, our focus will be on underlining issues and challenges at the former level
and on investigating opportunities that a combination of low-dimensional material-systems and
non-conventional switching mechanisms provides in achieving that goal. The following
explanatory points are in order here —

Firstly, in appreciating the underlying bottlenecks in any engineering design problem, it is
imperative that we make the following distinction between two loosely defined classes of
challenges. The first class is categorized by issues that are either fundamental to the physical
mechanism of interest or are due to some intrinsic, difficult-to-tune properties of the materials
under consideration — e.g., Boltzmann tyranny in conventional metal-oxide-semiconductor field-
effect transistors (MOSFETs), leakage current limitations due to absence of bandgap in graphene
etc. [7]. The second category is those of challenges that are more closely associable with
translation of a proof-of-concept or theoretical demonstration to a commercially viable
technology - e.g., CMOS process compatibility, lithography-related scaling issues etc. While we
do not undermine the importance of addressing the second class of problems, our motivation to
focus on the first category is guided by the following heuristics — (a) in identifying challenges
and opportunities for technologies distantly away on the roadmap, it is of practical significance
to focus on this class so that the vast exploration-space is sufficiently narrowed, and (b) our
experience — gained as a community over the past decades in driving Moore’s law — gives
reasons to be optimistic of overcoming challenges of second kind, provided the promised gains
of a given scientific idea command its technologization.

Secondly, guided by the same spirit, this work — barring occasions when we either compare with
or provide explanations to experimental observations — draws heavily upon simulation, which
has emerged as the third pillar of scientific enquiry — theory and experiment being the other two
— enabling headways in problems considered resistive to latter approaches [8]. While there exist
several interesting physical problems — the celebrated spin-glass problem and computation of the
universal functional in density functional theory being the classic exemplars — which have been
shown to be computationally intractable (with increasing degrees of freedom) using classical
computers, most problems of interest to us in electronic transport simulation — which involve
low-energy excitations of a quantum many-body system — do not fall into this category and are
amenable to perturbative methods with certain approximations [9]-[11]. The theoretical
framework for our simulation will be described in greater detail in subsequent sections.

1.2 SIMULATION OF MODERN-DAY SEMICONDUCTOR DEVICES

The need to accurately predict device performance via simulations has, perhaps, never been as
important as it is today, with fabrication complexity of modern-day semiconductor devices
continuously increasing, resulting in several challenges relating to yield and variability.



However, even in the simulation domain, there exist considerable issues concerning computation
time and memory requirements.

The choice of theoretical formalism for electronic transport simulation is governed by two
factors — a) the critical spatial dimension of the problem; this could be, among other things, the
channel length of a bulk metal-oxide-semiconductor field-effect transistor (MOSFET) or the
body thickness of an ultra-thin body device, and b) the physical mechanism of device operation
e.g., tunneling, thermionic injection etc. Figure 1.3 depicts the commonly used transport
formalisms in a hierarchical manner. For an overview and detailed exposition on various
simulation approaches, the readers are urged to refer to resources such as Refs. [13]-[15]; here,
however, we highlight some key considerations that guide our choice of quantum transport
approach.

From a computational viewpoint, the drift-diffusion approach — obtained using first moment of
the Boltzmann transport equation (BTE) — is the simplest and hence, has been the workhorse of
various commercial technology computer aided design (TCAD) packages [16]-[18]. While this
provides a fairly accurate description of carrier transport in long-channel, scattering-dominated

Quantum Approaches

e

Boltzmann Transport Monte Carlo Particle
Equation Based Approaches

~,

Moments of BTE
(Hydrodynamic and
Energy Balance)

Drift-Diffusion
Approaches

Figure 1.3. Hierarchical overview of the prominent electronic transport formalisms, with the most rigorous and
computationally intensive quantum approaches at the top and the most scalable drift-diffusion methods at the
bottom (adapted from Ref. [12]).



(diffusive) devices wherein the electric fields are small, it fails to capture hot-carrier effects like
velocity overshoot, that affect the device performance considerably in the sub-100 nm channel-
length regime [19]. In order to account for these, one needs to move to hydrodynamic and
energy-balance models, which happen to be higher moments of BTE. However, moment-based
solutions to BTE lose their validity with increase in electric field strength and could result in
spurious velocity peaks due to truncation of moments — which, in theory, are infinite in number —
to a finite number [20].

The resolution of issues arising due to these continuum models of transport is achieved by
solving the full-blown BTE itself, wherein the most common approach is using particle-based
Monte Carlo methods — discussed extensively in literature viz. Refs. [21], [22]. While these
techniques provide a reliable and accurate way to understand transport behavior in ultra-scaled
transistors, including phenomenon like self-heating — common in silicon-on-insulator (SOI)
devices — their correctness is still limited to the semi-classical regime i.e., when the electrostatic
potential within the device is varying smoothly on the order of the quasi-particle De Broglie
wavelength. With device dimensions continuously shrinking, present-generation transistors are
already at a stage where, in certain non-silicon material-systems like III-V semiconductors with
much smaller carrier effective mass, the semi-classical approximation is breaking down. This,
coupled with our interest in leveraging tunneling — a phenomenon with no classical analogue —
for low-power device design, motivates us to adopt the most computation-intensive quantum
transport approaches. We describe one such formalism — non-equilibrium Green’s function
(NEGF) in the subsequent section, which we use throughout the rest of the report for simulation
purposes.

1.3 NON-EQUILIBRIUM GREEN’S FUNCTION BASED QUANTUM TRANSPORT

Non-equilibrium Green’s function (NEGF) approach is a generic theoretical framework for
investigating quantum-mechanical systems far from equilibrium. With device dimensions
believed to enter the sub-10 nm regime in the near future, it has emerged as the most acceptably
rigorous way to understand carrier transport mechanisms at such length-scales [23]. A detailed
introduction to the fundamentals of the formalism — developed through the seminal works on
quantum many-body physics of Martin and Schwinger [24], Kadanoff and Baym [25], Keldysh
[26] — can be found in Refs. [23] and [27]. Here we only provide a brief overview of the
formalism for the sake of completeness.

In a nutshell, NEGF is a compact scheme for determining the response of an open system —
typically driven outside equilibrium — which couples to external reservoirs with which it can
exchange quasi-particles like electrons (e.g., in case of an electrochemical cell), photons (a light
source), phonons (crystal lattice) etc. While esoteric scenarios involving reservoirs themselves
being driven out of equilibrium could, in principle, be handled within the framework, in cases of
our interest, the equilibrium assumption on reservoirs suffices. This implies we can assign
equilibrium ensemble-measures such as electrochemical potential («) and temperature (7) to
them. However, such assignments are not made for the system (device), which is assumed to be
small enough so that similar statistics do not hold.

Figure 1.4 shows the schematic representation of a nanoscale electronic device whose transport
properties we are interested in modeling. The device region is modeled using its Hamiltonian
(H), represented in some basis of choice. The word bottom-up in the title of this dissertation



refers to the fact that, in this formalism, we could build up a description of the entire device from
that of the constituent atoms and/or molecules. This gives us a straightforward way to
incorporate particle-particle interactions. In contrast, top-down approaches rely primarily on a
continuum approximation and hence the handling of such phenomena therein becomes ad-hoc.

For interesting cases, the device is coupled to at least a pair of electron reservoirs (contacts) and,
in some cases, also to a phonon bath resulting in scattering at finite temperatures. For every such
coupling, there is an associated self-energy (2), which describes the potential felt by a carrier due
to interaction with the reservoir. More rigorously, from a quantum-field-theoretic perspective,
self-energy represents the first-order perturbative electron-electron interaction and the
renormalization of electronic states in the device due to this. This is expressed succinctly by the
Dyson’s equation, given by — G = Gy + Gy 2 G, where G and G are respectively the Green’s
function of the open and isolated (device-only) systems [28]. Consequently, each of the
stationary states (eigenvalues of the isolated system), which are sharply defined discrete levels,
gets broadened out due to coupling with contacts. The broadening (whose extent in energy is
denoted by I') is due to the finiteness of lifetime of carriers (since they can escape to contacts
after a certain period), which is proportional to the imaginary part of 2. The Green’s function
equations involving the retarded Green’s function (G) and the electron correlation function (G")
are most commonly solved in the frequency (equivalently, energy) domain thus implicitly
accounting for two-point correlations in time. The quantities of interest such as charge density
and total current are obtained by suitable integration over energy and other variables.

Scattering

Figure 1.4. Schematic of the nanoscale device system whose electronic transport properties we are interested in
modeling. The electronic reservoirs — denoted by their respective electrochemical potentials — and phonon bath,
which contributes to some of the dominant scattering mechanisms in the channel, are depicted. Their effects are
captured through respective self-energies.




The electrostatic potential (U) is another important piece of the puzzle due to our interest far
away from equilibrium where its effect is non-negligible. As long as device dimensions are not
extremely small, to the extent of rendering the single-electron charging energy (Up) to be larger
than contact-induced broadening (1) and thermal broadening (kz7, with kg being the Boltzmann
constant) — the well-known self-consistent field (SCF) regime — we can include U in the Green’s
function calculations through self-consistent solutions of NEGF and Poisson’s equations. We
shall turn to discussion of equations and the associated computational challenges in a detailed
manner in Chapter 2. However, for the remainder of this chapter, we will focus our discussion on
yet another key topic in the title, tunneling, which happens to be the common thread across
several pieces of this work.

1.4 QUANTUM-MECHANICAL TUNNELING

Tunneling is, arguably, one of most extensively studied quantum-mechanical phenomena ever
since the advent of quantum mechanics in earlier part of the previous century. Experimental
evidence of tunneling — a manifestation of the wave-particle duality, with particle having a
decaying-but-finite probability in the classically forbidden region — has been observed in a
plethora of physical systems — from condensed-matter to high-energy. Needless to say, a large
number of practical applications have been built leveraging tunneling, some of which we shall
discuss briefly in the remainder of this section and hence motivate the readers towards the role of
tunneling in recent low-power device-design efforts.

In solids, tunneling comes about in various flavors depending on — a) the quasi-particle under
consideration — electron- and hole-tunneling in semiconductors, tunneling of Cooper pairs in
superconducting Josephson junctions; b) the initial and final states of the carriers — band-to-band
tunneling, intra-band tunneling; c) shape of the potential barrier through which tunneling occurs
— Fowler-Nordheim tunneling, direct tunneling (most commonly in tunneling through gate-oxide
of modern-day MOSFETs); d) the mediator for tunneling — trap-, impurity- and phonon-assisted
tunneling; e) the number of tunnel-barriers — resonant tunneling, second and higher-order co-
tunneling effects in cascaded tunnel junctions (commonly in quantum-dots and single-electron
transistors (SETs)) [29]-[32]. Each of these mechanisms is interesting in its own right and has
ramifications in real-world applications — e.g., gate-oxide tunneling is one of the major leakage
and oxide-degradation mechanisms posing OFF-state current and reliability concerns in ultra-
scaled FETs, the negative-differential resistance (NDR) in current-voltage characteristics of III-
V resonant tunneling diodes could be used for electrical gain in optoelectronic devices, co-
tunneling is a source of errors in SETs, among others [33]-[35]. However, our primary focus in
this report will be on band-to-band tunneling i.e., carrier tunneling from valence to conduction
band of a semiconductor, which has emerged as a mechanism to design low-power transistors in
recent times.

The first theoretical investigation of tunneling in solids (for 1-D case) was done by Clarence
Zener, where he calculated the probability of transition of carriers into excited bands under high
electric fields [36]. Subsequently, Keldysh and Kane calculated the tunneling rate for the case of
constant electric field across a p-n junction, with the inclusion of transverse crystal momenta —
conserved during tunneling — in their treatments [37], [38]. In addition, their calculations
involved greater rigor in terms evaluating the action integral near the branch point — where
conduction and valence bands merge for some imaginary wavevector — thereby accurately



computing the transition rates. However, the closed-form, analytical expressions derived by them
in case of direct bandgap semiconductors hold only under the approximations of semiclassicality
and of parabolic dispersion in both conduction and valence bands. In a later paper, Kane
extended his treatment to the case of indirect tunneling — where the transitions occur across the
indirect bandgap with the emission or absorption of phonons — resulting in an expression similar
to the direct tunneling case [39]. This, together with his discussion on extension of these
arguments to include effects such as variable field, non-parabolicity of electronic structure,
presence of bandgap states etc. formed the mainstay of our understanding of tunneling and its
modeling, in various forms, in TCAD device simulators until fairly recently when we could
investigate the phenomenon in the full quantum-mechanical sense, in realistic device dimensions
with a sufficiently elaborate electronic structure description.

On the experimental front, the one of the first demonstrations of tunneling was by Esaki in
forward-biased, heavily doped, narrow germanium p-n junctions [40]. Since then, the robustness
of tunneling phenomenon in two-terminal devices as been comprehensively established with its
observation in a wide range of ranging from III-V homo- and hetero-junctions (Refs. [41]-[43]),
graphene and its nanostructures (Refs. [44], [45]), oxides of rare earth metals (Ref. [46]),
superlattices (Ref. [47]) to name a few. Consequently, the effect has been used for various
applications — both in forward- (NDR region) and reverse-bias regimes — such as in voltage
regulators, high-speed microwave circuits, multi-junction solar cells, lasers etc [48], [49].

One of the earliest proposals to leverage tunneling in a three-terminal device is due to Chang and
Esaki, who put forth the idea of a tunneling-base transistor wherein the relatively short tunneling
time in the base was expected to increase the current gain [50]. However, requirements of right
heterostructure band-offsets and device dimensions imposed severe restrictions on fabrication.
Later, Quinn et al. suggested voltage-controlled modulation of tunneling probability by replacing
the doping of a MOSFET source from n'- to p'-type — a structure investigated widely in
subsequent years in the context of low subthreshold swing (SS) devices — as spectroscopic tool to
probe 2-D channel states [51]. The experimental demonstrations of field-effect-dependent
tunneling behavior were done by Baba in GaAs-based p'-p-n" devices [52] and later by Koga
and Toriumi in a Si system [53], who showed, along the lines of the bipolar tunnel FET proposed
by Leburton et al. [54], a modulation of the NDR region with changing gate voltage.

The idea behind using band-to-band tunneling transistors, the discussion of which will form a
significant portion of this study, is that the crossing and uncrossing of conduction and valence
bands in close spatial proximity — the same phenomenon that gives rise to NDR in two-terminal
junctions — can be effectively modulated using gate-induced vertical field in an MOS structure.
The ability of such devices to circumvent Boltzmann tyranny arises from the fact that the carrier
concentration on the source side (e.g., degenerately doped p-type material) follows a non-
Boltzmann-like (and hence non-equilibrium) distribution due to clipping of part of the Fermi-tail
due to the semiconductor bandgap (Fig. 1.5). Appenzeller et al. provided the first experimental
confirmation of using this concept to achieve less than 60 mV/decade of SS at room temperature
through carbon nanotube tunneling field-effect transistors (TFETs) that exhibited 40 mV/decade
swing [56]. Some of the earliest results showing less than 60 mV/decade SS in other material
systems have been by Choi et al. in Si TFETs [57], by Krishnamohan et al. in Ge [58], and by
Kim et al. in p" Ge/n" Si devices [59]. For a more comprehensive overview on the status of
TFET research until circa 2010, the readers are suggested to refer to the review article by



Seabaugh and Zhang [60] and the references therein. However, here we present a summary of
the major challenges in order to motivate our studies in the upcoming chapters.

Figure 1.6 (Fig. 2 of Ref. [60]) shows the experimental switching characteristics of both p- and
n-channel TFETs reported in various studies compared against those of the state-of-the-art 32-
nm conventional CMOS technology. It is imperative to infer that on the experimental front, the
TFETs are at a fairly nascent stage in becoming a viable alternative for next-generation low-
power technologies — a) reliable, reproducible results exhibiting less than 60 mV/decade have
been few; b) due to the very nature of TFETs — huge tunneling resistance in ON state — the ON
current is significantly less; ¢) the ON-OFF ratios in devices with large ON current — I1I-V-based
TFETs in particular — are severely degraded; d) the SS, even in cases where they are than 60
mV/dec, have been mostly in the range of 40-50 mV/decade. However, simulation studies on
TFETs (e.g. Refs. [61]-[64]), primarily the ones using semi-classical formalisms — WKB, Kane
and their variants to name a few — have been overly optimistic in their projections of device
performance in general and SS, ON current and ON-OFF ratios in particular (refer to Fig. 3 of
Ref. [60] for an overview of various TFET-simulation reports).

1.5 SOME RELEVANT QUESTIONS

Given this context, it becomes pertinent to answer the following questions — a) with a rigorous
representation of the atomistic properties of the system, what kind of device performance could
be expected? b) Are there any fundamental bottlenecks or design trade-offs that are not
manifestly apparent through simpler models? ¢) Under what conditions/ length-scales does the
correspondence between semi-classical and quantum formalisms of tunneling hold? d) How do
the effects of confinement and level broadening affect TFET design considerations? e) Can the
insights on tunneling, gleaned from understanding TFETs, be used to design better MOSFETs
for non-switching applications in certain novel material-systems? The quest for answers to these
questions guides our discussion in the remainder of this report. Before we jump into the specific
device physics aspects, we shall take a detour in Chapter 2 to detail the development of a

— MOSFET

Tunnel FET

S Channel D S Channl D

Figure 1.5. Schematic showing the physical mechanisms of operation of MOSFET (left) and Tunnel FET (right)
(adapted from Ref. [55]). MOSFETSs operate through thermionic emission over the barrier in the channel and
thus have a fundamental limit in the steepness of switching. TFETs cut-off part of the Fermi-Dirac distribution
of carriers in the source through the bandgap and hence overcome this limitation.
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Figure 1.6. Experimental switching characteristics of p-type (left) and n-type (right) TFETs from various studies
that have reported SS of less than 60 mV/decade (from Ref. [60]). The characteristics for state-of-the-art 32-nm
node CMOS technology are also shown for the purposes of comparison.

massively parallel, NEGF-based quantum transport simulator that we use to address the above

questions.
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CHAPTER 2

BERKELEY QUANTUM TRANSPORT SIMULATOR

In this chapter, we describe the features of Berkeley Quantum Transport Simulator (BQTS) — a
massively parallel, NEGF-based numerical simulator, which we use during the course of our
answering the questions raised at the end of Chapter 1. We begin with an overview of the
organization of the simulator, followed by a detailed discussion of its capabilities in terms of
device geometries and electronic structures. We then turn to the implementation of self-
consistent solution of Podisson’s and NEGF equations, which forms the core of the simulator.
Subsequently, we present our results demonstrating scalability on large-scale distributed systems.
Our primary focus here would be on laying out the core formalism and its implementation;
however, the discussion on benchmarking simulation results with experimental data — in
tunneling devices where our interests primarily lie — would be taken up in Chapter 4.

2.1 OVERVIEW

In this section, we outline the broad contours of the organization of BQTS. Figure 2.1 provides a
schematic framework of the simulator. At the core of it is a self-consistent solver of Pdisson’s
and ballistic NEGF equations. We turn to a detailed examination of the equations involved
herein in Section 2.4 but a couple of explanatory points are in order — (a) all our discussions are

Device Geometry, o Bandstructure

Doping, Dimensions, Calculation
Grid, BC etc. <

@ Hamiltonian

Ballistic NEGF Equations
Eledtrdstatic C
Potential
‘ Poisson’s
R Equation

Figure 2.1: Schematic framework of the organization of various components of the Berkeley Quantum Transport
Simulator.
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confined to the SCF regime and the dimensions under consideration are large enough to ignore
Coulomb blockade effects; (b) although even in short-channel-length devices there invariably
exists some amount of scattering, we primarily focus on ballistic simulations due to the
following reasons — (i) inclusion of scattering effects in a strict sense renders the calculations
greatly computationally expensive by destroying the inherent parallelism present otherwise [1];
(1) the best-case performance is a fairly good indicator of feasibility in case of several tunneling-
related problems of our interest.

The Hamiltonian description of the system — an input to the core solver described above — comes
through the band structure calculation module of the simulator. While the simulator can, in
principle, handle any Hamiltonian represented in an orthogonal basis, we have been focusing on
semi-empirical tight binding, k.p and effective mass descriptions so far — the details of which
shall be described in section 2.3. In addition, various geometry-related parameters including
grid-size, doping concentrations in different regions, electrical boundary conditions (BC) at the
edges of the simulation domain etc. act as inputs to the simulator.

