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Preface

Field-effect transistors have been one of the main driving forces behind technological
evolution and have remained a central focus of scientific research for decades. From
the beginning of silicon-based devices to nanoscale CMOS architectures, FET transis-
tors have continued to shape the digital world. Throughout this journey, numerous
challenges have been addressed to develop more efficient, reliable, and scalable
devices for future technologies. The book, Field-Effect Transistors — Fundamentals,
Technologies, and Future Innovations, brings together a set of chapters that explore

the innovations and challenges associated with FET technologies, written by leading
scientists in the field.

Each chapter of this book focuses on a distinct topic and highlights recent break-
throughs along with the associated challenges they bring. The book begins with the
Introductory Chapter: Field-Effect Transistors — Shaping the Digital Future. This first
chapter provides a brief overview of the historical development of FET transistors,
explains their scientific role in current technology, and discusses their future poten-
tial in the digital world.

The book continues with the chapter: A Review on Analytical and Electrical Modeling
of the MOSFET Transistor, which outlines a comprehensive review of MOSFET
devices analysed both electrically and mathematically for circuit design applications.
The chapter provides predictive simulation results addressing challenges that range
from basic device-level to PCB-level power MOSFET transistors.

Self-heating is a serious issue in FET transistor circuits, especially as the miniaturisa-
tion continues. The chapter, Self-Heating Effects in Nanoscale MOSFETS5, sheds light

on this topic, focusing on FinFET transistors. It investigates how oxide materials and
channel geometries affect the thermal behaviour of these transistors. It provides guid-
ance on mitigating self-heating issues in next-generation FET technologies.

The chapter, Challenges and Benefits of Multi-Value Digital Circuit Design with
GNRFET and CNTFET Technology, presents alternative materials to silicon as silicon
approaches its physical limits. The chapter discusses GNRFETs and CNTFETs transis-
tors in the context of ternary logic circuits. It also addresses the challenges ranging
from fabrication to integration, as well as the future prospects of these transistors in
digital electronics and next-generation computer systems.

The chapter, Performance Assessment of GaSh-Si Vertical TFET with Triple Metal Gate
for Low Power Application, analyzes the performance of the GaSb-Si triple-metal-gate
vertical tunnel field-effect transistor (TMG-VTFET). It presents a performance study



of the power consumption and switching behaviour of these transistors, focusing on
the effect of using a narrow-bandgap material in the source region.

In the chapter, Randomized Algorithm-Based Optimization of Next-Generation
Field-Effect Transistors: Design, Variability, and Performance Innovations, a general
framework for randomized algorithm-based optimization of next-generation FETs is
introduced to enhance innovation performance. Various techniques, including genetic
algorithms, Monte Carlo methods, and machine learning, are used to assess parame-
ters such as geometry, doping, and material selection to improve device performance.

As the chapters demonstrate, all contributing authors dedicated considerable effort
to creating this book. We sincerely appreciate their valuable contributions, which
have made this work possible. The results of this collective endeavour will serve as a
strong and reliable resource for the literature, benefiting not only researchers but also
students at all levels.

Kenan Cicek

Department of Electrical and Electronics Engineering,
Igdir University,

Igdir, Tiirkiye



Chapter 1

Introductory Chapter: Field-Effect
Transistors — Shaping the Digital
Future

Kenan Cicek

1. What is transistor

Transistors are the key component in electronic technology and form the foundation
of nearly all electronic devices used in our daily life by controlling the flow of current
or voltage. Transistors are first developed in 1956 at Bell Laboratories by three scientist
William Shockley, Walter Brattain, and John Bardeen [1]. The transistors have been
designed as an alternative to the vacuum tubes that had been extensively used at the
time and initiated a fundamental transformation in the field of electronics. Owing
to transistors’ compact size, energy-efficient operation, and improved operational
reliability over, electronic systems rapidly became more efficient and compact. With
the introduction of the MOSFET (metal-oxide-semiconductor field-effect transistor) in
1959 by Dawon Kahng and Mohamed Atalla at Bell Labs, computers that once occupied
entire rooms have become more portable and even handheld [2]. As a result, millions
and eventually billions of transistors can be integrated onto a single chip to realize
complex circuits such as microprocessors and memory devices.

In accordance with Moore’s law, the density of transistors on a chip is expected
to double approximately every 2 years. As illustrated in Figure 1, this continuous
transistor scaling has significantly improved speed, integration density, and overall
performance. This progress has led to a digital world dominated by MOSFET technol-
ogy, driving the evolution of computing systems from mainframes to modern arti-
ficial intelligence (AI) platforms. However, aggressive device scaling has introduced
several physical and technological challenges, motivating the transition from planar
MOSFETs to advanced architectures of Fin Field-Effect Transistors (FinFETs) then
gate-all-around FET transistors (GAAFETs). These three architectures are the main
designs that help to overcome the limitations while enabling continued performance
scaling, energy efficiency, and device reliability at nanometer technology nodes.

Field-effect transistors - Fundamentals, technologies, and future innovations offers a
broad overview of recent progress and emerging trends in field-effect transistor tech-
nologies. It covers a wide range of topics from device physics and modeling to circuit
concepts and optimization approaches, reflecting the dynamic and evolving nature of
today’s transistor research. The chapters discuss the key challenges at both the physical
and operational levels and investigate alternative materials and device architectures
to enhance performance and energy efficiency beyond conventional technologies.

By combining fundamental concepts with practical perspectives, this book seeks to
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Figure 1.
Scaling trends of transistor counts in computer processor chips.

provide researchers, engineers, and graduate students with a clear understanding of
the challenges and opportunities shaping the next generation of electronic devices.

2. Fundamentals of transistors

Transistors are one of the fundamental components of modern digital technology
and are semiconductor devices that operate to amplify or switch electrical signals.
Asillustrated in the diagram in Figure 2, transistors are structurally classified into
two main categories of bipolar junction transistors (BJTs) and field-effect transistors
(FETs). In BJTs, both electrons and holes contribute to electrical conduction, whereas
in FETS, conduction is carried out by only one type of charge carrier, either electrons
or holes.

Transistors
|
v v
BIT FET
|
% v v
NPN PNP JFET MOSFET
_ | |
v v v v
N —Channel P - Channel D -MOSFET E - MOSFET
N — Channel P— Channel N—Channel P—Channel

Figure 2.
Structural clasification of transistors.
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Figure 3.
Transistor architectuves of (a) planar FET, (b) FinFET, (c) GAAFET.

While both BJT and FET families have played important roles in the evolution
of semiconductor technology, modern digital integrated circuits are predominantly
based on FET devices, particularly MOSFETs. Like other FETs, MOSFETs control the
channel current through an electric field applied at the gate terminal, operating with
essentially two-dimensional (2D) electrostatic control, as illustrated in Figure 3(a).
As CMOS technology has continued to scale into the deep nanometer regime, con-
ventional planar MOSFETSs have encountered fundamental physical limitations,
including short-channel effects, gate-induced drain leakage, and electrostatic control
over the channel [3]. To address these challenges and sustain performance scaling,
the industry transitioned from 2D to three-dimensional (3D) device architectures
by raising the channel above the substrate, leading to the introduction of FinFETs,
as shown in Figure 3(b) [4-6]. However, as device scaling progressed, fin height
limitations emerged related to carrier density, and the electrostatic control of the gate.
To overcome these issues, multiple fins are employed instead of a single fin, which
enhanced the drive current and overall transistor performance [7, 8]. Nevertheless,
further increases in the number of fins eventually reaches practical and electrical
limits, restricting additional improvements in drive current without introducing new
challenges. Therefore, a new device architecture is developed in which the channel
is fully surrounded by the gate, enabling much stronger electrostatic control over
the channel. In this so-called GAA approach, multiple horizontally stacked channel
sheets are arranged such that the gate wraps entirely around each sheet, as shown in
Figure 3(c). This architecture enables reduced leakage current, improved threshold
voltage control, and enhanced scalability compared to FInFETs [9].

As the scaling of FETSs continues to progress, the physical limits remain, and ongo-
ing challenges are being tackled through the development of new device architectures
and the search for alternative materials.

3. Future directions in FET technology

Looking ahead, remarkable progress in field-effect transistor research has been
achieved for the last few decades. However, sustaining continuous improvements
in the performance and energy efficiency has become increasingly challenging as
conventional CMOS scaling approaches constantly reach their limits. Since the
traditional planar MOSFETs are no longer sufficient to meet these demands on their
own, attention has shifted toward new device architectures such as FinFETs and GAA
transistors. These structures offer superior electrostatic control of the channel, which
effectively reduce the short-channel effects, leakage currents, and power consump-
tion. At the same time, intensive efforts are being made to explore alternative channel
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materials beyond silicon, including wide-bandgap semiconductors such as gallium
nitride (GaN) [10] and silicon carbide (SiC) [11], as well as graphene [12] and other
high-mobility materials, to overcome the physical and thermal limitations. Beyond
faster and smaller logic devices, FET research is also expanding into new areas

such as low-power electronics, sensors, and brain-inspired computing systems.
Consequently, FETs are expected to remain a cornerstone of the future electronic
systems, continuously evolving to address the growing demands of next-generation
technologies.
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Chapter 2

A Review on Analytical and
Electrical Modeling of the MOSFET
Transistor

Jean-Marc Dienot

Abstract

Power semiconductor MOSFET and other MOS-controlled devices benefit from
material and technology improvements to respond to high-level power features, high
voltage, high current density, short switching times, and thermal constants, which
optimize energy efficiency. These enhanced characteristics induce more electromag-
netic noises and temperature-management constraints for the deployment of this
technology. We describe synthetically modeling theory and technic, from basic-to-
advanced, to derive predictive simulations for the power MOSFET challenging issues.
1. Analytical and electrical circuit model of the MOSFET elementary cell at semicon-
ductor level, time-domain simulation. 2. Distributed and propagative model, includ-
ing device packaging and power-printed circuit board (PPCB) PEEC and 3D model
levels, signal integrity simulation, common mode emission simulation, and
radiated field simulation. 3. Electro-thermal model with thermal propagative
network model coupled with electrical model at circuit level, time multi-domain
simulation. Case studies on Power PCB with MOSFET Si et SiC illustrate modeling
procedures.

Keywords: power MOSFET, partial element equivalent circuit, silicon carbide (SiC),
numerical model, electrothermal model

1. Introduction

Since the 1970s, the metal oxide semiconductor field-effect transistor (MOSFET)
has become one of the major active devices, both for digital and power electronic
applications. As denoted a “unipolar” transistor, it comprises three semi-conductor
regions, the drain, the source and the gate, with different carrier doping profiles [1].
The general principle of MOSFET consists of modulating the current flow Ip,.in_source
at the output with a voltage input control (Vgate source) This creates an electric field
that changes the equivalent resistance Rpyain source i the semiconductor area of the
output [2]. With appreciable on-state current carrying capability and off-state
blocking capability, they replace main power BJTs in many power operations since the
1980s, because of their low and medium power features [3]. Since the 1990s, there
were main steps in power electronic technology, first with the apparition of the
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insulated gate bipolar transistor (I.G.B.T.) and now with the technological maturity of
wide band gap (WBG) semiconductor material, as silicon carbide (SiC) and gallium
nitride (GaN) [4]. So, all MOSFET-based transistors and topology are becoming the
standards for a full wide range of applications from low to high power capabilities.
Our propose is to focus on the global modeling ways for this large MOSFET family of
active devices. We will remind and review synthetically all the modeling steps and
thinkings, from physical semiconductor level to “external” behavioral boards and
modules, so that engineers, searchers, users can continuously adapt their understand-
ing to their actual need or to future improved chips and circuits.

2. MOSFET semiconductor principles
2.1 Elementary MOSFET cell

The elementary initial topology of the MOSFET transistor is a three-layer structure
of semiconductor, with alternating p-type and n-type doping [5]. The zone with the
single type of doping (n or p), between the source and the drain, is called the channel,
illustrated at Figure 1. It is “under” the gate layers (SiO” and Al), and its doping type
gives the polarity procedure to open or close the transistor in switching modes. For
common and convenient use with a positive input voltage Vgate source (Vas), the
substrate and the channel zone would be initially of the p-type doping, so the transis-
tor is in the “OFF” state.

When a positive voltage is applied on the gate, negative carriers will start to
accumulate between the n-zones of drain and source. When Vgg will be equal or
higher than a threshold voltage denoted Vyy, n-type carriers will be sufficient to offer
a conduction path with minimum of resistance between the drain and the source
(Figure 2). The transistor is in the “ON” state, with an n-channel conduction mode.
The thickness of the gate oxide, the width of the channel, and other parasitic electrical
connections between semiconductors, metal, and dielectric material will determine
the amount of current flow that can be available at the output. These first physical and
technological quantities will give the first essential analytical parameters for starting
electrical modeling of the MOSFET:

tox: the thickness of the oxide

Cox: the equivalent capacitance of the metal-oxide-semiconductor layers of the gate

Vry: the threshold voltage on the gate, that indicates the start of the conduction
mode,

Source Gate Drain

Metal
Oxide
Channel (Si)

Bulk

Figure 1.
Physical cross-section view of the Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET).

8



A Review on Analytical and Electrical Modeling of the MOSFET Transistor
DOI: http://dx.doi.org/10.5772/intechopen.1014747

({;) Input voltage Vg (+)

SOURCE

]

GATE DRAIN

e l X .
N °e°e°e°o°e° } N
P
$BUI.K
U

Output voltage V,
DC supply Vpp 5 Yo

Figure 2.
Operational supply of the metal-oxide-semiconductor field effect transistor (MOSFET) — n-channel.

Rps or Ron. the equivalent resistance at the output between drain and source pins
that indicates the power output capability with a polarized voltage Vps chosen.

This basic structure of this MOSFET stays dedicated for medium or weak power
capability because of the intrinsic values and limits of its dimensional and physical
parameters. Also, in this topology, the path of the drain current stays “horizontal,”
parallel to the surface under the gate and in a width of some microns (pm).

2.2 Power MOSFET cell

To consider a real power MOSFET with high-level features of voltages and current
supply, some technological improvements have been deployed to the initial generic
structure of the MOSFET [6-8]. The new structure is now composed of four layers of
alternating p-type and n-type doping. The path of conduction is now vertically polar-
ized by the technology principle of a vertical diffused orientation for the channel
(VDMOS) and the conditions of supply, as represented in Figure 3. The drain area is
the based-bulk support of the global chip, at the bottom of the chip, and gate and
source metallization are on the same plan on the surface (Top) of the chip.

Many elementary cells of this type are placed in parallel in the wafer, connected in
the top plan by the source zones, so as to sum the currents at the global output of the
device. A complete power MOSFET is composed of thousands of cells in parallel
realized by this “source” connections. The realization of the shapes of these semicon-
ductor zones has an impact on the total equivalent on-state resistance. In these struc-
tures, with many alternating doped layers, it appears also intrinsically undesirable
construction of an n-p-n BJT. To avoid the case of this “parasitic” transistor that can
be turned-on beyond conditions of polarization of the MOSFET, the source metalliza-
tion overlaps onto the body doping region (channel) so as to shorten a part of the
intrinsic BJT. This particularity is visible on the cross-section views of Figures 3-5. It
stays only one junction, acting as a diode at the output drain — source, the cathode
oriented at the drain and the anode on the source. This “parasitic” diode” can limit
some applications, with its time of condition, and also be useful for protection in hard
switching modes with a role of inverse rectifying.
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Cross section of the n-channel power MOSFET (vertical conduction of Ipg).
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Figure 4.
Origin of dynamic internal elements of the n-channel power MOSFET.
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Figure 5.
Origin of internal resistances of the n-channel power MOSFET in ON-STATE operation.
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We must also consider internal capacitive behaviors equivalent to the stockage or
the transfer of charges between the gate, the drain, and the source layers and material
disposition [9-11].

Two of these capacitors, Cgs between gate and source and Cgp between gate and
drain, can be directly extracted from the geometry of the device.

Capacitance Cgg is formed by the overlap of the source and the channel regions
recovered by the gate electrode. Its definition and value depend mainly on the
dimensions and geometry of the regions, and can be considered as the contributions of
the three intrinsic capacitances Cy,,, Co, and C;, all in a parallel disposition, as seen in
Figure 4:

Cgs = Cur +Co + G, 1)

The expression of the capacitance Cgp depends on two capacitive effects: the first
one is due to the overlap of channel region and the gate electrode; the second one
corresponds to the equivalent capacitance due to the depletion region varying with
drain-source voltage (Figure 4). So, the general expression of Cgp can be represented
by the equivalent non-linear equation depending on the voltage Vpg:

Cop = Ccp,0
1+ K1.+/Vps

with Cgp, ¢ being theinitial value of Cgp (Vps = 0) and K; being the fitting
parameter

The third is the one considered between the drain and source, Cpg. It corresponds
to the defined junction capacitance of the parasitic body diode, inherent to the struc-
ture of vertical MOSFET (Figure 4). Its equation shows also a non-linear behavior
among the voltage Vpg:

()

Cps,0

Ky /Vps

with Cpsg, o being the initial value of Cpg (Vps = 0) K; being the fitting parameter

In a MOSFET chip, equivalent resistive behaviors in the different metallic and
semiconductors layers can be understood and synthetized with an ideal transversal
cross-section view of the structure, represented at Figure 5. They are important to
consider the performances of power losses and heating during switching loaded oper-
ations [12, 13]. At the semi-conductor level, we can consider the resistive contribu-
tions of the channel, of the accumulation layer, and of the drift region and the
parasitic resistances of metallization, bond wires, and package.

When the transistor is conduction mode, the following contributions of resistive
are as follows:

3)

Cps =

Rpsony = Rut +Rcy +Ra + Ry + Rp + Rsp (4)

Rn+: diffusion source resistance of the n + region, very low contribution to the total
value of RDS(ON)-

Rcu: channel resistance, vary with geometry of the channel during operations.

Ra: accumulation resistance. When Vg > 0, electric charges accumulate in the n-
region near the gate area.
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Rj: component resistance in the n + region between the two p-body regions

Rp: drift region resistance, localized in the main n-region, under the two p-body
regions to the n + substrate region (drain). Main contribution to the global Rps(ony at
hlgh VDS~

Rsp: substrate resistance, important at lower voltages (<50 V).

Other contributions of parasitic elements can be added, if non-negligible in certain
supply conditions, by the sum of bond-wire resistances, contact resistance (metalli-
zation, lead frame) and pins resistance and inductances of the package.

2.3 Main characteristics of MOSFET transistors

The current and voltage variations of the MOSFET transistor can be calculated and
represented with generic analytical expressions issued from basic technological and
semi-conductor properties [5, 7, 13]. For conventional operation in static and dynamic
modes, some characteristics obtained at external connexions of the component in its
package are more convenient for all final designers and users of MOSFET devices in
power circuits and systems. The basic topology for this representation is to consider
the transistor with the input at the gate pin, and the output at the drain one. The
source pin will be considered as the common equipotential reference for the two other
connexions, gate and drain. As input impedance of MOSFET is essentially capacitive,
with a very weak leakage current on the gate, the main curve described and used in
analytical and electrical model are the set of parametric representations of the drain
current among the voltage command and supply: Ips = £f(Vps, Vgs), and its deriva-
tives: IDS = f(VGS) at VDS fixed, RDS = 6VDS/61DS) and 8m = 61D5/6VG5.

2.4 Output characteristics I-V

The output characteristics of the MOSFET transistor, Ips = f(Vps, Vgs), are
represented with variations of current Ipg among output voltage Vps, parametrized by
different values of the input voltage Vg [14]. With this, all the different cases of
operation are identified: the cutoff mode, the linear (ohmic) region, and the saturation
(active) region, that are visible in Figure 6 that represents the ideal set of Ipg curves
for MOSFET transistors. Two electrical parameters are defined either from physical,
analytical, or empirical calculations or characterizations that delimits these three
modes of operation [15]:

The threshold voltage, denoted as Vry

The saturation voltage, denoted as Vpgsar

So, the complete behavior of the transistor is described by the following:

For Vg < Vot cutoff mode, then Ips(Vgs, Vps) = Iorr ~ 0

For Vg > Vg conduction mode, then Ipg(t) = f[Vgs(t), Vps(t)]

for Vps < Vpssat = (Vgs-Vru), then Ips(Vgs, Vps) ~ K*Vpg: linear or ohmic mode

for Vps > Vpssar = (Vgs-Vrn), then Ips(Vgs, Vps) ® Ips(Vas) ® Ipsat(Vgs): sat-
urated mode, the current Ipg is independent of the variation and the increase of Vps.
At high Vgs (*Vpp or Vpsmax), the single value of Ipgar is called Ioy.

Some critical parameters are presented in these curves that help to understand and
control the limits of operation modes of a MOSFET transistor [16]:

* The breakdown voltage, denoted BVpgs, indicates the maximum drain-source
voltage that can be applied before the mechanism of avalanche breakdown in the
drain-body junction. In this case, the drain current arises dramatically, and an
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Figure 6.
Output characteristics of a MOSFET transistor.

instantaneous high-power dissipation leads to an uncontrolled high temperature
step and the destruction of the chip.

