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Abstract

The relentless pursuit of miniaturization in semiconductor technology has ushered in
the era of nanotransistors, which operate at the cutting edge of physical limits. This
thesis presents significant advancements in nanoelectronics, focusing on the development
of a numerical simulation tool for two-dimensional (2D) material-based Metal-Oxide-
Semiconductor Field-Effect Transistors (MOSFETS) operating at cryogenic temperatures
and exploring the potentials of materials like germanene (GeH) and hafnium disulfide
(HfS,) for future Complementary Metal-Oxide-Semiconductor (CMOS) technology. Central
to this work is an advanced simulation framework capable of accurately predicting and
characterizing 2D-based MOSFET behavior under cryogenic conditions, pivotal for cutting-
edge applications such as control circuits for quantum computing. Furthermore, my research
during PhD involves a comprehensive multi-level simulation approach, addressing substantial
challenges in cryogenic device operation and laying a foundational framework for the design
and optimization of electronic devices in extreme temperature environments while also
advancing the understanding of material-device-circuit interplay for the efficient design of
next-generation nanoelectronic circuits.

The simulation framework in the thesis utilizes the non-equilibrium Green’s function
(NEGF) formalism, incorporating temperature-dependent electrostatics, scattering, dissi-
pation effects, carrier freeze-out, and band tail phenomena. This methodology provides
a detailed understanding of the physical processes governing 2D materials in cryogenic
environments. Through a rigorous alignment with experimental data, particularly with HfS,
MOSFETS, the framework validates our model and underscores its potential to enhance
cryogenic electronic device performance. This significant achievement marks a stride in
using 2D materials for quantum computing applications, offering a sophisticated tool for
their design and optimization. In addition, the thesis explores a holistic multi-level simula-
tion approach tailored for 2D material-based nanoelectronics, featuring an in-depth case
study on GeH MOSFETs. This segment covers device simulation, physics-based compact
modeling, and circuit benchmarking, seamlessly bridging the gap between nanomaterial
properties and circuit behavior. By revising the virtual source model to reflect the unique
characteristics of 2D-material FETs and conducting HSPICE simulations, we have demon-
strated substantial improvements in the energy-delay product by optimizing power supply
and threshold voltages. This multi-faceted simulation process deepens the understanding
of the synergy between materials, devices, and circuits and paves the way for the efficient
design of futuristic nanoelectronic circuits.

Overall, this thesis underscores the critical role of cryogenic simulations in leveraging
the full potential of 2D materials for advanced electronic applications, setting the stage for
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a new era in cryo-CMOS and beyond. The insights from this research are expected to spark
further investigations and developments, pushing the boundaries of what is achievable in
nanoelectronics.
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Chapter 1

Introduction

1.1 Quantum Computing Platform

Quantum computing has emerged as a transformative technology that holds the potential
to revolutionize computation and problem-solving, including cryptography, optimization,
simulation, and machine learning [1 1, 12, 13]. Unlike classical computers, which rely on bits
to process information, quantum computers leverage the principles of quantum mechanics
to perform computations, offering the prospect of solving complex problems exponentially
faster. Quantum computers can be faster than classical computers due to their ability to
leverage quantum superposition, parallelism, and entanglement. These properties allow
quantum computers to perform multiple computations simultaneously and explore different
solution paths, potentially leading to exponential speedups for specific problems.

While the advantages of quantum computing are promising, they are still in their
early stages of development, and significant challenges lie ahead. Overcoming noise and
decoherence in qubits, scaling up the number of qubits while maintaining their coherence,
and developing robust error correction techniques are critical challenges to achieving fault-
tolerant quantum computing [14]. Furthermore, quantum software development, quantum
algorithms, and quantum control methodologies need to be refined to exploit the full
potential of quantum computers in practical applications.

In the past few decades, researchers have proposed several implementations of quantum
computers. Among all proposals, superconducting qubits [15, 16], iron traps [1 7], photonic
qubits [18], neutral atoms [19] and topological qubits [20] are being actively researched and
developed for their potential to achieve scalable and robust quantum computing capabilities.
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Figure 1.1: The quantum-classical interface of a quantum computer. (a) illustrates the
essential components of a quantum computing stack. (b) details the control and readout
subsystems spanning room temperature (RT) environments to 100 mK, highlighting the
integration of a readout transceiver equipped with a field-programmable gate array (FPGA),
digital-to-analog converter (DAC), and analog-to-digital converter (ADC) for simultaneous
multiple qubit readouts. The cryo-CMOS chip (represented in brown) is specifically designed
to alleviate the input-output (IO) bottleneck associated with control signal processing [1].

A state-of-the-art quantum computer comprises a complex hierarchy of interconnected
components and subsystems that work harmoniously to execute quantum computations [1].
This hierarchical structure ensures the precise control and manipulation of qubits and the
efficient communication and processing of quantum information.

In Figure 1.1, we could see an example of the diagram of a superconducting quantum
computer. The system comprises three modules: quantum processor, cryogenic electronics,
and CMOS devices from bottom to top with low to high temperatures. While different
quantum computing approaches may have additional requirements and configurations,
integrating cryogenic electronics, CMOS circuits, and the quantum processor is employed
in almost all quantum computers. The quantum processor is a quantum computer’s core
component responsible for performing quantum computations. It consists of qubits and the
necessary control systems to manipulate and measure these qubits. The quantum processor
executes quantum algorithms by applying quantum gates to the qubits, allowing for the
execution of parallel computations and exploiting quantum phenomena like superposition



and entanglement. Cryogenic electronics refer to the electronic components that operate at
extremely low temperatures, typically near absolute zero (7' < 4 K). Cryogenic electronics
are critical for providing the conditions to manipulate and control qubits while maintaining
their fragile quantum states and minimizing the effects of noise and decoherence. The
cryogenic devices include low-temperature sensors, amplifiers, signal generators, and other
integrated circuits designed to operate reliably in cryogenic environments. CMOS circuits are
commonly used in classical computers and utilized in some aspects of quantum computing.
While the primary processing in a quantum computer occurs using qubits and quantum
gates, specific control systems and ancillary operations can be implemented using classical
electronic components based on CMOS technology. These CMOS circuits control and
interface with the quantum processor, manage qubit operations, error correction, and
measurement, and communicate between classical and quantum systems.



1.2 Cryogenic CMOS

Quantum computing’s success critically depends on creating a cryogenic environment,
approaching the vicinity of absolute zero, which is essential for qubits’ stability - the
essence of quantum computing. Cryogenic CMOS (cryo-CMOS) technology, pivotal in this
venture, transcends the realm of mere thermal management [21]. It embodies advanced
cooling methods and the sophisticated design of integrated circuits, proving indispensable
for sustaining ultra-low temperatures. This technological advancement paves the way
for the monolithic integration of control and readout circuits, directly addressing the
scalability challenges of the extensive qubit requirements intrinsic to quantum computing
[22]. Through experimental demonstrations, including the development of noise-canceling
low-noise amplifiers and class-F oscillators optimized for cryogenic operation, cryo-CMOS
technology emerges as a foundational cornerstone, promising a scalable solution for future
quantum computers. This comprehensive approach facilitates the practical realization of
quantum computing and marks a significant leap toward harnessing the power of quantum
mechanics for computational breakthroughs.

The operation of quantum processors within cryogenic temperatures is a fundamental
prerequisite for ensuring the stability and coherence of qubits. This cryogenic milieu
significantly diminishes decoherence mechanisms, predominantly thermal noise, thereby
preserving the fragile quantum states indispensable for computation [23]. Cryogenic CMOS
(cryo-CMOS) technology assumes a critical role in this context, as it enables the achievement
and maintenance of ultra-low temperatures and fosters a scalable solution for the future of
quantum computing.

Decoherence, primarily engendered by thermal noise, presents a formidable challenge
in maintaining coherent quantum states. With its state-of-the-art cooling techniques and
integrated circuit design, Cryo-CMOS technology surmounts this challenge by offering a
stable cryogenic environment crucial for quantum computation. The capability of cryo-
CMOS to operate efficaciously at temperatures as low as 4 K facilitates closer system
integration and heralds a scalable solution to empower future quantum computers.

Confronting the multifaceted engineering challenges inherent in creating a viable cryo-
genic environment for quantum computing involves developing efficient cooling techniques to
reach and maintain temperatures near absolute zero and the fabrication of integrated circuits
capable of reliable operation under such extreme conditions. Cryo-CMOS technology, lever-
aging advanced cooling methods such as dilution refrigerators, adiabatic demagnetization
refrigeration (ADR), and pulse tube refrigerators, stands at the vanguard of attaining these
ultra-low temperatures. This sophisticated technology enables operation at temperatures



as low as 4 K, facilitating closer system integration and offering a scalable, pivotal solution
for advancing future quantum computers. The amalgamation of cryo-CMOS with quantum
computing signifies a profound advancement, merging the domains of low-temperature
physics and semiconductor technology to meet the complex requirements of quantum
computation.

Cryogenic Metal-Oxide-Semiconductor Field-Effect Transistors (cryo-MOSFETS) play a
crucial role in the progression of cryo-CMOS technology for quantum computing applications.
Despite significant advancements in cryo-CMOS technology, culminating in the successful
experimental demonstration of essential circuit elements tailored for cryogenic operation,
a discernible research gap persists in the comprehensive understanding and simulation of
cryo-MOSFETs. This gap poses a considerable obstacle to fully leveraging the potential of
cryo-CMOS technology within the quantum computing arena.

1.2.1 Numerical Simulation for Cryogenic CMOS

Here, we would like to briefly discuss the needs and challenges posed to numerical simulation.
With the excitement in exploring cryogenic CMOS in recent years, the need for more
accurate numerical simulations of cryogenic CMOS has become increasingly evident. At
these temperatures, the properties of transistors and other semiconducting devices perform
differently from those at room temperature. Complementing experimental exploration,
numerical simulation has always been an effective tool in studying material properties
and device physics. Given the significant effort and resources required for experiment and
characterization at cryogenic temperature, such a tool will arguably play a more important
role in cryogenic CMOS.

Cryogenic CMOS numerical simulation, as expected, involves modeling the behavior of
CMOS devices at extremely low temperatures, from a few Kelvin down to below 100 mK.
Besides the significant physical effects (e.g., incomplete ionization) at cryo-T to be included
in cryo-TCAD tools, the very small temperature value poses numerical challenges for
computation and convergence. For example, Newton’s method is a numerical technique
commonly used to solve the nonlinear system of equations arising from the discretization
of the drift-diffusion equations. The issue of convergence at low temperatures is due to
Newton’s method being prone to overshooting, where the length of the correction step for a
given iteration is overestimated. This can lead to slow convergence and require numerous
iterations to obtain a solution. To address this issue, a damping parameter can be used to
restrict the size of each correction step and improve convergence. For each bias condition,
Newton’s method requires an initial approximation to find the solution. However, Newton’s



method will fail to converge if the initial guess does not adequately approximate the actual
solution (i.e. if it is not within the solution’s region of attraction).

Loss of numerical precision can also cause Newton’s method to fail to converge, as
subtracting nearly equal numbers using finite precision arithmetic may result in corrupted
update vectors that move the solution approximation outside the solution’s region of
attraction. At low temperatures, double precision arithmetic (8-byte) is inaccurate enough
to resolve solution updates for a given iteration. Moreover, the device equations involve
both positive and negative exponential functions of temperature, making the system
more ill-conditioned and sensitive to precision loss and other sources of numerical error.
Consequently, convergence becomes increasingly challenging with decreasing temperature.
Critical calculations are performed with extended (16-byte) precision at temperatures
below 150K to overcome this issue. While extended-precision arithmetic may slow down
the computation compared to normal arithmetic, it is necessary for obtaining accurate
low-temperature solutions.



1.3 2D-material-based MOSFET's

In pursuing more powerful and energy-efficient electronic devices, the boundaries of tra-
ditional semiconductor technologies, encapsulated by the well-known Moore’s Law, are
increasingly being met. The continuous miniaturization of conventional transistors is
encountering substantial hurdles, including escalated power dissipation, leakage currents,
and the complexities of advanced manufacturing techniques. In response to the grow-
ing appetite for faster, more efficient electronics, the scientific community has shifted its
focus to pioneering materials and innovative device architectures. These new directions
promise to circumvent existing limitations and herald a transformative computing and
information-processing era. This exploration prominently features 2D-based field-effect
transistors (FETs), which emerge as a groundbreaking avenue with the potential to redefine
the landscape of electronics and set new benchmarks for semiconductor technology. This
section delves into the comprehensive study of 2D Metal-Oxide-Semiconductor Field-Effect
Transistors (MOSFETS), examining their fundamental principles, fabrication methodologies,
and diverse applications. We will explore the exceptional characteristics of pivotal 2D
materials such as graphene, transition metal dichalcogenides (TMDs), and black phosphorus,
highlighting their suitability for 2D MOSFET development. Furthermore, we will contrast
the unique attributes of 2D MOSFETSs with traditional MOSFETS, focusing on aspects like
scaling impacts, carrier confinement, and quantum effects to illuminate the complexities
and opportunities within the realm of 2D MOSFET technology.

Over the past decade, the quest to harness the unique properties of 2D materials for
cutting-edge electronic devices has captured the imagination of the research and engineering
communities. Key players in this revolution include graphene, TMDs, and black phospho-
rus, each demonstrating exceptional potential in a broad spectrum of applications, such
as FETSs, memory devices, and optoelectronics. A series of pioneering discoveries in 2D
materials underpin the emergence of 2D nanoelectronics. Graphene, a trailblazer with its
extraordinary single-layer carbon structure, exhibits unprecedented electrical conductivity
and mechanical strength, captivating researchers with its vast possibilities. TMDs, exempli-
fied by molybdenum disulfide (MoS,) [21], are known for their distinctive semiconductor
properties, including a substantial band gap and excellent electrostatic integrity, making
them ideal for low-power switching applications. Black phosphorus [25], recognized for
its anisotropic behavior, offers enticing prospects in device engineering and performance
optimization. GeH [26, 27], well-known for its high theoretical predicted mobility, is a
potential channel material for next-generation high-performance devices. The unique band
structures, high carrier mobility, and robust electron-electron interactions inherent in 2D
materials pave the way for ultrafast electronics, flexible wearable technology, and quantum



computing applications. By leveraging these distinct properties, researchers aspire to
engineer transistors that surpass the performance of conventional counterparts, potentially
ushering in a new era of faster, smaller, and more energy-efficient electronic devices, which
could transform industries and redefine the technological landscape.

Among the myriad applications envisioned for 2D materials, their use in field-effect
transistors (FETSs) is particularly promising. FETSs, the cornerstone of modern electronics,
govern electron flow in semiconductor channels via an external electric field. While predom-
inantly silicon-based, traditional FETSs have been the semiconductor industry’s mainstay
for decades, the shift towards nanoscale dimensions introduces new physical phenomena
and challenges. For example, quantum mechanical effects, such as carrier confinement and
tunneling, become increasingly significant as devices shrink. These issues and the inherent
limitations of bulk materials have steered researchers toward exploring alternative materials
and device architectures. The exceptional properties of 2D materials, including high carrier
mobility and saturation velocity, have led to groundbreaking progress in FET technology,
positioning them as strong contenders for next-generation electronics. Graphene, with its
unmatched carrier mobility, has spurred extensive research, particularly in high-frequency
applications, igniting a flurry of innovation in the field of nanoelectronics. TMDs, recognized
for their wide band gap and superior electrostatic integrity, have emerged as attractive
options for low-power switching applications. The significant band gap of TMDs enables
efficient on-off switching, ideal for low-power devices. At the same time, their exceptional
electrostatic integrity minimizes leakage current, enhancing energy efficiency and prolonging
battery life in portable electronics.

In the evolving landscape of 2D mnanoelectronics, developing 2D metal-oxide-
semiconductor field-effect transistors (MOSFETs) has garnered significant attention. These
devices, which merge the intrinsic properties of 2D materials with traditional MOSFET
architecture, promise to revolutionize semiconductor technology by offering unparalleled
performance and energy efficiency. The distinct electronic properties of atomically thin
materials are exploited in 2D-based MOSFETSs, setting them apart from conventional
silicon-based FETs, where bulk material properties are predominant. Quantum confinement
effects in 2D materials lead to exceptional electron mobility and reduced scattering,
enhancing current capacity and switching speeds. The atomically thin nature of these
materials allows for highly scalable devices with precise thickness control, creating devices
with customized electrical and optical properties and paving the way for next-generation
electronics.

The engineering of 2D-based FETSs offers fertile ground for innovation. Researchers
can tailor band structures and electronic properties by stacking different 2D materials
or creating heterostructures. These heterostructures, composed of varied 2D materials,



combine multiple functionalities in a single device, expanding the horizons for device
innovation. This opens doors to exciting new concepts like tunable bandgaps, valleytronics,
and spintronics, which hold the potential to revolutionize modern electronics and chart the
course for future devices and applications.

1.3.1 2D-based MOSFETSs for Quantum Computing

The quest for leveraging 2D materials in cutting-edge electronic devices, particularly in
quantum computing applications, has captivated the research and engineering communities.
The distinct electronic properties of atomically thin materials, such as high carrier mobility
and saturation velocity, and their quantum confinement effects position 2D-based MOS-
FETs as prime candidates for next-generation electronics. These properties facilitate the
development of devices with unprecedented performance and energy efficiency and open new
avenues for quantum computing. Quantum computing benefits immensely from integrating
2D materials in MOSFETSs, primarily due to the precise control of electronic properties
and the potential for reduced device dimensions without compromising performance. The
exceptional electrostatic control offered by 2D materials minimizes leakage currents, a
critical factor for the stable operation of qubits. Moreover, the high carrier mobility in
2D materials enhances quantum operations’ speed, contributing to quantum processors’
efficiency and scalability. Given these compelling attributes, 2D-based MOSFETSs emerge
as a promising solution for overcoming the challenges in cryogenic MOSFET applications
within quantum computing. The inherent advantages of 2D materials, such as their stability
at low temperatures and the potential for integrating with silicon technology, make them
ideal for developing cryogenic MOSFETSs. These advancements are poised to enhance the
performance and scalability of quantum computers and pave the way for new computational
paradigms.



1.4 Motivation

The goal of my PhD research unfolds across two distinct yet interconnected segments. On
the one hand, my research is to study the cryogenic CMOS behavior of 2D-based MOSFETSs
by developing an advanced atomistic simulation based on Tight-binding NEGF. On the
other hand, developing a multi-scale simulation tool bridges the gap between the intrinsic
device performance and circuit analysis for novel nanoelectronics based on 2D channel
materials. This chapter aims to lay the groundwork by shedding light on the driving
forces behind each segment, thereby setting the stage for their in-depth exploration in the
subsequent sections.

1.4.1 Numerical Simulation of 2D-based Cryo-MOSFETSs

The first segment of my research delves into the intricate realm of cryo-CMOS simulation,
which has gained significant traction in recent years. The motivation for this exploration is
rooted in the burgeoning field of quantum computing, which demands a deep understanding
of electronic behaviors at cryogenic temperatures. This segment aims to unravel the
complexities of electronics under such extreme conditions, a quest fundamental to quantum
computing technologies’ evolution and success. By focusing on cryo-CMOS simulation,
this research seeks to contribute meaningfully to the advancement of quantum computing,
addressing the challenges posed by these low-temperature environments [23].