2.2 DEVICE STRUCTURES

This section will focus on describing the flexibility that BQTS provides in terms of incorporating
various device structures and geometries. An important feature of the core-solver is its
agnosticism to material-specific details. This means that the core of the simulator can be used to
investigate electronic transport behavior in a wide range of materials — Si, Ge, InAs, GaN,
graphene to name a few — without any modification. The dimensionality of the systems under
investigation — from 1-D (e.g., nanowires, nanoribbons etc.) to 3-D (bulk semiconductors) — is
also handled in a fairly generic manner. This requires a brief explanation — in order to accurately
represent the device behavior, depending on the spatial variation of electrostatic potential, certain
dimensions (along which the changes are rapid) need to be resolved in real-space while in some
others (where the variation is slow or negligible) a periodic boundary condition could be
imposed and hence a momentum-space representation suffices therein. The generality of the
simulator implies that with a Hamiltonian with some of its dimensions represented in real-space
and some others in momentum-space as input, the simulator can compute physical quantities of
interest in a straightforward manner. We shall return to the discussion on the trade-offs of using
real- and momentum-space representations in a later section. Another characteristic of the
simulator is that in addition to being able to capture spatial variation in doping profiles, fixed
charges arising due to traps and impurities, and dielectric interfaces, it can include, with the
knowledge of each of the materials’ electronic structure- and electrostatics-related parameters,
hetero-structures in the transport calculations. We also note that BQTS can handle both
reflectionless, Ohmic (e.g., heavily doped semiconductors) and Schottky type of contacts in the
self-consistent calculations thereby providing significant flexibility in exploring several of the
novel material-systems wherein contacts are mainly of latter kind and where the issue of
designing low-resistance contacts is an area of active research [2], [3].

2.3 ELECTRONIC STRUCTURE CAPABILITIES

In this section, we discuss the flexibilities offered by BQTS in terms of types of electronic
structures that can be incorporated. The choice of right method to describe band structure
depends on the specific problem at hand — computation-time and accuracy being the trade-off
variables. While from a formalism viewpoint, NEGF can, in principle, work with a Hamiltonian

16



described in non-orthogonal bases as well, we confine ourselves to the orthogonal basis
representations [4]. Specifically, we discuss, in some detail, our efforts in working with k.p and
semi-empirical tight binding methods in our studies.

2.3.1 THE k.p METHOD

The k.p method for calculating the electronic structures has been used extensively over the last
few decades in case of a wide range of semiconductors — most prominently in investigating
optical properties of direct-bandgap semiconductors, heterostructures and quantum wells [5]. For
a comprehensive elucidation of the approach, the readers are urged to peruse Refs. [6]-[8]. Here,
however, we outline some key ideas for the purposes of completeness. The main advantage of
this approach is fourfold — (a) it provides a reasonable compromise in terms of both time and
model-complexity between simpler approaches like effective-mass Hamiltonian and more
elaborate descriptions such as tight-binding and ab-initio methods; (b) the model parameters
such as bandgap, effective mass, optical matrix elements etc. can be inferred easily from
experiments and hence the method becomes an attractive option in case of new materials, for
exploring their potential in initial feasibility studies before a more rigorous description could be
used; (c) it provides a way to include effects of strain and spin-orbit interactions in a relatively
straightforward manner; (d) it provides analytical expressions for band dispersions close to high-
symmetry points in the Brillouin zone (BZ).

At the core of it, k.p method relies on perturbative expansion of the Bloch functions around
certain point in the BZ (e.g., most commonly, zone center in case of zinc-blende III-V
semiconductors). In terms of notations, denoting the wavefunction of a certain band indexed by n

at a point k in the BZ by lI’n];(?)(=e”g';un];(?), where ”n/:(?) denotes the periodic part of the
wavefunction), the single-particle Hamiltonian equation (H‘Pn : (F)=E, (E)‘Pﬂi(?)) could be

written in terms of u - (7) as —

(Hy+ Hy+ H,)u (F) = E, (ku () (1)

(b)

y

A r A
Figure 2.2: k.p bandstructures for (a) bulk Si (parameters from Ref. [9]), and (b) bulk InAs (parameters from Ref.
[5]) along two important high-symmetry directions of the BZ (A and A).
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where H) is the unperturbed Hamiltonian (i.e., at k£ =0), H, = %, and H, , =—k.p (with 7,
m m

m and p being the reduced Planck’s constant, free electron mass and momentum operator

respectively). Now, u .(F) can be expanded in an orthonormal basis of Bloch functions at a

high-symmetry point, e.g., for expansion around k =T,

u (F) = Y a,(0)u,(F) @)

j=1

The total number of bands, N, generally used depends both on the material in question and the
problem at hand — 6 bands are sufficient to describe the valence bands of zinc-blende (ZB) I1I-Vs
with the inclusion of spin-orbit interaction, 2 more bands for incorporating conduction band
description; 15 bands to describe the indirect bandgap in case of Si, Ge etc [5], [9]. The number
of parameters required to uniquely determine the bandstructure is governed by the inherent
symmetries of the BZ. We note that the accuracy of the resulting eigenfunctions and eigenvalues

progressively decreases as ‘lg‘ increases. Non-parabolic effects like valence-band warping can be

taken care of by increasing the order of perturbation. Of particular interest are the commonly
used Luttinger-Kohn (LK) and Dresselhaus-Kip-Kittel (DKK) Hamiltonians in the description of
valence bands of ZB semiconductors whose second-order-perturbation model-parameters depend
on Luttinger parameters that are very well-known for most materials of interest [10], [11]. The
said parameters are fitted, in most cases, to obtain an accurate electronic structure description in
bulk semiconductors. The illustration of the method in calculating dispersion relations in InAs
and silicon — two of the most common semiconductors — along a couple of high-symmetry
directions is shown in Fig. 2.2.

A couple of important points must be noted here — (a) as discussed in Section 2.2, in most
transport calculations, some directions require a real-space representation of the electronic

1%/\ 1
; 0r (a) i
)
w -1
-2t ]
=3 r A

Figure 2.3: Dispersion relations in InSb along A and A for the case where one of the dimensions is geometrically
confined along [100]. The plots are for (a) 3.2 nm and (b) 6.4 nm thick InSb films, after elimination of spurious
mid-gap states using the prescription in Ref. [12].



structure. A straightforward prescription of translating to such a representation from the
momentum-space representation is by noting that the projection of kin position-space is given
by — k <> =iV, the gradient operator, and projecting this onto a finite-difference grid. The grid-
spacing herein should be chosen such that with a finite N-band representation there should exist
appropriate density-of-states (DOS) within the energy range of interest while simultaneously

ensuring that it is not too small as to reach large values of ‘I;‘ where the accuracy of the method

reduces; (b) in certain nanostructures, there exists geometrical confinement along certain
dimensions and abruptly terminating the real-space Hamiltonian in the simulation domain in
such cases leads to incorrect imposing of boundary conditions and hence spurious eigenvalue
solutions in the bandgap. Hence care must be taken in order to ensure elimination of such
artifacts through modification of model-parameters. In this regard, a subtle point is in order: the
abovementioned spurious states might be manifested in certain non-symmetric direction and
hence examining the bandstructure along high-symmetry lines of BZ will not suffice. A robust
test is to plot the transmission probability (discussed later in Section 2.4.2), where contributions
from eigenstates corresponding to all momenta at a given energy are accounted for. We use the
solution proposed by Foreman by analyzing the roots of secular equation to get rid of incorrect
solutions [12] (Fig. 2.3). In the next subsection, we discuss in detail the semi-empirical tight-
binding method for describing electronic structure.

2.3.2 THE SEMI-EMPIRICAL TIGHT-BINDING METHOD

In this section, we would like to discuss briefly certain aspects related to using tight-binding
based Hamiltonians in our simulations. Tight-binding (TB) methods provide more elaborate
descriptions of electronic structure in solids than the k.p-based methods. Hence their accuracy is
better, albeit at the expense of increased computational burden. However, they are less accurate
than the more comprehensive but computation-intensive density-functional theory, from which
the former can be derived under certain approximations [13]. While TB approach comes in both
orthogonal- and non-orthogonal-bases flavors, we confine our discussions herein to the former
due to their simplicity of incorporation in electronic transport calculations.

Unlike in case of k.p method where the basis functions were defined on a unit cell (or a finite-
difference grid), TB method relies on expansion of the electronic wavefunction as a linear
combination of atomic orbitals (LCAQO) that constitute the crystal. This emanates from the
assumption that the single-particle, time-independent Hamiltonian of the crystal could be written
as a sum of isolated atomic Hamiltonian and some overlapping potential due to the presence of
neighboring atoms in the crystal lattice, i.e.,

H(P) = X H 7 = R,)+ V() 3)

where the summation extends over all atomic sites in the lattice Rn and V(7) is the correction to
the isolated atomic potential. Assuming that the effect of V(¥) is only in altering the isolated-
atom electronic wavefunction only in a perturbative sense, the eigenfunctions of H(7) could be
written as a linear combination of the former, i.e.,

Y@ = Y a,®,F-R,) 4)

m,R,
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where 1, denotes the wavefunction corresponding to m-th atomic orbital. Imposing the

translational symmetry of the crystal through the Bloch’s theorem, the coefficients a,, satisfy the
family of equations —

a,(R, -R) =e"®g (0) (5)

for all translational vectors of the lattice R,. In orthogonal TB, one uses modified orbitals —
obtained by Lowdin orthonormalization of atomic orbitals — such that wavefunctions
corresponding to different atomic sites are orthogonal [14]. In such a case, the wavefunction
could be written, in terms of orthogonalized Lowdin orbitals, ¥ , as —

L Q ddy =
v =7 Dt (7 - R,) (6)

where N is the number of atoms in the lattice. It is easy to notice that with (6) as an
eigenfunction, finding the eigenvalues of H(7) involves computation of overlap integrals of
V(7), typically for large number of I?H, thus making them difficult to evaluate. However, Slater
and Koster noted that although analytical evaluation of those terms is practically infeasible, since
the wavefunctions and eigenvalues have the correct symmetry properties, it is possible to get
accurate bandstructure description at any point in the BZ as long as the approximations preserve
the symmetry dictated by the crystal structure [15]. In particular, they suggested using some of
the integrals as fitting parameters, which are to be chosen such that the energies thus calculated
agree well with those determined either through experiments or through more precise electronic
structure calculation methods at certain high symmetry points in the BZ. Also, another
simplifying assumption is the neglecting of three-center integrals — arising in calculation of
matrix elements of H(7) due to periodic atomic potential i.e.,

f‘l{;(? -R)V, (F-R)Y (F- Rj)dv — in comparison to two-center integrals (i.e., k =i or k =
). Slater and Koster, noting that this approach necessitates the use of only few nearest-neighbor

A r A A r A

Figure 2.4: Semi-empirical TB bandstructures of (a) bulk GaAs and (b) bulk InAs using an sp’s*d’ set of basis
functions. The parameters used herein are obtained from Ref. [17].

20



Figure 2.5: sp’s*d® TB bandstructures of geometrically-confined (along [100]), 6 nm thick InAs film (a) before
and (b) after the elimination of erroneous eigenstates in the bandgap (denoted by red lines in (a)), arising due to
incorrect BC, using the technique outlined in Ref. [18].

interactions, also calculated the general form of matrix elements — in terms of the
abovementioned fitting parameters and direction cosines of the displacement vector between
atoms — for s, p and d atomic orbitals, which are sufficient to describe the electronic structure in
majority of the common semiconductors. Vogl determined the nearest-neighbor TB parameters
in an sp’s* model for a wide range of frequently encountered semiconductors and showed the
corresponding electronic structure to be in good agreement with experiments [16]. More
recently, Klimeck et al. have determined, through stochastic optimization algorithms, TB
parameters by incorporating split-off bands and fitting more accurately the effective masses
along certain directions [17]. Figure 2.4 shows the dispersion relations along some high-
symmetry directions in bulk InAs and GaAs.

Quite like in case of k.p, TB Hamiltonians, when used to represent geometrical confinement and
hence finite simulation domain, require correct imposing of boundary conditions, in the absence
of which one encounters spurious mid-gap eigenstates as an artifact. However, the prescription to
remove such states in different herein. We adopt the approach by Lee et al. wherein one
passivates the dangling bonds at the edge of the simulation domain by adding a large potential
energy to missing bonds, thereby forcing the wavefunction to go to zero [18]. Figure 2.5 shows
the effect of such a treatment in case of ultrathin body films where there exists structural
confinement in one of the dimensions.

2.4 SELF-CONSISTENT SOLUTION OF POISSON’S AND BALLISTIC NEGF
EQUATIONS

In this section, we look at some of the important aspects in the self-consistent solution of
Poisson’s and NEGF equations by examining them in greater detail. In a nutshell, the solution
involves, as shown in Fig. 2.1, a) evaluating the non-equilibrium charge density using NEGF
equations, b) computing the electrostatic potential for this charge from Poisson’s equation, and c)
in the SCF regime, using this potential to recompute charge density until convergence. For a
detailed exposition on the basic formalism, the readers are suggested to consult Refs. [1], [19].
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We focus herein on some of the factors that govern the computational effort in arriving at
numerical convergence. We begin with the analysis of Pdisson’s equation.

2.4.1 POISSON’S EQUATION

The numerical solution of Pdisson’s equation is an extremely well-studied problem [20], [21].
While there exist several standalone programs as well as libraries in high-level languages in the
public domain for highly optimized, fast solutions to Pdisson’s equation, we choose to have our
own implementation, albeit not comparably optimized, because 1) in most of our simulations, the
scalability bottleneck, even with massive parallelization happens come from the NEGF part of
the solver, and ii) the maintenance of the software becomes greatly simplified due to
homogeneity. The keys steps in the approach are outlined herein. We start with the Poisson’s
equation —

V.eVU =q(n-p+N; -N}) (7)

where U is the electrostatic potential, € the dielectric constant, » and p the electron densities, and
N, and N, the ionized donor and acceptor concentrations respectively. We note that (7) is the
more general form of the equation, wherein the spatial variations in dielectric constant are
implicitly handled (through the Ve.VUterm). We discretize (7) by projecting it on to a
rectangular, finite-difference grid with 7 (3-D), 5 (2-D) and 3 (1-D) point stencils. The
discretized version looks like —

£(X,,Y 52) X ( U(xi0y 520 +Ux Ly 52 = 2U0(x,y 5520) . U(x,y 0,20 +U(xy;,2,) —2U(x,, 5.2,)

h! h!
+ U(xi’yj’zk+l)+ U(xi7yj’zk—l) —2U(x,.,yj,zk)) + ( (E(x,u,]yngzk) —S(X,-_l,yj,zk)) X (U(xm,yj,zk) - U(x,-_l,yj,zk))
n? 4h?

+ (E(X,-,y,-+,,zk) —E(x,-,y,-_l,zk)) X (U(X,-,y.,wzk) - U(X,»,y,-_],zk)) + (E(xi’yj’zkn) _g(xi’yj’zk—l)) X (U('xi’yj’zk-H) - U('xi’yj’zk—|)))
4h; 4n’
y 4

= q(n(x,,y 1,2 = P(XY 320 + N3 (XY 1520 = Ny (X15Y 1520)) )

where 7, j and k denote the indices along x, y and z axes of the grid, and A, h, and h. the
corresponding spacing. It is a well-known result that (7), with Dirichlet (i.e., U(x;, yj, zr) = Uy, a
constant), Neumann (VU.n =0, where n denotes the normal to the surface at (x;, y;, zx)) or
mixed (combination of Dirichlet and Neumann) boundary conditions (BC) specified along the
surface (3-D), edge (2-D) and endpoints (1-D) of the simulation domain, has a unique solution.
The imposition of BC is fairly straightforward in the finite-difference method. It is easy to see
that (8), with BC put together, results in a system of linear equations of the form — Ax = B, which
can be solved using any iterative scheme such as Newton’s method. The choice of BC to be used
at a given node at the periphery of the domain is governed by the specific details of the problem;
e.g., at grid points corresponding to gate electrode(s) in an MOS structure where the potential is
governed by the external circuitry it is convenient to use a Dirichlet BC, while in case of doped
source and drain contacts where the metallic contact pads are far outside the simulation domain,
Neumann BC — implying conservation of flux — is more appropriate. In order to increase the rate
of convergence to self-consistency, we use a non-linear transformation on the charge density
using the semi-classical, effective-mass approximation —

22



F,-E
n=N.F,,| ———< )
kT
E, .-F
p= NVFM(—,:’B - ) (10)

where E_ , and E, , are the conduction and valence band energies from the previous iteration
of self-consistency inferred from U,,, N, and N, the corresponding effective density-of-states
(DOS), Fj;, the Fermi-Dirac integral of order ', kz the Boltzmann constant and 7 the
temperature. We have dropped the arguments (x;, y;, zx) in (9) and (10) for clarity. We note that
the above equations are only to improve the convergence rate and the assumptions therein have
no bearing on the resulting self-consistent charge densities and electrostatic potential profiles as
the former quantities are calculated solely from NEGF equations. A weighted average of
electrostatic potential from the previous iteration and new solution from Poisson’s equation as
the new potential ensures that the convergence to self-consistency is smooth. The weights could
be tuned based on the difference between new and old values.

2.4.2 BALLISTIC NEGF EQUATIONS

In this section, we will discuss the solution of ballistic NEGF equations in computation of non-
equilibrium charge densities and, eventually, current from the self-consistent potential profile.
Our objective herein is, primarily, the calculation of two important quantities — the retarded
Green’s function (G) and the electron correlation function (G") in the energy (frequency)
domain. These variables are computed in the energy (frequency) domain and physical quantities
of interest are obtained by integration over an appropriate range. Following are the set of
equations for G and G" at a given energy E for a device connected to two electron-reservoirs, as
shown in Fig. 1.4 —

G" =Afi+Af, (11)

A, =GI,G*, j=1,2 (12)

G=[EI-H,-U-% -%,]" (13)

L =i, - (14)

2, =t[EI-H,-U,+in" 7' (15)
1

fj =

(16)
(E_Mj)
1 +exp T

B

In eqns. (11)-(16), we have dropped the argument E for the sake of clarity. In (13), H+U
represents the Hamiltonian of the channel; similarly, H+U; the contact Hamiltonian, the
coupling between channel and the reservoirs, and 71 the broadening of contact states. Here we
note that if (i) the contact and the channel are of same material and (ii) the potential at the end of
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the channel and in the contact are identical, it then corresponds to the case of reflection-less
contacts i.e., there would be no momentum mismatch for carriers moving between contact and
channel. The case of dissimilar materials and band-offsets at the channel/contact interface — as is
customary in Schottky barrier devices — is more difficult to handle. An appropriate way to deal
with this situation is through incorporation of some finite region of the contact (typically about
3-5 layers) into the extended channel regime, beyond which a regular self-energy description,
calculated using the contact-metal Hamiltonian, suffices.

The charge densities (p) and current (/) can be calculated as —
1
= | —G"dE 17
p=J5- (17)
=4 [ Trace(GLG*)(f, - f,)dE (18)
h 1 2 1 2

where / denotes the Planck’s constant. A few points need emphasis here — 1) in (17), we are
concerned with the diagonal elements of G" in computing spatially resolved densities; ii) also,
the range of integration is determined on whether the charge density corresponds to electron or
hole concentration — the former is calculated for conduction band states, i.e., from bottom of the
conduction band and the latter for valence band states, in which case the variable is the hole
correlation function, G¥, (= 4;+A4; - G") instead of G"; iii) the volume charge density to be used
in (8) is obtained by summing p over the orbitals/bands and dividing it by the volume of the unit
grid (k.p) or unit cell (TB) under consideration; iv) in all our simulations, we have kept the
spatial grid for NEGF and Pd&isson’s equations to be identical; this is not a necessity and if they
are chosen to be different, interpolation/extrapolation methods could be used to translate from
one to another. v) In the Green’s function formalism, the trace term in (18) represents the
transmission coefficient, which for in a mesoscopic-physics parlance, is the total transmission (of
probability flux) by taking into account all modes at a given energy E.

The computational challenges of equations (11)-(16) are easy to appreciate. The task of
computing Green’s function G, for a device with even a few hundreds of atoms — each
represented with around 10-20 atomic orbitals as in case of TB — is unwieldy if done through
explicit inversion of matrices, as (13) indicates. An even bigger challenge arises if self-energies
need to be calculated by inverting the matrices containing the contact Hamiltonian, as the
reservoirs are, in general, much bigger in size than the channel. We shall discuss solutions to
circumvent these problems, arising due to inversion of large matrices, in the ensuing paragraphs.

Computing self-energies could be done through calculation of surface Green’s functions for the
reservoirs (g) — by operating on much smaller matrices — since the self-energy matrices would be
non-zero only for those blocks where contact connects to the channel i.e., only where 7 is non-
zero. With g computed, the relevant block is calculated as 7gT”, where 7 is the non-zero block of
t. However, an iterative solution — required to compute g — has a very slow convergence rate. A
better way to compute the same is by a method involving replacement of layered chain of atoms
in the contact with progressively bigger (with larger lattice constant) effective chains, proposed
by Sancho et al. [22].
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The problem of explicit inversion in computing G can be avoided if we are only interested in
charge density and current — an insight due to Lake et al., who showed that calculating only a
few blocks of G (specifically, the blocks on the diagonal and the first column/row) suffices for
this purpose and also proposed an iterative approach to compute them [23]. These techniques
markedly improve the computational effort involved in solving NEGF equations. We also note
that, recently, techniques involving nested dissection have been proposed and shown to
significantly outperform the above method for matrices of size beyond a few hundreds [24].