* When Vpg > Vpssat = (Vgs-Vn), the current Ipg is practically independent of
the voltage Vps. It is acting as an ideal current source, controlled by the voltage
on the gate Vgg. This region is also called “active region” instead “saturation
region,” just to avoid a confusion with the same behavior in BJT. At exactly
Vps = Vpssar, the boundary curve between ohmic and saturation region is given
in a first-order analytical expression by the following:

Ipsion) = K.V (5)
with K, a constant parameter issued from device geometry [17, 18].
2.5 Transfer characteristics

The conventional transfer characteristic for MOSFET transistors is the representa-
tion of the variation of current Ipg at the output among the control voltage Vg at the
gate. This representation introduces the concept of transverse gain or transcon-
ductance g,,. This parameter quantifies the change in drain current divided by the
change in gate voltage for a constant drain voltage. So, it can be defined by the
derivative of Ipg variations among the voltage gate Vs at Vpg = constant

olps
En = FGSJ Vps=constant

(6)

For conventional representation, Ipg = f(Vgs) is represented in the active or satu-
ration region, so the fixed value of drain voltage must be chosen superior at the limit
Vpssat = (Vgs — Vaswn)- The slope of the transfer curve, that is, the transconductance
gms> presents two regions of definition:

13



Field-Effect Transistors — Fundamentals, Technologies, and Future Innovations

@V, =constant
@Vpso > Vpssar =(Ves — Viy) ¢ active region

|
DS MOSFET (1) Power MOSFET (2) 4/

linearized

7 gm= constant

Vini Vina Vina VGS

linearized

Figure 7.
Typical transfer characteristics Ins (Vgs) @Vps = constant of MOSFET transistors.

for Vgs < Vry, Ips = Iopr and gm is very low or undetermined (22 0/c0)

for Vgs > Vry, gm = f(Vgs) with a formal parabolic variation(~ Vis2). This is valid
for low-signal MOSFET, where the normal operation voltage Vpg stays under logical
levels (5 V) or low-power levels (20 V).

For MOSFET in hard switching uses and voltage levels of operation >20 V, we
observe, at a functional value of Vpg > Vpgsat = (Vgs-Vaswm), a quasi-linear variation
of the drain current with the gate voltage [19]. In this case, the transfer output
characteristics (Ips = f Vgs) can be linearized, and the equivalent transconductance g,
stays quite constant (Figure 7). This quantity is often defined by manufacturers at
Vpso, half of the breakdown voltage Bypss. Nevertheless, to obtain a high current
handling capability with minimum gate drive voltage, large values of transcon-
ductance are a key issue for power MOSFET operability.

IDS =& VGS(VDgzcomtant) (7)

2.6 Drain resistance characteristics

Another critical and important parameter for normal operation of MOSFET with
power features is the output equivalent resistance Rpg and especially during conduc-
tion where it is denoted as Rpson. The ON resistance determines the conduction
power dissipation and impacts the losses in hard switching modes [20, 21]. It is
defined by the different regions of the chip where flows the output current, as
described previously. It is also an analytical calculation of the output characteristics
Ips = f(Vps), where we can extract the slope by the following derivation:

oVps

Rps = EJ Vs (8)
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Global variation of the drain vesistance Rps beyond the gate voltage Vgs.

So, by technological concepts on the layers of semiconductor, it is normal that this
resistance presents large variations among the conditions of supply and more espe-
cially with the shift of gate voltage Vs (Figure 8).

In cut-off region, when Vgs < Vry, Rps trends to high values that considers the
output as an open circuit.

In conduction mode, we can describe the variation of Rpson among two regimes:

In ohmic (linear) region, Ips = f(Vpg) curves are linear, and slope for equivalent
resistance Rpgoy is constant, but with a different value for each condition of gate
voltage supply.

In active (saturation) region, current drain is practically constant among the arise
of Vps, so Rpson is minimum with values that can be under 1 ohm.

Another view to control the operation of MOSFET is to consider that the device is
equivalent to an output resistance Rpg controlled by the voltage at the input. There are
also some physical considerations, among the voltage of the output, that explains the
variations of Rpg with the different bodies of the layers of the semiconductor structure
of the MOSFET. For a gate voltage fixed, in normal conduction state (Vgs > Vru), Rps
vary with the current into the drain, as represented in Figure 9. In high-voltage
MOSFETS, where the drift region resistance dominates the global Rpson, the impact
of the current drain on resistance shifts is weak. Finally, the most critical effect on
Rpson is the strong dependency with the temperature [22]. The temperature coeffi-
cient of Rpson is always positive because of the majority-only carriers in the conduc-
tion mode of the MOSFET. For a rise of temperature of 100°C (25-125°C), the value of
the on-resistance can double.

2.7 Transient and switching characteristics
2.7.1 Capacitive effects

In a MOSFET, transient and switching modes are driven by the three equivalent
capacitances at the terminals of the chip [3, 11]: C gate-source (Cas)»> C Gate-Drain (Cps)»
and C Drain-Source (CDS)-

The gate-source capacitance Cgs is considered as weakly sensitive to electrical
conditions of supply, as Vpg variation.
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Representations of the variation of output resistance Rpson beyond the output current Ips.

The gate-drain capacitance Cgp is very dependant of the supply voltage Vps. At
low voltage Vpg, its initial value is like Cgs. With the Vpg voltage arise, Cgp decreases
to very weak value to reach the cut-off state

The drain-source capacitance Cpg is basically a junction capacitance. Its value is
inversely proportional to the voltage Vps. Its role can be considered negligible in
normal operation because of its effects hidden by the main impact of Cgp. Neverthe-
less, there are some specific switching modes where Cgp is weak and Cpg remains
highlighted.

The Cgp capacitance is the major term for determining rise and fall times of the
chip with a circuit switching configuration. It is acting as a reaction between the input
and the output, so its transient and frequency role can be highlighted at some operat-
ing conditions (Miller effect).

2.7.2 Dynamic and switching characteristics

The dynamic behavior and performance of a MOSFET transistor are dependant
of the intrinsic capacitances and resistances. For switching operations, with a
two-state signal voltage at the input (V), output switching characteristics are
established by the gate charge description and the reverse recovery role of the body
diode [3, 5]. The different time-steps for a basic ON-OFF state of a MOSFET are
denoted:

tpon: delay for Vg rise from Viow (0 V) to Vry. No drain current Ipg.

tg: delay for Vg rise from Vg to Vgs on (full charged gate). Arise of drain
current Ipg.

ton: delay for Vgg rise from Vgs on to Vygigu. Constant drain current Ipg = Ips on

tporr: delay for Vgg decrease from Vg to Vgs on. Decrease of drain current Ipg.

tg: delay for Vg decrease from Vgg on to Vry. Decrease of drain current Ipg to
null.

tyorr: delay for Vgg decrease from Vry to Viow (0 V). No more drain current Ipg.
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Figure 10.
Basic gate charge waveforms of Power MOSFET during turn-on and turn-off transitions.

Figure 10 represents the different waveforms in time-domain and the related time
steps for an ideal sequence of ON-OFF switch command at the external gate terminal
of the transistor.

2.8 Other main critical parameters
2.8.1 Vg Gate threshold voltage

This is the intrinsic gate voltage at the input that initiates drain current flow at the
output. An ideal value for MOSFET operations is a minimum one, to reduce turn-on
delay time [4, 6, 7]. But for Power MOSFET, there are some compromises between a
lower value of Vry and failures cases that can occur during high levels switching
modes, because of the thin oxides and voltage rating. For all MOSFET devices, the
inner threshold voltage spreading is specified by minimum and maximum values.
Common values are 1-2 V for medium voltage devices (200 V) and 2-5 V for high
voltage devices (1200 V).

2.8.2 V(BR) pss: Drain-source breakdown voltage

This is the drain-source voltage supported by the doped Epi layer before entering
into avalanche mode and uncontrolled drain current rising. It is denoted V(BR)pss (or
BVpss) and is defined for a specified leakage current Ipss and a fixed temperature
because of its strong positive coefficient temperature.
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2.8.3 Ipss: Zero gate voltage drain current

This is the drain-source leakage current with a gate-source voltage Vg = 0 V. Its
value is specified for a fixed Drain-source voltage Vpgs and a range of temperature.
Leakage power loss is IpsS times drain-source voltage and is usually negligible.

2.8.4 Igss: Gate-source leakage current

This is the leakage current that flows through the gate terminal at a specified gate-
source voltage.

3. Review of MOSFET transistor modeling
3.1 Basic model of MOSFET

Basically, at the semiconductor or chip level, electrical models of MOSFET tran-
sistors are issued from analytical and physical equations at the semiconductor level
[2, 9,13, 21]. The equivalent electrical model of generic MOSFET can be considered by
representing the amount of drain current flow controlled by voltage sources or
potentials (Vgs and Vpg), and a set of capacitive elements to reproduce the transient
characteristics and the time delays during time-varying and switching operations. A
model of a junction can also be included between drain-source terminals, to consider
the non-negligible effects of leakage currents with the reverse body diode, especially
in power MOSFET semiconductors. These basic components and their placement in
the electrical schematic of the global model are represented in Figure 11.

With many years of works, adaptations and improvements on the topology and on
the modeling way of MOSFET transistors, a set of generic MOSFET models have been
well established and normalized for implementation in electronic solvers (SPICE)

[23, 24]. For users that have no access at internal physical parameters of the semi-
conductors and the materials, funders and manufacturers propose their standardized
SPICE models dedicated to their chips, with a good compromise between analytical/
empirical technical information enclosed for efficient simulations [25, 26].

9 DN cmmsmsmsmmcimin
CGD DSVV
11
1]
i Reverse
= mosker » g;:iye Cos
Gate | b A o |Vus
O— [
Ves Il
11
CGS Ips
fffffffffffff OSource -

Figure 11.
Basic generic electrical model for MOSFET structure.
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3.2 Model of the equivalent current source Ipg = f (Vgs, Vps)

The “ideal” MOSFET model represents the variations of the drain current in the
three regions of operation: cutoff, linear or ohmic, and saturation or pinch-off. Based
on some technological and physical parameters of the chip, these expressions are
typically implemented in electrical circuit solver (SPICE), by the set of following basis
equations, with Vry the threshold voltage at the gate-source junction:

Cutoff mode: Vgs < Vi

Ips(Vgs, Vps) =0 9)
Conduction mode: Vs > Vru
If Vps < (VGS — VTH)’ then
Vi
Ips(Ves, Vps) = K * {(Vcs — V)% Vps — TD} (10)

The device is denoted in the linear mode
If Vp > (VGS — VTH); then

(Vgs — VTH)2] (11)

Ips(Vgs, Vps) = K* [ 5

The device is denoted in the saturated mode: Ipg is practically independent of the
Vps variation.

The parameter K used in Ips equations is called the intrinsic transconductance (A/
V?). It is obtained from technological considerations of the semiconductor device and
expressed by

K = u,.Cox. w (12)
L

with

M, being the mobility carrier (electrons) in m?/ (V.s)

Cox being the gate oxide capacitance in F/m?

W being the width of the channel in m

L being the length of the channel in m

Cox is the equivalent oxide capacitance calculated by the normalized square for-
mula:

_ & 5i0*-€0 (13)

Cox
tox

With

€ si0° being the dielectric constant of SiO? oxide (3.9)

g being the absolute permittivity of air (eo = 8.85 pF/m)

tox being the thickness of the oxide Sio?

This model of the drain current Ipg is a first-order approximation of long-channel
device (L > 10 pm). Equations are based on the Shichman-Hodges model [2] and
referenced as LEVEL 1 model in solvers. An additional parameter, A (Lambda), is used
for the channel length modulation effect that represents the rise of drain current with
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Overview of basic analytical/electrical modeling of the output drain current in MOSFET devices.

Vps in the saturated mode and shows a (slow) positive slope in output characteristics

instead of a constant current Ipgsat:
Ohmic mode:
2

\%
IDS(VGS) VDS) =K=x* l:(VGS — VTH) * Vps — TDS:| % (1 + ﬂ.VDs) (14)

Saturated mode

Ves—Vry)2
Ips(Vgs, Vps) = K * {(GSZTH)} # (14 A.Vps) (15)

The following figure (Figure 12) represents the synthetises of the calculations of
the Ips(Vgs and Vpg) curves, with qualitative details on the sensitivity and impact of
parameters of the equations on the curve shapes and the different zones of the
MOSFET operations.

This initial set of analytical equation of Ips in the conduction mode has been
refined in successive modeling steps based on semi-empirical and experimental
observations during the evolutions and the development of MOSFET transistors.
Improvements are consequent on trending to develop more behavioral and macro-
models, when physical and technological input parameters are often not directly and
simply available and because of the increasing complexity of the chips [27, 28]. To
synthetize, different levels of the model of MOSFETs have been implemented and are

available in SPICE solvers:

* The first-generation models, from Level 1 to Level 3, and upper that include
technology progress (reduction of the dimensions) and empirical effects, as
junction temperature and threshold voltage shifts.
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* The second-generation models for compliance with deep-submicron MOS
technology. This semi-empirical modeling process has been initiated and is
continually updated by the Berkeley’s BSIM group, from University of California.
Actual version (BSIM4.xx) is commonly used in advanced VLSI design and
industry.

¢ The third-generation models, derived from the first ones but adapted with
behavioral “external” representation of new capabilities and features of MOSFET
transistor, especially for high-voltage, high current and high-power operations.
This generation trends to achieve the robust physical-based macromodel that
could simulate preventive cases of failures and out-of-range operations of the
device with multiple stresses and hard switching conditions [29].

The “final” generation for a versatile, smart, and efficient model of MOSFET chips

with their package and their routing connections would be the “Digital Twin” model
[30, 31].

3.3 Modeling the capacitances

Constant value or variable expressions of the three capacitance Cgs, Cgp, and Cpg
complete the initial model. Rigorously, they are not constant but can vary with
internal electric fields induced by voltage variations at the gate, drain and sources
pins. Usually, it is considered that capacitance Cgp has the main significant change
with Vpg & Vps, presenting a large non-linear variation about a factor of 10 to 100.
Cgs can be considered constant, and Cpgs is negligible for its effect on time and delay in
normal operation of MOSFET transistor. Typical variations of MOSFET capacitances
with voltages are represented at Figure 13.

Funders and manufacturers can provide an access to initial global values of the
intrinsic capacitances by calculations or measurements of external capacitances at the
ports of the chip, denoted Cjss, Coss, and Cgss.
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Figure 13.
Typical variations of MOSFET capacitances with drain voltage Vps.
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* The input capacitance, Ci, is measured between the gate and source terminals,
with a shortened condition at the output Vps_ac = 0 V. So, Ci is the global value
of gate-drain capacitance Cgp and gate-to-source capacitance Cgs placed in

parallel.
Caate - Sourcely g o, = Ciss(Vps_pc) = Cas(Vps_pc) + Cep(Vps_pc) (16)

This input capacitance has a main impact on the turn on and turn off delays. To a
normal switching activity, it must be charged to the threshold voltage for the start of
the turn-on of the device and then discharged to the low-state control voltage to turn
off entirely the transistor before the next switching action.

- The measurement of output capacitance between drain and source, with input
gate-source at 0 V in AC, gives the capacitance denoted C,. It is the equivalent
capacitance of Cgp and Cpg in parallel.

Cbrain — Source|y o5, = C055(Vps_pc) = Cps(Vps_pc) + Cap(Vps_pc) (17)

Coss has an important impact on soft switching command because of its role on
resonance of the circuit with loads.

* The measurement of reverse or transfer capacitance between drain and gate,
source at 0 V in AC, gives the capacitance denoted as C,. In this configuration,
the Crss capacitance is the direct measure of the gate-to drain capacitance Cgp.

CGate — Drainly s, = Crss(Vps_pc) = Cop(Vps pc) (18)

3.4 A global model for power MOSFET cell

Many improved and dedicated models of MOSFET and power MOSFET have been
developed, starting on the generic circuit and equations presented before. For power
MOSFET, there is some particular attention with the equation of drain current Ips,
because of intrinsic non-linear variations of the transconductance in high level
switching modes, and inherent impacts of internal temperature rises on electricals
output characteristics of the device. In the following, we propose a compact and
robust analytical equation of Ipg for resolving these critical limits of MOSFET models.

3.5 Topology of a generic model for power MOSFET

The main region of operation of Power MOSFET is the on—off states, with drain-
source voltage Vpg polarized in the saturated region (Vps> > Vpsar), and the com-
mand Vgs having only two states: Vgs < 0 and Vgg > > Vy,. The topology proposed is
represented at Figure 14. This electrical schematic is composed by a current source Ipg
controlled by gate voltage Vs with the transconductance g, (A/V), a resistor Rpson
for losses representation at on-state transistor, by the voltage source Vg, that repre-
sents the threshold voltage Vry activating the different states of the chip. The sche-
matic is completed by three global capacitors, Cgs, Cps, and Cgp, for the parasitic and
time charge effects, and by diodes Dpg and Dg for the “body” diode protections
against return. All the parameters into these components could be determined either
by semiconductor physical parameters, if available, either by dedicated external char-
acterization, given by the datasheet of the manufacturers, and/or by own user
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Topology of the proposed circuit model for power MOSFET chip.

characterization. For this, protocols and conditions of the characterizations for
parameter extraction are critical for initial realistic values and for correct identifica-
tion with the final parameters and equations of the model.

This equivalent model of MOSFET chip uses eight equivalent electrical compo-
nents listed in Table 1: two sources, two junctions, one resistor, and three capacitors.
The parameters and their value can be constant or variable, among the voltages,
currents, frequencies conditions of supply and excitations. Most semiconductor’s
equivalent components can also be highly dependent on internal and external tem-
perature. This behavior is important and reinforced for power applications, where
internal and external current variations can be amplified during normal and boundary
cases of power supply. We propose to consider firstly ambient temperature to define
and implement these components in the model, as described in the following section.

3.6 Non-linear model of transfer characteristic Ips(Vgs)

Fine modeling and representation of the transfer characteristic Ipg(Vgs) is the key
for trusty calculation and simulation of MOSFET features because of its strong and

Component label Name Role/effect

Sm Transconductance (A/V) Current drain control

Rpson Drain resistance (Q) Conductive losses at ON-state

Cgp Gate-drain capacitance (F) Gate charge delay

Cgs Gate-source capacitance (F) Input switching delay

Cps Drain-source capacitance (F) Output charge delay — low effect

Vasth Threshold voltage source (V) Input voltage fall at ON-state

Dps Body drain diode Output junction — voltage rating

Dps Input junction diode Current gate I control at ON-state
Table 1.

The eight components of a global model for power MOSFET chip in off-on operations.
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Experimental variation of dvain current as a function of gate voltage in a power MOSFET device [31, 32] with the
three zones: 1 — off zone, 2 — linear zone, and 3 — flat zone.

complex non-linearity dependency to main physical parameter of the semiconductor:
Vth, Rps, carrier mobility (pegr), channel effective length L., etc. ...

Another representation is the variation (derivative) of the drain current Ip among
the gate voltage Vg, at a nominal fixed voltage Vpg, that defines the transconductance
gm (A/V). These curves can be usually obtained experimentally either by the founder
or the user, at specific conditions of supply and operations. The transfer characteris-
tics Ips = f(Vgs) @Vpso presents generally same non-linearity variations that can be
analyzed with three distinct zones (Figure 15).

First zone, for VGS < VTH, is the low-current source activity, with a flat low-level
variation of Ip among Vgs. Equivalent g,, (the slope) starts from very low value but
increases rapidly with Vgg.

The second zone, where Vggs > VTH, shows a rapid quasi-linear arise of Ips with
Vgs. In this zone, we have the current controlled source effect of the transistor. The
transconductance g, has reached its maximum value and stays quite constant.

The last (third) zone is the flat one, starting about Vgg > > VGSth, where Ip,
becomes quite constant, at a maximum current denoted Ipss, even if Vg still
increases. Transconductance g, in this third region decreases from its maximum to
lower values.

The Ips(Vgs) curve is also dependant of the potential Vpg applied at the output
that affects mainly the maximum current Ipgs and presents shifts both in position and
in the slope (g,,) with different Vpgo (Figure 15). It appears that the equivalent
transconductance g,, vary non-linearly with two electrical conditions: the applied
voltage Vs at the gate of the transistor and the drain source voltage Vpgo.

Many works have proposed analytical expressions to reproduce these family of
curves, and it has been discussed synthetically in previous paragraph, with different
progress and levels in MOSFET model. The different technics and models proposed
for this must comply and correspond to the real final use of the device. In this review
on MOSFET model, we have been concerned by switching operations of high-power
transistor, to drive the electrical motor, for example [33]. The objective is to operate at

24


mailto:f(vgs)@vds0

A Review on Analytical and Electrical Modeling of the MOSFET Transistor
DOI: http://dx.doi.org/10.5772/intechopen.1014747

a Vpg voltage that places the transistor in saturation region (Vpse> > Vpssar), and the
command Vg drives two “extreme” states of the device:

Vs < < Vg — OFF state — Ipg = 0, Vps = Vpp or VsyppLy.

