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ABSTRACT

The nonstop scaling of Metal-Oxide-Semiconductor Field-
Effect Transistors (MOSFETs) is considered a driving force in
semiconductor technology, allowing higher integration
densities, enhanced performance, and reduced power
consumption. However, fundamental challenges arise as device
dimensions shrink to the nanoscale, such as short-channel
effects, threshold voltage variation, leakage currents, and gate
oxide tunneling. This study critically surveys these scaling
limitations and shows potential solutions, such as high-k gate
dielectrics, metal gate integration, and novel device
architectures. Other transistor designs, including FinFETs,
Gate-All-Around (GAA) transistors, and emerging beyond-
CMOS devices, are assessed for their potential to extend
Moore’s Law. This study also addresses advancements in
materials, including two-dimensional (2D) semiconductors
and carbon-based nanostructures, that offer promising
substitutes to conventional silicon technology. Regardless of
these innovations, significant obstacles remain in achieving
fabrication, reliability, and cost-effectiveness at sub-5nm
nodes. This review paper provides insights into current
progress and future guide for nanoscale MOSFET development,
comprehensively assessing the challenges and opportunities in
next-generation transistor technology. The findings aim to
guide researchers and industry professionals toward
sustainable semiconductor scaling approaches.

1. Introduction

The advancements in MOSFET technology have
significantly driven the semiconductor industry's
growth for many years. The typical reduction in the
size of devices maintains this expansion. The

processing capability of MOSFET technology has
significantly improved due to downscaling. Device
size and supply voltage downscaling have
considerably enhanced processing speed and
density[1]. Therefore, since the 1960s, gate length
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has decreased from hundreds of micrometres to a
few nanometers. In the 1970s, it became apparent
that devices featuring gate lengths of 1 pm were
prone to a problematic phenomenon known as the
short channel effect. The enhancement of speed
and drive current, achieved through scaling down
the supply voltage, necessitated reducing the
threshold voltage. However, this increased
subthreshold leakage, elevating the leakage power
[2].

Additionally, reducing the size of the silicon dioxide
(Si02) is necessary to enhance the control of the
electrode over the channel and improve the drive
current. However, this downsizing is limited to a
minimum level of 1.2 nm due to physical
constraints and concerns about reliability [3].
Therefore, the ongoing trends in scaling are limited
by issues, including the increasing problem of
leakage, limited current capability, degradation
carrier mobility, cost, and challenges in
manufacturing [3]. In order to sustain the historical
improvements and address the challenges posed by
scaling future technology and minimizing the
impact of small geometric effects, researchers have
explored and implemented many methodologies
and novel device topologies.

This review provides a thorough evaluation of
current and future MOSFET technologies. It also
discusses the challenges and possibilities in
designing MOSFETs with gate lengths below 10
nanometers using a hierarchical framework for
MOSFET scaling. The review identifies the most
promising logic devices and technologies with gate
lengths below 5 nanometers. It highlights the
necessary research efforts to concentrate and
optimize the research activities in this field.

The paper is organized into five main sections.
Section 2 examines recent developments in
MOSFET scaling. Section 3 addresses the challenges
associated with technological scalability. Section 4
discusses potential solutions to these challenges,
including  using  high-K  materials and
nanotechnology devices in current and emerging
fields. Finally, Section 5 presents the paper’s
conclusion.

2. MOSFETs Scaling

Enhancing the system's reliability, boosting the
current drive, computing power, and the density of
integration while reducing costs is crucial through
scaling. The strategy of device scaling has been
demonstrated to be the most efficient up to this
point [4]. Reducing the size of an integrated circuit

(IC) results in a greater number of circuits per unit
area, increased speed of operation, and reduced
power loss[5]. The primary concept that governs
initial sizing is to minimize the overall dimensions
of transistors, which produces a more compact
transistor, aiming to achieve the same or enhanced
performance compared to their larger devices [6].
Fig. 1 illustrates the goal of reducing the size of MOS
transistors. The configuration shown on the right is
scaled down compared to the one on the left, with
all dimensions decreased by a factor of a [6].
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Figure 1. The fundamental concepts behind MOSFET and IC
scaling [6].

