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Abstract

Technology Modernization in the current decade is presently witnessing an
unhindered progress sparked by continuous innovation in the field of electronic
industrialization. Modern day lifestyle has become more automation-inclined which drives
the necessity for technological rejuvenation in terms of advanced electronic devices.
Considering the recent demands of the present day consumer market, faster, miniaturized,
cost-effectiveness, reduced power consumption etc. are some of the key features, a modern
day electronic device is expected to possess. These features can be obtained through device-
downscaling, which is employed to reduce device dimensions currently down to sub-
nanometer limits in accordance with the Moore’s Law. Device downscaling is implemented
with a target to accomplish miniaturization, higher integration density on a single chip for
augmented functionality coupled with reduced or unaffected fabrication cost. However,
every technology has its limitations. Device-downscaling is also no exception. Aggressive
downscaling in nanometer regime also possesses negative consequential effects leading to
elevated complexities in device fabrication at such low dimensions paired up with the
inexorable short channel effects (SCEs) that tend to degrade the device performance
severely. The conventional CMOS technology, owing to its restricted immunity to SCEs, needs
to be partially or fully-modified to achieve fabrication-feasible, advanced devices with
boosted resistance to SCEs. Speaking of this technological evolution, the first technology, to
be mentioned in this context, is of Silicon-on-Insulator (SOI). The technology, as its name
suggests, features the incorporation of SiOzinsulator sandwiched between the Si channel and
Si substrate in the basic MOSFET geometry. This miniscule modification in the basic MOSFET
structure works wonders resulting in diminished parasitic capacitances, improved speed of
operation, radiation hardness, ameliorated SCE resisting capability, etc. Retaining all the
advantages of SOI and additionally providing highest dielectric isolation between channel
and substrate coupled with subsequent device performance enhancement, Silicon-on-
Nothing (SON) technology became more popular than SOI. Replacing the SiOz layer with air

between the channel and the substrate results in SON geometry.
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Researchers have always targeted to achieve boosted gate control over the channel since this
catalyzes the process of alleviating the SCEs in many ways. The technology of Gate Work
Function Engineering (GWFE), which is featured with the employment of two or more
materials placed adjacently as a single gate electrode, proved to be a remarkable innovation
contributing to escalated gate control, reduced SCEs like Drain-induced barrier lowering

(DIBL), Hot carrier effect (HCE) etc.

The gradual evolution of MOSFET devices from basic single gate MOS devices to Multi-
Gate MOS devices such as Dual-Gate, Tri-Gate, Gate-All-Around MOSFET has played a pivotal
role in significantly contributing to enriched device performance. The multiple gate
technology allows greater coverage of the surface area of the conducting channel thereby
enabling developed SCE attenuation, assuring superior threshold voltage characteristics,

boosting the current driving capability etc.

In addition to this, several strategies such as channel and dielectric engineering can
significantly enhance the device performance. Moreover, schemes like dielectric engineering
can be suitably implemented to explore biosensing properties of advanced MOSFET
biosensors. Apart from all this, consistency in reliability of device performance needs to be
parallely considered in order to assure successful implementation of the device in advanced,
future generation low power VLSI circuits in a wide temperature varying environment.
Hence, the thermal device behavior needs to be considered equally at varying ambient
temperatures. Furthermore, some interface trapped charges cause detrimental effects on
device performance and this need to be mathematically modeled and simulated to consider

the effect of these trap charges on the electrostatics of such advanced MOSFETSs.
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1.1 Introduction

Technological Renaissance currently witnessed by the contemporary
semiconductor industry, to keep pace with the modern day consumer demands, is marked
by the innovation of advanced MOSFET devices. Modern day lifestyle is being encompassed
and linked to technological advancement that assures countless benefits ranging from
comfort, offering a laborsaving regime with safety, security to accessing medical facilitations,
entertainment, high speed wireless communications and many more. However, this limitless
reliance of human civilization on process-automation has led to the creation of research
avenues thereby driving more modernization in the field of MOSFET devices. Renovation of
existing electronics systems for enhanced functionality associates amalgamation of an
enormous number of MOSFET devices on a single wafer. Hence, to achieve a higher
integration density, at an unaltered or cheaper fabrication cost, so as to fit prodigious counts
of chips on a single Integrated Circuit (IC), device dimensions need to be scaled down
rigorously [1.1]. Device downscaling contributes largely to the reduction of circuit area,
diminished power consumption and heightened speed of operation.

The Moore’s law, which steers the direction for the entire semiconductor
manufacturing industry, dates back to 1965 [1.2]. [t states that the number of transistors per
chip doubles about every two years. The recent transition of the microelectronics industry
to nano-electronic device fabrications is an inevitable phase, the semiconductor industry is
currently going through, as governed by Moore’s Law and this trend is going to continue in
the foreseeable future without any further deviations. This transition phase from
microelectronics to nanoelectronics has been marked by several technology nodes based on
semiconductor manufacturing process and design rules [1.3]. Each node refers to a
generation of MOSFET device design having characteristic gate length. The International
Technology Roadmap for Semiconductors (ITRS) provides the assistance and guidelines for
each technology node, to be followed by the semiconductor industry. The technology node

[1.4], which normally refers to the device gate length, ranges from a value as large as 10 zm

to a value as low as 5nm and also exhibits the gradual recorded evolution in the basic
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MOSFET geometry owing to continuous shrinkage in device dimensions as a consequence of

the Moore’s law.

Dating back to 1960, an Egyptian engineer Mohamed Atalla and Korean engineer
Dawon Kahng demonstrated the first MOSFET device with a gate length of 10 zm[1.5].

Device scaling continued with the help of available fabrication facilities to achieve higher
integration density and upgraded device performance. Basic bulk MOSFET was continuously

scaled through 6 ym in 1974, 1 xmin 1984, 600nm in 1990 to 130nm in 2001 [1.6]. However,

several unfavorable consequences started to crop up concerning aggressive scaling in
nanometer regime. With extremely diminished device dimensions with nanometer limits,
bulk MOSFET was exposed to the detrimental consequences as a result of the performance
degrading short channel effects (SCEs). Researchers were thus constrained to extend their
focus beyond the conventional CMOS technology to basic, bulk MOSFET geometry
modification to successfully battle against the SCEs thereby boosting the gate control over

the channel.

The 90nm technology node beheld the first breakthrough from the traditional
technology of bulk MOSFET to modifying the basic MOS structure by implementation of
Silicon-on-Insulator (SOI) in conventional MOSFET. Iranian Engineer Shahidi’s research at
IBM marked the advent and commercialization of SOI technology in the 90nm technology
node [1.7]. SOI technology comprises of a simple modification of sandwiching an SiO2
insulating layer between the channel and the substrate. The resulting structure exhibits
excellent capability of suppressing SCEs, reduced parasitic capacitances, significantly higher
speed of operation leading to lower propagation delay, improved radiation hardness, better
threshold voltage characteristics causing diminished off-state leakages, improved
subthreshold slope, reduced circuit area, latch-up inhibition etc. [1.8 - 1.10]. Inspite of
providing countless benefits, SOI technology suffers from some major drawbacks such as
self-heating effects, dynamic floating body effect, lack of superior interface quality of buried
oxide and channel resulting in increased interface scattering, requirement of critical design

adjustments of SOI structures etc. [1.11 - 1.12]. Hence, this research progressed to a step
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forward by extemporizing the SOI structure to a Silicon-on-Nothing (SON) structure where
the buried SiO: layer is replaced with a layer of air (the unity value dielectric). SON
technology offers the highest dielectric isolation between the channel and the substrate and
drastically reduces the junction capacitances propelling the circuit speed significantly. SON
structures have higher immunity to SCEs, have low noise and can be easily fabricated with
the state-of-the-art fabrication facilities available in the modern semiconductor industries
[1.13 - 1.15]. Researches on SON are still under progress and probability of SON replacing

SOl in forthcoming advanced devices are high.

However, persistent demands for further miniaturized devices with
reduced power consumption and faster speed unlocked new research avenues in search of
advanced devices with developed performance supporting further scalability. In this context,
the Multi-gate MOSFET technology caught the center of attention for their unparalleled
heightened gate control over the channel. Increasing the channel surface area for greater
coverage by the gate enables superior dominance over SCEs allowing ameliorated device
performance. Multi-gate MOSFETs such as Double Gate, Trigate, Gate-all-around (GAA),
Omega gate, Pi gate MOSFETs are popular for their excellent resistance to SCEs, better
threshold voltage characteristics enabling reduced off-state leakages, reduced Drain-
induced barrier lowering (DIBL), amended subthreshold characteristics, higher current

driving capability, improved scalability etc. [1.16 - 1.20].

Incorporation of innovative technologies in advanced Multi-gate MOSFETSs
targeting the improvement of some particular performance worsening SCEs have been
widely explored by researchers and experimenting with such technologies for further
advancement of existing devices are still under consideration. One such technology is Gate
work function engineering (GWFE) [1.21 - 1.23] that has worked wonders and unlocked
doors to radical improvements in device characteristics. GWFE employs two or more
materials having different work function placed adjacent to work as a single gate electrode.
This magnificently pioneering concept is the source behind the genesis of unique step profile

(at the interface of two or more gate material) in the potential distribution of a device. This
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technology single-handedly dominates over major SCEs like DIBL, Hot carrier effect (HCE),
Gate-induced drain leakage (GIDL) etc. The technology drastically rectifies the threshold
voltage characteristics of the device thereby reducing the threshold voltage roll-off (TVRO)
[1.24 - 1.25]. GWFE has enabled better scalability of advanced devices thereby enabling
continuation of advanced semiconductor device manufacturing in line with the Moore’s law.

Researches encompassing material property improvement in advanced
MOSFET devices targeting to control some major SCEs have gained equal importance for
playing a crucial role for device characteristics rectification. Material property improvement
is one type of the channel engineering scheme, such as addition of strain (Ge content) in the
channel for selective feature enhancement of the device. Strained channel MOSFETSs provide
a prodigious boost to carrier mobility thereby enhancing the channel conductivity.
Moreover, suitable selection of strain value in the channel allows suitable tuning of the
threshold voltage to a preferred value allowing easy access to suppress some performance
worsening SCEs. Strained devices are potential contenders when it comes to high speed
circuit operations [1.26 - 1.27]. Graded channel engineering is another established strategy
that falls under the scheme of channel engineering. The strategy is accompanied by selective
doping in the channel region with high and low concentrations [1.28]. Normally, the region
towards the source has high doping, whereas the region near the drain has low doping. The
higher doping towards the source allows the source-channel barrier to have greater height
compared to the drain-channel barrier. This allows the graded channel architecture to have
greater threshold voltage thereby allowing nominal off-state leakages. The strategy also
provides an added advantage. The higher doping towards the source side can be tactfully
selected allowing to acquire a preferred value of threshold voltage thereby permitting
dominance over some SCEs and the lower doping towards the drain reduces impact

ionization thereby eliminating parasitic Bipolar Junction Transistor (B]T) effect [1.29].

Apart from channel engineering, dielectric engineering scheme has also
been fully exercised by the researchers for selective improvement of the device
characteristics from some performance weakening SCEs. Gate dielectric engineering started

with the introduction of the 45nm technology node and continued through the 32nm, 22nm

“Analytical Modeling and Simulation of Some Ultra-thin Non-Conventional MOSFET Structures” - Thesis submitted
by Pritha Banerjee for the degree of Doctor of Philosophy (Science), Jadavpur University



Page 5

nodes and onwards. Transistor sizes have been reduced to nanometer regime to achieve
upgraded device performance while the insulating layer between the gate and the channel
has reduced to five atomic layers resulting increased gate oxide leakage currents and boron
penetration and makes the transistor unreliable. So instead of scaling the oxide thickness
down, the material has to be exchanged. Therefore, the oxide thickness is exchanged by the
Effective Oxide Thickness (EOT) with respect to SiO2 thickness [1.30]. The material is
actually thicker than silicon dioxide requires, but exhibits at the same time a much higher k-
value. Thus, the gate leakage can be suppressed, while maintaining control over the channel.
However, the High-K oxide selection should be done considering the following criteria: high
dielectric constant and barrier height, thermodynamic stability, interface quality, gate
compatibility, process compatibility, etc. Sometimes, to improve the interface quality, an
interfacial layer (such as SiO2 below the high-k insulator) is used to reduce the scattering
effects in the device [1.31 - 1.32]. Dielectric engineering scheme is, nowadays, suitably
implemented to devise a bio sensing MOSFET device, and through the process of dielectric
modulation, advanced MOSFET are explored and made to function as efficient biosensors

[1.33 - 1.34].

Device function reliability is an extremely important parameter that
determines the suitability of its operation in fluctuating ambient thermal conditions.
Temperature has a colossal effect on device characteristics [1.35 - 1.36]. Existing literature
survey reports that a number of silicon channel device properties such as band gap, intrinsic
concentration, permittivity of the silicon etc. change within a temperature range of 100K -
500K. At cryogenic temperatures, below 100K, impurity deionization starts to occur whereas
at higher temperatures above 500K, the gate oxide starts to show dependence on
temperature [1.37]. Thus, at temperature variant environments, the device characteristics
show alterations and this necessitates to devise the thermal behavior of the device in order
to investigate its temperature-based performance reliability.

The quality of the Si-SiO2 interface plays a significant role in determining
the reliability of device operation. The interface tends to get damaged due to several stress,

hot carrier and radiation induced damages. This causes the formation of interface traps
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resulting in the generation of positive/negative fixed localized trapped charges at the
interface. These charges significantly modify the device features thereby affecting reliable
device operation [1.38]. Thus, it highlights the requirement to explore the device features in
presence of these charges. Existing literature records exhibit that basic device features like
potential, threshold voltage, drain current etc. are significantly altered due to the presence
of trap charges [1.39]. Hence, this implies the importance to explore the physics governing
the operation of advanced MOSFET devices considering these fixed interface trapped
charges.

The comprehensive deliberation presented above guides the track
that leads to enormous research avenues for innovative MOSFETs geometry concoctions
having grander performance that can be impeccable replacements for suitable

implementations in future generation hi-tech VLSI circuit applications.

1.2 Literature Survey
Technological progress has remain unconstrained ever since the demand for faster,
miniaturized, cost-effective, power-efficient devices started originating owing to the ceaseless
boom, detected more prominently in the past few decades, in the modern semiconductor device
manufacturing industries. In this regard, Moore’s law [1.40] has been the leading guiding
principle for device innovation, which is currently witnessing device architectures being
fabricated and scaled down to nanometer limits. This not only leads to miniaturization but also
boosts the speed of operation producing low power consuming devices. Device scaling could
have been a magical wand for meeting the expectations of the current day consumer markets,
however, this technology is also accompanied by some performance deteriorating Short
channel effects (SCEs) such drain-induced barrier lowering, hot carrier degradation, increased
threshold voltage roll-off, increased gate-induced drain leakage mechanisms, weakened
subthreshold characteristics, boron penetration, reduced gate-channel coupling, enhanced
junction leakages and parasitic capacitances, [1.41 - 1.43] etc. Continuation of Moore’s law
coupled with unrestrained pace of aggressive device miniaturization, can incessantly progress

only through a blend of device scaling, new device architectures and extemporized device
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materials. This has now led to the creation of a gigantic count of research avenues centralizing
non-conventional nanodevices with a target to escalate the functionality of the device without

negatively impacting the fabrication cost.

