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ABSTRACT This review article presents a journey from Fin-shaped field effect transistor (FinFET) to
gate-all-around multi-bridge channel field effect transistor (GAA MBCFET) technology, unraveling the
evolution of semiconductor architectures. This article provides a concise yet insightful overview of the
development of FinFET, exploring modified architectures, current trends, and associated constraints. The
growing importance of other semiconductor materials instead of Si in FinFET or other technologies has
been studied in detail. The article explores an emerging technology called ‘GAA MBCFET’, highlighting
its advantages over FinFET. It also delves into the notable drawbacks and complex fabrication challenges
associated with the upcoming GAA MBCFET technology.

INDEX TERMS Gate-all-around (GAA), multi-bridge channel (MBC), silicon on insulator (SOI).

I. INTRODUCTION
The electronics industry heavily relies on semiconductor
devices. Semiconductor devices such as diodes, transis-
tors, integrated circuits, etc. are ubiquitous components in
almost every electronic circuit that we encounter in our
daily lives. One of the most crucial components is the
Metal-Oxide-Semiconductor Field-Effect Transistor (MOS-
FET), which has dominated the semiconductor industry
for over four decades. Indeed, the semiconductor industry
has made remarkable improvements in response to the
escalating demands for miniaturization, higher operational
speeds, reduced power consumption, and cost-effectiveness.
These advancements have been achieved through innovative
changes in device structures and materials, driving the
industry’s continuous progress. The multi-gate nature of
FinFET suppresses the short channel effect and reduces the
OFF-state leakage current that is faced by planar MOSFET.
For more than one decade, FinFET technology has ruled
the semiconductor industry due to its robustness towards
low power consumption and high-efficiency properties.
In recent times, transistors have reached dimensions in
the few nanometer (<3nm) range, but further scaling has
posed challenges, particularly in FinFETs, where gate
controllability over the channel decreases. To address these
issues, researchers are actively working to develop novel
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semiconductor structures that can be scaled below 5nm,
aiming to overcome the limitations in a new era of advanced
electronics.

This review starts with the history of semiconductor
devices. The technology roadmap and transistor evolution
have been discussed in detail. The emerging semiconductor
device with their expertise has been discussed elaborately.
Notably, the focal point is the leading semiconductor
device FinFET where its evolution, operational principles,
advantages, advancements, and applications are extensively
discussed. Additionally, the paper addresses the ongoing
challenges faced by FinFET technology, providing valuable
insights into potential solutions and areas for improvement.

II. HISTORY OF SEMICONDUCTOR DEVICE
The first seed of the electronics industry, called the vacuum
tube, launched in 1904 [1]. The vacuum tube controls the
flow of electrons in the vacuum. However, in the Second
World War, the demand for vacuum tubes increased. It was
noted that the reliability of the device has diminished,
owing to the growth in power consumption, manufacturing
expenses, and overall size. At the end of the 1940s,
the electronic industry invented the two most essential
semiconductor devices, Point-Contact Germanium Transistor
and Bipolar Junction Transistor (BJT). In 1947, the Point
contact transistor was built by a team of William Shockley,
John Bardeen, and Walter Brattain [2] shown in Fig.1.
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FIGURE 1. First point contact transistor.

In 1948, BJT was invented by William Shockley. Point
contact transistors and BJTs are more power-efficient and
reliable than vacuum tubes [3]. In 1958, Jack Kilby developed
the first integrated circuit (IC.), where several transistors
are joined or fabricated in one silicon substrate by wire
bonding [4]. On the other hand, [5] Leo Esaki studied and
noticed that a narrow junction would introduce tunneling.
In 1957, Leo Esaki first invented a Germanium-based
tunneling diode. On the other hand, he invented silicon-
based in 1958. After developing the transistors, Shockley and

FIGURE 2. The planar MOSFET semiconductor device.

Brattain focused on designing field-effect devices. In bipolar
transistors, various unwanted problems have been noticed.
The researchers did not correctly clear the semiconductor
surface in bipolar transistors. In 1956, M.M Atalla presented
the issues regarding surface, and Silicon dioxide can be
considered a solution for semiconductor surfaces [6]. During
this period, he designed the Insulated-Gate Field Effect
Transistor (IGFET), which is now called MOSFET [7]. Later
in 1962, F.P. Heiman and S.R Hofstein modified the IGFET
structure [8]. In 1963, Steven Hofstein and Fredic Heiman
published [9] their work on silicon MOSFET, which was
acknowledged by the semiconductor industry.

MOSFET has been the driving engine of the digital World.
The planar MOSFET device is shown in Fig.2. This was
the most famous invention of the 20th century due to its
successful incorporation into IC. MOSFET device improves

the packing density while maintaining the low fabrication
cost. These devices also improved the operating frequencies
with better speed. The MOSFET device has ruled above
40 years in the semiconductor industry due to its robustness.
We need to integrate more transistors on an IC to get more
efficiency from theMOSFET. As a result, the device provides
more drain current with low power consumption. These
all advantages can be obtained by diminishing the device
dimensions, and the process is called ‘scaling’. The term
‘scaling’ is significant, with billions of transistors integrated
into IC, increasing the device’s capabilities with a minimum
cost. The main advantage of transistor scaling is that it
reduces the manufacturing cost and enhances the speed of
the device. Multiple numbers of tasks can be processed
simultaneously due to the scaling property. Without any
extraordinary miniaturization methods, scaling of device
dimensions is not possible to meet the demands of the
semiconductor industry.

FIGURE 3. Technology roadmap for semiconductor transistor.

To increase the chip density, various vital parameters
such as drain/source region, oxide thickness, channel length,
and gate length are scaled down, impacting the device’s
performance. The controlling capability of the channel
has been reduced due to the over-scaling of the device
dimensions, especially the reduction of source, drain, channel
length, and oxide thickness. The over-scaling gives rise to
unwanted side effects known as non-ideal effects or short-
channel effects (SCEs).

FIGURE 4. Schematic diagram of conventional FinFET.

Several undesirable consequences in MOSFET include
subthreshold slope (SS) degradation, drain-induced barrier
lowering (DIBL), threshold voltage (Vth) variation, hot
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carrier injection, mobility degradation, velocity saturation,
and more. As the industry advances towards smaller dimen-
sions, MOSFETs encounter significant challenges from these
effects. To overcome the limitation that MOSFET has been
facing, various alternative structures are introduced by the
researcher in the semiconductor industry that have been
discussed in detail in the following part.

III. TECHNOLOGY ROAD-MAP AND TRANSISTOR
EVOLUTION: PLANAR FET TO 3D FETS
Alternative structures are implemented through the applica-
tion of various engineering techniques, involving variations
in material, work-function, gate length, and spacer materials.
The new 2020 edition of ITRS (international technology
roadmap for semiconductors) presents the scenario of emerg-
ing devices considered replacements of MOSFET, which is
regarded as the best solution for the semiconductor industry.
All these devices have shown a significant improvement,
which would benefit the future complementary metal-oxide-
semiconductor (CMOS) industry. Here, we will delve into the
intricate details of all the latest and ongoing semiconductor
devices. The Technology roadmap is shown in Fig.3 and the
challenges of the different transistors at the technology node
are shown in table 1.

Continuous gate-length scaling requires a new modified
semiconductor device that can improve the device perfor-
mance whereas conventional Si MOSFET was not able do
improve in the performance with excess scaling. To enhance
the performance with scaling of gate length for a 90 nm node
and beyond, a strained Si and SiGe channel was required. The
strained Si and SiGe channel enlarges the carrier mobility.
On the other hand, over-gate oxide thickness introduces a
tunneling issue. to overcome these issues, an alternative
dielectric with a higher dielectric constant was required.
Hafnium dioxide (HfO2) is the most promising one to
replace SiO2 for the future generation due to its large band
offsets, higher frequency response, and better thermodynamic
stability contact with Si [10].
Furthermore, triple gate-based Fin-shaped FET (FinFET)

has been introduced to enhance the gate controllability
over the channel and optimize the leakage issue. The
schematic diagram of conventional FinFET is shown in Fig. 4.
FinFETs offered significant improvements in performance
and power efficiency compared to previous planar transistor
architectures. The Fin-like structure of FinFETs allows better
control of current flow, reducing leakage and improving
switching speed. For the last decade, FinFET technology has
been widely applied across various domains, specifically in
mobile devices. The detailed study of FinFET is discussed in
the following part.

A. ADVANTAGES OF SOI OVER BULK MOS
Silicon-on-insulator (SOI) offers several advantages over tra-
ditional bulk MOS (metal-oxide-semiconductor) structures.
SOI devices have a thin layer of silicon considered an
active layer which is placed on top of an insulating layer

composed of silicon dioxide. This insulating layer decreases
the capacitance effect of source and drain regions, resulting
in faster switching speeds and lower power consumption
compared to bulk MOS devices. Lower capacitance also
means that SOI devices generate less heat, making them
more energy-efficient. The insulating layer in SOI helps
to minimize the leakage current of the transistor when the
transistor is in the off state. The SOI structure allows for lower
operating voltage levels without compromising performance.
This feature reduces power consumption and extends battery
life in portable devices. SOI structure can be integrated
into existing CMOS fabrication processes with relatively
minor modifications, making it easier for semiconductor
manufacturers to adopt this technology. SOI technology
allows for the integration of both digital and analog circuitry
on the same chip with reduced interference between them.
This is particularly advantageous for system-on-chip (SoC)
designs where digital and analog functions coexist.

B. ADVANTAGES OF DUAL GATE OVER SINGLE GATE
In 1967, Farrah and Steinberg introduced the concept
of a dual-gate thin-film transistor [11], while in 1980,
Toshihiro Sekigawa pioneered the double-gate MOSFET
by demonstrating that sandwiching an SOI device between
two connected gate electrodes could significantly alleviate
the limitations of SCE [12]. Dual-gate MOS transistors
offer many advantages, but they also come with increased
complexity in terms of design and fabrication. Dual-gate
structures offer several advantages over single-gate, primarily
due to their enhanced control over the channel. Dual-
gate transistors mitigate these effects by better controlling
the channel, reducing leakage currents, and maintaining
better electrostatic integrity, which is essential for scaling
technology to smaller nodes.

C. EMERGENCE OF VARIOUS SEMICONDUCTOR DEVICES
OVER MOSFET
The semiconductor industry is highly dynamic and con-
tinually evolving. As new materials, technologies, and
application requirements emerge, researchers and engineers
will continue to explore and develop various semiconductor
devices to meet the ever-growing demands of the electron-
ics industry. Certain applications, such as high-frequency
communication, power electronics, and quantum computing,
require semiconductor devices tailored to their specific needs.
Different devices may offer advantages in these specialized
areas. A few emerging semiconductor devices have been
discussed in the following part.

A tunnel field-effect transistor (TFET) is [13] and [14]
based on quantum mechanics with band-to-band tunneling
mechanism. TFET is a gated p-i-n structure, that works on
very low gate voltages in reverse bias conditions. TFET can
obtain a subthreshold swing value of less than 60mV/dec
at room temperature which reduces the power consumption.
However, TFET has some shortcomings such as low current,
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TABLE 1. Challenges at different technology node.

delayed output saturation, and the uncontrollable p-i-n
forward current, etc. [15] that limit the application in circuits.
Dual-gate transistors allow you to independently adjust the
threshold voltage of the device by applying different voltages
to the front and back gates. This tunability is valuable
for optimizing device characteristics for specific circuit
requirements.

Carbon Nanotube Field Effect Transistor (CNTFET) [16],
[17] is another type of transistor where a single or array of
carbon nanotube is used as a channel instead of silicon and
it shows superior performance at low gate voltage compared
to other semiconductor devices. CNT FET can be scaled
to the sub 10nm regime, showing better electron and hole
transport properties. Due to the ultrathin dimensionality of
CNT FET, the device provides a superb energy gap of 0.6eV
to 0.8eV with a minimum short channel effect. CNT FETs
mainly operate as Schottky barrier transistors for both n and p
modes of transport. Although CNT FET possesses numerous
advantages over traditional silicon and other semiconductor
materials, their widespread adoption has been hindered by the
technology’s high production cost [18].

Nanowire Field Effect Transistor (NW FET) has the
potential to replace the conventional MOSFET where the
channel is made of nanowire [19], [20].The dimension of
this nanowire is considered to be 0.5nm. Various materials
such as silicon, germanium, composed III-V materials, and
II-IV materials are used for the channel. The nanowire
FET structure exhibits quantum confinement behavior due
to the ultrathin diameter of the nanowire that helps to
optimize the short channel effect as much as possible. The
potential of nanowire MOSFETs extends beyond future
CMOS scaling at advanced technology nodes. Nanowire
FETs hold great promise in the field of biomedicine. They can
be utilized for real-time monitoring of biological processes
within cells, tissues, or organs, enabling advancements in
medical diagnostics and personalized medicine. However,
researchers need to address challenges related to scalability,
reliability, and cost-effectiveness to fully utilize the potential
of nanowire FETs in practical devices and systems.

Two-dimensional (2D) materials-based graphene FET (G-
FET) [21], [22] is also considered to be a promising
candidate for the advanced electronics industry. Graphene

as a channel material is accounted for instead of Si in the
G-FET configuration. The electrostatic control capability is
more in grapheme FET compared to CNT FET. The mobility
of charge in 2D materials is very high, and this is very
useful for radio frequency applications (RF). Mainly, G-FET
can be used as highly sensitive sensors for detecting various
gases, chemicals, and biomolecules. The primary hurdle in
utilizing G-FET as a semiconductor device lies in its inherent
‘zero bandgap’ property. This absence of a bandgap makes
it challenging to achieve a significant on/off current ratio,
leading to difficulties in achieving low power consumption
and precise control of the transistor’s behavior [23].
The negative gate capacitance (NC) FET has also shown

a lot of potential to become an emerging device in the
semiconductor industry [24]. The ferroelectric materials are
used as dielectric materials instead of the standard insulator in
negative gate capacitance FET. HfO2 is the most commonly
used dielectric material doped with Si, Zr, or Al. The
ferroelectric capacitor property of NC FET helps to amplify
the gate voltage. The NC FET devices can achieve the
sub-threshold swing of 60mV/dec owing to low voltage
operation like the TFET structure. This semiconductor device
is a strong candidate to replace the conventional FET and
is mainly used for high-frequency circuits and memory
applications.

IV. FINFET: THE WELL-KNOWN 3D TECHNOLOGY
A. EVOLUTION OF FINFET
To optimize the SCEs issue, two different structures were
introduced: the first one is a ‘fully DEpleted Lean-channel
TrAnsistor (DELTA)’ and the second is a double gate
SOI structure’. In 1989, Hisamato et al. designed and
fabricated [25] DELTA structure, which was considered the
first FinFET-like architecture. Two significant points were
focused on minimizing the short-channel effect. The effective
device length should be larger than the depletion width when
vertical MOSFET is considered. In the second method, the
device thickness should be smaller than the depletion layer
where thin-film technology has been used.

In 1992, Hong-Yan et al. [26] proposed a double gate
(DG) SOI Si MOSFET structure, and in 1997, Choi et al.
[27] fabricated a 30nm ultra-thin-body (UTB) SOI MOSFET
device to mitigate the problem faced by the conventional
MOSFETs. In 1996, the DARPA (The Defense Advanced
Research Projects Agency) launched a program to save
Moore’s Law for a new device technology of 25nm. In 1998,
Hisamato et al. proposed and fabricated [28] a ‘folded
channel transistor’ considered a new variant structure of
DG SOI MOSFET. In 1999, Huang et al. [29] fabricated
a p-channel-based DG MOSFET structure to mitigate the
short channel attributes. They fabricated the device where
a gate length and oxide thickness value are considered to
be 45nm and 2.5nm. The fabricated device enlarges the
performance if the gate length is down to 18nm. Finally,
in 1999, Dr. ChenmingHu, a distinguished electrical engineer
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and professor in the field of semiconductor devices and
technology, discovered FinFET technology. Dr. Chenming
Hu proposed two important structures after hearing the
DARPA call. One structure was called fully depleted (FD)
SOI technology. The other one was 3D FinFET technology
where the channel was surrounded by three sides of a gate.
In 2000, DARPA and Semiconductor Research Corporation
(SRC) showed interest in FinFET technology due to more
significant advantages over planar MOSFETs. In 2001,
N.Lindert et al. fabricated [30] quasi planar FinFET device
to suppress the DIBL effect where Fin width is considered
an optimum value than the gate length (2/3 of gate length).
In 2002, Yeo et al. introduced and fabricated [31] a spacer
lithography-based structure where SiGe Heterostructure is a
channel. The introduction of a spacer provides a uniform Fin
width. Yu et al. fabricated [32] a double gate-based FinFET
device where a gate length and Fin width value are assumed
to be 10nm and 12nm. It is noticed that the device has a
greater driving current with minimum short channel effects.
In 2003, Doyle et al. [33] fabricated fully-depleted (FD) tri-
gate (TG) transistors. FD TG transistor fabricated on SOI
substrate where gate length is considered 60nm.

