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ABSTRACT

The continuous downscaling of semiconductor devices, as predicted by the
Moore’s law, has significantly improved computational capability, power efficiency
and integration density over the past five decades. However, with the transition into
the deep sub-nanometer regime, conventional CMOS technology has encountered
formidable challenges such as increased leakage currents, degraded subthreshold
swing, escalating power dissipation and short channel effects (SCEs). The inability of
traditional transistor architectures to maintain electrostatic integrity at reduced
dimensions has motivated the exploration of novel device geometries and materials
capable of sustaining high performance while ensuring low-power operation.

In this context, the present research investigates the design, modelling and
performance evaluation of advanced nanowire field effect transistors (FETS) that
combine dielectric, ferroelectric and electrostatic engineering to overcome the
limitations of conventional MOSFETs. The study is centred on the progressive
development of five distinct nanowire FET architectures, each addressing specific
challenges of device scaling through geometric and material innovation. The
overarching objective of this work is to achieve superior gate controllability, enhanced
current drivability and reduced subthreshold swing, thereby paving the way for energy-
efficient transistors suitable for next-generation nanoelectronics applications.

The initial part of the research presents the Double Metal Gate Macaroni
Nanowire Field Effect Transistor (DMGM-NFET), where two metals with different
work functions are used within the gate stack to modulate the channel potential. This
configuration enables a stepwise potential distribution that effectively reduces gate
induced drain leakage (GIDL) and drain induced barrier lowering (DIBL). The
macaroni type hollow nanowire geometry further enhances gate coupling, allowing
improved electrostatic control over the channel region. Simulation results confirm a
substantial improvement in subthreshold swing and ON/OFF current ratio when
compared to the conventional FETs. This device establishes the foundation for
electrostatic optimization through multi metal gating.

Building upon this concept, the study extends to the Hetero-Dielectric
Macaroni Channel Cylindrical Gate All Around Field Effect Transistor (HD-MC
CGAA FET), which employs a dual-dielectric gate stack consisting of high-k (HfO2)
and low-k (SiO2) materials. The heterogeneous dielectric configuration redistributes
the gate electric field, enhancing potential control near the source end while
minimizing fringing field effects at the drain. This selective field enhancement results
in reduced subthreshold slope and improved channel confinement. Comparative
analysis with single-dielectric and single-metal counterparts demonstrates that the
hero-dielectric approach vyields higher transconductance, improved current and
stringer immunity to short channel effects. These findings confirm that dielectric
heterogeneity, combined with cylindrical symmetry, can significantly improve device
performance at nanoscale dimensions.
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The research then transistors from electrostatic to material-based innovation
through the incorporation of ferroelectric materials in the gate stack. The Negative
Capacitance Nanowire FET (NC-NW FET) introduces a ferroelectric HfZrO> layer in
series with a high-x dielectric, harnessing the negative capacitance (NC) effect to
achieve internal voltage amplification. This phenomenon allows the device to operate
with a subthreshold swing below the Boltzmann limit of 60 mV/decade, leading to
lower operating voltages and energy efficient switching. The simulation analysis
confirms a marked reduction in power dissipation and a significant improvement in
drive current. Furthermore, the hysteresis behaviour is optimized through careful
tuning of the ferroelectric layer thickness and capacitance matching with the
underlying dielectric stack. The results validate that ferroelectric integration can
effectively address the fundamental trade-off between switching speed and power
consumption in nanoscale transistors.

To further enhance device controllability and eliminate residual instability, the
work explores cylindrical ferroelectric architectures, resulting in the Cylindrical
Ferroelectric Dual Metal Nanowire FET (C-FE-DM-NW FET). This design combines
the advantages of dual metal configuration allows precise control of the potential
barrier near the source and drain, while the ferroelectric layer enhances surface
potential modulation through polarization-driven voltage amplification. The resulting
device exhibits a subthreshold swing below 55 mV/decade, negligible DIBL, and an
ON/OFF current ration in the range of 108-10° confirming excellent electrostatic
integrity. Moreover, the transconductance and drain current are significantly
improved, validating that the synergy of dual-metal and ferroelectric gate engineering
is crucial for achieving both steep-slope and high-drive devices.

The final and most advanced device proposed in this work is the Cylindrical
Gate Engineered Ferroelectric Nanowire FET (CGEF-NW FET). This architecture
introduces gate-length partitioning and optimized ferroelectric layer placement within
the cylindrical structure to achieve near-ideal electrostatic control and hysteresis free
operation. The CGEF-NW FET demonstrates an exceptionally low subthreshold swing
of approximately 50 mV/decade, a high ON/OFF current ratio exceeding 10°, and
minimal power dissipation. The optimization of gate geometry and ferroelectric
parameters allows superior potential modulation while maintaining capacitance
stability, thereby providing the most balanced performance among all proposed
designs. The CGEF-NW FET thus represents the culmination of this research efforts
combining geometry, field and material engineering to achieve a scalable and energy
efficient transistor for sub-5 nm technology nodes.

A comprehensive comparative analysis among all the proposed devices
illustrates a clear performance improvement trend: the subthreshold swing decreases
from approximately 70 mV/decade in the DMGM-NFET to nearly 50 mV/decade in
CGEF-NW FET, while the ON/OFF current ratio increases by more than three orders
of magnitude. The DIBL is reduced to nearly negligible levels in ferroelectric devices,
and the drain current performance is significantly enhanced. These improvements are
attributed to the synergistic interplay between electrostatic optimization, dielectric
engineering and ferroelectrics voltage amplification, confirming that the strategic
integration of these techniques can collectively surpass the scaling limitations of
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conventional CMOS transistors.

The thesis also discusses the future research prospects and practical realization
pathways for the proposed devices. Experimental fabrication using Atomic Layer
Deposition (ALD) and Chemical Vapor Deposition (CVD) is recommended for
producing high-quality HfO, and HfZrO. films with nanometre-scale precision.
Structural and phase characterization through Transmission Electron Microscopy
(TEM) and XORay Diffraction (XRD) will enable validation of the simulated results,
while Piezo response Force Microscopy (PFM) can be employed to verify ferroelectric
polarization and stability. Further optimization of doped ferroelectric materials could
improve endurance and minimize coercive voltage, making these designs more robust
for integrated circuit applications.

The proposed devices are also highly promising for circuit-level and system-
level integration, particularly in low-power digital logic, non-volatile memory and
neuromorphic computing architectures. Their ability to operate at low supply voltages
and high switching speeds positions them as potential enablers for energy-efficient
processors, artificial intelligence hardware, and edge computing systems.
Additionally, due to their low energy consumption and compact footprint, these
devices could be extended to flexible electronics and biomedical sensor platforms,
paving the way for green and sustainable nanoelectronics systems.

From a broader perspective, the innovations presented in this thesis hold
substantial technological and societal impact. By significantly reducing the power
requirements of electronic systems, the proposed nanowire FETs contribute to global
efforts toward energy conservation and sustainable electronics manufacturing. Their
compatibility with existing CMOS fabrication processes ensures a practical transition
path for semiconductor industries towards post-CMOS device paradigms.
Furthermore, the reduction in energy consumption directly aligns with global
objectives such as carbon footprint minimization and sustainable digital
transformation.

In conclusion, this thesis provides a comprehensive and systematic exploration
of next-generation nanowire transistor architectures that transcend conventional
scaling barriers through a combination of electrostatic design and ferroelectric
innovation. The research demonstrates that by co-optimizing gate geometry, dielectric
heterogeneity, and ferroelectric polarization, it is possible to achieve sub thermal
switching, low leakage, and exceptional electrostatic control all within a CMOS
compatible framework. The proposed devices collectively form a technologically
feasible and environmentally sustainable foundation for the development of ultra-
scaled, low power, and high-performance electronics in the post-CMOS era.

This work not only advances the scientific understanding of ferroelectric and
nanowire device physics but also contributes meaningfully to the realization of energy-
efficient semiconductor technologies that align with both industrial evolution and
societal responsibility.
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CHAPTER 1
INTRODUCTION

1.1 Historical Genesis of MOSFET Technology

Since the invention of the Metal Oxide Semiconductor Field Effect Transistor
(MOSFET) by Dawon Kahng and Martin Atalla in 1959 at Bell Telephone
Laboratories [1], the MOSFET has become the most fundamental building block of
modern digital integrated circuits, which has enabled the growth of the semiconductor
industry, mainly due to its manufacturability, scalability, and compatibility with the
Complementary Metal Oxide Semiconductor technology (CMOS) [1]. In the
MOSFET structure, the gate electrode, insulated from the semiconductor channel by a
thin layer of dielectric (SiO.), controls the formation of a conductive inversion
channel. MOSFETs are classified into two types: p-channel MOSFETs (PMOS) and
n-channel MOSFETs (NMOS) depending on the type of charge carriers in the channel.
The PMOS device is constructed on an n-type silicon substrate, featuring a p-type
source and drain region. In this, the conduction channel is formed by the holes when a
negative gate-to-source voltage is applied. In this case, conduction is primarily carried
out via holes, which serve as the majority carriers when a negative gate-to-source
voltage is applied. Conversely, an NMOS device is constructed on a p-type silicon
substrate, featuring an n-type source and drain region using diffusion or ion
implantation. In this case, conduction is primarily carried out via electrons, which will
serve as the majority carriers when a positive voltage is applied at the gate terminal.
The structural schematics of PMOS and NMOS transistors are shown in Figure 1.1.

Source Gate Drain Source Gate Drain

Metal Metal Gate Metal
Contact Contact

Metal Metal Gate Metal
Contact Contact

Gate Oxide Gate Oxide

Bulk
(b)

Figure 1.1 Structural Schematics of (a) NMOS Transistor and (b) PMOS Transistor [2]

The MOSFET operates as a voltage-controlled device in which the application of a
gate voltage modulates the conductivity of a channel between the source and drain
terminals, hence allowing efficient control of current flow. MOSFETSs are preferred
over Bipolar Junction Transistors (BJTs) because of their simpler planar structure, low
static power consumption, and high input impedance. The gate terminal of MOSFETS
is insulated, thus the device exhibits extremely low input current, enabling high input
impedance. Moreover, MOSFETs are inherently more scalable, as their operations
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primarily depend on electrostatic control rather than minority carrier transport [3]. This
scalability played a very important role in large-scale integration, where thousands,
millions, and even billions of transistors could be placed on a single silicon chip. In
the 1960s, MOSFETs began to find applications in digital integrated circuits (ICs).
However, due to the instabilities in the Si-SiO interface, many devices were
considered unstable. Martin Atalla’s pioneering work on surface passivation using
thermal oxidation of silicon was very helpful in solving challenges in creating a stable
and reliable gate dielectric [4]. After the invention of Complementary Metal Oxide
Semiconductor (CMOS) logic by Frank Wanlass in 1963, MOSFETSs were replacing
BJTs in logic circuits [5]. CMOS technology was considered highly suitable for very
large-scale integration (\VVLSI) because of its complementary switching of NMOS and
PMOS transistors, which drastically reduces static power dissipation. Figure 1.2
illustrates the evolution of VLSI technology over the past few decades.
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Figure 1.2 Evolution of VLSI Technology [6]

In the 1960s, the integration of MOSFETs started with Small Scale Integrations (SSI),
where a handful of transistors were integrated using logic gates. Soon, the designing
of arithmetic logic units (ALUs) and memory registers led the integration progress
towards Medium Scale Integration (MSI). In 1968, dynamic random-access memory
(DRAM) was introduced, and in 1970, microprocessors were introduced, marking the
beginning of MOSFETS' dominance in logic applications and memory applications and
leading the progress of integration towards Large Scale Integration (LSI) [7]. The era
of scaling began with Intel’s first commercial microprocessor, released in 1971 under
the name Intel 4004. This microprocessor was designed using 2,300 MOSFETs with a
minimum feature size of 10 um [4]. In the late 1970s and early 1980s, Very Large-
Scale Integration (VLSI) emerged, and in this, tens of thousands to millions of
MOSFETSs can be integrated. Moore’s Law predicted that the number of transistors on
an integrated circuit would double approximately every two years [8]. Over the
decades, MOSFETSs' dimensions have steadily reduced as the ion implantation, self-
aligned gate processes, and photolithography techniques advance. The transistor
channel length scaled from the micrometer regime in the 1970s to the nanometer
regime in the early 2000s, with devices at the 90 nm and 65 nm nodes introducing new
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performance benchmarks by advancing to the 30 nm regime [9]. These advancements
are complemented by the challenges of short channel effects, process variability, and
leakage currents. These challenges eventually motivated the transition of MOSFETs
from planar to three-dimensional device architectures.