1.2.1 Nanodevices: A Brief Compendium
Several nanodevices, each governed by its specific principle of operation, has been
highlighted by researchers with an aim to heighten device performances. Some nanodevices
take the advantages offered by quantum mechanical phenomena that start to dominate in
the nano-scale regime, these mainly include solid state quantum effect devices, single
electron devices and molecular electronic devices [1.44].
o Solid-state quantum-effect devices, single electron devices:
The architectural similarity that these devices have in common is a small “island” composed
of semiconductor or metal in which electrons may be confined [1.45]. The extent of
electronic confinement in these islands give rise to the following different category of
nanoelectronic devices.
» Quantum Dots (QD): Here the island confines electrons with zero classical
degrees of freedom remaining [1.46]
» Resonant Tunneling Devices (RTD): In this case, the island confines electrons
with one or two classical degrees of freedom [1.47]
» Single-Electron Devices (SET): In these devices, the island confines electrons
with three classical degrees of freedom [1.48].
Various features such as composition, shape and size of the island give rise to different
types of solid-state nanoelectronic devices having their individual properties. The passage
of the electrons on and off to the island can be controlled effectively by controlling the
above features of the island. This strategy allows to control major device features, for
instance, the conductivity of electrons can be boosted by increasing the mean free path to
decrease carrier collision or the conductivity can be suppressed as well by quantum
mechanical interference. Nowadays, solid-state nanoelectronic devices include the

incorporation of channel improvised III-V semiconductor devices where the mobility of
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electron is very high and it is also easier to fabricate defect-free junction in these devices

compared to the Si or Ge semiconductors [1.49].

Molecular Electronic Devices: The search for individual molecule that would behave as an
electrical switch dates back to 1974 when researchers Aviram and Ratner proposed the
Molecular rectification Theory [1.50]. The research gained momentum during 1990 when
Tour et al. exhibited synthesis of spiro-switch proposed by Aviram [1.51 - 1.52]. The
acceleration of research in this field can be attributed to the search of innovative devices that
support nano-scale miniaturization. Some of these devices include Molecular wires,
Quantum Effect Molecular Electronic Devices, Electromechanical Molecular Electronic
Devices, Electric field controlled Molecular Electronic Devices, Electrochemical
Molecular Electronic Devices etc. [1.53 - 1.55].

FET based Nanodevices, such as Carbon Nanotube FETs, III-V
channel improvised FET devices, Ge channel FET devices, Nanowire Field-Effect
Transistors (NWFETSs), etc. have gained significant attention for nanodevice performance
up gradation since these are easy to fabricate and supports cost-effectiveness [1.56 - 1.57].
Hence, the endeavor to recognize non-conventional devices to support further scaling in
nanometer regime is an interminable process and would continue to enrich the research
associated with the field of device innovation. This thesis is also a strive to take a step further
for modernization and realization of ultra-thin, non-conventional, nano-scaled, innovative
device modeling and simulation to comprehend advanced device performance in

overpowering major challenges associated with device downscaling.

1.2.2. Metal-Oxide Semiconductor Field-Effect Transistor (MOSFET): A Brief Synopsis
Among all the FET devices, the Metal-Oxide-Semiconductor Field-Effect
Transistor (MOSFET) [1.59] has proved to be the most propitious structure when it comes
to continuation of Moore’s law to support higher packaging density coupled with up graded
device performance. Invented (in the year 1959) and successfully fabricated for the first time
by Mohamed M. Atalla and Dawon Kahng, this device provides a whole host of advantages

such as its relatively compact nature compared to other contemporary planar junction
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transistors, ease of mass-production, etc. [1.60-1.62]. This device, also known as the
“workhorse of the electronics industry”, allows elevated scalability with significant
miniaturization, consumes less power, offers faster switching operations, comprises of less
fabrication steps enabling high manufacturing yield. MOSFET is the fundamental building
block in Digital and Analog ICs.

The word “MOSFET: Metal-Oxide-Semiconductor Field-Effect
Transistor” offers a structural implication about the device architecture. The “Metal”,
“Oxide”, “Semiconductor” implies the operation of a capacitor which is the heart of the
working principle of the device [1.63]. The oxide layer (normally SiO2) is sandwiched
between the metal gate electrode and the bulk silicon substrate. The device also has highly
doped source and drain regions.
A basic MOSFET device has four terminals namely Source, Drain, Gate and Body/Substrate.
In most cases, the Substrate and the Source are connected together making the device, a
three terminal one. The device is mainly used for switching and amplification purposes
[1.64]. Depending on the nature of the bulk substrate and the type of doping in the source
and drain regions, a MOSFET can be of both n-channel and p-channel MOSFET.

For an n-channel MOSFET, heavily doped n-type source and
drain regions are implanted into a comparatively lightly doped p-type substrate, the channel
between the source and drain is n-type with electrons as majority charge carriers. For a p-
channel MOSFET, source and drain are heavily doped p-type regions implanted into a lightly
doped n-type substrate, the channel between the source and drain is p-type with holes as
majority charge carriers [1.65]. For both channel types of MOSFET, a thin layer of insulator
(normally SiOz2) is grown over the region between source and drain, and is called the gate-
oxide. Gate-oxide is covered by a metal that forms the gate of MOSFET device. Initially
polycrystalline silicon was chosen as the gate material. However, due to limitations in
operational speed, a metal is now favored and chosen as gate material instead of
polycrystalline silicon gate [1.66]. The metal gate remains insulated from the conducting
channel by the sandwiched insulating layer and thus, “no current flows through the gate”,

which results in very high input impedance in the device.
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1.2.2.1. Modes/Types of MOSFET
Based on the nature of operation, MOSFET can be of two types: Depletion-mode MOSFET
(can be both n-channel and p-channel) and Enhancement-mode MOSFET [1.67] (can be both
n-channel and p-channel).
1.2.2.2. Regions of MOSFET Operation
Based on the applied gate voltage, MOSFET can operate in three regions listed below [1.68]:
i. Cut-off Region:
MOSFET is said to be working in cut-off region if the applied gate-to-source
voltage (Vas) is less than the threshold voltage (Vi) of the device. In such a
situation, no current flows (Ips=0) and the transistor is said to be operating in the
cut-off region, acting as an open circuit.
ii. Linear or Ohmic Region:
MOSFET is said to be working in the linear region when the applied gate-to-source
voltage is greater than the threshold voltage (Ves> Vi) of the device. In such a
situation, a channel is induced and current starts to increase linearly for a drain
voltage (Vps=0) greater than zero but less than the applied gate-source voltage.
The transistor is then said to operate in linear region as a (gate) voltage controlled
resistor.
iii. Saturation Region:
MOSFET is said to be working in the saturation region when the applied drain
voltage is greater than the saturation drain voltage (Vpsat= Ves-Vin) and the applied
gate voltage is well above the threshold voltage. The drain current stops to
increase linearly and saturates to a constant value. The transistor is then to be
“Fully ON”.
1.2.3. Complementary Metal-Oxide Semiconductor Field-Effect Transistor (CMOS)
Complementary Metal-Oxide Semiconductor Field-Effect Transistor (CMOS) works based on
the complementary mode operation of a p-channel and n-channel MOSFET. This is one of the
most popular technology followed to design computer chip and widely used in Integrated

Circuits in numerous applications. In CMOS, both types of MOSFET (p and n-channel) are
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never ON together at the same time. Thus, CMOS has only OFF state power dissipation which

results in overall low power consumption and higher level of noise immunity [1.69].

1.2.4. Limitations associated with MOSFET Scaling

The strategy of device miniaturization has contributed to the technical boom, the modern
day semiconductor industry is going through. Continuous extemporizations in the field of
device innovation to increase functionality per chip without impacting the fabrication cost
has been the main target followed by VLSI Giant industries. However, rigorous device scaling
in nanometer regime has its own drawbacks that associate fabrication complexities coupled
with some device performance deteriorating alarming effects collectively known as the Short
Channel Effects (SCEs).

In miniaturized MOSFET devices, with shrinking channel
lengths, the gate loses control over the channel due to increased charge sharing from
source/drain [1.70]. This affects the basic device characteristics such as potential
distribution, threshold voltage, drain current, device subthreshold characteristics etc. This
implies the requirement and incorporation of innovation/renovation in device geometries,
device material property improvement, gate-oxide engineering strategies to successfully
battle against the various SCEs to achieve upgraded device performances.

As device dimensions get limited to extremely smaller dimensions,
circuits become denser and complex. Hence, several fabrication complexities such as
creating high doping concentrations in ultra-shallow source/drain regions, precise
lithography, proper interconnects and processing become extremely difficult to achieve.
Moreover, interface gets damaged and trap charges are produced as a result of enhanced
fabrication issues. Apart from these physical challenges, major quandaries are encountered
during design, testing and packaging of highly dense ICs. This calls for the necessity of
introduction and application of evolutionary/revolutionary device structures to keep the

pace of the technological development unhindered as much as possible.
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1.2.5. Some of the Different Types of Short Channel Effects (SCEs)

A MOSFET is said to be Short channel MOSFET when its effective channel length is the same
order of magnitude as the depletion-layer widths of source and drain [1.71]. In order to keep
pace with Moore’s law to support unhindered progress of the current semiconductor
industry, MOSFETs are being continuously scaled down which results in some inevitable
performance deteriorating effects collectively known as the Short channel effects (SCEs).
Hence, researchers are in continuous pursuit of device innovation to keep these SCEs in

check. A detailed insight of these effects are listed below [1.72].

1] Electric Field becomes 2-D in Short channel MOSFET

In long channel MOSFETs, the drain current flowing in the channel between source and drain
is controlled by the gate and hence, only the vertical field is dominant. However, in short
channel MOSFETSs, the source and drain come close to each other, hence apart from the
vertical field imposed by the gate bias, the horizontal electric field due to the drain bias also
come into play. Thus the current flowing between source and drain gets controlled by both
the vertical and horizontal electric field resulting in the advent of a series of unwanted SCEs.
This constrains the use of Gradual Channel Approximation (GCA) [1.73] for evaluation of

device characteristics in a short channel MOSFET.

Threshold Voltage Roll-Off (TVRO) and Drain-Induced Barrier Lowering (DIBL):

In short channel MOSFETSs, the channel length is the same order of magnitude as of the
source and drain depletion regions. Due to incessant scaling of channel length, these
depletion regions of source and drain come close to each other resulting in charge sharing.
Hence the charge in the channel is no more solely controlled by the gate. The charge sharing
between source and drain strengthens the horizontal electric field and thereby the charges
in the silicon channel encounter a two-dimensional charge sharing exerted by the gate bias
and drain bias respectively. It is well-known that to trigger current conduction in the
channel, the channel needs to be inverted first. In long channel devices, application of gate
bias, greater than the device threshold voltage, is solely responsible for channel inversion,

however in short channel MOSFETs, the inversion is now controlled by the drain bias in
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parallel to the gate bias. Hence, as the drain bias comes into play to create channel inversion,
a small amount of gate bias is enough to reach threshold causing channel inversion implying
a consequent reduction in device threshold voltage. This phenomenon is termed as the
threshold voltage reduction causing threshold voltage roll-off (TVRO) [1.74] as an immediate
outcome of channel scaling. This effect can be clearly comprehended from the surface
potential distribution of the short channel MOSFET also.

In long channel MOSFET, a uniform potential barrier exists across the device and
source and drain electric fields are influential near source and drain ends only due to enough
large separation between source and drain. Thus applying a gate bias greater than threshold
voltage inverts the channel triggering conduction. However, in short channel MOSFETs, the
source and drain being close to each other, the drain potential now interferes and reduces
the source-channel barrier, thereby allowing transportation of carriers from source to
channel by overcoming the potential barrier. In this situation, application of a small gate bias
triggers conduction even before the threshold condition is reached. This results in drain-
induced unwanted enhancement of subthreshold current increasing the power consumption
of the device. This phenomenon is termed as Drain-induced barrier lowering (DIBL) [1.75]
which is one of the major challenges in short channel MOSFETs. The strength of DIBL is
usually measured as the difference in threshold voltage Vin between a low (approximately
50-100mV) and a high drain bias [1.76]. A hefty value of DIBL represents a device having
poor SCE immunity with worsened threshold voltage characteristics such as increased TVRO

and high subthreshold current.

» Reduction in Mobility due to Gate-induced surface fields:
Device downsizing encompasses not only channel length scaling but also parallel scaling of
the gate-oxide thickness. This proportional scaling of gate-oxide thickness results in a highly
dominant transverse electric field exerted by the gate directed towards the channel. Thus
the carrier in the channel experience a pull towards the gate, experience high level collision
and get speeded towards the semiconductor-gate-oxide interface. This phenomenon
impacted due to the strong transverse gate exerted electric field is known as surface

scattering [1.77] which is responsible for reduction in carrier mobility in the channel to a
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great extent making it increasingly difficult for the carriers to flow parallel to the interface.
It has been scientifically observed that even a small increase in this gate induced transverse
field results in additional scattering causing the average surface mobility to get diminished

to half of the bulk mobility.

» Gate-induced Drain Leakage (GIDL)

GIDL is one of the primary leakage mechanisms that highly contribute to increase in off-state
power dissipation and heating in the short-channel MOSFETSs [1.78]. When the gate voltage
is zero or negative and the drain voltage is positive, the region near the n+ drain is depleted.
Due to high doping in the n+ drain, the depletion region is narrower causing the electric field
lines to crowd near the drain causing the electrons to tunnel into the drain. While the holes
tunnel into the channel creating a path for the off-state leakage current known as the GIDL
current. Considering an NMOS transistor having a p-type substrate, when the gate voltage is
zero or negative, the channel is in the accumulation mode with accumulation of holes near
the oxide-channel interface. Thus the surface region acts as heavily p-doped region compared
to the substrate. Thus the depletion region due to the heavily doped p-type surface and
heavily doped n+ type drain at the drain-channel interface is thinner. This thin depletion
region along with high electric field lines crowding in this region assists the GIDL current in
the device.

2] Electric-field strength becomes very high in the channel

If the supply voltage is not scaled down proportionally with the scaling down of channel
length in MOSFETS, the channel electric field becomes substantially high. This results in some

unwanted SCEs that deteriorate device performance [1.79].

