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Preface

The continuous scaling of electronic devices has been the cornerstone of technological
advancement for over half a century. As the dimensions of transistors and sensors
approach the nanometer regime, classical models of carrier transport cease to adequately
describe their physical behavior. In this regime, phenomena such as quantum confinement,
tunneling, and subband formation begin to dominate, demanding modeling frameworks
that can capture the intricate interplay between classical drift-diffusion transport and
quantum-mechanical effects. This thesis, titled “Semi-classical and Quantum Modeling of
Low-Dimensional Devices and Sensors,” is motivated by the growing necessity to develop,
understand, and validate transport models that bridge the gap between traditional and

quantum approaches across different device architectures and material systems.

The work presented here is the result of several years of research dedicated to exploring
the transition from classical to quantum transport in nanoscale electronic devices and their
applications in sensing. The primary objective of this thesis is to systematically study,
compare, and integrate semiclassical and quantum transport methodologies to analyze the
electrical and sensing characteristics of low-dimensional devices such as MOSFETs, HEMTs,
TFETs, and quantum-well-based structures. The motivation arises from the recognition
that, although extensive progress has been made in modeling nanoscale devices, a unified
cross-platform understanding of transport phenomena that spans semiclassical and

quantum regimes is still lacking.

Traditionally, the drift-diffusion (DD) and hydrodynamic models have served as the
foundation of semiconductor device simulation due to their computational efficiency and
simplicity. However, as device lengths approach and fall below 10 nm, these classical
models fail to capture confinement effects and quantum tunneling that critically influence
device performance. On the other hand, fully quantum approaches such as the Non-
Equilibrium Green’s Function (NEGF) formalism offer highly accurate predictions but at the
cost of significant computational overhead and device-specific implementation complexity.

This dichotomy presents an important research challenge: how to link the simplicity of



semiclassical approaches with the accuracy of quantum models in a scalable and physically

consistent manner across multiple device geometries and material platforms.

In addition to transistor applications, this challenge becomes even more pronounced in the
domain of sensors, where charge transport is inherently modulated by external physical,
chemical, or biological stimuli. In the case of nanoscale FET-based sensors, for instance, the
response is highly sensitive to small variations in surface potential, charge distribution, and
interface states—all of which are profoundly affected by quantum phenomena. However,
most sensor modeling efforts continue to rely on classical electrostatic approximations,
neglecting crucial effects such as discrete energy subbands, wavefunction penetration,
charge quantization, and carrier localization. This inadequacy not only limits the accuracy
of predictive modeling but also constrains the design and optimization of high-

performance SEensors.

Therefore, this thesis aims to bridge this modeling gap by exploring how semiclassical
correction schemes and fully quantum frameworks can complement each other in
analyzing low-dimensional transistors and sensors. The study systematically evaluates the
computational cost, physical fidelity, and scalability of different modeling paradigms—
ranging from the density-gradient (DG) and Bohm Quantum Potential (BQP) models to the
rigorous NEGF formalism—and establishes their relative merits and limitations for device
and sensor applications. The emphasis is on understanding how these transport models
influence device metrics such as current-voltage characteristics, energy band profiles,
transmission spectra, and, in the context of sensors, the sensitivity and selectivity under

quantum confinement.

Each chapter of this thesis builds upon this central theme of cross-model exploration. The
early chapters introduce the fundamental transport equations and the evolution of device
scaling, highlighting the gradual breakdown of classical assumptions as device dimensions
shrink. Subsequent chapters delve into specific modeling frameworks: the NEGF-based
treatment of quantum transport, the DG-based semiclassical correction schemes, and the
BQP formulation for approximating quantum confinement within drift-diffusion

frameworks. The modeling is extended to quantum wells, where carrier transport is



governed by discrete subband energies, and quantum corrections are necessary to predict

the actual charge distribution and energy landscape.

The later part of the thesis transitions from transistor modeling to sensor-oriented
analysis. Here, the impact of quantum transport on sensing mechanisms is explored
through examples such as electrically doped tunnel FET biosensors, AlGaN/GaN HEMT
hydrogen sensors, and MoTe,-based gas sensors. These case studies illustrate how
quantum phenomena such as tunneling probability, density of states modification, and
surface potential variation directly affect the sensitivity and detection capability of
nanosensors. By comparing semiclassical and quantum-corrected simulations, the thesis
provides a deeper insight into the interplay between transport modeling, material

properties, and sensor architecture.

The research presented also integrates device structural engineering strategies that
enhance or exploit quantum effects. Techniques such as channel material grading,
interchannel coupling, and charge-plasma-based doping are analyzed alongside transport
models to evaluate their combined influence on electrical and sensing performance. These
engineering methods are essential for optimizing devices at dimensions where
conventional doping and electrostatic control become less effective. The study emphasizes
that the true potential of nanoscale sensors can only be realized through a combined

understanding of quantum transport and advanced device engineering.

The materials explored in this thesis—such as MoTe,;, SiGe, and AlGaN/GaN
heterostructures—were selected due to their distinct quantum characteristics and
technological relevance. MoTe,, as a layered transition metal dichalcogenide (TMD), offers
tunable band alignment and a high surface-to-volume ratio, making it a strong candidate
for hydrogen sensing. AlGaN/GaN HEMTs exhibit strong polarization-induced charge
accumulation, which can be effectively modeled using quantum-corrected frameworks to
predict high electron mobility and enhanced sensitivity. Similarly, SiGe-based TFETs and
quantum-well photodetectors showcase the intricate role of tunneling and subband
quantization, both of which are essential for accurate modeling and design. By studying

these diverse material systems under different transport regimes, the thesis contributes to



establishing a broader, unified understanding of semiclassical-to-quantum transition

phenomena.

In essence, this thesis is both an analytical and methodological journey—an attempt to
unify different modeling paradigms under a consistent physical framework that remains
relevant across low-dimensional devices and sensors. It demonstrates that semiclassical
models, when equipped with appropriate quantum correction schemes, can capture much
of the essential physics at a fraction of the computational cost of fully quantum simulations.
Conversely, it also shows where semiclassical approximations fail and why a full quantum
approach becomes indispensable. This comparative and integrative perspective is what
distinguishes the present work from many existing studies focused on isolated devices or

single modeling methods.

The broader motivation of this research extends beyond academic inquiry. As the world
moves toward pervasive sensing, intelligent systems, and ultra-scaled electronics, the
demand for accurate, physics-based modeling grows ever more critical. Understanding
transport phenomena at the quantum scale is fundamental not only for predicting device
behavior but also for guiding experimental design and material innovation. The insights
gained through this thesis are intended to contribute to this ongoing evolution—bridging

the gap between theoretical modeling and practical device engineering.

In conclusion, this thesis reflects a concerted effort to explore, understand, and unify
semiclassical and quantum transport frameworks for nanoscale devices and sensors. It
seeks to provide clarity on when, why, and how different modeling approaches should be
applied and what their implications are for performance prediction and sensor design. By
addressing the limitations of existing models and highlighting the interplay between
transport mechanisms, material properties, and structural engineering, the thesis aims to

contribute meaningfully to the field of nanoscale device physics and sensor technology.
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Chapter 1: Introduction and Organization of the
Thesis

1.1. Introduction and Motivation
1.2. Organization of the Thesis

1.1 Introduction and Motivation

Introduction

The relentless advancements in semiconductor technology have fundamentally
transformed modern electronics, enabling the development of compact, efficient, and
high-performance devices. This evolution has been guided by Moore’s Law, which
predicts the exponential scaling of transistor density on integrated circuits[1], [2].
However, as device dimensions continue to shrink to the nanometer scale, traditional
device physics encounters significant challenges, necessitating a paradigm shift in the
modeling and analysis of charge transport mechanisms. This thesis addresses these
challenges by exploring the realm of semi-classical and quantum transport phenomena,

focusing on their implications for low-dimensional devices and sensors.

Year of production

Logic industry 3 nm 2 nm 1.5 nm 1.0 nm 0.7 nm 0.5 nm

“Node range”

Labeling

Logic device for funFET | LGAA | LGAA CFET- | LGAA LGAA LGAA

logic SRAM CFET-3D CFET-3D CFET-3D
CFET CFET CFET
SRAM 3D SRAM 3D SRAM 3D

Mx Pitch (nm) 32 24 20 16 16 16

Gate pitch (nm) 48 45 42 40 38 38

Lg: Gate length - 16 14 12 12 12 12

HP(nm)

Table 1.1. Technological advancements guided by the IRDS 2022[3].
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Figure 1.1. Industrial roadmap guided by the IRDS 2022.

The demand for smaller, faster, and more energy-efficient devices has driven the
semiconductor industry to push the boundaries of scaling. Scaling not only modifies
electrical behavior but also changes material parameters. The effective mass, bandgap,
and density of states become dimension-dependent due to quantum confinement. As a
result, new design trade-offs emerge between electrostatic control, leakage current, and
mobility degradation. Short-channel effects, gate-induced drain leakage, and direct
source-to-drain tunneling are manifestations of this scale-dependent physics. These
phenomena necessitate a shift from classical device modeling toward semiclassical and
fully quantum mechanical approaches that can accurately describe charge transport
under confined geometries. The transition from classical to nanoscale dimensions
introduces phenomena that are profoundly influenced by quantum mechanics. While
classical models, such as the drift-diffusion and hydrodynamic model have successfully
described carrier transport in bulk devices, they fail to capture quantum effects such as
tunneling, quantum confinement, and wave interference, which dominate at nanoscale
dimensions[4], [5], [6]. This necessitates the development and application of advanced
transport models that integrate quantum mechanics and semi-classical principles to

accurately predict device behavior. Semiclassical models provide an essential bridge




between classical drift-diffusion theories and quantum mechanical transport
formalisms. In these models, quantum corrections are introduced into classical
equations to account for carrier confinement, tunneling, and non-local effects without
fully abandoning the particle-based description. Techniques such as the Density
Gradient (DG) method, Bohm Quantum Potential (BQP) model, and quantum correction
models (QCM) extend the conventional Poisson and continuity equations by embedding
quantum potential terms derived from the wavefunction curvature or the carrier
density gradient. These semiclassical methods preserve computational efficiency while
enhancing physical accuracy, making them particularly attractive for device-scale
simulations. They enable a self-consistent description of carrier distributions, potential
profiles, and electrostatics in ultra-thin body devices, nanowires, and multi-gate FETs.
For example, in double-gate or gate-all-around structures, the quantum confinement of
carriers modifies threshold voltage and charge centroid, which can be effectively
captured using semiclassical quantum correction models. Similarly, the BQP model
helps approximate the impact of quantum confinement on carrier density and potential
energy, ensuring that simulations remain tractable yet physically meaningful. While
semiclassical models suffice for many nanoscale devices, they fall short when quantum
coherence, tunneling, or interference effects dominate transport. In such regimes, a fully
quantum mechanical framework is essential to describe electron flow accurately. The
Non-Equilibrium Green’s Function (NEGF) formalism has emerged as a powerful tool to
model carrier transport in low-dimensional systems. Unlike semiclassical models, NEGF
captures the wave nature of electrons, quantum tunneling, and energy-dependent
transmission under non-equilibrium bias conditions. NEGF allows the inclusion of
realistic scattering processes—such as electron-phonon and impurity interactions—
through self-energy terms, making it highly versatile for studying transport in
nanowires, quantum wells, and 2D material-based transistors. The formulation enables
the computation of transmission spectra, local density of states (LDOS), and quantum
current densities, which are critical for understanding and optimizing nanoscale device
performance. Moreover, NEGF seamlessly bridges the gap between ballistic and
diffusive regimes, making it indispensable for analyzing ultra-scaled transistors and

tunneling-based devices such as Tunnel FETs.




Besides, Low-dimensional semiconductor structures have become the cornerstone of
next-generation nanoelectronics. For instance, 2D materials like MoS, and MoTe,
exhibit high carrier mobility, strong electrostatic control, and excellent mechanical
flexibility, making them ideal candidates for applications in sensors, transistors, and
optoelectronic devices[7, p. 222], [8], [9], [10]. Similarly, nanowires [11], [12], [13],
[14], [15] and quantum wells [16], [17], [18] provide opportunities for engineering

band structures and enhancing device performance through quantum effects.

Beyond logic and memory devices, low-dimensional structures have revolutionized the
field of sensing. As devices scale down, their surface-to-volume ratio increases
dramatically, making them highly sensitive to external perturbations such as gas
molecules, biomolecules, or photons. This sensitivity, coupled with the ability to tune
electronic properties through quantum confinement, allows low-dimensional FETs to
function as precise and selective sensors [19], [20], [21]. For example, hydrogen sensors
based on transition metal dichalcogenides (TMDs) leverage quantum confinement and
surface interactions to achieve high sensitivity and rapid response times[22]. Likewise,
biosensors utilizing tunneling field-effect transistors (TFETs) exploit quantum

tunneling to detect biomolecules with exceptional precision [23].

Computational Cost

Quantum

Semiclassical

Transport

Physical Accuracy

Figure 1.2: Accuracy cost trade-off of classical, semi-classical and quantum models. [24-

31]




Despite their potential, the design and optimization of low-dimensional sensors pose
significant challenges. Accurate modeling of charge transport is critical for
understanding device behavior and predicting performance [24], [25], [26], [27] [28],
[29], [30] [31].

Research Gap

Although extensive progress has been made in modeling nanoscale electronic devices,
there remains a substantial gap in establishing a unified, cross-platform understanding
of transport phenomena that bridges semiclassical and quantum regimes. Most existing
studies either focus on classical drift-diffusion and hydrodynamic models, which are
computationally efficient but inadequate in capturing confinement and tunneling at sub-
10 nm scales, or on fully quantum mechanical approaches such as the Non-Equilibrium
Green’s Function (NEGF) formalism, which, though highly accurate, are computationally
intensive and often restricted to specific device types. This dichotomy leaves a
persistent gap in systematically linking model complexity with physical accuracy across
various device architectures—such as MOSFETs, HEMTs, TFETs, and quantum-well-
based structures—where carrier behavior is strongly influenced by dimensionality,

confinement, and potential fluctuations.

In the sensor domain, despite rapid developments in nano-FET-based biosensors and
gas sensors, most analyses continue to rely heavily on classical electrostatics, neglecting
crucial quantum effects like discrete subband formation, charge quantization, and
wavefunction overlap that directly impact sensitivity, selectivity, and linearity of
response. A detailed and comparative study that integrates different material systems
(Si, IlI-V, and 2D materials), device configurations (planar, double-gate, tunnel-based,
and quantum-well structures), and corresponding transport frameworks (semiclassical
drift-diffusion, density-gradient, and NEGF-based quantum models) remains largely
unexplored. Specifically, the impact of transport modeling accuracy on the predicted
sensitivity and signal transduction efficiency of nanoscale sensors has not been
systematically evaluated, even though it critically determines device performance under

strong quantum confinement.




Moreover, the structural and material engineering strategies—such as dielectric
grading, charge plasma doping, inter-channel coupling, and barrier modulation—
required to maintain device functionality and sensing precision in such low-
dimensional regimes have not yet been comprehensively addressed. Therefore, a
significant research gap exists in (i) developing scalable and physically consistent
transport models that adapt across device geometries and materials, (ii) benchmarking
semiclassical corrections against quantum transport predictions for balanced accuracy-
cost trade-offs, (iii) examining how these models influence sensor response
characteristics, and (iv) identifying structural and material design principles suitable for
robust operation under quantum-dominated conditions. Addressing these gaps is
crucial to accurately predict, design, and optimize the performance of emerging low-
dimensional nanoelectronic and sensor devices that operate at or beyond the classical

limit.

Motivation

This thesis is motivated by the growing necessity to comprehensively investigate
semiclassical and quantum transport mechanisms in low-dimensional electronic
devices and sensors, where classical descriptions of charge transport begin to fail. As
device dimensions approach the nanometer regime, phenomena such as quantum
confinement, tunneling, and discrete subband formation become dominant, demanding
a deeper integration of physics-based models that transcend traditional drift-diffusion
or hydrodynamic formulations. The work presented here builds upon prior studies of
quantum transport in hydrogen sensors, inter-channel coupling effects in double-
channel HEMTs, and quantum-mechanical behavior in TFETs and photodetectors—each
contributing to a more complete understanding of carrier dynamics and sensing at the

quantum scale.

e The primary motivation for this thesis arises from the evident limitations of
existing transport models in accurately capturing the physical behavior of
nanoscale devices used in sensing applications. While classical and semiclassical
models have proven effective for micro-scale device analysis, their predictive
power diminishes in sub-10 nm structures, where electron-wave interactions,

tunneling, and charge quantization substantially modify current flow and




sensitivity. Despite extensive literature on device-level modeling, the direct
correlation between transport framework accuracy and sensor response
characteristics remains insufficiently explored. This work is thus driven by the
need to bridge semiclassical and quantum transport frameworks—establishing a
continuum of understanding that can predict electronic and sensing behavior
across different architectures, including MOSFETs, HEMTs, TFETSs, and quantum-
well-based devices.

A second motivation stems from the emerging demand for advanced,
miniaturized sensors capable of precise operation under diverse and harsh
environments. The next generation of nanosensors requires not only high
sensitivity and selectivity but also stable performance governed by structural
engineering techniques compatible with quantum-scale operation. Techniques
such as charge-plasma-based electrical doping, inter-channel coupling, dielectric
and material grading, and multi-layer quantum confinement offer promising
routes to tune electrostatics and carrier transport. However, their effective
implementation requires a strong theoretical foundation that links these
engineering strategies to the underlying transport mechanisms. This thesis aims
to address this gap by integrating semiclassical and quantum modeling
approaches with structural and material design principles to formulate
optimized sensor architectures.

The third motivation lies in exploring and utilizing material diversity to enhance
both electronic and sensing functionalities at low dimensions. Novel materials
such as MoTe,, AlGaN/GaN, and SiGe provide distinct advantages due to their
tunable band structures, high carrier mobility, and strong confinement effects.
For instance, MoTe, exhibits exceptional hydrogen adsorption properties owing
to its high surface-to-volume ratio, while AlGaN/GaN heterostructures enable
high electron mobility and superior confinement—ideal for high-frequency and
sensing devices. Similarly, graded SiGe structures enable band alignment tuning
and improved charge control for biosensing applications. By coupling such
materials with appropriate transport modeling frameworks, this thesis seeks to
derive predictive insights into how material parameters, device geometry, and
quantum effects collectively influence sensitivity, linearity, and noise

performance in nanosensors.




In summary, this thesis is driven by the urgent need to unify transport modeling and
sensor physics under a comprehensive, cross-platform framework applicable to low-
dimensional systems. By systematically integrating semiclassical corrections and
quantum transport methodologies, it aims to overcome the limitations of conventional
models, quantify their impact on sensor sensitivity and performance, and guide the
structural and material design of future nanoscale devices. The outcomes of this study
are expected to contribute significantly to the understanding and advancement of next-
generation nanoelectronic and sensor technologies, with potential implications for

biosensing, gas detection, photodetection, and emerging quantum devices.

1.2. Organization of the Thesis

The organization of the thesis reflects these motivations, with each chapter addressing a
specific structural engineering approach integrated with a suitable transport
phenomenon (semiclassical or quantum) to explore the electrostatics and enhance the
sensing capabilities of the devices. The first chapter provides an introduction to the
thesis, outlining the motivations, objectives, and scope of the work. Subsequent
chapters delve into the modeling and analysis of specific device types, including
MOSFETs, HEMTs, TFETs, and photodetectors, highlighting the role of semi-classical
and quantum transport in their operation. The thesis concludes with a discussion of
emerging trends and future directions in the field, emphasizing the importance of
continued research in nanoscale transport phenomena. Below is a detailed description of

the chapters and their contents:

Chapter 2: Introduction to Semi-classical and Quantum Transport in

Nano-scaled Devices

This chapter serves as a foundational introduction to the key concepts and frameworks

essential for understanding the transport phenomena in nano-scaled devices.




2.1 Overview of Nano-scaled Devices
This section provides an overview of the technological evolution of nano-scaled devices

and their significance in the context of modern electronics and sensors.

2.2 Importance of Carrier Transport Phenomena

Carrier transport is critical to the functioning of semiconductor devices. This section
emphasizes the role of charge carriers in device performance, focusing on how
phenomena such as drift, diffusion, and quantum effects influence current flow and

response characteristics.

2.3 Classical Transport Models and their Limitations
Classical transport models, like the drift-diffusion and hydrodynamic models, are
reviewed, highlighting their applicability to larger devices but also their limitations in

accurately predicting behavior at the nano scale.

2.4 Semi-classical and Quantum Transport
A deeper discussion on semi-classical and quantum transport models is provided. These
models, including the Non-Equilibrium Green’s Function (NEGF) approach and quantum

correction methods, are contrasted with classical approaches.

2.5 Literature Study
This section reviews existing research in semiclaasical and quantum transport, with an

emphasis on their application to nano-scaled devices.

2.6 Conclusion

The chapter concludes by summarizing the key points.

Chapter 3: Quantum Transport (NEGF) in Low-Dimensional MOSFETs

Chapter 3 delves into the application of quantum transport in low-dimensional
MOSFETs, focusing on the use of the NEGF approach for accurate modeling of carrier

transport in nanoscale MOSFETs.




3.1 Introduction to Low-Dimensional MOSFETs
This section provides an overview of the design, structure, and significance of low-

dimensional MOSFETs.
3.2 Quantum Transport in MOSFETs based on NEGF: Theoretical Analysis

A theoretical study of quantum transport in MOSFETSs using the NEGF formalism is

provided along with reviews on significant existing research .

3.3 Charge Plasma Engineering and it’s Application
This section explores charge plasma engineering, an advanced technique that
manipulates the carrier concentration profile to improve device performance and focus

on its application on low dimensional devices.

3.4 Gas Sensing Application of TMD-Based FETs
The use of Transition Metal Dichalcogenide (TMD)-based FETs in sensing applications is

discussed focusing on gas densing application.

3.5 Non-Equilibrium Green's Function Analysis of Charge Plasma-Based Source-
Drain Electrode P-type MoTez MOSFET for High-Sensitivity Hydrogen Sensing

In this section, a research on NEGF transport in MoTez-based MOSFET is explored. The
focus is on modeling p and n type MoTe> device for hydrogen sensing using charge

plasma engineering.

3.6 Conclusion and Future Work
The chapter concludes with a summary of the main findings, emphasizing the

importance of NEGF in simulating quantum transport in low-dimensional MOSFETs.

Chapter 4: Density Gradient: DG (Quantum Moments Model) of High-

Electron-Mobility Transistors for Biosensing Applications

This chapter is focused on the use of the Density Gradient (DG) model, which is part of
the quantum moments approach, for simulating High-Electron-Mobility Transistors

(HEMTs), with an emphasis on their biosensing applications.




4.1 Introduction to HEMTSs & Double-Channel HEMTs
An overview of HEMTs is presented, covering their structure, operating principle, and

key advantages, followed by a discussion of the limitations of single-channel HEMTs.

The concept of double-channel HEMTs (DCHEMT) is then introduced.

4.2 DG (Density Gradient -Quantum Moments Model) in HEMT: Theoretical
Analysis and literature survey
This section presents a detailed theoretical analysis of the DG model in general along

with reported researches and applications of DG model.

4.3 Biosensor Application of HEMTs
HEMTs are explored for their potential in biosensing, with a focus on detecting crucial

biological molecules.

4.4 Deep Insight into Inter-Channel Coupling in AlGaN/GaN Double Channel HEMT
and its Application in C-ERB2 Sensing

AlGaN/GaN Double Channel HEMT is investigated in details, with emphasis on
interchannel coupling and the role of mole fraction variation. This section discusses
how quantum effects influence the device performance, particularly in biosensing

applications like C-ERB2 sensing for cancer diagnostics.

4.5 Conclusion and Future Work
The chapter concludes by summarizing the role of the DG model in modeling HEMTs for

biosensing application with compoarison with other transport models.

Chapter 5: Analytical and BQP (Bohm Quantum Potential) Based

Quantum Analysis of Tunnel Field-Effect Transistors

Chapter 5 focuses on the application of Bohm Quantum Potential (BQP) in modeling
Tunnel Field-Effect Transistors (TFETs).




5.1 Introduction to TFETs
This section introduces TFETSs, detailing their working principle, advantages, and

challenges.
5.2 Quantum Effects in TFETs
A theoretical study and literature survey of quantum effects in TFETs is provided.

5.3 Comprehensive Quantum Analytical Modeling of Very Low-Dimensional Dual
Metal Double Gate TFET

This section presents a modeling approach for very low-dimensional TFETs using
quantum analytical methods. The impact of dual-metal double gates on device
performance is examined. The role of quantum tunneling, the impact of the gate

material are discussed in detail.

5.4 Impact of Bohm Quantum Potential on SiGe-Based Heterojunction Tunnel FET
Biosensors: Modeling and Comparative Analysis
The BQP is incorporated into the modeling of SiGe-based heterojunction TFETs, with a

focus on their application in biosensing.

5.5 Conclusion and Future Work
The chapter concludes with a summary of the key findings, emphasizing the role of
semiclasical and quantum transport models in idetermiming the electrostatic and

sensing performance in TFETs.

Chapter 6: Quantum Correction Models and Parabolic Quantum Well

Model

Chapter 6 focuses on the use of quantum correction models and the Parabolic Quantum

Well (PQW) model in device simulation.

6.1 Introduction to Parabolic Quantum Well Model and Multi-Well Photodetectors




This section introduces the PQW model, which is used to describe the quantum

mechanical behavior of carriers confined within a potential well.

6.2 Device Structure, Simulation of In(1-x)GaxAsyP(1y)/InP Wideband Multi-Well
Photodetectors using k-p Method
This section discusses the simulation of multi-well photodetectors using the k-p

method.

6.3. Other Quantum correction models

The section provides an overview of various quantum correction models applicable for

quantum well based photodetectors.

6.4 Conclusion and Future Work
The chapter concludes with a summary of the quantum correction models and the PQW

model's application in device simulation.

Chapter 7: Conclusion and future work
7.1 Conclusion

Compartive analysis of transport mechanisms in low-dimensional semiconductor
devices using NEGF, DG, BQP, and related models. Optimization models to find

suitability for transport model for nanoscale sensing performance.
7.2 Future Work

Future work may incorporate scattering, defects, and temperature effects to enhance
physical accuracy along with exploring experimental validation of advance practical

nanoscale sensor design.




Chapter 2:

Introduction to Semi-classical and Quantum

Transport in Nano-scaled Devices

2.1. Overview of Nano-scaled Devices

2.2. Importance of carrier Transport Phenomena
2.3. Classical Transport Models and their limitations
2.4. Semi-classical and Quantum Transport

2.5. Literature Study

2.6. Conclusion

2.1 Overview of Nano-Scaled Devices

The rapid evolution of semiconductor technology has led to the continuous scaling of
device dimensions deep into the nanometer regime, enabling faster, smaller, and more
energy-efficient electronic systems. This miniaturization, guided by Moore’s law for
decades, has redefined not only the performance benchmarks but also the fundamental
physics governing device operation. As the characteristic dimensions of transistors
approach the atomic scale, classical electrostatic and material approximations become
inadequate, and quantum mechanical effects start to influence even the most
conventional device architectures. Phenomena such as quantum confinement,
tunneling, and discrete energy quantization have transitioned from being secondary

considerations to primary design constraints in modern nanoelectronic systems.




Within this landscape, various device architectures have been developed to sustain
performance, reliability, and scalability as the industry moves deep into the nanometer
regime. Among these, the Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET)
continues to be the cornerstone of digital electronics. Its working principle is based on
controlling the conductivity of a semiconductor channel through the electric field
applied at the gate terminal. In the planar MOSFET, a gate voltage modulates the surface
potential to create an inversion layer of carriers beneath the oxide, enabling current
flow between the source and drain. However, as the channel length is reduced below
tens of nanometers, short-channel effects (SCEs) such as Drain-Induced Barrier
Lowering (DIBL), threshold voltage roll-off, and subthreshold leakage become
prominent due to weakened gate control. To counter these challenges, advanced multi-
gate configurations have been introduced. These architectures enhance gate coupling
and reduce electrostatic interference from the drain, thereby improving the device’s
scalability and switching performance. Despite their success, the fabrication complexity
and sensitivity to quantum confinement and interface states in ultra-thin channels

remain critical limitations in nanoscale MOSFETs.

To address the fundamental subthreshold limit of 60 mV/decade inherent in thermionic
emission-based transistors, the Tunnel Field-Effect Transistor (TFET) was proposed as
an alternative device concept. TFETs operate on the principle of band-to-band tunneling
(BTBT), where carriers quantum-mechanically tunnel through a potential barrier
between the valence band of the source and the conduction band of the channel. This
tunneling mechanism enables TFETs to achieve extremely low leakage currents and
steep subthreshold slopes, making them ideal candidates for ultra-low power and
energy-efficient applications. However, their main disadvantage lies in the low ON-
current, which arises from limited tunneling probability and high sensitivity to material
properties and interface quality. To enhance performance, heterojunction designs,
graded bandgap materials, and Double-Material Double-Gate (DMDG) configurations
have been explored, which also provide better control over electrostatics and channel

potential at nanoscale dimensions.

In contrast, High Electron Mobility Transistors (HEMTSs) leverage heterostructure
engineering to achieve high-speed operation and superior current drive. By forming a

two-dimensional electron gas (2DEG) at the interface of two semiconductors with




different bandgaps—typically AlIGaN/GaN or AlGaAs/GaAs systems—HEMTSs provide a
high-density, high-mobility channel without intentional doping. The absence of impurity
scattering in the conduction path enables very high electron mobility, resulting in

excellent transconductance and frequency performance.

Nevertheless, at the nanoscale, challenges such as polarization-induced charge
imbalance, thermal management, and short-gate effects become critical, requiring

careful optimization of barrier thickness, gate design, and interface quality.

Beyond transistors, Quantum Well (QW) and Multiple Quantum Well (MQW) devices
represent the frontier of optoelectronic nanostructures, where charge carrier behavior
is dominated by quantum confinement in one or more spatial dimensions. In a quantum
well, a thin semiconductor layer with a smaller bandgap is sandwiched between higher
bandgap materials, creating a potential well that confines electrons and holes in discrete
energy subbands. This quantization enhances carrier recombination efficiency and
allows precise wavelength tunability, making QWs and MQWs the foundational
structures in lasers, LEDs, and photodetectors. The advantages of these devices lie in
their enhanced optical gain, reduced threshold current, and superior spectral control,
while disadvantages include fabrication sensitivity, strain accumulation in multi-layer
stacks, and carrier leakage due to thermal and tunneling effects. At nanoscale
thicknesses, the design and optimization of QW structures require precise control of
well width, barrier composition, and interface abruptness, as even small variations can

drastically affect energy levels and device performance.

Collectively, these device architectures exemplify the technological and physical
innovations required to sustain the progress of nanoelectronics. Each class of device
demonstrates a distinct approach to overcoming the scaling-induced limitations of
conventional transistors—whether through enhanced electrostatic control (MOSFETs),
quantum tunneling mechanisms (TFETs), heterostructure-induced high mobility
(HEMTs), or quantum confinement-enhanced optoelectronic efficiency (QWs/MQWs).
As scaling continues, the interplay between quantum effects, material engineering, and
structural design becomes the defining factor in the performance and functionality of

next-generation nanoscale devices.




Gate-controlled Scalability, integration Short-channel effects,

conductivity leakage currents

Quantum tunneling Ultra-low power, Low drive current,
steep switching fabrication complexity

High electron High-speed, high- Thermal management,

mobility power operation material cost

Carrier Tunable  properties, Precision fabrication,

confinement optical efficiency defect control

Table 2.1.Comparison of Devices at Nanoscale
2.2. Importance of Carrier Transport Phenomena

Carrier transport phenomena represent a cornerstone in the study and development of
electronic, optoelectronic, and nanoscale devices. The behavior of charge carriers such
as electrons and holes within a material determines its electrical, thermal, and optical
properties, shaping the functionality and efficiency of devices ranging from transistors
to photovoltaic cells. At the nanoscale, where quantum effects become prominent,
understanding and accurately modeling carrier transport phenomena becomes
increasingly critical. This section delves into the significance of carrier transport in
nanoscale devices, elucidating the fundamental principles, mechanisms, and

implications for device performance and technology advancement.:

The field of nanotechnology encompasses the manipulation, design, and engineering of
materials at dimensions typically ranging from 1 to 100 nanometers. At this scale,
materials exhibit unique physical and chemical properties that differ significantly from
their bulk counterparts. The emergence of nano-scaled devices has been driven by
advancements in various scientific disciplines. These devices hold the potential to
revolutionize industries ranging from electronics to medicine, offering innovative

solutions to complex challenges faced in traditional applications.




The continuous miniaturization of semiconductor devices, driven by Moore’s law and
the demand for enhanced performance, has led to the emergence of nano-scaled
transistors where classical transport assumptions gradually lose validity. At nanometer
dimensions, carrier behavior becomes governed by a combination of quantum
mechanical and semi-classical effects. Among the key representatives of modern
nanoelectronic devices are Metal-Oxide-Semiconductor Field-Effect Transistors
(MOSFETs), Tunnel Field-Effect Transistors (TFETs), High Electron Mobility Transistors
(HEMTs), and Quantum Well (QW) devices. Each of these structures exploits distinct
physical mechanisms to achieve superior control over charge transport, energy
efficiency, and scalability. The impact of extensive scaling on these devices are explained

below:

MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor) [32]
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Figure 2.1. Basic Structure of MOSFET




MOSFETs are fundamental building blocks of modern electronics. Scaled MOSFET
devices under the 10 nm regime showcase significant advancements in semiconductor
technology, driven by the demand for higher performance and reduced power
consumption. In the case of MOSFETSs, the device operation is fundamentally governed
by the modulation of the surface potential and the formation of an inversion layer in the
semiconductor channel under the influence of the gate voltage. As device geometries
shrink to the sub-10 nm scale, the conventional drift-diffusion approximation becomes
insufficient to capture the complete transport picture. At such dimensions, the carrier
motion is no longer continuous, and quantum mechanical effects begin to dominate the
electrostatics and carrier dynamics within the device. In ultra-thin silicon channels or
two-dimensional material-based MOSFETs, quantum confinement along the vertical
direction leads to discrete energy subbands, altering the density of states and
redistributing charge carriers in the inversion layer. This energy quantization results in
a shift in the threshold voltage, reduction in gate capacitance, and a modification of

effective mobility due to altered scattering probabilities and carrier degeneracy.