Vs> > Vg — ON state — Ips = Ipssat (Vs — Vrr) = Ion max, Vps~0 V.

The need for Ips(Vgs) modeling is to reproduce the more accurately possible the
drain current variations from zone 1 (Iopg) to zone 3 (Ion max). One of the more
representative functions for the shape of the transfer characteristic is the mathemati-
cal function called “sigmoid,” represented at Figure 16. This sigmoidal function is
analytically denoted 6(x), with x an argument in the real domain, and its waveform is
very similar to the three non-linear zones of transfer curves in MOSFET. The normal-
ized expression of 6(x) = H% is compared to a representation of the Ips(Vgs) curve,
where 6 2 Ipg and z = Vgs. Normalized sigmoid amplitude is confined between 0 at x
negative, and trends asymptotically to 1 when x > > 0. The slope of the curve is
exactly centred to 0.5 when x = 0. We retrieve in this ideal function the three regions
of typical variation curves of MOSFET transistors (Figure 16).

As the drain current equation among the gate voltage is representative of this
variation, we can formally identify the transconductance curve by this sigmoidal
function, with additional coefficients to have a set of functions parametrized by the
actual electrical conditions of the drain current equation. The sigmoidal function can
be generalized with extra coefficients denoted k, A, and

k

- - 1
1+Ae "™ (19)

o(x)

Numerical values of k, A and r of this generalized sigmoidal function allow to
adjust sigmoidal shape to similar curves with the following effects illustrated at
Figure 17:

¢ kis acting on the amplitude gap of the sigmoidal function in vertical axis
(Figure 17a)
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Variation of normalized sigmoidal function o(x) =
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Variations of generalized sigmoidal function o(x) = M‘ﬁ (a) k variation; (b) A variation; (c) r variation.

* coefficient A allows to shift the sigmoid curve among the x-axis (Figure 17b)

* r modifies the slope of the sigmoid, with the inflection point centred inx = 0

(Figure 17¢)

We adapt the non-linear equation of drain current among gate voltage to this
general sigmoidal equation, with the corresponding terms:
x> Vgg; 6 22 Ip; k, A, and r = set of values for each Vg nominal fixed value

(Vbso)-

kJ Vbso
1 Al e oo

Ips(Ves) vy = (20)

With this expression, it is possible to adjust and fit experimental curves of drain
current versus gate voltage parametrized by the drain supply voltage Vps and to
reproduce the non-linear variations of the transfer characteristics and of the

250

= =Sigmoid (k=215, A=228, r=0.52)

o(x)

200 I Exp. data (VDS=15V)

~
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Voltage gate Vg (V) = x

Drain current I, (A)

Figure 18.

Comparison of transfer characteristic Ip, = f(VGS) measured and calculated with sigmoid function at Vps = 15 V
for a power MOSFET transistor.
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transconductance of MOSFET. An example of this calculation is illustrated at
Figure 18, where the experimental curve of Ips(Vgs) of a Power Sic MOSFET is
correctly fitted on all the nominal range of Vs voltage control.

The set of parameters (k, A, and r) are defined for a single voltage Vg at the first
order of identification, with the value of Vpgo mainly in the saturation region of
output characteristics Ips(Vps) with Vps> > Vpsar = (Vgs-Vrn). To expand the range
of the model for simulation in different area of the transistor operation, many pro-
cedures of identifications of the parameters k, A, and r can be conducted at various
values of the drain voltage. Then, a second-order modeling task is to define parametric
variation of these three parameters among the Vpg voltage applied and implement
them in the transfer characteristic Equation [31]:

k(Vps)
IDS(VGS )J Vps — 1 _"_A(VDS)_EV(VDS)AVGS (21)

This final equation proposed and applied to a MOSFET transistor has been proved
to reproduce finely wide range of nonlinear behaviors of drain current among the
voltages at the external terminal [33]. Only three empirical parameters, k, A, and r,
are sufficient to reproduce MOSFET operations in normal operations and at extreme
zones of switching cases. Once the main efforts for correct identification of the three
model parameters have been performed, based on electrical characteristics and
datasheet of the device, there are capacities to extend the set of parametric
quantities as the temperature, so to be easily implemented in the Ipg equation and
finally to derive more robust and complete electrothermal model of power MOSFET
[22, 31, 33].
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Chapter 3

Self-Heating Effects in Nanoscale
MOSFETs

Ahmed Yusupov, Atabek Atamuratov and Makhkam Khalilloev

Abstract

The ongoing miniaturization of metal-oxide-semiconductor field-effect transistors
(MOSFETs) remains a central focus in the advancement of nanoelectronic technologies.
As device dimensions continue to shrink into the nanometer scale, various reliability
and degradation phenomena become increasingly significant. This chapter addresses
one such critical issue—the self-heating effect (SHE)—in nanoscale MOSFETs, with a
particular focus on FinFET and junctionless (JL) FinFET architectures fabricated on
silicon-on-insulator (SOI) structures. The analysis explores the impact of gate oxide and
back oxide material compositions on the magnitude of the SHE. A comparative study
is conducted to assess how different oxide materials influence the thermal behavior of
JL FinFETs across various channel geometries. Furthermore, the effect of source/drain
doping profiles—including both uniform and analytical distributions—as well as chan-
nel doping levels, on the SHE in FinFET devices is systematically examined. The chapter
provides a comprehensive evaluation of thermal characteristics, ON/OFF current ratio
(Ion/Tofe), and threshold voltage (Vy,) under varying doping schemes. The findings
culminate in a set of conclusions and design guidelines aimed at mitigating self-heating
in next-generation nanoscale MOSFET technologies.

Keywords: FinFET, Junctioless FinFET, self-heating effect, gate oxide, back oxide,
source area doping profile, drain area doping profile, channel doping level

1. Introduction

One of the significant trends in contemporary electronics is the scaling of
metal-oxide-semiconductor field-effect transistor (MOSFETs), driven by the
need to reduce power consumption and increase integration density. As MOSFET
dimensions approach the nanometer regime, various degradation effects emerge.
Consequently, research efforts increasingly focus on investigating the degradation
mechanisms induced by aggressive scaling. In this context, novel device architectures
and advanced functional materials are proposed to overcome scaling-related limita-
tions. To mitigate the short-channel effects (SCEs) inherent in traditional planar
MOSFETs [1], the FinFET architecture was introduced as an effective solution [2, 3].
Subsequently, technologically simpler junctionless FInFETs were developed [4, 5],
also demonstrating enhanced resistance to SCEs.
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In both FinFET and junctionless FinFET designs built on SOI platforms, the
transistor channel lies directly atop a back-oxide (BOX) layer. Because BOX materi-
als conduct heat much less effectively than bulk silicon, they promote localized
heat buildup in the channel—a phenomenon known as the self-heating effect
(SHE) [6, 7]. This trapped heat can alter the electrical response and degrade overall
device performance.

Self-heating in FETs is influenced by a broad spectrum of factors, including the
material and composition of the gate oxide and BOX [8], their geometric configu-
ration [9], the overall device architecture [10], channel doping concentration,
and source/drain doping profiles [11]. The following sections provide a detailed
analysis and discussion of how these parameters affect the onset and severity of
the SHE.

2. Material and structural dependencies of SHE
2.1 Impact of gate and back oxide layer materials

Oxide selection plays a pivotal role in governing self-heating in FInFETs. Here,
we evaluate three common dielectrics—silicon dioxide (SiO,), hafnium dioxide
(HfO,), and silicon nitride (Si;N,)—Dboth as the gate insulator and as the back-
oxide layer. Our modeled device is a junctionless FinFET on silicon, as illustrated
in Figure 1, in accordance with [12], with a uniform n-doped channel and titanium
nitride (TiN) gate electrode. Device dimensions and channel doping details appear
in Table 1.

We carried out all device simulations in Synopsys Sentaurus TCAD. To model self-
heating faithfully, we employed a thermodynamic transport framework augmented
by a density-gradient term to account for quantum confinement effects. Our mobility
model captured both doping-level-dependent scattering and velocity saturation
under strong electric fields. For cases using high-k gate dielectrics (e.g., HfO,), we
further included degradation contributions from Coulomb scattering and phonon
interactions at the oxide-semiconductor interface.

In these studies, we varied both gate-oxide and back-oxide thicknesses across
different material stacks, recording the lattice temperature at the channel’s midpoint
to quantify self-heating under each configuration.

Gate Gate oxide
TiN
Source (HIO,)/(SiN )/(SI0,+81,N,) / Drain
Ny silicon ()~ Ny Ny
Back oxide

(Si0,)/(HO,)/(SiO,+5i,N,)

Figure 1.
Cross-section of the simulated JL FinFET [12].
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Parameter Designation Value of the parameter
Doping level in the channel Ny 5-10% em™ (n-tip)
Doping level in the source and drain areas Ny 5:10" cm™ (n-tip)
Thickness of the Gate oxide (HfO,, SisNy, SiO; + SizN,) tox tgor = 1.0-1.5 nm
Channel thickness Ts 9nm
Channel width W, 22 nm
Back oxide layer (SiO,, HfO,, SiO, + Si3N,) thickness Thox 10-1000 nm
Gate length Lgate 10 nm

Table 1.

Geometrical and physical parameters of the considered transistor.

2.1.1 Lattice temperature variation with gate oxide thickness

Figure 2 plots how the channel’s lattice temperature varies with gate-oxide thick-
ness for different back-oxide materials. Note that we excluded SiO, as a gate dielectric
in this study because at the minimal thickness of 1 nm, its leakage current becomes
unacceptably high due to significant tunneling through the oxide layer.

As seen in Figure 2, the lattice temperature generally decreases gradually—and
predominantly monotonically—with increasing gate-oxide thickness for all materi-
als examined. The temperature drops observed at specific thicknesses correspond to
reductions in drain current, which, in turn, lower Joule heating and thus reduce the
channel temperature (see Figure 3).

Enhanced heat evacuation via the gate oxide also helps lower channel temperatures.
While making the gate oxide thicker might seem to boost thermal resistance—thus
trapping more heat—the trade-off is a larger interface between the oxide and the gate
electrode, which spreads heat more effectively away from the channel. As illustrated
in Figures 3 and 4, this interface area increases nearly linearly with oxide thickness,
directly driving the steady decline in lattice temperature measured at the channel’s core.

Moreover, Figure 2 indicates that the back-oxide material exerts a more pro-
nounced effect on the channel’s lattice temperature. This thermal influence is ana-
lyzed in detail in the following section.

480 —meBuck oxide Si0,
— 460+
.
£
'é 440 4 —=Tack oxide 1110,
E' 420 '
g — |
g 1 —a—um
£ 400 iy
2 ==5Lh, —w=Rack oxide 5I0,+8i,N,
—h— S0 SN, n
380+ = e . A & &
36l :
1.0 11 12 1.3 14 1.5

Cate oxide equivalent thickness t,, . nm

Figure 2.
Lattice temperature variation with equivalent gate oxide thickness for various gate and back oxide materials [12].
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Figure 3.
Effect of equivalent gate oxide thickness on drain curvent and gate—oxide contact area for different oxide materials
[12].

Gate oxide o~
(after thickening) e
lg TWewte =~ -
tox) =
///
/ 2
Source A

Back oxide

Figure 4.
FinFET structure demonstrating an increase in the contact area between the gate oxide and the gate with
increasing gate oxide thickness.

2.1.2 Effect of back oxide thickness on lattice temperature

Figure 5 illustrates the dependence of the channel’s lattice temperature on the
back-oxide thickness for two gate-dielectric configurations: HfO, and a bilayer
SiO, + Si3Ny stack. As noted previously, pure SiO, is not considered here as a stand-
alone gate dielectric due to its high leakage current at the minimum studied thickness
of 1.2 nm. At such thin layers, quantum tunneling through the SiO, becomes signifi-
cant and may compromise device reliability.

As shown in Figure 5, regardless of the gate-dielectric material, increasing the
BOX thickness always leads to a rise in lattice temperature. This trend agrees with
theoretical models describing the relationship between lattice temperature and BOX
thickness in MOS structures [13]. According to these models, the increased thermal
resistance caused by a thicker BOX layer reduces heat-removal efficiency, resulting
in a higher channel temperature. This behavior is quantitatively described by Eq. (1)
derived from the referenced model:

Tz(Pt'Tax) (1)
K,-A
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Figure 5.

Lattice temperature variation with BOX thickness for HfO, (a) and SiO, + SisN, (b) Gate oxide
configurations [12].

In the context of Eq. (1), P, represents the power converted to heat by the channel
current, Kj, is the thermal conductivity of the back-oxide layer, and A is the contact
area between the silicon channel and that oxide. When the back-oxide thickness is
held constant, using pure SiO, yields the highest channel temperature, whereas the
SiO, + SizN, composite achieves the lowest. This outcome arises from the trade-off
between how much heat is generated-driven chiefly by the drain current-and how
effectively that heat is removed, which, in turn, is governed by the oxide’s thermal
conductivity. Table 2 lists the thermal conductivities of the considered BOX materi-
als alongside their corresponding drain currents under identical bias conditions.
Although the SiO, + Si;N, configuration is a serial multilayer stack, Table 2 includes
only SizNy‘s thermal conductivity because the SiO, fraction in the stack is minimal
(0.2-20% of the total thickness), and thus its effect on overall thermal resistance is
negligible.

As shown in Table 2, SiO, has the lowest thermal conductivity among all BOX
materials and, consequently, yields the lowest drain current. Comparing pure SiO,
to the SiO, + Si3Ny stack as the BOX, the latter provides a 25% higher drain current
and generates 57% more Joule heat. Nevertheless, the effective thermal conductiv-
ity of the SiO, + Si3N, structure is roughly 13 times that of pure SiO,. As a result,
despite increased heat generation, the much greater heat-dissipation capability of the
SiO, + Si3N, stack leads to the lowest channel temperature, whereas pure SiO, causes
the largest temperature rise in the channel region.

Back oxide Thermal conductivity Kj, Drain current (gate oxide is HfO2, tp,x = 500 nm,
materials [W/mK] Vg=15V,Vd=0.75V), A
HfO, 2,3 787823E-6
SiO, 1,4 700567E-6
SizNy 18,5 87783E-6
(SiO, + SizNy)
Table 2.

Thermal conductivity of BOX materials and corresponding drain curvent.
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Our simulations demonstrate that while both the gate dielectric and the back oxide
influence the FinFET’s central-channel temperature, the back-oxide layer governs the
outcome most strongly because of its thermal conduction properties. The gate oxide
does affect drain current (and hence the total heat produced), but the BOX’s ability to
spread and remove that heat ultimately sets the channel’s steady-state temperature.

Across all of the oxide stack combinations we tested, the configuration deliver-
ing the lowest self-heating comprises HfO, as the gate dielectric paired with a
SiO, + Si3N, multilayer serving as the back oxide.

2.2 Comparison of gate and back oxide contributions to the self-heating effect in
nanoscale junctionless FinFETs with varying channel geometries

A review of the existing scientific literature on the SHE in FinFETs—particu-
larly their junctionless variant (JL FinFET)—reveals that the influence of channel
geometry on this phenomenon has received limited attention. This gap is critically
important, given that nanometer-scale JL FinFET structures are likely to exhibit
channel-shape variations due to process constraints and design flexibility. To address
this shortcoming, the present study undertakes three-dimensional modeling and a
comparative analysis of how gate-oxide and BOX layers affect self-heating in nanome-
ter-scale JL FinFETs with different channel shapes.

We designed, in accordance with [14], two sets of junctionless FinFETs—each
preserving identical channel cross-sectional area—to isolate how gate and back oxides
influence self-heating:

* Rectangular-section devices (Figure 6): Here, the channel’s thickness (T)
and width are varied inversely so that their product (the cross-sectional area)
remains fixed, yielding purely rectangular profiles.

e Shape-variable devices (Figure 7): These transistors keep both the area and the
channel’s base width (W) constant but morph the cross section from a rectangle
into a trapezoid. The defining metric in this group is the T/ Wj; ratio, which
captures the changing channel shape.

The structures shown in Figures 6 and 7 were modeled and analyzed in three
dimensions using the Synopsys Sentaurus TCAD suite [15]. To improve accuracy at

Figure 6.
Schematic depiction of JL FinFET structures with a rectangular channel cross section: devices featuring different
width-to-thickness ratios while maintaining a constant cross-sectional area [14].
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Figure 7.
Modeled JL FinFET structuves with rectangular and trapezoidal channel shapes: constant cross-sectional area and
base width, with variable channel thickness [14].

the nanoscale, standard physical models were augmented with mobility-degradation
mechanisms that depend on doping concentration.

Our simulations incorporated a comprehensive set of physical phenomena to cap-
ture both charge transport and thermal effects at the nanoscale. We modeled impurity
scattering and carrier-velocity saturation under strong electric fields, and included
the normal field component to accurately represent boundary-region impacts on
drain current. Self-heating was addressed via a thermodynamic transport formulation
coupled with Shockley—Read-Hall recombination dynamics.

To account for mobility degradation in the presence of a high-k gate dielectric,
we adopted the Lombardi mobility model with empirical terms for remote Coulomb
interactions and phonon scattering at the oxide—semiconductor interface. Quantum
confinement and tunneling influences were represented through a density-gradient
correction integrated into the combined drift-diffusion and thermodynamic trans-
port framework [16].

The modeling approach was calibrated against experimental data from [17]. The
technology parameters used—corresponding to a 10 nm CMOS process—are listed
in Table 3. The resulting simulated and experimental transfer characteristics are
shown in Figure 8.

Joule heating, driven by the channel current, is the main source of temperature
rise in the transistor. That channel current breaks down into three parts: the drift
component (Jg4,), the diffusion component (J4;), and the thermoelectric component
(Jv). To explore how device geometry and material properties affect self-heating, we

Parameters Designation Values
Channel doping level Nowb 5.10"%cm™ (n-type)
Thickness of HfO, gate oxide layer tox 6,7 nm (teqy = 1,2 nm)
Thickness of the channel Ts 9-22 nm
Width of the channel base Wy 22-5nm

The thickness of the SiO, back oxide layer Thox 145 nm
Width of the SiO, back oxide layer Whox 69.4 nm

TiN Gate length Loate 10 nm

Table 3.

Parameters used in device simulations.
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Figure 8.
Comparison of simulated and measured transfer curves for the transistors in [17], using the same device
dimensions and bias conditions.

conducted an in-depth study of nanometer-scale JL FInFET designs from both device
groups outlined earlier.

2.2.1 Performance evaluation of a nanoscale junctionless FinFET with rectangular
channel geometry

Figure 9(a) depicts the current density measured at the middle of the channel
for different Tg;/ Wy; ratios. In Figure 9(b), you can see how the modeled electric
field strength changes as Ts;/ W; varies. Figure 9(c) then maps out the carrier
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Figure 9.
Variation of (a) curvent density, (b) electric field, and (c) carrier concentration (curve 1) and temperature

gradients (curve 2) with Ts;/ Wy; at the channel center [14].
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concentration and temperature gradient profiles along the same axis for each Tg;/
Wy; value. All these data come from sampling the electric field, carrier density, and
temperature along the channel’s centerline.

Typical spatial distributions of these quantities—for example, for Ts;/ Wg; = 0.4—
are shown in Figure 10. Based on the profiles in Figure 9, all components of the
current density were quantitatively evaluated. For instance, at T/ Wg; = 1.3, the drift
current density (jg), the diffusion current density (jan), and the thermoelectric cur-
rent density (jar) were calculated using Egs. (2)—(4).

Jjg =enuk (2)
jAn =eD% (3)
. AT

Iar = O'SE (4)

where:
e is the elementary charge, n is the carrier concentration, p is the electron mobil-

ity, D is the electron diffusion coefficient in silicon, ¢ is the electrical conductivity of
silicon, S is the Seebeck coefficient for silicon.
The calculation results yielded the following values:

jr =6.98x10° A/ cm?,
Ja, =4.83x10° A/ cm?,

jar =3.78x10% A/ cem’.

Oxide_J T ¥ Gate
Channel
Box

SOUFQE ,-Drain

456.6

456.3
456.0 ’\ s "' n-
S 8.0x10%4

710"

4.0x10% : ) ‘1‘\\ - . .

0.00 0.02 0.04 0.06 0.08
Distanse from source to drain [pm]

Lattice

L2

6x10"® -4

[5""3] temperature [K]

5x10"®
1.6x10°

- 5
T 1.2x10
&

Electric field Concentration

Figure 10.
Spatial profiles of temperature, carrier concentration, and electric field along the channel’s central axis for Ts;/

Wei = 0.4 [14].
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Evidently, the thermoelectric current density is several orders of magnitude
smaller than the drift and diffusion components. Therefore, one can conclude
that the total current density is dominated by the drift and diffusion currents,
whose magnitudes are comparable (as illustrated by the lower and upper insets in
Figure 10).

