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ABSTRACT

Semiconductor devices transformed the human lives from the past few decades. The major
technological breakthrough in semiconductor devices is the invention of Complementary Metal
Oxide Semiconductor (CMOS) technology. Also, the heart of CMOS technology is Metal
Oxide Semiconductor Field Effect Transistor (MOSFET). CMOS scaling is the driving
mechanism for technological applications. However, in addition to the advantages,
disadvantageous short channel effects (SCEs) also came into the picture with scaling. Thus, to
get around the CMOS scaling limitations, some possible alternatives, such as multigate
semiconductor devices are proposed. The multi-gate (MuG) based MOSFETS play a significant
role in downscaling the MOSFET dimension, allowing for better control over the device
carriers. Moreover, to enhance gate’s electrostatic integrity and to achieve the SS close to the
Boltzmann tyranny of 60 mV/decade, multi-gate (MuG) architectures such as double gate,
trigate, Fin-shaped FET (FinFET), gate-all-around (GAA) nanowires (NW), and nanosheets
(NS) can be used. The GAA nanosheet FET (NSFET) is proven to be a potential candidate to

continue the scaling for sub-5-nm nodes.

In GAA NSFETSs, the gate surrounds the channel in all directions. Wrapping the channel on all
sides by the gate leads to greater gate control, lower power, minimized drain effect on channel
electrostatics and reduced leakage in GAA NS transistors. For the same physical channel area
as a FInFET, the GAA channel reduces SCEs and improves the effective area of the channel
and hence boosting the drive current. Thus reduced SCEs with GAA FETs drive towards
optimal performance and ensures continued scaling for future technology nodes. Increasing the
number of stacked nanosheets is a viable option to increase the drive current. However, as the
number of nanosheets increases, the parasitic capacitances also increase, which increases the

delay of the device.

Therefore, in this thesis, the NSFET with two vertically stacked nanosheets is designed.
Moreover, the geometry of the nanosheet plays a crucial role in the device’s performance. Thus,
it is highly essential to analyse the performance at different geometry of the nanosheet. Though
some works addressed the geometrical impact at the device level, the geometry impact at high
frequency circuit applications needs to be explored. The influence of geometry on DC metrics,
Analog/RF metrics and circuit applications is analysed in detail by varying the geometry of the

nanosheet.
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Further, semiconductor devices are very much sensitive to variations in temperature. The
impact of temperature on the multigate FETs is addressed by some researchers. However, none
has addressed the impact of temperature on NSFET in high frequency circuit applications. Thus,
in this work, the impact of temperature at both device and circuit levels is analysed for NSFET

based high frequency circuit applications.

To continue the scaling, the effective area (Werr) per footprint (FP) (Wer/FP), needs to be
reduced, which affects the performance of the device with scaling. Thus, it is essential to
improve the on current without increasing the FP by using device engineering such as structural
engineering and high-k gate stack engineering. Thus, to increase the Wesr under the same FP,
the Fin-like interbridge is combined with nanosheets to form Comb-like-channel structure along
with high-k gate stack is proposed. The proposed structure enhances the on current and
switching ratios of the device significantly. Moreover, the device’s behaviour in circuit
applications such as ring oscillators is addressed and compared with traditional NSFET under
the same FP. The analysis reveals that by using the proposed device, the performance of the

device can be increased and is capable of scaling for sub-5-nm nodes.
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Chapter-1

Introduction

1.1 Introduction

Due to the ever-increasing demand for low-power, high-speed, and smaller-size electronic
equipment, electronic gadgets have gotten a lot of attention in recent decades [1]. The device
technology boosted the performance of various fields. From hand-held calculators, radios,
walkmans, and CD/DVD players in the past to today's smart devices such as electronic wrist
watches, smartphones, displays, cameras, sensors, smart driver-less cars, bipedal robots, and
medical devices such as heart-beat measurement devices, pacemakers, and oximeters, as well
as the internet of things (IoTs) are advanced by the continuous growth of semiconductor
industry. Nanoelectronic devices with ultra-low power consumption are being explored
extensively around the world in order to enable the aforementioned technological applications.
The tremendous increment in functionality and substantial downsizing of integrated circuits is
achieved by Complementary Metal Oxide Semiconductor (CMOS) scaling and which enabled
the growth of IoT and the big data era [2], [3]. Mobile phones, which are equal to early
supercomputers, are now a part of every household because of superb CMOS technology.
MOSFETs (Metal Oxide Semiconductor Field-Effect Transistors) are the building blocks of
CMOS circuitry, and they can be used as switches in integrated circuits. Usually, in the OFF-
state, the switch should not consume any power, and the switching from the OFF-condition to
the ON-condition should be seamless. However, MOSFET’s subthreshold swing (SS) is
restricted to the Boltzmann tyranny of 60 mV/decade due to the intrinsic thermionic injection
method of conduction [4]. As a result, the supply voltage required to produce a reasonable

switching ratio (lon/lorr) is strictly limited [5].

To enable applications that go beyond technological constraints, active research is being
conducted all around the world on ultra-low power nano electronic devices. Since the first
transistor invention in 1948 by Bardeen, Brattain, and Shockley at Bell Labs [6], [7] and the
evolution of the Integrated Circuit (IC) in 1958 by Jack Kilby at IBM, the packing density of
transistors in IC has been steadily improving over the time, following the well-known Moore's
law trend [8], [9]. Then comes the development of the MOSFET, the most widely manufactured

electronic device, sometimes known as the "workhorse" of the electronics industry. The

1



following Fig. 1.1 shows the number of transistors per integrated circuit with respect to process

technology node from the year of the invention of the transistor by intel microprocessor.
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Fig. 1.1: Number of transistors per integrated circuit for various process technology nodes

from the year of the invention of transistor by intel microprocessor [10].

The CMOS scaling created revolutions in human life. Microelectronics, a branch of electronics
studies about miniature electronic components and designs, has grown substantially from
MOSFET scaling over the past three decades. In addition to the enhancement in performance,
the CMOS technology offered more benefits in terms of smaller physical device manufacturing
with scaling. The higher package density and enhanced efficiency demonstrated the superiority
of reduced physical size. Due to the decreased parasitic capacitances and supply voltages, this
continual growth resulted in significant power savings per node, which increased Integrated

Circuit performance [10].

Table 1.1 demonstrates various crucial parameters like processor name, number of transistors,
area, process node, and fabrication techniques used for various CPUs built since the year 2000,
explaining the trend of scaling. SCEs and greater gate leakage currents, which become much
more prevalent at smaller dimensions, limit device performance in terms of microprocessor
speed, and power consumption with MOSFET scaling [11]. With scaling, the disadvantages
like poor gate electrostatic integrity, increased leakage currents, performance/power ratio and
reliability of the device. Gate induced drain leakage (GIDL), DIBL, SS, gate oxide tunnelling

of carriers, and source/drain direct tunnelling are examples of SCEs that degrade device



performance and consequently alter subthreshold characteristics. In section 1.4, these adverse

effects are discussed in detail.

Processor

Process

Year

Area

Transistors

Designer

Fabrication
technology

Pentium 4
Willamette

180 nm

2000

217

4.20x 107

Intel

Pentium III
Tualatin

130 nm

2001

81

4.50 x 107

Intel

Itanium 2
McKinley

180 nm

2002

421

2.20x 108

Intel

Bulk CMOS
process

Itanium 2
Madison
6M

130 nm

2003

374

4.10 x 10®

Intel

Pentium 4
Prescott

90 nm

2004

110

1.12x 108

Intel

Pentium D
Smithfield

90 nm

2005

206

2.28 x 10®

Intel

Core 2 Duo
Conroe

65 nm

2006

143

291 x 108

Intel

Pentium 4
Cedar Mill

65 nm

2006

90

1.84 x 10®

Intel

POWERG6

65 nm

2007

341

7.89 x 108

IBM

Partially
depleted SOI

Core 2 Duo
Wolfdale

45 nm

2007

107

411x 108

Intel

AMD K10
quad-core
6M L3

45 nm

2008

258

7.58 x 10%

AMD

SOI
Technology

Six-core
Xeon 7400

45 nm

2008

503

1.90 x 10°

Intel

High-%
process

Six-core
Opteron
2400

45 nm

2009

346

9.04 x 10°

AMD

SOI
technology

8-core
POWER?7
32M L3

45 nm

2010

567

1.20 x 10°

IBM

16-core
SPARC T3

40 nm

2010

377

1.00 x 10°

Sun/Oracle

Six-core
Core i7
(Gulftown)

32 nm

2010

240

1.17 x 10°

Intel

10-core
Xeon
Westmere-
EX

32 nm

2011

512

2.60 x 10°

Intel

High-k/Metal
Gate

Atom
"Medfield"

32 nm

2012

64

432 x10°

Intel

High-k/Metal
Gate

61-core
Xeon Phi

22 nm

2012

720

5.00 x 10°

Intel

Trigate




Quad+GPU | 22 nm 2012 160 1.40 x 109 Intel FinFET Tri
Core i7 Ivy Gate
Bridge transistors
Six-core 22 nm 2013 256 1.86 x 10° | Intel FinFET Tri
Core i7 Ivy gate
Bridge E transistors
A7 (dual- 28 nm 2013 102 1.00x 10° | Apple High-% metal
core gate process
ARMO64)
18-c Xeon 22 nm 2014 661 5.56 x 10° Intel -
Haswell-ES
A8 20 nm 2014 89 2.00x10° | Apple -
A8X 20 nm 2014 128 3.00x 10° | Apple -
A9 14 nm 2015 96 2.00x 10° | Apple FinFET
process
A9X (dual- | 16 nm 2015 143.9 3.00x10° | Apple FinFET+
core Process
ARMO64)
Xeon 14 nm 2016 456 7.20 x 10° Intel Trigate
Broadwell- FinFET
ES
Snapdragon | 10 nm 2016 72.3 3.00 x 10° Qualcomm | FinFET
835 Process
A1l Bionic | 10 nm 2017 89.23 430x10° | Apple FinFET
process
Snapdragon | 10 nm 2017 94 530x 10° | Qualcomm | FinFET
850 Process
Tegra 12 nm 2018 350 9.00x 10° | Nvidia FinFET
Xavier SoC process
GC2IPU l6nm | 2018 825 2.36 x 10'° | Graphcore | FinFET
process
Snapdragon | 7 nm 2018 112 8.50x 10° | Qualcomm | FinFET
8cx Process
A12X 7 nm 2018 122 1.00x 10'° | Apple FinFET
Bionic Process
A12 Bionic | 7 nm 2018 83.27 6.90x 10° | Apple FinFET
process

Table 1.1: Area, designer, production year (2000 onwards), process node count of transistors,
and fabrication technology for various processors [12].

1.2 CMOS Technology Scaling

Power consumption is an important consideration in the design of modern integrated circuits.
Users want a portable hand-held device with a longer battery life in general. CMOS circuits
should therefore be designed in such a way that they dissipate less power. In CMOS circuits,
power consumption is majorly classified into two categories. Those are (a) dynamic power

4



consumption, which is due to the charging and discharging of the load capacitor while
switching, and (b) static power consumption, which is the leakage power consumed by the

device in idle condition.
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Fig. 1.2: (a) Various power consumptions [4], (b) gate length scaling with respect to time [8].

When the size of MOSFETSs is scaled down, the dynamic power dissipation decreases due to a
decrease in gate capacitance. However, at the beginning of the 1990’s, dynamic power started
dominating overall consumption [4], [13]. Furthermore, as demonstrated in Fig. 1.2(a), the
active and leakage power increases dramatically every year [8]. In order to increase the packing
density of transistors in ICs, the transistor size is reduced by scaling down the channel length
and other device parameters. The electrostatic integrity of silicon CMOS devices began to
deteriorate due to leakage through scaled ultra-thin gate oxide and different device
characteristics, resulting in the introduction of unfavourable SCEs such as DIBL, gate leakage,
and threshold voltage roll-off [14]. The high-£ metal gate (HKMG) is suggested as a way to
avoid leakage through ultra-thin oxide [15], [16]. Despite HKMG solutions, rising leakage

power reached active power levels around the year 2000, arresting scaling patterns Fig. 1.2 (b).

However, further downscaling the conventional MOSFET is cumbersome due to various
adverse SCEs which limit the processor efficiency and power dissipation aspects. To prevent
leakage power dissipation and improve gate controllability, Multiple gate FETs like FinFET
(Fin Field Effect Transistor), ultra-thin body and box (UTBB) fully depleted silicon-on-
insulator (SOI) are proposed [17]. These options laid the groundwork for keeping Moore's law

alive for future scaling.



1.3 Conventional MOSFET

Usually, the conventional MOSFET contains four terminals called source, drain, gate, and
body. The schematic of conventional n-type MOSFET is shown in Fig. 1.3. As it is well known,
the n-type MOSFET’s channel and body are doped with p-type impurities, whereas, the

source/drain are doped with n-type impurities.

L,

«—>»

GATE OXIDE Tox

N-type doping / CHANNEL \ N-type doping
Xy
SOURCE DRAIN

P-type doping

SUBSTRATE

Fig. 1.3: Schematic view of conventional MOSFET [18].

However, for p-type MOSFET, the source/drain terminals are doped with p-type doping, and

the channel is doped with n-type impurities.

The body of a MOSFET is often connected to the source, resulting in a three-terminal device
known as a field-effect transistor (FET). The voltage applied at the gate terminal controls the
channel that exists beneath the gate region. Insulating oxide (SiO») separates the gate terminal
from the silicon material, resulting in a strong interface between the gate and channel. In n-
channel operation, the drain is biased at a higher potential than the source. When the applied
voltage is zero at the gate terminal, the current between the source and drain is comparatively
low due to the large potential barrier for electrons between the source and channel; this is
referred to as the transistor's OFF state. The minority carriers in the substrate are drawn to the
channel surface when a positive bias is applied to the gate terminal owing to the electric field
created across the gate diclectric (hence, the field effect). Inversion mode refers to the
accumulation of minority carriers in the channel, which inverts the type of free carriers present
at the channel’s surface. The inverted channel acts as a conducting layer between the source
and drain terminals. As a result, a substantial current flow exists in the device, indicating that
the device is in the ON state. By utilizing these ON and OFF mechanisms, the MOSFET can
be used as a switch. The switch should be turned OFF when the voltage provided to the control
gate is less than a predetermined threshold voltage (V). The device should be ON with a limited



amount of current (indicated as Jon) between the source and drain once the control gate voltage
is above V. The MOSFET, on the other hand, is unable to attain optimal switching behaviour.
The gate is normally operated in the positive voltage regime for n-channel operation. The
subthreshold region is defined as the range of gate to source voltages (VGs) between 0 V and
Vi, where the current grows exponentially with gate voltage. Depending on the bias applied for

above Vi the MOSFET can be operated in either linear or saturation regions [18].
1.4 Short Channel Effects

Short channel length devices are more prone to SCEs due to the merging of depletion zones
below the gate between the source and drain junctions. As a result, the electrostatics of the
channel area of short channel MOSFETs are influenced by the gate voltage, as well as the
source and drain voltages. The threshold voltage is reduced as a result of the significant sharing
of channel depletion charges by the depletion zones of the source/channel and drain/channel
junctions. Reduced gate length in nanoscale MOSFETSs has a number of negative consequences,
including reduced Vr, increased lorr, higher SS, increased power dissipation, deteriorated
DIBL, hot carrier effects, minimised effective channel length (channel length modulation),
increased GIDL, increased gate-oxide tunnelling leakage current, direct source to drain
quantum tunnelling (ballistic transport), surface scattering, and impact ionisation. In MOSFET
scaling theory, these effects are referred to as short-channel effects (SCEs). Some important

SCEs are discussed as follows:

1.4.1 Drain Induced Barrier Lowering (DIBL):

Lowering of potential barrier height

Long

Drain
channel

Vps = Vih

Source

Short
channel

Source Drain

Vbs = Vin
VDS =VDD

VDS =VDD
Fig. 1.4: The effect of DIBL on (a) Long channel (b) Short channel MOSFET [18], [19].

In conventional MOSFETs, the gate alone controls the flow of current through the channel.
However, when channel length decreases, the drain begins to act as a second gate, i.e., the drain

current, /p is controlled by both gate and drain voltages. Usually, for long channel devices, with
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the rise in V'ps, the drain side bands only affect. However, as the gate length shortens, rise in the
V'ps leads to the lowering of the source to channel barrier (which the gate should be able to
regulate) also. This phenomenon is often referred to as drain induced barrier lowering [18], [19]

which is shown in Fig. 1.4.
1.4.2 Subthreshold Swing (SS):

Sub-threshold swing (SS) is an important metric for device application in logic circuits. The SS
is defined as the change in the gate voltage needed to get a decade change in current. For a

MOSFET SS can be given by the equation shown [20]:
§8 = (%) *In(10) * (1 + (€p/Cox)) (1.1)

Here, T is the temperature in kelvin, q is the electron charge, Cp is the depletion capacitance,
and Cox is the gate oxide capacitance. The term (1+Cp/Cox) >1 denotes the coupling efficiency
of the gate voltage to the channel potential. Even the second term is ignored since it is less than
1. The first term limits SS to 60 mV/Decade. Thus, for MOSFET, the SS is limited to 60
mV/dec, which is the thermodynamic limit, also called as Boltzmann limit. The SS value tends

to rise with short channel lengths.

1.4.3 Channel Length Modulation:

Ground Vps
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GATE OXIDE
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.
ann®
...............

Fig. 1.5: Channel length modulation illustration in MOSFET [18].

When the drain voltage, V'bs exceeds the gate overdrive voltage, pinch off occurs at the drain

end by a length of ALG[21], [22] as shown in Fig. 1.5.

The relation between /p and ALg can be expressed as [22]:



Ip = Ipsae/(1 = ALg/Lg) (1.2)

Here, ALg is more critical parameter and is a function of Vps in the short channel device. The
device exhibits non-saturation behaviour and lowering Vi due to the channel length modulation.
For shorter channel lengths, the Vi is a strong function of L, and it falls drastically for shorter

channel lengths [23]. It is also known as Vi, - roll off with Lg scaling.

The drain current (/p) becomes relatively constant with respect to the drain voltage when
Vbs>VaGs-Vin, and the device is considered to be in the saturation regime. The inversion charge
Qi) approaches zero when V(x) approaches Vas-Vin. Where V(x) is the channel potential, the
inversion charge density Oy is proportional to Vgs-V(x)-Vin [24]. As a result, the creation of
the channel inversion area is limited to the region 0 <x < L' channel length (L) below the gate
for Vps> Vgs-Vin and the MOSFET is said to be in the pinch-off situation. Further, increase in
V'ps, the effective channel length (L") reduces. Thus, the channel length modulation refers to
L's dependence on the drain voltage [18], [25]. In the saturation region, this effect lowers
channel resistance and raises drain current (/p). In other words, while the device is in its
saturation mode of operation, the slope of the /p-Vps curve becomes slightly positive and alters

from the ideal zero value.

1.4.4 Gate Oxide Leakage:
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Fig. 1.6: Leakage current through gate oxide in MOSFET [18].

In the MOSFET structures, the SiO» is a suitable contender and an excellent insulator. With
scaling, it is inevitable to scale gate oxide thickness. However, when the oxide thickness reaches

scaling of less than 3 nm, the carriers tunneling probability rises, resulting in gate oxide leakage



current [18], [26]. As a solution for this, a high-k dielectric material is utilised to avoid gate

oxide tunneling. The direct tunneling of carriers is reduced with high-k dielectric oxide.

1.4.5 Velocity Saturation:
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Fig. 1.7: Velocity saturation in MOSFET [18].

The carriers’ velocity tends to saturate at higher electric fields due to mobility saturation.
Constant field scaling helps to sustain the equal electric fields and can be advantageous.
However, constant field scaling is not always preferred by the semiconductor industry [27]. For
example, compared to supply voltage scaling, oxide thickness scaling is more at particular
technology node. As a result, in nano-scale MOSFETs, higher electric fields are present and
tend to be the saturation of carriers. There will be no adverse effect if saturation is attained at
drain voltages larger than the overdrive voltage. However, at the nanoscale regime, this
phenomenon can be observed at lower drain voltages and offers less ON current. From Fig. 1.7,
it is noticed that for lower electric fields the velocity increases linearly, whereas, for higher

electric fields, it tends to saturate at 107 cm/s around Ec=10° V/cm at room temperature [19].
1.4.6 Surface Scattering:

As the depletion layer extends laterally into the channel area with scaling, the lateral electric
field tends to rise, due to which the surface mobility is affected by electricfield. The surface
scattering mechanism in the thin inversion layer of MOSFET tends to reduce the mobility under
the influence of vertical electric field. Thus, travelling parallel to the surface is difficult for the

carriers [28], as shown in Fig 1.8.
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Fig. 1.8: Surface scattering effect in MOSFET [28].

1.4.7 Gate Induced Drain Leakage (GIDL):
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Fig. 1.9: (a) The GIDL effect in the MOSFET (b) Electron tunneling phenomena by GIDL

Usually, the electric field between the gate-end of the channel and the drain/channel junction is
quite strong when a high drain bias voltage with low or negative gate bias voltage is applied to
MOSFETs. Tunneling of electrons from the channel valence band to empty states in the drain
region is likely to happen [29], which is shown in Fig 1.9(a) and (b). In OFF-state, this band-
to-band tunnelling (BTBT) exacerbates the drain leakage current in MOSFETs and leads to

more static power dissipation.

effect [31].
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1.4.8 Random Dopant Fluctuations (RDFs):

In nanoelectronics devices, random doping fluctuations (RDFs) are a severe concern, resulting
in the loss of different performance metrics like effective carrier mobility and threshold voltage
(V). As the doping in nano electronic devices cannot be accurately controlled, minimising
these effects becomes more difficult. Initially, this problem is addressed by Meng-Hsueh Chiang
[30]. He stated that extremely scaled nano electronic devices are more prone to RDFs. Ultra-
short nano scale devices having gate length around 12 nm have the highest RDF impact. This
may be attributed to the fact that maintaining ultra-sharp doping gradients near S/D junctions
is highly difficult at this level. A few orders of change in doping concentration at both channel
and source/drain is required while moving from source to channel and then channel to drain
within a few nanometres, which further raises the thermal budget requirements substantially.
The researchers explored many methods to overcome this issue. According to Tetsu Ohtou et
al., SOI-based nano electronic devices are more resistant to RDF and process variations when
the substrate impurity concentration is higher than that of the channel [31]. Electrostatic doping
(ED) has lately emerged as a potential technique for doping nanoscale electronics, in contrast
to the regularly used ion-implantation strategy. In summary, we may conclude that addressing

the issue of uniform doping at the nanoscale is fundamental.

1.4.9 Direct Source to Drain Quantum Tunneling:
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Fig. 1.10: Ballistic transport mechanism in the MOSFET [18].

As the channel length shrinks, the lateral electric field in the channel grows. The likelihood of
carriers tunneling directly from the source to the drain through the incredibly narrow channel

between them increases in the presence of a strong electric field in the channel. This ballistic
12



transport phenomenon must be considered for calculating the device parameters of MOS
transistors with channel lengths below 30-40 nm. The ballistic transport for nearly less than 10
nm channel length contributes to a leakage current in addition to the thermionic current [32]

and is shown in Fig. 1.10.
1.4.10 Impact Ionization

Due to the high electron velocity in the channel of a short-channel MOSFET in the presence of
a strong electric field, the impact ionisation process can produce electron-hole pairs in the
depletion zone of the channel/drain junction. Gate leakage current, GIDL, and substrate leakage
current are all unwanted for the device if the generated carriers travel toward the gate, drain,
and substrate [33]. Any remaining holes collect in the bulk substrate as the electrons travel in
the direction of the drain. Fig. 1.11 depicts the various contributions to the unwanted substrate

leakage current in MOSFETSs by forming the p-type base of an n-p-n parasitic BJT [34].
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Fig. 1.11: Various leakage current mechanisms in the MOSFET [18].

1.4.11 Hot Carrier Effects

There is a strong electric field at the drain side of the MOSFET with high Vps and low Vgs. The
increasing lateral field may induce the carriers to accelerate at the channel-drain junction.
Certain carriers may thereby accumulate sufficient kinetic energy to pass through the gate oxide

dielectric region, damaging the channel/oxide contact as shown in Fig. 1.12.
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Fig. 1.12: Schematic of hot carrier effect of MOSFET [18].

This might change the oxide interface charges, which would disrupt the device's usual electrical

behaviour. At higher fields, hot carriers could harm the oxide interface and affect the device's

operation [30].

1.4.12 Punch Through Effect
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Fig. 1.13: Effect of the punch through in the MOSFET [18].

The punch through effect happens in

a MOSFET when the depletion areas between the

source/channel and the channel/drain unite to form a single depletion zone, as shown in Fig.

1.13. In this situation, the drain current is not controlled by the gate voltage, and it rapidly rises

with the drain voltage. Punch through effect can be lessened by increasing substrate doping,

using thinner oxides, and using junctions with shallower depths [35].
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1.5 Multigate Architectures

In order to further reduce the MOSFET size and improve control over the channel, multi-gate
(MuG) based MOSFETs are crucial. Moreover, to obtain the SS close to the Boltzmann tyranny
of 60 mV/decade, multi-gate (MuG) architectures are proposed. Double gate [36], [37], trigate
[38], and gate-all-around FETs [39]-[42] are some examples of MuG FETs and are shown in
Fig 1.14. In double gate, the gate covers the channel in top and bottom directions. The gate
covers both sides and the top of the channel in trigate structures. In gate all around (GAA)
structures, the gate wraps around the channel on all sides. For scaling feasibility, the GAA
topologies are the most promising for ultimate MOSFET scalability. The GAA structures offer
the best controllability over the gate as the gate wraps around the channel in all directions. SCEs
such as SS, DIBL, Vu roll-off, etc., are thereby greatly diminished in GAA nanowire
(NW)/manosheet (NS) MOSFETs, bringing SS closer to the desired 60 mV/decade limit.