1.2 Scaling Theory: Dennard’s Fundamentals

Transistor scaling is a very important principle on which the growth of the
semiconductor industry is dependent, enabling improvement in power efficiency,
integration density, and performance. In 1974, Robert H. Dennard articulated in a
seminal paper the cornerstone of advancement in Dennard’s Scaling Theory at IBM
[7]1[6]. This theory provides the guidelines describing the miniaturization of MOSFETs
while maintaining electrical similarity across technology nodes. Progressive reduction
of gate length across different technology nodes can be observed in Figure 1.3.
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Figure 1.3 MOSFET Scaling: Progressive Reduction of Gate Length Across Successive
Technology Nodes [10]

According to Dennard’s Scaling Theory, the dimensions of a transistor are scaled down
by a constant factor, doping concentration, and voltage. This scaling is done keeping
in mind to preserve the device behaviors. In this, if device dimensions are reduced by
a factor of k (>1), then the supply voltage and threshold voltage are reduced by the
same factor, whereas doping concentrations are increased by the same factor, i.e., k.
Various scaling relationships emerged under these conditions, such as device current
and switching delay being reduced by 1/k, power dissipation scaled down to 1/x> but
the power density remains constant. According to this scaling theory, it was concluded
that smaller MOSFETs would consume less energy, operate faster, and enable higher
integration without increasing power density. The combination of Moore’s Law with
Dennard’s Scaling Theory laid the foundation of the integrated circuit industry [11][8].

1.2.1 Impact of Dennard Scaling

The impact of Dennard Scaling theory was seen for generations, enabling the
technology to deliver exponential improvements in energy efficiency and processor
speed. Throughout the 1980s and 1990s, this was reflected in the rapid increase of
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clock frequencies, which rose from a few megahertz (MHz) in early microprocessors
to several gigahertz (GHz) by the early 2000s [12]. During the same time duration, the
cost per transistor was decreasing steadily, whereas the transistor sizes were reduced
from several micrometers down to deep submicron and nanometer scales. This scaling
theory also laid the foundation of low-power electronics by reducing operating voltage
and capacitances, and reducing energy consumption per switching event. This is a
critical factor for portable devices and mobiles, where battery life is dependent on the
power efficiency of the transistor. The balance between energy efficiency and high
performance made possible by scaling ensured the pervasiveness of MOSFET-based
systems in applications ranging from high-performance computing to consumer
electronics.

Dennard’s Scaling Theory

Reduction in Transistor Power per Unit Area
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Figure 1.4 Dennard’s Scaling Theory [8]
1.2.2 Breakdown of Dennard Scaling

In the 2000s, Dennard Scaling Theory faced serious limitations as the device
approached the deep submicron regime, i.e., below 90 nm. The fundamental
assumptions of the theory break down due to the short-channel effects and quantum-
mechanical effects [3]. The inability of the scaling theory to scale supply voltage
proportionally with channel length resulted in increased power density and thermal
issues. Severe gate leakages were introduced due to thinner gate oxides. The short
channel devices suffer from short channel effects (SCEs) such as drain-induced barrier
lowering (DIBL) and voltage roll off. Additionally, higher variability from random
dopant fluctuations and increased subthreshold leakage currents disrupted predictable
device behaviour. Due to these challenges, the Dennard Scaling Theory marked its
end. To sustain Moore’s Law, new device architectures such as FInFETs, Nanowire
Transistors, and Gate All Around (GAA) FETs were designed.

1.3 Planar Bulk MOSFET Regime

The planar bulk MOSFET technology originated from MOS technology, which was
introduced in the 1960s. This architecture dominated the semiconductor industry for
the past four decades. This architecture consists of a conducting channel of silicon
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between source and drain terminals, controlled by the gate electrode, which is
separated by a thin insulating oxide layer from the substrate [3]. The planar MOSFET
became the workhorse for large-scale integration (LSI) and very large-scale integration
(VLSI) because of its simple fabrication, compatibility with CMQOS, and scalability.

1.3.1 Advances in Planar Bulk MOSFETs

The scaling of planar MOSFETs from micrometer to nanometer dimensions led to
unprecedented growth in the performance of integrated circuits (ICs). Several
technological innovations underpinned these advances:

1.3.1.1 Scaling to Submicron Regime

During the 1980s to 1990s, the planar bulk MOSFETSs were scaled from 1 um to 100
nm dimensions, in line with Moore’s Law [8]. This scaling led to improvement in ion
implantation, thin oxide growth, and lithography. The precision in small geometries is
dependent mainly on etching techniques.

1.3.1.2 Self-Aligned Gate Technology

To reduce the parasitic overlap capacitances, in the 1960s, self-aligned polysilicon
gates were introduced, which enabled high switching speed in the devices [13]. This
served as a milestone, allowing for tighter packing of transistors, which became a
standard in MOS fabrication. This innovation was pioneered at Fairchild and Intel.

1.3.1.3 High-k Metal Gate Integration

In the case of planar MOSFETSs, the replacement of the SiO. layer with a high-x
dielectric and the adoption of metal gates around the 45 nm regime was a
breakthrough. This helps reduce leakage current in the MOSFETS, which is caused by
carrier tunneling through the channel. The leakage current is reduced via gate control
[14]. This integration marked the end of the polysilicon/SiO> era and prolonged the
viability of planar MOSFETSs into the nanometer node. Figure 1.5 demonstrates the
high-« dielectric and dual metal gate integration of an FET.

(I)ml > (I)mz

o Gate 1 (@) Gate 2 (D,)
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Figure 1.5 High-k Dielectric and Dual Metal Gate Integration

1.3.1.4 Strained Silicon Technology

In the 2000s, this strain engineering was introduced, and in this, tensile strain was
applied to the nMOSFET channel, and compressive strain was applied to the
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PMOSFETs. This technology helps in improving carrier transport properties and
restoring performance [13].

1.3.1.5 Low Power CMOS Design Techniques

The static and dynamic power consumption in CMQOS circuits is the focus of research
as portable electronics are gaining popularity. Multi-threshold CMQOS, voltage scaling,
and clock-gating were widely employed in conjunction with transistor scaling to
achieve energy-efficient operations [15].

Collectively, these advances have kept planar bulk MOSFETs relevant as the
foundation of communication and computing systems well into the deep submicron
technology generations.

1.3.2 Constraints of Planar Bulk MOSFETSs

Despite the steady advancement, fundamental physical and technological constraints
surfaced as planar MOSFETSs got closer to the 30 nm regime, ultimately causing a
paradigm shift towards new device architectures. The primary constraints are as
follows:

1.3.2.1 Short Channel Effects (SCEs)

Electrostatic control of the channel by the gate is weakened as the channel length
reduces below 100 nm, which leads to Drain Induced Barrier Lowering (DIBL),
threshold voltage roll-off, and degradation in subthreshold slope [6]. These parameters
affect the transistor performance and increase leakage currents.

1.3.2.2 Gate Leakage due to Ultra-Thin Oxide

In the case of a 90 nm node, the oxide thickness has been reduced approximately to 2
nm. Due to a thin layer of oxide, the tunnelling currents through SiO- lead to an
increase in static power dissipation and reduced device reliability [16]. To overcome
this problem, high-« dielectrics were introduced, but they lead to different challenges
such as threshold instability and quality degradation [16].

1.3.2.3 Leakage Power and Standby Current

Maintaining the lower supply voltage leads to aggressive scaling of threshold voltage,
which in turn leads to an exponential increase in subthreshold leakage current. In large-
scale system on chip (SoCs), leakage power becomes a major contributor to standby
power consumption [17].

1.3.2.4 Variability and Process Sensitivity

Random dopant fluctuations (RDFs), lithographic variations, and line-edge roughness
plagued nanoscale planar MOSFETS, causing significant device-to-device variability
in drive current and threshold voltage [18]. Since it restricted yield and necessitated
conservative design margins, this variability became a scaling bottleneck.
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1.3.2.5 Thermal and Power Density Challenges

Localized anomalies resulted from on-chip power density reaching critical levels as
transistor density rose. This made reliability issues like negative bias temperature
instability (NBTI), time-dependent dielectric breakdown, and electromigration
exacerbated [12].

1.3.2.6 Performance Saturation

Drive current scaling is failing to keep pace with dimensional scaling because at high
electric field, mobility degradation and velocity saturation effects become more
pronounced. Despite continuous miniaturization, these effects slow down the
performance gain of the device [19].

1.3.3 Transition Beyond Planar Bulk MOSFETSs

By the 2000s, these constraints collectively marked the end of the planar Bulk
MOSFETSs regime as the industry’s prime scaling solution. FInFET structure was first
adopted by Intel in 2011 at the 22 nm technology node in mass production as it offers
superior electrostatic control and reduces leakages [20]. Since 2011, multi-gate devices
such as FIinFETs and Gate-All-Around (GAA) Nanowire/Nanosheet FETs have
emerged as a promising candidate that ensures the continuation of Moore’s Law
beyond classical scaling limits. The planar Bulk MOSFET remains a historical
architecture that has driven the digital revolution and established the foundation of
modern transistor technology [21].

1.4 Short-Channel Effect (SCEs) and Their Implications

The ideal assumptions of long-channel device physics are no longer valid once the
MOSFET channel length enters the deep sub-micron regime. In this, the gate terminal
exerts dominant control over the channel potential, ensuring efficient switching
between ON and OFF states. But as the channel length gets closer to the characteristic
depletion width, the source and drain junctions' competing effects cause the gate
electrostatic control to wane. By rising leakage current impairing subthreshold
behavior and lowering threshold voltage, this phenomenon is referred to as short
channel effects [11], [3].

1.4.1 Mechanisms of Short Channel Effects

The two-dimensional electrostatics of scaled MOSFETSs are fundamental components
of SCEs. The depletion regions from source and drain encroach into the channel when
the channel length approaches the depletion width, which causes the gate and junctions
to share charge [6]. This reduces the gate control over the channel potential. The
important SCE mechanisms include:

1.4.1.1 Gate Induced Drain Leakage (GIDL)
In aggressively scaled MOSFETS, as channel length decreases and the electric field

near the drain side increases, a critical leakage phenomenon known as Gate Induced
Drain Leakage (GIDL) becomes prominent. This short channel effect occurs when a
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high drain to gate voltage is applied while the gate voltage remains low or negative.
Under these conditions the strong electric field developed in the drain gate overlap
region causes band-to-band tunnelling (BTBT) between the valance band and
conduction band in the depletion region [22]. Figure 1.6 illustrates the band-to-band
tunnelling phenomenon in FETs. As a result, electron-hole pairs are generated with
electrons moving into the drain and holes toward the substrate, leading to an
undesirable drain leakage current even when the device is in OFF state. The magnitude
of the GIDL current increases exponentially with oxide field strength and is further
influenced by drain doping concentration, dielectric quality and oxide thickness [23].

