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Chapter 1: Introduction

1.1 Field Effect Transistors

The current technology revolution, often labeled as Industry 5.0, is demonstrated
by combining the ‘Internet of Things’ with the integration of sensors in cars, smart
homes, and industry boosting productively [1, 2]. Innovations in power distribution,
robotics, electronics, cybersecurity, and communication are largely responsible for this
shift. Transistors are essential to this revolution because they make it possible to
provide, manage, and consume electrical energy efficiently. This highlights the
importance of transistor reliability for the advancement of technology in future
electronics (Fig. 1.1) [3].
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Fig. 1.1: Revolution to industry 5.0 [2].

Field Effect Transistors (FETS) are key component of this sophisticated semiconductor
technology. Integrated Circuits (ICs) are designed with FETS, most especially Metal-
Oxide-Semiconductor FETs (MOSFETS) [4]. Electronic devices operate better and are
more efficient because of MOSFETSs' special qualities, which include their great
switching features, low power consumption, effective amplification, and regulation of
electrical impulses [5-7]. MOSFETSs are made up of a finely tuned metal gate that is
isolated from the semiconductor material by a thin silicon dioxide-based insulating
layer. The precise regulation of the current flow between the source and drain terminals
is made possible by this design of forming a parallel plate capacitor between gate
electrode and semiconductor substrate [8]. The voltage applied to the gate terminal
creates an electric field that modifies the semiconductor channel's conductive
characteristics. MOSFETs are essential for digital circuits as well, because of their

quick ON-OFF (Iyn/Iorr) Switching speed, which increases data processing speed and
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efficiency. Furthermore, these devices' adaptability in a variety of electronic
applications is further enhanced by the differentiation between N-channel and P-channel
MOSFETSs based on the kind of predominant charge carriers in the channel i.e. n-type
and p-type charge carrier respectively [9-11]. The improvement and optimization of
FET designs support the never-ending quest for greater performance, reduced power
consumption, and shrinking in electronic devices as semiconductor technology develops
[7]. The continuous development of FETs highlights their pivotal function in molding
the field of modern semiconductor technology and its influence on several sectors,

ranging from computing to telecommunications and beyond [10].
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Fig. 1.2: Transistor counts doubling every two years against introduction dates
according to Moore’s Law.

IC technology has been continuously advanced by Moore's Law, a fundamental
principle of the semiconductor industry shown in Fig. 1.2. According to this theory,
transistor density doubles roughly in every two years, resulting in an exponential
development in processing power [12]. Currently, the International Roadmap for
Devices and Systems (IRDS) [13] and the International Technology Roadmap for
Semiconductors (ITRS) [14] have established formal rules for industry cooperation that
are in keeping with the objectives of Moore's Law [13]. It is becoming more and more
clear that Metal-Oxide-Semiconductor (MOS) devices have limits, such as issues with
heat dissipation, power consumption, and electron leakage. As technology is shrinking,
unique strategies including alternate transistor topologies, new materials, and quantum
computing breakthroughs are being looked for maintain semiconductor technology
development beyond the traditional bounds of Moore's Law [15, 16].



Chapter 1: Introduction

Gate
T Metal
e

Source Drain
Si0, |
‘ nt L nt \
Channel

(P-type doped)

Si-Substrate

—_—

Body L
Fig. 1.3: Block diagram of an n-channel MOSFET.

The MOSFET is being continuously improved to increase packing density and
computational effectiveness. The block diagram of an n-channel MOSFET shown in
Fig. 1.3. Researchers and engineers have investigated many FET topologies, each
intended to maximize performance in terms of size, power consumption, and speed, in
order to fulfill the demands of high-density packing, higher processing speed and more
memory space. Emerging technologies like FInFETs and Nanowire FETS, which go
beyond conventional MOSFETs, have drawn attention due to their capacity to
significantly increase transistor density and lower power consumption [17-19]. Because
of its three-dimensional fin-like architecture, FInNFETs offer superior control over
current flow, allowing for higher packing densities and faster speeds. Furthermore, it
has been shown that Tunneling FETs (TFETS) are a potential option for high-density
applications. Compared to traditional FETs, TFETs can operate with low power
consumption because they use quantum tunneling to transfer electrons [20, 21]. Need of
high-speed computing has led to the investigation of ultra-thin bodies, buried oxide
FETs and multigate transistors. By reducing the size of the transistor body, these

designs aim to provide quicker switching times and faster electron mobility [17, 20].
1.2 Transistor Scaling

