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FOREWORD

Welcome to the world of Nano-FET Devices, where innovation meets the frontier
of miniaturization. The evolution from traditional MOSFETs to nanoscale
transistors—such as Single Electron Transistors, Carbon Nanotube FETs,
Nanowire FETs, and Graphene FETs—has marked a significant leap in
semiconductor technology. These advancements have not only enhanced
performance and energy efficiency but also expanded applications into areas like
biosensing and biomedical engineering. As the demand for faster, smaller, and
more efficient devices continues to grow, Nano-FETs have emerged as key
enablers of next-generation electronics. Their unique properties offer superior
control at the atomic scale, making them ideal for applications ranging from ultra-
low-power systems to high-frequency communication.

This book provides a focused exploration of Nano-FET devices—covering their
operating principles, simulation techniques, and diverse applications. Emphasis is
placed on simulation methodologies, including quantum mechanical and device-
level modeling, which are essential for accurate performance prediction and
design optimization. With practical insights, real-world examples, and a strong
foundation in theory, this book bridges the gap between research and application.
It is intended for researchers, engineers, and students eager to explore the
transformative potential of Nano-FET technology.

We invite you to begin this journey into the future of electronics—where quantum
effects, novel materials, and nanoscale engineering converge to shape tomorrow’s
devices.

Ravi Ranjan

Tyndall National Institute - Cork
Lee Maltings Complex

Dyke Parade,

Cork, Ireland



PREFACE

Millions of transistors comprise an integrated circuit. Transistors are the essential
aspect of all modern electrical components and electronic devices. The size of the
transistors has been progressively shrunk as the VLSI industry grows to integrate
more functionality onto a silicon wafer and minimize circuit power consumption.
Nano-FET devices are being realized using various materials with different
structures, with promising results. Novel nano-FET devices should be an excellent
candidate to replace the existing technologies for low-power and high-frequency
applications with reduced time delay in circuit applications.

The relentless pursuit of miniaturization in semiconductor technology has led to
the emergence of nano FETs as pivotal components in modern electronic systems.
This book aims to provide a comprehensive overview of nano FET devices, from
their theoretical foundations to application implementations. Due to the enormous
study of Nano-CMOS and post-CMOS technologies and the lack of a
comprehensive guidebook, research articles are now the cornerstone for the
knowledge of novel design based on the fundamentals of Nano-FET devices. As a
result, this book outlining the essential characteristics of Nano-CMOS and post-
CMOS technologies will benefit engineers who must understand the fundamentals
of these devices and scholars developing/implementing Nano-CMOS and post-
CMOS devices and their applications. This book, Nano-FET Devices:
Miniaturization, Simulation, and Applications, is intended to fulfill this
requirement of the research community.

In the opening chapters, readers will embark on a journey through the basic
concepts of FETs, understanding how these devices operate and their significance
in electronic engineering. Building upon this foundation, the book delves into the
unique characteristics of nano FETs, including quantum effects, scaling
considerations, and material properties that define their behavior at the nanoscale.

This book is a concise benchmark for beginners who are just getting started with
Nano-FET Devices and their application with recent advancements, and those
who want to design integrated circuits using novel FET devices. We hope that
"Nano-FET Devices: Miniaturization, Simulation, and Applications" serves as a
valuable resource for researchers, engineers, and students interested in unlocking
the potential of nano-FET technology. May this book inspire discoveries,
innovations, and advancements at the forefront of electronic engineering.
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CHAPTER 1
Physics and Properties of Single/ Multi-Gate Fets
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Abstract: In the semiconductor industry, the integration of the Complementary-Metal-
Oxide-Semiconductor (CMOS) mechanism into Integrated Circuits (ICs) has resulted in
a significant rise in the count of transistors on a single chip. This is made possible by
shrinking down the size of Metal-Oxide-Semiconductor-Field-Effect-Transistors
(MOSFETSs). However, scaling can lead to device performance degradation. To address
this, advanced MOSFET designs like multi-gate transistors, junction-less transistors, and
Tunnel FETs have been proposed, aiming to sustain Moore's Law and support continued
transistor scaling in the coming decade. The key principles of this chapter involved in
both single and multi-gate FETs include quantum mechanics, carrier transport, and
electrostatics. The scaling of transistors to smaller sizes involves considerations of
quantum effects, like tunneling and quantum confinement, which have a significant
impact on their behavior. Understanding this chapter is crucial for optimizing their
performance, enabling further miniaturization, and enhancing the capabilities of
integrated circuits. Additionally, it plays a crucial role in advancing the field of next-
generation electronics and computational devices.