Furthermore, quantum tunneling becomes increasingly relevant in ultra-scaled oxide
and channel regions. Carriers can penetrate potential barriers, giving rise to gate
leakage currents and source-to-drain tunneling, which limit further downscaling of the
gate oxide thickness and channel length. These tunneling currents, coupled with
wavefunction penetration into gate dielectrics, redefine the electrostatic boundary

conditions and necessitate a quantum-corrected potential formulation.

Transition metal dichalcogenide (TMD)-based field-effect transistors (FETs) have
emerged as promising candidates for next-generation electronic and optoelectronic
devices due to the unique properties of TMD materials like MoS,, WS,, MoSe,, and
MoTe,. These atomically thin semiconductors exhibit tunable bandgaps, high on/off
current ratios, and excellent electrostatic control due to their reduced dimensionality.
The intrinsic two-dimensional nature of TMDs minimizes short-channel effects, making
them ideal for scaling down to nanometer regimes. To modle Transition metal
dichalcogenide (TMD)-based field-effect transistors (FETs), advanced modeling
frameworks employ self-consistent Schrédinger-Poisson (SP) solvers or quantum

correction models, which extend beyond the limitations of classical models.




Alongside these quantum phenomena, traditional short-channel effects (SCEs)—such as
Drain-Induced Barrier Lowering (DIBL), velocity saturation, and channel length
modulation—remain critical. To mitigate these and preserve electrostatic control,
advanced structural innovations such as high-k gate dielectrics, strained channels, and
multi-gate geometries have been developed. These architectures enhance gate coupling
and effectively confine carriers, making them inherently more sensitive to quantum
confinement and tunneling effects. Thus, as MOSFETs enter the quantum-dominated
regime, understanding and modeling carrier transport requires a seamless transition
from classical to semi-classical and fully quantum transport formulations, which will be

explored in the subsequent sections.

TFET (Tunnel Field-Effect Transistor)[33]

(a)

Figure 2.2. Schematic of TFET Structure

Nanoscale Tunnel Field-Effect Transistors (TFETs) are emerging as promising
candidates for low-power electronics due to their ability to achieve sub-60 mV/decade
subthreshold swing, making them ideal for ultra-low-voltage operation. Unlike
conventional MOSFETs, TFETs rely on band-to-band tunneling (BTBT) for carrier

injection, enabling superior energy efficiency.

In the case of Tunnel Field-Effect Transistors (TFETs), the device operation is
fundamentally driven by band-to-band tunneling (BTBT)—a purely quantum
mechanical process—which enables carriers to traverse the energy barrier between the

valence band of the p-type source and the conduction band of the channel under the




influence of gate bias. Unlike MOSFETSs, where thermionic emission over a potential
barrier dominates, TFETSs rely on tunneling through the barrier, enabling subthreshold
swings well below the Boltzmann limit of 60 mV/decade. This characteristic makes
TFETs exceptionally promising for ultra-low-power logic and sensing applications,

especially as devices continue to scale into the nanometer regime.

At such scales, quantum confinement effects and wavefunction coupling between source
and channel regions play a decisive role in determining the device’s electrical behavior.
The effective barrier width and height, which dictate the tunneling probability, become
highly sensitive to local electrostatics, gate dielectric configuration, and channel
thickness apecialaly in multi gate advanced structures like Double gate (DG) and Dual

MetalDouble-Gate (DMDG) TFETs.

To accurately model these nanoscale quantum phenomena, conventional drift-diffusion
prove inadequate. Instead, quantum-corrected frameworks must be employed that
captures essential quantum confinement effects—including wavefunction penetration
and carrier localization—without the computational complexity of full quantum
transport solvers. This makes it particularly useful for simulating DG and DMDG-TFETs,
where localized potential variations and material heterogeneity strongly influence

tunneling and charge distribution.

HEMT (High Electron Mobility Transistor)[34]
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Figure 2.3. General HEMT Structure




In the case of High Electron Mobility Transistors (HEMTs), carrier transport is primarily
governed by two-dimensional electron gas (2DEG) formation at the heterojunction
interface of dissimilar semiconductor materials —typically III-V systems. The lattice
mismatch and bandgap discontinuity between the barrier and channel layers create a
strong built-in electric field, leading to quantum confinement of electrons in a narrow
potential well at the interface. This confinement results in the formation of discrete
quantized energy subbands, within which carriers exhibit extremely high mobility due
to spatial separation from ionized impurities. Consequently, As the device dimensions
are scaled further into the nanoscale regime, quantum mechanical effects increasingly
influence the electrostatic and transport behavior of the 2DEG channel. The subband
energy levels, carrier density, and sheet charge distribution within the quantum well
become strongly dependent on the interface potential profile, polarization charge, and
barrier thickness. Traditional drift-diffusion models fail to account for these effects, as
they assume a continuous carrier distribution and neglect the quantized nature of the
energy states. Therefore, a more sophisticated approach—one that inherently captures
quantum confinement, tunneling, and carrier redistribution—is necessary to describe

HEMT behavior accurately at these dimensions.

One of the most effective ways to incorporate such quantum effects within a semi-
classical framework is through the self-consistent solution of the Poisson and DG-
corrected transport equations that allows for a more accurate evaluation of subband
populations and electrostatic potential profiles without the full computational
complexity of solving the Schrodinger equation. This balance between physical rigor
and numerical efficiency makes the Density Gradient method particularly suitable for
simulating quantum-confined HEMT structures, where both polarization-induced

charges and quantum corrections dictate carrier transport.

Quantum Well Devices [35]
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Figure 2.4. Schematic representation of Quantum Well [36] .

Quantum wells are structures where charge carriers are confined in one dimension,
allowing motion in the other two dimensions. This confinement leads to discrete energy
levels and enhanced control over electronic and optical properties. In the case of
Quantum Well (QW) devices, carrier transport and optical behavior are dominated by
quantum confinement effects that arise when charge carriers are restricted in one
dimension to a potential well of nanometer-scale thickness. Such confinement leads to
the formation of discrete quantized energy subbands, fundamentally altering the
electronic density of states and modifying carrier transport, optical absorption, and
emission properties. A quantum well typically consists of a low bandgap semiconductor
layer (the well) sandwiched between higher bandgap materials (the barriers), creating
a potential profile where carriers—electrons and holes—are confined in the well region
but remain free to move in the other two dimensions. This two-dimensional
quantization forms the foundation for a broad class of optoelectronic devices including

quantum well lasers, photodetectors, light-emitting diodes (LEDs), and modulators.

As device architectures evolve toward multiple quantum well (MQW) configurations,
quantum mechanical interactions between adjacent wells further complicate carrier
dynamics. In MQW structures, wavefunction coupling between wells leads to miniband
formation, enabling resonant tunneling and coherent carrier transport across the
potential barriers. The energy level alignment, barrier thickness, and well width thus
critically determine the carrier transmission probability, optical gain, and

recombination efficiency. Furthermore, quantum tunneling and carrier escape




mechanisms play essential roles in defining the high-speed and efficiency
characteristics of MQW devices. These effects cannot be captured by classical transport

equations and require a fully quantum-mechanical treatment to describe accurately.

To model such behavior, the Schrédinger-Poisson (SP) framework is often employed to
determine subband energies and spatial charge distributions self-consistently.
However, for devices involving carrier injection, tunneling, and transmission he
Quantum Transmitting Boundary Method (QTBM) provides a more rigorous and
computationally tractable approach. The QTBM extends the traditional Schrodinger
equation by incorporating open boundary conditions, allowing wavefunctions to

transmit and reflect across interfaces without artificial confinement.
2.3. Classical Transport Models and their limitations

In the classical era, understanding electron behavior in materials relied on classical
physics principles. For instance, the Free Electron Model depicted electrons as free
agents darting about a material, blissfully ignoring the atomic lattice [37] [38]. This
model was akin to treating electrons as marbles rolling around in a box, helping us
grasp concepts like electrical conductivity and other macroscopic properties. Building
on this, Paul Drude's 1900 model applied classical physics to elucidate electrical and
thermal conductivity by envisioning electrons as classical particles with an effective
mass, offering valuable insights into material transport properties. Then, in 1900, Max
Planck introduced a revolutionary idea: thermal radiation is emitted in discrete packets
of energy known as quanta [39]. In 1905, and Albert Einstein leveraged this concept to
shed light on the photoelectric effect, suggesting that light behaves more like energetic
particles than a smooth, undulating wave. This particle-like behavior also played a
pivotal role in explaining the Compton effect. In 1924, Louis de Broglie brought a fresh
perspective, proposing that if waves could act like particles, then particles should
display wave-like properties [40]. The Heisenberg uncertainty principle, unveiled in
1927, took this idea further by stating that we can't precisely measure both the position
and momentum of a tiny particle simultaneously [41]. Rather than tracking electrons
the probability functions are used to estimate where they might be. In 1926, Erwin
Schrodinger introduced wave mechanics, blending Planck’s quantum ideas with de

Broglie’s wave-particle duality [42]. His equation enabled the calculation of energy




levels and wavefunctions of electrons in a crystal, crucial for deciphering band
structures. Before delving into the semiclassical and quantum transport phenomena
[43]. [44]. [45] [46], [47], [48] [49] [50], it is important to understand the limitations of

classical models in this section.

Conventional transport frameworks serve as the foundation for analyzing charge carrier
behavior in semiconductor technologies. Methods such as drift-diffusion and
hydrodynamic models employ principles of classical mechanics alongside the
Boltzmann Transport Equation (BTE) to characterize carrier movement influenced by
electric fields, scattering events, and thermal interactions. Although effective for large-
scale devices, these approaches rely on a continuum assumption and neglect quantum
mechanical phenomena, which become increasingly relevant as device dimensions
approach the nanoscale. This drawback limits their precision in capturing effects like
quantum confinement, tunneling, and the dual nature of particles and waves that
dominate in low-dimensional systems. The advent of ultra-scaled transistors and
devices featuring intricate material interfaces underscores the need for re-examining
classical approaches and creating new paradigms to seamlessly integrate classical and

quantum transport regimes.

Classically, when an electric field (EF) is applied to a semiconductor, it exerts a force on
charge carriers, prompting them to accelerate and move [51]. For this motion to occur,
energy states in the conduction and valence bands must be available, akin to steps on a
ladder for carriers to transition. As a hole within the crystal accelerates under the
influence of the electric field, its velocity increases. However, periodic collisions with
lattice atoms interrupt this acceleration, causing the hole to lose most or all of its
acquired energy. It then resumes accelerating until the next scattering event. This cycle
of acceleration and scattering continues repeatedly. The average time between
collisions in a semiconductor is referred to as the "mean free time" (7). During this
interval, charged particles such as electrons or holes gain energy from the applied
electric field as they accelerate. Upon colliding with atoms, they lose most of their
energy, and the acceleration process recommences. Consequently, the mean peak

velocity (v, ) achieved just prior to a collision is defined as follows [52], [53]
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m*p

vp(electron) = — [ﬂ] EF (2.1)

My
Throughout the thesis, subscripts p and n are used to represent holes and electrons,
respectively, in all relevant notations and equations.

v, = UpEF

v, = —Un,EF (2.2)

Where 4 is the electron/hole charge, m*,, m*, are respective effective mass of hole
and electron , x, and u,are the proportionality factor defined as ‘hole and electron

mobility ‘ respectively.

the rate of scattering due to phonons can be derived using Fermi's Golden Rule and is
directly proportional to the phonon population. The mobility (p), assuming phonon
scattering as the sole mechanism, exhibits a decline with rising temperature (T), since
the phonon population increases with temperature, leading to diminished mobility. The
mobility (1) can be estimated as:

(2.3)

-3/2
/,l phonon oc T

conversely, the mobility limited by ionized impurity scattering 4, , is time and

again described by Brooks-Herring or Conwell-Weisskopf model and it increases with

temperature (7 ) and can be approximated by

T3/2
ll’limpurityoC (24)

impurity

where Ninpuris represents the impurity concentration. At reduced temperatures,
impurity scattering becomes predominant as phonon scattering decreases. The degree
of ionized impurity scattering can be mitigated through screening, a process where
other carriers in the semiconductor shield the moving carriers from the full influence of
the impurity’s Coulombic field. The effectiveness of this shielding is quantified by the
Debye screening length, which indicates how efficiently carriers are screened within the
material. Elevated carrier concentrations enhance screening, thereby diminishing the

scattering effects of the impurity's electric field.




When these two scattering mechanisms are assumed to be independent, the probability
of a scattering event occurring in a short time interval is the sum of the probabilities for
each individual process. This additive principle extends to the overall mobility as well,
where the total mobility (pnet) is calculated by combining the contributions from both
scattering mechanisms [54]

1 1 1

- + (2.5)
lLlnet ﬂphunun ﬂimpurity

For particles moving from an area where they're crowded (high concentration) to a
place where there's more space (low concentration). Now, if those gas molecules are

charged, this movement creates what we call a diffusion current.

For our calculations, we’ll assume the temperature is consistent throughout, meaning
the average speed of the electrons doesn’t change based on their position (x). To find
the current, we’ll focus on how many electrons are flowing across a specific area at a

given time, particularly at the point. The net rate of electrons (R,) and holes (R))

flowing in a set direction is obtained by Taylor series expansion and is given by

dN.
Rp = —vplp 7
dNy
Rn = —Unlng (26)

Wherelp, [ are the distance travelled by hole and electron before collisions with

velocityv, and v,, % and dgc” being the density gradient over distancerespectively.
So, the diffusion current is

]pdiff =qRp = _qvplp% = _qu%

] = —qRy = qul, 22 = qD, =2 (2.7)

D, and D, are the hole and the electron diffusion coefficients respectively, both

positive, having unit of cm?/s.
Through these interactions, the hole reaches an average drift velocity. Notably, at low

electric field strengths, this drift velocity exhibits a direct proportionality to the applied




electric field, implying that a stronger electric field results in a faster movement of the
particle.

Similarly, electrons demonstrate a comparable behavior. Their average drift velocity
also increases linearly with the electric field at lower field intensities. However, due to
their negative charge, electrons move in the direction opposite to the applied electric
field.

drift

The drift current density for hole and electron (Jp”’”'” and J,“" ) at volume charge

density (N, and N, ) now can be expressed as
drift __ _
Jp - quvp - qulLlpF

J, " =—qN,v, =qN,u,F (2.8)

The net drift current density (J) is

J=J,""+J " =gN u,F+qN, uF=cF (2.9)

o being the conductivity having unit (2-cm)-1 and its reciprocal is the resistivity.

The conductivity and resistivity of an extrinsic semiconductor are mainly determined by
the properties of the majority carriers and temperature. At moderate temperatures (the
extrinsic range), the semiconductor's dopant atoms are entirely ionized, meaning the
number of majority carriers (electrons or holes) stays fairly constant. However, the
mobility of these carriers, which influences how easily they move through the material,
relies on temperature, causing changes in overall conductivity.

As temperature rises, the inherent carrier concentration (carriers generated thermally)
rises and begins to dominate the semiconductor's behavior, impacting both the carrier
concentration and the conductivity. In contrast, at low temperatures, a process called
freeze-out occurs, where the carriers become trapped, reducing both the electron

concentration and the material's conductivity.

It was assumed that the mobility of charge carriers remains constant and that
drift velocity is a linear function of electric field. In simpler terms, as we increase the
electric field, the drift velocity of the electrons as well as holes increases

proportionally—up to a certain point.Now, in reality, things get more interesting at high




electric fields. The total velocity of a particle combines both the random thermal
velocity and the drift velocity. At small electric fields, the relationship between drift
velocity and the electric field is linear. However, as the electric field becomes stronger,
this linear relationship breaks down, and the drift velocity approaches a saturation
velocity.

An electron's movement in a lattice is quite different from how it behaves in free
space. Here, it's not just the external forces at play but also internal forces within the
crystal—like the tug-of-war between positively charged ions and electrons—that
influence its motion. Here comes the concept of the effective mass (m*), which
accounts not only for the electron's actual mass but also the impact of these internal
forces.

The energy-k diagram essentially captures both internal and external forces acting on
the electron within a crystal. This allows us to link the effective mass of the electron to
the contour of the E-versus-k curve (will be discussed in details in subsequent sections).
pZ thZ
2m* - 2m*

(2.10)

As the electric field increases, it gives electrons more energy, and eventually,
they get scattered into higher energy states, known as upper valleys in the conduction
band. The effective mass of electrons in these valleys is higher, meaning they become
harder to move, and thus, their mobility decreases. This phenomenon, called intervalley
scattering, explains the non-linear relationship between mobility and electric field at
high values.

Thus, the entire current density now can be expressed as:-

. y . . dN
Jtotal =thotal +Jntotal — der;ft +deg[f +Jndr;ft +Jnd1[7 ZQNpﬂpE+anﬂnE—qu P +an dNn
dx dx
(2.11)

Continuity Equation ensures the conservation of the charge and is given separately for

electrons and holes as [12]:-

ON. 1

p_ _ 2 total _
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(2.12)




Where G, and G, : generation rates, R, and R, : recombination rates for holes and

electrons respectively.

The Poisson equation relates the electric potential ¢ to the charge distribution within

the semiconductor as:

V(eVp)=—q(N,-N,+N,"=N,)

(2.13)

Where ¢ : permittivity, N,” and N, : ionized acceptor and donor concentrations

A

respectively. Other terms bear identical meaning as in section 1.

The DD model has been extensively used in the analysis and design of various types of
FETs, including Metal-Oxide-Semiconductor FETs (MOSFETSs) [55], FinFETs [56], and
Tunnel FETs (TFETs) [57]. It predicts the current-voltage characteristics, threshold
voltage, subthreshold behavior, and short-channel effects. The model is valuable in
analyzing how alterations in parameters like channel length, oxide thickness, and
doping levels impact the overall performance of a device. The DD model is heavily
utilised in optimizing FET designs for specific applications. For instance, it helps in
tuning the doping profiles and gate work functions to achieve the desired trade-off

between drive current and leakage current in low-power applications.
Limitations of Classical Transport Models in Field-Effect Transistors (FETs)

The classical transport model has been a fundamental tool for understanding the
operation of field-effect transistors (FETs), providing insights into the movement of
charge carriers under applied electric fields. However, as FETs are scaled down to
nanoscale dimensions, these models face several limitations that affect their ability to
accurately predict device performance. These limitations arise primarily because
classical models were developed under assumptions that are increasingly invalid in

modern ultra-scaled devices.
1. Quantum Effects[58]

One of the most significant limitations of classical transport models is their inability to

account for quantum mechanical phenomena. Classical models treat electrons as




particles moving under the influence of electric fields and collisions with impurities or
lattice vibrations. However, at nanoscale dimensions, electrons exhibit wave-particle

duality, and their behavior is influenced by quantum effects.

For instance, quantum tunneling becomes a critical factor in nanoscale FETs. In this
phenomenon, electrons can penetrate and pass through energy barriers that they would
not overcome in a purely classical framework. Tunneling leads to increased leakage
currents, especially in thin gate dielectrics, which classical models fail to predict.
Additionally, quantum confinement in narrow channels modifies the density of states

and energy dispersion, further challenging the applicability of classical assumptions.
2. Ballistic Transport [59]

Classical transport models rely on the assumption that charge carriers undergo
frequent scattering events with impurities, phonons, or other carriers, leading to a
diffusive transport regime. However, as FET channel lengths approach the mean free
path of electrons, ballistic transport becomes dominant. In ballistic transport, carriers
traverse the channel without scattering, resulting in minimal resistance and faster

switching speeds.
3. Short-Channel Effects [60]

Short-channel effects (SCEs) pose another challenge to classical transport models. In
nanoscale FETs, the control of the gate over the channel weakens, allowing undesirable
interactions between the source and drain regions. Phenomena such as drain-induced
barrier lowering (DIBL) and increased subthreshold leakage currents become more

pronounced.
4. Surface and Interface Scattering [61]

At nanoscale dimensions, the influence of surfaces and interfaces on carrier transport
becomes significant. Surface roughness, defects, and interface states can strongly affect
carrier mobility and introduce variability in device performance. Classical models,
which often treat scattering in a bulk-like manner, fail to capture the nuances of surface

and interface scattering.




5. Non-Uniform Electric Fields [62]

Classical transport models typically assume a uniform electric field across the channel.
This assumption holds for large-scale devices but breaks down at the nanoscale, where
electric fields can vary significantly due to non-uniform doping profiles, structural

asymmetries, and material inhomogeneities [63].

2.4. Semi-classical and Quantum Transport

The rapid miniaturization of semiconductor devices, as foreseen by the Semiconductor
Industry Association (SIA), has brought forth a multitude of challenges in device
modeling and simulation. Modern semiconductor devices such as High Electron Mobility
Transistors (HEMTs), Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs),
and Resonant Tunneling Diodes (RTDs) operate on the decanano length scale (below 50
nm), where quantum mechanical effects become significant . This miniaturization has
necessitated the inclusion of quantum mechanical phenomena, such as confinement,
tunneling, and quantum charge transport, which classical models are unable to account
for adequately. Quantum corrections to classical models provide a pathway to bridge
the gap between classical descriptions and quantum mechanical behavior, ensuring that
simulations remain computationally efficient while incorporating essential quantum
effects.

However, as devices have shrunk to nanometer scales, this model faces limitations. In
particular, the DD model assumes a continuum of charge carriers, neglecting quantum
effects such as wave-like behavior and quantum confinement in the inversion layers of
MOSFETs or tunneling through potential barriers. To address these deficiencies,
quantum corrections are necessary, allowing the inclusion of quantum effects into
otherwise classical models.

e When the dimensions of the device become comparable to the de Broglie
wavelength of charge carriers, the carriers are confined in potential wells, such
as the inversion layer in MOSFETSs. This results in the quantization of energy
levels, which cannot be captured by classical models.

e At very small gate oxide thicknesses (on the order of a few nanometers),

electrons can tunnel through the oxide barrier in MOSFETs, leading to gate




leakage. This quantum tunneling is ignored by classical models but has
significant implications for device reliability.

o The transport of charge carriers is no longer dominated purely by drift and
diffusion mechanisms but involves quantum mechanical interference and phase

coherence effects. Classical models fail to describe such behavior.

The quantum effects models used in simulations, such as those in Atlas, are
indispensable tools for understanding the behavior of nanoscale devices. Each model
addresses specific aspects of quantum phenomena, particularly confinement effects, and
operates independently, meaning they should not be combined. Below is a detailed

exploration of these models and their unique functionalities.

1. Self-Consistent Coupled Schrédinger-Poisson Model [64]

This model integrates the solutions of Schrédinger's equation and Poisson's equation to
provide a detailed self-consistent representation of electrostatic potential, quantum
states, bound energies, and carrier wavefunctions in a device. It is highly effective in
analyzing quantum confinement and electrostatics, making it ideal for understanding
the behavior of charge carriers in confined systems. However, this model is not suited
for carrier transport simulations. It is commonly employed for accurately predicting

bound state properties in devices such as quantum wells and nanostructures.

2. Density Gradient (Quantum Moments) Model [65]

The density gradient model extends classical transport models by introducing quantum
corrections derived from the Wigner function's equations of motion. It provides a
quantum-corrected carrier distribution and is particularly useful for simulating
transport phenomena while maintaining consistency with results from the Schrédinger-
Poisson model. Despite its utility in transport scenarios, the model does not yield
detailed information about bound state energies or carrier wavefunctions, limiting its

application to cases requiring precise quantum state analysis.

3. Bohm Quantum Potential (BQP) Model [31]
The Bohm quantum potential model addresses quantum mechanical effects in transport
by constructing a potential based on Bohmian mechanics. It improves upon the density

gradient model in terms of calibration and computational convergence, making it a




preferred choice for simulating devices where capturing subtle quantum effects in
transport is critical. Its ability to model quantum influences on carrier dynamics

enhances its application in nanoscale device simulations.

4. Quantum Correction Models [66]

These phenomenological models, including those by Van Dort and Hansch, specifically
address quantum confinement effects in MOSFET inversion layers. They refine
conventional modeling approaches by correcting carrier densities and mobilities to
account for quantum confinement effects. These corrections significantly improve the
predictive accuracy of classical models in nanoscale MOSFETs, making them a valuable

addition to the modeling toolkit.

5. Parabolic Quantum Well Model [16], [35], [67]

This model is tailored for devices with quantum wells, such as light-emitting diodes
(LEDs) and lasers. It uses the Schrodinger equation to calculate bound state energies
and wavefunctions critical for analyzing recombination and gain mechanisms.
Additionally, the model employs a capture-escape framework to determine Fermi level
positions, providing insights into the electronic properties of quantum well structures.

This makes it a powerful tool for designing optical devices.

6. Non-Equilibrium Green’s Function (NEGF) Approach [68]

The NEGF model offers a comprehensive quantum transport framework, especially for
devices with strong transverse confinement. It accurately predicts eigen energies,
wavefunctions, quantum carrier density, current densities, and ballistic current-voltage
characteristics. This method is essential for nanoscale device simulations, where
traditional transport models fall short in capturing the full scope of quantum

mechanical behaviors.

These quantum effects models collectively enable a nuanced understanding of the
electronic and optical properties of nanoscale devices. By addressing the limitations of
classical approaches and incorporating quantum principles, they provide the foundation

for designing and optimizing the next generation of semiconductor technologies.
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Drift—
Diffusion (DD)
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Quantum
Potential

(BQP)

Quantum
Transmitting
Boundary
Method
(QTBM)

Non-
Equilibrium
Green’s
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(NEGF)

Classical

Semi-
classical

Semi-
classical

Quantum

Quantum

Assumes near
thermal
equilibrium,;
neglects quantum
confinement and
tunneling; mobility
is field-
independent.
Quantum effects
represented
through carrier
density gradient
terms; based on
modified potential
energy expression.
Introduces a
quantum potential
term derived from
the Bohmian
interpretation of
quantum
mechanics;
modifies classical
potential
landscape.

Solves
Schrodinger’s
equation with open
boundary
conditions
allowing for
carrier
transmission and
reflection; assumes
coherent transport.
Treats transport as
quantum
mechanical and
possibly non-
coherent; includes
scattering via self-
energy functions.

Bulk
semiconductors,
long-channel
MOSFETs, low-
field operation
analysis.

Quantum
corrections in
nanoscale
MOSFETs,
HEMTsS, and
nanowire devices.

Quantum-corrected
simulations of
double-gate
MOSFETs, TFETsS,
and nanoscale
Sensors.

Modeling quantum
wells, resonant
tunneling diodes
(RTDs), and
multiple quantum

well (MQW) lasers.

Simulation of
nanoscale FETs,
2D materials,
molecular and
thermoelectric
devices.

Table 2.2. Comparison of transport models.

Fails for sub-20 nm
devices; cannot
capture quantum
effects or non-
equilibrium carrier
distributions.

Approximate; lacks
full wavefunction
information;
limited accuracy
under strong
confinement.

Requires
calibration; semi-
empirical; does not
fully solve
Schrodinger’s
equation or handle
strong tunneling.

Ignores incoherent
scattering;
computationally
intensive for
complex or large
3D systems.

High computational
cost and
mathematical
complexity;
requires detailed
material and
scattering
parameters.




2.5. Literature Survey

The Drift-Diffusion (DD) model remains a cornerstone in the simulation and analysis of
charge transport in semiconductor devices. Initially grounded in classical mechanics, it
offers a simplified yet effective framework for understanding carrier dynamics,

particularly in macroscopic systems.

Sano et al. (2002) investigated the physical implications of atomistic dopants in DD
simulations, offering insights into discrete random dopant effects on electric potential
[69]. Similarly, Pinnau (2002) reviewed the quantum drift-diffusion model, highlighting
its ability to capture generation-recombination processes and transient carrier
dynamics in quantum regimes [70]. While the DD approximation has proven successful
in modeling macroscopic devices, its validity for nanoscale simulations, particularly for

photodiode characteristics, has been critically assessed by Konno et al. (2004) [71].

As outlined by De Falco et al. (2005), the model serves as a generalization of classical
transport equations, incorporating the influence of electric fields and scattering
mechanisms to describe carrier motion. Advances in this domain have led to quantum-
corrected versions, such as the Schrodinger-Poisson-drift-diffusion and quantum drift-
diffusion models, which address the limitations of classical assumptions in nanoscale

devices [72].

Nonequilibrium extensions, such as the kinetic drift-diffusion (kDD) model proposed by
Felekidis et al. (2016), address the computational challenges of simulating devices
under dynamic conditions. Similarly, Liu and Shu (2016) analyzed local discontinuous
Galerkin methods, emphasizing their effectiveness in handling convection and diffusion

terms in one-dimensional systems [73].

Rossi et al. (2019) developed a multiparticle drift-diffusion (mp-DD) framework,
enabling the examination of transport phenomena in both organic and inorganic
electronic devices. Moreover, Nagy et al. (2019) compared DD and Monte Carlo
simulations, demonstrating the limitations of QC-DD in predicting on-current variability
in nanowire FETs [74] [75]. Wang et al. (1998) extended this model with an inversion

layer quantization approach, enhancing its computational efficiency while addressing




quantum confinement effects in MOSFETs [76]. Bufler et al. (2003) highlighted the
limitations of drift-diffusion and HD models in scaled double-gate MOSFETS,
emphasizing the need for refined parameters to achieve accuracy [77] [78] [79]. [80],
[81]. By the 1990s, NEGF had emerged as a practical transport tool for nanoscale
electronics. A landmark contribution came in 1992, when Meir and Wingreen derived a
Landauer-like formula for current through interacting regions using the Keldysh

approach, firmly establishing NEGF as a cornerstone of quantum transport theory[82].

By the 1990s, NEGF had emerged as a practical transport tool for nanoscale electronics.
A landmark contribution came in 1992, when Meir and Wingreen derived a Landauer-
like formula for current through interacting regions using the Keldysh approach, firmly
establishing NEGF as a cornerstone of quantum transport theory[82]. In the early
2000s, the formalism extended beyond electronic systems, with atomistic Green's
function (AGF) and harmonic NEGF (h-NEGF) approaches applied to phonons[83].
Notably, Mingo and Yang (2003) presented one of the first atomistic studies of phonon
transport in nanowires, revealing how surface disorder and amorphous coatings
dramatically affect phonon transmission and thermal conductivity[84]. This was
followed in 2006 by Yamamoto and Watanabe, who formulated a nonequilibrium
phonon Green’s function method to study defective carbon nanotubes, highlighting the
robustness of quantized conductance[85]. Through the mid-to-late 2000s, AGF
techniques matured and broadened, with significant methodological advances in
treating interfaces, strained films, and heterostructures, alongside improvements in
surface Green’s function algorithms and numerical stability. Influential contributions
from Zhang, Fisher, Mingo, and collaborators further solidified AGF as a powerful

framework for phonon transport studies[86].

Between 2005 and 2009, significant advancements in the application of the Non-
Equilibrium Green’s Function (NEGF) formalism were made to model nanoscale devices.
Early works such as Ravishankar et al. (2005) compared NEGF with Monte Carlo
simulations in double-gate MOSFETs, highlighting the strengths of NEGF in capturing
quantum transport [87]. Martinez et al. (2007) introduced a full 3D real-space NEGF
simulator for nano-MOSFETSs, enabling the study of nonperturbative effects [88], while
Neophytou et al. (2007) applied NEGF to investigate vacancy defects in carbon
nanotubes [89]. By 2008, NEGF had expanded to FinFET modeling (Khan et al.) and




strain effects in double-gate MOSFETs (Kalna et al.), demonstrating its versatility in
different device architectures [90]. Parallel efforts combined DFT with NEGF to study
molecular-scale transport (Ganji et al., 2008) and basis set effects in nanotubes (Abadir
et al,, 2009), bridging atomistic and device-level simulations [91]. Further, Munteanu et
al. (2009) used NEGF to probe electron transport through high-x dielectrics [92], while
Seoane et al. (2009) employed 3D NEGF to quantify current variability due to dopant
randomness in nanowire MOSFETSs [93]. Collectively, these studies established NEGF as
a cornerstone for quantum transport modeling in nanoscale transistors and molecular

devices, capturing effects beyond the scope of semiclassical approaches.

From 2011 to 2015, the NEGF framework evolved into a versatile tool for nanoscale
device modeling across diverse material systems and applications. Early efforts, such as
Dastjerdy et al. (2011), demonstrated 3D NEGF-based simulations of silicon nanowire
MOSFETs, setting a foundation for quantum transport studies in confined geometries
[94]. Martinez et al. (2012) and Georgiev et al. (2013) extended this to junctionless and
dopant-engineered Si nanowire transistors, emphasizing variability and atomic-scale
effects. Ji et al. (2013) applied DFT-NEGF to metal-graphene contacts, linking contact
resistance to injection and lateral transport processes [95]. In parallel, Wang et al.
(2014) investigated CNTFET performance via gate and channel engineering within
NEGF quantum kinetics [96]. The method’s conceptual underpinnings were further
clarified in Datta’s 2015 perspective, while Syaputra et al. (2015) expanded its reach to
silicene transport [97] and Farhana et al. (2015) explored CNTFET behavior [98].
Collectively, these studies established NEGF as a unifying quantum transport

framework for transistors, low-dimensional materials, and molecular-scale sensors.

In recent years, the coupling of density functional theory (DFT) with non-equilibrium
Green’s function (NEGF) methods has become a central approach for exploring quantum
transport in low-dimensional materials and nanoscale devices. Pang et al. (2017)
applied DFT+NEGF to phosphorene for ultra-sensitive detection of HCN and HNC gases,
highlighting its distinct current-voltage responses under doping [99]. Extending this
approach, Zhou et al. (2018) investigated black phosphorene-type GaTeCl as a novel 2D
channel materiall [100], while Akhavan et al. (2018) optimized HgCdTe nBn infrared
photodetectors using NEGF-Poisson simulations, emphasizing ballistic transport

characteristics [101]. Complementarily, Wilson et al. (2019) employed DFT+NEGF to




analyze discrete dopants in Si/IlI-V FETs [102], while Pala and Esseni (2019)
introduced empirical pseudopotential and mode-space NEGF models for efficient full-
band device simulations, later extended to nanowire transistors [103]. On the scattering
front, Martinez et al. (2016) explored phonon-limited transport in Si, GaAs, and InGaAs
nanowires and FinFETs via NEGF [104].

From 2020 onwards, NEGF applications have expanded significantly. Hu et al. (2020)
combined DFT with NEGF to study 2D SbSiTes, reporting tunable electronic properties
and strong ballistic transport [105]. In 2021, Polanco reviewed NEGF in vibrational
energy transport (h-NEGF and a-NEGF) [83], while Stegmann and Stefanucci provided
concise introductions to NEGF theory for electron transport and real-time simulations,
respectively—establishing a theoretical foundation for new researchers [106]. The
methodologydocumented and matured further in 2022, when Verma & Singh
emphasized its many-body perturbation theory (MBPT) basis for nanoscale MOS
devices [107]. In 2023, Thakur & Sarkar published a stepwise tutorial on NEGF for
devices and defective materials, bridging pedagogy with practical applications [108].
Most recently, in 2024, Poobalan et al. studied bilayer graphene transport via tight-
binding NEGF simulations [109], and Agrawal et al. analyzed doped graphene
nanoribbon interconnects with DFT+NEGF, underscoring NEGF's role in next-

generation nanoelectronics [110].