A further important principle that must be followed for Moore's Law to continue to hold
true is Dennard scaling. This theory, named after its founder, Robert Dennard, states
that power density of transistors must not decrease with transistor size, requiring
proportionate decreases in voltage and current in addition to other dimensional scaling
effects [22].
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Fig. 1.4: Schematic representation of a Si MOSFET scaled by factor k [23].

Chip makers faithfully adhered to Dennard's scaling law far into the 1990s, making
calculated changes to doping densities, voltages, and dielectric thicknesses that
advanced the industry with each new generation of microprocessors. The development
of memory modules, high-performance microprocessors, and other complex electronic
systems depends on this scalability [24]. Quantum effects become more obvious as
transistors get smaller in size (Fig. 1.4), which can calculate electron leakage and
reduced switching with precision. At increased power densities, the problem of heat
dissipation becomes more difficult, increasing the possibility of reliability problems and
performance degradation [25]. The consistency of integrated circuits is impacted by
differences in transistor performance brought about by manufacturing variability.
Aggressive scaling is not always feasible due to rising economic costs related to
sophisticated fabrication facilities. Moore's Law predicted a 20 to 30 percent annual
decline in quality-adjusted manufacturing costs for electronic circuits due to shrinking
transistor sizes every 2-3 years, leading to denser and cheaper chip fabrication over time
[26, 27]. Signal delays and higher resistance are the outcomes of shrinking transistor
sizes, which worsen problems with metal interconnects. It gets harder and harder to
achieve steeper subthreshold slopes, which are essential for low-power applications
[28]. Innovation is needed to overcome these obstacles, which is why the semiconductor

industry is investigating new materials and structures.
1.3 Short Channel Effects (SCEs)

The reducing dimensions of MOSFETSs to nano meter regime cause SCES in
MOSFET devices [4, 24, 29, 30]. The control of charge carriers gets more difficult as

device lengths drop, which increases leakage currents and decreases gate control on the
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channel. Comprehending these fundamental causes is essential to formulating tactics to
tackle SCE and enhance MOSFET device performance in forthcoming semiconductor
technologies [24]. Furthermore, when device dimensions get closer to sub-10nm scales,
SCE become more pronounced, requiring creative design and fabrication methods to
lessen their effects [4]. Further affecting device performance is the shortening of the

channel length, which intensifies phenomena like:
1.3.1 Channel Length Modulation

In FETs where the length of the inverted channel region decreases as the drain
bias increases, particularly notable at higher drain biases as shown in Fig. 1.5. This may
cause the transistor's output resistance to drop, which would diminish its capacity to
maintain a steady output voltage even with fluctuating drain currents [31]. The main
source of this impact is the electric field that is created close to the MOSFET's drain
area. This field extends into the channel and shortens the channel's useful length.
Because of the decreased drain current caused by this reduction in effective channel

length, the properties and performance of the device are affected [32].
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Fig. 1.5: Channel length modulation.