Keywords: Electrostatic integrity, Quantum mechanics, Quantum confinement
MOSFET, FET, multi-gate FET, Single gate FET.

INTRODUCTION

The advancement of semiconductor technology has been a relentless march to make
more capable and efficient electronic devices. A pivotal chapter in this
technological journey is the transition from single-gate Field-Effect Transistors
(FETSs) to multi-gate FETS, a transformation that has redefined the boundaries of
modern electronics. This journey reflects not only a remarkable evolution in
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transistor design but also a testament to human ingenuity and the relentless pursuit
of greater computing power. Single-gate FETSs, such as the well-known Metal-
Oxide-Semiconductor FETs (MOSFETS), have been the linchpin of electronics for
decades. They served as the foundational element for integrated circuits and
electronic systems by utilizing a lone gate electrode to regulate the current between
the source and drain terminals. Yet, as the demands for more compact and energy-
efficient devices grew, it became evident that single-gate FETs were approaching
their performance limits. The shift towards multi-gate FETs represents a
transformative leap in semiconductor technology [1-3]. Multi-gate FETS, also
known as multi-gate transistors, feature multiple gate electrodes, enabling enhanced
control over the flow of electrons within the channel. The most prominent of these
innovations is the FINFET (Fin Field-Effect Transistor), which utilizes a three-
dimensional fin-shaped channel and multiple gates to govern the electron flow [4].
This design innovation has set the stage for unprecedented scaling and performance
improvements. The progression from single to multi-gate FETs began in response
to the semiconductor industry's challenge of maintaining Moore's Law [3].
Renowned for his observation, Intel co-founder Moore noted that the number of
transistors on a microchip would undergo a doubling roughly every two years [2],
leading to exponential advancements in computing power. However, as transistor
dimensions approached the nanoscale, the limitations of single-gate FETs became
increasingly apparent. Issues such as leakage current, power consumption, and heat
dissipation threatened to stall the progression of Moore's Law [4]. Section 2 focuses
on the evolution of FET technology and recalls the history of the single to multi-
gate concept. It also highlights the benefits of multi-gate FETs in terms of precise
control over short channel effects. Section 3 discusses the basic physics of single-
gate FET to multi-gate FET and also analyzes the electrostatics of the multi-gate
MOS system. The study also investigates the influence of electron excavating
through narrow gate dielectric. Section 4 introduces a different structural view of
multi-gate FET in Silvaco atlas TCAD, its working, 13-Va characteristics, and lon-
loff ratio. Section 5 discusses the profound impact of multi-gate FET in
nanotechnology by enabling improved performance, energy efficiency, continued
scaling, and sustenance of Moore’s law. Section 6 focuses on challenges in
simulating Multi-gate FET and structural analysis hurdles and reviews structural
modification to address this issue.

PROGRESSION OF FET TECHNOLOGY

In 1965, Gordon Moore's influential paper foresaw a fourfold increase in transistors
on a single chip every three years, laying the groundwork for Moore's Law [2]. The
semiconductor industry has closely adhered to this law, with collaborative efforts
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between semiconductor firms and educational institutions working towards refining
the accuracy of industry predictions since the early 1990s. This collaboration led to
the establishment of the International Technology Roadmap for Semiconductors
(ITRS) organization [5]. The ITRS releases an annual outline, serving as a reference
for the semiconductor sector, outlining the required technology, tools for design,
and equipment to match the swift advancements in semiconductor devices projected
by Moore's Law (Fig. 1).
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Fig. (1). This picture illustrating the number of transistor vs years according to Moore’s theory [5].