» Carrier Velocity Saturation

When the supply voltage is not scaled down with the scaling of the channel length, the
channel electric field significantly increases resulting in carrier velocity saturation. At such
high electric fields, the linear relationship between the velocity and electric field fails to exist,
instead the velocity saturates as a direct outcome of optical phonon induced increased

scattering rate [1.80] of highly energized carriers. Normally, a 100KV/cm electric field
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causes velocity saturation of electrons and holes. In submicron MOSFETSs, the electric field
can be as high as 400KV/cm, hence the average electron velocity in such a device is much

larger than that in the bulk.

» Impactionization near drain
Impact ionization in short channel MOSFETs is one of the major SCEs that causes device
performance deterioration by creating a parasitic BJT within the MOSFET [1.81]. Impact
ionization is mostly common with n-channel MOSFETSs rather than p-channel MOSFET due
to higher mobility of electrons. When the applied drain-source voltage is considerably high,
the electric field near the drain end exceeds its maximum value imparting a large kinetic
energy to the carrier electron which can now easily knock out other electrons from their
bound state and promoting them to their conduction state. This phenomenon causes the
creation of a large number of electron-hole pairs.

These electrons are then accelerated towards drain under the influence
of the drain bias whereas the holes are collected in the substrate thereby creating an n-p-n
parasitic BJT, where the source and drain regions act as emitter and collector and the
substrate acts as the base. The holes resulting from this avalanche breakdown creates a
voltage drop, which when exceeds 0.6V, then the source-substrate junction becomes forward
biased resulting in current conduction, in form of electron injection from source (emitter) to
substrate (base). As these electrons reach the drain, more electron-hole pairs are generated

making the process of impact ionization a cumulative one.

> Hot Electron Effect

As the device is being continuously scaled down, the horizontal electric field substantially
increases imparting a large kinetic energy to the electrons in the channel [1.82]. The term
“hot electron” basically implies to an electron having sufficient kinetic energy. These
electrons are capable of even penetrating the semiconductor material instead of their usual
conduction through the channel. While penetrating, the excess energy of the electrons is

given off in the form of phonons. Very high electric field near the drain end enables the
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electron to jump into gate or substrate resulting is increased leakage currents and enhanced

power dissipation.

» Parasitic Bipolar Effect

Impact ionization at the drain end results in creation of a large number of electron-hole pairs
through avalanche multiplication [1.83]. These holes accumulate in the substrate region
thereby increasing the net positive charge of the substrate with respect to the source which
is grounded. Thus the source (n-type) - substrate (p-type) junction gets forward biased
resulting in the formation of a parasitic B]T, where the n-type source acts as emitter, the p-
type substrate acts as the base and the n-type drain acts as the collector. Due to forward
biasing of the source-substrate junction, electrons from the source are injected into the
substrate underneath the inversion layer causing substantial enhancement in the drain
current. These electrons on reaching the drain end again create numerous electron-hole
pairs through avalanche multiplication. The net positive feedback that exists between the
avalanche breakdown mechanism and the parasitic bipolar action results in breakdown at

much lower drain voltage.

» Gate-oxide Charging

Channel downscaling in MOSFETSs results in considerable increment in the vertical and
horizontal electric fields that impart sufficient kinetic energy to create “hot electron” in the
channel. These “hot electrons” can now easily overcome the potential barrier exiting at the
channel-gate-oxide interface. Over the time, the quality of the oxide gets compromised due
to a gradual accumulation of such electrons and ultimately causes oxide breakdown. This
phenomenon in short channel MOSFETs is termed as time dependent destructive
breakdown (TDDB) or hot electron ageing [1.84]. This phenomenon can be avoided to a
large extent by replacing the conventional SiO2 with some alternative oxides having much
higher dielectric constant than SiO2. Hence, the same gate capacitance can be obtained with
a thicker gate oxide. However, in considering these oxide replacement in short channel
devices, some important parameters like stability, reliability, breakdown voltage as silicon

dioxide etc. has to be considered to keep the performance of the device superior compared
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to the devices with conventional SiO2. The alternative oxides considered as good

replacements of SiOz are Al203, ZrO, TiOz2, HfO2 etc.

3] Diminished Physical Separation between Source and Drain

Due to device miniaturization, there is an inevitable reduction in the physical separation
between source and drain. This leads to some inexorable SCEs to crop up thereby

deteriorating device performance. Some of these effects are summarized as follows [1.85]:

» Channel-length Modulation

Channel-length Modulation (CLM) [1.86] is common form of SCE that occurs in a short
channel MOSFET with a low-doped body. When the drain bias in such a device is increased,
the depletion region around the drain increases which results in decrease of the effective
channel length. The resulting channel length is approximately equal to the
actual/metallurgical length minus the source and drain depletion widths. CLM has

significant effect on the output characteristics of a device.

» Punch through

Punch through [1.87] is an extreme case of CLM. When the drain bias is very high, the
depletion region around the drain extends and merges with the depletion region of the
source hence reducing the effective channel length to zero. This phenomenon is known as
Punch Through. Current conduction in the channel is then entirely controlled by drain bias

and rapidly increases with the increase in drain bias.
1.2.6. Some Innovative Technologies to Enhance MOSFET SCE Immunization

Unconstrained development in the contemporary semiconductor and VLSI industries is only
possible through device scaling and innovation combined with material property
improvement. The bulk MOSFET device could no longer battle against the performance
worsening SCEs making it inevitable for continuing relentless researches to find advanced

MOSFET devices.

“Analytical Modeling and Simulation of Some Ultra-thin Non-Conventional MOSFET Structures” - Thesis submitted
by Pritha Banerjee for the degree of Doctor of Philosophy (Science), Jadavpur University



Page 18

1.2.6.1. Silicon-On-Insulator (SOI) MOSFET

Silicon-on-Insulator (SOI) [1.88] technology has been widely favored since it not only
supports further scaling but also provides additional advantages to upgrade device
performance. Though the concept of SOI technology was first provided by C.W. Miller and
P.H. Robinson back in 1964, however, the first commercially viable SOI devices was first
demonstrated by Ghavam G. Shahidi, the chief architect of SOI technology at IBM
Microelectronics.

This technology is accompanied by incorporation of a thick
layer (hundreds of nanometer) of silicon dioxide between a thin layer (tens of nanometer)
of silicon channel and a thick layer of silicon substrate. The oxide layer that isolates the
channel from the bulk substrate is generally called the Buried Oxide (BOX) layer. Fabrication
of such BOX layer is normally done using oxidation of silicon substrate or by oxygen
implantation into silicon. If the thin channel is mono-crystalline silicon then the resulting

device is called Silicon-On-Insulator (SOI) MOSFET [1.89].

e Operating Modes of SOl MOSFETs:

SOI MOSFET devices have two modes of operation, Partially Depleted (PD) SOI MOSFET
[1.90] and Fully Depleted (FD) MOSFET [1.91].

In PD SOI MOSFET, the depletion layer under the gate-oxide does not
cover the entire channel layer. Thin, undepleted layers of neutral charge exists beneath the
depleted layer, even after the channel inversion mode is achieved after proper bias
application. Hence, it can be easily comprehended that the silicon channel thickness is
greater than the gate depletion width and the neutral region that still exists beneath this
depleted layer is called “body”. In FD SOI MOSFET, the channel thickness is less than the
depletion gate width, so that the entire channel gets covered by the depletion layer when
gate bias is applied (even before reaching threshold condition). In this way, the floating body
effect can be completely eliminated in FD SOl MOSFET [1.92].
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FD SOI MOSFETs have a number of advantages compared to the PD SOI ones. Attractive
benefits such as protection from kink effect [1.93] due to absence of floating body,
diminished power consumption that contributes to upgraded subthreshold features which
in turn increases the circuit speed, soft-error immunization [1.94], use of lesser number of
masks leading to ease of fabrication [1.95] etc. can be obtained with FD SOl MOSFETs and
are hence a common selection for incorporation in advanced VLSI circuit operations.

SOI has gained parallel popularity in the research field as well where researchers have
presented extensive investigation of the physics that govern the operation of such devices.
Agarwal et al. [1.96] presented a compact analytical surface potential model using 1-D
Poisson’s equation for all three surfaces (gate oxide-silicon film interface, silicon-film-
buried oxide interface, and buried Oxide-substrate interface). Whereas, K. K. Young [1.97]
has considered the channel potential to be parabolic at low drain-source voltage in short
channel FDSOI MOSFET. Through the solution of 2-D Poisson’s equation, potential
distribution of the device has been explored along with a short channel immunization
investigation revealing that FDSOI MOSFETs offer better immunity than the bulk devices in
terms of SCEs. Zhang et al. [1.98] conducted and published a research considering a vertical
Gaussian doping profile in the channel of an FD SOI MOSFET. Whereas Rao et al. [1.99]
studied the impact of random dopant fluctuations effects in FD SOl MOSFET by analytical
modeling.

SOI architectures are fabrication feasible. The detailed step-by-step fabrication is explained
and detailed in US patent US6627519B2 [1.100]. The fabrication step comprises of preparing
a silicon wafer of desired thickness and diameter, generating an alumina or other dielectric
film to work as an insulator on the top of the wafer using processes like ALE, ALCVD, ALD,
ASCVD etc. This is followed by bonding the first wafer having the insulator with another
silicon wafer using bonding techniques such as Unibond. Then one of the bonded wafers is
cut using the Smart Cut method or other suitable methods. The cut surface of the bonded
wafer is then polished to make it smooth. The new SOI wafers will be fabricated with less
than 2/3d of the heat actually required for the SiO2 process. This enables to cut down the

cost of fabrication and enhances quality of the Si film and buried insulator. The process also
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enables to suppress leakage current by more than 1000 times compared to that in SiO2
process.

Another invention namely US patent 5,882,987 [1.101] (Smart Cut process with thin
film semiconductor material on insulating film) claims manufacturing of SOI wafers using
Smart Cut process and CMP process to address non-uniform surface and thin film formation
problems normally associated with the Smart Cut processes. In case where SiO: is the buried

insulator, then it is controlled using conventional oxidation technologies.

e Advantages of SOI Architecture

Incorporation of BOX layer in bulk MOSFETSs can drastically enhance device performance
which is obvious due to a whole host of benefits that SOI devices offer. Some of the benefits
are listed as follows:
Reduced Parasitic Capacitance [1.102], Ideal Device Isolation [1.103], Smaller Layout Area
[1.104], Latch-up Inhibition [1.105], Enhanced SCE Immunity [1.106] etc. Additionally, SOI
devices have exhibited radiation hardness, good soft error immunity, stacked gate speed
improvement [1.107] etc.
Disadvantages of SOl MOSFETs
In spite of exhibiting commendable benefits, SOI devices still suffer from some drawbacks,
which are listed below:
i) Floating body in PD SOI MOSFET results in “kink effect” that causes drain-current
overshoot in switching circuits.
ii) Dynamic floating body effect and parasitic bipolar effect degrade the device
performance to a large extent that necessitates to renovate SOI structure further.
iii) Forward biasing of source-substrate junction results in substantial off-state
leakage currents.
iv) Requirement of many critical design adjustments for fabricating ultra-thin films
for FD SOI devices.
V) Near to ideal interface quality of BOX and silicon is needed to minimize surface
scattering effects.

vi) Self-heating effect in SOI leads to weakened device performance reliability.
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However, a substitute structure to SOl MOSFET has been brought to the forefront namely
Silicon-On-Nothing (SON) MOSFET which has some appreciable advantages over other SOI
structures to successfully suppress the performance deteriorating short channel effects.
Even though some experimental structures of SON have been projected but significant
research on analytical modeling of SON devices is still being continued and it is anticipated

that SON may replace SOI devices in the forthcoming device innovation scenario.

1.2.6.2. Silicon-On-Nothing (SON) Structure
In order to overcome the disadvantages of SOI devices, innovation was made to progress a
step further with the introduction of Silicon-on-Nothing (SON) technology [1.108]. Skotnicki
et al. [1.109] reported a research on SON technology where the fabrication process is also
highlighted. Using the epitaxial growth technique, SiGe layer can be sandwiched between
mono-Si layers without modifying their conduction characteristics. SiGe layer is used as a
sacrificial layer and then by selective lateral etching of SiGe layer, the thin Si channel can be
isolated from the substrate using a cavity. Jurczak et al. [1.110] presented the step-by-step
key fabrication process of SON technology and also demonstrated the advantages of SON
over SOI and bulk devices.
To continue with device downsizing without negatively impacting the device performance,
SOI structure has been further improvised to Silicon-On-Nothing (SON) structure by
replacing the BOX layer of SiO2 with the unity value dielectric, i.e. air. This simple
modification can effectively upgrade SCE immunization exhibiting superior electrical
performance. SON supports commendable scalability that asserts sustenance of Moore’s law
contributing further progress of modern semiconductor and VLSI industries.

e Advantages of SON Architecture
SON architecture provides the highest dielectric isolation, compared to FD SOI, between the
active channel and the substrate regions. The unity value dielectric of the buried air layer,
owing to its lower permittivity, diminishes the electrostatic coupling and thus relaxes the
requirement of an ultra-thin film silicon channel layer in the device. The parasitic

capacitances of source-substrate and drain-substrate are radically reduced due to the buried
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air layer, hence an improved circuit speed is the immediate result of the reduced parasitic
capacitances. SON structure retains all the advantages offered by SOl architecture [1.111]. In
addition, SON offers better scalability, reduced power consumption, improved speed of
operation, superior SCE immunity, radiation hardness in extreme environments, low noise,
etc.

1.2.7. Multi-Gate MOSFETs for Better Electrostatic Gate Control

Significant alleviation of device performance worsening SCEs can be achieved through
superior gate-channel electrostatic coupling that allows precise control over the carriers
flowing through the channel. This allows better threshold voltage characteristics paired with
improved subthreshold behavior of the device. Better gate control causes the DIBL to get
significantly suppressed which reduces various leakage currents enabling diminished power
consumption and dissipation. In this context, Multi-gate MOSFETs play a pivotal role where
presence of more than one gate radically improves the device characteristics [1.112]. Some
examples of Multi-gate MOSFETs that have considerably excelled in lessening SCEs are
Double-gate MOSFETS, Trigate MOSFETS, Surrounding Gate-all-around (GAA) MOSFETs etc.

1.2.7.1. Planar Double-Gate MOSFET
Double-Gate (DG) MOSFET [1.113] is one of the most promising Multi-gate architectures for
advanced applications in VLSI circuits. These devices are basically two dimensional or planar
MOSFETSs. Addition of one extra gate to the architecture doubles the gate-channel coupling
thereby mitigating the SCEs to a large extent. Other benefits of DG architecture includes high
transconductance, up graded subthreshold swing characteristics. In DG MOSFETS, two gates
simultaneously control the channel, thus availability of the two channels results in improved
threshold voltage characteristics that offers better current drivability. Finally, lightly doped,
ultra-thin layers are available for DG architectures thus enabling better scaling capabilities
with these devices.