Reducing the length-to-width ratio lowers channel resistance, which increases current
flow. At saturation, the drain current progressively rises as the drain-to-source voltage
rises due to channel-length modulation. To accommodate this change , the saturation-
region drain-current formula need to be modified by include the incremental channel

length reduction expressed below [28]:
1 w
Ip = Eﬂncoxm (Ves — Vrn)? (1.1)

If the incremental alteration is significantly smaller than the physical channel length,
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the drain current in saturation can be expressed as:
1 w AL
Ip = SunCox— (Vos — Vrw)? (1 + T) (1.2)

The aforementioned expression assumes that the change in length (4L) is substantially
smaller than the original length (L). However, this assumption becomes less valid as
channel lengths decrease, particularly in modern short-channel devices for a nano-meter
regime. Consequently, researchers have devised more accurate models for channel-

length modulation to simulate these devices in modern contexts [33, 34].
1.3.2 Drain Induced Barrier Lowering (DIBL)

The effective barrier height between the source and drain is lowered as the
channel length decreases because the drain voltage's influence spreads farther into the
channel. DIBL changes Vg with drain bias as the channel length decreases [28, 30].
This effect is first seen in the subthreshold region as a shift in the subthreshold current
against gate bias curve. However, as the length of the curve increases, the slope
decreases, suggesting that a larger gate bias adjustment is needed to achieve the same
change in drain current. In very brief periods of time, it is conceivable for the gate to
fail to entirely turn off the device; nevertheless, this cannot be solely attributed to a
threshold change.

In practical terms, DIBL can be computed as follows [28]:

DD low
VrH —VrH

low

DIBL = — ——F——
Vpp—=Vpp

(1.3)

In this calculation, DIBL is determined by subtracting the threshold voltage measured
at a high drain voltage (V.2P) from the threshold voltage measured at a very low drain
voltage (V19), typically 0.05 V or 0.1 V. The difference is then divided by the supply
voltage (Vpp) minus the low drain voltage (V2%"), which represents the linear part of
the device's current-voltage characteristics. The negative sign in the formula ensures a
positive DIBL value, given that the high drain threshold voltage is always smaller than

the low drain threshold voltage. DIBL is typically expressed in units of mV/V.
1.3.3 Threshold Voltage Roll-off

The electric field between the channel region and the drain increases as the

channel length (L.,) decreases. The depletion zone close to the drain expands further
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into the channel as a result of the higher electric field, shortening the effective channel
length that is accessible for conduction. As a result, the V4 drops since less Vg is
required to cause the same degree of channel inversion [35, 36].

An equation that takes into consideration the threshold voltage's dependence on
L.y can be used to mathematically explain the V4 roll-off. The empirical expression is

one model that is frequently used to explain this phenomenon [37]:

qN AWy

VTH=2®F_§_B_2Q)F+

= (1.4)
ox ox

Where W7 is the total width of the device a function of L., @ represent bulk potential,
Qg is fixed charge due to imperfection in silicon/oxide interface and C,, represent oxide
capacitance. From the equation it is clear that the V;, of the device decrease with L.
Moreover, process variances like variations in oxide thickness or impurity
concentrations during fabrication might result in V; roll-off. The variations affect the
overall performance and dependability of the device by causing irregular transistor

behavior throughout the integrated circuit.
1.3.4 Velocity Saturation

Saturation effects limit the rise in drain current with V;s when carriers in the
channel reach high velocities at high drain voltages. The efficiency and speed of the
transistor may be impacted by this phenomenon [38]. The mobility of charge carriers
also relies on the lateral electric field. As this field increases and approaches about 1
V/um, carrier mobility starts declining. Consequently, the carrier velocity, represented
by v (= uE), reaches a saturation point at approximately ~107cm/s for sufficiently
elevated fields along the channel. Here, ‘u' denotes carrier mobility, and 'E' signifies the
low electric field [39].

As the electric field increases, the carrier velocity stops increasing because the
carriers lose energy from interacting with the lattice. This interaction can include
emitting phonons and photons when the carrier energy is large enough [40]. It affects
the saturation current, transit time, and frequency response of these devices, ultimately

imposing limits on their maximum achievable operating speed.
1.3.5 Hot Carrier Effects

High electric fields can cause carriers to gain excessive energy, which is why

short channel devices are more vulnerable to hot carrier injection. The lifetime of the

8
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device may be impacted by reliability problems including threshold voltage shift and
increased leakage current [41, 42]. The degradation of MOSFET characteristics as a
result of high-energy carriers' effects on the semiconductor material itself, including
transconductance (G,,), threshold voltage (V;), and drain current (I5s), is referred to as
this effect. The silicon lattice may be harmed by hot carriers, which could lead to
modifications in oxide characteristics, an increase in interface trap density, and changes
in device characteristics. The longevity and dependability of MOSFETS can be greatly
impacted by hot carrier degradation (HCD), which is a cumulative effect that is
particularly noticeable in high-performance applications [43].