At first, the length of the MOSFET's gate was
measured in micrometers. Nevertheless, the length
of the channel has been decreased to the nano-scale
[7]. Using scaling MOSFETs in 1974 resulted in
advancements in device density, switching speed,
and energy efficiency [8]. In 2019, Samsung
Electronics and TSMC produced the smallest
MOSFETs, 5 nm FinFET semiconductor nodes [9].
Scaling of MOSFETs can improve both processing
speed and RF performance [10]. Fig. 2A illustrates
the advancement of MOSFET gate scaling
technology. Reference [10] demonstrates that as
the active power per transition reduces, both the
device density and power consumption increase
twofold, as shown in Fig. 2B [11]. Consequently, the
semiconductor industry has embraced Moore's law
and the scaling theory. Fig. 3 illustrates the yearly
reduction in dimensions according to the ITRS
roadmap [12].

The main reason for shrinking transistors is to
increase the density of components on a single
integrated circuit, which enables the creation of
chips that maintain the same functionalities in a
smaller area or offer improved functionalities
within the same area. The cost of each integrated
circuit mainly depends on the number of chips
produced per semiconductor wafer. Therefore,
smaller ICs result in a higher number of chips per
wafer, reducing the cost of each chip.
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Figure 2. (A) Decrease in gate length over the years in VLSI
technology [10] (B) Power and circuit density trends in CMOS
technology [11].

10000 T TR e

~Trend beyond 2014
" (2x every 3 years)

1000k

gl i i i i T e

100k::::: i st @8 Trend until 2012 N et |
R e I (2K every 2 years) i

Millon transistors

i i i i i
\El‘ﬁ 2000 2005 2010 2015 2020 2025

Year

Figure 3. Semiconductor technology road map [12].

3. Significant Challenges in Reducing
the Size of MOSFET Devices

Although the production of smaller transistors has
advantages such as increased space efficiency,
faster speed, and greater performance, it also
presents notable problems [9]. These issues arise
as the size of the MOSFET is shrunk to the
nanoscale, leading to decreasing performance.
Hence, it is crucial to tackle these concerns to
guarantee the continued viability of MOSFET
technology [8].

3.1 Limits for Quantum Tunnelling
Typically, in the field of the design of chips, it is

common practice to maintain a sufficient distance
between transistors to prevent any interference or

disruption between their operations [8]. An
intermediate substance is inserted between
transistors to create a separation and serve as a
barrier. However, as MOSFETSs are scaled down, the
barrier between transistors also shrinks.
Consequently, the probability increases for one
transistor to influence the performance of another
since carriers can migrate between them [8, 13].

3.2 Effects on Short Channels

A MOSFET is described as being in a short-scaled
condition when the length of its channel is
equivalent to the widths of the depletion layers in
the source and drain regions beneath the gate and
if a potential differential between the drain and
source is zero. When the size of a device decreases
dramatically, short channel effects become
dominant and affect the device's performance. A
significant obstacle in the nano-scale domain is
reducing short-channel effects while preserving
optimal device performance[10].

3.2.1. Drain Induced Barrier Lowering

Drain-induced barrier lowering, DIBL, occurs when
the voltage at the drain of a MOSFET reduces the
potential barrier between the source and channel
regions. In devices with long channels and perfect
features, the gate voltage is the primary means of
controlling the potential barrier. Nevertheless, as
the length of the transistor channel decreases with
each technological progress, the impact of the drain
voltage on this barrier has grown more significant.
It is essential to analyze the electric fields within
the device. As the voltage delivered to the drain
increases, an electric field that extends throughout
the channel is created. This field greatly reduces the
potential barrier electrons must surpass from the
source to the drain. Consequently, even when the
transistor is intended to be in an off-state, the
reduced barrier allows more electrons to flow,
leading to higher off-state currents and less channel
control by the gate voltage [14]. DIBL significantly
impacts the threshold voltage of the transistor,
making it one of the most prominent impacts. The
magnitude of DIBL is closely connected to the
reduction in transistor dimensions. The impact
becomes more evident as the channel length
decreases[14]. Equation 1 is used to calculate the
DIBL, where AV is the change in threshold voltage
concerning the drain source voltage (Vas), and the
Vin1, Vinz are the threshold voltages obtained at low
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drain voltage (Vas1) and saturation drain voltage
(Vas2) respectively[15].