B. ADVANCEMENT OF FINFET ARCHITECTURES
In this segment, the next phase of the evolution of FinFET
has been discussed. To improve the performance, various
innovative structures of FinFET are proposed. The proposed
FinFET devices are discussed in brief, along with a funda-
mental analysis of those structures. To maintain an organized
discussion, the proposed architectures are discussed in a
paragraph.

In 2005, Vishal et al. designed a double gate (DG) [34]
FinFET considering the gate-source/drain (G-S/D) underlap
region. The underlap region provides extra source/drain
extension length without source/drain paunch-through. The
overall effective gate length optimizes the resistances of
the source and drain region which helps SCEs. In 2007,
Tamara et al. studied [35] and proposed a triple gate FinFET
device to observe the gate-to-channel tunneling current and
compared the performance of gate leakage current with a
quasi planar device where Fin width and gate electrodes are
the varying attributes. The study has explored the significance
of doped and undoped channels, as well as the importance of
gate stacks. It is accounted that a triple gate FinFET device
with a narrow Fin width reduces the gate tunneling current
compared to the quasi-planar device based on a long Fin
width. This decrease applies to both doped and up-doped
channels. The HfO2 gate oxide material is more prominent
than SiON for getting less tunneling current from the channel
to the gate region.

In 2007, Monoj et al. investigated [36] the impact of
high-k dielectric materials in FinFET to observe the device
performance. It is noticed that a device with high dielectric
materials degrades the short channel parameters. The lesser
value of Fin width with high-k dielectric materials improves

the short channel parameters performance. Mirko et al. in
2009, proposed [37] a solution to suppress the cornet effect
in triple-gate bulk FinFETs. By increasing body doping
at the corner site of the FinFET device can optimize the
parasitic effect. The suppression of the corner effect helps
to mitigate the SCE’s performance. Chew et al. in [38]
2014, proposed a High K/Metal Gate (HKMG) FinFET
architecture to observe the electrostatic behaviour due to
variation of silicon Fin width. It is observed that narrow Fin
width decreases gate capacitance value owing to substrate
resistance.

In 2015, Pradhan et al. introduced a symmetric high-
k spacer hybrid FinFET structure as a means to enhance
performance [39]. This hybrid FinFET incorporates an ultra-
thin body (UTB) and spacer material with high-k dielectric,
built on SOI technology. The proposed device demonstrates
superior drain current performance compared to conventional
FinFETs and effectively mitigates short-channel effects.
Biswas et al. [40] proposed a junction-less accumulation
mode (JAM) bulk FinFETs to explore the significance of
different spacer materials. The importance of spacer length
has been also studied. Simulation results reveal that spacer
materials with high-k dielectric offer better performance in
the case of analog and RF parameters, and optimizing spacer
length enhances various aspects of short-channel effects
performance.

Bourcott et al. in 2017, [41] 8nm n-FinFET structure to
observe the importance of Fin numbers. 3C-SiC is considered
as the channel material whereas Al2O3 is assumed as a
dielectric material for the gate. It is observed that an increased
number of Fin enhances the driving current that improves
the transconductance performance. On the other hand, the
lower value of Fin thickness reduces the sub-threshold swing,
DIBL, leakage current, etc.

Rajesh et al. in 2018 proposed [42] a GaAs-based SOI
FinFET device to implement the impact of dielectric material
to observe the electrical performance. A comparative analysis
between Si conventional and GaAs FinFET devices has
been studied. They also proposed a digital inverter to check
the delay of the signal. It is observed that GaAs FinFET
has improved the drain current performance with minimum
SS, DIBL, and leakage current due to its higher mobility
properties. However, the average delay of the digital inverter
has increased for high k materials.

In 2018, Gaspard [43] studied a bulk FinFET architecture
to extract the equivalent oxide thickness (EOT) from accu-
mulation capacitance measurement. An association between
surface potential and semiconductor charge is developed to
enhance the subband energies above the conduction/valence
band. Somjot et al. in 2019 approached [44] Artificial Neural
Network (ANN) and Genetic Algorithm (GA) procedure to
minimize the power consumption of the architecture of 14nm
dual-gate material dual gate dielectric material heterojunction
(DGMDGDMHetro) SOI FinFET. They conducted a compar-
ative analysis between ANN-GA and TCAD simulated data
and observed that 1.4% error in performance as compared to
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simulated data. So, the ANN-GA algorithm can be used in
the proposed architecture for optimizing device parameters.
Furthermore, it is observed that the suggested device holds
promise for applications requiring of consuming of less
power and high switching capabilities.

The experimental investigation of subthreshold leakage
current in triple-gate FinFETs has been carried out, consider-
ing a drain voltage (Vdd ) of 1 V, focusing on the relationship
between Fin width, gate length, and leakage current behavior
where gate length and the channel width is the variant
parameter [45]. They also studied the impact of sidewall gate
and top-gate interface trap charge density. It is noticed that
the decreased value of Fin width due to more trap charges
present at sidewall gates enhances the leakage current more.
In narrow FinFET devices have negligible SCEs when Fin
width is considered 25nm.

Aditya et al. [46] examined the diverse short channel
parameters in fully depleted (FD) underdoped symmetric SOI
FinFETs under both semi-classical and quantum confinement
conditions. The findings underscore that optimizing the
performance of SCE parameters is more effective when
considering the semi-classical case rather than quantum
confinements. Hussam et al.in 2019 [47] studied the self-
heating effect (SHE) in static random access memory
(SRAM) using 14nm FinFET technology. Furthermore, the
impact of SHE on negative capacitance (NC) FINFET has
been studied. It is observed that the proposed device with
SHE, is more compatible than conventional FinFET and it
operates at low voltages.

Anju et al. in 2019, [48] Implemented a FinFET architec-
ture with a wavy design on a SOI substrate, incorporating
an ultra-thin layer. Wavy FinFET emerges as a novel hybrid
device that has improved current driving capability and
provides high density While avoiding any compromise on
the device’s spatial efficiency. Various optimization methods
such as gate length, work function, channel length, and spacer
materials have been varied to optimize the leakage current
and lower threshold value issue. It is demonstrated that the
proposed device with a lesser channel length, has reduced the
leakage current by 44%. The lower gate work function has
reduced the leakage current 35.48%.

Boukott et al. [49] presents the influence of gate length,
source/drain concentration, and gate work function on the
performance of 3-dimensional tapered 8nm-FinFETs by
using the Silvaco TCAD tool. It is concluded that a lesser
value of gate length (6nm) enhances leakage current more
which affects the transistor efficiency. However, the enhanced
value of the work function increases the ON current and
response time.

In 2020, Om Prakash et al. proposed a 14 nm NC FinFET
and studied the influence of SHE [50]. BSIM-CMG model
(Berkeley short-channel IGFETmodel – commonmulti-gate)
is used to study the SHE from the device to the circuit level.
It has been noted that the ferroelectric layer of NC FinFETs
remains comparatively cooler than the channel region when
subjected to the effects of SHE.

Vinay et al. in 2021, has shown a comparative analysis
between GAA FET and bulk Si-FinFET device, considering
gate length of 5nm [51]. The comparative analysis stated
that in the GAA FET structure, the gate material surrounds
the entire channel, providing better control over the flow
of electrons compared to FinFETs where the gate covers
only three sides of the channel. This results in enhanced
electrostatic control and reduced leakage currents. On the
other hand, FinFET devices with 5nm nodes show adequate
results of SS, DIBL, etc while the large-scale fabrication of
GAA FETs would pose substantial challenges. Bhavya et al.
2021 [52] proposed a junction-less accumulation mode gate
stack gate all around (JAM-GS-GAA) FinFET to optimize
the Fin aspect ratio (AR). It is demonstrated that a lesser
value AR helps to optimize the linearity and harmonic
distortion and improves the RF/analog performance. It is
also noticed that the ON/OFF ratio has improved by
152.37% and reduced the SS by 6.5% owing to its GAA
concepts.

Dong-woo et al. in 2021 [53] discussed the influence
of dielectric material with various geometric structures in
FinFET devices. Buried dielectric thickness is varied to
improve power efficiency during electrothermal annealing
(ETA). It is noticed that an optimum value of gate length and
channel width increases the temperature during ETA as the
self-heating effect increases.

C. ANALYTICAL MODELING IN FINFET GEOMETRICS
This section discusses the analytical model of FinFETs
available in the literature. Various models such as the drain
current model, surface potential model, and short channel
effect models have been proposed to date.

Balwinder et al. [54] develops a compact model for drain
current and threshold voltage quantum mechanical (QM) in
FinFET. This compact model’s results are being compared
with classical and experimental data. This model helped to
predict the FinFET characteristics.

Alexander et al. proposed a model of FinFET device
for electrostatic potential. The electrostatic potential model
determines the Vth and SS performance. The proposed model
has solved 3D Poisson’s equation.

Rajesh et al. [55] proposed a lightly doped double material
gate (DMG) FinFET device and developed a 3D analytical
model of electrostatic potential to determine the minimum
surface potential, Vth and SS shown in Fig.5. It is observed
that the proposed model can be used to optimize the DIBL
effect and hot carrier effect.

Ritzenthaler et al. [56] fabricated a methodical model of
sub-threshold slope characteristics for the Pi-gate multiple-
gate FET transistor by considering 3D Laplace’s equation.
The two critical attributes, SS and DIBL, are measured and
compared with the experimental data. The proposed model
also determines the scalability of the device.

Romain et al. [57] demonstrated a model for the sub-
threshold current of the Pi-gate FET structure. 3D Laplace’s
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equation develops the model. The sub-threshold current and
DIBL are measured and validated with TCAD simulation
software. Guangxi et al. [58] demonstrated the analytical
model for channel potential, Vth and SS of the FinFET
device. The surface potential and sub-threshold current
model for an underlap dual-material dual gate (DMDG)
FinFET are demonstrated by Narendar et al. [59]. This two-
dimensional analytical model has been derived by solving
Poisson’s equation and compared with single material dual
gate (SMDG) FinFET. The model results concluded that
the increasing value of underlap length decreases the sub-
threshold current due to greater gate controllability in DMDG
FinFET over SMDG FinFET structure.

Saha et al. in the year 2018 [60], designed a compact 2D
model of SS, Vth and surface potential for triple material gate
(TMG) FinFET device shown in Fig. 6. The proposed model
considered 2D Poisson’s equation to implement the device
characteristics, and the proposed model was validated against
TCAD simulation software. Furthermore, the effect of work
function is studied in the proposed model.

Jhang et al. fabricated an analytical model of ferroelectric
capacitors for NC-FinFET by applying the Preisach model.
It is understood from fabricated results that the proposed
analytical model exhibits improved SS value for short-
channel devices than long-channel devices. A theoretical
model for a cylindrical GAA FinFET device is proposed by
Rajashree et al. [61]. This theoretical model is solved by
two-dimensional Poisson’s equation using the superposition
principle, and the validity of this model is examined by
TCAD simulation software. The model presents surface
potential, drain current, Vth, and SS performance. It is
reported that fabricated results have improved the perfor-
mance and fabricated results show calibrated with simulation
results.

A 3D mathematical model of SOI multigate GAA
FinFET, TG FinFET, and DG FinFETs is presented by
Vadthiya et al. [62]. The resolution of the analytical model
involves applying the superposition method to Poisson’s
equation for each FinFET, along with the consideration of
appropriate boundary conditions. It is understood from these
models that GAA FinFET has improved electrostatic control
and helps in maintaining better transistor behavior even at
smaller device dimensions as compared to other structures.

Abhishek et al. [63] proposed a rectangular gate-all-around
(RE-GAA) FinFET, and the proposed model, derived using
Poisson’s equation and boundary conditions, encompasses
the electrostatic potential, SS, DIBL, on current, and off
current. The simulated results demonstrate a high level of
accuracy in the proposed model.

Shalu et al. [64] designed a 2D mathematical model
of channel potential profile and the Vth of double gate
junction-less (DG-JL) FinFET structure by considering
the 2D Poisson’s equation. The proposed model includes
the influence of the spacer on the electrostatic potential
characteristics in the Gaussian channel. The validity of the
proposed model is checked by TCAD simulation software.

The surface potential model of the symmetrical and
unsymmetrical DG FinFET solves 2D Poisson’s equation,
which helps achieve the surface potential and Vth for the
TG FinFET device. This surface potential model is proposed
by Suparna et al. [65]. It is seen that high-k HfO2 dielectric
material maintains the same potential value compared to SiO2
dielectric material.

FIGURE 5. Schematic diagram of DMG FinFET.

FIGURE 6. Schematic diagram of TMG FinFET.

V. NON-IDEAL EFFECTS ON FINFET
This section primarily explores the importance of temper-
ature, interface trap charges, and diverse noise factors of
FinFET devices. The operating temperature of the device
has changed with the variation of device dimensions.
Temperature, [52] both high and low, can significantly
influence impact device performance in terms of efficiency.

C.W. Chang et al. have discussed the SHE and joule
heating effects of increasing temperature in the back end
interconnect of FinFET device. More heat is produced due
to the SHE, which impacts the reliability of the device.
They have designed metal sensors of various metal layers
in the FinFET device. They have found that increasing the
temperature SHE can mitigate the reliability concerns of
back-end interconnects of FinFET.

Longxiang et al. [66] have examined the self-heating effect
in nano-scale Ge p-channel FinFETs with Si substrate. The
self-heating effect is a serious issue that reduces the drain
current performance and enhances the leakage issue. The
SHE can be minimized by increasing the Fin pitch and
decreasing the Fin height. Rajib et al. [67] have proposed
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hybrid FinFET and the impact of self–heating effect on the
performance of hybrid FinFET is studied. The influence of
channel length, Fin width, Fin pitch, etc. is discussed. They
have concluded that the SHE increases the gate capacitance.
The proposed device reduces the SHE by increasing Fin pitch
and increased Fins.

Rinku et al. [68] have studied the significance of tempera-
ture in FinFET to observe the SCEs parameter performances.
The importance of gate length and dielectric materials is
also studied. It is accounted from the simulation results
that the FinFET device with high-K dielectric materials, has
optimized the SCEs attributes performance for a reduction of
gate length value.

Paper [69] has demonstrated a FinFET device where the
temperature is the variant parameter and InAs material is
considered as channel material. Their study mainly focuses
on the switching ratio performance. It is reported that
the increased value of temperature reduces the switching
ratio of FinFET devices, which degrades performance. They
have also observed that InAs material is more immune to
temperature stability, and Si material is more suitable for
temperature sensitivity.

Ho Le Minh Toan et al. [70] have proposed quadruple gate
FinFET and demonstrated various temperature variation per-
formances. It is reported that a device with a low temperature
has shown an improvement in SS and DIBL. A device with a
high temperature has degraded the RF performance as gate
capacitance and transconductance performance increases
with high temperature.

Rajesh et al. [71] has observed the RF/analog and
linearity parameters performance of DMG FinFET at varied
temperatures. It is obtained that the SS value enlarges with
temperature whereas the threshold voltage shows the opposite
characteristics with temperature. A superior linearity charac-
teristic can be observed as temperature increases.