Silicon CMOS is the essential technology at the core of the semiconductor industry,
and the MOS transistor, also known as the MOSFET (MOS Field-Effect
Transistor), stands as its cornerstone. To align with the relentless progression
defined by Moore's Law, the physical measurements of transistors have consistently
undergone a halving every triennial. The challenge of sub-micron scale dimensions
was effectively addressed in the early 1980s. Looking back to 2023, the
semiconductor industry considered the introduction of 3nm and 5nm nodes to
achieve greater transistor density and performance. These technological strides will
empower the development of processors, memory modules, and System-on-Chip
(SoC) designs.

The physics of single to multi-gate-field effect transistors (FETS) is a fundamental
aspect of modern semiconductor technology. The concept of multi-gate-Field-
Effect-Transistors (Mug-FETs), namely double, triple, and quadruple gate SOI
MOSFET, has emerged as a favorable choice to align with the scaling trends
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CHAPTER 2

Emerging and Future Prospective of Carbon
Nanotube FETs
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1Department of Electronics and Communication Engineering, RV College of Engineering,
Bengaluru, Karnataka 560059, India

Abstract: In the last few years, the semiconductor industry has brought about a drastic
revolution in the existing technology in order to realize a larger on-chip integration,
enhance performance, increase operating speed, and decrease energy consumption. Delay
and power consumption have become the most vital performance parameters of any
digital circuit. One of the methods devised to achieve this is by scaling the feature size of
a transistor. However, when the channel length is reduced beyond 45nm in metal-oxide-
semiconductor field-effect transistors (MOSFETS) technology, it gives rise to perilous
complications and challenges such as decreased gate control, short channel effect,
increased power density, higher sensitivity to process deviation, higher manufacturing
cost, and increased leakage current. This draws a limit on the transistor size and demands
for new transistor structures and technologies to overcome the drawbacks. Technologies
like benzene rings, single electron transistors (SET), Quantum-dot cellular automata
(QCA), and carbon nanotubes are slowly rising as alternatives to reduce the problems
associated with CMOS. New technologies demand faster processors, smaller sizes, and
less power consumption. Advances in 5G networks have increased the pressure to
improve the battery life of smartphones, their performance, spectral efficiency, and many
more. The potential to achieve these is the use of Carbon Nanotube Field Effect
Transistors (CNTFETS). They have higher carrier mobilities and direct band gaps that
enhance the band-to-band tunneling and optical properties. These features make
CNTFETSs suitable to be used in future novel electronic devices. Hence, this chapter
focuses on the emerging and future trends of CNTFETS. The constructional aspects,
features, types, designs, and applications of CNTFETSs are dealt with in detail in the
forthcoming sections of the chapter.

Keywords: CNTFET, CNTs, Chiral vectors, Dielectric materials, High K
dielectrics, Short channel effects.
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INTRODUCTION

The consistent scaling of both active and passive electronic components that are
unified on ICs has paved the way for an exponential growth of silicon-based
microelectronics in the last few decades. Scaling of the feature size has reduced the
size of the transistor, decreased the burden on testing, reduced the cost, and has
made the switching faster, in addition to other advantages like low power and
reliable designs. The growth is in accordance with Moore’s law, which says that
the integration of transistors on a chip doubles every 18 months [1].

At present, the technology node has reached a scale of 14nm, and further scaling
down the channel length will lead to critical short-channel effects and reliability
issues. Increment in the metallic on-chip interconnects, and power dissipation also
makes the MOSFETSs unsuitable for advanced applications. To overcome the short-
channel effects of traditional MOSFETS, double-gate MOSFETs and FINFETS
have emerged. In such devices, the gate is placed on two or three sides of the
channel in order to establish higher control over the channel. The arrangement also
brings about a considerable decrease in the leakage current that exists between the
drain and the source [2, 3].

Propagation delay, area, cost, and reliability are the main concerns at present for
VLSI design engineers. With the increased usage of portable devices like mobile
and laptops, lower energy-consuming devices are in huge demand. As compared to
microelectronic technology, developments in battery technology are slower. The
situation has been further worsened by the fact that the clock speed of the
microprocessor has reached the GHz limit, which paves the way to increased energy
consumption. Hence, there is a requirement to develop VLSI circuits to reduce
power dissipation, and in the near future, the technology, however, is expected to
drift from conventional silicon-based MOSFETSs and FINFETSs to Nanowire Field
Effect Transistor (NWFET) [1], Graphene Field Effect Transistor (GFET), and
Carbon Nanotube Field Effect Transistor (CNTFET), owing to the critical issues
faced by FINFETS like the difficulty in manufacturing thin fins and controllability
of the channel in advanced nodes [4].