DIBL = AVen _ (Vena—Vena) 1)
AVgs (Vas2—Vas1)

3.2.2. Surface Scattering

Surface scattering or Hot Electron Effects is a
fundamental concept in semiconductor physics
that has become more significant as electronic
devices shrink to nano-scale dimensions. The
phenomenon is the interaction between charge
carriers and a material's physical boundaries or
interfaces due to electrons gain substantial kinetic
energy when subjected to high electric fields. This
interaction is critical in determining contemporary
semiconductor devices' electrical properties and
operational efficiency. When electronic devices get
smaller, the scattering of carriers at the surface of
the device becomes more significant compared to
scattering inside the device's body. This change has
great ramifications for the movement and ability to
conduct electricity of substances, especially in
small structures, such as thin films, nanowires, and
quantum dots. Surface scattering is affected by
many parameters, such as surface roughness,
defects or impurities, and the energy and
momentum of the charge carriers[16].

3.2.3.  Velocity Saturation

There is a substantial influence that velocity
saturation has on the performance of modern
electronic devices, particularly in high-speed and
miniaturized transistors. There is a correlation
between the size of semiconductor devices and
their ability to operate at higher electric fields, and
the relevance of this phenomenon rises as the size
of devices reduces. In the natural environment, the
velocity of electrically charged particles in a
semiconductor would exhibit a linear rise in
proportion to the strength of the electric field.
According to [17], this linear association only
applies until a threshold is exceeded. Once the
threshold is exceeded, the velocity of the carrier
deviates from linear patterns and achieves its
maximum value, which is referred to as the
saturation velocity.

Velocity saturation arises from the interactions
between charge carriers and the semiconductor
crystal lattice and may be attributed to a physical
process. When exposed to strong electric fields,
carriers absorb energy from the field more quickly
than they can transfer it to the lattice. The lack of

balance in this state leads to a shift in energy
allocation across carriers, resulting in a preference
for higher energy levels. As a result, the probability
of encountering further scattering processes that
restrict the velocity of carriers is increased.
Velocity saturation substantially  affects
semiconductor device design and operation,
especially in short-channel MOSFETs. The
researchers in [18] reported that this phenomenon
restricts the upper limit of current,
transconductance, output resistance, and
frequency responsiveness. So, Comprehending and
considering velocity saturation is crucial in
contemporary semiconductor device modeling and
simulation. The velocity saturation effect governing
the drain current in the saturation region is
expressed by Equation 2. Where un is the carrier
mobility, Cox is the oxide capacitance, W and L are
the Width and length of the MOSFET channel, and
Ec is the critical electric field for velocity
saturation[19].

Id = [2 Un Cox % (Vgs - Vth)z] (ﬁ) (2)

EcL
3.2.4. Oxide Tunneling Current

Oxide tunneling current is a quantum mechanical
effect in modern semiconductor devices, especially
in thin-gate-oxide MOSFETs. It significantly
influences leakage current (loff) during the OFF
state, posing power efficiency and performance
challenges[20, 21]. This phenomenon results from
shrinking device dimensions, altering electric
fields, and electrostatic control. As gate oxide
thickness (tox) decreases, electrons can tunnel
through the oxide, increasing gate leakage.
Additionally, short-channel devices experience
diminished gate control, leading to greater
subthreshold leakage. The drain voltage lowers the
source-channel barrier, allowing more carriers to
flow when the device is OFF. The leakage current
can be mathematically represented in Equation
3[22].
w o, Vin

lopp =100 10"ss 3)
The subthreshold swing, represented as SS,
measures the efficiency of a transistor's transition
from ON to OFF state. An ideal value is
approximately 60 mV per decade at room
temperature. However, this value typically
deteriorates in miniaturized devices due to
insufficient electrostatic control. Equation 4
represents the mathematical relationship of SS,
where Cd is the depletion capacitance[15].