Recent developments in DFT-NEGF simulations have expanded their applicability
across sensors, transistors, thermoelectrics, spintronics, and molecular devices. Zhu and
Wang (2025) demonstrated the potential of GeS monolayers as heavy-metal sensors,
where adsorption of Cu, As, and Pb notably influenced electronic transport [111].
Munna and Alam (2025) explored bismuthene nanoribbon TFETs, highlighting their
promise for low-power topological electronics. In the domain of thermoelectric
transport [112], Balaji et al. (2025) applied NEGF to GeTe/antimonene and
GeTe/arsenene vdW heterostructures, showing how interface engineering can
significantly boost performance [113]. In device-level studies, Acharya et al. (2025)
quantified the sensitivity of GaAs/AlGaAs resonant tunneling diodes to barrier and well
variations [114], while Raman et al. (2025) analyzed SiGe-Ge-Si junctionless nanowire
FETs, focusing on quantum effects from heterostructure engineering [115]. At the

scaling frontier, Afzalian (2025) provided a roadmap for CNT- and 2D-material




MOSFETs, benchmarking their limits under hybrid-functional DFT-NEGF frameworks
[116]. Complementarily, Wu and Jiang (2025) integrated DFT-NEGF with microkinetic
modeling to design polythiophene-based gas sensors, achieving high selectivity for NO,
and SOz [117]. Collectively, these studies illustrate the versatility of NEGF, bridging

fundamental quantum transport with applied nanoscale device engineering.

The Density-Gradient (DG) quantum correction model emerged as a bridge between
fully quantum mechanical approaches (like the Schrédinger-Poisson and Non-
Equilibrium Green’s Function (NEGF) formalisms) and classical drift-diffusion
simulations. It enables the incorporation of quantum confinement and tunnelling effects
within a semiclassical framework while maintaining computational efficiency. The
theoretical foundations of the DG model were rigorously established by Ancona and
Tiersten, and its application to semiconductor devices was further expanded in the early
2000s. Ancona et al. (2000) applied the DG formalism to analyze MOS tunnelling
phenomena, demonstrating that the quantum correction effectively smoothens carrier
density discontinuities and refines potential distributions in ultra-thin oxides [118]. The
landmark implementation of the DG model on unstructured grids was reported by
Wettstein, Schenk, and Fichtner (2001), who integrated DG corrections into general-
purpose device simulators, enabling its application to arbitrary device geometries such
as HEMTs and SOI structures. They demonstrated that the DG potential successfully
mimics the quantum confinement potential obtained from Schrodinger-Poisson
calculations, thereby validating the method as a computationally efficient alternative for
complex devices [119]. Following this, Asenov et al. (2003) calibrated DG corrections in
three-dimensional drift-diffusion frameworks for decananometer MOSFETsS,
highlighting the model’s ability to capture quantum mechanical charge redistribution in
scaled channels. They reported improved consistency between DG-corrected and
Schrodinger-Poisson models in sub-100 nm devices [120] . For nonlocal and
hydrodynamic transport, Jin, Park, and Min (2004) developed a Hydrodynamic Density-
Gradient (HDG) model, incorporating both nonlocal transport and quantum mechanical
corrections. This advancement enabled the study of high-field transport in nanometer-
scale devices while maintaining quantum consistency [121]. To address energy
transport and quantum heating, Chen and Liu (2006) combined DG corrections with the

energy-transport model, thereby forming a quantum-corrected hydrodynamic




framework suitable for nanoscale high-speed devices [122]. In the context of III-V and
heterostructure devices, Hu et al. (2006) applied the DG model to GaN-based metal-
oxide HEMTSs, studying self-heating and carrier confinement in two-dimensional
electron gas (2DEG) channels. Their results showed that DG correction effectively
captures the electrostatic coupling between the barrier and channel regions [123].
Morris and Limon (2006) developed a multilevel solver for the DG equation, improving
convergence efficiency and robustness for quantum-corrected drift-diffusion
simulations. Their paper presented an iterative numerical approach capable of solving
the nonlinear DG equation efficiently, an essential step toward 3D implementation
[124].In the same year, Bufler, Hudé, and Erlebach (2006) introduced an accurate
quantum correction technique for Monte Carlo (MC) simulations, which reconstructed
the quantum mechanical density via DG potentials. Their Journal of Computational
Electronics article demonstrated that incorporating DG corrections in MC frameworks
successfully reproduces quantum confinement effects in channel regions [125]. The
boundary condition problem for DG-corrected MC simulations was systematically
addressed by Riddet, Brown, Roy, and Asenov (2008), who proposed a method to
ensure physical consistency of DG potentials at Ohmic contacts and heterointerfaces
[126]. To strengthen theoretical underpinnings, Baccarani, Gnani, Gnudi, and Reggiani
(2008) provided a rigorous analysis of quantum drift-diffusion and DG models within
Bohm's quantum potential framework [127]. Wu et al. (2009) extended DG concepts
beyond semiconductor devices, developing a Density-Gradient-Corrected Embedded
Atom Method for quantum mechanical modeling of metallic systems. Their paper
demonstrated that the inclusion of DG corrections improves the accuracy of potential
energy surfaces as the density gradient increases [128]. A key comparative study by
Brown, Martinez, Seoane, and Asenov (2009) evaluated DG versus NEGF quantum
correction schemes for 3D nanowire MOSFETs, concluding that DG corrections
reproduce the main features of NEGF-calculated charge distributions while being
significantly faster computationally [129]. Building on these frameworks, Brown,
Watling, Roy, and Riddet (2010) analyzed the role of DG quantum corrections in the
simulation of statistical variability in MOSFETSs. Their work demonstrated that the DG
model accurately captures device-to-device variations in sub-30 nm transistors by
reflecting quantum mechanical charge spreading and threshold voltage shifts induced

by discrete dopants [130]. Garcia-Loureiro, Seoane and coauthors presented an




implementation of DG quantum corrections for full 3-D multigate nanoscaled transistor
simulation. Their work focused on algorithmic integration, finite-element discretization,
and practical aspects for multigate devices (DG coupling into Poisson/continuity, solver
coupling and performance) [131]. Researchers worked on DG calibration strategies for
realistic 3-D geometries. Pons, Triozon, Jaud et al. studied density-gradient calibration
for 2-D quantum confinement applied to Tri-Gate SOI transistors, presenting SISPAD
results that quantify how DG parameters should be tuned against Schréodinger-Poisson
solutions for complex cross-sections [132].The use of the density-gradient (DG)
quantum correction in device simulation has evolved from purely electrostatics-based
modelling toward performance optimization and compact model integration in recent
years. For example, Gaurav, Gill, Kaur and Rattan (2016) applied a DG-augmented drift-
diffusion simulator together with artificial neural network (ANN) and genetic algorithm
(GA) techniques to optimize triangular trigate bulk FinFETs with 20 nm gate length.
They reported improvements in key metrics by incorporating DG quantum corrections
in the simulation loop of the ANN/GA optimization [133]. Beyond device-level
optimization, the DG formalism has been embedded into compact-model frameworks:
Hong (2019) developed a compact charge model for double-gate MOSFETs that
explicitly includes the DG equation with realistic boundary conditions, yielding
analytical expressions for parameter extraction and charge-voltage behaviour [134]. At
the same time, more fundamental theoretical works addressed gradient corrections in
quantum materials and their relevance for device-scale modelling: Moldabekov et al.
(2017) derived gradient correction pre-factors (y_D) for two- and one-dimensional
electron gases at finite temperature, establishing that the prefactor equals 1/3 in high-
temperature limit, thereby refining the DG coefficient calibration for device contexts.
Collectively, these works reflect a maturation of DG methods: from incorporation into
drift-diffusion/TCAD simulators toward full integration into performance-driven design
(via ANN/GA) and compact modelling disciplines, bridging the gap between numerical
simulation and circuit-level /variability-aware device design. Quantum confinement and
carrier transport modeling have evolved significantly with the integration of density-
gradient (DG) quantum corrections into drift-diffusion (DD) and Monte Carlo
frameworks. Dutta et al. (2021) developed a 3D DG-based quantum-corrected drift-
diffusion simulator that effectively captured confinement effects in ultra-scaled

MOSFETs. Their anisotropic DG approach improved the prediction accuracy of channel




charge distribution and threshold voltage, validating the model’s compatibility with
TCAD tools [135]. Similarly, Soares et al. (2024) presented a quantum-corrected Monte
Carlo simulator combining the DG correction with the Bohm Quantum Potential (BQP)
method. Comparative analysis revealed that the DG model offered better numerical
stability and convergence for nanoscale FinFET simulations [136] . On the theoretical
front, Rhee et al. (2020) extended the DG model to second-order quantum corrections,
improving accuracy in modeling single-charge effects and discrete dopant fluctuations
in sub-10 nm MOS devices. This higher-order formulation enhanced quantum
confinement representation in ultra-thin-body MOSFETs [137]. Li et al. (2024)
integrated DG equations with Poisson’s equation to explore oxide reliability degradation
in nanosheet GAA FETs. Their work emphasized DG’s relevance beyond electronic
transport, extending its applicability to electrothermal and reliability analyses [138].

The concept of the Bohm Quantum Potential (BQP) originates from the causal
interpretation of quantum mechanics proposed by David Bohm (1952), where the
wavefunction is expressed in polar form to derive a quantum-corrected Hamilton-
Jacobi equation that includes an additional potential term, now known as the Bohm
potential [139]. This potential represents the influence of the quantum wave nature of
particles and provides a deterministic yet nonlocal description of quantum phenomena,
bridging the gap between classical and quantum mechanics. Subsequent works by Bohm
and Hiley (1984) expanded this interpretation, showing that the quantum potential
could consistently explain measurement processes and relativistic quantum field
theories within the same framework.

The physical interpretation of the BQP has evolved significantly over time. Aharonov
and Bohm (1961) emphasized the significance of electromagnetic potentials in quantum
theory, illustrating that potentials, not just fields, have observable quantum mechanical
effects [140]. Later, Dennis et al. (2015) demonstrated that the BQP could be viewed as
a form of internal energy associated with context-dependent energy redistribution
within quantum systems[141]. In plasma physics, Moldabekov et al. (2015) extended
the concept to quantum plasmas, linking the BQP to statically screened ion potentials
and showing its relevance in both Bose and Fermi systems [142].

More recently, Hojman et al. (2021) reaffirmed the measurable reality of the Bohm
potential, demonstrating its physical consequences in optical and wave-based quantum

systems [143]. The ongoing refinement of the BQP framework, as seen in the covariant




non-local formulation by Mauri and Giona (2023), underscores its versatility in
describing nonlocal quantum correlations and thermodynamic consistency under
isothermal conditions [144]. Collectively, these foundational and contemporary studies
establish the BQP as a unifying construct that captures the nonclassical behavior of
carriers in nanoscale systems. In the context of semiconductor devices such as TFETs,
this formulation allows quantum confinement, tunneling, and wavefunction curvature
effects to be modeled self-consistently within semi-classical transport equations,
thereby providing a bridge between drift-diffusion and Schrodinger-Poisson
frameworks .

Gusmeroli and Spinelli (2006) applied QBTM in the analysis of ballistic double-gate
devices, integrating it with Poisson-Schrodinger solvers to simulate carrier injection
and extraction, thereby demonstrating its relevance in high-speed nanoscale devices.
Gao Cheng-Zhi and Liu Jin-Liang (2003) explored discretization and interface
approximation techniques in quantum wells, wires, and dots, highlighting the
importance of accurate interface modeling for QBS simulations. Dutta (2014) studied
alternative channel material MOSFETs with undoped InGaAs/InP quantum wells,
emphasizing the role of quantum confinement on device characteristics through
coupled Poisson-Schrodinger simulations. Nemnes et al. (2016) further advanced time-
dependent electron transport studies by introducing transparent boundary conditions
in the R-matrix method [145], Kosik et al. (2021) investigated open boundary
conditions for the Wigner transport equation, applying them to a GaAs/AlGaAs quantum
well structure and validating QBTM-like methods for open quantum systems [146].
Several studies have focused on understanding quantum transport and quasi-bound
states (QBS) in III-V semiconductor quantum wells, emphasizing both analytical and
numerical methods. Nimje and Mahajan (2023) provided an analytical estimation of the
lifetime of QBS in III-V quantum wells, extending previous calculations for infinite
triangular wells and employing the Quantum Transmitting Boundary Method (QBTM) to
evaluate the width and lifetime of these states, which are critical for tunneling-based
devices [147], enabling accurate modeling of coherent transport in nanostructured
interfaces. Collectively, these works highlight the centrality of QBTM and advanced
boundary condition treatments in predicting quasi-bound state behavior, quantum
confinement effects, and overall nanoscale device performance, forming a robust

foundation for the analysis and simulation of III-V semiconductor quantum wells in




modern electronic and optoelectronic devices.

2.6. Conclusion

Chapter 2 delves into the critical aspects of carrier transport phenomena in nano-scaled
devices, laying the groundwork for understanding how transport mechanisms evolve at
reduced dimensions. The chapter begins with an overview of nano-scaled devices,
emphasizing their unique features and the challenges they present. It highlights the
pivotal role of carrier transport phenomena in determining the performance and
efficiency of these devices. The limitations of classical transport models, which rely on
continuum approximations and neglect quantum effects, are thoroughly examined.
These models, while effective for bulk-scale devices, fail to capture the discrete energy
states, tunneling phenomena, and wave-particle duality that dominate at the nanoscale.
This realization necessitates the use of semi-classical and quantum transport models,
which integrate quantum mechanical principles to provide a more accurate
representation of carrier dynamics. The discussion on semi-classical models bridges the
gap between classical and quantum approaches by incorporating effects like energy
quantization and scattering into carrier transport equations. Quantum transport
models, such as the Non-Equilibrium Green’s Function (NEGF) framework, are
introduced as indispensable tools for understanding nanoscale behavior, enabling
accurate simulations of phenomena like tunneling and quantum interference. The
literature study provides a detailed review of advancements in transport modeling and
highlights the contributions of various researchers in this field. This analysis
underscores the growing importance of these models in addressing real-world
challenges in nano-electronic device design and optimization. In conclusion, this
chapter underscores the necessity of semi-classical and quantum transport frameworks
in modern nano-electronics, bridging the gap left by classical approaches. The insights
gained here are essential for exploring advanced transport mechanisms and applying
them to the design of next-generation devices. This sets the stage for subsequent
chapters to delve deeper into specific transport phenomena, methodologies, and their

applications in cutting-edge technologies.
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3.1. Introduction to Low-Dimensional MOSFETs

Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs) are the cornerstone of
modern electronics, serving as the fundamental building blocks for a wide variety of
devices, including integrated circuits (ICs), processors, memory devices, and
communication systems. Over the decades, the MOSFET has evolved significantly, with

advancements in materials, device structures, and fabrication techniques.




MOSFETs are semiconductor devices that control the flow of charge carriers between
two regions (called the source and drain) using an electric field applied to a gate
terminal. The main components of a MOSFET include the source, drain, gate, and
channel. The gate terminal is separated from the semiconductor channel by a thin
insulating layer, often made of silicon dioxide (SiO,). By applying a voltage to the gate,
an electric field is created, which modulates the conductivity of the semiconductor

channel and controls the flow of current between the source and drain.
The MOSFET operates in three distinct regions:

1. Cut-off region: The gate voltage is below the threshold voltage, and no current
flows through the channel.

2. Linear (or triode) region: The gate voltage is above the threshold, and the
MOSFET operates as a resistor, allowing current to flow from the source to the
drain.

3. Saturation region: The gate voltage is sufficiently high to form a conducting
channel, but the drain voltage is high enough that the channel near the drain is

pinched off, leading to a constant current flow.

The performance of a MOSFET is typically described by key parameters such as
threshold voltage, transconductance, on-current, and subthreshold swing. As devices
shrink in size, these parameters are affected by the scaling laws, and new physical

phenomena begin to influence device behavior.

As the demand for faster and more efficient electronics has increased, the
semiconductor industry has pursued the miniaturization of MOSFETs to improve speed
and reduce power consumption. This is in line with Moore’s Law, which predicts that
the number of transistors on an integrated circuit will double approximately every two
years, enabling greater computational power and functionality [148]. However, when
scaling down MOSFETs to the nanometer regime, several fundamental challenges arise.
Traditional MOSFETs, based on bulk silicon, experience performance degradation due
to short-channel effects (SCEs). These effects include threshold voltage roll-off, drain-
induced barrier lowering (DIBL), and subthreshold leakage, which degrade the device's

ability to switch on and off efficiently as the channel length becomes shorter. To




mitigate these issues, researchers have turned to low-dimensional structures, where
the channel dimensions are reduced to the point where quantum effects become

significant.

Since the invention of the MOSFET, continuous device scaling — as described by
Moore’s Law — has been the primary driver of electronic technology. Reducing the
channel length, oxide thickness, and supply voltage has allowed for faster switching
speeds, lower power consumption, and higher packing densities. However, as
dimensions entered the nanometer regime (below ~30 nm), classical models that once
described device operation with high accuracy began to fail. This breakdown originates
from two major fronts: electrostatic short-channel effects (SCEs) and quantum

mechanical confinement.

In long-channel MOSFETSs, the gate terminal effectively controls the channel potential
and hence the flow of carriers between the source and drain. But as the channel length
shrinks, the control of the gate weakens due to fringing electric fields and drain-
induced barrier lowering (DIBL). These phenomena, collectively known as short-
channel effects, result in higher off-state leakage, threshold voltage roll-off, and
degraded subthreshold performance.
Classically, SCEs are treated using the Poisson’s equation with charge density
approximations derived from drift-diffusion or hydrodynamic models. While these
capture electrostatic coupling and mobility degradation, they ignore the discrete nature
of energy states and the quantum confinement that arises in ultrathin films and

nanowires.

When the MOSFET channel body thickness or channel cross-section approaches the de
Broglie wavelength of electrons (~10 nm), carrier motion perpendicular to the current
flow becomes confined. This confinement quantizes the energy levels into subbands,

leading to a redistribution of charge away from the oxide interface.

To handle nanometer-scale effects while retaining computational simplicity, semi-
classical models such as the density-gradient (DG) method or quantum correction
potential (QCP) approaches were introduced. These models add a quantum potential

term to the classical drift-diffusion equations, allowing partial inclusion of confinement




effects and charge quantization without explicitly solving Schrédinger’s equation.
However, semiclassical models assume local equilibrium and continuum energy
distributions, which makes them inadequate for describing quantum tunneling,
interference, and ballistic transport that dominate when the mean free path becomes
comparable to the channel length (< 20 nm). In such ultra-scaled regimes, the current is
determined not by scattering-limited drift but by wave transmission through potential

barriers, demanding a fully quantum mechanical treatment.

The limitations of semiclassical frameworks led to the adoption of the Quantum
Transport approach, where the wave nature of electrons, phase coherence, and non-
local effects are explicitly included. Among these, the Non-Equilibrium Green’s Function
(NEGF) formalism provides a unified and rigorous methodology for describing carrier

transport under both equilibrium and bias conditions.

These transport models tackle short-channel effects (SCEs) by integrating the wave-like
nature of electrons, offering a level of accuracy beyond that of semiclassical approaches
when the device dimensions approach the electron’s de Broglie wavelength. The Non-
Equilibrium Green’s Function (NEGF) framework serves as the central formalism, as it
inherently captures quantum phenomena such as tunneling and carrier confinement,

which play key roles in SCE manifestation.

In ultra-scaled channels, the drain electric field can distort the potential barrier near
the source, enabling charge carriers to flow even when the transistor is intended to
remain off. In severe situations, known as punch-through, the depletion regions of the
source and drain overlap completely. Through a self-consistent solution of the
transport and Poisson equations, the NEGF formalism explicitly reproduces the two-
dimensional electrostatic potential distribution responsible for such barrier lowering.
By accurately computing the potential profile across the channel, NEGF-based
simulations can precisely quantify drain-induced barrier lowering (DIBL) and its

impact on device characteristics.

As both the gate oxide thickness and channel length are reduced to a few nanometers,
quantum tunneling becomes a dominant conduction mechanism, allowing electrons to

penetrate potential barriers instead of surmounting them. This process substantially




increases the off-state leakage current, a behavior intrinsically described by the NEGF
method. Within this framework, Green’s functions represent electron propagation
while inherently including their wave characteristics, such as transmission through
barriers. Consequently, the tunneling current arises naturally from the NEGF
formulation, enabling accurate prediction of leakage variations as the device scales

down.

In multi-gate MOSFET architectures, the ultrathin channel regions restrict carrier
motion in one or more spatial directions, leading to quantized energy levels and
changes in the local density of states (LDOS). This quantization modifies both the
threshold voltage and the carrier spatial distribution. By coupling the Schrodinger and
Poisson equations self-consistently, the NEGF approach directly captures these discrete
energy states and their impact on electronic transport. This feature is vital, as quantum
confinement can sometimes intensify SCEs—a phenomenon that purely classical

transport models fail to represent.

There are several key types of low-dimensional MOSFETs, each of which exploits the
reduced dimensionality of the active channel to achieve superior performance [149]
[13] [150] among which in this chapter the MOSFET based on Transition Metal
Dichalcogenide (TMD) materal has been explored for sensing application [151], [152]

Molybdenum ditelluride (MoTe;) is one of the promising 2D material that belongs to
the TMD family used as channel material in low dimensional MOSFETs [153], [154]
[149]. MoTe, exhibits a tunable bandgap and high electron mobility, which makes it
suitable for high-performance transistors. MoTe, also stands out for its unique
metallic-to-semiconducting transition depending on the number of layers, allowing for
further tunability in device characteristics. Moreover, MoTe, has shown potential in
quantum transport applications due to its ability to support topological states, which
could lead to enhanced performance in quantum computing and sensing devices. As
with other TMDs, MoTe, faces challenges related to synthesis, scalability, and interface
control with other materials, particularly for integration into mainstream

semiconductor technologies.




In this context, a MoTe,-based MOSFET structure has been explored for gas sensing
applications, leveraging its intrinsic surface sensitivity and high carrier mobility. Which

has been elaborated in subseqyuuent sections.

3.2. Quantum Transport in MOSFETs based on NEGF:

Theoretical Analysis

The Non-Equilibrium Green's Function (NEGF) formalism is a powerful tool for
simulating quantum transport in nanoscale devices [68], [155], [156], [157]. It provides
a self-consistent way to solve for the charge transport and potential distribution in a
system under non-equilibrium conditions, where classical methods fail to account for
quantum effects like tunneling, interference, and confinement. NEGF handles these
effects by combining the Schrédinger equation for quantum mechanics and the Poisson

equation for electrostatics into a self-consistent framework.

In NEGF, the quantum transport problem is described using Retarded Green's Function

(G). the derived functions allow us to compute quantities like:

e Electron density at each point in the device.
o Current density through the device.

o Potential distribution due to the electrostatic effects.
The NEGF formalism works by solving a set of coupled equations:

1. The Schrodinger equation, which describes the quantum state of electrons.
2. The Poisson equation, which describes the electrostatic potential due to the

charge distribution.

The solution involves an iterative procedure to achieve self-consistency between the

quantum transport and electrostatic potential. Below are the stepwise details:




Step 1: Initialize Device Parameters
Define the device geometry, material properties, and boundary conditions. These

include:

e Device dimensions (e.g., channel length, thickness).
e Material parameters (e.g., bandgap, dielectric constant).

o Contact potentials and boundary conditions (e.g., source and drain voltages).

Step 2: Solve the Poisson Equation for Initial Potential

The Poisson equation relates the electrostatic potential (¢) to the charge density (p):

Vip(x) = —%

Where:

e ¢ isthe electrostatic potential.

e p(x) is the charge density (to be updated iteratively).

e ¢ isthe permittivity of the material.

Discretize the domain Use a grid (e.g., finite difference or finite element)
for the device geometry.

Apply boundary conditions Set potential values at the source, drain, and gate

terminals.
Solve using iterative Use techniques like Gauss-Seidel or Successive
methods Over-Relaxation (SOR).
Output initial potential The result serves as input for quantum transport
distribution calculation.

Table 3.1. Poisson Equation Solution Steps




Step 3: Solve the Schrédinger Equation for Green's Functions
The Schrodinger equation is solved in each slice of the device to find the eigenenergies

and wavefunctions:
Hy =Ey (3.1)
Where:

e His the Hamiltonian matrix (including potential from Poisson solution).
o W isthe wavefunction.

e Eisthe energy eigenvalue.

The electrostatic potential shifts the local band edges. In the (effective-mass)

Schrodinger equation include that shift as a potential energy
V(x,y)= E, _I/(;ﬁ*se;(x,)’)+q(/’(x»J/) (3.2)

where Ec is a reference conduction-band edge (material-dependent) and Voffset
accounts for band offsets and Quantum corrections, @(x,y) is the two dimensionl
potential profile.

[—h—zv.(ijw(x,y)]ﬂx,y)=E‘P(x,y)

2 mx(x,y) (3.3)

Continuous 1D effective-mass Schrodinger in the directioj of quantization i.e., along the

thickness of the device ‘y’

[—h—v.( v ]+V(y)]‘P<y>=E‘P(y>

2 m*(y) (3.4)

It is to be mentioned that in NEGF, both the directions are taken as direction of

quantization, so along the length of the device ‘x’ we have

[—h—zv.( v j+V(x)]‘P(x):E‘P(x)
2 \m*(x) (3.5)

For the analytical solution , we discretize (finite-difference) in one direction initially

grid x;, spacing Ax upto N points. For constant m* use central difference

I R0 22V Dy, = B,
2 = (3.6)

i+l

This builds the tridiagonal eigenproblem




HY(x), = E¥(),

To form the Hamiltonian , we obtain the elements as

H,=2t+V,
Hi,iirl =—t
h2
" 2m*(Ax)? 3.7)

Eco + 2t + @(x;) —t 0 0

[ —t Eco + 2t + @(Xp) —t 0 ]
H=l 0 —t Eco + 2t + @(X3) ... 0

—t ECO + 2t + (p(XN)

(3.8)
It is to be noted that theboundary elements do not have preceeding and fowling
elements at both the ends and hence the the incorporation of the said wave functions at

the left, right contact is given in literature as self energy functions that are defined as

—texp(ik;za) 0 0 ... O
[ 0 0o 0 .. O]
251 0 0 0 .. 0‘
e .. 0O
(3.8)
0 0 O 0
[O 0 0 0 ]
Yo={0 O O 0 |
I_ P | —texp(ikza)J
From this, the Retarded Green's Function is calculated:
G=[EI-H-Xs-Zp]? (3.9)

If scattering is considered the Retarded Green's Function includes stacttering matrix
Yscatter that takes into account internal scatterting

G= [EI—H—ZS—ZD' Zscatter] -1

The broadening functions I'sand I'p




[s=i(Zs—Zs*) (3.10)

I'p=i(Zp-Zp*) (3.11)

The transmission coefficient is

T(E)=Trace[Ts G I'p GA]
(3.12)

Where G4, advanced green function, is the adjoint (conjugate transpose) of G.

The lesser Green's function describes the occupation of these available states by
electrons and plays a vital role in determining the electron density within the device
region and, consequently, the overall current flowing through it. This electron density is
fundamental to the self-consistent coupling with the Poisson equation, which governs

the electrostatic potential distribution across the channel.

The self-energy due to source and drain has the lesser compenent defined as
Xs<=iI's fs
Yp<=i [p fp (3.13)

fsor fp denotes fermi distributions at surce drain end given by

The total lesser self-energy from source and drain

X<=Xs<+ Xp© (3.14)
The lesser Green's function that describes the occupation of available states by
electrons is given by

G<=G Z<GA (3.15)

G is used to determine where the energy states are and G < is used to determine how
many electrons occupy them under non-equilibrium bias conditions. Both are necessary

to accurately model a MOSFET using the NEGF formalism.

Step 4: Calculate the Charge Density




Electron density at a position p(x) is an energy integral over the diagonal components
of G=

Step 5: Update the Poisson Equation
Using the updated charge density p(x), the Poisson equation is solved again to update
the potential () in step 2. This process ensures that the electrostatic potential is

consistent with the quantum charge distribution.

Step 6: Iterate Until Convergence
Steps 3-5 are repeated until the solutions for the Schrodinger and Poisson equations

converge. Convergence is typically defined by:

e A small change in potential (A¢p).

» Consistent charge density ( p(x)) across iterations.

Step 7: Compute Transport Properties

Once convergence is achieved, the following transport properties are calculated:

e Current density (J): Derived from Green's functions.
o Channel potential: Analyzed for sensing and switching behavior.
e Device performance metrics: Like on/off ratio, subthreshold slope, and

sensitivity (for gas sensing applications).

Initialize parameters Define geometry, materials, and boundary
values.

Solve Poisson equation Initial potential distribution (¢).

Solve Schrodinger equation Green’s functions (G,G4).

Calculate charge density (p) Update p based on Green’s functions.

Update Poisson equation Adjust @ for new charge density.

[terate until convergence Consistent ¢, p, and G.

Analyze transport properties Extract [-V characteristics and sensitivities.

Table 3.2. Steps for NEGF and Poisson Coupling




By integrating NEGF with the Schrédinger-Poisson framework, this study provides an
accurate depiction of the quantum transport mechanisms in the MoTe,-based MOSFET,

particularly for sensing applications like hydrogen detection.

3.3. Charge Plasma Engineering and its application

Charge Plasma Engineering (CPE) is an innovative approach that represents a departure
from traditional doping techniques in semiconductor devices, particularly field-effect
transistors (FETs) [158], [159], [160], [161], [162]. This technique leverages
electrostatic gating and electric field modulation to create a charge plasma in the device,
eliminating the need for doping, which can introduce various performance-limiting

factors such as scattering and fluctuations due to random dopants .

Charge Plasma Engineering operates on the premise of utilizing the inherent
electrostatic properties of materials to control charge transport. The key aspects
include dopingless techniques where, by utilizing metal electrodes with tailored work
functions, CPE can generate a charge plasma without the physical doping of
semiconductor materials. This helps mitigate issues associated with excessive doping,
such as reduced carrier mobility and increased series resistance. Beside, the application
of electric fields can modulate carrier concentrations effectively throughout the channel,
facilitating better control over device performance. By carefully managing the Debye

length and channel thickness, optimal performance can be achieved.

The charge transfer mechanism in scaled semiconductor devices arises from the
interaction between the metal contacts and the semiconductor channel. At equilibrium,
when the device is at rest, the metal and semiconductor regions are connected, and
charge transfer occurs due to energy band alignment disparities between the metal and
the semiconductor. The Fermi level in the metal and the semiconductor initially do not
align, leading to the migration of electrons from the metal into the semiconductor, filling

lower energy states.

This transfer leads to a net movement of negative charge from the metal to the

semiconductor. This process creates a charge plasma at the interface between the metal




and the semiconductor, influencing the carrier distribution and potential profile across
the device. The formation of this charge plasma is crucial for controlling the threshold
voltage and ensuring proper switching behavior. In the case of MoTe,-based MOSFETs,
the narrow bandgap and tunable electronic properties of the material further influence
the way charge is transferred across the interface, providing a unique opportunity for

designing advanced transistors that can operate efficiently at the nanoscale.

The interface between the metal contacts and the semiconductor material is one of the
most critical regions in terms of charge plasma engineering. In conventional MOSFETs,
this interface is often dominated by the metal Fermi level pinning, which leads to
undesirable effects such as increased contact resistance and threshold voltage shifts.
Metal Fermi level pinning occurs when the metal’s Fermi level becomes fixed at a
specific value due to the interaction with the semiconductor material, leading to poor

electrostatic control and inefficiency in the device.

In the case of MoTe; and other 2D materials, the issue of Fermi level pinning can be
alleviated using advanced interface engineering techniques. A common method involves
the use of ultra-thin insulating layers, such as Al,0s; at the metal-semiconductor
interface. The metal-Al,03-semiconductor structure has been shown to effectively
eliminate Fermi level pinning, providing better control over the electrostatic properties
and carrier injection into the semiconductor channel. This approach ensures that the
Fermi level in the metal and the semiconductor are able to align more naturally,
facilitating efficient charge transfer and reducing contact resistance, which is crucial in

scaled devices where every nanometer matters.

As MOSFETSs scale down, the dimensions of the device become smaller, and the charge
plasma formed at the metal-semiconductor interface becomes more significant. This
plasma, which consists of electrons and holes that are created due to the energy band
alignment disparities, is responsible for the overall carrier distribution and device
performance. The narrower the channel and the smaller the dimensions of the metal-
semiconductor overlap, the more pronounced the effects of charge plasma formation

become.




As the device is scaled down, the length of the charge-plasma region becomes a critical
factor in controlling threshold voltage and subthreshold slope. Shorter charge-plasma
regions enable better electrostatic control over the channel, reducing short-channel
effects and improving switching behavior. However, if the charge-plasma region is too
short, it may lead to a reduced charge transfer efficiency, which would degrade the

device's overall performance.

The engineering of charge plasma in scaled MOSFETs impacts several key performance
metrics, including threshold voltage, on-current, subthreshold slope, and switching
speed. By optimizing the charge plasma formation and the metal-semiconductor

interface, the following benefits can be realized:

o Reduced Contact Resistance: Effective charge plasma formation leads to better
contact between the metal and semiconductor, reducing contact resistance and
ensuring efficient current injection into the channel.

e Improved Electrostatic Control: The gate dielectric, along with the charge plasma
region, helps to maintain effective electrostatic control over the channel,
reducing short-channel effects and ensuring that the device operates at lower
voltages.

e Increased Current Drive: Proper charge plasma engineering results in higher on-
current and saturation current, which improves the device's switching
performance and makes it suitable for high-speed applications.

o Reduced Leakage Currents: The use of an insulating layer such as Al,05 helps to

minimize gate leakage and other forms of off-state current,

Charge plasma formation at the metal-semiconductor interface is governed by the
difference between the metal's work function (Wm) and the semiconductor's electron
affinity (x). The induced charge carrier density is determined by the barrier height ¢an,
given by:

Pon =W, — X (3.16)




For a high work-function metal (Wn), $snv>0, leading to electron depletion (forming a P

+ region). Conversely, for a low Wy, ¢pn<0, forming an N+ region.