As indicated in Section 2.2, in some scenarios it is sufficient to include some dimensions in
momentum-space representation and impose a periodic BC therein. In such cases, in addition to
the integration being over E, there would be an additional summation Variable,lg, which should
be summed within the first BZ. This modification into NEGF equations is relatively
straightforward and has been discussed extensively by Venugopal et al. [25]. The increase in the
number of independent variables for which Green’s functions need to be calculated increases the
scalability of the simulator due to embarrassingly parallel nature of the equations — e.g., the
problem with 1-D real-space representation is more easily scalable than the corresponding 3-D
problem, as the latter destroys the inherent parallelism due to coupling in the real-space
Hamiltonian in a non-trivial way. We shall discuss some of the details of parallelization and
scaling on distributed systems in the next section.

2.5 PARALLELIZATION AND SCALING

In this section, we discuss the details of parallelization algorithm employed in BQTS and
elucidate some of the scaling studies done on clusters. For most problems we have considered so
far, the computational bottleneck seemed to arise from the solution of NEGF equations. Hence

Master Node

1. Send Uto all slaves
2. Collect NEGF variables from slaves
3. Perform integration
4. Solve Poisson
5. Check convergence

Slave Nodes ‘

Compute ballistic NEGF equations corresponding to E; k;

Proc. #1 Proc. #2 Proc. #3 Proc. #N
H HE E E E R EE

E11 k7 E2, k2 E3, k3 EN’ kN

Figure 2.6: Schematic of the framework of MPI-driven parallelization implemented in the Berkeley Quantum
Transport Simulator.
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we parallelized only that part of the self-consistent solution while restricting the Pdisson’s
equation solution to single processor. Figure 2.6 shows the schematic of BQTS implementation
on large-scale distributed systems.

The MapReduce paradigm is a fairly popular approach for processing large amounts of data in
parallel on clusters [26]. While there exist several generic, open-source implementations of it, we
choose to have our own Message Passing Interface (MPI) driven MapReduce implemented for
our purposes. At a conceptual level, the framework is very intuitive. It involves, as the name
indicates, two phases — map and reduce. In the former, the master node splits the computational
problem into smaller sub-problems that are mapped to various slave nodes. In our case, this is the
determination of which specific values of £ and k a given slave needs to compute the Green’s
function variables over. In the latter, the results of computation at the slaves are all aggregated.
More specifically, the computed variables from the slaves are collected and the required
integration in (17) is carried out. The charge density computed is used to solve Pdisson’s
equation — at the master node alone, as discussed previously — and if self-consistency, in terms of
electrostatic potential, is not achieved, the computed U of this iteration is broadcast to all nodes;
the slave in turn compute the NEGF variables again with the updated U. The cycle is repeated
until self-consistency is achieved.

In order to study and benchmark the performance of BQTS on distributed systems, we ran some
simulations on Franklin, a National Energy Research Scientific Computing Center’s (NERSC)
now-retired Cray XT4 system [27]. Figure 2.7 shows the wall-clock time required for one
iteration of self-consistent simulation of ultra-thin body InAs MOSFETs with 10 and 20 nm
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Figure 2.7: Plot of wall-clock time required on Franklin, a former Cray XT4 supercomputing cluster, for one
iteration of self-consistency in case of (a) 10 nm and (b) 20 nm thick InAs ultra-thin body double-gate
MOSFETs with an sp’s* TB Hamiltonian description, demonstrating excellent scalability of BQTS up to about
8000 processors.
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thicknesses, described by a sp’s* TB Hamiltonian. We observe a near-perfect scaling up to 8192
processors, thus demonstrating very good scalability.

We conclude this chapter after having discussed several of the implementation-related issues of
Berkeley Quantum Transport Simulator. In the next chapter, we start with some results obtained
using the same. Before moving on to the tunneling problem, which will be our primary interest,
we perform some studies on a simpler system — two-dimensional channel MOSFET with an
effective mass Hamiltonian description — to ascertain the correctness of our simulations while
simultaneously investigating the suitability of a fairly new 2-D system for low-power
applications.
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CHAPTER 3

MOSFET SIMULATIONS - MONOLAYER MOLYBDENUM
DISULFIDE TRANSISTORS AS EXEMPLARS

In Chapter 2, we laid out the details of the self-consistent NEGF formalism implemented in
Berkeley Quantum Transport Simulator. The purpose of this chapter is twofold: a) while for the
most part of the remainder of this thesis, we would be focusing on tunneling — be it in two-
terminal or three-terminal devices — evaluating the simulator-behavior with a simpler system
with relatively simpler physics serves the purpose of gaining confidence in moving into more
complex scenarios where our intuitions have limited reach. We do this by investigating various
results obtained from BQTS in case of MOSFET simulations — transfer, output and capacitance
characteristics to name a few. b) By examining short-channel monolayer MoS, transistors — a
relatively new material-system gaining significant interest in recent years due to its two-
dimensionality and finite bandgap — we identify their opportunities and challenges in being next-
generation solutions for low-power applications.

3.1 MOLYBDENUM DISULFIDE
3.1.1 MATERIAL PROPERTIES

Molybdenum disulfide (MoS,), a layered transition metal dichalcogenide, has several interesting
electrical, mechanical and optical properties [1]. Apart from being widely used as a dry lubricant
for automobiles due to its low friction properties, MoS, has been explored for applications in
photovoltaics and photocatalysis for energy conversion [2]-[4]. Structurally, MoS; is a stack of
planes where covalently bonded S-Mo-S atoms are closely packed in a hexagonal arrangement
(Fig. 3.1(a)), and the adjacent planes are held together by Van der Waals interactions [5]. These
weak interlayer interactions, in contrast to strong intralayer bonding, make synthesis of
monolayers of MoS, possible by micromechanical exfoliation from bulk crystalline MoS, [5]-[7]
— identical to the fabrication of graphene from graphite [8]. Recent experimental studies on few
layers of MoS; using optical absorption and photoluminescence show that, while bulk MoS; is an
indirect bandgap semiconductor with a bandgap (Eg) of 1.29 eV [9], at monolayer thickness

v W vV vV v v v v v v o

Figure 3.1: Atomistic configuration of MoS, monolayer, showing the in-plane hexagonal arrangement. The S-
Mo-S atoms form a trigonal prismatic structure. The monolayer is 6.5 A thick.
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(0.65 nm) [10], MoS; transitions to a direct bandgap semiconductor with E; = 1.8 eV [5], [6],
thereby corroborating earlier ab-initio based calculations that predicted a similar bandgap [11].
High thermal stability of MoS, and the absence of dangling bonds [7], coupled with the presence
of significant bandgap in a 2-D material render monolayer MoS, as an attractive candidate for
switching applications, unlike graphene where the absence of bandgap inhibits its use in spite of
large reported mobilities (200,000 cm?/V-s) [12].

3.1.2 TRANSISTORS OF MONOLAYERS

While monolayer MoS, has previously exhibited poor mobility (<10 cm?/V-s) [8] limiting its
potential for majority of the electronic applications, it has been recently reported that in the
presence of a high-x environment, the mobility of monolayer MoS, can increase by several times
(~200 cm?/V-s) [7], which is similar to earlier reports of such phenomenon in case of graphene
[13]. This mobility enhancement, one of the reasons of which could be dielectric screening as
predicted by the theoretical calculations [14], opens up the possibility of monolayer MoS, field-
effect transistors for low standby and low operating power electronics. Recently, long channel
monolayer MoS, transistors with very good ON-OFF current ratio (>10") and subthreshold
swing (74 mV/decade) have been demonstrated experimentally [7]. While rapid progress in
fabrication of short-channel MoS, transistors can be expected, it is of significant technological
relevance to estimate the ultimate performance limit that can be achieved in such devices before
an aggressive pursuit of miniaturization begins. We attempt to answer this question by using
rigorous quantum transport simulations and view their performance in light of some of the
competing non-silicon technologies to assess the viability of monolayer MoS, transistors for
future electronic applications.

3.2 SHORT-CHANNEL MOSFET SIMULATIONS

In this section, we begin with the extraction of some of the relevant physical parameters —
required for our ballistic NEGF simulations and for their subsequent extrapolation into diffusive
regime — by analyzing experimental characteristics in Ref. [7]. After describing our approach in
constructing an effective-mass-based Hamiltonian for monolayer MoS, transistors, we explore
the results obtained from our simulations in detail.

3.2.1 EXTRACTION OF PARAMETERS FROM EXPERIMENTS

Two of the important parameters that are difficult to extract theoretically but can be easily
inferred from experiments are (a) the Schottky barrier height between the source and drain
contact metals and the channel, and (b) the effective field-effect mobility and hence carrier
mean-free-path in the presence of several scattering mechanisms. The former, in addition to
giving rise to a series resistance in the diffusive regime, gives rise to reflections of wavefunction
at the contact-channel interface and hence affects even the ballistic conductance. The latter is a
useful parameter in understanding how much the current would be, given the same electrostatics
as the ballistic problem, in the scattering-dominated regime. Hence, in what ensues, we set to
figure these quantities out.

A good Ohmic contact with low contact resistance is essential in optimizing device performance.
However, one of the issues in fabrication of Ohmic contacts is the non-availability of finding
metal with desired work function. Tunneling contacts using narrow Schottky junctions, which is
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Figure 3.2: Analysis of experimental back-gated characteristics. (a) Variation of effective mobility u.; with
back-gate voltage Vi obtained from the analysis of experimental back-gated current-voltage characteristics
reported in Ref. [7]. Series contact resistances at metal-MoS, junctions are accounted for with barrier heights of
@ =0and 0.1 eV. For a given Ipg, a larger Schottky barrier height decreases the channel resistance resulting in a
higher mobility and vice versa. A mobility of 217 cm?®/V-s calculated in Ref. [7] without accounting for contact
resistance is also plotted with a black dash-dotted line. (b) Variation of mean free path A with Vg for @z = 0 and
0.1eV.

a more practical way to realize Ohmic contacts, may suffer from Fermi-level pinning due to
defects and interface states resulting in a significant tunneling barrier and hence an increased
contact resistance [15]. We analyze the experimental /ps — Vps (drain current — back-gate
voltage) characteristics reported in Ref. [7] in order to estimate the Schottky barrier height for
the Au-MoS; junction, which we use for simulating our nominal device. The total resistance of
the device at any gate voltage Rror(Vae), expressed as Vpg/Ips where Vp is the voltage between
source and drain, is composed of three different resistance components — the intrinsic channel
resistance R (V) (stemming from momentum breaking in the transport direction), the ballistic
resistance arising due to finite electron group velocity Rz.(Vps), and the specific contact
resistivity R, [16]. The resistance R, (per unit thickness), for a given Schottky barrier height of
®;, assuming only thermionic current for the sake of simplicity, can be written as [15] —

R h’ Xp(eCI)B) (1)

S Amemr i TP\ kT
B B

where A, m*, and t are Planck’s constant, effective mass and thickness of MoS, monolayer
respectively. In order to ensure that 2R, (the factor of two is to account for resistances on both
source and drain sides) is less than Ryor for all values of Vg, ®@p has to be less than or equal to
0.1 eV. Thus, we use a barrier height of 0.1 eV for our nominal device. However, it must be
noted that this value of ®j represents an upper bound on the actual Schottky barrier height, as
metallic resistance of the contacts has been lumped into metal-semiconductor (M-S) junction
resistance.

We further analyze the /ps— Vpg characteristics, following the approach outlined in Ref. [16], to
extract information about mobility () and mean free path (A). Figure 3.2 shows the variation
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of u.yand A with Vg for two different values of Schottky barrier heights of @z = 0 and 0.1 eV.
The peak mobility extracted is about 220 ¢cm*/V-s and 350 cm*/V-s for @z = 0 and 0.1 eV,
respectively. The corresponding mean free paths are 15 and 22 nm.

3.2.2 SIMULATION APPROACH

The schematic of the simulated device are shown in Fig. 3.3. We perform simulations with an
effective mass Hamiltonian to describe electronic transport through MoS,. Transport equations
are solved iteratively together with Poisson’s equation until a self-consistency between charge
density (calculated by analytical summation of transverse momentum modes within the first
Brillouin zone) and electrostatic potential is achieved. Subsequently current is calculated as —

e w—-E, .uz‘EkX
el o

where F_j5(.) denotes the Fermi-Dirac integral of order -1/2, Tsp(.) is the transmission coefficient
from source to drain, 4; and u; are source and drain electrochemical potentials, 7, m, , e, kg, T,
and E, are reduced Planck’s constant, transverse effective mass, elementary charge, Boltzmann

constant, temperature, and longitudinal energy respectively. Gate leakage current is ignored. The
conduction band effective mass along the transport direction (x) is calculated to be 0.45m) (K —
I'), my being the free electron mass, from the dispersion relations of monolayer MoS; [11]. A
calculation of effective mass along K — M yields a similar value to the first order. Hence we
assume the transverse effective mass to be identical to that along the transport direction, for the
sake of simplicity. The Hamiltonian of the metallic regions at source and drain is modeled using
an effective mass close to m(1.01my) [17], and Dirichlet boundary conditions are imposed at the
contacts. We use a dielectric constant of 3.3 for MoS, [18], [19].

Detailed device parameters used in this work are provided in the caption of Fig. 3.3. For the
simulated device, source and drain work functions are assumed to be the same as that of the gate.
A grid spacing as small as 0.1 nm along x direction ensures the presence of states in both contact
and channel regions in the entire energy range of interest within a single band description of

Gate

Monolayer MoS,

Figure 3.3: Schematic cross section of a monolayer MoS, transistor. The channel is an MoS, monolayer, and the
source and drain contacts are metals such as gold (Au), which could make a good contact with a small Schottky
barrier at the junction. The gate electrode is separated by HfO, gate oxide (x = 25). The nominal device has the
following parameters: Gate length Ls = 15 nm, HfO, gate oxide thickness #,, = 2.8 nm, gate underlap of 2 nm at
each side, Schottky barrier height of @5 = 0.1 eV, power supply voltage of 0.5 V.
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effective mass Hamiltonian. We choose the gate length to be 15 nm so that the device operates
away from the diffusive limit where the transport is predominantly limited by scattering, thereby
making our performance projections realistic. An underlap of 2 nm each on the source and the
drain sides is introduced to reduce the fringe capacitances without significantly increasing the
series resistance.

3.3 RESULTS AND DISCUSSION
3.3.1 TRANSFER CHARACTERISTICS

The key device characteristics of MoS, transistors are shown in Figs. 3.4-3.7. The transfer
characteristics reveal that the maximum current (Z,,,) is ~1.6 mA/um. However, we note that in
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Figure 3.4: (a) Ips — Vs characteristics at Vps = 0.05 and 0.5 V on logarithmic (left axis) and linear scales (right
axis). For the nominal device simulated, a maximum ON current as high as 1.6 mA/um and a subthreshold swing
(SS = aVgs/dlogio(Ips)) close to 60 mV/decade can be achieved. Drain-induced barrier lowering (DIBL) is as
small as 10 mV/V even with very short channel length. (b) Iy versus Ipy/Iogr for Vi =10.4, 0.5, and 0.6 V. With
Vp=0.5V, Ipy can be as high as 500 pA/um with 4 orders of magnitude in ON-OFF current ratio. For the same
ON current, Ion/Iorr > 10° can be achieved with 0.6 V of drain voltage. (¢) Transconductance (g,, = dps/dVgs)
vs. Vgs at Vps = 0.5 V. The g, is as large as 4.4 mS/um for the nominal device within the voltage range
considered in this study.
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case of reflection-less contacts, /,,,, can be even larger due to the non-parabolicity present in the
conduction band of monolayer MoS, wherein a satellite valley along K — I, which is only about
3ksT above the conduction band minima, contributes to enhanced density-of-states than what is
predicted from our parabolic band approximation. The maximum-minimum current ratio
(Lnax/Inin) can be more than 10 orders of magnitude ignoring the gate leakage (Fig. 3.4 (a)). Gate-
induced drain leakage (GIDL), one of the main leakage mechanisms that limits 7, in a
conventional metal-oxide-semiconductor (MOS) geometry, is significantly less in case of an
MoS, transistor than in its Si counterpart due to the larger bandgap, and hence a smaller gate
voltage can, in principle, further reduce 7,;,. It must be noted, however, that a more rigorous
analysis to predict the maximum achievable 1,,./l,; requires a multi-band Hamiltonian
description (including valence band) to properly account for the effects of GIDL, which is
beyond the scope of this study. In practical applications, what is more important than 7.,/ 18
the ON-OFF current ratio (/pp/Iorr), where voltage window between Voy and Vopr is the same as
power supply voltage (i.e. Voy — Vorr = Vps). Therefore, Ion/Iorr can be increased with a larger
supply voltage for the same ON state current. For our nominal device structure (Lg = 15 nm),
drain-induced barrier lowering (DIBL) is negligibly small (10 mV/V, Fig. 3.4(a)) due to
excellent electrostatics of the 2-D geometry, and hence a larger Vps can significantly increase
lon/lopr ratio for a given Ilpy (Fig. 3.4(b)). We have also plotted the intrinsic device
transconductance (g,, = dlps/dVgs) from the Ips — Vs data at Vpg = 0.5 V (Fig. 3.4(d)). The
maximum g, is 4.4 mS/um, which is still less in comparison to the peak g, that can be achieved,
as g, 1s monotonically increasing over the entire range of Vg considered. This implies that at the
largest gate voltage applied (Vgs = 0.7 V), additional gate voltage could still significantly
enhance current and the consequent voltage drop would mainly be across the semiconductor and
not across the gate oxide. Therefore, for the simulated EOT, the operation of a monolayer MoS,
transistor is mainly dictated by its quantum capacitance and not by the oxide capacitance, the
details of which will be discussed in a subsequent section.

3.3.2 OUTPUT CHARACTERISTICS

In Fig. 3.5, we can see that the output characteristics for a given Vs show saturation beyond Vpg
= 0.4 V with reasonably small output conductance (g;= 21, 51, and 133 uS/um at Vgs= 0.2, 0.3,
and 0.4 V, respectively). We note that this is a direct consequence of the large bandgap of
monolayer MoS; because in the ballistic regime, it is the only factor that leads to saturation in
output characteristics (scattering being the other factor in diffusive regime). It must be pointed
out that this behavior is in stark contrast to graphene transistors wherein the absence of bandgap
severely degrades their output resistance. Motivated by this, we explore, in Chapter 8, the
potential suitability of MoS, FETs for non-digital (analog and high-frequency RF) applications
where drain current saturation is of primary importance.

3.3.3 EXTRAPOLATION TO DIFFUSIVE REGIME

The experimental characteristics in Ref. [7] show a maximum drive current of 2.5 wA/um for a
device with 500 nm gate length. Therefore, it is instructive to examine how the transfer
characteristics for an optimized device with similar gate length would look like. Using the mean
free path extracted from the experimental characteristics (Fig. 3.2 (b)), we calculate the
corresponding Ipg — Vs characteristics by multiplying the ballistic current from our simulations
with Ao/ (LentAmax) (Where A, and L., are the peak mean free path and channel length,
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Figure 3.5: Ipg — Vpg characteristics at Vgg = 0.2, 0.3, and 0.4 V. Beyond Vpg = 0.4 V, MoS, transistors show a
clear saturation behavior with an output conductance (g, = dlps/dVps) of 21, 51, and 133 pS/um at Vgg= 0.2, 0.3,
and 0.4 V respectively.

respectively) as shown in Fig. 3.6 (a). The maximum current obtained in this case is 69 wA/um.
The difference between this value and the experimentally observed 2.5 uA/um is then likely due
to the underlap series resistances, and significant performance boost may be expected by
reducing them. The scaling behavior is similarly investigated by calculating /oy (defined at Voy =
0.4 V) and the peak g,, as a function of L., up to 100 nm, as shown in Fig. 3.6 (b).

3.3.4 CAPACITANCE AND DENSITY-OF-STATES

Capacitance — gate voltage (C — Vgs) characteristics are explored by performing equilibrium
simulations — i.e. with source and drain terminals grounded. The total gate capacitance Cgs (=
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Figure 3.6: (a) Ips — Vs characteristics for a long channel device with L., = 500 nm is projected (dashed line) by

I, =1

=1, X%, where 1, is the ballistic current adopted from our simulation results (solid line), Z,,,; is the
proj a

)\’max + Lch

projected current for larger size of devices taking scattering into account, 4,,, is peak mean free path, and L., is
channel length. (b) Variation of I,y with channel length. As L., increases, current is decreased since carriers are
exposed to greater number of scattering events. When L., = 100 nm, projected current is one-fifth of the ballistic
current. The inset shows a similar plot for peak g,,.
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d0/dVss) and the quantum capacitance Cp (= dQ/dy;) are numerically calculated from self-
consistent charge QO and surface potential y; obtained at each gate voltage (Fig. 3.7(a)). Our

numerical simulation results are in accordance with the analytical capacitance model (i.e.