Double-gate Triple-gate Quadruple-gate

Gate

s

Cylindrical-gate Independent-gate / ETSOI Bulk FinFET

B?c?)(('iate

Fig. 1.14: Various Multigate FET architectures [36].
1.5.1 Fin Field Effect Transistor (FinFET):

Intel was the first significant semiconductor company to commercialise 14 nm FinFET
technology in 2014. On a silicon-on-insulator (SOI) or bulk silicon wafer, a Fin shape channel
is etched and patterned to create a FinFET. Unlike MOSFETSs, where the channel is solely
controlled by one gate, FinFETs use gate structures which regulate the channel in three
directions. As a result, thin fin can be regulated by the gate more effectively than planar

MOSFETs. FinFETs have far better gate control than planar MOSFETs, which significantly
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reduces leakage current. In FinFETs, the effective area of the channel is increased, resulting in
greater drive current compared to the planar MOSFET [37], [43]. As a result, FinFET enables
a large packing density of ICs [44]. Moreover, technology giants like TSMC announced the
manufacturing of FInFET at advanced (7 nm) technology nodes [45]. However, at these lower
nodes, disadvantageous SCEs like threshold voltage roll-off, SS degradation, DIBL, increased
power consumption, and higher parasitic capacitances are raised. Moreover, scaling of FInFET

became difficult for sub-5-nm nodes as it possesses fabrication difficulties and reliability issues.
1.5.2 GAA Nanosheet FETs

Advanced multi-gate architectures such as GAA nanosheet FET (NSFET) transistors are
proposed (Fig. 1.15) to continue the scaling for sub-5-nm nodes [39]. The GAA FETs received
a lot of attention in recent years owing to their superior electrical performance. Interest in NS
architectures has increased as a result of Intel, IBM, Global Foundry, and IMEC's
announcement that they are going to adapt the GAA FETs into their IC fabrication [46]. As the
gate covers the channel in all directions, superior gate control, lower power, minimizing the
effect of drain effect on channel electrostatics and reduced leakage in GAA NS transistors can
be achieved by using GAA FETs [47], [48]. Under the same footprint (FP), compared to
FinFET, the GAA NSFET can reduce SCEs and improve device performance [49].

Fig. 1.15: GAA Nanosheet FET.

As aresult, the GAA FETs promote optimal performance and ensure the scaling of the transistor

for future technology nodes to manifest Moore’s law.
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1.6 Motivation

Multi-gate structures are proposed in the literature to improve device performance. Fin-shaped
Field Effect Transistor (FinFET) was ideal for sub-22-nm technology nodes. However, it is
shown that for sub-7-nm node technologies, the scaling feasibility of FInFET is questionable
and more prone to SCEs. As a result, researchers came up with a solution for the gate all around
(GAA) structures such as Nanosheet FETs. Major industry giants announced that Nanosheet
FETs are going to be adopted by their fabrication units.

The GAA Nanosheet FET is proven to be capable of continuing Moore’s law for sub-5-nm
technology nodes. Though various literature is available on Nanosheet FET [49]-[53], the
impact of device geometry on Nanosheet FET and its circuit applications needs to be addressed
in detail. Further, semiconductor devices are meant to be used at various temperatures [54]. As
the nanoscale devices are very much sensitive to temperature, the effect of temperature at both
device and circuit levels needs to be addressed to estimate the robustness of Nanosheet FET

towards thermal variations.

Furthermore, while adding more sheets in NSFET might enhance drive current in GAA devices,
but taller fin devices complicate the manufacturing process and add parasitic capacitances.
Also, despite having greater gate electrostatic control, GAA FETs must minimize the channel
width per layout footprint (Wer/FP) while scaling. So, to obtain enhanced performance under
the same FP, the different device engineering techniques, like structural engineering along with
high-k gate stack, need to be explored on Nanosheet FET to further optimize the performance.
Also, it is highly essential to study circuit behaviour in high-frequency applications with

optimized Nanosheet FET by incorporating various device engineering at the device level.
1.7 Novelty of Overall Proposed Work

1. The geometry of the nanosheet plays a crucial role on the performance of the device. It is
highly essential to address the impact of geometry and process parameters on Nanosheet FET
(NSFET). Thus, GAA Nanosheet FET, according to the N5 [65] criteria, is designed and

analysed its performance variations towards varied geometrical and process parameters.

2. Further, Analysis of analog/RF performance of the device is essential to estimate the device’s
suitability for analog/RF circuit applications. Also, the impact of geometry in high frequency

circuit applications needs to be explored. To address the gap in the existing literature, which
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mainly focuses on device level analysis, the circuit-level performance analysis of GAA

nanosheet FET is carried out with varied geometrical parameters.

3. Moreover, semiconductor devices are sensitive to variations in temperature. The impact of
temperature on the multigate FETs is addressed by some researchers. However, none has
addressed the impact of temperature on NSFET in high frequency circuit applications. Thus,
the impact of temperature on nanosheet FET for CMOS circuit applications is demonstrated at

elevated temperatures.

4. To continue the scaling of NSFETSs, the effective area (Wefr) per footprint (FP) (Wer/FP),
needs to be reduced, which affects the performance of the device with scaling. Thus, there is a
need to improve the device’s on current without increasing the FP by using device engineering
such as structural engineering and high-k gate stack engineering. To increase the Wegrunder the
same FP, the CombFET is designed by combining Fin-like interbridge with nanosheets.
Moreover, the performance is compared for both CombFET and NSFET devices for CMOS

Circuit Applications.
1.8 Device Simulation

The 3-D Cogenda Visual Technology Computer Aided Design (TCAD) device simulator [55]
is utilised in this thesis study to generate and simulate various device architectures. The TCAD
are used in VLSI technology to model the electrical, thermal, optical, and electronic aspects of

semiconductor devices.

These simulations are quite useful for figuring out how the device functions by solving physics-
based equations. Particularly, simulators are a group of TCAD tools. It helps process and device
engineers to comprehend semiconductor devices’ manufacturing and reliability. It supports 2-
D and 3-D simulation flows, as well as a variety of materials, including silicon and III-V
compound semiconductor devices. Industries are constrained by time and financial constraints.
Therefore, producers must create new process nodes quickly. Because of this, simulation tools
make it easier to design process flows and optimise devices before wafer processing and
manufacture. Without having to construct the devices, the physics, operation, and performance
of the device may be immediately investigated using TCAD tools, thus saving time and money

during the research and development process.
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Fig. 1.16: Simulation process from device generation to outputs extraction.

The fully coupled Poisson and continuity equations are systematically solved by the Cogenda
Visual TCAD device simulator to determine the various physical quantities required to
undertake DC, AC, and transient analysis on the semiconductor device under consideration.
The scheme command file is used to send all structural parameters, including dimensions,
doping, and others, into the simulator, as illustrated in Fig.1.16. Without needing to
manufacture the device, these simulation techniques can be used to estimate the device's
realistic performance and the impact of process variation. These simulation tools significantly
reduced the cost of designing, increasing the efficiency and speed of the production process. In
order to effectively estimate the performance of the device, appropriate physical models must
be included.

1.9 Workflow

The workflow of overall research is depicted in Fig. 1.17. Initially, the GAA nanosheet FET is
designed in Visual TCAD and calibrated the device physics with experimental data. The
calibrated physics is incorporated into the device physics to carryout the subsequent device
simulations. For all the analysis, the Silicon (Si) material is considered. For circuit level
analysis, lookup table based Verilog-A model is used to generate the symbols of the device and
circuit simulations are performed in the Cadence tool. The contributions (C1-C4) are given in

Fig. 1.17.
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1.10 Research Specifications

The specifications of the research are as follows:

h

Recombination models

Material parameters

CombFET designed by

following modfications to
the NSFET
1. Strctural engineering
2. High-k gate stack
engineering

Fig. 1.17: Workflow along with contributions (C1-C4).

a. All the device design and simulations are carried out using 3-D Cogenda Visual

Technology Computer Aided Design (TCAD) device simulator [55].

b. The device is designed according to IRDS standards [65], [134]. The parameters are

listed below.

1.

2
3
4.
5
6

Length of the gate -
Source/Drain doping (cm™) -
Doping of the channel (cm™) -
EOT (Tsio2 +(esio2/enfo2) X Tufo2) -
Length of Drain/Source (nm) -
Height of the gate -

16 nm
10 (cm™)
10" (cm™)
0.78 nm
12 nm

60 nm

c. For all the circuit simulations are carried out in Cadence tool [120] through lookup table

based Verilog - A models.
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1.11 Research Objectives

The objectives of the research are as follows:
1. To design and analyze the performance variations of GAA Nanosheet FET with Varied

Geometrical and Process Parameters at 5-nm technology node.

2. To analyze the circuit-level performance of GAA Nanosheet FET with varied geometrical

parameters.

3. To evaluate the robustness of Nanosheet FET based circuits at elevated temperatures as the

nanoscale devices' behaviour is very sensitive to temperature fluctuations.

4. To optimize the Nanosheet FET using both structural engineering with high-k gate stack to
obtain better performance parameters like on current (lon), ON/OFF current ratio (Ion/Iorr) and
performance assessment of optimized Nanosheet FET in high frequency integrated circuit

applications like ring oscillator to get high frequency of oscillations (fosc).

1.12 Thesis Organization
The thesis presents the Design and Analysis of Modified GAA Nanosheet FET Based Circuits

for High Frequency Applications. The thesis is organized into seven chapters. The following

section gives a summary of the chapters.
Chapter 1: Presents an introduction to the work, motivation, and problem statement.

Chapter 2: Explores a literature overview of the present state-of-the-art on device engineering
such as structural engineering, high-k gate stack, and performance analysis of NSFET and

circuit applications. This chapter concludes with a brief outline of the thesis.

Chapter 3: Design and performance evaluation of NSFET with varied geometrical and process

parameters.

Chapter 4: Device and circuit-level performance comparison of GAA nanosheet FET with

varied geometrical parameters.
Chapter 5: Temperature assessment of nanosheet FET for CMOS circuit applications.

Chapter 6: A comprehensive analysis and performance comparison of CombFET and NSFET

for CMOS Circuit Applications

Chapter 7: Conclusion and future scope.
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Chapter 2

Literature Review

2.1 Literature Survey

As the MOSFET’s size shrinks, SCEs have become more prominent in CMOS circuits. Many
researchers have explored new technologies to circumvent the SCEs and fabrication related
issues. Various approaches, such as multigate architectures [56], gate stack engineering [57],
bottom spacer [58], strain engineering [59], dielectric pockets [60], and gate engineering [61],
have been employed to address these SCEs. In this chapter, various multigate devices and
different device engineering techniques are studied as part of the literature survey. Moreover, a

comparison table is included, which provides various details of emerging multigate devices.

Kaushik Roy et al. [62] give various transistor intrinsic leakage mechanisms, including weak
inversion, drain-induced barrier lowering, gate-induced drain leakage, and gate oxide tunneling.
Channel engineering techniques, including retrograde well and halo doping, to manage SCEs
for continuous scaling of CMOS devices. As changing the doping profile in the channel region,
the distribution of the electric field and potential contours can be altered, and this results in the
decrease of off-state leakage while an increase of linear and saturated drive currents. For digital
applications, the most undesirable SCE is the reduced gate threshold voltage at which the device
turns on, especially at high drain voltages. Circuit design techniques, namely transistor
stacking, multiple and dynamic Vpp and, supply voltage scaling, threshold voltage scaling, can
be done for leakage reduction in digital circuits.

S. K. Mohapatra et al. [63] have proposed the process parameters like Hin, Wrn, and aspect ratio
(AR = Wrin/Hsn) are designed towards various architectures like FinFET, trigate, and planar
MOSFET that meets the needs of high performance (HP) or low standby power (LSTP)
applications. From the results analysis, taller fins are capable of higher current drivability, and
thinner fins are capable of reducing SCEs. Moreover, the comparison of planar MOSFETs,
trigate and FinFET has been made. The comparison shows trigate gives better performance in
terms of delays due to higher /.r. However, power dissipation and cut-off frequency are better
for planar MOSFETs and FinFETs. According to the result analysis, larger fins are necessary

for higher current drivability, whereas narrower fins are required for higher SCE immunization.
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FinFETs can be freed from substrate-related effects by thinning the Wrin, which increases the

device Av, Vea, and Ro.
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Fig. 2.1: (a) OFF state leakage current (b) Intrinsic delay and (c) Power dissipation.

D. Nagy et al. [51] stated that for gate lengths (Lg) of below 16 nm, the NS FET is a potential
candidate to replace the existing FinFET technology as it provides a higher ON current
compared to the FinFET. The comparison reveals that nanosheet FET is a feasible alternative
for the FinFET in high performance (HP) applications, giving a larger on-current (/on) and
somewhat superior sub-threshold property. Moreover, it is found that the GAA NW and
NSFETs offer slightly better subthreshold performance compared to the FinFET devices. For
Lg less than 16 nm, NW FET offers near ideal subthreshold swing, lowest off current and higher
switching ratio (Ion/lorr), thereby enhancing the performance. However, the NW FET suffers
from early saturation of drain current owing to the surface roughness factor. As a result, the NS

FET has proven to be capable of scaling for sub-5-nm nodes.

(a)

(c)

PR WF=449eV Lsp = 14 nm

am
= 12

Fig. 2.2: Device structures of (a) FinFET, (b) GAA NSFET and (c) GAA NWFET.
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For the first time, Loubet et al. [64] demonstrated that horizontally stacked gate-all-around
(GAA) Nanosheet structure is a good candidate for the replacement of FinFET at the Snm
technology node and beyond. Horizontally stacked gate-all-around (GAA) Nanosheet offers
increased effective width (Wefr) per active footprint and better performance compared to
FinFET. Moreover, the frequency analysis of the device is presented at different widths of NS.
According to the analysis, good electrostatics are reported at Lg of 12 nm for GAA Nanosheet
FETs.

Dielectric under SD 48CPP Final Structure TEM 107+
O~ Dielectric under SD
104 ] : :‘Yﬂlsa-olecmc isolation
10»51 o PTS with parasitic charge
1
2 10‘61 1
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10 .
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10" F= . . y
-0.2 0.0 0.2 04 0.6
Dielectric under SD (b) vgs )

Fig. 2.3: Device structures of (a) NSFET and its TEM image (b) transfer characteristics of
NSFET.

Vinay et al. [65] presented the performance comparison of bulk CMOS FinFET, GAA
Nanowire and Nanosheet structures at 5-nm technology node. The analysis of subthreshold
characteristics and various SCEs is carried out at different gate lengths. From the simulated
results, it is proven that the GAA structures offer superior performance. Moreover, the SRAM
analysis presented and concluded that the GAA FETs offer 40% improvement compared to
FinFETs.

High-k High-k High-k
gate oxL:- d 5

"13 14 15 16 17 18
L, (nm
(a) (b) (©) (d) ] {nm})

Fig. 2.4: Simulated structures of (a) FInFET (b) GAA NSFET (c) GAA NWFET (d) drain

current (Ldsat).
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Hsin-Cheng Lin et al. [66] reported the analog performance of stacked Nanosheets by using 3-
D TCAD simulations. By considering the same array layout, it is shown that the Nanosheet
FET can offer higher transconductance and lower capacitance than FinFET. Also, by using the
optimized Nanosheet FET with an EOT of 0.8 nm, the authors were able to obtain the cut-off
frequency and maximum oscillation frequencies of 340 GHz and 370 GHz, respectively. Also,
it is demonstrated that compared to FinFETs, Nanosheet FETs can offer superior RF

performance. Thus, the Nanosheet FETs are appropriate for 6G wireless communications.

Chi-Woo Lee et al. [54] investigated the junctionless (JL) Nanowire FET performance at
elevated temperatures. Also, the comparison was made with accumulation and conventional
doping to analyse the performance. It is noted that the JL NW FET exhibits the highest threshold
voltage variations with temperature. Moreover, the mobility deteriorated with conventional NW
FET owing to the various scattering mechanisms. However, the JL NW FET offers an increment

in current with the rise in temperature owing to the less mobility degradation with temperature.
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Fig. 2.5: Simulated Ip-Vgs characteristics of NW FET with (a) JL mode (b) accumulation and

inversion mode at elevated temperatures.

Rajesh Saha et al. [67] investigated the performance of dual material gate (DMG) FinFET at
various temperatures. The DC, analog/RF performance is discussed in detail with temperature.
The DC metrics such as on current, off current, SS and DIBL are investigated. Moreover, the
analog/RF figures of merit (FOMs), such as cut-off frequency (f1), gain frequency product
(GFP), intrinsic gain and so on, are analysed with variations in temperature. Further, the impact
of temperature on the linearity of the device is discussed. It is noted that at high temperatures,
the fr tends to degrade, which hinders the device’s speed. However, a remarkable performance
enhancement is obtained with an increment in temperature. Thus, the device's electrical

performance tends to degrade with the rise in temperature.
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Anil Kumar Gundu et al. [68] discussed the computational analysis of GAA stacked nanosheet
devices. In this paper, the device design guidelines are given for low-power applications at 5-
nm node and beyond. The 3-D stacked nanosheet devices offer lower values of SS, DIBL, and
subthreshold leakage current. It is shown that 3-D stacked nanosheets can reduce the SS, DIBL
and leakage currents. Also, it is proved that in comparison to SOI FinFET technology, the GAA
nanosheet can offer higher inverter gain along with better noise margins. Moreover, by
increasing the supply voltage, compared to FinFET, the nanosheet FET can reduce energy

consumption.

Vishal et al. [69] demonstrated the performance of a common source amplifier circuit which is
implemented using rectangular core-shell double gate junctionless transistor (RCS-DGIJLT).
Further, the author presented the process from device to circuit level simulations in detail in
this paper. The analysis of RCS-DGIJLT is carried out and the same compared with DGJLT.
The simulation results show that the RCS-DGJLT structure is capable of high frequency circuits
on of CMOS inverter.

Perform steady state and Workbench simulation for
AC simulation using lookup table (LUT’s)
GENIUS device simulator generation in VISUALFAB

. . . ) Use python script to
Common Source amplifier LUT’s are used in Verilog- generate LUT’s from dc
netlist preparation A model preparation and ac simulation results

Design the Device in Visual
TCAD

Spice simulation performed
using Symica AMS
Symspice

Analyse the waveform in
Symprobe

Fig. 2.6: Flowchart of the process followed to design the circuit using look up table-based
Verilog-A model.

Baral et al. [70] analysed the effect of ion implantation on the performance of cylindrical gate
(CQ) junctionless accumulation mode (JAM) MOSFET. Further, an inverter is designed using
lookup table-based Verilog-A model using Cadence simulator. Also, the calibration of the
Verilog-A model with TCAD is performed and presented. Further, the 6 T SRAM is
implemented, and its performance is demonstrated with the proposed CG-JAM MOSFET.
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Fig. 2.7: (a) Process flow from TCAD to circuit simulations and (b) Verilog-A model
calibration with TCAD.

Genaro Mariniello ef al. [71] have discussed the fundamental analog figures of merit of n-type
vertically stacked nanowires with variable fin width, and channel length, including
transconductance, output conductance, transconductance over drain current ratio, intrinsic
voltage gain, and harmonic distortion (or non-linearity). The basic electrical properties of the
investigated transistors, such as threshold voltage, subthreshold slope, and low field electron
mobility, were also studied to provide a physical understanding of the results. According to the
findings, short-channel effects had a minor impact on all 2-channel stacked nanowires. The
maximum voltage gain was achieved for the smaller channel width and longer channel length
dimensions. The results reveal that narrower and longer stacked nanowire devices have better

distortion qualities, with a prevalence of second harmonic distortion.

Biswajit Jena et al. [72] investigated the performance of emerging CMOS nanowire FET for
low power applications. Also, the paper presents the numerical analysis of cylindrical NW FET
with work function modulation. Further, the circuit level simulations were carried out for
CMOS inverter using the proposed device. Various inverter performance metrics, such as
switching current, noise margins (NM), DC response, average propagation delay and transient
response, are discussed in detail. It is shown that the proposed device can offer sharp transitions,
high speed along with superior NM. Thus, it is shown that cylindrical gate FET is capable of
driving high speed logic applications.

Wen-Li Sung et al. [ 73] reported the performance of stacked Nanosheets with and without using
the metal side wall (MSW) contacts for source and drain. Also, the comparison is presented at
both device and circuit levels. It is shown that as the channel number increases, the Nanosheet

FET without MSW performance degrades. However, in the same case, the performance can be
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enhanced by incorporating the MSW contacts as it provides uniform distribution of electric
potential. Moreover, the digital CMOS inverter and ring oscillator (RO) performance is
analysed and compared with and without using the MSW contacts. For the six-channel
Nanosheet FET, the oscillation frequency of 3-stage RO was enhanced by 57% by utilizing the
MSW contacts.

MS MSW

s — 80

B DGS B
£75 / A
— — SN +56.9%
8 65 3 stages RO
=i "g 60 W
i 1 o 55
= é’_ 50 } / Maximum value
1 9 45 Open: w/o the MSW S/D
= v 40 Solid: w/ the MSW S/D
1 2 3 4 5 6
(a) (b) = (c) Number of Channels

Fig. 2.8: Nanosheet FET (a) without MSW contact (b) with MSW contact and (c) variations

in the frequency of oscillations as a function of the number of channels.

K. P. Pradhan et al. [74] studied the impact of high-k gate stack on the performance of DG
MOSFET by considering various high-k gate dielectric materials along with SiO; in the gate
stack. The analog/RF performance is compared and presented at various effective oxide
thickness (EOT) values. It is shown that by incorporating high-k gate stack, the crucial DC
metrics like SS and DIBL are improved owing to the enhanced gate electrostatic integrity.
Morevoer, the analog/RF analysis tell that high-k gate stack is a better option to use the device

in analog/RF circuit applications.

For the first time, Xinhao Li et al. [75] proposed and numerically assessed a novel comb-like-
channel field-effect transistor (CombFET). The device can be realized by combining the fin
like interbridge with the nanosheet structure in the channel area. The fabrication process of
CombFET is compatible with that of the FInFET process and offers process flexibility. By using
the side wall selective epitaxy of the channel, the CombFETs are realized. The simulation
outcomes demonstrate that using CombFET on current improved by 53% compared to gate-all-
around FET (GAAFET) under the same footprint. This enhancement is achieved owing to the
large effective area offered by CombFET.
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Refer- | Device Lg Ion Iorr Ion/IoFr SS DIBL
ence (nm) (mV | (mV/V
/dec) | )
[53] | NSFET 10 85 uA 7.08 nA 1.2x10* |80 100
[68] | FInFET 5 392.57 20.48 nA/um | 1.9x10* 112 |73
UA/um
1 sheet 5 421.13 8.72nA/um | 4.8x10* 98 64
Nanosheet FET uA/um
2 sheet 5 324.98 6.41 nA/um | 5.1x10* 97 57
Nanosheet FET uA/um
3 sheet 5 299.41 426 nA/um | 7.0x10* 94 50
Nanosheet FET UA/um
[72] | Cylindrical NW | 35 7.6 x10° A [ 237102 A[3.2x107 |62 37
[73] | NS FET 12 200 pA 150 x 10712 A 68.5 | 61
[76] | GAANW FET |35 3.8x10°A | 15x102 A [25x10° |65 85
[77] | NW FET 35 3.6 x10°A 20102 A [1.3x10° |67.5 |50
[78] | Trigate 1000 | 0.9 x 10°A | 1.2x 10712 A [7.5x10°% |187 |27
NS FET 1000 | 1x105A |5x10 ™A 2 x 108 100 | 0.13
[79] | NW FET 350 |1x10°A [~1x10"2A |>10’ 99 15.22
[80] | NS FET 12 144 pA/pm | - - 64.6 | 20.6
NS FET 12 147 pA/pm | - - 64.6 | 20.7
NS FET 12 179 pA/pm | - - 644 | 314
[81] | NSFET 80 1x107A [1x10MA 10’ 68 -
[82] | NW FET 10 105 uA 10nA 1.05 x 10* | 74 80
[83] | Rectangular NW | 100 | 840 pA/um | 4 nA/um 2.1x10° | 64 32
FET
[84] | Trigate JL ACC |26 ~10°A/um | ~10°A/um ~10° - ~90
FET
[85] | JL GAA 50 ~10°A ~105A ~10° - ~46
MOSFET
[86] | JLNW FET 40 | ~10°A ~1075A ~10° ~70 | ~48
[87] | Core-shelNW |20 | ~107A ~1071°A ~10° - -
[88] | JL MOSFET 20 ~10* ~1071° ~10° ~70
A/pm A/pm
[89] | Nanotube JL 7 ~10° A/uym | ~10"° A/um | ~107 - -
FET

Table. 2.1 Comparison of performance of Multigate FETs reported in the literature.
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2.3 Research Gaps Identified

1. When the channel length is very less (Lg<20 nm), the short channel effects (SCEs) hinder
the transistor’s performance. However, to manifest Moore’s law, the downscaling of the
transistor is inevitable. Thus, there is a need to look for solutions in such a way that the device’s
performance should not deteriorate by scaling. Though the FinFET technology replaced the
conventional MOSFET for sub-22-nm technology nodes, the fabrication issues raised to scale
the FinFETs for sub-7-nm nodes. As a result, to enhance the device’s performance, the GAA

technology is suggested.

2. In GAA FETs, the gate covers the channel in all directions so that the electrostatic integrity
of the gate increases. More number of nanosheets can be stacked vertically to enhance the drive
current. However, as the number of nanosheets increases, the parasitic capacitances also
increase, which increases the delay of the device. Thus, it is highly essential to analyse the
performance at different geometry of the nanosheet. Though some works addressed the
geometrical impact at the device level, none has addressed the geometry impact at high

frequency circuit applications.

3. The semiconductor devices are very much sensitive to variations in temperature. The impact
of temperature on the multigate FETs is addressed by some researchers. However, none has

addressed the impact of temperature on NSFET in high frequency circuit applications.

4. To continue the scaling, the effective area (Werr) per footprint (FP) (Wer/FP), needs to be
reduced, which affects the performance of the device with scaling. Thus, there is a need to
improve the device’s on current without increasing the FP by using device engineering such as

structural engineering and high-k gate stack engineering.