1.4 Advanced Semiconductor Devices

Modern semiconductor devices are essential for a wide range of applications,
and each one needs a customized architecture to satisfy unique performance
requirements such as better speed, power, space etc. as aforementioned. FInFETs are
being used for high-performance computing (HPC) because of its three-dimensional
fin-like structure, which increases speed and power efficiency [18]. The limitations of
conventional MOSFETS are their susceptibility to overheating and insufficient ability to
handle voltage and current. Power MOSFETSs like LDMOS, DG-SICJLT, get around
these problems by offering higher voltage and current ratings, improved thermal
performance, and lower ON-state resistance [44]. They are required for equipment that
requires efficient power switching, such as power supplies, motor controls, and
inverters. Their low ON-state resistance minimizes power losses, making them ideal for
high-power applications [10, 45, 46]. Additionally, their fast-switching speeds enable
efficient power flow management, which enhances overall system performance.
Energy-efficient low-power architectures are essential to the internet of things (lIoT),
because they prolong the battery life of 10T sensors [9]. Memory devices have
topologies designed to maximize storage density and minimize power consumption.
Examples of these devices are Resistive RAM (RRAM) and 3D NAND flash memory.
Silicon carbide (SiC) and gallium nitride (GaN) power devices are utilized by
automotive electronics to provide increased efficiency and power density in driver-
assistance systems and electric automobiles. Millimeter-wave semiconductor devices
are needed for 5G communication networks to transmit data at high speeds. Tensor

processing units (TPUs) and neuromorphic computing are two architectures that
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artificial intelligence (Al) accelerators use to process neural networks efficiently. High-
speed data transmission in data centers and telecommunications is made possible by
architectures like silicon photonics, which are beneficial for optoelectronic applications
[47]. High-efficiency 111-V compound semiconductor solar cells are used in renewable
energy technologies to harvest solar energy. High-resolution and sensitive imaging for
medical diagnostics is made possible in the field of healthcare imaging by quantum dot
imaging architectures and CMOS imaging sensors. TFETs use quantum tunneling to
provide effective switching at low voltages, allowing for extremely low power
consumption in applications like wearable technology and 10T sensors. While JLTs
provide affordable options for integrated circuits and power management systems, with
simplified fabrication procedures as there is no doping gradient present. Contrarily,
both devices show promise in meeting the growing need for energy-efficient electronics
[47-49].

1.4.1 Laterally Diffused Metal-Oxide-Semiconductor Device (LDMOS)

LDMOS transistors have dominated radio frequency (RF) power applications,
especially in base stations, for more than two decades. Their superiority over
conventional bipolar junction transistors (BJTs) and their persistent performance in
terms of higher frequencies account for their prominence. Let's take a closer look at the
elements that made LDMOS the clear winner among base station transmitters operating
in the very high frequency (VHF) and ultra-high frequency (UHF) bands. The intrinsic
nonlinearity of BJTs is one of its main drawbacks in high-power applications [45, 50,
51]. Due to the distortion that this nonlinearity adds to the amplified signal,
communication systems may experience power loss and possible interference.
Conversely, LDMOS transistors have better linearity, which enables less distortion in
the signal and cleaner amplification. Improved signal quality and more effective power
use are the results, both of which are essential for dependable base station operation.
LDMOS transistors are not without limitation, despite their better performance as
mentiones above. When compared to certain alternative technologies, such as GaN
transistors, their on-resistance is typically larger which determines power losses during
conduction. Nonetheless, ongoing R&D is concentrated on improving LDMOS designs

to further minimize on-resistance while preserving other significant benefits [45].