Challenges and Prospects of Nanoscale MOSFET Scaling: A Review

(Mohammad Tariq Yaseen )



Mohammad Tariq Yaseen /Anbar Journal of Engineering Science, 16,2, (2025) 117 ~ 128 121

ss = 60(1+ Cd/C ) (4)

3.3 Practical Difficulties in Implementing
Nanoscale Devices

The development of nanoscale MOSFETs presents
other practical challenges. Variability in the
manufacturing process can lead to inconsistencies
in lithography and doping, which in turn causes
fluctuations in threshold voltage and overall device
performance. Additionally, defects and errors in
lithography contribute to yield challenges,
resulting in fewer functional devices. The cost of
production is also impacted by the need for
advanced tools, such as EUV lithography and high k
materials, making the manufacturing process more
expensive. Addressing these challenges demands
innovative fabrication techniques and rigorous
process controls to ensure reliability and cost-
efficiency in the production of nanoscale devices
[23].

4. Solution of Short Channel Effects

(SCEs) Challenges

Short channel effects, SCEs, have emerged as
serious issues due to the constant growth of
semiconductor devices, especially MOSFETs. The
impact of these phenomena becomes increasingly
significant when transistors decrease in size to
nano-scale dimensions, which has the potential to
undermine device performance, escalate power
consumption, and diminish dependability. In order
to tackle these problems and sustain the rate of
progress in integrated circuit technology, the
semiconductor industry has devised a variety of
inventive remedies. These methods focus on
different areas of device design and production to
reduce the effects of SCEs while allowing for further
downsizing. Understanding and applying these
solutions helps the semiconductor industry
overcome scaling restrictions and increase the
performance and efficiency of electronic devices in
numerous applications. As explained in the
following:

4.1 Dielectrics with High k

High dielectric constant oxides are insulating
materials composed of essential binary and ternary
compounds of materials. They are characterized by
a high dielectric constant, typically greater than 9.
These materials notably incorporate transition

metals from groups 3 to 5, aluminum, and
lanthanides[24]. In recent years, significant
advancements have been witnessed in the
identification and understanding of physical
characteristics. The materials include metal oxides
from group IIIA, for example, material oxides,
aluminum oxide (Al203) and silicates from group
IVB, such as titanium oxide (TiO2), lanthanum
oxide (La203), zirconium oxide (Zr02), strontium
titanate (SrTiO3), Hafnium oxide (Hf02), tantalum
oxide (Ta205) and yttrium oxide (Y203) [24]. The
main reason for substituting Si02 with other gate
dielectrics is to minimize gate leakage and allows
for decreases in the gate dielectric thickness while
maintaining a consistent electric field across the
channel. Research indicates that these high k
dielectrics significantly reduce direct-tunneling
gate currents compared to Si02, leading to lower
power consumption while maintaining equivalent
thickness. There is a growing interest in alternate
gate dielectrics with higher permittivity to improve
low-power technology further[25]. Choosing an
oxide with a high dielectric constant requires
several specific criteria.

4.1.1. Offset and Gap Band

The K value is the first key requirement that must
be suitable value to provide economic viability for
many scaling nodes. The oxide dielectric constant
should surpass 9, generally 25-35 [26]. The High k
oxide must act with a band gap above 5eV.
Additionally, each band should have a potential
barrier of at least 1eV, this requirement is crucial
for minimizing the carrier injection into the oxide
bands through Schottky emission, which otherwise
results in unacceptably high leakage currents.
Table 1 provides a detailed overview of the
dielectric materials, their specific k values, band
gap (Eg), and the conduction and valence band
offset values. For example, Silica has a band gap of
9 eV, resulting in significant electron and hole
barriers. The conduction band offset of Si is 3.9eV,
whereas its valence band offset is 4.7eV.
Nevertheless, the conduction band offset is much
reduced for oxides, which have a more limited
difference in energy levels between the valence and
conduction bands, such as SrTiO3, Ta205, and
TiO2. For the energy barriers to be more than 1eV,
the alignment of these oxide bands about those of
silicon must be almost symmetrical. A balance is
also to be struck between the value of k and the
offset of the band. High-k dielectrics usually show a
reverse correlation between their k value and band
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gap. The energy of the band gap in metal oxides
often drops as the atomic number goes up, as
shown in Fig. 4 [27].

Table 1. Physical features of dielectrics [27].