Nikhil et al. has [72] discussed the DC and RF param-
eters performance of single material gate (SMG) FinFET.
The importance of hybrid spacer raised source and drain
extension, and silicide interfaces have been analyzed with
temperature variation. They have found that devices with
hybrid spacers have lesser static power loss for all temper-
ature variations.

Emona et al. [73] have presented a comparative study
between junction-less (JL) and conventional FinFET to
observe the analog, linearity, and harmonic distortion per-
formance. It is found that JL FinFET is more immune than
conventional FinFET and has provided less harmonic distor-
tion and superior analog performance. Stress engineering is a
fundamental technique for improvising CMOS technology’s
device characteristics. The uniaxial stress effects on mobility
and drain current improvement of FinFET are reported by
Masumi et al. [74]. They showed that compressive stress can
minimize leakage current, whereas mobility can be enhanced
by longitudinal stress.

Guo et al. [75] presents an experimental work on the impact
of mechanical stress on the fully depleted bulk FinFET.

Peo et al. [76] has discussed the stress-induced local new
effect (LNE) due to various CT layout designs in 14nm
FinFET devices to observe the device performance.

Sojog et al. [77] have studied the band-gap and stress
engineering on the performances of the FinFET device to
optimize the leakage and OFF current. Paper [78]has checked
the reliability issue and self-heating effect (SHE) of 14nm
bulk FinFET.

Vincent et al. investigates [79] the stress effect in n FinFET
with gate-first and gate-last stacks. It is reported that the
tensile stressed Contact-Etch Stop layers (t-CESL) technique
on nFinFET structure with gate-last schemes is more effective
in improving mobility performance. They also showed that
mobility is improved with Fin pitch, where more Fins are
used. Short channels nFinFET device with CESL stress
technique improves the mobility performance due to the
substantial boost of stress compared to planar FET structure.

Geert et al. [80]reported comparing stress on bulk FinFET
and planar nFETs by introducing gate-first and gate-last
schemes. They reported that the gate-first scheme reduces
the efficiency of tensile Contact Etch-Stop Layers (CESL)
of bulk FinFET compared to planar nFETs where gate-last
schemes increase the efficiency for both bulk FinFET and
nFETs.

Sinha et al. [81] proposed a Ge FinFET where SiGe
stressor material is added into the source and drain region.
The compressive and tensile stress generated owing to
SiGe material has been investigated whereas SiGe material
length and volumes are varied. It is noted that a stressor
length of 15nm created compressive stress which improves
the p-channel FinFET performance in terms of drain
current.

Pratap et al. [82] developed a junctionless cylindrical
surrounding-gate (JL CSG) MOSFET with two configura-
tions: gate material engineered (GME) and single-material
gate (SMG), examine their reliability performance in the
presence of interface trap charge (ITC) and temperature
variation. Furthermore, the various RF, analog, and linearity
attributes are studied with temperature variation. The results
concluded that GME JL CSG MOSFET has improved the
performance specifically for linearity attributes and this
configuration is more immune against ITC compared to SMG
JL CSG MOSFET configuration.

Bansal and Kaur [83] proposed a Ge-based NC FinFET
to observe the influence of fixed trap charges on the voltage
transfer characteristics (VTC) performance and compared
the performance with conventional Ge FinFET device. It is
observed that the NC FINFET device with positive trap
charges (PTC) has enhanced the VTC performance whereas
the presence of negative trap charges (NTC) demeans the
VTC performance.

Paper [84] investigated the impact of interface trap
charge on the performance of FinFET devices with different
Fin shapes, where variations were made to the Fin or
channel shape. Conversely, a random telegraph noise (RTN)
is induced due to a single interface trap charge. It is
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TABLE 2. Comparative analysis of subthreshold swing (SS) for various
semiconductor technologies.

observed that the amplitude of RTN is lower in the case
of trapezoidal Fin than in rectangular Fin shape FinFET
device. Suman et al. [85] examine the influence of interface
trap charges specifically positive and negative trap charges
in GAA MOSFET device. They also studied the impact of
high-k dielectric material on the device’s performance. It is
revealed from the simulation study that GAA MOSFET is
affected by the presence of interface trap charges whereas
high-K dielectric material ZrTiO4 minimizes the degradation
caused by interface trap charges and improves the driving
current and analog attributes performance.

Ranjan and Singh [94] have performed a simulation
study on interface trap density and interface trap charges
in the GAA FinFET device. In the nano-scaled regime,
the tunneling current is observed through the Oxide-Silicon
interface. AlO3 and HfO2 are considered dielectric materials,
which minimizes the tunneling issue due to trap charges.
It is reported that AlO3 and HfO2 are preferable to SiO2,
improving the drain current.

Privat et al. [95] presents an experimental work to
investigate the influence of ionizing dose on 14nm bulk
FinFETs. The presence of interface trap charges was studied
and showed that a device with interface trap charges increases
the leakage current. Ho Pee Lo et al. [96] investigates the
interface trap impact on the NC FinFET device. It is reported
that the NC FinFET device is less sensitive to the trap
charges than the baseline FinFET. Talmat et al. [97] has
performed low noise frequency versus temperature on the n-
channel triple gate FinFET to assess the gate oxide interface’s
quality and indemnify silicon traps that affect the device
performance. The spontaneous fluctuation of the signal is
called noise [98] in current or voltage outputs which are
the very important factor that limits the quality of device
outputs [99]. A systematic study of noise characteristics of
GaAs-based FET is carried out by Harman et al.. The noise
generated by saturated and unsaturated carriers is calculated.

In 1994. Devide et al. designed a single-stage differential
low-noise amplifier and compared the performances between
planar bulk and SOI FinFET. It is observed that planar

technology exhibits lower power consumption than FinFET,
which is very useful for ultra-wideband (UWB) applications.
Lim et al. [100] studied random telegraph signal (RTS) with
flicker noise (1/f) for GAA p-type Si-FinFETs. They showed
that the proposed device had higher RTS amplitudes than
conventional MOSFETs due to the scaling property. The
systematic study of DC and LF noise behavior in FinFET
is discussed by Bennamane et al. [80]. It is found that the
variation temperature deteriorates the low field mobility of
the device as the gate length is scaled.

The fluctuation of Fin width in low standby power
(LSTP) 32nm FinFETs have been demonstrated by Bar-
avelli et al. [101]. The variability of threshold voltage (Vth)
and drain current has been extracted through the Monte Carlo
statistical approach and sensitivity analysis. It is understood
from this work that the performance of drain current depends
on the Fin width, and the Monte Carlo approach provides
more accurate results of drain current and threshold voltage
than sensitivity analysis.

Kushwaha et al. [102] proposed a model for flicker noise
in FinFET for various gate length and oxide thickness config-
urations. It is reported that the proposed model has improved
the BSIM CMG compact model for FinFET. A detailed
investigation of flicker noise (1/f) in the existence and
nonexistence of interface traps in GAA Nanowire MOSFET
structure has been investigated by Anandan et al. [103]. The
various interface traps for Gaussian, Uniform, and Expo-
nential distribution are also studied. The concluding point
from this work is that the increased value of electron density
increases the concentration of interface traps, increasing the
flicker noise. A uniformly distributed trap enhances the 1/f
noise compared to Gaussian and Exponential traps.

A mathematical model for channel thermal noise in
FinFET is proposed by Mukherjee and Maiti [104]. Various
high-frequency noise attributes such as minimum noise
figure, equivalent noise resistance, and optimum source
admittance are reported. Mahor and Pattanaik [105] proposed
an independent gate (IG) FinFET-based wide fan-in dynamic
OR gate to reduce the low noise immunity. It is reported that
the proposed design helps to optimize the OFF current by
using the back gate technique.

Senthilkumer et al. [106] proposed a design of an
operational amplifier using a FinFET device to reduce
electromagnetic interference (EMI). The proposed structure
added a low-pass filter to remove noise signals. It is
concluded from this study that this operation amplifier can
minimize almost 75 offset voltage than conventional FinFET
devices, and power consumption is also less than the CMOS
counterpart.

VI. ALTERNATIVE CHANNEL MATERIALS OVER SILICON
FOR PERFORMANCE ESCALATION
Researchers have been exploring alternative materials that
have high mobility, wide bandgap, better thermal conduc-
tivity, and high density, providing better performance in
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FIGURE 7. Schematic diagram of M-FinFET.

high-power and high-temperature applications. Germanium
(Ge) and various III-V materials have the potential to be
replacements in future CMOS technology. Germanium (Ge)
has garnered significant attention as a potential channel
material due to its higher mobility compared to Silicon.
Additionally, Ge has a lower energy bandgap, which further
enhances carrier current density. One of the key advantages of
using Ge as a channel material is its compatibility with exist-
ing Silicon process technology. This means that Ge-based
CMOS devices can be seamlessly integrated into current
manufacturing processes without requiring major change.
Some compound materials, like GaN, GaAs, InGaAs, etc.
offer improved electron mobility, which results in reduced
power consumption and improved efficiency in various
applications, including power amplifiers and high-frequency
devices. A comparative analysis between SiGe JL-FinFET
and Si JL-FinFET has been conducted by Xinlong et al. [107]
where doping concentration is varied from 1 × 1019 to 5 ×

1019. It is concluded that SiGe JL-FinFET has improved the
hole and electron mobility by 28% and 9%, respectively.
the SiGe-based device exhibited significant gains, including
a 38% increase in saturation current, a 26%, boost in
transconductance, a 45% improvement in intrinsic gain, and
a 27% reduction in intrinsic delay when compared to the
Si-based device.

Vandana et al. [108] in 2023, has shown a comparison
among high-k SOI GaN FinFETs, Bulk GaN FinFETs, and
Si FinFETs to observe the performance of DC, analog/RF,
and linearity attributes. It is observed that SOI GaN FinFET
has enhanced the ON current by 24 times and also achieves
an optimal SS value of 66 mV/dec which is 35.9% less than
Si FinFET.

Aneesh et al. [109] demonstrated the single-event tran-
sients (SET) current model in InGaAs FinFET. This SET
model has been derived from 3-D electrostatic potential
equations and the results are matched with TCAD simulation
results.

Buqing et al. [110] in 2022, has integrated strained Ge
channel with Si-based FinFETs to improve the aspect-
ratio (AR). A selective epitaxial growth process for Ge
material was executed on a patterned substrate using reduced-
pressure chemical vapor deposition (CVD). They examined
the samples using various techniques like SEM, TEM, EDS,
HRXRD, and HRRLMs to study the structure topography,

FIGURE 8. Schematic diagram of M-FinFET [93].

defect propagation, and strain distribution in the grown Ge
material and observed significant progress in the selective
epitaxy of pure Ge on the channels of FinFETs.

FIGURE 9. Schematic diagram of M-FinFET [149].

Rinku et al. has introduced a GaAs-based M-FinFET
device whereas a multiple number of channels are placed
in between the source and drain shown in Fig.7. The stress
effect on RF/analog performance has been examined. The
introduction stress has enhanced the drain current ION by
159.2%. The V-I characteristic of GaAs based M-FinFET is
shown in Fig. 8. It is also noted that the M-FinFET device
demonstrates significant enhancements in various analog
attributes, including transconductance (Gm), drain conduc-
tance (Gd ), transconductance gain factor (TGF), intrinsic gain
(Av), and early voltage (VEA), which increase by 251.6%,
231.1%, 46.75%, 20.1%, and 35.2%, respectively, with the
introduction of stress effects. Hirapara et al. investigated
a multi-Fin FinFET (M-FinFET) to examine its DC and
RF/analog performance, as well as the significance of the
gate material’s work function. We conducted simulations
and extracted the V-I characteristics of the M-FinFET using
available data, as illustrated in Fig.9. The SS and Vth
performances for various semiconductor technologies are
shown in Fig. 10.

VII. FABRICATION TECHNIQUE OF FINFET
Yu et al. demonstrated the design, manufacturing, perfor-
mance, and integration challenges encountered in the context
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FIGURE 10. (a) SS (b) Vth performance of various existing FET devices.

of double-gate FinFET in their study. This comprehensive
investigation specifically delved into scenarios where the
physical gate length underwent a considerable reduction
to 10 nm, accompanied by a proportional decrease in the
fin width to 12 nm [32]. FinFETs were constructed on
SOI wafers employing a customized planar CMOS process.
The gate electrodes were dual-doped poly-Si gates, doping
achieved through ion implantation and subsequent activation
with rapid thermal annealing (RTA). Optical lithography with
wavelengths of 193nm and 248nm facilitated the patterning
of the Si fin and gate, respectively. Using a pattern reduction
technique enabled the attainment of sub-10nm dimensions
for both fin width and gate length. The gate insulator
comprised a nitrided oxide with a physical thickness of
17 Å. The process features low-temperature source/drain
annealing, NiSi, and Cu metallization. The construction
of CMOS FinFET inverters, assembled from multiple-fin
transistors, was also executed. The fabrication of FinFET,
in general involves several key steps in the semiconductor
manufacturing process. The fabrication flowchart of FinFET
device is shown in Fig. 11

VIII. DEVICE CIRCUIT INTERACTION
FinFETs have gained significant importance in both analog
and digital circuit design within the semiconductor industry.
FinFET optimizes the SS, Vth variation, leakage current, and

FIGURE 11. Flowchart for the FinFET fabrication process.

other various significant SCE characteristics. The driving
capability of the device is also improved with a modified
FinFET structure which makes FinFET suitable for low-
power applications. FinFET can work at lower supply voltage
which reduces the dynamic and static power consumption,
making them ideal for energy-efficient digital circuits.
Additionally, it has lesser variation in threshold voltage,
which is an advantage for making analog circuits.

A. DIGITAL CIRCUIT INTERACTION
FinFET devices have emerged as a promising alternative,
offering superior gate control and performance compared to
traditional CMOS designs in a nano-scaled regime. FinFET
technology boasts numerous advantages, including superior
optimization capabilities for SCE and greater scalability
compared to CMOS technology [111]. FinFET-based SRAM
and DRAM memory cells consume less power which
increases the battery lifetime.

Rajeev et al. [112] examine 6T SRAM cells utilizing 18nm
FinFET technology. analyzed the 18nm FinFET technology-
based 6T SRAM cells to optimize the leakage current
and compared it with standard conventional MOSFET. The
examination primarily focused on power consumption and
leakage concerns in FinFET and compared it with the
conventional MOSFET configuration. It is accounted that
the FinFET technology demonstrates exceptional optimiza-
tion with a mere power consumption of 16.8µW and an
impressively swift delay of 0.4nS, while the MOSFET
exhibits significant drawbacks, consuming a substantial
14.2mW and experiencing a delay of 4.3nS. Soumya et al.
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implemented [113] various energy recovery logic gates such
as 2N2P, 2N-2N2P, PFAL, and DCPAL by using 32nm
FinFET technology. A comparative analysis is made between
FinFET and standard CMOS devices. It is observed that
FinFET-based logic circuits reduced the power consumption
by 12%, leakage power 10%, and switching power 11.4%
compared to CMOS devices. Soo et al. studied [114] the AC
and DC stress for the reliability of 22nm FinFET with the
high-k dielectric and metal-gate structure.