2.3 Conclusion

It is clear from the literature survey that multigate FETs are predominant in reducing SCEs
effectively and ensuring fundamental scaling. Moreover, the GAA Nanosheet FETs offer
enhanced performance and are suitable for low power and high performance applications. The
studied literature shows the path for finding research problems for continued scaling with

minimized SCEs.
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Chapter 3

Performance Evaluation of GAA Nanosheet FET with
Varied Geometrical and Process Parameters

3.1 Introduction

Multiple gate devices, including as double gate (DG), trigate (TG), and quadruple gate (GAA)
architectures, have evolved to continue scaling for sub-10-nm domains, as was described in
section 1.5. Compared to conventional MOSFETs, the DG MOSFET’s performance is
enhanced owing to the increment in the gate’s electrostatic integrity. DG MOSFETSs contain
two gates, in which gates are present at the bottom and top of the device. By maintaining the
two gates, the channel’s electrostatic integrity increases and offers better short channel
performance. However, in double gate MOSFETs, the misalignment problem of the top gate
and bottom gate is present, which causes degradation in on current [90]. To combat these
problems associated with conventional MOSFET and DG MOSFET with scaling, alternative
structures such as trigate FET and FinFETs are explored. In trigate and FinFET devices, the
gates surround the channel in the left, top and right directions and are possible candidates to
replace the orthodox MOSFETs in the semiconductor industry. Moreover, FInFET structures
are more immune to SCEs and offer fewer DIBL and SS values for sub-22-nm technology
nodes. The semiconductor companies like TSMC and INTEL have adopted FinFETs into their

significant portion of IC fabrication since 2011.

However, for further scaling of FinFETs, taller and thinner fins are required to get more drive
current, which increases the process complication of the device. Moreover, maintaining the
taller fins on a narrow base may lead to fracture and malfunction of the circuit [64], [91], [92].
To circumvent these problems, researchers came up with the solution of GAA configurations.
Since the channel in the GAA structure is controlled in all directions by the gate and hence
improves the subthreshold performance. Nanosheet (NS) and nanowire (NW) are examples of
GAA structures. On the other hand, it is reported that, due to the surface roughness factor, the
nanowire performance deteriorated [93]. The GAA nanosheet structures are FinFET successors
for sub-7-nm technology and beyond, and have emerged as viable challengers for traditional

FinFETs since they offer greater control over the channel region. Robust leakage control and
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strong current driving capacity are two advantages of nanosheet architectures. Due to the tight
electrostatic control over the channel region, NSFETs are resistant to short channel effects. S.
D Kim reported that NSFETs exhibited greater electrostatic performance on the channel
compared to GAA nanowire and FinFET architectures [94], [95]. By making minimal changes
to the fabrication flow of FInFET, NSFET can be fabricated. Also, it is shown that by using
NSFETs instead of FinFETs, a 30% higher effective width (Wefr) can be produced on the same
footprint. Another remarkable observation is that single stack nanosheets have been shown to
have superior intrinsic performance than FinFETs or stacked nanowires for a given active width
due to lower parasitic capacitance. In a given footprint, nanosheets offer a higher effective width
making them good at driving capacitive loads [64], [96]. Moreover, nanosheet width doesn’t
affect by fin pitch which provides greater flexibility in maintaining appropriate Wesr. The usage
of more stacked nanosheets to maximize the drive current is a better option, but the larger height

of the device exacerbates parasitic capacitances [53].

So, in this chapter, the performance of two stack GAA NSFET at 5-nm technology node is
analysed towards electrical performance. As the geometry of the device plays a crucial role in
determining the device’s performance, the nanosheet width and thickness are varied in addition
to the gate length to observe the performance variations. On top of that, the temperature
analyses in done to identify the temperature compensation point, which helps to get optimum
performance of the device irrespective of temperature variations of the device. Moreover, the

performance of the NSFET is assessed with variations in workfunction values.

3.2 Device Structure and Simulation Framework

The device structure of the NSFET is generated by using the Cogenda Genius 3D TCAD
simulator [55]. The 3D NSFET with gate length (Lg) of 16 nm, each sheet thickness (Nt) of 5
nm, and sheet width (Nw) of 10 nm is generated and simulated. The n-type source/drain and p-
type channel regions are doped with a doping concentration of 10 cm™ and 10" cm™
respectively. For a high-k gate stack, to get an effective oxide thickness (EOT) of 0.78 nm,
thickness values of 0.5 nm and 1.5 nm are considered for SiO» and HfO», respectively. To ensure
better electrostatic integrity, the EOT of 0.78 nm and gate work function of 4.6 eV are taken
for all simulations. As the continuous scaling of the device leads to abnormal SCEs, spacers are
incorporated to improve the short channel performance of the device. However, the drive

current is degraded due to an increase in series resistance in the underlap sections. By using

high-k spacers in the underlap area, series resistance can be lowered and the drive current can
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be increased. Various high-k materials like Si3N4 and HfO: are explored in the literature, and is
reported that by using Si3Njy spacer, the static power consumption is reduced compared to other
spacer materials [97]. Moreover, the idealized geometries such as sharp interfaces, perfect
crystal structures, perfect planar layers are assumed. To improve the sub threshold behaviour,

a nitride spacer with a length of 5 nm is maintained throughout the simulations [98].
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Fig. 3.1: (a) 2-D view of NSFET with nitride spacer, (b) 3-D schematic view of NSFET and
(c) 2-D cross sectional view of NSFET.

Figure 3.1(a) depicts the 2-D NSFET with Nitride spacer. The 3-D view of NSFET with stacked
nanosheets is shown in Fig. 3.1(b). 2-D view of NSFET with Nt and Nw is depicted in
Fig. 3.1(c). The device is well calibrated using [27, 33], and the Ip-VGs characteristics are
depicted in Fig. 2. The physical models incorporated for simulation are considered from [50]
and are as follows. Schenk's bandgap narrowing model is used to account for narrow bandgap
effects caused by larger doping levels. The Shockley-Read-Hall (SRH) recombination method

is used to assess the consequences of carrier generation and recombination.

The Lombardi mobility model is used to account for scattering phenomena such as surface
roughness. The thin layer mobility model, which deals with mobility degradation at the
semiconductor-insulator interface, is also used. For high field mobility effects, the Lucent
model is considered. Since the device considered has low effective channel length, carriers are
supposed to be vertically limited because of thin channel thickness. Therefore, in simulations,
quantum effects are considered by the density gradient into account. Quantum confinement
effects are included in the density gradient method by incorporating the quantum mechanical

behavior of electrons in nanoscale materials. This is done by solving the Schrodinger equation
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self-consistently with the Poisson equation. The Selberherr impact ionization model is used to
calculate the electron-hole pair's generation rate. Also, field dependence mobility model
parameter, i.e., saturation velocity (V) is adjusted to 1.5%107 cm/s for achieving a better
matching [50]. The models used for simulations are calibrated with experimental results, and
the transfer characteristics are presented in Fig. 3.2. Table. 3.1 provides the values of device

parameters included in the simulation.
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Fig. 3.2: Calibration of simulation models with that of experimental results [64].

Device Parameter Value
Nanosheet thickness (nm) 5-9
Nanosheet width (nm) 10-50
Gate length (nm) 5-20
Source/Drain doping (cm™) 10%°
Channel doping (cm™) 101
EOT (nm) 0.78
Spacer dielectric Nitride
Source/Drain length (nm) 12
Underlap spacer length (nm) 5
Workfunction of the gate (eV) 43-47
Height of the gate (nm) 60
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Table 3.1: Device parameters used in the simulation.

3.3 Results and Conclusions

3.3.1 Impact on DC Performance of NSFET with Geometric Variations

The DC performance of NSFET is analysed by changing the NS physical dimensions like width
(Nw) and thickness (NT). The Nw varied from 10 nm to 50 nm, and Nt varied from 5 nm to 9
nm. In this section, the key performance parameters like on current, off current, switching ratio,

threshold voltage (Vin), DIBL, and SS are discussed.
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Fig. 3.3: (a) Contour plot of the potential distribution of NSFET in ON state (b) Transfer
characteristics of NSFET in linear and log scale for V'ps=0.7 V.

The Contour plot of the potential distribution of NSFET is shown in Fig. 3.3(a). It can be
observed that the potential distribution at the drain side is high compared to the source side.
Also, it can be clearly seen that the drain potential impact on the channel is reduced because of
the spacer. Fig. 3.3(b) depicts transfer characteristics in both linear and log scales for various

widths of nanosheet at Vps = 0.7 V for a constant Nt of 5 nm.
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Fig. 3.4: (a) lon and (b) lorr as a function of Nw for various Nt values.
Channel width controls the amount of flow of current through the NSFET. The /o is directly
proportional to the effective width of the channel, which leads to an increment in the /on as the
width of the sheet increases. From Fig. 3.4(a), it can be seen that the maximum increment of
36% in Ion is observed when the thickness is increased from 5 nm to 9 nm at nanosheet width
of 10 nm. It is observed that for larger widths of nanosheet, higher lon is obtained due to the
increment of effective width of the nanosheet. On the other hand, in addition to the increment
in Jon, the increment in the Jorr also observed. As the width of the channel increases, the gate
loses its control on the channel and leads to more leakages in the device. These leakages will
increase the Jorr of the device. Moreover, the increment in Jorr is observed for higher thickness
values of nanosheet because of the reduction in potential barrier height, and conduction band
energy in the channel for off state condition [50]. For thinner nanosheets off state current can
be reduced, however, a slight reduction in the Ion is observed because of the mobility
degradation due to enhancement in the perpendicular electric field [50]. These results are shown
in Fig 3.4(b). The maximum increment of 20% in off current is observed for thickness from 5

nm to 9 nm at a nanosheet width of 50 nm.
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Fig. 3.5:(a) Ion/Iorr and SS (b) DIBL and Vi, as a function of Nw for various Nt values.
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Fig. 3.5(a) shows Ion/ lorr and SS values for different widths of nanosheet. As the Nw increases,
the switching ratio followed decreasing manner because of the raise in off current. Moreover,
as the width increases, there is a decrement of 71% and 94% in switching ratio is observed for
thickness values of 5 nm and 9 nm, respectively. It can be observed that the switching

performance of the device gets deteriorates with the increment in geometrical values.

Sub-threshold swing (SS) is an important metric for device application in logic circuits. The SS
is defined as the change in the gate voltage needed to get a decade change in drain current. The

Sub-threshold swing (SS) can be calculated by using equation 3.1 [99].

_ (aloglolD )“1

From Fig. 3.5(a), it can be seen that for more width, SS followed an increasing manner since
the gate loses its control over the channel. Furthermore, as the width varies from 10 nm to 50
nm, there is an increment of 1.6% and 8.5% in SS is observed for thickness values of 5 nm and
9 nm, respectively. Since a lower value of SS is preferred for good sub threshold performance,
nanosheet having width and height of 10 nm and 5 nm respectively outperforms with SS of 62.5

mV/dec, which is near to ideal SS.

Fig. 3.5(b) depicts DIBL and Vy, for different widths of nanosheet. The threshold voltage is
extracted by using the constant current method at 100x Wesr/Lg. Where Wegr is given by n x
(2x (N1 + Nw)), where Nt and Nw are the thickness and the width of the nanosheet respectively.
The term n indicates the number of vertically stacked nanosheets [100]. As the thickness and
width of the nanosheet are increasing, from Fig. 3.5(b), it can be seen that the threshold voltage
is reducing because of SCEs. Furthermore, there is a threshold voltage roll-off of 5.3%, and 8%
is observed for thickness values of 5 nm and 9 nm, respectively when the nanosheet width is
varied from 10 nm to 50 nm. It can be seen that the Vi roll-off is more for higher thickness

values of nanosheet.

Drain induced barrier lowering (DIBL) is also one of the crucial sub-threshold performance
metrics, and it should be as low as possible for good performance of the device. The DIBL is

computed by using equation 3.2 [101].

Viin — V,
DIBL = tlin tsat (3-2)
VDsat - VDlin
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Here, Viin is the threshold voltage extracted at linear supply voltage, Vpiin = 0.04 V and Visa is
the threshold voltage extracted at saturation supply voltage, Vpsat = 0.7 V. It can be observed
that, as the nanosheet dimensions are increasing, the DIBL gets increasing. Moreover, as the
Nw increased from 10 nm to 50 nm, there is an increment of 24% and 30% in DIBL observed
for nanosheet thickness values of 5 nm and 9 nm, respectively. The DIBL can be lowered by
incorporating the nanosheets which are having smaller widths and thickness values. The results

show that DIBL is sensitive towards width and thickness variations.
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Fig. 3.6: Output characteristics for various Nw values as a function of drain voltage.

Fig. 3.6 shows the output characteristics for various Nanosheet width values with respect to
drain voltage at a fixed gate voltage of 0.7 V. It is observed that as the Nw increases, the drain

current increases due to the increment in effective width.
3.3.2 Impact on DC Performance of NSFET with Scaling

In this section, the impact of scaling on the DC performance of NSFET is analysed for sub -7-
nm technology nodes. The gate length is downscaled from 20 nm to 5 nm, and the results are

depicted in Fig. 3.7(a). The transfer characteristics are obtained by fixing the thickness to 5 nm

and width to 10 nm for the nanosheet.

38



N; =5 nm, Ny, = 10 nm

“r = 1E-11
o Vps=0.7V
< 1e12 \* VDS,OV
< 40 | 5 \ Gs~
= & 1E-13 .
= — T~
2 [} 1E-14 i S
wr —~ 35}
5 < 1E-15
5 5
g = 57 10 1416 20
=} z
OEI — 30} L (nm)
'g V=V =07V
I \.\
]
20}
m L L L L L 1 I L L
00 01 02 03 04 05 06 07 4 6 8 10 12 14 16 18 20 22
(a) Gate Voltage, Vg (V) (b) Gate length, L (nm)

Fig. 3.7: (a) Transfer characteristics for various L values and (b) /o~ and /Jorr (inset) as a

function of Lg.

From Fig. 3.7(b), it is observed that as the channel length decreases, the on current is increased
since the distance between the source and drain is decreased. However, the off current also

increased due to the SCEs.
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Fig. 3.8: (a) Ion/Iorr and SS (b) DIBL and Vi as a function of Le.

Fig. 3.8(a) depicts the Jon/Iorr and SS as a function of the gate length. It can be seen that as the
channel length is decreasing, the switching ratio has deteriorated. However, even at Lg of 5 nm,
the switching ratio of 10° is maintained, which ensures that NSFET is a suitable candidate for
good logic applications and continued scaling [53], [102]. Moreover, as the gate length
decreases, the SS is increased, and there is an increment of 31% is observed as the gate length
is scaled from 20 nm to 5 nm. The increment in SS is due to an increment in leakage currents.
Other important short channel metrics such as DIBL and Vi, are shown in Fig. 3.8(b). DIBL is
another parameter that severely affects with scaling. As the gate length decreases, the impact

of drain potential is more on the channel and leads to the increment of DIBL. From Fig. 3.8(b),
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it can be seen that the DIBL is increased and a growth rate of 339% is observed as the gate

length ranging from 20 nm to 5 nm.

The threshold voltage variations as a function of gate length are depicted in Fig. 3.8(b). The
deterioration in threshold voltage is observed as the gate length is increasing due to the
threshold voltage roll-off. As the gate length decreased from 20 nm to 10 nm, a reduction of
1.9% in threshold voltage is observed, whereas from 10 nm to 5 nm, a reduction of 7% is

observed. It is obvious that for sub -10 nm, the threshold voltage roll-off is more due to

increased SCEs.
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Fig. 3.9: Output characteristics for various Lg values as a function of drain voltage.

The drain current variations with respect to drain voltage are depicted in Fig. 3.9. It can be seen
that as the gate length decreases, the drain current is improved. However, the slope in the

saturation region is increases with scaling, which lowers the driving capacity of the device.
3.3.3 Impact of Temperature and work function variations on NSFET

Nanoscale transistors are used in a wide variety of fields including communication,
automobiles, medical equipment, analog and digital integrated circuits, sensing applications
and power electronics. As per the requirement, the nano transistors are used at different

temperatures and are crucial to analyze the performance of transistors at various ranges of

temperatures [103].

Temperature dependency on drain current as a function of gate voltage is plotted in Fig. 3.10(a). The
temperature is varied in the range of -43°C to 127°C. It is very much required to bias these circuits so

that the performance or V-I characteristics are insensitive or independent towards temperature variations.
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Fig. 3.10: (a) Ip-Vgs and (b) lon and /orr variations with temperature.

IC designers are very much interested to know this inflection point of temperature. This biasing point is
called the temperature compensation point (TCP) [104]. From Fig. 3.10 (a), the TCP is observed at Vs
= 0.55 V and Ip = 3.48x10° A. From Fig. 3.10(b), it is clear that as the temperature increases, an
increment in off currents is observed because of the dominance of impurity scattering. Moreover, a slight

decrement in on current is observed with rise in temperature due to the mobility reduction.
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Fig. 3.11: (a) Ion/Iorr and SS (b) DIBL and Vy, variations as a function of temperature.

Ion/Iorr and SS variations as a function of temperature are presented in Fig. 3.11(a). It is
observed that there is deterioration in the switching ratio as the temperature increases because
of the significant improvement in the off current. Furthermore, the value of SS is less at low
temperatures and ensures faster operation of the device [105]. Fig. 3.11(b) depicts DIBL and
Vi variations with respect to temperature and is observed that as temperature increases, the rise
in DIBL is observed because of the decrement in threshold voltage. Furthermore, threshold
voltage deteriorated with the rise in temperature due to scattering phenomena [106]. A

Threshold voltage roll-off of 9.7% is observed as temperature increases from -43°C to 127°C.
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Fig. 3.12: Output characteristics for various temperature values as a function of drain voltage.

The Ip-Vps characteristics for various temperatures are shown in Fig. 3.12. The characteristics
are obtained at constant Nw and Nt of 10 nm and 5 nm, respectively. It can be noticed that as

the temperature increases, deterioration in drain current is observed due the reduction in

mobility.

Work function is one of the important process parameter, which plays a detrimental role in
turning on and off of a device. Higher gate work function ensures that the device is fully

depleted rapidly and that the device performs better in the off state [107].
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Fig. 3.13: (a) Drain current variations with work function (b) lox and lorr variations as a

function of work function.

Work function impact on drain current as a function of gate voltage is shown in Fig. 3.13(a).
The work function of the device is varied from 4.3 eV to 4.7 ¢V. From Fig. 3.13(b), it can be
inferred that for higher work function of the device, along with the deterioration in on current,

a significant reduction in off current is observed. An Increment in work function lowers the
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tunneling between gate and channel and also between gate and drain/source [108], which helps

to reduce the leakage current.
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Fig. 3.14: (a) lIon/lorr and SS (b) DIBL and Vi, variations as a function of work function.

Switching ratio variations with respect to work function are shown in Fig. 14(a). The switching
ratio improved significantly with the rise in work function due to a huge reduction in off current.
With the increment of work function, the SS gets decremented and ensures good subthreshold
performance. Fig. 14(b) depicts the DIBL and threshold voltage variations as a function of the
work function. DIBL decreases with the rise in work function, and lesser DIBL indicates that
the electrostatic integrity of the gate is more on the device and less sensitive to drain voltage
variations. A minimum DIBL of 30.30 mV/V is obtained for work function of 4.7 eV, and there
is a decrement of 28.6% in DIBL is observed when the work function varied from 4.3 eV to 4.7
eV. However, there is a huge decrement in threshold voltage with the fall in the work function
ofthe device. There is a decrement of 3.9x in threshold voltage as the work function is decreased
from 4.7 eV to 4.3 eV, and this leads to more SCEs. Moreover, the study tells that the devices

with more work function will have high threshold voltages and makes the device sluggish.

From Fig. 3.15, it can be seen that for higher work function values, the slope of Ip -Vps
characteristics is less and ensures lower output conductance value. Furthermore, it is noticed

that the slope for @y =4.7¢eV is less compared to v = 4.3eV.
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Fig. 3.15: Output characteristics for various work function values as a function of drain

voltage.

In this chapter, the detailed DC performance of 3D vertically stacked NSFET is analyzed by
varying the thickness and width of the nanosheet. It is observed that there is an increment in
both on current and off current as the width and thickness values are increased. However, the
switching ratio, DIBL, and SS are degraded as the dimensions of NSFET increase. Moreover,
the performance of NSFET is analysed with scaling of gate length to ensure the device
feasibility for lower technology nodes. Also, the temperature analysis is performed for a wide
range of temperatures to identify the TCP point, which is more essential for biasing the device
in various real-time applications. Finally, the impact of work function on device transfer
characteristics is analysed. These results will give deep insights into the performance of NSFET

with different device parametric variations.
3.4 Conclusion

1. It is observed that there is an increment in both on current and off current as the width and
thickness values are increased. However, the switching ratio, DIBL, and SS are degraded as the

dimensions of NSFET are increasing.

2. The impact of temperature on DC performance is addressed. The result analysis reveals that
as the temperature increases, DC performance is degraded. The important process parameter,
workfunction analysis is performed and analysed its impact on DC performance of the device.
As workfunction increases, both on current and off current decrease and threshold voltage

Increases.

3. The scaling of NSFET explored for sub-5-nm nodes. The results analysis indicates that the
NSFET is capable to continue Moore’s law.
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Chapter-4

Device and Circuit-Level Performance Comparison of
GAA Nanosheet FET With Varied Geometrical
Parameters

4.1 Introduction

The impact of geometry, temperature and work function variations on DC performance of
NSFET is discussed in chapter 3. As the Nw and Nt values increases, the device current
increases owing to the increased effective area of the channel. However, the subthreshold
performance metrics such as SS and DIBL are degraded with the rise in dimensions owing to

the depreciation of gate control over the channel with the rise in dimension of the channel.

For a device to be used in analog/RF applications, it is highly essential to examine the
analog/RF figures of merit (FOM). Thus, in this chapter, DC and analog/RF figures of merit
(FOMs) for different geometrical variations of the Gate all around (GAA) Nanosheet FET
(NSFET) are computationally examined. For each nanosheet, the thickness (Nt) varied from 5
nm to 9 nm and the width (Nw) varied from 10 nm to 50 nm to analyze the performance
variations with the device's geometry. Various analog/RF FOMs like transconductance (gm),
output conductance (ggs), intrinsic gain (gm/gd¢s), cut-off frequency (fr), transconductance
frequency product (TFP), and gain bandwidth product (GBW), gain frequency product (GFP),
and gain transconductance frequency product (GTFP) are analysed by altering the geometry of

NS.

Moreover, the device is the building block of any circuit. The circuit’s performance is affected
by the behaviour of the device. Thus, in this chapter, the impact of device geometry on circuit
performance is discussed in detail. In order to evaluate the NSFET performance towards circuit
applications, digital circuits like inverter and ring oscillator (RO) are designed and
demonstrated their performance. According to the various results analyses, NSFET is a
promising device for high performance and high frequency analog/RF applications for sub-7-

nm.
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4.2. Device Structure and Simulation Methodology

The three-dimensional diagram of GAA NSFET is depicted in Fig. 4.1(a). 2-D cross sectional
view in the XZ plane is shown in Fig. 4.1(b), where Nt and Nw are the thickness and width of
each nanosheet, respectively. Further, the NSFET with stacked nanosheets is shown in Fig.

4.1(c).

A gate length (Lc) of 16 nm is considered for NSFET. A p-type doping concentration of 10'°
cm™ and an n-type doping concentration of 10%° cm™ for channel and source/drain, respectively
used for simulation. To overcome the gate oxide tunneling a high-k gate stack with HfO; of 1.5
nm and interfacial oxide of 0.5 nm, which forms an effective oxide thickness (EOT) of 0.78
nm, is considered. The metal gate with the work function of 4.6 eV is maintained throughout
the simulations. To overcome the direct tunneling a spacer distance of 5 nm is incorporated,
which improves the subthreshold performance [109]. Table. 4.1 provides the values of device

parameters included in the simulation.

X-Z
Plane
Material
Metal
Bvitrice

.Si02
.HfOZ

Si

(b) (©

Fig. 4.1: (a) Three-dimensional view of NSFET with nitride spacer, (b) cross sectional view
of NSFET with Nt and Nw and (c) three-dimensional view of NSFET with nanosheet

channels.
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Parameter Value
Thickness of nanosheet (nm) 5-9
Width of nanosheet (nm) 10-50
Length of the gate (nm) 16
Source/Drain doping (cm™) 10%°
Doping of the channel (cm™) 10"
EOT (Tsio2 +(esio2/enro2) XThro2) 0.78
(nm)
Dielectric of Underlap Nitride
Pad length of Drain/Source (nm) 12
Source/Drain underlap length (nm) 5
Gate work function (eV) 4.6
Height of the gate (nm) 60

Table 4.1: Simulation parameters

All the simulations have been performed using the Genius 3D simulator by Cogenda [55] at a

fixed temperature of 300 K. The calibration of the proposed device is performed and discussed

in chapter 3.

4.3. Results and Conclusions

4.3.1. Geometry Dependence on DC Metrics of NSFET

In this section, the NSFET’s DC metrics are evaluated with various thickness and width values
and are discussed in detail. The major performance characteristics mentioned in this section

include /on, lorr, switching ratio (lon//orr), threshold voltage (Vn), DIBL, and SS.

The dependence of electron mobility on the channel in the ON state is depicted in Fig.4.2(a).

The device exhibits higher mobility in the channel area due to better gate electrostatics. Fig.
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4.2(b) depicts the electric field distribution of NSFET. The device exhibits a higher electric
field in the spacer region. However, the impact is lower on the channel. Fig. 4.2(c) depicts the

potential distribution of NSFET at Vps = Vgs =0.7 V.

Buried Oxide (Si02)

Buried Oxide (Si0O3)

(b) (c)

Fig. 4.2: (a) Electron mobility (b) Electric field distribution (c) Potential of NSFET.