10
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Fig. 1.6: Schematic of LDMOS.

The idea behind high-voltage MOSFETS such as LDMOS is to raise breakdown
voltage by decreasing the surface electric field. This is accomplished by relaxing the
distribution of space charges by extending the channel and increasing the drain
diffusion area shown in Fig. 1.6. Breakdown voltage is raised without sacrificing
current inversion by reducing drain diffusion doping and adding a lower doped drift
zone. The reduced surface field (RESURF) effect extends the depletion layer for bulk
breakdown, proposed in 1979 [52-54]. Nevertheless, instead of length and doping,
increased on-resistance caused drift depth to increase. As a result, gate-to-drain overlap
and shallow trench isolation were added to drain-extended MOS transistor (DeMOS) or
LDMOS transistors for increased reliability [47, 55].

v _ _9E _ _ap (15)

ax2  ox €

The link between charge (q), potential (V), electric field (E), and space charge density
(p) is described by Poisson's equation (Eq. 1.5). To decrease the channel electric field,
the channel length is first increased. Next, expanding the drain diffusion area
contributes to the breakdown voltage increase by dispersing space charge. Reducing
drain diffusion doping helps to relax space charge even more, albeit at the cost of
current and inversion characteristics. In order to overcome this, the depletion layer is
made to extend beyond the boundaries of a one-dimensional lateral diode by
introducing a less doped "drift" zone between the channel and drain. This maximizes
breakdown voltage while preserving current flow by facilitating bulk breakdown as
opposed to junction breakdown.

11
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1.4.2 Double Gate Silicon Carbide JLT (DG-SIiCJLT)

Junctionless transistors (JLTs) using silicon carbide (SiC) as substrate material
is a potential semiconductor technology since they perform better than traditional
silicon-based devices in terms of power handling capabilities efficiency and superior
performance in high-temperature environments [56]. By avoiding the need for extra
transfer stages and growing SiC epitaxially directly on the substrate, the direct growth
technique improves device scalability and lowers manufacturing costs. Additionally,
this approach makes it easier to regulate the interface characteristics and material

quality, which enhances device dependability and performance [57].
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Fig. 1.7: Cross sectional view of a DG-SICJLT.

Field-effect transistor theory governs how the DG-SiCILT functions. By
producing an electric field and adjusting conductivity in the SiC channel between the
source and drain, the dual gate terminal regulates current flow as shown in Fig. 1.7. SiC
can operate at high temperatures and voltages due to its wide bandgap, and fast
switching speeds are made possible by its high electron mobility [56, 58]. Because of
these characteristics, SIC FETs have lower switching losses than silicon-based
counterparts, which makes them preferable for high-frequency and high-power
applications. Critical factors for assessing SiC JLTs are performance metrics like
transconductance, ON-state resistance, and threshold voltage. Recent developments
have shown notable gains in these parameters, indicating that DG-SICJLT have the
potential to surpass current semiconductor technology [59]. In addition, one of the main
factors influencing DG-SICJLT adoption across a range of industries is their scalability.
It is possible to create lightweight, compact electronic systems with improved
performance thanks to the fabrication of smaller, more efficient devices.

12
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1.4.3 Junctionless Tunnel Field Effect Transistor (JL-TFET)

Transistors, the backbone of contemporary electronics, are relentlessly
shrinking, but their physical limits are being reached at nano meter regime. Novel
transistor architectures are being investigated by researchers in their pursuit of ever-
smaller and more efficient devices, the TFET is one such intriguing contender [60]. A
TFET operates by leveraging quantum tunneling through a narrow barrier, allowing for
low-power switching with reduced leakage current compared to conventional FETs
(Fig. 1,8).

n-MOSFET n-TFET
Gate Gate

Source Drain Source Drain

= Thermionic
[\Q @ Emission

Band-to-band
Tunneling

Fig 1.8: Comparison between conventional MOSFET and TFET [61].