. T o

E Dielectri Valance Conduction
Dielectrics rerey relectric bandoffset  band offset
gap(eV)  constant (V) V)
Si02 9 3.9 4.7 3.2
HfO2 5.8 25 33 1.4
SrTiO3 3.2 2000 2.1 0
Al203 8.8 9 4.8 2.8
TiO2 35 80 2.4 0
Ta205 4.4 22 2.95 0.35
Si3N4 53 7 1.8 20.4
La203 6 30 2.6 2.3
7102 5.8 25 32 1.5
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Figure 4. Various dielectric constants against band gaps [25].
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4.1.2. Quality of the Channel Interface

The connection between the channel and
dielectrics is essential for improving applications’
MOS functioning. The bonding restrictions are
indicated to impact the quality of the Si-dielectric
contact[28]. If a material has more or fewer bonds
per atom than Si, the number of defects at the
boundary will similarly rise. Moreover, the
deposition of materials on a Si substrate under
equilibrium conditions will likely result in an
unwanted and unregulated Interface layer[28].
Therefore, an interfacial reaction barrier is
essential for enhancing the quality of the channel
interface. To effectively manage and improve the
quality of the channel interface, it is essential to
know how the gate dielectric interacts with silicon,
the movement of oxygen, the composition of
oxygen, the formation of the film's crystals, and the
separation of its components during subsequent
processing [28].

4.2 Metallic Technology for Gates

In order to lessen the fluctuations in the intrinsic
parameters, high-k/metal gate technology was
used. Because the work function depends on the
orientation of the metal grains, using metal as a
gate material introduces a third source of random
variation. According to the findings presented in
[29], The fluctuations in intrinsic parameters,
variations in metal gate work function, effects of
process variation, and random dopant fluctuations
significantly influence the DC/AC, as well as the
timing, power, and high-frequency performance of
16nm-gate bulk MOSFETs. This extensive
investigation evaluates the variations in digital
circuit performance and reliability.

4.3 Lateral Channel Engineering

Halo profiles efficiently augment the average
doping concentration in shorter field-effect
transistors (FETs) channels compared to longer
channel FETs. Consequently, this action neutralizes
the reduction in Vth resulting from short-channel
effects. Halos like these enable 25nm bulk CMOS.
Advantages of alternate device topologies include a
considerably higher ideality factor, and thinner
silicon channels than bulk devices, unless they are
in extremely low temperatures [30]. This method
provides additional flexibility in attempts to
mitigate the negative consequences of SCE. The
source and drain connections channels have been
reshaped utilizing lateral channel engineering
techniques, including tilted channel installation,
Halo pocket, and tilted insertion punch-through
blocker, which involve locally increasing the doping
concentrations[30].

4.4 Gates with Extreme Doping

The severity of poly depletion effects will intensify
when MOSFETs are further downscaled, primarily
attributed to the importance of corner and edge
impacts. To successfully address these issues, it is
advisable to choose gates that have a high doping
level and a low dopant differential in the poly gate.
The length of the depletion region increases for
shorter gate lengths, resulting in a larger potential
fall. This method uses device modeling to explain
the influence of irregular dopant distributions and
gate shape on the impact of poly depletion. The
existence of uneven and sharp dopant profiles in
the poly-gate manifests inherent electric field
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impacts and depressions in the gate area. The
presence of evenly spread and curved dopant
distributions within the poly-gate leads to
significant drops in potential at the edges for small
gate lengths, primarily because of fringing fields
[31].

4.5 Scalability-Related Technologies to
Resolve the Challenges

Materials and structural design improvements
have solved scaling issues [32].However, it is
expected that meeting the demands of MOSFET
technology with traditional planar MOSFET
configurations will become increasingly difficult
after 2007, despite introducing high dielectric
constants, metal gate electrodes, and other
progressive techniques [33].Active research in
both academic and commercial settings has been
directed toward exploring new materials and
designs to overcome challenges associated with
scaling [33]. Efforts to extend the viability of
Moore's Law have taken several directions, such as
enhancing electrostatic control over the transistor
channel by reducing the equivalent oxide thickness
via a high-k dielectric with metal gate stack and
adopting multiage structures to improve drive
currents while keeping the over operation voltage
(VDD-Vth) constant. Moreover, there have been
advancements in increasing carrier mobility
through the use of high mobility channel materials
and the application of the strain engineering
Innovations have led to the development of various
transistor models, including Silicon on insulator
Planar double gate MOSFET, Tunnel field effect
transistor, Fin field effect transistor, Gate all around
FET, Tunnel field effect transistor, and nanowires
or carbon nanotubes [33].