The rise in drain current and parasitic capacitance is a trade-off when using high-k spacers to
reduce circuit delay. Enhanced spacer designs will be required to improve circuit and device
performance even more by lowering parasitic capacitances while maintaining a high drive
current [110]. In our work, the nitride spacer with an optimized thickness of 5 nm is considered,
which offers lower degradation of the Ief/Cesr electrical performance [64]. The introduction of
high-k spacers induces field coupling through the fringing effect and enhances switching ratios
[111]. By using nitride spacer due to the more distance between the channel and drain ensures

reduced drain potential over the channel and minimizes SCEs as shown in Fig. 4.2(c).
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Fig. 4.3: Transfer characteristics of NSFET in linear and log scale for various (a) Nw values

and (a) Nt values.
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Figure 4.3(a) and (b) show the transfer characteristics NSFET with various widths and
thicknesses, respectively at a constant Lg of 16 nm. The flow of current in the nanosheet is
dependent on the width and thickness of the nanosheet. In order to evaluate the impact of /p on
Nw, the device width is varied from a minimum of 10 nm to 50 nm. Moreover, the Nt is also
varied from 5 nm to 9 nm to see the impact of Nt on /p. As the Nw and Nr values increase, the

Ip increases owing to the raised area of the channel.
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Fig. 4.4: (a) Ion and (b) lorr as a function of Nw for various Nt values.

Figure 4.4(a) depicts the ON current (/on) of the device at Vgs = Vps = 0.7 V, which is a crucial
measure for high performance applications. Also, the proportionality increment in Jon with
respect to effective width gives rise to higher currents when the nanosheet’s geometry increases.
The highest increment of 286% in lon is observed for Nt of 5 nm for the Nw ranging from 10
nm to 50 nm. The OFF current (/orr) variations are shown in Fig. 4.4(b) with respect to various
width and thickness values of the nanosheet. In addition to the increment in Jon, lorr also gets
incremented with the increment in the geometry of NS and is shown in Fig. 4.4(b). This
phenomenon is observed since an increment in Nw leads to more leakages in the device because
of the degraded control of the gate over the channel. It is evident that by using thinner
nanosheets, the /orr is mitigated. In the OFF state, as the Nt increases, the potential barrier
height and conduction band energy in the channel gets reduced and lead to an increment in
leakage currents. However, as the thickness decreases, the /on decreases marginally due to
mobility degradation caused by an increase in the perpendicular electric field [50]. An
increment of 2 orders in /orr is observed with the increment in Nw from 10 nm to 50 nm at Nt
of 9 nm. As Nr is increasing, there is a large increment in the /orr is observed due to the

degradation of electrostatic integrity over the channel.
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Fig. 4.5: (a) Switching ratio and (b) Threshold voltage (Vi) variations as a function of Nw for

various Nt values.

Fig. 4.5(a) depicts Ion/lorr variations with respect to Nw for various values of Nt. For better
logic applications, the switching ratio of 10 is feasible. It is observed from Fig. 4.5(a) that the
switching ratio performance deteriorates as the Nw increases due to large increment in Jorr. A
large increment in the /orr with a marginal increment in /on tends to cause a downfall in the
Ion/Iorr as Nw increases. Moreover, the switching ratio decreases as the Nt increase, which is
because of a huge increment in Jorr due to the reduced electrostatic integrity of the gate over
the channel. The highest decrement 89% in switching ratio is noticed for Nt of 9 nm as the Nw
is increased towards 50 nm. Degradation of the switching ratio is more as the Nt increases due
to weak electrostatic control of the gate over the channel. Threshold voltage (V) variations are
shown in Fig. 4.5(b). The Vi gets decrement as the Nw is increases due to an increment in
leakage currents. The same trend is observed as the N is increased. It is seen that a downfall
of 2.9% and 5.4% in Vi for Nw of 10 nm and 50 nm, as the Nt is ranges from 5 to 9 nm.
Similarly, a fall of 5.3% and 7.6% in Vi, are observed for the Nt of 5 and 9 nm, as the Nw is
increased. As the Nt and Nw values are increasing, the Vi roll-off is more since the deterioration

of gate electrostatics on the channel region.

SS is an essential parameter for the evaluation of subthreshold performance towards low power
applications. SS gives the value of Vs required to get a decade change in /p. Lower SS values
are preferred for the good subthreshold operation of the device. SS values as a function Nw for
various Nt values are given in Fig. 4.6(a). The NSFET with geometrical values of Nw and Nt
of 10 nm and 5 nm performs best with an SS of 62.5 mV/dec, which is close to the optimum

value.
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Fig .4.6: (a) SS and (b) DIBL as a function of Nw for various Nt values.

As the Nw is increasing, a maximum increment of 8.6% in SS is found for Nt of 9 nm. As the
Nr is raised, a maximum growth of 10.6% in SS is noticed for Nw of 50 nm. The sub-threshold
performance degrades for higher Nw and Nt values because of higher SS. DIBL is another
important sub-threshold performance measure, and a low value of DIBL is preferred for optimal
device performance. Fig. 4.6(b) depicts DIBL values as a function of Nw for various Nt values.
It can be seen that when the dimensions of the nanosheets grow, the DIBL grows as well. By
integrating nanosheets with lesser width and thickness, the DIBL can be reduced due to low Vi
roll-off. For Nw 50 nm, the highest increment of 30.6% in DIBL is observed. Also, for Nt of
9 nm, the highest increment of 62% in DIBL is noticed. From this, it can be inferred that DIBL

is sensitive towards higher width and thickness variations.
4.3.2. Geometry Influence on Analog/RF Response of GAA NSFET.

The aggressive scaling of devices made it possible to build system-on-chip (SOC) devices.
Analog and RF circuits are embedded in SOC for various applications. Thus, the study of analog
and RF metrics of a device is very crucial to estimate the potential of the device towards analog

and RF applications. In this section, various analog/RF metrics like g, TGF, gas, intrinsic gain,

cut-off frequency, intrinsic delay, TFP, GFP, GTFP, and GBW are studied for different
geometries of NSFET.

Transconductance (g, ) is one of the important analog metrics which evaluates the change in Ip
obtained to the corresponding change in Ves. Inherently g gives the speed of a device and

better g, indicates that the device can operate at high speed for logic operations. Moreover, the
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gate transport efficiency is high for devices which are having high g . Transconductance
decides the amplifying capability of the device. A higher amount of gain or amplification can
be obtained by having more g values for analog applications. gm can be calculated by using
equation 4.1.

al
g, = (4.1)

Fig. 4.6(a) depicts the g variations for various Nw and Nt values. It is noticed that for the
lesser nanosheet widths, the value of g_ is less. Higher g values can be obtained by increasing

the nanosheet thickness and width. Due to the peak electron velocity at the source region and

less channel doping in the channel region, higher g is obtained. As the Nw increasing, the
highest increment of 273% in g _ is observed for Nt of 5 nm. Also, the highest increment of
32% in g, is observed for Nw of 10 nm as the Nr increases towards the upper bound. It is
noticed that the improvement in g is due to the raise in drain current for larger Nt and Nw

values.
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Fig .4.7: (a) Transconductance (g, ) and (b) Transconductance generation factor (TGF) values

as a function of Nw for various Nt values.

Transconductance generation factor (TGF = guw/lp), is another crucial analog FOM and it

estimates the efficient use of drain current to obtain the agreeable value of g . It is also taken

as accessible gain per unit power dissipation. The device with more TGF values can be operated

at lower voltages without deteriorating the performance [112]. Also, TGF is used to estimate
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the power required to achieve high speed [52]. The variations in TGF as a function Nw for
various Nt values are depicted in Fig. 4.7(b). As the Nt and Nw values increase, a reduction in
TGF is noticed. In the weak inversion region, higher TGF values are obtained and tend to

decrease in the super threshold region due to velocity saturation.

In addition to the increase in g, an increase in /p is noticed when the Nw and Nr increase due
to the rise in effective width. There is a growth rate of 273% in g, observed when the Nw is
increased from 10 nm to 50 nm. However, the growth rate of 286 % in Ip is observed when the
width is increased from 10 nm to 50 nm, which is more than the growth rate of g _ . This makes
the TGF downfall in spite of the increment in g _ . The highest 8.8% in TGF is observed for Nt
of 9 nm as the N is increased from 10 nm to 50 nm. Also, the highest decrement 8.3% in TGF
is observed for Nw of 50 nm as the Nr is raised from 5 to 9 nm. It can be seen that the

deterioration in TGF is observed for increment in Nw and Nt values of NSFET.
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Fig. 4.8: (a) gas and (b) Maximum gain, Avo values as a function of Nw for various Nt values.

Another essential analog/RF figure of merit is output conductance (gds), and it should be
minimum for good performance of the device. Mostly, the devices incorporated in analog
circuit design are operated at the saturation region. Ideally, in the saturation region, the drain
current is independent of drain voltage. However, because of short channel effects like DIBL,
the variation in drain voltage leads to variations in drain current also. To measure the
dependency of drain current on drain voltage in the saturation region, the parameter gds is
evaluated and for better performance, the gqs values should be as minimum as possible. The gqs

is given by equation (4.2).
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Fig. 4.8(a) depicts gqs variations for various nanosheet width and thickness values. It is clearly
seen that for nanosheet width of 10 nm and thickness of 5 nm outperforms remaining all
variations and can be concluded that for higher values of nanosheet’s width and thickness, the
amplification capacity of the device degrades since ggs is increasing. Moreover, for thicker
nanosheets, ggs is increasing drastically. The highest increment of 431% in ggs is noticed for Nt
9 nm, respectively as the Nw is increased from 10 nm to 50 nm. Also, an increment 101% in

gds 18 observed for Nw of 50 nm as the Nr is increased from 5 to 9 nm.

Intrinsic gain for various Nw and Nr variations is shown in Fig. 4.8(b). It is noticed that with
the increment in Nw, the gain is deteriorating because of the increased dependency of drain
current on drain voltage. Similarly, the higher gain is obtained for thinner nanosheets because
of the decrement in output conductance and enhanced gate electrostatics over the channel. The
highest decrement of 13.1% in gain is observed for Nt of 9 nm as the Nw is increased from 10
nm to 50 nm. Also, the highest deterioration of 14.6% in gain is observed for Nw of 50 nm as
the Nr is increased from 5 to 9 nm. For higher values of Nw and Nr the gain is deteriorating

because of the increment in output conductance.
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Fig. 4.9: (a) Cggand (b) Cgq versus Vgs for various Nw values for constant Nt of 5 nm.

Fig. 4.9(a) and (b) show the Cgg and Cgq variations as a function of Vs for various Nw values
at a constant Nt of 5 nm. Also, Fig. 4.10(a) and (b) depict the Cgg and Cgq variations with Vs
for various Nt values of the nanosheet at a constant Nw of 10 nm. The gate capacitance is the

summation of both Cgs and Cgg, i.€., Cgg = Cgd + Cgs. It can be deduced from Figs. 4.9 and 4.10
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that as the nanosheet dimensions grow, the Cge and Cgd increase due to the increase in effective
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Fig. 4.10: (a) Cggand (b) Cgq values as a function of Vs for various Nt values for constant Nw

of 10 nm.

To analyze a device for its suitability for high frequency applications, it is crucial to consider
the Miller capacitance (Cgq) [39]. Miller capacitances are capacitances between the output and
input that mitigate the device’s gain performance at high frequencies. The crucial FOMs, which

are dependent on Miller capacitances, are discussed further in this chapter.
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Fig. 4.11: (a) fr (b) Intrinsic delay, T values with respect to Nw for different Nt values.

Cut-off frequency (fr) is another important characteristic to consider when evaluating the
device's analog/RF performance. Usually, the fr is derived by taking into account of the
frequency at which the magnitude of current gain is equal to one. The cut-off frequency is

defined as [113], given in equation 4.3.
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fr=—2—  (43)

2n(Cgs+Cga)

From Fig. 4.11(a), the variations in fr are observed from different geometrical variations of
NSFET. It can be seen that with the rise in Nw, the fr followed an increasing manner. As the
Nw and Nr increase, the transconductance, effective width, and capacitance values increase and
cause an increase in cut-off frequency. The maximum increment of 24.6%, in cut-off frequency,
is obtained for Nt of 7 nm Nw increases from lower to upper bound. Also, the highest increment

of 10.8% in fr is observed for Nw of 20 nm as Nr is increased from the lower to upper bound.

The intrinsic delay, T is shown in Fig. 4.11(b). Basically, T can be obtained by taking the product
of'total resistance and total capacitances [114]. 7 is very important FOM to evaluate the device’s
practicality in SOC applications [115]. The intrinsic delay is given by the equation (4.4).

7 = fed¥pD (4.4)
Ion

From equation (4.4), it can be seen that 7 is proportional to the total capacitance Cge and power
supply and is inversely proportional to the /on of the device. It is obvious that as the effective
width of the nanosheet increases, both on current and gate capacitance of the device are boosted
up. As the Nw is increased from 10 nm to 50 nm, there is an enhancement of 4x in Jox and 2x
in Cgg for a fixed Nt of 5 nm. So compared to the improvement in on current, the increment in
the gate capacitance is less. Thus, there is a downfall in T as the Nw ranges from 10 nm to 50
nm. It is noticed that the lowest delay characteristics are obtained for an Nw of 50 nm. The
decrement of 22.5% and 26.5% in 7 is observed for Nt values of 5 nm and 9 nm, respectively
as the Nw raised from 10 nm to 50 nm. Also, the decrement of 12.7% and 17.3% in the T is

observed for Nw of 10 nm, and 50 nm, respectively, as the Nt is increased from 5 to 9 nm.

The TFP is shown in Fig. 4.12(a). TFP is another important analog/RF figure of merit and is
obtained by taking the product of transconductance and cut-off frequency, given by equation

(4.5)[101].
TFP = f—m X fr (4.5)
D
TFP gives the trade-off between bandwidth and power and is used in medium and high-speed

circuit applications [116]. From Fig. 4.12(a), it can be observed that TFP is more for higher Nt

and Nw values because of the increment in cut-off frequency. The highest increment of 17.9%
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and the lowest increment of 14.11% are observed as the Nw is varied from 10 nm to 50 nm for
Nt of 5 nm and 9 nm, respectively. Also, the maximum increment of 5.8% and minimum
increment of 2.4% in TFP are noticed for Nw of 10 nm and 50 nm, respectively as the Nt is

increased from 5 nm to 9 nm.
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Fig. 4.12: (a) TFP and (b) GFP values as a function of Nw for various Nt values.
Gain frequency product (GFP) is another crucial analog/RF figure of merit [117], given by

GFP = I x £, (4.6)
9ds

As the intrinsic gain is the most important parameter for operational amplifiers, GFP is depicted
in Fig. 4.12(b) is used to estimate the performance of operational amplifiers in high frequency
circuit implementations. There is a decrement in GFP observed for increment in Nw and Nt
values. The decrement of 5.5% and of 21% in GFP was observed as the Nw varies from 10 nm
to 50 nm for Nt of 5 nm and 9 nm, respectively. Also, the decrement of 21% and 34% in GFP
are observed for Nw of 10 nm and 50 nm, respectively as the Nt is increased from 5 nm to 9
nm. More deterioration in GFP is observed for higher Nt and Nw values since there is an

increment in the ggs.

The gain transconductance frequency product (GTFP) is very much useful for circuit designers.
GTFP allows the designers to identify the optimum region achieving a good trade-off among
parameters like transconductance, speed, and gain of the device [116]. GTFP is given by

equation 4.7.

GTFP = Ay X TFP = Im xIm £ (4.7)
dds Ip
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Fig. 4.13:(a) GTFP and (b) GBW values as a function of Nw for various Nt values.

The GTFP as a function of nanosheet width for various nanosheet thickness values is depicted
in Fig. 4.13(a). It can be seen that by using less Nw and Nt for nanosheet, higher GTFP can be
achieved. For Nt of 5 nm and 9 nm, respectively, the decrement of 10% and 28% in GTFP were
found when the Nw varied from 10 nm to 50 nm. Also, the decrement of 24% and of 40% in
GTFP is observed for Nw of 10 nm, and 50 nm, respectively, as the N is increased from 5 nm

to 9 nm.

Another crucial analog/RF FOM is the gain bandwidth product (GBW) which is used to
evaluate device efficiency in high frequency applications. GBW can be calculated by the

following equation 4.8 [117].

GBW = —Im (4.8)
20mCgq

From Fig. 4.13(b), it can be seen that as the width and thickness increase, the increment in GBW
is observed since it is proportional to transconductance (gm). Miller capacitance or gate to drain
capacitance (Cgq) increases with increment in width and thickness values. However, the
improvement in GBW is observed because of a large improvement in gm compared to Cgd. An
increment of 23.8% and 24.7%, in GBW is observed for thickness values of 6 nm and 9 nm
respectively as the Nw is increased from 10 to 50 nm. Moreover, an increment of 10.93% and
12.2% in GBW is observed for Nw of 30 nm and 40 nm respectively as the Nr is increased from
5to 9 nm. The comparison of DC and analog/RF metrics with existing literature is given Table.

4.2.
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Reference Ion Iorr IoN/IoFr SS DIBL | gm(S) Jr
(mV/dec) | (mV/V) (GHz)

[50] 6.8x10° | 6.7x10"12 A | 2.3x107 71 22.8 - 404
A

[118] 16.6x107 | - - - 32 78x107 | 607
A

[119] 2.37x107 | 1.15x1071° | 2x10° 70.89 - 5.4x10° | 3790
Al/pm Al/pm 3

[51] 832 13.3 6.3x10* | 74 - - -
HA/um nA/um

This work | 2.45x10% | 1.24x107'* | 1.98x10° | 62.48 31.81 2E-4 300
A A

Table 4.2: Comparison of DC and analog/RF metrics with existing literature.

4.3.3. Geometry Influence on Circuit Applications of GAA NSFET.

In this section, the impact of nanosheet width on the inverter and ring oscillator’s performance

is analysed by performing the SPICE simulation using look up table-based Verilog-A model
[39]. The flow of the SPICE simulation is shown in Fig. 4.14. Also, the matching of TCAD

with Cadence data is shown in Fig. 4.15.

Design the device in

TCAD

N

Symbol creation and
Circuit level simulation
with Cadence Virtuoso

platform

~
Perform steady state
and AC simulations
using GENIUS device
simulator

_

Verilog-A model
preparation using Ip
(Ves:Vps) and Cgs,Cygq
(Ves:Vps)

Workbench simulation
for look up table (LUTs)
generation in
VISUALFAB

Use python script to
generate LUTs from dc
and ac simulation
results

Fig. 4.14: Flow chart of Verilog-A model creation and SPICE simulation.
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Fig. 4.15: Calibration of TCAD data with Verilog-A model.

Initially, the device is designed using the Visual TCAD tool [55]. On top of that, the DC and
AC characteristics are obtained using the Visual Fab parallel simulation platform. From the
obtained characteristics, the look up tables are prepared using the format shown in Fig. 4.16.
By using the look up tables and Verilog - A model, the symbol is created in the Cadence

Virtuoso tool [120] and is further used in schematic diagrams.

IpVgs-NSFET.thl Verilog - A code

Vos Ves 'p ‘ ‘include "constants.vams”
‘include "disciplines.vams"

module NSFET(d,qg,s);

; i i inout d,g,s;

3 electrical g,d,s;

real Ids, Cgs, Cgd, Qgs, Qgd, Qg;
real VgsEff;

integer out_file;

parameter real W=1;

Cgd-NSFET.tbl

— analog begin
Vs ! Vgs cgd

Ids=$table_model(V(d,s), (V(g,s)), "IpVes-NSFET.tbI","1LL,1LL");
Cgd=$§table_model(V(d,s), (V(g,s)), "Cgd-NSFET.thl","1LL,1LL");
Cgs=$table_model(V(d,s), (V(g,s)), "Cgs-NSFET.thI","1LL,1LL");

i if(analysis("dc")) begin
- I(d,s) <+ 1°Ids*W;
end
else begin
if(analysis("tran“)) begin
Qgd = (W*1*Cgd)*(V(g,d));
Cgs-NSFET.tbl Qgs = (W*1"Cgs)*(V(g,s));
0 Qg=Qgs+Qgd;
vds | vgs cgs I(d,s) <+ 1*Ids*W ;
— I(d) <+ ddt(-1*Qgd);
I(s) <+ ddt(-1*Qgs);
I(g) <+ ddt(Qg);
end
end

end
endmodule

Fig. 4.16: Look up table format (left) and Verilog-A code for symbol creation (right).
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Fig. 4.17: (a) Inverter schematic diagram (b) transient response of inverter for Nw = 10 nm

and Nt = 5 nm.

Fig. 4.17(a) depicts the schematic of the inverter diagram. In the inverter diagram, Vpp is the
supply voltage, Vin and Vou are the input and output voltages, respectively. The transient
response for Nw of 10 nm is shown in Fig. 4.17(b). For digital applications, it is important to
evaluate the parameters like propagation delay (tp), energy delay product (EDP), switching
current and noise margins to estimate the digital performance of the device. For the designed

inverter, these parameters are calculated and compared the performance variations for Nw of

10 nm and 50 nm at a constant Nt of 5 nm.

Various transient and dc responses of the inverter are simulated using Cadence Virtuoso
platform. The load capacitance CL is taken as the sum of Cgg of both N-NSFET and P-NSFET
[73]. The transient response of the inverter is shown in Fig. 4.17(b) for the time of 5 ps.
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Fig. 4.18: (a) Propagation delay (tp), EDP and (b) Switching current of inverter for different

Nw at constant Nt of 5 nm.
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Fig. 4.18(a) shows the propagation delay of the inverter for Nw of 10 nm and 50 nm. The overall
propagation delay (tp) obtained by considering the formula shown in Fig. 4.18(a) [72]. Where
CvL is the load capacitance, | is the average current in the circuit. As tp o Cp X (1//on (N-NSFET)
+ 1/lon (P-NSFET)), with the increment in Nw, both I and Cr will increase. However, the
relative increment in I is higher compared to that of Cr and causes decrement in tp. From the
result analysis, it is noticed that as the Nw increases from lower to upper bound, the 1, decreased
by 37%. Fig. 4.18(a) also shows EDP of the inverter for different Nw values. An increment of

2.5x is noticed in EDP as the Nw increases towards its upper bound.

Fig. 4.18(b) depicts the switching current (/sc) of inverters for Nw values 10 nm and 50 nm.
The inverter with higher Nw is delivering more switching current and an increment of 4.73x is
observed in peak switching current with Nw of 50 nm. Also, the static current (at Vin =0V, Vi
= Vpp) is less than 10 pA and offers much lower static power dissipation and energy efficient.
Moreover, the switching threshold (»m), which is the point where Vin = Vout is much closer to

ideal value which is 0.5 V.
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Fig. 4.19: (a) Transfer characteristics of inverter for various Vpp values (b) NM as a function

of Nwat V'bpp=1V.

Fig. 4.19(a) shows the DC response for various supply voltages (Vpp) for Nw of 50 nm. It is
noticed that as the Vpp is decreasing, the Vv is shifting towards the left and affecting the
switching characteristics. Fig. 4.19(b) shows the noise margins (NM) for different nanosheet
widths. The noise margin low (NML) and noise margin high (NMH) are calculated using the
formulas shown in Fig. 4.19(b). V1L and Von are the input voltages where the gain of inverter

(dVou/dVin) = -1 [121]. It is found that the NM followed the threshold voltage and gets

62



decrement with raise in Nw. Also, the noise margin is higher than its ideal value (Vpp/2) by

83% for Nw of 50 nm which is good for static logic applications [122].
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Fig. 4.20: 3- stage ring oscillator (RO).

Fig. 4.20 shows the 3-stage Ring oscillator (RO) in which all the load capacitances are assumed

as same. Initially, an input of ‘0’ V was forced to initiate the oscillations.
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Fig. 4.21: 3- stage ring oscillator transient response for (a) Nw of 10 nm and (b) Nw of 50 nm.

From Fig. 4.21(a) and (b), it is observed that the frequency of oscillations (fosc) is increasing
with the width of nanosheet. As the 1, decreases with the increment in Nw, the fosc increases
with width. There is an increment of 46.5% is observed for Nw increment from 10 nm to 50 nm
due to higher Ion. As a result of the foregoing research, greater widths assure device flexibility
for high-speed applications. The comparison of fosc with existing literature is shown in Table.

4.3.
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Reference Number of stages | fosc (GHz) Technology node
[123] 3 52.44 22

[124] 3 6.02 90

[125] 3 41.10 30

[126] 3 2.45 180

[127] 9 9 50

This work (Nw=10nm) | 3 36.77 5

This work (Nw =50 nm) | 3 53.86 5

Table. 4.3: Comparison of fosc with existing literature

In this chapter, the DC and analog/RF performance of NSFETs is investigated in this research
by altering the geometry of each nanosheet at 5 nm technology node. As the Nt and Nw are
raised, there is an increase in both lon and lorr. The optimum values for switching ratio, DIBL,
and SS are obtained for lower values of Nw and Nt1. However, analog/RF FOMs like gm, gas, fT,
TFP, and GBW are more for higher Nw and Nt values of NS. These results will give an
understanding of DC and analog/RF performance of NSFET with geometrical variations of the
device. Moreover, the circuit performance assessed for circuits like inverter and 3-stage RO
and found that with the increment in width, the propagation delay gets decremented and fosc
increases. These results will give performance insights of GAA NSFET at both device level

and circuit level.
4.4. Conclusion

1. As the Nt and Nw are raised, there is an increase in both /ox and lorr. The optimum values

for switching ratio, DIBL, and SS are obtained for lower values of Nw and Nr.