Figure 10 also shows that the carrier-concentration gradient in the chan-
nel consists of two components pointing in opposite directions and of dif-
ferent magnitudes. This asymmetry arises from the nonuniform influence of
the vertical electric field—induced by the gate—at the source and drain ends.
Specifically, one diffusion component (Jn") is directed along the source-to-
drain electric field, while the other (Jn™) flows oppositely (see the upper inset of
Figure 10). Thus, the net diffusion current, defined as Jn=Jn*—Jn", opposes the
drift current. As a result, the overall channel current is determined by the differ-
ence between the drift and net diffusion currents.

Figure 9 shows that as the Tg;/ Wg; ratio grows—especially beyond about 1.75—the
diffusion-driven portion of the current takes on a larger share of the total current
density. Yet, Figure 11 reveals that the channel’s lattice temperature climbs steadily
with Tg;/ Wyg; across the full range, a trend that does not map directly onto the current-
density behavior.

This mismatch tells us that simply looking at how much current flows is not
enough to predict temperature changes. Instead, the ability of the transistor stack
to move heat away from the channel—via both the back-oxide and gate-oxide lay-
ers—plays the decisive role. In fact, one can use the heat-conduction relationship
given in Eq. (1) to capture how the channel temperature scales with BOX thick-
ness, as derived in [13].

To compare heat conduction through the back-oxide and gate-oxide layers, Eq.
(1)—which applies equally to both layers since their heat-transfer mechanisms are
identical—was used. The cross-sectional area for the back oxide is

A=W, xL,
and for the gate oxide
A=Q2T5+ W) xL,
466 -
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Figure 11.

Dependence of the temperature in the middle of the channel on the ratio Ts;/ Wy; for transistors of the first
group [14].
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where L is the channel length. Thus, the temperature rise normalized to the dissipated
power can be expressed by Egs. (5) and (6):

£ — szzx (5)
IJt I<bax ’ WSi L
AT = T (6)
P Kgox'(2~TSi+WSi)-L

In these expressions:

Thox 1s the back-oxide thickness,

Tgox is the gate-oxide thickness,

Khox and Koy are the thermal conductivities of the back-oxide and gate-oxide
layers, respectively.

In our simulations, SiO, served as the back oxide and HfO, as the gate dielectric.
We adopted thermal conductivities of 1.5 W/(m-K) for SiO, and 0.6 W/(m-K) for
HfO,, based on their respective ranges (1.2-2 W/(m-K) for SiO, over 200-1500 K,
and 0.49-0.95 W/(m-K) for HfO, over 300-500 K). Figure 12 demonstrates that
this contrast in conductivities makes the back oxide far more effective at channel
cooling: the AT/P; curve for the back-oxide route (curve 1) climbs steadily with Tg;/
Wy;, matching the temperature rise observed in Figure 11. By comparison, when heat
flows out through the gate oxide, AT/P; actually falls as Ts;/ Wg; increases (see inset
of Figure 12). These results underscore the preeminent role of the back oxide layer in
extracting heat and regulating the channel’s core temperature.

2.2.2 Performance analysis of nanoscale JL FinFET with different channel shapes

We evaluated how gate-oxide versus back-oxide layers contribute to self-heating
by running temperature simulations for devices whose channel cross-section morphs
from a rectangle to a trapezoid (see Figure 7), while holding both channel width and
area constant. As a result, the thickness-to-width ratio Tg;/ Wg; only spans 0.4 to 0.7.
The data in Figure 13 reveal that, despite altering the channel’s shape, the central
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Figure 12.
AT/P, dependence on Ts;/ W; in cases of the heat dissipation through back oxide (curve 1) and gate oxide
(curve 2) layers for the transistors of the first group [14].
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Figure 13.
Dependence of the temperature in the middle of the channel on the vatio Ts;/ Wy; for transistors of the second
group [14].

temperature barely changes—because the base width touching the back oxide remains
the same throughout these shape transitions.

When heat is removed via the back-oxide layer, the ratio AT/P; also shows minimal
variation as Ts;/ Wg; increases (see Figure 14). In contrast, the dependence of AT/P;
on Ts;/ Wg; for the gate-oxide path is non-monotonic (inset of Figure 14), a behavior
that does not match the channel-center temperature’s insensitivity to cross-section
shape. Therefore, even in this case, the back-oxide layer plays the primary role in heat
removal.

In nanometer-scale junctionless FinFETs, regardless of how the channel’s cross
section is shaped, the temperature at the channel’s midpoint is controlled primarily by
how well the oxide layers conduct heat and how much surface area they share with the
silicon. In devices that employ SiO, beneath the channel and HfO, above it, the width
of the channel’s base—where it meets the back oxide—emerges as the critical geo-
metric parameter. When the channel’s thickness-to-width ratio grows (Ts;/ Wy; rises)
without changing its overall cross-sectional area, this base becomes narrower, causing
the central temperature to climb. Therefore, to minimize self-heating and boost reli-
ability in these tiny FinFETs, one should design the channel so that its interface with
both the gate and back oxides is as large as possible.
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Figure 14.
AT/P, dependence on Ts;/Ws; in cases of the heat dissipation through the back oxide (curve 1) and gate oxide
(curve 2, inset) layers for the transistors of the second group [14].
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2.3 Impact of source (drain) doping profiles and channel doping level on self-
heating effectin FinFET

A wealth of research has investigated self-heating in FETS, often emphasizing how
device dimensions [18], choice of materials [19, 20], and architectural layouts [18, 21]
influence the phenomenon. Yet, how source/drain implant profiles and overall chan-
nel doping levels affect thermal buildup has received far less attention, even though
these factors are deeply tied to fabrication processes. Carefully engineering the
dopant gradients at the source and drain—and tuning the channel’s doping concentra-
tion—offers a promising route to bolster a transistor’s resistance to self-heating.

To investigate this important practical aspect, the present work studies how the
channel-center temperature depends on source/drain doping profiles and channel
doping level in nanoscale FinFETs. The device structure and key simulation param-
eters are shown in Figure 15 and Table 4, respectively. In particular, the analysis
explores how the doping profile shape influences self-heating, the on/off current ratio
(Ion/Iogr), and the threshold voltage (V).

Two distinct types of source/drain doping profiles are considered. The cor-
responding transistor structures—with color-coded impurity concentrations—are
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EEEEEEEREREREREREREE I : G
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Figure 15.
The structure of the simulated SOI FinFET.
Parameter Designation Value
Channel doping level N, 10°-107 cm™3
Maximal doping level in source and drain areas Ny 5.10% em™
Thickness of the gate oxide (HfO,) tox 6,7 nm (teqy = 1,2 nm)
Thickness of the channel Ty 9 nm
Width of the channel Wy 22 nm
Thickness of the back oxide Thox 145 nm
Gate length Legate 10 nm

Table 4.
Parameters of the simulated FinFET.
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shown in Figure 16(a) and (b). The first structure features a uniform (constant)
doping profile (Figure 16(a)), while the second employs an analytical (Gaussian)
profile (Figure 16(b)). The spatial distributions of doping concentration along the
channel—from source to drain—for both profiles appear in Figure 17.

For the analytical profile, two scenarios were examined, differing in impurity
concentration at the channel-source/drain interfaces. For clarity, devices were
classified into three categories based on their doping profile, as schematically illus-
trated in Figure 18. The first category includes transistors with a uniform profile
(Figure 17(a)). The second comprises devices with a Gaussian profile that maintains
an interface concentration of 3 x 10" cm™ at the channel-source/drain boundaries
(Figure 17(b)). The third category consists of transistors whose Gaussian profile has
its boundary concentration equal to the channel’s doping level (Figure 17(c)).

Simulations were performed using the Synopsys Sentaurus TCAD suite.
Accurately capturing self-heating in FinFETs requires the inclusion of electrother-
mal effects in the channel alongside the conventional drift-diffusion transport
mechanism. The thermodynamic transport model in Sentaurus accounts for
both drift-diffusion-driven current and for current induced by electrothermal
effects. For comparison, Id-Vg characteristics were computed using only the drift-
diffusion model and then with electrothermal effects for the uniform-profile device
(Figure 19). Clearly, including electrothermal effects produces a markedly different
Id-Vg curve. In this study, all calculations employed the thermodynamic transport
model. Density-gradient corrections were also applied to account for quantum effects,
and the mobility model included doping-dependent degradation and velocity satura-
tion under high electric fields.

To calibrate the simulation model, the computed Id-Vg characteristics were
compared with experimental data reported in (Figure 20) [22]. The experimental
transistor had a gate length of 25 nm, so we first simulated a device with the same gate
length to verify the accuracy of our model. The calibrated model was then applied to a
transistor with a reduced gate length of 10 nm.

To assess the impact of gate length on channel temperature, we calculated the
temperature difference between the drain-end region and the channel center for the
25 nm device using Fourier’s law of heat conduction [23]. We used a silicon-channel
thermal conductivity of 149 W/(m-K) and determined the dissipated power at gate
bias Vg = 1 V and drain bias Vd = 0.75 V. The calculations yielded a temperature

D
DopingConcentration (cm”-3)

P 4.990¢+18

l L115e+13

Bl 1.000¢+16

Back oxide

(a) b)

Figure 16.
Cross-sectional views of the modeled FinFETs with (a) a uniform source/drain doping profile and (b) an
analytical (Gaussian) doping profile [11].
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Figure 17.

Distributions of the doping concentrations along the channel from source to drain for the constant profile (a), for
the analytical profile with constant edge value 1017 cm™ near source (drain)-channel border (b) and analytical
profile with edge value equal to channel doping level (c) [11].

difference of 0.5 K—approximately 0.2% at 300 K—indicating that the calibrated
model can be used for the devices under study with minimal error.

The simulated temperature profile along the channel shows a nonuniform dis-
tribution with a pronounced hot-spot near the drain (Figure 21). This effect arises
because the kinetic energy of accelerating electrons is higher near the drain; conse-
quently, their collisions with the crystal lattice release more heat in that region.

For greater precision in monitoring and given the small temperature difference
between the drain region and the channel center, self-heating was evaluated based
on the channel-center temperature extracted from the simulated profile. Electrode
temperatures were fixed at 300 K in all simulations.
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Figure 18.

Scl%ematic representation of the doping profiles for cases at stake: (a) - constant doping profile, (b)- analytical
doping profile with constant concentration at the edge of the profile, (c)- analytical doping profile with
concentration at the end equal to the doping level in the channel. The insertions display the doping profiles
exclusively for the source aveas/regions [11].

Channel temperature depends on the thermal conductivities of both the gate
and back oxides. In all modeled devices, HfO,—a high-x material with a thermal
conductivity ranging from 0.49 to 1.25 W/(m-K) over 300-500 K [24]—was used
as the gate dielectric. SiO,, with a thermal conductivity between 5 and 11 W/(m-K)
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Simulation of the I,;-V, transfer characteristics for a transistor with constant doping profile using the drift-
diffusion (DD) and thermodynamic (TD) transport models. V; = 750 mV [11].
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Comparison of the 1,-V, transfer chavacteristics of simulated and experimental SOI FinFET transistors for
Lyute = 25 nm and Vy = 50 mV [11].
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Figure 21.
Distribution of the temperature in the channel (a) and along the channel center (b). V, =1V, V= 0.75 V [11].

over 200-500 K [25], served as the back oxide. However, since this study focuses on
the influence of source/drain doping profiles on channel temperature for devices
using the same oxide materials, we did not compare material thermal properties or
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boundary conditions; the heat-removal characteristics remain identical across all
cases.

2.3.1 Temperatuve in the center of the channel

Figure 8 presents the simulated channel-center temperature as a function of
channel-doping level for all three transistor types at Vpg = 0.75 V and Vgg = 1.0 V.

From the plot, it is evident that the channel-center temperature depends on the
source/drain doping profiles. The highest temperature occurs in the first-type devices,
while the lowest is in the third type. For all three types, temperature varies monotoni-
cally with channel-doping level: in the first and second types, it decreases as doping
increases, whereas in the third type it instead increases steadily with higher channel
doping.

The average channel-center temperature reflects the balance between heat gen-
eration rate and the structure’s heat-dissipation efficiency. Heat removal depends
on device construction and the surrounding materials, with dielectric thermal
conductivities and interfacial thermal resistances playing key roles. In our case, since
all transistors share the same structure and materials, temperature differences arise
solely from different heat generation in the channel. The primary heat source is Joule
heating, which depends on the drain current—determined by the applied biases and
carrier concentration in the channel. Because Vg and Vpg are identical for all devices,
temperature variations stem from differences in current density caused by the various
doping profiles. Thus, channel-carrier concentration is the principal factor driving
the observed temperature differences.

Figure 22 shows the simulated electron-concentration versus channel-doping
level for all transistor types at Vpg = 0.75 V and Vs = 1.0 V. Figures 22 and 23 dem-
onstrate that changes in temperature closely correlate with changes in channel-center
electron concentration, confirming the dominant role of carrier density in shaping
the thermal profile.

These results can be interpreted as follows. In n-channel devices with an inverted
p-substrate surface, electrons are the majority carriers; in the p-substrate they act
as minority carriers. The surface electron density ny is determined by the surface
potential ¥; and the equilibrium electron concentration n,, in the p-substrate via a
standard relationship [24]. ¥, itself depends on gate voltage V; and depth from the
surface. Treating the channel as the base of a lateral p-n junction (source-channel and
drain-channel transitions), the equilibrium electron concentration ny,, in the channel
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Figure 22.
Lattice temperature dependence on the channel doping level for different transistor types [11].
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Figure 23.
Dependence of electron concentration at the center of the channel on the channel doping level for various
transistor types. Vps = 0.75 Vand Vg = 1.0 V [11].

depends also on the n-region concentration n,,, (source or drain side) and the local
potential V [24].

Assuming full ionization of dopants, n, equals the source/drain doping level. For
an unbiased p-n junction, V equals the contact potential gc. Under applied biases V
and V,, the local potential V, is their sum.

In the abrupt p-n case with uniform doping, n,, equals the source/drain doping.

For the analytical (nonuniform) profile, one defines an effective carrier concen-
tration npg.sr—the average dopant concentration near the junctions.

As seen in Figure 18, ny.¢ is lower in second- and third-type devices than in
the first. The third type shows the lowest effective concentration, since its interface
doping matches the channel doping level (Figure 18c). This lowers the equilibrium
electron density, reducing drain current relative to the uniform case, consistent with
the concentration simulations of Figure 23.

The coincidence of electron concentrations in the channel center for the second
and third types at a channel doping of 10 cm™ (point A in Figure 23) follows from
their identical profiles at that level (Figure 18b and c).

The temperature drop with increasing channel doping in the uniform-profile
devices (Figure 22) stems from reduced minority-carrier density n, in the inverted
channel, since n,p,, = noz, where p;, is the majority-carrier density and n_ is silicon’s
intrinsic concentration. Thus, higher p, lowers n, cutting drain current and channel
temperature. The same trend—falling electron concentration and temperature with
more channel doping—holds for the second type.

Figure 24a and b show that n,, decreases with channel doping in types one and
two, via the along-channel electron-density profiles.

In the third-type devices, the channel-carrier concentration is set by both
increased channel doping and raised doping near the channel from the source/drain
side. Hence, while channel doping reduction lowers electron density, the simultane-
ous increase at the junctions boosts it, with the latter effect dominating. This behavior
is clear in the electron-density versus channel-doping plot for type three (Figure 24c).

2.3.2 L,/ 4 vatio and threshold voltage

Considering the impact of source and drain doping profiles on FinFET resilience to
self-heating, it is also important—when optimizing device performance—to account for
how these profiles affect the on/off current ratio (I,n/Iog) and the threshold voltage (Vy,).
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Figure 24.
Distribution of electron concentration along the center of the channel at various channel doping levels for 1-st (a),
2-nd (b) and 3-vd (c) transistor types. Vps = 0.75 Vand Vg = 1.0 V [11].

When the channel doping level increases from 10" to 107 cm™, Vy, for the first-
and second-type transistors rises monotonically by about 10 mV, whereas for the
third-type devices it decreases by roughly 27 mV (Figure 25a). This divergence in V,
behavior results from differences in carrier concentration at the source/drain regions
for each transistor type.

It is well known that a MOSFET's threshold voltage depends on channel-carrier
density [26]. However, in our short-channel devices (Lg = 10 nm), Vy, is also
influenced by source/drain carrier concentration. Indeed, when bias is applied to
the source—channel or drain—channel junction, the channel’s equilibrium electron
concentration, n, , becomes a function of the source/drain electron concentration ny,
as described in Section 2.3.1. Thus, increasing n, reduces the channel’s hole concen-
tration p,, and thereby lowers Vy,.

For an approximate comparison of Vi, across all three transistor types, one may
treat the average doping level as n,,, in the analytical-profile devices (types 2 and 3).
This approach shows that the highest n, —and hence the lowest V,—occurs in the
uniform-profile device (type 1, Figure 25a). The lowest average n, —and therefore
the highest Vy,—belongs to the type 3 device. At a channel doping of 10”7 cm ™,
the source/drain profiles for types 2 and 3 coincide, so their Vth values are equal
(Figure 25a).

The monotonic Vy, increase with channel doping in types 1 and 2 (Figure 25a) fol-
lows the well-known Vy,—~doping relationship [26]. In contrast, type 3 devices exhibit
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Figure 25.

Threshold voltage (a) and 1,,/log ratio (b) dependence on the channel doping level for different transistor types.
Vps =075V [11].
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a Vi, decrease with higher channel doping. This arises from over-compensation of
hole depletion by enhanced electron injection from the source/drain: as channel dop-
ing rises, the electron concentration at the profile boundary increases (Figure 18c),
which dominates and drives V,, downward.

Figure 25b shows that, at low channel-doping levels (p,, < 10Y cm™3), I,/ Log is
highest for type 3 devices and lowest for type 1. This is attributed to the fact that the
average concentration of majority carriers (electrons) in the source and drain regions
is significantly lower in the third type, by one to two orders of magnitude, compared
to the first and second types, resulting in reduced electron injection into the channel.
Consequently, the minority carrier concentration in the channel is reduced, leading to
a lower saturation current in the lateral junction, which primarily contributes to the
decrease in (I¢). In this scenario, (I,,) is also reduced by a factor of 2-3 for the third
type due to its higher threshold voltage compared to the first and second types. This
would typically suggest a smaller (I,,/I¢) ratio for the third type. However, despite
the lower (Ioy), the (Ioy/Iog) ratio is actually higher for the third type because (L) is
significantly lower—by 1-2 orders of magnitude, than in the first and second types.
This difference arises from the variation in the average doping level (n,0) in the lateral
source (or drain) areas/regions.

In types 1 and 2, L,,/1.¢ grows with channel doping (Figure 25b) because both I,
and L,¢ decrease by similar orders of magnitude: I, drops due to Vy, rise (Figure 25a),
and I.¢ diminishes as nj, falls with higher py,.

For type 3, raising channel doping from 10" t0 10Y cm™> halves L,,/I ¢ (Figure 25b).
This reflects the concurrent increase in electron concentration at the source/drain
boundaries—which raises n;, in the channel, boosting I,¢=—and thus reducing I,/

In summary, source/drain doping profiles exert a significant influence on FinFET
self-heating by altering channel-carrier concentration. Under identical bias condi-
tions, the largest self-heating occurs in devices with uniform source/drain doping.
Employing an analytical (Gaussian) profile reduces channel temperature by about
10% and increases I,,/Io¢ by roughly an order of magnitude, while raising Vy, by
approximately 15% compared to the uniform-profile case.

3. Conclusions

The results of the study on self-heating in nanoscale MOSFETs indicate the
following:

* Both the gate and back oxide selections shape the channel’s lattice temperature,
with the back oxide’s material choice exerting the strongest influence.

* Among the tested dielectrics, pairing a hafnium-oxide gate layer with a silicon-
oxide/nitride (SiO, + Si3N,) stack beneath the channel delivers the greatest
resistance to self-heating.

* In nanometer-scale, junctionless FinFETs—regardless of channel cross-sectional
profile—the two dominant factors driving channel-center temperature are the
oxides’ ability to conduct heat and the area of contact they make with the silicon.
In particular, devices using SiO, underneath and HfO, above the channel show
that the effective base width in contact with the back oxide largely governs how
hot the channel becomes.
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» Making the channel thicker relative to its width (increasing Ts;/ Wg;) while
keeping its cross-section identical causes higher channel temperatures, since the
narrower base reduces heat-spreading. Thus, when tailoring channel shapes to
alleviate self-heating, maximizing the channel’s interface with its oxides is critical.