Liu et al. [115] proposed Tri Independent Gate (TIG)
FinFET in 2017 for 6T SRAM cells and discussed the read
stability, speed, write margin, leakage power consumption,
and delay in read and write. These electrical characteristics
are being compared with conventional SRAM FinFET
devices. The results showed that the proposed structure helps
to reduce the read-write conflict. Shilpa et al. [116] designed
an ST13T SRAM cell based on FinFET technology. The
FinFET structure used the power gating technique to develop
the ST13T SRAM cell and found that the FinFET-based
ST13T SRAM cell offers 12.84 less delays, consumes less
power, and improves the speed of the device. Sina et al.
[117] designed 8T SRAM cells using FinFET technology
by considering the back gate as an independent gate. This
work concludes that the proposed work improves the static
power, the read SNM, and the write static noise margin.
The FinFET-based 8T SRAM cell also provides low leakage
with high. Min et al. in 2020 designed a capacitor-less IT
dynamic random access memory (DRAM) cell using FinFET
technology where Poly-Si material is used for manufacturing
the device. The IT DRAM with Poly-Si material was
developed in the presence and absence of vertical and
horizontal GB. Shalu et al. designed [118] 6T SRAM cells
using FinFET technology. The non-uniform Gaussian doping
effect has been demonstrated on the output characteristics of
JL FinFET. It is reported that Gaussian doped JL FinFET
6T SRAM cell has improved the read/write access time.
Waqas et al. [119] has investigated FinFET 6T-SRAM cell
to observe the noise margins, read operation, and write
operation as these performance measurement parameters are
very significant in digital circuit design. They varied the
Vth, and drain bias, and scaled the device dimensions to
get an optimized value of power, area, and performance.
Consequently, each cell is categorized as high-density (HD),
high-performance (HP), or high-current (HC) tomeet specific
design objectives. It is observed that HD cell configurations
offer less power consumption during read and write operation
as compared to other configurations. However,the HC cell
configuration demonstrated an efficient write access time
of 9.17 ps than HD cell. Joshi et al. demonstrated [120]
the FinFET-based SRAM cells with the help of compact
simulation models to minimize the delays. Using mixed-
mode Taurus simulations, Guo et al. [121] analyzed 6-
T and 4-T FinFET-based SRAM cells for cache memory
applications with high density and low power consumption
at very low voltage. Brad et al. [122] investigated the
significance of Fin shape and designed ultra-low power

nFinFETs to minimize the leakage current, SS, and Vth.
Wu et al. [123] designed 16nm FinFET CMOS technology-
based high-density (HD) SRAM for mobile applications.
This 16nm FinFET CMOS technology increases the speed
gain and reduces power consumption. Using extreme ultra-
violet (EUV) lithography, Song et al. proposed [124] 7nm
FinFET SRAM technology to achieve low power and density
at extremely low voltages. An IG-FinFET-based chained new
reconfigurable SRAM array for in-memory computing and a
non-volatile RRAM array has been proposed by Nemati et al.
50% and 20% improvements in the write energy consumption
and CWLM have been achieved compared to the 8T SRAM
cell with this architecture [125] Resistive Random-Access
Memory (RRAM) is a non-volatile memory device that
has less power dissipation compared to SRAM. RRAM
cells are more compact, allowing for higher-density memory
arrays, which can be advantageous in applications where
space is limited. It is reported that a hybrid RRAM/FinFET
technology memory cell with 3T1R array architecture has
reduced the delay and power consumption [126]. Hsieh et al.
proposed a bipolar 14 nm node FinFET RRAM architec-
ture and improved the ON/OFF window along with good
endurance and retention performance. FinFET RRAM also
reduces standby and active powers [127]. Magnetoresistive
random-access memory (MRAM) is a non-volatile memory
that stores data in magnetic domains. MRAM [128] is
mainly a combination of SRAM and DRAM that offers fast
read and write speeds. The integration of MRAM into a
FinFET technology [129] offers 10-year retention capability
and >106 write endurance. However, RRAM and MRAM
technology is still evolving, and its manufacturing process
may not be as mature or widely available as SRAM.

B. ANALOG CIRCUIT INTERACTION
The 3D architecture of FinFET has to get attraction
from researchers due to its easy fabrication technique and
impressive electrostatic control capabilities. FinFETs can
be employed in precision analog applications where low
offset voltage, low noise, and high linearity are crucial.
Their reduced leakage current and improved SCEs can
enhance analog/RF attributes performance. Analog param-
eters like transconductance (Gm), drain conductance (Gd ),
transconductance gain factor (TGF) or device efficiency, and
intrinsic gain (Av) are very crucial attributes. The extension of
source/drain region [130]and high-k dielectric spacers in the
underlap section enhances analog performance under strong
inversion biasing conditions.

On the other hand, superior linearity performance is indi-
cated by minimal intermodulation and harmonic distortion
at the device’s outputs. To assess linearity, various figure-
of-merits (FOMs) such as higher-order voltage intercept
point (VIP) and current intercept point (IIP), harmonic
distortion such as intermodulation distortion (IMD), higher
distortion (HD) and the 1 dB compression point are
employed. Enhanced linearity and reduced distortion are
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achieved when VIP, IIP, and the 1 dB compression point
exhibit high values, while IMD and HD are minimized. The
higher-order derivative of Gm serves as a key indicator of
overall linearity parameter performance. However, FinFET
has limited application in analog circuits as compared to
traditional MOSFETs. Mohapatra et al. in 2015, studied the
significant process parameters of FinFET such as Fin Height
(HFin) and Fin width (WFin) to design the RF/analog circuit.
Another critical parameter, the aspect ratio (AR = WFin /
HFin), was also examined, offering valuable insights for the
design of FinFET analog circuits. The research highlighted
that taller fins are necessary to enhance current drivability,
whereas narrower fins contribute to greater immunity against
Short-Channel Effects (SCEs).

Jagar et al. in 2018, demonstrated a comparative analysis
between 14nm FinFET and 28nm planar FET to analyze
the RF and analog parameters performances. It shows that
higher value ft (414/180 GHz)and fmax (180/140Ghz) has
been noticed for N/P FinFET as compared 28nm planar
FET devices. A thin channel body of FinFET optimizes the
SCE in terms of DIBL and improves the self-gain (Gm/Gds)
and 1/f noise behavior. Jeong proposed [131] 14nm FinFET
technology for low-power mobile RF applications. It is
observed that 14nmRF FinFET provides higher intrinsic gain
and improved quality factor with low DC power dissipation.
Lee et al. [132] developed FinFET technology-based Intel
22FFL process technology for RF andmmWave applications.
It is noticed that 22FFL boosts ft and fmax by 300GHz and
450GHz respectively, solidifying its position as a superior
choice for advanced wireless technologies. Rinku et al. in
2021, proposed a multi-channel FinFET (Mch-FinFET) to
examine the temperature variation effect for the RF/analog,
linearity, and harmonic distortion characteristics. It is
observed that at lower temperatures (300k), the Mch-FinFET
improved performance in RF/analog parameters, including
Gm, Gd , Av, TGF and cut-off frequency (Ft ). Conversely,
as temperature increases, both gate capacitance (Cgg) and
intrinsic time delay (τ ) experience an increase. Additionally,
elevated temperatures lead to improved linearity parameters
performance which is particularly advantageous for low-
power applications. Devenderpal et al. in 2020 [133], studied
a detailed analysis of three channel structures: tri-layer stack
channel (TLSC), double-layer stack channel (DLSC), and
single-layer channel (SLSC) of junction-less tri-gate FinFET
to analyze the RF/analog performance. SiGe material is
considered for the channel in the proposed device. It is
noticed that the TLSC of the proposed FinFET exhibits higher
ION and Vt compared to the other structures. Furthermore,
TLSC emerges as a preferred choice for analog applications
due to its superior gm, gain, cut-off frequency, and maximum
oscillation frequency. The peak gm of TLSC is 11.9%
higher than that of SLC and 29.3% higher than DLSC.
Rajeewa et al. [134] 2023, conducted a study focusing on
the analog/RF and linearity performance attributes of metal-
ferroelectric-insulator-semiconductor (MFIS) based nega-
tive capacitance (NC) FinFETs, employing high-threshold

voltage (HVT) techniques. This HVT technique has been
demonstrated by increasing channel doping (NchHVT),
drain-side underlap modulation (Ldsu-HVT), and increasing
the channel length (Lg-HVT). They revealed that Lg-HVT
technique of NC FinFET offers a minimum value of leakage
current with an optimum value of DIBL compared to the
other two techniques. It is also noticed that Ldsu-HVT
led to a remarkable enhancement of fT , gain-bandwidth
product (GBP), and transconductance-frequency product
(TFP), increasing by approximately 33.9%, 58.1%, and
50.3%, respectively.

C. APPLICATION OF FINFET IN FUZZY LOGIC SYSTEMS
AND NEURAL COMPUTING
The use of FinFET technology into fuzzy logic systems
signifies a remarkable progression in the computational
intelligence domain. Compared to conventional planar MOS-
FETs, FinFETs provide better electrical characteristics,
including better scalability, lower leakage current, and greater
performance [135]. This is due to their unique three-
dimensional structure. By utilising these benefits, FinFET
applications in fuzzy logic systems show potential for
improving processing speed, maximising power efficiency,
and facilitating the more precise and accurate realisation
of complicated fuzzy logic algorithms. [136] Moreover,
the resilience and dependability of fuzzy logic systems are
enhanced by the intrinsic variability mitigation capabilities of
FinFETs, especially in settings with harsh external impacts or
variable operating circumstances.

The hardware proposed by Behbahani et al. had
used 28 FinFETs for grayscale image edge detection. The
suggested fuzzy hardware showed 81% and 71% reductions
in power and energy usage at the circuit level when compared
to earlier fuzzy hardware created with the same technology
manufacturing node. The suggested hardware is resistant
to significant process fluctuations and has a maximum
inaccuracy of 5.25%. [137]

FinFETs’ capacity to reduce variability adds to the stability
and dependability of neural computing systems, allowing for
more precise and consistent model predictions in practical
applications. By using features like increased switching
speed, lower leakage current, and improved scalability,
FinFETs can significantly speed up neural network training
and inference procedures when used in neural computing
systems.

Seo et al. proposed a highly scalable synapse device for
neuromorphic applications based on a junction less (JL)
ferroelectric (FE) FinFET. Experimental evidence was shown
for the synaptic behaviours of the JL metal-ferroelectric-
insulator-silicon (MFIS) FinFET. The MFIS synaptic device
was used to experimentally confirm synaptic behaviour in the
HfZrOx (HZO) based synaptic device after the ferroelectric
properties of the HZO film were confirmed using an
MFM capacitor. For neuromorphic applications, the pattern
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recognition accuracy for handwritten digits was confirmed to
be about 80%. [138]

Graphene-based devices can significantly enhance neu-
romorphic computing and improve applications utilising
neuromorphic architecture because of their better mechan-
ical, electrical, and thermal characteristics. Walters et al.
described the development of neuromorphic synapses and
neurons using graphene-based memristive devices. They
have shown that while graphene is often used as an
electrode in neuromorphic synapses because of its high
conductivity, however it can be used in other neuromorphic
settings because of its important neuromorphically relevant
properties, including size, endurance, retention, and Roff
/Ron ratio. [23]Jooq et al. have designed leaky integrate
and fire (LIF) neuron and spike-timing-dependent plasticity
(STDP) circuits using the cutting edge low-power 7nm
FinFET technology. The suggested STDP circuit achieves a
68% improvement in total average power consumption and a
43% reduction in energy dissipation in comparison to earlier
works, in addition to a 60% space savings. In comparison
to its equivalents, the suggested LIF neuron circuit exhibits
a 34% area saving, 46% power saving, and 40% energy
saving. [139]

IX. LIMITATIONS AND CHALLENGES OF FINFET
TECHNOLOGY
As we know, the transition from 22nm to 16nm provoked
the semiconductor industry to shift from MOSFET to
FinFET technology. However, the ongoing reduction in
device dimensions (beyond 3nm) within FinFET technology
has exposed it to a range of reliability challenges, including
issues like SHEs, negative bias temperature instability
(NTBI), positive bias temperature instability (PTBI), and
stress-induced leakage current (SILC). These reliability
challenges have now become a critical impediment in
the processes of modeling, designing, and manufacturing
advanced technological devices due to their rigorous nature
process requirements [140]. As FinFETs are 3D structures,
Ultra Violet (EUV) lithography is required to process
the fabrication. However, the current unavailability of this
lithography technique necessitates the use of an additional
mask for double patterning.

X. GATE ALL AROUND MULTI-BRIDGE CHANNEL FIELD
EFFECT TRANSISTOR ( GAA MBCFET)
GAA MBC-FET is the ultimate solution that has more than
one channel utilized, and each channel is surrounded by gates
on all sides that make it a ‘GAA’ structure shown in Fig.13.
The GAA structure (a) Vertical and horizontal view (b) &
(c) is shown in Fig. 12. This innovative design significantly
enhances gate control capacity over the channels, and it is
an efficient solution to mitigate leakage current and advance
FinFET technology. The key advantage of MBC-FET lies
in its ability to provide better electrostatic control and
improved current flow characteristics compared to conven-
tional FinFETs. Due to multiple channels, MBC-FET offers

FIGURE 12. Schematic diagram of GAA structure along (a) Vertical and
horizontal view (b) & (c).

FIGURE 13. Schematic diagram of GAA MBCFET.

increased effective channel width, reducing the resistance
and enabling higher current drive capabilities. This leads
to improved device performance, such as faster switching
speed and lower power consumption. These new structures
can maintain the same device footprint without requiring
additional space for speed improvement compared to existing
FinFET technology. A significant amount of research has
been directed towards improving the performance of MBC-
FET devices by optimizing their limitations.

Ahmed et al. in 2020 [141] conducted a comparative
analysis among existing FinFET, nanowire FET, and pro-
posed MBCFET devices. The study focused on threshold
voltage, SS, and ON/OFF ratio as performance metrics.
The results concluded that the proposed MBCFET device
exhibits a greater switching ratio and optimizes OFF current
compared to the existing FinFET and nanowire FET devices.
Hitesh et al. in 2022 [142] fabricated a 3-level MBCFET
utilizing MoS2 as the channel material and incorporating
both dual-gated and gate-all-around concepts. The device has
shown excellent results, including a high saturation current of
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174.9 µA, an ideal SS of 63 mV/dec, and a switching ratio
exceeding 108. Yadav et al. in 2022 [143] studied the effect
of work-function (WF) variation on the DC/RF performance
of GAA MBCFET. It is noticed from the results that varying
the gate WF from 4.4 eV to 4.8 eV greatly reduces the OFF-
current (IOFF ) by 99%, of the device. However, an increase
in gate WF also leads to Vth roll-off, a decrease in ON-
current by 76%. Bae et al. in 2018 [144] implemented
and fabricated the MBCFET through the adaptation of over
90% of FinFET processes. The proposed fabricated device
enhances design flexibility with SS of 65mV/dec and higher
ON current. The researcher also fabricated a 6T SRAM
macro using the MBCFET to test the feasibility and the
performance of the 6T SRAM was found to be comparable
to that of FinFET SRAM with a similar size. Joung et al.
in 2019 [145] proposed a modified version of the MBCFET
device by adding a core insulator layer in the channels. This
modification was aimed at enhancing the gate controllability
over the channels. The performance of the ring oscillator
(RO) and SRAM was tested with the proposed structure,
and it was found that the performance of both circuits was
improved. Affandi et al. in 2022 [146] studied a junctionless
(JL) MBC-FET with strained SiGe material concerning the
performance of threshold voltage, ON current, and potential
distribution along with the channel. The results concluded
that JL MBC-FET with higher Ge mole strain led to an
increase in the ON-current. However, more research in this
direction is required.

XI. FINFETS VS GAA MBCFETS
Herewe are going to discuss the advantage of GAAMBCFET
over FinFET technology.

A. FOOTPRINT AREA AND SPEED
In FinFET, we can add more Fins that make Multi-Fin
FinFET (M-FinFET) configurations [147]. Researchers have
devised M-FinFET architectures wherein multiple ‘‘fins’’ or
channels are positioned in parallel between the source and
drain. This addition of fins serves to enhance the device’s
speed by enabling a higher number of charge carriers to
traverse from source to drain simultaneously. The primary
distinction between M-FinFET and MBCFET lies in their
spatial requirements. M-FinFET demands extra area for each
added Fin, whereas GAA MBCFET allows the inclusion of
more channels without necessitating additional space. This
property of GAAMBCFET contributes to an elevated device
speed when compared to M-FinFET.

B. INTERNAL STRUCTURE
In both semiconductor devices, a three-dimensional architec-
ture is employed. In FinFETs, the gate encloses the channel
on three sides, while in GAA MBCFETs, the gate surrounds
it. This ‘‘gate all around’’ concept grants the capability to
dynamically alter the channel width, which is a functionality
absent in traditional FinFET designs.