Liang et al. [1.114] exhibited DG MOSFET features by solving a 2-D
Poisson’s equation mathematically and through simulation. Expressions for the potential
and drain current in subthreshold region have been obtained. The results exhibit reduced

SCEs like threshold voltage roll-off, subthreshold slope. Chiang et al. [1.115] demonstrated a
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scaling parameter dependent model for subthreshold swing of Double gate MOSFET. A
detailed subthreshold characteristics investigation has been exhibited by solution of 2-D
Poisson’s equation following proper boundary conditions. Double gate MOSFETSs also offer
high transconductance, improved subthreshold operation, double gate control over the thin

channel allows higher current driving capability.

1.2.7.2. 3-D Trigate MOSFETs

Technology transition from planar 2-D MOSFET to a non-planar 3-D Trigate MOSFET has
been a revolutionary step that has been first introduced by Intel [1.116]. This avant-garde
technological breakthrough has set a benchmark in satisfactory device performance
enabling further continuation with the Moore’s law. The main advantage of the device lies in
its architecture where the gate wraps around three surfaces, enabling an increase in three
times the surface area for the electrons to travel. The gate control over the channel (on three
sides) gets dramatically enhanced which contributes to significant alleviation in SCEs. DIBL,
HCE are substantially reduced owing to enhanced gate control. Various leakage currents are
minimized that lead to better subthreshold characteristics. Preferred value of threshold
voltages can be obtained with these devices that enables higher switching speed and
requirement of lower supply voltage. It has been exhibited by Intel that Trigate transistors
show 37% speed enhancement compared to the planar transistors. Also, these ground-
breaking technology based devices exhibit 50% reduction in power consumption compared
to their planar contemporaries and also offer higher drive currents and supports low cost of
fabrication compared to FDSOI technology [1.117].

Tsormpatzoglou et al. [1.118] presented a semi-analytical modeling of short
channel effects in a lightly doped Trigate MOSFET. The 3-D potential distribution has been
obtained by solving the 2-D Poisson’s equation for two double gate MOSFETSs. Solution of 3-
D Poisson’s equation has been tactfully avoided in the research presentation by considering
the Trigate MOSFET of square or rectangular cross-section as two independent double gate
MOSFETSs, one with symmetric and the other with asymmetric gates. The two side gates
consist of the symmetric DG MOSFET whereas the top gate and the bottom oxide

corresponds to the asymmetric gate with zero bias applied to the bottom gate. The 3-D
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potential distribution expression has been obtained by solving 2-D Poisson’s equation
separately for the asymmetric and symmetric DG MOSFETSs followed by the Superposition
principle. Comprehensive analyses of potential, drain current, threshold voltage roll-off,
subthreshold swing and DIBL have been presented where the device channel thickness is
considered as one of the main variation parameters. Later, Ghanatian et al. [1.119] presented
an analytical modeling and simulation of the subthreshold swing characteristics of a Trigate
SOI MOSFET. Through a solution of 3-D Poisson’s equation, the solution for surface potential
is obtained and subsequent calculation of subthreshold swing reveal upgraded device
characteristics. Considering the solution of 3-D Poisson’s equation for potential expression

in TG MOSFETs is tedious, however, the accuracy is quite appreciated.

1.2.7.3. Surrounding Gate-All-Around MOSFET

Dramatic device performance enhancement has been observed with the strategy of
completely wrapping the channel by the gate through the gate-oxide. This remarkable
device, popularly known as the Surrounding Gate-all-around (GAA) MOSFET [1.120] has
excelled its contemporary devices in successfully suppressing various performance
weakening SCEs. The gate wrap around the channel that significantly reduces the leakage
currents thereby leading to lower power consumption and dissipation in the device. Precise
gate control over the channel regulates and rectifies threshold voltage characteristics,
diminishes DIBL, suppresses HCE and subthreshold swing. The wrap around structures
support further scaling thereby proving themselves as perfect alternatives for successful
implementation in future generation VLSI circuits.

Surrounding GAA MOSFETSs can be quadruple GAA MOSFETs [1.121] with square cross-
section or cylindrical GAA MOSFETSs with circular cross-section [1.122].

Quadruple GAA MOSFETs

Quadruple GAA MOSFETs have the gate wrapped all around the channel on four sides. The
device normally has a square cross-section. QD GAA MOSFETs offers excellent gate control
over the channel thereby offering a boost to the current drivability, mobility enhancement,

effective suppression of major SCEs, higher packaging density etc. In spite of offering a whole
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host of advantages, these devices suffer from a major drawback known as the corner effects
that arise due to electrostatic coupling of the two adjacent gates at the corners. This causes
device degradation by increasing the off-state leakage currents thereby resulting in
increased power dissipation and device heating. The effect can be eliminated by rounding off
the corners, which is however, a very delicate and complex process. Thus, using Cylindrical
GAA MOSFETs having ideal circular cross-section can eliminate this corner effect and offer

better device performances. [1.123].

Cylindrical GAA MOSFETs

Cylindrical GAA (CGAA) MOSFETs [1.124] exhibit better SCE resistance coupled with
upgraded device performance as compared to Quadruple Gate MOSFETs since the later
device suffers from corner effects. CGAA MOSFETs demonstrate strong field confinement,
enhanced gate-channel coupling thus offering elevated electrostatic control that aids SCE
immunization. DIBL, HCE, Subthreshold swing characteristics get radically rectified making
the device a supreme one in terms of offering enhanced device characteristics. The device is
extremely popular for enabling continuation of further device scalability enabling higher
packaging density.

A latest innovation in the architecture of CGAA MOSFET has been
noticeable in the current day literature. This structure is popularly known as Macaroni GAA
MOSFET which is featured with a hollow insulating pillar at the channel center. Literature
reports exhibit that this simple architectural modification in CGAA MOSFET has resulted in
remarkable short channel effect immunization and ameliorated device performance
compared to the conventional CGAA MOSFETSs [1.125]. This geometry enables precise and
enhanced gate control over the channel and this will be further evident from researches

related to this thesis.

1.2.8. Some Pioneering Strategies for Device Performance Enhancement
A significant boost in nano-scaled advanced multi-gate MOSFET device performance has
been enabled by researchers using various ground-breaking techniques such as Gate Work

Function Engineering (GWFE), Channel Engineering, Dielectric Engineering etc. These
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schemes are implemented in advanced MOSFET devices to amend device properties through
rectification of some targeted SCEs as well as to tune device features to preferable values.
Through these pioneering technologies, significant gate-channel coupling is aimed so as to
suppress major detrimental SCEs thereby upgrading the device characteristics as a whole.

Some of these technologies are listed as follows:

1.2.8.1. Gate Work Function Engineering

The pioneering Gate work function engineering (GWFE) scheme, where the gate electrode is
made of two or more materials having different work functions, has drastically set the
performance of ultra-scaled devices to very high levels. The technology single-handedly
allows significant dominance over major SCEs like DIBL, HCE, GIDL, etc. This unlocked
another door to device innovation and advancement by providing excellent immunity to
SCEs and contributing to further scalability. Researchers have widely explored the GWFE
scheme and exhibited evidences of remarkable progress in device performances. GWFE
scheme ranges from employment of Double Materials in gate, hence naming the technology
as Dual-Material Gate (DMG) to Triple Material in gate thereby naming the technology as
Triple Material Gate (TMG). The DMG technology is accompanied by incorporation of a high
work function gate material towards the source side followed by a low work function
material gate at the drain side. This allows formation of a unique step-profile (at the interface
of two dissimilar materials) in the potential distribution of the channel along with a
formation of source-shifted minimum. This permits to have major dominance over SCEs like
DIBL. Also, the slope reduction in potential distribution towards drain end allows superior
immunity over HCE compared to devices without GWFE. Also, the low work function
material towards the drain end significantly work towards the reduction of GIDL in these
devices. The leakage mechanisms are remarkably suppressed leading to better threshold
and subthreshold characteristics. TMG employs three gate materials, the gate material with
highest work function is placed towards the source followed by a lower work function
material at the center after which the lowest work function material is placed at the drain
end [1.126]. This includes two step-profiles in the potential distribution, and the more the

steps, the higher is the immunity towards SCEs. However, fabrication of TMG in ultra-scaled
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nano MOSFET devices is quite challenging and hence requires careful optimization
considering the state-of-the-art fabrication amenities. Researchers have strategically
implemented GWFE in advanced nano-scaled MOSFETs and every time, the scheme has
exhibited evidences of grander performance. Reddy et al. [1.127] presented a detailed
analytical modeling and simulation Dual-Material DG SOI MOSFET where the authors
illustrated a comparative investigation of SCEs in DM (GWFE) and SM (without GWFE)
devices. Through solution of 2-D Poisson’s equation and following Young’s popular parabolic
potential approximation, the solutions for surface potential, threshold voltage and
subsequent drain current are obtained. The GWFE device excelled the SM device in terms of
SCE immunity, the projected device showed better threshold voltage, drain current
performances, portrayed extreme dominance over DIBL, TVRO, HCE etc. This can be
attributed to the fact that the projected device has a unique step profile due to GWFE
whereas this feature being absent in SM devices, the latter are extremely prone to major
SCEs. GWFE has been successfully implemented in advanced devices and still remains one of

the smartest technology till date for effective reduction of major SCEs.

1.2.8.2. Channel Engineering

Apart from the GWFE technology, effective schemes like channel and dielectric-engineering
are also of high interest to the researchers, since these schemes are highly effective in
diminishing some targeted SCEs in nano-scaled advanced MOSFETs. Graded channel
MOSFETs, halo doped MOSFETs and strained channel MOSFETSs are some common ways of
channel engineering. These innovative technologies have successfully suppressed the SCEs

as evident from the researches already presented.

» Graded Channel MOSFET

This technology is accompanied by a high doping region towards the source side and a low
doping region towards the drain side. The high doping towards the source region increases
the source-to-channel barrier height and thus considerably reduces SCEs. Careful selection

of the graded concentrations (high and low) can help is effective suppression of major SCEs
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like TVRO, thereby rectifying the threshold voltage characteristics. It also helps tuning of

threshold voltage to a preferred value, not too high, not too low [1.128].

» Halo doped MOSFET

In this technology, the small pocket regions near the source and drain are highly doped
which results in reduced SCEs. Halo implantation devices show excellent output
characteristics with low DIBL, higher drive currents, improved saturation characteristics,

and slightly higher breakdown voltages compared to the conventional MOSFET [1.129].

» Strained Channel MOSFET

In this technology, the atoms of silicon are stretched beyond their interatomic distance. This
can be achieved by placing a layer of silicon atoms over the Silicon Germanium (SiGe)
substrate. The atoms in the SiGe layer are arranged quite a distance apart. Thus when the
layer of Si atoms are placed over the SiGe substrate, the Si atoms are stretched further apart
and hence resulting in decreased interatomic distances and interatomic forces that interfere
with the movement of electrons. Hence, electron in the strained Si channel move 70% faster
resulting in an enhanced transistor switching of 35% compared to the normal MOSFET.
Apart from the boosted carrier mobility, strained MOSFETs are also capable of decreasing

the severe SCEs and offering upgraded device performances [1.130].

1.2.8.3  Dielectric Engineering

Dielectric engineering associates different types of dielectric configurations that are
implemented strategically for performing different set of targeted functions. One of the
configurations include use of a high-k gate stack in advanced MOSFETSs. The gate stack is
formed using a high-k oxide placed over an interfacial layer of silicon dioxide. The continuous
scaling of the devices in nanometer regime requires parallel scaling of the SiO2 gate-oxide
because thicker gate-oxide results in diminished gate control over the channel leading to
weak gate-channel coupling. On the other hand, the ultra-thin, scaled gate-oxide fails to
perform satisfactorily due to increased gate-oxide leakages and boron penetration thereby

radically affecting the device operation reliability. This can be efficiently avoided using the
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gate-stack technology, where the effective oxide thickness (EOT) is much lesser leading to a
strong gate-channel coupling along with enhanced gate-capacitance due to high-k material
[1.131]. The configuration has been extensively used by researchers since the technology is
popular for efficient upliftment of subthreshold characteristics, reducing off-state leakages,
improves carrier mobility by reducing phonon scattering, etc. [1.132 - 1.133]. Another
technology of dielectric engineering includes placing two different gate-oxides side by side,
together forming the gate-oxide system for the device. The gate capacitance for each gate-
oxide changes which is reflected in the basic characteristics such as potential, threshold
voltage, drain current etc. of the device. The technology has been successfully explored and
incorporated in advanced MOSFETs to make the devices work as an efficient Biosensor
[1.134]. The method is popularly known as dielectric modulation, where each k-value of the
dielectric corresponds to the k-value of the bio molecule, and by varying the oxide, the k-
value changes and alters a device characteristic, which then acts as a metric to detect the

type of biomolecule used.

1.2.9 Some Factors Controlling Device Performance Reliability

Reliability of device performance is an extremely vital part of successful device application
in modern day VLSI circuits. Ideally unaffected device performance is extremely hard to
achieve, however, this also necessitates the investigation of physics concerning the major
factors on which device consistency depend. Short channel advanced MOSFETSs along with
innovative technology incorporation are devised with an expectation of achieving
remarkable device performance over a wide range of temperature. However, it is a well-
known fact that thermal fluctuations are highly responsible for device behavior alterations,
which thus necessitates thermal characterization of the device. Additionally, Si-SiO2
interface quality is another parameter on which device behavior is found to depend
significantly. An ideal Si-SiO2 interface is extremely difficult to achieve, since the interface
tends to get damaged due to fabrication related process parameters, hot carrier induced
effects, radiation damages etc. These give rise to fixed local trapped charges at the interface

thereby substantially affecting reliable device performance. Hence, physics behind such
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damaged interface induced device behavior shift demand equivalent consideration in

pursuit of efficacious device operation.

» Thermal Characterization:

Thermal characterization of device operation has been significantly under consideration,
since the device features are observed to have extensive dependence on temperature. A
number of silicon channel parameters such as band gap, intrinsic concentration, Fermi level,
flat-band voltages etc. are temperature dependent and are inevitable to alter under
fluctuating temperature conditions [1.135]. Higher temperatures have different effects on
device parameters and features whereas at lower temperatures, other physical phenomenon
starts to occur in the devices. At cryogenic temperatures below 100K, device suffers from
impurity deionization and thus, realization of such physical phenomenon requires an
altogether different mathematical modeling approach. Whereas, at high temperatures above
500K, the permittivity of gate-oxide SiO2 starts exhibiting temperature dependence [1.136].
Even this temperature range from 100K-500K has significant effect on device features
where, it has been observed that high temperatures tend to increase leakages by lowering
device threshold voltage leading to prominent SCEs in the device [1.137]. Thus, thermal
characterization of a device provides a detailed insight about the device reliability and its

associated device operation.