The Failure of Conventional Simulation Tool

Within the realm of semiconductor device simulation, commercial software packages like
Synopsys Sentaurus TCAD excel at modeling devices operating under standard room
temperature conditions (300 K). However, when temperatures descend into the cryogenic
regime (4K and below), these tools often reveal their limitations. Commercial TCAD
(Technology Computer Aided Design) software, commonly used in device research at RT
and above, fails to reach converged results at deep-cryogenic temperatures due to numerical
challenges and the lack of important cryogenic effects. TCAD, designed explicitly for
deep-cryogenic temperatures, is still in its early stages. Companies like Nanoacademic
Technologies are actively pushing the frontier in developing commercial TCAD tools
targeting cryogenic and quantum applications.

Using the device structure (see fig. 1.2), we examined the simulation results with
Sentaurus TCAD from room temperature down to cryogenic regime. The results are
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Figure 1.2: The device structure of a single-gate MOSFET used in the Sentaurus Simulation.

plotted in fig. 1.3. Simulation failures become increasingly prevalent, with convergence
issues typically arising around 25 K. This breakdown has its roots in the fundamental
difficulty of convergence, as the potential change is more susceptible to the fluctuation
in carrier density when T becomes smaller. The failure can also be attributed to the
absence of crucial cryogenic phenomena within the fundamental modeling frameworks
of these simulators. The physics governing Si-MOSFET behavior undergoes a profound
transformation at extremely low temperatures. Carrier freeze-out dramatically reduces the
availability of free charge carriers as a significant portion of dopant atoms cease to ionize
fully. Furthermore, the ionization energy of these dopants increases, further suppressing the
carrier concentration. Simultaneously, lattice vibrations that typically impede carrier flow
diminish, leading to a surge in carrier mobility. In the most extreme cryogenic environments,
quantum mechanical effects such as carrier confinement and tunneling can no longer be
ignored. Standard simulators, fundamentally calibrated for room-temperature behavior,
lack the specialized models necessary to capture the nuances of these cryogenic effects. This
shortcoming severely restricts their ability to accurately predict, analyze, and optimize
cryogenic Si-MOSFET performance, highlighting the inherent limitations of state-of-the-art
commercial software in this increasingly important domain.

2D-based MOSFETSs at Cryogenic Temperature
Semiconductor devices based on two-dimensional (2D) materials, such as transition metal

dichalcogenides (TMDs) and graphene, have emerged as promising candidates for next-
generation electronics due to their unique electronic properties that enable superior
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performance and functionality[29, 30, 31, 32, 24]. Among these devices, Metal-Oxide-
Semiconductor Field-Effect Transistors (MOSFETS) play a pivotal role in modern integrated
circuits, as they are the building blocks of logic and memory devices[33, 341]. However,
their performance at cryogenic temperatures, a critical operational condition for certain
applications like quantum memory and quantum computing[35, 36, 21, 37], electronics in
space exploration[38], and high-performance cryogenic device[39], remains inadequately
understood and poses a significant challenge for practical implementation. The issue revolves
around the lack of comprehensive models that account for the intricate interplay of various
physical phenomena influencing MOSFET behavior under cryogenic conditions[40, 41].

Understanding and predicting the performance of MOSFETSs at cryogenic temperatures
is crucial for emerging applications such as quantum computing, which require low-noise and
high-speed operation[12, 1]. However, the device can behave quite differently in cryogenic
temperatures compared to room-temperature conditions. Therefore, new models should
be included to characterize the cryogenic devices. At low temperatures, quantum effects
become more pronounced, and the behavior of carriers is governed by phenomena such
as scattering[13, 44], band tailing[45, 40], incomplete ionization of dopants[3], and the
presence of interface trap states[17]. These phenomena affect carrier transport, device
characteristics, and device reliability, and they need to be accurately captured by device
models. Conventional modeling approaches, such as drift-diffusion, struggle to capture
these subtleties accurately, leading to a gap in our understanding of the cryogenic operation
of 2D material-based MOSFETs.

@_

Figure 1.3: Drain current versus gate voltage plotted with (a) a long channel device
(Len, = 1.75nm) where the current at 7' = 20 K fails to converge and (b) a short channel
device (L., = 65nm) where current converged to an unreasonable saturation.
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To Achieve the Goals

We need a novel and comprehensive modeling framework to bridge this gap to capture
quantum transport, inelastic scattering, and strong correlation effects at low temperatures.
The current state of the art in the cryogenic simulation of 2D material-based MOSFETSs has
achieved notable results but is still limited by the lack of a unified and consistent modeling
framework. Existing methods[3, 48, 19, 50] overlook critical factors like scattering mecha-
nisms and interface trap states, or rely on empirical parameters and assumptions, leading to
a disparity between theoretical predictions and experimental observations. Moreover, other
methods[51, 52, 53] are often computationally intensive to achieve convergence and stability.
We address these shortcomings by proposing an advanced cryogenic simulator for 2D
material-based MOSFETSs. Our NEGF-based simulator can include temperature-dependent
electrostatics and scattering effects such as carrier freeze-out, interface trap, dissipation,
and band tail states.

Our research aims at the numerical simulation down to 50 K serving as the first step in
understanding device behavior at the ultra-cold regime of 4 K. The intermediate temperature,
while not as extreme, is critical in bridging the gap between room-temperature electronics
and superconducting quantum devices, offering a practical platform for studying cryogenic
effects and device scalability. The insights gained at these intermediary temperatures
provide a crucial foundation for future explorations aimed at reaching the lower temperature
thresholds necessary for quantum computing applications. Differences in carrier mobility,
quantum interference effects, and phonon scattering at 50 K versus 4 K suggest nuanced
behavior as temperatures approach absolute zero. Understanding these variations at 50 K
sets the stage for targeted simulations and experimental validations at 4 K, forming a
comprehensive approach to device design and optimization in the quantum realm.

1.4.2 Multi-Level Simulation for Nanotransistors

The second segment of my research is geared towards developing a multi-level simulation
platform for 2D-material-based MOSFETSs and creating a custom compact model. The
rationale behind this development is multifaceted. Primarily, this model serves as a critical
bridge, linking the intrinsic device simulation with circuit analysis, thereby streamlining the
process of understanding and predicting device behavior. The impetus for this endeavor
is spurred by the rapid emergence of 2D-based MOSFETSs as a key player in the field of
advanced semiconductor technology. This segment aims to enrich our understanding and
predictive capabilities regarding these devices, contributing significantly to the technological
advancements in the semiconductor sector [54].
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More than Moore’s

The rapid and relentless advance of technology has generated an ever-growing demand
for electronic devices that boast swifter speeds, heightened efficiency, and affordability.
Consequently, researchers have embarked on an exploration of the untapped potential
held by two-dimensional (2D) materials, including molybdenum disulfide (MoS,), black
phosphorus (BP), and germanane (GeH), as potential channel materials for the forthcoming
era of complementary metal oxide semiconductor (CMOS) technology [32, 24, 25, 55, 50].
Even in their nascent stages, these materials have showcased remarkable promise due to
their exceptional attributes, which encompass a high on/off current ratio, rapid switching
capabilities, and resistance to short-channel effects [57, 58, 59, 60, G1]. For instance,
early theoretical studies predicted that short-channel GeH Field-Effect Transistors (FETs)
held great potential, boasting high field-effect mobility (~ 150 cm?V~'-s™') and large
ON/OFF current ratio (> 10°) [55, 62]. Despite strenuous endeavors in fabricating devices
founded on 2D materials, a conspicuous gap persists in the realm of systematic design
and simulation frameworks, which are indispensable for device engineering and circuit
performance optimization. Given the often prohibitive costs associated with experimental
exploration, this void assumes heightened significance, particularly in the context of novel
nanoelectronics reliant on 2D materials.

Lack of Comprehensive Tools for Simulating 2D-Based MOSFETSs

Hence, the imperative arises to develop a multi-level simulation framework that compre-
hensively encompasses materials, devices, and circuits. Central to this endeavor is the
creation of a suitably tailored compact model designed explicitly for 2D-material transistors.
Such a model serves as the critical bridge connecting the inherent material properties to
the performance characteristics of the devices, ultimately influencing circuit performance.
The existing arsenal of transistor compact models [63, 64, (5], primarily rooted in classical
drift-diffusion theory [66], proves inadequate when addressing nanotransistors employing 2D
materials. While a few compact models have made strides in capturing ballistic transport
for silicon devices, exemplified by the MVS model [67], they falter in encapsulating the
distinct physics inherent in low-dimensional materials, such as the quantum capacitance
effect in 2D-material FETs. Therefore, there is a need for a compact model explicitly
tailored to 2D-material Field-Effect Transistors (FETS), comprehensively encapsulating
the unique effects and physics inherent in the 2D structure. Although some compact
models [08, 69, 70, 71] have made headway in characterizing the features of 2D FETs, a
conspicuous void persists in the literature concerning comprehensive multi-level simulations.
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Such simulations must span the entire spectrum, encompassing materials, devices, compact
models, and circuit analysis for 2D-material-based FETs exhibiting ballistic transport.

To Achieve the Goals

This research aims to bridge this substantial gap, advancing our understanding and appli-
cation of 2D materials in the realm of cutting-edge electronics.
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Chapter 2

Cryogenic CMOS Transistor

The investigation of MOSFET behavior at cryogenic temperatures reveals unique operational
characteristics shaped by quantum mechanics and diminished thermal noise. This chapter
delivers an in-depth analysis of Cryogenic CMOS Transistors, with a particular focus on
the behavior of MOSFETS in cryogenic environments. Structured to encapsulate both
the observed cryogenic behavior and the fundamental physics of MOSFETSs, the chapter
addresses a range of phenomena that manifest at these low temperatures. Importantly,
while much of our study concentrates on the 50 K range, the insights gained provide vital
clues about the changes that might be expected as temperatures approach the ultra-cold
regime of 4 K. By analyzing effects at 50 K, such as shifts in carrier mobility and alterations
in electronic scattering processes, we begin to piece together the broader implications of
quantum behavior and reduced noise levels on device performance, laying the groundwork
for a more comprehensive understanding of MOSFETSs as temperatures edge closer to
absolute zero.

2.1 Characteristics and behavior of Cryo-MOSFET's

Understanding the behavior of cryogenic MOSFETSs for the simulation is essential and
practical. One of the key features that degrade the transfer characteristics of MOSFETSs
at cryogenic temperatures is the subthreshold swing (SS). At room temperature, the
SS is limited by the thermal energy of the carriers, which is proportional to the product
of the Boltzmann constant (kg) and the temperature (7"). This limit can be written as
(kT /qIn10), where ¢ is the elementary charge. However, the SS deviates from this limit at
cryogenic temperatures and reaches a higher saturation value. This is due to the variation
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of the bandgap, which results in an exponential band tail decay in the density of states.
This means some states are available for the carriers below the nominal band edge. The
band tail decay is described by a parameter W;, which is larger than the thermal energy at
cryogenic temperatures. Hence, the SS limit at low temperatures is (W;/q) In 10, which
is higher than the room-temperature limit. The band tail decay originates from intrinsic
mechanisms, such as electron-electron interactions and electron-phonon scattering, which
are independent of the device structure and material [53, 72].

2.1.1 Inflection
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Figure 2.1: Log Ip vs V, traces at three different temperatures [2].

Another feature that affects the transfer characteristics of MOSFETSs at cryogenic
temperatures is the inward bending (inflection) of the current. This phenomenon occurs
when the drain voltage (Vp) is high enough to induce impact ionization in the channel.
Impact ionization is a process where a high-energy carrier collides with an atom in the
lattice and creates an electron-hole pair. The newly generated carriers can increase the
drain current, enhancing the effective transconductance of the device. However, they can
also initiate a positive feedback mechanism, where the additional carriers amplify the
electric field in the channel, which in turn boosts the impact ionization rate. This can lead
to a runaway situation, where the drain current becomes unstable and shows a negative
differential resistance. This phenomenon is called the kink effect or snapback, and it can
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harm the device or cause circuit malfunction. To prevent the kink effect, the drain voltage
must be maintained below a certain threshold, which depends on the temperature and
the device parameters. At room temperature, the impact ionization threshold is relatively
high, and the current inflection is negligible in the transfer characteristics. However, at
cryogenic temperatures, the impact ionization threshold is considerably lower, and the
current inflection is more evident. This is because the carrier distribution in the channel is
narrower at low temperatures due to the reduced thermal broadening. Consequently, the
carriers have higher energies and are more prone to impact ionization [73]. The current
inflection constrains the maximum drain voltage that can be applied to cryogenic MOSFETsS,
and it also impacts the output resistance and the gain of the device.

2.1.2 Carrier Mobility

At cryogenic temperatures, carrier mobility in MOSFETSs typically experiences significant
alterations due to the pronounced reduction in phonon scattering. This phenomenon
generally leads to an increase in mobility, as the thermal vibrations of the lattice, which
hinder the free movement of charge carriers, are greatly reduced. However, this improvement
in carrier mobility is not uniform across all temperature ranges and may exhibit a complex
behavior as temperatures approach the deep cryogenic regime [36].

In the deep cryogenic temperature range, other scattering mechanisms begin to assert
their influence more strongly. Impurity scattering and interface roughness scattering [7],
in particular, become predominant due to the reduced thermal energy. These mechanisms
can limit the mobility increase achieved through reduced phonon scattering. Impurity
scattering is related to the interaction of charge carriers with dopant atoms within the
semiconductor, while interface roughness scattering arises from the imperfections at the
semiconductor-oxide interface. Both types of scattering are less temperature-dependent
than phonon scattering but become more relevant as the latter is minimized in cryogenic
conditions. The complex interplay between these scattering mechanisms necessitates a
comprehensive investigation that extends beyond the capabilities of standard modeling
approaches, which are typically calibrated for higher-temperature operations. Traditional
compact models [67, 65] often fail to accurately predict the behavior of MOSFETSs at
cryogenic temperatures, as they do not incorporate the detailed physics of low-temperature
phenomena. For instance, the industry-standard compact models are not readily available
for deep cryogenic temperatures (< 50 K), indicating a gap in the current understanding
and modeling of MOSFET behavior in this regime.

Moreover, the transition to cryogenic temperatures also highlights the need to revisit the
assumptions made in these models. For example, the Maxwell-Boltzmann approximation
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of Fermi-Dirac statistics, commonly used in the modeling of semiconductor devices [77],
remains valid for non-degenerate doping concentrations at deep-cryogenic temperatures.
This is crucial for the development of accurate electrostatic models of MOSFETSs operating
in these conditions. As such, developing a physical model that accurately captures the
essence of carrier mobility at cryogenic temperatures is paramount. This model would
need to consider the reduced phonon scattering, the increasing significance of impurity and
interface roughness scattering, and the validity of the Maxwell-Boltzmann approximation in
the cryogenic regime. Such a model would provide a more reliable basis for understanding
the operation of MOSFETSs at cryogenic temperatures and for the development of compact
models for circuit simulation and design purposes.

2.1.3 Threshold Voltage Shifts

Threshold voltage (Vrpy) shifts at cryogenic temperatures are a complex interplay of
several factors that significantly influence the performance and operational characteristics of
MOSFET devices. These shifts can be primarily attributed to changes in the semiconductor’s
dielectric properties, dopant freeze-out effects, and alterations in the surface potential. At
cryogenic temperatures, the semiconductor’s dielectric constant may change, affecting the
capacitance of the MOSFET and hence its threshold voltage. The reduction in temperature
leads to a decrease in the dielectric’s thermal vibrations, which can alter its permittivity.
This change in permittivity directly impacts the threshold voltage, as Vpy is inversely
proportional to the capacitance between the gate and the channel[11].

Furthermore, the dopant freeze-out effect becomes significant at these low temperatures
[3]. As the temperature decreases, the ionization energy of the dopants exceeds the thermal
energy available, leading to a decrease in the number of free charge carriers. This reduction
in carrier concentration effectively increases the device’s threshold voltage, as a higher
gate voltage is now required to invert the semiconductor’s surface and induce a conducting
channel. The dopant freeze-out phenomenon is particularly noticeable in non-degenerately
doped regions of the MOSFET, where the concentration of dopants is insufficient to maintain
a significant ionization level at cryogenic temperatures.

In addition to these factors, alterations in the surface potential due to changes in
the semiconductor’s work function at low temperatures also contribute to the threshold
voltage shift. The work function, which is the energy required to remove an electron from
the solid to a point just outside the solid surface, can vary with temperature, leading to
adjustments in the surface potential and, consequently, the threshold voltage. Despite
these complexities, the Maxwell-Boltzmann approximation of Fermi-Dirac statistics remains
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Figure 2.2: Influence on current at 4.2 K due to incomplete ionization (g4 = 4), resulting in
reduced threshold voltage [3].

valid for non-degenerate doping concentrations at cryogenic temperatures, simplifying the
analysis of these effects. This approximation allows for the use of simpler expressions to
describe carrier concentrations and electrostatics within the MOSFET, facilitating the
derivation of models that can accurately predict threshold voltage behavior under cryogenic
conditions. A comprehensive understanding of these factors is crucial for accurately modeling
and designing MOSFETSs intended for cryogenic applications. It highlights the need for
specialized models that can account for the unique physical phenomena occurring at these
low temperatures, ensuring the reliable operation of devices in cryogenic environments.

2.1.4 Reduced Thermal Energy on Electron Transport

The significant reduction in thermal energy at cryogenic temperatures profoundly influences
electron transport mechanisms within MOSFET devices. Traditional drift-diffusion models,
which adequately describe electron transport at higher temperatures, become less effective
as quantum transport mechanisms emerge prominently. One such mechanism is band-tail
tunneling, which involves electron movement through localized states in the semiconductor
bandgap. This phenomenon becomes increasingly dominant in the weak inversion regime as
temperatures drop to deep-cryogenic levels. At temperatures below 50 K, the subthreshold
slope (SS) experiences saturation, failing to achieve its theoretically predicted minimum
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value based on classical diffusion current theories. This deviation from the expected
thermal limit highlights a critical shortfall in conventional semiconductor device models,
which do not account for the quantum mechanical effects that become significant at
these low temperatures. The presence of a hopping current, characterized by electrons
tunneling through band-tail states within the bandgap, further complicates the electron
transport behavior. This quantum effect leads to interface-state densities that remain
within reasonable limits even at temperatures approaching absolute zero, challenging the
conventional understanding and modeling of MOSFET operation under such extreme
conditions.