1 1 1
. . +—) and the principle of voltage division [20]. At low values of Vs, the total gate
GS 0] ox
capacitance is very small due to negligible charge density in the device. However as Vgs
increases, Cp, which is a measure of the average density-of-states (DOS) at equilibrium Fermi

level [20], increases due to lowering of electrostatic potential in the channel (Fig. 3.7(b)). The
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Figure 3.7: Gate capacitance (Cgs = 9Q/0Vss) and quantum capacitance (Cp = 90/dy,) vs. Vg Oxide
capacitance (C,, = k &/t,,) is shown by the dashed line. dy,/d Vs and 0V, /dV ;s are shown for the same Vg range
in the inset. (b) Plot of density-of-states (DOS) at Vg = 0.1 V. The Cy plot, shown in (a), can be understood
herein by examining the average of DOS near the Fermi level (dotted line) at a given V. For gate voltages up to
about ~0.1 V, gate controls the channel potential very efficiently, as shown by a large dw,/d Vs in the inset of (a),
and hence C increases accordingly, before the gate control becomes weak and Cy saturates. Due to the short
channel length, the DOS is reminiscent of a 1-D material, wherein Van Hove peak at each sub-band energy is
broadened to a different extent by the contact, rather than that of a 2-D system with constant DOS. (c) The
corresponding surface plot of local density-of-states (LDOS). (d) Conduction band (E,) profile along the channel
at Vps=0.5 Vand Vs =-0.2 to 0.5 V in steps of 0.1 V. When a considerable Vg is applied, gate control over
the channel potential can still be efficient even at high gate voltages, indicating the operation close to quantum
capacitance regime at the ON state.
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saturation in Cp to a value smaller than the theoretically expected quantum capacitance (
2
C,"=¢ m%rhz) is a result of reduced DOS in the channel due to wavefunction reflections at

the contacts. At even larger gate voltages, the gate efficiency (dy,/dVss) decreases significantly
(inset of Fig. 3.7(a)) due to charge accumulation and screening effect, leading to saturation in Cp.
It must, however, be noted that under non-equilibrium conditions (with finite Vpg), the gate
control over channel electrostatics is good even at large gate voltages (d(E./e)/dVss = 0.78 at Vs
= 0.5 V as shown in Fig. 3.7(d)) due to lack of charge accumulation — an indication of the fact
that the device operates closer to the quantum capacitance regime than the oxide capacitance
regime.

3.3.5 GATE OXIDE AND CONTACTS

It has been reported that high-x dielectric plays an important role in improving the monolayer
MoS, mobility and hence the device performance [7]. The gate oxide can also significantly affect
the switching abruptness, and therefore we examine the effect of oxide thickness on subthreshold
swing (SS). As shown in Fig. 3.8, SS increases linearly with oxide thickness, which is also
predicted by the analytical subthreshold swing model in a conventional MOSFET [21]. At ¢, =
30 nm, our nominal device shows larger SS (79 mV/dec with Ls = 15 nm) than the
experimentally reported value for same oxide thickness (74 mV/dec with Lz = 500 nm) [7],
owing to short-channel behavior. However, with Ls = 30 nm, SS improves considerably due to
the suppression of short-channel effects (70.7 mV/dec for 7,, = 30 nm). Our extensive
simulations predict that the reported value of SS = 74 mV/dec could be achieved with Ls = 23
nm with 7,, = 30 nm. We also analyzed the electrostatics of the exact geometry reported in Ref.
[7] at OFF state by solving the Laplace equation and confirmed the d(E./e)/dV s to be equal to 1,
implying that SS is expected to be 60 mV/dec. Hence we believe that there exists considerable
room for optimization of gate dielectrics in MoS, transistors.

In fabricating monolayer MoS, transistors, gold (Au) has been used to create an Ohmic contact —
Schottky contact with negligible barrier height [7]. Our simulations show that the Schottky
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Figure 3.8: Variation of subthreshold swing with oxide thickness. Subthreshold swing (SS) vs. oxide thickness
(,») with gate length of L; = 15 and 30 nm. SS increases linearly with oxide thickness due to the decrease in C,,.
For the same ¢,,, the swing of a device with longer gate length is significantly smaller due to immunity to short-
channel effects. The diamond (in brown) shows the experimental data from Ref. [7], implying that the gate
efficiency, in practice, could be significantly improved by optimization.
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Figure 3.9: (a) LDOS for ®3 = 0 at Vg = 0.15 V and Vpg = 0.5 V near the source. Conduction band profile is
shown in solid line. The channel electrostatic potential increases near the metal-semiconductor interface,
resulting in an effective barrier of ~0.1 eV, due to metal-induced gap states (MIGS). The E. in the case of @y =
0.1 eV is also plotted for comparison (dashed line). (b) DOS from the source-channel interface (x = 1 A) for @p
=0and 0.1 eV. At a given energy, the DOS is larger in case of a smaller barrier height since carriers in metallic
contact effectively see a smaller tunneling barrier.

barrier height can effectively increase (by up to 0.1 eV in case of @5 = 0 for intermediate values
of gate voltage) as can be seen from the solid line in Fig. 3.9(a). This is due to enhanced
polarization in the channel near the M-S junction owing to localized states induced by the
metallic contact (known as metal-induced gap states (MIGS), which are clearly shown in the
LDOS plot in Fig. 3.9(a)). We note that this increase in barrier height, at identical gate voltage, is
smaller for contacts with larger Schottky barriers (dashed line in Fig. 3.9(a)). This is due to the
fact that a larger barrier reduces the tunneling probability for carriers, resulting in a smaller
penetration of contact states into the channel, which is confirmed by the density-of-states plot at
the source end for @3 = 0 and 0.1 eV shown in Fig. 3.9(b). However, this increase in effective
barrier height vanishes as Vg increases further.

3.4 PUTTING IT ALL IN PERSPECTIVE...

With the above analysis of monolayer MoS, transistors, it is instructive to compare some of their
key device performance parameters to those of some other non-conventional devices recently
explored. Table I shows such a comparison with Ing;Gag3As quantum-well FETs reported in
Ref. [22]. It is evident that the strength of MoS, transistors lies in their large bandgap, which
results in a significant /pp/Iopr and the excellent electrostatic integrity due to 2-D nature of the
system. However, with mobility lower than most of the III-V materials, MoS, transistors are
more suited for low standby and operating power applications than for high performance where
the experimental results from the former outperform the best theoretical predictions for the latter.
The other most widely investigated 2-D system — graphene transistors have a very poor ON-OFF
ratio although the ON current is sufficiently high [23] due to lack of bandgap, rendering it
useless for digital applications. Manufacturing very narrow graphene nanoribbons with a finite
bandgap still remains a challenge and is prone to edge roughness resulting in a variation in
bandgap. While there have been several reports of high quality graphene nanoribbon transistors
with large ON current, poor subthreshold swing and small ON-OFF ratio continue to remain
problems [24], [25]. Hence monolayer MoS, transistors, owing to their unique combination of
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L., EOT j . Peak g, Max. Min. §S

(nm) A) (mA/pm)  (mS/pm)  Ipp/lprr  (mV/dec)
Iny 7,Gag;As QW-FET (Ref. [22]) 75 22 0.49 1.75 312 85

Monolayer MoS, FET 75 22 0.19 0.3 1.4x10’ 60

Table I: Comparison of key device performance parameters of Iny,Gay;As Quantum-well FET (Ref. [22]) and
monolayer MoS, FET of identical EOT and channel length.

exquisite electrostatic integrity and large bandgap, can prove to be a better alternative for low
power applications than several of the non-Si devices already explored.

To summarize, we have projected the ultimate scaling limit of monolayer MoS, transistors by
performing self-consistent quantum transport simulations. The key features of MoS, transistors
are (i) large g, (4.4 mS/um) due to low DOS, (ii) significant Ipe/Iun (> 10'%) owing to a large
bandgap, and (iii) excellent short channel behavior (DIBL < 10 mV/V and SS ~60 mV/dec)
resulting from enhanced gate control. Along with these very good electrical characteristics,
compatibility with present-day CMOS processing technology due to planarity of MoS,
monolayer makes MoS, transistors one of the most viable candidates for future low power
applications. Further, the properties of monolayer MoS, like high thermal stability, chemical
inertness, transparency, flexibility and relative inexpensiveness give MoS; transistors a unique
advantage for several low-cost electronic applications.

3.5 SUMMARY

We conclude the chapter by noting that by simulating the behavior of short-channel monolayer
MoS, MOSFETs, in addition to gaining insights about the specific material-system, we also
obtain a great deal of confidence in the correctness of various results of BQTS — albeit only at a
qualitative level so far — for they make intuitive sense and are in agreement with our
understanding of semiconductor devices. From next chapter onwards, we start investigating the
tunneling problem in detail, first by asking if a fully quantum-mechanical treatment is indeed
essential, and subsequently by going onto to show that the answer to it is in the positive. We then
provide some comparison of our results with experimental, two-terminal data before examining
three-terminal devices in Chapter 5.
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CHAPTER 4

ZENER TUNNELING — CONGRUENCE BETWEEN
SEMICLASSICAL AND QUANTUM BALLISTIC FORMALISMS

In Chapter 3, we investigated a top-of-the-barrier device i.e., MOSFET, to examine the
qualitative correctness of various results obtained using the Berkeley Quantum Transport
Simulator. Having ascertained the same, we venture out to understand the tunneling problem in
greater detail. We start with the following questions — (a) given that there exist several semi-
classical approaches to approximate band-to-band, Zener tunneling in semiconductors, is there
really a need to solve the more computationally intensive, rigorous quantum-mechanical version
of the problem? (b) If so, is there correspondence between the two approaches in some regimes
of operation where the former suffices? (c) If not, is there a way to obtain quantitative match
between the two by modifying the semi-classical approach slightly? After having answered
them, we turn to some quantitative benchmarking of simulator results with experimental data. In
particular, we focus on two-terminal tunneling characteristics as they provide the simplest of the
platforms to test, where extraneous effects are minimal and hence the comparison is more
appropriate.

4.1 SEMICLASSICAL OR QUANTUM?

The semi-classical, constant-field, closed-form expression due to Kane [1], [2] that relates
tunneling probability with quantities like bandgap, effective mass, electric field etc., derived
using stationary phase approximation — leading to a solution of the kind obtained by Wentzel-
Kramers-Brillouin (WKB) method except for an additional prefactor of 7°/9 — has been used
extensively to explain experimental Zener tunneling characteristics and to model band-to-band
tunneling in device simulators [3], [4]. Prominent among the works that have attempted to extend
this study to the case of non-uniform fields are the ones by Hurkx [5], which suggests the usage
of peak electric field in the Kane’s expression for calculating current, by Takayanagi and
Iwabuchi [6], which follows a similar prescription as Ref. [1] for a quadratic potential profile —
resulting from abrupt doping, and more recently by Vandenberghe et al. [7], wherein an
envelope function approximation is used within a 2 band kp model to numerically solve the
Schrédinger equation.

As useful as these approaches are, they also suffer from certain limitations, some of which are
present even in Kane’s original formulation — (a) semi-classical behavior, implying that the
crystal momentum £k is expressed as a function of position — a violation of uncertainty principle;
(b) inadequate number of basis functions, as a result of which a realistic band-structure (both real
and imaginary) is difficult to describe, leading to inaccurate calculation of tunneling rate; (c)
non-self-consistent determination of the potential energy profile in the device for a given set of
doping and bias conditions.

The consequences of the aforementioned factors are particularly severe in case of large electric
fields [8] — a characteristic feature of modern day devices with ultra-small dimensions, wherein a
full quantum-mechanical treatment of the tunneling problem — a computationally intensive
exercise, is required. Previously, this problem has been addressed by Luisier and Klimeck in case
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of InAs nanowires — a 1-D direct bandgap material with a single dominant tunneling path and it
has been shown that the WKB approximation (with imaginary wave vectors calculated from a
tight-binding (TB) Hamiltonian) holds well in an average sense, surprisingly for reasonably high
fields too, albeit without exhibiting the characteristic quantum resonances in tunneling
probability [9]. While Ref. [10] compares the tunneling currents obtained from the widely used
Kane’s closed-form expression with the results of atomistic quantum transport simulations in
graphene nanoribbon based three-terminal devices, a detailed comparison of the two formalisms
in terms of variation of tunneling probability with energy, a more fundamental property, — for
different biases and doping concentrations — is missing. This will be one of our focuses here. Our
results show a departure from Kane’s for both high and low fields. We observe that while WKB
results match with a rigorous quantum model qualitatively in terms of functional dependence of
tunneling probability (equivalently, transmission coefficient) with energy, they differ
quantitatively. We also compare our results with experimental values in case of a p'-n" tunnel
diode [11]. The quantum simulations match well with data at low biases but overestimate the
current at high biases. Possible physical reasons for these observations are discussed.

4.2 SIMULATION APPROACH

We use an InAs p'-n" tunnel diode (inset of Fig. 4.1) with abrupt doping profiles in all our
simulations. The length of the device along the direction of transport ([100]) is chosen to be long
enough as to accommodate the resulting depletion regions for the whole range of reverse bias
voltages considered. The other dimensions are assumed to be large, allowing periodic boundary
conditions to be used. The Hamiltonian is described in a nearest-neighbor sp’s* orbital basis with
spin-orbit coupling, using the parameters in Ref. [12]. The contacts are assumed to be
mesoscopic, semi-infinite leads. Transverse momentum modes within the first Brillouin zone
(BZ) are summed numerically (using 2500 values of transverse wave vectors k, ) in calculation
of charge densities and current. Ballistic quantum transport equations within the non-equilibrium
green’s function (NEGF) formalism are solved self-consistently with 1-D Poisson’s equation. A
representative current-voltage characteristic for both forward and reverse biases is shown in Fig.
4.1. However, in subsequent discussions, we shall focus only on the reverse bias regime where
Zener tunneling dominates.
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Figure 4.1: Representative current (/) — voltage (V) of an InAs, abrupt-junction, p'-n" tunnel diode whose
schematic is shown in the inset. (N4, Np) = (10, 2) x10' cm™.
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Figure 4.2: Variation of imaginary wave vector K in the bandgap, calculated using the method outlined in Ref.
[15], for two different values of transverse momenta; a denotes the lattice constant.

We use, following Ref. [5], the peak electric field obtained from our self-consistent NEGF
simulations in Kane’s formula, for comparison purposes. The extent of band-overlap is also
determined from the potential energy profiles (e.g. Fig. 4.4(b)) of our simulations. In calculation
of reduced effective mass in Kane’s expression, only the light hole band (m, =0.026m,, m,
being the free electron mass) [13], is considered; the heavy hole and split-off bands contribute to
much smaller tunneling probabilities. It must be noted that while the inability in Kane’s
formulation to capture effective masses of conduction and valence bands that are largely
different using a single fitting parameter is well documented [14], in most III-V materials
including InAs — whose conduction band effective mass is 0.023m, — this is not a severe

limitation.

In estimation of tunneling probability using WKB approximation, we calculate the complex band
structure along [100] with the said TB Hamiltonian using the method outlined in Ref. [15]. In the
absence of phonon scattering, &, is a conserved quantity. The plots of imaginary wave vector «,
for two different values of k , are shown in Fig. 4.2; larger k, values yield progressively
smaller tunneling probability. The transmission coefficient at a given k, and energy E, T(E, k) is

calculated as —

=) 2% Kk(e', k)
T(E, k)= exp(-2 | K(x, k)dx)=exp(-= | ————de") (1)
: xlﬁ) : e{ F(¢', E)

where x; and x; are positions such that E,(x;) and E.(x,) are both equal to £ with E, and E. being
respectively the valence and conduction band extrema, e is the electronic charge, £ the bandgap
and F the electric field (evaluated at a position x such that £ — E,(x) = ¢€').

4.3 RESULTS AND DISCUSSION
4.3.1 HEAVILY DOPED JUNCTIONS

Figure 4.3(a) shows the current (/) — reverse bias (V) characteristics with p and n-type doping
densities (N, and Np) of 1x10" and 2x10"® cm™ respectively, calculated using NEGF and Kane’s
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Figure 4.3: (a) Comparison of NEGF and Kane’s model /-Vyz characteristics for a degenerate doping of (N4, Np)
= (10, 2) x10'® cm™. (b) Corresponding plot of T(E) at Vgz = 0.5 V.

model. We note that in InAs these doping densities can be classified as degenerate and the anode
and cathode electrochemical potentials are very close to/inside the conduction or valence bands
on either sides of the junction. This case corresponds to that of high electric field even for small
reverse biases due to large built-in potential. Herein Kane’s results show a significant departure
from those of NEGF for all biases, with the difference between the predicted currents becoming
progressively larger. A comparison of tunneling probabilities shows that Kane’s model,
expectedly, fails to capture the effects of non-uniform field and quantum interferences (Fig.
4.3(b)). We now turn to the case of lightly doped junctions where the electric field is lower at

small biases and hence we have reasons to believe that there would be congruence between the
two models.

4.3.2 LIGHTLY DOPED JUNCTIONS

Figure 4.4(a) shows I-Vgp characteristics on a log scale with Ny and N of 5x10"7 and 1x10" cm’
respectively where we observe that (i) thermionic current is dominant at low biases (Fig.
4.4(d)) due to the low bandgap of InAs and non-degenerate doping leading to Fermi levels on
both p and n sides being well inside the bandgap (Fig. 4.4(b)); (ii) the NEGF band-to-band
tunneling current (obtained by integration of energy-resolved current density in the band-overlap
region only) is smaller than that of Kane’s for low biases (where we expected the two models to
agree well), as can be seen from the plot of transmission coefficient vs. energy in Fig. 4.4(c); (iii)
At larger biases, the behavior is similar to the case of degenerate doping — wherein NEGF
predicts a larger tunneling probability (Fig. 4.3(b)). In light of this, noting that Kane’s model —
with a constant electric field in the analytical expression — cannot effectively capture tunneling
behavior in case of fairly low, non-uniform fields, we seek methods to circumvent this issue.

4.3.3 CAPTURING NON-UNIFORMITY THROUGH TIGHT BINDING WKB AND
MODIFIED KANE’S MODELS

In order to capture the non-uniformity of field in the semi-classical formalism we employ two

schemes: (i) in Kane’s model, for calculating the transmission coefficient at E, we use the

predominant field that determines tunneling i.e., the field at 1(E)+ %:(E) [5]: (ii) we evaluate the
2
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Figure 4.4: (a) I-Vzp characteristics for a non-degenerate doping of (N, Np) = (5, 1) x10"7 em™. (b) Self-
consistent energy band diagram at Vzz = 0.2 V from NEGF simulations for this doping. The colored strip
highlights the narrow band overlap region. (c¢) 7T(E) from Kane’s formula and NEGF at this bias condition. (d)
The corresponding energy-resolved current I(E) (= T(E)x(f;(E) — f5(E)) where f; and f; denote the Fermi-Dirac
distributions corresponding to p and n side electrochemical potentials u; and w, respectively, as shown in (b)).

transmission coefficient using (1), by computing the action integral along imaginary wavevectors

obtained from a TB Hamiltonian (Fig 4.2). We compare both these with our NEGF results. From

the plots of 7(E) (= ET(E ,k,)), shown in Fig. 4.5(a), we note that (i) although with the said
k, €1"BZ

modification, Kane’s model exhibits a non-uniformity in 7(E), it is still both qualitatively and

quantitatively different from NEGF results; (i1) while WKB results agree well qualitatively, there

is a disagreement in quantitative terms.

The aforementioned trends are observed across the entire range of bias voltages and doping
concentrations considered. The disparity between modified Kane’s expression and WKB stems
from (a) the use of a single electric field in the former and (b) the difference in the description of
electronic bandstructure. The incongruence between WKB and NEGF, however, indicates that
there might be a prefactor missing from (1) — a matter which needs further investigation through
analysis of wavefunctions and boundary conditions involved in case of WKB.

Figure 3(b) shows the comparison of tunneling currents obtained with each of the approaches
described above. We observe that while for moderate to high values of doping, it is possible to fit
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Figure 4.5: (a) Plot of T(E) calculated from NEGF, WKB and modified Kane’s model expressions at Vzz = 0.6 V
for (N4, Np) = (6, 2) x10'® cm™. (b) Corresponding I-Vzs characteristics (c) Best global fitting of semi-classical
characteristics in (b) to those from NEGF. The prefactors used in case of WKB and Kane’s model are
respectively 3.8 and 13.5. (d) Similar characteristics for a lightly doped case — (N4, Np) = (2, 0.5) x10" cm?,

showing discrepancy in fitting for small reverse biases. The respective prefactors are 5.1 and 20, which give a
good match on a linear scale.

reasonably well the results from both WKB and modified Kane’s models with those from NEGF
within the bias range considered using a field-dependent prefactor (Fig. 3(c)), the mismatch in (i)

current in case of light doping and (i1) conductance for large reverse biases, suggests the need for
a more holistic approach in determination of this prefactor.