The equilibrium carrier concentration (p for holes or nfor electrons) in the plasma

region is expressed as:

p= Nvexp(——q¢BN )
k,T
(3.17)

CPE holds promise for the next generation of nanoelectronics, offering scalable, efficient
solutions. Advancements in work function engineering, material selection, and hybrid

device structures will drive its adoption in diverse applications.

Charge plasma can be intelligently implemented for H, sensing by leveraging the unique
properties of materials such as palladium (Pd), which is used in the source and drain
regions of the device. Palladium has the ability to adsorb and dissociate hydrogen
molecules on its surface, leading to the formation of atomic hydrogen that diffuses into
the metal. This diffusion causes a shift in the work function of the palladium electrode,
resulting in the formation of dipoles at the metal-semiconductor interface. As hydrogen
gas interacts with the palladium, the work function of the metal changes, which in turn
alters the charge distribution at the source and drain regions, creating virtual P+
regions in these areas. This change in the charge plasma due to hydrogen adsorption
modulates the channel potential and current density, thereby affecting the overall
performance of the device. The charge transfer mechanism through energy band
alignment ensures that the shift in the work function influences the electron density and
hole concentration in the semiconductor, enhancing the sensitivity of the device to
hydrogen gas. By carefully controlling the conditions under which charge plasma is
generated—such as optimizing the metal work function, semiconductor properties, and
interface layer thickness—this effect can be harnessed for highly sensitive H, detection

in gas sensing applications.




3.4. Gas sensing application of TMD based FET

Hydrogen gas (Hz) is widely used in various industrial applications, such as fuel cells,
chemical synthesis, and metal refining [163] [164] [165],[166], [167] [168]. A report
by NITI Aayog, the policy think tank of the Government of India, outlines the vision and
roadmap for harnessing green hydrogen in India. However, Hz is also highly flammable
and explosive, posing a serious safety risk if leaked. It is reported that hydrogen has a
wide flammability range of 4-75% in air and a low ignition energy of 0.02 mJ, making it
prone to accidental ignition and explosion [169]. The critical need for sensitive,
selective, and dependable H; sensors is evident due to their role in detecting and
preventing hydrogen leakage, leading to the exploration of diverse sensor types based
on varied mechanisms like include electrochemical, resistance-based, catalytic, and
optical sensors as well as acoustic sensors [170]. Among various types of Hz sensors,
metal-oxide-semiconductor field-effect transistor (MOSFET) sensors have attracted
considerable attention due to low power consumption, high sensitivity, fast response,
and easy integration with complementary metal-oxide-semiconductor (CMOS)

technology [171], [172], [173].

Smart gas sensors devices require the development of CMOS technology based sensors
to reach operating temperatures up to 400°C [174]. The CMOS technology requires n-
type and p-type transistors to be paired. Though much study has been done on the
sensing capability of n-type MoTe; sensor, it is highly required to evaluate the
performance of the p-type counterpart. In literature it is reported that the p-type MOS
exhibits superior surface reactivity and gas adsorption properties compared to the n-
type MOS, making it suitable for designing high-performance gas sensors with low
humidity dependence, high selectivity [175]. The study by Ahmed et al. provided an
overview of various synthesis techniques used for producing p-type nanostructured
materials employed in gas sensing applications [176]. Gu et al. successfully fabricated a
short-channel p-type Gate-All-Around Silicon Nanowire Field-Effect Transistor (GAA Si
NW FET) with a channel size of approximately 16 nanometers [177]. Qin et. al proposed
an efficient co-doping approach to enhance the gas-sensing capabilities of p-type MOS
devices [178]. Using Au@PdO, Yang et al illustrated that the conduction model of p-type
MOS (Metal Oxide Semiconductor) can be improved [179]. Luan et. al showed that




incorporation of noble metal enhances the response and recovery time, sensitivity,
selectivity, sensing response, and optimizes the operating temperature of Au/p-type

MOS-based sensors [180].

Gas detection using transition metal dichalcogenide (TMD)-based field-effect transistors
(FETs) has attracted considerable interest due to the distinctive electrical and chemical
characteristics of TMD materials [181]. These traits, such as substantial surface area,
electron mobility, adjustable bandgap, and sensitivity to environmental changes, make
TMDs excellent candidates for cutting-edge gas detection applications. Transition metal
dichalcogenides, including MoS2, MoSez, WSz, and MoTez, are two-dimensional (2D)

layered materials with semiconducting behavior [182], [183].

Lower-dimensional materials offer high sensitivity with size compatibility [184] but the
scaling imposes challenges due to high fabrication cost, introduction of severe interface
defects, and uncontrollable bandgap [185], [186]. Two-dimensional layered material
transition-metal dichalcogenides (TMDs), such as Molybdenum ditelluride(MoTe3), are
known for their excellent scalability, ultra-thin structure, superior electrostatics, and
capacity for large-scale integration. Their unique features, including a higher surface-to-
volume ratio, denser surface sites, and the ability to tune electronic properties based on
the number of layers, make TMDs promising candidates for various applications [187],

[188].

For MoTe; based sensors, different doping types have been explored to modify the
properties of MoTe; materials for diverse applications. Feng et al. demonstrated light-
induced p-type doping in MoTe; field effect transistors, while Wu et al. focused on
ultraviolet-induced p-type doping in p-type MoTez [189], [190], [191]. Liu et al.
employed cluster doping, specifically with transition metals (Pd, Pt, Ag, Au), to influence
the electronic behavior of MoTe> [192]. Cao et al. introduced nickel (Ni) doping in MoTe;,
and Szary ei al. utilized P-block doping in monolayers of MoTe2 [193], [194].

TMD-based FETs represent a promising technology for gas detection applications, but
doping in field-effect transistors (FETs) based on transition metal dichalcogenides
(TMDs) poses considerable challenges due to the distinctive characteristics of two-
dimensional materials—namely, their weak electrostatic screening, high defect

sensitivity, and difficulties in achieving stable and uniform doping. These limitations




hinder precise control of charge carrier concentration and often result in high contact
resistance, both of which are critical parameters for realizing high-performance devices.
The weak electrostatic screening in TMDs causes dopant energy levels to lie deep within
the bandgap, functioning as “deep-level” defects with large ionization energies.
Consequently, at room temperature, the thermal activation of these dopants is limited,

yielding low effective carrier concentrations even at high doping densities.

3.5. Non-Equilibrium Green's Function Analysis of
Charge Plasma-Based Source-Drain Electrode P-type MoTe:

MOSFET for High Sensitivity Hydrogen Sensing

To overcome the aforementioned limitations associated with conventional doping in
transition metal dichalcogenide (TMD)-based field-effect transistors, this work
introduces the alternative approach based on charge plasma engineering as discussed in
section 3.3. Instead of introducing impurities into the lattice, charge plasma doping
utilizes metals with appropriate work functions at the source and drain regions to induce
electron or hole accumulation in the intrinsic TMD channel, thereby forming n-type or p-
type regions without physical doping. This approach effectively eliminates lattice
damage, deep-level traps, and non-uniform dopant distribution, while maintaining the

structural and electronic integrity of the ultrathin TMD layer.

Building upon this concept, we have investigated a Non-Equilibrium Green’s Function
(NEGF) based analysis of a charge plasma-engineered P-type MoTe, MOSFET designed
for high-sensitivity hydrogen sensing [195], [196] [155], [157], [197]. In this study,
palladium (Pd), with its suitable work function, is employed at the source and drain
contacts to induce hole-rich regions (P*) in the undoped MoTe; channel. These Pd
electrodes simultaneously serve as the active sensing surfaces, enabling enhanced

interaction with hydrogen molecules.

The NEGF framework has been employed to capture the quantum transport phenomena
governing carrier motion within the ultrathin MoTe, channel. This approach allows for a

detailed understanding of carrier confinement, tunneling, and potential modulation




under hydrogen exposure, providing a rigorous quantum-level insight into the sensing
mechanism. The methodology and findings of this investigation are elaborated in the

following sections.

The work presents a novel P-type molybdenum ditelluride (MoTez) Metal-Oxide-
Semiconductor Field-Effect Transistor (MOSFET) designed for high sensitivity hydrogen
sensing applications. Through the utilization of palladium at the source-drain charge
plasma electrode, P+ regions at both ends are generated, obviating the necessity for
low-dimensional MoTe2 doping. Simultaneously, the inclusion of palladium on both
regions act as the sensing area, resulting in notably heightened sensitivity. The study
employs Non-Equilibrium Green's Function (NEGF) formalism to investigate the carrier
transport properties of the device. The results provide valuable insights into less
explored area of p-type MOSFET performance as Hydrogen(H:) gas sensor and its

potential.

Device Structure
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Fig. 3.1. (a) A diagram of the proposed device shows charge-plasma (CP) metals. The device thickness
is considered to be 5, 7, and 9 nm. (b) The gas adsorption mechanism on the Palladium (Pd) surface which
causes dipole generation, translating to work function change of the metal. (c,d) TCAD simulation setup

calibration with experimental.

Figure 3.1 depicts the device structure where the regions of charge-plasma metal
overlap at source and drain side each measure 10 nm, while the gate region is also 10
nm. The thickness of the device (t.y) is considered to be 5, 7 and 9 nm. All data taken at
tch/2, Lg=10nm, Vd=-0.5, P1=initial, P2=10-12 Torr, P3=10-1% Torr. The generation of
charge plasma is achieved through the application of a high work function metal on the
source-drain region. The thin insulator layer between channel and gate as well as
between channel and CP is capable of withstanding the potential difference but remains
susceptible to the movement of electrons. Due to alignment of energy bands and the
Fermi level between the metal and semiconductor, electrons shift from the
semiconductor to the metal, occupying lower energy states. Consequently, there is a net
transfer of negative charge from the semiconductor to the metal, establishing a region in
the semiconductor with a positive charge. This phenomenon can be theoretically

comprehended through the provided equation [35-36].

po = Nv exp [qi%] (3.18)
where, q¢ppy = qWsa — qx (3.19)

qdsy » qW,, and gy illustrating the barrier height, metal work function, and

semiconductor electron affinity, the variation in the source and drain ends emerges as a

consequence of the applied electric field, attributed to the barrier lowering effect. In




this work, effective P+ concentration in source and drain regions are achieved using

metals with palladium, satisfying the above condition for charge plasma formation.

The presence of palladium enables the device to sense at source and drain charge
plasma electrodes. The hydrogen gas sensing mechanism entails the adsorption and
dissociation of hydrogen molecules on the Palladium electrode [186]. This process
causes atomic hydrogen to diffuse into the metal, resulting in the formation of dipoles at
the interface. As analytically established, depending on the initial value of heat of
adsorption, coverage ratio at adsorption sites with respect to gas flux, dipole constant
and permittivity, the work function of the metal undergoes a change which in turn
changes the source drain hole concentration. These virtual P+ regions modulate the
channel potential and current by changing its density and thickness in response to H:

adsorption.
Simulation Methodology

The solution of Schrodinger's equation gives a quantized description of the density of
states in the presence of quantum mechanical confining potential variations. As the
quantum confinement is in one dimension (along Y axis), the calculation of the quantum
electron density relies upon a solution of a 1D Schrodinger equation solved for eigen
state energies and wavefunctions at each slice perpendicular to the X axis. We have set
the P.SCHRO parameter in the MODELS statement to apply the Schrodinger-Poisson
model for holes. P.SCHRODING Computes the self consistent Schrodinger Poisson for
holes.Atlas2D solves Schrodinger equation in 1D slices or 2D plane. By specifying the
NEGF_MS and SCHRODINGER options on the MODELS statement, we have launched an
Non Equilibrium Green’s Function (NEGF) solver to model ballistic quantum transport
in the proposed device [198]. This fully quantum method treats such effects as source-
to-drain tunneling, ballistic transport, quantum confinement on equal footing. A Mode
Space (MS) approach is used where Schrodinger equation is first solved in each slice of
the device to find eigen energies and eigen functions. Then, a transport equation of
electrons moving in the sub-bands is solved. Because only a few lowest eigen sub-bands
are occupied and the upper sub-bands can be safely neglected, the size of the problem is
reduced. Von Neumann Boundary Conditions (BC) for potential in a contact has been

applied by setting the REFLECT parameter on the CONTACT statement.




Result and Discussion

EB(eV)

EB(eV)

14

1.2

0.8

0.6

04

0.z

4.2

1.6

14

1.2

0.8

0.6

0.4

0.2

0.2
0

— —=—tch=5 nm, Valence Band, P1
tch=5 nm, Conduction Band, P1
= =—=tch=5 nm, Valence Band, P2
tch=5 nm, Conduction Band, P2
= —=tch=5 nm, Valence Band, P3
tch=5 nm, Conduction Band, P3

1 1 1
0.005 0.01 0.015 0.02
#{um)

(a)

1
0.025

1
0.03 0.035

== =tch=7 nm, VYalence Band, P1
tch=7 nm, Conduction Band, P1
== =tch=7 nm, Valence Band, P2
tch=7 nm, Conduction Band, P2
== =tch=7 nm, Valence Band, P3
tch=7 nm, Conduction Band, P3

\\-:l‘"""-—-—

.

oy
o
e —

—

el S |

0.005 0.m 0.015 0.02
#{um)

(b)

0.025

0.03 0.035




12+ B
1 k- -
0.8 = =—=tch=9 nm, Valence Band, P1 4
< tch=9 nm, Conduction Band, P1
i - tch=9 nm, Valence Band, P2
S o6f tch=9 nm, Conduction Band, P2 .
tch=9 nm, Valence Band, P3
tch=9 nm, Conduction Band, P3
04 B
SBTERL
02k /__/ ‘\\ u
~ Y
o T~
0 - e e .
_02 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
#{um)
(@

Fig. 3.2. Lateral variation of energy band at different channel thickness (a)=5nm,
(b)=7nm and (c)=9 nm, and pressure of Hzi.e,P1(initial) = 10-1% Torr, P2 = 10-12 Torr
and P 3=10-10 Torr to illustrate the band bending under various conditions.
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Fig. 3.3. Lateral variation of potentail at different channel thickness (a)=5nm, (b)=7nm
and (c)=9 nm, and pressure of Hzi.e., P1(initial) = 10-14 Torr, P2 = 10-12 Torr and P 3=

10-10 Torr to illustrate the change in potential under various conditions.




Figure 3.2 illustrates the lateral variation of the energy band along a channel with
different channel thicknesses focusing on the energy bands at the source and drain ends.
As the metal (palladium) with higher work function (5.22eV) than semiconductor is
brought into contact with oxide layer, energy level alignment leads to barrier formation
at the semiconductor interface and flow of electron from metal to semiconductor, leaving

holes in the semiconductor.

On application of Hz gas, work function of the charge plasma metal decreases
according to the adsorption and dissociation of hydrogen model as discussed in section
II. As a result, Fermi level of the metal moves closer to the conduction band of the
semiconductor that brings down the conduction and valance band at both source and

drain ends.

In Fig. 3.3, the surface potential variation along channel position for different source
drain work function (i.e., different gas pressure) as the channel thickness is varied with
5nm, 7nm, 9nm. It is evident that as the gas pressure increases from P1=10-14 Torr to
P3=10-10 Torr, potential at the source and drain ends rises. This can be attributed to the
fact that as the energy bands shift downward with an increase in pressure (as shown in
Figure 3.2), it indicates a decrease in the energy levels for electrons within the material.

This results in electrons possessing lower potential energy.

As a result, the potential energy of the material increases, because the electrons have
less negative potential energy. This leads to a higher potential energy under the metal
gate in the semiconductor. Moreover, with increase in channel thickness, the device loses

gate controllability over the channel and, hence, exhibits flatter surface potential profile.
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Fig. 3.4. Lateral variation of electron and hole concentratiion at different channel
thickness (a)=5nm, (b)=7nm and (c)=9 nm, and pressure of Hzi.e., P1(initial) = 10-14

Torr, P2 =102 Torr and P 3=10-10 Torr.

Figure 3.4 illustrates the reduction in hole concentration as the pressure in increased.
As explained previously, when work function of the metal reduces following application
of a gas (according to the gas sensor model), the barrier height lowers leading to lesser
flow of electrons from semiconductor. This makes the source and drain lesser P type .
Hence, the hole concentration decreases while electron concentration increases. The
spatial distribution of hole concentration in the MoTe; slab is further explained in figure

3.5.
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Fig. 3.5. Spatial distribution of hole concentration at different channel thickness

(a)=5nm, (b)=7nm and (c)=9 nm, and pressure of Hzi.e.,, P1 (initial)= 10-1% Torr, P2 =
1012 Torr and P 3=10-1° Torr.

10’ 10" 10’
=—itch=5 nm, P1 | —teh=g nm, P —tehi=7 nm, P1
—tch=5 nm, P2 —tch=f nm, P2 ——tch=7 nm, P2
g_wa g_m; ) g'wA ~——tch=7 nm, P3
z E z
g.10" £ 0™ g-10"
3 a 3
£ b £
540" &40 S0
a0 a0
10,5 10,5 i 05 0 s s K] 05 [ s
Vsl Vgs(V)
(b) (c)
Bl 10 A0
——tch=g nm, P1 —tch=10 nm, P1
—oam il ——tch=10 nm, P2
g-m" 5.‘0" 5-10" teh=10 nm, P3
: § :
E a g 8 0
10" 467 10" :
15 A5 4 Prad, L g2 "is E] 05 0 05
Vgsivi
(e) (f)

Fig. 3.6. Transfer Characteristics at different channel thickness (5, 6, 7, 8,9, 10 nm) and
pressure of Hzi.e,, P1(initial) = 10-1# Torr, P2 = 10-12 Torr and P 3= 10-1° Torr.
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Fig. 3.7. Drain current Sensitivity at different channel thickness (5, 6, 7, 8, 9, 10 nm)
and pressure of Hzi.e., P1 (initial)= 10-14 Torr, P2 = 10-12 Torr and P 3=10-10 Torr.

The reduction in hole concentration directly influences the hole current, lowering it as
pressure increases, which has been depicted in figure 3.6. This behavior holds true
across various channel thicknesses, across 5 nm to 10 nm. Notably, the change in current
within the off region (positive gate voltage) is minor due to the relatively lower impact
of alterations in source-drain doping on hole barrier height. However, during the on
state, the level of on-current is determined by the difference in the relative energy band
height experienced by the holes between the channel and the source-drain.
Consequently, an asymmetric dependence on gas pressure is evident between on-

current and off-current.

The drain current sensitivity has been defined as the ratio of drain current at H:
pressure P1 to that at Hz pressure P2 and/or P3, under varying drain-source voltage
across different channel thicknesses (5 nm, 6 nm, 7 nm, 8 nm, 9 nm, 10 nm) and
hydrogen gas pressures (P2 and P3) in Figure 3.7. At a constant gate-to-source voltage,
sensitivity progressively increases with lower negative drain voltage and subsequently
decreases at higher negative drain voltage values. The highest sensitivity is observed in

the subthreshold region, where even slight alterations in gas pressure lead to significant




changes in drain current, amplifying sensitivity. Conversely, in the presence of positive
drain voltage, drain current sensitivity decreases due to increased control exerted by the
drain over charge carrier flow. The MOSFET sensitivity surpasses 100 with lower
channel thickness due to positive impacts of enhanced gate capacitance coupling, a
stronger electric field, and increased hole concentration in source/drain regions.
Sensitivity further amplifies with rising gas pressure, attributed to reduced hole
generation enhancing sensitivity. The drain current diminishes with rising gas pressure
due to lower hole generation, consequently leading to increased sensitivity with elevated

gas pressure.

In contrast to documented sensitivities of Hz gas sensors utilizing InGaAs CGNWFET
and Silicon CGNWFET technologies (7.30 and 7.08 at a work function difference of
50meV, 39.51 and 36.26 at a work function difference of 100meV, respectively), our
investigation showecases significantly higher sensitivities. Specifically, our approach
achieves a sensitivity of 18 at a work function difference of 70meV and 109 at a work
function difference of 120meV, indicating an approximate enhancement of 300% [38] at

a channel thickness of 5 nm.

3.6. Conclusion and Future Work

In conclusion, the study proposes a novel approach for highly sensitive ultrathin
MoTe2 PMOS FET H:sensors, utilizing charge plasma-based electrodes. The application
of Non-Equilibrium Green's Function (NEGF) analysis yields insights into its quantum
transport behavior for ultra scaled device below 10 nm. The creation of Charge Plasma
using Palladium at both the Source and Drain regions has proven highly effective in
elevating sensitivity. This enhancement is achieved by expanding the sensing area at
both ends while avoiding the need for physical doping in MoTe,. This study also
emphasizes the significance of device dimension scaling to realize optimum sensing
capabilities. The outcomes of this research provide a foundational understanding for

further development and refinement of CMOS-based TMD hydrogen sensors.

In this chapter, we explored the application of Quantum Transport using the Non-
Equilibrium Green's Function (NEGF) approach in the analysis of low-dimensional

Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETSs), specifically focusing on




charge plasma-based source-drain electrode P-type MoTez MOSFETs for high-sensitivity
hydrogen sensing. The NEGF formalism provided a comprehensive framework for
investigating quantum transport phenomena in low-dimensional systems, where
traditional classical models fall short in capturing the intricacies of carrier behavior at

the nanoscale.

Through the detailed analysis of charge transport mechanisms in MoTe> MOSFETs, we
demonstrated how the integration of charge plasma engineering at the source-drain
interface can significantly enhance the sensitivity and performance of hydrogen sensors.
The P-type MoTe:; material, with its unique band structure and electrostatic properties,
proved to be a promising candidate for next-generation sensing devices due to its low

power operation, high sensitivity to hydrogen gas, and tunable electronic properties.

We also highlighted the critical role of quantum effects, including electron tunneling, in
governing the transport characteristics of these low-dimensional devices, which was
effectively captured by the NEGF approach. This analysis is vital for the development of
future gas sensors that require high sensitivity, fast response times, and low power

consumption.

While the current study has provided valuable insights into the potential of MoTe>-

based MOSFETs for hydrogen sensing, several avenues remain for future exploration:

1. Material Optimization: Further studies should focus on optimizing the MoTe:
material itself, including exploring different synthesis techniques to enhance its
crystallinity, reduce defects, and improve its stability under operating
conditions. Additionally, the exploration of other 2D materials like WS2 or MoS2
in combination with MoTe; could provide a deeper understanding of material
synergy and enhance sensor performance.

2. Enhanced Quantum Modeling: The NEGF approach can be further refined by
considering more complex interactions, such as electron-phonon coupling and
quantum capacitance effects, which could influence the transport properties at
the nanoscale. Additionally, multi-dimensional simulations can be conducted to
explore the full potential of charge plasma engineering in different device

architectures.




3. Integration with Advanced Fabrication Techniques: To bridge the gap
between theoretical analysis and practical implementation, future work should
focus on the integration of charge plasma-based MOSFETSs into real-world sensor
platforms. This will require advanced fabrication techniques that can control the
material properties at the atomic scale, ensuring consistent performance across
large-scale devices.

4. Exploring Other Gas Sensing Applications: Beyond hydrogen detection, the
principles discussed in this chapter can be extended to the sensing of other
gases, including volatile organic compounds (VOCs), COz, or NO2z, which are
critical in environmental monitoring and healthcare. The versatility of MoTe.-
based sensors can open new frontiers in multi-gas detection.

5. Low Power and Flexible Sensors: Future research could also investigate the
integration of flexible, low-power sensor devices that utilize MoTe>-based
MOSFETs, offering the potential for wearable or portable hydrogen detection
systems. Developing energy-efficient devices with fast response and recovery
times will be crucial for real-time monitoring applications.

6. Quantum Transport in Other Low-Dimensional Structures: Expanding the
NEGF analysis to other low-dimensional systems such as nanowires, nanosheets,
or tunnel FETs could provide a broader understanding of the quantum transport
mechanisms in gas sensors and lead to the design of even more efficient devices

for various applications.

In summary, the exploration of quantum transport phenomena in low-dimensional
MOSFETs using NEGF offers a solid foundation for developing high-performance
sensors. With continued advancements in material science, quantum modeling, and
fabrication techniques, charge plasma-based MOSFETs, especially MoTe-based devices,

hold significant promise for revolutionizing the future of gas sensing technology.
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4.1. Introduction to HEMTSs & Double-Channel HEMT

Introduction to High-Electron-Mobility Transistors (HEMTSs)

High-Electron-Mobility Transistors (HEMTs) are a specialized class of field-effect transistors

(FETs) that leverage the high electron mobility enabled by the presence of a two-dimensional

electron gas (2DEG) formed at the heterointerface of materials with different bandgaps. These

transistors are extensively used in high-speed, high-frequency, and power applications due to

their remarkable electron mobility, efficiency, and thermal stability. HEMTs are integral to RF and




microwave electronics, power amplifiers, low-noise amplifiers (LNAs), and satellite

communication systems.

AlGaN/GaN-based HEMTs have garnered significant interest in sensor technology, attributed to
their high electron mobility, wide bandgap, excellent thermal stability, and strong intrinsic
polarization [199], [200]. Their superior chemical stability, even in aqueous environments,
enhances reliability for biosensing applications. The unique heterojunction structure of GaN
HEMTSs supports an undoped channel, enabling improved performance and heightened sensitivity
[201], [202]. The 2DEG at the AlGaN/GaN interface facilitates the creation of highly sensitive

sensors, capable of detecting subtle environmental changes [203].

The operational principle of HEMTs is centered on the formation of a 2DEG at the heterojunction
of a wide-bandgap material like Gallium Nitride (GaN) and a narrow-bandgap material such as
Aluminum Gallium Nitride (AlGaN). This conduction channel, where electron transport occurs, is
heavily influenced by the material properties and the applied gate voltage, leading to enhanced

electron mobility and overall device performance.

Structure of HEMTs

The fundamental structure of a conventional HEMT consists of several key components:

e Source and Drain: These are the electrodes through which current is injected into and
drawn from the channel. The source is typically at a lower potential, while the drain is at a
higher potential.

e Channel: The active region of the transistor where the electron gas exists. The channel is
created at the interface of a heterostructure material. A commonly used combination is
AlGaN/GaN, where a high electron density is accumulated at the interface.

e Gate: The gate electrode controls the channel conductivity by modulating the 2DEG's
density in response to the applied voltage. The gate controls the electron flow, turning the

transistor on or off, or modulating its conductivity for amplification.




o Buffer Layer: A layer of material that is often inserted between the substrate and the
epitaxial layers. This buffer helps improve the quality of the heterojunction and reduce

defects.

The 2DEG forms due to the difference in the bandgaps between the two materials at the
heterointerface. In AlGaN/GaN HEMTs, a high polarization charge in the AlGaN layer generates the

2DEG in the GaN layer, giving rise to the transistor’s high electron mobility.

Advantages of HEMTs

HEMTs offer several unique advantages over traditional silicon-based devices, including high
electron mobility, which enhances speed and current-driving capability, resulting in faster
switching speeds and higher frequency operation. The wide bandgap materials, such as GaN,
enable HEMTs to operate at higher voltages, making them ideal for high-power and high-voltage
applications. Their high mobility and efficiency in the 2DEG also provide excellent power
efficiency, particularly useful in power electronics and RF amplification. Furthermore, GaN-based
HEMTs exhibit high thermal stability, allowing them to perform efficiently at elevated
temperatures, unlike silicon-based materials. Additionally, HEMTs are known for their low noise
characteristics, making them perfect for low-noise amplifiers (LNAs) and sensitive communication

systems.

These attributes make HEMTSs ideal for various sensing applications, including chemical and

biological detection, imaging, and optoelectronic devices [204], [205], [206], [207], [208], [208].

Double-Channel HEMTs

While traditional HEMTs rely on a single 2DEG for current conduction, Double-Channel HEMTs
(DCHEMTS) introduce an additional channel, effectively enhancing the overall device performance.
The concept of Double-Channel HEMTs arises from the need to improve the device's current drive
capability, reduce on-resistance, and increase the speed of operation by leveraging two parallel

conducting channels. In a Double-Channel HEMT, two distinct channels are formed within the




same device. These channels are typically created by modifying the heterostructure of the HEMT

or by introducing additional layers of semiconductor material.

Recently, Double Channel High Electron Mobility Transistor (DCHEMT) biosensors have gained
prominence due to their enhanced power and current-carrying capacity [202]. This enhancement
is attributed to the higher 2DEG density across two 2DEG channels by the incorporation of a lower
barrier [209], [210], [211]. In addition to the aforementioned advantages, double-channel HEMTs
offer higher mobility owing to a wider distribution of carrier concentration, resulting in an
enhanced response to changes. It has been reported that DCHEMT enhances sensitivity from 62%
to 136% for given biomarker and investigation conditions compared with single-channel HEMT
[212]. The enhancement of electrostatic performance is attributed to two factors: the presence of
two high carrier concentration channels and the upper-to-lower channel coupling. Additionally,
the higher mobility in the lower channel results from its physical separation from the surface

[213]. There are various approaches to creating double-channel HEMTs, including:

e Dual-Gate Structure: One of the most common approaches to constructing DCHEMTs
involves using two gate electrodes. Each gate can independently control a separate channel,
with one channel formed by the usual heterostructure, and the second formed through a
different material or heterojunction.

o Parallel Channel Design: In some designs, two parallel 2DEGs are created in different
layers, allowing current to flow through both channels simultaneously. This structure can
be used to increase the current-carrying capacity of the device and improve its efficiency.

e Double-Channel Modulation: By applying distinct voltages to the two channels, a more
complex control over the device’s current can be achieved. This dual-channel configuration
allows for fine-tuned modulation of the current flow and better optimization of the device's

electrical characteristics.

Double-Channel HEMTs offer several advantages over traditional single-channel HEMTs, including

increased current drive capability due to the use of two channels, which enhances current density




Additionally, these devices exhibit improved speed by enhancing electron mobility and reducing
carrier transit time, which results in higher operational speeds. Double-Channel HEMTs also
demonstrate better linearity, higher efficiency, enhanced current-carrying capacity and lower on-

resistance,.

Double-Channel HEMTs can be particularly advantageous in the various applications. With
increased current drive capability and reduced on-resistance, DCHEMTSs are ideal for use in high-
power amplifiers, particularly in RF and microwave communication systems. The higher efficiency
and lower power losses of Double-Channel HEMTs make them ideal candidates for use in power
electronics, such as motor control and power conversion systems.: The dual-channel configuration
allows for faster switching speeds, making DCHEMTs suitable for high-speed circuits in areas like
signal processing and digital communication. As communication systems evolve to higher
frequencies, Double-Channel HEMTs offer a promising solution for future 5G and beyond, where

high power, low noise, and high-speed performance are essential.

While Double-Channel HEMTs offer many advantages, several challenges remain, particularly in
terms of fabrication complexity, material selection, and integration with existing technologies.

Some of the key challenges include:

e Material and Structural Engineering: The need for highly precise fabrication techniques
and the ability to create stable heterojunctions with low defect densities is crucial for the
performance of Double-Channel HEMTs. Advances in material science, particularly in the
development of new 2D materials, will play a key role in overcoming these challenges.

e Thermal Management: As the current drive increases, thermal management becomes
more critical. The higher current density in Double-Channel HEMTs can lead to increased
heat generation, which must be effectively managed to prevent device failure.

e Device Reliability: The long-term reliability of Double-Channel HEMTs, particularly under

high-power or high-frequency conditions, is an area that requires further investigation.




e Research into device degradation mechanisms and the development of more robust
materials is essential.

o Despite the presence of multiple channels, the increase in 2DEG density is constrained and
does not proportionally multiply with the number of channels [214], [215], [216], [217].
Inter-channel coupling refers to the interaction between two 2DEGs formed at the AlGaN
and GaN channels [218], [219], [220]. Zhang et al. studied the correlation between coupling
in AlGaN/GaN double channel heterostructures grown through MOCVD and found that
pronounced coupling influences the distribution of the 2DEG such that the lower channel
resembles the upper channel. The coupling has been demonstrated to be an effective
function of channel thickness and was observed to be more definite with a reduced
thickness in the upper channel [218]. Lu et al. presented the AIN/GaN/InGaN 'Coupling-
Channel high electron mobility transistor' (CC-HEMT), which exhibited consistent
transconductance, reduced transconductance derivatives, and stable dynamic source
resistance. This was due to the robust channel-to-channel coupling effect compared to an
AIN/GaN HEMT [220].

o It has also been uncovered that the coupling effect results in a significant improvement in
the gate voltage swing, delivering admirable linearity in both DC and RF conditions [221].
The strength of this coupling depends on factors such as the separation distance between
the channels, the composition and thickness of the barrier layers, and the device's
operational conditions. Managing and controlling inter-channel coupling is crucial for

optimizing the transistor's performance and achieving specific characteristics.

High-Electron-Mobility Transistors (HEMTs) have revolutionized the fields of microwave and RF
electronics, power electronics, and communication systems. By leveraging the unique properties
of wide-bandgap materials, HEMTs offer unmatched performance in terms of electron mobility,
power efficiency, and thermal stability. The introduction of Double-Channel HEMTs has further
enhanced these advantages by providing increased current drive capability, reduced on-
resistance, and improved device speed. With continued advancements in material science,
fabrication techniques, and device design, Double-Channel HEMTs are poised to play a key role in

the development of next-generation electronic systems, particularly in high-power, high-speed,




and high-frequency applications. The continued exploration of these devices, including their

integration with emerging 2D materials, will further expand their potential in future electronics.
4.2. DG (Quantum Moments Model) in HEMT

Quantum transport models are essential for analyzing HEMTs because they account for the
quantum effects that dominate carrier behavior in low-dimensional, high-performance
semiconductor devices like those used in HEMTs. At the nanoscale, conventional classical
transport models fail to accurately describe phenomena such as quantum confinement, tunneling,
and wave-particle duality. These effects become increasingly significant as the dimensions of the
channel shrink, especially in high-speed devices where electron mobility and precise control over
current flow are critical. Quantum transport models leads to better prediction of device
performance, helping to optimize HEMT design for applications in high-frequency, high-power,

and low-noise environments.

The Density Gradient (DG) Quantum Moments Model is highly effective for analyzing transport in
low-dimensional HEMTs due to its ability to capture quantum effects that significantly influence
carrier dynamics in confined structures like 2DEGs. In these devices, where quantum confinement,
tunneling, and non-equilibrium effects are prominent, the DG model accounts for quantum
corrections to charge distribution, improving the accuracy of transport simulations. By
incorporating higher moments of the charge distribution, such as velocity and energy, the DG
model provides a more precise understanding of electron behavior under high electric fields and
at nanoscale dimensions. This allows for better prediction of key device characteristics like
current-voltage performance, efficiency, and scalability, making it a valuable tool for designing and

optimizing low-dimensional HEMTs.