4.5.1. Silicon on Insulator

The benefits of SOI technology are rooted in its
buried oxide layer. A cross-sectional view of an SOI
device is depicted in Fig. 5; SOI devices boast
enhanced switching speeds and lower power
consumption by reducing parasitic capacitances,
namely the drain/source junction capacitances.
[34].

SOI transistors can be classified into two main
types: partially depleted PD-SOI and fully depleted
FD-SOIL. PD-SOI transistors are defined by having a
silicon film on the Buried Oxide layer thicker than
the depletion region beneath the gate oxide,
typically exceeding 100nm. On the other hand, FD

SOI transistors feature a significantly thinner
silicon body, usually less than 50nm, or are lightly
doped, enabling the entire body to be depleted.
Fully depleted ultrathin-body SOI devices are
highly regarded as one of the most effective
solutions for scaling due to their meticulous device
design and innovative production techniques. SOI
technology allows for higher transistor density and
streamlines the manufacturing process [35].
Furthermore, there is a significant drawback
associated with SOI technology. The BOX, with a
thermal conductivity about 100 times lower than
Silicon, is an obstacle that hinders the flow of heat
from the SOI transistors to the substrate.
Consequently, the SOI transistors are highly
vulnerable to the thermal heating generated in the
channel, manifesting "Self-Heating Effects" [35].

Buried Oxide
Buried Oxide ]

Base Si
Base Si

Ultra-Thin Body(undoped)

(A) (B)
Figure 5. Cross section of (A) PDSOI (B) FDSOI MOSFET [36].

4.5.2. Double-Gate MOSFET

A double-gate MOSFET employing planar
fabrication methods has been developed, featuring
a drain-source channel sandwiched precisely
between two sets of gate oxides, as depicted in Fig.
6A [37]. This structure enables enhanced control
over the channel potential, resulting in diminished
short-channel effects such as DIBL and velocity
saturation, especially in nanoscale technologies. DG
MOSFETSs offer increased drain current capability
and a better subthreshold slope, making them well-
suited for high-performance applications. Recent
research has produced analytical solutions and
compact models for DG MOSFETs. In 2024[38],
researchers incorporated high k dielectrics,
examined strain engineering, and adopted multi-
gate architectures to mitigate short-channel effects.
Additionally, Researchers in 2023[39]have
explored quantum confinement mechanisms and
integrated 2D materials to enhance carrier mobility
while lowering power consumption. These features
set DG MOSFETs as essential components in the
future of integrated circuit designs.

4.5.3.  Tunnel Field Effect Transistor
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Substantial progress has been made in developing
Tunnel Field Effect Transistors. TFETs' unique
characteristic is their use of the band-to-band
tunnelling process, which enables them to reach a
low subthreshold swing (SS) [40] ; this is facilitated
by doping the drain and the source regions of a
TFET with opposite-polarity dopants, as illustrated
in Fig. 6B.

GATE1

Doped

Silicon

GATE2

(A) (B)
Figure 6. Cross-section of (A) DG-MOSFET [41] (B)TFET
structure [42].

BTBT, also known as band-to-band tunneling,
occurs when the application of gate voltage to a
junction between the source and channel results in
a narrow tunneling width, allowing electrons to
flow across via tunneling. Reference [40] states that
the Tunnel FET can achieve a sub-kT/q (sub-
threshold) swing Because of the influence of BTBT.
The TFET has the advantage of having an
exceptionally low leakage current loff, along with a
high Ion/lotrratio . TFET exhibits characteristics that
make it a viable alternative to MOSFET in
applications that need low power consumption and
high frequencies. TFET faces limitations, such as a
lower ON current and ambipolarity, which hinder
its practical application in circuitry, thereby
delaying its extensive commercial deployment[40].
Given the significant advancements in Tunnel
Field-Effect Transistor (TFET) technology, various
researchers are exploring different TFET
configurations, including double-gate, FinFET, and
gate-all-around. Nonetheless, implementing these
TFET architectures poses notable challenges when
moving beyond the 32 nm node due to
manufacturing  limitations. The  challenges
primarily stem from integrating p+source and
n+drain  regions  within their  structural
designs[43].