In short channel devices, the electric field coupling between the gate and drain is
intensified due to the reduced separation between junctions, making GIDL effect more
pronounced. This not only contributes to standby power dissipation but also degrades
device reliability, causing instability in threshold voltage and accelerating oxide wear
out. The use of high-k gate dielectrics, graded drain doping profiles and gate overlap
helps to redistribute the electric field at the drain junction and suppress tunnelling
induced leakage [24]. In modern GAA and Nanowire FET architectures, the 3D gate
control significantly reduces field crowding near the drain edge, thereby mitigating
GIDL effect while maintaining high drive capability. Figure 1.7 demonstrates the
GIDL phenomenon in nanowire FETS.

Band-to-band
tunneling
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Figure 1.6 Band-to-Band Tunnelling in Nanowire FET.
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Figure 1.7 Representation of GIDL in MOSFET.
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1.4.1.2 Hot Carrier Effects (HCE)

The high electric field near the drain accelerates the carriers, thus creating hot carriers
in short-channel devices, which are trapped in the gate oxide or at the Si-SiO> interface.
This reduces the reliability, threshold voltage shifts, and degrades the device [25].
Figure 1.8 illustrates the hot carrier effects of FETS.

S G D

Figure 1.8 Representation of Hot Carrier Effect

1.4.1.3 Channel Length Modulation (CLM)

In this phenomenon, as the channel length shrinks, the effective channel region
modulated by the gate reduces with increasing drain bias. This effect increases drain
current beyond saturation, impairing output resistance and limiting the intrinsic gain
of the device [26]. Figure 1.9 represents the channel length modulation phenomenon.
The reduction in channel length is negligible when compared to the overall channel
length in the case of long channel devices; this reduction is significant and can reduce
the channel length to zero.
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Figure 1.9 Representation of Channel Length Modulation [27]

Z'l-.l turnitiﬁ Page 48 of 253 - Integrity Submission Submission ID  trn:oid:::27535:117012181



z'l_.l turnitin Page 49 of 253 - Integrity submission Submission ID _ trn:oid::27535:117012181

1.4.1.4 Drain Induced Barrier Lowering (DIBL)

This phenomenon occurs when, at high drain voltage, the source channel barrier is
lowered, allowing carriers to surmount it more easily. This effect reduces the threshold
and increases the OFF-state leakage at high drain current [28]. DIBL affects the device
reliability in logic circuits when ultra-scaled MOSFETSs are considered. Figure 1.10
illustrates the effect of DIBL and the effect on current characteristics of the FET.
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Figure 1.10 Hlustrates (a) DIBL Effect [29]
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Figure 1.10 Hlustrates (b) Effect on Current Characteristics [29].
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1.4.1.5 Subthreshold Slope Degradation

The subthreshold slope (SS) of an ideal MOSFET is limited to 60 mV/decade at room
temperature. In case of short channel devices, the coupling between the drain and

10
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channel deteriorates the subthreshold swing, requiring higher gate voltages to switch
the transistor effectively [30]. This degrades the energy efficiency of logic circuits.

1.4.1.6 Threshold Voltage Roll-Off

The threshold Voltage (V) of the device is dependent on the length of the channel in
the case of long-channel devices. However, in the case of short-channel devices, as the
channel length reduces, so does the threshold voltage. This occurs due to the source
and drain assist in channel inversion [31], increasing leakage current, particularly the
OFF-state current. Figure 1.11 shows the effect of a reduction in channel length on the

threshold voltage of an FET.

f

~, For Long-Channel

decreasing channel length

threshold voltage, (7, volb)

drain to source voltage, (Vpg, volt)

Figure 1.11 Effect of Channel Length Reduction on Threshold Voltage [32].
1.4.2 Implications for Device Scaling

The SCEs posed a challenge to the continuation of Dennard Scaling Theory. Scaling
increased integration density and switching speeds, but SCEs' excessive leakage and
variability increased static power dissipation and decreased logic circuit noise margins
[33]. For instance, DIBL and threshold voltage roll-off were directly responsible for
the dramatic increase in standby power consumption, which emerged as a major issue
in portable and battery-powered devices.

Additionally, the ability to lower supply voltage (Vpbp) was constrained by
subthreshold slope degradation without compromising functionality. Concerns about
reliability also intensified. High fields damage oxide integrity, and hot carrier
degradation reduces device life. These difficulties highlighted how urgently alternative
architectures are needed to suppress leakage, restore electrostatic integrity, and
enhance gate control [7].

1.4.3 Path Toward Solutions

The innovation of device designs and material engineering for mitigating SCEs is an
essential step. Several methods to carve that path are:

11
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1.4.3.1 Multi-Gate Architectures

Various architectures, such as Double Gate MOSFETS, FinFETSs, and Gate All Around
FETs, were studied as they provide superior electrostatic control [34]. Figure 1.12
Shows various multi-gate structures such as Double Gate, Tri Gate, Omega Gate, Pi
Gate, Cylindrical Surrounding Gate, Cylindrical Double Surrounding Gate, and Gate
All Around FETs.

Double- Tri-Gate Q-Gate n-Gate
- 5 5 5
H
o
Cylindrical Cylindrical Double
Gate-All- Surrounding- Gate Surrounding Gate

Around

Substrate

\‘Gates
Figure 1.12 Multi-Gate FET Structures [35].

1.4.3.2 Ultra-Thin Body (UTB) and Silicon-on-Insulator (SOI) Devices

Drain Induced Barrier Lowering is a major concern when the thickness of the body is
reduced. In this scenario, fully depleted SOI devices are used as they enhance gate
control by confining carriers to a thin film [36].

1.4.3.3 High-k Dielectrics and Metal Gates

Replacing SiO2 with high-x dielectric reduced equivalent oxide thickness without
increasing leakage, mitigating SCEs, and improving gate control [14]. These
innovations have collectively taken the semiconductor industry away from planar bulk
MOSFETSs towards three-dimensional device structures, setting the stage for nanowire
transistors and FinFETSs.

(Dml > (I)mz
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Figure 1.13 High-k Dielectric and Dual Metal Gate Integration
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1.5 Multi-Gate Transistors

Beyond the 65 nm technology node, it was necessary to rethink the device architecture
due to the persistent challenges of short-channel effects (SCESs) in planar MOSFETS.
Traditional scaling methods, such as channel length and oxide thickness reduction,
were insufficient in maintaining electrostatic integrity without affecting leakage
current and power dissipation [11]. The gate-all-around structure is a promising one,
as in this gate-to-channel coupling is achieved by surrounding the channel. This led to
the development of multi-gate transistor architectures like FIinFETS, Tri-Gate
MOSFETs, and Gate-All-Around (GAA) FETs [31].

1.5.1 Concept and Motivation

The multi-gate devices were designed to increase the control of the gate by maximizing
the effective gate-to-channel capacitance. In the case of a planar MOSFET, the gate
controls the channel from the top surface, leaving lateral electrostatics dominated by
the drain and source. By introducing various architectural changes such as vertical
channels, nanowires, or fins, the gate can control multiple sides of the channel, hence
suppressing SCEs, improving subthreshold swing (SS), and reducing DIBL [30], [3].

In the late 1990s and early 2000s, researchers demonstrated a breakthrough when
double-gate MOSFETs were fabricated using SOl technology. This helps in
significantly reducing the threshold voltage roll-off and leakage [36]. In 2011, Intel
designed a Tri-Gate FinFET technology of 22 nm node, making the highest first high-
volume commercial deployment [20].

1.5.2 Types of Architectures

Several structural variations of multi-gate MOSFETs have been explored, each
structure has having different trade-off in terms of performance, manufacturability, and
electrostatics:

1.5.2.1 Double Gate MOSFETs (DG-MOSFETS)

In this structure, a gate is placed at both sides, i.e., the top and bottom of the channel.
This structure provides gate control, but its fabrication complexity (requiring ultra-thin
SOI wafer with alignment accuracy) [37].

SOURCE

Figure 1.14 Double Gate MOSFETSs
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1.5.2.2 FinFETs

The FIinFET structure consists of a thin vertical fin with a gate wrapped around from
three sides. This structure improves the electrostatic control while remaining
compatible with existing CMOS fabrication processes. For the 22 nm node to 5 nm
node technology, FINFET is an ideal candidate [20], [37].

Source Fin

Drain

Figure 1.15 FinFET Structure [38]

1.5.2.3 Tri-Gate FETs

It is a variant of FINFET, in which the gate provides three-sided control of the channel.
It provides higher driver current and improved performance when compared with
planar MOSFETSs; it was implemented by Intel [37].

Dirain

Figure 1.16 Tri-Gate Structure [39].

1.5.2.4 Gate-All-Around (GAA) FETs

In this architecture, the gate controls the channel by surrounding it from all sides and
provides the strongest possible electrostatic control. This architecture is considered the
most scalable multi-gate structure. This implementation includes nanowire FETs and
nanosheet FETs, which are implemented by Samsung and TSMC at the 3 nm
technology node [40].
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(d)

Figure 1.17 Represents (a) Rectangular FET, (b) Triangular FET, (c) Nanotube FET
and (d) Cylindrical FET [41], [42]
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1.5.3 Benefits of Multi-Gate Devices

The evolution from traditional planar MOSFETs to multi gate device architectures
represents a pivotal advancement in addressing the electrostatic limitations
encountered at deeply scaled technology nodes. The multi-gate configuration, such as
FinFETSs, Tri gate and gate all around structures, enables superior electrostatic gate
control by wrapping the gate electrode around multiple sides of the channel, thereby
offering enhanced immunity against short channel effects (SCEs) and improved
scalability. One of the most significant advantages of this geometry is the suppression
of DIBL and threshold voltage roll-off, phenomenon that are particularly pronounced
in planar devices under high drain bias. In multi gate devices the lateral and vertical
electrostatic fields are better confined within channel, reducing potential barrier
modulation and ensuring stable threshold voltage operation even at high drain voltage
[43].

Another critical benefit is the improvement in subthreshold swing (SS), where multi
gate structures achieve near-ideal thermal limits of 60 mV/decade at room temperature.
This enables aggressive supply voltage scaling while maintaining reliable switching
performance and reduced subthreshold leakage currents [44]. The stronger gate to
channel coupling effectively suppresses parasitic charge sharing and improves the
transistor’s ability to switch sharply between ON and OFF states, which is fundamental
for energy efficient logic design. Moreover, the scalability of multi gate devices
provides a viable pathway towards sub-5 nm technology nodes, as their performance
becomes independent of planar channel thickness. This three-dimensional gate control
allows continued scaling of both channel length and oxide thickness, extending the
Moore’s law while mitigating electrostatic degradation [45].

In addition to improve scaling behaviour, multi gate devices exhibit enhanced drive
current characteristics. The introduction of multiple fins or stacked nanosheets
increase effective channel width without enlarging the device footprint, leading to
higher current drivability and improved transconductance [45]. This characteristic
makes multi-gate devices particularly advantageous for high speed and high-density
circuit applications, where compactness and performance must coexist. Finally, these
architectures are inherently compatible with high-k/metal gate stacks, which further
enhance their electrostatic integrity. The integration of the high-«x dielectrics such as
HfO> and ZrO, with metal gate electrodes allows better control over work function
tuning, reduces gate leakage, and enhances device reliability under low-power
operation [14].