The Density Gradient (DG) Model, also referred to as the Quantum Moments Model, is a crucial
quantum transport model used to describe the behavior of carriers (electrons and holes) in low-
dimensional semiconductor devices, especially when quantum effects such as confinement,
tunneling, and wave-function interactions become significant. It is widely applied to model and

analyze systems like High Electron Mobility Transistors (HEMTs), MESFETs, and heterojunction




diodes, where the electron distribution is strongly influenced by quantum mechanical effects. This
model addresses the carrier transport in these devices by incorporating quantum corrections that

arise due to the spatial variation of the local potential on the scale of the electron wave functions.

In the DG Model, the carrier transport equations are extended from classical models like drift-
diffusion to include quantum mechanical effects, enabling accurate modeling of electron dynamics
in low-dimensional channels such as those in HEMTs. Specifically, the DG model applies quantum
corrections to the carrier temperatures, modifying the carrier current and energy flux equations to
account for quantum effects. The model uses the Wigner function to describe the statistical
behavior of carriers, with the moments of this function providing the necessary quantum

corrections.

The key feature of the DG Model is its ability to handle quantum confinement, which occurs when
carriers are restricted in low-dimensional structures (such as thin layers, quantum wells, or
narrow channels) where classical models fail to describe the transport behavior accurately. The
quantum correction potential (A) is introduced to account for the effects of quantum confinement,
ensuring that the model properly describes the distribution of carriers and their transport

characteristics under these conditions.

The density gradient model can be implemented in simulation tools like ATLAS, which can
calculate the quantum potential using expressions based on the carrier concentration, effective
mass, and quantum correction factors. These corrections are crucial for accurately predicting the
current-voltage (I-V) characteristics, threshold voltage, and switching behavior of low-
dimensional devices, especially at smaller dimensions where quantum effects dominate. The

general analytical Expressions for the DG Model could be based on :-

1. Electron Current Equation (Quantum Correction): The current for electrons in the DG
model is modified by a quantum correction term that accounts for the local variation of the

carrier concentration. The electron current density expression becomes:

Jn = anvn - qn/,an(¢_ ADG) (4'1)




where:

o Jnis the electron current density.

o qis the elementary charge.

o Dnis the diffusion coefficient for electrons.

o nisthe carrier concentration (electron concentration).

o Mnis the electron mobility.

o V(¢@-Apc) represents the gradient of the electrostatic potential (¢ :classical potential
Apc : quantum correction potential).

2. Hole Current Equation (Quantum Correction): Similarly, the hole current density in the

DG model is given by:
J,=qD,V ,—qpu,V(@p-Ap;) (4.2)
where:

o Jpisthe hole current density.
o Dy is the diffusion coefficient for holes.
o pisthe hole concentration.
o Hpis the hole mobility.
3. Quantum Potential A: The quantum potential A is the central term that incorporates
quantum corrections to the transport equations. It is calculated based on carrier

concentration n and carrier effective mass m, and can be given by:

WV:n, p
Apg ==V ———F—
6m./n, p
(4.3)

where:

o yis afitting factor.

o his the Planck constant.




o mis the carrier effective mass.

o V2n,p represents the second spatial derivative of the carrier concentration.

In AlGaN/GaN HEMTs the 2-dimensional electron gas (2DEG) at the heterointerface experiences
strong quantum confinement (triangular quantum well) and high sheet carrier density, which lead
to deviations from classical drift-diffusion assumptions. For example, the electron distribution
maximum is found several angstroms into the GaN channel rather than right at the interface when
solved via Schrodinger-Poisson methods. In such a regime, the DG model introduces a quantum
correction potential term — derived from the carrier density gradient — that modifies the
effective electrostatic potential and replicates confinement effects without the full computational
burden of a Schrodinger solver. Because HEMTs typically have extremely narrow quantum wells
and high sheet densities (~10** cm™2), modelling these quantum effects is essential for accurately
capturing charge distribution, subband occupancy, and effective mobility. The DG approach thus
provides a numerically efficient way to include confinement corrections in device simulation of
HEMTs, improving accuracy of threshold voltage prediction, transconductance, and channel

charge modelling.

When extending from single-channel to double-channel HEMTs, inter-channel coupling becomes a
significant factor: the electrostatic fields, quantum well separations, and mutual channel screening
influence how each 2DEG sheet responds to gate or surface perturbations. For instance, dual-
channel GaN HEMTs have been shown to suppress surface-state induced gate-lag by using the
upper 2DEG as an equipotential plane that screens surface fluctuations. In such architectures, the
coupling modifies the potential landscape in both channels and thus the charge sharing, tunnelling
between wells, and confinement become more complex. The DG model is particularly suited for
this scenario because its correction potential term inherently depends on density gradients and
can capture the altered quantum confinement environment across multiple sheets. By enabling
effective inclusion of quantum coupling and screening in coupled 2DEG systems, DG modelling
facilitates realistic simulation of double-channel HEMTs, allowing prediction of how changes in
channel spacing, barrier composition, or surface perturbation (as in biosensing) will shift sheet

charge, transconductance or sensitivity.




4.3. Bio sensor application of HEMT

Sensors have earned significant research attention over the past decade, leading to the rapid
development of semiconductor-based sensing systems. Among these, field-effect transistors
(FETs) for temperature sensing, biosensing, optoelectronic, and chemical sensing applications
have emerged as cost-effective and easily integrable options [222], [223], [224], [225]. Silicon-
based FET biosensing technologies face challenges, such as the degradation of device electrostatic
properties as oxide layer erodes in aqueous environment [226]. Additionally, these FETs suffer
from impurity scattering as well as self-heating effects, which cause reliability issues [227].
Moreover, silicon is susceptible to chemical and biological reactions, which leads to metallization

of the gate and increases the sensing area to channel distance, resulting in lower sensitivity [228].

HEMT-based biosensors exploit the remarkable attributes of High-Electron-Mobility Transistors
(HEMTs) to deliver exceptional sensitivity, swift response times, and enhanced capabilities in
detecting molecular interactions. These sensors harness the superior electrical properties of
HEMTSs, such as high electron mobility and minimal noise, which are essential for identifying trace

biomolecular concentrations.
Components of HEMT-Based Biosensors
Typically, HEMT-based biosensors include the following integral parts:

1. Substrate: The foundation, often made of materials such as silicon, sapphire, or GaN, offers

mechanical support. The substrate material significantly impacts the sensor's overall efficiency.

2. Heterostructure: The core of the biosensor comprises a heterojunction that forms a two-
dimensional electron gas (2DEG). This structure is crucial for enhancing electron mobility and

facilitating efficient current flow.

3. Gate Electrode: This electrode controls the movement of charge carriers by applying an

electrical voltage. It is selected to optimize interaction with the biomolecules of interest.




4. Biorecognition Layer: A surface layer, composed of biomolecules like antibodies, enzymes,
or DNA probes, is immobilized to capture the target analytes, which leads to changes in channel

conductivity.

Working Principle of HEMT-Based Biosensors

HEMT-based biosensors operate through electrical signal transduction. When target biomolecules,
such as antigens or DNA, bind to the biorecognition layer, they cause changes in surface charge
density or potential. This interaction leads to a modulation of the 2DEG concentration within the
channel. These surface potential changes result in alterations to the current flowing through the
HEMT, which can be detected as variations in the drain current. This directly correlates with the
concentration of the target biomolecule in the sample. Due to the high electron mobility in the
2DEG, HEMT-based biosensors can detect biomolecules at extremely low concentrations, offering

unparalleled sensitivity.

Advantages of HEMT-Based Biosensors

HEMT-based biosensors offer several key benefits. HEMTs feature high gain and low noise,
enabling the detection of biomolecules even at low concentrations. Surface functionalization can
further enhance specificity for particular analytes. HEMT devices respond rapidly, enabling real-
time monitoring and analysis of biomolecular interactions, which is crucial for diagnostic and
environmental sensing.These biosensors operate efficiently at room temperature with minimal
power requirements, making them ideal for portable and battery-operated devices. HEMT
technology's compatibility with standard semiconductor fabrication processes allows seamless
integration into electronic circuits, supporting the development of compact and multifunctional

sensing platforms.

Applications of HEMT-Based Biosensors

HEMT-based biosensors are used in a wide range of applications. These biosensors are utilized for
detecting disease biomarkers, such as those related to cancer, diabetes, and infectious diseases.

Functionalized antibodies can be used to identify specific biomarkers, enabling early disease




detection. HEMT biosensors help track environmental pollutants and toxins, ensuring compliance
with safety standards and environmental regulations. In food safety, HEMT biosensors are
employed to identify contaminants like bacterial pathogens or chemical residues, contributing to
food quality and safety. These biosensors are valuable in biodefense applications, providing rapid

detection of potential biological threats.

C-erbB-2, also known as Human EGF Receptor 2 (HER2), HER2/neu, or Human Epidermal
Growth Factor Receptor 2, is a protein expressed in various cancer cells, with breast, ovarian,
bladder, stomach, and esophageal cancers [229]. To describe its importance, breast cancer
screening has become increasingly prevalent, with the World Health Organization (WHO)
reporting two million new cases and 626,700 deaths in 2020 [230]. Periodical screening every
three months has shown a 96% improvement in survival rates, while optimal interventions have
reduced the mortality rate by 50% [231]. As a result, there is a rising need for low-priced, user-
friendly, specific, and reliable sensors, which is impeded by the minute effective interface charge

exhibited by c-erbB-2 [225], [232], [166].

Despit their advantages, HEMT-based biosensors face several challenges [233]. Achieving stable
and uniform functionalization of the biosensor surface is a significant hurdle, influencing both
sensitivity and specificity. Non-specific binding of biomolecules can lead to false positives,
affecting the accuracy of the sensor. Advances in surface chemistry are needed to address this
challenge.: Although HEMT technology shows great promise, scaling up fabrication techniques for

large-scale production remains a challenge.

Future research is focusing on refining surface modification methods, integrating advanced
nanomaterials to enhance sensitivity, and leveraging machine learning for sophisticated data

analysis to better interpret sensor outputs.

HEMT-based biosensors represent cutting-edge technology that harnesses the unique properties
of HEMTs to provide highly sensitive, real-time biochemical detection. As research advances, these
sensors have the potential to revolutionize diagnostics, environmental monitoring, and food

safety. The ongoing innovation in HEMT-based biosensors promises new opportunities in the




realm of molecular sensing, ensuring progress in both practical applications and scientific

understanding.

Thus, AlGaN/GaN HEMT-based biosensors have drawn extensive attention in sensing application.
However, most existing studies focus on single-channel HEMTs, where the sensing mechanism is
primarily governed by the surface potential modulation in a single 2DEG sheet. This architecture
often suffers from limited transconductance tunability, weaker electrostatic control, and

sensitivity degradation under high ionic strength environments.

The Double-Channel AlGaN/GaN HEMT (DC-HEMT) provides a promising route to overcome these
limitations by introducing an inter-channel coupling mechanism that enhances charge modulation
and signal amplification. Understanding this coupling is crucial for biosensing applications,
especially when detecting low-concentration biomarkers like C-erbB2, where minute surface
charge variations must induce measurable electrical responses. Despite numerous works on
quantum-corrected transport using the Density Gradient (DG) method in various device contexts
and the broad exploration of HEMTs for biosensing, a collaborative study combining inter-channel

coupling physics with DG-based quantum transport modeling for biosensing remains unexplored.

Despite extensive research on Density Gradient (DG) quantum transport models across various
device applications and numerous studies on AlGaN/GaN HEMTs for biosensing, a collaborative
understanding of inter-channel coupling phenomena in double-channel architectures remains
largely unexplored. The inter-channel interaction in such structures can significantly influence
carrier confinement, charge modulation, and ultimately, biosensing sensitivity. To address this gap,
the present work investigates the inter-channel coupling in AlGaN/GaN Double-Channel HEMTs
using both analytical and simulation-based approaches within the Density Gradient transport
framework. This model enables accurate inclusion of quantum confinement effects, essential for
closely spaced 2DEG channels. The objective is to provide a deep physical insight into coupling-
induced transport behavior and to optimize device performance for enhanced C-erbB-2 biomarker

detection, paving the way for next-generation quantum-enhanced biosensing platforms.

The following work addresses this research gap by providing a deep physical and computational




insight into how inter-channel coupling affects charge transport, electrostatics, and sensitivity in
AlGaN/GaN DC-HEMTs. By incorporating the DG quantum correction within the drift-diffusion
framework, this study captures nanoscale quantum confinement effects accurately, enabling better
prediction and optimization of biosensing performance. The outcome bridges the missing link
between semiclassical transport modeling and biosensor design, paving the way for highly

sensitive and reliable next-generation GaN-based biosensors for cancer biomarker detection.

4.4. Deep insight of inter-channel coupling in AlGaN/GaNDouble
Channel HEMT and its application inC-ERB2 sensing

AlGaN/GaN Double Channel High Electron Mobility Transistors (DCHEMTSs) have emerged as
promising biosensors, leveraging the unique properties of inter-channel coupling. In the context of
AlGaN/GaN-based DCHEMT sensors, inter-channel coupling by alterations in the Al composition at
both upper and lower layers may be highly effective. Induced variations can be quantified by
adjustments in energy level alignment resulting from modifications in the Al composition of the
respective layers. However, to the best of our knowledge, the potential of inter-channel coupling in
DC HEMTs for varying the barrier layer composition has not been assessed in the sensing
application of HEMTs.

This work investigates the influence of mole fraction variations in the AlGaN layer on inter-
channel coupling and explores its implications for C-ERB2 biosensing. The study reveals the
potential of inter-channel coupling to enhance sensitivity in biosensing applications, particularly
for detecting C-ERB2, a crucial protein associated with various cancers. The device architecture,
simulation models, electrostatics, and sensitivity analysis are comprehensively examined. The
findings underscore the significance of inter-channel coupling in optimizing biosensor

performance, offering valuable insights for the advancement of biosensing technologies.

Device and Simulation Approach
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Fig. 4.1(a). Schematic of the DCHEMT used in this study. (b) Charges at interfaces according to

charge neutrality model.
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Fig. 4.2 a.Alignment of the models (lines) with the corresponding experimental results (marks) , b.

Process flow diagram for potential device fabrication and analyzing sensitivity .

The structure used for this study is depicted in figure 4.1(a). Figure 4.1(b) depicts the charge
distribution along vertical cross-section based on charge neutrality model. This configuration is
typically grown epitaxially on a sapphire substrate using either Organometallic Vapor-Phase
Epitaxy (OMVPE) or Metalorganic Chemical Vapor Deposition (MOCVD) [234], [235]. The
configuration utilizes a sapphire substrate, on which undoped GaN layers (lower channel) are
deposited with an AlIN insertion layer. The growth sequence is followed by a undoped GaN(lower)
layer (that serve as lower channel), a AliGa@-xyN(lower)barrier layer(lower barrier), a second
undoped GaN(upper) layer(upper channel), and ultimately capping it with AliGag-
yN(upper)barrier layer (upper barrier). The procedural schematic for possible device

construction and sensitivity evaluation is shown in Figure 4.2b. The parameter values presented in




Table 4.1 which are derived from experimental and simulation studies referenced in the literature.

Source Length 0.5pum
Source-gate spacing 1.5pum
Gate Length 2um
Gate-drain spacing 1.5pum
Drain Length 0.5um
Upper AlGaN barrier 30nm
Upper GaN Channel 100 nm
Lower AlGaN barrier 25nm
Lower GaN Channel 800 nm
AIN 50nm

Table 4.1: Dimensions of the device taken into account in this modeling

The source drain contact involves a multi-layer metal stack, Ti/Al/Ni/Au. Typically, Ti/Al layers
lowers contact resistance by forming low work function Ti-N and Al-Ti-N layers and creating of
numerous N vacancies acting as donors. Au is chosen to prevent oxidation and minimize the
overall contact resistance. Ni restricts interdiffusion between Au and Al during Rapid Thermal
Annealing (RTA). In this work, the source - drain contacts were characterized with work function
(WF)-4eV, equivalent to Ti/Al/Ni/Au stackWF. The Schottky type gate is represented with
WF5.15eV, corresponding to WFof Ni/Au [211]

Two triangular quantum wells are created within each of the GaN layers at the interfaces of
AlyGap1-xN /GaNowing to electrical confinement induced by the polarization vector in AlxGa1x)N.
The proportion of Al in the AlxGa-xN composition is influenced by the growth temperature. As
reported, the Al content is increased by approximately 0.24% per degree Celsius. The same is
monitored using photoluminescence mapping, a non-destructive technique [236]. The

piezoelectric polarization at AlxGagixN /GaN induces an electric field that results narrower




confinement of triangular potential well at the hetero-interface. It also results upsurge in sheet
carrier concentration [44]. The effect is even more appreciable in wurtzite group-III nitrides
ensuing overall increase of polarization based effects in AlxGa(1.xN /GaN HEMTs. Thereafter, most
of the physical parameters viz. lattice constants , elastic , spontaneous as well as piezoelectric
coefficients, total polarization are linearly interpolated depending on the mole fraction [237].

According to the figure 4.1(b), for this AlxGagxN (upper)/GaN(upper)/AliGag-xN
(lower)/GaN(lower) structure the charge neutrality expression along vertical direction is

Qg = (=qny,(¥) = deany — 9u(Y) — qlpusy) (44)

Where, Q4is the gate charge, n,;(y)are charge density in respective layer which can be derived

by applying Fermi-Dirac statistics with 2-D density of states (DOS) theory as [213]
Ef(y)—AE;
=] (4.5)

Where in respective layer, Erdenotes the energy of sub-bands at the upper and lower quantum

Ny (y) = DpkTIn[1 + exp(

wells, AE.is the difference between Fermi level and conduction band,D,,is the 2-D Density of States.
Based on the DoS (Density of States) model for triangular well created at both channel, the sheet

charge density in each layer can be derived using Fermi-Dirac statistics as

qq?eff(J/) q(=qny(Xw)—0Gan@ =9 (XD —dNpusf)

" c kT \]
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Where @g;,(y) is upper channel effective potential balancing the (i) Gate- AlxGa(i-N(upper)
Schottky barriers, (ii) GaN(upper) Fermi level, (iii) GaN(upper) conduction-band-edge and (iv)
conduction band offset at the AlxGa-xN(upper) /GaN(upper) interface. (péff(y) is lower channel

effective potential created by adding (i) GaN Fermi level (ii) conduction-band-edge and (iii)

conduction band offset at the AlxGagi-xN(lower) / GaN(lower) interface. 6ajgan(u,) IS the bound




sheet charge resulting from piezoelectric and spontaneous polarization , n, ;(x,,;)is upper and
lower channel sheet electron concentration, ooy, denotes bound sheet charge in upper and

lower GaN channel from spontaneous polarization,

Ny iS the intrinsic concentration is lower GaN buffer. Cy, Cgancy,1y and Cajgancy,1y are capacitances
of respective layer whereas €gan(y, 1) indicate permittivity of the layers.

Now as per section 4.2, DG (continuous) quantum potential (Bohm-like / DG form)

hV>n,p
Apg ==7
6m./n, p (4.7)

In one direction (y)

hzdz\/ n,, (xu,l)

2
6m\/nu,l (xu,l )dy (4‘8)

Ape(¥)=—y

Effective potential after the potential correction is

[(peff !l (y)l+1 = [(ogff !l (y)l +A,(»)/q ... i=number of iteration (4.9)

This corrected potential is then substituted into the charge density expressions for both the
upper and lower channels, where the carrier concentration is a function of the local potential. By
iteratively updating the potential and charge densities, the DG-corrected sheet charge densities
are obtained, capturing the quantum confinement effects more accurately than classical models.
This theoretical explanation clearly indicate interdependency of both channels and enormous

impact of barrier composition.
Simulation Approach using Density Gradient Method

The inter-channel coupling in AlGaN/GaN double-channel HEMTSs involves complex interactions
that are challenging to capture through experimental methods alone. A validated simulation
approach has potential to complement experimental data, offering a cost-effective and efficient
way to explore a wide range of parameters and conditions.For analysis of the DCHEMT structure
integrating quantization models, the present study employs SILVACO ATLAS TCAD.In this model,

the linear as well as saturation characteristics (relation between drain current and drain voltage)




are regulated by low as well as high field mobility models. Therefore, both models have been
incorporated for precise simulation.The low-field model, dependent on composition and
temperature, has been implemented by defining FMCT.N and FMCT.P in the MOBILITY statement,
where FMCT refers to Farahmand Modified Caughey Thomas. For elevated fields, a nitride-specific,
field-dependent mobility model has been employed by specifying GANSAT.N and GANSAT.P in the
MOBILITY statement. To consider additional factors like bandgap narrowing and Fermi-Dirac
statistics etc, AUGER, SRH, and CONSRH models have been included. Model calibration is
conducted against the experimental study by Gaska et al., establishing accurate agreement in
current vs. drain-source voltage (Ia-Vas) characteristics as depicted in fig. 4.2a .Throughout the
analysis, the ambient temperature T=300 K is maintained, as this study does not encompass the
self-heating effect. To account for quantum effects, Density Gradient (Quantum Moments Model)
has been utilized in this simulation to account for HEMT confinement, considering the variation in
locally generated potential. This also includes quantum adjustments to the carrier temperatures in
the carrier current expression. To enable the quantum model, MODELS QUANTUM is included in
the MODELS statement.'QFACTOR' parameter is employed to gradually introduce quantum
moments, ensuring convergence on the moments function.As reported, Alo.53Gao.47N/Alo.38/Gao.c2N
HEMTs demonstrated a peak drain current density of 114 mA mm-1, where,
Alo.gsGao.1sN/Alo.70Gaoz0N HEMTs, equipped with 80 nm gates, achieved 160 mA mm~-1 [238], [239].
However, in this study, the mole fraction is varied uptosafe limit of 0.5 based on previous research
on AlxGai1xN HEMTs which showcased a notable improvement device current drive while

ensuring crystal stability [240].

In the context of biomolecule simulation, an interface charge model is employed to obtain
sensitivity for healthy and diseased cells [22]. In an experimental setup, the recognition process
involves the placement of a target biomolecule linker on the gate area, such as self-assembled
thioglycolic acid (HSCH2COOH) and the molecular linking of thiol -gold [241]. Upon immobilization,
the charged biomolecules influence the channel through capacitive coupling. Hence, in the simulation
model, to replicate this, the net interface charge is applied at the gate electrode. When the
immobilized charge is negative, electrons from the channel are repelled, resulting in a reduction in
the drain current. Here, biomarker-induced equivalent interface charge has been included in the

modeling through the 'interface' charge statement following the reported data . It is worth noting




that we have incorporated lower values of the clinical concentration of C-erbB-2 in saliva into our

model to validate the device's effectiveness and response to C-erbB-2.

Medium - Saliva Healthy Condition | Diseased Condition
C-erbB-2 Clinical concentration (pg/ml) 4-6 9-13
*Equivalent induced interface charge (10** /m?) | -0.63 to -0.948 -1.42 to -2.05

Table 4.2: Interface charges associated with C-ERB2 biomolecules investigated in the current

study
Results and Discussions

Figure 4.3 depicts energy band diagram in vertical cross section for variations of mole fractions
of upper and lower channel (x, and x; respectively). The plots indicate creation of triangular
quantum wells in both upper and lower AlxGa1-xN /GaN interfaces. Raising x,, cause dipsnot only
the upper, but also lower channels energy bands, indicating the presence of inter-channel coupling.
The reason can be attributed to the polarization model as explained in section II. The GaN(upper)
is electrically as well as structurally confined by AlxGag1-xN(upper) and AliGagi-xN(lower) layer
resulting direct impact of both layers. On the contrary, the GaN(lower) experiences an indirect
influence from the AlxGa(1-xN(upper) but a more direct impact from the AlxGax)N(lower). Owing
to this, lower barrier mole fractions does not produce visible shifts in conduction and valence
band offsets come out for different x;values.

From the neutrality model as described in figure 4.1(b), the gate charge density is distributed
through oxide interface charge density, upper channel 2DEG density n,(x ), AlGag-
xyN(upper)interface charge, lower channel 2DEG density n;(x), AlxGagi-x)N(lower)interface charge
density and bulk charges. Consequently, the electric field at upper channel and lower becomes a
function of n;(x)and n, (x)respectivelyand the Fermi-level to conduction band difference in each
layer carries cumulative impact of n, (x)andn;(x) and vice versa. The energy band's slope signifies
quasi-constant electric fields. Hence, an intricately interdependent system is established,
intertwining both channels. The changes in quantum well barrier height and well depth alters
2DEG density as depicted in Figure 4.4 (a-c). Furthermore, it is noted that with increasing mole

fractions, charge density declines rapidly in regard of vertical distance. This restricts carriers




along the surface, ensuring superior confinement within the quantum well.

The variation of maximum carrier concentration in the upper and lower channels of the
AlGaN/GaN double-channel HEMT is shown in figure 4.4 (d). The results obtained without DG
correction overestimate the charge density in both channels, as the quantum confinement effect is
neglected. When the DG correction is incorporated, the charge density decreases and shows better
agreement with the simulated results. A notable observation is that the lower channel consistently
exhibits a higher carrier concentration compared to the upper channel. This behavior can be
attributed to the stronger electrostatic confinement and polarization-induced charge accumulation
at the lower AlGaN/GaN interface. The upper channel, being closer to the gate, experiences
enhanced quantum confinement and field screening, which reduce its effective 2DEG density. The
inclusion of the DG correction thus provides a more realistic representation of charge distribution
across the double-channel structure, highlighting the inter-channel coupling effect and the role of

quantum mechanical corrections in accurate HEMT modeling.
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Fig 4.4. (a-c) Distribution of electron concentration profiles across the device's thickness illustrating
the impact of different mole fractions (d) Comparison of maximum carrier concentration in upper
and lower channels of the AlGaN/GaN double-channel HEMT obtained from analytical calculation

(with and without Density Gradient correction) and numerical simulation.
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Fig. 4.5.Comparison of drain current vs. drain-source voltage (Id-Vds) characteristics. Marker for

no biomarker condition (Iref), c-erB-2 concentration 4 ug/ml, 6 pg/ml, 9ug/ml, 13 ug/ml.

Figures 4.5 depicts overlays of drain current vs drain to source voltage characteristics for
combinations of x,, ;where each plot displays drive current (i) the absence of a biomarker (Iref), (ii)
at applied c-erB-2 concentration of 4 pg/mland (iii) at applied c-erB-2 concentration of 13 pg/ml.
Notably, the application of biomarkers results in a reduction in drive current due to the negative

charge induced by the biomarker, as indicated by the solid lines.
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Fig.4. 6.Comparison of Sensing Current for increasing both channel mole fraction. Solid lines and
dotted lines indicate Sensing Current c-erB-2 concentration 4 pg/ml (indicating healthy condition)
and c-erB-2 concentration 13 pg/ml(indicating diseased condition) for x,,=0.1, 0.3, 0.5, with each

plot corresponding to variations in x;=0.1, 0.3, 0.5.

A higher concentration of c-erB2 (associated with disease) generates higher sensing current due
to even greater reduction in drive current, illustrated by the dotted lines.For each of these
scenarios, the influence of both x,, and x; is analyzed and plotted. It is observed that elevating
xyresults an increase in drive current due to the heightened carrier density peak (as shown in
Figure 4.4). Conversely, increasing the x;adversely impacts the charge density in upper channel
closer to sensing surfaces due to inverse polarization, leading to a decrease in sensing current. In
figure 4.6 it is observed that in all conditions, the sensing current decreases as the x, and
x;increase. However, the rate of decrease is markedly higher for lower c-erB2 concentrations
when compared to higher concentrations. This differential rate of decrease gives rise to distinct
sensitivities associated with variations in both x,, and x;, as depicted below. Figure 4.7 illustrates
that, with a fixed x;, sensitivity amplifies as x,increases due to sharper confinement achieved

through an increased energy band offset, explained in Figure 4.3.
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Fig. 4.7. The sensitivity of drain current is analyzed for different values of x,, =0.1, 0.3, 0.5 and x;

=0.1,0.3,0.5.

Quantitatively, for x; = 0.1, sensitivity increases from 13.77mA/mm per mg/L to 29.55mA/mm
per mg/L to 31.55mA/mm per mg/L for rise of x,from 0.1 to 0.3 to 0.5 indicating an increase of
129% in sensitivity. Whereas, rise of xjleads to higher barrier above lower channel which lower
impact and control of gate electrostatics, hence leads to poor sensitivity.For a given x,,, sensitivity
diminishes with increasing x;also due to the heightened negative polarization within the GaN
channel between two barrier layers [50].At x,, = 0.1, Sensitivity falls 86% from 13.77 to 1.9 for
rise of x;from 0.1 to 0.5, while the rate is 31% and 24.8% for x, = 0.3 and x,, = 0.5. It is
noteworthy that for Al-rich AlxGagp.xN at x=0.5, a dip in sensitivity is observed due to the
composition and doping-dependent mobility models used in the work.

Table 4.3 illustrates a comparative analysis of sensitivity offered by the DCHEMT with different
biomarkers under analogous conditions. The sensitivity data has been obtained based on the shift
in device electrostatics in response of induced negative interface charge as reported by [241] . It is
noted that the device is capable to offer significant sensitivity over wide range of biomarkers with

similar trend.
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Bio-sensing

application for

detecting Healthy limit  Diseased limit
-2.42 4100 36.2 39.1
mA/(ng/ml) mA/(ng/ml)
c-erbB-2 -0.63 -2.05 29.5 31.5
mA/(mm/mgL) mA/(mm/mgL)
-2.65 26.5 32.5mA/(ng/l) 337 mA/(ng/1)
-0.72 5.06 33.6 34.8
mA/(ng/ml) mA/(ng/ml)

Table 4.3: Comparison of the sensitivity data with the double channel HEMTs used for other

sensing applications [241].

In conclusion, the study analyzes the impact of inter-channel coupling in AlxGa@1x)N /GaN Double
Channel HEMT on C-ERB2 sensing applications and its dependence on mole fraction through
calibrated simulation. The intricate interdependence between both channels is established,
influencing the quantum well barrier height, well depth, and 2DEG density. Increasing mole
fractions result in a rapid charge density decline with vertical distance, ensuring superior carrier
confinement within the quantum wells. The reduction in drive current in the presence of
biomarkers is evident, and the sensitivity analysis with Al content variation highlights the
potential sensitivity achievable from DCHEMT in C-ERB2 detection.

An increase in Al composition at the upper layer leads to enhanced sensitivity, while an increase
in Al composition at the lower layer diminishes sensitivity due to higher negative polarization
within the GaN channel. The sensor holds significant potential in real-world applications for early

cancer diagnosis with high sensitivity. [t can monitor disease progression by analyzing the levels
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of C-ERB2 over time. This provides valuable information on the effectiveness of treatments and
the progression of the disease to personalized medicine. However, the practical challenges in
deploying the biosensors in clinical settings include ensuring device stability, sensitivity, and
specificity. Assessing the impact of material compositions, device dimensions, and doping
concentrations on performance and optimizing these parameters can lead to further
improvements. Additionally, the use of DCHEMTs in various sensing applications under different
environmental conditions, experimental validation, and 3D simulation models can be explored to

capture the complex inter-channel dynamics and electrostatics in greater detail.

4.5, Conclusion and Future Work

In this chapter, we have explored the application of the Density Gradient (DG) or Quantum
Moments Model in High-Electron-Mobility Transistors (HEMTs) for biosensing, specifically in the
context of AlGaN/GaN Double Channel HEMTs (DC-HEMTs). By studying the deep inter-channel
coupling within the AlGaN/GaN structure, we have developed a better understanding of the
quantum mechanical interactions that influence the device's sensitivity and performance in

biosensing applications.

The coupling of the two channels in the AlGaN/GaN HEMT structure was found to play a
significant role in enhancing the sensitivity and the response of the device to external stimuli, such
as biomolecular interactions. The application of the DG model provided a deeper insight into the
behavior of the 2DEG (Two-Dimensional Electron Gas) under varying conditions, elucidating how
the channel characteristics are altered upon the binding of target molecules. The model
demonstrated that the coupled channels offer a robust platform for improving the selectivity and
sensitivity of biosensors, particularly in the detection of complex biomarkers such as C-ERB2
proteins. The simulation and analysis of the device behavior through the DG model have shown
how quantum effects, including the electron density modulation, affect the biosensing
performance. Moreover, the incorporation of quantum corrections and the analysis of the DG
method have proven to be crucial for the design of more efficient and precise biosensing devices.
The use of this advanced modeling technique has revealed the potential of HEMTSs to operate with

improved performance in environments with low signal-to-noise ratios and complex biomolecular
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interactions. In the specific application of C-ERB2 biomarker sensing, the DG model's approach
allowed us to model the binding interactions in real-time, providing significant insights into the
performance of AlGaN/GaN DC-HEMTs. This makes the study of DG a powerful tool in biosensing,
especially for high-sensitivity applications where the detection of minuscule molecular

interactions is required.

While this study has provided valuable insights into the use of the Density Gradient (DG) model
for AlGaN/GaN HEMT biosensors, several areas remain open for further exploration:

: Future work can focus on developing advanced surface modification techniques to enhance
receptor binding, reduce non-specific adsorption, and expand detection to multiple biomarkers
beyond C-ERB2.

Further optimization of channel geometries, doping levels, and heterostructures can maximize
inter-channel coupling, improving sensitivity and overall device performance.

Incorporating quantum mechanical principles, particularly in ultra-nanoscale regimes, can
enhance sensitivity and reduce noise, enabling the development of next-generation quantum-
based biosensors.

Development of multi-channel or array-based HEMTs can enable simultaneous detection of
multiple biomarkers, improving throughput and diagnostic efficiency.

Combining HEMTs with microfluidics can allow real-time, portable, and highly sensitive detection
for applications in personalized medicine and environmental monitoring.

In conclusion, the application of the DG model in AlGaN/GaN Double Channel HEMTs has shown
strong potential for highly sensitive and selective biosensing. Addressing challenges in surface
functionalization, channel design, quantum integration, and system-level incorporation can pave
the way for next-generation biosensors with unprecedented sensitivity, accuracy, and real-world

applicability.
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Chapter 5:

Analytical and BQP (Bohm Quamtm Potential) based

Quantum Analysis of Tunnel Field-Effect Transistors

5.1. Introduction to TFETs

5.2. Quantum Effects in TFETs

5.3. Quantum Analytical Modeling of Very Low-
Dimensional Dual Metal Double Gate TFET

5.4. Impact of Bohm Quantum Potential on SiGe-Based

Heterojunction Tunnel FET Biosensors: Modeling and

Comparative Analysis
5.5. Conclusion and Future Work
5.1. Introduction to Tunnel Field-Effect Transistors (TFETSs)

Tunnel Field-Effect Transistors (TFETs) represent a promising class of next-generation
semiconductor devices that exploit quantum tunneling for charge transport, distinguishing them
from traditional Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs). The fundamental
advantage of TFETs lies in their ability to achieve steep subthreshold slopes, a feature that
theoretically enables them to operate with significantly reduced power consumption compared to

conventional MOSFETSs. This makes them highly suitable for applications in areas such as ultra-low
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power electronics, [oT devices, and even wearable technologies, where power efficiency is a

critical factor [242], [243], [244].