The inadequacy of standard compact models to accurately predict these phenomena
necessitates a paradigm shift in the modeling approach for MOSFETSs designed to operate
at cryogenic temperatures. New models must embrace the quantum mechanical realities of
electron transport in this regime, incorporating mechanisms like band-tail tunneling and
the effects of reduced thermal energy on carrier mobility and threshold voltage. Developing
such models requires a deep understanding of the interplay between quantum effects and
traditional semiconductor physics, ensuring that the unique characteristics of MOSFETSs at
cryogenic temperatures are captured with high fidelity. This complex interplay between
reduced thermal energy and electron transport mechanisms at cryogenic temperatures
underscores the need for an enhanced theoretical framework. Such a framework would not
only facilitate a more accurate prediction of device performance under these conditions but
also drive the innovation of cryogenic MOSFET technologies for applications in quantum
computing and ultra-low-power electronics, where precise control and understanding of
quantum effects are paramount.
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2.2 Device Physics of Cryo-MOSFETSs

The second section shifts focus to the underlying physical principles governing MOSFET
behavior at cryogenic temperatures. It begins with a discussion on the Fermi Distribution
Function, highlighting how its characteristics are altered in a cryogenic environment and
the implications of these changes on MOSFET operation. The section then explores the
concept of Incomplete Tonization, examining how reduced temperatures affect the ionization
of dopants in the semiconductor material. This is followed by a study of Interface Trapping,
where the traps at the semiconductor-oxide interface play a crucial role in defining the
transistor’s characteristics under cryogenic conditions. Finally, the section addresses the
Band Tail phenomenon, explaining how the tail states in the energy band structure of
semiconductors influence MOSFET behavior at low temperatures.
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Figure 2.3: Band diagrams depicting distinct cryogenic models with conduction band edge
(E¢) and Fermi energy level (Ey) provided as reference in (a) the Fermi-Dirac distribution
of room temperature and cryogenic temperature, (b) a comparison of ionization energy
(®4) with thermal energy (®,) and visualization of interface trap states with trap density
(Nir), and (c) the impact on the Density of States (DOS) below the conduction band edge
(E.) resulting from band tail states.
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2.2.1 Fermi Distribution Function

The influence of cryogenic temperatures on semiconductor physics, particularly through the
lens of the Fermi distribution function, heralds significant implications for MOSFET device
characteristics. The Fermi distribution function, given by

1
f(E) = 1+ e(E—Ep)/kT"

(2.1)

sharply delineates occupied and unoccupied energy states in a semiconductor. This delin-
eation becomes more pronounced at cryogenic temperatures due to the significant reduction
in thermal energy, kT, leading to a step-like behavior of the function. This section explores
the ramifications of this behavior on carrier concentration, mobility, and the MOSFET’s
subthreshold characteristics.

The sharper Fermi function at cryogenic temperatures drastically influences carrier
concentration within the semiconductor. Electrons below the Fermi level (Er) are nearly
completely in occupied states, while those above are largely in unoccupied states. This
clear demarcation reduces the thermal generation of electron-hole pairs, thus affecting in-
trinsic carrier concentration. In doped semiconductors, the dominant mechanism is dopant
ionization, which may be influenced by incomplete ionization at such low temperatures.
Moreover, the reduced thermal agitation at cryogenic temperatures leads to diminished
phonon scattering, thereby enhancing carrier mobility. This enhancement directly con-
tributes to an increase in the MOSFET’s on-current (Ip) for a given gate voltage (Vi),
improving device performance.

The impact of cryogenic temperatures extends to the MOSFET’s sensitivity to gate
voltage, particularly in the subthreshold region where the device transitions from OFF to on
states. The sharpened Fermi distribution facilitates a more efficient modulation of carrier
concentration in the channel by the gate voltage, potentially leading to improved subthresh-
old swing (SS) characteristics. A steeper SS represents a more efficient switching behavior,
requiring smaller voltage changes to increase the current by an order of magnitude. However,
it is crucial to consider the effects of band tails and localized states at the semiconductor-
oxide interface, which can alter these idealized behaviors. The inflection phenomenon in
MOSFET transfer characteristics at cryogenic temperatures, attributed to localized states
with a Gaussian distribution, reflects the complex interplay between the Fermi distribution
and the semiconductor’s energy landscape, affecting electrical characteristics.

Cryogenic temperatures offer enhanced carrier mobility and gate voltage sensitivity,
which benefit high-performance MOSFET applications. Nonetheless, localized states and
the specifics of cryogenic device physics, including incomplete ionization and interface
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traps, necessitate a nuanced understanding of the accurate prediction and optimization
of MOSFET performance in cryogenic conditions. This area remains an active field of
research, focusing on leveraging the advantages while addressing the challenges presented
by operating at cryogenic temperatures.

2.2.2 Incomplete Ionization

Incomplete ionization, a critical phenomenon in semiconductor physics, particularly impacts
device behavior at cryogenic temperatures. This phenomenon arises when the thermal
energy available is insufficient to ionize all dopant atoms within the semiconductor lattice,
resulting in a lower effective doping concentration. The ionization energy required for
dopants to contribute free carriers becomes a pivotal factor at reduced temperatures,
decreasing the number of ionized dopant atoms. This reduction significantly influences
the threshold voltage (Vr) of MOSFETSs due to changes in the built-in potential of the
semiconductor.

At room temperature, the thermal energy is generally sufficient to ionize most dopant
atoms. However, as the temperature decreases, the thermal energy (kT falls below the
ionization energy of the dopants, leading to incomplete ionization. The expression for the
carrier concentration considering incomplete ionization can be modified as follows:
Er —F A)

37 Y

(2.2)

= N4—n;
p=Na neXp( T

where N4 is the acceptor concentration, n; is the intrinsic carrier concentration, Er is the
Fermi level, E'4 is the acceptor energy level, and kT is the thermal energy.

The effect of incomplete ionization is more pronounced at cryogenic temperatures, where
the dopant atoms remain largely un-ionized. This scenario leads to a significant deviation
from the expected behavior based on complete ionization models. The threshold voltage
of a MOSFET, which is intricately linked to the doping concentration and the built-in
potential, is therefore affected. A lower effective doping concentration results in an altered
threshold voltage, necessitating adjustments in device design and operation parameters to
maintain performance.

Engineering strategies to mitigate the impact of incomplete ionization include selecting
dopants with lower ionization energies or increasing the overall doping concentration. These
approaches aim to ensure a higher proportion of dopant atoms contribute free carriers
even at reduced temperatures, thus maintaining the device’s operational integrity. The
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relationship between the threshold voltage and the doping concentration, considering
incomplete ionization, is given by:

kT Ni—n; Erp—FEa
VT:VT0+—1n< a—niexp (T )>, (2.3)
q n;

where Vg is the threshold voltage at a reference temperature, and ¢ is the charge of an
electron.

Incorporating the effects of incomplete ionization into device models is crucial for accurate
prediction and optimization of MOSFET performance at cryogenic temperatures. It allows
for a deeper understanding of the fundamental limitations and operational capabilities
of semiconductors under such extreme conditions, guiding the development of cryogenic
electronics for applications in quantum computing, deep space exploration, and low-noise
amplifiers.

2.2.3 Interface Trapped States

Interface trapping, particularly at the semiconductor-oxide boundary, plays a crucial role in
defining the operational characteristics of MOSFETSs, more so under cryogenic conditions.
These traps, capable of capturing or emitting carriers, directly influence the surface potential
and, thus, the threshold voltage (V) of the device. The dynamics of these traps, including
their capture and emission rates, undergo significant changes at low temperatures, which
can markedly affect the device’s electrical response. The altered trap dynamics can lead to
slower carrier release rates, potentially resulting in a more pronounced impact on device
characteristics due to the prolonged presence of carriers within these traps.

The charge density per unit area trapped in interface states, ), is described by the

integral
+oo

Qit = —q . Dy (E)f(E)dE, (2.4)
where D;(E) represents the density of interface traps across the energy spectrum, and
f(E) is the occupancy probability of these traps, typically modeled by the Fermi-Dirac
distribution at equilibrium. The interface trap charge density, );;, can be decomposed into
two parts: Qi = @y + Qo, where @), is associated with a uniform distribution of traps
across the bandgap, and )y models the exponentially increasing trap density near the band
edges, which becomes significant at cryogenic temperatures.
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The energy-dependent trap density D (F) can exhibit a Gaussian distribution around
the band edge, characterized by an exponential decay into the bandgap. This distribution
is mathematically expressed as

Dy(E) = Mo exp <—w) (2.5)

2mo 202

where Ny is the peak density of traps, E. is the conduction band edge, and ¢ represents
the standard deviation of the distribution.

The presence of interface traps affects the threshold voltage of MOSFETs through the
modification of the surface potential. The alteration in carrier dynamics due to trapping
and detrapment processes at the interface leads to a variation in the effective channel charge,
thereby influencing V. The threshold voltage, incorporating the effects of interface traps,
can be adjusted to reflect these changes as follows:

VT _ VTO + CI(QUC,_F Q0)7

where Vg is the threshold voltage without considering the interface traps, C,, is the oxide
capacitance, and ¢ is the elementary charge.

(2.6)

At cryogenic temperatures, the altered trap dynamics significantly impact MOSFET
performance, necessitating high-quality interface engineering during device fabrication. The
slower dynamics of trap capture and emission processes can lead to enhanced sensitivity
of Vi to these traps, affecting device stability and performance. Optimizing the interface
quality and selecting materials with minimized trap densities become paramount in ensuring
the reliability of cryo-MOSFETsS.

The profound impact of interface trapping on MOSFET behavior, especially at cryogenic
temperatures, underscores the importance of understanding and controlling these traps.
The quantitative treatment of interface traps, through models incorporating their energy-
dependent distributions, provides insights into their effects on device parameters such as
the threshold voltage. As the field of cryogenic electronics continues to grow, particularly
for applications in quantum computing and space exploration, the role of interface traps
and strategies for their mitigation will remain areas of active research and development.

2.2.4 Band Tail Effect

The band tail phenomenon significantly affects the operational characteristics of MOSFETS,
particularly in cryogenic environments. This phenomenon is characterized by an extended
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distribution of electronic states into the bandgap, arising from various forms of disorder
within the semiconductor lattice, such as crystalline disorder, strain, residual impurities, and
surface roughness. These extended states, or tail states, can trap carriers, thus impacting
mobility and recombination rates, which in turn influence the device’s subthreshold behavior
and OFF-state current.

The band tail phenomenon can be attributed to the potential fluctuations within the
semiconductor material due to the aforementioned forms of the disorder. These fluctuations
lead to localized states within the bandgap, which are energetically closer to the conduction
or valence bands than the idealized sharp band edges. Mathematically, the density of these
states can be described by an exponential or Gaussian distribution, extending from the
band edges into the bandgap. The exponential band tail model is often expressed as:

D(E) = Dy exp (—%) , (2.7)

where D(F) is the density of states at energy E, Dy is a constant, E. is the conduction band
edge energy, and W, is the characteristic decay length of the tail states into the bandgap.

At cryogenic temperatures, the occupancy of band tail states changes due to the reduced
thermal energy available to carriers. This altered occupancy affects carrier mobility by
increasing the probability of carriers being trapped in these states, thereby reducing effective
mobility. Similarly, recombination rates can be affected due to the increased likelihood
of carriers being captured by states within the band tail, altering device performance
parameters such as subthreshold swing (S5) and OFF-state current (Ippr).

The presence of band tail states at cryogenic temperatures leads to a degradation in
the subthreshold swing (SS) of MOSFETs. The SS is a critical parameter that describes
how efficiently the device transitions from OFF to on state with a change in gate voltage.
An ideal SS is limited by the thermal voltage (kT"/q), but the trapping and slow release of
carriers in band tail states increase the required gate voltage change to achieve the same
current increase, thus degrading the SS. The OFF-state current (Ippr) can also increase
due to the enhanced carrier trapping in the tail states, reducing the device’s power efficiency.

The band tail phenomenon plays a significant role in determining the behavior of
MOSFETSs at cryogenic temperatures. Understanding and accurately modeling the effect of
band tail states are crucial for predicting device performance in cryogenic environments.
This understanding informs the design and optimization of low-power electronic systems
intended for operation in such conditions, highlighting the importance of material quality
and fabrication techniques in minimizing the impact of band tails on device performance.
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2.3 Summary

This chapter has provided an in-depth exploration of the significant alterations in MOSFET
behavior and underlying physical mechanisms when operated in cryogenic environments.
Through a detailed examination of phenomena such as the Fermi Distribution Function,
Incomplete Ionization, Interface Trapping, and the Band Tail effect, we’ve shed light on the
complex dynamics that characterize MOSFET performance at extremely low temperatures.
The insights garnered from this analysis are invaluable for both researchers and practitioners
in the burgeoning field of cryogenic electronics, offering guidance on navigating the challenges
inherent to these conditions.

By elucidating the intricate interplay between decreased temperature and semicon-
ductor physics, this discussion underscores the critical aspects that must be considered
for device optimization in cryogenic applications. The nuanced understanding of each
phenomenon—ranging from the sharpened Fermi distribution leading to enhanced mobility
and device sensitivity, the complications posed by incomplete ionization on doping efficiency,
to the pivotal roles of interface trapping and band tail states in carrier dynamics—provides
a comprehensive framework for addressing the operational challenges faced by MOSFETSs
under cryogenic conditions.

Moreover, this chapter emphasizes the importance of innovative engineering strategies
and advanced material science in mitigating adverse effects and enhancing device reliability
and performance. As the demand for cryogenic electronics continues to grow, driven by
applications in quantum computing, space exploration, and ultra-low noise amplifiers, the
foundational knowledge presented here serves as a cornerstone for future advancements. It
propels the development of more efficient, robust, and reliable systems that can withstand
the rigors of cryogenic operation, marking a significant step forward in the quest to unlock
the full potential of electronics at the frontiers of temperature.
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Chapter 3

Modeling and Simulation Method

In this chapter, we conduct a detailed exploration of sophisticated modeling and simulation
strategies, specifically targeting electronic transport properties. The focus is primarily on
the Non-Equilibrium Green’s Function (NEGF) formalism enhanced with the Biittiker
probe method. The structure of this chapter is meticulously crafted to impart a holistic
understanding of these advanced simulation tools.

3.1 NEGF-Poisson Formalism

The Non-Equilibrium Green’s Function (NEGF) coupled with the Poisson equation is
referred to as the NEGF-Poisson method. In the first section of the chapter, we introduce
the NEGF-Poisson solver, a powerful tool for simulating quantum transport in nano-
electronic devices, and how it is adeptly utilized to characterize the non-equilibrium
behavior of electrons and holes in cryogenic simulations. This method synergistically
combines the NEGF, primarily for transport computations, with the Poisson equation
to manage electrostatic aspects. Recognized for its high efficiency in modeling nanoscale
electronic devices, the NEGF-Poisson approach provides a schematic overview in Figure 3.1.
The NEGF component employs Green’s functions to account for quantum mechanical
effects meticulously. This inclusion is paramount for a granular analysis of charge transport
phenomena at the nanoscale. The approach rigorously considers the quantum mechanical
nature of carrier transport, offering a detailed perspective on the behavior of charge carriers.
Complementing the NEGF, the Poisson equation is seamlessly integrated to handle the
electrostatics within the device. This amalgamation forms a robust framework for simulating

29



Source Drain
—\

Device

Hg Hp
{H’ USC’ ZScat }

NEGF
{ Hazs s Zp s L s Ms > Hp ¥

Use —p

Poisson Eq.

p— Uy

Figure 3.1: (Top) Schematic structure of device coupled to the source and drain contacts.
(Bottom) Self-consistent procedure for the coupled NEGF-Poisson computational simulation
framework [1].
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the complex interplay between quantum mechanics and electrostatics, yielding an intricate
representation of device behavior, particularly pivotal for nanoscale electronics.

Within the framework of the Non-Equilibrium Green’s Function (NEGF) formalism, a
device is typically segmented into three main regions: the source, drain, and channel. The
source and drain are considered as infinite reservoirs, interacting with the channel through
self-energy matrices, ¥¢ and Xp, respectively. The Fermi levels of the source (ug) and
drain (pp) are modulated by the applied bias voltage, influencing carrier distribution across
the device. The channel region itself is characterized by its Hamiltonian, H. Incoherent
transport phenomena, such as scattering processes, are encapsulated by the self-energy term
Yincon- To facilitate numerical treatment, operators are discretized using either the effective
mass (EM) or the tight-binding (TB) approximation. A mode-space representation is often
preferred over a full three-dimensional real-space simulation to diminish the computational
burden by reducing the dimensionality of the involved operator matrices.

The self-consistent loop for calculating the transmission coefficient at a specific energy
(T'(E)), the electron density (p), and the current (/) alongside Poisson’s equation involves
several steps:

1. Employ the Finite Difference Method (FDM) to discretize all operators for the device
in question.

2. Initiate the self-consistent loop with an initial guess for the potential, Us(g (7).

3. Utilizing Us(lc) (7), the device Hamiltonian, H, is defined in line with the chosen
approximation method (EM or TB). The self-energies 3¢ and ¥p are also computed
at this stage.

4. Calculate the density matrix through the retarded Green’s function.

5. Derive the charge density (p) of the device from the density matrix, which is then
used to solve for a new self-consistent potential US%) (7) via Poisson’s equation.

6. Repeat steps (3) to (5) iteratively until convergence is achieved based on predefined
criteria.

7. Finally, calculate the current using the converged self-consistent potential and density
matrix.

This iterative process ensures the self-consistency of the potential within the device,
enabling accurate modeling of carrier transport phenomena.
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Figure 3.2: (a) A structure diagram of ultra-thin body double-gate MOSFET, within a
two-dimensional simulation domain outlined by a solid line. The domain utilizes uniformly
spaced grids in both the x and z directions, with the spatial constants denoted as a and
b, respectively. This grid arrangement facilitates detailed electrostatic analysis within the
specified simulation area, ensuring comprehensive coverage and precision in modeling the
device’s behavior [5]. (b) The computational model adopts a 5-point star configuration,
denoted as a ‘computational molecule,” to effectively address the electrostatic calculations
required for the device’s analysis [0].

3.1.1 Electrostatic Potential Calculation

This section succinctly outlines the methodology for obtaining numerical solutions to
Poisson’s Equation, employing the Finite Difference Method (FDM) tailored to analyze
double-gate MOSFET architectures. Figure 3.2(a) illustrates the device structure, featuring
schematically represented, uniformly spaced grids for simulation. The designation of these
grids is detailed in Figure 3.2(b), providing a foundation for the ensuing computational
analysis. This approach facilitates a structured exploration of the electrostatic properties
inherent in MOSFET devices, leveraging grid-based numerical techniques for precision and
clarity.

Initially, we posit that the semiconductor and the insulating layer share an identical
dielectric constant. The numerical solution for Poisson’s equation is obtained using Gauss’s
law:

V- D(r) = p(r) (3.1)

where D, r, and p represent the electric flux density, position vector, and charge density,
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respectively. Under the assumption of a uniformly distributed dielectric material and
employing the constitutive relation D(r) = ¢e,. E(r), where € is the vacuum permittivity
and ¢, is the dielectric constant of the semiconductor and insulating layer, we arrive at:

vy () = —20) (3.2)

€0€r

The mesh spacings along X and Z directions are denoted by a and b, respectively, with
Vin.n representing the potential at grid [m,n]. The solution domain encompasses Ny nodes
along the X direction and Nz nodes along the Z direction, requiring an Ny x N grid for
the 2D numerical solution to Poisson’s equation. At each node, we rewrite the equation
Equation (3.2) as:

02V, 02V,
mn g Do P (3.3)
ox 0z €0€r
where V' is the electrostatic potential, x and z are the spatial coordinates, p, ; is the charge
density at the node [m,n|, and e denotes the permittivity of the medium.