2. Analog/RF FOMs like gm, gds, /1, TFP, and GBW are more for higher Nw and Nt values of
NS.

3.The circuit performance assessed for circuits like inverter and 3-stage RO and found that with
the increment in width, the propagation delay gets decremented and fosc increases. Thus, the

results will give performance insights into GAA NSFET at both device level and circuit level.
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Chapter-5

Temperature Assessment of Nanosheet FET for CMOS

Circuit Applications

5.1 Introduction

Temperature has a huge impact on the performance of nanoscale devices as they are very much
sensitive to thermal variations. Due to a variety of electronic applications in industries such as
military, automotive, nuclear, satellite communication, space, infrared detectors, and terrestrial
systems that are extremely temperature dependent, it is highly essential to analyse the device’s
behaviour at elevated temperatures. The fundamental building elements in the majority of the
aforementioned applications are logic gates and analog circuits. As the transistor is the building
block of any circuit, the performance of the circuit also varies significantly owing to the
variations at the device level. This contribution assesses and compares the NSFET performance
at elevated temperatures ranging from 25°C to 200°C with high-k gate stack. Section 5.2
presents the device dimension details. The result analysis of section 5.3.1 presents the impact
of temperature on DC and analog/RF performance with variations in temperature. Section 5.3.2

deals with the circuit performance variations at different temperatures.

5.2. Device Structure and Simulation Methodology

o5

Plane Material
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Bvicride

P | Hsio
Mo
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)
3x10¢ \‘,’“

““‘-‘e(\ SO2

(a) (b)

Fig 5.1: (a) 3-D view of NSFET representing stacked nanosheets, (b) 2-D cross-section view
of NSFET.
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Figure 5.1(a) and (b) depict the 3D and 2D schematic views of NSFET along with the materials
used. Various device parameters used for NSFET are depicted in Table. 5.1. The calibration of

the device is performed as given in section 3.2.

Parameter NSFET
Gate length (nm) 16
Source/Drain length (nm) 12
Nanosheet width (nm) 10
Nanosheet thickness (nm) 5

Source/Drain doping (cm'3)

10" (donor)

Channel doping (cm™) 10"° (acceptor)
Work function (eV) 4.5159
EOT (nm) 0.78
Spacer length (nm) 5
Effective width (nm) 60
Temperature 25°C -200°C

Table. 5.1: Design parameters for NSFET.
5.3. Results and Conclusions

5.3.1 Impact of Temperature on DC and Analog/RF Metrics of NSFET

This section describes the various SCEs and transfer characteristics of the two stack nanosheet
FET with temperature variations from 25°C to 200°C. The impact of temperature is studied on
various crucial DC metrics like off current (/orr), on current (lon), switching ratio, DIBL,

threshold voltage (V) and SS.
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Fig. 5.2:(a) Contour plot for electron mobility of NSFET at 25°C and 200°C and (b) electron

mobility at different temperatures.

Fig. 5.2 (a) depicts contour plots of the electron mobilities of NSFET at 25°C and 200°C. Also,
Fig. 5.2 (b) depicts the relation between temperature and mobility for different temperatures. It
can be observed that as temperature increases its highest bound, the mobility gets degraded
severely due to scattering phenomena [54], [128]. The highest fall of 69% was observed for

electron mobility as temperature increased from 25°C and 200°C.
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Fig. 5.3: (a) Transfer characteristics and (b) Zon and Jorr of NSFET at different temperatures.

Fig. 5.3(a) depicts the Ip-Vgs characteristics NSFET for various temperatures at Vps = 0.7 V.
The relation between temperature and drain current is given in [129], and is shown in equation

5.1.
In(t) = u(T)[Vas—Vu(T)] (5.1)

The mobility term (u) is deteriorated at high temperatures and causes a reduction in on current.
However, the term (Vgs-Vin) improves since Vi decreases as temperature increases. The

opposite effects of these two dependent factors are neutralized at a certain voltage, called zero
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temperature coefficient (ZTC) or temperature compensation point (TCP), and is used in IC
applications. At this point, the drain current is the same and is independent of variations in
temperature [130]. This point is very much required to avoid the disadvantageous effects of
temperature on the performance of the device. The TCP is identified at Vos =0.47 V and Ip =
2.99 pA.

Fig. 5.3(b) depicts variations in lon and lorr with respect to temperature. As temperature
increases, the phonon scattering phenomena and lattice vibration play the dominant role and
decreases the on current. The increment in /orr is mainly due to the increment in intrinsic carrier

concentration (7;), which causes to rise in both generation and diffusion currents [54].
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Fig. 5.4: (a) lon/lorr (b) SS, DIBL and V¢ of NSFET at different temperatures.

Fig. 5.4(a) depicts the Ion/lorr values at different temperatures. It is observed that as
temperature increases, lon/lorr tends to fall due to the increment in off-state current, /orr. Fig.
5(b) depict SS, DIBL and Vi, values at different temperatures. According to the constant current
method, Vi, extracted at Wes/Lg x1077 A. Where Wer is the number of stacked nanosheets
multiplied by the perimeter of the nanosheet. It is noticed that as temperature rises, a fall in Vi,

is observed and found that dVu/dT is -0.41mV/°C as shown in Fig. 5.4(b).

Subthreshold swing (SS), gives the value of the required change in gate voltage to get a change
of one decade in drain current. To evaluate device performance towards low power applications,
SS acts as one of the critical metrics [98]. For optimum subthreshold behaviour, the lowest SS
values are required. Fig. 5.4(b) shows variations of SS as a function of temperature, which is
varied from 25°C to 200°C. The SS tends to increase with the rise in temperature due to the
increment in Iorr. An increment of 63% in SS is noticed when the temperature increases towards

its upper bound. At high temperatures, the degradation in subthreshold performance is noticed.
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Drain induced barrier lowering (DIBL) is another crucial metric of short channel performance,
and for the transistor to function well in the subthreshold region, minimum DIBL values are
recommended. Fig. 5.4(b) depicts DIBL variations for various temperatures. It is observed that
DIBL values are increasing with rise in temperature due to the degradation of leakage currents.

An increment of 2.6x is noticed for DIBL when temperature increases towards 200°C.
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Fig. 5.5: (a) Output characteristics and (b) Avo and gm of NSFET with temperature.

Fig. 5.5(a) shows the drain characteristics at different temperatures. Further, as temperature
increases, the drain current tends to degrade because of scattering phenomena. The intrinsic

gain (Avo) and transconductance (gm) are depicted in Fig. 5.5(b). The g,, is calculated by taking

the derivate of drain current with respect to gate voltage, i.e., g,, = [13 1]. Also, the intrinsic

gain is calculated using the formula Avo = gg_m [132]. Both Ao and gm are degraded with respect
d

to temperature due to the degradation of on current. Moreover, the deterioration of 42% and

41% in Avo and gm are noticed, respectively, as the temperature increases from 25°C to 200°C.
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Fig. 5.6: (a) Cgg, Cga (b) cut-off frequency (f7), intrinsic delay (1) of NSFET at various

temperatures.
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The Cgq and Cggz of NSFET are shown in Fig. 5.6(a) for different temperatures. With the rise in
gate voltage, the capacitance values are increased. Moreover, it is noticed that the capacitances
have positive and negative temperature coefficients for lower and higher gate voltages,
respectively. This might be explained by the fact that when the temperature rises, surface
potential decreases. Fig. 5.6(b) depicts cut-off frequency (f7) with temperatures ranging from
25°C to 200°C. The fris calculated using equation 4.3. It can be seen that the f7is dependent on
both g,, and gate capacitances [133]. With the rise in temperature, fr tends to decrease and a
decrement of 37% is noticed when temperature increases to 200°C because of severe

degradation in g,,.

Intrinsic delay (t), is another crucial analog metric and which helpful in evaluating the device
feasibility in practical SOC applications [117]. The 1 is a function of gate capacitance, drive
voltage and the drain current. Equation 4.4 is used to calculate the 7 value. It is obvious that to
have lower t, lower Cg, values are preferred. Fig. 7(b) depicts intrinsic delay (t) variations with
temperature. An increment of 47% was observed in T when the temperature increased to 200°C

due to the decrement of drain current with respect to temperature.
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Fig. 5.7: (a) TFP and (b) GFP of NSFET at various temperatures.

Another significant analog/RF FOM is the transconductance frequency product (TFP) [97],
which is derived using equation 4.5. TFP provides the trade-off between bandwidth and power
and is employed in high- and medium-speed circuit applications. Fig. 5.7(a) depicts TFP as a
function of temperature. As the temperature increases toward 200°C, a decrement in TFP is

observed. A decrement of 42% as temperature increases from 25°C to 200°C at Vgs = 0.7 V.

Gain frequency product (GFP), another significant analog/RF figure of merit, is calculated

using equation 4.6. The performance of analog amplifier circuits in high frequency applications
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is estimated using GFP [101], as shown in Fig. 5.7(b). As temperature increases, GFP tends to
decrease, and a maximum decrement of 15% is observed when temperature increases from
100°C to 125°C. Also, a minimum change of 11% in GFP is observed when temperatures

increase from 175°C to 200°C.
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Fig. 5.8: (a) GTFP and (b) GBW of NSFET at various temperatures.

Gain transconductance frequency product (GTFP) is obtained by multiplying the TFP with gain.
Moreover, GTFP enables designers the freedom to choose a zone where parameters like the
device's gm, delay, and Avo can be traded off favourably [101]. GTFP is given by equation 4.7.
For various temperatures, the GTFP is shown in Fig. 8(a). Due to the fall in Ay, the GTFP
tends to degrade with the rise in temperature. A maximum fall of 66% in GTFP is noticed as

temperature increases from 25°C to 200°C.

Fig. 5.8(b) shows the GBW of NSFET at various temperatures and is calculated by using
equation 4.8. The device's efficiency towards high-frequency circuits can be assessed using
GBW. 1t is noticed that GBW tends to fall with a rise in temperature. Moreover, the GBW
followed the g,, trend, which is obvious from equation 4.8. A decrement of 37% in GBW is
observed when the temperature increases to 200°C due to the decrement of transconductance

with temperature.
5.3.2 Impact of Temperature on Circuit Applications

The impact of temperature on the CMOS inverter is studied in this section in detail. The circuit
simulations are carried out using the Cadence platform [120] through the lookup table-based

Verilog-A model, as given in section 4.3.2.
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The schematic of CMOS inverter is depicted in Fig. 5.9(a). Where Vpp is the supply voltage,
Cv is the load capacitance, Vin and Vou are the input and output voltages of the inverter,
respectively. The transient responses at 25°C and 200°C are depicted in Fig. 5.9(b) and (c),

respectively. The propagation delay (tp) of the inverter is calculated using the formula, 7, =
CL;/%[D]. It is noticed that as the temperatures increase, the inverter propagation delay

degrades. An increment of 91% in tp is noticed as the temperature increase from 25°C to 200°C.
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Fig. 5.9: (a) Schematic of the inverter, transient response of inverter at (b) T = 25°C and (c) T

=200°C.
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Fig. 5.10: (a) Output characteristics of inverter at different temperatures and (b) Gain of the
inverter at 25°C and 200°C.

The output characteristics of the inverter at various supply voltages are shown in Fig. 5.10(a).
It is observed that as temperature increases, the output characteristics tend to degrade due to the
degradation of on current. Further, the gain (dVou/dVin) of the inverter is depicted in Fig. 5.10(b)

at various Vpp. It is noticed that the gain of the inverter deteriorates as the temperature increases
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towards 200°C due to the reduction in mobility at high temperatures. Furthermore, the gain

degraded by 49% from 25°C and 200°C at Vpp=1 V.

— Voo

C 1 G
a b el
E J__EJ I__1 :Eu l_. :TE:La

= Gnd

Fig. 5.11: Schematic of the 3-stage ring oscillator.
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Fig. 5.12: Transient response of RO at 25°C and 200°C.

Three-stage ring oscillator (RO) is shown in Fig. 5.11, where it is assumed that all load
capacitances are equal. In the CADENCE simulator, ‘0’ V was initially forced to start the
oscillations. The transient response of RO is depicted in Fig. 5.12 at Vpp = 1 V. As the
temperatures increases, degradation of the oscillation frequency (fosc) is noticed. At 25°C, the
foscis 43.4 GHz, whereas the fosc deteriorated to 27.08 GHz at 200°C. The results will give deep

insights into the performance of NSFET at elevated temperatures.
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In this chapter, the DC and analog/RF performance analysis of 3D vertically stacked NSFET is
analyzed at elevated temperatures from 25°C to 200°C. It is observed that with the increment
in temperature, deterioration in Ion is observed due to the mobility reduction. Also, the Ion/IoFr,
SS and DIBL are degraded with increment in temperature. Moreover, analog/RF FOMs
comparison is presented with variations in temperature. With the rise in temperature, analog/RF
FOMs like gm, Avo, fr, GBW, GFP, GTFP and TFP have deteriorated. Further, the CMOS
inverter and ring oscillator performance analysis was presented at different temperatures using
the Verilog-A model. As the temperature increases, the propagation delay and gain of the
inverter are degraded and offer less performance. Also, the oscillation frequency of ring
oscillator degraded as temperatures increased to 200°C. These results will give deep
understanding of the performance of NSFET at both device and circuit levels at elevated

temperatures.

5.4. Conclusion

1. It is observed that with the increment in temperature, deterioration in /o is observed due to
the mobility reduction. Also, the Ion/lorr, SS and DIBL are degraded with increment in

temperature.

2. Analog/RF FOMs comparison is presented with variations in temperature. With the rise in

temperature, analog/RF FOMs like gm, Avo, fr, GBW, GFP, GTFP and TFP have deteriorated.

As the temperature increases, the propagation delay and gain of the inverter are degraded and
offer less performance. Also, the oscillation frequency of the ring oscillator degraded as

temperatures increased to 200°C.
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Chapter-6

A Comprehensive Analysis and Performance Comparison

of CombFET and NSFET for CMOS Circuit Applications

6.1 Introduction

In previous chapters, the NSFET design and its performance at both device and circuit levels
were demonstrated. As it can be seen that the NSFET offers more electrostatic integrity over
the channel since the gate covers the channel in all directions. NSFETs can be fabricated by
making minimal changes to the existing FInFET fabrication technology, and patterning
difficulties related to lower technology nodes can be reduced. Under the same footprint (FP), a
substantial boost in performance is achieved through NSFET compared to FinFET by offering
a better Weg/Cefr trade-off and good electrostatics. Moreover, it is shown that by varying the
nanosheet width, the power performance trade-offs in logic can be optimized. This can be
achieved by fine tuning of NS width, which is enabled by the Extreme Ultraviolet Lithography
(EUV) process. Also, 30% more Wesr can be achieved by using stacked NSs compared to
FinFET under the same FP.

However, to continue the scaling, the effective area (Werr) per footprint (FP) (Wes/FP), needs
to be reduced, which affects the performance of the device with scaling. Thus, there is a need
to improve the device’s on current without increasing the FP by using device engineering such

as structural engineering and high-k gate stack engineering.

This chapter proposes a modified NSFET to enhance the drive current for sub-5 nm technology
nodes. The modification is done to the existing NSFET by implementing the Fin-shaped inter
bridge between the NSFET channels which is also known as comb-like channel field effect
transistor (CombFET). To enhance the performance further, high-k gate stack is implemented
to CombFET, which none has explored yet. The performance of CombFET and nanosheet FET
(NSFET) is addressed at both device and circuit levels at the 5-nm node with the high-k gate

stack.
6.2 Device Structure and Simulation Parameters

The NSFET and CombFET devices are designed according to International Roadmap for

Devices and Systems (IRDS). The gate length of 16 nm and spacer length of 8§ nm were
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considered according to IRDS criteria [134]. The device structures of both NSFET and
CombFET are shown in Fig. 6.1. The process flow of CombFET is depicted in Fig. 6.2.
Initially, the bulk silicon wafer is considered, and SiGe/Si epitaxy is formed. Further, the IB is
formed by spacer defined Fin patterning through Fin side selective epitaxy [75]. After that, the
second SiGe epitaxy is formed, followed by chemical mechanical polishing (CMP) and the
second Si epitaxy. Hence, the IB is created between the two NSs. The Comb teeth are supported
by the fin side of CombFET. After that, the dummy gate, spacer formation and source/drain
deposition is done. The SiGe sacrificial layers are removed, and the process ends with the back
end of line (BEOL) process. The device's geometrical parameters and their dimensions are

presented in Table 6.1. The calibration of TCAD is performed as given in section 3.2.

Fig. 6.1: 3-D and 2-D cross-sectional views of (a) NSFET and (b) CombFET.

Starting material : Bulk Silicon wafer
SiGe/Si epitaxy

Spacer defined interbridge formation
SiGe & CMP/Si epitaxy

Spacer defined Fin patterning
Dummy gate patterning

Spacer formation

Source/drain deposition and Annealing
ILDO deposition and CMP

Si Nanosheet formation by SiGe etch
HKMG formation

Contact formation

(c)

Fig. 6.2: Process Flow of CombFET [75], [135].
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Device parameter NSFET | CombFET
Gate Length (Lg) 16 nm 16 nm
Nw 15 nm 10 nm
Nt 5 nm 5 nm
Width of Interbridge (Wig) - 5-9 nm
Height of Interbridge (His) - 10-30 nm
EOT 0.78 nm | 0.78 nm
Spacer dielectric Nitride Nitride
Length of spacer 8 nm 8 nm
Source/drain doping 1x10% | 1x10%
cm’ cm’
Channel doping 1x10% | 1x10"
cm’ cm’
Gate work function 4346eV | 4.367eV

Table. 6.1 Device Parameters.
6.3 Results and Conclusions

6.3.1 DC and analog/RF FOMs Analysis of both NSFET and CombFET

In this section, the detailed DC and analog/RF performance comparison for both NSFET and
CombFET has been made in this section. The DC performance metrics like ON current (Zon),
subthreshold swing (SS), drain induced barrier lowering (DIBL) are discussed. Further, the
crucial analog metrics like transconductance (gm), transconductance generation factor (TGF),
output conductance (gqs), intrinsic gain (gm/gds), cut-off frequency (f1), and intrinsic delay (tp)

are discussed.

Fig. 6.3 depicts the various contour plots for both NSFET and CombFETs. The higher electron
mobility is observed in the channel region for both FETs, as seen in Fig. 6.3(a). The contour
plots for potential along the lateral direction are shown in Fig. 6.3(b). The higher potential is
noticed at the drain end for both FETS due to the applied drain voltage [98]. For CombFET,
slightly higher potential was observed in the channel region compared to the NSFET because
of more charge density in the channel region [135]. The electric field variations in the vertical

cross-sectional view are shown in Fig. 6.3(c). Compared to NSFET, the more electric field is
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noticed in CombFET. The larger E filed resulted in CombFET because of more charges in the

channel region [135].

elec mobllitytcm2/V/s)
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Fig. 6.3: Contour plots of both NSFET and CombFET for (a) electron mobility, (b) potential,
and (c) electric field in ON state.

Fig. 6.4(a) depicts the transfer characteristics at various drain voltages for both NSFET and
CombFET. For a reasonable assessment of both FETs, the lorr is matched at 250 pA [136]. It
can be noticed that the ON current is significantly higher for CombFET than NSFET. As the
more effective width can be achieved at the same footprint, the CombFET offers more ON
current compared to NSFET. Fig. 6.4(b) depicts output characteristics at different gate voltages
for both NSFET and CombFET. Evidentially, the /p decreases as the gate voltage decreases.

Moreover, CombFET offers more drain current compared to NSFET.
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Fig. 6.4: (a) Ip-Vssand (b) Ip-Vps for both NSFET and CombFET at different voltages.

The SS, DIBL and Ion values are depicted in Fig. 6.5(a). It is noticed that DIBL and SS values
are slightly higher for CombFET than NSFET. The SS degrades slightly due to the lower area-
volume ratio in the channel area, which reduces the electrostatic integrity of the gate marginally.
Further, the increment in DIBL is owing to the fact that the gate control is less in the IB area

because of the trade-off between gate controllability and the tunneling area [135]. There is an
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increment of 1.2% and 3.7% noticed in SS and DIBL from NSFET to CombFET at the same
OFF current. The /o is calculated at V'ps = Vgs = 0.7 V. An increment of 42% was observed in

Ion from NSFET to CombFET due to the presence of the IB.
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Fig. 6.5: (a) SS, DIBL and /on, (b) gm and TGF for both NSFET and CombFET.

alp | . . . . .
2) is a crucial metric to assess the speed of the device. Higher gm
GS

Transconductance (gm-—-

values are preferred for the device to use in high speed applications. Fig. 6.5(b) depicts the gm
for both FETs at V'ps = 0.7 V. The higher gn, is obtained for CombFET because of the high ON
current. At Vps = Vgs = 0.7 V, an increment of 1.5x in gn, is noticed from NSFET to CombFET.

The transconductance generation factor (TGF = “‘i—m) is another important metric, and it evaluates
D

the optimum use of Ip to get the acceptable value of gm. Also, to operate the device at lower

voltages without compromising performance, greater TGF values are desirable [101]. The TGF

is shown in Fig. 6.5(b). For both NSFET and CombFETs, almost similar TGF is observed. The

TGF tends to degrade with the rise in Vgs, since the drain current gets saturated at higher gate

voltages.

The output conductance (gds =£/i) values of both FETs are depicted in Fig. 6.6(a). Lower ggs
DS

values are favoured for better performance of the device [131]. The drain current should be
invariant with the drain voltage in the saturation area. However, due to SCEs, the drain current

modifies slightly with Vps, and is measured using ggs values. From Fig. 6.6(a), slightly lower

g4s values are obtained for NSFET compared to CombFET. The intrinsic gain (Avo = i—m ) is
ds

another important analog metric and measures the device's amplification capability [133]. Fig
6.6(a) depicts the Avo with Vgs for both NSFET and CombFET at Vgs = 0.7 V. The Avo is
marginally higher for NSFET due to the lower ggs.
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Fig. 6.6: (a) Output conductance (gqs) and intrinsic gain (Avo) (b) Ion/Iorr and Q for both
NSFET and CombFET.

Fig. 6.6(b) depicts the switching ratio ({on/lorr) for both NSFET and CombFET at a fixed OFF
current of 250 pA. It is observed that the switching ratio is more for CombFET compared to

NSFET due to the higher Ion. Also, a significant increment of 42% in Ion/lorr is observed from

NSFET to CombFET. Further, the ON-OFF performance metric, Q (Q = i—’:) is another

important metric which estimates the device’s performance by combining the effect of both
analog and DC metrics [109]. The highest CombFET exhibits the highest Q values of 5.13 mS-
dec/mV, which is 46% higher than NSFET. This superior performance in Q is obtained because
of the high ON current for CombFET.

The gate to source capacitance (Cgs) and gate to drain capacitance (Cgq) are two essential
parameters of the device. The Cgq is also known as feedback capacitance or miller capacitance.
The capacitances are evaluated at the frequency of 1 MHz [97] and are shown in Fig. 6.7(a).
Both Cgs and Cgq tend to increase with the rise in gate voltage. Also, compared to NSFET,
CombFET exhibits higher capacitances due to the broader area of the channel. The total gate
capacitance (Cgg), Where Cgg = Cga + Cgs, is another essential characteristic to measure
analog/RF performance. The Cg, is also higher for CombFET than NSFET, as depicted in Fig.
6.7(b).
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Fig. 6.8: (a) fr and t, and (b) TFP and GFP for both NSFET and CombFET.

dm

The cut-off frequency (fT =~ 217(C—d+C)
g gs

) inherently gives the device's speed and is a

significant parameter while characterizing the device in RF and microwave applications [137].
It is also termed as the frequency, where the short circuit current gain is one. Higher fr values
are preferred for high speed applications. Fig. 6.8(a) depicts the fr values for both NSFET and
CombFET at Vgs= 0.7 V. While moving from NSFET to CombFET, 30% more fr is obtained

CagVDD. . .. .
glg ) is another critical metric that
ON

due to the higher /on. Further, the intrinsic delay (7 =

gives the device's delay performance [138]. The 1 is dependent on total gate capacitance, supply
voltage and ON current. Lower t values are preferred for the optimum performance of the
device. From Fig. 6.8(a), it can be seen that CombFET outperforms with a delay of 0.675ps and
a delay decrement of 20% attained using CombFET compared to NSFET under the same FP.

Transconductance frequency product (TFP = gl_m X fr) is another important metric and is used
D

in high-speed applications [138]. The TFP inherently provides the relation between the
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bandwidth and power of the device. TFP as a function of Vs for both NSFET and CombFET
is depicted in Fig. 6.8(b). The CombFET offers higher TFP than NSFET because of high f;

provided by CombFET. Further, the gain frequency product (GFP = ZTm X fr) is presented in
Fig. 6.8(b). GFP [117] is widely used to measure the performance of high speed applications

such as operational amplifiers. The CombFET exhibits higher GFP than NSFET due to the
higher gain offered by CombFET.
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Fig. 6.9: GTFP and GBW for both NSFET and CombFET.

Fig. 6.9 depicts the gain transconductance frequency product (GTFP = j—m X ‘z—m X fr), which
ds D

is a very valuable metric for circuit designers. It offers the trade-off between gain,
transconductance and speed of the device [117]. The CombFET exhibits higher GTFP than
NSFET because of its high cut-off frequency and transconductance. Further, the gain bandwidth

product (GBW = #) is another crucial analog/RF metric, which is useful to assess the
gd

efficiency of the device in high speed applications [117]. The GBW for both NSFET and
CombFET is shown in Fig. 6.9. The CombFET offers more GBW because of its higher gm.

6.3.2 Impact of Interbridge Width (Wig) on the Performance of CombFET

In this section, the Wi is varied from 5 nm to 9 nm to evaluate the impact of Wig on the
performance of CombFET. The Hig is considered as 30 nm and performed the simulations. Fig.
6.10 shows the Ip-VGs characteristics in both linear and log scales with variations in Wig at Vps
= 0.7 V. It is observed that with the rise in VGs, the drain current tends to increase due to an
increment in carrier density. Further, Fig. 6.10 (b) depicts the Ip-Vps characteristics at Vgs =

0.7 V. The drain current tends to rise with an increment in drain voltage, as seen in Fig. 6.10

(b).
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Fig. 6.11: (a) Iox and Iorr (b) SS, DIBL and Ion/Iorr for various Wig values.