Collectively the multi-gate transistor architectures offer a balanced solution for
scaling, performance and power efficiency. Their ability to deliver suppressed short
channel effects, low leakage, high drive capability and compatibility with advanced
materials positions them as the fundamental device architectures for next generation
CMOS technologies and a critical enabler for the continued evolution of ultra scaled
nanoelectronics.
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1.5.4 Challenges and Industry Adoption

In the multi-gate structure fabrication is always a challenging task despite its various
advantages. FInFETSs require precise fin height and width, and variability due to line
edge roughness and quantum confinement in ultra-thin fins [46]. GAA FETs are
complex when it comes to fabrication, whereas it has superior electrostatic control.
Nevertheless, industry adoption has been rapid:

> Intel commercialized Tri-Gate FInFETs at 22 nm in 2011 [20].

> TSMC and Samsung commercialized FinFET-based 16/14 nm node in
2014-2015.

> Samsung commercialized GAA nanosheet at 3 nm node in 2022 [40].

This ensures the multi-gate FETs as the backbone of CMOS scaling in the nanoscale
regime.

1.5.5 Future Outlook

FinFETs were dominating the production till now, but GAA FETs are expected to
extend CMOS scaling to the sub-3 nm regime with complementary FET and nanosheet
architectures under research [34]. Integration of two-dimensional semiconductors with
ferroelectric materials and negative capacitance is a promising field to enhance the
electrostatic and energy efficiency of traditional FETs [47].

1.6 Gate-All-Around (GAA) FETs

As conventional planar MOSFETs and FinFETSs reached their scaling and electrostatic
limits, the Gate All-Around (GAA) Field-Effect Transistors have emerged as a very
promising successor for sub-7 nm and beyond technology. In GAA FETs, because of
the gate electrode surrounding the channel, superior electrostatic control is exhibited,
which provides an enhanced short channel immunity and reduced leakage when
compared to multi-gate structures [37]. By wrapping the gate around the channel, the
GAA structure ensures that the potential in the channel is strongly controlled by the
gate, and in return, drain-induced barrier lowering (DIBL) is suppressed, subthreshold
slope (SS) is degraded, and other short-channel effects (SCEs) are limited in the
nanometer regime.

The double gate and FIinFET structures provide improved electrostatic control by
placing gates on two or three sides of the channel, but GAA structures achieve
maximum gate control by surrounding the channel in a coaxial manner, hence it is
considered the ultimate extension of multi-gate FETs [48]. Among various structures
of Gate-All-Around (GAA) FETs, the Cylindrical Nanowire Field Effect Transistor
(NW FET) is the most promising architecture due to its scalability and perfect
electrostatic symmetry. In this, the gate is allowed to wrap uniformly around the
channel from all directions, which is different from rectangular or triangular GAA
FETs. Due to this configuration, cylindrical NW FETs have nearly ideal subthreshold
slope, reduced short channel effects, and maximized electrostatic control [49], [31].
This geometry helps in overcoming the limitations of planar and FinFET technologies
at sub 5 nm regime, where variability and short channel effects (SCEs) like Gate
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Induced Drain Leakage (GIDL) and Drain Induced Barrier Lowering (DIBL) pose a
critical challenge [43]. Figure 1.18 demonstrates the cylindrical Nanowire Field Effect
Transistor structure.

.'I Source
| Contact

Drain Contazt |

Figure 1.18 Cylindrical Nanowire FET [27]
1.6.1 Electrostatics of Cylindrical Nanowire FETs

In contrast to double gate and FIinFET structures, the cylindrical cross-section
guarantees that the gate exerts uniform control of the channel potential. Cylindrical
NW FETSs' electrostatic integrity allows for a subthreshold swing that approaches the
thermionic limit of 60 mV/decade with little degradation as the channel length is below
10 nm, according to analytical and numerical studies [50]. In this smoother carrier
transport and reduced parasitic effects can be observed as the cylindrical geometry
reduces corner effects that are observed in rectangular and triangular nanowire FETs
[51].

Cylindrical NW FET provides enhanced scalability, and due to its excellent
electrostatic profile scaling length (A) depends on the channel diameter and gate
dielectric properties. Better SCE immunity is directly correlated with a lower A, which
allows for channel lengths as short as 5 nm while still preserving respectable lon/lorr
ratios [52].

1.6.2 Fabrication of Cylindrical Nanowire FETSs

The cylindrical NW FETs can be fabricated by two approaches: top-down or bottom-
up fabrication methods. The top-down method defines nanowires by patterning
silicon-on-insulator (SOI) substrates or epitaxially grown films using sophisticated
lithography and etching techniques [46]. On the contrary, the bottom-up method uses
molecular beam epitaxy (MBE) or vapor-liquid-solid (VLS) growth to directly create
a nanowire with exact control over composition and diameter [53]. Surface roughness
and variability control are a few limitations that are faced by the top-down approach,
whereas the bottom-up approach requires sophisticated alignment and integration
strategies and offers crystallinity.

The drive (lon) current of the I11-V and Ge-based cylindrical NW FETs can be
improved because of their higher carrier mobility and reduced effective mass. In the
case of InGaAs nanowire FETs are considered ideal for high-speed and low-power
applications because of high drive current [54].
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1.6.3 Gate Engineering in Cylindrical Nanowire FETSs

By modifying the gate material, dielectric characteristics, work function, and structural
design, gate engineering techniques can further optimize the electrostatic superiority
of cylindrical NW FETs and improve device performance.

1.6.3.1 Dual-Material Gate (DMG) Structures

The electric field redistribution is achieved in nanowire FETSs by introducing two gate
metals with different gate functions along the channel length. The dual gate material
helps in reducing hot carrier effects, improving transconductance (gm), intrinsic gain,
and suppressing DIBL [55]. When compared with conventional single metal gate the
dual metal gate structures have shown significant improvement in analog/RF
performance and lon/lorr ratio.

1.6.3.2 Gate Dielectric Engineering

The subthreshold characteristics of the FETs are improved by using high-« dielectrics
(like HfO», ZrO,, Al203), which reduces gate leakages and enhances gate capacitance.
Furthermore, in order to balance electrostatic integrity and gate fringing capacitance
and achieve optimal performance, hetero-dielectric gate stacks which combine high-x
and low-k layers have been investigated [56].

Figure 1.19 Dual Metal Gate Cylindrical FET Structure [57]

Figure 1.20 Gate Dielectric Engineering Structure [58]
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1.6.3.3 Ferroelectric Gate Stacks (Negative Capacitance)

The negative capacitance effect (NC FETS) present in ferroelectric material, when
integrated with cylindrical NW FETs, enables a sub-60 mV/decade subthreshold
swing, reduces power consumption, and ensures higher lon. Steep slope transistors that
can overcome conventional thermal limits are made possible by this method [47].

Gate t,

Oxide tox

Lch

Source | r Channel ty Drain

Np = 102/cm3 z N, =10'%cm? Np = 10°/cm?

Oxide
Ls Lp

Gate

Figure 1.21 Ferroelectric Stack Structure [59]

1.6.3.4 Source/Drain Engineering with Gate Overlap

To reduce access resistance and preserve electrostatic integrity, advanced cylindrical
NW FETs make use of optimized gate overlap and raised source/drain contacts. This
lowers the parasitic resistance, which is a major drawback of nanoscale transistors
[27].

1.6.4 Advantages and Challenges

Cylindrical Nanowire Field-Effect Transistors (NW FETs) have emerged as one of the
promising architectures for extending Moore’s law beyond the limitations of planar
MOSFETs and FinFETs. The cylindrical nanowire FETs are considered as a crucial
candidate because of their superior electrostatic control over the channel potential and
effective suppression of short channel effects such as Drain Induced Barrier Lowering
(DIBL), subthreshold slope degradation, and Gate Induced Drain Leakages (GIDL)
[24]. This cylindrical NW FET configuration allows efficient scaling into the sub-5 nm
regime because of its electrostatic control over the channel as the gate surrounds the
channel, whereas conventional architectures fail to maintain gate control [26].

The cylindrical NW FETs are considered reliable because of their structure, which
helps in reducing variability and parasitic effects. The Cylindrical NW FETs are
considered over FINFETS because FInFETSs suffer from corner effects due to sharp fin
edges, whereas because of the cylindrical structure cylindrical NW FETs have
predictable behaviour independent of edge-dependent non-uniformities [23].
Furthermore, new channel materials like SiGe, I11-V semiconductors, and even newly
developed two-dimensional materials like MoS, and WS, are naturally compatible
with the NW FETs. This compatibility opens avenues for high mobility channels
allowing increased ON-state current (lon) and switching in future VVLSI systems that
use less energy [60].
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Despite these advantages, the large-scale integration of NW FETs faces several
challenges. In the case of cylindrical NW FETs, it is difficult to achieve uniform
nanowire diameters because of their fabrication complexity, which is the main
challenge. Surface roughness and process-induced fluctuations can lead to variability
that impairs subthreshold swing performance and has a substantial effect on the
threshold voltage stability [61]. Furthermore, contact resistance is still a limiting
factor; the drive current is negatively impacted by the high parasitic resistance at the
source/drain interfaces caused by the smaller contact area in the nanowires [62].
Thermal management is a critical issue because heat dissipation is limited because of
the geometry of the nanowires. In high-performance operating conditions can lead to
noticeable self-heating effect that lower device reliability and impair the carrier
mobility [63].

Consequently, although cylindrical NW FETSs offer exceptional potential for producing
ultra-scaled, high-performance and low-leakage transistors, their widespread
integration in semiconductor manufacturing necessitates advancements in contact
engineering, nanofabrication techniques, and thermal management. The feasibility of
NW-FET for upcoming technology nodes is being pushed further by research in these
areas.

1.6.5 Future Perspectives

Advanced gate engineering combined with cylindrical NW FETSs is expected to play a
central role in the sub-3 nm technology regime. Cylindrical NW FETSs are considered
a low-power and high-performance solution for next-generation MOS technology
because they integrate dual metal and hetero dielectric gates, high mobility channels,
and ferroelectric stacks. Post FINFETS era, the cylindrical NW FETs are considered a
crucial device while researching material integration, variability reduction, and
process scalability.

1.7 Oxide Stack Engineering

Since the gate oxide directly controls the electrostatic coupling between the gate
terminal and the underlying channel, it has always been a crucial component of
MOSFET technology. Thermally grown silicon dioxide (SiO2) was used as the gate
dielectric in traditional MOSFETSs because of its superior interface quality, chemical
stability, and capacity to form a low defect density, near ideal Si/SiO> interface [3]. To
maintain adequate gate capacitance and channel control, the oxide thickness had to be
continuously decreased due to the relentless scaling of MOSFETs. Severe direct
tunnelling leakage currents through the ultra-thin oxide layer were caused by the oxide
thickness reaching ~1.5 nm -2 nm by the 1990s [64]. Oxide stack engineering has
emerged as a key component of advanced device design because of this problem.

The ultra-thin SiO> layers are susceptible to reliability and breakdown issues such as
Time-Dependent Dielectric Breakdown (TDDB) and Bias Temperature Instability
(BTI) [64]. The gate capacitance of a MOSFET is given by:

_ Eox (1.1)

Cox -7
Lox
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Here t,,Is the physical thickness and ¢,,is the permittivity of the oxide layer. As the
device is scaled, the t,,should decrease to maintain high gate capacitance and reduce
short-channel effects. Quantum mechanical tunnelling dominates electron control as
the physical thickness falls below ~1.2 nm, which leads to high standby power
consumption and unacceptable gate leakage [25]. These challenges create an urgent
need for alternative dielectric materials with higher permittivity values.