» Fixed Interface Trapped Charges

The Si-SiOz interface in short channel MOSFETs tend to get damaged owing to several
stresses associated with fabrication related process parameters, radiation and hot carrier
effects [1.138-1.139]. These damages are responsible for the formation of traps at the
interface. For an acceptor type trap, its energy level is located below the Fermi level. If this
trap accepts an electron, it will behave as a negative type trap charge. However, if the energy
level of the trap is above the Fermi level for a donor type trap, it will lose an electron
becoming a positive type trap charge. These trap charges significantly alter the flat-band
voltage of the device, which, in consequence, severely affect the potential distribution,

threshold voltage, drain current of the device [1.140]. Thus trap-based mathematical
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modeling provides a comprehensive understanding of the trap-based reliability of device
operation.

Thus this section has presented extensive insights to the basics of nano devices starting from
the bulk MOSFET to advanced innovation in short channel MOSFETs. Device operation of
nano scaled MOSFET is relentlessly deteriorated owing to various short channel effects
discussed comprehensively in this section. Hence to upgrade device performance, copious
unconventional nano MOSFET devices are being currently under investigation by
researchers which have also been highlighted concisely here to provide an impression about

the contemporary progresses in the arena of semiconductor MOSFET devices.
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1.3.  Organization of Thesis

The thesis has been organized as different chapters to highlight and segregate the advanced
Nano MOSFET devices based on the several types of technologies that have been strategically
implemented to suppress several short channel effects (SCEs) without negatively impacting
the associated fabrication costs and to upgrade the device performance. The thesis starts
with chapter 1 encompassing a brief literature survey about the associated field of research,
followed by chapter 2, 3, 4 and 5 that highlight several researches conducted to project
advanced Nano MOSFET devices along with introduction of successful implementation of
several novel technologies through analytical modeling and simulation. The thesis finally

ends with a concluding chapter 6 that also includes some future scopes of the research work.

& Chapter 1 presents a comprehensive overview of on the fundamental concepts of
nanodevices, long channel bulk conventional MOSFET device, the problems
associated with device miniaturization and innovative, fabrication feasible
technologies that can be incorporated in short channel advanced MOSFETSs to achieve

ameliorated device performance.

&% Chapter 2 demonstrates the analytical modeling and simulation of an advanced Nano
MOSFET biosensor where novel strategies like a Dual-Material Trigate and also a
Dual-Material bottom gate have been considered. Dual-Material gate introduces step
profile that causes suppression of major SCEs like Drain-induced barrier lowering
(DIBL), hot carrier effect (HCE), etc. A high-K gate stack has been incorporated
towards the drain side that allows upgraded subthreshold slope characteristics. The
biosensor works on the Dielectric-modulation technique. In this technique, a small
nanogap is etched below the gate material and above the channel, and this nanogap
acts as the site for biomolecules. By placing neutral biomolecules having different K-
value, the gate capacitance changes that causes the device features like potential,
threshold voltage etc. to change and this change offers a metric to detect the

biomolecule type. For charged biomolecules, the charges are considered as fixed
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interface oxide charges at the nanogap-channel interface. For most cases, the nanogap
is placed over an interfacial layer of silicon dioxide that helps in adhesion of the
biomolecules causing their immobilization. Thus, using this technique several device
features as well as sensitivity have been also formulated and this has been

comprehensively presented in this chapter.

% Chapter 3 deals with the fixed interface trap charge induced thermal characterization
of a Dual-Material Cylindrical Gate-all-around (CGAA) MOSFET having a Gaussian-
doped distribution in the channel. CGAA MOSFETs have been the foremost choice of
researchers for the device’s inherent capability of offering upgraded performances.
The device is widely used for practical applications like biosensor. However, this
chapter deals with an advanced CGAA MOSFET whose detailed device characteristics
have been examined so as to implement the device in practical applications.
Moreover, the existing current research exhibits that thermal variations within a
range of 100K - 500K have a colossal effect on the inherent characteristics of the
silicon channel such as bandgap, intrinsic concentration, Fermi level etc. Below 100K,
impurity deionization starts to occur and above 500K, permittivity of silicon dioxide
starts to exhibit strong dependence on temperature. Thus, the conducted research
demonstrates the temperature-induced effects on electrical characteristics of the
proposed device. Also, the Si-SiO2 interface tends to get damaged due to stress,
radiation, hot carrier effects and fabrication process related damages. These damages
result in the formation of interface trapped charges (positive/negative), these
charges modify the flat-band voltage which consequently modulates the source-
channel barrier height thereby affecting the threshold voltage of the device. Thus, the
mathematical modeling has been conducted considering the effect of these charges
and exhibit comparative studies of device features between the damaged and the
undamaged one. Finally, the Gaussian-distribution parameters such as the peak

doping, Projected range and straggle parameters have been found to profoundly
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impact device characteristics and the same has been highlighted in the current

chapter.

&% Currently Macaroni GAA architectures have surpassed the conventional CGAA
architectures in terms of offering upgraded device performance. So, a part of this
research encompasses a strategically designed advanced Macaroni-channel GAA
MOSFET and its device characteristics have been thoroughly investigated so that the
planned device can be explored and implemented to work as an efficient biosensor.
Moreover, fixed interface trap charge and temperature-induced effects on the device
characteristics of the planned Dual-Material Gate Macaroni channel MOSFET have
been exhibited in chapter 4. Gate work function engineering (GWFE) incorporation
contributes to significant suppression of DIBL, HCE. Another leakage mechanism
namely Gate-induced drain leakage (GIDL) drain current has been analyzed and
results exhibit GWFE has significantly alleviates GIDL. Graded channel engineering
scheme strategically implement evidently allowed suitable selection of threshold
voltage. Moreover, comparative studies of the projected device with its Graded
channel Dual-Material CGAA counterpart exhibits the superior device performance of

the former over the latter.

&% Chapter 5 illustrates the mathematical modeling and simulation of a Dual-Material
Gate Macaroni channel MOSFET biosensor using dielectric-modulation technique.
Full channel Cylindrical Gate-all-around (CGAA) MOSFETs have been the primary
choice of researchers as the basic geometry to implement biosensor applications. This
is inevitably due to the fact that CGAA MOSFETSs have excellent immunity to SCEs,
stronger field confinement, high packaging density, lower power consumption due to
reduced leakage issues, upgraded subthreshold slope characteristics etc. However,
Macaroni MOSFETs have evidently outclassed CGAA MOSFETs in terms of SCE
immunization and associated device performance enrichment as also observed in

chapter 4. Thus, the research presented in this chapter has illustrated a Dual-Material
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Gate Macaroni channel MOSFET Biosensor using dielectric-modulation technique.
The Dual-material gate offers SCE resistance and a high-K gate stack has been
implemented towards the drain side that contributes to better subthreshold swing
characteristics. Detailed sensitivity analysis exhibits that the recommended
biosensor offers higher sensitivity to biomolecules (both neutral and charged)

compared to its full channel CGAA counterpart.

Results of all mathematical modeling have been validated using simulation results

from Atlas, Silvaco.

&% Chapter 6 presents the concluding remarks and future scope of the research work.
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2.1. Introduction

The transition from bulk, conventional single gate MOSFET to the pioneering technology of
Double-Gate MOSFET has proved to be significantly appreciating in terms of short channel
effect immunity, better electrostatic control, improved scalability, reduced off-state leakages
etc. [2.1]. DG MOSFETs are fabrication feasible and the detailed step by step fabrication
process is provided in US patent US6855588B1 [2.2]. In spite of offering advanced device
performance, Double gate structures still suffer from some major fabrication related
complexities [2.3]. Hence, to overcome major barriers associated with Double Gate
architecture and to add significant boost to the device performance, Trigate devices have
been introduced with the aim to support further scalability in continuation with the Moore’s
law. It has been reported that Trigate devices enhance speed of operation by 37% and lower

the power consumption by 50% compared to the planar architecture MOSFETs.

Trigate (or Triple Gate) MOSFETs are first introduced by Intel along with detailed fabrication
steps claimed in US patent US20040094807A1 [2.4]. The device with an insulating film
beneath the channel consists of a semiconductor body on the insulating film (SOI/SON)
having top surface and laterally opposite sidewalls formed on a substrate. The gate dielectric
layer is then deposited on the top surface and on the top of the laterally opposite sidewalls.
The gate electrode is then deposited over this gate dielectric and this is followed by
formation of source/drain extensions. This, in short, provides the idea of the Trigate MOSFET

fabrication.

The Dual-Material gate, a technique of Gate Work Function Engineering (GWFE),
can be formed by following fabrication steps detailed in US patent US6972224B2 [2.5]. The
first step comprises of considering a semiconductor substrate having a surface area with a
first area and the second area. This is followed by formation of gate dielectric on the surface
of the first area and the second area. Then a sacrificial layer of SiO2 is formed over the gate
dielectric. The sacrificial layer is then patterned so that the gate dielectric on first area is
exposed and rest of the gate-dielectric over the second area is protected. This is followed by

deposition of first metal gate conductor over the exposed dielectric and also on the
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remaining portion of the sacrificial layer. This is then followed by dry etching of the first
metal gate conductor from the top of the sacrificial layer on the second area and exposing
the remaining portion of the sacrificial layer. The remaining portion of the sacrificial layer is
then removed using a wet chemical etch thereby exposing the gate dielectric over the second
area. Finally, the second metal gate conductor material is deposited on the gate dielectric on
the second area thereby resulting in the structure of Dual-Metal Gate. Thus, GWFE

comprising of Dual-Material Gate is highly fabrication feasible.

Thus, Trigate (3D) MOSFETSs are revolutionary invention since the device allows excellent
SCE immunity, higher packaging density, higher speed and significantly lower power
consumption compared to the 2-D MOSFETSs. Incorporation of GWFE and a Dual-Material
Bottom gate can provide a further boost to the overall device performance.

Considering the advantages coupled with fabrication feasibility, a Dual-Material Trigate
MOSFET with a Dual-Material bottom gate has been considered as the basic device to work
as an effective biosensor.

Thus, performance escalation of aggressively scaled MOSFET devices has been made
possible to a great extent by incorporating the ground-breaking technology of Trigate
architecture, where the employed gates play pivotal role in enhancing the electrostatic
control over the channel. Improved gate-channel coupling effectively reduces major short
channel effects (SCEs) since the channel area covered by the gates through the gate-oxide
increases to a large extent.

Apart from the Multi-gate and GWFE scheme, researchers have
introduced innovative schemes for refinements or rectifications of some targeted SCEs and
to selectively boost specific device characteristics. One such popular scheme namely the
dielectric engineering scheme has successfully achieved to gain the attention of researchers
owing to the scheme’s noteworthy advantages and its incorporation for rectification of some
targeted SCEs and selective refinement of some of the device features. Dielectric engineering
can be of two configurations: (a) high-K gate stack configuration (b) lateral hetero-dielectric
configuration. As the device channel length has been aggressively scaled down to achieve

miniaturization, the gate-oxide thickness needs to be scaled down at the same pace.
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However, oxides like Si02 when scaled down to below 2nm, the hot electrons that gain the
high kinetic energy from the substantially high electric fields, tend to tunnel the oxide
causing oxide breakdown [2.6]. This causes high power consumption and degraded device
reliability. Thus SiO2 needs to be replaced by some high-K oxide that enhances gate
capacitance thereby permitting better gate control. In most cases, an interfacial layer of SiO2
is grown first (to reduce phonon scattering) and then the high-K oxide is placed over this
SiO2 layer [2.7]. This configuration of two gate-oxides placed one above the other is called
high-K gate stack configuration which is highly favorable to reduce subthreshold swing, DIBL
in short channel MOSFET devices [2.8]. (b) Lateral hetero-dielectric configuration in
MOSFET is mainly used where the MOSFET device is employed to work as a biosensor [2.9].
In this configuration, the region beneath the gate and above the channel and towards the
source is etched to form a nanogap where biomolecules of different K-value is placed [2.10].
Laterally, beside the nanogap, towards the drain, the gate-oxide is grown filling the region
beneath the gate and above the channel. In most cases, the nanogap and the drain-side gate-
oxide (normally a high-K gate oxide) is placed above a layer of SiO2. Thus the gate capacitance
towards the source is different than that near the drain. Now, by placing biomolecules with
different K-values in the nanogap, the gate capacitance is varied that impacts the device
potential, threshold voltage, drain current etc. which then provides a metric for efficient
detection of the biomolecules [2.11-2.13]. Now, considering the advantages offered by the
above two types of gate-oxide configuration, these technologies have been tactfully
incorporated in a Dual-Material Trigate SOl MOSFET with a Dual-Material bottom gate that

has also been discussed expansively in the following section.

2.2. Overview

The strategy of dielectric engineering has been widely explored for its implementation as a
biosensing property in advanced MOSFET devices. However, employment of dielectric
engineering in this case of research is somewhat different from the high-K gate stack

technology. In the high-K gate stack system, the high-K is placed over an SiO2 layer forming
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stack like configuration. Whereas, when dielectric engineering is employed for biosensing
property, the dielectrics are placed side by side, rather than one above another [2.14].

High-K gate stack systems are fabrication feasible. Ling Et al. [2.15]
mentioned the detailed step by step fabrication of a high-K gate stack system on a p-type
substrate. Firstly, the substrate is RCA cleaned and then a field oxide (SiO2) is grown
thermally. Then high-K oxide is deposited using ALD. After the high-K oxide is deposited,
annealing is used to improve the electrical property of the high-K thin film. After this, metal
gate is deposited and patterned. Finally gas annealing is done for interface states passivation.
Finally source/drain ion implantation and dopant activation annealing are done.

The operation of a MOSFET biosensor works on the principle of change of
device features due to a change in the gate capacitance due to an alteration in K-value of
biomolecule placed in a nanogap in place of a fixed gate-oxide, the method is widely popular
and is termed as dielectric-modulation technique [2.16]. Thus the gate-oxide configuration
of the MOSFET biosensor is different here. A small region under the gate and above the
channel is etched and this region acts as the site for placing the biomolecules. This region is
called the nanogap [2.17]. When the biomolecule having a certain K-value is placed in the
nanogap, the gate capacitance has a certain value, which changes if another biomolecule
having another K-value is now placed in the nanogap. In simulation, presence of neutral
biomolecules is realized by introducing a material having dielectric constant similar to that
of the biomolecule (for eg: K-value of biomolecule streptavidin is 2.1, that of protein is 2.50,
biotin has K=2.63, APTES has K=3.57, Keratin has K=5-10 and so on). For charged
biomolecule having a certain K-value, the material having that K-value is placed in the
nanogap and the charge is considered as fixed interface trap charges at the SiOz-Air interface
[2.18].