Another promising device similar to the TFET is JL-TFET shown in Fig. 1.9(a), lack
traditional PN junctions, relying on a thin silicon layer for quantum tunneling, enabling
efficient electron transport and low power consumption, promising advancements in
nanoscale electronics [48, 62]. Because of their distinctive design, JL-TFET have a lot
of potential benefits such as less complicated, junctionless architecture offers the
possibility of reduced power usage and simpler manufacture which makes them an
interesting subject for future electronics research. They have steeper subthreshold
swing and therefore has better scalability and lower leakage current. The band diagram
in a JL-TFET illustrates the energy levels of electrons and holes, showing the tunneling
process across the bandgap to enable low-power switching by leveraging quantum
mechanics shown in Fig 1.9(b). Because of the JL-TFET's special structure, employ
two gates to decouple the tunneling process from the transistor operation, namely fixed

gate and control gate [62].
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Fixed Gate: Unlike the control gate, the fixed gate maintains a constant voltage. This
gate plays a supporting role, shaping the electric field within the channel and
influencing how the control gate modulates the tunnel width. By adjusting the fixed
gate voltage, researchers can fine-tune the JL-TFET's characteristics.

Control Gate: The control gate functions when a voltage is applied to it. Strong
positive voltage enlarges the tunnel, making it easier for electrons to flow through (high
current). In contrast, a negative voltage causes the tunnel to constrict, which makes it
more difficult for electrons to pass through low current. Current flow is controlled by

this tunnel width control.
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Fig 1.9: (a) Cross section view of n- channel JL-TFET (b) Band diagram of JL-TFET [62].
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1.5 TCAD Simulation Methodology

Advanced simulation approaches are necessary to study the nano-electronic
devices due to the ongoing push towards downsizing and increased performance. One
essential technique for simulating and optimizing the behavior of these devices at the
nanoscale is Technology Computer-Aided Design (TCAD). It makes easier to analyze
performance data, electrical properties, and device behavior under varied operating
circumstances. Nano-electronic device design, optimization, and analysis are made
possible using TCAD simulation. TCAD helps engineers and researchers to investigate
the complex behavior of devices at the nanoscale, spurring innovation and improvement

in semiconductor technology [63]. It does this by utilizing computational modeling and

command boundary
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_dvs.cmd _fps.tdr _des.cmd name.par
—Pp [ current
Sentaurus Sentaurus _des.plt
Structure grid Device
Editor —P | _mshidr | —P —
plot
* * _des.tdr
output output
_msh.log _des.log

Fig. 1.10: Device simulation tool flow using Sentaurus TCAD [64].

numerical simulation approaches. In the era of nano-electronics, greater improvements
in device performance, reliability, and manufacturability are promised by ongoing
research and development in the TCAD methodology.

Device geometry definition, material property specification, mesh creation, physics
modeling, and simulation output analysis are some of the phases that are included in
TCAD shown in Fig. 1.10 explained below [64].

e Determining the device's geometric structure is the initial stage in the TCAD
simulation process. This entails defining characteristics such electrode designs,
doping profiles, layer thicknesses, and device dimensions. To accurately simulate the

electrical activity of the device and capture its physical attributes, precise geometry

15
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characterization is essential.

e TCAD needs specific material property data after the device geometry has been
defined. This covers variables including bandgap energies, doping concentrations,
dielectric constants, carrier mobility, and carrier lifespan. The performance of
devices is greatly influenced by material properties, which necessitate precise
modeling in order to produce trustworthy simulation results.

e Mesh generation involves dividing the device geometry into discrete elements or
nodes to facilitate numerical analysis. Depending on the requirements of the
simulation and the device construction, many meshing techniques are used,
including adaptive, unstructured, and structured meshing. A fine mesh resolution is
necessary to accurately record device activity in areas of high carrier concentration
or rapid material property changes and to know the voltage and current at those
nodes.