4.3.4 COMPARISON WITH TUNNEL DIODE DATA

We finally compare our results with experimental, two-terminal tunnel-diode data reported in
Ref. [3] in the reverse bias region. The I-Vzp characteristics for different doping densities along
with experimental data are plotted in Fig. 4.6. A series resistance of 90 Q, close to the value used
in Ref. [3], is used. It can be clearly seen that while NEGF results agree well for small biases, it
predicts larger current values for increasing Vgp. It is conceivable that at higher biases phonon

scattering may restrict the current and is the major source of discrepancy between simulation and
experimental data.

48



»

ey

0 01 0. 03 04
vRB%V)

Figure 4.6: Experimental data from Ref. [3] compared with simulated /-Vp characteristics with different doping
densities — turquoise: (N4, Np) = (6, 2) x10'® cm™, blue: (N, Np) = 4,1 x10"™ ecm?, black: (N4, Np) = (2, 0.5)
x10"® ¢m™, brown: (N, Np) = (8, 3) x10'” cm™ and red dots: experiments. All simulation results are multiplied
by the experimental cross-sectional area for comparison purposes.

4.4 SUMMARY

To summarize, through our self-consistent ballistic simulations we observe that (i) Kane’s model
with constant field shows a departure from NEGF for all non-uniform fields; it over- and under-
estimates the transmission probability for low and high fields respectively. (i) WKB
approximation, while yielding similar qualitative behavior in T(E), differs quantitatively; the
expression used to calculate current herein probably has a field-dependent prefactor missing.
(ii1) While ballistic NEGF can match experimental tunneling data reasonably well for low biases,
effects of scattering might have to be accounted for in order to obtain a match for larger reverse-
bias voltages. We shall conclude by noting that while for moderate to high doping, WKB results
agree qualitatively well with those of NEGF, this happens only when the same electrostatic
potential profile is used for in both cases. In practice, independent self-consistent solutions for
WKB and NEGF could yield very different potential profiles, thus leading to significantly
dissimilar current-voltage characteristics.

Having established the need for fully quantum-mechanical simulations at high fields and having
ascertained that the results of our simulations are in the right ballpark range of experimental data,
we begin to investigate tunneling in three-terminal devices in chapter 5. Specifically, our focus
would be on ways to increase ON-state tunneling current in FETs where conventional tunneling
FETs have suffered greatly due to the presence of large tunneling resistance.
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CHAPTER 5

INDIUM ARSENIDE LATERAL AND VERTICAL BAND-TO-
BAND TUNNELING TRANSISTORS

In this chapter, we begin our investigation of three-terminal tunneling devices using BQTS. The
conventional, gated p-i-n tunneling field-effect transistors (TFETs) have suffered from the issue
of tunneling resistance even when the device is ON. Motivated by this, we choose InAs — a
direct, narrow bandgap III-V semiconductor — to be our channel material in this study because of
its potential in delivering large ON current. In this context, we examine a variant of the gated p-i-
n structure, where there exists a heavily doped pocket in the source-channel overlap region. By
comparing this with conventional TFETs at short channel-lengths, we determine the trade-offs
governing steep turn-on and high ON-state current. Understanding the underlying physics in
these geometries is instrumental in identifying directions for device optimization.

5.1 MOTIVATION

The recent interest in band-to-band tunneling transistors is due to their promise of overcoming
the fundamental limit of subthreshold swing (60 mV/decade at room temperature) in case of
classical MOS devices, thereby providing a path to significantly reduce supply voltage and
power dissipation. The advantage of TFETs over MOSFETs in this regard has been discussed
and demonstrated in various material systems [1]-[3]. However, the ON state current in TFETs is
significantly lower than in MOSFETSs owing to tunneling resistance, which arises due to carrier-
tunneling between energy eigenstates of different symmetry (i.e. conduction and valence band).
Hence it is critical to the design of TFETs to understand the factors governing ON current and
subthreshold swing (SS). Hence we investigate the performance of InAs TFETs where tunneling
occurs in the direction normal to the semiconductor-dielectric interface (vertical TFET from
hereon) to see if there are any inherent advantages owing to either the device geometry or the
nature of tunneling in these devices over conventional TFETs where the tunneling occurs from
source to drain (lateral TFET from hereon). To this end, we perform self-consistent ballistic
quantum mechanical simulations with multi-band Hamiltonian within the NEGF formalism in
realistic-size devices. Our simulations show that vertical TFETSs, due to an additional vertical
tunneling component provide more ON current than their lateral counterparts. We also explore
the design possibilities of vertical TFETs whereby we show that they can be optimized to yield
steeper turn-on characteristics and smaller OFF currents than lateral TFETs. Our results also
provide insight towards scaling (in terms of both body thickness and channel length) behavior of
ultra-thin body vertical TFETs based on low bandgap and low effective-mass materials.

5.2 GEOMETRY AND SIMULATION DETAILS

Figure 5.1 shows the schematic of the cross section of simulated devices where the lateral TFET
(Fig. 5.1(a)) is an ultra thin body double-gate InAs p-i-n TFET while the vertical InAs TFET
(Fig. 5.1(b)) is a device with identical footprint except for a heavily doped n" pocket in the gate-
source overlap region. Our vertical TFET has an additional back-gate underneath the channel in
comparison to the device structure proposed by Pratik et al. (see Fig. 2 of Ref. [5]) in order to
have a better electrostatic control while keeping the vertical tunneling intact. The doping
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Figure 5.1: Schematic of the simulated devices: (a) lateral InAs TFET, and (b) vertical InAs TFET with a heavily
doped 1" pocket (halo) in the gate-source overlap region. The doping profiles in all our simulations are abrupt
with a source and drain doping of 5 X 10" ¢cm™ and 5 x 10" em™ respectively. The asymmetry in doping
concentrations is motivated by the lower conduction band density of states in InAs and the need to suppress
ambipolar conduction. In case of vertical TFET, we use a pocket doping of 5 X 10" cm™. Although the
channel region is intrinsic, we use an n-type doping of 1 x 10" cm™ to account for unintentional doping arising
due to defects. A 1.2 nm gate dielectric with K = 15. 4 is used. The length of source and drain in our
simulations is 20 nm each with a 10 nm overlap on the source side in case of vertical TFET. For 10 nm thick
body, the pocket is 3.6 nm deep while for a body thickness of 6 nm, we use a pocket depth of 2.4 nm. The
crystallographic direction is assumed to be (100) for transport and the body is confined along (001) direction.

Also, difference in workfunction between semiconductor and gate metal, q)ms, is assumed to be zero.

densities, device dimensions and other parameters used in simulation are mentioned in the
caption of Fig. 5.1. A 4 band Kane’s second order k.p Hamiltonian is used to describe the
bandstructure of InAs [6]. The spurious states in the dispersion curves arising due to confinement
are removed following standard techniques [7]. Spin-orbit coupling has been ignored in our
simulations to reduce the computation time [8].

The Green’s function G, at a given total energy E, calculated using the self-consistent Born
approximation is given by G(E) = [El - H — 3, — 3,]" where H is the Hamiltonian of the
system, / an identity matrix and Z; » the contact self-energies [9]. The self-energies are calculated
by assuming semi-infinite leads using a technique due to Sancho et al. [10], while G is calculated
using the recursive Green’s function algorithm [11]. We assume that the dimension of the
devices is large along the width and hence use a periodic boundary condition in that direction.
We note that while using a multi-band Hamiltonian, it is not possible to analytically sum over the
momentum states along the width in calculation of electron and hole densities as can be done in
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case of single band Hamiltonians [12]. Therefore the transverse modes are considered
numerically. A typical iteration for 10 nm thick and 60 nm long devices takes around 25 seconds
using 16,000 cores in parallel. Traditionally, a full NEGF simulation of realistic devices has been
prohibitive due to computational burden and most simulations are based on unreasonably small
approximation of actual devices. In our case, massive parallelization enables us to solve for
realistic structures.

5.3 RESULTS AND DISCUSSION
5.3.1 TRANSFER CHARACTERISTICS

Figure 5.2(a) shows the Ip — V¢ characteristics at a V) of 0.4 V for lateral and vertical TFETs
with channel lengths of 20 nm. It can be seen that the vertical TFETs have a smaller OFF state
current as compared to their lateral counterparts. The reason for this can be understood by
looking at the energy band profiles along the source-drain direction, which, at the
semiconductor-dielectric interface, are plotted in Fig. 5.2(b) for gate voltages near the OFF state.
The vertical TFET, due to the pocket doping, has an additional tunneling barrier on the source

10 | — Lateral TFET
— Vertical TFET

(a)

107 /' 60 mV/dec
0 5 1
V2(v)
0.5

increasing Vg

i

Energy (eV)

0 20 40 60
X (nm)
Figure 5.2: (a) Ip — Vi characteristics at Vp = 0.4 V for lateral and vertical TFETs for channel length L., = 20 nm.
The markers indicate values from simulation and lines, the interpolated curve. (b) The energy band diagrams in a

10 nm thick vertical TFET along the lateral direction near the semiconductor-dielectric interface for different
gate voltages — from 0.15 V to 0.45 V in steps of 0.1 V.
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side as compared to lateral TFET, which suppresses the penetration of tunneling states into the
channel. This is confirmed by the fact that the difference in OFF state currents is less pronounced
in case of 30 nm channel length devices (see OFF currents in Figs. 5.4(a) and 5.4(b)).

Another important observation to be made from the I, — V¢ characteristics is that the vertical
TFET has a steeper SS than the lateral device. The explanation for this is twofold. First, the
vertical device can be envisioned as a gated p'-n" diode (source-pocket junction) in series with a
MOSFET (pocket-channel junction) with fully depleted source. The potential barrier of the
MOSFET is lowered by the gate voltage at a rate similar to that of channel potential in the lateral
TFET. However, the tunneling width for a p'-n" junction is smaller than that of a lateral TFET.
The current is dominated by the extent of the tunneling width once the MOSFET potential
barrier is lowered sufficiently and therefore will be larger than that of lateral TFET at similar
gate voltages, leading to a steeper SS due to smaller OFF current. A second reason for the
steeper swing can be attributed to the onset of vertical tunneling in the region underneath the
pocket due to band overlap that also contributes to larger current. This is clearly seen from the
energy band profiles along the thickness of the device shown in Fig. 5.3(a). The contribution to
current by vertical tunneling continues to increase for larger gate voltages due to increased band
overlap along the thickness.

5.3.2 NO VERTICAL TUNNELING IN ULTRA-THIN FILMS

One of the interesting results our studies show is that of the existence of a minimum body
thickness below which vertical tunneling is absent. This can be attributed to two main causes — a)
a larger bandgap at smaller body thicknesses, and b) a fully depleted p" region underneath the
pocket. We simulate a vertical TFET with 6 nm body thickness and a 2.4 nm thick pocket
wherein the back-gate is absent in order to ensure that the same does not adversely affect the
vertical band bending. The energy band diagrams along the body thickness for such a device,

b T T
i 0.5 (b) ]
= 0.5 increasing Vg .
C S
< ®
5 0 5
e band overlap Q _0.57 e |
|-|=-| I.I:J no band overlap
-0.5; @ ] 4l
0 5 10 0 2 4 6
z (nm) z (nm)

Figure 5.3: (a) The energy band diagrams along the body thickness in the middle of the pocket for same gate
voltages as in Fig. 5.2(b). (b) Similar band diagrams for a 6 nm thick device with no back-gate for two different
gate voltages — 0.8 V (blue) and 1.1 V (green). From (a), we can see that the vertical TFETs have smaller OFF
state currents and larger ON currents than their lateral counterparts. The vertical TFETs also have steeper
subthreshold swing. While (a) shows band overlap for the 10 nm case, (b) does not show any overlap even at
high gate voltages (1.1 V). Note that in (b) a single gate geometry has been chosen to maximize the possibility of
band-overlap as a double gate structure could further degrade the band overlap.
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shown in Fig. 5.3(b), confirm the absence of band overlap due to abovementioned reasons. In

comparison, the device with 10 nm body thickness, as shown in Fig. 5.3(a), clearly shows a band
overlap.

5.3.3 GATE LENGTH SCALING TRENDS

Another intriguing feature of the /p — Vi characteristics in Fig. 5.2(a) is the fact that SS is larger
than 60 mV/decade in both lateral and vertical TFETs, contrary to the fact that band-to-band
tunneling should provide less than 60 mV/decade. Similar degraded subthreshold swing has been
seen previously [13]. We confirmed from our simulations that this is not due to poor
electrostatics as our devices have excellent gate control (i.e., ‘W%VG> 0.96, v, being the

electrostatic potential at the semiconductor-dielectric interface). To investigate the reasons for
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Figure 5.4: (a) Ip — Vg characteristics at V', = 0.4 V for vertical TFETSs for three different channel lengths — 10
nm, 20 nm and 30 nm showing the scaling behavior. (b) Similar curves for lateral TFETs. From (a) and (b), it is
evident that TFETs show poor scalability and show <60 mV/decade subthreshold slope only for longer channel
lengths. (c) Local Density of States (LDOS) on a logarithmic scale for vertical TFET with L., =20 nm at V=
0.2 V near the semiconductor-dielectric interface showing large penetration of tunneling states in the channel
owing to smaller effective mass of InAs. (d) Energy resolved current density for lateral TFET with different
channel lengths at Vs = 0.2 V showing significant current flowing due to tunneling through the channel for
shorter devices, thereby limiting the minimum SS and OFF current.
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this, we study the scaling behavior of vertical TFETs by varying the length of the channel.
Figures 5.4(a) and (b) show the Ip — Vi characteristics of vertical and lateral TFETSs respectively
for three different lengths of the channel — 10 nm, 20 nm and 30 nm with all other parameters
remaining the same.

Evident from the characteristics is the fact that these devices exhibit very poor scalability. The
simulations show that this is mainly due to the fact that the conduction band effective mass in
InAs is quite low (0.03m, for a 10 nm thick body) which leads to huge penetration of
wavefunctions into the channel and hence a large leakage current which limits the swing in
TFETs. The local density-of-states (LDOS) plot on a logarithmic scale in Fig. 5.4(c) shows large
penetration of tunneling states into the channel in the OFF state. Energy resolved current, /(E),
given by T(E) x(f1(E) — f2(E)), is plotted in Fig. 5.4(d). Here 7(FE) is the transmission probability
at energy E and f; and f; are the Fermi-Dirac distributions corresponding to source and drain
respectively. All the plots correspond to OFF state. From Fig. 5.4(d), the peak of the current
appears in the energy range of 0 to -0.5 eV, where the band-gap in the channel should have
stopped the current flow (see Fig. 5.4(c)). This then clearly points to direct source-to-drain
tunneling that becomes increasingly severe as one goes down to smaller channel lengths.

5.4 SUMMARY

To summarize, using self-consistent NEGF simulations, we have shown that the vertical TFETs
offer significant advantages over their lateral counterparts in terms of increased ON current and
steeper SS. This is due to (i) an additional tunneling barrier in the current path at the OFF state
that provides lower OFF current, (ii) a thinner tunneling barrier at the ON current that provides
larger ON current, and (iii) finally, a vertical tunneling component in addition to a lateral one at
the ON condition that further increases the drive current. However, we note that the
aforementioned benefits are incremental in homojunction devices. This is because of poor
scalability of both lateral and vertical TFETs in small E; and low effective-mass materials. In
this study, we have restricted ourselves to using nominal device structures so as to retain our
emphasis on the underlying physics. Nonetheless, the aforementioned points indicate that there
exist several opportunities for device optimization by band-engineering either through strain or
through heterostructures, and thereby for amplifying the advantages of vertical TFETs over
conventional, lateral TFETs. We propose one such heterojunction device in Chapter 6.
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CHAPTER 6

HETEROJUNCTION VERTICAL TUNNELING TRANSISTORS
— STEEP SUBTHRESHOLD SWING WITH HIGH ON CURRENT

In the previous chapter, we did a comparative study of InAs lateral and vertical TFETs and noted
that while in the latter both ON current and subthreshold swing do improve compared to the
former, due to poor scalability, the advantages are fairly marginal. Motivated by this, we
investigate, in this chapter, a heterojunction vertical tunneling FET (TFET) and compare the
same with its homojunction and/or lateral counterparts. While on the surface, the structure is a
slight modification of the homojunction vertical TFET, it does help us uncover a switching
mechanism governed by band overlap (and not tunneling width modulation) that is masked in the
latter due to high leakage current. In addition, we discover that, in heterojunction TFETs, the
advantages of vertical geometry are more pronounced.

6.1 MOTIVATION

The interest in band-to-band tunneling based transistors has gained traction over the recent years
with their demonstration in various material systems of the ability to provide subthreshold
swings (SS) steeper than 60 mV/decade at room temperature — a fundamental limit in classical
MOS devices — thereby providing a possible route to scaling down voltage and power [1]-[4].
However, the presence of tunneling resistance in the ON state severely inhibits the scalability of
TFETs for high performance. One of the proposed device structures to overcome this limitation
involves having a heavily doped halo (pocket) region in the gate-to-source overlap region of a
conventional p-i-n TFET geometry and hence introducing an additional component of tunneling
current due to band overlap along the body thickness, amounting to an increased tunneling area
[5]-[8]. From hereon for brevity, we will refer to this device structure as vertical TFET (VTFET)
indicating that the dominant tunneling current component is in the direction normal to the
semiconductor-dielectric interface, while the regular p-i-n TFET structure will be referred to as
lateral TFET (LTFET) denoting the fact that the tunneling is predominantly in the direction of
transport. Recent electronic transport simulations of III-V VTFETs have not shown significant
improvement in turn-on characteristics in comparison to LTFETs although an increased ON
current is observed [7]. In what follows, we propose a VTFET with wide band gap material in
the channel region (hetero-VTFET from now on), in contrast to the Heterojunction LTFET [9]-
[12], and show using self-consistent ballistic quantum transport simulations with realistic multi-
band Hamiltonian that such a device can offer greatly improved OFF state and turn-on behavior
while still providing high ON current owing to pocket geometry. We investigate the physics
underlying the turn-on characteristics and the factors governing steepness of SS. Our results
provide insight into directions for optimization of VTFET geometry thereby improving TFET
scalability.

6.2 HETEROJUNCTION VTFET - SIMULATION DETAILS

The structure of the simulated device is shown in Fig. 6.1. The doping concentrations in source,
pocket and drain are 5x 10", 5x10" and 5x10'"® cm™ respectively. The asymmetry in doping
concentrations of source and drain is motivated by the lower conduction band density-of-states in
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Figure 6.1: Schematic of the simulated Homo and Hetero-VTFET devices. The nominal device parameters used
in the simulations are provided in Section 6.2.

III-V materials and the need to inhibit ambipolar conduction. The channel is assumed to have an
n-type doping of 1x10" e¢m™ to account for unintentional doping arising due to defects. The
source, channel and drain are 20 nm long each while the pocket is 10 nm wide and 3.6 nm deep.
We use a body thickness of 10 nm. A 1.2 nm thick dielectric with Kk = 15.4 is used as the gate
insulator. The crystallographic direction for transport is (100) and the body is confined along
(001) direction. For comparison between device structures, the workfunction difference between
semiconductor and gate is adjusted so that the OFF state occurs at same gate voltage. The alloy
composition of InyGa; 4As is chosen such that the band offsets of the channel with that of the
source facilitate simultaneous onset of lateral and vertical tunneling in the device — details of
which will be explained in a subsequent section.

We use a 4x4 Kane’s second order k.p Hamiltonian to describe the band structure of InAs and
Ings3Gap47As [13]. The spurious states in dispersion relations — an artifact arising due to
confinement — are removed following the prescription in Ref. [14]. Spin-orbit coupling is
neglected to reduce computation time. Also, we ignore the effect of strain in our heterostructures.
The band gaps of InAs and Ings3Gags7As are thus estimated to be 0.5437 and 0.9130 eV
respectively. Band-offsets are assumed to be in the same ratio as that of the corresponding bulk
materials. With the said multiband Hamiltonian description, all tunneling paths are implicitly
accounting for. In all our simulations, both gates are maintained at identical electrostatic
potential. The width of the device is assumed to be large. Hence a periodic boundary condition is
used and the momentum modes are summed numerically in calculation of charge densities and
current.