Beside this nanogap, there is another high-K oxide that fills the
rest of the region between the channel and the gate. Thus, here the nanogap containing a
certain biomolecule having a fixed K-value and another high-K oxide is placed side by side.
Sometimes, both the nanogap and the high-K oxide is placed over a very thin layer of SiOa.
This layer of SiO2z acts as adhesion for biomolecules and it serves as the interfacial layer for

the high-K oxide thus forming a high-K gate stack [2.19-2.20]. The fabrication feasibility of
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the nanogap region has been mentioned by Kim et al. [2.21]. Following the fabrication steps
mentioned in this published research, after the channel, source and drain extensions for the
Trigate structure are grown using photolithography and ion implantation, for the current
(our) research, TiOz (only for region 2), SiO2, Cr and gate metals are to be subsequently
grown and deposited using the thin film processes. SiO2 forms the gate dielectric/adhesion
layer in region 1, Cr is the sacrificial layer that leaves the nanogap after selective wet etching.
After the above three layers (for region with first gate material, and four layers for region
with second gate material) are deposited, they are patterned by photolithography and
subsequent etching processes. The nanogap is now formed by lateral wet etching of Cr.

Thus, fabrication feasibility of the nanogap coupled with exploration of dielectric
engineering scheme for biosensing property are the prime motivations behind the
mathematical modeling and simulation of a GWFE incorporated Trigate biosensor with a

dual-material bottom gate that has been discussed in detail as follows.

2.3. Analytical Modeling

Fig.2.1. presents the 3-D schematic representation of a Dual-Material (DM) (GWFE
incorporated) Trigate MOSFET with a Dual-Material bottom gate to act as an effective

biosensor.
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Fig.2.1. 3-D Schematic illustration of the proposed biosensor
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The Dual-Material gate is made up of two materials namely Ms (having work function
¢Ms =5.35€eV and gate length L1=30nm) placed towards the source and Mp (having work

function ¢MD =4.4eV and gate length L2=30nm) placed towards the drain. The channel has

a uniform concentration of Nch=1017cm-3 and channel length is L=60nm.
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Fig.2.2. 2-D Cross-sectional view of the proposed biosensor
The gate-oxide under Mp is TiO2 (K=40) placed over an interfacial SiOz layer. The gate-oxide
under Ms comprises of a nanogap (that acts as the site of biomolecules) placed over a layer
of SiOz that acts as adhesion for the biomolecules. The channel is placed over a layer of SiO2
having thickness (t») of 2nm. Thickness of the nanogap is denoted as thio=11nm, thickness of
TiOz layer is t2=11nm and thickness of interfacial SiOz layer is ti=1nm. Channel thickness is
tch=10nm. Width of the trigate device is w=5nm. The 2-D cross-sectional view of the

proposed biosensor is presented in Fig.2.2.

2.3.1. Surface Potential Modeling
In order to investigate the electrical characteristics of the proposed biosensor, the
expression for surface potential of the device needs to be obtained. For this, the 3-D Poisson’s

equation needs to be solved as follows [2.22]
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2 2 2
O (x,zy,z)+8 ¢i(x;y’z)+a (Di(X;y’Z) _ 9N, (2.1)
OX ay oz Es;

Here i stands for the ith region. For the ease of calculation, the channel region is divided into

two parts: i=1 for region 1 with boundaries 0<Xx < Ll,—ﬂs ySW,OS z<t,and i=2 for
2 2 ch

region 2 with boundariesl, <x<L +L,(=L),~-

N E

Sysg,ogzstch. @ (X y,2)is the

potential for the ith region.
Potential distribution between the side-walls is assumed to be parabolic which

mathematically leads to

2
b (X1 y!Z)zCi0<X’Z)+Ci1<X’Z)y+Ci2(X!Z)y (2.2)
For low drain voltages, potential distribution is parabolic in the z-direction. At y=0, the

expression obtained for potential is [2.23]:

2
0.(%0,2)=Co(x,2) = oy (X)+ky (X) 24k, (X)2 (2.3)
At the front and lateral interfaces, potential which is actually the surface potential is given

using the following expression:

¢ (x,0,0)=C;p (%,0) =@y (X) (24)
Potential at the back channel-oxide (SiO2) interface is given as:
2
¢ (X'O'tch ) =Gy (X’tch ) R Oy (X)+ ki (X)tch tki, (X)tch =0y (X) (2.5)
Symmetry along the y-direction leads to:
w w

| X, ——,Z =@ | X,+—,Z 2.6

?, ( > ] @ ( > } (2.6)

Solution of the above equation mathematically leads to:
c.(x,z)=0 (2.7)

Therefore, using equation (2.2) and equation (2.7), the following expression of potential is

obtained:
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2

goi[x,ig,z):cio(x,z)+ci2(x,z)WT:(pspi(x) (2.8)

4
Hence, CiZ(X'Z):W[(DSpi (X)_Cio(x'z)} (2.9)

The boundary conditions required to evaluate the coefficients in equation (2.3) are listed as
follows [2.24]:

In Region 1, the coefficients obtained are:

do £ ,
S B U 2.10
11( ) dz y-0.2-0 gSitgeﬁ (Dspl( ) sl ( |
dqpl gb |: " :|
- : o X 2.11
dz y=0,2=t,, gSitb gs1 ¢sbl( ) ( )

Here, ¢, =¢,

Using the boundary condition in equation (2.11), another coefficient for region 1 thus

obtained is as follows:

y C., C (Cy C,
Vi =@ (X)| 1+ =+ =0 |4V, | =+
Cq C, =lC, C,
ko (X)= (212)

t,’ [1+ ch'j
Cb

In Region 2, the coefficients obtained are:

d¢ gox !
K (x)= 222 - oo [ X)-V. } 2.13
21 ( ) dZ J-0.2-0 55iteﬁ ¢sp2 ( ) gs2 ( )
N W] (219)
dZ y=0,z=ty, gsitb ?

Equation (2.14) mathematically leads to

/ C C
[Vgsz - (x)} {1+ COx +C°X}
Si b
a (X) = 2C
t,’ [1+Si J

G

(2.15)
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! ! ! N
Where, Viq =V —Veg o Veg, =Veg —i—f, in region 1 the front channel-oxide flat-band
eff

voltage is given as Vi; = ¢, — ¢, the density of the charged biomolecules is givenas N, the
effective oxide capacitance comprising the nanogap dielectric and the interfacial SiOz (¢&,, )

layer is denoted as C,; and is given by:

& &
Cyr =—=, Where effective oxide thickness (EOT) under gate Ms, t, =t +t,,—, C, = &
€ g .
Jeff bio b
‘9o><1 . . . 80)(1
Cy = , Where effective oxide thickness (EOT) under gate Mp, t, =t +t, . and
eff TiO,

Vgslﬂ :Vgs _VFBbl where VFBb1 =VFBl ) Vgszl :Vgs _VF82 ’VFB2 = ¢MD _¢Si

Thus, using equations (2.10) and (2.12) in equation (2.2) and (2.3), the expression of

potential in region 1 is given as follows:

2] (X! Y, Z) = Aigospl (X) + Blvgsll + Clvgslﬂ (216)

Where, A =1+ K,z -K,z* - K,zy* +K,z°y?, B, = -K.z + K, 2> + K, zy* — K %y,

Ceff Ceff
2 47 2C g e te 4
C,=——-—=—VY". Here,K:tch2(1+—Sij,K1= 2K, =—3 2 K, =—K,
K w K b gty K W
o S
K4:WK2fK5:K17K6:M1K7:WK1!K8:WK6

Similarly using equation (2.13) and (2.15) in equation (2.2) and (2.3), expression for

potential obtained for region 2 is given as follows:

¢2 (X! y' Z) = AZ(Dspl (X) + BZVgsz! (217)

“Analytical Modeling and Simulation of Some Ultra-thin Non-Conventional MOSFET Structures” - Thesis submitted
by Pritha Banerjee for the degree of Doctor of Philosophy (Science), Jadavpur University



Page 61

Here, A, =1+ K,z - K, 2 =K, zy* +K,'2y*,B, = —K. 2+ K, 2* + K, zy* - K/ 2°y?, where
Kl'zg": K, = S;( b ,K3'—WK1', K4':WK2', K, =K/, K6'=K2',K7':W2 K,,
Si eff
1 4 ’
K8 :WKG

Substituting equation (2.16) in equation (2.1), the differential equation for region 1 thus

obtained is given as:

d’p,, (x
d_;z()_ylgpspl (x)=4 (2.18)

gsl

A.L ' Agg A A

Substituting equation (2.17) in equation (2.1), the differential equation for region 2 thus

Here, y, =

2K, +2K,2 = 2K,2 2K, Y" g, Vo (2K 2Kz 2K 1 2KY) "[822 By’ ]

woow

obtained is given as:

d?p,, (X
#() _7/2¢sz (X) = 02 (219)

Here, y, =

2K, +2K,z2-2K,'2* - 2K, y? N, +vgsz’ (—2K6' —2K,'z+2K, 22 +2K8'y2)
A, LA A,
The general solution to equation (2.18) and equation (2.19) are respectively given as follows
[2.25-2.26]:
In Region 1: ¢, (X)=Pe™+Qe™ - (2.20)

91

Where, 0, =/y,, @, =—

1
In Region 2: ¢, (x)=P,e”*™ +Q,e" ) — g, (2.21)
02
Where, 0, =y, , @, =—=
2
In order to find the coefficients P, ,Q,, B, and Q,, the following boundary conditions need to

be satisfied [2.27]

Continuity of surface potential at the interface of the two dissimilar materials leads to:
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P, (X)), =2, ()], (2.22)
Continuity of electric flux at the interface of the two dissimilar materials leads to:

doy, ()| _dey, () (2.23)

dx | _ dx -

At source-channel end, potential is given by:

P41 (0) =Vg (2.24)
At drain-channel end, potential is given by:

Popo (L) = Vi +Vy (2.25)

V;; is the built-in potential.

The expressions of coefficients in equations (2.20) and (2.21) thus obtained using the above

listed boundary conditions are listed as follows:

bP e’ +aQ,e " — aPe’ +bQ,e " —
=1 2' Dro , P, =— 2' Dz , P =V +@ -0, and
(Vs + ) (ae® +be’ ) =2(Vy, +V,, +@,) — 2@, cosh 5, L,

2(asinhc+bsinhd)

QII

Q

Here, a=1+3,,,b=1-3,, c=5,L,+5,L,, d =5 —5,L,

2.3.2. Threshold Voltage Modeling

The gate voltage at which the minimum surface potential is twice the Fermi potential is
termed as the threshold voltage [2.28]. To obtain the minimum surface potential, the
position of minimum surface potential needs to be determined. Surface potential minimum
for all cases, except for the case N=0, K=1, occurs in region 1, hence the position of minimum

surface potential can be obtained as follows:

0
M =0 (2.26)
OX

X=XmIN

Hence the position of minimum surface potential thus obtained is as follows:
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1. .Q
Xy = ——In =L 2.27
MIN 261 PI ( )

Thus the threshold voltage for all the cases except for Ni=0, K=1 can be obtained using the

following equation:
Do, (X ) = 200 (2.28)

For N&=0, K=1, surface potential minimum occurs in region 2 and thus the position of
minimum surface can be obtained using the following equation as follows:

0y, (X)) _
—= =0 (2.29)

X=XmIN

The position of minimum surface potential thus obtained is as follows:

1 Q
X =——In—=L + 2.30
MIN 252 P” Li ( )

Threshold voltage, in this case, can be obtained using the following equation:

Do, (X ) = 20 (2.31)
2.3.3. Short Channel Effect Modeling

e DIBL (mV) [2.29] is given as follows:
DIBL=V,, .. -V,

thr,lin thr,sat

(2.32)
Where, V,, i, and V,, . are respectively threshold voltages in linear and saturation regions.

e Subthreshold swing (SS in mV/dec) [2.30] is given as follows:

-1

S =23V, d%(x) (2.33)

S —
g X=XMmIN

Hot carrier effect (HCE) can be analyzed from the lateral electric field distribution of the

proposed device. Lateral electric field can be obtained using the following expression [2.31]:

E, = 9o, () (2.34)
dx

2.3.4. Sensitivity Analysis

Sensitivity for neutral biomolecules is given as follows:
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Vi (K =1) =V, (K >1)

New — (2.35)
Vinr ( K= 1)
Sensitivity for charged biomolecules is given as follows:
. Vthr (Bioneutral )_Vthr (Biocharged ) (2 36)
Csgio - 1 '
Vthr (Bloneutral )

2.4. Results & Discussions

Verification of analytical results has been carried out using simulation outputs from Silvaco
Atlas. Fig. 2.3 demonstrates the surface potential distribution along the channel for different
types of neutral biomolecules placed in the nanogap. When the nanogap has no biomolecule
present in it, that is, when the nanogap is filled with air, the surface potential minimum
(which occurs in region 2) attains the highest value, the source-channel barrier height is
greatly reduced that leads to lowest value of threshold voltage for Ne=0, K=1. This can be
clearly understood if the physics concerned can be explained. When the nanogap is filled
with air, the effective oxide thickness (EOT) under gate Ms increases that, in turn, reduces
the gate-control over the channel leading to reduced threshold voltage. Whereas when the
nanogap is filled with biomolecule (K>1), the effective oxide thickness decreases leading to
enhanced gate-control over the channel. Source-channel barrier height increases compared
to the case K=1, this leads to increased threshold voltage which also prevent leakages in the
proposed device. Thus as the K-value in the nanogap increases, gate-channel coupling
increases, source-channel barrier height increases gradually leading to enhanced threshold
voltages at higher K. Also, for K=1, proposed biosensor has a particular threshold voltage, for
K>1, proposed biosensor has a particular threshold voltage for a fixed K, this shift in
threshold voltage compared to the case when K=1 offers a metric to effectively detect the
biomolecule type. It is important to mention here that significant change in surface potential
occurs in Region 1 under gate Ms due to variation of dielectric constant of biomolecules in
the nanogap above the fixed SiO:z layer. The surface potential in Region 2 remains almost
unchanged due to the fixed gate stack TiO2 - SiO2 configuration under Mp. Fig.2.4
demonstrates the surface potential distribution along the channel position for charged

biomolecules (negative, positive) having a particular value of K (=5). For the case, Nr=0, K=5,
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the source-channel barrier height is already high leading to higher threshold voltage. Now,
charge of the biomolecules is considered as the presence of fixed interface trapped charges

having charge density Nr. As this charge becomes more and more positive, then as per

equation VFBfl' =Veg, —i—f (already mentioned in Surface potential modeling section), the
eff

effective flat-band voltage decreases. Thus, for a high value of positive charge, effective flat-
band voltage decreases and applied gate voltage (as per equatioansl' =V —VFBfl') easily

works towards accumulation of charge carriers for inversion leading to a lower source-

channel barrier height and finally a reduced threshold voltage.
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Fig. 2.3 Surface potential distribution along the channel length for the proposed