e The foundation of TCAD simulation is physics modeling, which involves the
numerical solution of mathematical equations describing the physics of
semiconductor devices. Models for carrier transport, electrostatics, thermal effects,
quantum effects, and device-material interactions are included in this. Sophisticated
algorithms and solvers are employed by TCAD tools to model the intricate physical
phenomena that dictate the functioning of devices.

e TCAD uses a variety of simulation methods such as finite element analysis to
examine various facets of device behavior. These comprise statistical variability
analysis using Monte Carlo simulation, small-signal analysis for linear behavior,
transient analysis for dynamic response, and DC analysis for steady-state
characteristics. Every method provides information on particular device
characteristics and performance indicators.

e To guarantee the quality and dependability of TCAD models, calibration and
validation are essential. This entails validating the consistency and predictive power
of the TCAD tool by contrasting simulation findings with experimental data or well-
established analytical models. To increase simulation accuracy and fine-tune model
parameters, iterative refinement might be necessary.

e Numerous nano-electronic devices, such as MOSFETs, FinFETs, nanowire
transistors, memristors, photodetectors, and quantum devices, find extensive use in

TCAD simulation. It gives device designers the flexibility to experiment with
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various design configurations, maximize performance, forecast behavior under
various operating scenarios, and evaluate yield and reliability before actual

fabrication of the device.
1.6 Reliability of Semiconductor Devices

Constant technological progress has led to the development of advanced
semiconductor devices, which present a number of reliability issues due to their
complex design and decreasing sizes. These include process differences, temperature
effects, hot carrier injection (HCI), negative bias temperature instability (NBTI), gate
oxide integrity, bias temperature instability (BTI), and time-dependent dielectric
breakdown (TDDB) [55, 65, 66]. HCI, in which carriers acquire enough energy to be
injected into a transistor's gate oxide, is one significant reliability risk. Over time, this
process may cause the transistor's properties to gradually deteriorate, which could affect
its functionality. NBTI, which predominantly affects PMOS transistors, is another
problem. When a transistor is exposed to high temperatures and negative bias stress, its
threshold voltage decreases, leading to NBTI [67]. The transistor's performance may be
impacted by this deterioration, which may ultimately result in failure. Another issue
that affects semiconductor device durability is radiation exposure, especially in high-
radiation locations like space or close to nuclear reactors. Electron-hole pairs can form
as a result of ionizing radiation, which can enhance leakage currents and cause charge
accumulation in insulating layers. Elevated temperatures have the potential to hasten
the processes that lead to semiconductor device deterioration. High temperatures
encourage diffusion processes, which enhance dopant migration and cause structural
faults in the device [55]. This may worsen problems like electromigration, NBTI, and
HCI, which may ultimately affect the dependability of the device.

Because there is a considerable risk to the longevity and functionality of the
device from each of these issues, a comprehensive strategy including material
improvements, creative device architectures, advanced fabrication techniques, and
exacting testing protocols is required. It is essential to address these reliability issues if
advanced semiconductor technologies are to remain successful and reliable. In order to
maintain the dependability requirements required by contemporary semiconductor
applications, it is essential to identify and mitigate these difficulties through ongoing

research and development initiatives.
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1.7 Radiation Effect on Semiconductor Devices

lonizing radiation doses that semiconductor devices accumulate over time are referred
to as total ionizing dose (TID) effects. Electron-hole pairs can be produced by
ionization processes involving ionizing radiation, such as gamma rays, X-rays, or
energetic particles interacting with semiconductor material [68].
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Fig. 1.11: (a) Energy band diagram of a MOSFET with positive gate bias represent how
ionizing radiation affects carrier generation, transport, and trapping. (b) Changes in an n-
channel MOSFET (nMOS) threshold voltage after radiation exposure [69, 71].
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Its electrical characteristics may be impacted by the buildup of these produced charges

inside the gadget. In semiconductors, the following are some important TID effects:

» Threshold voltage shift: Metal-oxide-semiconductor (MOS) transistors may
experience a shift in their threshold voltage as a result of ionizing radiation. This
change in control and performance of the transistor is caused by the creation of

interface traps at the semiconductor-oxide interface [69, 70].