6.3 RESULTS AND DISCUSSION
6.3.1 TRANSFER CHARACTERISTICS

Figure 6.2 shows the plots of drain current, /p, as a function of gate voltage, Vs for homogenous
VTFET (homo-VTFET henceforth) and hetero-VTFET devices. Similar characteristics are
shown for homo- and hetero-LTFETs on the same plot for reference purposes. A drain voltage
Vp of 0.4 V is used throughout. Evident from the characteristics is the fact that hetero-VTFETs
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Figure 6.2: I, — V characteristics of homo- and hetero-VTFETs at V= 0.4 V. Similar characteristics are shown
for the case of hetero-LTFET for comparison sake. The hetero-LTFET has top-gate extending over the body
alone. The steepest SS obtained in case of Homo and Hetero-VTFETs are 62 mV/decade (from Vs = 0.375 V to
0.4 V) and 16 mV/decade (from Vs = 0.575 V to 0.6 V) respectively. The black and green curves in (b) are
identical to blue and black curves respectively from the previous chapter, except for a shift in OFF state voltage
done for comparison purposes.

provide significant reduction in OFF state leakage as compared to their homogenous
counterparts. They also provide much steeper subthreshold swings (a minimum SS of 16
mV/decade vs. 62 mV/decade in homo-VTFETs). Although a reduction in ON current as
expected is observed due to staggered bands at the heterojunction, the pocket geometry, by virtue
of boosting the current due to vertical tunneling, reduces this penalty in comparison to LTFETs.
We also note that the advantages of vertical geometry are more pronounced in case of
heterojunction devices.

6.3.2 OFF STATE BEHAVIOR

The OFF state behavior of a hetero-VTFET can be understood by examining the energy band
diagram and energy resolved current, /(E) (= T(E) x (fi(E)-f>(E)) where T(E) is the transmission
coefficient at a given energy E and f; and f> the Fermi Dirac distributions corresponding to
source and drain electrochemical potentials respectively), plotted in Fig. 6.3 for both homo- and
hetero-VTFETs. The smaller OFF state leakage in hetero-VTFETs is due to two reasons — (i)
larger barrier height due to band discontinuities and (ii) larger effective mass m* in the channel
(0.046m, at the bottom of conduction band in Ing 53Gag 47As versus 0.032m, in InAs, m, being the
free electron mass) implying a smaller wavefunction penetration.

6.3.3 TURN-ON MECHANISM

We now turn to explain a fundamental difference in the turn-on mechanism of a VTFET in
comparison to that of an LTFET. Intuitively, the heterojunction VTFET can be visualized in the
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Figure 6.3: (a) Energy band diagrams in homo- and hetero-VTFETs at z = 0 (semiconductor- top gate insulator
interface) at V; = 0.25 V which corresponds to OFF state. (b) The corresponding energy resolved current /(E).

pocket region as in Fig. 6.4(a) i.e., as a heterojunction MOSFET with its source being a p'-n"
tunnel diode that creates a non-equilibrium (non-Fermi-Dirac) distribution of carriers in contrast
with a conventional, equilibriated source. We plot, as in Fig. 6.4(b), the self-consistent potential
profiles along the length of the device in hetero-VTFET near the semiconductor/top-gate-
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Figure 6.4: (a) Schematic band diagram from source to drain in the pocket region depicting the reason for
uniqueness of turn-on in hetero-VTFETs. (b) Simulated energy band diagrams in hetero-VTFET at z = 0 for
three gate voltages in the region of steepest turn-on. The inset has the same zoomed in the pocket-channel
interface region. The arrow in the inset shows the energy window where majority of tunneling current flows. (c)
I(E) in hetero-VTFET for same gate voltages as in (b).
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insulator interface for three different gate voltages in the region where the turn-on is the steepest.
We note that this corresponds to the transition wherein the peak in I(E) — shown for
corresponding gate voltages in Fig. 6.4(c) — moves from below the barrier at the heterojunction
to above it. It can be seen, from the inset of Fig. 6.4(b), that the tunneling width in the energy
window where most of the current flows, remains virtually unchanged during this transition. This
is in stark contrast to the case of switching in LTFET, where it is primarily the tunnel-barrier
width and not height that is modulated. Two important clarificatory points are in order here — (i)
the steepness is not sensitive to the sharpness of the barrier at the heterojunction and any
broadening of this barrier — for example, one introduced by scattering — will manifest only as a
shift in the turn-on voltage. This is due to the fact that the p"-n" tunnel junction at the source-
pocket interface is always turned on, by virtue of doping, as can be seen in Fig. 6.4(b); (ii) while
the switching mechanism could be expected to be similar in a homo-VTFET, the phenomenon is
masked because of large lateral tunneling current — akin to LTFET current — that flows
underneath the pocket, as is evidenced by the presence of tunneling states in a plot of logarithmic
local density-of-states (LDOS) along the length of homo-VTFET, near the semiconductor/back-
gate-insulator interface (Fig. 6.5(b)).

6.3.4 FACTORS AFFECTING STEEPNESS

There are two other reasons for greater steepness in turn-on of a hetero-VTFET. First is the
onset of lateral tunneling underneath the pocket together with tunneling in the pocket region.
Figure 6.5(a) shows logarithmic LDOS plots in hetero-VTFET near the back-gate for Vg = 0.55
V and 0.6 V (the interval of steepest switching). We observe that owing to the optimum choice
of band discontinuities between source and channel materials, unlike homo-VTFET where the
onset of lateral tunneling precedes turn-on in pocket region as explained before, in case of

Vg=0.55V Vg=0.6V
0.1 0.1 0
(a)
—~ < -1
S >
) o
Q- No Tunneling Q. in source-
L states |n.overlap an hannel band -3
region overlap
-4

x (nm)
0
Tunneling 1
< / states < =
d < <
> > = -2
o S 5
o e 2 Large vertical
G I Small ve_rtical L tunneling -3
tunneling
-4
20 40 60
x (nm) z (nm) z (nm)

Figure 6.5: (a) Plots of logarithmic LDOS in hetero-VTFET at z = 10 nm (semiconductor/back-gate-insulator

interface) at V5 =0.55 V and 0.6 V. (b) LDOS plot in homo-VTFET atz= 10 nm at V5= 0.375 V. (c) and (d)
are LDOS plots along body thickness at x = 15 nm (middle of the pocket region) in homo- (Vz = 0.375 V) and
hetero- (Vg =0.575 V) VTFETs respectively.
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hetero-VTFET it occurs simultaneously. The second reason is the contribution of vertical
tunneling component during steep turn-on. It must be observed that while vertical tunneling
contributes to a larger ON state current in case of homo-VTFETs as well, it does not lead to
steeper swing for it sets in at large gate-voltages wherein the device is already turned-on.
However, since turn-on voltage in hetero-VTFETs is larger owing to heterojunction band-offsets,
vertical tunneling also does contribute to the steepness of SS. The LDOS plots along the body
thickness in the middle of pocket region of homo- and hetero-VTFETs during their steepest turn-
on, shown in Figs. 6.5(c) and (d) respectively indicate the presence of greater density of
tunneling states in the latter.

6.3.5 NEGATIVE TRANSCONDUCTANCE

An interesting feature of the Ip — Vs characteristics of hetero-VTFET 1is a region of negative
transconductance between Vg = 0.775 V and 0.85 V (inset of Fig. 6.6(a)). Our simulations show
that the negative transconductance arises due to resonance between tunneling states in the pocket
region and states in the channel — the density of which is non-monotonic near the bottom of
conduction band, due to difference in dispersion relations of InAs and Ings3Gag47As. From the
LDOS plots at the aforementioned voltages shown in Fig. 6.6, we observe that the higher current
at lower Vg is due to higher density of states in the channel coupling to tunneling states in the
pocket that carry majority of the current. The subsequent increase in /I for large Vi (> 0.85 V) is
due to the appearance of increasing number of tunneling states in the pocket, many of which
propagate through states far above the bottom of Ing 53Gag 47As conduction band in the channel.

To confirm this reason for negative transconductance, we vary some of the device parameters
and examine the transfer characteristics. We observe that the resonance vanishes for very small
widths of the pocket, with characteristics becoming closer to that of hetero-LTFET. A change in
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Figure 6.6: (a) and (b) are LDOS plots at z = 0 in a hetero-VTFET at V; = 0.775 V and 0.85 V respectively. The
inset of (a) shows the part of Ip-V; characteristics where negative transconductance is seen (the markers denote
the values from simulations and the continuous line the interpolated curve).
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band-offsets alters the voltage range of its occurrence and also the extent — with the phenomenon
becoming more pronounced for larger conduction-band-offsets and less so for smaller values. A
similar behavior is seen when the channel length is varied. These observations confirm our
hypothesis of resonance.

6.4 SUMMARY

Our simulations show that the turn-on in a hetero-VTFET is dominated by the modulation of
heterojunction barrier height as opposed to that of tunneling-width. We also demonstrate that by
choosing the right band offsets, the steepness of turn-on can be increased owing to — (i)
simultaneous onset of tunneling in the pocket and region underneath it, and (i) contribution from
vertical tunneling. The negative transconductance region that can occur in hetero-VTFET
characteristics is due to resonant tunneling between states in the pocket and those in the channel.
Although in this study we have restricted ourselves to nominal device structures so as to retain
our emphasis on underlying physics, we note that enhanced performance can be obtained by
optimizing the critical device parameters like heterojunction band-offsets (tuned using Ga mole
fraction), pocket width and depth and doping profiles in source and pocket regions, thus fully
leveraging the advantages of hetero-VTFETs.

This brings us to the end of our discussion on leveraging tunneling in three-terminal devices for
steep switching purposes. In the remaining chapters, our goal would be to use the insights gained
in tunneling mechanism to design improved short-channel, top-of-the-barrier devices
(MOSFETs) in layered materials for non-digital applications. More specifically, in the next
chapter, we focus on engineering tunneling in order to enhance output resistance in graphene
FETs and on explaining scaling trends in their cut-off frequencies.
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CHAPTER 7

GRAPHENE TRANSISTORS — ENGINEERING TUNNELING TO
IMPROVE OUTPUT RESISTANCE

In this chapter, we turn our attention to graphene transistors. Graphene, while having attracted a
lot of interest in recent times for its unique material properties, remains a challenging system to
leverage the advantage of its intrinsic properties. Most of the problems in the domain of
electronic devices can be traced back to its gapless nature. Here we focus on two issues that
result from band-to-band tunneling in graphene — degraded output resistance and departure in the
cut-off frequency scaling trends from expected lines. We propose certain techniques to improve
the output resistance and provide interpretations to experimentally observed scaling behavior.

7.1 GRAPHENE TRANSISTORS FOR NON-DIGITAL APPLICATIONS

While the absence of a bandgap and the difficulties in inducing one without substantially
degrading its excellent inherent electronic properties — viz. large carrier mobility, mean free path
etc. — have rendered graphene less attractive for digital applications, the interest in graphene
field-effect transistors for high-frequency RF applications, where transistor turn-off is not critical
for device operation, continues [1] - [4]. Although long-channel GFETs have shown some quasi-
saturation behavior in their output i.e., Ips — Vps, (Ips and Vpg are respectively the drain current
and voltages) characteristics, which has been attributed to velocity saturation [5] - [6], this trend
is absent in their short-channel counterparts [7], hence resulting in degraded output resistance
and subsequently, reduced intrinsic small-signal gain. However, it has been argued, based on the
relative density-of-states in the channel vis-a-vis that in the drain, that such quasi-saturation
should be observable even in the ballistic limit [8]. Recently, Wang et al. have proposed a
technique to separately quantify the effect of velocity saturation and relative density-of-states,
both of which might be present in experimental long-channel output characteristics, through
symmetric biasing of source and drain [9]. Also, more interestingly, three-terminal negative
differential resistance (NDR) has recently been reported in graphene devices of channel lengths
varying from 80 to 500 nm [10]. We note that, previously, G. Fiori had predicted the observation
of NDR in monolayer and bilayer graphene p-n junctions through NEGF simulations [11].

In light of these observations, it becomes interesting and relevant to ask the following questions:
a) Can the quasi-saturation observed in ballistic GFET output characteristics be engineered in
some way, thereby enhancing output resistance (ry) and intrinsic gain (g,7y)? b) Is there a unified
view, based on arguments relating to density-of-states, that can explain the occurrence of both
quasi-saturation and NDR? In this chapter, we attempt to answer these questions and, by
investigating the factors affecting quasi-saturation through ballistic NEGF simulations, show that
doping the graphene channel in the gate-drain underlap region can significantly enhance the
extent of the quasi-saturation region. We also provide reasons, based on our simulation results,
for observing either quasi-saturation or NDR — depending on appropriate biasing and doping
conditions. Finally, we study the effect of short-channel behavior on transfer characteristics and
its implications on transistor intrinsic cut-off frequency (f7), another important figure-of-merit
(FOM) in determining the performance in analog applications. By investigating its scaling
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behavior with gate length (L) and effective oxide thickness (EOT), we comment on some of the
recent experimental observations of f7 scaling trends.

7.2 SIMULATION APPROACH

Figure 7.1(a) shows the schematic of the simulated short-channel GFET. The gate length is 20
nm. For the nominal device, a 2 nm underlap exists on both source and drain sides; the EOT is
0.5 nm. Unintentional channel doping, arising due to substrate interactions and fabrication
processes, is assumed to be absent [12]. We note the effect of doping in the gated region only is
to act as positive (n-type) and negative (p-type) offsets to gate voltage. Also the source and drain
contacts are assumed to be Ohmic. We use an atomistic p,-orbital basis tight-binding
Hamiltonian to describe the bandstructure of graphene. The source and drain self-energies are
calculated using the prescription by Svizhenko and Anantram [13]. Periodic boundary
conditions are used along the width and the transverse momentum modes are summed
numerically in calculation of charge densities and current. Ballistic NEGF equations are solved
iteratively along with Poisson’s equation until a self-consistency between charge and
electrostatic potential is achieved.
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Figure 7.1: (a) Schematic of the simulated short-channel GFET. (b) Sketches explaining qualitatively the GFET
output characteristics. The black horizontal lines in the sketches denote the electrostatic potential (i.e. location of
Dirac point) in different regions of the device. In the regions corresponding to source and drain, they also denote
the position of electrochemical potential for the case when @z = 0. Blue dotted lines denote the low-energy
dispersion relation of graphene, which is a pair of Dirac cones. The thermionic and tunneling components of
currents are shown by means of solid arrows.
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7.3 RESULTS AND DISCUSSION
7.3.1 GFET OUTPUT CHARACTERISTICS

Before exploring the results of numerical simulations, the output characteristics can be
understood qualitatively by examining the sketches in Fig. 7.1(b), showing the electrostatic
potential (equivalently, Dirac point) in various regions of the device and also the Dirac cones in
the channel and drain regions (the Dirac cone in the source is not shown since Vg, i.e. gate-to-
source voltage is fixed and only Vpg is relevant in this discussion). Note that the source and the
drain electrochemical potentials coincide with the corresponding Dirac points in the absence of
Schottky barrier. For small values of drain bias, the current is predominantly thermionic w.r.t.
the channel-drain junction (i.e., through upper Dirac cones in both regions). However, for large
drain biases, when the drain electrostatic potential is greater than that of channel region, there
exists an additional current component that can be termed as tunneling current (i.e., from lower
Dirac cone in the channel to upper Dirac cone in the drain). Quasi-saturation, which is marked by
an inflection point (corresponding to concave to convex transition) in the output characteristics,
is observed for intermediate values of drain voltage — until the tunneling component becomes
considerable [14].

Figure 7.2(a) shows the representative output characteristics for the nominal device at three
different values of Vs, the gate voltage, where a very modest quasi-saturation is seen. Although
charge — potential self-consistency determines the exact location of the inflection point, there
exists a direct correlation between Vpg at the inflection point and the applied Vs, as expected.
The plots of energy resolved current I(E) (= T(E) x (fi(E) — fo(E)) with T, f; and f, being
respectively the transmission co-efficient and Fermi-Dirac distributions corresponding to source
and drain electrochemical potentials) at Vps = 1.2 V show the thermionic and tunneling
components of current (Fig. 7.2(b)). At a given Vps, consistent with our explanation, a larger
tunneling current results in case of smaller Vgs. We studied the Ls dependence of the output
characteristics and found that with EOT = 0.5 nm, the quasi-saturation behavior is very nearly
identical for gate lengths between 100 and 20 nm.
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Figure 7.2: (a) Simulated /g — Vpg characteristics of nominal device with Ls = 20 nm at three different values of
Vss. Quasi-saturation, which is marked by concave to convex transition, is seen in all cases. (b) Corresponding
plots of /(E) showing tunneling and thermionic currents.
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With this understanding of the GFET output characteristics, let us try to examine if the extent of
quasi-saturation can be effectively engineered by the right choice of device parameters which
affect the electrostatic potential in the channel-drain region e.g., Schottky barrier of the drain
contact, length of drain underlap etc.

7.3.2 EFFECT OF EOT

Fig. 7.3(a), showing the Ips — Vps characteristics for three different values of EOT, indicates that
a larger EOT results in degraded quasi-saturation behavior. The reasons for this trend become
apparent on examining the Dirac point variation in the device in these cases, plotted in Fig.
7.3(b). A larger EOT reduces the thermionic component through widening of tunnel-barrier at
the source-channel junction. For moderate values of Vps, the relative contribution of tunneling
current increases with increasing EOT due to higher channel potential [15]. Hence the optimal
device-design strategy to improve quasi-saturation involves aggressive scaling of EOT, thereby
prolonging the onset of tunneling.

7.3.3 EFFECT OF SCHOTTKY BARRIER HEIGHT AT THE DRAIN CONTACT

The effect of varying the Schottky barrier height (®3), defined as the energy difference between
Dirac point and electrochemical potentials in the contact, at the drain end on the GFET output
characteristics is examined. We observe that the electrostatic potential in the channel remains
more or less unaltered except for a couple of nanometers near the drain end. Consequently, there
is no perceptible change in the quasi-saturation behavior for a reasonable range of @5 (-0.1 to 0.1
eV) [16]. Thus, we conclude that drain Schottky barrier height cannot be an efficient parameter
in engineering the GFET output resistance.

7.3.4 EFFECT OF DRAIN UNDERLAP LENGTH

All experimental GFET realizations so far have had a finite underlap on both source and drain
sides of the channel. Therefore, it is interesting to investigate if the length of the drain side
underlap region can be tuned to improve the extent of quasi-saturation in the Ips — Vps
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Figure 7.3: (a) Output characteristics at Vg = 0.8 V for three different EOTs. (b) Corresponding plots of

variation of Dirac point along the length of the device at Vps = 0.6 V from where the decrease in the relative
contribution of thermionic component can be inferred.
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Figure 7.4: (a) Output characteristics at Vg = 0.8 V with varying lengths of drain underlap region — 0, 2, 4, and 6
nm. (b) Corresponding plots of electrostatic potential profiles at Vpg = 0.5 V wherein a larger barrier with
increasing underlap can be seen.

characteristics. Figure 7.4(a) shows the output characteristics for four different lengths of the
drain underlap — 0, 2, 4, and 6 nm [17]. Evidently, with a larger underlap, the saturation
behavior is worsened. The reasons are twofold —

(1) For small to intermediate drain voltages, the thermionic component of current decreases with
increase in underlap length due to (a) reduced band-bending in the gated region and (b) the
presence of higher potential barrier (and hence greater quantum-mechanical reflections) in the
underlap region, as can be seen from the variation of Dirac point along the device, plotted for
three different lengths of underlap, in Fig. 7.4(b).

(11) Since the potential at the drain end is fixed for a given Vpg, larger underlap and consequently
a higher barrier therein results in a larger electric field near the drain end. This implies an
increase in the field-driven tunneling component of the current. An increase in total current with
larger underlap for high drain biases — where tunneling is the dominant mechanism —
corroborates with this explanation. Accordingly, we note that increasing underlap length
suppresses the thermionic part while amplifying the tunneling contribution, yielding poorer
output resistances in the process.

Having identified the effect of potential barrier in the drain underlap on thermionic and tunneling
components, we seek to engineer this barrier to alter the quasi-saturation characteristics. One
way to do this is either through introduction of fixed charge in the vicinity or via substitutional
doping. Although doping 2-D graphene substitutionally remains an area of active research,
techniques to dope it n-type (using nitrogen [18]) and p-type (using gold [19]) have been recently
demonstrated. In the forthcoming sections, we discuss the effect of such doping on the output
characteristics of GFETs. Due to the barrier within 2 nm of underlap in the nominal device being
mostly transparent and due to fabrication challenges in selectively doping such narrow region,
we consider GFETs with 6 nm underlap on the drain side.
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Figure 7.5: (a) Ips — Vps characteristics at Vg = 0.8 V showing the effect of varying n-type doping concentration
in the 6 nm drain underlap region. (b) Plot of logarithmic LDOS for the N = 1x10" cm™ case at V5= 0.5 V. The
Dirac point inside the channel is also shown in white. The quantum-mechanical reflections above the well are
also evident.