The Finite Difference Method (FDM) is employed to solve this equation numerically,
which approximates the second derivatives using discrete differences. Consequently, Equa-
tion (3.3) is transformed into Equation (3.4), enabling numerical solution:

Vm+1,n - 2Vm,n + mel,n + Vm,nJrl - 2Vm,n + Vm,nfl _@

Ax? Az2 T (3-4)

Here, Ax and Az represent the distances between adjacent nodes in the x and =z
directions, respectively. This equation is central to the simulation as it allows for the
computation of potential values at each node within the mesh by considering the local
charge distribution and the boundary conditions. The potential distribution across the
device is obtained through iterative solution techniques, facilitating further analysis of
device characteristics such as field distributions and capacitance.

Boundary Condition

In simulations of semiconductor devices, especially in the context of ballistic transport
models, accurately specifying boundary conditions is crucial for determining potential
distributions. At the gate contacts, the electrostatic potential is predetermined by the
applied gate bias, which is expressed through the equation V;,,, = Vi, where Vi is the gate
voltage. This scenario requires the application of Dirichlet boundary conditions, which
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directly assign a value to the potential at the boundary based on the gate bias and the
metalwork function.

Conversely, a nuanced approach is adopted for the remaining boundaries, particularly at
the extent of the simulation domain adjacent to the source and drain. Floating boundary
conditions, characterized by the condition n - VV = 0, where n denotes the surface unit
normal vector, are implemented. This condition implies that the electric field normal to the
boundary is zero, effectively allowing the potential to adjust dynamically. Such an approach
is in stark contrast to the fixed potential conditions often used in scattering-dominated
transport simulations, where equilibrium charge neutrality is assumed.

This distinction becomes particularly relevant in ballistic transport regimes, especially
under high bias conditions (Vpg), where the traditional equilibrium assumptions fail to
hold. In these scenarios, the imposition of a zero-field boundary condition at the source and
drain ends allows for a more realistic representation of carrier behavior, acknowledging the
partial carrier depletion at the source end due to suppressed carrier injection from the drain.
The floating potential at these boundaries dynamically aligns with the conditions dictated
by the Non-Equilibrium Green’s Function (NEGF) formalism, thus ensuring macroscopic
charge neutrality without predetermining the potential values, providing a more accurate
depiction of ballistic transport phenomena.

3.1.2 Non-Equilibrium Green’s Function Method

The NEGF framework is pivotal in quantum transport computations, allowing for the mod-
eling of open quantum systems and their interaction with semi-infinite contacts. Notation
from reference [70] is employed, and the methodology aligns with that presented in reference
[77]. Consider a quantum device in a non-scattering regime, where the Green’s function,
indicative of the system’s response, is defined as:

G=[EI-H" (3.5)
where ET represents the product of energy and the identity matrix, and H signifies the
Hamiltonian of the system. Defining:

A =FEI—-H (3.6)

The relationship between A" and G across various regions, namely the left terminal (L),
device central region (D), and right terminal (R), can be articulated as:

A/LL A,LD 0 G, Grp Grr
AG=1= Ay, Ap Ao\ |Gor Gop Gon (3.7)
0 Axp Axrrl| |Grr Grp Grr
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Figure 3.3: Schematic representation illustrating the computational efficiency gained by
substituting the extensive Hamiltonian of the reservoir, Hg, with a self-energy term, ..
This approach simplifies the calculations without losing the physical significance of the
reservoir’s impact on the device [7].

It follows that:
[A/DD - A,DLA/L_LIA,LD - A/DRA/};}}{A;%D]GDD =1 (3-8>
The matrices A" exhibit a sparse configuration, with non-zero entries predominantly

along the diagonal, reflecting the localized nature of the interactions within the system.
Subsequently, the Green’s function for isolated semi-infinite terminals is defined as:

gL = A’Lf and gr = A’Igé (3.9)

The surface Green’s functions gr 11 and gg,1, corresponding to the edge layers of the
left and right terminals, respectively, are thus:

gri1 = (AELI)H and 9rr1 = (Agé)n (3-10)

Self-energy: Ohmic Contact

Incorporating self-energy terms, which capture the essence of semi-infinite contacts, we can
reformulate the equation as follows:

GE) = [(E+i0") - H—-U—3Xs—-%p] . (3.11)
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In this expression, F represents the energy level for which G(F) is evaluated, i0™
denotes an infinitesimally small positive imaginary number, [ is the identity matrix, and
H symbolizes the Hamiltonian matrix, which was elaborately discussed in section 2.2. U
stands for the potential profile across the device, while g and X are the self-energy terms
pertinent to the source and drain, respectively. The necessity for 3¢ and ¥ p arises from the
considerable dimensional disparity between the channel and the electrodes. Therefore, it is
computationally more expedient to substitute the extensive Hamiltonian of the reservoir
(Hg) with a self-energy term ¥ as depicted in Figure 3.3 [77, 76, 7]. For simplification, g
and X p will henceforth be collectively referred to as ¥y c.q, computed via:

ELead<E) = TGsTT. (312)

Due to the focus of this thesis being on ohmic contact-based devices, discussions regarding
Schottky-type contacts will not be included. For ohmic contacts, a semi-infinite contact
approximation is assumed, wherein the contact material is heavily doped yet identical to
the channel material. Several methods exist to approximate the surface Green’s function
gs for a semi-infinite contact. Among these, the recursive surface Green’s function (SGF)
approach and the Sancho-Rubio methods are most prevalent.

The recursive SGF method computes gg iteratively, beginning with an initial guess
(9s = Hyy'), and utilizes the following update equation:

—1
g = (B 40 — Hyg — U — Hyg2@HY | | (3.13)

where Hy, represents the Hamiltonian’s intra-cell interaction component, and Hy, accounts
for inter-cell interactions. This iterative process continues until convergence is reached, that
is, gie ~ g% The Sancho-Rubio method, outlined in detail in prior works, initiates by
defining w = (E +i0")1, eg = Hyg, ag = Hpp, and [y = a(T). Subsequently, the following
recursive relations are solved:

o; = Oél',l(w - 61',1)71067;,1, (314)
Bi = Bic1(w — €)' Bica, (3.15)
€ = €1+ i1 (w—€-1) " Bi1 + fic1(w — €-1) Ty, (3.16)

which may be resolved iteratively until o; and (; diminish sufficiently. Consequently, one
can obtain the surface Green’s function as:

gs = (w—€”)7". (3.17)
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The Sancho-Rubio methods typically outperform the recursive SGF approach because
they consider a wider scope of layers within the device, as the recursive SGF accounts for
only N successive layers, whereas the Sancho-Rubio methods incorporate 2V layers, thereby
enhancing computational efficiency.

Upon determining the self-energy terms, the broadening function I'(E') can be ascertained,

encapsulating the rate of charge injection from the leads into the channel:

Iead(E) = 1 [S1ead(E) — Sread(E)T] = —21Im [Sreaa(E)] - (3.18)

The in-scattering (X) and out-scattering (X2") self-energy components for electrode o
(where a = S, D) can be computed utilizing I". These components are significant as they
yield insights into the occupancy states of the contacts:

Su(E) =To(E)fa, (3.19)
YOUUE) =To(E)(1 - fa), (3.20)
where f, denotes the Fermi-Dirac distribution given by:

B 1
Ja= 1+ e(B—Ep)/kpT"

(3.21)

Here, Ey represents the Fermi level, kg is the Boltzmann constant, and 7" is the absolute
temperature.

Recursive Green’s Function Method

The Recursive Green’s Function Method is pivotal for computing the Green’s functions in
nanoscale devices, where traditional direct methods become computationally prohibitive.
This section elaborates on the method’s application to calculate specific elements of Green’s
function matrix, focusing primarily on the left terminal, although the methodology is
symmetrically applicable to the right terminal. To initiate, we calculate the left terminal’s
surface Green’s function, gz, 11, by solving the recursive equation:

A =Tl Tigon =1, (3.22)

where A; represents the Hamiltonian matrix for the left lead, modified to include the
self-energy terms, T; is the coupling matrix between the device and the left lead, and I is
the identity matrix. This equation iteratively computes gy, 11, starting from the surface
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of the terminal and proceeding towards the device region. Once gr,1; is obtained, we use
Dyson’s equation to iteratively calculate the main diagonal elements of the Green’s functions
associated with the left side:

Yq+1,q+1 = (Aq+1,q+1 - Aq—&-l,t,‘{gq,qu,q—l-l)_1 ) (3-23)

where the site index ¢ 4+ 1 ranges from the first lattice point in the device, [,,, to the last,
N. For indices from [,, to [1, an energy-dependent imaginary potential in is introduced to
the diagonal elements of the Hamiltonian within A, accounting for the scattering-induced
broadening in the density of states. The density of states, D(FE), around the emitter’s
quasi-bound state in the equilibrium reservoir, influenced by the broadening factor 7, is

expressed as:
n(E)/2n

(B =€) +n(E)*
reflecting the imaginary part of the self-energy and the intrinsic broadening due to reservoir
coupling.

D(E) = (3.24)

For the quantum region, starting from the terminal element g3y, which is equivalent
to the last diagonal element of G’y n, we recursively compute the remaining elements of G
using:

Gqul,q = _Gq+1,q+1Aq+1,ng,qv (3-25)
Gogt1 = —94.440.0+1Ggr 1,411, (3.26)
Gog = 900 — 99.044.0+1Gor1,4- (3.27)

For computing the charge in the equilibrium reservoir region, these relations enable the
deduction of G”’s diagonal elements. The non-equilibrium region’s correlation function, G,
is determined by:

G" = G(T' fi +Tofs)GH, (3.28)

indicating that to calculate G™, only the first and N-th column of G are necessary. This
approach efficiently captures the quantum mechanical effects essential for nanoscale device
modeling.

Transmission and Current

By resolving Green’s function G(FE), one can compute the electron G™ and hole G? spectral
functions, which are pivotal for determining charge occupancy within the energy-space
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of the device at every point. These spectral functions are derived from G(E) and the
in-scattering (X) and out-scattering (29") self-energy terms:

G"(E)
GP(E)

G(E)S™(E)G'(E), (3.29)
G(E)X™(E)G'(E). (3.30)

The local density of states (LDOS), denoted as LDOS(F), and spectral function A(E)
can be approximated by:

LDOS(E) = A(E) =i [G(E) — G'(E)] = —2Im [G(E)] = G*(E) + G’(E).  (3.31)

The charge densities for electrons n and holes p are integral to electronic devices and
are obtained by integrating G™ and GP over all energies:

n(r) = / Z—fan(m, (3.32)

p(r) = / ‘é—fap(m (3.33)

Subsequently, the current density J. can be calculated as:

2e [dE

=75 | 3 [SME)A(E) — S (E)A(E)] . (3.34)

Notably, the Non-Equilibrium Green’s Function (NEGF) method described herein
constitutes only a portion of the complete simulation. For a comprehensive device simulation,
NEGF must be integrated self-consistently with Poisson’s equation, which determines the
charge density p and the resulting electrostatic potential profile U.
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3.2 Electrostatic at Cryogenic Temperature

In the cryogenic regime, the standard NEGF-Poisson simulation framework proves inade-
quate for capturing the complete physical behavior of nanoelectronic devices. To address
this limitation, we have developed an advanced simulation framework that extends the
original NEGF-Poisson methodology, specifically tailored to analyze nanoelectronics under
cryogenic temperatures. A schematic representation of this enhanced framework is depicted
in Figure 3.4, illustrating its comprehensive approach to model device physics at low
temperatures accurately.

3.2.1 Incomplete Ionization

Incomplete ionization refers to the phenomenon where a fraction of dopant impurities in
the semiconductor material fails to donate or accept charge carriers due to various physical
and temperature-dependent factors. This phenomenon becomes particularly pronounced
in cryogenic conditions, where thermal energy is significantly reduced. Under thermal
equilibrium, the majority carrier concentration may deviate from the implanted doping
value Ny, owing to the incomplete ionization of dopants. In cryogenic equilibrium, the effect
of incomplete ionization is pronounced and referred to as freeze-out, as the thermal dopant-
ionization remains minimal[3]. However, during MOS operation, field-assisted ionization
becomes a significant factor. Incorporating the model of incomplete ionization into the
Poisson module allows us to more realistically account for the distribution of charged and
uncharged dopant states, thus providing a more accurate representation of the electrostatics
within the device.

Fermi-Dirac statistics offer a fundamental framework for modeling incomplete ionization,
including dopant-ionization mechanisms. The concentration of ionized dopants denoted as
Ny, is then expressed as the product of the total concentration of implanted dopants and
the Fermi-Dirac occupation probability of the acceptor energy E4 (i.e., Nga = Ny X f(FE4)),
specifically,

No

= T gacEaEn/ia) (3:35)

Ny

where Fy is the quasi-fermi level, modulated by Vi and Vp, throughout the device as a
function of position x. The degeneracy factor (g4) is set based on the degeneration arising
from heavy-light holes and spin-up/down configurations. Assigning g4 a value of zero is
equivalent to assuming complete ionization.
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Figure 3.4: Overview of the NEGF-Poisson method incorporating cryogenic models in the
Poisson module and the Biittiker probe within the NEGF module.
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3.2.2 Interface Traps

On the other hand, interface trap states in semiconductors represent localized energy
levels at the interface between the semiconductor and its adjacent dielectric material.
These states arise from imperfections, impurities, or defects in the interface, creating
discrete energy levels that can capture and release charge carriers. The significance of
interface trap states is particularly pronounced in cryogenic temperatures. The reduced
thermal energy (kpT') amplifies the impact of defects and impurities on charge transport
dynamics. At lower temperatures, the thermal energy available to carriers diminishes,
rendering them more susceptible to being trapped or influenced by these localized states.
Understanding and accurately modeling interface trap states are crucial in cryogenic
semiconductor device simulations, such as those involving HfS, MOSFETSs, as they play
a pivotal role in determining carrier behavior, device performance, and overall reliability
under extreme low-temperature conditions.

Qir = —q /OO 1+ gTe[(ET*EF)/kBT] dz, (3'36>

where the localized states density N(FE) is assumed to be the Gaussian distribution function,

2 N
N(E) = | 2L e Br I, (3.37)

This Gaussian model is introduced to provide a more accurate physical representation of
trap states at the interface. The distribution of localized states is centered around the sharp
conduction band edge at the channel/oxide interface (E.). The numbers of trapped states
N7 and the distribution width W are two variables for characterizing the interface traps.
This characteristic ensures a more accurate depiction of the localized states, accounting for
various sources of disorder such as surface roughness, residual impurities, strain, vacancies,
and other contributing factors[17, 78].
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3.3 Scattering and Band Tail: Biittiker Probe Method

This section transitions to the Biittiker probe approach, pivotal for elucidating scattering
mechanisms within quantum transport. We commence with an examination of the Biittiker
Probe Self Energy, illustrating its deployment within the NEGF formalism to simulate
scattering processes’ influence on electronic transport. This discussion extends to the
integration of self-energy terms into Green’s function to model inelastic scattering events
effectively. Subsequently, we delve into the Fermi Search subsection, which is dedicated to
the meticulous determination of the Fermi energy level amidst scattering phenomena. This
subsection emphasizes the necessity of accurately identifying the Fermi level, a prerequisite
for the authentic simulation of transport properties in nano-electronic devices.

Further, we introduce the band tail simulation model within the NEGF framework by
incorporating an innovative self-energy term designated to capture electron-environment
interactions. The Biittiker probe self-energy, routinely integrated into NEGF for scattering
analysis, provides an optimal equilibrium between simulation precision and computational
manageability. Within NEGF, electron and hole characteristics are elucidated through
recursive solutions of the Green’s function.

3.3.1 NEGF with Scattering

In the ballistic transport regime of the Non-Equilibrium Green’s Function (NEGF) model,
charge carriers are restricted from redistributing their energy and momentum due to the
absence of scattering events. To simulate the impact of scattering in the channel, the
Biittiker probe method introduces virtual contacts, which are conceptually attached to
each atom within the channel. These contacts act as theoretical sites for both elastic
and inelastic scattering processes. The scattering events are thereby phenomenologically
accounted for within the simulation framework. This approach is graphically represented
in Figure 3.5, and both types of scattering events are effectively captured by the Biittiker
probe model [79]. The Biittiker probes are virtual contacts introduced to model elastic and
inelastic scattering mechanisms [30] efficiently. The retarded Green’s function of electrons
can be calculated by:

G=[E+i0")—H—-YXg—%p—Sgp| ' (3.38)

Within each partition of the device, all Green’s functions and self-energies are represented
as matrices with the dependence on in-plane momentum £k, and energy F, which is
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S contact device D contact

Figure 3.5: Overview of Biittiker Probe Calculations. Top: Depicts a quasi-one-dimensional
(Quasi-1D) semiconductor device featuring two actual contacts, represented as discretized
segments for computational purposes. Middle: Illustrates the approach for modeling
the semi-infinite contacts by incorporating self-energies at the device terminals, thereby
emulating the effect of infinite contact extension. Bottom: Demonstrates the integration of
Biittiker probe self-energies into the device model to simulate various scattering phenomena.
This is achieved by strategically placing a comprehensive array of Biittiker probes along the
device, facilitating the emulation of diverse scattering mechanisms within the simulation
framework [3].
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intentionally excluded for clarity. The Hamiltonian is treated with a tight-binding approach.
The self-energies for source and drain contacts are denoted as ¥g and > p. The inclusion of
electron and hole scattering involves Biittiker probe self-energies (Xpp)[31, 79, 82]. Various
quantities, such as the density of states, particle density, state occupancy, and current
density, can be derived from Green’s functions in the NEGF method. The iterative solution
for the retarded source and drain self-energies (Xgp) follows the procedure outlined by
Datta[70]. It should be noted that Xpgp is purposely incorporated into the calculation of
Yg.p, to ensure the seamless transitions for electrons and holes from the device to the
semi-infinite contact introduced by Xg p.

3.3.2 Biittiker Probe Self Energy

The advanced Biittiker probe consolidates intra-band scattering processes, including in-
teractions with phonons, impurities, and electron-electron scattering, into the empirical
scattering parameter 1. To consider the band tail of HfS, in the simulation, 1 exponentially
decays into the bandgap. The self-energy for electrons in the conduction band associated
with the advanced Biittiker probe is expressed as

' if £ > FE.
Ser(@) =4 pmw . @) (3.39)
in-e = if E.(z) > E > E,(x)

where E.(z) and E,,(x) are the energies of the conduction band bottom and the middle of the

band gap at position z. It should be noted that the ¥ pp(z) is calculated independently for

each k, and £.The nominal band tail parameter x is chosen to be 100 meV for electrons|%3,
|, and is applied throughout the work.

3.3.3 Current Conservation

With Green’s functions specified, the pivotal step in the Biittiker probe methodology is
to ensure charge conservation within each virtual contact. Unlike tangible contacts where
carriers can leave and return, virtual probes influence carrier dynamics by redistributing
their energy, momentum, spin, and other properties. It is posited that these probes are
sufficiently large to achieve thermal equilibrium hence the Fermi-Dirac statistics dictate the
carrier distribution. Benefiting from a defined temperature at each probe, this approach
simplifies the model to a single governing parameter—the chemical potential of the probe.