In order to understand the significance of TFETS, it is important to first revisit the operation of
traditional MOSFETs. In a MOSFET, current conduction occurs via thermal excitation, where
charge carriers (electrons or holes) gain enough energy to overcome the energy barrier at the
source-channel junction and flow through the channel. However, as device dimensions shrink to
the nanoscale, traditional MOSFETs encounter a phenomenon known as the short-channel effect,
where control over the channel current by the gate becomes increasingly less effective, leading to
high subthreshold slopes and increased leakage currents at low voltages. This not only limits the
performance of MOSFETs but also hinders their ability to meet the power and performance

requirements of modern electronic systems [245], [246], [247], [248].

The advent of TFETSs, with their quantum tunneling-based operation, provides a potential solution
to these challenges. In a TFET, the current conduction is governed by the band-to-band tunneling
(BTBT) mechanism, in which charge carriers pass through a potential barrier even though they do
not possess the requisite thermal energy to surmount the barrier classically [249], [250]. This
quantum effect is a direct consequence of the wave-like nature of electrons at the nanoscale and is
most noticeable in semiconductors with a significant bandgap, such as silicon and germanium,

where the tunneling process can be controlled through gate voltage modulation.

A typical TFET consists of a source, a drain, a gate, and a channel. The source region is heavily
doped to create a large concentration of charge carriers, while the channel, which is usually
undoped or lightly doped, lies between the source and drain. The gate electrode is placed on top of
the channel and modulates the energy alignment between the source and the channel. Under the
influence of a gate voltage, the potential energy profile in the channel is altered, and for sufficiently
large gate voltages, electrons (or holes, depending on the type of TFET) can tunnel from the source

to the channel, enabling current conduction.

One of the most significant features of TFETSs is their steep subthreshold slope—the rate at which
the current increases as the gate voltage exceeds the threshold voltage [251], [252], [253]. In an
ideal MOSFET, the subthreshold slope is 60 mV/decade at room temperature, meaning that for
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every 60 mV increase in gate voltage, the current increases by a factor of ten. This steepness limit
is dictated by the thermionic emission process and represents a theoretical lower bound for
subthreshold behavior in classical devices. In contrast, TFETs can, in theory, achieve a
subthreshold slope as low as 30 mV/decade or even below, depending on the material and device

structure, providing a significant advantage in low-power operation.

The ability of TFETs to achieve such low subthreshold slopes is due to the quantum tunneling
phenomenon, which allows for current conduction even at very small gate voltages. As a result,
TFETs exhibit reduced power dissipation compared to conventional MOSFETs, making them
highly attractive for low-power digital circuits, memory devices, and analog applications.
Moreover, the inherent scalability of TFETs, particularly in their ability to maintain a low
subthreshold slope as device dimensions are reduced, ensures that they can continue to perform
effectively at the nanoscale, addressing some of the limitations of MOSFETs as transistor sizes

shrink.

Despite their advantages, TFETSs face several challenges that must be addressed before they can be
fully realized in commercial applications. One of the primary hurdles is the lower drive current of
TFETs compared to MOSFETs [254]. While TFETSs offer steep subthreshold slopes, the tunneling
current is inherently lower than the thermionic current in MOSFETs. This can limit the switching
speed and overall performance of TFETSs, particularly in high-frequency applications. Researchers
are exploring various ways to enhance the drive current, such as optimizing the doping
concentration in the source region, engineering the bandgap of the material used in the channel,

and developing novel TFET architectures that can improve carrier transport efficiency.

Another challenge is the temperature sensitivity of TFETs [255]. The tunneling process is highly
dependent on the electric field and the alignment of energy bands in the device, which can
fluctuate with changes in temperature. This makes TFETs more susceptible to performance
degradation at high temperatures compared to MOSFETs. To mitigate this issue, advancements in
material science, such as the development of novel high-k dielectrics and low-temperature

processing techniques, are being investigated.
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Furthermore, while TFETSs exhibit reduced leakage currents and lower power consumption in the
subthreshold region, their on-state performance (when the device is fully switched on) is often not
as competitive as that of MOSFETs [256]. As a result, TFETs may need to be hybridized with
MOSFETs or incorporated into complementary logic circuits to achieve optimal performance
across both the on- and off-states. Researchers are actively exploring new device structures, such
as heterojunction TFETs and vertical TFETs, to improve the on-state current while maintaining the

low power dissipation characteristic of TFETSs in the subthreshold regime [257], [258].

In addition to the traditional silicon-based TFETS, alternative materials such as germanium, III-V
compounds (e.g., GaAs, InAs) [259], [260], [261], and two-dimensional (2D) materials [262], [263]
are being considered to overcome some of the limitations of conventional semiconductor
materials. These materials offer superior carrier mobility and can enable faster tunneling
processes, potentially leading to TFETs with improved drive currents and reduced temperature
sensitivity. 2D materials, in particular, hold great promise for TFETs due to their excellent

electrical properties and the ability to engineer their bandgap through structural modifications.

The Bohm Quantum Potential (BQP) approach is one of the quantum mechanical tools that has
been used to gain deeper insights into the behavior of TFETSs, [264]. The BQP is derived from the
quantum hydrodynamic equations and allows for the inclusion of quantum effects that influence
carrier transport, such as wave-particle duality and interference phenomena. This potential helps
in modeling quantum tunneling processes more accurately than classical approaches, offering a
more precise description of charge transport in TFETs at the nanoscale. By applying the BQP
model, researchers can gain a better understanding of the role of quantum mechanics in TFET

operation and design more efficient devices that harness these effects.

The study of TFETs using quantum mechanical approaches like BQP is crucial for advancing the
development of these devices, as it provides a more detailed and accurate representation of their
behavior. The insights gained from such studies can guide the optimization of TFET parameters,
leading to the realization of high-performance, low-power devices suitable for the demands of

modern electronics. In the following sections, we will delve deeper into the quantum mechanical
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modeling of TFETs using the BQP approach, exploring the key factors that govern their

performance and how they can be optimized for future applications.

5.2. Quantum Effects in TFETSs

In the context of the chapter, i.e, Bohm Quantum Potential (BQP) based Quantum Analysis of
Tunnel Field-Effect Transistors (TFETs), the study of quantum transport phenomena—such as
band-to-band tunneling, subband quantization, and confinement-induced energy modulation—
forms the physical foundation for the inclusion of the BQP model. As TFETSs scale to sub-20 nm
dimensions, classical electrostatics fail to capture carrier behavior accurately due to the
emergence of discrete energy states and wavefunction interference along the channel. In advanced
architectures like dual-metal double-gate TFETs, the formation of quantum wells and tunneling
barriers under gate regions introduces strong confinement and alters the transmission
probabilities of charge carriers. Full quantum modeling using self-consistent Schrodinger-Poisson
equations and Landauer-based transport analysis provides a rigorous description of these effects

but at a high computational cost.

Tunnel Field-Effect Transistors (TFETs) operate based on quantum mechanical effects, primarily
quantum tunneling, which distinguishes them from traditional MOSFETs [265], [266], [267], [268].
While classical devices depend on thermionic emission for charge transport, TFETs utilize
quantum tunneling to facilitate current conduction even when the gate voltage is below the
threshold voltage. The incorporation of quantum effects is critical in understanding the behavior
and performance of TFETs, especially as the device dimensions shrink to the nanoscale. This
section explores the significant quantum effects in TFETSs, including band-to-band tunneling,
quantum confinement, and subband quantization, focusing on their role in TFETs, particularly in

advanced structures like dual metal double gate TFETs.

The most dominant quantum effect in TFETs is band-to-band tunneling (BTBT), a quantum
mechanical phenomenon where charge carriers (electrons or holes) tunnel from the valence band

in the source region to the conduction band in the channel region. This occurs because, at the
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nanoscale, the carriers behave as quantum wavefunctions, which can penetrate through potential

barriers even when they lack the classical energy required to overcome them [269].

Quantum confinement becomes particularly significant as the device dimensions shrink to the
nanoscale. In conventional TFETSs, carriers are confined within the channel, and their motion is
restricted in the direction perpendicular to the channel. This confinement alters the density of
states (DOS) and the energy spectrum of the device, leading to changes in the tunneling
characteristics. As the channel length and width are reduced, the energy levels of the carriers
become quantized, and the behavior of the carriers is no longer described by classical physics but

by quantum mechanics.

In TFETSs, quantum confinement can affect both the transverse (across the channel thickness) and
longitudinal (along the channel length) directions. In the transverse direction, the reduction in
channel thickness leads to discrete subband energy levels that influence the tunneling current. In
the longitudinal direction, the length of the channel also plays a critical role, as the confinement in
this direction can affect the electron wavefunctions and modify the tunneling probability. The
interplay between these two types of confinement is crucial for the device's performance,

especially in advanced TFET structures like dual metal double gate TFETs.

The literature on quantum confinement effects in tunnel field-effect transistors (TFETs) has
evolved significantly over the years, addressing various aspects of device performance and
modeling. Vandenberghe et al. (2011) explored the impact of field-induced quantum confinement
on tunneling currents and subthreshold behavior in silicon TFETs [270]. Padilla et al. (2012)
presented a simplified approach to integrating quantum confinement effects (QCEs) into TCAD
simulations, emphasizing double-gate TFETs [271]. In 2013, the same group extended their work,
analyzing the influence of QCEs on band-to-band tunneling (BTBT) and gate threshold voltages.
Walke et al. (2013) examined the onset voltage shifts caused by field-induced quantum
confinement in n-type line TFETs [272]. Smets et al. (2014) provided experimental validation of
delayed onset tunneling behavior due to quantum confinement effects [273]. More recently, Najam
etal. (2019) investigated BTBT in L-shaped TFETs under the influence of QCEs [274], while Thai et
al. (2025) proposed a practical methodology for studying QCEs' impact on TFET electrical
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characteristics, highlighting their dependence on body thickness [268]. Collectively, these studies

underscore the critical role of quantum confinement in optimizing TFET design and performance.

In addition to confinement along the thickness, quantum effects also influence the electron
wavefunctions along the length of the channel. This form of confinement becomes important in
devices with very short channel lengths. In such devices, the wavefunction of the carriers is spread
across the channel length, leading to discrete energy levels that influence the current conduction.
Here, the BQP formalism effectively captures such confinement-induced potential variations by
introducing a quantum correction term derived from the curvature of carrier density, thereby
serving as a computationally tractable bridge between fully quantum mechanical and drift-

diffusion-based device models.

The next section is device-oriented, focusing on the fundamental analytical modeling of quantum
effects in advanced TFET architectures through self-consistent Schrédinger-Poisson-based
formulations, highlighting confinement-induced quantization, tunneling dynamics, and
electrostatic control. The later section transitions toward an application-oriented study,
employing the BQP framework to analyze strain-engineered SiGe heterojunction TFETs for
biosensing applications, emphasizing the role of quantum potential, strain coupling, and material
composition on sensitivity and selectivity. Together, these sections bridge the gap between
fundamental quantum transport theory and its practical implementation in nanoscale sensing

devices.

5.3. Quantum Analytical Modeling of Very Low-Dimensional

Dual Metal Double Gate TFET

Quantum effects in TFETSs, such as band-to-band tunneling, quantum confinement, and subband
quantization, play a pivotal role in determining the performance of these devices. As the channel
dimensions shrink, the quantum behavior of the carriers becomes more pronounced, leading to
the formation of discrete energy levels that influence the tunneling process. Advanced TFET

structures, such as dual metal double gate TFETSs, offer further control over the tunneling
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characteristics by manipulating the potential well and barrier under the gates. These quantum
effects enable TFETs to achieve superior subthreshold performance and low-power operation,
making them promising candidates for future electronic devices. However, the trade-off between
steep subthreshold slopes and on-current remains a challenge that requires ongoing optimization

and innovation in device design.

In advanced TFET structures such as dual metal double gate TFETs, where the potential well is
created under the first gate and the potential barrier is created under the second gate, this
confinement along the length of the channel becomes particularly relevant. The quantum well
under the first gate enhances the tunneling probability by lowering the energy barrier for
electrons in the channel. Meanwhile, the potential barrier created by the second gate modifies the
tunneling characteristics by controlling the alignment of the energy bands and the confinement of

the carriers.

We present a novel and comprehensive quantum analytical modeling of a sub-20 nm Dual Metal
Double Gate (DMDG) Tunnel Field Effect Transistor (TFET) for the first time in literature. Owing
to structural confinement at sub-20 nm regime, the energy states at channel are quantized and
carrier propagation is regulated by quantum transport. We address such quantization aspects (viz.
subband quantization, bandgap shifting, tunneling through barrier etc.) and incorporate them in
analytical modeling using self-consistent solution of Schrodinger-Poisson’s equation. As a result of
work function difference at gate, we observe creation of quantum well, followed by a tunneling
barrier, along the channel. Energy states in the quantum well are derived from Schrodinger
equation, whereas, transmission coefficients are derived for each tunneling barrier. Finally,
current density is obtained using ‘Landauer formula for quantum transport’. We methodically
study the effects of structural confinement on device performances and observe significant shift
from classical counterpart. Moreover, we note that quantization in DMDG TFET can be optimized
that will lead to superior device performance. The results are verified with simulation data in each

occasion to substantiate analytical models.
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Fig. 5.1. Device structure of the Dual Material Double Gate tunnel FET.

The Dual Material Double Gate TFET structure (as deployed for analytical modeling) is depicted
in figure 5.1. The front gate is divided in 2 parts viz. M1 and M of length L1 and L2 respectively. The
back gate is also a dual material gate consisting M1 and Mz of length L1 and L; respectively, where,
total gate length (i.e., L1+L2) is taken to be <20nm throughout the model. Work function of M1
(dwm1) is kept lower than Work function of M2 (pm2) (i.e., dmi< dm2) such that a potential barrier
could be formed near drain end of the channel to reduce ambipolarity . The channel is uniformly
doped and effects of fixed oxide charges are not considered. The typical parameter values used in

the model are listed below

TABLE 5.1

TYPICAL PARAMETER VALUES

Parameter Value

Front Gate Oxide thickness (toxf) 1 nm

Back Gate Oxide thickness (toxb) 1 nm

Film thickness (tsi) 5 nm
Channel Doping Concentration(Ncn) 2x1015cm-3
Source Doping Concentration (Na) 5x1021 cm-3

Drain Doping Concentration (Np) 5x1021 cm-3
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Analytical Models

A. Surface Potential and Electric Field

To find the quantized energy states in the channel, Poisson and Schrédinger equations must be

solved self consistently. The 2-D Poisson equation is given by

Op(y.2)  0'¢(y.2) _ qNg, (5.1)
oy’ oz’ &g
Where, o(y.2)= ;) + R@)y+ R@)’ (5.2)

¢ (v, z) is the 2-D potential profile in the channel given by K.K. Young [275] Ncp is uniform
channel concentration, €s; is dielectric constant of silicon, ¢ s(z) is the surface potential along

length; P;, P; are z-dependent coefficient.
The front gate consists of two metals (M1 and Mz) for regions O< z < L; and L1 < z < L

respectively. Thus, the surface potentials for regions 0< z < L1 and L1 < z < L2 are denoted as ¢

s1(z) and ¢ s2(z) respectively and expressed as :

9(,2) =95 (2) + B (2)y + B, (2)y” for 0<z<L,0< y <1

2,(%,2) =0, (D) + P (2)y + By(2)y” for L <z <L,0<y <t (5.3)
All the arbitrary coefficients (Piz, P12, P21, P22) are unknown variables and their values can be
obtained by applying the boundary conditions for front gate and back gate. When all the
coefficients are substituted in (5.2), we get

Loy ()
dz*

d 2%2 (2)
dz*

Where,
C C ) )

a=2|1+—2 4| [ 1425 ,
Cs Cwll Co

| C C )
A _ N, =2 | 2T | [ ] 1+ 2C; ,
631' Caxh CSi Coxh

N, | C C )
5 o -2V, |:A+ﬂ+l} t; [HZCS‘J’
6Si oxl

apg(2)=p,
(5.4)
—aps,(2)= /5,
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Fig. 5.2. Surface potential profile along the channel with Vds = 0.5 V and varying Vgs.=

0.5V, 0.7V and 1.0V. Symbols: Simulation values from ATLAS.
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Fig. 5.3. (a) Formation of potential well and potential barrier along the channel at on state (b)
Approximated rectangular potential well under M1 with perturbation. (c) Quantum transport of

electron from region1(channel 0<z<L1) to region2(drain) through potential barrier (channel L1 <

z < Lz).
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Cox; Coxp, and Cs; are respectively front gate, back gate and channel capacitances with dielectric
constants oy, €oxpand esi. Vgs is gate to source voltage, Vg and Vipz are flat band voltages as
expressed above. x is the Si affinity, Eg4 is Si bandgap and n;is the intrinsic concentration of Si.

Thus, solving (5.4), the surface potentials ¢ s1(z) and ¢ s2(z), for regions 0< z < L1 and L1 < z < Lo,

are found as

@5 (z) =ae” +be™™ —ﬁ
A (55)

?s, (Z) — Ceﬂ(FLl) +de*’7(z L
(24

Where,
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From (5.5), we find the complete nature of the potential profile as plotted in figure 5.2. As ¢pmi<
¢dmz, the difference results formation of two distinguished region along the channel. The plot forms
the base of analytical modelling towards derivation of electric field, potential well-barrier,

tunneling coefficient & current density.

The corresponding electric fields for regions 0<z < L;and Lj <z <Lzcan be derived from (5.5) as

Fyy(2) = —{ane” —bpe™ .
P =~ {en(=~ 1) an(z- 1))

Now, the energy bands along the channel are shifted according to surface potentials by an amount

(4E(z)) as follows

AE(z)|

1@

=—kT 1n(mj for region 0< z < L,
n

i

AE(z)l,, o, =—kT ln(%} for region L, < z < L, (5.7)

i

- {q (0.~ s (Z)%} S [q (0.~ 952 (Z)yﬂ}

Py, and py,,, denote effective surface carrier concentration corresponding to potential
va(2) and ¢,(2), 4 ;is the surface potential for the condition ¢pmi-¢pm2 (also obtained from 5).

We find that rise of surface potential at 0< z < L1 pushes the energy bands down, whereas, drop
in surface potential at L1 < z < Lz uplifts the energy bands. Successive decrease and increase of
energy bands along the channel creates a well at 0< z < L1 and a barrier at L1 < z < L; (figure
5.3(a)).

Now, width of the well (at 0< z < L1) being sub-10nm, it is subjected to quantum/structural

confinement and available energy states are quantized into subbands. While, the barrier at L1 <z <
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L2, also being sub-10 nm, becomes thin enough to allow tunneling through it. The comprehensive
effect is that, an electron tunnels from source to permissible subbands of quantum well then again
tunnels through the quantum barrier to reach the drain. The corresponding energy states at

quantum well and tunneling coefficient at quantum barrier are derived in next section.

B. Energy States in quantum well

To observe device characteristics in presence of quantization, we need to determine permissible
energy states in the quantum well which an electron can acquire during propagation through the
channel. The well formed in the region 0<z<L; is approximated to be rectangular in nature for
analytical modeling with height Vy [determined from (5.5) and (5.7)] and energy states E4. The
schematic of band diagram of the device is depicted in figure 5.3(a) and 5.3(b) along the plane
parallel to direction of tunneling. The height V) is calculated at z=L1 (i.e., at edge of quantum well)

as
Vo=[AE@ 0 ], , ~[AE@ |y ], (5.8)

With these approximations, we rewrite the Schrodinger equation for the approximated potential

well with height Vo and discretized energies £ as

B n oy
2m* oz*

~Voy, = Ey, (5.9)

By employing effective mass approximation, we have taken into account all six <100> oriented
silicon conduction band valleys, out of which four are transverse and two are longitudinal in
nature. Effective masses of all these six valleys are incorporated in the temperature-dependent
electron ‘density-of-states effective mass’ m*=1.08me .

Medos’ = (M1 me me)1/3 = (6)2/3 (0.89 x 0.19 x 0.19)1/3 mo = 1.08 mo.

¥, the wave function associated with ith energy level. The allowed energy states E4 for
transmission through shallow-narrow quantum well are given by
e rti’

El=F, + %L
! " 2gm’L}

(5.10)

Eyis the bottom of conduction band of Si at 0<z<L1 at 300K obtained from literature
Now, for the changing nature of surface potential with external voltages, we need to add 1st

order perturbation (4Epr) which is dependent on bias conditions and position(z). Thus, effective
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energy states (E;™) become

E)' = E, +AE, (i=1,2,3...n, number of subbands) (5.11)
AEp= <¥/|H|¥;>, where, H=-q(C11z+C127?) is the perturbation Hamiltonian operator, ¥;" is the
complex conjugate of ¥;, calculated from (5.9). Thus, we get

2 2.2
Aot

E{;l ZEO +m—l/0 +AEP
h27z_2l-2
S CGCINN I LRI I -

+ [< \Pi* ‘Q(Cny + C12y2 )‘\Pz >}

In addition to the energy quantization, the charge density also undergoes quantum mechanical
shifts from their classical counterpart. Due to confinement along the length, the charge density
resembles step like 2DEG model instead of continuous 3D/classical model. The density of

electrons in a 2D subband starting at E;* is given by

*

W, = B) = [ (BB dE
'kl { [E;" —EH (5.13)
=——In|1+exp
7h kT
B. Quantum Transport Though Barriers

In our model, the electrons (bearing the properties of wave) need to impinge from source to
quantum well (0<z<L1) and then pass through the tunneling barrier (L1 < z < L2) towards the drain
to generate effective drain current. Thus, we observe two tunneling probability coefficient T1(E)
(source to channel) and T2(E) (channel to drain).

Firstly, when an electrons tunnels from source to potential well, we consider the tunneling
probability [T1(E)] identical to the tunneling probability through a delta barrier

msS?
TE)=|1+
(E) ( 2h2EJ

(5.14)

S is a specified constant for delta barrier equal to barrier’s width-height product [S=WVjy]. Here,
the width (‘W’) is the minimum tunnel path and height (Vo) is expressed in (5.8). Secondly, due to
the formation of tunneling barrier in channel under M [as depicted in figure 5.3], the charge

carriers are confronted to a filtering wall which helps to reduce the ambipolar transport. To find
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the tunneling probability coefficient T2(E)(channel to drain), a 1-D transmission model (as

depicted below) is considered (figure 5.4) with suitable boundary conditions.

In the system depicted at figure 5.3(c), the incoming and outgoing waves in both sides of the
potential barrier are expressed using Schrédinger equation as
W (2)= {A exp(i.klz)+Bexp(—i/.clz) }’ (5.15)

Cexp(ik,z)+ D exp(—ik,z)

ki =2m*E[W*, k; =2m*(E-V,) /1’
A, B, C, D are transmission constants, ki, k2 are wave numbers in region 1 and 2 respectively, m* is
effective mass, E is energy of penetrating electron, Vy is barrier height from (5.8).

We concentrate on the flux transmission coefficient which is best expressed in terms of transfer
or T-matrix as

(C] =T2(k)[A],T2 (k) =Tk, k) =L((’fz + k) (k, —kg]
D B 2k, \ (k, — k) (ky + k)

After various multiplication and using boundary conditions, transmission flux coefficient [T2(E)] is
defined as
A’k
Tz(k)_‘tz‘ = A)2 k> 2 1 222 s 1.2
Tk +(k; +ky) sinh” k, L,

Replacing values of k; and k2

) -1
T, (k)= — 0 Ginn? k,L,
4E(V,—E)

0

Now, considering kzL: is large and using (5.12), we get

T,(E)~ (16E [V,)exp(=2L,[2m (E - V,)/0*) (5.16)

C. Current Density

In this section, the analytical model of current voltage relationship has been derived using
generalized Landauer quantum transport theory. According to Landauer theory, the tunneling

current density through a barrier is
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J:

—38

[n,,(E, - E)]T(E)dE

e
hi, (5.17)

=y

In general, nzp(E) is the charge density of electrons having energy E over a range of dE. E| is
topmost energy level at left side of the barrier. T(E) is transmission coefficient through the barrier.
For our model, tunneling occurs two times, (i) from source to quantum well created in channel at
0<z<L1 and (ii) from said quantum well to drain through potential barrier created at L1 < z < Lo,
Initially, the electrons tunnel from filled valanced band of source to permissible sub-bands of
potential well (at 0<z<Li) crossing the tunneling barrier having transmission coefficient T1(E).
Due to discrete nature of energy states in quantum well [vide (5.12)], current density takes a
different form in comparison to classical model and is expressed by

~i
E‘I

JEY =2 % [ [mp (B, = E)]T,(E)E (5.18)

h i=1,2,3...n E,.

E,1 indicates top of valance band at source at 300K obtained from literature , E;™, nzp(Eu - E),
T1(E) are defined at (5.12), (5.13) and (5.14) respectively.

So, we have

e m'kT E'-FE mS?
J(E)=— In| 1+ex 4 1+ dE
{(E) hil,z,a,__nEJ. i’ [ p( kT H[ 2h2EJ (5.19)

Due to positive bias at drain at on state, the tunneled electrons in quantum well instantly sweep

through region 0<z<Li: Subsequently, they reach drain through potential barrier (L1 < z < L)

having tunneling coefficient T>(E) [vide (5.16)]. So the final current density can be written as

E UR

J= j J(E)T,(E)dE

~i
Eq

(5.20)

E,r indicates bottom of conduction band at drain at 300K obtained from literature [271]. Substituting

all variables, we get,
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J= j JI(E)(16E/V0)exp(—2L2\/2m(E;"—VO)/hz)dE

i=1,2,3...n i
Eq

e m’k
=—(16/V L
C 6/t

Com kT

e 4

T

T

2

hZ

(1+mS?/2n°E)

_I E, - E
h Eu]n {1+ exp("kL—TJ}dE
B

(16E /V,) exp(=2L,\2m (E - V,)/h*)dE

bl iy o [ Z 2 E
LT (5]
J‘Niﬂ

i=1,23..n Eq

" (1+mS?/20°E )dE

E|1-20,\2m (E-v,)/n" |dE

(5.21)

After expanding into Taylor series and necessary simplifications, we obtain the current density as

written underneath in equation (5.19) which is computed over available energy values &

(i=1,2,3..n).

J=1_6e(J') m kgT
hV, 7h

where J' =

2

i=1,2,3..

—

"

E

%(Eq)z —2mln2L,
5
i 2 3
E(Eq—%j 2By

ulL

(oo
In(2) +

2k,T

o)

2k,T E

LA In(2)mS> . E, mS’
21’ 2022k, T

(5.22)

(5.23)

128




2

i=1,2,3...
number of
subbands

Result and Discussion

£ 100

i E 2 i
In(2) + | —24L | - ’Z’S E,
2k,T 2122k, T
_i2 -
E - [In(2)mS* E,mS’
-—L _+1In(E,) ( )2 -
4k,T 2h 2422k, T
- . 2
In(2) + | —24t |- TS E,,
2k,T 2022k, T )| "
_ BT +In(E,,) In(2)mS*> = E,mS’
uL 2 2
4k,T 2h 2122k, T

Electric Field (V/m)

0z

0.4

Fig. 5.4.
Vgs=0.1V and 0.5V at Vds = 0.5 V. Symbols: ATLAS.
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The results obtained from our proposed analytical models are presented and analyzed in this

section. For verification, we used SILVACO Non-Equilibrium Green’s Function (NEGF) solver

(suitable for ballistic transport) using rectangular geometry in ATLAS. The simulation model has

been calibrated according to the quantum model presented by Padilla et al. for 20 nm channel

129




TFET. As quantum analytical model is formulated on local BTBT model (Landauer theory), Hurkx’s

local Band-to-Band Model is referred while comparing with classical model.

Figure 5.2 presents the effect of drain voltage (Vds) on surface potential at Vgs=0.5V. As Vds
increases, surface potential at source side remains almost unaffected. Thus, tunneling junction is
screened from drain electric field and SCEs are eliminated to great extent.

Figure 5.4 plots electric field along the channel length for Vds = 0.5V with Vgs (=0.1V, 0.5V).
Introduction of two different work functions at gate generates abrupt change in the conduction
band energy and creates an electric-field peak at the middle of the channel. Relatively higher
electric field at source-channel junction enhance controllability of gate, increased band bending &
induce higher tunneling Generation rate [28]. Whereas, substantially lower electric field at drain-
channel junction reduces the possibility of hot carrier generation (which happens in high electric
field at drain). Thus, possibility of interface and oxide trapped charges reduces & performance
degradation is prevented [5-6, 27-29].

Figure 5.5 analyses tunneling occurring from source to quantum well generating the current

density J; [refer (18)].
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Fig. 5.5. Current density vs gate voltage with scaling (L1) at Vds=0.5V.

Q: Quantum, C: Classical, Marks: Simulation.
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Fig.5.7. (a) Quantum transmission coefficient of an electron, having energy (E), tunneling through

potential barrier (Vo) under My, (a) Linear, (b) semi-log

The plot (current density vs gate voltage at Vds=0.5V) depict that as L1 reduces, threshold voltage
increases and on state current density decreases. With reduction of L1, quantum well (0<z<L1)
becomes narrower & conduction sub-bands separates even more. First permissible subband shifts

upward further from classical position & effective bandgap increases. Hence, to reach threshold
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criteria , more gate voltage is required and this elevates threshold voltage. Besides, lesser number
of subbands are accommodated in narrower well, which lowers total density of states [vide (23)]
and reduces current density. Whereas, such consequence of dimensional scaling (i.e., increase of

threshold voltage & reduction of current density) is not observed in classical model.

Quantum model differs from classical model in treatment of tunneling barrier present in device
channel. Figure 5.6 illustrates that ‘quantum tunneling coefficient’ possess non-zero value even
when electron energy (E) < barrier height (Vo). Whereas, ‘classical tunneling coefficient’ reaches 1
from 0 at E=Vy. Nature of ‘quantum tunneling coefficient’ is further studied in figure 5.7(a) and

5.7(b) which show strong dependency of transmission coefficient on potential barrier width.
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Fig. 5.8. Current density against gate voltage with varying work function difference (dW=
¢dwm2-Ppm1) in gate materials.
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Fig. 5.9. Transconductance against gate length for Vgs =1V to 1.05V and
Vds =0.75V. Q: Quantum, C: Classical, Marks: Simulation.

The impact of work function on device characteristics is studied in figure 5.8 at Vds=0.5 V
L1/Lz2=1 and Li+L2=20nm). Work function of M; is kept fixed while work function of M is
decreased. With increasing work function difference (dW= ¢wm2 - ¢wm1), deeper potential well
develops under M; . Thus, smaller gate voltage is required to trigger tunneling and threshold
voltage reduces. Nevertheless, with further increment of dW, current-voltage characteristics
deteriorates, marking limit on work function difference in gate materials. Thus, a trade-off is
observed between L(channel length) and dW(work function difference) towards optimization of
device performance. The transconductance values per unit area for DMDG TFET quantum model
are plotted in figure 5.9 and compared with DMDG TFET classical model & DMDG MOSFET. The
transconductance values are extracted from J-Vgs characteristics between Vgs =0.95V to 1.00V,
with a typical value of Vds=0.75V. At lower dimension, highest transconductance is offered by
DMDG TFET quantum model. Transconductance from quantum model decreases with increased
gate length & meet classical model values in higher dimensions as quantization fades off at higher

dimension.

Quantization aspects on a sub-20 nm DMDG TFET are explored by analytical modeling in this
work. It demonstrates presence of quantum well and tunneling barrier in channel due to

structural confinement. With dimensional downscaling, narrower quantum well is formed, which
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results to steeper subthreshold slope and higher threshold voltage. Whereas, such increase of
threshold voltage is found to be reversed with suitable choice of gate metals. These properties
have not been observed in classical model which prove the necessity of quantum modeling in very
low dimension. By optimization of quantum well depth-width, excellent] device characteristics [on
state current density(Jon) 6 .2064 X 1013 A/m2, off state current density(Jorr) 2.4102 X 106 A/m?,
Jon/Joft ~ 1018, average subthreshold slope 26 mV /dec with Mo (~4.6eV) as M1 & Au (5.1 eV) as M3]
can be achieved. Such analytical results are found to be at par with previous simulation results.
This work give fundamentals of quantization phenomena in low dimensional TFET and can be
enriched with detailing in future research. The preceding section presented the analytical
modeling of a Dual Metal Double Gate (DMDG) TFET, emphasizing the role of structural
confinement and gate work function engineering in inducing a lengthwise potential well within the
sub-20 nm channel. Such potential modulation governs the quantization of energy states and
directly influences the tunneling probability through band alignment control. Considering this
quantum analytical foundation, the subsequent section extends the discussion toward a more
generalized and physically inclusive approach using the Bohm Quantum Potential (BQP)
framework. While the analytical model captures discrete quantization and resonant tunneling in
idealized structures, the BQP-based formulation enables semi-classical incorporation of quantum
confinement and strain coupling effects in practical heterojunction TFETSs, particularly for

biosensing applications.
5.4. Impact of Bohm Quantum Potential on SiGe-Based

Heterojunction Tunnel FET Biosensors: Modeling and Comparative

Analysis

SiGe-based TFETs are ideal for low-power logic circuits, enabling significant energy savings in
portable and battery-operated devices. Their high-speed operation and low noise make them
suitable for RF, microwave, and wireless communication and sensing applications [276], [277],
[278], . Additionally, they enhance CMOS performance by reducing power dissipation, improve

non-volatile memory devices with faster operations, and support photonic applications like optical
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communication through high-speed optoelectronic integration.

SiGe heterojunction Tunnel Field Effect Transistors (H]J-TFETSs) exhibit significant potential for
sensor applications, leveraging band-to-band tunneling (BTBT) mechanisms to achieve enhanced
sensitivity and efficiency. The reduced bandgap of SiGe facilitates superior tunneling efficiency,
enabling high on currents and low operating voltages, critical for low-power sensing. Tajima et al.
reported the thermoelectric properties of RF-sputtered SiGe thin films, highlighting their potential
for hydrogen gas sensing applications due to their excellent material properties [279]. Dash et al.
demonstrated the enhanced sensitivity of a hetero-gate dielectric SiGe/Si tunnel FET when used as
a hydrogen gas sensor, showcasing its effectiveness in detecting gas concentrations [280].
Similarly, Hirphaa et al. investigated the role of SiGe pocket integration in various TFET
structures, revealing its significant impact on improving gas sensing performance, further
emphasizing the versatility of SiGe-based materials in advanced sensing technologies [281]. In
biosensing application, Biomolecular interactions at the sensing interface modulate local electric
fields and dielectric properties, inducing shifts in threshold voltage and drain current for precise
detection of analytes [282], [283]. Key advantages of SiGe include tunable bandgap sensitivity,
energy-efficient operation at low voltages, rapid response times due to the low effective mass of
carriers, and suitability for label-free detection[284], [285], [286], [287], [288], [289] . These
features position SiGe HJ]-TFETs for diverse applications, including biosensors for medical

diagnostics, chemical sensors for pollutant detection, and integrated IoT-enabled systems.