7.3.5 EFFECT OF n-TYPE DOPING IN THE DRAIN UNDERLAP REGION

Figure 7.5(a) shows the Ips — Vs characteristics of GFETs for three different values of uniform
doping concentration in the 6 nm long drain underlap region. We notice that the quasi-saturation
becomes more pronounced with increasing doping density. This can be understood by examining
the logarithmic local density-of-states (LDOS) plotted for a doping density N of 1x10" cm™,
shown in Fig. 7.5(b). A larger doping concentration reduces the barrier height in the underlap
region and in case of very high densities inverts the shape of the potential profile. This serves
dual purpose — (i) boost in thermionic current due to reduced barrier in the underlap and
enhanced band-bending in the gated region; (ii) blockage of tunneling current due to the presence
of potential barrier for holes. In essence, n-type doping has the effect of delaying the onset of
tunneling-dominated regime in the output characteristics, resulting in an increase in device
output resistance.

7.3.6 EFFECT OF p-TYPE DOPING IN THE DRAIN UNDERLAP REGION

Having appreciated the effect of n-type doping on quasi-saturation, intuitively, it might seem that
p-type doping should worsen the output resistance. However, the plot of Ips — Vps characteristics
for three different values of doping concentration in Fig. 7.6(a) suggests that p-type doping too
enhances the extent of saturation. This is an interesting result and merits detailed discussion. We
note that while for increasing values of p-type doping, quasi-saturation behavior progressively
improves, for a doping of N = 1x10" cm™, improvement in r, is substantial. This, resulting from
larger current at small Vs and smaller current at larger Vg, is because of the following:

The potential barrier in the drain underlap region increases with increasing doping concentration.
For N = 1x10" c¢m™, the potential barrier is so high that for small values of drain biases, all the
current is because of tunneling through it. This leads to a resonance between the states in the
gated-channel and in the barrier region, leading to a current larger than the undoped case. This is
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Figure 7.6: (a) Ips — Vps characteristics at Vg = 0.8 V showing the effect of varying p-type doping concentration
in the 6 nm drain underlap region. (b) Logarithmic LDOS at Vps = 0.1 V near the drain underlap region for N =
1x10" cm™ showing the effect of resonance (c) Similar plot for the undoped case, showing low LDOS due to
absence of resonant states. (d) Plot of logarithmic LDOS at Vg = 0.3 V throughout the channel region for N =
1x10" ¢cm™. The Dirac point variation is also shown in white. The presence of a potential barrier leading to
suppression of thermionic part is seen. (¢) Output characteristics of GFET with N = 1x10"* cm™ p-type doping

for three different gate voltages.

confirmed from the plots of logarithmic LDOS in Figs. 7.6(b) and (c) at Vps = 0.1 V for the

73



undoped and 1x10" cm™ doping cases respectively. However, for increasing drain biases, the
barrier is lowered (leading to shallower wells in gated and ungated regions) and the effect of
resonance is less pronounced. Now, the barrier only acts as a suppressor of thermionic current.
The plot of logarithmic LDOS, along with Dirac point profile drawn in Fig. 7.6(d), in case of
1x10" cm™ doping at Vps = 0.3 V agrees with our foregoing explanation [20]. We also plot the
output characteristics with N = 1x10"? cm™ for three different gate voltages in Fig. 7.6(¢), where
the benefits of improved 7y can be observed at all values of Vg considered.

Hence we conclude that for large p-type doping, the quasi-saturation behavior improves. This,
however, is at the cost of lower values of total current than in case of n-type doping.
Consequently, it becomes important to put the effect of drain underlap engineering into
perspective by analyzing the output resistance and intrinsic gain of all the structures, which we
turn to in the next section.

7.3.7 OUTPUT RESISTANCE AND INTRINSIC GAIN

Figure 7.7(a) shows the comparison of maximum GFET output resistance obtained in four
different scenarios — (i) very little drain underlap (2 nm), (ii) larger underlap (6 nm) with no
doping, (iii) an n-type doping of 1x10"° cm™ in the underlap, and (iv) an identical p-type doping.
We see that p-type doping can lead to a factor of 13 improvement in ry. It must, however, be
noted that the saturation range is smaller for the p-type doped case, which might result in
degraded linearity and stability in high-frequency applications. We also calculate the respective
values of peak intrinsic gain, by calculating the transconductance (g,) at the bias point
corresponding to maximum 7y. Such a plot, shown in Fig. 7(b), indicates that a reduction in g,
as expected, in case of p-type doping leads to only 4x betterment in g,,7.

2000

=

1000,

w

Intrinsic Gain (gmro)
- V)

0
none none n-type p-type none none n-type p-type

| | | | | | |

2 nm 6 nm 2 nm 6 nm

Figure 7.7: Plots showing the effect of drain underlap engineering on (a) peak r, and (b) peak g,r, achieved at
VGS: 0.8 V.

74



7.3.8 ARE QUASI-SATURATION AND THREE-TERMINAL NDR RELATED?

Having understood quasi-saturation in GFETs and ways to engineer it, we now explain how it
can be related to the three-terminal NDR effect that has been observed in recent experiments
[10]. In this regard, the following observations are in order:

(1) In the simulations of our nominal GFETs, we observe quasi-saturation and not NDR. This is
due to the fact that for small Vps, we do not have any tunnel barrier inside the channel. The
current herein is thermionic and tunneling current onsets only for moderate to large Vpg.

(i1)) However, situation can be different if for small Vps we have a tunneling barrier in the
channel, as in case of large p-type doping. Our simulations with 1.4x10" cm™ doping (Fig.
7.6(a)) in the drain underlap indeed exhibit NDR behavior for reasons explained above.

(i1i1)) The three-terminal Ips — Vps characteristics at a given Vs are identical to two-terminal
current-voltage characteristics if we regard the effect of Vs is to electrostatically dope the gated
region. The ungated (i.e. underlap) region can be considered to be oppositely doped in some
cases — including when metal contacts induce doping in their vicinity, as argued in Ref. [21] —
when the curvature of potential flips while transitioning between gated and ungated regions.
Therefore, it is not inconceivable to think of situations where the electrostatic potential profile in
a GFET, biased at fixed Vs, can look like that of a tunnel diode. Hence we believe that the
reported three-terminal NDR reported is fundamentally same as the NDR in graphene p'— n"
diodes, predicted in Ref. [11], which in turn is qualitatively identical to similar effect observed in
tunnel diodes of conventional semiconductors with finite bandgap [22].

7.3.9 EFFECT OF L; SCALING ON fr

We now turn to understand the scaling trends in f7, which is another important FOM for analog
and RF applications. In particular, we first focus on the effect of Ls scaling on f7. Figures 7.8(a)
and (b) show the Ips — Vgs and g, — Vs characteristics respectively for different gate lengths at
Vps = 0.4 V when the EOT is 25 nm. The degraded OFF state leakage with reducing L is due
enhanced tunneling owing to larger lateral electric field, in agreement with what has previously
been reported in Refs. [23] and [24]. This, coupled with an Ls-independent ON current at large
gate voltages, leads to reduced g,,.

Figure 7.8(c) shows this trend in peak g,, wherein we note that the Ly below which g,, starts to
fall-off and the extent of degradation should both depend on EOT [25]. The intrinsic cut-off
frequency (fr = g./2nCgs, Cs being the total gate capacitance) is calculated and plotted as a
function of Ls in Fig. 7.8(d) [26]. We note that while for very small EOTs, an expected 1/Lg
scaling, in agreement with Ref. [8], is observed, in case of large of EOTs, a significant departure
from this behavior is seen due to short-channel behavior. This deviation is different from the one
due to parasitic resistances and capacitances reported in Ref. [24]. In view of this result, we
make the following comments about the recently reported 1/Ls dependence of fr in Ref. [7]
(EOT =38 nm) —
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Figure 7.8: (a) Ips — Vs characteristics at Vpg = 0.4 V for GFETs with different gate lengths — 20, 60 and 100
nm when the EOT is 25 nm. (b) Corresponding g,, — Vs characteristics. We calculate g,, only for one branch of
the ambipolar GFET transfer characteristics (i.e., for Vgs > 0.2 V). (c) Variation of peak g, as a function of Lg,
showing g,, degradation due to short-channel effects. The dotted vertical line at L; = 120 nm denotes the gate
length beyond which g, saturates. (d) Plot of f; vs. 1/Ls in which deviation from the expected 1/L; trend is
observed for EOT = 25 nm. The solid lines are meant to guide the eye and the top axis denotes L (in nm).

(1) Irrespective of how the intrinsic f7 scales with Lg, a 1/Lg dependence can be observed

extrinsically if the extrinsic transconductance (g™ = Em
1+ ngpamxitic

gate-length-independent parasitic resistance which might have contributions from contacts

and/or gate underlap), is dominated by R,..siic and is hence gate-length independent, which

happens under the condition that R,uqsiric >> 1/g». However, with the values of g, obtained from

our simulations (<I mS/um for EOT = 25 nm), the aforementioned condition appears less likely

to hold in case of typical contacts whose resistances are in the range of a few hundreds of Q-um

(e.g., Refs. [7] and [27]).

, where Ry qsiic denotes a

(i1)) A 1/Lg dependence of fr could also be possible if the increase in peak ballistic g, with
increasing L¢ due to suppression of short-channel behavior can be offset by a decrease in g, due
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to scattering such that g “""*(= gza”””cﬁ, where A is the scattering mean free path) has
+ G

little L dependence [28]. For example, in case of EOT = 25 nm, this can happen, with A = 90
nm, for Ls < 80 nm (approximating the peak g, in Fig. 8(c) by a straight line up to 80 nm and a
constant saturated value thenceforth). For the effects of electrostatics and scattering to cancel

each other, larger short-channel behavior calls for the presence of greater number of scattering
events i.e. smaller value of 4.

7.3.10 EFFECT OF EOT SCALING ON fr

Although it’s clear that smaller EOT is essential for achieving better electrostatics, it needs to be
investigated if this translates to a larger f7. Figure 7.9 shows the variation of peak g,, Cg and f7
as a function of EOT for Ls = 20 nm. It can be seen that f7 degrades considerably at very small
EOTs. This indicates that the rate of increase in Cg, due to enhanced oxide capacitance C,,
(although limited to some extent by the quantum capacitance of graphene), exceeds that of
increase in g,. Physically, this can be explained from the fact that f7 is proportional to the
average group velocity of carriers (v) since fr < g,/Cs < 0lps/0Q and Ipg o« Q x v, where Q is
total charge in the device. Our self-consistent simulations reveal that in case of smaller EOTs,
peak g,, is achieved at larger electric fields (inset of Fig. 7.9(b)), thereby populating states with
larger transverse momentum, and hence smaller velocity in the direction of transport.

7.3.11 ESTIMATION OF MAXIMUM OSCILLATION FREQUENCY

The maximum oscillation frequency (f,..x) — frequency at which the power gain becomes unity —
is another important FOM for amplifiers. Due to degraded ry, f... in GFETs has been
significantly smaller than f7 [7]. Since f,.., 1s strongly dependent on the device parasitics such as
gate resistance R, gate-drain fringe capacitance etc., its estimation in theoretical calculations
becomes difficult. However, assuming channel resistance and Rs to be negligible, an upper
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Figure 7.9: (a) Peak g, (left axis) and Cg (per unit area) (right) as a function of EOT at Ls = 20 nm (b)
Corresponding variation of fr with EOT. Inset shows the plot of Dirac point variation along the channel at Vs
corresponding to peak g, for EOTs of 0.5 (dash-dot), 2 (solid) and 5 nm (dash).
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I . . .
-2 where Ryis the source contact resistance [7]. Using

s

bound on f,,,, can be given by f,_ = LZT
a typical value for Rg (= 500 Q-um), we estimate f,,,, for the four cases referred to in Fig. 7.7 to
be 690, 110, 900, and 720 GHz respectively.

7.4 SUMMARY

To summarize, using self-consistent ballistic NEGF simulations of short-channel GFETs, we
show that (i) the extent of quasi-saturation in the output characteristics can be enhanced by
doping the channel in the drain underlap region — a 1x10" cm™ of p-type doping leads to 13x
and 4x improvement in ry and g,r, respectively; (ii) the quasi-saturation and NDR in three-
terminal graphene devices are related phenomena — doping and initial bias conditions determine
which one will be observed when and (iii) the intrinsic f7 of GFETs can deviate from expected
1/L¢ scaling trend in case of large EOTs due to enhanced band-to-band tunneling in OFF state.
Our results identify optimization directions and windows for some of the key FOMs determining
performance of GFETs in analog and RF applications — e.g., while a larger EOT reduces
transconductance and hence the intrinsic gain, it might result in a larger cut-off frequency. Future
studies should focus on understanding the interplay of these factors together with scattering
mechanisms — either due to substrate interactions or impurities — to recognize roadblocks, if any,
towards effectively engineering GFETs for next-generation high-frequency electronics.

We conclude this chapter by noting that while much of the research in the graphene-electronics
community is driven by its large mobility, which reflects in large fr, output resistance is an
equally important FOM as it affects f,,... Although we have shown ways to improve ry in this
study, it is also useful to examine similar FOMs in a material-system where the intrinsic 7y itself
could be potentially higher due to the presence of bandgap. Monolayer MoS,, discussed in
Chapter 3, is one such example that will be our focus in the next chapter.
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CHAPTER 8

MONOLAYER MoS; TRANSISTORS — APPLICATIONS
BEYOND SWITCHING

We investigated ways to improve the analog and RF figures-of-merit in graphene transistors in
the previous chapter. Here, we take a look at monolayer MoS, — another layered material — and
examine its potential suitability for high voltage, and high frequency applications. Our interest in
this material emanates from the fact that larger bandgap translates to higher breakdown voltage
and, from our understanding of output characteristics in the ballistic regime from last chapter,
larger output resistance.

8.1 MOTIVATION AND SCOPE

Layered material-systems — where anisotropic material properties lead to adjacent layers along a
given direction being held together by weak van der Waals interaction, and hence provide
pathways to obtaining a single layer of the material — have sustained significant interest in the
nanoelectronic-device community primarily due to — (i) their unique and tunable material
properties, (ii) excellent electrostatic integrity of the resulting monolayers (ML) and (ii)
amenability to CMOS-compatible processing technologies for large-area integration [1], [2].
While in case of graphene — the most well-studied member of the ML family — the absence of
bandgap (Eg) and difficulties in inducing one without substantially degrading its intrinsic
properties, like large carrier mobility, have resulted in its investigation for analog applications
where transistor turn-off is not critical, other materials have gained prominence in the recent
years — transition-metal dichalcogenides, hexagonal boron nitride to name a few — due to the
presence of finite bandgap even at ML thicknesses [3], [4]. More specifically, ML-MoS,
transistors, where the channel has a bandgap of 1.8 eV, have been shown to exhibit large ON-
OFF ratios and excellent subthreshold characteristics in both simulations and experiments [5],

[6].

Two-dimensional materials with large £ open up several interesting possibilities in addition to
switching applications for which they are already being widely investigated. Important among
them are ones requiring high voltage operation such as RF power amplifiers (PA) where large
output impedance and power gain are crucial [7]. Although CMOS PAs suffer from issues such
as low breakdown voltage (V3,) and current driving capabilities, I1I-V-based systems — GaAs
devices during early years and more recently by Ill-nitride high electron-mobility transistors
(HEMTs) — which have traditionally dominated this area with their excellent characteristics such
as high 7}, as well as large cut-off and maximum oscillation frequencies (f7 and f,..,), face cost
and compatibility with CMOS process-flow as major challenges [8]-[10]. Also, while graphene
for high-frequency RF electronics is an area of active research, severely degraded output
resistance (ry) — a consequence of lack of bandgap — resulting in low values of f,,,. poses several
fundamental issues at the device-engineering level [11], [12]. We would like to point out that
although thermal conductivity and electron mobility — properties crucial for performance in high-
power and high frequency devices in diffusive regime i.e., in long-channel transistors — are
relatively low for bulk-MoS,, significantly large thermal conductivity in graphene as compared
to graphite and reduced significance of concepts like low-field mobility in predicting device
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behavior at ultra- small channel-lengths give us reasons to be optimistic in case of ML-MoS,
[13], [14]. In light of these considerations, and given the unique advantages systems like ML-
MoS; have to offer, it is instructive to examine their potential as next-generation technologies for
aforementioned applications.

In this chapter, we address this issue using self-consistent ballistic quantum transport simulations
of short-channel ML-MoS, FETs within the non-equilibrium Green’s function (NEGF)
formalism. In the past, modeling of this system has been limited to Hamiltonian description
using an effective mass approximation (at the bottom of conduction band) to the electronic
structure obtained from first-principles calculations, thereby shedding light on only unipolar
(electron) transport — either through self-consistent simulations or using a top-of-the-barrier
model [5], [15]. However, simulation of breakdown characteristics invariably requires
description of valence band in addition to that of conduction band in order to capture band-to-
band tunneling at the channel-drain junction in the breakdown regime. Also, such prescription
enables accurate determination of maximum achievable ON-OFF ratio (i.e., limited by gate-
induced drain leakage (GIDL)) in short-channel ML-MoS, transistors, which has not been
explored previously.

We, therefore, develop a 2-band £.p bandstructure model for the ML-MoS, system and use it in
our simulations to answer these questions. It must be noted that although first-principles
calculations of electronic structure of ML-MoS,, which have reported a prominent effect of d-
electrons in MoS,, in general, provide a more accurate representation than a k.p Hamiltonian —
which is known to fit well only in the vicinity of a certain point in the Brillouin zone, and the
inability of whose 2-band version in fitting both conduction and valence band effective masses
has been well documented — we choose the latter, guided by the following: (i) the drain voltage
at onset of breakdown and the tunneling current therein depends, to the first-order, on £ and the
reduced effective mass (m,), both of which can be fitted using 2-band £.p, and (ii) computational
accuracy — important in later stages of device engineering and optimization — can be traded-off to
a certain degree for considerable gain in simulation time, particularly in feasibility studies [16]-
[18]. Our results show that in several of the figures-of-merit relevant for beyond-digital
applications, ML-MoS; transistors are comparable or significantly better than similar graphene
FETs.

8.2 SIMULATION APPROACH
8.2.1 A TWO-BAND k.p HAMILTONIAN DESCRIPTION OF MONOLAYER Mo§S;

Our focus here is to obtain an expression for H in the neighborhood of K point of the BZ, where
ab-initio studies have shown the existence of bandgap. To this end, we follow a prescription
along the lines of Ref. [19], motivated by the fact that the in-plane 120-degree rotational
symmetry of ML-MoS; is identical to that of graphene. Following this, in terms of the in-plane

wave vector k , H (12) can be written as —

-2
Pkl hk
ol L ek
H(k) = 2m m 242m (1)
m 2m m
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Figure 8.1: (a) Bandstructure of ML-MoS, centered at k£ = K and along [100] and [010] directions, obtained from
the eigenvalues of two-band k.p Hamiltonian described by (1).

Here k. and k, denote respectively the component of k along K—T and along a direction
perpendicular to it, p is a fitting parameter given by p = (m/2) x (EG/mr)l/ 2 and m denotes the free
electron mass. The reduced effective mass m, is given by m, = m.m,, / (m. + m,) where m. and m,
are the conduction and valence band effective masses at the band extrema, calculated to be
0.45m and 0.54m respectively from the bandstructure reported in Ref. [20]. The electronic

dispersion relations obtained by diagonalizing H (k) are shown in Fig. 8.1. We note that owing
to the lack of adequate number of fitting parameters, error in fitting the larger of m. and m, (m, in
our case) is considerably large. However, since our motivation primarily is in determination of
Vs, this would not be a cause for concern as long as a continuous distribution of states is ensured
by the Hamiltonian description in the valence band for energies of our interest.

8.2.2 GEOMETRY AND OTHER PARAMETERS

The schematic of the simulated device is shown in Fig. 8.2. The device dimensions and other
relevant parameters are mentioned in the caption. The direction of transport is assumed to be
along (100). The real-space representation of H therein is obtained by taking the inverse Fourier

Gate

Monolayer MoS,

Figure 8.2: Schematic of the simulated ML-MoS, MOSFET. The EOT and gate length are respectively 0.6 and
20 nm. The underlap on the source and drain sides is 2 nm each. Interactions with the substrate are ignored.
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transform of H(k) and projecting it on to a finite-difference grid. We note that choosing the
optimal grid spacing is more involved than in case of single-band effective mass, because too
fine a grid leads to spurious states in the bandgap owing to extension of k.p Hamiltonian to large

values of ‘E‘ where its validity diminishes. With these considerations, the grid spacing is chosen

to be 3.16 A. The mode-space representation is retained along k,. The source and drain contacts
are assumed to be metallic with a small n-type Schottky barrier of 0.1 eV with ML-MoS,, in
accordance with experiments [5]. In the calculation of contact self-energies, the metallic
Hamiltonian is assumed to be similar to (1), but Es therein is set to zero and p is used as a fitting
parameter to obtain injection into the device at all energies of our interest. Ballistic NEGF
equations are solved self-consistently with Poisson’s equation, with charge and current being
calculated by summing the contribution from various transverse momentum modes.