Biittiker probes are integrated into the simulation of devices analogously to how source
and drain contacts are applied. The implementation of the Biittiker probe approach
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mandates the determination of the probes’ chemical potentials such that the total current,
described in Eq. 3.40, through each probe is nullified, thereby achieving equilibrium. A
study of Biittiker Probe elucidates two principal methodologies for current conservation: the
momentum relaxing model and the energy relaxing model. The momentum relaxing model
ensures the conservation of current at a particular energy for a specified probe, potentially
at the expense of momentum conservation for that probe. Consequently, the formulation of
charge current through each virtual contact takes into account these relaxation processes,
which are amenable to quantitative analysis by the ensuing equation:

I, = —?L/ I,(E)dE (3.40)
where I,,(E) = >, . T [fu(E) — fm(E)] is the current density function of k, and E at
n-th probe. Therefore, each probe’s chemical potential i, should be adjusted accordingly
to satisfy the condition.

The momentum relaxing model stipulates that the current at each probe be nullified,
expressed mathematically as
I,(E)=0 (3.41)

This model necessitates the establishment of a probe at each physical and energy
coordinate, which is its primary limitation due to the substantial computational demands
it imposes, particularly when employing finer energy meshes within the Newton-Raphson
algorithm. The scattering phenomena accounted for by this model arise due to the non-
conservation of momentum, allowing for the exchange of carriers with disparate momenta,
a feature also described as phase-breaking. This constraint does not impede the electrons’
energy states, yet it leads to a diminished current due to backscattering.

Conversely, the more inclusive energy relaxation model dictates that the cumulative
current be zero across all degrees of freedom except spatial coordinates. This is denoted by
the integral

I, = / I,(E)dE =0 (3.42)

oo

The continuity of charge current mandates that the aggregate charge current at each
probe I'" be zero. This approach diverges from the momentum relaxing model as it permits
a singular probe to address all scattering phenomena at a given location by adjusting
the chemical potentials to ensure the conservation of energy-integrated current, thus
encapsulating the effects of incoherent scattering losses.
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Thus far, two distinct paradigms for conserving current have been delineated: the energy
relaxing model, which will be the focus for the remainder of our discussions, is acclaimed
for its universality.

Newton-Raphson Method vs Broyden’s Method

To achieve zero net current flow at each probe, an inner loop (Fermi Search in Figure 3.4)
is added in the NEGF module to search for the target of the Fermi levels. We utilize the
Newton-Raphson approach[35] for root-finding (Fermi searching). The Jacobian, represent-
ing partial first derivatives, is crucial for Newton-Raphson-based methods. The element of
Jacobian is defined as follows,

o, 1 Ofn

OJT i} g O,

oGy,

Tnm, n
Obm

(3.43)

Newton’s method calculates the Jacobian precisely at each step, eliminating the need
for fitting parameters and reducing computational load. The secant method[35] is further
applied to speed up the convergence, where the exact Jacobian is computed only in the
first iteration (.Jp). Subsequent iterations employ Broyden’s update formula [41] to update
Jr (k> 1) approximately as shown below,

AXy — fi AR,

Jt=J
F ko1 AXFJI AF,

AXETY (3.44)

where the traditional RGF function is sufficient for updating J. In this paper, most results
utilize the secant method, where the exact Jacobian is computed in the first iteration, and
Broyden’s update formula is applied for subsequent iterations.

3.4 Simulation Robustness

The robustness of numerical simulations is crucial for accurate and reliable modeling of
semiconductor devices, especially at cryogenic temperatures where the simulation becomes
inherently more unstable, as briefly discussed in Section 1.4.2. This section delves into the
reasons behind this instability and outlines mitigation strategies, ensuring more stable and
convergent simulations.

First, thermal energy significantly influences the relationship between charge density
and Fermi level, represented by the equation kg1, where kp is the Boltzmann constant and
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T is the temperature. As the temperature decreases, kg1 becomes smaller, leading to an
increased sensitivity of charge density to fluctuations in the Fermi level. This sensitivity
can cause simulation instability. To address this issue and enhance simulation convergence,
several techniques are employed:

1. Utilize the initial guess from previously converged results at higher temperatures,
where simulations are more stable. This approach involves gradually approaching the
target cryogenic temperature, allowing for easier convergence.

2. Refine the energy grid, ensuring a finer resolution that can better capture the subtle
changes in the system with temperature variations. This refinement aids in maintaining
the stability of the charge density against fluctuations in the Fermi level.

Second, simulations become increasingly sensitive to small energy differences at cryogenic
temperatures, making the precise modeling of potential variations along the channel and
across the oxide layer critical. To accommodate this sensitivity, the simulation grid mesh is
meticulously refined, especially in regions where potential fluctuations are pronounced. For
the work presented in this thesis, the grid mesh density was intentionally increased relative
to standard room temperature simulations to capture these critical details.

Additionally, integrating cryogenic physics models, particularly scattering models using
Bittiker probes and the iterative solution of chemical potentials, adds complexity to nu-
merical simulations. Broyden’s method, an approximation of Newton’s method, is typically
employed to find the distribution of chemical potentials that satisfy the condition of zero
net currents. However, Broyden’s method may exhibit unstable behavior at extremely low
temperatures. In such cases, reverting to the more robust Newton’s Method is recommended
to ensure stability.

It is important to recognize that the strategies employed to enhance simulation stabil-
ity—such as increased grid mesh density and finer energy resolution—significantly augment
computational intensity. Therefore, a careful trade-off analysis is essential to balance the
need for simulation accuracy and computational feasibility. Strategies like adaptive mesh
refinement and selective energy grid densification can be explored to optimize computational
resources while maintaining the integrity of the simulation results. Addressing the challenges
of simulation robustness at cryogenic temperatures requires a multifaceted approach, com-
bining advanced numerical techniques with strategic computational resource management.
By carefully implementing these strategies, the reliability and accuracy of simulations for
2D material-based MOSFETSs at cryogenic temperatures can be significantly improved,
paving the way for deeper insights into device physics and performance optimization in
low-temperature environments.
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Chapter 4

Simulation of HfS, MOSFETSs at
Cryogenic Temperature

Two-dimensional (2D) materials, notably transition metal dichalcogenides (TMDs) and
graphene hold immense promise for revolutionizing the electronics industry, particularly
in the context of quantum computing. However, the performance of 2D Metal-Oxide-
Semiconductor Field-Effect Transistors (MOSFETSs) under cryogenic temperatures poses
significant challenges. Addressing this, our research introduces an advanced simulation
framework to accurately characterize and predict the behavior of 2D MOSFETS in cryogenic
environments. Leveraging the non-equilibrium Green’s function (NEGF) formalism, the
framework intricately integrates together temperature-dependent electrostatic, scattering,
and dissipation effects, along with carrier freeze-out and band tail phenomena, incorporating
a Bittiker probe for scattering. Our simulations, rigorously aligned with experimental
measurements through detailed mobility calibrations, prove effective in elucidating the
behavior of MOSFETs at low temperatures. This alignment not only validates our model
but also provides deep insights into the physical processes governing 2D materials in
cryogenic settings. By offering a sophisticated tool for designing and optimizing cryogenic
devices based on 2D materials, our work significantly impacts the development of electronics
for quantum computing, marking a substantial advancement in the understanding and
application of 2D materials in extreme temperature conditions.

In this chapter, we explore the cryogenic Metal-Oxide-Semiconductor Field-Effect Tran-
sistors (MOSFETS), a class of two-dimensional (2D) materials that garner significant
interest in quantum computing. Our research on HfS, MOSFETSs under cryogenic con-
ditions spans four scenarios thoroughly discussed in: band tail (Section 4.2), incomplete
ionization (Section 4.3), interface traps (Section 4.4), channel length scaling (Section 4.5)

49



and temperature scaling (Section 4.6). Utilizing the Biittiker probe model (Section 4.2),
we align our simulations with experimental data to derive meaningful physical parameters.
Each cryogenic model is initially implemented in isolation within our simulation framework,
enabling an in-depth analysis of its individual impact. These findings are detailed in the
respective sections. Devices with varying channel lengths are simulated in Section 4.5. A
holistic simulation incorporating all models is conducted to understand their combined
effects over a broad temperature range, from standard conditions to the cryogenic extreme
in Section 4.6.

4.1 Simulation Setup

SPACER i SPACER

INSULATOR

SUBSTRATE

Figure 4.1: Graphical illustration of the device structure employed in the simulations,
showcasing the configuration and arrangement of its elements.

We use HfS, (Hafnium Disulfide) MOSFETSs as an example throughout the paper to
illustrate the effects of cryogenic temperatures on semiconductor device behavior. HfS,,
a member of the transition metal dichalcogenides (TMDCs) family, exhibits intriguing
electronic properties due to its layered structure and relatively large band gap (E, = 1.54eV).
The device structure of the HfS; MOSFET is depicted in Figure 4.1. The nominal device
consists of an 18-nm channel region and 15-nm extensions for both source and drain, each
with a doping concentration of 5 x 10 ecm™2 in S/D regions. Periodicity is observed in
the transverse directions. The channel length scaling incorporates a quantum well layer to
enhance gate control and potentially reduce short-channel effects.
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The band structure of HfS, in Figure 4.2 reveals its indirect band gap. The band
structure notably includes multiple valleys at the conduction band minimum (CBM), which
are critical in determining the transport properties. This complex electronic structure
necessitates a comprehensive simulation approach to predict device performance accurately.
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Figure 4.2: Supercell band structure of HfS,.

4.2 Scattering Self-energy

This section presents a comprehensive analysis of the scattering mechanisms and mobility
benchmarking in Hafnium Disulfide (HfS2) Metal-Oxide-Semiconductor Field-Effect Tran-
sistors (MOSFETS) operating under cryogenic conditions. The primary objective of this
study is to systematically examine the influence of scattering processes on the resistivity
and carrier mobility within these devices using a rigorous and well-structured simulation
setup. With the scattering parameter 7, we consider the influence of carrier scattering
processes within the device, which can lead to energy loss as carriers traverse through
a uniformly doped semiconductor material. The value of 7 is validated by aligning it
with the experimentally observed carrier mobility. In Section 4.2.1, the focus shifts to
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analyzing the resistive behaviors caused by scattering effects. This analysis is fundamental
to the overall performance of the devices, as it underscores the importance of these effects.
The detailed exploration in this part provides a deeper understanding of how scattering
influences device functionality under cryogenic conditions. The Section 4.2.2 is dedicated
to ensuring that the mobility results derived from simulations closely align with experimen-
tal data. This alignment is critical for validating the accuracy and dependability of the
simulation framework. It guarantees that the simulations are not only theoretically sound
but also practically applicable in predicting the behavior of HfS2 MOSFETSs in cryogenic
environments. Overall, this study provides a comprehensive understanding of the scattering
mechanisms and mobility benchmarking in HfS; MOSFETSs under cryogenic conditions.

The transport calculations are proposed to be conducted with minimal bias across the
device. This ensures the presence of free carriers in quantities corresponding to the doping
level by establishing the appropriate potential through the solution of the Poisson equation.
The relationship R(L) = Vp/I(L) allows for the determination of resistance, where Vp is
the source-drain voltage and (L) the current for a given device length L. Resistance can
thus be evaluated for various device lengths. By analyzing the slope of R(L), the resistivity
p can be extrapolated as delineated in Equation (4.1). The mobility, a critical parameter
for characterizing carrier dynamics, is computed using Equation (4.2), where p,, and p,
represent the electron and hole mobilities, respectively:

p= (4.1)
. 1 (4.2)

~ q(pan + ppp)

Here, ¢ is the elementary charge, n is the electron concentration, and p is the hole
concentration.

4.2.1 Resistance vs Channel Length

The parameter n can be validated further by aligning it with experimentally observed
mobility. In general, to conduct alignment calculations, a small bias of Vpg = 10mV is
applied across the device. Using R(L) = Vsp/I(L), the resistance is computed for various
device lengths, as depicted in Figure 4.3(a) and (b) for 7' = 77 K and 300 K, respectively.
The slope of R(L) allows the deduction of the resistivity (p = dR/dL). Considering the
n >> p in n-type transistor, mobility can subsequently be approximated with p,, = 1/gnp
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Figure 4.3: Benchmark results for scattering effects with 1 ranging from 1 x 1073eV to
5 x 1073 eV: Calculated resistance is shown in (a) for 7= 77K and in (b) for 7' = 300K,
while the mean free path (\) is presented in (c¢) at 7= 77K and in (d) at 7" = 300 K.
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using Equation (4.2). The mean free path (), on the other hand, can be approximated by

Equation (4.3) below:
I

R
where the [ is the drain current measured with band tail and I is the current with Ballistic
assumption.

A Len (4.3)

4.2.2 Mobility Calibration

Our newly developed Biittiker probes undergo benchmarking against state-of-the-art exper-
imental measurements over a broad temperature range, spanning from 300 K down to 50 K.
While it may seem convenient to extract parameters by simulating one temperature and
then applying the parameters universally, we observed a slight deviation in fitted results for
two distinct temperatures with identical scattering parameters. Consequently, our approach
involves conducting simulations tailored to each specific temperature. In Figure 4.3(a)
and (b), we present a series of scattering parameters for 7" = 77 K and 300 K, respectively,
serving as exemplary cases. Notably, when the scattering constant 7 is set to 1.2 x 1073,
the extracted mobility aligns with the experimental value of y = 596 cm?/(V - s) at 77K,
whereas setting 1 to 5 x 107 achieves p = 143cm?/(V -s) at 300 K. Table 4.1 presents
the scattering parameters for all other temperatures using the same approach, with the
mobility extracted from simulations listed against experimental data. Notably, the band
tail length remains constant throughout the benchmark run.

Furthermore, we calculate the mean free path (\) associated with each 7 using the
formula A = L., - I/(Ig — I), where I denotes the drain current at a specific n, and Ip is
the ballistic current (n = 0). The results are visually presented in Figure 4.3(c) and (d)

Table 4.1: Scattering Benchmark Parameters
@ (cm?Vts™h)
T (K) sk (meV) n (meV) Simulation Experiment[5]

300 100 5.0 143 140
200 100 3.5 200 201
100 100 1.5 472 469
77 100 1.2 596 297
50 100 1.0 675 680
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Figure 4.4: Drain current (Ip) versus gate voltage (V) plots comparing ballistic transport
(lines) with scattering-inclusive models (markers) at temperatures of 7' = 300 K (in red)
and 7' = 50K (in blue).
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for 77K and 300 K, respectively, highlighting a consistent mean free path across various
device channel lengths. This uniformity in mean free path values indicates the accuracy
of the underlying physics in our simulation. The thorough alignment process between
simulations and experimental measurements ensures the derivation of robust parameters
with clear physical significance, establishing a solid foundation for subsequent simulations
under diverse scenarios.

4.3 lonization: Complete vs. Incomplete

This section is devoted to examining the phenomena of complete and incomplete ionization in
HfS, MOSFETS at cryogenic temperatures. It explores how these ionization processes affect
the electrical properties of the device, particularly focusing on the implications for quantum
computing applications. The study provides a comparative analysis between complete and
incomplete ionization states, elucidating their roles in determining the operational efficiency
and stability of HfS; MOSFETSs in low-temperature environments.

As a part of our comprehensive exploration of cryogenic device simulations, we metic-
ulously delved into the numerical intricacies of HfS; MOSFETSs, employing a model that
accounts for incomplete ionization (Equation (3.35)). Our primary goal was to identify
the impact of incomplete ionization on the device’s behavior under cryogenic conditions.
A channel dopant with dopant density of 1.5 x 103 cm~2 and shallow dopant level at
0.1eV below E. is introduced in our simulation. We found that incomplete ionization
has a very limited effect on our simulation configuration. This finding is observable in
the I-V results at 77 K, plotted in Figure 4.5. The absence of discernible effects on the
transfer characteristics associated with incomplete ionization was unsurprising, as Beckers
has reported similar behavior [30].

A crucial factor contributing to this alignment with experimental results lies in the
distinctive structural attributes of our simulation device, designed as a Silicon-On-Insulator
(SOI) with a notably thin body. Incomplete ionization tends to manifest at deeper positions
within the device structure. However, the inherently thin body of our SOI configuration
limits the presence of these deeper positions, effectively diminishing the significance of
incomplete ionization effects. This insight underscores the pivotal role played by the device’s
structural composition in shaping the observed phenomena during cryogenic simulations.
Furthermore, the gate voltage electric field ionization played a crucial role in influencing
the impact of incomplete ionization within the channel region of the device. The interplay
between the gate voltage and ionization dynamics is the key to the device behavior, as shown
in cryogenic device simulations. Considering the limited impact of incomplete ionization
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Figure 4.5: Comparison of the simulated transfer characteristic at T' = 77 K, showcasing
devices with incomplete ionization (markers), complete ionization (solid lines), and the
intrinsic devices (dotted lines).

for our device, we purposely neglect the impact of substrate freeze-out for the following
simulations.

4.4 Subthreshold Slope Inflection Analysis

This section offers an in-depth analysis of the Subthreshold Swing (SS) inflection in
HfS, MOSFETS, a critical aspect of device performance at cryogenic temperatures. The
subsection on Interface Trapped States investigates the impact of traps at the semiconductor-
oxide interface on the SS behavior, highlighting the intricate relationship between interface
states and device characteristics. Following this, the Band Tail subsection discusses the
role of tail states in the energy band structure, analyzing how they contribute to the SS
inflection and overall device behavior under cryogenic conditions.
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Figure 4.6: Comprehensive parametric study at 50 K (left) and 300 K (right) for varying
interface trap density (Nr) and trap distribution width (Wr): (a) A marked inflection
effect is observed as Ny is increased from 5.7 x 102 cm™2 to 2.9 x 10'® cm™2, which notably
decreases the ON-state current and alters its curvature in moderate inversion. The onset
of inflection remains consistent, attributed to the fixed Gaussian width. (b) Deterioration
of SS due to inflection and tunneling effects, with SS increasing at the lower end of
Ip. (e) and (f) Enhanced Wy from 20meV to 80 meV at the inflection initiation point
(N7 =1.7x 10" ecm™2). (c)-(d) and (g)-(h) Display results at 300 K for comparison, showing
minimal inflection in SS and limited impact of trap states on the ON-state current.

4.4.1 Interface Trapped States

This section focuses on individually examining the interface trap’s impact, facilitated by
enabling an electrostatic model within the Poisson module. Characterized by a Gaussian
distribution (refer to Section 3.2.2), these traps are assumed to be primarily situated around
the conduction band edge, as shown in the inset of Figure 3.4. The density and width can
be varied throughout the simulation. The simulations were carried out at temperatures
of 50K and 300 K, examining the effects of varying trap density (Nr) and the width of
the Gaussian distribution (Wr). Two distinct simulation sets were performed. The first
set adjusted N while maintaining a constant Wy, whereas the second set varied W,
keeping Np constant. The outcomes are presented in Figure 4.6, including Ip-Vi and
SS-Ip graphs at both temperatures for various configurations. In Figure 4.6(a)-(b) and
(e)-(f), a standard ballistic current scenario is set as a baseline (with n = 0 and Ny = 0),
depicted by black dotted lines at T' = 50 K. The inclusion of localized interface trapped
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states, indicated by arrows in Figure 4.6(a) and (e), leads to a discernible deterioration in
the subthreshold slope (SS). For a specific width Wy, the current exhibits an inflection
point around Ip =2 x 1073 A, as observed in Figure 4.6(a) and (b). An increment in the
trap density Nz, from 5.7 x 102 ecm™2 to 2.9 x 10 em ™2, increases surface disorder or trap
effects, noticeably degrading Ip and its slope, especially during moderate inversion phases.
The variation in gate voltage causes the Fermi level (Er) to traverse through the interface
trap energy levels within the Gaussian distribution. Distinct responses in the I-V curves
are associated with the Gaussian distribution’s inflection points and peak. For instance,
the inflection of SS happens when the Fermi energy sweeps through the first inflection
point as Vi increases, as shown in Figure 4.6(a). An increase in Wy from 20 to 80 meV, as
illustrated in Figure 4.6(e), results in a convergence of the current curves along the dashed
arrow, due to the invariance of trapped charge at the Gaussian maximum (Ep,, = E.).