C. PRODUCTION
The fabrication of both FinFETs and GAA MBCFETs can
be achieved using identical process tools and manufacturing
procedures. This eliminates the necessity for additional
external tools to manufacture GAA MBCFET technology.
As a result, the implementation of this new technol-
ogy can be seamlessly integrated without incurring extra
costs.

D. LOW LEAKAGE CURRENTS, OPERATIONAL VOLTAGE,
AND DYNAMIC POWER
As the gate in FinFETs surrounds solely three sides of the
channel, it leads to one side being without gate control.
Conversely, in the context of GAA MBCFET, all sides of the
channel are enveloped by gates, substantially enhancing the
electrostatic gate control capacity and consequently reducing
issues related to leakage. When comparing FinFET and GAA
MBCFET technologies, the semiconductor industry will shift
from FinFET technology to GAAMBCFET technology very
soon.

Using FinFET and GAAFET technology in power man-
agement methods has led to a change in the optimization
of energy efficiency in electronic systems [148], [149].
Dynamic voltage and frequency scaling (DVFS) is made pos-
sible by the unique three-dimensional structure of FinFETs
and their improved gate control capabilities [150], [151]. This
allows for effective power allocation that is adapted to work-
load needs. Additionally, FinFET is especially well-suited
for low-power applications because of its built-in leakage
power reduction techniques [152], [153]. The gate-all-around
design of GAAFETs provides unmatched scalability and gate
control, opening the way to voltage scaling and adaptive
body biassing. Power management systems can realize
previously unheard-of levels of energy efficiency by utilizing
the special qualities of FinFET and GAAFET, meeting the
urgent requirement for high-performance, environmentally
friendly electronics in a variety of applications. Power
management systems can realize previously unheard-of levels
of energy efficiency by utilizing the special qualities of
FinFET and GAAFET, meeting the urgent requirement for
high-performance, environmentally friendly electronics in a
variety of applications.

XII. PRACTICAL CHALLENGES OF GAA MBCFET
FABRICATION TECHNOLOGY
GAAFETs involve a more complex fabrication process
compared to traditional FinFETs [154]. The manufacturing
process needs to be refined and optimized to ensure
high yields and cost-effectiveness. GAAFETs typically use
nanowires and nanosheets as the channel material [155].
Achieving uniform and precise nanowire formation is crucial
for device performance. Controlling the diameter, length,
and placement of these nanowires with high precision is
a challenge [156]. The choice of materials for the various
layers in GAAFETs must be compatible with the fabrication
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process [157]. Ensuring that the materials used are stable,
have good electrical properties, and can be integrated
seamlessly is a significant challenge. The processes for
etching and deposition in GAAFET fabrication need to
be highly precise [158]. Any variations in these processes
can lead to defects and impact transistor performance.
The gate dielectric is a critical component in transistor
performance [159]. Achieving a high-quality gate dielectric
with low leakage and high capacitance is challenging.
Insulator materials need to be carefully chosen to ensure the
desired properties. The formation of low-resistance contacts
is crucial for efficient electron flow in GAAFETs [154].
Minimizing contact resistance while ensuring reliability
poses challenges in the fabrication process. As GAAFETs
are introduced, integrating them with existing semiconductor
technologies and ensuring compatibility with established
processes can be a challenge. This is particularly important
for large-scale manufacturing and industry adoption. As the
semiconductor industry moves towards smaller nodes, scal-
ing GAAFET technology becomes challenging. Issues such
as quantum effects and increased sensitivity to manufac-
turing variations can become more pronounced at smaller
scales [160].

A. CHANNEL FORMATION
GAAFETs typically use silicon as the channel material. The
equipment required for channel formation includes:

• Deposition Tools: Chemical vapor deposition (CVD) or
atomic layer deposition (ALD) systems are commonly
used for depositing thin films of semiconductor materi-
als to form channel.

• Etching Tools: Reactive ion etching (RIE) or other
advanced etching techniques are employed to define and
shape the nanowires

B. GATE FORMATION
The gate in GAAFETs surrounds the channel from all sides.
The equipment used for gate formation includes:

• Lithography Tools: Photolithography or advanced
lithography techniques are used to define the gate pattern
on the substrate.

• Deposition Tools: Physical vapor deposition (PVD) or
chemical vapor deposition (CVD) systems are used
to deposit the gate material conformally around the
nanowire.

C. GATE DIELECTRIC FORMATION
The gate dielectric is a critical insulating layer between the
gate and the channel material. Equipment for gate dielectric
formation includes:

• Deposition Tools: ALD or PVD systems for deposit-
ing high-quality dielectric materials with precise
thickness.

• Annealing Tools: Thermal annealing processes are
often used to enhance the properties of the gate
dielectric.

D. SOURCE AND DRAIN FORMATION
The source and drain regions are where the current flows
into and out of the channel. Equipment for source and drain
formation includes:

• Implantation Tools: Ion implantation systems are used to
introduce dopants into the substrate to create the source
and drain regions.

• Annealing Tools: Rapid thermal annealing or other
annealing processes are employed to activate dopants
and repair any damage caused during implantation.

E. CONTACTS AND INTERCONNECTS
Metal contacts and interconnects are crucial for connecting
the transistor to the broader circuit. Equipment for contact
and interconnect formation includes:

• Deposition Tools: PVD or CVD systems for depositing
metal layers for contacts and interconnects.

• Lithography Tools: Photolithography for defining pat-
terns for metal contacts and interconnects.

Continued advancements in lithography techniques are
essential for achieving smaller feature sizes in GAAFET
fabrication. Techniques such as extreme ultraviolet (EUV)
lithography are increasingly being explored to overcome
the challenges associated with traditional optical lithogra-
phy [161]. Etching plays a critical role in defining the
structures in GAAFETs. Advanced etching techniques, such
as cryogenic and plasma-based etching, are important for
achieving high precision in shaping nanowires and other
features.

The fabrication process of GAAFET initiates with
the creation of alternating layers of silicon and silicon-
germanium (SiGe), which are patterned into pillars. While
establishing the Si/SiGe heterostructure and patterning
pillars closely align with conventional fin fabrication,
subsequent steps are uniquely tailored for nanosheet
transistors [162]. A critical innovation involved introducing
an indentation in the SiGe layers to accommodate an inner
spacer between the source/drain regions, defining the gate
width. Following the placement of inner spacers, a channel
release etch selectively removes the SiGe. Subsequently,
atomic layer deposition (ALD) is employed to deposit the
gate dielectric and metal into the spaces between silicon
nanosheets. The germanium content in the SiGe layers is
minimized tomitigate lattice distortion and defects. However,
optimizing the germanium content presents a challenge,
as higher germanium concentrations enhance etch selectivity
but risk erosion of silicon layers during critical fabrication
steps. This study presents a novel approach to address the
challenges associated with the vapor phase HCl etch process,
which conventionally results in a half-moon meniscus shape
along the etch front. The research conducted at IBMResearch
and TEL Technology Center demonstrates a remarkable
150:1 selectivity for Si0.75Ge0.25 relative to silicon, featuring
a rectangular etch front. This advancement significantly
enhances dimensional control, leading to superior device
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TABLE 3. Comparative analysis of electrical performance for various
semiconductor technologies.

yield and reduced variability for both n-type and p-type
transistors.

F. STRAIN ENGINEERING
GAAFETs often employ strain engineering to enhance carrier
mobility, which adds an additional layer of complexity [163].
The fabrication process must carefully introduce strain into
the nanowires without compromising the structural integrity
of the device. The optimization of carrier mobility in highly
scaled planar transistors relies heavily on strain engineering.
While this technique has proven effective in two-dimensional
structures, its application becomes notably more intricate in
three-dimensional devices due to their complex geometry.
In the context of nanosheet transistors, the introduction of
strain is inevitable owing to the lattice mismatch between
silicon and SiGe. However, the impact of this strain remains
uncertain, andwhether it will yield positive or negative effects
is yet to be conclusively determined.

TABLE 4. Comparative analysis of electrical performance for various
semiconductor technologies at Lg 5-8nm.

XIII. PRESENT INDUSTRY SCENARIO OF GAA MBCFET
TECHNOLOGY
Samsung is the first semiconductor foundry that revealed
the first chip based on this groundbreaking manufacturing
methodology in the summer of 2022, called GAA MBCFET,
and planning to shift from FinFET to GAA MBCFET
technology very soon. Additionally, Samsung is on track
to introduce its second-generation 3nm chips in 2023.
In parallel, TSMC is aiming to develop 2nm GAA chips by
approximately 2026. Similarly, Intel is also set to launch 2nm
GAA chips around 2024. However, both TSMC and Intel
are still manufacturing chips using FinFET technology. The
comparative analysis of electrical performance for various
semiconductor technologies as tabulated in table 3. The com-
parative analysis of various FET technologies, whose gate
lengths is considered from 5 to 8 nm are tabulated in table 4

XIV. CONCLUSION
This review article offers an insightful look into the ongoing
topic ‘FinFET’ technologies by providing a comprehensive
overview of the progress in modified architecture, exist-
ing trends, and associated constraints. The importance of
other semiconductor materials instead of Silicon has been
highlighted in a thorough discussion. The article conducts
a thorough examination of the emerging ‘GAA MBCFET’
technology, addressing both its prominent drawbacks and
the challenges encountered during fabrication in a detailed
discussion. Additionally, recent advancements in GAA
MBCFET development are prominently featured.

REFERENCES
[1] P. Gölitz and R. Hecker, ‘‘Turning potential into realities,’’

Chemphyschem, Eur. J. Chem. Phys. Phys. Chem., vol. 2, nos. 8–9,
pp. 473–474, 2001.

50572 VOLUME 12, 2024



R. R. Das et al.: FinFET to GAA MBCFET: A Review and Insights

[2] W. Shockley, ‘‘The path to the conception of the junction transistor,’’
IEEE Trans. Electron Devices, vol. ED-23, no. 7, pp. 597–620, Jul. 1976.

[3] M. Riordan, L. Hoddeson, and C. Herring, ‘‘The invention of the
transistor,’’ Rev. Modern Phys., vol. 71, no. 2, 1999, Art. no. S336.

[4] R. Rojas and U. Hashagen, The First Computers: History and Architec-
tures. Cambridge, MA, USA: MIT Press, 2002.

[5] W. S. Boyle and G. E. Smith, ‘‘The inception of charge-coupled devices,’’
IEEE Trans. Electron Devices, vol. ED-23, no. 7, pp. 661–663, Jul. 1976.

[6] M. M. Atalla, E. Tannenbaum, and E. J. Scheibner, ‘‘Stabilization of
silicon surfaces by thermally grown oxides,’’ Bell Syst. Tech. J., vol. 38,
no. 3, pp. 749–783, May 1959.

[7] R. G. Arns, ‘‘The other transistor: Early history of the metal-oxide
semiconductor field-effect transistor,’’ Eng. Sci. Educ. J., vol. 7, no. 5,
pp. 233–240, Oct. 1998.

[8] J. Bhardwaj, K. K. Gupta, and R. Gupta, ‘‘A review of emerging trends on
water quality measurement sensors,’’ in Proc. Int. Conf. Technol. Sustain.
Develop. (ICTSD), Feb. 2015, pp. 1–6.

[9] S. R. Hofstein and F. P. Heiman, ‘‘The silicon insulated-gate field-effect
transistor,’’ Proc. IEEE, vol. 51, no. 9, pp. 1190–1202, Sep. 1963.

[10] S. Datta, J. Brask, G. Dewey, M. Doczy, B. Doyle, B. Jin, J. Kavalieros,
M. Metz, A. Majumdar, M. Radosavljevic, and R. Chau, ‘‘Advanced
Si and sige strained channel NMOS and PMOS transistors with high-
k/metal-gate stack,’’ inProc. Bipolar/BiCMOSCircuits Technol. Meeting,
2004, pp. 194–197.

[11] HR Farrah and RF Steinberg, ‘‘Analysis of double-gate thin-film
transistor,’’ IEEE Trans. Electron Devices, vol. ED-14, no. 2, pp. 69–74,
Feb. 1967.

[12] T Nakagawa, T Sekigawa, T Tsutsumi, E Suzuki, and H Koike, ‘‘Primary
consideration on compact modeling of dg mosfets with four-terminal
operation mode,’’ in Proc. Nanotechnol. Conf. Trade Show-Nanotech,
2003, pp. 330–333.

[13] S. K. Mitra and B. Bhowmick, ‘‘Physics-based capacitance model of
gate-on-source/channel SOI TFET,’’ Micro Nano Lett., vol. 13, no. 12,
pp. 1672–1676, Dec. 2018.

[14] P. Ghosh and B. Bhowmick, ‘‘Effect of temperature in selective buried
oxide TFET in the presence of trap and its RF analysis,’’ Int. J. RFMicrow.
Comput.-Aided Eng., vol. 30, no. 8, Aug. 2020, Art. no. e22269.

[15] Z. Lin, P. Chen, L. Ye, X. Yan, L. Dong, S. Zhang, Z. Yang, C. Peng,
X. Wu, and J. Chen, ‘‘Challenges and solutions of the TFET circuit
design,’’ IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 67, no. 12,
pp. 4918–4931, Dec. 2020.

[16] M. K. Q. Jooq,M. H.Moaiyeri, and K. Tamersit, ‘‘A new design paradigm
for auto-nonvolatile ternary SRAMs using ferroelectric CNTFETs: From
device to array architecture,’’ IEEE Trans. Electron Devices, vol. 69,
no. 11, pp. 6113–6120, Nov. 2022.

[17] M. H. Moaiyeri, M. K. Q. Jooq, A. Al-Shidaifat, and H. Song, ‘‘Breaking
the limits in ternary logic: An ultra-efficient auto-backup/restore
nonvolatile ternary flip-flop using negative capacitance CNTFET tech-
nology,’’ IEEE Access, vol. 9, pp. 132641–132651, 2021.

[18] F. Behbahani, M. K. Q. Jooq, M. H. Moaiyeri, and K. Tamersit,
‘‘Leveraging negative capacitance CNTFETs for image processing: An
ultra-efficient ternary image edge detection hardware,’’ IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 68, no. 12, pp. 5108–5119, Dec. 2021.

[19] H. Li, D. Li, H. Chen, X. Yue, K. Fan, L. Dong, and G. Wang,
‘‘Application of silicon nanowire field effect transistor (SiNW-FET)
biosensor with high sensitivity,’’ Sensors, vol. 23, no. 15, p. 6808, 2023.

[20] R. Barik, R. S. Dhar, F. Awwad, and M. I. Hussein, ‘‘Evolution of type-
II hetero-strain cylindrical-gate-all-around nanowire FET for exploration
and analysis of enriched performances,’’ Sci. Rep., vol. 13, no. 1,
p. 11415, Jul. 2023.

[21] T. J. Echtermeyer, M. C. Lemme, M. Baus, B. N. Szafranek, A. K. Geim,
and H. Kurz, ‘‘Nonvolatile switching in graphene field-effect devices,’’
IEEE Electron Device Lett., vol. 29, no. 8, pp. 952–954, Aug. 2008.

[22] Y.-M. Lin, H.-Y. Chiu, K. A. Jenkins, D. B. Farmer, P. Avouris, and
A. Valdes-Garcia, ‘‘Dual-gate graphene FETs with fT of 50 GHz,’’ IEEE
Electron Device Lett., vol. 31, no. 1, pp. 68–70, Jan. 2010.

[23] B.Walters,M.V. Jacob, A. Amirsoleimani, andM.R.Azghadi, ‘‘A review
of graphene-based memristive neuromorphic devices and circuits,’’ Adv.
Intell. Syst., vol. 5, no. 10, 2023, Art. no. 2300136.

[24] S. Salahuddin and S. Datta, ‘‘Use of negative capacitance to provide a
sub-threshold slope lower than 60 mV/decade,’’ 2007, arXiv:0707.2073.