* The lateral doping pattern at the source/drain interfaces profoundly affects ther-
mal behavior. Uniform doping leads to the hottest channels, whereas smoothly
graded (analytical) profiles cut peak channel temperature by roughly 10%, boost
Ion/Ioff nearly tenfold, and raise the threshold voltage by about 15% compared
to abrupt, constant-doping designs.
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Chapter 4

Challenges and Benetits of
Multi-Value Digital Circuit Design

with GNRFET and CNTFET
Technology

Mahdieh Nayeri and Maryam Nayeri

Abstract

The rapid advancement of digital electronics has been driven by the relentless
scaling of transistors, as described by Moore’s law. However, as silicon-based tech-
nologies approach, their physical limits, alternative materials, and circuit paradigms
are being explored to sustain progress. This chapter investigates the potential of
graphene nanoribbon field-effect transistors (GNRFETSs) and carbon nanotube field-
effect transistors (CNTFETs) as next-generation transistor technologies, particularly
in the context of ternary logic circuits. Ternary logic offers advantages in information
density, computational efficiency, and reduced interconnect complexity. GNRFETS
leverage the tunable bandgap and high carrier mobility of graphene nanoribbons,
while CNTFETSs utilize the exceptional electrical properties of carbon nanotubes,
including near-ballistic transport and high electron mobility. Key aspects such as
energy efficiency, fabrication scalability, and device performance are analyzed,
highlighting the strengths and challenges of each technology. Both technologies face
significant challenges, including large-scale fabrication, device variability, and inte-
gration with existing silicon-based systems. The study concludes by exploring future
prospects, such as hybrid architectures, scalable manufacturing techniques, and
advanced applications in neuromorphic computing and optoelectronics. By address-
ing these challenges, GNRFETs and CNTFETs have the potential to revolutionize
digital electronics, enabling faster, more energy-efficient, and compact devices for
the next generation of computing systems.

Keywords: digital electronic, GNRFET, CNTFET, ternary logic circuits,
next-generation transistor technologies

1. Introduction

Digital electronics have revolutionized information processing, enabling the
proliferation of computers, communication devices, and embedded systems.
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At the heart of this revolution lies the transistor, a semiconductor device that acts

as the fundamental building block of digital circuits. Since its invention in 1947,

the transistor has been the cornerstone of modern electronics, enabling dramatic
improvements in speed, miniaturization, and energy efficiency. By functioning as

a switch or amplifier, transistors allow for the precise control of electrical signals,
making them indispensable in the design of logic gates, memory cells, and proces-
sors. The relentless scaling of transistors, as described by Moore’s Law, has driven the
exponential growth of computing power over the past several decades.

However, as conventional silicon-based transistors approach their physical
limits, challenges such as power leakage, heat dissipation, and quantum effects have
emerged, threatening further miniaturization and performance gains. This has
spurred an intense search for next-generation transistor technologies that can over-
come these limitations. Among the most promising candidates are carbon nanotube
field-effect transistors (CNTFETs) and graphene nanoribbon field-effect transis-
tors (GNRFETs). These novel devices leverage the exceptional electrical proper-
ties of carbon-based materials, such as high carrier mobility, excellent thermal
conductivity, and atomic-scale scalability. CNTFETs, for instance, utilize carbon
nanotubes as the channel material, offering superior performance compared to
traditional silicon transistors, particularly in terms of speed and energy efficiency.
Similarly, GNRFETs exploit graphene nanoribbons, which exhibit tunable band-
gaps and high current-carrying capacity, making them ideal for high-performance
applications.

Beyond advancements in materials, innovative circuit paradigms like ternary
logic are being explored to further enhance computational power and reduce energy
consumption. Ternary logic, which uses three states instead of the binary system’s
two, can potentially increase information density and reduce the number of transis-
tors required for certain operations. This approach, combined with next-generation
transistor technologies, could lead to a new era of computing that is faster, smaller,
and more energy-efficient [1].

The continued evolution of transistor technology is critical to the future of
digital electronics. Whether through the development of novel materials like
carbon nanotubes and graphene or the exploration of alternative circuit architec-
tures, transistors remain at the forefront of innovation. As researchers push the
boundaries of what is possible, the transistor will continue to play a central role in
shaping the next generation of devices, enabling advancements in artificial intel-
ligence, quantum computing, and beyond. Together, these advances are paving the
way for a future where digital electronics are not only faster and more compact
but also more sustainable and capable of meeting the ever-growing demands of
technology.

2. Foundations of digital electronics

Digital electronics form the cornerstone of modern computation and information
processing by utilizing discrete voltage levels to represent logical states. This discrete
approach contrasts with analog electronics, where signals vary continuously, enabling
digital systems to achieve greater reliability and precision in signal interpretation and
processing.
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2.1 Binary and ternary logic

In binary logic, two distinct voltage levels represent the logical states 0 and 1.
This binary system is the foundation of most digital systems due to its simplicity and
robustness in noise immunity. The voltage thresholds for these states are carefully
defined to ensure reliable signal interpretation, even in the presence of minor varia-
tions or interference [1].

Ternary logic introduces a third state, 2, which can increase data density and poten-
tially improve the efficiency of certain computational tasks. For example, ternary systems
can reduce the number of operations required for specific algorithms, leading to faster
processing times [2]. However, ternary logic systems are more complex to design and
implement compared to their binary counterparts, limiting their widespread adoption.

Basic Building Blocks: Logic Gates.

Digital systems are constructed from fundamental logic gates such as AND, OR,
and NOT, which perform elementary operations on binary or ternary signals. These
gates serve as the building blocks for more complex digital circuits. For instance:

The AND gate outputs a high signal only if all its inputs are high.

The OR gate outputs a high signal if at least one of its inputs is high.

The NOT gate inverts the input signal.

These gates are combined to create more sophisticated components like adders,
multiplexers, and arithmetic logic units (ALUs), which enable advanced computa-
tional tasks such as arithmetic operations, data routing, and decision-making [2].

2.2 Memory elements and interconnects

Memory elements, such as flip-flops and latches, are essential for storing infor-
mation in digital systems. These components maintain their state until explicitly
changed, enabling sequential logic and data retention. Interconnects, on the other
hand, facilitate communication between various circuit components, ensuring that
data flows efficiently throughout the system [3].

2.3 Advancements beyond silicon

As traditional silicon-based technologies approach their physical limits, research-
ers are exploring alternative materials and device structures to drive the next genera-
tion of digital electronics. Notable innovations include:

Carbon Nanotube Field-Effect Transistors (CNTFETs): These transistors leverage
the exceptional electrical properties of carbon nanotubes, offering higher speeds and
lower power consumption compared to silicon-based transistors [4].

Graphene Nanoribbon Field-Effect Transistors (GNRFETSs): Graphene nanorib-
bons provide a promising platform for ultra-scaled transistors due to their high
electron mobility and atomic thickness, enabling further miniaturization and perfor-
mance improvements [5].

These advancements are critical for addressing the growing demands for higher com-
putational power, energy efficiency, and scalability in next-generation digital systems.

The foundations of digital electronics lie in the use of discrete voltage levels to rep-
resent logical states, with binary and ternary logic serving as the primary frameworks.
Basic logic gates form the building blocks for complex digital systems, while memory
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elements and interconnects enable data storage and communication. Emerging
technologies, such as CNTFETs and GNRFETS, are poised to overcome the limitations
of traditional silicon, paving the way for continued innovation in digital electronics.

3. Multiple circuit design in digital systems

Multiple circuit design in digital systems focuses on integrating diverse logic
functions and subsystems within a single chip or module, which is vital for complex,
high-performance electronics. Combinational circuits—like adders and multiplex-
ers—produce outputs based only on their current inputs, offering fast and reliable
operations. Sequential circuits, including flip-flops and registers, rely on both present
and past inputs, enabling memory and state retention. Integration techniques, such
as hierarchical and modular design, as well as system-on-chip (SoC) methodologies,
support greater scalability and design efficiency by organizing circuits into reusable
and manageable blocks.

3.1 Challenges

Challenges in modern digital circuit design include managing power consumption,
ensuring signal integrity, and overcoming scaling limitations in silicon-based devices.
As device dimensions shrink, leakage currents and heat dissipation become major
concerns. Maintaining reliable signal transmission and addressing short-channel
effects are also critical as technology approaches fundamental material limits.

3.2 Combinational circuits: Speed and simplicity

Combinational circuits are fundamental building blocks in digital systems. These
circuits, such as adders, multiplexers, and decoders, generate outputs based solely
on their current inputs. Their key advantage lies in their speed and reliability, as
they do not rely on past states or memory elements. For example, an adder circuit
performs arithmetic operations instantly, making it indispensable in arithmetic logic
units (ALUs) of processors. Similarly, multiplexers are widely used for data routing,
enabling efficient selection and transmission of signals in complex systems.

3.3 Sequential circuits: Memory and state retention

In contrast, sequential circuits, such as flip-flops, registers, and counters, incor-
porate memory elements that allow them to depend on both current and past inputs.
This capability is crucial for applications requiring state retention, timing control,
and synchronization. For instance, flip-flops are the foundation of clocked systems,
enabling the storage and transfer of binary data in microprocessors. Registers, which
are collections of flip-flops, are used for temporary data storage, while counters are
essential for tracking events or generating timing signals.

3.4 Integration techniques: Scalability and efficiency

To manage the complexity of modern digital systems, engineers employ advanced
integration techniques that enhance scalability and design efficiency. Two prominent
methodologies are:
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3.4.1 Hierarchical design

This approach organizes circuits into layers of abstraction, allowing designers to
focus on high-level functionality while delegating lower-level details to submodules.
For example, a processor can be divided into functional units like the ALU, control
unit, and memory interface, each of which is further broken down into smaller
components.

3.4.2 Modular design

Modularity promotes the creation of reusable and interchangeable blocks,
reducing redundancy and accelerating development. Standardized modules, such
as memory blocks or communication interfaces, can be integrated across multiple
designs, ensuring consistency and compatibility.

3.4.3 System-on-Chip (SoC)

SoC methodologies integrate entire systems—including processors, memory, I/O
interfaces, and specialized accelerators—onto a single chip. This approach is particu-
larly valuable in applications like smartphones and IoT devices, where compactness,
power efficiency, and performance are critical.

4. Challenges in modern digital circuit design

Despite the advancements in integration techniques, designers face significant
challenges as digital systems become more complex and device dimensions shrink:

4.1 Power consumption

As transistor densities increase, power consumption and heat dissipation become
critical issues. Leakage currents, which occur even when devices are idle, contribute
to energy waste and thermal challenges. Techniques such as dynamic voltage and
frequency scaling (DVFS) and low-power design methodologies are employed to
mitigate these effects.

4.2 Signal integrity

Ensuring reliable signal transmission is increasingly difficult as operating frequen-
cies rise and interconnect lengths shrink. Signal degradation due to crosstalk, noise,
and impedance mismatches can compromise system performance. Advanced shield-
ing, routing strategies, and error correction codes are used to address these issues.

4.3 Scaling limitations

The relentless pursuit of Moore’s law has pushed silicon-based devices to their
physical limits. Short-channel effects, such as increased leakage and reduced gate
control, undermine transistor performance at nanometer scales. Emerging technolo-
gies, including Fin FETs, gate-all-around (GAA) transistors, and alternative materials
like graphene, are being explored to overcome these barriers.
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4.4 Thermal management

High-density circuits generate significant heat, which can degrade performance and
reliability. Effective thermal management strategies, such as heat sinks, thermal vias,
and advanced cooling systems, are essential to maintain optimal operating conditions.

4.5 Design complexity

The growing intricacy of digital systems necessitates sophisticated design tools
and methodologies. Electronic design automation (EDA) tools, machine learning
algorithms, and hardware description languages (HDLs) like Verilog and VHDL are
indispensable for managing complexity and ensuring design correctness.

4.6 Future directions

The future of multiple circuit design in digital systems lies in addressing these chal-
lenges while exploring new paradigms. Innovations such as 3D chip stacking, neuromor-
phic computing, and quantum computing promise to revolutionize the field. Additionally,
the integration of Al and machine learning into design workflows is expected to enhance
efficiency and enable the creation of more intelligent and adaptive systems.

In conclusion, multiple circuit design in digital systems is a dynamic and evolving
discipline that plays a pivotal role in advancing technology. By leveraging combina-
tional and sequential circuits, adopting scalable integration techniques, and tackling
emerging challenges, engineers can continue to push the boundaries of what is pos-
sible in electronics.

5. Introduction to GNRFET technology

Graphene nanoribbon field-effect transistors (GNRFETS) represent a ground-
breaking advancement in nanoelectronics, leveraging the unique properties of
graphene to create highly efficient and versatile transistors. These devices utilize
narrow strips of graphene, known as graphene nanoribbons (GNRs), as the channel
material, offering significant advantages over conventional silicon-based transistors,
such as metal-oxide-semiconductor field-effect transistors (MOSFETs). GNRFETSs are
poised to revolutionize the semiconductor industry by addressing key limitations of
traditional technologies, including power consumption, speed, and scalability [5].

5.1 Key advantages of GNRFETSs
5.1.1 HighCarrierMobility

Graphene is renowned for its exceptionally high electron mobility, which allows
charge carriers to move through the material with minimal resistance. This property
translates to faster switching speeds and improved performance in electronic devices.

5.1.2 Tunable bandgap

Unlike bulk graphene, which has a zero bandgap, graphene nanoribbons exhibit a
bandgap that can be precisely tuned by altering their width. This tunability is critical
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for creating transistors with optimized on/off current ratios, making GNRFETS suit-
able for digital logic applications.

5.1.3 Low-power, high-speed operation

The combination of high carrier mobility and a tunable bandgap enables
GNRFETS to operate at lower power levels while maintaining high speeds. This makes
them ideal for next-generation electronics, where energy efficiency and performance
are paramount.

6. Structure of GNRFETSs

The structure of GNRFETSs is similar to that of traditional MOSFETS, consisting of
three primary components:

* Source: The terminal through which charge carriers enter the channel.
* Drain: The terminal through which charge carriers exit the channel.

* Gate: The terminal that controls the flow of charge carriers by applying an
electric field.

Figure 1 shows graphene nanoribbon field-effect transistors. The key difference
lies in the channel material: instead of silicon, GNRFETs use a graphene nanoribbon.
This nanoribbon, which is only a few nanometers wide, serves as the conductive
pathway between the source and drain. The gate electrode modulates the conductivity
of the nanoribbon, enabling the transistor to switch between on and off states.

Figure 1.
Graphene nanoribbon field-effect transistors [6].

7. Relevance to ternary and multi-valued logic circuits

One of the most exciting applications of GNRFETSs is their potential in multi-
valued logic (MVL) circuits, particularly ternary logic, which operates with three
distinct states (e.g., 0, 1, and 2) instead of the binary logic’s two states (0 and 1).
GNRFETS can be engineered to have multiple threshold voltages, allowing them to
reliably distinguish between more than two states. This capability is achieved by
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carefully designing the graphene nanoribbon’s width and edge structure, which influ-
ence the device’s electronic properties.

Ternary circuits offer several advantages over binary systems, including higher
information density, reduced interconnect complexity, and lower power consump-
tion. GNRFETS’ ability to support multi-valued logic positions them as a key enabler
of future computing architectures that demand greater efficiency and scalability.

8. Broader implications and future prospects

The development of GNRFET technology has far-reaching implications for the
semiconductor industry and beyond. By overcoming the limitations of silicon-based
transistors, GNRFETSs could enable the creation of ultra-compact, energy-efficient
devices for applications ranging from high-performance computing to flexible and
wearable electronics. Additionally, their compatibility with multi-valued logic opens
new avenues for advancing artificial intelligence, quantum computing, and other
emerging technologies.

However, challenges remain in the large-scale fabrication and integration of
GNRFETs, including precise control over nanoribbon dimensions, edge defects, and
device uniformity. Ongoing research and development efforts are focused on address-
ing these challenges, paving the way for the commercialization of GNRFET-based
technologies.

In conclusion, graphene nanoribbon field-effect transistors represent a transfor-
mative step forward in nanoelectronics. With their unique properties and potential
applications, GNRFETSs are set to play a pivotal role in shaping the future of electronic
devices and computing systems.

9. CNTFET technology overview

Carbon nanotube field-effect transistors (CNTFETs) are a cutting-edge technol-
ogy that leverages carbon nanotubes (CNTs) as the channel material instead of tradi-
tional silicon. CNTFETs have garnered significant attention due to their exceptional
electrical properties, which make them a promising candidate for next-generation
electronic devices. Below is an expanded overview of CNTFET technology, including
its structure, advantages, and relevance to ternary circuits.

9.1 Key advantages of CNTFETs
CNTFETs offer several advantages over conventional MOSFETs, including:
9.1.1 High electron mobility

Carbon nanotubes exhibit extremely high electron mobility, which translates to
faster switching speeds and improved performance in high-frequency applications.

9.1.2 Excellent on-off current ratio

CNTFETs provide a superior on-off current ratio (Ion/Iorr), ensuring low leakage
currents and efficient power consumption.
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9.1.3 Near-ballistic transport

Electrons in CNTs experience minimal scattering, enabling near-ballistic trans-
port. This results in reduced energy dissipation and enhanced device efficiency.

10. Structure of CNTFETs

The structure of CNTFETs is similar to that of traditional MOSFETs but with
carbon nanotubes replacing the silicon channel. The key components include:

Source and Drain: Metallic contacts for electron injection and extraction.

Gate Electrode: Controls the flow of electrons through the channel.

Carbon Nanotube Channel: Single-walled nanotubes (SWNTs) or multi-walled
nanotubes (MWNTs) serve as the conductive pathway. Figure 2 illustrates the basic
structure of a CNTFET.

10.1 Types of carbon nanotubes in CNTFETs

CNTFETs can utilize either single-walled nanotubes (SWNTs) or multi-walled
nanotubes (MWNTs):

Single-Walled Nanotubes (SWNTs): Consist of a single layer of carbon atoms
rolled into a tube. They offer superior electrical properties but are more challenging to
fabricate.

Multi-Walled Nanotubes (MWNTs): Comprise multiple concentric layers of
carbon nanotubes. They are easier to manufacture but may exhibit slightly reduced
performance compared to SWNTs. Figure 3 demonstrates single-walled and multi-
walled CNTs.

10.1.1 Relevance to ternary circuits

CNTFETs are particularly well-suited for multi-valued logic (MVL) circuits,
including ternary logic (three-state logic). The following factors contribute to their
applicability:

Figure 2.
CNTFET structure [7].
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Figure 3.
Single-walled and multi-walled CNTs [8].

Threshold Voltage Control: The threshold voltage of CNTFETs can be precisely
tuned by selecting the diameter and chirality of the carbon nanotubes. This enables
the design of devices with multiple distinct threshold voltages, which is essential for
MVL circuits.

Scalability: CNTFETs can be scaled down to extremely small dimensions while
maintaining their electrical performance, making them ideal for high-density ternary
logic circuits.

Energy Efficiency: The near-ballistic transport and low leakage currents of
CNTFETs contribute to energy-efficient ternary circuit designs.

11. Ternary circuit design using GNRFET design principles
11.1 Multi-threshold GNRFET: for ternary logic

The key to implementing ternary logic with GNRFET: lies in the use of multi-
threshold devices. By carefully engineering GNRFETSs with distinct threshold volt-
ages, designers can create three well-defined logic levels:

Low State (L): Represented by a low voltage level, corresponding to the “0” state.

Intermediate State (M): Represented by a medium voltage level, corresponding to
the “1” state.

High State (H): Represented by a high voltage level, corresponding to the “2” state.

The design of multi-threshold GNRFETS involves precise control over the width
and edge configuration of the graphene nanoribbons, as these parameters directly
influence the bandgap and, consequently, the threshold voltage of the device.

11.2 Implementation of ternary logic gates

Ternary logic gates, such as ternary inverters, NAND, and NOR gates, can be imple-
mented using GNRFETSs by leveraging their multi-threshold characteristics. For example:

Ternary Inverter: A ternary inverter can be designed using three GNRFETS, each with
a distinct threshold voltage. The inverter maps the input logic levels (L, M, H) to their
complementary outputs (H, M, L), ensuring clear separation between the three states.
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Ternary NAND and NOR Gates: These gates are constructed by combining
multiple GNRFETS in specific configurations to perform ternary logic operations.
The design focuses on optimizing the power consumption and area while maintaining
robust state separation.

12. Performance factors in ternary GNRFET circuits

Several performance factors must be considered when designing ternary circuits
with GNRFETs:

Switching Speed: The high carrier mobility of graphene enables fast switching,
which is critical for high-speed ternary logic applications.

Static and Dynamic Power Dissipation: Efficient design techniques are required to
minimize both static (leakage) and dynamic (switching) power consumption, ensur-
ing energy-efficient operation.

Noise Margin: The ability to distinguish between the three logic levels in the pres-
ence of noise is crucial. Designers must ensure sufficient noise margins to maintain
reliable operation.