Fig. 6.11(a) depicts the /on and lorr for various Wig values. It is noticed that as Wig increases,
both /on and Jorr are increased. The increment in /on is due to the increment in channel area
[135], and an increment of 18% is noticed in Jon with the increment of Wig from 5 nm to 9 nm.
Further, an increment in lorr is noticed owing to the marginal degradation of gate control with
an increment in Wis. As a result, the /orr increased by 5.8x from 5 nm to 9 nm of Wis. The
DIBL and SS values are depicted in Fig. 6.11(b) for various Wig. As the Wi increases, both
DIBL and SS are increased owing to the deterioration of gate electrostatic integrity on the
channel. Further, the lon/lorr values as a function of Wig are shown in Fig. 6.11(b). As the
percentage increment in /on is lower than that of increment in /orr, the Ion/Iorr ratio tends to

degrade with the rise in Wig and is depicted in Fig. 6.11(b).
6.3.3 Impact of Interbridge Height (Hig) on the Performance of CombFET

The height of the interbridge (His), is another crucial dimensional metric as the device with

larger Hig values can generate high on current. To assess the impact of Hig on the electrical
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performance of CombFET, the Hig is varied from 10 nm to 30 nm with a step of 5 nm. The
transfer characteristics (/p-Vgs) and output characteristics (/p-Vps) are depicted in Fig. 6.12 (a)

and (b), respectively. It is observed that with the rise in Hig, the drain current tends to increase

as the effective channel area increases.
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Fig. 6.12: (a) Ip-VGs and (b) Ip-Vps for various His values.

The /o~ and lorr as a function Hig are shown in Fig. 6.13(a). As the Hip increases towards 30
nm, the o also gets increases owing to the increased effective width of the channel. Moreover,
an increment of 84% in /o is observed when the Hig increases from 10 nm to 30 nm. Further,
the lorr also rises with increment in Hig due to the more electron tunnelling area in the off state.

An increment of 47.5% in Iorr is observed from 10 nm to 30 nm.
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Fig. 6.13: (a) lox and lorr (b) SS, DIBL and Jon/Iorr for various Hig values.

The switching ratio (lon//orr) variations with Hig are shown in Fig. 6.13(b). It is noticed that
the Jon/Iorr values tend to increase with increment in Hig due to the more increment in /ox than
in the Iorr. Thus, His with 30 nm offers good performance towards switching applications

compared to 10 nm. Further SS and DIBL values are depicted in Fig. 6.13(b). With the rise in
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Hig, DIBL decreases as the drain field spreads over a larger area, weakening the DIBL effect.
In addition, SS also tends to decrease owing to the increased metal gate area of Fin shaped IB
[139].

6.3.4 Performance Comparison of NSFET and CombFET for Circuit
Applications

In this section, the circuit behaviour of both NSFET and CombFET is studied for ring oscillator
(RO). Initially, the device’s current and capacitances with respect to gate voltage are simulated
at different drain voltages using the VisualFAB parallel simulation tool by Cogenda. On top of
that, the data is exported into the look up tables, which are used while creating the symbol in
the Cadence simulator [120] through the Verilog-A model [120]. The process followed to do

circuit-level simulation is given in section 4.3.2.

Fig. 6.14 depicts the schematic of the 3-stage Ring oscillator (RO) designed in the Cadence
simulator. Vpp is the supply voltage. Here, all the load capacitances are considered to be equal,
i.e., CL = Cr1 = Cr2 = Cr3 [123], and Vpp is the supply voltage. The load capacitance, CL is
considered as the summation of the total capacitances of both PMOS and NMOS. The
oscillations are initiated by forcing an initial voltage of “0” V. Further, the transient response
for both NSFET and CombFET based ROs are presented in Fig. 6.15(a) and (b), respectively,
for a time of 50 psat Vpp=1 V.

g
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Fig. 6.14: Schematic diagram of the 3-stage ring oscillator (RO).
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Fig. 6.15: The transient response for (a) NSFET based RO and (b) CombFET based RO.

Fig. 6.15(a) and (b) depict the transient responses of RO for NSFET and CombFET,
respectively. It can be noticed that the CombFET based RO outperforms with an fosc of 111.9
GHz, which is 35% more than NSFET based RO. Though the total capacitances are more for
CombFET, the increased /o~ helps to offer attractive performance for CombFET, as seen in
Fig. 6.15(b).
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Fig. 6.16: Variations in fosc with (a) supply voltage and (b) number of stages.

Fig. 6.16(a) depicts the variation in fosc with supply voltage (Vpp) for 3-stage RO. It is noticed
that the fosc tends to rise with the increase in Vpp due to the enhancement in Ion. Also, for all
the Vpp, the CombFET outperforms in terms of fosc. Further, the fosc variations with respect
to the number of stages (n) of RO are shown in Fig. 6.16(b). As the fosc is inversely proportional
to n, it tends to decrease with rise in the number of stages [72]. Moreover, it is also observed
that irrespective of the number of stages, the CombFET outperforms for all the cases. Further,

the comparison with existing literature at both device and circuit levels is given in Table. 6.2.
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Reference Lc (nm) | Io~x (nA) | SS (mV/dec) | fr (GHz) | fosc (GHz)
(3-stage RO)
[75] 15 150 67.1 - -
This Work 16 24.5 62.48 300 36.77
(NSFET)(Obj-2)
[73] 12 140 68.2 - 62
This work (NSFET) 16 64 63.49 454 82.7
This work 16 91.5 64.26 590 111.9
(CombFET)

Table 6.2: Comparison with existing literature.

In this chapter, the emerging 3-D NSFET and CombFET performances were demonstrated and
compared at both device and circuit levels at the 3-nm technology node. The comparison was
made under the same footprint and off current. The CombFET, which is the combination of
NSFET and fin-like interbridge offer superior ON current compared to conventional NSFET
due to its wider channel region. The DC, Analog/RF performances were discussed and
compared in detail for both devices by considering various FOMs. An increment of 42%, 48.6%
and 46% is noticed in switching ratio, transconductance and Q, respectively, from NSFET to
CombFET. Furthermore, the dimensional impact on the electrical performance of CombFET is
demonstrated. It is noticed that /on and /orr are increased by 18% and 5.8x from IB width of 5
nm to 9 nm. Also, an increment of 84% and 47.5% was observed in Jon and lorr, respectively,
when IB height varied from 10 nm to 30 nm. Further, the 3-stage RO was designed for
circuitlevel demonstration and compared the oscillation frequencies. Interestingly, the
CombFET based RO outperforms irrespective of its higher capacitances due to the more on
current compared to that of NSFET. Moreover, the behaviour of fosc with respect to the supply
voltage and the number of stages is discussed in detail. In all cases, CombFET offers better
performance compared to NSFET. Thus, the CombFET device is a promising candidate to
continue further scaling as it provides superior performance and is compatible with the existing

FinFET fabrication process.
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6.4 Conclusion

1. In this chapter, the CombFET device is proposed, which is realized by combining the Fin-

like interbridge with nanosheets to obtain larger Wefr.

2. The performance comparison is made for both NSFET and CombFET at the matched off
currents. The CombFET shows superior performance in /lon of the device. As a result,

CombFET is a promising candidate for HP applications.

3. The circuit level analysis is also carried out for 3-stage RO. Though the capacitances are
slightly larger for CombFET device, because of the huge increment in /o~ tends to offer a

significant increment in fosc.
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Chapter-7

Results, Conclusion and Future Scope of the Work

7.1 Results and Overall Conclusions

The need for high performance devices is currently quite high in the microelectronics industry.
In this device province, the NSFET transistor has shown to be a promising device in terms of
higher performance and compatibility of the fabrication process with FinFET. This work
presents detailed analysis of DC, analog/RF and circuit performance on NSFET and CombFET
architectures. Device physics in nano regime is studied in detail. The structural dimensional
impact for continuing scaling is demonstrated. Moreover, the temperature impact on both
device and circuit performance is presented. Further, the structural engineering to NSFET,
which is CombFET with high-k gate stack implemented to enhance on current, thereby
achieving high frequency.

The thesis contains four contributions for designing and analysing NSFET with high
performance: (i) Design and performance evaluation of NSFET with varied geometrical and
process parameters, (i) Device and circuit-level performance comparison of GAA Nanosheet
FET with varied geometrical parameters, (iii) Temperature assessment of Nanosheet FET for
CMOS circuit applications, and (iv) A comprehensive analysis and performance comparison of
CombFET and NSFET at 5-nm node for CMOS circuit applications.

In the first contribution, the detailed DC performance of 3D vertically stacked NSFET is
analyzed by varying the thickness (Nt) and width (Nw) of the nanosheet. It is observed that
there is an increment in both on current and off current as the width and thickness values are
increased. However, the switching ratio, DIBL, and SS are degraded as the dimensions of
NSFET increase. Moreover, the performance of NSFET is analysed with scaling of gate length
to ensure the device feasibility for lower technology nodes. Also, the temperature analysis is
performed for a wide range of temperatures to identify the TCP point, which is more essential
for biasing the device in various real-time applications. Finally, the impact of work function on
device transfer characteristics is analyzed.

In the second contribution, the analog/RF performance of NSFETs is investigated by altering
the geometry of each nanosheet at the 5 nm technology node. As the Nt and Nw are raised,
there is an increase in both /ox and /orr. The optimum values for switching ratio, DIBL, and SS
are obtained for lower values of Nw and Nt. However, analog/RF FOMs like gm, gas, f1, TFP,

and GBW are more for higher Nw and Nt values of NS. These results will give an understanding
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of DC and analog/RF performance of NSFET with geometrical variations of the device.
Moreover, the circuit performance was assessed for circuits like inverter and 3-stage RO and
found that with the increment in width, the propagation delay gets decremented and fosc
increases. These results will give performance insights into GAA NSFET at both device level
and the circuit level.

The third contribution presents the DC and analog/RF performance analysis of NSFET at
elevated temperatures from 25°C to 200°C. It is observed that with the increment in temperature,
deterioration in ION is observed due to the mobility reduction. Also, the lon/Iorr, SS and DIBL
are degraded with an increment in temperature. Moreover, analog/RF FOMs comparison is
presented with variations in temperature. With the rise in temperature, analog/RF FOMs like
gm, Avo, fr, GBW, GFP, GTFP and TFP have deteriorated. Further, the CMOS inverter and
ring oscillator performance analysis was presented at different temperatures using the Verilog-
A model. As the temperature increases, the propagation delay and gain of the inverter are
degraded and offer less performance. Also, the oscillation frequency of the ring oscillator
degraded as temperatures increased to 200°C. These results will give a deep understanding of
the performance of NSFET at both device and circuit levels at elevated temperatures.

In the fourth contribution, the emerging 3-D NSFET and CombFET performance were
demonstrated and compared at both device and circuit levels at 5-nm technology nodes. The
comparison was made under the same footprint and off current. The CombFET, which is the
combination of NSFET and fin-like interbridge, offer superior on current compared to
conventional NSFET due to its wider channel region. The DC, Analog/RF performances were
discussed and compared in detail for both devices by considering various FOMs. Further, the
3-stage RO was designed for circuit level demonstration and compared the oscillation
frequencies. Interestingly, the CombFET based RO outperforms irrespective of its higher
capacitances due to the more on current compared to that of NSFET. Moreover, the behavior
of fosc with respect to the supply voltage and number of stages is discussed in detail. In all
cases, CombFET offers better performance compared to NSFET. Thus, the CombFET device
is a promising candidate to continue further scaling as it offers superior performance and is
compatible with the existing FinFET fabrication process.

Therefore, the proposed contributions offer more insights into the performance of emerging
NSFET and CombFET devices. Also, the performance optimization is achieved by using the
CombFET along with high-k gate stack in terms of high frequency and is suitable for high-

frequency IC applications such as ring oscillators.
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7.2 Future Scope of the Work

The majority of the conclusions presented in this work are based on simulation data obtained
by using appropriate models. There is a lot of scope for an investigation into the various
materials used in the devices. The implementation of the suggested device is also a significant
challenge that necessitates a detailed investigation of manufacturing methods and might be the
subject of a separate thesis. Moreover, in this work, the idealized geometries such as sharp
interfaces, perfect crystal structures, perfect planar layers are assumed. However, realizing
defect-free device structure practically may be difficult. Thus, the analysis can be carried out
by considering these effects. In addition, there is a lot of room to expand on the thesis's notion
by implementing it on additional device architectures. Studying reliability difficulties and
designing models that account for them is, once again, an attractive research area. Moreover,
the radiation impact of these emerging Nanosheet FETs and CombFETs can be explored. The
proposed CombFET device can be extended to high frequency applications such as 5G

communications and above.
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Appendix A
Visual TCAD Input File for Nanosheet FET

GLOBAL T=300 DopingScale=1e20 ResistiveMetal = False

# Create an initial simulation mesh

MESH

X.MESH
X.MESH
X.MESH
X.MESH
X.MESH
Y.MESH
Y.MESH
Y.MESH
ZMESH
ZMESH
ZMESH
ZMESH
ZMESH
ZMESH
ZMESH
ZMESH
ZMESH
ZMESH
ZMESH
ZMESH
ZMESH
ZMESH
REGION

Type =S _Tet4 tetgen="pzAq"

WIDTH=0.001 N.SPACES=1 #al
WIDTH=0.012 N.SPACES=1 # source
WIDTH=0.026 N.SPACES=26  #channel+spacers
WIDTH=0.012 N.SPACES=1  #drain
WIDTH=0.001 N.SPACES=1  #al
DEPTH=0.005 N.SPACES=1 #metal
DEPTH=0.014 N.SPACES=21  #si
DEPTH=0.005 N.SPACES=1 #metal
WIDTH=0.019 N.SPACES=1
WIDTH=0.0015 N.SPACES=1  #hfo2
WIDTH=0.0005 N.SPACES=1  #si02
WIDTH=0.005 N.SPACES=5
WIDTH=0.0005 N.SPACES=1  #sio02
WIDTH=0.0015 N.SPACES=1  #hfo2
WIDTH=0.020 N.SPACES=1
WIDTH=0.0015 N.SPACES=1 #hfo2
WIDTH=0.0005 N.SPACES=1  #sio02
WIDTH=0.005 N.SPACES=5
WIDTH=0.0005 N.SPACES=1  #si02
WIDTH=0.0015 N.SPACES=1  #hfo2
WIDTH=0.003 N.SPACES=1
WIDTH=0.040 N.SPACES=5 #box
Label=NGate Material=NPoly X.MIN=0.018 X.MAX=0.034 Y.MIN=0.0

Y. .MAX=0.024 Z.min=0.0 Z.max=0.060
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REGION  Label=NOxHf Material=HfO2 X.MIN=0.018 X.MAX=0.034 Y.MIN=0.005
Y.MAX=0.019 Z.min=0.019 Z.max=0.028

REGION  Label=NOxide  Material=Ox X.MIN=0.018 X.MAX=0.034 Y.MIN=0.0065
Y.MAX=0.0175 Z.min=0.0205 Z.max=0.0265

REGION Label=channel = Material=Si X.MIN=0.018 X.MAX=0.034 Y.MIN=0.007
Y.MAX=0.017 Z.min=0.021 Z.max=0.026

REGION Label=NOxHfl Material=HfO2 X.MIN=0.018 X.MAX=0.034 Y.MIN=0.005
Y.MAX=0.019 Z.min=0.048 Z.max=0.057

REGION Label=NOxidel Material=Ox X.MIN=0.018 X.MAX=0.034 Y.MIN=0.0065
Y.MAX=0.0175 Z.min=0.0495 Z.max=0.0555

REGION Label=channell Material=Si X.MIN=0.018 X.MAX=0.034 Y.MIN=0.007
Y.MAX=0.017 Z.min=0.050 Z.max=0.055

REGION Label=NOxidelL Material=Nitride X.MIN=0.013 X.MAX=0.018 Y.MIN=0.000
Y. .MAX=0.024 Z.min=0.0 Z.max=0.060

REGION Label=NOxideR Material=Nitride X.MIN=0.034 X.MAX=0.039 Y.MIN=0.000
Y. .MAX=0.024 Z.min=0.0 Z.max=0.060

REGION  Label=LDD S Material=Si X.MIN=0.013 X.MAX=0.018 Y.MIN=0.007
Y.MAX=0.017 Z.min=0.021 Z.max=0.026

REGION  Label=LDD D Material=Si X.MIN=0.034 X.MAX=0.039 Y.MIN=0.007
Y.MAX=0.017 Z.min=0.021 Z.max=0.026

REGION  Label=LDD_S1 Material=Si X.MIN=0.013 X.MAX=0.018 Y.MIN=0.007
Y.MAX=0.017 Z.min=0.050 Z.max=0.055

REGION  Label=LDD D1 Material=Si X.MIN=0.034 X.MAX=0.039 Y.MIN=0.007
Y.MAX=0.017 Z.min=0.050 Z.max=0.055

REGION Label=NSiliconL Material=Si X.MIN=0.001 X.MAX=0.013 Y.MIN=0.000
Y.MAX=0.024  Z.min=0.016 Z.max=0.060

REGION Label=NSiliconR Material=Si X.MIN=0.039 X.MAX=0.051 Y.MIN=0.000
Y.MAX=0.024  Z.min=0.016 Z.max=0.060

REGION Label=NSource = Material=Al X.MIN=0.0 X.MAX=0.001 Y.MIN=0.000
Y.MAX=0.024  Z.min=0.016 Z.max=0.060

REGION Label=NDrain Material=Al X.MIN=0.051 X.MAX=0.052 Y.MIN=0.000
Y. .MAX=0.024 Z.min=0.016 Z.max=0.060

REGION Label=box Material=Ox X.MIN=0.0 X.MAX=0.052 Y.MIN=0.0
Y.MAX=0.024  Z.min=0.060 Z.max=0.100

DOPING Type=analytic
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PROFILE Type=Uniform Ion=Donor N.PEAK=1E19 X.MIN=0.013 X.MAX=0.039
Y.MIN=0.007 Y.MAX=0.017 Z.min=0.021 Z.max=0.026

PROFILE Type=Uniform Ion=Donor N.PEAK=1E19 X.MIN=0.013 X.MAX=0.039
Y.MIN=0.007 Y.MAX=0.017 Z.min=0.050 Z.max=0.055

PROFILE Type=Uniform Ion=Donor N.PEAK=1E19 X.MIN=0.001 X.MAX=0.013
Y.MIN=0.000 Y.MAX=0.024 Z.min=0.016 Z.max=0.060

PROFILE Type=Uniform Ion=Donor N.PEAK=1E19 X.MIN=0.039 X.MAX=0.051
Y.MIN=0.000 Y.MAX=0.024 Z.min=0.016 Z.max=0.060

model region=NSiliconL Esurface=true H.Mob=false #fermi=true #
model region=LDD_S Esurface=true H.Mob=false #fermi=true #
model region=channel Esurface=true H.Mob=false #fermi=true
model region=LDD_ D Esurface=true H.Mob=false #fermi=true
model region=NSiliconR Esurface=true H.Mob=false #fermi=true #
model region=LDD S1 Esurface=true H.Mob=false #fermi=true
#dg.elec=true dg.hole=true gqnfactor=1e-1 gminconcentration=1¢-2
model region=channell Esurface=true H.Mob=false #fermi=true
model region=LDD_ D1 Esurface=true H.Mob=false #fermi=true
PMI region=NSiliconL type=basic Model=Sdevice print=1

PMI region=LDD S type=basic Model=Sdevice print=1

PMI region=channel type=basic Model=Sdevice print=1

PMI region=LDD D type=basic Model=Sdevice print=1

PMI region=NSiliconR type=basic Model=Sdevice print=1

PMI region=LDD_S1 type=basic Model=Sdevice print=1

PMI region=channell type=basic Model=Sdevice print=1

PMI region=LDD D1 type=basic Model=Sdevice print=1

PMI region=LDD S type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=channel type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=LDD D type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<MUN2.LSM>=110
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PMI region=LDD SlI type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=channell type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<MUN2.LSM>=110

PMI region=LDD D1 type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<MUN2.LSM>=110

#PMI region=NSilicon. type=Band Model=Schenk print=1
PMI region=LDD S type=Band Model=Schenk print=1

PMI region=channel type=Band Model=Schenk print=1

PMI region=LDD D type=Band Model=Schenk print=1
#PMI region=NSiliconR type=Band Model=Schenk print=1
#PMI region=NSiliconL1 type=Band Model=Schenk prin .t=1
PMI region=LDD_S1 type=Band Model=Schenk print=1
PMI region=channell type=Band Model=Schenk print=1
PMI region=LDD D1 type=Band Model=Schenk print=1
PMI Region=NOxide Type=basic real<PERMITTI[>=35 Print=1
PMI Region=NGate Type=basic real<AFFINITY>=4.17 Print=1
model region=LDD_D Esurface=true H.Mob=false #fermi=true
#dg.elec=true dg.hole=true qnfactor=1e-1 gminconcentration=1e-2
model region=LDD_ D1 Esurface=true H.Mob=false

#model region=LDD D2 Esurface=true H.Mob=false

PMI region=LDD D type=basic Model=Sdevice print=1

PMI region=LDD DI type=basic Model=Sdevice print=1
#PMI region= LDD_D2 type=basic Model=Sdevice print=1

PMI region=LDD D type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=LDD_ D1 type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

model region=LDD S Esurface=true H.Mob=false #fermi=true
model region=LDD_S1 Esurface=true H.Mob=false

PMI region=LDD S type=basic Model=Sdevice print=1

PMI region= LDD_SI1 type=basic Model=Sdevice print=1
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PMI region=LDD S type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=LDD_ S1 type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<MUN2.LSM>=110

Contact ID=NGate Type=gatecontact workfunction=4.6
VSource Type=VDC ID=DrainConst VConst=0.0
VSource Type=VDC ID=SourceConst VConst=0

METHOD Type=DDMLI1 LS=MUMPS PC=ASM MaxIt=50 toler.relax=1e8
Relative.Tol=1e-1

SOLVE Type=equ
Attach Electrode="NDrain" Vapp="DrainConst"
Attach Electrode="NSource" Vapp="SourceConst"

METHOD Type=DDMLI1 LS=MUMPS PC=ASM MaxIt=50 #toler.relax=1e7
Relative. Tol=1e-4

Solve Type=OP Label="ramp1" VstepMax=0.2 out.prefix="ramp1"

Solve Type=DC Label=result VScan=NGate VStart=0 VStop=1  VStep=0.01
out.prefix="m_0.0"

EXPORT VTKFILE=nsfet.vtu CGNSFILE="w10h5.cgns"

Visual TCAD Input File for CombFET

GLOBAL T=300 DopingScale=1e20 ResistiveMetal = False
#---- Create an initial simulation mesh ----

MESH Type =S_Tet4 tetgen="pzAq"

X.MESH WIDTH=0.001 N.SPACES=1 #al

X.MESH WIDTH=0.012 N.SPACES=1 # source

X.MESH WIDTH=0.032 N.SPACES=32 #channel+spacers
X.MESH WIDTH=0.012 N.SPACES=1 #drain

X.MESH WIDTH=0.001 N.SPACES=1 #al

Y.MESH DEPTH=0.005 N.SPACES=1 #metal

Y.MESH DEPTH=0.019 N.SPACES=19 #si(15)+(sio2(1nm)+highk(1nm))*2
Y.MESH DEPTH=0.005 N.SPACES=1 #metal
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Z.MESH WIDTH=0.008 N.SPACES=1 #16+3
Z.MESH WIDTH=0.001 N.SPACES=1 #hfo2
ZMESH WIDTH=0.001 N.SPACES=1 #si02
Z.MESH WIDTH=0.005 N.SPACES=5
Z.MESH WIDTH=0.001 N.SPACES=1 #sio2
Z.MESH WIDTH=0.001 N.SPACES=1 #hfo2
ZMESH WIDTH=0.026 N.SPACES=1
Z.MESH WIDTH=0.001 N.SPACES=1 #hfo2
ZMESH WIDTH=0.001 N.SPACES=1 #si02
Z.MESH WIDTH=0.005 N.SPACES=5
ZMESH WIDTH=0.001 N.SPACES=1 #si02
ZMESH WIDTH=0.001 N.SPACES=1 #hfo2
Z.MESH WIDTH=0.008 N.SPACES=1
Z.MESH WIDTH=0.040 N.SPACES=1 #box

REGION Label=NGate Material=NPoly X.MIN=0.021 X.MAX=0.037 Y.MIN=0.0

Y.MAX=0.029 Z.min=0.0 Z.max=0.060

REGION Label=NOxideL Material=Nitride X.MIN=0.013 X.MAX=0.021 Y.MIN=0.000

Y .MAX=0.029 Z.min=0.0 Z.max=0.060

REGION Label=NOxideR Material=Nitride X.MIN=0.037 X.MAX=0.045 Y.MIN=0.000

Y. .MAX=0.029 Z.min=0.0 Z.max=0.060

REGION Label=NOxHf Material=HfO2 X.MIN=0.021 X.MAX=0.037 Y.MIN=0.005

Y.MAX=0.019 Z.min=0.008 Z.max=0.009

REGION Label=NOxide Material=Ox X.MIN=0.021 XMAX=0.037 Y.MIN=0.006

Y.MAX=0.017 Z.min=0.009 Z.max=0.010

REGION Label=NOxHfl Material=HfO2 X.MIN=0.021 X.MAX=0.037 Y.MIN=0.005

Y.MAX=0.006 Z.min=0.009 Z.max=0.017

REGION Label=NOxidel Material=Ox X.MIN=0.021 X.MAX=0.037 Y.MIN=0.006

Y.MAX=0.007 Z.min=0.010 Z.max=0.016

REGION Label=NOxHf2 Material=HfO2 X.MIN=0.021 X.MAX=0.037 Y.MIN=0.006

Y.MAX=0.011 Z.min=0.016 Z.max=0.017

REGION Label=NOxide2 Material=Ox X.MIN=0.021 X.MAX=0.037 Y.MIN=0.007

Y.MAX=0.012 Z.min=0.015 Z.max=0.016
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REGION Label=NOxHf3 Material=HfO2
Y.MAX=0.011 Z.min=0.017 Z.max=0.044