1.7.1 High-k Dielectrics and Equivalent Oxide Thickness

To overcome the previous challenges, the industry transitioned to high-k dielectrics.
In 2007, Intel’s 45 nm technology mode was commercialized, which employed HfO»-
based stacks [43]. A small equivalent oxide thickness (EOT) was achieved by
introducing a high-k dielectric material, which physically maintains the thickness of
the dielectric layer, and tunnelling is suppressed. EOT was defined as:

EOT = toy X Ksioz (1.2)
kox

here kg;0 1S the dielectric constant of silicon dioxide and k,,is the dielectric constant
of the alternative oxide. The dielectric constant of HfO, is ~20, which enables a
physical thickness ~5 times larger than SiO> while maintaining the same electrostatic
control [14]. This innovation extended the scaling of MOSFETSs into the sub-20 nm
regime and mitigated leakage.

The integration of high-« dielectrics introduces new challenges such as interface states,
fixed charges, and mobility degradation due to remote phono scattering [16]. Due to
these effects, high-«k dielectrics are necessarily combined with an ultrathin interfacial
SiO2 layer to preserve the high-quality Si-oxide interface.

1.7.2 Gate Stack Engineering with Metal Gates

Another significant development in oxide stack engineering was the substitution of
metal gates for polysilicon gates. High-temperature processing was necessary for poly-
Si gates due to poly-depletion effects, which weakened the high-x dielectrics.
Engineers were able to improve channel mobility, remove depletion, and fine-tune the
work function for threshold voltage control by implementing metal gates and
eliminating depletion [65]. As a result, high-k/Metal Gate (HKMG) stack became the
industry standard at the 45 nm node.

1.7.3 Advanced Oxide Stacks in Nanowire and GAA Devices

As the device architectures evolved because of the scaling from planar MOSFETS to
FinFETs and then to Gate-All-Around Nanowire FETS, the oxide stacking had to be
adopted for conformal deposition around three-dimensional channels. The deposition
of high-x dielectrics and metal gates in the nanoscale geometries is done by using
Atomic Layer Deposition (ALD) as it provides excellent thickness uniformity and
interface control [18]. The high-k deposition is a critical factor as it suppresses the
short channel effects (SCEs) and subthreshold leakages in cylindrical nanowire FETSs.
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Moreover, multi-layer oxide stacks combining materials such as HfO2, Al.Os, and
La>Os have been explored to optimize trade-offs between dielectric constants, band
alignment, and thermal stability [16]. The device reliability can be improved by
incorporating a thin Al2Os layer, which will suppress oxygen vacancies in HfO and
reduce the interface states.

1.7.4 Emerging Trends: Ferroelectric Oxide and Negative Capacitance

Recently, ferroelectric high-kx oxides, like HfO,, have also been subjected to oxide
stack engineering in order to achieve Negative Capacitance FETs (NCFETS) [47]. The
traditional thermionic limit of sub-60 mV/decade subthreshold slopes can be broken,
and leakage can be further reduced by taking advantage of the intrinsic negative
capacitance effect of ferroelectric materials. At the forefront of low-power and ultra-
scaled nanowire FET design at the moment, these oxide engineering techniques
provide avenues for technologies beyond CMOS.

1.8 Motivation for Low Leakage Nanowire FETs

For over five decades the Moore’s Law has predicted the scaling of MOSFETs
accurately, and since then, this scaling phenomenon has been the driving force behind
the exponential growth of the semiconductor industry. As the technology nodes have
entered the sub-20 nm regime, they are experiencing challenges that are limiting the
device performance, such as leakage currents and other short-channel effects (SCEs).
These challenges are also affecting the reliability and energy efficiency of the device.
In modern applications, leakage minimization is an important parameter as
maximizing ON-state current for various applications like ultra-low power processors,
wearable electronics, Internet of Things (loT) devices, and biomedical sensors.
Various architectures are discussed nowadays, among all these, nanowire field effect
transistors (NW-FETs) with gate-all-around (GAA) geometry offer superior
electrostatic control that mitigates the leakage currents [37], [48]. Here, the source of
leakage, its impact on device performance, and the motivation for exploring low
leakage nanowire FETSs for future electronics are elaborated.

1.8.1 Source of Leakage in Nanoscale Devices

In nanoscale MOSFETSs, the presence of multiple leakage current mechanisms has
become one of the most critical concerns influencing static power dissipation, overall
circuit stability and device reliability. As transistor dimensions continue to scale down
aggressively into the sub-10 nm regime, various electrostatic effects and quantum
mechanical effects begin to dominate, resulting in non-ideal leakage behaviour that
limits further performance enhancement. One of the major sources of leakage is gate
oxide tunnelling, which arises due to the ultra-thin gate dielectric layers used in the
modern transistors. When the oxide thickness is reduced below 2 nm, the potential
barrier between gate and channel becomes sufficiently thin to permit direct tunnelling
of carriers through the dielectric leading to exponential increase in gate leakage
currents [3]. The introduction of high-« dielectric materials, such as ZrO> or HfO> has
mitigated this issue to some extent by allowing physically thicker layers while
maintaining high capacitance. However, the defects and trap states with in high-« films
often act as leakage pathways, contributing to trap assisted tunnelling and long-term
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dielectric degradation [14]. Another dominant mechanism is subthreshold leakage,
which originates from the finite subthreshold slope (SS) in MOSFETs. Aven when the
transistor is in OFF-sate, thermally generated carriers in the channel diffuse between
the source and drain, producing a weak but non-negligible current. In an ideal case,
the subthreshold slope of a device should be 60 mV/decade at room temperature for
thermionic emission. However, due to the short channel effects (SCEs) such as DIBL,
the subthreshold slope becomes steeper, resulting in worsening the leakages and
reducing the switching efficiency [16].

A further source of leakage, known as Gate Induced Drain Leakage (GIDL), occurs
primarily at the drain-gate overlap region when a higher drain bias is applied while the
gate voltage is low or zero. The resulting band bending in the surface potential
promotes tunnelling-assisted carrier generation from valence band to the conduction
band, leading to excess drain current even when the device is normally turned off. This
mechanism becomes more prominent with thinner gate dielectrics and higher electric
fields, directly increasing standby power dissipation [66]. Similarly, Band-to-Band
Tunnelling (BTBT) is another critical leakage pathway, especially in ultra-thin body
devices or steeply doped junctions, where high local electric fields enable electrons to
tunnel directly from the valence band to the conduction band across the drain junction.
This process dominates the OFF-state leakage at aggressive technology nodes and is
highly sensitive to both channel doping profiles and gate dielectric integrity [11].

Collectively these leakage mechanisms like gate oxide tunnelling, subthreshold
conduction, BTBT and GIDL significantly impact static power consumption, long
term reliability and device variability in deeply scaled MOSFETs. The effective
mitigation of these leakages requires a multifaceted strategy involving advanced
dielectric materials, optimized doping, novel transistor architectures and channel
engineering such as multi gate FETs, FinFETs and nanowire-based transistors.
Understanding and suppressing this leakage phenomena remain fundamental research
challenges in the continuous pursuit of energy efficient nanoscale device design.

1.8.2 Impact of Leakage on System Performance

In modern semiconductor technology, leakage currents account for a significant
portion of total chip power when sub-100 nm technology nodes are considered,
influencing device reliability, system performance and power efficiency. The
International Technology Roadmap for Semiconductors (ITRS) identifies leakage
power as major contributor to total chip power consumption, especially for devices
operating near and below the 90 nm node, where short channel effects (SCEs), high
electric field intensities and thin gate oxides exacerbate parasitic conduction paths [9].
As devices scale down further, the contribution of leakage power to overall power
dissipation continues to grow, sometimes accounting for over 50% of total power in
low-activity or standby states [61]. This results in serious implications at both device
level and system level affecting thermal management, static power dissipation, voltage
scaling feasibility and signal integrity.

One of the primary consequences of high leakage is the emergence of thermal
management issues. The power lost through leakage manifests as unwanted heat
generation, which elevates the junction temperature and accelerates self-heating
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effects within densely packed transistor arrays. Such localized heating can degrade
carrier mobility, alter threshold voltage and induce thermal runaway, which
collectively reduce device lifespan and increase cooling overheads [43]. Additionally,
reduced noise margins and reliability are major side effects of persistent leakage. The
continuous flow of subthreshold or gate tunnelling currents can distort voltage levels,
compromise signal integrity and increasing logic error susceptibility. Over prolonged
operation, this degradation accelerates failure mechanisms such as time-dependent
dielectric breakdown (TDDB) and negative bias temperature instability (NBTI),
leading to long-term instability in circuit behaviour [60].

Excessive leakage also results in increased static power dissipation, a serious problem
from battery-operated systems, large scale data centers and portable electronics, where
a significant portion of transistors remain in ideal or standby conditions. Even without
switching activity, GIDL, BTBT and subthreshold leakages continue to consume
power leading to energy insufficiency, increased cooling requirements and higher
operational costs [67]. Furthermore, leakage presents a barrier to ultra-low voltage
operation, which is critical for next generation energy efficient computing such as
Internet of Things (10T) devices, near threshold logic and neuromorphic systems. As
the supply voltage (Vpp) scales below 0.5 V the ratio of leakage to active current
increases dramatically, effectively offsetting the energy savings expected from voltage
scaling and limiting the scope pf low-power designs [48].

Hence leakage minimization has become a multi-dimensional design challenge
spanning materials, system architectures and device physics. At the material level,
innovations such as high-k/metal gate stacks and strain-engineered channels aim to
reduce gate and subthreshold leakage. At the device level, architectures like FInFETS,
gate-all-around (GAA) FETs, and nanowire transistors provide superior electrostatic
control, thereby suppressing SCE induced leakages. At the circuit and system level,
multi threshold design, power gating techniques and adaptive body biasing are
employed to reduce standby power dynamically [68]. Therefore, in advanced
semiconductor systems, controlling leakage is not merely a device optimization
problem but a system level imperative that dictates the future of scalable, energy
efficient and reliable nanoelectronics.

1.8.3 Motivation for Nanowire FETs

With the progressive miniaturization of semiconductor devices, traditional transistor
architectures such as planar MOSFETs and FinFETs face serious limitations in
maintaining leakage suppression, scalability and electrostatic control at technology
nodes below 5 nm. Among the various emerging device architectures, the Cylindrical
Nanowire Field Effect Transistor (NW FETS) has gained significant attention as a next
generation transistor design capable of addressing these challenges through its unique
three-dimensional geometry and superior electrostatics.

A major advantage of nanowire FETSs lies in their excellent scalability to sub-5 nm
regime. Both experimental and simulated studies have demonstrated that nanowire-
based transistors can sustain strong electrostatic integrity, low DIBL and superior
leakage control, even under extreme scaling conditions where FINFETSs begin to exhibit
degraded performance [69]. The cylindrical geometry of the nanowire channel offers
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nearly ideal electrostatic gate control, enabling a significant reduction in short channel
effects (SCEs) while maintaining high ON current and low OFF current. This intrinsic
advantage makes nanowire FETSs highly suitable for ultra scaled CMOS technology
nodes, ensuring both power efficiency and device reliability.