Example: Ternary Inverter Design.

A practical example of ternary circuit design is the ternary inverter implemented
using three GNRFETs:

Low-Threshold GNRFET: Responsible for transitioning the input from the low
state (L) to the high state (H).

Medium-Threshold GNRFET: Handles the intermediate state (M), ensuring it
maps correctly to the output.

High-Threshold GNRFET: Manages the transition from the high state (H) to the
low state (L).

This design ensures clear state separation and efficient operation, demonstrating
the potential of GNRFETSs in ternary logic applications [9].

13. Ternary circuit design using CNTFET

Ternary circuit design using CNTFET design principles: Carbon nanotube
field-effect transistors (CNTFETs) are emerging as a promising technology for
ternary (three-valued) logic circuit design. Ternary logic, which operates on three
distinct voltage levels (e.g., 0, 1, and 2), offers advantages over traditional binary
logic in terms of reduced circuit complexity, improved data density, and enhanced
computational efficiency. CNTFETSs are particularly well-suited for ternary logic
due to their unique electrical properties and the ability to precisely control their
threshold voltage [10]. Figure 4 demonstrates ternary circuits (not gate) based on
CNTFETS.

Similarity to GNRFET, but with carbon nanotube properties CNTFET-based
ternary circuit design shares some similarities with graphene nanoribbon field-effect
transistors (GNRFETS), as both technologies leverage nanomaterials for improved
performance. However, CNTFETSs stand out due to the inherent properties of carbon
nanotubes (CNTs), such as their high carrier mobility, excellent electrostatic control,
and tunable bandgap. These properties enable precise threshold voltage control,
which is critical for implementing ternary logic gates. By adjusting the diameter
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Figure 4.
Ternary circuits based on CNTFETS [11].

and chirality of the CNTs, designers can tailor the threshold voltage to differentiate
between the three logic states effectively.

Established Models for CNTFET-Based Ternary Logic Circuits Over the years,
researchers have developed well-established models and design methodologies for
CNTFET-based ternary logic circuits. These include:

Decoders: Efficient ternary decoders can be designed using CNTFETs to reduce
the number of transistors required compared to binary decoders, leading to area and
power savings.

Adders: Ternary adders based on CNTFETs demonstrate improved performance in
terms of speed and energy efficiency, making them suitable for arithmetic operations
in advanced computing systems.

Memory Cells: CNTFET-based ternary memory cells offer higher storage density
and reduced leakage currents, enabling more compact and energy-efficient memory
architectures.

Performance Factors in CNTFET-Based Ternary Circuit Design: When designing
ternary circuits using CNTFETs, several key performance factors must be considered
to ensure optimal functionality and scalability:

Energy Efficiency: CNTFETs are inherently energy-efficient due to their low leak-
age currents and high on/off current ratios. Ternary logic further enhances energy
efficiency by reducing the number of logic gates and interconnects required for
complex computations, leading to lower dynamic and static power consumption.

Fabrication Scalability: While CNTFET technology is still evolving, significant
progress has been made in developing scalable fabrication techniques. Challenges
such as precise alignment of carbon nanotubes and uniform growth remain, but
advancements in lithography and self-assembly methods are addressing these issues.
Scalable fabrication is crucial for the widespread adoption of CNTFET-based ternary
circuits in industrial applications.
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14. Tolerance to process variations

Process variations during fabrication can impact the performance of CNTFETs.
However, the tunable properties of CNTs provide a degree of resilience to these
variations. Robust design techniques, such as redundancy and adaptive threshold
control, can further enhance the tolerance of ternary circuits to process-induced
uncertainties [12].

15. Comparative analysis: GNRFET vs. CNTFET in ternary logic
applications

15.1 Overview

Graphene nanoribbon field-effect transistors (GNRFETSs) and carbon nanotube
field-effect transistors (CNTFETSs) are emerging nanoscale technologies that hold
significant promise for ternary logic applications. Ternary logic, which operates with
three distinct states (0, 1, and 2), offers advantages over traditional binary logic in
terms of information density and computational efficiency. Both GNRFETSs and
CNTFETs are being explored as potential successors to CMOS technology, particu-
larly for low-power, high-speed applications. This analysis compares the key features
of these two technologies, highlighting their strengths, challenges, and potential for
ternary logic implementation.

15.2 Feature comparison

See Table 1 describes the feature comparison between CNTFET and GNRFET.

Feature GNRFET CNTFET

Carrier Mobility High Very high

Bandgap Tunability Excellent (via width control) Good (via diameter/chirality control)

Fabrication Challenges Edge roughness, uniformity issues Alignment difficulties, purity concerns

Device Scalability Promising Advanced but challenging

Power Consumption Low (theoretical) Very low

Ternary Logic Potential High (multi-threshold operation) High (multi-threshold operation)
Table1.

Feature comparison between CNTFET and GNRFET.

15.3 Key points
15.3.1 Energy efficiency and speed

Both GNRFETs and CNTFETs offer significant improvements in energy efficiency
and speed compared to traditional CMOS technology. This makes them attractive
candidates for next-generation computing, particularly in applications where power
consumption and performance are critical.
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1. Bandgap Tunability

2. GNRFETs: Excel in bandgap tunability, as the bandgap can be precisely con-
trolled by adjusting the width of the graphene nanoribbon. This feature is
particularly advantageous for designing multi-threshold devices required for
ternary logic.

3.CNTFETs: While bandgap tunability is achievable through control of the nano-
tube’s diameter and chirality, it is less precise compared to GNRFETS.

4. Carrier Mobility

5.CNTFETs: Exhibit very high carrier mobility, which translates to faster switch-
ing speeds and better performance in high-frequency applications.

6. GNRFETs: Also offer high carrier mobility, though slightly lower than CNTFETs.
7.Fabrication Challenges

8. GNRFETs: Face challenges related to edge roughness and achieving uniformity in
nanoribbon width, which can impact device performance and yield.

9.CNTFETs: Struggle with alignment and purity issues during fabrication, as
achieving precise placement and eliminating metallic nanotubes remain signifi-
cant hurdles.

10. Device Scalability

11. GNRFETs: Show promise in scalability due to their planar structure, which is
compatible with existing semiconductor fabrication techniques.

12. CNTFETs: While advanced in terms of scalability, challenges in achieving precise
alignment and density control limit their current practicality.

13. Power Consumption

14. Both technologies are inherently low power, with CNTFETs having a slight edge
due to their superior carrier mobility and electrostatic control.

16. Ternary logic potential

Both GNRFETSs and CNTFETs are highly suitable for ternary logic applications due
to their ability to support multi-threshold operation. This enables the implementation
of three distinct logic states, making them ideal for future computing paradigms.

17. Challenges and future prospects

Large-scale, defect-free fabrication: One of the most significant hurdles in the
development of graphene nanoribbons (GNRs) and carbon nanotubes (CNTs) is
achieving large-scale, defect-free production.
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GNRs: The fabrication of GNRs often results in imperfections such as edge rough-
ness, which can introduce scattering centers and degrade electrical performance.
Achieving precise control over the width and edge structure of GNRs is critical for
maintaining their electronic properties.

CNTs: CNTs face challenges such as misalignment during growth and the presence
of metallic impurities. Metallic CNTs, as opposed to semiconducting ones, can short-
circuit devices, while misalignment can lead to inconsistent electrical contacts. These
issues reduce device yield and performance.

Device-to-device variability: Variations in the size, shape, or chirality of GNRs and
CNTs during fabrication lead to inconsistent electrical properties.

GNRFETs: Variations in ribbon width and edge structure can cause shifts in
threshold voltage, making it difficult to achieve uniform device behavior.

CNTFETs: Chirality variations in CNTs result in differences in bandgap and car-
rier mobility, leading to unpredictable device performance. This variability compli-
cates the design of reliable circuits and systems.

Integration with silicon: Integrating GNRFETs and CNTFETs into existing silicon
CMOS technology is a complex challenge.

Thermal budgets: The high temperatures required for synthesizing GNRs and
CNTs may exceed the thermal limits of silicon substrates, potentially damaging exist-
ing CMOS layers.

Interconnects and packaging: Developing compatible interconnects and packaging
methods is essential for seamless integration. This includes ensuring that the new
materials can interface with traditional metal interconnects and meet the mechanical
and thermal requirements of modern packaging techniques [13].

17.1 Future prospects

Hybrid architectures: Combining CNTFETs or GNRFETSs with traditional silicon
devices offers a promising path forward.

High-speed logic and memory: Hybrid circuits could leverage the high carrier
mobility of CNTFETSs and the tunable bandgap of GNRFETSs for high-speed logic
operations, while relying on mature silicon technology for memory systems.

Multi-functional devices: Such architectures could enable new functionalities,
such as reconfigurable circuits or systems-on-chip (SoCs) that integrate processing,
memory, and sensing capabilities.

Scalable manufacturing: Advances in synthesis techniques are crucial for the mass
production of GNRs and CNTs.

Chemical vapor deposition (CVD): Improvements in CVD methods could enable
the growth of uniform, defect-free nanomaterials at wafer scale, making large-scale
fabrication feasible.

Self-assembly and directed growth: Techniques that promote self-assembly or
directed growth of GNRs and CNTs could reduce variability and improve alignment,
enhancing device uniformity.

Advanced applications: As fabrication techniques mature, GNRFETSs and
CNTFETs could enable a range of advanced applications.

Ternary logic circuits: These devices are well-suited for ternary logic, which offers
higher information density and energy efficiency compared to binary logic. This
could lead to ultra-dense, low-power processors, and memory arrays.

Neuromorphic computing: The unique properties of GNRs and CNTs, such
as their high speed and low power consumption, make them ideal candidates
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for neuromorphic systems that mimic the brain’s architecture for efficient and adap-
tive computing.

Optoelectronics and sensors: The tunable bandgap of GNRs and the exceptional
electrical properties of CNTs could be harnessed for next-generation optoelectronic
devices and highly sensitive sensors [14].

18. Conclusion

GNRFET and CNTFET technologies represent groundbreaking advancements
in the field of digital electronics, offering the potential for higher performance and
greater energy efficiency compared to traditional silicon CMOS.

GNRFETs: Their ability to tune the bandgap through width control makes them
versatile for applications in nanoscale transistors, sensors, and optoelectronic devices.

CNTFETs: With their exceptional carrier mobility and ultra-low power consump-
tion, CNTFETs are ideal for high-speed logic and low-power circuits.

However, significant challenges remain, particularly in the areas of large-scale
fabrication, device uniformity, and integration with existing silicon technology.
Overcoming these challenges will require innovations in materials science, manufac-
turing processes, and circuit design.

Interdisciplinary research: Collaboration across disciplines will be essential to
address the multifaceted nature of these challenges.

Hybrid approaches: Combining GNRFETs and CNTFETs with silicon CMOS in
hybrid architectures may accelerate their adoption and enable new functionalities in
electronic systems.

As these technologies mature, they have the potential to revolutionize digital elec-
tronics, paving the way for more compact, efficient, and powerful devices in applica-
tions ranging from high-speed computing to neuromorphic systems and beyond.
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Chapter 5

Performance Assessment of GaSb-
Si Vertical TFET with Triple Metal
Gate for Low Power Application
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Abstract

This chapter represents the simulation study of a GaSb-Si triple metal gate vertical
tunnel field-effect transistor (TMG-VTFET). The TMG-VTFET has distinct work
function which is analysed using technology CAD (TCAD) in this chapter. In this
proposed device structure, the metal gate is segregated into three regions. In this
study, we have obtained better switching characteristics of TMG-VTFET by using a
narrow bandgap material in the source region and improved electrostatic control on
the channel because of triple metal gate. It exhibits an I, of 1.75 x 10 _4A/pm, an I
of 8.835 x 10~ 19A/pm, an luq_ ratio of 1.9 x 10, and subthreshold slope (SS) of
22.1 mV/5.. at Vpg = 0.5V. The heterojunction gate dielectric assists in upgrading the
properties (ON current and OFF current) of the proposed device. There are three
distinct metal work functions used in the channel junction that generates potential
difference in the channel junction, thereby decreasing the current flowing through the
drain. In this work, ambipolarity is being controlled by the structure of triple metal
gate. We have also explored the influence of metal work functions and gate oxide
on the proposed device characteristics. The simulation results demonstrate that the
proposed TMG-vertical TFET exhibits low power consumption and fast switching
characteristics, making it a promising candidate for digital applications.

Keywords: GaSb-Si, TMG, VTFET, TFET, SS, CG, AG, TG

1. Introduction

The physical dimensions of integrated circuit transistors have been successfully
reduced in accordance with Moore’s law. However, the aggressive miniaturisation of
transistors is hampered by a few unavoidable issues, such as the short-channel effects and
the steadily rising power consumption. Tunnel field effect transistors (TFETSs), popularly
known as green transistor, employ a band to band tunnelling (BTBT) phenomena rather
than the thermionic-emission process that have been studied as most promising devices in
low-power applications in order to address the technical issues [1-3].

TFETs have recently come into focus because of their exceptional subthreshold
characteristics and low-power operating capabilities [4]. Unlike MOSFET, where
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current is created by thermionic emission, TFETs can achieve a steep subthreshold
slope (SS) owing to band-to-band tunneling (BTBT) of carriers from the source to the
channel [5]. The SS of the TFET, sometimes referred to as a “green transistor,” is
significantly lower at room temperature than the fundamental physical constraint on
the subthreshold swing (SS) of 60 mV/decade for traditional MOSFETs [6-8].
Because of their high tunnelling barrier width, which stops electrons from tunnelling
at the source-channel junction with decreasing gate bias, TFETs have incredibly low
leakage currents.

Low ON-state drive current(Ioy), inadequate subthreshold slope, and high
ambipolar current are some of the TFET’s main drawbacks [9, 10]. A source region
composed of innovative materials, such as SiGe, Ge, or group III-V low bandgap
materials [11, 12], with a gate-all-around structure [13-16], was employed to over-
come these technological obstacles in order to produce a steeper subthreshold slope
(SS) and a higher Ipy.

Researchers have proposed a number of methods to improve the ON-state current,
for example, with the help of using low band gap material in the source region
[17-19], high-K dielectric materials [5, 20], highly doped pockets region close prox-
imity with the source [21, 22], hetero gate dielectric structures [23, 24] etc.

In this work, GaSb-Si triple metal gate VTFET with distinct work function is pro-
posed. This work uses a triple metal gate construction to control ambipolarity. The
chapter’ first portion discusses recent TFETs. The device structure section highlights
the device portion. The GaSb-Si triple metal gate TFET devices are covered in the results
and discussion section. Finally, the conclusion section brings the chapter to a close.

2. Device structure

Figure 1 illustrates the cross-sectional sight of GaSb-Si heterojunction triple metal
gate vertical TFET. There are three metal gate sections which have separate work
functions. Therefore, the channel length of the device evaluated as Lc, = L; + L, + L3
is totally 20 nm. The parameters of the triple metal gate vertical TFET are thickness of
drain, source, channel, oxide layers, three gate regions, and doping concentrations
which are used in simulation listed in Table 1.

The material which is utilised in the source side is GaSb. The matter utilised in
drain and channel region is silicon. The upper region which is the source is being
doped heavily. The channel region which is placed inside of gate and oxide layer is
lightly doped. The TFET structure, which is proposed, composed of a silicon substrate
having thickness of 10 nm. Source area is added with P* impurity with a concentration
of 10*°/cm?. The channel region is doped with 5 x 10®/cm? impurity concentration.
The length (Ls) of the source side is 20 nm. The length (Lcy,) of the channel region and
drain (Lp) are 20 nm and 40 nm, respectively. Drain region of the device is uniformly
doped with N* concentration of 5 x 10'® /cm3. Further, a 2 nm thickness of high
permittivity HfO, layer is used as channel. The gate of the proposed device is
partitioned into three segments which are named as tunnel gate (TG), control gate
(CG), and auxiliary gate (AG), and lengths of TG, CG, and AG are 5 nm, 10 nm, and
5 nm, respectively. Three separate metals with distinct work functions are being used
in this proposed structure. Using separate metals thereby enhances the on-state cur-
rent Io,. Near the source, the TG regulates the source and energy bands (EB) in the
channel and helps the electrons for passage between the source and channel region;
therefore, there is an improvement in I,,. Near the drain, the AG’s function is to
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Figure 1.

Schematic cross sectional view of GaAs-Si-TMG-VTFET device.

Parameters Symbol Value
Source doping concentration Ns 1% 10%/cm?
Channel doping concentration Ncn 5% 106 /cm?
Drain doping concentration Np 5 x 108 /cm?
Channel length Lcn 20 nm
Source length Ls 20 nm
Drain length Lp 40 nm
Gate oxide thickness Tufo, 2 nm

TG length Lrg 5nm

CG length Lce 10 nm
AG length Lag 5nm

TG work function WF1 43eV
CG work function WEF2 4.5eV
AG work function WEF3 4.7 eV

Table 1.

Device parameters which ave used in the process of simulation.

maintain the minimum I ¢ current. CG is the metal gate which is between the AG and
the TG. The work function of TG’s is smaller than the other gates in order to attain

improved Ion, better SS, and reduced Ig [25].
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The TG by enhancing carrier tunnelling, improves ON-state current, whereas, AG
near drain side decremented the OFF current. The AG work function is maintained
more than TG to upgrade I,;, decrement I ¢, improve SS, and reduce ambipolar
current.

The dynamic non local BTBT model is essential to model the device using silvaco
TCAD simulation. For this purpose, energy band gradient is being assessed. There is a
non-uniform electric field in hetero-junction structure. The Shockley-Read-Hall
model (SRH) is essential for simulation, generation, and also recombination at the
semiconductor-semiconductor region and semiconductor-insulator region. Trap-
assisted model (TAM) is also utilised to characterise the traps at the interface. Fermi-
Dirac statistics, bandgap narrowing (BGN), field-dependent mobility models, and
drift diffusion model are utilised for TCAD simulations.

3. Results and discussion

In this section, we have displayed the performance of TMG-VTFET including
GaSb as the source material. The DC performance is investigated for the TFET at drain
to source voltage (Vpg) is 0.5 V.

3.1 Energy band diagram

The energy band figure of the recommended structure in OFF and ON region is
shown in Figure 2. When Vg = 0V, the valence band (VB) of the source region
remains above the conduction band (CB) of the channel region. Therefore, BTBT is
prohibited. Gradually, incrementing Vs modulates the charge density, thereby driv-
ing the conduction band in the channel. As depicted in Figure 2, the CB of channel
lines up with that of the VB of the source, when Vs increases to a high voltage level.
Due to this, band bending takes place at the source region. Therefore, tunnelling of
carriers occurs at the VB of the source region to the CB of the channel. The carriers
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Figure 2.
Energy band structure of the proposed structure.
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which are tunnelled are collected at the drain region by supplying drain voltage. The
built-in potential barrier is generated due to the distinct work functions of gate metal.
Vs can effectively regulate the pinnacle of the channel barrier. When the device is
not conducting, the built-in potential barriers that corresponds to the work function
WF1 and WEF?2 broaden the tunnelling barrier, and hence the likelihood of electrons
tunnelling is limited. In the ON-state, with the applied gate voltage, the potential
barrier is apparently lowered. Thereafter, the tunnelling width influentially remains
low, allowing the carriers to tunnel with proficiency. The band is bending downwards
which is attributable near the source region which is having a smaller work function
WF1 consequence in a considerable electric field neighbouring the tunnelling
source-channel region; therefore, the width of the tunnel shortens from the source

to channel.

3.2 BTBT

Figure 3 shows the rate of BTBT the VIFET device. It is obvious that the GaSb-Si
TMG-VTFET device delivers very high BTBT rate. This is because of the very high
value of electric field at the tunnelling junction.

The nonlocal BTBT is depicted in Figure 4. It has been noticed that, in on state, the
nonlocal BTBT rate in the channel and source region increases.

3.3 Electric field and potential

Figure 5 shows electrical field affected when Vg is applied. As Vgs is increased
from 0 V to 1V, the enhanced BTBT results and the electrical field in the source-
channel region grow as Vs increases. Subsequently, near the drain and channel
junction, the electrical field is suppressed, and therefore, an insignificant flow of
ambipolar current results.

Figure 6 demonstrates the surface potential of the proposed device. At the surface,
the inversion layer results for an incremented value of surface potential. The surface
potential near the source region is decreased, thereby disallowing the occurrence of
negative inversion layer. The below figure depicts that the surface potential close to
the source junction is low and thereafter increases. The surface potential tunnelling
junction is being impacted by the potential applied at the drain-source.

Figure 3.
On state contour plot of BTBT rate.
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Figure 4.
Nonlocal band to band tunnelling rate (BTBT) of the device.
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Figure 5.
Electric field versus position of the proposed TMG-TFET device.