> Increased leakage current: Additional current channels may be created by
radiation-induced traps in the oxide or bulk semiconductor, which would raise the
leakage currents within the apparatus. This may result in a decrease in the
semiconductor device's overall performance and dependability, particularly in low-
power applications [70, 72].

» MOS capacitor degradation: Defects in the insulating oxide layer of MOS
capacitors due to ionizing radiation can alter capacitance and interface states as
shown in Fig. 1.11. Integrated circuit performance and stability are impacted by this
degradation, especially for those circuits that depend on exact capacitor properties
[73].

» Change in electrical parameters: Radiation exposure can affect a semiconductor
device's mobility, carrier lifetimes, and dopant concentrations, among other
electrical properties. Changes in these parameters can have an impact on the
functionality and performance of the device, as well as its circuitry [74].

» Long-term damage: When semiconductor devices are used in radiation-intensive
situations, TID effects can build up over time and cause long-term damage.
Degradation may show up as changes in electrical characteristics, a greater
vulnerability to radiation-related malfunctions, and a shorter lifespan for the

equipment [75].
1.8 Research objectives

The proposed research work aims to explore the reliability of LDMOS and
junctionless FETs in harsh environments for high-temperature and high-radiation

applications which will be achieved by the following objectives,

» Investigate the LDMOS transistors, in terms of device performance, noise analysis,
circuit performance, and high-temperature performance under radiation conditions.
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» To design a scalable, enhancement mode double gate junctionless silicon carbide
FET with embedded P* pockets in the oxide layer for high-temperature
applications.

» Investigate the operational performance and reliability of JL-TFETs in harsh

environments, especially under high-temperature and radiation conditions.
1.9 Thesis Organization

Chapter 1 gives a thorough explanation of the motivations behind the study, its
particular objectives, and the constraints that it will work under. It also provides a well-
organized overview of the thesis's structure, assisting the reader in navigating the

ensuing chapters and parts.

Chapter 2 evaluate the performance of LDMOS transistors, analysis entails examining
device characteristics such as breakdown voltage, on-resistance, and transconductance.
Noise analysis techniques are used to comprehend and reduce noise sources like flicker
noise or low frequency (1/f) noise. In order to determine sensitivity to ionizing
radiation effects and ensure the suitability for radiation-sensitive applications, radiation
performance using calibration methodology with experimental dataset simulated under
radiation circumstances. Metrics including gain, efficiency, linearity, and stability are
assessed for evaluating circuit performance in circuit simulations through calibration

with experiments.

Chapter 3 investigates the effects of oxide layer characteristics and P* pocket
integration on the behavior and functionality of DG-SICILT in challenging
environments.  Furthermore, optimizing gate geometry and doping profiles for
scalability in enhancement mode operation is carried out. To guarantee intended
performance, simulation studies evaluate device properties such as transconductance,
ON-OFF current ratio, and threshold voltage. Thermal simulations are used to assess the
dependability and stability at high temperatures. Studies on process variability look into

production tolerances and how they affect yield and device performance.

Chapter 4 examined the operational performance of JL-TFETSs through simulations and

calibration methodology with particular attention paid to important factors including
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current-voltage characteristics and subthreshold swing at different temperatures.
Accelerated aging tests and high-temperature cycling studies are used in reliability
evaluations to analyze the stability of devices over time. Radiation testing evaluates the
effect on the performance and dependability of the JL-TFET in radiation-prone
situations, including exposure to ionizing radiation sources. Examining trap-assisted
tunneling processes under challenging circumstances sheds light on possible
dependability problems. To further comprehend the device's thermal stability, thermal
simulations look into the temperature distribution inside it. Furthermore, examination of
oxide layer characteristics and material compatibility guarantees the JL-TFET's

dependability in harsh environmental circumstances.

Chapter 5 summarizes the thesis and assesses the research's contributions in
conclusion. In addition, it suggests topics for more research and broadens the scope of

the existing study by examining possible directions for future research.
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