NWEFET is a device in which the channel is surrounded by a gate all around and a
semiconducting nanowire of diameter about 0.5nm is used as channel material. The
nanowire may be made with Si, SiC, germanium, and ZnO semiconductors. The
tiny diameter of the nanowire helps in reducing the short channel effects, as well as
in 1-D conduction. NWFET has the potential to replace MOSFET owing to its
improved performance and low power when the technology nodes are to be scaled
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beyond 7nm. NWFETs can be designed both horizontally (H-NWFET) and
vertically (V-NWFET), as depicted in Fig. (1). The circuit design of H-NWFET is
similar to that of FINFET. This feature makes it a potential candidate to replace
FINFET. In contrast, V-NWFET has a radical design style and occupies a small
area.

Nanowire

i Nanowire
Substrate

(a) HNWFET

(b) VNWFET

Fig. (1). H-NWFET and V-NWFET structures [6].

However, the challenge faced by the device is in the diffused PN junction
fabrication. Although a metal drain-source junction is used, it still faces problems
with a large off-state current.

2D materials have the advantages of being small in size and having low cost and
mass fabrication capacity. They also have excellent mechanical strength and are
highly flexible; hence, they have become promising blocks for many devices.
Graphene is a classic example of a 2D material.

The graphene field effect transistor consists of a source, drain, and top or back gate
as a MOSFET, as depicted in Fig. (2). But unlike the MOSFET structure, it has a
thin graphene channel between the source and drain, which is usually tens of
microns thick. Graphene is usually found as a single carbon atom layer material
that is tightly packed in a 2-D honeycomb hexagonal lattice. Graphene offers
superior electrical properties, higher thermal conductivity, good optical properties,
and excellent chemical properties. It has the capacity to deliver 100 to 1000 times
better performance than Si-based MOSFET. Despite advantages, graphene-based
FETSs have setbacks like low on-off current ratio, no bandgap, which makes it work
as a metal, and insufficient saturating current that stops the device from attaining
maximum voltage gain and oscillation frequency in Radio Frequency (RF)
applications [7, 8].
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Abstract: Carbon Nanotube Field Effect Transistors (CNTFETS) are potential nano-
scaled devices for realising high-performance, very dense, and low-power circuits. A
Carbon Nanotube Field Effect Transistor is a FET that uses a single CNT or an array of
CNTs as the channel material rather than bulk silicon as in a standard MOSFET
configuration. A carbon nanotube is at the heart of a CNTFET. This paper provides an
overview of CNTFETs-pH sensor based on carbon nanotubes (CNTSs)-FETs-pH
measurement range of 1.34 to 12.68, reliability, and low hysteresis, indicating a
promising application prospect in harsher testing environments. The determination of
carbamate pesticides-adjusting the Vy revealed that carbaryl and carbofuran additions
had a favorable effect on the CFO/s-SWCNT-FET and structure. In this chapter,
modeling, fabrication, and applications have been discusseddevices.

Keywords: Carbon nanotubes or Buckytube, FET-Uni-polar transistors,
nanoelectronics, pH sensors, environmental stability, sS-SWCNTs, CFO/s-SWCNT.

INTRODUCTION

Integrated circuits are widely used in our daily lives, especially personal computers
and mobile gadgets. As economic conditions and electronic technology advance,
people demand more powerful and lighter gadgets [1]. Carbon Nanotube Field
Effect Transistors (CNTFETs) or Carbon Nanotube Uni-polar transistors hold
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significant promise as a nanoscale technology for developing densely packed, low-
power, high-performance circuits. A CNT-Uni-polar transistor is a semiconductor
device that, unlike MOSFETS, typically uses bulk silicon as the channel material
that is used in carbon nanotubes [2-10].

A carbon nanotube forms the core of a CNTFET. Uni-polar transistor biosensors
have sparked considerable attention due to their unique high sensitivity. Traditional
Uni-polar transistor (FET) biosensors often lack stability due to the intricate
connection between the sample solution and the t