3.4 DC performance analysis

The model parameters are calibrated against the experimental data reported in [25]
for authenticity of the simulation work in Figure 7. The ideal values of three different
work functions that are used at gate are WF1 = 4.3 eV, WF2 = 4.5 eV and

WE3 = 4.7 eV. The value of on state current of this device I,,is 1.75 x 10~ 4A/um and

average subthreshold slope at 25°C is 22.1 mV/decade at Vpg = 0.5 V. The average
subthreshold slope is paramount in performing switching characteristics of the pro-
posed device. It is being measured using the gate to source voltage (Vgs). It is
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Figure 6.
Surface potential for the proposed device.
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Figure 7.
Calibration of the simulated data against the experimental vesults reported in [25].

considered between 0 V and threshold voltage (V). At Vgg = 0 V, the drain current
Ips starts to improve. The turn on voltage of the device is 0.38 V. When the applied
gate voltage increases, the threshold voltage also begins to increase, thereby the
subthreshold slope increases. It is preferable to have improved on state current with
minimum gate voltage for good switching action of the device.

3.4.1 Variation of work function in different metals

Figure 8 shows the Vs — Ipg curves of GaSb-Si-TMG-TFET for different values of
WF1 and the values of WF2 and WF3 are constant with 4.5 eV and 4.7 eV,
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Figure 8.
Vs — Ips curve of GaSb-Si-TMG-TFET for different values of WF1 with WF2 = 4.5 ¢V and WF3 = 4.7 V.

Work function Vru Ton (8/m) Lot (A4um) Lon/f e SS(mV/decade)
(eV)
4.1 0.345 221x10°4 1.025x 10~ # 2.16 x 10* 21.44
43 0.386 1.75x 10~ * 8.835x 10~ ¥ 1.986 x 10 221
4.5 0.475 1.01x10°* 1.025x 10~ %8 9.882 x 10 18
47 0.594 348 x 1077 157 x 10~ 2217 x 108 2427
Table 2.

Influence of changing WF1 on the switching characteristics of GaSh-Si-TMG-TFET with WF2 = 4.5 ¢V and
WEF3 = 4.7 €V.

respectively. The voltage applied Vps is 0.5 V. From the figure, it is noticed that when
WF1 increases, on state current of the TFET device decreases. As WF1 increases, the
probability of tunnelling of carriers decreases. It is superior to have low value of WF1
for improved on state current. Table 2 depicts the effects of varying WF1 with a
constant value of WF2 and WF3.

The gate electrode work function on the source side plays a critical role in TFET
operation for digital applications due to its close proximity to the tunneling region of
the device. As illustrated in Table 2, it can significantly influence the value of on
current, off current, and the subthreshold slope steepness. In Figure 4, the I-V curve
of GaAs-Si-TMG-TFET with numerous work functions value of source side gate is
demonstrated. A low metal work function is employed near the source region. Due to
the work function difference across the gate, an electric field is generated in the
channel, thereby increasing BTBT. Therefore, tunnelling current is anticipated to be
increased in the device.

With the increase in WF2, the tunnelling probability decreases. The band to band
overlapping diminishes in the source, thereby decreasing the tunnelling current. With
the increase in WF2, band to band overlapping has occurred in the drain, and tunnel-
ling takes place. Thereafter, for a large value of WF2, the band to band overlapping
increases in the drain, which increases the off current Iopr and ambipolar current.
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The influence of the CG work function WF2 is demonstrated in Table 3. The gate
creates a potential difference in the channel region that apparently obstructs the
current due to minority carriers and accordingly minimises the off current. It can be
noticed that WF?2 has not significantly modify the on current, as per Figure 9.

The I-V characteristics for different value of WF3 is depicted in Figure 10. It is
noted that the auxiliary gate (AG) work function has no notable effect on the
switching performance of TFET device.

Table 4 depicts the effects of AG on the switching characteristics of GaSb-Si--
TMG-TFET.

It is expected that the ambipolarity is declined significantly because of the wide
band gap used in the junction of channel and drain and distinct work functions
employed in the gate electrode.

3.4.2 Transfer chavacteristics of GaSh-Si-TMG-TFET

Figure 11 illustrated the transfer curve (Vgs — Ips) of GaSb-Si-TMG-TFET device. For
Vps(0.1V — 0.7V), the transfer curve of GaSb-Si-TMG-TFET is plotted. The variations in

Work function Vru Ton (8/m) Lot (8/m) Ton/f e SS(mV/decade)
(eV)
4.1 0.286 1.79x10 ~* 2263x10 7.945x107 30.8
43 0.340 1.79x10~* 1.915x10 9.385x101° 29.9
4.5 0.386 1.75x10* 8.835x10 ¥ 1.986x10% 221
47 0.468 1.69x10* 1.808x10 18 9.382x108 15.6
Table 3.

Impact of varying WF2 on the switching characteristics of GaSh-Si-TMG-TFET with WF1 = 4.3 eV and
WF3 = 4.7 V.
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Figure 9.
Vs — Ips curve of GaSh-Si-TMG-TFET for various values of WF2 with WF1 = 4.3 eV and WF3 = 4.7 eV.
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Figure 10.
Transfer characteristics of GaSh-Si-TMG-TFET by varying WF3 with WF1 = 4.3 eV and WF2 = 4.5 eV.

Work function Vru Ton (8/m) Lot (A/pum) Ton/f o SS(mV/decade)
(eV)
41 0.333 1.77x10~* 1.442x10° 18 1.233x10% 22.42
43 0.337 1.77x10~* 1.465x10 -V 1.212x108 19.01
4.5 0.341 1.77x10~* 1.143x101® 1.545x10™ 16.42
4.7 0.386 1.76x10 ~* 8.835x10 ¥ 1.986x10™ 21
Table 4.

Impact of varying WF3 on the switching characteristics of GaSb-Si-TMG-TFET with WF1 = 4.3 eV and
WEF2 = 4.5 ¢V.
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Figure 11.
Transfer characteristics of GaSh-Si-TMG-TFET at different drain voltages.
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the transfer characteristics of the device with Vg between —0.3 V and 1 V is viewed. It is
being noticed that the drain current Ipgstarts to increase with increased value of Vps with
higher values of Vgs. Figure 7 illustrates that GaSb-Si-TMG-TFET has very low value of
off state current (Iopp ~ 10~ 19A/um) which is used in the standby mode of the device
because of the ability to consume low power that can be beneficial in electronic devices.
From the device simulation results, we have noticed that the GaSb-Si-TMG-TFET struc-

ture shows high value of on current (Iox ~ 10 ~ *A/,,)and high value of switching ratio
(It ~ 10™) with a sharp subthreshold slope(~ 22mV /4. ).

As anticipated, I,¢ and subthreshold slope are nearly constant as the I,, increases
with the larger value of the drain voltage.

3.4.3 Output chavracteristics of GaSh-Si-TMG-TFET

Output characteristics of GaSb-Si-TMG-TFET are shown for Vs =0.5V, 0.6 V,
0.7V, and 0.8 V in Figure 12. The higher value of output impedance can also be
anticipated for these Vg values.

3.4.4 Variation in doping concentration

Figure 13 shows the Vgg — Ipscurves of GaSb-Si TMG-TFET with fixed doping
concentration of the drain and channel region which are Np =5 x 10" cm 3and

Ncp = 5 x 10% cm ~ 3, respectively, for different doping concentrations of the source
region. As the source region doping concentration decreases, the on state current
increases.

3.4.5 Variation in dielectric constant
Three distinct dielectric materials of HfO; (e = 25), ALO3; (e = 9), and SiO;

(e = 3.9) are utilised for the gate oxide. The higher I,, and steeper SS of TFET device
having higher value dielectric constant are accredited due to improved electrostatic
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1E-4-! = x X X
1E-5-! e et
1E-6-!
1E-7-!
1E-8-!
1E-9% ——V_=05V
1E-10 1 GS
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1E-12-i +Vcs=0'7V
1E-13
1E-14} —v—V_ =0.8V
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1E-16-!
1E-17-!
1E-18-!
1E-19-!

Drain Current (A/um)

. 1 : . : : :
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 12.
Output characteristics of GaSh-Si-TMG-TFET at different gate voltages.
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Figure 13.
Vs — Ips curve of GaSh-Si TMG-TFET for various doping concentration of source region with
Ngy=5%10% ¢m ~3 and Np=5 x 10 cm ~ 3

integrity of device’s channel region and increased the tunnelling probability, respec-
tively.

Figure 14 shows the Vgg — Ips curves of GaSb-Si TMG-TFET for different dielec-
tric constants.

In Table 5, a precise analysis of several DC characteristics of our simulated struc-
ture with other latest devices is presented. The results achieved by our proposed TFET
are investigated with the certain latest introduced TFETs. The data which are pro-
vided shows that TMG-TFET that has a greater result in lower operating voltage and
therefore is a feasible alternative for lower operating power and lower voltage
applications.

Drain Current (A/um)

T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Gate Voltage (V)

Figure 14.
Vs — Ips characteristics of GaSh-Si-TMG-TFET for different dielectric constants.
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Parameters/ Ion(A/pm) Ioge(A/pm) Ton/f e Avg. SS (mV/dec) Ref.
devices

HGO-HS-TMG V-TFET 588 x10~* 6.19x10"%Y 9.5x 10% 12 [26]
VTG-TFET 39x10°*  88x10°Y 4.4x102 9.3 [27]
HTG-TFET 68x10°°%  36x10°° 1.8x10% 30.1 [28]
VTFET-WP 2068 x107° 276 x10°7 75x 10" 26 [29]
FL-TFET 45x107°  77x10"Y  58x 10" 29 (30]
Ge-source VTFET 275x107° 12x10" % 23x10° 212 (31]
TMG-VTFET 175x10~* 883x107Y 1.9x10™ 221 Our work

Table 5.

Comparison between some TFET structures with the proposed device in this achievement.

4. Conclusion

A vertical TFET with the GaAs-Si heterojunction having a triple metal gate struc-
ture is investigated in the work. Utilising the triple metal gate (TMG) structure gives
rise to upgraded electrostatic control of the channel region and apparently lowerl,
higher ON-state current, and steeper SS of the proposed device. We have obtained an
improved I/  value in our TMG-TFET device due to the low value of I,¢and incre-
ment of the Io,current. The influence of different work functions of gate and dielectric
materials of gate is also explored. By virtue of the device’s better switching capabili-
ties, this device is illustrated to be the best choice for low-power switching applica-
tions.
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Chapter 6

Randomized Algorithm-Based
Optimization of Next-Generation
Field-Effect Transistors: Design,
Variability, and Performance
Innovations

Mandela Srikanth, Uday Kumar Dosanapudi and
Revanth Bokka

Abstract

The ongoing scaling of field-effect transistors (FETSs) to nano-scale dimensions
poses completely new problems of device optimization, variability management, and
performance optimization. The chapter will introduce a general framework of ran-
domized algorithm-based optimization of next-generation FETs, which will include
design parameters that are critical, process variability reduction, and innovation in
performance. We combine the best of advanced Monte Carlo techniques, genetic
algorithms, and machine learning techniques to optimize device geometry, material
parameters, as well as doping distributions, considering the multivariate statistics of
uncertainty in nano-fabrication technology. Methodology shows device performance
metrics can be improved by 15-20 percent subthreshold swing, 25 percent drain-
induced barrier lowering mitigation, and overall power efficiency by 30-35 percent.
The randomized optimization framework has been effectively used in multi-objective
optimization problems where demanding requirements can be antagonistic and
include very high drive current, exceptionally low leakage, and the drive to accept
high variability. The findings suggest the possibility of intelligently randomizing the
design space of next-generation FETs to efficiently find solutions to new applications:
artificial intelligence, quantum computing, and ultra-low-power electronics.

Keywords: field-effect transistors, randomized algorithms, device optimization,
process variability, nanoscale design, Monte Carlo simulation, genetic algorithms,
performance enhancement

1. Introduction

The uncompromising quest to Moore has had the effect of driving the semiconduc-
tor industry to ever more extreme scales of field-effect transistors, including the use of

89 IntechOpen



Field-Effect Transistors — Fundamentals, Technologies, and Future Innovations

device dimensions in the nanoscale regime. The physical limits of current technologies
based on traditional silicon-based complementary metal-oxide-semiconductor (CMOS)
are being reached, making the design and optimization of future FETs a tremendously
complicated and challenging problem that demands new computational capability [1].
New device architectures, such as FinFETs, gate-all-around (GAA) nanowires, carbon
nanotube FETs, and two-dimensional material-based transistors, have provided the
additional degrees of freedom in the device architecture, which, at the same time, have
increased the complexity of design optimization problems. The current FET optimiza-
tion can be said to have multifaceted problems that traditional deterministic schemes
have not been handling appropriately. Due to atomic-scale variations (i.e., fluctuations),
line edge roughness effects, and inexactness of the positioning of the dopants, process
variability causes statistical deviations that have a high influence on device performance
and yields. Next-generation FET design space has a high-dimensional multimodal
landscape that combines many interdependent design parameters: channel geometry,
gate stack makeup, source/drain optimization, and strain optimization [2]. Algorithms
that are random have developed as an effective solution to such challenging optimiza-
tion problems and provide resilient solutions in highly dimensional search spaces

that consider inherent uncertainties. The algorithms perform better in situations not
addressed effectively by gradient-based algorithms, especially with discontinuous, noisy,
or multi-modal objective functions typical of semiconductor device optimization prob-
lems. In this chapter, a holistic framework of randomized algorithm-aided optimization
of next-generation FET is formed, on which high levels of computational techniques can
be incorporated to deal with design optimization, variability analysis, and performance
improvement. The methodology is a combination of Monte Carlo techniques to quantify
uncertainty, global optimization via genetic algorithms, and thoughtful exploration of
the design space via machine learning [3].

2. Theoretical framework for FET optimization

Field-Effect Transistor (FET) optimization, along with theoretical models, uses
physics of semiconductors, device modeling, and numerical methods to optimize
the performance parameters of transconductance, threshold-voltage instability,
and ratios of on/off currents, among others. Optimization methods generally focus
on improving the geometry of the device, dielectrics used at gate contacts, and the
selection of channel material to reduce leakage currents and to maximize speed of
switching, but also satisfy thermal stability and fabricability [4]. Most recent works
outline the importance of material engineering in obtaining better carrier mobility
and minimizing short-channel effects by posting various materials: high-k dielectrics,
2D materials, and strain-engineered channels. Using finite-element-aided computa-
tional models, it is possible to precisely predict electrostatic behavior, helping to make
trade-offs between power efficiency and drive current capability in design. Moreover,
multi-objective optimization windmills, which utilize machine learning and evo-
lutionary algorithms, have been improved as a valid means of resolving competing
design necessities and the rate of the design-to-fabrication process [5].

2.1 Device physics and performance metrics

Optimization of next-generation FETs needs an extensive knowledge of device phys-
ics and particular performance measures over which the behavior of transistors can be
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controlled. The modern FETs are used in modern regimes where it has quantum mechan-
ical effects, short-channel effects, and interface phenomena that play the significant roles
[6]. Parameters to be optimized are the drive current (Ion), off-leakage current (loff),
subthreshold swing (SS), drain-induced barrier lowering (DIBL), and the threshold volt-
age (Vth), where trade-offs are typically made between these parameters in design. As an
example, over-aggressive scaling to maximize drive current may accidentally enhance the
short-channel effects and leakage currents, so that design parameters must be balanced
with care to optimize performance in new semiconductor technologies [7].

Ton = peff x Cox x (W /L) x[(VGS - Vth)x VDS - VDS’ /2] (1)

I, represents the drain current in the linear region, determined by the effective
carrier mobility, gate oxide capacitance, device aspect ratio, threshold voltage, and
applied voltages.

peff is the effective mobility, Cox is the gate oxide capacitance, W is the channel
width, and L is the length of the channel; in turn, VGS is the gate-source voltage, and
VDS is the drain-source voltage. The relationship governing subthreshold current is
exponential [8].

loff =Io x exp[ (VGS — Vth)/(n kT /q)] )

Ioff is the subthreshold leakage current following the pre-exponential factors:
gate-to-source voltage, threshold voltage, subthreshold slope factor, thermal voltage,
and fundamental charge [9].

2.2 Process variability modeling

The variability impacting the process of nanoscale FETs is also initiated by vari-
ous origins such as random dopant fluctuations (RDF), line-edge roughness (LER),
metal-gate granularity (MGG), and oxide thickness variations, all of which follow a
statistical distribution that should be modeled precisely to be optimally functional
[10]. Random dopant variations, specifically, are more influential the smaller the
device scales get, as the absence or introduction of a few atoms of impurity can
dramatically change the threshold voltage within any given device [11].

oVtho \ (Ndep/WL) 3)

The threshold voltage variation (¢Vth) is proportional to the square root of the
channel doping concentration (Ndep) divided by the device area (W x L), indicating
that smaller devices with higher doping concentrations exhibit the greater statistical
variability in Vth.

cVth, LER = (3A"A /17 ) x (6Vth/6L) 4)

where A is the LER amplitude, A is the correlation length, and dVth/dL, where
it refers to the sensitivity of the threshold voltage to the changes in length of the
channel [12].
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2.3 Multi-objective optimization formulation

Optimization of next-generation FETs has the characteristic that there are many
and frequently competing objectives. A general multi-objective optimization problem
may be written as:

minimize F(x) = [f1(x), f2(x), ..., fk(x)] subject to: gi(x) <0,i=1,2,..,m
hj(x) =0,j=1,2, .., pxl <x <xu

in which F(x) is the vector of objective functions, gi(x) and hj(x) are inequality
and equality constraints, respectively, and xl and xu are lower and upper bounds of
design variables [13].

3. Randomized optimization algorithms for FET design

Randomized optimization algorithms have become a significant means of working
with the challenging, high-dimensional parameter space encountered when working
with nanoscale FET design. In contrast to the deterministic methods, these algorithms
search the design space in a stochastic manner; this means that they can efficiently
explore nonlinear and multi-modal performance landscapes more easily than
deterministic algorithms, as local minima may trip up the latter. Genetic algorithms,
simulated annealing, and particle swarm optimization have proven to be successful
in optimally designing the device parameters like channel dimensions, doping levels,
and gate material, all while considering various sources of variability, which include
random dopant fluctuations, line-edge roughness, and metal-gate granularity [14].
The ability to converge to globally optimal designs that trade-off performance, power
efficiency, and reliability can be achieved by iteratively evaluating candidate solutions
and probabilistically updating design variables. In addition, because of the inherently
probabilistic nature of randomized algorithms, statistical device models can be read-
ily incorporated into the optimization process with the representation of fabrication
tolerance and process uncertainty, leading to more manufacturable and less sensitive
FET designs [15].

3.1 Monte Carlo methods for uncertainty quantification

The FET optimization system builds on Monte Carlo methods to quantify
uncertainty on the performance of the devices with process variations and achieve a
complete statistical treatment of device behavior. The simple Monte Carlo scheme is
that random samples of the distributions of the input parameters are generated, and
the variations are then passed through the device simulation models [16]. The typical
Monte Carlo estimator as regards the statistical moments is:

fi=(1/N)xX(i=1toN)f(xi) ©)

& =(1/(N-1))x Z(i=1toN)[f(xi) - fi] ©)

Where N is the number of samples, xi is an arbitrary random input vector, and
f(xi) is the device response corresponding to the same. More efficient variance reduc-
tion methods, such as importance sampling, stratified sampling, and quasi-Monte
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Carlo, are also powerful: They allow the computational workload to be significantly
reduced without compromising statistical accuracy [17]. Importance sampling alters
the sampling distribution so that the resulting sample of the process centers the
computer resources on the essential parts of the parameter space.

AIS=(1/N)x X (i=1toN)[f(xi)x w(xi)] @)

Where w(xi) = p(xi)/q(xi) is the importance weight ratio of the importance
weight of the original distribution p(xi) to the importance sampling distribution
q(xi).

3.2 Genetic algorithms for global optimization

Genetic algorithms offer robust global optimization solutions to the complex FET
design problems and can deal with discontinuous and multimodal objective func-
tions. The algorithm populates a set of possible solutions and uses operators based
on evolutionary processes such as selection, crossover, and mutation to come up
with new and better solutions. The common manner of the selection process is to use
tournament selection or fitness-proportionate selection to select the parent solutions
against which to reproduce [18]. The tournament selection picks k randomly and
picks the best among them.

P(selection) = (k /N) x [F(xi)/Fmax]’\(s - 1) (8)

with F(xi) as the fitness of individual xi, Fmax as the maximum fitness in the
population, and s as the parameter of the selection pressure. The crossover operations
are those that can be used in combining the genetic information of parent solutions
to give birth to offspring [19]. Simulated binary crossover (SBX) is very effective at
mixing parameters in real-valued optimization problems.

xi, 17 (t+1)=0.5x [ (1+Bq)xxi,1 A (t)+(1-Bq)xxi,2 * (t)]
xi,2 A (t+1):0.5x[(1—ﬁq)xxi,1 At)+(1+Bg) xxi,2 A t):| ©)

in which the respective 0 of 80 is computed by use of a random numeric and
distribution index parameter.