Additionally, these simulations were replicated at a room temperature of 300 K, show-
cased in fig. 4.6(c)-(d) and (g)-(h). Device behavior significantly deviates from the cryogenic
conditions at this higher temperature, even under the same parameter settings. The current
and switching characteristics, which show noticeable degradation at 50 K, exhibit a less
pronounced decline at 300 K (see the dashed circles in fig. 4.6(d) and (h)). The influence
of interface traps on the device becomes less dominant, and the transfer characteristics
vary over a more restricted range at this elevated temperature. Despite the static nature of
the trap distribution, there is a marked shift in the electron distribution near the Fermi
level, primarily influenced by the Fermi-Dirac statistics, as elaborated in fig. 2.3. It should
noted that a small kink is observed for S-Ip at 300K in fig. 4.6(d) and (h), which could
be attributed to numerical fluctuations. The influence of band tail and interface traps,
more pronounced at lower temperatures, will be explored comprehensively in the following
section.

4.4.2 Effect of Band Tail

The significance of band tail states is magnified as the performance of MOSFETS is
increasingly influenced by the transition to cryogenic temperatures. Assessing the impact
of the extended tail on the band edge requires an in-depth understanding of the band tail’s
characteristic length. In our study, we go beyond traditional experimental methods to
investigate the band tail’s implications by simulating various characteristic lengths of the
Urbach tail. All configurations remain unchanged except for the band tail length x, which
is varied from 0 to 100 meV at both standard room temperature (300 K) and cryogenic
temperature (50 K).
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Figure 4.7: (a) Illustration of drain current (Ip) versus gate voltage (V) showcasing a
range of band tail lengths from 25 meV to 100 meV (solid lines), compared to the ballistic
case (markers). The data is presented for two temperature conditions: 7' = 50K (in blue)
and T'= 300K (in red).(b) LDOS plotted for a 18 nm-MOSFETs with £ = 100 meV at
T =50K.

The Ip-Vi transfer characteristics at these temperatures are illustrated in Figure 4.7(a).
At both 50 K and 300 K, the current in the ON-state shows negligible variation. However,
the current behavior in the subthreshold region is markedly different. The rise in drain
current is primarily noticeable when Vi falls below 0.7V, a phenomenon largely attributed
to tunneling current. The extended band tail introduces additional states within the band
gap, facilitating a tunneling pathway. This results in a more effective channel narrowing
below FE¢, enhancing the probability of electron tunneling. An upward trend in current
curves is observed with increasing band tail length, especially below 0.7 V. This trend
confirms our analysis that attributes this behavior to tunneling current via the in-gap states
created by the extended band tail. A Local density of state (LDOS) profile is plotted in
Figure 4.7(b) as an example. The longer the characteristic length of the band tail, the
greater the accumulation of states beneath the conduction band, increasing the likelihood
of electron tunneling through the potential barrier in the channel region.

4.5 Channel Length Scaling

In this section, the focus shifts to the effects of channel length scaling on the performance
of HfS, MOSFETs at low temperatures. The study explores how reducing the channel
length influences the device’s electrical characteristics, including threshold voltage, on-off
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Figure 4.8: Simulated performance of a 18 nm HfS, MOSFET incorporating full cryogenic
models: (a) Examining the effect of increasing interface trap density (N7) with a constant
trap distribution width (Wz); (b) Analyzing the impact of increasing Wy while maintaining
a fixed Nr; (¢) Comparing device performance for two different channel lengths, L., = 28 nm
and L., = 8nm, illustrating how the influence of cryogenic models is altered by channel
scaling.

ratio, and current flow. This analysis is crucial for understanding the scaling limits of HfS,
MOSFETS in cryogenic environments, providing insights into the design and optimization
of miniaturized devices for advanced quantum computing applications. Our analysis zeroes
in on the effectiveness of various cryogenic devices, seamlessly integrating the cryogenic
models previously discussed. We incorporate both band tail effects and interface traps into
our comprehensive simulation framework, ensuring a holistic approach to the analysis. The
simulation results for a channel length of L., = 18 nm are prominently displayed in Figures
fig. 4.8(a) and (b), evaluated at a brisk cryogenic temperature of 7' = 50 K.

A critical component of our analysis is the comparative assessment of transfer character-
istics. This comparison juxtaposes the Ballistic model (indicated by squares in the figures)
against scenarios with a band tail. Notably, the ON-state current demonstrates remarkable
stability in these settings, showing only a slight decrease due to the influence of the band
tail. However, the contrast becomes particularly pronounced in the subthreshold region.
Here, the disparity in current characteristics grows more acute as the gate voltage decreases.
The notable increase in drain current when Vg falls below 0.7V, as detailed in section 4.4.2,
can be traced back to the band tail’s extension into the band gap. This extension results in
additional states that facilitate electron tunneling, a phenomenon critical to understanding
device behavior under these conditions.

Moreover, the introduction of interface traps, as depicted in fig. 4.8(a) and (b), exerts
a distinct influence on the current behavior. This mirrors the effects we explored in sec-
tion 4.4.1, where interface trap states were examined in isolation. However, a key difference
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emerges in the altered dynamics of the subthreshold current, now heavily influenced by the
simultaneous presence of the band tail effect.

To delve deeper into the significance and impact of each cryogenic model and its opera-
tional domains, we investigated the effect of channel length scaling on device performance
under cryogenic conditions. This aspect of the study, illustrated in Fig. 4.8(c), is vital for
discerning the dominance of each model in different scenarios. Our findings reveal that
short channel effects (SCEs) become more pronounced as the channel length decreases.
This intensification is primarily attributed to an increase in drain-induced barrier lowering
(DIBL) and a decrease in channel modulation. This trend remains consistent across various
channel lengths. Intriguingly, longer channels, such as those measuring 28 nm, exhibit
behavioral patterns similar to the ones observed at 18 nm, underscoring the pervasive nature
of these effects in cryogenic environments.

Overall, this section presents a nuanced, multi-faceted examination of cryogenic devices,
offering valuable insights into the interplay of different mechanisms and their implications
on device performance in extreme conditions.

4.6 Temperature Dependence

The final section of the chapter addresses the impact of temperature scaling on the behavior
of HfS;, MOSFETs. It examines how varying temperature conditions, particularly in the
cryogenic range, alter the electrical properties of these devices. This analysis is pivotal
in understanding the temperature-dependent performance of HfS, MOSFETSs, guiding
the development of reliable and efficient 2D material-based devices for use in extreme
temperature environments, such as those encountered in quantum computing applications.

Our study incorporates a comprehensive range of cryogenic models into simulations to
evaluate the transfer characteristics of HfS, MOSFETSs from 300K to 50 K. As shown in
Fig. 4.9, the results are analyzed under two distinct scenarios: 1) ballistic transport and 2)
the integration of all cryogenic models. A salient observation is the enhancement in switching
performance (SS) with decreasing temperature, aligning with the Boltzmann limit in both
scenarios. The activation of cryogenic models leads to a decrease in the ON-state current
(I,,) across all temperatures, attributable to phonon scattering effects, as represented by
the Biittiker probe. Intriguingly, lower temperatures coupled with active cryogenic models
exhibit higher I,, values at elevated gate voltages, a trend absent in the ballistic model.
Examining SS under ballistic transport reveals consistent values across temperatures,
but a reduction from 69mV/dec to 17mV /dec is noted as temperature decreases from
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Figure 4.9: Temperature scaling from 50 K up to 300 K.

300K to 50 K. Conversely, with cryogenic models, SS demonstrates variability with gate
voltage, manifesting an inflection of S.S phenomenon, consistent with the observation by
Kamgar[2]. This inflection is particularly noticeable below 100 K. Given the extremely low
off-state current (< 1 x 107% pA/pm), the pronounced electron distribution near the Fermi
level markedly influences the in-gap density of states below E., resulting in a significant
degradation of S'S at lower temperatures. Our results corroborate experimental data, thereby
validating our simulation model. Additionally, the implementation of cryogenic models
unveils substantial shifts in current and S.S behavior, particularly at lower temperatures.

4.7 Summary

This chapter provides an in-depth exploration of the cryogenic behavior of Hafnium Disulfide
(HfSy) Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETS), a crucial class of
two-dimensional (2D) materials pivotal for quantum computing advancements. Structured
into five essential sections, it meticulously examines various aspects of HfS, MOSFETSs in
low-temperature environments.
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The chapter commences with ”Scattering and Mobility Benchmarking,” where a simula-
tion setup is established to investigate the effects of scattering on resistivity and carrier
mobility in HfS;, MOSFETSs. This section’s detailed approach to mobility calibration ensures
that the simulations closely mirror experimental measurements, providing a dependable
depiction of device behavior at cryogenic temperatures. Following this, attention is turned
to "lonization: Complete vs. Incomplete,” which analyzes the impact of these ionization
states on the electrical properties of HfS;, MOSFETSs. This comparative study is instru-
mental in comprehending operational efficiencies and stability within cryogenic settings.
The 7SS Inflection Analysis” section delves into the Subthreshold Swing (SS) inflection,
focusing on interface-trapped states and band tail phenomena. This analysis is key in
elucidating the intricate relationship between these factors and overall device performance in
low-temperature conditions. ”Channel Length Scaling,” the subsequent section, investigates
the effects of reducing channel length on the electrical characteristics of HfS; MOSFETs.
This exploration is critical for the design and optimization of small-scale devices intended
for cutting-edge quantum computing applications. The chapter concludes with " Tempera-
ture Scaling,” which examines how different temperature conditions, particularly in the
cryogenic range, affect the electrical properties of these MOSFETs. This section highlights
the significance of understanding temperature-dependent performance in developing reliable
2D material-based devices for extreme environments.

In summary, we discuss a thorough and systematic investigation of HfS; MOSFETSs
under cryogenic conditions, delivering essential insights into the physical processes and
challenges related to these 2D materials. It significantly contributes to the field of electronics
for quantum computing and marks a step forward in the advancement of 2D material
applications.
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Chapter 5

Multi-Level Simulation Scheme

In the end, we present an improved multi-level simulation framework (in section 5.1.1) for
2D material-based nanoelectronics, which expands from device simulation, physics-based
compact modeling, and circuit benchmarking using the GeH transistor as an example. In
section 5.3, the device simulation employs the non-equilibrium Green’s function (NEGF)
method to obtain the characteristics of 2D GeH field-effect transistors for both NMOS and
PMOS. In section 5.4, a compact model based on the MIT virtual source (MVS) model
is then revised to capture the unique behaviors of 2D material FETSs, including voltage-
dependent virtual source velocity and DIBL, as well as the effect of quantum capacitance.
In section 5.5, HSPICE circuit simulations are performed to analyze and optimize CMOS
digital benchmark circuits. The case study demonstrates that 2D material-based transistors
favor a different range of supply voltage and threshold voltage than their silicon counterpart
to achieve the optimal energy-delay product. The impact of contact resistance is also
analyzed using the proposed framework. This multi-level simulation approach bridges
the gap between nanoelectronics and circuit behavior, thereby comprehensively advancing
the understanding of materials, devices, and circuits. The framework tailored for GeH
MOSFET provides accurate device-circuit co-optimization, which can be easily extended to
devices based on other 2D materials.

5.1 Introduction

The rapid evolution of technology has led to an increasing demand for electronic devices that
are faster, more efficient, and cost-effective. As a result, researchers have been exploring
the potential of two-dimensional (2D) materials, such as molybdenum disulfide (MoS,),
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black phosphorus (BP), and germanane (GeH), as channel materials for the next-generation
complementary metal oxide semiconductor (CMOS) technology[32, 24, 25, 55, 56]. Even at
the initial stage, these materials have demonstrated tremendous potential owing to their
exceptional characteristics, including high ON/OFF current ratio, fast switching speed, and
immunity to short-channel effects[57, 58, 59, 60, (1]. For instance, previous theoretical
studies predicted that short-channel GeH field-effect transistors (FETSs) would be promising
due to their high field-effect mobility (~ 150 cm?-V~'.s7!) and large ON/OFF current ratio
(> 10%)[55, 62].

Despite significant efforts to fabricate devices based on 2D materials, a systematic design
and simulation framework is still lacking for device engineering and circuit performance
optimization. This is especially important for novel nanoelectronics based on 2D materials,
as experiments can be expensive. Thus, a multi-level simulation framework that covers
materials, devices, and circuits should be developed. Creating a proper compact model for
2D FETs is crucial in connecting the intrinsic material properties and device characteristics
to circuit performance. Existing transistor compact models[(3, 64, 65], primarily based on
the classical drift-diffusion theory[(6], are inadequate for nanotransistors using 2D materials.
While there are a few compact models that capture ballistic transport for silicon devices,
such as the MVS model[(7], they fail to include the distinct physics of low-dimensional
materials, such as quantum capacitance in 2D FETSs. Therefore, a compact model tailored
explicitly for 2D FETs is required, incorporating the effects and physics unique to the 2D
structure. While several models have been developed to evaluate 2D FETs beyond their
device-level performance either using compact modeling[68, 69, 71] or directly based on
atomistic-level simulation[70], there remains a gap in the literature regarding comprehensive
multi-level simulation with a full scope from materials, device, compact model to circuit
analysis for 2D-material based FET exhibiting ballistic transport.

In recent developments, a modified MVS compact model has emerged within a simulation
framework [$7] aimed at assessing the performance of monolayer GeH FETs. This represents
a significant stride towards establishing a comprehensive multi-level simulation paradigm.
This framework seamlessly marries the Non-Equilibrium Green’s Function (NEGF) sim-
ulation, responsible for extracting crucial physical parameters, with the compact model,
tailored to capture specific phenomena inherent in 2D MOSFETSs [38, 89]. Nevertheless,
the earlier iteration encountered challenges related to accurately fitting current in the
saturated region of the transistor, and it lacked the essential PMOS device characteristics
necessary for circuit analysis. In the pursuit of advancing this research, we present substan-
tial enhancements to the previous work [37] on multi-level 2D simulation, resulting in a
far-reaching simulation framework that encompasses NEGF simulations, a 2D MOSFET
model, and a circuit-level simulator designed for energy-delay optimization.
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A key innovation involves the integration of an advanced compact model, which sub-
stantially improves the accuracy of the current fitting for the device. This enhancement
incorporates critical features such as voltage-dependent carrier velocity, drain-induced
barrier lowering (DIBL), and the quantum capacitance effect. These modifications are
specifically tailored to refine the MVS compact model for 2D-material FETSs, considering
the unique phenomena stemming from the low density of states (DOS) observed in 2D ma-
terials. Moreover, we employ HSPICE simulation to comprehensively assess the circuit-level
performance of GeH FETs, adopting the compact model and parameters developed for both
NMOS and PMOS devices. Furthermore, we delve into the influence of contact resistance
using HSPICE simulation, thereby providing a realistic evaluation of circuit performance.
By leveraging the inherent synergy between NEGF and MVS, which mutually cross-validate
each other’s physics, we significantly bolster the reliability of our simulation results. This
integrated approach empowers us to rigorously compare and validate the outputs of both
models, ensuring a high degree of consistency and accuracy in predicting device behavior.
Consequently, our circuit-level energy-delay analysis is invaluable for gaining profound
insights into technology-device-circuit co-design.

5.1.1 Simulation Overview

The hierarchical framework of the multi-level simulation (Fig. 5.1) formed with device
simulation, compact modeling, and circuit analysis was introduced in our previous work. In
the device simulation, we use GeH, a hydrogenated germanium monolayer, as the channel
material. Tight-binding (TB) parameters [90] of monolayer GeH are extracted by fitting the
DFT bands [91] for the material input of the device simulation [10]. At the first stage, the
NEGF equation [76] is adopted along with Poisson’s equation to calculate the intrinsic device
performance of short channel GeH FETs where quantum mechanical effects such as carrier
tunneling and quantum capacitance are inherently included. In the second step, a new
compact model based on the MVS model is developed to reproduce the device characteristics
obtained from the NEGF simulation. Finally, circuit analysis is conducted using HSPICE
with the developed compact model. Integration of the Non-Equilibrium Green’s Function
(NEGF) equation and the MVS compact modeling approach, which cross-validate each
other’s results. Notably, the velocity, DIBL, and quantum capacitance (Cg) are examples of
such parameters. This combination provides a comprehensive understanding of the device
behavior by considering both quantum effects and circuit-level performance.
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compact model bridges the gap between device and circuit simulations.




5.2 Materials Parameterization

The scaling of conventional silicon metal-oxide-semiconductor field-effect transistors (MOS-
FETs) is nearing fundamental limits, necessitating advanced simulation tools for novel
materials and nanoscale device applications. These tools are critical for reducing the
time and cost associated with experimental explorations of new materials and devices.
Computer-aided design has become increasingly important in this regard for its efficiency.
A fundamental aspect of device simulation is the characterization of material properties.

5.2.1 DFT Calculations

Density Functional Theory (DFT) is a quantum mechanical method used to investigate the
electronic structure of many-body systems. It is based on the principle that a function of
the electron density alone can determine the ground state properties of a quantum system.
This approach circumvents the complexity of solving the many-body Schrodinger equation
directly.

The many-body Schrodinger equation for a system of N particles is:

N
h2
Z _va? +V(ry,...,ry) | U(ry,...,rn) = EVU(ry,...,ryN) (5.1)

i

Due to the complexity of solving this equation for systems with many electrons, approx-
imations such as the Born-Oppenheimer approximation are utilized. This approximation
decouples the nuclear and electronic motion, allowing the electrons to be treated as moving
in a static potential created by the nuclei. To further simplify the problem, DFT introduces
the electron density n(r), which is a function of only three spatial coordinates, regardless of
the number of electrons. This density is given by:

n(r) = N/]\IJ(r,rg,...,rN)]2 dry...dry (5.2)

The problem’s reformulation in terms of electron density leads to the Kohn-Sham
equations, which are solvable and provide a practical method for calculating the electronic
structure in many electron systems.
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Kohn-Sham Equations

The Kohn-Sham approach to Density Functional Theory (DFT) represents the interacting
electrons within a material by a non-interacting reference system while accounting for
electron correlation and exchange effects through the use of an effective potential. The
Kohn-Sham equations, which are derived from this approach, facilitate the practical
calculation of the ground-state density and energy of a many-electron system. These
equations are given by:

—Qh—mV2 + Vest(r) | ¢i(r) = €04 (r) (5.3)

where Veg(r) includes the external potential, the average electron-electron interactions, and
the exchange-correlation potential, and ¢;(r) are the Kohn-Sham orbitals. Solving these
equations self-consistently yields the electron density n(r), from which one can deduce
material properties critical for simulating novel semiconductor devices.