X.MIN=0.021

REGION Label=NOxide3 Material=Ox X.MIN=0.021
Y.MAX=0.012 Z.min=0.016 Z.max=0.045

REGION Label=NOxHf4 Material=HfO2 X.MIN=0.021
Y.MAX=0.010 Z.min=0.043 Z.max=0.044

REGION Label=NOxide4 Material=Ox X.MIN=0.021
Y.MAX=0.011 Z.min=0.044 Z.max=0.045

REGION Label=NOxHf5 Material=HfO2 X.MIN=0.021
Y.MAX=0.006 Z.min=0.044 Z.max=0.052

REGION Label=NOxide5 Material=Ox X.MIN=0.021
Y .MAX=0.007 Z.min=0.045 Z.max=0.051

REGION Label=NOxHf6 Material=HfO2
Y.MAX=0.018 Z.min=0.051 Z.max=0.052

X.MIN=0.021

REGION Label=NOxide6 Material=Ox X.MIN=0.021
Y .MAX=0.017 Z.min=0.050 Z.max=0.051

REGION Label=NOxHf9 Material=HfO2
Y .MAX=0.019 Z.min=0.009 Z.max=0.052

X.MIN=0.021

REGION Label=NOxide9 Material=Ox X.MIN=0.021
Y .MAX=0.018 Z.min=0.009 Z.max=0.051

REGION Label=channel Material=Si
Y.MAX=0.017 Z.min=0.010 Z.max=0.015

X.MIN=0.021

REGION Label=channell Material=Si1
Y .MAX=0.017 Z.min=0.045 Z.max=0.050

X.MIN=0.021

X.MAX=0.037

X.MAX=0.037

X.MAX=0.037

X.MAX=0.037

X.MAX=0.037

X.MAX=0.037

X.MAX=0.037

X.MAX=0.037

X.MAX=0.037

X.MAX=0.037

X.MAX=0.037

X.MAX=0.037

Y.MIN=0.010

Y.MIN=0.011

Y .MIN=0.005

Y .MIN=0.006

Y .MIN=0.005

Y .MIN=0.006

Y .MIN=0.006

Y .MIN=0.007

Y.MIN=0.018

Y.MIN=0.017

Y .MIN=0.007

Y .MIN=0.007

REGION Label=tree Material=Si X.MIN=0.021 X.MAX=0.037 Y.MIN=0.012 Y. MAX=0.017

Z.min=0.015 Z.max=0.045

REGION Label=tree LDD S Material=Si X.MIN=0.013 X.MAX=0.021 Y.MIN=0.012

Y.MAX=0.017 Z.min=0.015 Z.max=0.045

REGION Label=tree LDD D Material=Si X.MIN=0.037 X.MAX=0.045 Y.MIN=0.012

Y.MAX=0.017 Z.min=0.015 Z.max=0.045

REGION Label=LDD S Material=Si X.MIN=0.013

Y.MAX=0.017 Z.min=0.010 Z.max=0.015

REGION Label=LDD D Material=Si
Y.MAX=0.017 Z.min=0.010 Z.max=0.015

REGION Label=LDD S1 Material=Si
Y.MAX=0.017 Z.min=0.045 Z.max=0.050

X.MIN=0.037

X.MIN=0.013
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X.MAX=0.045

X.MAX=0.021

Y .MIN=0.007
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REGION Label=LDD D1 Material=Si X.MIN=0.037 X.MAX=0.045 Y.MIN=0.007
Y.MAX=0.017 Z.min=0.045 Z.max=0.050

REGION Label=NSiliconL Material=Si X.MIN=0.001 X.MAX=0.013 Y.MIN=0.000
Y.MAX=0.029 Z.min=0.005 Z.max=0.060

REGION Label=NSiliconR Material=Si X.MIN=0.045 X.MAX=0.057 Y.MIN=0.000
Y.MAX=0.029 Z.min=0.005 Z.max=0.060

REGION Label=NSource Material=Al XMIN=0.0 XMAX=0.001 Y.MIN=0.000
Y.MAX=0.029 Z.min=0.005 Z.max=0.060

REGION Label=NDrain Material=Al X.MIN=0.057 X.MAX=0.058 Y.MIN=0.000
Y .MAX=0.029 Z.min=0.005 Z.max=0.060

REGION Label=box Material=Ox X.MIN=0.0 X.MAX=0.058 Y.MIN=0.0 Y.MAX=0.029
Z.min=0.060 Z.max=0.100

DOPING Type=analytic

PROFILE Type=Uniform Ion=Donor N.PEAK=IEl5 XMIN=0.013 X.MAX=0.045
Y.MIN=0.007 Y.MAX=0.022 Z.min=0.010 Z.max=0.015

PROFILE Type=Uniform Ion=Donor N.PEAK=IEl5 XMIN=0.013 X.MAX=0.045
Y.MIN=0.007 Y.MAX=0.022 Z.min=0.045 Z.max=0.050

PROFILE Type=Uniform Ion=Donor N.PEAK=1E15 XMIN=0.013 X.MAX=0.045
Y.MIN=0.012 Y. MAX=0.017 Z.min=0.015 Z.max=0.045

PROFILE Type=Uniform Ion=Acceptor N.PEAK=1E20 X.MIN=0.001 X.MAX=0.013
Y.MIN=0.000 Y. MAX=0.029 Z.min=0.005 Z.max=0.060

PROFILE Type=Uniform Ion=Acceptor N.PEAK=1E20 X.MIN=0.045 X.MAX=0.057
Y.MIN=0.000 Y.MAX=0.029 Z.min=0.005 Z.max=0.060

model region=NSiliconL Esurface=true H.Mob=false #fermi=true #
model region=LDD_S Esurface=true H.Mob=false #fermi=true #
model region=channel Esurface=true H.Mob=false #fermi=true
model region=LDD D Esurface=true H.Mob=false #fermi=true
model region=NSiliconR Esurface=true H.Mob=false #fermi=true #

model region=LDD_S1 Esurface=true H.Mob=false #fermi=true #dg.elec=true dg.hole=true
gnfactor=1le-1 gminconcentration=1e-2

model region=channell Esurface=true H.Mob=false #fermi=true
model region=LDD_ D1 Esurface=true H.Mob=false #fermi=true
model region=tree Esurface=true H.Mob=false #fermi=true

model region=tree LDD D Esurface=true H.Mob=false #fermi=true
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model region=tree LDD_S Esurface=true H.Mob=false #fermi=true
PMI region=NSiliconL type=basic Model=Sdevice print=1
PMI region=LDD S type=basic Model=Sdevice print=1

PMI region=channel type=basic Model=Sdevice print=1

PMI region=LDD _D type=basic Model=Sdevice print=1
PMI region=NSiliconR type=basic Model=Sdevice print=1
PMI region=LDD_S1 type=basic Model=Sdevice print=1
PMI region=channell type=basic Model=Sdevice print=1
PMI region=LDD_ D1 type=basic Model=Sdevice print=1
PMI region=tree type=basic Model=Sdevice print=1

PMI region=tree LDD D type=basic Model=Sdevice print=1
PMI region=tree LDD S type=basic Model=Sdevice print=1

PMI region=LDD S type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=channel type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=LDD D type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=LDD_S1 type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=channell type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=LDD D1 type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI  region=tree type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=tree LDD D type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=tree LDD S type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=LDD _S type=Band Model=Schenk print=1
PMI region=channel type=Band Model=Schenk print=1
PMI region=LDD_D type=Band Model=Schenk print=1

100



PMI region=LDD_S1 type=Band Model=Schenk print=1

PMI region=channell type=Band Model=Schenk print=1

PMI region=LDD D1 type=Band Model=Schenk print=1

PMI region=tree type=Band Model=Schenk print=1

PMI region=tree_ LDD D type=Band Model=Schenk print=1
PMI region=tree LDD S type=Band Model=Schenk print=1
PMI Region=NGate Type=basic real<AFFINITY>=4.17 Print=1
model region=LDD_D Esurface=true H.Mob=false #fermi=true
model region=LDD_ D1 Esurface=true H.Mob=false

PMI region=LDD D type=basic Model=Sdevice print=1

PMI region=LDD DI type=basic Model=Sdevice print=1

PMI region= tree type=basic Model=Sdevice print=1

PMI region=tree LDD_D type=basic Model=Sdevice print=1
PMI region=tree_ LDD_S type=basic Model=Sdevice print=1

PMI region=LDD D type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<MUN2.LSM>=110

PMI region=LDD D1 type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI  region=tree  type=mob  Model=Lombardi  print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=tree LDD D type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<MUN2.LSM>=110

PMI region=tree LDD S type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<MUN2.LSM>=110

model region=LDD_S Esurface=true H.Mob=false #fermi=true
model region=tree Esurface=true H.Mob=false

model region=tree_LDD_ D Esurface=true H.Mob=false

model region=tree_ LDD S Esurface=true H.Mob=false

model region=LDD_S1 Esurface=true H.Mob=false

PMI region=LDD S type=basic Model=Sdevice print=1

PMI region=LDD S1 type=basic Model=Sdevice print=1
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PMI region=LDD S type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<kMUN2.LSM>=110

PMI region=LDD S1 type=mob Model=Lombardi print=1 real<MUP2.LSM>=80.5
real<MUN2.LSM>=110

Contact ID=NGate Type=gatecontact workfunction=4.6

VSource Type=VDC ID=DrainConst VConst=0.7

VSource Type=VDC ID=SourceConst VConst=0.7

METHOD Type=DDML1 LS=BCGS PC=ASM MaxIt=50 toler.relax=1e8 Relative.Tol=1e-1
SOLVE Type=equ

Attach Electrode="NDrain" Vapp="DrainConst"

Attach Electrode="NSource" Vapp="SourceConst"

METHOD  Type=DDML1 LS=MUMPS PC=ASM  MaxIt=50 #toler.relax=1e7
Relative. Tol=1e-4

Solve Type=OP Label="ramp1" VstepMax=0.2 out.prefix="ramp1"

Solve Type=DC Label=result VScan=NGate VStart=0 VStop=0.7 VStep=0.01
out.prefix="comb_ioff"

EXPORT VTKFILE=combns2.vtu

Look-up Table Based Verilog-A code

‘include "constants.vams"

‘include "disciplines.vams"

module NSFET(d,g,s);

inout d,g,s;

electrical g,d,s;

real Ids, Cgs, Cgd, Qgs, Qgd, Qg;

real VgsEfT;

integer out_file;

parameter real W=1;

analog begin

Ids=$table model(V(d,s), (V(g,s)), "IDVGS-NSFET.tbl","1LL,1LL");
Cgd=$table_model(V(d,s), (V(g,s)), "Cgd-NSFET.tbl","1LL,1LL");
Cgs=$table_model(V(d,s), (V(g,s)), "Cgs-NSFET.tbl","1LL,1LL");
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if(analysis("dc")) begin
I(d,s) <+ 1*Ids*W;
end
else begin
if(analysis("tran")) begin
Qgd = (W*1*Cgd)*(V(g,d));
Qgs = (W*1*Cgs)*(V(g.9));
Qg=Qgs*+Qgd;
I(d,s) <+ 1*Ids*W ;
I(d) <+ ddt(-1*Qgd);
I(s) <+ ddt(-1*Qgs);
I(g) <+ ddt(Qg);
end
end
end

endmodule

103



List of Publications

A. Published Journals

1.

3.

N. Aruna Kumari, Prithvi, P. Performance Evaluation of GAA Nanosheet FET with
Varied Geometrical and Process Parameters. Silicon 14, 9821-9831 (2022).
https://doi.org/10.1007/s12633-022-01695-7 (SCI)

N. Aruna Kumari, P. Prithvi, “Device and circuit-level performance comparison of
GAA nanosheet FET with varied geometrical parameters”, Microelectronics
Journal,2022,105432, ISSN0026-2692, https://doi.org/10.1016/j.mejo.2022.105432.
(SCI)

N. Aruna Kumari, P. Prithvi, “A comprehensive analysis and performance comparison
of CombFET and NSFET for CMOS circuit applications”, AEU - International Journal
of Electronics and Communications, Volume 158, 2023, 154447, ISSN 1434-8411,
https://doi.org/10.1016/j.acue.2022.154447 (SCI)

B. Under Review Journals

1.

2.

Aruna Kumari N., Prithvi, P. “Temperature Assessment of Nanosheet FET for CMOS
Circuit Applications,” — Submitted to Silicon, Springer, SCI Indexed (Under review)
Aruna Kumari N., Prithvi, P. “Impact of Scaling on Performance of NSFET for CMOS
Analog/RF Circuit Applications” — Submitted to ECS Journal of Solid State Science
and Technology, IOPscience, SCI Indexed, (Under review)

104



ACKNOWLEDGEMENTS

I am grateful to many people who made this work possible and helped me during my Ph.D
studies. [ am greatly indebted to my research supervisor Dr. P. Prithvi for giving me excellent
support during my research activity at NIT Warangal. She encouraged me in choosing my
research topic, and her vision in my research area led to successful investigations. I am very
much thankful for giving research freedom and guidance, support in non-academic matters and
for the humanity shown to me. With her inimitable qualities as a good teacher, she chiseled my
path towards perfection. Ever since I met her, she has been an eternal source of motivation,
inspiration, encouragement and enlightenment. She is responsible for making the period of my
research work as an educative and enjoyable learning experience. The thesis would not have

seen the light of day without her insistent support and cooperation.

I am also grateful to Dr. P. Sreehari Rao, Head of the Department, Dept. of Electronics
and Communication Engineering, for his valuable suggestions and support that he shared during

my research tenure.

I take this privilege to thank all my Doctoral Scrutiny Committee members, Prof. J. V.
Ramana Murthy, Department of Mathematics, Prof. T. Kishore Kumar, Department of
Electronics and Communication Engineering, Dr. P. Muralidhar, Associate Professor,
Department of Electronics and Communication Engineering for their detailed review,

constructive suggestions and excellent advice during the progress of this research work.

I am grateful to the former Head of the ECE department Prof. L. Anjaneyulu, for his
continuous support and encouragement. I would also appreciate the encouragement from
teaching, non-teaching members and the fraternity of Dept. of ECE of NIT Warangal. They

have always been encouraging and supportive.

I take this opportunity to convey my regards to my closest friends and family for being
always next to me. Also, I am grateful to Dr. V. Bharath Sreenivasulu for his valuable
suggestions and support. Further, I thank all my colleagues and friends of the Department of

Electronics and Communication Engineering for their support throughout my work.

I acknowledge my gratitude to all my teachers and colleagues at various places for

supporting and cooperating with me in completing this work.

105



I want to thank my parents for giving me mental support and inspiration. They have

motivated and helped me to complete my thesis work successfully.

Finally, I thank God for filling me with new hopes, strength, purpose and faith every
day.

N. Aruna Kumari

106



Bibliography

[1]

Statista, “Semiconductor market size worldwide from 1987 to 2022,” Jan 11 2022, p. 1,
2022, [Online].  Available:  https://www.statista.com/statistics/266973/global-
semiconductor-sales-since-1988/

M. T. Bohr, “Nanotechnology goals and challenges for electronic applications,” IEEE
Trans. Nanotechnol., vol. 1, no. I, pp. 56-62, 2002, doi:
10.1109/TNANO.2002.1005426.

E. Pop, “Energy dissipation and transport in nanoscale devices,” Nano Res., vol. 3, no.
3, pp. 147-169, 2010, doi: 10.1007/s12274-010-1019-z.

A. Danowitz, K. Kelley, J. Mao, J. P. Stevenson, and M. Horowitz, “CPU DB: Recording
microprocessor history,” Queue, vol. 10, no. 4, pp. 10-27, 2012, doi:
10.1145/2181796.2181798.

W. H. Krautschneider, A. Kohlhase, and H. Terletzki, “Scaling down and reliability
problems of Gigabit CMOS circuits,” Microelectron. Reliab., vol. 37, no. 1, pp. 19-37,
1997, doi: 10.1016/0026-2714(96)00236-3.

J. Bardeen, “Solid State Physics - 1947.,” Solid State Technol., vol. 30, no. 12, pp. 68—
71, 1987.

R. M and H. L, “The origins of the p-n junction,” IEEE Spectr., vol. 34, 1997.

Y. Furukawa, “History of semiconductors.,” Bull. Japan Inst. Met., vol. 29, no. 1, pp.
18-21, 1990, doi: 10.2320/material 962.29.18.

Gordon E. Moore, “Cramming more components onto integrated circuits,” Proc. IEEE,
vol. 86, no. 1, pp. 82-85, 1965.

R. H. Dennard and M. R. Wordeman, “Generalized Scaling Theory and Its Application
to a 1/4 micrometer MOSFET Design,” IEEE Trans. Electron Devices, vol. 31, no. 4,
pp. 452462, 1984, doi: 10.1109/T-ED.1984.21550.

Cerebras, “No  Title”, [Online]. Available: https://www.cerebras.net/wp
content/uploads/2019/08/Cerebras-Wafer-Scale-Engine-Whitepaper.pdf.

Wikipedia, “Transistor count,” pp. 1-6, 2012.

S. Sahay, “Design and analysis of emerging nanoscale junctionles FETs from Gate-
induced drain leakage prospective,” Ph.D. Diss. Elect. Eng., Indian Inst. Technol. Delhi,

India, 2017.
107



[14]

L. Ferain, C. A. Colinge, and J. P. Colinge, “Multigate transistors as the future of classical
metal-oxide-semiconductor field-effect transistors,” Nature, vol. 479, no. 7373, pp. 310—
316, 2011, doi: 10.1038/mature10676.

K.-M. Choi, “32nm high K metal gate (HKMG) designs for low power applications,”
pp. 1-68-1-69, 2009, doi: 10.1109/s0cdc.2008.4815574.

K. Mistry et al., “A 45nm logic technology with high-k+ metal gate transistors, strained
silicon, 9 Cu interconnect layers, 193nm dry patterning, and 100% Pb-free packaging,”
Tech. Dig. - Int. Electron Devices Meet. IEDM, pp. 247-250, 2007, doi:
10.1109/IEDM.2007.4418914.

A. Kranti, S. Burignat, J. P. Raskin, and G. A. Armstrong, “Underlap channel UTBB
MOSFETs for low-power analog/RF applications,” Proc. 10th Int. Conf. Ultim. Integr.
Silicon, ULIS 2009, pp. 173—176, 2009, doi: 10.1109/ULIS.2009.4897564.

S. Gundapaneni, “Investigation of Junction-Less Transistor ( JLT ) for CMOS Scaling,”
Ph.d thesis, p. INDIAN INSTITUTE OF TECHNOLOGY BOMBAY, INDIA CERTI,
2012.

V. K. Khanna, “Short-Channel Effects in MOSFETs,” pp. 73-93, 2016, doi:
10.1007/978-81-322-3625-2 5.

Y. Taur and T. H. Ning, “Fundamentals of Modern VLSI Devices,” Cambridge Univ.
Press, p. 310, 2013, [Online]. Available:
http://ieecexplore.icee.org/ielx5/55/29668/01347210.pdf?tp=&armumber=1347210&isnu
mber=29668%5Cnhttp://iecexplore.icee.org/xpls/abs_all.jsp?arnumber=1347210

M. C. Richard S. Muller, Theodore I. Kamins, “Device Electronics for Integrated
Circuits,” 3rd Revis. Ed., p. 560, 2003.

R. J, “Digital Integrated Circuits: A Design Perspective,” Prentice Hall India, 1997.

R. R. Troutman and A. G. Fortino, “Simple Model for Threshold Voltage in a Short-
Channel IGFET,” IEEE Trans. Electron Devices, vol. ED-24, no. 10, pp. 12661268,
1977, doi: 10.1109/T-ED.1977.18993.

J. R. A. Beale, “Solid State Electronic Devices,” Phys. Bull., vol. 24, no. 3, pp. 178-178,
1973, doi: 10.1088/0031-9112/24/3/014.

D. A. Neamen, “Semiconductor Physics and Devices Basic Principles,” Mater. Today,
vol. 9, no. 5, p. 57, 2006, [Online]. Available:
http://linkinghub.elsevier.com/retrieve/pii/S1369702106714985

108



[30]

[33]

E. Takeda, “Hot-carrier effects in sub-micrometer MOS VLSIs,” IEE Proc., vol. 131,
no. 5, pp. 153-62, 1984.

N. Kotera, K. Yamashita, K. Kitamura, and Y. Hatta, “Constant-Current Circuit-Biasing
Technology for GaAs FET IC,” IEEE J. Solid-State Circuits, vol. 30, no. 1, pp. 61-64,
1995, doi: 10.1109/4.350193.

S. SM, “VLSI technology,” McGraw-hill, 1988.

F. Ana and Najeeb-ud-din, “Suppression of gate induced drain leakage current (GIDL)
by gate workfunction engineering: analysis and model,” J. Electron. Devices, vol. 13,
pp. 984-996, 2012.

M. H. Chiang, C. N. Lin, and G. S. Lin, “Threshold voltage sensitivity to doping density
in extremely scaled MOSFETSs,” Semicond. Sci. Technol., vol. 21, no. 2, pp. 190-193,
2006, doi: 10.1088/0268-1242/21/2/017.

T. Ohtou, N. Sugii, and T. Hiramoto, “Impact of parameter variations and random dopant
fluctuations on short-channel fully depleted SOl MOSFETSs with extremely thin BOX,”
IEEE  Electron Device Lett., vol. 28, mno. &, pp. 740-742, 2007, doi:
10.1109/LED.2007.901276.

S. Eminente, D. Esseni, P. Palestri, C. Fiegna, L. Selmi, and E. Sangiorgi,
“Understanding quasi-ballistic transport in nano-MOSFETs: Part II - Technology scaling
along the ITRS,” IEEE Trans. Electron Devices, vol. 52, no. 12, pp. 27362743, 2005,
doi: 10.1109/TED.2005.859566.

T. Kamata, K. Tanabashi, and K. Kobayashi, “Substrate current due to impact ionization
in MOS-FET,” Jpn. J. Appl. Phys., vol. 15, no. 6, pp. 1127-1133, 1976, doi:
10.1143/JJAP.15.1127.

A. Chaudhry and M. J. Kumar, “Controlling Short-Channel Effects in Deep-Submicron
SOI MOSFETs for Improved Reliability: A Review,” IEEE Trans. Device Mater.
Reliab., vol. 4, no. 1, pp. 99-109, 2004, doi: 10.1109/TDMR.2004.824359.

R. R. Biswal, A. Maldonado, and M. De La, “Effect of doping concentration and
substrate temperature on the physical properties of Indium-doped zinc oxide thin films,”
CCE 2012 - 2012 9th Int. Conf. Electr. Eng. Comput. Sci. Autom. Control, 2012, doi:
10.1109/ICEEE.2012.6421147.

S. H. Oh, D. Monroe, and J. M. Hergenrother, “Analytic description of short-channel
effects in fully-depleted double-gate and cylindrical, surrounding-gate MOSFETs,”

109



[47]

[48]

IEEFE Electron Device Lett., vol. 21, no. 9, pp. 397-399, 2000.

D. Hisamoto et al., “FInFET—A self-aligned double-gate MOSFET scalable to 20 nm,”
IEEE Trans. Electron Devices, vol. 47, no. 12, pp. 2320-2325, 2000, doi:
10.1109/16.887014.

B. S. Doyle et al., “High performance fully-depleted tri-gate CMOS transistors,” IEEE
Electron  Device Lett., vol. 24, mno. 4, pp. 263-265 2003, doi:
10.1109/LED.2003.810888.

K. J. Kuhn, “Considerations for ultimate CMOS scaling,” IEEE Trans. Electron Devices,
vol. 59, no. 7, pp. 1813-1828, 2012, doi: 10.1109/TED.2012.2193129.

J. Fan, M. Li, X. Xu, and R. Huang, “New observation on gate-induced drain leakage in
Silicon nanowire transistors with Epi-Free CMOS compatible technology on SOI
substrate,” 2013 IEEE SOI-3D-Subthreshold Microelectron. Technol. Unified Conf. S3S
2013,2013, doi: 10.1109/S3S.2013.6716583.

J. Fan, M. Li, X. Xu, Y. Yang, H. Xuan, and R. Huang, “Insight into gate-induced drain
leakage in silicon nanowire transistors,” IEEE Trans. Electron Devices, vol. 62, no. 1,
pp. 213-219, 2015, doi: 10.1109/TED.2014.2371916.

V. Subramanian et al., “Device and circuit-level analog performance trade-offs: A
comparative study of planar bulk FETs versus FinFETs,” Tech. Dig. - Int. Electron
Devices Meet. IEDM, vol. 2005, pp. 898-901, 2005, doi: 10.1109/iedm.2005.1609503.
Darsen Lu, “Compact Models for Future Generation CMOS,” p. 157, 2011, [Online].
Available: http://www.eecs.berkeley.edu/Pubs/TechRpts/2011/EECS-2011-69.pdf

C. Auth et al., “A 10nm high performance and low-power CMOS technology featuring
3rd generation FinFET transistors, Self-Aligned Quad Patterning, contact over active
gate and cobalt local interconnects,” Tech. Dig. - Int. Electron Devices Meet. IEDM, pp.
29.1.1-29.1.4, 2018, doi: 10.1109/IEDM.2017.8268472.

TSMC, “Dedicated IC Foundry,” 7SMC.com, 2021, [Online]. Available:
https://www.tsmc.com/english/dedicatedFoundry
“https://arstechnica.co.uk/gadgets/2017/06/ibm-5nm-chip  [online], accessed June
20177

L. Ming et al., “Sub-10 nm gate-all-around CMOS nanowire transistors on bulk Si
substrate,” Dig. Tech. Pap. - Symp. VLSI Technol., pp. 94-95, 2009.

N. Singh et al., “Ultra-narrow silicon nanowire gate-all-around CMOS devices: Impact

110



of diameter, channel-orientation and low temperature on device performance,” Tech.

Dig. - Int. Electron Devices Meet. IEDM, 2006, doi: 10.1109/IEDM.2006.346840.