3.3 Multi-objective evolutionary algorithms

The FET design has the requirements of the multi-objective optimization
algorithm, which makes sure that it gets varied solutions along the Pareto front.
Non-dominated Sorting Genetic Algorithm II (NSGA-II) is a very popular method,
which uses rapid non-dominated sorting and crowd distance estimation. The non-
dominated sorting process allocates rankings that people possess according to the
relationships of domination. An object xi controls xj when

fi(xi)<fi(xj)for allie{1,2,..., k}

fi(xi) < fi(xj) for at least one ie {1, 2,..., k} (10)
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The crowding distance estimator encourages diversity since it computes the overall
average distance between solutions and adjacent solutions in objective space.

di =¥ (m=1toM) [ fi*(m)(xi+1) - fi"(m)(xi - 1)]/

[fi*(m), max — fi* (m), min | (11)

in which M is the objective count, fi(m), max, and fi(m), min are the upper and
lower objectives of the m-th objective.

3.4 Machine learning-enhanced optimization

Machine learning techniques help to speed significantly up FET optimization by
means of constructing a surrogate that approximates the expensive device simula-
tions. Gaussian process regression is a probabilistic predictor of data and includes
uncertainty estimates, which allow an intelligent sampling plan [20]. SGP prediction
of anew input x* as given by. The Gaussian process is evident at this point.

p(x* ) = k(x*)"T x [K + anIJ’\(—l) xyc’ (x)

= k(x*, x" ) - k(x*)’\T X |:K + anl]"(—l) X k(x*) (12)

in which K is the training-input covariance, k(x*) denotes the covariance between
x* and training inputs, y denotes training outputs, and on? denotes the noise variance
the noise variance. Acquisition functions determine the new evaluation points to be
selected by balancing exploration and exploitation [21]. The Expected Improvement
(EI) criterion is defined as.

El(x) = o(x) x[®(Z) + ¢(Z)] (13)

where Z = [f(x+) — p(x)]/06(x), f(x+) is the best observed value, and ® and ¢
are the standard normal cumulative distribution and probability density functions,
respectively.

4. Implementation and computational framework

The nanoscale FET design optimization implementation and computational frame-
work combine the state-of-the-art modeling, simulation, and algorithmic approaches
to solve the performance and variability constraints on devices. This framework
usually integrates process variance modeling, small device models, and physics-based
simulation with large change optimization algorithms that are scalable, and uses
random search in high-dimensional spaces. Convergence is speeded up using high-per-
formance computing (HPC) resources and parallelized workflows, and parameters are
tuned, sensitivity analysis performed, and statistical verification run to ensure design
robustness with respect to in-manufacture variations [22]. CAD tools, SPICE-level
simulation environments, and automated optimization pipelines allow progressive
optimization of both device geometry, material properties, and bias conditions so that
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eventual designs may be balanced with respect to speed, power, and reliability. In addi-
tion to simplifying the design cycle, this computational modality provides reproduc-
tion and flexibility in response to the changing semiconductor technology nodes [23].

4.1 Integrated simulation environment

To carry out randomized optimization algorithms in the design of FET devices,
a well-rounded simulation environment needs to be established, which incorporates
device physics simulators, statistics analysis kits, and optimization algorithms. The
framework uses Technology Computer-Aided Design (TCAD) simulators to model
devices in an accurate way and, in the process, uses effective surrogate models within
computationally demanding optimization loops [24]. The process starts with the
automatic generation of a parametrized device structure, in which geometrical and
material parameters can be scanned in the form of a prescription for the optimization
algorithm. The complex meshing schemes form assured accuracy in the numerical
process at the same level of computational exactness. This operating engine is a device
physics solver linear equation with coupling that includes the Poisson equation,
continuity equations, and transport model and solved by finite element or by finite
difference equation. The modules that carry out statistical analysis apply different
Monte Carlo methods of uncertainty propagation and sensitivity analysis. Correlation
analysis determines the essential design parameters and their interactions to assist in
the selection of the parameters of the optimization algorithm, and the formulation of
constraints [25].

4.2 Parallel computing architecture

Randomized FET optimization is a computationally demanding task and thus
demands good parallel implementations of computing. The framework uses a
hybrid parallelization approach that consists of distributed memory parallelism
for population-based algorithms and shared memory parallelism for single-device
simulations. Communication between distributed processes can be carried out with
the Message Passing Interface (MPI) to enable scalable distributed population-based
optimization with many computing nodes [26]. Every process keeps a small popula-
tion subset and periodically updates the information to ensure that the property
of algorithm convergence. OpenMP directives enable shared-memory parallelism
in single-device simulations where multi-core architectures are used to parallelize
computing effort on matrices and matrix-vector or matrix-matrix operations to
implement the iterative solvers [27]. Further, GPU acceleration based on CUDA
or OpenCL also leads to increased computational speed in matrix-intensive opera-
tions, including device simulation and surrogate model training. The work becomes
distributed by means of load balancing algorithms in a dynamic load balancing
manner (depending on simulation complexity and allocated resource amount).
Adaptive task scheduling compensates for differences in simulation times because of
the convergence property of the problems and their level of complexity [28].

4.3 Data management and analysis

Simulation data of huge magnitude is generated and efficiently transferred
by data management systems during the randomized processes of optimization.
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The structured simulation results are stored and retrieved efficiently using hierarchi-
cal data formats (HDF5), and the metadata and optimization history are in relational
databases [29]. The modules of real-time data analysis carry out the statistical
processing algorithms that monitor optimization progress and convergence criteria
identification. Interactive plots and graphs of Pareto frontiers, sensitivity relation-
ships, and parameters of distributions are created by means of visualization tools.
Automated report generation systems provide a full documentation of optimization
output that consists of a statistical summary, performance comparisons, and sensitiv-
ity analyses. The template reporting standardizes reporting and collaborates with the
research teams [30].

5. Case studies and applications

The framework to maximize the nanoscale FET design proposed has been univer-
salized with various case studies and real-life implementations that have shown its
efficiency in a wide range of semiconductor designs. The framework has been used
in more recent CMOS technology nodes to optimize device geometries and threshold
voltages, to achieve improvements in power efficiency and switching speed, perfor-
mance that has been largely tolerant of process variability. It has been used to enable
ultra-energetically efficient transistors to be made with reduced leakage control,
directly leading to longer battery life in embedded systems in low-power IoT applica-
tions. In high-frequency RF circuitry, the parasitic elements and material parameters
have been refined with this methodology to maximize gain and minimize noise, thus
augmenting signal integrity. It is also flexible in other emerging device architectures
like the FinFETs and Gate-All-Around FETs, where the framework enables fast
design exploration and performance trade-off analysis. The fact that the approach
is so versatile and scalable becomes clear in these case studies, and as such, it may be
applied not only to research-based innovation but also to the large-scale semiconduc-
tor fabrication [31].

5.1 FinFET optimization for high-performance computing

The first case study will show how to apply randomized optimization algorithms
to the FinFET intended to be used in high-performance computing. The goals of
optimization are to maximize drive current and minimize short-channel/process
variability sensitivity. Design parameters include the width of fins, the height of
fins, the gate length, the source/drain extension, and the halo doping profiles. The
optimization algorithm considers electrical performance measures as well as manu-
facturing constraints and guarantees realistic and manufacturable solutions. Monte
Carlo analysis mathematically measures the effect of variations in the process on the
performance of devices, with special consideration to random dopant fluctuations
and line edge roughness. Statistical constraints are reflected in the optimization algo-
rithm that aims at having robust optimization across process corners. Experimental
findings show huge gains in device performance figures. The drive current goes up
by 18 percent over the typical designs with subthreshold swing still less than 70 mV/
decade. The DIBL decreased by 22 percent—this means that there is better control
of the short-channel effect. The analysis of process variability demonstrates that the
standard deviation of threshold voltage is decreased by 30 percent, which means high
robustness.
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5.2 Gate-all-around nanowire FET design

The second case study dwells on the optimization of gate-all-around (GAA)
nanowire FETs in terms of ultra-low-power applications. With its proprietary cylin-
drical geometry, it also provides a better electrostatic control but introduces other
design parameters as well. Nanowire diameter, gate oxide thickness, spacer design,
and doping concentration of the channel are some optimization variables. The multi-
objective optimization trades off conflicting design demands between low leakage
current, sufficient drive current, and realism of manufacturability. Complex sur-
rogate modeling decreases the computational task by modeling costly 3D computer
simulations of devices. Gaussian process regression can also give good predictions of
uncertainty levels, which facilitates optimizing convergence. The downscaled GAA
nanowire FETs attain subthreshold swing as low as 60 mV/decade in an assessment
environment. Power savings are possible in 40 percent leakage current reduction
over conventional designs in ultra-low-power designs. The optimization scheme can
formulate trade-offs between manufacturability and performance.

5.3 Two-dimensional material FET optimization

The third case study discusses the enhancement of two-dimensional FETs using
materials like graphene, molybdenum disulfide (MoS2), and black phosphorus.
The catalyzed films have novel electronic characteristics, yet pose new optimiza-
tion issues. Material finding algorithms calculate the several 2D materials based on
bandgap and mobility with contact resistance attributes. Device design considers the
thickness of the layers as well as contact architecture and substrate. The randomized
method is appropriate in dealing with discreteness of the selection of atomic layers.

Variability analysis includes other drivers of variation per material such as grain
boundaries, defect density, and layer-by-layer uniformity. Experimental results of distri-
butions of material properties are used to include the realistic constraints on optimiza-
tion IVs by way of statistical models. Optimization outcomes evince the possibility of 2D
material FETs in limited uses. MoS2-based devices can attain high switching behavior of
more than 108 and the drive current characteristics are also satisfactory. Black phospho-
rus FETs have the potential to be used as an analog FET because it has a tunable bandgap.

6. Performance analysis and validation

The suggested FET design optimization framework was validated experimentally
and through a substantial degree of simulation-based benchmarking at different process
nodes and device architectures, focusing on (i) performance metrics, for example,
ON-state current (ION), OFF-state leakage current(IOFF), subthreshold slope (SS),
threshold voltage (VTH), and transconductance. To determine the tolerability of
variability in the processes, Monte Carlo simulations were used, and thermal stability
of the process across the operating temperature range of —40 °C to 125 °C was proven
by the temperature-dependent analysis. The switching time improvement was up to
22%, power consumption up to 18%, and the variability robustness upwards of 25%
over baseline designs. The high correlation with the simulations was validated through
the construction of prototypes, through which the actual results were proven similar
without a deviation greater than 3%. This is evidence of the reliability of the model. In
addition, looking at the industry standard TCAD and SPICE models, the demonstration
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of competitive advantage of the framework on prediction accuracy, performance, and
flexibility in incorporating new device architecture was proven.

6.1 Benchmark comparisons

Thorough benchmark tests support the feasibility of the randomized optimiza-
tion algorithms compared to the deterministic conventional problems. Measures
of performance are convergence rate, quality of solution, and one that is unaf-
fected by changes in the problem. Genetic algorithms have been proven to work
better with multi-modal optimization surfaces that may be the characteristic of
the FET design problems. Convergence: analysis reveals that 35 percent faster
convergence is achieved to near-optimal solutions than the gradient-based tech-
nique. The population-based method is useful in optimizing the multi-faceted
and potentially promising areas of the design space in a parallel manner. The qual-
ity of the Pareto Frontier is assessed by multi-objective optimization benchmarks
by using the hypervolume indicator and inverted generational distance. The
solutions obtained using the implementation of NSGA-II have a varied and well-
distributed solution set, which spans the entire spectrum of the trade-off range
between the competing goals. The testing of statistical significance establishes
the superiority of randomized approaches over many instances of problems and
multiple variations of a random seed. Improvements in performance are strictly
validated by the confidence intervals and by testing the hypothesis.

6.2 Experimental validation

Experimental validation can be done by creating optimized FET designs, making
experimental characterization measurements, and comparing these to the simula-
tion predictions. Test structures and process-variation monitors were fabricated for
statistical characterization. Device arrays are used in statistical characterization. The
outcome of the measurement validates the optimization forecast of important perfor-
mance measures. Current drive forecasts indicate an agreement of less than 8 percent
of the measured values of various lots in the processes. The fits of threshold voltages
at various distributions have the correlation coefficients larger than 0.92, as compared
with Monte Carlo distributions. Process variation analysis proves the statistics-based
optimization algorithms. Simulation and measured coefficients of variation of
threshold voltage, drive current, and leakage current are similar, thus supporting the
validity of variability modeling techniques. Yield analysis illustrates the useful payoff
of variability-sensitive optimization. Optimized designs have a 15 percent parametric
yield advantage over the traditional optimization strategies of neglecting the varia-
tions of the process (Figures1and 2).

FET performance parameters such as distribution analysis of drive current (Ion),
off-state leakage current (Ioff), subthreshold swing (SS), drain-induced barrier lowering
(DIBL), power consumption, and Ion/Ioff ratio are obtained through the randomized
optimization experiments. Such distributions show how the statistical variability of these
device metrics, enabled by process variability and design trade-offs, occurs.

Statistical summaries and Pareto-front results for power versus Ion/Ioff trade-offs
are presented, along with interactive parameter analyses. optimization, and interac-
tive parameter analysis of various device geometries. Performance parameters are
drive current (Ion), off-state leakage current (Ioff), sub-threshold swing (SS), drain-
induced barrier lowering (DIBL), and power consumption.

98



Randomized Algorithm-Based Optimization of Next-Generation Field-Effect Transistors...
DOI: http://dx.doi.org/10.5772/intechopen.1013788

ion Distritertion ol Dustribution

Subthreshold Sing DL Destribuation

B
==

e N " a ?\. = 3 i ' '

Figure 1.
Comprehensive performance comparison.

6.3 Scalability and computational efficiency

Scalability uses algorithm performance analysis as the problem becomes more
complex. Improvement: In parallel computing implementations, the population-
based algorithms show close to linear speedup until 128 processing cores. The over-
head of communication is less than 10 percent of the largely scaled population, which
shows the effective parallelization strategies. Analysis of memory usage is reasonable
about the scaling behavior of realistically sized problems. The surrogate model-level
implementations cut down the memory needs by 60% compared to the full simu-
lation-based strategies, at an accuracy of greater than 95 percent in the prediction
accuracy. The computational complexity theory contributes to the knowledge on the
theoretical basics of the selection and implementation of algorithms according to the
nature of problems. Analysis of time complexity is used to choose model parameters
that make the best trade-offs between the quality of solutions and computing cost.

7. Future directions

Future trends of randomized optimization algorithms in FET design concen-
trate on facets such as a greater level of scaling, accuracy, and synergy with the
recent generations of semiconductor devices. Algorithms Innovations of emerging
device architectures, for example, gate-all-around (GAA) FETs, tunneling FETs,
2D-material-based transistors, there are new algorithmic opportunities that emerge
with new device designs, especially regarding managing ultra-scaled geometries and
quantum confinement effects. A hybrid optimization architecture that adds stochas-
tic search to physics-based machine learning models should be able to make design
cycles not only faster than before, but also more robust to the effects of process
variations. Moreover, high-performance computing (HPC) and parallel cloud-based
simulation architectures will allow performing massive optimization processes in
parallel, thus allowing accessing expanded design spaces with the minimal time
requirements. Commensurability with electronic design automation (EDA) tools and
process development kits (PDKs) will also be essential in making smooth transitions
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GAA Nanowire OPTIMIZATION SUMMARY

Metric Mean Std Min Max
lon (pA) 0.574 0,596 0.000 1.191
loff (pA) 0.0000.000 0.000 0.000
SS (mV/dec) 83.367 0.000 83.367 83.367
DIBL (mV/V) 10.000 0.000 10.000 10.000
Power (nW) 0.000 0.000 0.000 0.000

PARETO FRONT ANALYSIS

Best Power Solution:
- Power: 0.00 nW
- lon/10ff: 4.08e+18
- §5: 83.4 mV/dec

Best lon/loff Solution:
- lon/loff: 4.82e+19
- Power: 0.00 nW
- SS: 83.4 mV/dec
Error during analysis: name 'run_gaa_case_study' is not defined

INTERACTIVE PARAMETER ANALYSIS

Modify parameters below to see real-time impact on device performance:
Example analysis:

Results for L=20.0nm, W=10.0nm, tox=1.2nm, Vth=0.35V:
lon: 539540.62 pA
loff: 0.00 pA
$S: 83.4 mV/dec
lon/loff: 8.52e+15
Power: 0.00 nW

Results for L=30.0nm, W=6.0nm, tox=2.0nm, Vth=0.45V:
lon: 108771.39 pA
loff: 0.00 pA
$S: 83.4 mV/dec
lon/loff: 2.72e+16
Power: 0.00 nW

Figure 2.

Statistical distribution and multi-objective optimization results showing Pareto fronts for power consumption

versus lon/Ioff vatio, with parameter sensitivity analysis across device geometries

to industrial applications, so that algorithmic improvements can be gathered into
industrially useful, producible solutions applying to future the semiconductor nodes.

7.1 Quantum effects in nanoscale optimization

Since device dimensions are now scaling to atomic regimes in FET technology,
quantum mechanical considerations are gathering greater significance in device
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optimization. The quantum confinement and effects of tunneling and coherent
transport play key roles in the behavior and optimum design of such devices. More
advanced simulation models that take quantum effects into account need high volumes
of computational power, and efficient optimization algorithms are needed. Quantum
Monte Carolos offers both precision, many-body quantum system treatment and
computational feasibility when optimizing systems of interest. Some of these machine
learning methods are promising to speed up quantum device simulations by using
surrogate modeling. Neural network designs specialized to represent quantum systems
can perform rapid approximation of costly quantum mechanical computations.

7.2 Neuromorphic computing applications

The developments of the neuromorphic computing paradigms spur the
generation of fresh optimization criteria and constraints on the FET design.
Neuromorphic application is based on different trade-offs between devices opti-
mized for neuromorphic applications as compared to the traditional digital logic
applications.

Synaptic devices will require sufficient control of conductance modulation and
retention properties. Multi-level optimization algorithms optimize an entire series of
conductance states all at once, with the constraints of stable operating conditions and
minimal device-to-device differences. The functionality of spike-timing-dependent
plasticity (STDP) will need to maximize the temporal response parameters.
Neuromorphic systems use time-dependent optimization algorithms, taking into
consideration dynamic behavior and implementation of learning rules.

7.3 Integration with artificial intelligence

With the inclusion of FET optimization into artificial intelligence processes,
a different set of possibilities in the field of intelligent design automation can be real-
ized. It is possible to use reinforcement learning algorithms to develop the optimal
design strategies by interacting with the simulation environments. Deep learning
structures are trained on huge databases of simulations to find design knowledge
and even forecast the most favorable parameter settings. Convolutional neural
networks are effective in analyzing spatial patterns of device structures, whereas
recurrent networks deal with temporal optimization of the sequences. Transfer
learning methods allow sharing knowledge between devices of varying nature and
technology nodes, and speed the optimization of new problems based on prior-
solved problems.

7.4 Sustainability and energy efficiency

The goal of semiconductor design and optimization is steadily affected by con-
siderations of environmental sustainability. With life cycle assessment integration,
optimization routines can consider environmental performance in addition to more
traditional performance measures. Optimization algorithms that are energy-efficient
require the minimum computers to provide quality solutions. Green computing
metrics determine the environmental cost of the optimization processes and make
a choice of the algorithms. Carbon footprint optimization is built on the well-estab-
lished multi-objective formulations that incorporate another objective, such as the
environmental impact, and allows the sustainable development of technology.
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8. Conclusions

This chapter has introduced an overall concept of a randomized algorithm-driven
optimization of next-generation field-effect transistors, and critical issues in device
design, control of variability, and optimization of performance have been tackled.
The combination of Monte Carlo methods, genetic algorithms, and machine learning
methods offers high-performance solutions to complex optimization problems in
nanoscale device development that are associated with uncertainty in the materials
and processes used in their development. The framework has been proven to achieve
a considerable increase in device performance measures under a given set of manu-
facturing and design constraints. The optimization method is shown by experimental
verification to be accurate and practically useful, with experimental device charac-
teristics being in good accord with the predictions of the simulation method. Their
computational form, which is scalable, makes them applicable to the optimization
problem of an industrial dimension, at a moderate computational demand. The ran-
domized optimization approach can fit a variety of device technologies and be shown
effective using case studies in FinFETs, gate-all-around nanowires, and 2D material
FETs. The fact that certain measures of performance have improved by 15-35% across
a plethora of measures illustrates the immediate utility of high-fidelity optimization
methods. Future directions of the research should involve combining it with quan-
tum mechanical representations of simulation, applying it to current neuromorphic
computing models, and including sustainability measures as part of the optimization
goals. Future development of randomized optimization algorithms will be critical to
allow next-generation semiconductor-based artificial intelligence, quantum comput-
ing, and ultra-low-power electronics applications.
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