biosensor for variation of neutral biomolecules in the nanogap
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Fig.2.4 Surface potential distribution along the channel length for the proposed
biosensor for variation of charged biomolecules (K=5) in the nanogap
This effect can be easily observed in fig. 2.4. Now, for higher values of negative charge, the
effective flat-band voltage increases. Thus, for a high value of negative charge, the effective
flat-band voltage increases, so at a particular gate voltage, the source-channel barrier height
is quite high implying a greater threshold voltage necessitating application of more Vgs to
trigger conduction. Fig. 2.5. portrays the graphical illustration of surface potential
distribution along the channel length for both neutral and charged biomolecules for
proposed GWFE incorporated biosensor and its Single-Material Gate (SMG) Counterpart. For
the proposed biosensor for a charged as well as neutral biomolecule with K=5 placed in the
nanogap, the surface potential distribution possesses a unique step profile along with a
source-shifted minimum. This unique step profile screens the minimum from getting
affected from drain voltage alterations. However, for the SMG counterpart, the absence of
GWFE does not lead to the formation of any step profile and also the minimum is much more
shifted towards the drain causing it highly susceptible to changes due to drain volatge
alterations. This implies that the proposed GWFE incorporated biosensor has higher
immunity towards DIBL compared to its SMG contemporary. Also, the graphical illustration
shows that the surface potential has steeper slope for SMG device compared to the proposed
biosensor. This will cause elevated hot carrier effect (HCE) in SMG devices compared to the

proposed biosensor. Surface potential distribution along the channel length for both neutral
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and charged biomolecule, for different ratio of Lgap:L1, where Lgap is the length of the
nanogap/gate Ms, is exhibitted in fig. 2.6. For the case with Lgap:L1=2:1, the source-channel
barrier height greatly increases leading to highest threshold voltage, also the minimum gets
shifted more towards drain and the step profile becomes less prominent. For Lgap:L1=1:1, the
source-channel barrier height is preferable with not so high, not so low value of threshold
voltage. Also, the minimum is shifted more towards the source and a prominent step profile
can be obtained that altogether leads to higher DIBL immunity. Finally, for the case,
Lgap:L1=1:2, the source-channel barrier height is significantly reduced that lowers the
threshold voltage to a great extent, this may induce leakages leading to more power
consumption. Thus, even with a source-shifted minimum and a prominent step profile, the
ratio Lgap:L1=1:2 is not prefereable due to significantly reduced threshold voltage. Fig.2.7
exhibits the variation of threshold voltage vs. dielectric constant of neutral biomolecules for
two different channel lengths and for two different heights of nanogap up to which the
neutral biomolecules are filled. The nanogap has a fixed height of 11nm. The figure exhibits
that as the biomolecules fully fill the nanogap, threshold voltage is found to decrease
whereas when the biomolecules fill up to 9nm of the nanogap out of 11nm, threshold voltage

increases. Threshold voltage also increases for a channel length of 100nm.
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Fig. 2.5 Surface potential distribution along the channel length for both charged and
neutral biomolecules for the proposed GWFE incorporated biosensor and its Single-

Material Gate (SMG) Counterpart
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Fig. 2.6 Surface potential distribution along the channel length for proposed
biosensor for neutral and charged biomolecules for different ratios of Lgap:L1
However, when the channel length is scaled down to 60nm, several SCEs start to appear that
reduces the threshold voltage. Finally, threshold voltage is lower for biomolecules with
lower K and gradually starts increasing for biomolecules with higher K since, source-channel
barrier height in surface potential distribution increases as K-value increases as already

discussed in fig. 2.3.

Fig. 2.8 exhibits the graphical illustration of threshold voltage variation vs. dielectric
constant of neutral biomolecules for different Lgap:L1 ratio and for two different channel
lengths. Firstly, threshold voltage, for all L and Lgap:L1 ratio value, increases for neutral
biomolecules having higher K-value, as already discussed earlier. Threshold voltage for
higher channel length of 100nm is greater for all Lgap:L1 ratio values, compared to the case
for L=60nm. At a scaled channel length, SCE starts appearing which causes threshold voltage
lowering and an increased threshold voltage roll-off compared to the case for L=100nm, this
can be clearly observed from the graph. Now, as discussed for fig. 2.6, for ratio Lgap:L1 = 2:1,
source-channel barrier height being highest, threshold voltage is highest, for Lgap:L1= 1:1,
threshold voltage is moderate, not so high, not so low, however for Lgap:L1 =1:2, source-
channel barrier height being lowest, threshold voltage is significantly reduced that paves the

path for increased leakages in the proposed biosensor. Fig.2.9 demonstrates the graphical
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illustration of threshold voltage variation vs. charge of biomolecules (K=5) for different
Lgap:L1 ratio and two different channel lengths. Firstly, as explained for fig. 2.4, the more
negative the charge, the greater is the source-channel barrier height and greater is the
threshold voltage, and the more positive the charge, the lower is the source-channel barrier
height and lower is the threshold voltage. This is clearly evident through the plot in fig.2.9.
Now, for all ratio of Lgap:L1, threshold voltage increases for L=100nm compared to the case
for L=60nm. Now, similar to the case explained in fig.2.6, source-channel barrier height is
highest for Lgap:L1 =2:1, hence threshold voltage is highest in this case. For Lgap:L1 =1:1,
threshold voltage is moderate and lowest for the case with Lgap:L1 =1:2 for lowest source-
channel barrier height. Fig. 2.10 exhibits the threshold voltage variation vs. charge of
biomolecules for two types of charged biomolecules having K=5 and K=2.1. Firstly, for both
types of charged biomolecule, threshold voltage is higher for more negatively charged
biomolecule and lower for more positively charged biomolecule. Now for K=2.1, source-
channel barrier height is much reduced which causes the threshold voltage to reduce,
whereas for K=5, source-channel barrier height is much higher leading to increased
threshold voltage (also evident from fig. 2.3, 2.4). Fig. 2.11 exhibits the variation of DIBL vs.
channel lengths for the proposed biosensor for two different widths and also for the
proposed biosensors’s SMG counterpart. Comparative DIBL studies of proposed biosensor
and its SMG counterpart (both having widths w=5nm) exhibit reduced DIBL in proposed
GWFE incorporated biosensor, where its unique step profile in its surface potential
distribution, shields the minimum from drain voltage alterations. GWFE being absent in SMG
devices, no such shielding of minimum can be obtained, this causes higher DIBL in SMG
devices. DIBL is also found to vary considerably with device width. For reduced device width
w=5nm, the gate has elevated control over the channel which leads to lower DIBL compared
to the case with w=7nm. Fig. 2.12 exhibits the subthreshold slope variation of proposed
biosensor for different channel lengths, for different widths of the device and different high-
K oxides placed above SiO: layer in region 2 under Mp. Keeping the device width fixed at
w=5nm, with increasing value of K of the oxide placed above SiO2, the effective oxide
thickness gradually decreases leading to enhanced gate-channel coupling. This enhanced

gate-channel coupling plays the major role in dimishing major SCEs like subthreshold swing.
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Thus, among all the cases, when TiOz (K=40) is placed above SiOz, the subthreshold swing is

minimum and with increasing channel length, SS saturates to almost 60mV/dec, ideal value

for short channel MOSFETs. However, with the same high-K gate stack configuration of TiO2

(K=40) placed above SiOz, SS largely increases when device width increases from w=5nm to
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w=7nm, owing to reduced gate-channel coupling. Fig.2.13 reveals the graphical illustration
of Sensitivity variation vs. dielectric constant of neutral biomolecules for two different
channel lengths of the proposed biosensor. Sensitivity for neutral biomolecule is
mathematically analyzed using equation (2.35). Threshold voltage is lowest for the case
when nanogap is fully filled with air (K=1) as per fig. 2.3. The more the K-value, the higher
the threshold voltage and higher is the deviation from the threshold voltage for the case with
K=1. This explains the reason behind the gradual increase in sensitivity with increase in
dielectric constant of the neutral biomolecules. Also, sensitivity is much greater for L=100nm
compared to the case with L=60nm. Sensitivity variation vs. charge of biomolecules of two
different types (K=5, K=2.1) for the proposed biosensor is shown in fig.2.14 where the
sensitivity is mathematically analyzed using equation (2.36). As per fig.2.10, the change of
threshold voltage for a charged molecule with K=2.1 from that of the neutral biomolecule
with K=2.1 is much higher compared to the case for K=5. Hence, the more the variation, the
greater the sensitivity. This explains the reason behind the escalated sensitivity for K=2.1
compared to the case with K=5. Also, the device is found to be more sensitive to negatively
charged biomolecule compared to the positively charged ones (with lower K like 2.1). Fig.
2.15 - 2.17 illustrate the graphical plots for lateral electric field along the channel length for
proposed GWFE incorporated biosensor and its SMG contemporary for neutral, negatively

and positively charged biomolecules respectively.
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Fig.2.9 Threshold voltage variation vs. dielectric constant of charged biomolecules

(K=5) for different Lgap:L1 ratio and for two different channel lengths
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Lateral electric field, for all the three cases, is considerably reduced for the proposed GWFE
incorporated biosensor compared to its SMG counterpart. This happens since the proposed
biosensor has a reduced slope of surface potential owing to the Dual-Material incorporation
in its gate whereas the surface potential slope is quite steep in SMG biosensor. The steep
slope results in higher electric field at the drain end causing performance degradation due
to hot carrier effect (HCE), which is much reduced in the proposed biosensor. Also, a peak in
the lateral electric field distribution of the proposed biosensor is observed at the interface of
the two dissimilar gate materials. This peak results in improved transport efficiency. For all
the three cases of neutral, positive and negatively charged biomolecule, electric field
distribution is found to remain same for both the proposed biosensor and its SMG

counterpart. Analytical results match well with Atlas outputs.
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Fig.2.13 Sensitivity variation vs. dielectric constant of neutral biomolecules for two
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Fig.2.14 Sensitivity variation vs. charge of biomolecules of two different types (K=5,

K=2.1) for the proposed biosensor.
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Fig.2.17 Lateral electric field distribution along the channel length for proposed
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2.5. Conclusion

Current research illustrates Dielectric-Modulated Dual-Material Trigate MOSFET with a
Dual-Material Bottom gate as an effective biosensor of both neutral and charged
biomolecules placed in a nanogap. Threshold voltage shifts are observed for different K-
values of different neutral/charged biomolecules in the nanogap (due to source-channel
barrier height modulations as a direct consequence of flat-band voltage alterations)
compared to the case when the nanogap has air (K=1). Shifts in threshold voltages offer a
metric to detect the biomolecule type. Also GWFE incorporation in the proposed biosensor
offers high quality shielding effects from major SCEs like DIBL, HCE as compared to its Single-
Material gate (SMG) counterpart. Selection of TiOz - SiO2 gate stack under gate Mp offers
better subthreshold swing characteristics. The proposed biosensor offers higher sensitivity
for biomolecules having higher value of K for neutral biomolecules. For charged

biomolecules with lower K-value, the biosensor is found to be slightly more sensitive to
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negatively charged biomolecules. These evidences fortify the certitude that the proposed
biosensor serves as an outstanding detector offering propitious applications for hassle-free,

fast and advanced practical-life implementations in biomedical fields.
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3.1. Introduction

In the previous chapter, the exploration of GWFE incorporated Trigate MOSFET with a dual-
material bottom gate as an efficient biosensor for label-free detection of both neutral and
charged biomolecules has been presented. The basic device geometry to be selected for
biosensing applications needs to be featured with easy label-free method of detection
through dielectric-modulation approach, excellent SCE immunization, higher sensitivity,
mass production, low-cost manufacturing, easy integration into portable and wearable
devices, diminished power consumption and reduced off-state leakages to ensure minimized
off-state power dissipation. Trigate MOSFET geometry is found to possess the above stated
characteristics to a large extent and thus has been considered in the previous chapter to
work as an efficient biosensor.

However, Gate-all-around (GAA) MOSFETs are currently the foremost choice when it comes
to offering significantly grander SCE resistance, radically higher packaging density, higher
current driving capability and diminished on and off-state leakages [3.1]. However, GAA
devices with ideal circular cross-sections are more preferred over quadruple GAA devices
since the latter is found to substantially suffer from corner effects and thus include additional
fabrication steps for corner-rounding to minimize serious concerns related to leakage
mechanisms [3.2-3.3]. Thus, considering the fact that CGAA MOSFET offers a whole host of
benefits, advanced CGAA MOSFET can be thus effectively employed in real-time applications
such as biosensor.

However, before any advanced CGAA device can be employed
for practical applications, it is important to conduct a detailed short channel effect
investigation along with parallel in-depth studies of the characteristics like potential,
threshold voltage, electric field etc. of the planned advanced CGAA device.

Incessant innovation in CMOS technology in search of
upgraded devices characterized by high speed, miniaturization, cost-efficacy and lower
power consumption has been the key reason behind the semiconductor industrial and
technological resurgence. Device scaling has been a boon in achieving the desired device

features. However, aggressive device scaling in nanometer regime causes the performance
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attenuating short channel effects (SCEs) to come into play. These SCEs such as Drain-induced
barrier lowering (DIBL), hot carrier effect (HCE), threshold voltage roll-off (TVRO),
subthreshold slope degradation [3.4] etc. causes deterioration in device performance and
initiates various leakage mechanisms that highly increases the power consumption in the
device. Overpowering these SCEs comprises the steps that constitute innovative technology
incorporation and material property improvement. However, it is equally important to
consider the gate-oxide-channel interface quality of the advanced device. The Si-SiO2
interface plays a significant role in determining the electrical properties of a device. An ideal
Si-SiOz2 interface is very rare in fabrication since the interface tends to get damaged due to
several fabrication related processes apart from hot carrier induced damages. This can give
rise to various unwanted fixed localized interface trap charges. These charges that arise as a
result of fabrication process related damages can be present at the interface along the entire
channel and hence significantly modify the flat-band voltage that severely affects the device
stability in terms of potential, threshold voltage and many more device properties. Whereas
the fixed localized trap charges that are created as a result of hot carrier induced damages
because of high electric field, occur at the Si-SiOz interface but are confined towards the drain
region of the channel.

Existing literature reports such as [3.5] states that the fixed localized trapped charges,
arising out of fabrication related process damages, exhibit strong dependencies on oxidation
processing variables such as whether the oxidation environment is of dry oxygen or steam,
the oxidation temperature, silicon orientation used, annealing temperature etc. Now, as
reported by Garg et al. [3.6], the localized interface trapped charges arising out of fabrication
related process damages can be present at the Si-SiOz interface, throughout the entire
channel. Saha et al. [3.7] reported the interface trap charge induced threshold voltage
modelling of a Gate work function engineered MOSFET where the trap charges are
considered to be present at the interface along the entire channel. Moreover, Srivastava et
al. [3.8] has modelled the interface trap charge induced electrical performance of an
advanced FD-SOI MOSFET where the trapped charges arising out of radiation, fabrication
process and hot carrier induced damages have been considered at the oxide-semiconductor

interface along the entire channel. Likewise, the localized interface trapped charges that
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result out of damages related to fabrication processes, radiation and hot carrier effect have
also been considered in the following researches included in this chapter to accurately model
the electrical characteristics of both damaged and undamaged projected device under
consideration.