[25] D. Hisamoto, T. Kaga, Y. Kawamoto, and E. Takeda, ‘‘A fully
depleted lean-channel transistor (DELTA)–A novel vertical ultra thin SOI
MOSFET,’’ in IEDM Tech. Dig., Dec. 1989, pp. 833–836.

[26] R.-H. Yan, A. Ourmazd, and K. F. Lee, ‘‘Scaling the Si MOSFET: From
bulk to SOI to bulk,’’ IEEE Trans. Electron Devices, vol. 39, no. 7,
pp. 1704–1710, Jul. 1992.

[27] Y.-K. Choi, Y.-C. Jeon, P. Ranade, H. Takenuchi, T.-J. King, J. Bokor, and
C. Hu, ‘‘30 nm ultra-thin-body SOI MOSFET with selectively deposited
Ge raised S/D,’’ in 58th DRC. Device Res. Conf. Conf. Dig., Jun. 2000,
pp. 23–24.

[28] D. Hisamoto, W.-C. Lee, J. Kedzierski, E. Anderson, H. Takeuchi,
K. Asano, T.-J. King, J. Bokor, and C. Hu, ‘‘A folded-channel MOSFET
for deep-sub-tenth micron era,’’ in IEDM Tech. Dig., Dec. 1998,
pp. 1032–1034.

[29] X. Huang, W.-C. Lee, C. Kuo, D. Hisamoto, L. Chang, J. Kedzierski,
E. Anderson, H. Takeuchi, Y.-K. Choi, K. Asano, V. Subramanian, T.-
J. King, J. Bokor, and C. Hu, ‘‘Sub 50-nm FinFET: PMOS,’’ in IEDM
Tech. Dig., Dec. 1999, pp. 67–70.

[30] N. Lindert, L. Chang, Y.-K. Choi, E. H. Anderson, W.-C. Lee, T.-J. King,
J. Bokor, and C. Hu, ‘‘Sub-60-nm quasi-planar FinFETs fabricated using
a simplified process,’’ IEEE Electron Device Lett., vol. 22, no. 10,
pp. 487–489, Oct. 2001.

[31] Y.-C. Yeo, V. Subramanian, J. Kedzierski, P. Xuan, T.-J. King, J. Bokor,
andC.Hu, ‘‘Design and fabrication of 50-nm thin-body p-MOSFETswith
a SiGe heterostructure channel,’’ IEEE Trans. Electron Devices, vol. 49,
no. 2, pp. 279–286, Feb. 2002.

[32] B. Yu, L. Chang, S. Ahmed, H. Wang, S. Bell, C.-Y. Yang, C. Tabery,
C. Ho, Q. Xiang, T.-J. King, J. Bokor, C. Hu, M.-R. Lin, and D. Kyser,
‘‘FinFET scaling to 10 nm gate length,’’ in IEDM Tech. Dig., Dec. 2002,
pp. 251–254.

[33] B. S. Doyle, S. Datta, M. Doczy, S. Hareland, B. Jin, J. Kavalieros,
T. Linton, A. Murthy, R. Rios, and R. Chau, ‘‘High performance fully-
depleted tri-gate CMOS transistors,’’ IEEE Electron Device Lett., vol. 24,
no. 4, pp. 263–265, Apr. 2003.

[34] V. Trivedi, J. G. Fossum, and M. M. Chowdhury, ‘‘Nanoscale FinFETs
with gate-source/drain underlap,’’ IEEE Trans. Electron Devices, vol. 52,
no. 1, pp. 56–62, Dec. 2004.

[35] T. Rudenko, V. Kilchytska, N. Collaert, M. Jurczak, A. Nazarov, and
D. Flandre, ‘‘Reduction of gate-to-channel tunneling current in FinFET
structures,’’ Solid-State Electron., vol. 51, nos. 11–12, pp. 1466–1472,
Nov. 2007.

[36] C. R. Manoj and V. R. Rao, ‘‘Impact of high-k gate dielectrics on the
device and circuit performance of nanoscale FinFETs,’’ IEEE Electron
Device Lett., vol. 28, no. 4, pp. 295–297, Apr. 2007.

[37] M. Poljak, V. Jovanović, and T. Suligoj, ‘‘Suppression of corner effects in
wide-channel triple-gate bulk FinFETs,’’ Microelectronic Eng., vol. 87,
no. 2, pp. 192–199, Feb. 2010.

[38] K.W. J. Chew, ‘‘RF performance of 28 nm PolySiON and HKMGCMOS
devices,’’ in Proc. IEEE Radio Freq. Integr. Circuits Symp. (RFIC),
May 2015, pp. 43–46.

[39] K. P. Pradhan, M. Priyanka, and P. K. Sahu, ‘‘Exploration of symmetric
high-k spacer (SHS) hybrid FinFET for high performance application,’’
Superlattices Microstructures, vol. 90, pp. 191–197, Feb. 2016.

[40] K. Biswas, A. Sarkar, and C. K. Sarkar, ‘‘Spacer engineering for
performance enhancement of junctionless accumulation-mode bulk
FinFETs,’’ IET Circuits, Devices Syst., vol. 11, no. 1, pp. 80–88,
Jan. 2017.

[41] N. Boukortt, B. Hadri, S. Patanè, A. Caddemi, and G. Crupi, ‘‘Electrical
characteristics of 8-nm soi n-finfets,’’ Silicon, vol. 8, pp. 497–503, 2016.

[42] S. Baishya, R. Saha, and B. Bhowmick, ‘‘GaAs SOI FinFET: Impact
of gate dielectric on electrical parameters and application as digital
inverter,’’ Int. J. Nanoparticles, vol. 10, nos. 1–2, pp. 3–14, 2018.

[43] G. Hiblot, ‘‘Bulk FinFET EOT extraction from accumulation capaci-
tance measurements,’’ IEEE Trans. Electron Devices, vol. 65, no. 3,
pp. 874–880, Mar. 2018.

[44] S. K. Aujla and N. Kaur, ‘‘Optimization of dual-K gate dielectric and
dual gate heterojunction SOI FinFET at 14 nm gate length,’’ IETE J. Res.,
vol. 68, no. 1, pp. 658–666, Jan. 2022.

[45] A. Tsormpatzoglou, C. A. Dimitriadis, M. Mouis, G. Ghibaudo, and
N. Collaert, ‘‘Experimental characterization of the subthreshold leakage
current in triple-gate FinFETs,’’ Solid-State Electron., vol. 53, no. 3,
pp. 359–363, Mar. 2009.

[46] A. S. Medury, K. N. Bhat, and N. Bhat, ‘‘Impact of carrier quantum
confinement on the short channel effects of double-gate silicon-on-
insulator FINFETs,’’Microelectron. J., vol. 55, pp. 143–151, Sep. 2016.

VOLUME 12, 2024 50573



R. R. Das et al.: FinFET to GAA MBCFET: A Review and Insights

[47] H. Amrouch, V. M. v. Santen, O. Prakash, H. Kattan, S. Salamin,
S. Thomann, and J. Henkel, ‘‘Reliability challenges with self-heating and
aging in FinFET technology,’’ in Proc. IEEE 25th Int. Symp. Line Test.
Robust Syst. Design (IOLTS), Jul. 2019, pp. 68–71.

[48] A. Chakkikavil, N. Kuruvilla, A. Khan, and S. Hameed, ‘‘Structural
optimization of wavy finfet for leakage reduction and performance
enhancement, Adv. Sci., Technol. Eng. Syst. J, vol. 2, no. 3, pp. 913–917,
2017.

[49] N. Boukortt, S. Patanè, and G. Crupi, ‘‘3D investigation of 8-nm tapered
n-FinFET model,’’ Silicon, vol. 12, no. 7, pp. 1585–1591, Jul. 2020.

[50] O. Prakash, G. Pahwa, C. K. Dabhi, Y. S. Chauhan, and H. Amrouch,
‘‘Impact of self-heating on negative-capacitance FinFET: Device-
circuit interaction,’’ IEEE Trans. Electron Devices, vol. 68, no. 4,
pp. 1420–1424, Apr. 2021.

[51] V. Vashishtha and L. T. Clark, ‘‘Comparing bulk-Si FinFET and gate-all-
around FETs for the 5 <nm technology node,’’Microelectron. J., vol. 107,
Jan. 2021, Art. no. 104942.

[52] B. Kumar and R. Chaujar, ‘‘TCAD temperature analysis of gate stack
gate all around (GS-GAA) FinFET for improved RF and wireless
performance,’’ Silicon, vol. 13, no. 10, pp. 3741–3753, Oct. 2021.

[53] D.-W. Cha and J.-Y. Park, ‘‘Impact of dielectrics in SOI FinFET for
lower power consumption in punch-through current-based local thermal
annealing,’’ J. Semicond. Technol. Sci., vol. 21, no. 3, pp. 222–228,
Jun. 2021.

[54] B. Raj, A. K. Saxena, and S. Dasgupta, ‘‘A compact drain current and
threshold voltage quantummechanical analytical modeling for FinFETs,’’
J. Nanoelectronics Optoelectronics, vol. 3, no. 2, pp. 163–170, Jul. 2008.

[55] R. Saha, S. Baishya, and B. Bhowmick, ‘‘3D analytical modeling of
surface potential, threshold voltage, and subthreshold swing in dual-
material-gate (DMG) SOI FinFETs,’’ J. Comput. Electron., vol. 17, no. 1,
pp. 153–162, Mar. 2018.

[56] R. Ritzenthaler, F. Lime, B. Iñiguez, O. Faynot, and S. Cristoloveanu, ‘‘3D
analytical modelling of subthreshold characteristics in pi-gate FinFET
transistors,’’ in Proc. Eur. Solid State Device Res. Conf., Sep. 2010,
pp. 448–451.

[57] R. Ritzenthaler, F. Lime, O. Faynot, S. Cristoloveanu, andB. Iñiguez, ‘‘3D
analytical modelling of subthreshold characteristics in vertical multiple-
gate FinFET transistors,’’ Solid-State Electron., vols. 65–66, pp. 94–102,
Nov. 2011.

[58] G. Hu, S. Hu, J. Feng, R. Liu, L.Wang, and L. Zheng, ‘‘Analytical models
for channel potential, threshold voltage, and subthreshold swing of
junctionless triple-gate FinFETs,’’ Microelectron. J., vol. 50, pp. 60–65,
Apr. 2016.

[59] V. Narendar, S. Rai, and S. Tiwari, ‘‘A two-dimensional (2D) analytical
surface potential and subthreshold current model for the underlap dual-
material double-gate (DMDG) FinFET,’’ J. Comput. Electron., vol. 15,
no. 4, pp. 1316–1325, Dec. 2016.

[60] R. Saha, B. Bhowmick, and S. Baishya, ‘‘Analytical threshold voltage and
subthreshold swing model for TMG FinFET,’’ Int. J. Electron., vol. 106,
no. 4, pp. 553–566, Apr. 2019.

[61] R. Das and S. Baishya, ‘‘Analytical modelling of electrical parameters
and the analogue performance of cylindrical gate-all-around FinFET,’’
Pramana, vol. 92, no. 1, pp. 1–10, Jan. 2019.

[62] V. Narendar and R. A. Mishra, ‘‘Analytical modeling and simulation
of multigate FinFET devices and the impact of high-k dielectrics on
short channel effects (SCEs),’’ Superlattices Microstructures, vol. 85,
pp. 357–369, Sep. 2015.

[63] A. Kumar, ‘‘Analytical modelling of subthreshold characteristics of RE-
GAA FinFET using center potential,’’ Superlattices Microstructures,
vol. 100, pp. 1143–1150, Dec. 2016.

[64] S. Kaundal and A. K. Rana, ‘‘Threshold voltage modeling for a Gaussian-
doped junctionless FinFET,’’ J. Comput. Electron., vol. 18, no. 1,
pp. 83–90, Mar. 2019.

[65] S. Panchanan, R. Maity, S. Baishya, and N. P. Maity, ‘‘Modeling,
simulation and analysis of surface potential and threshold voltage:
Application to high-K material HfO2 based FinFET,’’ Silicon, vol. 13,
no. 10, pp. 3271–3289, Oct. 2021.

[66] L. Yin, L. Shen, H. Jiang, G. Du, and X. Liu, ‘‘Impact of self-heating
effects on nanoscale Ge p-channel FinFETs with Si substrate,’’ Sci. China
Inf. Sci., vol. 61, no. 6, pp. 1–9, Jun. 2018.

[67] R. P. Nelapati and K. Sivasankaran, ‘‘Impact of self-heating effect on the
performance of hybrid FinFET,’’ Microelectron. J., vol. 76, pp. 63–68,
Jun. 2018.

[68] R. R. Das, S. Maity, D. Muchahary, and C. T. Bhunia, ‘‘Temperature
dependent study of fin-FET drain current through optimization of
controlling gate parameters and dielectric material,’’ Superlattices
Microstructures, vol. 103, pp. 262–269, Mar. 2017.

[69] Y. Hashim, ‘‘Temperature effect on ON/OFF current ratio of FinFET
transistor,’’ in Proc. IEEE Regional Symp. Micro Nanoelectronics (RSM),
Aug. 2017, pp. 231–234.

[70] H. L. M. Toan, S. S. Singh, and S. K. Maity, ‘‘Analysis of temperature
effect in quadruple gate nano-scale FinFET,’’ Silicon, vol. 13, no. 7,
pp. 2077–2087, Jul. 2021.

[71] R. Saha, B. Bhowmick, and S. Baishya, ‘‘Temperature effect on
RF/analog and linearity parameters in DMG FinFET,’’ Appl. Phys. A,
Solids Surf., vol. 124, no. 9, pp. 1–10, Sep. 2018.

[72] G. P. Nikhil, C. Dimri, P. K. Mohanty, K. P. Pradhan, G. P. Mishra,
and S. Routray, ‘‘Performance evaluation of 10nm SMG FinFET with
architectural variation towards DC/RF and temperature aspects,’’ Silicon,
vol. 13, no. 9, pp. 2933–2941, Sep. 2021.

[73] E. Datta, A. Chattopadhyay, and A. Mallik, ‘‘Relative study of analog
performance, linearity, and harmonic distortion between junctionless and
conventional SOI FinFETs at elevated temperatures,’’ J. Electron. Mater.,
vol. 49, no. 5, pp. 3309–3316, May 2020.

[74] M. Saitoh, A. Kaneko, K. Okano, T. Kinoshita, S. Inaba, Y. Toyoshima,
and K. Uchida, ‘‘Three-dimensional stress engineering in FinFETs for
mobility/on-current enhancement and gate current reduction,’’ in Proc.
Symp. VLSI Technol., Jun. 2008, pp. 18–19.

[75] W. Guo, G. Van der Plas, A. Ivankovic, V. Cherman, G. Eneman,
B. De Wachter, M. Togo, A. Redolfi, S. Kubicek, Y. Civale, T. Chiarella,
B. Vandevelde, K. Croes, I. De Wolf, I. Debusschere, A. Mercha, A.
Thean, G. Beyer, B. Swinnen, and E. Beyne, ‘‘Impact of through silicon
via inducedmechanical stress on fully depleted bulk FinFET technology,’’
in IEDM Tech. Dig., Togo, Dec. 2012, pp. 18.4.1–18.4.4.

[76] P. Zhao, S.M. Pandey, E. Banghart, X. He, R. Asra, V.Mahajan, H. Zhang,
B. Zhu, K. Yamada, L. Cao, P. Balasubramaniam, M. Joshi, M. Eller,
F. Benistant, and S. Samavedam, ‘‘Influence of stress induced CT local
layout effect (LLE) on 14nm FinFET,’’ in Proc. Symp. VLSI Technol.,
Jun. 2017, pp. T228–T229.

[77] S. Gupta, V. Moroz, L. Smith, Q. Lu, and K. C. Saraswat, ‘‘7-nm
FinFET CMOS design enabled by stress engineering using Si, Ge, and
Sn,’’ IEEE Trans. Electron Devices, vol. 61, no. 5, pp. 1222–1230,
May 2014.