SiGe-based Heterojunction Tunnel FETs (HJ-TFETs) exploit material bandgap engineering to
enhance tunneling efficiency and device performance [290]. The Ge Source-SiGe Channel-Si Drain
configuration benefits from the Ge source's low bandgap, reducing tunneling distance and
enabling high on currents with minimal off leakage, ideal for high-performance logic circuits
[291], [292], [293]. The SiGe Source-Si Channel-Si Drain structure leverages the intermediate
bandgap of SiGe at the source to balance tunneling efficiency and switching speed, providing
optimized performance for low-power and high-speed applications [294], [295]. The Si Source-
SiGe Pocket-Si Channel-Si Drain introduces a SiGe pocket between the source and channel,
inducing localized strain that enhances charge modulation and significantly improves on current

and subthreshold swing [296], [297], [298], [299]. These configurations demonstrate the potential
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of SiGe-based HJ-TFETs in advancing energy-efficient and high-speed semiconductor technologies
[300].

Silicon-germanium (SiGe) heterostructure Tunnel Field Effect Transistors (TFETs) is likely to be
profoundly influenced by quantum effects due to the unique material properties and device
architecture [301]. The band-to-band tunneling mechanism, central to TFET operation, as well as
bandgap engineering alongwith operation at lower voltages can contribute to quantum effects.
Additionally, quantum confinement at nanoscale dimensions modifies energy landscapes, resulting
in discrete energy levels that enhance tunneling currents. However, the impact of Quantum
Potential, particularly in different SiGe-based nanosensors, remains underexplored. This work
aims to address this research gap by analyzing and quantifying the differential behaviors of such

systems, advancing the understanding of quantum effects in TFET sensing applications.

This work investigates the impact of Bohm Quantum Potential (BQP) on the performance of SiGe-
based heterojunction Tunnel Field Effect Transistor (TFET) biosensors through analytical
modeling and comparative analysis. Sensitivity and selectivity metrics were evaluated for three
configurations: (a) Ge Source-SiGe Channel-Si Drain, (b) SiGe Source-Si Channel-Si Drain, and (c)
Si Source-SiGe Pocket-Si Channel-Si Drain, under classical and quantum frameworks. The results
reveal that quantum confinement effects, as introduced by BQP, significantly suppress sensitivity
and selectivity, with varying degrees depending on the material properties and structural design.
The Ge Source configuration demonstrates minimal quantum suppression due to strong tunneling
effects, while the SiGe Source configuration shows the highest suppression, attributed to moderate
confinement and the absence of strain-enhanced modulation. The SiGe Pocket configuration
achieves the highest classical selectivity and maintains moderate quantum sensitivity due to
strain-induced charge modulation effects. These findings underscore the critical role of material
choice, strain engineering, and quantum effects in designing high-performance TFET biosensors,

providing valuable insights into their optimization for next-generation sensing applications.

Device Structure
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Fig.5.10. Heterojunction TFET with (a)SiGe Source, Si Channel, and Si Drain , (b) Ge Source, SiGe Channel and Si Drain

configurations (c) Si source SiGe Pocket Si channel and Si drain

The proposed TFET architectures are designed with a source length of 10 nm, an intrinsic
channel length of 15 nm, and a drain length of 10 nm. The channel thickness varies across
configuration is 10 nm, while the oxide layer thickness is fixed at 2 nm, and the cavity thickness is
4 nm. The device width is maintained at 20 nm, with a gate metal work function of 4.45 eV. Doping
concentrations are set at 10*° cm™ (p-type) for the source region, 10*® cm™ (p-type) for the
intrinsic channel, and 10*® cm™3 (n-type) for the drain. These architectures include: (a) a SiGe
source, Si channel, and Si drain TFET leveraging bandgap discontinuities for enhanced tunneling; (
(b) a Ge source, SiGe channel, and Si drain TFET exploiting Ge's narrow bandgap for efficient
carrier injection and reduced strain-induced defects, c) a SiGe Pocket TFET optimizing band-to-

band tunneling (BTBT) and electrostatic control.

From fabrication aspect, Heterojunction SiGe Source TFET starts with a Si substrate, where a

gate structure comprising a dielectric layer (e.g., SiO, or high-k) and a gate electrode is defined
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using photolithography and etching. An undoped SiGe layer with an initial Ge concentration of less
than ~30% is grown epitaxially in the source region, partially extending beneath the gate
dielectric. A doped SiGe layer with a higher Ge concentration (above ~30%) is deposited over the
undoped layer, followed by thermal annealing. The source, drain, and electrical contacts are
patterned and metallized, resulting in a structure optimized for tunneling through the SiGe/Si
heterojunction. The SiGe Pocket TFET uses a p-type Si substrate, where LOCOS and p-well
implantation isolate active regions. The p+ source region is formed by ion implantation, and an n+
ultra-shallow pocket is introduced using Ge ion pre-amorphization and arsenic implantation,
followed by spike annealing to create a strained, high-concentration pocket at the source-channel
interface. A thin oxide layer and polysilicon are deposited using LPCVD to form the gate stack,
which overlaps with the source for vertical tunneling. Spacer formation isolates the source and
drain, and metallization completes the device. Cross-sectional HRTEM and EDX mapping ensure
precise control of the pocket's position and strain. Whereas, in Ge Source TFET fabrication begins
with depositing an intrinsic Si layer on a SiO, substrate, followed by thermal oxidation to grow a
passivating oxide layer. Doping for the pocket and drain regions is done via diffusion and drive-in
processes. A Ge layer is deposited on the patterned Si substrate using LPCVD to form the source,
doped with p+ dopants for high conductivity. The gate oxide, typically high-k materials like HfO,, is
deposited using ALD, and a metal gate is formed by sputtering. Spacers are added using SizN,
deposited through LPCVD or PECVD, completing the device. An alternate method involves
selective etching of the substrate to integrate the Ge source, with Al,03 layers used for passivation
and dielectric functionality.Each fabrication method aligns with the unique design requirements of

the respective TFET architecture.

Simulation Aspect

In simulation environment, a semi-classical solution is obtained. Then, the BQP equation is
solved separately using a Gummel iteration to determine Q.4 at each node in the device. The semi-
classical potential is adjusted by incorporating the value of Q¢ at every node, and the set of semi-
classical equations is solved to convergence using a Newton or block iterative scheme. This
process is repeated: solving the BQP equation to convergence, adjusting the semi-classical

potential, and resolving the semi-classical equations until self-consistency is achieved between the
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BQP solution and the semi-classical equations.

To evaluate the device characteristics, simulations were conducted using the ATLAS framework
in Silvaco. The modeling incorporated various physical phenomena, including the local band-to-
band tunneling (BTBT) model, Fermi-Dirac (FD) statistics, drift-diffusion (DD) carrier transport,
Shockley-Read-Hall (SRH) recombination, and bandgap narrowing effects. To examine device
behavior at scaled dimensions and to assess the impact of quantum mechanical effects, the
Effective Bohm Quantum Potential (BQP) model was utilized.

The BQP model provides notable advantages over conventional methods such as the
Schrodinger-Poisson (SP) solver and the Density Gradient (DG) model. It integrates Fermi-Dirac
statistics, which are critical for accurately representing carrier distributions in semiconductor
devices, particularly under quantum confinement in low-dimensional structures. With only two
fitting parameters, the BQP model enables precise calibration for a variety of semiconductor
materials (including non-silicon options) and device architectures.

Kane’s model was employed to compute the band-to-band tunneling generation rate under a
uniform electric field, where the tunneling parameter P was set to 2.5 for indirect tunneling.
Calibration of parameters A and B for the Ge-Sio.sGeo.z junction was performed to ensure alignment

with experimental data and simulation accuracy.

Theory, Result and Discussion

The results and discussion section begins by presenting a theoretical analysis that supports the

simulation findings.

In a double gate structure, the 2-D Poisson equation is as follows :

2%¢p(x. 2%p(x. N
<p(zy) <p(2y) S L (5.24)
ox dy EGe/SiGe

¢@(x.y) is the two dimensional potential, N is the carrier density. By Young's Parabolic

approximation
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o(x,y) =@, (x) + ya,(x) + y,a,(x) (525)

Where @;(x,y) is 2-D potential profile , a;(x) is one dimensional potential along length. To

calculate ay, a;; and a,; we apple the boundary conditions as:-

1. The source end potential is the build in potential Vi s

2. Drain end potential is bildin in potential at drain V»; p added with applied drain Voltage

9¢i(x.y)
3. — = = a5;(x)
dy y=0
de (%)
4. ay | = al (x) + ZtSi(l_mf)GE(mfi) a2 (x) (526)

Y=t(Si(1-ms)Gems))

@s(x) is the surface potential, s

is the thickness of the channel. ‘mf denotes the
ia-mpGe(mp))

Germanium mole fraction in Silicon in each region.

Solving,

Cox[Ves—VrBi—@s]

az(x) = ’
tSic1-mp)Ge(mp) €Ge/Sia-mf)Ge(mp)

—Cox[Ves—VFpi-
al(x) — ox[VGs—Vrpi—@s] (527)
Sic1-m)Geamp) Ge/Sia-mpf)Ge(mp)

Vs is the gate to source voltage, Vpp; is the flat-band voltage corresponding to every region, € is the

permittivity. C,, is the oxide capacitance. Now 1-D equation takes the form,

205:(x)  05i()=(Vas=Vspi) qn;
Pk = (5.28)

€Ge/Sia-mp)Ge(mp)

LGe/Sicr—myiyGems) & Sici-msi)Gempiy

A is the characteristics length given by, A = J

2CHfo2
(5.29)
Here, 2/m is multiplied in the denominator to consider fringing field effects.
The general solution of the above differential equation,
ps(x) = Pexp (f) +Q exp (—Ai) +o, (5.30)
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Where, s = Vg — Vpp — Ll A%, (5.31)
eGe/Si(l_m)Ge(mf)
Ng
Vos = Vs — Vilog ()
and Ng = N — =8¢ (Vs — Vip — Vi) (5.32)

— pre

It is pertinent to mention here that for different composition of SiGe in the different regions of
channel, the surface potential is to be derived separately maintaining the boundary conditions of
Potential continuity and Field continuity at the junction of different region are used .Thus the
general classical potential is

gp(x,y) :&(JC+L)2 +V,, +y

2¢,

_Cox [VG - VFB _¢s] +y2 Cox [VGS - VFB _Q]

) Er i t. &
e Sz(lfmf)Ge(mf) Ge/Szm/Ge(mf) St(lfmf)Ge(mf) Ge

(5.33)

Si(lfm/.)Ge(m/»)

At scaled dimension, the device potential consists of the classical and quantum potential adds a
position-dependent quantum potential, Qef, to the carrier's potential energy, derived from Bohm's

interpretation of quantum mechanics (BQP). The general form of Schrodinger equation is

o oy oy
— " —*_ x’ =lh_; 5.34
o (o o TP =i (>34)

is the wave function, # is the reduced Planck constant, m* is the mass of the particle, and ¢ (x, y) is

the potential of that region. To derive the BQP, we express the wavefunction ¥ in its polar form

[302]
l//:\/;eiS/h

where ‘n’ is the probability density and S is the phase of the wavefunction.

(5.35)

In this representation, the Schrodinger equation can be reformulated. Substituting this into the
Schrodinger equation and separating the real and imaginary parts, we obtain two coupled
equations. The real part of the equation represents the continuity equation, ensuring the
conservation of probability density. The imaginary part ensures the conservation of total energy,
which is the sum of Potential energy , Kinetic energy and Quantum potential which reflects

quantum mechanical effects. The continuity equation is the partial derivative of probability of
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carrier density with respect to time and distance. Whereas, the Quantum Hamilton-Jacobi

Equation takes the form

oS 1 (as
+
Ox

2
—+—| — | +o(xy)+0Q, =0
ar  2m j !  where
1wV (m*'v(n*))y
G = 2n° (5.36)

m*1 is the inverse effective mass tensor, n’ is the carrier concentration, «, y are adaptable

parameters.

The following equations couple the BQP equation with Poisson's equation through the carrier

concentration term ‘n’

n= N, exp(—Wj (5.37)

To determine the values of the fitting parameters numerically, a close agreement between the BQP
model and the results from Schrédinger-Poisson (S-P) calculations for any given class of device

should be achieved. Thus the quantum potential takes the form in initial condition

(my* (1= x Ge )

v ” ,
V((N,exp (_ (Ecl’:ngffj)a )
O =
e [_(EU’thij)a (5.38)

The parameters and the quantum potential (Qey) depend on the device structure and the applied
bias. However, in our approach, we treat them as constant values determined through a fitting
process with calibration with Schrodinger-Poisson simulation model. This significantly simplifies
the calculation of the quantum potential, avoiding the need to directly solve the Schrédinger
equation every time. When the system is out of equilibrium, the occupation factor is a function of

position. After incorporation of BQP, the cumulative potential is

Poor(X,0) = 0(%, )+ Oy (¥) (5.39)
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From with maximun electric field approximation, which allows non-local calculation to be framed

in local model, the tunneling current density is

max 3/2

qVE,
I=4T "0 exp(-B—= 5.40
Egl/z p( Efmax ) ( )
. \/(d(p,ggp(x,y)jz+[d¢ggp(x,y)j2
dx dy E 3
I1=4 mx exp(—B £ )

E, dQyop(x,y) 2+ d@yop(x, ) ’
dx dy

Where V is the bias, £, is the max value of electric field obtained from ¢,,.(x,y) , A and B are

two fitting parameters. If the varying electric filed is considered, the current is to be calculated as

qV\/{d%QP(x,y)]z +[d¢BQP(xﬁy)j2
I= qﬂ A dx 4 exp(-B E (5.41)

=5 Aoy (53)] (Ao ]
s @

It may be noted also that for the drift diffusion transport in the channel, the Quantum potential

is incorporated in continuity equations . The results and discussion is based on electostatics and
biosensing capabilities of each device mentioned above for varying dielectric constant values (k =
1, 2, 4, 6, 9, 12), which correspond to biomolecules such as air, biotin, ferro-cytochrome,
bacteriophage T7 and keratin [303]. In all simulations, Siy.gGeq.2 has been employed to align with
previously reported results [304], [305], [306], [307]. The simulation model has been calibrated
using where they modeled Sio.gGeg., source TFET with DFT [304]. The results and discussion is
based on electrostyatics and biosensing capabilities of each device mentioned above for varying
dielectric constant values (k = 1, 2, 4, 6, 9, 12), which correspond to biomolecules such as air,
biotin, ferro-cytochrome, bacteriophage T7 and keratin [303]. In absence of biomolecule , the
potential profile (contour) of the proposed structures reveals the electrostatic landscape across
the device region in figure 5.11. This serves as a foundation for understanding carrier transport
mechanisms, which are further explored through the quantum potential profile presented in the

subsequent analysis.
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Fig. 5.11 Contour plots illustrating the classical potential profiles for the three TFET architectures: (i)
SiGe Source-Si Channel-Si Drain, (ii) Ge Source-SiGe Channel-Si Drain, and (iii) Si Source-SiGe Pocket-Si
Channel-Si Drain.

The contour plot of the classical potential for the proposed TFET structures reveals distinct
characteristics for each configuration. Among the three configurations, the Ge Source-SiGe
Channel-Si Drain (ii) structure exhibits the least potential variation along the source-channel-
drain region due to its smooth band alignment and minimal lattice mismatch between Ge and SiGe.
The smaller bandgap difference (Ge: 0.66 €V, Sip.gGeg.o: ~1.0 eV) ensures gradual band transitions
and uniform electrostatic potential distribution, minimizing abrupt field changes. In contrast, the
SiGe Source-Si Channel-Si Drain (i) structure shows a moderate potential variation because of the
larger band offset between SiGe and Si, which increases the conduction-band discontinuity and
strengthens the field at the source-channel interface. The Si Source-SiGe Pocket-Si Channel-Si
Drain (iii) configuration demonstrates the highest potential variation, as the embedded SiGe
pocket introduces localized bandgap narrowing and strain-induced modulation, forming a
confined potential well that enhances quantum confinement effects and electrostatic
perturbations along the channel.

Electron quantum potential is generated in SiGe heterojunction tunnel field-effect transistors

(TFETs) due to the electric field distributions and potential profiles established by the




heterojunction's band alignment. When the Bohm Quantum Potential (BQP) models are activated,

they account for quantum effects that arise from the wave-like behavior of carriers at nanoscale

dimensions.
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Fig. 5.12. (a) electron quantum potential and (b) overall potential for the three TFET
architectures: (i) Ge Source-SiGe Channel-Si Drain, (ii) SiGe Source-Si Channel-Si Drain, and (ii) Si
Source-SiGe Pocket-Si Channel-Si Drain with and without quantum effects.

In the Ge source-SiGe channel-Si drain configuration, the electron quantum potential is highest
near the source-channel interface due to Ge's narrow bandgap (0.66 eV), resulting in strong
quantum confinement and enhanced tunneling. The transition from Ge to SiGe introduces strain
and band alignment effects, while the Si drain's larger bandgap (1.12 eV) creates sharp potential
transitions. In the SiGe source-Si channel-Si drain configuration, the quantum potential is lowest at
the source-channel junction, with minimal bandgap variation and band structure, leading to
weaker quantum effects and reduced quantum confinement, but increases at channel due to Si's
intermediate bandgap and effective mass compared to SiGe. Whereas, in the Si source-SiGe pocket-
Si channel-Si drain configuration, the quantum potential is moderate in the source -channel
junction , but highest in the channel region due to additional quantum effects incorporated by SiGe

pocket.
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Fig 5.13. Energy band diagrams for (i) Ge Source-SiGe Channel-Si Drain, (ii) Si Source-SiGe Pocket-Si
Channel-Si Drain, and (iii) SiGe Source-Si Channel-Si Drain configurations with and without quantum
effects.

The overall impact of BQP on the energy band is depicted in figure 5.13 where we can find that
BQP corrections refine the wavefunction behavior at the drain significantly at a lower drain
voltage at 0.2V, reducing the classical approximation of the energy band. This refinement alters
the band profile more significantly, especially in the depletion region near the channel-drain
junction. The greater Impact on the Drain Side Than at the Source-Channel Junction can be
attributed to the fact that the source is the region of carrier injection, where band bending and
tunneling dominate. These effects are already steep and well-defined due to the material
properties (e.g., Ge or SiGe at the source). BQP introduces corrections at the source channel
junction too, but the changes are less pronounced because the quantum tunneling effects are

already significant without additional modifications.
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Fig.5.14 BTBT for (i) Ge Source-SiGe Channel-Si Drain, (ii) Si Source-SiGe Pocket-Si Channel-Si
Drain, and (iii) SiGe Source-Si Channel-Si Drain configurations with and without quantum effects.

As explained in figure 5.13, the BQP modifies the classical potential by incorporating the
quantum mechanical contributions of electron wavefunction curvature, effectively reducing the
barrier width and altering the energy profile. This modification enhances tunneling probabilities
by increasing wavefunction overlap across the tunneling barrier. In all three configurations, the
enhanced localization of the wavefunction near the source interface, as modeled by BQP, results in

a higher BTBT rate by more accurately capturing the narrow and sharp energy transitions.
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The drain current gate voltage characteristics of the three TFET configurations in figure 5.15
reveal an increasing impact of quantization as we move from (a) Ge Source-SiGe Channel-Si Drain
to (b) SiGe Source-Si Channel-Si Drain, and finally to (c) Si Source-SiGe Pocket-Si Channel-Si
Drain. In (a), the strong tunneling at the Ge source with minimal quantization effects results in
higher current and reduced suppression in the quantum model. In (b), the SiGe source introduces
moderate quantization effects due to its intermediate bandgap, leading to a noticeable reduction in
current as quantum effects begin to dominate. In (c), the SiGe pocket significantly enhances
quantum confinement and strain effects, resulting in the most pronounced suppression of current
in the quantum model.

Sensitivity is quantified as the ratio of the change in current caused by the presence of a

biomolecule in the cavity to the drain current measured under conditions where no biomolecule is

present, typically corresponding to air with a dielectric constant k=1.
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Fig 5.16. On state current sensitivity for (i) Ge Source-SiGe Channel-Si Drain, (ii) SiGe Source-Si Channel-
Si Drain and (iii) Si Source-SiGe Pocket-Si Channel-Si Drain configurations with and without quantum
effects.
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The sensitivity data in figure 5.16 highlights the differences between classical and quantum
(Bohm Quantum Potential, BQP) models for three TFET configurations, underscoring the role of
quantum confinement and tunneling effects. Sensitivity in the quantum model is significantly
lower due to BQP-induced wavefunction effects and reduced charge modulation, particularly in
tunneling-dominant regions. For the Ge Source-SiGe Channel-Si Drain configuration, classical
sensitivity ranges from 5.57 to 41.94, while quantum sensitivity spans 2.68 to 13.84, reflecting
strong confinement and amplified tunneling effects due to Ge's narrow bandgap. The SiGe Source-
Si Channel-Si Drain configuration shows higher sensitivity (classical: 19.63-49.52, quantum: 3.25-
22.93) due to a moderate bandgap and balanced effects, whereas the Si Source-SiGe Pocket-Si
Channel-Si Drain configuration exhibits the highest classical sensitivity (25.40-83.28), sharply
reduced in the quantum model (3.21-16.36) due to localized quantum effects in the pocket. The
BQP reduces sensitivity by accounting for quantum wavefunction spreading and decreased
mobility, with Ge-based configurations experiencing stronger quantum suppression and SiGe-

pocket configurations demonstrating the highest classical sensitivity but significant quantum

dampening.
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Fig.5.17. Threshold voltage sensitivity for (i) Ge Source-SiGe Channel-Si Drain, (ii) SiGe Source-
Si Channel-Si Drain and (iii) Si Source-SiGe Pocket-Si Channel-Si Drain configurations with and
without quantum effects.
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The threshold voltage (Vth) sensitivity data in figure 5.17 for three Tunnel FET (TFET)
configurations highlights the interplay between quantum effects, material properties, and
structural designs under classical and Bohm Quantum Potential (BQP) models. For the Ge Source-
SiGe Channel-Si Drain configuration, sensitivity remains comparable across models (13.85-59.29
in classical vs. 14.10-60.55 in quantum) due to strong tunneling effects and low effective mass at
the Ge source, minimizing quantum suppression. In the SiGe Source-Si Channel-Si Drain,
sensitivity drops significantly in the quantum model (39.79-234.29 in classical vs. 5.22-19.96 in
quantum) due to moderate confinement and limited charge modulation from strain absence. For Si
Source-SiGe Pocket-Si Channel-Si Drain, classical sensitivity is highest (57.10-351.11), while
quantum suppression is moderate (18.05-87.75) due to enhanced modulation by strain in the SiGe
pocket, partially counteracting quantum effects. These trends emphasize the dominant role of
material selection and heterostructure design in shaping Vth sensitivity under quantum
confinement.

In terms of selectivity, the following trnd has been observed for highest k value biomolecule in
this study (Keratin), with respect to lowest k value biomolecule, Biotin. Here’s a table

summarizing the selectivity data and its analysis:

Configuration Selectivity Selectivity Observation

(Classical) (Quantum)
Ge Source-SiGe | 429.26 427.87 Minimal difference between classical
Channel-Si Drain and quantum due to strong tunneling

effects at the Ge source.

SiGe Source-Si | 588.76 382.20 Significant suppression in quantum due
Channel-Si Drain to moderate quantum confinement and

lack of strain-enhanced modulation.

Si Source-SiGe | 614.86 486.22 Moderate suppression in quantum, but
Pocket-Si Channel-Si strain effects in the pocket region
Drain preserve higher sensitivity.

Table. 5.2. Comparison of selectivity data between classical and quantum models
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The study highlights the significant influence of Bohm Quantum Potential (BQP) on the
electrostatic and biosensing capabilities of three distinct SiGe-based heterojunction Tunnel Field
Effect Transistor (TFET) biosensor configurations, namely Ge Source-SiGe Channel-Si Drain, SiGe
Source-Si Channel-Si Drain, and Si Source-SiGe Pocket-Si Channel-Si Drain. Through an analysis of
the sensitivity and threshold voltage characteristics under classical and quantum models, the
impact of quantum effects on the performance of these devices is quantified. The inclusion of BQP
led to a notable reduction in sensitivity across all configurations. Specifically, for the Ge Source-
SiGe Channel-Si Drain configuration, sensitivity decreased by approximately 52% (from 41.94 to
13.84), reflecting the strong quantum confinement due to Ge's narrow bandgap. The SiGe Source-
Si Channel-Si Drain configuration showed a more moderate decrease in sensitivity, around 53%
(from 49.52 to 22.93), due to moderate quantum confinement effects. However, the Si Source-SiGe
Pocket-Si Channel-Si Drain configuration exhibited the largest relative reduction in sensitivity,
with a 62% drop (from 83.28 to 16.36), demonstrating that the localized strain and quantum
confinement in the SiGe pocket region significantly dampen charge modulation and wavefunction
behavior. Among the three configurations, the Si Source-SiGe Pocket-Si Channel-Si Drain is most
prone to quantum effects, with the highest sensitivity drop, indicating that quantum confinement
in the pocket region plays a dominant role in influencing the overall device performance. This is
also evident in the threshold voltage sensitivity, where the SiGe Source-Si Channel-Si Drain
configuration experienced a significant drop in sensitivity (by 94% from 234.29 to 19.96) due to
reduced charge modulation and quantum suppression. The findings underscore the importance of
considering quantum effects, especially at nanoscale dimensions, for accurate device modeling and
biosensor performance prediction. Future studies could explore the integration of alternative
materials with different bandgap characteristics, such as transition metal dichalcogenides (TMDs),
to potentially mitigate quantum suppression and enhance the biosensing performance in TFETs.
Further research could also investigate the impact of higher-level quantum corrections, such as
including scattering effects in quantum transport models, and the exploration of multi-material
heterostructures to optimize sensitivity and selectivity for specific biomolecule detection

applications.
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5.5. Conclusion and Future work

This chapter demonstrated the importance of Bohm Quantum Potential (BQP)-based quantum
analysis in understanding and optimizing Tunnel Field-Effect Transistors (TFETSs) for low-power
electronics and biosensing. Quantum effects, such as tunneling and confinement, were shown to be
critical for TFET performance, especially in dual-metal double-gate architectures and SiGe-based
heterojunctions. The study highlighted the potential of TFETs in biosensing, leveraging enhanced
tunneling effects and quantum-aware models to achieve high sensitivity and low power
consumption. The BQP framework proved superior in capturing these effects, offering valuable

insights into carrier dynamics and device behavior that traditional models often overlook.

Future work will focus on advancing BQP-based methodologies by incorporating higher-order
quantum effects and integrating them with frameworks like NEGF or density functional theory for
multi-scale modeling. Exploring novel materials, such as 2D semiconductors and heterostructures,
alongside innovative device geometries like nanowires and vertical TFETSs, will further enhance
performance. In biosensing, optimizing surface functionalization and developing multi-analyte
detection capabilities will broaden TFET applications. Experimental validation of the proposed
models, along with scalability for mass production, will be key to transitioning TFETs from

theoretical research to practical use in next-generation electronics and diagnostics.

155




Chapter 6:

Quantum correction models and Parabolic

Quantum Well Model

6.1. Introduction to Parabolic Quantum Well Model and
Multi-Well Photodetectors

6.2. Device structure, Simulation of Ing-xGaxAsyP(-y)/InP
wideband Multi-Well Photodetectors using k.p Method

6.3. Other Quantum correction models

6.4. Conclusion and Future Work

6.1. Introduction to Parabolic Quantum Well Model and Multi-
Well Photodetectors

Quantum wells are structures where charge carriers are confined in one dimension, allowing

motion in the other two dimensions.

In a typical quantum well, charge carriers are confined between two barriers made from materials
with a wider bandgap than the well material itself. This creates discrete energy states, which the
carriers occupy according to their quantum mechanical properties. The size of the quantum well,
often in the range of a few nanometers, determines the energy spacing between these levels. The
smaller the quantum well, the greater the spacing between energy levels, and this quantization

affects the absorption and emission of light.
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In photodetectors, quantum wells enhance the interaction between light and the semiconductor
material. When photons of a specific energy are incident on the photodetector, they excite charge
carriers in the quantum wells. These carriers then move through the device, generating an
electrical current that can be measured. The quantum well structure is advantageous because it
provides a higher absorption cross-section and more efficient carrier collection than bulk
materials. Additionally, the discrete energy states in the quantum well lead to more precise control

over the absorption spectrum, allowing the device to be tuned to specific wavelengths of light.

Wideband photo detectors are vital elements in contemporary communication sys- tems, as they
enable the reception of a wide array of optical signals. This functionality allows them to adeptly
manage multiple wavelengths, which is essential for systems employing wavelength division
multiplexing (WDM) [308]. The capability to detect light across an extensive frequency range
markedly boosts data transmission speeds. Wideband photodetectors can proficiently capture
rapidly fluctuating optical signals, which is crucial for high-speed applications in optical fiber

networks [309], [310].

. Various types of quantum wells can be used in multi-well photodetectors, depending on the
desired properties of the device. The most common types of quantum wells used in these devices

include:

Type-l Quantum Wells: In these wells, both electrons and holes are confined in the same material,
resulting in a direct bandgap. This configuration is ideal for applications such as light absorption
and emission, as the electron-hole pairs (excitons) are tightly bound and easily recombine to emit

light.

Type-ll Quantum Wells: In these wells, the electrons and holes are confined in different materials,
leading to an indirect bandgap. Type-II quantum wells can be used in devices that require carrier
separation, as the spatial separation of electrons and holes reduces recombination and enhances
carrier transport. This is advantageous for photodetectors, where efficient charge collection is

essential.
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Unlike traditional single-layer photodetectors, multi-well structures offer superior quantum
efficiency and faster response times. By incorporating multiple quantum wells, they boost light
absorption and reduce surface recombination losses, resulting in higher sensitivity and faster

operation—critical for high-speed communication applications.

While single quantum well (SQW) photodetectors have demonstrated promising results, multi-
quantum-well (MQW) structures offer notable advantages in performance, tunability, and
efficiency. In MQW photodetectors, several quantum wells are vertically stacked and separated by
barrier layers, forming a periodic heterostructure that enhances optical absorption and carrier

dynamics compared to single-well devices.

Enhanced Absorption Efficiency:
Multiple wells allow greater interaction with incident photons, increasing total absorption and
enabling detection over a broader spectral range. This is particularly beneficial for optical

communication and spectroscopy, where wide spectral sensitivity is essential.

Improved Carrier Collection:
Multi-well structures facilitate efficient carrier transfer between wells through tunneling or
thermal excitation, minimizing recombination losses and improving photocurrent collection

compared to single-well configurations.

Higher Quantum Efficiency:
The probability of photon absorption and carrier generation increases with the number of wells,
leading to higher quantum efficiency (QE)—the ratio of photo-generated carriers to incident

photons.

Wavelength Tunability:
By adjusting well width, barrier thickness, and composition, MQW photodetectors can be spectrally
tuned. This tunability enables multi-wavelength or broadband detection, crucial for systems

employing dense wavelength division multiplexing (DWDM) and emerging LiFi technologies.
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Designing MQW photodetectors requires precise control of material composition, layer thickness,
and interface quality. Growth techniques such as Molecular Beam Epitaxy (MBE) and Metal-Organic

Chemical Vapor Deposition (MOCVD) are typically employed to ensure atomic-scale precision.

Barrier materials with wider bandgaps confine carriers within the wells, and their thickness
critically affects quantum confinement, tunneling probability, and energy level spacing. Therefore,
careful optimization of well-barrier parameters is essential to achieve desired spectral and

transport properties.

MQW photodetectors find extensive use in high-speed optical communication, infrared imaging, LiFi,
and spectral sensing. Their enhanced responsivity and tunability make them ideal for detecting
signals across diverse wavelengths, improving the bandwidth and sensitivity of communication

networks and optoelectronic sensors.

The performance of MQW photodetectors is governed by the dynamics of carrier generation,
transport, recombination, and scattering, which are inherently more complex than in SQW devices

due to inter-well interactions.

Carrier Injection:
Photon absorption excites electrons from the valence to conduction band within the wells. The
efficiency of injection depends on the optical transition matrix elements and alignment of subband

energies with the incident photon energy.

Carrier Transport:
Carriers traverse multiple wells either by quantum tunneling or thermionic emission, depending on
barrier height and spacing. Optimally designed barriers balance confinement and inter-well

coupling, enhancing overall carrier mobility and collection efficiency.

Carrier Recombination:
Recombination reduces the available carrier population for current generation. In MQW systems,
recombination occurs within wells and at interfaces. Reducing recombination is possible through

type-ll band alignment or spatial separation of electrons and holes, which extends carrier lifetime.
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Scattering Mechanisms:
Carrier mobility is influenced by phonon, impurity, and carrier—carrier scattering. These processes,
sensitive to temperature and material quality, can limit response speed and efficiency. High-

quality epitaxial growth and optimized layer design help mitigate scattering losses.

The behavior of carriers in MQW photodetectors is dominated by quantum confinement, which
quantizes energy levels within each well. Modeling these effects using parabolic or square quantum
well approximations enables analytical derivation of subband energies, wavefunctions, and
transition probabilities. These models form the theoretical foundation for understanding

responsivity, absorption spectra, and carrier transport mechanisms in multi-well structures.

Tbale 6.1. Key Differences of Single and Multiple Qunatum Well

Contains a single quantum well
between two barrier layers.

Limited absorption due to a single
active layer interacting with
photons.

Typically narrowband, sensitive to
specific photon energies
corresponding to discrete
subband transitions.

Carriers may recombine before
reaching contacts, reducing
collection efficiency.

Lower QE since fewer photons are
absorbed and converted to
carriers.

Fewer recombination pathways,
but efficiency limited by single
absorption region.

Limited; fixed by the dimensions
and material of the single well.

Consists of several quantum wells
separated by barrier layers, forming a
periodic heterostructure.