Asecond key feature is the Gate-All Around (GAA) electrostatics, which distinguishes
nanowire FETs from other transistor geometries. In this structure, the gate electrode
completely wraps around the channel, providing maximum gate-to-channel coupling.
This 360° gate coverage allows for uniform potential control along the entire channel
surface, resulting in the steepest subthreshold slope (SS) and minimal DIBL among all
GAA architectures [48]. Comparative studies have shown that cylindrical GAA NW
FETs exhibits improved subthreshold behaviour and higher current drivability than
FinFETs and nanosheet FETs, making them a preferred option for leakage limited
applications.

Additionally, engineered oxide stacks play a crucial role in minimizing gate tunnelling
leakage. By employing high-k dielectric materials such as HfO2, ZrO; or HfZrOy
composites, a larger physical oxide thickness can be maintained while achieving a low
equivalent oxide thickness, effectively suppressing direct tunnelling currents through
the gate dielectric [49]. Moreover, advanced multi-layer oxide engineering enables
bans offset tailoring, which reduces trap assisted tunnelling and enhanced dielectric
reliability. The GAA geometry further complements this effect by providing uniform
electric field distribution, thereby reducing oxide stress and hot carrier degradation.

Another promising aspect is the potential for bandgap and strain engineering in
nanowire-based transistors. By selecting appropriate channel materials such as SiGe,
I1-V compound semiconductors (InGaAs, GaN), or 2D materials (MoS2, WS,) and
applying uniaxial strain, it is possible to enhance carrier mobility, modulate band
alignment and optimize effective mass all of which contribute to lower leakage
currents without compromising on state performance [27]. These design freedoms
allow nanowire FETs to outperform conventional architectures in analog/RF
performance, energy efficiency and scalability while remaining compatible with
CMOS integration processes.

In summary, the Cylindrical Nanowire FET effectively combines superior electrostatic
control, optimized gate stack engineering and material adaptability, offering a robust
platform for the continued scaling of transistors beyond the 5 nm technology node. Its
inherent capability to mitigate short channel effects, suppress gate and subthreshold
leakages and accommodate heterogeneous materials positions it as one of the most
promising architectures for future energy-efficient nanoelectronics devices.

1.8.4 Towards Low-Power Applications

With the growing demand for energy-efficient electronics, the development of low-
leakage nanowire field effect transistors (NW FETSs) has become a cornerstone of
modern device research, enabling sustainable operation across diverse application
domains. As transistor dimensions shrink and conventional architectures struggle with
leakage-induced power loss, nanowire FETs owing to their superior electrostatic
control, gate-all-around (GAA) structure and scalable geometry emerge as promising
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candidates for ultra-low power electronics. Their ability to operate with minimal
standby power consumption, enhanced thermal stability and reduced subthreshold
leakage makes them particularly attractive in domains that demand continuous
operation under constrained energy budgets.

One of the most prominent domains is the Internet of Things (loT) and wearable
electronics, where devices often function in ON modes and rely on limited power
source such as miniature batteries or energy harvesters, in such scenarios, standby
power consumption becomes a determining factor for device lifetime and operational
efficiency. The leakage-resilient characteristics of nanowire FETSs significantly extend
battery endurance and support near threshold voltage operation, which is essential for
low-frequency sensing and intermittent communication systems [70]. Similarly,
biomedical and implantable devices benefit immensely from low leakage transistors,
as excessive leakage current not only wastes energy but also generates localized heat,
which can adversely affect biocompatibility and sensor reliability. The thermal
efficiency and low static power dissipation of nanowire-based transistors ensure safer
operation in bio-implantable electronics, bio signal amplifiers and neural interfaces,
where even slight temperature variations can influence biological tissues [71].

In the domain of edge computing and artificial intelligence (Al) accelerators, energy-
efficient engines are deployed close to data sources to minimize latency and power
overheads. These systems demand high computational throughput under strict power
constrains, where leakage current minimization directly correlates with sustained
inference efficiency and thermal reliability [66]. The nanowire architecture, with its
enhanced electrostatic and reduced parasitic capacitances enables voltage scaling
without performing degradation, aligning with the needs of edge Al hardware for low-
power inferencing and event-driven computation. Furthermore, in large-scale data
centers, the cumulative energy impact of leakage becomes enormous due to the billions
of transistors operating simultaneously. Even marginal reductions in per device
leakage translates into significant reductions in static power and global energy savings,
addressing both economic costs and environmental sustainability concerns [72].

Hence the development of low-leakage nanowire FETSs is not merely a continuation of
transistor scaling trends but a strategic step towards sustainable semiconductor design.
These architectures enable operation under near threshold or subthreshold regimes,
ensuring long term reliability, thermal stability and power efficiency. By addressing
both scaling induced physical limitations and system level energy demands, nanowire-
based devices represent a key enabler of next generation low-power electronics,
driving innovation across loT, health care, Al computing and green data
infrastructures.
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1.9 Thesis Organization

The thesis entitled “Study and Design of Low Nanowire Field Effect Transistor” is
structured into six chapters. Each chapter is designed to build upon the previous one,
thereby providing a logical flow from fundamental concept to advanced device
modelling and concluding perspectives. The overall organization is summarized
below:

= Chapter 1: Introduction

The opening chapter sets the foundation of the research by highlighting the motivation,
scope, and objectives of the work. It reviews the evaluation of nanoscale FETS, scaling
issues in conventional MOSFET architectures, and the transition towards Gate-All-
Around (GAA) nanowire transistors as a potential solution. This chapter also surveys
current developments and outlines the significance of GAA-FETs in future sensing and
electronic applications, along with a survey of state-of-the-art developments in this
domain.

= Chapter 2: Literature Review

Building on the introductory framework, this chapter includes a thorough overview of
the literature, which is provided for a variety of devices that aim to either replace or
supplement conventional complementary MOSFETSs. It is demonstrated that several
devices have some merits that outperform MOSFETS. Due to the significant variations
between simulated and manufactured devices, GAA FETs are the focus of continuing
study. Further, the study of different transistors has been incorporated with GAA FETs
to overcome their limitations. This section presents a detailed survey on Short Channel
Effects (SCEs), with a primary focus on Gate-Induced Drain Leakage (GIDL) and the
temperature-dependent impact of GIDL in nanowire Field-Effect Transistors (FETS).
The main focus of this study is to combine the macaroni-induced structure and
ferroelectric structure with GAA FETs to get enhanced performance and fabrication
feasibility. To bridge these limitations, the chapter introduces the rationale for
incorporating macaroni-type structures and ferroelectric layers into GAA FETSs, an
idea that becomes central to the modelling and design efforts explored in the
subsequent chapters.

= Chapter 3: Analytical Modeling of Channel Engineered Macaroni Induced
Gate-All-Around Field Effect Transistor (CE-MI-GAA FET)

Following the review of literature and identification of research gaps, this chapter
includes the design analysis and modelling of the first proposed structure: Channel
Engineered Macaroni Induced Gate-All-Around Field Effect Transistor (CE-MI-GAA
FET). It contains a detailed analysis of a single-gate FET and with single-gate
macaroni FET. Here, all the methods and models used for simulation in Silvaco TCAD
are discussed in depth. Several performance parameters are discussed that are crucial
for reducing Short Channel Effects (SCEs). Various parameters like Gate Induced
Drain Leakage (GIDL), Drain Induced Barrier Lowering (DIBL), and Subthreshold
Slope (SS). Various simulated parameters of the FETs are analytically verified. This
chapter sets the stage for advancing towards more complex device structures by
demonstrating the benefits of channel engineering in suppressing SCEs.
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= Chapter 4: Analytical Modeling and Numerical Simulation of Double-Gate
Macaroni Channel Field Effect Transistor

Expanding upon the concepts introduced in Chapter 3, this chapter includes the design
analysis and modelling of the Double Gate Engineered Macaroni Induced FET to
further enhance the electrostatic control. Here, all the methods and models used for
simulation in Silvaco TCAD are discussed in depth. Several performance parameters
are discussed that are crucial for reducing Short Channel Effects (SCEs). Various
parameters like Gate Induced Drain Leakage (GIDL), Drain Induced Barrier Lowering
(DIBL), Surface Potential, and Subthreshold Slope (SS). Various parameters are
analytically derived, such as Gate Induced Drain Leakage (GIDL) and surface
potential, using 2D Poisson’s equation. The analytical results derived from the model
in this way were validated with simulation results obtained using the ATLAS TCAD
simulator, which shows good agreement. This progression from single gate to double
gate design demonstrates how structural modifications can systematically mitigate
short channel degradation, thereby preparing the ground for incorporating ferroelectric
effects.

= Chapter 5: Design and Modelling of Negative Capacitance Ferroelectric
Nanowire Field Effect Transistor for Leakage Minimization

Building upon the double gate macaroni device framework, this chapter integrates
ferroelectric materials into the gate stack to exploit the negative capacitance effect. It
involves the design and analysis of the Single Gate and Dual Gate Ferroelectric FET
in detail. The impact of temperature variation has also been studied on various
parameters. The analytical surface potential model for different regions of the
proposed structure has been developed by using Poisson’s equation and Landau-
Khalatnikov equation. Analytical results derived from the model in this way were
validated with simulation results obtained using the ATLAS TCAD simulator, which
shows good agreement. This chapter thus represents the culmination of the proposed
design strategies, linking structural engineering with material innovation.

= Chapter 6: Conclusion, Future Directions, and Social Impact

The final chapter provides a consolidated summary of the major findings from the
thesis. This chapter underscores the contributions of macaroni-channel engineering
and ferroelectric integration in improving nanowire FET performance. It highlights the
analytical and simulation-based contributions of the work, reflects on the advantages
of the proposed nanowire GAA FET designs, and suggests potential directions for
future research. Beyond the technical achievements, the chapter also highlights the
broader societal and technological implications of adopting such devices in next-
generation electronics and sensing platforms, thereby completing the narrative of the
thesis. The flow chart of thesis organization is shown in figure 1.22.
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CHAPTER 2
LITERATURE SURVEY

In the previous chapter, the introduction outlined the motivation for this research,
focusing on the challenges encountered in modern CMOS technology as dimensions
of the devices continue to scale down. With each new node of technology, maintaining
device reliability and performance becomes increasingly complex due to the increasing
influence of band-to-band tunnelling (BTBT), variability issues, short channel effects
(SCEs) and gate induced drain leakage (GIDL). Simultaneously the demand for high
frequency and low power applications requires device architectures that can deliver
both robust analog/RF and improved electrostatic characteristics [73].

Among several device structures investigated over the past two decades, nanowire and
gate all around (GAA) FETs have emerged as strong candidates owing to their
excellent electrostatic integrity. Further enhancement through hollow body macaroni
channels, hetero dielectric stacking, dual metal gate (DMG) engineering and negative
capacitance (NC) integration have also been discussed aiming to suppress leakage
currents and improve device scalability. While these innovations have provided
significant improvements, they also bring new challenges related to hysteresis,
fabrication complexity and temperature stability leaving important gaps in the
literatures [74].

To build a better understanding of these developments, the present chapter surveys the
existing body of work in a structured manner. The review begins with the discussion
of analytical and compact modelling approaches, since these models provide the
essential framework for understanding device physics at nanoscale dimensions.
Analytical solutions of Poisson’s equation, charge based models and compact
formulations have been widely used to predict subthreshold slope, drain current,
leakage mechanism and threshold voltage [75]. These models not only explain the
fundamental electrostatics of cylindrical, nanowire and macaroni devices but also act
as the basis for developing circuit compatible compact models, which are
indispensable for design and simulation at system level.