The Hamiltonian in the many-electron Schrodinger equation encompasses the kinetic
energy T the external potential Vgxt, and the electron-electron interaction Vge

H= Z——VQ + ZVM ;) + > Ulr,r;) (5.4)
1<J

Two central theorems underpin DFT"

e The ground-state energy is a unique function of the electron density.

e The electron density that minimizes the energy functional corresponds to the true
ground-state electron density.

For non-degenerate ground states, the wave function is uniquely determined by the
external potential V| leading to a unique potential for a given electron density. The energy
functional E|[p| is expressed as:

EM—FM+/Q®%AHM (5.5)

where F'[p] is a universal functional comprising kinetic and electron-electron interaction
energies, F[p] = T|p] + Ee[p]. The ground state energy FEy for a given external potential
‘/ext 1s:

By = Elpy (5.6)
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Kohn-Sham DFT effectively reduces the complexity of the many-electron problem by
transforming it into a set of single-electron equations. The effective potential Vg in the
Kohn-Sham equations is a sum of the external potential, the Hartree potential representing
electron-electron repulsions, and the exchange-correlation potential accounting for quantum
mechanical exchange and correlation:

M

T = -V (5.7)
Za

Vie = — g m (5.8)

Vi = / |1f)<_r2,|dr’ (5.9)

Vxe = %E;(—&[)p] (5.10)

Thus, the Kohn-Sham equations are a pivotal tool in material science, providing a
practical route to understanding the properties of complex systems.

One can determine the electronic structure by employing a self-consistent computational
scheme:
1. Begin by initializing an electron density guess n(r).

2. Solve the Kohn-Sham equations with the initial n(r) to obtain the single-electron
wave functions W;.

3. Update the electron density npey(r) using the wave functions according to nyey(r) =
> |Wi(r)|* where the sum runs over occupied states.

4. Compare Nyey(r) with n(r). If they are not equal within a set tolerance, adjust n(r)
using a mixing scheme and return to step 2. If they are equal, proceed to calculate
the ground-state energy Ej.

LDA and GGA
To approximate the exchange-correlation energy F,., one may use the Local Density

Approximation (LDA) or the Generalized Gradient Approximation (GGA). LDA assumes a
uniform electron gas model, which is adequate for many quantum chemistry applications
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but may underestimate the band gap in solid-state physics. GGA improves upon LDA by
considering the gradient of the electron density, yielding more accurate results for the band
structure of materials.

Several computational packages are available for DFT simulations, such as VASP,
Quantum Espresso, Abinit, and Siesta. Quantum Espresso, in particular, is a widely
utilized open-source software for electronic-structure calculations and materials modeling
on the nanoscale, which employs plane waves and pseudopotentials.

For device simulations that extend beyond the capabilities of traditional DFT, such
as when considering larger systems or requiring more nuanced models, methods like Non-
Equilibrium Green’s Function (NEGF), effective mass, tight-binding (TB), and maximally
localized Wannier functions (MLWF) can be more suitable. These methods provide a
practical means to study material properties and device performance on sub-micrometer
scales.

5.2.2 Tight-Binding (TB) Parameterization

While Density Functional Theory (DFT) can produce more accurate results, generating
Hamiltonians for other calculations like the Non-Equilibrium Green’s Function (NEGF)
method is computationally expensive. Multiple approaches have been suggested, such as
the effective mass approximation and the k.p method. These methods capture only the
minimal features needed for NEGF, such as the effective mass of the conduction and valence
bands or the band gap. On the other hand, the Tight-Binding (TB) method can provide
a closer approximation of the DF'T results. The TB Hamiltonian is based on atomic-like
basis sets. Instead of using the multi-body Hamiltonian operator shown in eqn. (2.19),
a parameterized Hamiltonian is employed. These parameters preserve features like the
effective symmetry and distance without significantly increasing computational time. This
is achieved by limiting the parameters to a minimal number within the energy range of
interest. Two main approaches to constructing the TB Hamiltonian are the Slater-Koster
TB parametrization and the maximally localized Wannier’s Function (MLWF).

The Slater-Koster TB method populates the Hamiltonian using hopping integral-based
parameters. These integrals stem from the electronic Hamiltonian in Equation (5.3). If one
neglects Vg and Vx¢, the new Hamiltonian takes the form of

Hoee(r) =T+ Vg = =5V + 3 u(f =T = Ra) = =5V +0(r) (5.11)

7,00
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where ﬁ is the lattice vector and ﬁa is the position of the basis atom. The Bloch
wavefunction of each atomic orbital with quantum numbers Im will be

-

wlm( k \/—ZelkTwlm T_T R ) (512)

The Hamiltonian and the overlap matrix for the Bloch wavefunction are calculated using

Hi (R) = (0, () Hetee |51 (R)) (5.13)
St (B) = (@ (B) [0t (K)) (5.14)
Equations (5.13) and (5.14) define a generalized eigenvalue problem from which the
eigenvalues of the wavefunction can be obtained. The new Hamiltonian H ﬁnall,m, can be
written in a tight—binding context to approximate the DFT results.
The Hamiltonian H;" l, (k) utilizes the atomic energy level 5}1’0, the crystal-field matrix
Aep, 11> and the hopping integral tff;ffl//m, as follows:
Hi (k) = 70 S (k) + A Oar — —Z T o (5.15)
where 7 z' , is defined by
o = [ A7 = o) o7~ Bl - o) (5.16)

The two-center hopping integral tlm s Shown in eqn. (2.50), comprises both two-
center and three-center terms. The three-center term can often be neglected if the basis is
sufficiently localized.

— — —v

oo = / AR (7 — Ba)o(7 — T — Ba) + 0(F— Ty — Bl (F— Ra)  (5.17)

Slater-Koster provided a simplification using cubic harmonic orbitals. A linear combina-
tion of bond integrals can approximate the interaction between two atomic bases. Listed
below are some examples of these energy integrals from the two-center approximation:
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Figure 5.2: Two-center Slater-Koster integrals for atomic orbitals s, p, and d, illustrating
bond types like o, 7, and § [9].

Ess - ‘/ssa
Esm - l‘/spa
E:m: = l2‘/;7p0' + (1 - ZZ)V;’I”T

Eayay = 3Pm*Vago + (I +m* — 4Pm*)Vaar + (n* + Pm®) Vaas

Direction cosines [, m,n are defined with respect to the distance d between the two basis

atoms as: R _R).7 PR R._R).z
z:(f‘_di)"”, m:%, n:¥ (5.18)

The terms mentioned above account for all types of bonds, from the strongest ¢ bond
to the m and d bonds, which are plotted in Figure 5.2 [9].

To determine the Slater-Koster integrals, empirical fitting of DFT eigenvalues is com-
monly employed, following these steps:
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1. Guess initial values for all integrals v;%, . atomic energy levels €;"", and crystal-field
matrix AE?;n Um!*

2. Solve the eigenvalue problem using H ﬁnall,m,(k)

3. Compare TB eigenvalues Erp with DFT ones Eppr. If the Mean Square Error (MSE)
is below the desired threshold, finalize; otherwise, update vﬁfll,m,, e and A -

TB parametrization for Germanene (GeH)

Figure 5.3: The electronic band structure of germanane (GeH) as determined through
Density Functional Theory (DFT) is represented by blue circles, while the solid red lines
indicate the fit achieved through tight-binding (TB) parametrization. The inset presents a
top view of the germanane lattice, with the unit cell demarcated by red dotted lines [10].

Density Functional Theory (DFT) calculations were utilized to obtain the band structure
of germanane (GeH). The Generalized Gradient Approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) parameterization was employed to capture the exchange-correlation
energy accurately. For geometry optimization, the conjugate gradient method was utilized,
setting the force tolerance to 1073V /A and the energy tolerance to 10~*eV. The primitive
cell of germanane, containing two Ge atoms and two H atoms, is depicted in the inset of
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Figure 5.3. Brillouin zone sampling was performed using the Monkhorst-Pack scheme with
a 50 x 50 x 1 mesh.

The resulting band structure is displayed in Figure 5.3, showing isotropic effective
masses near the I' point. The electron effective mass is quantified at 0.07mg and the heavy
and light hole effective masses at 0.50mg and 0.07my, respectively (my is the free electron
mass). These values are in good agreement with those reported in the literature. An
underestimation in the DFT-calculated band gap (E,) was corrected to 1.56eV, using the
scissors correction scheme, to align with the literature-suggested range of 1.48 — 1.60eV.
This adjustment to E, does not influence the analysis of n-type transport behaviors in GeH
FETSs, which is the focus of our study.

Tight-binding (TB) parameters were extracted from the DFT band structure using
a two-center Slater-Koster approximation with consideration for up to second-nearest
neighbors. Both s and p atomic orbitals were included for Ge, while only the s orbital
was considered for H. An orthonormal basis set was utilized for the calculations. The TB
parameters were refined by fitting to the DF'T band structure using a Mean Squared Error
(MSE) approach. The refined TB parameters accurately replicated the DFT band structure,
especially near the band edges, as evidenced in Figure 5.3.
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5.3 Device Simulation

5.3.1 Simulation Flowchart

For nanotransistors based on 2D materials, conventional drift-diffusion transport models
fail to capture the complex quantum mechanical phenomena at play, particularly when the
device dimensions approach the mean free path of the carriers. This is especially pertinent
in the context of 2D-material Field-Effect Transistors (FETs), where the typical transport
models give way to ballistic or quasi-ballistic transport models. These models are essential
for accurately simulating device characteristics when the carrier mean free paths are in the
same order as the channel length.

The Non-Equilibrium Green’s Function (NEGF) method is widely used for the simulation
of these 2D-material FETSs, as it incorporates the quantum transport equation and self-
consistently solves Poisson’s equation to determine the electrostatic potential across the
device. An iterative process is necessary to achieve a converged solution, which involves
initializing the device with an electrostatic potential, computing the self-energy terms based
on the contacts, and solving the NEGF equation to obtain the electron density and current
distribution. After this, Poisson’s equation is solved to update the electrostatic potential,
which is repeated until convergence is reached.

The iteration process, illustrated in Figure 5.4, ensures that the electrostatic potential
and the electron density are consistently updated, leading to a solution that accurately
reflects the electronic properties of the device. This is particularly important in devices
where electrostatic effects are dominant, such as quantum dots and field-effect transistors,
where the self-consistent treatment of the electronic states and the electrostatic environment
is crucial for accurate simulation results.

5.3.2 GeH MOSFET

In this work, monolayer GeH FET with an ideal ohmic contact is simulated (see the
device structure in Fig. 1). The material property is described by TB Hamiltonian with a
second-nearest neighbor approximation. The contribution of s and p orbitals for Ge and
s orbital for H are considered. Based on this set of TB parameters, the band structure
is well-matched with DFT bands in the previous work [22]. The nominal device is set
up as follows: 15-nm channel length (L.,), 3.85 nm-thick Al,O3; (k = 9) gate dielectric
(equivalent oxide thickness of EOT = 1.67nm), and 20-nm extended source and drain. For
the NMOS, a doping concentration of 8.25 x 10 cm™2 is used for the source/drain, whereas
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Figure 5.4: The flowchart demonstrating the iterative NEGF and Poisson self-consistent
simulation methodology for GeH FETs. This illustrative flowchart visually elucidates the
intricacies of the iterative procedure employed to solve the Poisson and NEGF equations
concurrently. This iterative approach culminates in precisely determining the electrostatic
potential and electron density of the GeH FET device, facilitating a comprehensive under-
standing of its electronic behavior.
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Figure 5.5: Drain current of GeH FETs at drain bias (|Vpg|) ranging from 0V to 0.7V
and gate bias (|Vgs|) from 0.5V to 1.1 V. Results from both NEGF simulations (dots) and
the modified MVS compact model (solid lines) are shown. Ipg-Vpg for (a) NMOS and (d)
PMOS; Ips-Vigs for (b) NMOS and (e) PMOS where DIBL vs. Vpg are plotted in the
insert in (b) and (e) for both NMOS and PMOS, respectively. Total channel charge as a
function of gate voltage Q.,-Vis are also plotted for (¢) NMOS and (f) PMOS at different
drain voltages (Vpg).

a higher doping concentration of 4.95 x 103 cm™2 is adopted for the PMOS considering the
larger DOS in the valence band. Ballistic transport is assumed due to the relatively short
channel length considered in this study. Contact resistance is assumed to be zero in NEGF
simulation.

We assess the intrinsic device performance of GeH NMOS and PMOS with NEGF device
simulation and present the device characteristics in Fig. 5.5, including current characteristics
(Fig. 5.5(a) and (b) for NMOS with blue dots, and Fig. 5.5(d) and (e) for PMOS with red
dots) and total channel charge curves as a function of gate voltage (Fig. 5.5(c) and (f) for
NMOS and PMOS,; respectively). Our results indicate that while some similarity can be
observed between GeH n-type and p-type MOSFET (NMOS and PMOS), NMOS exhibits
a higher saturated current than PMOS at all gate voltages due to the smaller effective
mass of electrons in GeH [10]. Both devices show excellent gate control and demonstrate
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subthreshold swing just above the theoretical Boltzmann limit (66.0 mV /dec for PMOS
and 64.8 mV /dec for NMOS). Moreover, the total charge for PMOS is slightly higher than
that of NMOS for the same bias point, which can be attributed to the higher density of
states of holes in GeH. The details of those discussed are provided in later sections 5.4.1
and 5.4.2. NEGF simulation results serve as input for the compact model in our multi-level
scheme, and the intrinsic characteristic extracted from NEGF is a good starting point for
calibrating the parameters in the MVS model.
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5.4 MYVS Compact Model

To study the performance of circuits based on GeH FETSs, a compact model is introduced to
enable computationally efficient circuit simulations. A semi-empirical virtual source model
(MVS) [64] that describes the device characteristics of short-channel MOSFETS is chosen
as the starting point, given its ballistic nature and simplicity in its model formulation.
One of the advantages of the MVS model is the usage of only a limited number of model
parameters. Most of these parameters have straightforward physical meanings, allowing
relatively simple verification from numerical simulation results. However, the MVS model
was developed for the quasi-ballistic transport of three-dimensional (3D) silicon devices
where virtual source velocity is assumed to be constant. Therefore, it is incompetent to
capture some physics of 2D-material FETs. Considering the unique underlying physics of
2D materials and their device, we proposed an updated MVS model to match the transport
characteristics obtained from the NEGF quantum transport simulation. The model is
improved for 2D MOSFET mainly in three parts: 1) considering the effect of quantum
capacitance 2) modeling the virtual source velocity with a voltage-dependent equation
and 3) introducing a voltage-dependent DIBL. First, we evaluate the gate capacitance
using Eq(5.19). In 2D FET, gate capacitance (Cg) is not always dominated by the oxide
capacitance C,, and quantum capacitance (Cg) plays an important role in determining Cg
along with C,,.

1/Cq =1/Cop + 1/Co (5.19)
Here, Cy is considered by default in NEGF simulation. Second, the gate voltage-dependent
virtual source velocity is newly introduced as

Ve = vso - [(Ve — Vi) Vi) (5.20)

where v, is virtual source velocity, Vg is gate voltage, Vi is threshold voltage, and Vj is
set to 1V (for the unitless). The virtual source velocity changes linearly at the ON state
with the new empirical equation. Third, the voltage-dependent DIBL is redefined by the
equation as

DIBL = 6 {1 +exp (Vg — Vow) /VA]} (5.21)

where § is a fitting parameter of nominal DIBL, and V; is set to 1 x 1073V for unitless.
The modifications in virtual source velocity, DIBL, and capacitance can accurately describe
2D-material FETSs, thereby improving the overall fitting of the device characteristics data.
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With a set of optimized parameters, the results from MVS model fit NEGF data points
for both current and charge. In Fig. 5.5, the excellent agreement between the simulated
(dots) and modeled results (lines) demonstrate an accurate fit for the drain currents (Ip).
Notably, in Fig. 5.5(c) and (f), the total charges in the channel are well matched between
the simulated and modeled results. This is a critical aspect for the precise prediction of
dynamic circuit performance. It is important to have virtual source velocity and charge
density well matched separately so that a current fitting with physical meaning requires a
good match in both virtual source charge density and velocity between device simulation
and compact model. This section will highlight the importance of a good match in charge
density and velocity at the virtual source point for successful current curve fitting.

In the previous work [37], it was found that the MVS model could not accurately fit
the current-voltage characteristics of GeH FETs from NEGF simulation, particularly at
the ON state, even with the best-optimized set of parameters. This discrepancy arises from
the lack of physics unique to nanotransistors based on 2D materials. To investigate the
correlation between NEGF and the MVS model, it is essential to analyze the electrostatic
potential profile of the device. In Fig. 5.6, the channel potentials are plotted along the
device length at different gate voltages (from |Vg| =0V to [V = 1.2V at a fixed drain
voltage |Vp| = 0.7V). From the plot, we can observe as the potential barriers are gradually
modulated downward for NMOS (upward for PMOS) with increasing (decreasing) gate
voltage, the top of the barrier moves closer to the source region. The top of each potential
(indicated by dots in Fig. 5.6) corresponds to the virtual source point in the MVS model.

In Fig. 5.7, we present charge density and carrier velocity at the virtual source point.
The NEGF simulation velocity (Fig. 5.7(b)) was calculated by dividing the drain current
with the local charge density (Fig. 5.7(a)) at the virtual-source point, located at the top of
the barrier. The charge density and carrier velocity obtained from the MVS model are also
depicted in the same plot with solid lines. Our findings reveal a consistent match between
NEGF and the modified MVS model, indicating that our new model captures the drain
current and generates parameters such as gate capacitance and virtual source velocity with
a solid physical interpretation. While the NMOS results are presented as an example, we
applied the same approach to PMOS.

The agreement in charge and velocity is a result of the updated equation of virtual
source velocity and modulated gate capacitance in the modified MVS model, as discussed in
the following sections. These modifications are derived from two unique phenomena arising
from the properties of 2D materials that were uncovered through NEGF simulation. To
gain a deeper understanding of the physics underlying charge and velocity in 2D FETs, we
discuss the density of states (DOS) and injection velocity given by the GeH band structure,
as well as the effect of quantum capacitance, in sections 5.4.1 and 5.4.2, respectively.
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Figure 5.6: Potential profiles of (a) the valence band for PMOS at Vp = —0.7V and (b)
the conduction band for NMOS at Vp = 0.7V, with different gate voltages. The location of
the top of the barrier for each gate voltage is indicated with red and blue dots for PMOS
and NMOS, respectively.
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Figure 5.7: (a) Charge density (p,s) and (b) virtual-source velocity (v,s) at the virtual
source/top of barrier point are plotted as a function of gate voltage, respectively, at
Vp = 0.7V. Charge densities are plotted on both a linear scale and a logarithm scale.
NEGEF simulation results are shown in blue square dots, while results from the MVS model
are in black solid curves.
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5.4.1 DOS and Injection Velocity

One of the unique behaviors of GeH MOSFETSs is that the carrier velocity at the virtual
source point increases with gate voltage in the ON state, as shown in Fig. 5.7(b). This
contrasts with 3D silicon, for which the carrier velocity at the virtual source point is
assumed to be relatively independent of gate voltage in the MVS model. The reason for
this behavior is that 2D GeH has a significantly lower density of states (DOS) than 3D
silicon. Figure 5.8(a) displays the calculated DOS for GeH and silicon, confirming that
GeH has a significantly lower DOS than silicon. For example, the DOS at an energy level
of 0.1eV above the conduction band bottom (E¢) is estimated to be 3.04 x 10 cm™3eV !
for GeH and 2.41 x 10?! cm eV~ for silicon.
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Figure 5.8: (a) Energy-resolved density of state (DOS) for GeH and silicon. For comparison,
the unit of DOS for GeH was converted to eV 'cm™ by dividing 2D DOS of GeH with
its thickness (0.55nm). (b) The bandstructure-limited velocity of GeH is plotted for both
electrons (blue solid line) and holes (red solid line). The red dashed line shows the velocity
of light holes and that of heavy holes by the red dotted line.