4.5.4.  Fin Field-Effect Transistor (FinFET)

The FinFET is an advancement in transistor
technology that addresses the limitations of planar
MOSFETs as semiconductor technology advances
to process nodes. It was first introduced in the
1989s by Hitachi Central Research Laboratory[44].

FinFETs have become integral to modern
semiconductor manufacturing. The distinctive
tridimensional design enables the gate to surround
three channel sides, leading to electrostatic control,
as shown in Fig. 7A. This enhanced regulation
addresses short channel effects, a problem
encountered in transistors that can lead to
increased power consumption and reduced
performance [44].

FinFETs are not solely focused on improving
channel control. Their design permits a flow of
current in a space, resulting in the creation of more
robust and effective chips. These chips can function
effectively at reduced voltages while maintaining
high performance, leading to decreased power
consumption, which is important in mobile and
high-performance computing.

FinFETs are utilized in several applications, one of
which is the Polaris GPU architecture using a 14 nm
process. This architecture is specially engineered to
enhance the performance of graphics cards [45]. In
March 2017, Samsung, in collaboration with Silicon,
unveiled the creation of a 14nm FinFET ASIC
featuring a 2.5D integrated package [46]. According
to [47] in 2024, Yalung and his teams created Novel
FinFET architectures incorporating strained silicon
germanium channels, demonstrating a 22%
performance improvement with sub-5nm nodes.
FinFETs have transformed semiconductor
technology by allowing faster, more efficient, and
more powerful electronic devices despite the
limitations of complicated 3D designs and
increased production costs.

FinFET GAAFET MBCFET™
(Nanowire) (Nanosheet)
(A) (B) ©

Figure 7. Three-dimensional schematic of (A) FinFET (B) GAA.
(C) MBCFET [48].

4.5.5. Gate-All-Around FET (GAAFET)

A Gate-All-Around Field-Effect Transistor shares a
similar conceptual framework with FinFETs, with
the distinct characteristic that the channel region is
entirely encased by gate material. GAAFETs can
feature a dual-gate or quad-gate configuration
based on the specific design goals. They have
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demonstrated success in theory and practical
experimentation [49]. Fig. 7B illustrates the
structural variances between FinFETs and
GAAFETs.

Moreover, GAAFETs have been successfully
manufactured on Indium gallium arsenide (InGaAs)
nanowires, demonstrating superior electron
mobility compared to silicon [50]. GAAFETs, or
Gate-All-Around Field-Effect Transistors, can
operate at dimensions below 7 nm. Consequently,
they might be categorized as the succeeding
iteration of transistors, exceeding FinFETs. Fujio
Masuoka, known for his groundbreaking
contributions to the development of flash memory
technology, founded Unisantis Electronics in 2004
following his departure from Toshiba. This
partnership with Tohoku University aimed to
investigate the technologies used in surrounding
gates. Gallium Arsenide Field-Effect Transistors
(GAA FETs) offer an advantage in the precise
regulation of electrostatics. The unique design of
these transistors efficiently minimizes leakage
current and effectively addresses short-channel
effects, surpassing the performance of FinFETs.
This characteristic enables a continuous decrease
in the size of transistors while simultaneously
maintaining or enhancing performance and power
efficiency. In 2006, Korean scientists successfully
developed a 3 nm transistor, making it the smallest
nanoscale semiconductor known at that time [51].
In 2024, a team of researchers introduced a multi-
stacked nanosheet GAA design at a 3nm node. This
innovation reduced parasitic capacitance by
approximately 30% while preserving outstanding
subthreshold slope properties[52].

4.5.6. Multi-Bridge Channel Field-Effect
Transistors

In addition to the Previous structures, there has
also been a significant advancement in
semiconductor technology, such as Multi-Bridge
Channel Field-Effect Transistors (MBCFET), as
shown in Fig. 7C. The MBCFET is a breakthrough in
transistor design, featuring vertically stacked
nanosheet channels that enhance electrostatic
control and increase drive currents. This three-
dimensional (3D) architecture addresses the
challenges faced by FinFETs at sub-3 nm
technology nodes, leading to better performance
and greater power efficiency. MBCFETs are
expected to be essential for developing next-
generation logic and memory devices, especially in
high-performance computing and artificial
intelligence applications. Their capability to scale

while consuming less power makes them crucial for
advancing future semiconductor technologies[53].