2.1 Analytical and Compact Modeling Approaches

Scaling of MOSFET devices into nanometer dimensions has created the urgent need
for accurate analytical and compact models that can capture electrostatics, short
channel effects (SCEs) and transport for advanced structures such as nanotubes,
nanowires, negative capacitance FET and macaroni MOSFETs [76]. Unlike purely
numerical TCAD simulations, analytical frameworks allow faster design space
exploration, suitability and deeper physical insight for circuit level SPICE simulations.
Over the past decade several works have progressively improved analytical models to
include effects such as DIBL, GIDL, NC induced amplification, variability and
quantum confinement, which are essential for reliable nanoscale CMOS design.
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Early models for fully depleted cylindrical MOSFETs [77], [78] derived threshold
voltage and I-V characteristic expression by using Poisson’s equation in cylindrical
coordinates. These models explained that the cylindrical symmetry provides superior
electrostatic control when compared with the planar geometries, resulting in reducing
SCEs. Subsequent refinements [79] incorporated quantum confinement using Green’s
function-based methods, demonstrating that quantization raises threshold voltage but
can be stabilized through ferroelectric negative capacitance layers.

Macaroni MOSFETs which employ hollow cylindrical channel motivated the
development of semi-analytical models [80], [81], [82]. These works highlighted the
concept of characteristic length as a scaling parameter, showing that thinner silicon
shells improve gate control but exacerbate variability. Later work introduced compact
BSIM-CMG compatible models for circuit simulation of macaroni NAND arrays
enabling realistic assessment of delay coupling effects and gain.

Analytical work also extended to reconfigurable and biosensing devices [83]. Spacer
engineering nanowire Schottky barrier FETs were modeled to show how biomolecules
immobilization alters electrostatics, drain current and shifting threshold voltage. These
studies provided frameworks for extending compact models beyond digital logic into
bioelectronics and sensing.

Short-channel and leakage effects were integrated into several models. An analytical
formulation of temperature-dependent GIDL currents in dual metal nanowire FETS
solving Poisson’s equation under non uniform boundary conditions is presented [84],
[85]. Similarly recessed gate cylindrical JL-NW FE FET that incorporated ferroelectric
effects into SCE modelling, showing that ferroelectric layer helps in mitigating
threshold roll off at scaled lengths [86].

Collectively these modeling efforts demonstrated a clear trajectory from basic
electrostatics of cylindrical MOSFETSs to macaroni and JL structures and finally NC
and ferroelectric enhanced FETSs. The analytical frameworks not only explain physical
device phenomenon but also provide compact models usable in circuit simulation
platforms bridging the gap between device physics and VVLSI design.

TABLE 2.1 ANALYTICAL AND COMPACT MODELLING APPROACHES

('U turnitin

First Author (Year)

Paper Title

Summary

Colinge et al. (2002)

Analytical Model for Threshold
Voltage of Cylindrical Fully Depleted
MOSFETS.

Derives threshold voltage model
using Poisson’s equation in
cylindrical coordinates.

Chattopadhyay et al.
(2014)

Analytical Model for Threshold
Voltage and I-V characteristics of Fully
Depleted Cylindrical MOSFETS.

Extracts cylindrical MOSFET
model  with  explicit -V
characteristics  under  short
channel effects.

Banerjee & Chauhan
(2020)

Analytical Modeling of SCEs in MFIS
NCFET Including Quantum Effects.

Provides Green’s function-based
model integrating NC and
guantum confinement effects.

Nguyen-Gia et al.
(2019)

Characteristic Length of Macaroni
Channel MOSFET

Analytical model of
characteristic length showing
improved SCE immunity in
macaroni MOSFETS.
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Paolucci et al. (2016)

Semi-Analytical Model for Macaroni
MOSFETSs for 3D NAND Applications.

Uses exact Poisson solution and
Pao-Sah to model subthreshold
and tunnelling currents.

(2020)

Nguyen-Gia et al.

Models of Threshold Voltage and
Subthreshold Slope for Macaroni
MOSFETS.

Derives compact models for
threshold and subthreshold slope
under scaling conditions.

Kim et al. (2019)

BSIM-CMG Modelling for 3D NAND
Cell with Macaroni Channel.

Develops compact BSIM-CMG
model for macaroni NAND cells
validated against TCAD.

Shafizade et al.

Charge-Based Modelling of Ultra

Proposes a quantum corrected
charge-based model for JL-NW

Thakur et al. (2024)

Engineered Reconfigurable SINW SBT
for Biosensing.

(2021) Narrow JL Nanowire FETS. FETs
Charge Based Analytical Model for | Captures trap-induced effects on
Raut & Nanda (2022) | GAA JL-FET Including Interface | drain current, electrostatics and
Traps. RF metrics.
Analytical Modelling of Spacer | Demonstrates spacer engineered

SiINW model for dual mode
biomolecule detection.

Goel et al. (2019)

Temperature Dependent GIDL

Modelling of DM-NWFETS.

Derives analytical framework
for GIDL current under thermal

variation.

Proposes recessed gate model
showing improved SS, linearity
and leakage control.

2.2  Gate Induced Drain Leakage (GIDL) and Leakage
Suppression Techniques

Modelling of Recessed Gate Cylindrical

Singh etal. (2025) {5 “Nanowire FE-FETS.

As MOSFETs are scaled below 20 nm regime, Gate Induced Drain Leakage (GIDL)
became one of the most critical parasitic phenomena limiting device performance.
GIDL arises due to band-to-band tunnelling (BTBT) at the drain gate junction overlap,
especially under high drain bias and weak gate control. It contributes significantly
towards the lorr, increases static power dissipation and comprises subthreshold
behaviour. Suppressing the GIDL therefore remains a core focus of advanced device
design, particularly for nanosheet, nanowire and negative capacitance-based FETSs
[87].

One of the earlier works in these areas provided an analytical study of GIDL in GAA
nanowire MOSFETs, thereby identifying tunnelling mechanisms and field
dependencies [88]. The analysis showed that the cylindrical architecture enhances the
gate control and reduce leakage current compared to the planar MOSFETSs. Subsequent
refinements introduced dual metal gates and hetero dielectric engineering [89], [90],
demonstrating how electrostatic optimization could redistribute the electric field at the
drain junction thereby lowering tunnelling probability.

Cylindrical dual metal hetero dielectric GAA MOSFETs [91] in particular
demonstrated strong leakage suppression while improving ON current, indicating the
multi material gate engineering is a promising route. Furthermore, improvements were
made by employing shallow extension engineering [92], which reduces the vertical
electric field at the drain junction suppressing BTBT while simultaneously enhancing
analog figure of merit and intrinsic gain.
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Other architectural strategies included the design of dual metal insulated shallow
extension (ISE) MOSFETs [93] and asymmetric gate stack triple metal GAA
MOSFETs [94], both of which supported the gate stack engineering as a prominent
candidate for suppression of leakages without compromising scalability. Similarly,
gate stack dual metal nanowire MOSFETSs [95] were proposed for high frequency
applications, balancing analog gain and leakage reduction.

Beyond structural approaches, material engineering also played a significant role.
Experimentally, analyzed GIDL in SiGe pFETs confirmed phonon assisted BTBT as
the dominant mechanism [96]. A detailed electric-field and temperature dependent
model of GIDL activation energy, showing the coexistence of tunnelling and trap
charge mechanisms [97]. Most recently an experimental study of GIDL in stacked
nanowire and nanosheet SOl nMOSFETSs, confirming that leakage worsens with
temperature [94].

Integration of nanowire with negative capacitance (NC) device has introduced
additional complexity. GIDL in MFIS verses MFMIS NC FinFETS were analyzed
[47], showing that polarization gradients can either exacerbate leakage or relax. The
improper capacitance matching destabilized NC operation and worsen GIDL [98].
Hence NC FETs require careful optimization of gate stack and ferroelectric design to
maintain steep slopes without leakage penalties.

Collectively the literature suggests that GIDL suppression is a multi-dimensional
challenge. Approaches span structural engineering (dual metal, asymmetric gates,
shallow extension), material optimization (SiGe, ferroelectrics, high-x oxides) and
variability- aware design (trap-assisted, thermal effects). While significant suppression
has been achieved, hysteresis in NC devices, process variability in poly-Si and thermal
degradation in nanosheets still remain open challenges.

TABLE 2.2 GATE INDUCED DRAIN LEAKAGE (GIDL) AND LEAKAGE
SUPPRESSION TECHNIQUES

First Author (Year) Paper Title Summary
. . Identifies tunnelling based
Analysis of GIDL in Gate-ALL s
Chattopadhyay et al. (2012) Around Nanowire MOSEETS. Ieakagg mechanism in GAA
nanowires.
GIDL Reduction in Cylindrical gre?\é\(/:stricdual I;et?:]eeﬁgd
Dasgupta et al. (2017) Dual Metal Hetero Dielectric reduced GIDL g whilg
GAA MOSFET. .
boosting lon.
Novel Design to Improve Band- | Proposes modified GAA
Goel at al. (2018) to-Band Tunnelling and GIDL in | MOSFET  structures  to
Cylindrical GAA MOSFETSs. minimize tunnelling leakage.
Dual Metal Insulated Shallow | Introduces ISE techniques to
Roy et al. (2018) Extension GAA MOSFET for | suppress leakage and
Reduced GIDL. improve analog gain.
Asymmetric Gate Stack Triple | Uses asymmetric triple metal
Sarkar etal. (2019) Metal GAA MOSFET. gate stack to suppress GIDL.
. Reduces leakage and
Roy et al. (2020) Gate Stack Dual Met_al Nanowire enhances RF figure of merit
FET for RF Applications. .
with dual metal stacks.
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Mishra et al. (2019)

SEE-DM-SG MOSFET GIDL
Modelling.

Develops analytical GIDL
model for shallow extension
engineered devices.

Tiwari et al. (2014)

Analysis of GIDL in SiGe

Channel pFETs.

Experimental study
confirming phonon assisted
BTBT in SiGe channels.

Alnuaimi et al. (2013)

Electric Field & Temperature
Dependence of GIDL Activation
Energy.

Explains GIDL via Poole-
Frenkel, TAT and BTBT
effects.

Experimental assessment
showing leakage worsens
with temperature and fin

GIDL in SOI Stacked Nanowire

De Souza etal. (2023) and Nanosheet MOSFETS.

width.
. Shows polarization gradient
Min et al. (2020) GIDL in MFMIS vs MFIS NC effects govern leakage

FinFETs. tradeoffs in NC-FinFETs.

2.3 Negative Capacitance and Ferroelectric FETs (NC FETYS)

The introduction of negative capacitance (NC) in ferroelectric materials represents one
of the most transformative concepts in transistor research. First proposed by
Salahuddin and Datta on 2008, the idea was by exploring the unstable region of
ferroelectric polarization, a ferroelectric capacitor can provide voltage amplification
when placed in series with the gate dielectric. This mechanism allows reduction of
subthreshold swing (SS) below the Boltzmann limit of 60 mV/decade thus addressing
one of the most fundamental barriers to low power device scaling.

The earliest theoretical foundation was provided by Landau-Khalantnikov (LK)
modelling [47], [99], [100]. Experimental validation followed in nanoscale PZT-STO
heterostructures [101], where capacitance enhancement confirmed the NC effect, and
later in epitaxial ferroelectric capacitors [102], where transient measurements captured
negative differential capacitance during polarization switching. The hysteresis free NC
in HfZrO, (HZO) with thin Al>Os interlays, providing that CMOS compatible
ferroelectrics could stabilize NC at high speeds.