M. J. Kang, 1. Myeong, and K. Fobelets, “Geometrical influence on Self Heating in
Nanowire and Nanosheet FETs using TCAD Simulations,” 4th Electron Devices
Technol. Manuf. Conf- EDTM 2020 - Proc., 2020, doi:
10.1109/EDTM47692.2020.9117971.

V. Jegadheesan, K. Sivasankaran, and A. Konar, “Impact of geometrical parameters and
substrate on analog/RF performance of stacked nanosheet field effect transistor,” Mater.
Sci. Semicond. Process., vol. 93, pp. 188-195, 2019, doi: 10.1016/j.mssp.2019.01.003.
D. Nagy, G. Espineira, G. Indalecio, A. J. Garcia-Loureiro, K. Kalna, and N. Seoane,
“Benchmarking of FinFET, Nanosheet, and Nanowire FET Architectures for Future
Technology Nodes,” [EEE Access, vol. 8, pp. 53196-53202, 2020, doi:
10.1109/ACCESS.2020.2980925.

Y. P. Pundir, A. Bisht, R. Saha, and P. K. Pal, “Air-spacers as analog-performance
booster for 5 nm-node N-channel nanosheet transistor,” Semicond. Sci. Technol., vol. 36,
no. 9, 2021, doi: 10.1088/1361-6641/ac16e6.

D. Jang et al., “Device Exploration of NanoSheet Transistors for Sub-7-nm Technology
Node,” IEEE Trans. Electron Devices, vol. 64, no. 6, pp. 2707-2713, 2017, doi:
10.1109/TED.2017.2695455.

C. W. Lee et al., “High-temperature performance of silicon junctionless MOSFETSs,”
IEEE Trans. Electron Devices, vol. 57, no. 3, pp. 620-625, 2010, doi:
10.1109/TED.2009.2039093.

“Genius, 3-D Device Simulator, Version1.9.0, Reference Manual, Cogenda, Singapore,
2008.”.

J. P. Colinge, “Multigate transistors: Pushing Moore’s law to the limit,” Int. Conf. Simul.
Semicond.  Process.  Devices, SISPAD, pp. 313-316, 2014, doi:
10.1109/SISPAD.2014.6931626.

V. Narendar, Shrey, and N. K. Reddy, ‘“Performance enhancement of multi-gate
MOSFETs using gate dielectric engineering,” 2018 Int. Conf. Comput. Power Commun.
Technol. GUCON 2018, pp. 924-928, 2019, doi: 10.1109/GUCON.2018.8674961.

M. Shrivastava, M. S. Baghini, D. K. Sharma, and V. R. Rao, “A novel bottom spacer

FinFET structure for improved short-channel, power-delay, and thermal performance,”

111



[65]

IEEE Trans. Electron Devices, vol. 57, no. 6, pp. 1287-1294, 2010, doi:
10.1109/TED.2010.2045686.

F. W. Chen, H. Ilatikhameneh, G. Klimeck, R. Rahman, T. Chu, and Z. Chen,
“Achieving a higher performance in bilayer graphene FET - Strain engineering,” Int.
Conf. Simul. Semicond. Process. Devices, SISPAD, vol. 2015-Octob, pp. 177-181, 2015,
doi: 10.1109/SISPAD.2015.7292288.

H. llatikhameneh, T. A. Ameen, G. Klimeck, J. Appenzeller, and R. Rahman, “Dielectric
Engineered Tunnel Field-Effect Transistor,” IEEE Electron Device Lett., vol. 36, no. 10,
pp. 1097-1100, 2015, doi: 10.1109/LED.2015.2474147.

R. Ramesh, A. Pon, S. Carmel, and A. Bhattacharyya, “Channel and gate engineered
dielectric modulated asymmetric dual short gate TFET,” 2017 Int. Conf. Microelectron.
Devices, Circuits Syst. ICMDCS 2017, vol. 2017-Janua, pp. 1-4, 2017, doi:
10.1109/ICMDCS.2017.8211594.

M. Roy and Mahmoodi-Meimand, “Leakage current mechanisms and leakage reduction
techniques in deep-submicrometer CMOS circuits,” Proc. IEEE, vol. 91, no. 2, p. 303,
2003, doi: 10.1109/JPROC.2003.808154.

S. K. Mohapatra, K. P. Pradhan, D. Singh, and P. K. Sahu, “The Role of Geometry
Parameters and Fin Aspect Ratio of Sub-20nm SOI-FinFET: An Analysis Towards
Analog and RF Circuit Design,” IEEE Trans. Nanotechnol., vol. 14, no. 3, pp. 546554,
2015, doi: 10.1109/TNANO.2015.2415555.

N. Loubet ef al., “Stacked nanosheet gate-all-around transistor to enable scaling beyond
FinFET,” Dig. Tech. Pap. - Symp. VLSI Technol., pp. T230-T231, 2017, doi:
10.23919/VLSIT.2017.7998183.

V. Vashishtha and L. T. Clark, “Comparing bulk-Si FinFET and gate-all-around FETs
for the 5 nm technology node,” Microelectronics J., vol. 107, 2021, doi:
10.1016/.mejo.2020.104942.

H. C. Lin, T. Chou, C. C. Chung, C. J. Tsen, B. W. Huang, and C. W. Liu, “RF
Performance of Stacked Si Nanosheet nFETS,” IEEE Trans. Electron Devices, vol. 68,
no. 10, pp. 5277-5283, 2021, doi: 10.1109/TED.2021.3106287.

R. Saha, B. Bhowmick, and S. Baishya, “Temperature effect on RF/analog and linearity
parameters in DMG FinFET,” Appl. Phys. A Mater. Sci. Process., vol. 124, no. 9, 2018,
doi: 10.1007/s00339-018-2068-5.

112



[68]

[75]

[78]

A. K. Gundu and V. Kursun, “5-nm Gate-All-Around Transistor Technology with 3-D
Stacked Nanosheets,” IEEE Trans. Electron Devices, vol. 69, no. 3, pp. 922-929, 2022,
doi: 10.1109/TED.2022.3143774.

V. Narula and M. Agarwal, “Study of analog performance of common source amplifier
using rectangular core-shell based double gate junctionless transistor,” Semicond. Sci.

Technol., vol. 35, no. 10, 2020, doi: 10.1088/1361-6641/abaaed.

K. Baral et al., “Impact of ion implantation on stacked oxide cylindrical gate junctionless
accumulation mode MOSFET: An electrical and circuit level analysis,” Mater. Sci.
Semicond. Process., vol. 133, 2021, doi: 10.1016/].mssp.2021.105966.

G. Mariniello et al., “Analog characteristics of n-type vertically stacked nanowires,”
Solid. State. Electron., vol. 185,2021, doi: 10.1016/j.sse.2021.108127.

B. Jena, S. Dash, and G. P. Mishra, “Improved Switching Speed of a CMOS Inverter
Using Work-Function Modulation Engineering,” IEEE Trans. Electron Devices, vol. 65,
no. 6, pp. 2422-2429, 2018, doi: 10.1109/TED.2018.2827083.

W. L. Sung and Y. Li, “Characteristics of Stacked Gate-All-Around Si Nanosheet
MOSFETs with Metal Sidewall Source/Drain and Their Impacts on CMOS Circuit
Properties,” IEEE Trans. Electron Devices, vol. 68, no. 6, pp. 3124-3128, 2021, doi:
10.1109/TED.2021.3074126.

K. P. Pradhan, S. K. Mohapatra, P. K. Sahu, and D. K. Behera, “Impact of high-k gate
dielectric on analog and RF performance of nanoscale DG-MOSFET,” Microelectronics
J., vol. 45, no. 2, pp. 144-151, 2014.

X. Li, H. Zhu, W. Gan, W. Huang, and Z. Wu, “A Three-Dimensional Simulation Study
of the Novel Comb-Like-Channel Field-Effect Transistors for the 5-nm Technology
Node and Beyond,” IEEE Trans. Electron Devices, vol. 69, no. 9, pp. 4786-4790, 2022,
doi: 10.1109/TED.2022.3188589.

S. Bangsaruntip et al., “High performance and highly uniform gate-all-around silicon
nanowire MOSFETs with wire size dependent scaling,” Tech. Dig. - Int. Electron
Devices Meet. IEDM, 2009, doi: 10.1109/IEDM.2009.5424364.

K. Nayak et al., “CMOS logic device and circuit performance of Si gate all around
nanowire MOSFET,” [EEE Trans. Electron Devices, vol. 61, no. 9, pp. 3066-3074,
2014, doi: 10.1109/TED.2014.2335192.

M. J. Tsai et al., “Fabrication and characterization of stacked poly-si nanosheet with

113



[81]

[85]

gate-all-around and multi-gate junctionless field effect transistors,” IEEE J. Electron
Devices Soc., vol. 7, pp. 1133-1139, 2019, doi: 10.1109/JEDS.2019.2952150.

Y.H. Ly, P. Y. Kuo, Y. H. Wu, Y. H. Chen, and T. S. Chao, “Novel GAA raised source
/ drain sub-10-nm poly-Si NW channel TFTs with self-aligned corked gate structure for
3-D IC applications,” Dig. Tech. Pap. - Symp. VLSI Technol., pp. 142—-143, 2011.

E. D. Kurniawan, Y. T. Du, and Y. C. Wu, “Exploring carrier transport mechanisms of
Inversion, Accumulation, and Junctionless mode of vertical stacked nanosheet field
effect transistor for N5 logic technology,” Proceeding - 2021 Int. Symp. Electron. Smart
Devices Intell. Syst. Present Futur. Challenges, ISESD 2021, 2021, doi:
10.1109/ISESD53023.2021.9501732.

P. J. Sung et al., “Voltage Transfer Characteristic Matching by Different Nanosheet
Layer Numbers of Vertically Stacked Junctionless CMOS Inverter for SoP/3D-ICs
applications,” Tech. Dig. - Int. Electron Devices Meet. IEDM, vol. 2018-Decem, pp.
21.4.1-21.4.4, 2019, doi: 10.1109/IEDM.2018.8614553.

D. Yakimets et al., “Vertical GAAFETs for the ultimate CMOS scaling,” IEEE Trans.
Electron Devices, vol. 62,no. 5, pp. 1433-1439, 2015, doi: 10.1109/TED.2015.2414924.
K. Tachi et al., “Experimental study on carrier transport limiting phenomena in 10 nm
width nanowire CMOS transistors,” Tech. Dig. - Int. Electron Devices Meet. IEDM,
2010, doi: 10.1109/IEDM.2010.5703476.

R. Rios et al., “Comparison of junctionless and conventional trigate transistors with L g
down to 26 nm,” /[EEE Electron Device Lett., vol. 32, no. 9, pp. 1170-1172, 2011, doi:
10.1109/LED.2011.2158978.

A. Sharma, A. Jain, Y. Pratap, and R. S. Gupta, “Effect of high-k and vacuum dielectrics
as gate stack on a junctionless cylindrical surrounding gate (JL-CSG) MOSFET,” Solid.
State. Electron., vol. 123, pp. 26-32, 2016, doi: 10.1016/j.sse.2016.05.016.

H. Lou et al., “A Junctionless Nanowire Transistor With a Dual-Material Gate,” IEEE
Trans. Electron Devices, vol. 59, no. 7, pp. 1829-1836, 2012.

F. Xu, B. Gao, H. Wu, and H. Qian, “Improving electrical performance in Ge-Si core-
shell nanowire transistor with a new stripped structure,” Semicond. Sci. Technol., vol.
33, n0. 9, 2018, doi: 10.1088/1361-6641/aad2ad.

B. Singh, D. Gola, E. Goel, S. Kumar, K. Singh, and S. Jit, “Dielectric pocket double

gate junctionless FET: a new MOS structure with improved subthreshold characteristics

114



[95]

for low power VLSI applications,” J. Comput. Electron., vol. 15, no. 2, pp. 502-507,
2016, doi: 10.1007/s10825-016-0808-3.

S. Sahay and M. J. Kumar, “Nanotube Junctionless FET: Proposal, Design, and
Investigation,” IEEE Trans. Electron Devices, vol. 64, no. 4, pp. 1851-1856, 2017, doi:
10.1109/TED.2017.2672203.

“Threshold Voltage model for mesa-isolated small geometry fully depleted SOI
MOSFETs based on analytical solution of 3-D Poisson’s equation”.

C. Park, Y. Song, J. H. Kang, S. O. Jung, and I. Yun, “Effects of electrical characteristics
on the non-rectangular gate structure variations for the multifinger MOSFETs,” IEEE
Trans. Components, Packag. Manuf. Technol., vol. 1, no. 3, pp. 352-358, 2011, doi:
10.1109/TCPMT.2010.2099532.

J. K. Saha, N. Chakma, and M. Hasan, “Impact of channel length, gate insulator
thickness, gate insulator material, and temperature on the performance of nanoscale
FETs,” J. Comput. Electron., vol. 17, no. 4, pp. 1521-1527, 2018, doi: 10.1007/s10825-
018-1235-4.

F. M. Bufler, R. Ritzenthaler, H. Mertens, G. Eneman, A. Mocuta, and N. Horiguchi,
“Performance Comparison of n-Type Si Nanowires, Nanosheets, and FinFETs by MC
Device Simulation,” IEEE Electron Device Lett., vol. 39, no. 11, pp. 1628-1631, 2018,
doi: 10.1109/LED.2018.2868379.

K. Kalna, D. Nagy, A. J. Garcia-Loureiro, and N. Seoane, “3D Schrodinger Equation
Quantum Corrected Monte Carlo and Drift Diffusion Simulations of Stacked Nanosheet
Gate-All-Around Transistor”, [Online]. Available: http://www.itrs2.net/,

S. D. Kim, M. Guillorn, I. Lauer, P. Oldiges, T. Hook, and M. H. Na, “Performance
trade-offs in FinFET and gate-all-around device architectures for 7nm-node and
beyond,” 2015 IEEE SOI-3D-Subthreshold Microelectron. Technol. Unified Conf. S3S
2015,2015, doi: 10.1109/S3S.2015.7333521.

Y.R. Linet al., “Performance of Junctionless and Inversion-Mode Thin-Film Transistors
with Stacked Nanosheet Channels,” IEEE Trans. Nanotechnol., vol. 19, pp. 84—88, 2020,
doi: 10.1109/TNANO.2019.2960836.

B. S. Vakkalakula and N. Vadthiya, “p-Type Trigate Junctionless Nanosheet MOSFET:
Analog/RF, Linearity, and Circuit Analysis,” ECS J. Solid State Sci. Technol., vol. 10,
no. 12, p. 123001, 2021, doi: 10.1149/2162-8777/ac3bdf.

115



[98]

[100]

[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

V. B. Sreenivasulu and V. Narendar, “Design and Temperature Assessment of
Junctionless Nanosheet FET for Nanoscale Applications,” Silicon, vol. 14, no. 8, pp.

3823-3834, 2022, doi: 10.1007/s12633-021-01145-w.

V. B. Sreenivasulu and V. Narendar, “Junctionless Gate-all-around Nanowire FET with
Asymmetric Spacer for Continued Scaling,” Silicon, vol. 14, no. 13, pp. 7461-7471,
2022, doi: 10.1007/s12633-021-01471-z.

M. J. Ahn, T. Saraya, M. Kobayashi, N. Sawamoto, A. Ogura, and T. Hiramoto,
“Superior subthreshold characteristics of gate-all-around p-type junctionless poly-Si
nanowire transistor with ideal subthreshold slope,” Jpn. J. Appl. Phys., vol. 59, no. 7,
2020, doi: 10.35848/1347-4065/ab9e7d.

V. B. Sreenivasulu and V. Narendar, “Design insights into RF/analog and
linearity/distortion of spacer engineered multi-fin SOI FET for terahertz applications,”
Int. J. RF Microw. Comput. Eng., vol. 31, no. 12,2021, doi: 10.1002/mmce.22875.
“International Technology Roadmap for Semiconductors,” 2005.

K. R. Barman and S. Baishya, “Study of Temperature Effect on Analog/RF and Linearity
Performance of Dual Material Gate (DMG) Vertical Super-Thin Body (VSTB) FET,”
Silicon, vol. 13, no. 6, pp. 1993-2002, 2021, doi: 10.1007/s12633-020-00561-8.

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, 2021, doi: 10.1007/s12633-021-01040-4.

S. P. Mohanty, “Nanoelectronic mixed-signal system design,” Mc Graw Hill Educ.,
2015.

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, 2021, doi:
10.1007/s12633-020-00615-x.

V. B. Sreenivasulu and V. Narendar, “Characterization and optimization of junctionless
gate-all-around vertically stacked nanowire FETs for sub-5 nm technology nodes,”
Microelectronics J., vol. 116, 2021, doi: 10.1016/j.mejo.2021.105214.

Y. T. Hou, M. F. Li, T. Low, and D. L. Kwong, “Metal gate work function engineering
on gate leakage of MOSFETS,” IEEE Trans. Electron Devices, vol. 51, no. 11, pp. 1783—
1789, 2004, doi: 10.1109/TED.2004.836544.

V. B. Sreenivasulu and V. Narendar, “Junctionless SOI FinFET with advanced spacer

116



[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

techniques for sub-3 nm technology nodes,” AEU - Int. J. Electron. Commun., vol. 145,
2022, doi: 10.1016/j.acue.2021.154069.

A. B. Sachid, H. Y. Lin, and C. Hu, “Nanowire FET with Corner Spacer for High-
Performance, Energy-Efficient Applications,” IEEE Trans. Electron Devices, vol. 64,
no. 12, pp. 5181-5187, 2017, doi: 10.1109/TED.2017.2764511.

P. K. Pal, B. K. Kaushik, and S. Dasgupta, “Investigation of symmetric dual-k spacer
trigate FinFETs from delay perspective,” IEEE Trans. Electron Devices, vol. 61, no. 11,
pp- 3579-3585, 2014, doi: 10.1109/TED.2014.2351616.

M. Singh, S. Mishra, S. S. Mohanty, and G. P. Mishra, “Performance analysis of SOI
MOSFET with rectangular recessed channel,” Adv. Nat. Sci. Nanosci. Nanotechnol., vol.
7,no. 1, 2016, doi: 10.1088/2043-6262/7/1/015010.

H. Ko, M. Kang, J. Jeon, and H. Shin, “Device Investigation of Nanoplate Transistor
with Spacer Materials,” IEEFE Trans. Electron Devices, vol. 66, no. 1, pp. 766770, 2019,
doi: 10.1109/TED.2018.2880966.

A. K. Singh, M. R. Tripathy, K. Baral, P. K. Singh, and S. Jit, “Investigation of DC, RF
and linearity performances of a back-gated (BG) heterojunction (HJ) TFET-on-selbox-
substrate (STFET): Introduction to a BG-HJ-STEFT based CMOS inverter,”
Microelectronics J., vol. 102, 2020, doi: 10.1016/j.mejo.2020.104775.

N. Gupta, A. Kumar, and R. Chaujar, “Design Considerations and Capacitance
Dependent Parametric Assessment of Gate Metal Engineered SINW MOSFET for ULSI
Switching Applications,” Silicon, vol. 12, no. 6, pp. 1501-1510, 2020, doi:
10.1007/s12633-019-00246-x.

Y. Pratap, S. Haldar, R. S. Gupta, and M. Gupta, “Performance evaluation and reliability
issues of junctionless CSG MOSFET for RFIC design,” I[EEE Trans. Device Mater.
Reliab., vol. 14, no. 1, pp. 418-425, 2014, doi: 10.1109/TDMR.2013.2296524.

B. Baral, S. M. Biswal, D. De, and A. Sarkar, “Radio frequency/analog and linearity
performance of a junctionless double gate metal-oxide-semiconductor field-effect
transistor,”  Simulation, vol. 93, mno. 11, pp. 985-993, 2017, doi:
10.1177/0037549717704308.

V. Jegadheesan and K. Sivasankaran, “A source/drain-on-insulator structure to improve

the performance of stacked nanosheet field-effect transistors,” J. Comput. Electron., vol.

19, no. 3, pp. 1136-1143, 2020, doi: 10.1007/s10825-020-01502-9.

117



[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

B. Kumar and R. Chaujar, “Analog and RF Performance Evaluation of Junctionless
Accumulation Mode (JAM) Gate Stack Gate All Around (GS-GAA) FinFET,” Silicon,
vol. 13, no. 3, pp. 919-927, 2021, doi: 10.1007/s12633-020-00910-7.

“Cadence Virtuoso Spectre Circuit Simulator, Cadence Des. Syst., San Jose, CA, USA,
2016.”.

Q. Wang, S. Wang, H. Liu, W. Li, and S. Chen, “Analog/RF performance of L- and U-
shaped channel tunneling field-effect transistors and their application as digital

inverters,” Jpn. J. Appl. Phys., vol. 56, no. 6, 2017, doi: 10.7567/JJAP.56.064102.

A. Liu et al., “High-performance p-channel transistors with transparent Zn doped-Cul,”
Nat. Commun., vol. 11, no. 1, 2020, doi: 10.1038/s41467-020-18006-6.

A. Dixit, P. K. Kori, C. Rajan, and D. P. Samajdar, “Design Principles of 22-nm SOI
LDD-FinFETs for Ultra-Low-Power Analog Circuits,” J. Electron. Mater., vol. 51, no.
3, pp. 1029-1040, 2022, doi: 10.1007/s11664-021-09337-1.

R. Islam, A. N. K. Suprotik, S. M. Z. Uddin, and M. T. Amin, “Design and analysis of 3
stage ring oscillator based on MOS capacitance for wireless applications,” pp. 723-727,
2017, doi: 10.1109/ecace.2017.7912998.

S. De, S. Tewari, A. Biswas, and A. Mallik, “Improved digital performance of hybrid
CMOS inverter with Si p-MOSFET and InGaAs n-MOSFET in the nanometer regime,”
Microelectron. Eng., vol. 211, pp. 18-25, 2019, doi: 10.1016/j.mee.2019.03.017.

J. Jalil, M. B. I. Reaz, M. A. M. Ali, and T. G. Chang, “A low power 3-stage voltage-
controlled ring oscillator in 0.18 um CMOS process for active RFID transponder,”
Elektron. ir Elektrotechnika, vol. 19, no. 8, pp. 69-72, 2013, doi:
10.5755/j01.eee.19.8.2524.

S. Kaya and A. Kulkarni, “A novel voltage-controlled ring oscillator based on nanoscale
DG-MOSFETSs,” Proc. Int. Conf. Microelectron. ICM, pp. 417-420, 2008, doi:
10.1109/1CM.2008.5393792.

P. Aminzadeh, M. Alavi, and D. Scharfetter, “Temperature dependence of substrate
current and hot carrier-induced degradation at low drain bias,” Dig. Tech. Pap. - Symp.
VLSI Technol., pp. 178-179, 1998, doi: 10.1109/v1sit.1998.689247.

S. W. Chang et al., “First Demonstration of CMOS Inverter and 6T-SRAM Based on
GAA CFETs Structure for 3D-IC Applications,” Tech. Dig. - Int. Electron Devices Meet.
IEDM, vol. 2019-Decem, no. c, pp. 2019-2022, 2019, doi:

118



[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

10.1109/IEDM19573.2019.8993525.
M. H. Han, H. Bin Chen, S. S. Yen, C. S. Shao, and C. Y. Chang, “Temperature-

dependent characteristics of junctionless bulk transistor,” Appl. Phys. Lett., vol. 103, no.
13,2013, doi: 10.1063/1.4821747.

B. Kumar and R. Chaujar, “Numerical Study of JAM-GS-GAA FinFET: A Fin Aspect
Ratio Optimization for Upgraded Analog and Intermodulation Distortion Performance,”
Silicon, vol. 14, no. 1, pp. 309-321, 2022, doi: 10.1007/512633-021-01395-8.

K. R. Barman and S. Baishya, “An Insight into the DC and Analog/RF Response of a
Junctionless Vertical Super-Thin Body FET towards High-K Gate Dielectrics,” Silicon,
vol. 14, no. 11, pp. 61136121, 2022, doi: 10.1007/s12633-021-01393-w.

S. Valasa, S. Tayal, and L. R. Thoutam, “Optimization of Design Space for Vertically
Stacked Junctionless Nanosheet FET for Analog/RF Applications,” Silicon, 2022, doi:
10.1007/s12633-022-01793-6.

“‘International Roadmap for Devices and Systems, 2018 Edition, More Moore White
paper’”, [Online]. Available:
https://irds.icee.org/images/files/pdf/2018/2018IRDS MM.pdf

Y. Sun, X. Li, Z. Liu, Y. Liu, X. Li, and Y. Shi, “Vertically Stacked Nanosheets Tree-
Type Reconfigurable Transistor with Improved ON-Current,” I[EEE Trans. Electron
Devices, vol. 69, no. 1, pp. 370-374, 2022, doi: 10.1109/TED.2021.3126266.

H.Y.Yeand C. W. Liu, “On-Current Enhancement in TreeFET by Combining Vertically
Stacked Nanosheets and Interbridges,” IEEE Electron Device Lett., vol. 41, no. 9, pp.
1292-1295, 2020, doi: 10.1109/LED.2020.3010240.

S. Tayal et al., “A Comprehensive Investigation of Vertically Stacked Silicon Nanosheet
Field Effect Transistors: an Analog/RF Perspective,” Silicon, vol. 14, no. 7, pp. 3543—
3550, 2022, doi: 10.1007/s12633-021-01128-x.

K. R. Barman and S. Baishya, “Study of enhanced DC and analog/radio frequency
performance of a vertical super-thin body FET by high-k gate dielectrics,” Int. J. RF
Microw. Comput. Eng., vol. 32, no. 1, 2022, doi: 10.1002/mmce.22940.

K. R. Barman and S. Baishya, “An Architectural Parametric Analysis for Vertical Super-
Thin Body (VSTB) MOSFET with Double Material Gate (DMG),” IEEE Reg. 10 Annu.
Int. Conf. Proceedings/TENCON, vol. 2019-October, pp. 62-66, 2019, doi:
10.1109/TENCON.2019.8929531.

119