4.5.7. Carbon Nanotube Field-Effect
Transistors (CNTFETs)

Metallic nanotubes are highly regarded for their
potential as interconnects in future technologies
due to their exceptional characteristics, including
their ability to carry large currents, outstanding
mechanical and thermal strength, and superior
thermal conductivity [54]. Additionally,
semiconducting nanotubes offer distinct benefits
when employed as channel materials in high-
performance FETs. The compatibility of carbon
nanotube field-effect transistors (CNTFETs) with
high-k dielectrics, owing to their lack of dangling
bonds, is a noteworthy advantage. Furthermore,
the similar current-voltage (I-V) behavior observed
in both NMOS and PMOS transistors presents a
considerable benefit for CMOS circuit design.
Several factors further enhance the appeal of
CNTFETs to the silicon-based semiconductor
industry: they demonstrate significant
enhancements in device performance metrics, such
as lower power usage and faster operational speed,
and they share operational principles and
structures with silicon-based CMOS transistors,
allowing for the application of existing CMOS
design architectures[54].

Although CNT-based electronics have considerable
potential, several intricate challenges must be
tackled. Existing techniques for synthesizing or
growing nanotubes cannot create tubes with
consistent diameters and chiralities. If developing
more precise growing processes is impossible, the
starting material must be purified. Multiple
breakthroughs are being documented in the
domain of purification. Additionally, constructing
the device demands stricter gate control through
ultrathin high dielectric constants and extremely
sharp doping profiles [55]. Fig. 8 shows the
Schematic view of CNTFETSs structure.

51 Substrate

Figure 8. Schematic view of CNTFETSs structure [56].
Based on the considerations discussed earlier and
a detailed analysis of the factors influencing
MOSFET characteristics, we propose a novel
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structure distinguished by its simplicity and
nanoscale dimensions, as illustrated in Fig. 9 [57].
This design demonstrates promising performance
metrics, achieving an ON current of approximately
2.361 mA/pm while significantly reducing the OFF
current to 0.1326 nA/pum. Additionally, it
effectively mitigates short-channel effects, as
evidenced by a Drain-Induced Barrier Lowering
(DIBL) value of 18.26 mV/V. The structure also
exhibits a high switching speed, with a
subthreshold swing of approximately 66 mV/dec
and an Ion/Ioff ratio of 22.85 x 10°, underscoring
its suitability for low-power and high-speed
applications.

Channel

R —
Lg-20am

p-substrate

Figure 9. Cross-sectional view of the presented structure.

5. Conclusion

The The continuous scaling of MOSFETs has
supported significant advancements in
semiconductor technology. Despite its advantages,
it has also presented significant obstacles,
especially at the nanoscale. Short-channel effects,
performance degradation, and the cost and
intricacy of manufacturing are critical challenges
that need the investigation of innovative materials
and device designs. DGMOSFETSs provide improved
electrostatic regulation and reduced leakage
currents. SOI technology also provides enhanced
isolation and reduced leakage, but at an increased
wafer cost and potential self-heating complications.
TFETs have ultra-low power consumption and a
steep subthreshold slope; yet, they face challenges
with low ON-current and susceptibility to
fluctuations. FinFETs effectively reduce short-
channel effects and enhance driving currents;
nonetheless, they face issues associated with self-
heating and manufacturing complexities. GAAFETs
offer superior electrostatic control and scalability;
however, their production techniques are notably
intricate. CNTFETSs have exceptional mobility and
thermal conductivity, although they encounter
challenges stemming from manufacturing
discrepancies. The increasing costs associated with
the design and manufacturing of modern VLSI chips

have led the semiconductor industry to proceed
cautiously when adopting new technologies.
Consequently, it is necessary to reconsider the
traditional @ MOSFET  structure, which is
characterized by simplicity, ease of manufacturing,
and cost-effectiveness. Moreover, it is necessary to
find methods to enhance its performance. A novel
MOSFET configuration presented, characterized by
an asymmetric oxide gate that includes high-k
dielectric material. The proposed gate architecture
efficiently modifies the electric field distribution
inside the channel, enhancing control over the
channel area and positioning it as a feasible
substitute for conventional MOSFETs in low-
power, high-speed applications, especially at the
nanoscale.
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