Building on these foundations, various device level demonstrations emerged.
Fabricated NC FinFETs with HZO gate stacks [103], reported bi-directional sub-60
mV/decade SS, negative DIBL and improved short channel effects (SCEs). This was
extended to junctionless nanowire NC-FETSs, showing enhanced lon/lorr ratios and
guidelines for HfO, ferroelectric thickness optimization [104]. Junctionless
Accumulation Mode FE FETs (JAM FE FETs) demonstrated improvements in
transconductance, cutoff frequency and gain, positioning NC devices as promising
candidates for high frequency mixed signal design [105].

At the modelling level, compact and analytical models were developed to predict NC
behaviour under scaling. A compact NC FET model that captures sub kT SS, negative
differential resistance (NDR) and reverse DIBL was build [106]. A surface potential
based 1-V model for MFIS NC-GAA FETs was developed explicitly incorporating
interface trap effects [107]. Analytically quantum confinement effects were introduced
in double gate MFIS-NCFETs showing that confinement elevates threshold voltage
but is offset by NC amplification [108].
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Temperature dependence became a key research focus. NC effects degrade with
increasing temperature due to weakened ferroelectric polarization was experimentally
shown [109], though NCFETSs still out perform conventional MOSFETs. A fully
coupled TCAD LK framework showing NC vanishes above 500 K but strengthens at
cryogenic conditions was introduced [110]. This was extended to JAM FE FETs
confirming SS degradation with temperature rise [111].

In addition to digital switching, NC devices were also studied for RF and analog
performance. NC FETs exhibit negative output differential resistance which if
engineered can enhance intrinsic gain was also shown [112]. Electrostatically doped
FE Schottky Barrier TFETs with PZT gates were proposed for achieving improved
gm/la and cutoff frequencies [113]. HDDP-DG NC FETs with terahertz cutoff
frequencies (2.65 THz) and superior linearity metrics were demonstrated [114].

Another critical research concerns hysteresis suppression. A hysteresis free NC effects
can arise not only from capacitance matching but also from leakage and trap assisted
charge boosting, offering an alternate expiation for experimental observations was
discussed [115]. A variability aware conservative design strategy, ensuring hysteresis
free operation under +3% material variation was provided [116].

In summary, NC FET research has rapidly evolved from theoretical proposals to
experimental demonstrations and system level modelling. Ferroelectric integration
with CMOS compatibility oxides like HZO is particularly promising but challenges
remain in hysteresis control, variability and thermal stability. Nonetheless, NC FETs
consistently achieve steep slopes, enhanced analog performance and improved SCE
immunity, making them as front runners for next generation low power VLSI and RF
technologies.

TABLE 2.3 NEGATIVE CAPACITANCE AND FERROELECTRIC FETS (NC

FETS)
First Author (Year) Paper Title Summary
Salahuddin & Datta Xsn? I(i):icgltg)nto f(l)jrmvl_l((j)?/v VS(I:\?V%(: Proposes NC as a voltage amplifier
(2008) Devri)ces enabling SS < 60 mV/decade.
Experimental Evidence of | . - .
Khan et al. (2011) Ferroelectric NC in First PTOOf of stabilized NC in PZT-
STO bilayers.
Heterostructures.
Khal et al. (2014) Negative _Capacn_ance in a Dem(_)nst_rates t_ran§|ent NC during
Ferroelectric Capacitor. polarization switching.
High Speed Hysteresis Free NC in | Shows hysteresis free NC in
Hoffmann etal. (2018) | 76, HZOJ/AI,0; stacks.
Zhou et al. (2018) NC n-Channel Si FinFETs with | Fabricates ~ NC-FinFETs  with
' Sub-60 mV/decade. negative DIBL and improved SCEs.
. Design Guidelines for JL-NW | Provides design rules for JL-
Choi etal. (2019) NCFETs with HfO,. NCFETSs with HfO, ferroelectrics.
. Proposes  JAM-FE-FET  with
Yadav et al. (2022) JAMTFETFET for High Frequency enhanced gain, cutoff frequency and
Applications.
transconductance.
Compact NC FET Model with | Compact model predicting NDR, SS
Dong & Guo (2017) Electrostatic SCEs. and reverse DIBL.
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Analytical I-V Modelling of MFIS | Surface potential based I-V model
NC GAA FET. with interface traps.

Analytical Modelling of SCEs in
MFIS NCFETs with Quantum
Effects.

Kim et al. (2021)

Pandey & Chauhan
(2020)

Included quantum confinements in
NC electrostatics.

Shows SS degradation from 14.8 to

Impact of  Temperature  on 24.3 mV/decade between 300-400

Jo & Shin (2015)

NCFETSs. K
Temperature Effects on HZO | Shows faster SS and lon degradation
Wang etal. (2020) Based NCFETSs, in HZO-NCFETs.
Fully Coupled Simulation of | Shows NC vanishes above 500 k,
Raol et al. (2021) Temperature Effects in  NC | strengthens at cryogenic
Devices. temperatures.
Temperature Effects on JAM-FE | Demonstrates SS degradation and
Yadav etal. (2023) FETSs. lon/loer reduction with temperature.
Agarwal et al. (2018) Engineering NDR in NCFETSs for | Explores NDR tuning to improve
g ' Analog Applications. analog gain.
. PZT Gate Stack NC TFETSs for RF | Shows improved gm/lq and fr in ED
Singh etal. (2019) Applications. FE SBTFETS.
Malvika et al. (2024) HDDP-DG NCFET for Terahertz | Demonstrates fr = 2.65 THz with
' Applications. superior linearity.

Reviews NC-TFET architectures
and low power prospects.
Proposes NC-JLTFET achieving

Upadhyay et al. (2022) | Review on NC Tunnel FETSs.

Singh et al. (2014) Charge-Plasma NC JLTFET. 11.5 mv/decade SS
NC-Based Core Shell Doping Less | Demonstrates SS = 18 mV/decade
Apoorvaatal. (2020) | \janonbe TFET. in NC-DL-NT TFET.
Hsu et al. (2021) Hysteresis Free NC in MFIM | Attributes hysteresis free NC to
' Capacitors. leakage/trap assisted effects.
. Effects of Ferroelectric Variability | Proposes conservative design rules
Lin etal. (2016) on NCFETSs. ensuring hysteresis free NC.

2.4  Nanowire, Nanotube and Junctionless FETs

As CMOS technology approached the sub-10 nm regime, junction-based transistors
faced increasing challenges in terms of dopant variability, fabrication complexity and
leakage currents. To overcome these limitations researchers introduced junction less
(JL) architectures, where the channel is uniformly doped and conduction is controlled
entirely by the gate. This concept proved particularly effective in nanotube and
nanowire structures, which provide excellent gate electrostatic control.

Nanotube junction less FETs (NJLFETS) have hollow nanowire core, thereby reducing
parasitic capacitance and improving surface to volume ratio. NJLFETSs significantly
enhance AC and analog performance with higher cutoff frequency, reduced harmonic
distortions and lower noise figure [84]. Further a dual metal junctionless nanotube
FETs (DMJN-TFETSs) combined gate material engineering with nanotube geometry to
reduce the leakage while boosting gain and transconductance is proposed [117].

Junctionless Nanowire FETs (JL-NWFETS) were among the first devices modelled and
fabricated to demonstrate these benefits. Charge based analytical models demonstrated
hoe eliminating source drain junctions reduces random dopant fluctuations, enhances
subthreshold swing control and lowers variability [118], [119]. Compared to inversion
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mode nanowire MOSFETs JL-NWFETs exhibit higher lon/lorr ratios and reduced
DIBL, confirming their scalability advantages.

Beyond static metrics, NJL and JL devices were also studied for high frequency and
RF applications. Gain bandwidth trade off and noise immunity were explored with
NJLFETs demonstrating strong potential for low noise amplifiers (LNAs). Gate all
around tunnel FETs (GAA-TFETSs) were studied in the RF domain, and were seen
achieving fr ~ 22 GHz and fmax ~ 250 GHz, providing the suitability of nanoscale
JL/GAA devices for next generation RF electronics.

Structural technology boosters further enhanced JL-FET performance. Multi-gate
structures, dielectric pocket designs and heterostructures were reviewed and studied
for their properties that improve SCE suppression [120]. Recessed gate cylindrical JL-
NW FE FETs was modelled which demonstrated better linearity and reduced leakage
compared to conventional JL-FETs [121]. Junctionless Accumulation Mode FE FETs
(JAM-FE FETs) were introduced which will improve the gm/la and higher cutoff
frequencies as the JL operation is combined with negative capacitance to achieve steep
slopes.

At the material levels, NJL and JL devices have been demonstrated using Si, GaN and
SiC. Studies confirmed that wide bandgap semiconductors in JL geometries achieve
lower leakage and higher breakdown voltages, making them attractive for power and
RF applications [118].

In summary, JL, nanotube and nanowire FETSs offers a fabrication-friendly, variability
resilient and high-performance alternative to conventional MOSFETSs. Their ability to
integrate with ferroelectric NC effects, leverage gate material engineering and deliver
high frequency operation positions them as key candidates for ultra scaled CMOS and
mixed signal electronics.

TABLE 2.4 NANOWIRE, NANOTUBE AND JUNCTIONLESS FETS

First Author (Year) Paper Title Summary
Charge Based Modelling of | Quantum corrected charge model
Shafizade et al. (2021) Ultra Narrow JL Nanowire | showing improved electrostatics in
FETSs. JLONW FETs.
Charged Based  Analytical | Models trap effects and mobility
Raut & Nanda (2022) Model for JL-GAA FETSs. degradation in JL FETSs.

Demonstrates NJLFETSs with higher
cutoff frequency, better linearity and
lower noise.

Combines dual metal gates with
nanotube geometry for leakage
suppression and RF gain.

Kalaivani & Usharani | Design of GAA Tunnel FET for | Proposes GAA TFET achieving fr ~

NJLFET with Improved Analog

Rewari et al. (2016) and AC Noise Immunity.

Dual Metal Junctionless

Goel et al. (2020) Nanotube FETs.

(2013) RF Performance. 22 GHz and fimax ~ 250 GHz.
Surveys multi gate,
Review on Technology Boosters | heterostructures, and dielectric
Narula et al. (2024) for JL-FETSs. pocket  methods  for  SCE

suppression.
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Recessed design enhances linearity
and reduces leakage in JL-
NWFETS.

JL Accumulation Mode FE FETs
improves gm, gain and cutoff

Recessed Gate Cylindrical JL-

Singh et al. (2025) NW EE FETs

JAM-FE  FET for  High

Yadav etal. (2022) Frequency Applications.

frequency.
Yadav et al. (2023) Temperature Effects on JAM-FE | Shows SS degradation and lon/loge
' FETs. drop with temperature scaling.

2.5 Macaroni MOSFETs and 3D NAND Memory Devices

The macaroni MOSFET (hollow thin shell cylindrical channel surrounding an inner
filler) emerged from vertical NAND flash memory development as an elegant
compromise between manufacturability and excellent electrostatics in ultra high aspect
ratio stacks. Semi analytical foundations [81] solved Poisson’s equation exactly in
cylindrical coordinates and coupled it with Pao-Sah transport to capture both
subthreshold and ON state operation including Fowler Nordheim tunnelling relevant
for programming showing how shell thickness, oxide thickness and filler radius co
determine the threshold, subthreshold slope and write efficiency. Follow on theory
established characteristic length formulas [80] and compact threshold/SS models [82],
explaining why a thinner silicon shell gives shorter electrostatic length and stronger
SCE immunity than full solid nanowires.

Cell-to-cell interference and array-level electrostatics are central in vertical NAND
strings