8.3 RESULTS AND DISCUSSION
8.3.1 TRANSFER CHARACTERISTICS

Figure 8.3(a) shows the transfer (/ps— Vgs) characteristics at a drain voltage (Vps) of 0.4 V on
logarithmic and linear scales. In addition to the ideal 60 mV/decade subthreshold swing owing to
excellent electrostatic integrity, we observe more than 9 orders of magnitude variation in drain
current — a direct manifestation of the large bandgap in ML-MoS; setting GIDL current limit low
[21]. Also, the linear plot reveals a square-law variation of /pg with Vs — an observation return
to subsequently.

8.3.2 OUTPUT CHARACTERISTICS

Figure 8.3(b) shows the output (Ips— Vps) characteristics for Vs > 0, which exhibit well-defined
saturation behavior over a wide range of drain voltages. This observation is in stark contrast with
the case of graphene — where the absence of E¢ results in sharp degradation in 7y in spite of
similar electrostatics [22]. The intrinsic gain and linearity of ML-MoS,-based amplifiers would,
consequently, be significantly better.

The output characteristics for Vgs < 0 are shown in Fig. 8.3(c), where a clear breakdown
behavior — marked by abrupt increase in Ipg from its saturated value — is observed for large Vpg.
This is due to the onset of band-to-band tunneling at the gate-drain junction, as shown in the
logarithmic local-density-of-states (LDOS) plot in Fig. 8.3(d) where tunneling states are
prominently seen. Because of the small EOT (0.6 nm) used, the drain-to-gate voltage at the onset
of breakdown in each case is approximately equal to E¢/q (¢ being the elementary charge); the
drain current at breakdown, however, is expectedly Vps-dependent.

8.3.3 CAPACITANCE CHARACTERISTICS

As a first step towards understanding the square-law dependence of Ips on Vs, we examine the
0’)Qch

G5V s =0
channel charge), with Vgg at equilibrium (Vps = 0), as shown in Fig. 8.4(a). In addition to the
magnitude of Cgs being smaller than the oxide capacitance (C,,) — indicating operation close to
quantum capacitance regime — a linear dependence on Vs is observed. Noting that quantum

variation of gate-to-source capacitance per unit width, Cgs (= with Q. being total

84



102 L --250 250
. (b)
5_10-27 1150 5‘“ 150;
=1 =
S0 100 ¢ 100
107 50 50
8 0
10
-0.4 0.6 0 0.5 VDS1 (V) 1.5 2

Ipg (WA/um)
o
o
N

Figure 8.3: (a) Ips-Vis characteristics at Vpg = 0.4 V on logarithmic (left) and linear (right) scales. (b) Ips-Vps
characteristics for Vg =0 to 0.6 V in steps of 0.1 V. (c) Corresponding characteristics for Vgs=-0.3, -0.2, and -
0.1 V. (d) Logarithmic LDOS from source to drain at breakdown for Vg =-0.3 V and Vpg = 1.75 V. The states
resulting in band-to-band tunneling are zoomed in as an inset.

capacitance is proportional to the density-of-states, we investigate the behavior of average sheet
charge density in the channel (n) with Vs, which, as seen in Fig. 8.4(b), also shows a square-law
variation, thereby suggesting that this trend could possibly be inherent to our Hamiltonian
description of ML-MoS,.

8.3.4 NON-SELF-CONSISTENT CALCULATIONS FROM BANDSTRUCTURE

In order to confirm the above hypothesis, we first calculate the density-of-states (DOS) in the
conduction band, numerically, from the eigenvalues of (1). Figure 8.5(a) depicts the DOS as a
function of energy from the bottom of conduction band (E.). To compute current directly from
the bandstructure, the energy band-diagram is assumed to be as shown in the inset to Fig. 8.5(b).
The current is calculated as —

Ips < [v.(E)DOS(E) f,(E) - f,(E)IdE 2)
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Figure 8.4: (a) Variation of Cgg as a function of Vg at Vpg = 0. The oxide capacitance is also shown for
reference. (b) Corresponding 7 vs. Vg characteristics.

Here f; and f, are respectively the Fermi-Dirac distributions corresponding to source and drain

. . 1 0E . o
electrochemical potentials (u; and u>), vi(E) (2%57) the group-velocity along the direction of
transport, and DOS(E) the density-of-states shown in Fig. 8.5(a) at a given energy E. With a
large Vps, i.e., with u, in the bandgap, varying E. with respect to u; is analogous to varying Vgs
in Fig. 8.3. The current, calculated from (2), is plotted in Fig. 8.5(b) as a function of u; — E,,
which also shows a quadratic variation. This qualitative semblance of the simple model
presented in Fig. 8.5 with a fully numerical model whose results are shown in Fig. 8.3, suggests
that the quadratic dependence of current to drain voltages is inherent to our Hamiltonian and its
constituent symmetries [23], [24].
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Figure 8.5: (a) DOS (in arbitrary units) as a function of energy from the bottom of conduction band, calculated
numerically from the bandstructure. (b) Current, computed from the bandstructure, as a function of u; — E. for
the scenario shown in the inset. Here u; — u,is setto 1 eV.
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8.3.5 SCALING TRENDS OF fr AND f4x
In order to understand the scaling properties of fr and f,., with Lg, we first determine the

Q,, ) and gate-to-drain capacitance (Cgp = 9,

Vesly =04V WVosly_ =04V
L at Vgs = Vps = 0.4 V. Fig. 8.6(a) shows the plots of Cgsand Cgp (per unit width) with Lg
where a linear variation is observed. Also, due to greater immunity to short-channel effects, Cgp
is expectedly smaller than Cgs. Figure 8.6(b) shows the plot of f7 (= g,/2nCgss where g, is the
transconductance) versus Lg at the aforementioned bias condition for ML-MoS, and graphene
FETs. We note that the f7 values in MoS, are smaller than their graphene counterparts by about a
factor of two. Guided by this, and the higher »y in ML-MoS,, we turn to estimate f,,,, — a figure-
of-merit that is substantially smaller than f7 in graphene FETs due to degraded 7, [22]. Ignoring
channel resistance, f,,,, can be calculated for a device with width W as —
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Figure 8.6: (a) Cgs and Cgp variation with Lg at Vg = Vpg = 0.4 V. (b) Corresponding plots of f7 vs. Ls. Also
plotted is the corresponding curve for graphene FETs (from Ref. [22]) with EOT = 0.5 nm. (¢) Plots of f,,,. Vvs.
L at this bias condition for different values of R; and W =1 um. (d) Contour plots showing the variation of f,,,,
(THz) at L; = 20 nm for a range of values of R, and .
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Here R; is the source contact resistance, gps the output conductance (= 23 puS/um at Vgs = Vpg =
0.4 V) and Rgu (= 3.7W/Lg Q [25]) the gate resistance. Since optimizing contacts to ML-MoS,
and minimizing R, is an area of active research, we plot f,,., vs. L¢ for various values of R, in Fig.
8.6(c). We observe that, unlike graphene, even for R; as large as 5 kQ-um, f,,,. is larger than
intrinsic f7. Since W is a design choice, we explore the variation of f,,, with R; and W in the
contour plot in Fig. 8.6(d). While for very large values of R,, f,.. 1s relatively insensitive to the
width of the device, for smaller values, larger W adversely affects f,,,. due to degraded gate
resistance.

8.4 SUMMARY

To summarize, using self-consistent ballistic NEGF simulations of ML-MoS, FETs using a 2-
band k.p Hamiltonian, we show that electrostatic integrity and large bandgap result in excellent
immunity to short-channel effects, more than nine orders of magnitude of maximum achievable
ON-OFF ratio, well-saturated output characteristics over wide range of drain voltages, and a
large breakdown voltage. Our results show that there is an unmistakable trend in terms of
improvement in f,,,, compared to their graphene counterparts — due to significantly larger output
resistance. Note that, we have limited our simulations such that the maximum oscillation
frequency is restricted to 5 THz. Beyond this, non-quasi-static effects — not included in our
simulations — might dominate the amplifier performance thereby limiting f7 and f,,,.. Below 20
nm, effects such as substrate interactions and phonon scattering are not expected to dominate
device behavior although they could limit the maximum injection velocity that could be reached.
Nonetheless, our results suggest that if near-ballistic performance can be reached, ML-MoS,
FETs could be useful for beyond-digital applications due to excellent amplifier characteristics
mentioned in the beginning of this paragraph. Our study should serve to guide further theoretical
and experimental investigations in this direction.

This concludes our discussion of the tunneling problem in various material-systems for both
digital and analog applications. While our study has covered several aspects of low-power device
design, several questions invariably remain unanswered. In the next chapter, in an attempt to
summarize all our efforts, we revisit the questions we raised at the end of Chapter 1 and
comment on them through our results. Subsequently, we elucidate some possible future
directions.
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CHAPTER 9

CONCLUSIONS AND FUTURE WORK

In this chapter, we summarize our findings on exploiting tunneling as a means to realize next-
generation of low-power devices. Our discussion would be guided by the questions we raised in
Section 1.5. After having consolidated our learning, we outline some directions for future work,
from the viewpoint of simulation techniques as well as that of device-design problems. We also
identify some experiments for benchmarking them and also some potential roadblocks.

9.1 CONSOLIDATING WHAT WE HAVE LEARNED SO FAR...

Having argued strongly in favor of the need for fully quantum-mechanical solution to the
electronic transport problem given the length-scales and physical phenomenon of our interest
1.e., tunneling, we set out to build a generic, massively parallel, NEGF-based quantum transport
simulator. In Chapter 2, we laid down the formalism, the algorithms used to accelerate the
calculations, and the capabilities of BQTS in terms of both device geometries and electronic
structures. We also demonstrated the scalability that could be achieved with BQTS (up to
roughly 8000 processors) which enabled use to look at realistic-size devices with an elaborate
enough bandstructure description. The generality of the simulator can be inferred from Fig. 9.1,
which provides an overview of some of the physical systems we have examined using BQTS [1]-

[7].
9.1.1 COMPARISON BETWEEN SEMI-CLASSICAL AND QUANTUM FORMALISMS

Chapter 4 helped us address the issue of differences between semi-classical and quantum
formalisms in the context of tunneling. In particular, in addition to the absence of coherence and
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interference effects in the former, we noticed that the evaluation of action integral — along the
imaginary wavevector — in a WKB-like approach only matches the NEGF result qualitatively in
terms of variation of transmission coefficient with energy (in the band overlap region), in spite of
using the same electrostatic potential profile as the latter. We also noticed that quantitative
matching of WKB current with NEGF values is harder to achieve at all doping concentrations
and bias voltages with a single multiplicative prefactor, which signals a more subtle difference
between the two. Our results showed that the simple Kane’s model, the variants of which have
been used extensively in the past in device simulation packages, fails to capture the non-
uniformity of field for most electric fields of our interest.

9.1.2 CONFINEMENT EFFECTS

We noted, in Chapter 2, that both k.p and tight-binding methods allow quantitative incorporation
of finite-size effects in the Hamiltonian description. Given that most modern-day devices have
some geometric confinement, we implicitly account for such effects, otherwise taken into
consideration in an ad hoc manner in TCAD packages.

One example of manifestation of confinement was in Chapter 5, where our simulations showed
that for body thicknesses smaller than a critical value, vertical tunneling would be absent due to
larger bandgap and a fully depleted body. Another instance where confinement-effects surfaced
is in the capacitance characteristics of monolayer MoS, FETs in Chapter 3, where we concluded
that one of the reasons for saturation of quantum capacitance (Cp) to a value much smaller than
the expected, ideal 2-D Cyp was due to confinement along the transport direction. This was also
confirmed by density-of-states plot that resembled that of a 1-D system. A third occasion where
the phenomenon played a prominent role in determining device behavior was in the observation
of negative transconductance in hetero-VTFETs, discussed in Chapter 6. The occurrence of
negative differential resistance in the output characteristics of p-type doped graphene FETs in
Chapter 7 is also due to confinement.

9.1.3 LEVEL BROADENING EFFECTS

While ballistic simulations do not contain the effect of broadening of states due to scattering,
they do have the broadening from the contacts included. The qualitative difference with and
without incorporation of this is significant in TFETs. Drift-diffusion-based simulators that do not
account for broadening of channel states due to coupling to reservoirs wrongly estimate the OFF-
state leakage and also the subthreshold swing (SS). An illustration of this can be seen in Chapter
5 where our NEGF simulations show that, contrary to expectations, short-channel InAs TFETs
do not exhibit a swing less than 60 mV/decade in spite of excellent electrostatics. On the other
hand, studies using an explicit band-to-band tunneling generation-rate, depending on presence or
absence of band overlap, have been overly optimistic in their SS estimates [8].

9.1.4 INSIGHTS IN TUNNEL-FET DESIGN

In terms of TFET-design insights, two ideas are worthy of mention here. The first observation, is
that homojunction vertical TFETs, in sub-20 nm regime, perform only marginally better than
their lateral counterparts due to parasitic lateral TFET underneath the pocket therein, that sets the
lower bound on the minimum achievable leakage current. The second observation is on the
effectiveness of mole fraction of a ternary III-V semiconductor as a knob to tune the switching
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steepness in case of hetero-VTFETs. As was seen in Chapter 6, band-offsets in a staggered-band
configuration can shift the turn-on voltage such that the onset of tunneling in the pocket region
and the region underneath it occurs in the same bias range. This shift in turn-on voltage also
results in vertical tunneling component becoming a factor in increasing the abruptness of
characteristics. More generally, hetero-VTFET provides conceptual pathways to think about
steep subthreshold devices with high ON current, wherein the key is to (a) create a huge non-
equilibrium distribution of carriers in the source of an FET in OFF state, and (b) ensure that this
distribution remains more or less intact during FET barrier-lowering.

9.1.5 TUNNELING INSIGHTS IN MOSFET-DESIGN

One of the questions we set out to answer was if understanding tunneling in TFETs helps us
design better MOSFETs made of layered materials. We showed that the answer to this question
is in the positive through our proposal to delay the onset of tunneling in graphene FETs (GFETs)
by doping the drain underlap region p-type, and hence to increase their output resistance and
intrinsic gain. We pointed out that the scaling trends in intrinsic cutoff frequency (f7) of GFETs
could deviate from the expected behavior due to tunneling and also provided plausible
mechanisms that might result in experimentally observed trends. Our results also demonstrated
the trade-off between electrostatic control and f7 therein due to pronounced tunneling at ultra-thin
oxide thicknesses (Chapter 7).

Another insight we gained, in Chapter 8, was that a large bandgap — as in case of monolayer
MoS; — that inhibits band-to-band tunneling and therefore leads to a large output resistance could
translate to a large maximum oscillation frequency (f,...) although fr might be smaller than in a
narrow bandgap semiconductor owing to its heavier effective mass (in most semiconductors,
there exists a direct correlation between effective mass and bandgap).

9.2 FUTURE DIRECTIONS
9.2.1 DISSIPATIVE TRANSPORT

Although in all our studies we ignored the effects of carrier scattering — either with phonons,
impurities, or other carriers — it is very natural to expect some amount of it in most conventional
semiconductors at room temperature. For modern-day devices that are largely intentionally
undoped, the primary source of scattering comes from phonons. While in most cases, acoustic
and optical phonons play a major role in determining the extent of scattering carriers undergo, in
polar semiconductors (like III-Vs) polar optical phonons too play a dominant role.

More specifically, in addition to the expected degradation in ON state current due to scattering,
there could be implications also on the OFF-state characteristics. For example, in graphene-
nanoribbon based TFETSs, phonon scattering has been shown to give rise to sub-bands in the
bandgap region (due to level broadening), thereby lowering the effective bandgap, and hence
setting the floor on minimum achievable SS and OFF current [9]. Given this, it becomes very
important to incorporate the effect in our simulations to determine its extent on switching
characteristics.

The inclusion of the effect of scattering, through a self-energy term, in the NEGF formalism is,
conceptually, relatively straightforward [10], [11]. However, from practicality standpoint, there
exist two major challenges. Firstly, the problem becomes computationally extremely unwieldy as

93



(a) the inherent parallelism present in the ballistic transport equations is broken due to coupling
between Green’s function variables of different energies and momenta; and (b) as a result, the
calculation of X introduces another self-consistency loop within the transport equations, in
addition to the self-consistency with Pdisson’s equation. Secondly, accurate theoretical
determination of the electron-phonon interaction coefficients is difficult — the results from
density functional theory based calculations fare poorly in reproducing experimental parameters
such as mobility, mean-free-path etc. Hence these matrix elements have been used, in the past, as
fitting parameters to match experimental results.

Due to the computational burden, solving dissipative NEGF equations has so far been limited to
relatively smaller systems and/or with several simplifying approximations. However, in order to
solve phonon scattering problems at the length-scales of modern-day devices, several
modifications to the underlying algorithms are necessary: (i) a significant amount of speedup
could be expected by solving NEGF equations over a non-uniform, adaptive mesh of energy and
momentum variables; (ii) a greater amount of parallelism could be achieved by computing the
linear algebra operations over multiple processors. In addition to these, a fast and scalable
method, along the lines of recursive Green’s function, would be required. In order to figure out
the appropriate range of parameters for the deformation potentials, benchmarking with
experiments would be necessary. Specifically, for common semiconductors there exists wealth of
two-terminal tunnel diode characteristics — often together with temperature dependence — that
could be used [12], [13]. The peak-to-valley ratio in the forward-biased, negative differential
resistance region — a strong function of phonon scattering — could be used as a signature.
However, in most practical cases, there would be some contribution to tunneling from localized
trap-states.

One of the interesting directions would be to revisit the hetero-VTFET with a model that
includes phonon scattering and examine if (a) the steepness of the turn-on is still preserved and
(b) the negative transconductance is washed out due to scattering. In Chapter 6, we argued that
the steepness is likely to be preserved due to the fact that turn-on is not very sensitive to
broadening of states near the valence band edge of source end — unlike in lateral TFET — and
scattering would merely cause a shift in switching voltage. We could argue, based on our
understanding of negative transconductance, that it would indeed be smeared out as the
phenomenon is contingent on the alignment of confined states that get broadened due to
scattering.

9.2.2 DENSITY FUNCTIONAL THEORY

Density functional theory (DFT) is a powerful ab initio technique for exploration of material
properties. It provides a first-principles approach to calculate the electronic structure of various
material-systems. While so far we have mainly worked with orthogonal bases description of
Hamiltonian, extension of the simulator to incorporate non-orthogonal bases would facilitate
straightforward use of DFT-based bandstructure in transport calculations in a plethora of
scenarios without having to parameterize the dispersion relations in an orthogonal basis.

Another instance of interaction between transport models and DFT could be in determination of
electron-phonon interaction coefficients. It has been observed in several experiments that layered
materials in general, and graphene in particular suffer severe degradation of their superior
intrinsic material properties due to interactions with substrate phonons. DFT provides a
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quantitative way of describing such effects. One more interesting future direction could be in the
use of DFT in conjunction with a dissipative transport model to engineer the phonon modes in
the system. Depending on the application of interest, phonon modes could be tuned through
electrical and/or mechanical boundary conditions so as to optimize electron-phonon interactions.

9.2.3 INCORPORATING GATE TUNNELING AND STRAIN

While the problem of gate tunneling is mitigated to a large extent through the use of high-x
dielectric that results in small electrical thickness while maintaining large physical thickness, in
case of some materials, compatible high-x may not be available (and hence using a thin layer
Si0O; along with high-x becomes inevitable) or aggressive thickness scaling might be essential to
gain performance boost. Such situations call for an accurate modeling of gate tunneling current —
something we ignored in all our previous simulations. However, from a formalism viewpoint,
incorporating gate tunneling simply involves addition of self-energy for the gate, which has been
discussed previously in the literature [14], [15].

Another physical effect that needs incorporation from a technological relevance standpoint is
strain. Stress engineering is being used in modern CMOS processes to enhance mobility for quite
a few years. Also, in heterostructures, due to lattice mismatch, thin films get stressed and hence
experience strain. The effect of strain is to modify the bandstructure and hence the carrier
effective mass. The k.p and tight-binding methods provide a straightforward approach to modify
the model parameters depending on the magnitude of strain [16], [17]. With two effects included,
BQTS could become a fairly complete simulator for investigating transport phenomenon in most
of today’s short-channel CMOS devices.

9.3 EPILOGUE

We have built the Berkeley Quantum Transport Simulator — a massively parallel, generic,
NEGF-based quantum transport simulator and have investigated several physical systems in the
context of low-power device-design. We have also established some connections with and
provided interpretations to experimental data. All this while, our focus has been on
understanding and engineering tunneling in different materials and geometries for both digital
and analog applications. We believe that band-to-band tunneling is one of the most promising
charge-based physical phenomena that has true potential of being a next-generation technology,
in spite of challenges on the experimental front. Furthermore, in our opinion, BQTS could serve
as a very good starting point for incorporating descriptions of richer, complex and elaborate
physical mechanisms that govern the behavior of devices of the future. This, in turn, could take
us one step closer to the holy grail of predictive modeling of electronic devices.
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