[78] C. Liu, H.-C. Sagong, H. Kim, S. Choo, H. Lee, Y. Kim, H. Kim, B. Jo,
M. Jin, J. Kim, S. Ha, S. Pae, and J. Park, ‘‘Systematical study of 14nm
FinFET reliability: From device level stress to product HTOL,’’ in Proc.
IEEE Int. Rel. Phys. Symp., Apr. 2015, pp. 2F.3.1–2F.3.5.

[79] G. Eneman, ‘‘Stress techniques and mobility enhancement in
FinFET architectures,’’ ECS Trans., vol. 50, no. 9, pp. 47–58,
Mar. 2013.

[80] G. Eneman, N. Collaert, A. Veloso, A. De Keersgieter, K. De Meyer,
and T. Y. Hoffmann, ‘‘On the efficiency of stress techniques in gate-
last N-type bulk FinFETs,’’ in Proc. Eur. Solid-State Device Res. Conf.
(ESSDERC), Sep. 2011, pp. 115–118.

[81] K. Sinha, S. Chattopadhyay, P. S. Gupta, and H. Rahaman, ‘‘A technique
to incorporate both tensile and compressive channel stress in Ge
FinFET architecture,’’ J. Comput. Electron., vol. 16, no. 3, pp. 620–630,
Sep. 2017.

[82] Y. Pratap, S. Haldar, R. S. Gupta, andM. Gupta, ‘‘Performance evaluation
and reliability issues of junctionless CSG MOSFET for RFIC design,’’
IEEE Trans. Device Mater. Rel., vol. 14, no. 1, pp. 418–425, Mar. 2014.

[83] M. Bansal and H. Kaur, ‘‘Analysis of negative-capacitance germanium
FinFET with the presence of fixed trap charges,’’ IEEE Trans. Electron
Devices, vol. 66, no. 4, pp. 1979–1984, Apr. 2019.

[84] A. E. Abdikarimov, ‘‘The influence of a single charged interface trap
on the subthreshold drain current in FinFETs with different fin shapes,’’
Tech. Phys. Lett., vol. 46, no. 5, pp. 494–496, May 2020.

[85] S. Sharma, R. Shukla, and M. R. Tripathy, ‘‘Analog/RF performance and
effect of interface trap charges in dielectric engineered gate all around
junctionless MOSFET with ZrTiO4 as gate dielectric,’’ Indian J. Pure
Appl. Phys., vol. 56, pp. 869–874, 2018.

[86] R. R. Das, S. Maity, A. Chowdhury, and A. Chakraborty, ‘‘Impact
of temperature on radio frequency/linearity and harmonic distortion
characteristics of Ge multi-channel fin shaped field-effect transistor,’’
Int. J. RF Microw. Comput.-Aided Eng., vol. 32, no. 2, Feb. 2022,
Art. no. e22987.

50574 VOLUME 12, 2024



R. R. Das et al.: FinFET to GAA MBCFET: A Review and Insights

[87] V. Thirunavukkarasu, J. Lee, T. Sadi, V. P. Georgiev, F.-A. Lema,
K. P. Soundarapandian, Y.-R. Jhan, S.-Y. Yang, Y.-R. Lin, E. D. Kurni-
awan, Y.-C. Wu, and A. Asenov, ‘‘Investigation of inversion, accumu-
lation and junctionless mode bulk germanium FinFETs,’’ Superlattices
Microstructures, vol. 111, pp. 649–655, Nov. 2017.

[88] G. Espiñeira, D. Nagy, G. Indalecio, A. J. García-Loureiro, K. Kalna,
and N. Seoane, ‘‘Impact of gate edge roughness variability on FinFET
and gate-all-around nanowire FET,’’ IEEE Electron Device Lett., vol. 40,
no. 4, pp. 510–513, Apr. 2019.

[89] D. Nagy, G. Indalecio, A. J. GarcíA-Loureiro, M. A. Elmessary,
K. Kalna, and N. Seoane, ‘‘FinFET versus gate-all-around nanowire FET:
Performance, scaling, and variability,’’ IEEE J. Electron Devices Soc.,
vol. 6, pp. 332–340, 2018.

[90] A. Kumar, N. Gupta, S. K. Tripathi, M. M. Tripathi, and R. Chaujar,
‘‘Performance evaluation of linearity and intermodulation distortion of
nanoscale GaN-SOI FinFET for RFIC design,’’ AEU Int. J. Electron.
Commun., vol. 115, Feb. 2020, Art. no. 153052.

[91] V. B. Sreenivasulu and V. Narendar, ‘‘A comprehensive analysis of
junctionless tri-gate (TG) FinFET towards low-power and high-frequency
applications at 5-nm gate length,’’ Silicon, vol. 14, no. 5, pp. 2009–2021,
Apr. 2022.

[92] R. R. Das, S. Maity, A. Chowdhury, and A. Chakraborty, ‘‘RF/analog per-
formance of GaAsmulti-fin FinFETwith stress effect,’’Microelectron. J.,
vol. 117, Nov. 2021, Art. no. 105267.

[93] S. K. Mitra and B. Bhowmick, ‘‘Impact of interface traps on performance
of gate-on-source/channel SOI TFET,’’ Microelectron. Rel., vol. 94,
pp. 1–12, Mar. 2019.

[94] R. R. Thakur and P. Singh, ‘‘Investigations of interface trap densities
(Dit) and interface charges (Qit) for steep retrograded Al2O3 and HfO2
based nano regime GAA FinFETs,’’ Mater. Today, Proc., vol. 24,
pp. 2011–2018, Jan. 2020.

[95] A. Privat, H. J. Barnaby, M. Spear, M. Esposito, J. E. Manuel, L. Clark,
J. Brunhaver, A. Duvnjak, R. Jokai, K. E. Holbert, M. L. McLain,
M. J. Marinella, and M. P. King, ‘‘Evidence of interface trap build-up in
irradiated 14-nm bulk FinFET technologies,’’ IEEE Trans. Nucl. Sci.,
vol. 68, no. 5, pp. 671–676, May 2021.

[96] H.-P. Lee, K.-Y. Tseng, and P. Su, ‘‘Interface discrete trap induced
variability for negative capacitance FinFETs,’’ in Proc. Int. Symp. VLSI
Technol., Syst. Appl. (VLSI-TSA), Apr. 2018, pp. 1–2.

[97] R. Talmat, H. Achour, B. Cretu, J.-M. Routoure, A. Benfdila, R. Carin,
N. Collaert, A. Mercha, E. Simoen, and C. Claeys, ‘‘Low frequency noise
characterization in n-channel FinFETs,’’ Solid-State Electron., vol. 70,
pp. 20–26, Apr. 2012.

[98] J.-P. Nougier, ‘‘Fluctuations and noise of hot carriers in semiconductor
materials and devices,’’ IEEE Trans. Electron Devices, vol. 41, no. 11,
pp. 2034–2049, Nov. 1994.

[99] S. M. Sharma, S. Dasgupta, and M. V. Kartikeyant, ‘‘A transformed
analytical model for thermal noise of FinFET based on fringing field
approximation,’’ J. Semicond., vol. 37, no. 9, Sep. 2016, Art. no. 094001.

[100] Y. F. Lim, Y. Z. Xiong, N. Singh, R. Yang, Y. Jiang, D. S. H. Chan,
W. Y. Loh, L. K. Bera, G. Q. Lo, N. Balasubramanian, and D.-
L. Kwong, ‘‘Random telegraph signal noise in gate-all-around Si-FinFET
with ultranarrow body,’’ IEEE Electron Device Lett., vol. 27, no. 9,
pp. 765–768, Sep. 2006.

[101] E. Baravelli, L. De Marchi, and N. Speciale, ‘‘Fin shape fluctuations in
FinFET: Correlation to electrical variability and impact on 6-T SRAM
noise margins,’’ Solid-State Electron., vol. 53, no. 12, pp. 1303–1312,
Dec. 2009.

[102] P. Kushwaha, H. Agarwal, Y.-K. Lin, A. Dasgupta, M.-Y. Kao, Y. Lu,
Y. Yue, X. Chen, J. Wang, W. Sy, F. Yang, PR. C. Chidambaram,
S. Salahuddin, and C. Hu, ‘‘Characterization and modeling of flicker
noise in FinFETs at advanced technology node,’’ IEEE Electron Device
Lett., vol. 40, no. 6, pp. 985–988, Jun. 2019.

[103] P. Anandan, A. Nithya, and N.Mohankumar, ‘‘Simulation of flicker noise
in gate-all-around silicon nanowire MOSFETs including interface traps,’’
Microelectron. Rel., vol. 54, no. 12, pp. 2723–2727, Dec. 2014.

[104] C.Mukherjee and C. K.Maiti, ‘‘Channel thermal noisemodeling and high
frequency noise parameters of tri-gate FinFETs,’’ in Proc. 20th IEEE Int.
Symp. Phys. Failure Anal. Integr. Circuits (IPFA), Jul. 2013, pp. 732–735.

[105] V. Mahor and M. Pattanaik, ‘‘Low leakage and highly noise immune
FinFET-based wide fan-in dynamic logic design,’’ J. Circuits, Syst.
Comput., vol. 24, no. 5, Jun. 2015, Art. no. 1550073.

[106] V. M. Senthilkumar, A. Muruganandham, S. Ravindrakumar, and
N. S. G. Ganesh, ‘‘FINFET operational amplifier with low offset noise
and high immunity to electromagnetic interference,’’ Microprocessors
Microsyst., vol. 71, Nov. 2019, Art. no. 102887.

[107] X. Shi, H. Hu, Y. Wang, L. Wang, N. Zhang, B. Wang, M. Yang, and
L. Meng, ‘‘A comparative study on performance of junctionless bulk SiGe
and Si FinFET,’’Microelectron. J., vol. 130, Dec. 2022, Art. no. 105537.

[108] V. S. Rajawat, A. Kumar, and B. Choudhary, ‘‘Impact on DC and
analog/RF performances of SOI based GaN FinFET considering high-k
gate oxide,’’ Memories Mater., Devices, Circuits Syst., vol. 5, Oct. 2023,
Art. no. 100079.

[109] Y. M. Aneesh and B. Bindu, ‘‘A physics-based analytical model for
single-event transients in an InGaAs n-channel FinFET suitable for circuit
simulations,’’ J. Comput. Electron., vol. 22, no. 1, pp. 155–163, 2023.

[110] B. Xu, G. Wang, Y. Du, Y. Miao, Y. Wu, Z. Kong, J. Su, B. Li, J. Yu,
and H. H. Radamson, ‘‘Investigation of the integration of strained Ge
channel with Si-based FinFETs,’’ Nanomaterials, vol. 12, no. 9, p. 1403,
Apr. 2022.

[111] M. U. Mohammed, A. Nizam, L. Ali, and M. H. Chowdhury, ‘‘FinFET
based SRAMs in sub-10nm domain,’’ Microelectron. J., vol. 114,
Aug. 2021, Art. no. 105116.

[112] R. R. Vallabhuni, P. Shruthi, G. Kavya, and S. S. Chandana, ‘‘6Transistor
SRAM cell designed using 18nm FinFET technology,’’ in Proc. 3rd Int.
Conf. Intell. Sustain. Syst. (ICISS), Dec. 2020, pp. 1584–1589.

[113] S. S. Panda, D. J. Judy, and V. S. K. Bhaaskaran, ‘‘Energy recovery
logic using FinFET,’’Mater. Today, Proc., vol. 4, no. 9, pp. 10617–10621,
2017.

[114] S. C. Kang, S. M. Kim, U. Jung, Y. Kim, W. Park, and B. H.
Lee, ‘‘Interface state degradation during AC positive bias temperature
instability stress,’’ Solid-State Electron., vol. 158, pp. 46–50, Aug. 2019.

[115] C. Liu, F. Zheng, Y. Sun, X. Li, and Y. Shi, ‘‘Highly flexible
SRAM cells based on novel tri-independent-gate FinFET,’’ Superlattices
Microstructures, vol. 110, pp. 330–338, Oct. 2017.

[116] S. Saxena and R. Mehra, ‘‘Low-power and high-speed 13T SRAM cell
using FinFETs,’’ IET Circuits, Devices Syst., vol. 11, no. 3, pp. 250–255,
May 2017.

[117] S. S. Ensan, M. H. Moaiyeri, B. Ebrahimi, S. Hessabi, and
A. Afzali-Kusha, ‘‘A low-leakage and high-writable SRAM cell
with back-gate biasing in FinFET technology,’’ J. Comput. Electron.,
vol. 18, no. 2, pp. 519–526, Jun. 2019.

[118] S. Kaundal and A. K. Rana, ‘‘Impact of Gaussian doping on SRAM
cell stability in 14nm junctionless FinFET technology,’’ Silicon, vol. 14,
no. 12, pp. 6679–6687, Aug. 2022.

[119] W. Gul, M. Shams, and D. Al-Khalili, ‘‘FinFET 6T-SRAM all-digital
compute-in-memory for artificial intelligence applications: An overview
and analysis,’’Micromachines, vol. 14, no. 8, p. 1535, Jul. 2023.

[120] R. V. Joshi, R. Q. Williams, E. Nowak, K. Kim, J. Beintner, T. Ludwig,
I. Aller, and C. Chuang, ‘‘FinFET SRAM for high-performance low-
power applications,’’ in Proc. 30th Eur. Solid-State Circuits Conf.,
Sep. 2004, pp. 69–72.

[121] Z. Guo, S. Balasubramanian, R. Zlatanovici, T.-J. King, and B. Nikolic,
‘‘FinFET-based SRAM design,’’ in Proc. Int. Symp. Low Power Electron.
Design, 2005, pp. 2–7.

[122] B. D. Gaynor and S. Hassoun, ‘‘Fin shape impact on FinFET
leakage with application to multithreshold and ultralow-leakage FinFET
design,’’ IEEE Trans. Electron Devices, vol. 61, no. 8, pp. 2738–2744,
Aug. 2014.

[123] S.-Y. Wu, ‘‘A 16nm FinFET CMOS technology for mobile SoC
and computing applications,’’ in IEDM Tech. Dig., Dec. 2013,
pp. 9.1.1–9.1.4.

[124] T. Song, J. Jung, W. Rim, H. Kim, Y. Kim, C. Park, J. Do, S. Park, S. Cho,
H. Jung, B. Kwon, H.-S. Choi, J. Choi, and J. S. Yoon, ‘‘A 7nm FinFET
SRAM using EUV lithography with dual write-driver-assist circuitry
for low-voltage applications,’’ in IEEE Int. Solid-State Circuits Conf.
(ISSCC) Dig. Tech. Papers, Feb. 2018, pp. 198–200.

[125] S. H. H. Nemati, N. Eslami, and M. H. Moaiyeri, ‘‘A hybrid
SRAM/RRAM in-memory computing architecture based on a reconfig-
urable SRAM sense amplifier,’’ IEEE Access, vol. 11, pp. 72159–72171,
2023.

[126] A. Yousefi, N. Eslami, and M. H. Moaiyeri, ‘‘A reliable and energy-
efficient nonvolatile ternary memory based on hybrid FinFET/RRAM
technology,’’ IEEE Access, vol. 10, pp. 105040–105051, 2022.

VOLUME 12, 2024 50575



R. R. Das et al.: FinFET to GAA MBCFET: A Review and Insights

[127] E. R. Hsieh, Y. C. Kuo, C.-H. Cheng, J. L. Kuo, M.-R. Jiang, J.-L. Lin,
H.-W. Chen, S. S. Chung, C.-H. Liu, T. P. Chen, S. A. Huang, T.-J. Chen,
and O. Cheng, ‘‘A 14-nm FinFET logic CMOS process compatible
RRAM flash with excellent immunity to sneak path,’’ IEEE Trans.
Electron Devices, vol. 64, no. 12, pp. 4910–4918, Dec. 2017.

[128] A. Bhattacharya, S. Pal, and A. Islam, ‘‘Implementation of FinFET based
STT-MRAM bitcell,’’ in Proc. IEEE Int. Conf. Adv. Commun., Control
Comput. Technol., May 2014, pp. 435–439.