Enhanced absorption as multiple wells
interact with the incident light,
increasing optical path and quantum
efficiency.

Broad or tunable spectral response due
to different well thicknesses or
compositions allowing absorption across
wider wavelengths.

Improved carrier transport through
tunneling and coupling between wells,
enhancing collection efficiency.

Higher QE because multiple wells
increase the probability of photon
absorption and carrier generation.
Higher recombination possibilities
between wells; mitigated through design
optimization and type-II structures.
Highly tunable through variation in well
thickness, barrier height, or alloy
composition across multiple wells.
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6.2. Optimization and Simulation of In(1-x)GaxAsyP(1-y)/InP wideband
Multi-Well Photodetectors for Communication Systems using

K.p Method

Wideband photo detectors are critical components in modern com- munication systems, enabling
high-speed data transmission and improved signal fidelity. This section presents a study on the
simulation and optimization aspects of InGaAsP/InP multi-well photo detectors, focusing on their
application in communication systems wavelength range ~1000 nm to ~2000 nm,. InGaAsP/InP
multi-well photodetectors leverage the unique properties of multi-quantum wells (MQWSs) to
enhance optical detection and performance. These devices utilize the bandgap engineering
flexibility of In@1-x)GaxAsyP(1.y)/InP materials to achieve efficient light absorption across specific
wavelength ranges while maintaining high speed and sensitivity [311], [312]. The composition of
InGaAsP can be tailored by adjusting the ratios of indium, gallium, arsenic, and phosphorus,
enabling tunable electronic and optical properties crucial for photodetectors operating across
diverse wavelengths, particularly in communication systems [313], [313]. Studies have shown that
the growth temperature significantly influences the composition of InGaAsP films grown by
MOVPE, with temperature-dependent variations in photoluminescence wavelength and lattice
mismatch, especially in quaternary alloys with shorter bandgap wavelengths [314]. Another
investigation focused on developing high-power 890 nm semiconductor laser pump sources for
3.9 um mid-infrared fiber lasers by optimizing the epitaxial growth of 10-layer InGaAs/GaAsP
quantum wells, improving gain and conduction band step height [315]. Wang et al. explored the
tunable bandgap and photoemissive properties of quaternary In(i-x)GaxAsyP(1.yy demonstrating its
superiority over GaAs and InGaAs for extending spectral response and enhancing sensitivity at
1.06 pm wavelengths [316]. Malik et al. proposed an efficient tapered coupling mechanism for
monolithic integration on In(.x)GaxAsyP1.y) /InP quantum well structures, achieving significant
reductions in coupling and insertion losses through impurity-free QW intermixing and optimized
epitaxial designs [317]. Increasing the indium content lowers the bandgap, enabling longer
wavelength detection suitable for applications like telecommunications, but higher mole fractions
can increase defect densities and dark currents, impacting performance in sensitive applications.

An optimized mole fraction enhances light absorption in the active layer, improving overall
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photodetector performance, which is critical for high-speed optical communication [318]. Changes
in mole fraction can also lead to thermal stability issues and variations in lattice parameters,
affecting structural integrity [319], [320]. Maintaining lattice matching with the InP substrate
through precise mole fraction control reduces stress and potential defects during fabrication.
Additionally, design optimizations that minimize recombination losses further enhance device
efficiency, vital for fast-readout applications such as real-time interactive communications [321],
[322], [323]. We investigate the properties of In(1.x)GaxAsyP(1.y)/InP photo detectors with change in
mole fraction of As as it influences device performance, such as well and barrier energy gap, dark
current and photo current. Using simulation tools, we model the electronic band structure and
carrier transport mechanisms within the photo detectors, employing the kep method and quantum
well models. We ex- plore various optimization metrics including responsively, quantum

efficiency, bandwidth, and noise analysis.
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Fig 6.1: Schematic of the device used in simulation.
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This device , as depicted in figure 6.1., The device structure begins with a top contact made of
In(1-xGayAs,P(1-y), approximately 100 nm thick and heavily doped n-type (1.2x10"® cm~?), which
serves as the top electrical contact for efficient carrier collection and ensures good ohmic contact
due to its high doping. Beneath this lies Barrier 1, composed of ~50 nm of nearly intrinsic InP
(~1x10** cm™3), providing confinement between the contact and the first quantum well. The first
quantum well consists of ~4 nm of Ing1-xGaxAs,P(1-y), n-type doped (1.2x10*® cm™3), which acts as
the first active region where photon absorption excites carriers between discrete subbands.
Barrier 2, another ~50 nm layer of intrinsic InP, separates the first and second quantum wells to
maintain discrete energy levels. The second quantum well mirrors the first in composition and
thickness (~4 nm of n-type In(1-xGaxAs,P(1-y)) and contributes to enhanced absorption and device
responsivity. Following this, Barrier 3, again ~50 nm of intrinsic InP, provides confinement
between the second and third wells. The third quantum well, similar in structure (~4 nm n-type
In(1-xGaxAs,P(1-y)), further improves bandwidth and absorption efficiency. Below the wells,
Barrier 4 (~50 nm of intrinsic InP) isolates the active regions from the bottom contact, which is
composed of ~100 nm of n-type In(1-xGaxAs,P1-y) (1.2x10*® cm™3) and collects carriers, serving as
the bottom electrode. Overall, this layered configuration ensures efficient carrier confinement,
absorption, and collection, optimizing the device’s optical and electrical performance. This

structure approximates the conditions studied by [320] .

The core concept of Multiple Quantum Well (MQW) photodetectors revolves around employing
multiple thin semiconductor layers that generate distinct quantum states due to quantum confine-
ment effects. When light interacts with these quantum wells, photons can elevate electrons from
their initial ground state to higher energy levels. Once in these excited states, the electrons can
either contribute to photocurrent or recombine with holes, enabling the detection of infrared
radiation. MQW photodetectors take advantage of inter-subband transitions, where electrons are
excited between different quantized energy levels within the conduction band. This adaptability
allows photodetectors to be engineered for sensitivity to specific wavelengths by modifying the
band structure through variations in the composition and thickness of the quantum wells.
Additionally, n-doping fills the ground state of the quantum wells with electrons, ensuring

effective detection as photons are absorbed.
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Simulation methodology

The simulation uses a mesh specification with fine granularity, particularly in the active region, to

accurately model the potential and carrier distribution. Regions are defined for the top contact,

barriers, wells, and bottom contact, each with specific material compositions.

Doping

concentrations are adjusted to ensure minimal artifacts in the potential over the active region.

Below is the summery of the models and methods used for the simulation.

Table. 6.2. Summary of models used in the simulation

Parameter
Band Structure

Quantum Confinement

Wavefunction
Penetration
Capture-Escape
Self-Consistent Quantum
Correction

Superlattice Effects

Optical Absorption

Recombination

Model
ZB.TWO or WZ.KP

KP.FEM.LAGRANGE or
KP.FEM.HERMITE
WELL.MARGIN

WELL.CAPT
WELL.SELFCON

SLATT, SL.GEOM, SLNUMBER

beam qwip tr.matrix

SRH, Radiative, Auger (if
declared)

Purpose
Multi-band (k.p) band coupling (light,
heavy holes, conduction).
FEM solution of Schrédinger eqn.

Allows wavefunction overlap into
barriers.

Coupled 2D-3D carrier dynamics.
Couples quantum charge with Poisson.

Quantum coupling of multiple wells
(minibands).
Transfer-matrix-based optical
generation.

Non-radiative loss modeling.

The parabolic quantum well model calculates bound state energies, which are used to study

optoelectronic properties like gain, radiative recombination, and absorption. These energies are

obtained by solving the Schrodinger equation along discrete slices in the quantization direction.

Effective masses and band-edge parameters come from k-p-based models which correspond to

zincblende and wurtzite materials and the number of valence bands used.

This model assumes the effective mass approximation, but its accuracy decreases away from the

Brillouin zone center due to intermixing of hole states. While it provides quick results by solving in

momentum space, its optical response is less reliable for regions with large mass variations
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between the well and barriers. Advanced k-p models offer better accuracy but are computationally

more intensive.

The quantum well model is activated using the QWELL parameter in the REGION or MODELS
statement. The solver orientation (1DY by default) can be changed using the SP.GEOMETRY
parameter. Adjacent quantum wells with the same orientation are merged into one unless

separated using the QWNUM parameter.

The model expands the Schrédinger solution domain into neighboring regions to capture
wavefunction penetration into barriers, controlled by the WELL.MARGIN parameter (default: 0.01
microns). Overlapping wavefunctions are allowed, and barrier bands are adjusted to avoid bound

states at the edges during calculations.

Parameters such as WELL.GAMMAO and WELL.TAUN are used to define the broadening of

Lorentzians and the capture lifetime of carriers by the wells, respectively.

Models including Fermi-Dirac statistics, temperature effects, and the k.p method are specified. The
k-p method relies on perturbation theory to approximate the band struc- ture near a specific point
in the Brillouin zone—most commonly at the T point (k = 0), which is the center of the Brillouin
zone. The calculation is executed based on Bloch theorem that guarantees that the single-electron
eigenstates in the crystal have a periodic form. The electronic states at the I' point serve as a basis
for expanding the band structure to other points in the Brillouin zone. First the k-p method
approximates the wavefunctions along with expansion coefficients by which the band structure is
expanded in terms of the wavevector k in matrix equations and defines a Hamiltonian matrix,
where each element represents interactions between different bands. This matrix depends on
both the momentum operator (p) and the wavevector (k). At the I' point, the Hamiltonian is
diagonal, meaning each band is independent. However, as k increases (i.e., away from the I' point),
off-diagonal terms appear, representing coupl- ing between the bands. Since an exact solution
would require infinite states, a per- turbation approximation (Léwdin perturbation method) is
applied. This approximation reduces the problem by focusing on a small set of energy bands near

the band gap, decoupling them from the other, higher-energy bands. This perturbation expands
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the Hamiltonian in powers of k, limiting the area of the Brillouin zone that can be cov- ered, but

allowing for a computationally efficient solution.

To represent the coupled quantum wells, the SLATT parameter in the REGION statement has been
used to group adjacent regions into a single superlattice domain. To separate regions into different
superlattice domains, the SL.NUMBER parameter has been used. The direction of the Schrédinger
solver is specified with SL.GEOM.

Here the same band structure is formed as the quantum well model.

The collective states of the superlattice are determined using the Quantum Transmitting Boundary
Method (QTBM), which solves a nonlinear Schrédinger equation while accounting for open-
boundary conditions. Based on the wavefunction's spatial distribution and energy relative to the

band edge, eigenstates are categorized as either bound (localized) or traveling (propagating).

The Quantum Transmitting Boundary Method (QTBM) is employed specifically for analyzing
ballistic transport and is mathematically equivalent to the Non-Equilibrium Green’s Function
(NEGF) approach under the ballistic regime. In this framework, the wave function W\Psi¥
represents the coefficient describing carrier states within the device, from which all measurable
quantities — such as charge density and current density — are obtained. In general, QTBM solves

the steady-state Schrédinger equation for an open system:

At the contacts, QTBM assumes that the wavefunction is a sum of incoming and outgoing
(transmitted/reflected) plane waves. Inside the device, the potential is arbitrary (e.g., due to wells
and barriers), and the wavefunction is solved numerically. Thus, instead of confining the

wavefunction, QTBM transmits it through the structure, simulating realistic current flow.

The simulation turns couples the capture-escape and drift-diffusion models for a self- consistent
solution. Bound states in each well are computed, allowing for up to two states to confirm only one
bound state exists. The x and y compositions are defined in the REGION statement using the
Y.COMP parameters. The relationship between x and y that fulfills this condition is expressed as

follows:

166




o 0.1896*Y.COMP
0.4176—(0.0125*Y.COMP)

The simulation method uses Newton's method with specified error tolerance to solve the system
equations. An optical source is defined using the transfer matrix method for multiple reflections
and coherent light propagation within the active layer. Initial solutions are calculated, and the dark
current is evaluated by stepping the collector voltage from 0 to 1V. The system is reset for optical
response calculations, and inter- subband spectra are obtained at various collector voltages.

Spectral response is analyzed over a wavelength range from 1 to 2 micrometers.

6.3.1.Result and Discussions

7. The variation of arsenic (As) mole fraction in the In-xGaxAsyP(1-y)/InP multiple quantum well
(MQW) structure has been shown in figure 6.2. As experimentally validated by Sten Seifert
[324], the lattice-matched As mole fractions of 0.24, 0.42 and 0.69 has been studied. The
variation has a significant effect on the electron concentration (figure 6.2(a), 6.2(b)), dark
current(figure 6.3, photocur- rent(figure 6.4), quantum efficiency, and spectral characteristics.

8. As shown in figure 6.2(a) and 6.2(b) the overall electron concentration in an Ingi-xGaxAsyP(1-
y/InP multiple quantum well (MQW) structure decreases with in- creasing arsenic (As) mole
fraction due to several interconnected factors involving band structure, density of states,
carrier dynamics, and quantum confinement effects. The incorporation of deep-level defects
linked to arsenic can generate confined ener- gy states inside the bandgap, limiting the
population of electrons thermally excited for conduction in the conduction band.
Consequently, this reduces the total effective car- rier density. The addition of arsenic (As)
may also result in a compensatory decline in electron density due to a higher concentration of
acceptor-like states caused by misfit dislocations or point defects. These states tend to trap
free electrons, thereby reducing the number of carriers available for conduction. Although it
might seem logical to expect that increasing dopants would boost carrier concentration, the
dynamics in As- rich alloys complicate this interaction, frequently leading to a net reduction in

free carrier density as the As content rises.
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Fig.6.2. Impact of varying As mole fraction in In(1.x)GaxAsyP(1-y) /InP MQW structure on

electron concentration (2a, 2b).
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Fig.6.3. Impact of varying As mole fraction in In(1-x)GaxAsyP(1.y) /InP MQW structure on
dark current.
When the As mole fraction increases from 0.24 to 0.69, the dark current decreases from
0.000665A to 0.00018A, as depicted in figure 6.3. This is a direct result of the bandgap
widening as the As mole fraction increases. A wider bandgap reduces the number of
thermally excited carriers, which in turn reduces the dark current. The decrease in electron
concentration is con- sistent with this observation since fewer carriers are thermally
excited across the larg- er bandgap into the conduction band. For y = 0.24, the bandgap is
narrower, allowing more electrons to be thermally excited into the conduction band,
leading to higher dark current. As y increases, the bandgap widens, leading to lower
thermal carrier generation and thus lower dark current and electron concentration. The
photocurrent (figure 6.4)) shows a similar trend, decreasing from 0.000665A aty = 0.24 to
0.00018A at y = 0.69. The calculation of quantum efficiency presents a performance
analysis of a photodetector under varying optical wavelengths (A) and collector current

conditions (y=0.24, y=0.42 and y=0.69) with a constant light intensity of 1.00x103.
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Fig.6.4. Impact of varying As mole fraction in In(1.x)GaxAsyP(1y)/InP MQW structure on
photocurrent.

The responsivity, calculated as photocurrent divided by optical power, shows values of
6.65, 4.84, and 1.90 at y=0. 24, y=0.42, and y=0.69 respectively, for all wavelengths.
Quantum efficiency (n) [derived using the formula (Responsivity*h*c)/(q*wavelength),
with responsively=(photocurrent/optical power)], decreases with increasing wavelength,
indicating reduced sensitivity at longer wavelengths. For y=0.24, ) decreases from 8.24 to
4.12; for y=0.42, from 6.01 to 2.99; and for y=0.69, from 2.36 to 1.12, showing a consistent
trend. These results demonstrate the dependence of responsivity and quantum efficiency
on the optical wavelength and collector current. This performance is significantly higher
than that of SiGe/Si MQW photodetectors, which achieve around 0.1% at 1.3 pm and up to
20% at 0.95 pm [325]. While HgCdTe-based photodetectors exhibit quantum efficiencies
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exceeding 70%, our results are promising, especially considering the trade-offs between
material composition and performance [326]. Furthermore, our quantum efficiency
surpasses GaN-based MQW photo- detectors, which report external quantum efficiencies of
5% to 8%, particularly within a broad temperature range [327]. This highlights the
potential of our In1x)GaxAsyP(1.y)/InP MQW structures for applications requiring high
efficiency across a wide wave- length spectrum, making them a strong candidate for next-

generation communication systems.
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The bandwidth-efficiency trade-off in InGaAsP/InP multiwell photodetectors in figure 6.5
arises from quantum confinement effects and material properties. Increasing the As mole
fraction widens the bandgap, resulting in lower quantum efficiency due to fewer electron
transitions across the bandgap. However, this wider bandgap enhances response time,

allowing the photodetector to operate at higher frequencies (larger bandwidth).

At lower As mole fractions (y=0.24), the quantum efficiency is higher due to a greater
density of states near the band edge, but the bandwidth is limited by slower carrier
dynamics. In contrast, at higher As mole fractions (y=0.69 ), faster carrier dynamics reduce
the density of states, increasing bandwidth but lowering quantum efficiency. This trade-off
between quantum efficiency and bandwidth reflects the interplay between material

properties and carrier behavior in such multiwell structures.

Our study of an In(1-x)GaxAsyP(1y)/InP multiwell photodetector using k.p model shows that
increasing the As mole fraction leads to lower dark current, lower photocurrent, and a
broadening of the power spectral density (PSD). As the As mole fraction increases, the PSD
exhibits both a shift and a rise. The broader PSD is attributed to a combination of reduced
low-frequency noise, dominated by 1/f noise (flicker noise), and increased high-frequency
noise, primarily from shot noise and thermal noise. The narrowing bandgap with higher As
mole fractions enhances quantum confinement effects, which in turn increase scattering

rates and reduce carrier mobility, leading to higher overall noise levels.

At lower As mole fractions (narrower bandgap), thermally excited carriers and
recombination rates are higher, contributing to increased 1/f noise and low-frequency shot
noise. Conversely, at higher As mole fractions, the wider bandgap suppresses low-
frequency noise due to reduced dark current and electron concentration. However, high-
frequency noise becomes more prominent as faster carrier dynamics and scattering rates

dominate.

For y=0.69, the photodetector shows significantly amplified high-frequency noise
components due to its faster response time. This leads to an elevated noise floor across the

spectrum, with the PSD shifting towards higher frequencies as low-frequency noise
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diminishes. The results highlight the critical balance required between sensitivity and
noise performance, as the magnitude and distribution of noise in the PSD are strongly

influenced by the As mole fraction.

6.3 Other Quantum correction models

While advanced quantum transport frameworks such as NEGF and QTBM explicitly solve
for quantum states, and DG and BQP models approximate confinement effects through
potential-based corrections, the previous sections primarily focused on quantum transport
formalism in multi-quantum-well structures, where carrier tunneling, coupling, and

quantized states dominate the optical and electronic behavior.

However, in nanoscale MOS and heterostructure devices, quantum mechanical confinement
near the gate oxide interface gives rise to the formation of a two-dimensional electron gas
(2DEG), whose effects are not adequately captured by these models. To address this,
several semi-empirical quantum correction approaches have been developed to
incorporate confinement-induced band-edge shifts within classical device simulators.
Among them, the Van Dort and Hansch models are particularly important, as they provide
simplified yet physically meaningful ways to account for quantum confinement and carrier
redistribution in regions where 2DEG formation occurs—offering a computationally

efficient alternative to full quantum transport calculations.

Van Dort Model:[328], [329]

The Van Dort model accounts for quantum mechanical effects by widening the energy
bandgap (AE) in the inversion channel of MOSFETS, specifically addressing the reduction in
the density of states caused by quantum confinement. This model adjusts the conduction
band edge as a function of the perpendicular electric field near the gate oxide interface. The

formula:

£
49k, T,

B~L

AE =(B.DORT).ﬂ.( j (E,—E.)"g(») (6.1)
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Where

AE Quantum confinement-induced change in energy bandgap,
B  Empirical fitting parameter (Van Dort parameter)
(q) Electron charge
(k_g) Boltzmann constant
(T) Absolute temperature
€  Permittivity of silicon
(L) Characteristic length or inversion layer width
(g(y)) Field-dependent correction function, typically related to (£, - E.)”

E,  Perpendicular electric field component

E.  Conduction band edge

o  Empirical exponent (~1/3 or 1/2 depending on calibration)

corrects for quantum mechanical carrier behavior, but it occasionally results in unphysical
outcomes, such as an excess of electron concentration near the oxide interface. Despite this
limitation, the Van Dort model is valuable for modeling capacitance-voltage (C-V)

characteristics in nanoscale devices.

Hansch Model:[330]

The Hansch model, originally developed for quantitative structure-activity relationship
(QSAR) analysis in medicinal chemistry, is a mathematical approach that helps relate
chemical structure to biological activity. In the context of semiconductor device physics, its
adaptation provides a way to incorporate quantum mechanical corrections into simulations
of charge transport and device behavior at the nanoscale. This extension of the Hansch
model helps better account for the quantum confinement effects in modern semiconductor

devices, like MOSFETSs, where the classical models struggle.

In semiconductor devices at the nanoscale, quantum effects become prominent due to the
confinement of electrons and the formation of quantum wells. Classical models tend to

overestimate carrier densities near the interface of semiconductors and insulators (like
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Si/SiO, in MOSFETs). The Hansch model corrects this by introducing quantum mechanical
considerations. The confinement causes quantization of energy levels, leading to a modified
density of states and an effective increase in the bandgap energy. The Hansch model
accounts for these shifts to make the simulated behavior closer to reality.

In the adaptation of the Hansch model to semiconductors, certain quantum descriptors are
utilized. These quantum descriptors are metrics that characterize the quantum mechanical

nature of the system, such as :

e Electron wavefunctions in confined structures (quantum wells)

o Energy eigenstates of the carriers (electrons/holes) within the semiconductor

e Carrier concentration near interfaces, where the quantum confinement is strongest
While the exact mathematical form of the Hansch model in semiconductor physics may
differ depending on the specific application, the general approach involves modifying the
classical drift-diffusion equations by adding corrections based on quantum mechanical

principles.

For example, in the context of a MOSFET, the quantum correction factor introduced by the
Hansch model would modify the electron density profile near the gate oxide interface [89-

91]:

ES'(2)

)
kT (6.2)

n,(2) = n(z)xexp(~

ng(z) is the quantum-corrected electron density at position z, n¢(z)) is the classically
predicted electron density, Eg?is the quantum-corrected bandgap energy, which depends
on factors like gate electric field and oxide thickness, kg is Boltzmann’s constant, T is the

temperature [331].
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Table. 6.3. Summary of Comparison of quantum correction models

Quantum confinement in inversion Quantum transport and tunneling

Low Moderate to High
Narrow Moderate
Easy integration with classical models Includes broader quantum effects

Limited to confinement effects Computationally intensive

Each model serves specific aspects of quantum modeling and is selected based on the

physical phenomena of interest and the computational resources available.

6.4Conclusion and Future Work

The analysis of IngxGaxAsyP@.y)/InP materials and the corresponding multi-well
photodetector design highlights several critical factors that contribute to the enhanced
performance of these devices. The wideband nature of the photodetectors is achieved by
tailoring the material composition of the wells to create energy band alignments that are
optimal for broad-spectrum light absorption. The ability to tune the material properties
through the In@.xGaxAsyP(1y)/InP alloy system allows for precise control over the
photodetector's absorption spectrum, making it suitable for a wide range of optical
communication applications. This flexibility is one of the key strengths of the multi-well

photodetector design and makes it highly adaptable for future communication systems.

One of the major achievements in this study is the demonstration of improved carrier
dynamics in multi-well structures. Quantum confinement effects in the individual wells,
along with the ability to engineer barriers between wells, facilitate better carrier transport,
lower recombination rates, and enhanced overall device efficiency. By simulating and
optimizing the carrier dynamics within the multi-well system, we can ensure that the
photodetector exhibits high quantum efficiency, reduced dark current, and fast response

times, all essential features for next-generation high-speed communication systems.
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The k-p method simulations allow for the fine-tuning of the quantum well parameters and
material compositions to achieve a desired performance, and the insights gained from
these simulations help to inform experimental designs. The model also proves instrumental
in understanding the effects of multi-well interactions, providing a detailed analysis of
carrier transport and recombination across the stacked quantum wells. This detailed
understanding aids in improving photodetector reliability, efficiency, and adaptability to
changing environmental conditions, making these devices robust for real-world

applications.

Overall, this study underscores the importance of material optimization, carrier dynamics
control, and quantum confinement effects in the design of high-performance multi-well
photodetectors for communication systems. The successful simulation and optimization of
In(1x)GaxAsyP(1y)/InP multi-well structures using the k-p method offer a clear path forward
for the development of photodetectors capable of supporting the bandwidth and speed

requirements of modern communication technologies.

While this study has provided valuable insights into the design and optimization of multi-
well photodetectors, there remain several opportunities for future research and
development to further enhance the performance of these devices and push the boundaries

of their application in communication systems.

Although the k-p method has proven to be an effective tool for simulating the electronic
structure of multi-well photodetectors, future work could explore the integration of more
advanced simulation techniques to model additional phenomena that may impact device
performance. One promising avenue is the use of non-equilibrium Green'’s function (NEGF)
methods to simulate quantum transport in multi-well structures more accurately. The
NEGF approach can capture the quantum mechanical nature of electron transport in
greater detail, especially for devices operating in the ballistic or quasi-ballistic regimes,

where scattering and other non-thermal effects become more pronounced. By combining
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k-p and NEGF methods, a more complete and accurate model for carrier transport in multi-

well photodetectors can be developed.

Additionally, integrating Monte Carlo simulations could further enhance the accuracy of
modeling carrier dynamics and recombination processes. The combination of these
techniques would enable researchers to better predict the behavior of photodetectors
under different operational conditions, including varying temperatures and optical input

powers.

Another critical area for future work is the exploration of new material systems that go
beyond the traditional In(1x)GaxAsyP(1.y) /InP alloys. Although this material system is well-
suited for multi-well photodetectors, there are emerging materials that may offer even
better performance, such as two-dimensional (2D) materials or perovskite-based
materials. 2D materials, such as graphene or transition metal dichalcogenides (TMDs), have
unique electronic properties that could be leveraged to improve the quantum efficiency
and response speed of multi-well photodetectors. The integration of these materials into
multi-well photodetector designs would require a detailed understanding of their

electronic band structures and their interactions with the quantum wells.
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Chapter 7:

Conclusion and Future Work

7.1 Conclusion

7.2 Future Work

Conclusion

The present thesis, titled “Semiclassical and Quantum Modeling of Low-Dimensional Devices
and Sensors,” systematically investigates the intricate interplay between transport
mechanisms, material physics, and device architecture in nanoscale sensing technologies.
With the continuous downscaling of device dimensions, quantum mechanical phenomena
such as tunneling, confinement, and quantization increasingly dominate carrier transport
behavior, necessitating a transition from classical to semiclassical and fully quantum
mechanical modeling. Through a sequence of studies employing calibrated TCAD
simulations and analytical frameworks — including Bohm Quantum Potential (BQP),
Schrodinger-Poisson self-consistent models, and Non-Equilibrium Green’s Function
(NEGF) formalisms — the thesis provides an in-depth understanding of the electrostatics

and transport phenomena shaping device operation in low-dimensional sensors.

The chapter 3 of this work presents a p-type MoTe,-based PMOSFET hydrogen sensor
featuring charge-plasma-based source and drain formation using palladium electrodes. The
elimination of physical doping in MoTe, through charge plasma engineering simplifies
fabrication while simultaneously enlarging the effective sensing area at both terminals. The
NEGF-based quantum transport simulation reveals that below the 10 nm regime, quantum
confinement and tunneling strongly influence carrier dynamics, leading to non-classical
potential profiles and density of states modulation. The results confirm that palladium-

induced plasma formation effectively enhances sensitivity by modulating surface charge
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density in the presence of H, molecules. Furthermore, the analysis underscores that device
dimension scaling — particularly the reduction of channel length and oxide thickness — is
crucial for optimizing gate control and improving transconductance response. The study
thus establishes a quantum-aware design framework for next-generation TMD-based

CMOS-compatible hydrogen sensors.

The investigation in chapter 4 focuses on the Al,Ga;_yN/GaN Double Channel High Electron
Mobility Transistor (DCHEMT) structure, examining inter-channel coupling effects and
their influence on C-ERB2 biomarker detection. The simulation results, calibrated against
experimental mobility and polarization models, demonstrate that inter-channel
electrostatic coupling significantly alters quantum well depth, barrier height, and 2DEG
distribution, which in turn govern biosensor sensitivity. Variation of the Al mole fraction
modifies spontaneous and piezoelectric polarization fields, thereby tailoring carrier
confinement. Higher Al concentration in the upper channel enhances the electric field
coupling, improving sensitivity, while excessive Al composition in the lower channel
induces adverse polarization, reducing net response. The study quantitatively correlates
mole fraction variations with sensitivity metrics and drain current modulation, illustrating
the delicate balance between electrostatic control and quantum well engineering. This
work provides a critical foundation for designing polarization-controlled biosensors
capable of early cancer diagnostics through detection of biomarkers such as C-ERB2, while
outlining challenges like stability, selectivity, and material uniformity for practical

biomedical deployment.

In the chapter 5, a detailed analysis of strain-engineered SiGe heterojunction Tunnel Field-
Effect Transistors (TFETs) is conducted to explore the impact of Bohm Quantum Potential
(BQP) and Schrodinger-Poisson calibrated modeling on biosensor performance. Three
device configurations — Ge Source-SiGe Channel-Si Drain, SiGe Source-Si Channel-Si
Drain, and Si Source-SiGe Pocket-Si Channel-Si Drain — were examined to capture strain-
modulated variations in electrostatic potential and tunneling probability. The inclusion of
quantum corrections revealed sensitivity suppression up to 62% and notable threshold

voltage modulation due to enhanced carrier localization and reduced band-to-band
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tunneling (BTBT) transparency. The SiGe pocket configuration, while classically exhibiting
high selectivity, showed significant degradation under quantum confinement, emphasizing
the need to balance strain engineering and quantum correction effects. This part of the
study establishes a clear link between quantum potential-induced electrostatic distortion
and device-level sensing degradation, contributing to a more accurate predictive modeling

of TFET-based biosensors operating in the deep nanometer regime.

The chapter 6 investigates In(;-x)GaxAs,P(1-y)/InP multi-quantum well (MQW)
photodetectors, employing the k-p method to capture band structure evolution and optical
transition behavior in the 1000-2000 nm wavelength range, relevant for optical
communication and LiFi applications. The simulation results indicate that increasing
arsenic (As) mole fraction reduces dark current and thermal noise by widening the
bandgap, but simultaneously decreases photocurrent and quantum efficiency due to
diminished carrier excitation probability. The spectral response narrowing observed with
higher As composition reveals a fundamental bandwidth-efficiency trade-off, where
enhanced high-speed response comes at the expense of reduced photon-to-electron
conversion. This analysis underscores the necessity of band structure tuning for achieving
optimal balance between responsivity, bandwidth, and noise, marking a significant step

toward quantume-efficient, wideband photonic sensors.

Collectively, these four investigations reinforce a unifying theme: transport modeling
serves as the fundamental bridge between material physics and device functionality in low-

dimensional systems.

Each study demonstrates that semi-classical frameworks (Density Gradient, Energy
Balance) provide computationally efficient insights into intermediate regimes, while fully
quantum mechanical models (NEGF, BQP, Schrodinger-Poisson) are indispensable for

capturing confinement, tunneling, and carrier correlation effects in ultra-scaled devices.

Moreover, by incorporating structural engineering principles—including charge plasma
doping, inter-channel coupling, strain modulation, and quantum well band engineering—

the thesis establishes a multi-scale modeling approach that holistically describes
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electrostatics, transport, and sensitivity across diverse device architectures. The consistent
use of TCAD-based modeling underlines the adaptability of available frameworks to
explore a broad range of transport regimes even without access to specialized quantum

solvers.

Future Scope

Building upon the simulation-driven insights and transport-based analyses presented in
this thesis, several future research directions are envisioned to further advance the
understanding and application of quantum and semiclassical transport in low-dimensional

SENSOors:

1. Deeper Exploration of Device Physics:
Future work will delve more deeply into the underlying physics of carrier transport,
quantum confinement, and tunneling mechanisms, extending beyond numerical simulation
to develop rigorous physics-based analytical models. These models will provide closed-
form relations linking material properties, electrostatics, and quantum effects to
observable sensing characteristics such as current modulation, sensitivity, and response
time.

2. Analytical Modeling for Quantum and Semiclassical Sensors:
Building on the existing NEGF and BQP simulation framework, the goal is to derive
analytical formulations that capture the essential device physics of TMD MOSFETSs, TFETS,
and quantum well photodetectors. Such analytical models will not only enhance theoretical
understanding but also serve as compact models for circuit-level integration and co-design

of sensor interfaces.

3. Sensor Array and Network Integration:
With increasing interest in smart sensing systems, the next stage of this research will
involve the extension of single-device models to sensor arrays and networks. The
integration of multiple low-dimensional sensors into interconnected platforms will allow

investigation of collective response, power, interference, and calibration strategies under
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practical operating conditions. These studies will support the design of multi-sensor

quantum-aware networks for Internet of Things (IoT) and cyber-physical applications.

4. Experimental Validation and Prototype Development:
A key objective is to translate the simulated device structures into experimental prototypes
through collaboration with fabrication and characterization facilities. Emphasis will be
placed on validating the NEGF and BQP-based predictions via electrical, optical, and
spectroscopic measurements. This will include benchmarking sensor performance under
real environmental and biochemical conditions, bridging the gap between theoretical

prediction and physical realization.

5. Inclusion of Scattering, Phonon, and Trap Effects:
The current simulations assume coherent transport conditions. Future studies will
incorporate phonon interactions, surface roughness, impurity scattering, and defect states,
thereby enhancing the physical accuracy of the quantum transport models and making

them more reflective of realistic operational scenarios.

6. Progression Toward Quantum-Enabled Sensing and Single-Photon Detection:
Finally, the long-term vision includes extending the developed models toward quantum
sensors, particularly single-photon detection devices and quantum dot-based architectures.
These systems represent the ultimate limit of sensing performance, where quantum
coherence and discrete energy states govern detection dynamics. Modeling and
experimentally realizing such devices will represent a natural evolution of the current

work toward the quantum limit of sensitivity.

In summary, the future direction of this research emphasizes a transition from simulation-
based modeling to physics-grounded analytical frameworks, supported by experimental
validation and network-level implementation. By integrating analytical theory, fabrication
insights, and multi-sensor architectures, the next phase aims to establish a comprehensive
physics-to-system approach for quantum and semiclassical sensors, ultimately guiding the

development of next-generation intelligent and quantum-enabled sensor technologies.
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