In the MOSFETSs based on low-DOS materials like GeH, the channel potential can be
more easily lowered as the higher gate voltage is applied, allowing gate capacitance value
energy to range from the edge of the conduction/valence bands. As a result, higher energy
levels with respect to Eo for NMOS (or lower energy states with respect to the valence
band top Ey for PMOS) are involved. Due to the large injection velocity at higher (lower)
energy levels for NMOS (PMOS), as shown in Fig. 5.8(b), the average carrier velocity
(within the transmission energy window) of 2D GeH FETs becomes higher when a large
gate voltage is applied. In contrast, for silicon, the majority of current flows near E¢ for
NMOS (Ey for PMOS), making the average carrier velocity almost constant.
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5.4.2 Quantum Capacitance

The improvement of charge fitting is achieved by altering the value of the gate capacitance
in the model. Capacitance extracted from NEGF simulation is not limited by the oxide
capacitance, which is usually adopted as the gate capacitance for conventional silicon devices,
showing a small deviation from the oxide capacitance (C,,;) at the ON state. This deviation
from C,, is due to the effect of quantum capacitance (Cp), an essential phenomenon
observed in 2D semiconductors, such as graphene.
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Figure 5.9: Oxide capacitance (C,,, black solid line), quantum capacitance (Cg, colored
solid line), and total gate capacitance (Cg, dash-dot line) for (a) NMOS and (b) PMOS at
VD ~ 0V.

We extract Cg from numerical simulations at Vpg ~ 0 V. First, intrinsic gate capacitance
is computed numerically using
_ 9Qcn

- OVgs'
where ¢y, is the steady-state channel charge. Then, the quantum capacitance can be
calculated with

C’o:):CYG

Cox - C(G

according to the Eq. (5.19) in section 5.4. The capacitance (Cg, Cg, and C,,) are plotted in
Fig. 5.9 for both NMOS and PMOS. In this study, C,, is calculated to be 2.1 x 107 F/cm
due to a 3.85-nm-thick Al,O3 gate dielectric. For NMOS; the total gate capacitance Cg
extracted from NEGF is around 1.2 x 107°F /cm, which leads to Cg = 3.0 x 107°F/cm
at the ON state. Similarly, for PMOS, Cg is saturated around 1.0 x 107%F/cm, and Cj, is

Ca

Co =
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1.7 x 1075F/cm at high (negative) gate voltages. As a result, the gate capacitance of GeH
FET is a strong function of quantum capacitance due to its low density of state from the 2D
effect, whereas the gate capacitance of conventional silicon MOSFET can be approximated
with the oxide capacitance because of the large DOS. For our modified MVS model, the
gate capacitances are evaluated by fitting the charge density at the virtual source point, as
illustrated in Fig. 4(a), resulting in the gate capacitance Cg = 1.5 x 1079 F /cm? for NMOS
and Cg = 1.7 x 1075F /cm? for PMOS, both of which fall close to the value from NEGF.

5.4.3 Fitting Parameters

Table 5.1: Fitting Parameters for NMOS and PMOS.

Fitting Parameters 15-nm NMOS 15-nm PMOS
Contact resistance Ry [k€2 - pm] 0 0
Gate capacitance Cg [F/cm™?] 1.53 x 1077 1.70 x 1077
VS velocity v, [cm/s] 3.50 x 107 1.75 x 107
Mobility p [em?/(V - s)] 74 30
Threshold voltage Vry [V] 0.78 0.76
DIBL § [mV V] 17 11
Punch-through factor ng [1/V] 0.135 0.292

Key parameters are listed in Table 5.1 for intrinsic transistors with R, = 0. The
virtual source velocities of NMOS and PMOS are 9.23 x 107 cm/s and 4.09 x 107 cm/s,
respectively, which match the band structure-limited velocity as shown in Fig. 5.8(b). Other
parameters, such as subthreshold swing and threshold voltage, also closely agree with
the values observed in the NEGF transport simulation. In addition, the carrier mobility
used in the compact model for PMOS (= 30cm?/(V - s)) is lower than that of NMOS
(= 74cm?/(V - s)) which is supported by the band structure of GeH where heavier effective
mass can be observed for PMOS. All parameters were adopted from the original MVS model
with careful consideration to minimize the size of the parameter set. To give users more
flexibility, the MVS model chooses these directly as input instead of calculating through
numerical simulation or experimental measurement. Most of the fitting parameters in
our compact model have clear physical interpretations, feeding the circuit simulation with
reliable input parameters. When we simulate circuit performance, external/series resistance,
and parasitic capacitance will be incorporated.
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5.5 HSPICE Simulation

Circuit simulation can be conducted through HSPICE using a developed modified MVS
model with fitted parameters. A 15-stage FO4 CMOS inverter chain is used for a benchmark
circuit. Circuit parameters such as delay, total charge, and leakage charge are extracted at
a certain circuit node in one clock period. Circuit-level figures of merit such as propagation
delay (7,), static power dissipation (Psqgtic) and dynamic power dissipation (Paynamic) are
extracted as:

T, = Ngt (5.22)
Pstatic = deQleakVDD (523)
denamic = a/de(Qtot - Qleak)VDD (524)

where « is an activity factor and N, is the logic depth. 7 is measured as the average delay
per stage. Qs and Qeqr are the total charge supplied by the power supply voltage under
a pulsing input and a static input tied at the ground, respectively. f is the input pulse
frequency. Energy-delay product (EDP), as a figure of merit for circuit performance, can
be optimized by carefully engineering power supply voltage (Vpp) and threshold voltage
(Vry). A lumped sum resistances of 1kQ pm and 0.1kQ pm are used for contact resistance
in the circuit simulation.

To evaluate technology and optimize device-circuit performance, HSPICE simulations
are conducted using the modified MVS model that was developed in this work for the
compact modeling of GeH FETs. A 15-stage FO4 inverter chain was selected as a benchmark
digital circuit, which was designed to switch at the maximum possible frequency. An activity
factor of 1072 was used, as detailed in previous work, to balance the ratio of dynamic
power and static power at a reference point (Vpp = 1.0V and Vg = 0.8 V). To investigate
the effect of contact resistance on circuit performance, two different contact resistances of
1kQpm and 0.1 k2 pm were employed, as opposed to the previous assumption of perfect
contact at the metal and source/drain interface of GeH FET. The simulation is assumed
at temperature of 300 K with MOSFETSs of L., = 18 nm, considering the effect of varying
contact resistance will be most pronounced with short-channel devices. Circuit parameters
including propagation delay, total power dissipation (Pr), and energy-delay product (EDP)
were evaluated while varying Vpp and Vpp.

Figure 5.10 is used to illustrate the relation of different reference voltages (Vpp, Vru,
Von, and Vpopr) in the operation window. To change Vpp at a fixed Vg, the right edge
of the grey window (Vpy) is shifted, while the position of the left edge (Vorp) remains
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Figure 5.10: A power supply voltage window (grey box) is plotted to illustrate the relation
of the reference voltages at which circuit parameters, such as propagation delay, power
dissipation, and energy-delay product, are evaluated.

fixed. On the other hand, to vary Vg under a fixed Vpp, both Voy and Vprpr are shifted
simultaneously while maintaining the width of the grey window (Von — Vorp) in Figure 5.10.

The impact of Vpp and Vyg on Pr and 7, was shown in Fig. 5.11(a) and (b), respectively,
for both 1.0k pm and 0.1 k2 pm contact resistances, illustrating a trade-off between the
speed and the energy cost. EDP as a function of threshold voltage was plotted in Fig. 5.11(c)
and (d), showing an optimal operation point for each power supply voltage. By sweeping
both Vpp and Vg, the minimum EDP can be found at the peak value in the 1/EDP color
map in Fig. 5.11(e) and (f). In the HSPICE simulation, Vg shift was performed identically
for NMOS and PMOS to improve the computational efficiency.

In Fig. 5.11(e), with R, = 1.0k pm, the minimum EDP of 9.8 x 1073 £J - ps was achieved
at Vpp = 0.8V and Vyg = 0.5V, which is approximately 50 times lower than the EDP
for a non-optimized device (e.g., with Vpp = 0.7V and Vry = 0.3 V). Similarly, the trend
of circuit parameters with R. = 0.1k pm is also shown in Fig. 5.11(f). In this case, the
optimal operation point shifted to Vpp = 0.9V and Vyyz = 0.5V, indicating that lower Vpp
are required to achieve the minimum EDP of 3.1 x 1073 £J - ps. This shift can be attributed
to the steeper 7, curve and transition point moving toward higher Vygy with lower contact
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Figure 5.11: (a) Total power dissipation (Pr), propagation delay (7,) and (c) energy-
delay product (EDP) vs. threshold voltage (Vrg) at different power supply voltages of
Vbp = 0.7V and 1.0V and (e) Color map of 1/EDP as a function of Vpp and Vppy are
plotted with a higher contact resistance (R, = 1k - pm). The corresponding results with
a lower contact resistance R. = 0.1k - pm are plotted in (b), (d), and (f). In colormap,
a warmer color indicates a smaller EDP. The optimal operation point (i.e, the minimum
EDP point) is located at Vpp = 0.8V and Vrg = 0.5V with EDP = 9.8 x 1073 {J - ps for
1kQ - pum in (e) and at Vpp = 0.9V and Vrg = 0.5V with EDP = 3.1 x 1073{J - ps for
0.1k - pm in (f).
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resistance (0.1kQ pm) while the Pr curve becomes flatter. The impact of delay and power
behavior should be considered to understand the shift of the minimum EDP point.

5.6 Summary

To investigate the performance of 2D-based devices, a multi-level simulation was proposed
in this study. Our study has significantly enhanced the multi-level simulation framework
proposed initially in prior research to evaluate the performance of 2D-based devices. This
comprehensive approach began with a quantum transport simulation to accurately model
the intrinsic characteristics of GeH FETs. Subsequently, we developed a compact model
tailored to match the numerical data obtained from the quantum transport simulation.
Finally, HSPICE circuit simulations are conducted to optimize the circuit performance of
GeH FETs, with the modified MVS model playing a pivotal role in seamlessly bridging the
device and circuit simulations.

The numerical simulation results showed that GeH NMOS exhibits larger ON current and
higher carrier velocity, while carrier density is more elevated with PMOS. The former is due
to a smaller effective mass of electrons, and the latter is because of the larger DOS of holes.
Unique characteristics of GeH MOSFET were incorporated in the compact model, which
includes a voltage-dependent virtual source velocity and quantum capacitance to account
for the unique nature of 2D materials. In this work, NMOS and PMOS are separately
simulated and analyzed, which is essential in CMOS circuit-level design, simulation, and
optimization. The effect of contact resistance at the source/drain for GeH MOSFET was
also evaluated. It was found that the minimum EDP point shifts to a lower power supply
voltage and higher threshold voltage with more considerable contact resistance, and the
optimal region becomes significantly smaller. Although the channel length and EOT scaling
were left for future work, the authors are confident that the modified MVS model will scale
well for different technologies, as the original MVS has shown excellent scaling. While our
primary focus has been GeH MOSFETSs, the models elucidated in this study can be applied
to ballistic MOSFETs made from other 2-D semiconductors with minimal adjustments.

Overall, this work focuses on the multi-level simulation framework and highlights the
advantages of utilizing NEGF simulation and the MVS model in a combined approach.
Notably, the outcomes predicted by the modified MVS model demonstrated exceptional
agreement with NEGF simulation results. Our findings collectively underscore the robustness
and accuracy of the enhanced simulation framework, making it a valuable tool for further
advancements in 2D-based device research.
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Chapter 6

Conclusion

6.1 Summary

The presented thesis has mainly focused on two parts: 1) specifically in developing a more
accurate numerical simulation of MOSFETs based on 2D materials operating at cryogenic
temperatures and 2) bridging the gap between intrinsic simulation and circuit analysis of

2D-based MOSFETs.

At the core of this work is the establishment of an improved simulation framework that
leverages the NEGF formalism. This framework accounts for critical temperature-dependent
phenomena such as electrostatics, scattering, dissipation effects, carrier freeze-out, and band
tail phenomena, offering an in-depth understanding of 2D materials in cryogenic conditions.
The successful alignment with experimental data, especially for HfS; MOSFETS, highlights
the framework’s accuracy and potential in enhancing the performance of cryogenic elec-
tronic devices. In-depth explorations into the cryogenic behavior of MOSFETS, specifically
addressing phenomena like the Fermi distribution function, incomplete ionization, interface
trapping, and the band tail effect, were conducted. These investigations revealed the
complex interplay between decreased temperature and semiconductor physics, providing a
comprehensive framework for optimizing device performance under cryogenic conditions.
The thesis systematically dissected the behavior of HfS; MOSFETSs at cryogenic temper-
atures, covering aspects from scattering and mobility to ionization and channel length
scaling. This rigorous analysis not only deepens the understanding of HfS, MOSFETSs
in low-temperature environments but also contributes to the design and optimization of
devices for quantum computing applications.
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Another important part is the development of a multi-level simulation approach tailored
for 2D material-based nanoelectronics. Through an exhaustive case study on GeH MOS-
FETs, this approach integrates device simulation, physics-based compact modeling, and
circuit benchmarking. The revision of the virtual source model to encapsulate the unique
characteristics of 2D-material FETs and the subsequent HSPICE simulations underscore
the significant improvements in the energy-delay product, facilitating the design of efficient
next-generation nanoelectronic circuits. Further, the work extends to the performance
analysis and optimization of GeH FETs through a multi-level simulation framework. The
introduction of a modified virtual source model, accounting for the unique properties of 2D
materials, alongside detailed device and circuit simulations, demonstrates the potential of

GeH MOSFETSs in CMOS technology.

6.2 Outlook

The advancements and insights gleaned from this thesis are instrumental in furthering the
development and optimization of two-dimensional (2D) material-based nanoelectronics,
especially under cryogenic conditions and at the circuit level. The potential application of
cryogenic MOSFETS in quantum computing opens up exciting avenues for future research,
particularly in integrating these devices within quantum circuits. A pivotal direction for
future endeavors includes incorporating cryogenic simulations into the multi-level simulation
framework to examine the circuit-level performance of 2D material-based transistors at
cryogenic temperatures. Developing a cryogenic-physics-based compact model within the
multi-level simulation framework is essential for advancing this research. Additionally,
efforts could be directed toward creating hybrid systems that combine 2D material-based
devices with qubits, thereby optimizing the interface and communication between classical
and quantum computing components. Such integration is crucial for achieving scalable
quantum computers.

Although this thesis has predominantly focused on germanene (GeH) and hafnium disul-
fide (HfSy) for MOSFET applications, the exploration of 2D materials is far from exhaustive.
Future investigations could delve into other 2D materials exhibiting unique properties,
such as transition metal dichalcogenides (TMDs) beyond HfS,, black phosphorus, and
graphene. Identifying and characterizing materials with enhanced electronic, thermal, and
mechanical properties is vital for improving device performance, particularly in high-stability
and efficiency-demanding applications. Furthermore, the cryogenic simulation framework
could be leveraged to explore advanced device architectures, including tunnel field-effect
transistors (TFETSs), gate-all-around (GAA) transistors, and stacked 2D heterostructures.

92



These innovative architectures hold the promise of mitigating short-channel effects, aug-
menting electrostatic control, and reducing power consumption, which are imperative for
miniaturizing device dimensions.

While significant progress has been made in simulation and theoretical analysis, moving
forward to experimental validation and prototyping of devices based on the developed models
is paramount. Collaborating with experimental research groups and industry partners
will be crucial for prototype fabrication, facilitating the empirical testing of theoretical
predictions. Such collaborative efforts will not only serve to validate the developed models
but also unearth new challenges and avenues for optimization.

6.3 Future Work

This thesis lays a foundational framework for the advancement of 2D material-based
nanoelectronics, emphasizing their potential in cryogenic applications. To extend the
research frontier, the following detailed avenues for future work are proposed, aimed at
addressing critical challenges and leveraging novel opportunities:

Deep Cryogenic Environment Exploration

o Development of Enhanced Simulation Stability: Creation of advanced simulation
techniques that demonstrate increased stability at ultra-low temperatures, beyond the
cryogenic range in this thesis (50 K). This entails the formulation of novel numerical
methods or the adaptation of existing ones to ensure accurate, reliable simulations
down to millikelvin temperatures. Investigating the quantum effects that become
significant at these temperatures will also be crucial for a comprehensive understanding
of 2D material behavior in deep cryogenic conditions.

Cryogenic Compact Modeling and Quantum Circuit Integration

o Physics-Based Compact Models for Cryogenic Conditions: Focus on developing and
refining compact models that encapsulate the unique quantum phenomena observed in
2D materials at cryogenic temperatures. Such models are essential for the predictive
simulation of device and circuit behavior, enabling the design of optimized circuits that
exploit the quantum mechanical properties of 2D materials for enhanced performance.
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e Seamless Integration with Quantum Circuits: Undertake targeted research to seam-
lessly integrate cryogenic MOSFETSs into quantum circuits, emphasizing the opti-
mization of interfaces for efficient signal transfer between classical and quantum
domains. This research will explore novel methodologies for qubit control and readout
facilitated by 2D material-based devices, potentially setting new benchmarks for
quantum computing architecture.

Multi-Level Simulation Framework Enhancement

e Cryogenic Simulation Capabilities: Augment the existing multi-level simulation frame-
work to incorporate detailed cryogenic simulation functionalities. This enhancement
will support the end-to-end design and evaluation of 2D nanoelectronic circuits tailored
for operation in cryogenic environments, addressing the need for devices that are both
highly efficient and compact.

e Benchmarking and Material Characterization: Embark on comprehensive benchmark-
ing studies to contrast the performance of cryogenic 2D circuits against conventional
technologies, emphasizing their energy efficiency and suitability for specific applica-
tions. Concurrently, extend the simulation framework to include a broader spectrum
of 2D materials, focusing on their characterization at cryogenic temperatures to
uncover materials with superior electronic, thermal, and mechanical properties.

e FExploration of Advanced Device Architectures: Investigate cutting-edge device archi-
tectures such as TFETs, GAA transistors, and stacked 2D heterostructures for their
operational viability and performance at cryogenic temperatures. This exploration
aims to identify design strategies that minimize power consumption and mitigate
short-channel effects, essential for the continued miniaturization of electronic devices.

Bridging Theory with Experimental Practice

e Collaborative Development and Empirical Testing: Establish strong partnerships with
experimental research groups and industry stakeholders to transition from theoretical
models and simulations to the fabrication and testing of real-world devices. These
collaborative efforts are vital for validating the practical applicability of research
findings and for refining theoretical models based on empirical data. Such synergies
will facilitate the rapid advancement of 2D material-based electronics, steering the
field towards the realization of next-generation computing technologies.
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