[129] O. Golonzka, ‘‘MRAM as embedded non-volatile memory solution for
22FFL FinFET technology,’’ in IEDM Tech. Dig., Dec. 2018, pp. 18.1.1–
18.1.4.

[130] A. Kranti and G. A. Armstrong, ‘‘Source/drain extension region
engineering in FinFETs for low-voltage analog applications,’’ IEEE
Electron Device Lett., vol. 28, no. 2, pp. 139–141, Feb. 2007.

[131] E.-Y. Jeong, M. Song, I. Choi, H. Shin, J. Song, W. Maeng, H. Park,
H. Yoon, S. Kim, S. Park, B. H. You, H.-J. Cho, Y. C. An, S. K.
Lee, S. D. Kwon, and S.-M. Jung, ‘‘High performance 14nm FinFET
technology for low power mobile RF application,’’ in Proc. Symp. VLSI
Technol., Jun. 2017, pp. T142–T143.

[132] H.-J. Lee, S. Rami, S. Ravikumar, V. Neeli, K. Phoa, B. Sell,
and Y. Zhang, ‘‘Intel 22nm FinFET (22FFL) process technology
for RF and mm wave applications and circuit design optimiza-
tion for FinFET technology,’’ in IEDM Tech. Dig., Dec. 2018,
pp. 14.1.1–14.1.4.

[133] D. Singh, S. Chaudhary, B. Dewan, and M. Yadav, ‘‘Performance opti-
mization of tri-gate junctionless FinFET using channel stack engineering
for digital and analog/RF design,’’ J. Semiconductors, vol. 44, no. 11,
Nov. 2023, Art. no. 114103.

[134] R. K. Jaisawal, S. Rathore, P. N. Kondekar, and N. Bagga, ‘‘Analog/RF
and linearity performance assessment of a negative capacitance FinFET
using high threshold voltage techniques,’’ IEEE Trans. Nanotechnol.,
vol. 22, pp. 545–551, 2023.

[135] M. N. Reddy and D. K. Panda, ‘‘A comprehensive review on FinFET in
terms of its device structure and performance matrices,’’ Silicon, vol. 14,
no. 18, pp. 12015–12030, Dec. 2022.

[136] M. K. Q. Jooq, F. Behbahani, A. Al-Shidaifat, S. R. Khan, and
H. Song, ‘‘A high-performance and ultra-efficient fully programmable
fuzzymembership function generator using FinFET technology for image
enhancement,’’ AEU Int. J. Electron. Commun., vol. 163, May 2023,
Art. no. 154598.

[137] F. Behbahani, M. K. Q. Jooq, M. H. Moaiyeri, and M. R. Azghadi,
‘‘A novel hardware solution for efficient approximate fuzzy image edge
detection,’’ IEEE Trans. Fuzzy Syst., early access, Feb. 28, 2024, doi:
10.1109/TFUZZ.2024.3371026.

[138] M. Seo, M.-H. Kang, S.-B. Jeon, H. Bae, J. Hur, B. C. Jang,
S. Yun, S. Cho, W.-K. Kim, M.-S. Kim, K.-M. Hwang, S. Hong, S.-
Y. Choi, and Y.-K. Choi, ‘‘First demonstration of a logic-process
compatible junctionless ferroelectric FinFET synapse for neuromorphic
applications,’’ IEEE Electron Device Lett., vol. 39, no. 9, pp. 1445–1448,
Sep. 2018.

[139] M. K. Q. Jooq, M. R. Azghadi, F. Behbahani, A. Al-Shidaifat, and
H. Song, ‘‘High-performance and energy-efficient leaky integrate-
and-fire neuron and spike timing-dependent plasticity circuits in
7nm FinFET technology,’’ IEEE Access, vol. 11, pp. 133451–133459,
2023.

[140] S. Vidya, S. V. Kamat, A. R. Khan, and V. Venkatesh, ‘‘3D FinFET for
next generation nano devices,’’ inProc. Int. Conf. Current Trends Towards
Converging Technol. (ICCTCT), Mar. 2018, pp. 1–9.

[141] F. Ahmed, R. Paul, and J. K. Saha, ‘‘Comparative performance analysis
of TMD based multi-bridge channel field effect transistor,’’ in Proc.
IEEE 10th Int. Conf. Nanomaterials, Appl. Properties (NAP), Nov. 2020,
pp. 01TPNS04-1–01TPNS04-5.

[142] S. Hitesh, P. Dasika, K. Watanabe, T. Taniguchi, and K. Majumdar,
‘‘Integration of 3-level MoS multibridge channel FET with 2D layered
contact and gate dielectric,’’ IEEE Electron Device Lett., vol. 43, no. 11,
pp. 1993–1996, Nov. 2022.

[143] N. Yadav, S. Jadav, and G. Saini, ‘‘DC and analog/RF performance
analysis of multi-bridge channel FET with variation in gate work func-
tion,’’ in Proc. Int. Conf. Advancement Technol. (ICONAT), Jan. 2022,
pp. 1–4.

[144] G. Bae, ‘‘3nm GAA technology featuring multi-bridge-channel FET for
low power and high performance applications,’’ in IEDM Tech. Dig.,
Dec. 2018, pp. 28.7.1–28.7.4.

[145] S. Joung and S. Kim, ‘‘Leakage performance improvement in multi-
bridge-channel field effect transistor (MBCFET) by adding core insulator
layer,’’ in Proc. Int. Conf. Simulation Semiconductor Processes Devices
(SISPAD), Sep. 2019, pp. 1–4.

[146] S. A. Affandi, N. E. Alias, A. Hamzah, M. L. P. Tan, and H. Hussin,
‘‘Performance analysis of junctionless multi-bridge channel FET with
strained SiGe application,’’ in Proc. IEEE Int. Conf. Semiconductor
Electron. (ICSE), Aug. 2022, pp. 17–20.

[147] Y. Hirpara and R. Saha, ‘‘Analysis on DC and RF/analog performance
in multifin-FinFET for wide variation in work function of metal gate,’’
Silicon, vol. 13, no. 1, pp. 73–77, Jan. 2021.

[148] A. Kumar, M. Pattanaik, P. Srivastava, and A. K. Rajput, ‘‘GAAFET
based SRAM cell to enhance stability for low power applications,’’
Silicon, vol. 14, no. 13, pp. 8161–8172, Aug. 2022.

[149] A. L. Rikabi, H. T. H. Salim, and G. M. Ali, ‘‘A survey on the latest FET
technology for Samsung industry,’’AIPConf. Proc., vol. 2977, Dec. 2023,
Art. no. 020005.

[150] P. Kocanda and A. Kos, ‘‘Energy losses and DVFS effectiveness vs
technology scaling,’’ Microelectron. Int., vol. 32, no. 3, pp. 158–163,
Aug. 2015.

[151] M. Själander, M. Martonosi, and S. Kaxiras, Power-Efficient Computer
Architectures: Recent Advaces. Cham, Switzerland: Springer, 2015.

[152] A. Chakraborty, R. S. Tomar, andM. Sharma, ‘‘Analysis and optimization
of less power 12 t SRAM bit cell based on FinFET in 32 nm technology,’’
Mater. Today, Proc., vol. 80, pp. 307–313, Jan. 2023.

[153] V. Kumbar and M. Waje, ‘‘A comparative analysis of finfet based sram
design,’’ IJEER, vol. 10, no. 4, pp. 1191–1198, 2022.

[154] S. Zhang, ‘‘Review of modern field effect transistor technologies
for scaling,’’ J. Phys., Conf. Ser., vol. 1617, no. 1, Aug. 2020,
Art. no. 012054.

[155] S. Shandilya, C.Madhu, and V. Kumar, ‘‘Performance analysis of the gate
all around nanowire FET with group III–V compound channel materials
and high-k gate oxides,’’ Trans. Electr. Electron. Mater., vol. 24, no. 3,
pp. 228–234, Jun. 2023.

[156] M. Liu, S. Scholz, A. Hardtdegen, J. H. Bae, J.-M. Hartmann, J. Knoch,
D. Grützmacher, D. Buca, and Q.-T. Zhao, ‘‘Vertical Ge gate-all-around
nanowire pMOSFETs with a diameter down to 20 nm,’’ IEEE Electron
Device Lett., vol. 41, no. 4, pp. 533–536, Apr. 2020.

[157] S. Mukesh and J. Zhang, ‘‘A review of the gate-all-around nanosheet FET
process opportunities,’’ Electronics, vol. 11, no. 21, p. 3589, Nov. 2022.

[158] Y. Oniki, E. Altamirano-Sánchez, and F. Holsteyns, ‘‘(Invited) selective
etches for gate-all-around (GAA) device integration: Opportunities and
challenges,’’ ECS Meeting Abstr., vol. 2, no. 23, p. 1092, Sep. 2019.

[159] M. Karbalaei, D. Dideban, and H. Heidari, ‘‘Impact of high-k gate
dielectric with different angles of coverage on the electrical characteristics
of gate-all-around field effect transistor: A simulation study,’’ Results
Phys., vol. 16, Mar. 2020, Art. no. 102823.

[160] Y. Sun, X. Yu, R. Zhang, B. Chen, and R. Cheng, ‘‘The past and future
of multi-gate field-effect transistors: Process challenges and reliability
issues,’’ J. Semicond., vol. 42, no. 2, Feb. 2021, Art. no. 023102.

[161] K. Y. Kamal, ‘‘The silicon age: Trends in semiconductor devices
industry,’’ J. Eng. Sci. Technol. Rev., vol. 15, no. 1, pp. 110–115, 2022.

[162] J. Ryckaert, R. Baert, D. Verkest, M. H. Na, P. Weckx, D. Jang,
P. Schuddinck, B. Chehab, S. Patli, S. Sarkar, and O. Zografos, ‘‘Enabling
sub-5nm CMOS technology scaling thinner and taller!,’’ in IEDM Tech.
Dig., Dec. 2019, p. 29.

[163] E. Mohapatra, D. Jena, S. Das, C. Maiti, and T. P. Dash, ‘‘Design
and optimization of stress/strain in GAA nanosheet FETs for improved
FOMs at sub-7 nm nodes,’’ Phys. Scripta, vol. 98, no. 6, Jun. 2023,
Art. no. 065919.

[164] P. Ghosh and B. Bhowmick, ‘‘Investigation of electrical characteristics in
a ferroelectric L-patterned gate dual tunnel diode TFET,’’ IEEE Trans.
Ultrason., Ferroelectr., Freq. Control, vol. 67, no. 11, pp. 2440–2444,
Nov. 2020.

[165] R. Saha, B. Bhowmick, and S. Baishya, ‘‘Dependence of metal gate
work function variation for various ferroelectric thickness on electrical
parameters in NC-FinFET,’’ Ferroelectrics, vol. 570, no. 1, pp. 67–76,
Jan. 2021.

[166] A. Chhabra, A. Kumar, and R. Chaujar, ‘‘Sub-20 nm GaAs junctionless
FinFET for biosensing application,’’ Vacuum, vol. 160, pp. 467–471,
Feb. 2019.

[167] R. R. Das and A. James, ‘‘Multi-channel step FinFET with spacer
engineering,’’ IEEE Access, vol. 12, pp. 462–470, 2024.

50576 VOLUME 12, 2024

http://dx.doi.org/10.1109/TFUZZ.2024.3371026


R. R. Das et al.: FinFET to GAA MBCFET: A Review and Insights

[168] M. Son, J. Sung, H. W. Baac, and C. Shin, ‘‘Comparative study of novel
u-shaped SOI FinFET against multiple-fin bulk/SOI FinFET,’’ IEEE
Access, vol. 11, pp. 96170–96176, 2023.

[169] H.-B. Jo, ‘‘Lg = 130 nm GAA MBCFETs with three-level stacked
In0.53Ga0.47As nanosheets,’’ in Proc. IEEE Symp. VLSI Technol. Circuits
(VLSI Technol. Circuits), Jun. 2022, pp. 397–398.

[170] V. Narendar, P. Narware, V. Bheemudu, and B. Sunitha, ‘‘Investigation of
short channel effects (SCEs) and analog/RF figure of merits (FOMs) of
dual-material bottom-spacer ground-plane (DMBSGP) FinFET,’’ Silicon,
vol. 12, no. 10, pp. 2283–2291, Oct. 2020.

[171] U. K. Das and T. K. Bhattacharyya, ‘‘Opportunities in device scaling for
3-nm node and beyond: FinFET versus GAA-FET versus UFET,’’ IEEE
Trans. Electron Devices, vol. 67, no. 6, pp. 2633–2638, Jun. 2020.

RINKU RANI DAS received the B.E. degree
in electronics and telecommunication engineering
from Tripura Institute of Technology College,
Tripura, India, in 2013, the M.Tech. degree
in mobile communication and computing from
the National Institute of Technology Arunachal
Pradesh, India, in 2017, and the Ph.D. degree in
electronics and communication engineering from
the National Institute of Technology Agartala,
Tripura, India, in 2023. She is currently an

Electronics Design Engineer with the School of Electronics Systems and
Automation, Digital University Kerala, India. Her research interests include
semiconductor devices, such as FinFET, multi-bridge channel FET, and
sensors.

T. R. RAJALEKSHMI received the bachelor’s
degree in physics from Kerala University, the mas-
ter’s degree in physics from the National Institute
of Technology Calicut, India, and the Ph.D. degree
in physics from Indian Institute of Technology
Madras, India. She is currently a Postdoctoral
Fellow with Digital University Kerala. She has
work experience as a Project Fellow with the
Space Physics Laboratory, Vikram Sarabhai Space
Centre, during the master’s studies. Her research

interest includes the study of transition metal oxides in bulk and thin film,
2D materials, graphene-based sensors, composite materials, and memory
devices. She is a fellow of the Sakura Science Program, Japan. She was
selected for the JASSO Fellowship for the Research Program at SIT, Japan.
She was a recipient of the Scholarship of Higher Education (SHE), awarded
by Kerala State Higher Education Council, from 2010 to 2015, and also
qualified National Eligibility Test for Lectureship with the Junior Research
Fellowship in Physical Sciences.

ALEX JAMES (Senior Member, IEEE) received
the Ph.D. degree from Griffith University, Bris-
bane, QLD, Australia. He is currently a Professor
and the Dean (Academic) with Kerala University
of Digital Sciences, Innovation and Technology
(aka Digital University Kerala). He is also the
Professor-in-Charge of the Maker Village and the
Chief Investigator with India Innovation Centre
for Graphene. His research interests include AI-
neuromorphic systems (software and hardware),

VLSI, and image processing. He is a Life Member of ACM, a Senior
Fellow of HEA, a fellow of the British Computer Society (FBCS), and a
fellow of IET (FIET). He is also a member of the BCS’ Fellows Technical
Advisory Group (F-TAG), the IEEE CASS TC on Nonlinear Circuits and
Systems, the IEEE CTSoc TC on Quantum in Consumer Technology (QCT),
the TC on Machine learning, Deep learning, and AI in CE (MDA), the
IEEE CASS TC on Cellular Nanoscale Networks and Memristor Array
Computing (CNN-MAC), and the IEEE CASS SIG on AgriElectronics.
He was awarded the IEEE Outstanding Researcher Award by the IEEE
Kerala Section, in 2022; the Kairali Scientist Award (Kairali Gaveshana
Puraskaram) for Physical Science, in 2022; and the Best Associate Editor
for IEEE TRANSACTIONSONCIRCUITSAND SYSTEM—I: REGULAR PAPERS, in 2021.
He was the founding Chair of the IEEE CASS Kerala Chapter and a member
of the IET Vision and Imaging Network. He was an Editorial Board Member
of Information Fusion, from 2010 to 2014. He has been serving as an
Associate Editor for IEEE ACCESS, since 2017; Frontiers in Neuroscience,
since 2022; IEEE TRANSACTIONSONCIRCUITS AND SYSTEM—I: REGULAR PAPERS,
from 2018 to 2023; and IEEE Open JOURNAL OF CIRCUITS AND SYSTEMS,
since 2022.

VOLUME 12, 2024 50577