Damaged Si-SiO2 interface causes accumulation of interface traps.
These traps will accept an electron if the trap energy level is located beneath the Fermi level
for an acceptor-type trap and will be acting as a localized/fixed negative trap charge. The
trap accepts a hole for a donor-type trap with trap energy level located above the Fermi level
and will act as a localized/fixed positive trap charge [3.9]. These charges considerably
modify the flat-band voltage which subsequently impacts the device characteristics like
potential, threshold voltage, drain current etc. Thus modeling the mathematics related to the
electrical features of the damaged device followed by subsequent comparison with those of
the undamaged device offers comprehensive ideas regarding the trap charge induced
behavior of the device. This provides a detailed insight to the extent of reliability of device
performance in case of presence of trap charges.

Thermal behavior of the device needs
parallel attention when the parameter of reliability is being discussed. For suitable
implementation of the device assuring performance consistency over a wide range of
temperature necessitates the mathematical temperature-based modeling and subsequent
evaluation of the device electrical features. Within a temperature range of 100K - 500K, a
number of parameters such as intrinsic concentration, permittivity of silicon, bandgap of
silicon, Fermi levels, built-in potentials etc. are found to change. This significantly affects
device characteristics and thus need to be considered while investigating the device
response. Moreover, many researches have exhibited the fact that localized trap charges
have significant effect on the thermal behavior of the device [3.10] and thus, motivated by
these facts, this section of research deals with the thermal behavior modeling of advanced
GWFE incorporated Cylindrical Gate-all-around architecture MOSFETs including the

influence of localized /fixed interface trap charges.
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3.2. Overview

The avant-garde technology of GWFE has been prevalent for its incredible ability to suppress
major SCEs like DIBL, HCE, [3.11-3.12] etc. Researchers use this popular strategy in Multi-
gate MOSFETs to significantly upgrade device performance [3.13-3.14]. However,
consistency of this upgraded performance should be assured simultaneously for reliable
implementation of these advanced devices for future generation VLSI applications.
Consistency or reliability of the device performance largely depends on Si-SiO2 interface
quality since it tends to get damaged due to stress, fabrication related processes, hot carrier
injection etc. Damaged interface causes the formation of interface trapped charges that

modulate the flat-band voltage and alter device characteristics [3.15].

In the following research exertion, an advanced
geometry MOSFET namely Cylindrical Gate-all-around (CGAA) MOSFET has been considered
for exploration. CGAA MOSFETs are pioneering MOSFET structures that have high immunity
to SCEs, strong field confinement, supports scalability ensuring high packaging density
[3.16]. One of the most favored scheme of Dual-Material Gate has been employed in a CGAA
MOSFET.

The fabrication feasibility of Dual-material gate has already been discussed in chapter 2.
CGAA MOSFETs are also fabrication feasible and the step by step fabrication process are
detailed in the research by Mukaiyama et al. [3.17]. Both conventional and a new technique
of fabricating GAA MOSFETs have been highlighted in this research. In the conventional
process, etching masks are patterned using usual photo-lithography and silicon is etched by
dry etching process. Then silicon regions are made narrow using some additional processes
and subsequently silicon wires are formed. Buried oxide near the channel region is etched
and free-standing silicon wires are formed. Then gate-oxidation is done followed by
metal/polysilicon deposition which is done using normal MOSFET process and the final
structure is a GAA MOSFET.

The new process comprises of silicon nitride patterning using usual photo-lithography,

followed by anisotropic silicon etching using TMAH at 75 degree Centigrade. Then selective
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oxidation is done followed by silicon nitride removal using hot phosphoric acid at 180 degree
centigrade with the anisotropic etching performed again. Thus two silicon wires are formed.
Then buried oxide etching is done using HF, gate oxidation and polysilicon/metal deposition
is done to form the new GAA structure.

Now, the reliability of the device has been investigated in presence of trap charges and
compared with the results of the undamaged device. In addition to this, the thermal behavior
of the device has also been modeled for successful implementation in a varying temperature
range of 100K - 500K. However, at temperatures below 100K, impurity deionization occurs
followed and at temperatures above 500K, relative permittivity of SiO2 starts exhibiting
strong dependence on temperature. So the investigation has been confined within the

temperature limits of 100K - 500K.

However, the channel in the structure has a Gaussian-doping instead of the uniform doping.
It has been reported by Zhang et al. [3.18] that most practical MOSFETs have a Gaussian-
doped channel and thus, Gaussian-distribution parameters like Peak doping, Projected range
and straggle are also considered and varied to estimate their effects on the device

characteristics.

3.3. Analytical Modeling

Fig.3.1 presents the 2-D schematic representation of the Dual-Material Cylindrical Gate-all-
around (DM CGAA) MOSFET with a Gaussian-doped channel. The gate material towards
source is Ms with work function 4.6eV and gate length L1 (=30nm), gate material towards the
drain end is Mp with work function 4.4eV and gate length L2 (=30nm). The gate-oxide SiO2
has a thickness (tox) of 2nm. The channel is a Gaussian-doped p-type with total channel

length (L1+ L2=L=60nm). R denotes the channel radius.
3.3.1. Center Potential Modeling

The Gaussian-doping distribution in the channel region is expressed using the [3.19]:

N, (r) = Q exp —(r—Rp) (3.1)

o N2rm 26p2
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Here Q denotes the implantation dose per unitarea, R denotes the Projected range and o,

denotes the straggle of the Gaussian-distribution. For ease of calculation, the channel is

divided into two regions, region 1 with boundaries 0<z<L,0<r<R and region 2 with
boundaries, <z<L,0<r<R.

In order to obtain the expression of center potential, 2-D Poisson’s equation needs to be
solved in the channel region. The 2-D Poisson’s equation for jth region (where j=1 for region
1 and 2 for region 2) is expressed as follows [3.20]:

10 0(4(rz))) &°(r.2) _qn.(r)
i + =
ror or oz’ & (T)

(3.2)

Where ¢;(r.z)is  the  potential  distribution in  the  j™  region.
e4(T) = (11.4 + (1+ (1.2x10’4)T ))go is the temperature-dependent dielectric permittivity of

the silicon channel.

Drain

Gate

Fig.3.1 Schematic 2-D Representation of the proposed device
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The potential in the channel is parabolic in the radial direction as per Young’s Parabolic
Potential Approximation [3.21], therefore:

¢;(r.2)=Cy;(2)+Cy;(2)r +C,,(2)r? (3.3)
In order to evaluate the expressions of the coefficients in equation (3.3), the following
boundary conditions are to be considered [3.22]:

The device under consideration is symmetric in radial direction that causes the electric field

at the channel center to be zero.

o¢;(r.2) _c, -0 (3.4)
or

r=0

At r=R, the potential is actually the surface potential and is given as:

¢;(R.z)=4,(2) (3.5)
At r=0, the potential is actually the center potential and is given as:
¢,(0,2)=Cy(2) (3.6)
Continuity of electric field at r=R (at Si-Si02) interface leads to:
a¢] COX |: !
9 _ S [y _¢.(Z)J (3.7)
o 75
or |, ¢, (T)
Where C,, = S S VI —Vfbj', Vis the gate-to-source voltage, Vfbj' is the

t ) gs; = gs
Rln(1+°xj
R
gN

effective flat-band voltage in the jt region and is given as Vfbj'zvfbj—c—f, here

0x

E (T
Vio, = B o — P (T), where ¢,(T)=x+ gé )+¢5fSi (T) is the temperature-

N.(r=R
dependent Si work function, Fermi potential is given as ¢, (T): KT In£ °( ) )J,

q n (T
3/2
—qE
intrinsic carrier concentration is given as ni(l')=(1.706x1025).(L] .EXp q—g(T)
300 2KT

[3.23]. N, is the fixed interface trap charge density.
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The coefficient C,;(z) in equation (3.3) thus obtained is as follows:

Vgsj, _Coj (Z)

C, =
2
RZ (14_ ESi (T)]
RC,,

Substituting the expressions for C ;(z)and C,,(z) in equation (3.3) and then in equation

(3.8)

(3.2), the differential equation thus obtained is as follows:

d?C, (z
%()—a% (2)=5, (3.9)
z
4 aN, (r=0) ,
Here, a = , B = —aVy
R’ (1+2‘% (T)] Coae(m "
RCOX

Solution to equation (3.9) gives the expression of center potential in region 1 and 2. These

are given as follows:

Inregion 1, Cy, (z)=Ae" +Be™ -0, (3.10)

In region 2, COZ (Z) = Azeﬂ(Z—Ll) + Bze_U(Z—Ll) _ 62 (311)

Here, n:\/a,alzﬁ,az :&
a a

To evaluate the expressions of the coefficients A,B,, A,,B,, the following boundary

conditions need to be considered [3.24]:

Continuity of potential at the interface of two materials leads to:

cm(z)Zle =C02(z)2=L1 (3.12)

Continuity of electric flux at the interface of two materials leads to:

dCy(z)| _dCy(2) (3.13)
dZ ‘Z:L dZ z=L

At source end, Cm(z :0):Vbi(T):TIn[N (n :( ; ] (3.14)

At Drain end, Cy, (L)=V,;(T)+V, (3.15)
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The expressions of A, B,, A, B,thus obtained are:

A=0+7Vy (3.16)
B, =0, +7Vy (3.17)
A = Aie”Ll _(01 _02) (3.18)
B,=Be™"™ —(0,-0,) (3.19)

gN.(r=20 , ,

agg; (T)
Here, 95 = )
2sinh L
1-e™ aN (r:O)
= O-=v.M+— v ',y =-1-

V2 2sinh T]L ! bl( o agg; (T) " fb.l. 2 g V2

3.3.2. Threshold Voltage Modeling

The value of Vgs at which the minimum center potential is equal to 2 ¢;_ (T) is termed as the

threshold voltage. Thus, in order to evaluate the expression for minimum center potential,
the position for minimum center potential needs to be found out first. It, thus, can be
evaluated using the following equation:

dC

ol

dz

0 (3.20)

Z=Zmin

Thus the position of minimum center potential is given as:

Zin :iln[ij (3.21)
2n \ A

Thus the expression of threshold voltage can be evaluated using the following equation:

COl (Zmin ) = 2¢fs| (r = 0) (322)

The expression for threshold voltage of the proposed device is as follows:

— 2 —
b++/b%—4ac (3.23)

2a

Vthr =
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gN,(r=0 :
Here a=4]/1]/2 -1,b= 2|:2(‘9172 +0271)+(2¢f5i (r :0)+ﬁ+vﬂh j:l’

c=49192—(2¢fg (r=o)+QI\I E.r(T)) j

3.3.3. Short Channel Effect Modeling
DIBL (in mV) is given as [3.25]:
DIBL=V,, -V,

thii, thrg,

(3.24)
Here, V,,. and V,, are threshold voltages in linear and saturation regions respectively.

Subthreshold Swing (in mV/dec) is given as [3.26]:

-1
dC
SS =2. 3ﬁ{¢} (3.25)
q | dv
dc,
Lateral Electric Field is given as [3.27]: E, = —d—z‘ (3.26)

3.4. Results & Discussions

Several physics-based simulation models in Silvaco Atlas have been used to obtain the
simulation outputs followed by subsequent verification of the analytical results. Some of
these models include band-to-band tunneling (BBT.STD) for considering the tunneling effect
of charge carriers, drift-diffusion for carrier transport, CVT (Lombardi) mobility, Shockley-
Read-Hall recombination for fixed lifetimes, concentration and temperature-dependent
ANALYTIC, HEI, parallel electric field-dependent FLDMOB, Auger recombination,
concentration-dependent CONMOB and IMPACT SELB to consider the impact ionization
effect. The INTERFACE statement is used to define the type and density of localized/fixed
charges. Fig. 3.2 demonstrates the graphical illustration of center potential distribution vs.
different channel positions. The channel has a vertical Gaussian-doping of implant dose Q =
1016/m2.The selected Projected range is 2.5 nm and straggle parameter is chosen to be 2 nm.
Channel radius R=5 nm. Data have been obtained for both low temperature of T = 100 K and
for a high temperature of T= 500 K. For both the cases, it can be distinguished that for

positive trap charges, there is a decrease in source-channel barrier height in center potential
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which consequently reduces the threshold voltage of the device. The case is reverse for
negative trap charges where the source-channel barrier height increases causing augmented
threshold voltage. Now considering the impact of temperature, it can be noticed that for
lower temperature like 100K, the center potential increases and for higher temperature like
T=500K, it decreases. However, the temperature effects on the device features can be more
precisely predicted from threshold voltage plots. Fig. 3.3 illustrates the graphical plots of
center potential distribution along different channel positions for both damaged and
undamaged device by varying Projected range, channel radius R = 5 nm and straggle
parameter is set to 2 nm. For both negative, positive trap charges (for damaged device) and
also with no trap charges (for undamaged device), center potential follows the same trend
as found in Fig.3.2. For both damaged and undamaged device, when Rp = 0, which implies

that the peak doping is located at the channel center, there is an increase in the source-
2.4

Vi =0.25V, Va:=0.25V, R=5nm, Ry=2.5nm, 0
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0.4 L L i L
0 10 20 30 40 50 60 70
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Fig. 3.2 Center potential distribution vs. channel position for the proposed device for
an implant dose of Q=101¢/m2 with and without fixed interface trapped charges and
for T=100K and 500K
channel barrier height which results in higher threshold voltage. As the value of Projected
range decreases and goes to 0, the peak doping gradually moves towards the center causing

an augmented threshold voltage. This rationalizes the fact that threshold voltage elevates
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with increase in doping at channel center and with a decrease in Projected range. When Rp
= 5 nm, peak doping moves away from the center causing the source-channel barrier height
to reduce which consequently reduces the threshold voltage. Thus reduction in threshold
voltage occurs when the Projected range increases.

2.4 T T T l
Vis =0.2§5V, Va=0.25V, R=Snm, , =i

+

— e —_ Ni= 10 m

— —— |

L6} ———— Ne=0

. : Nf—-IO ‘m?
Lme;. Model

Symbol: Simulation

1.2F

Center potential (V)

0.8F

____________ v ’ Solid line: I§p=5nm

T - : Broken line: Ry=0
0.4 L i 1 1 1 1

0 10 20 30 40 50 60 70
Positon along the channel(nm)

Fig.3.3 Center potential distribution along different channel positions for two
different values of Projected Range
The influence of temperature on threshold voltage (Vinr) of both damaged and undamaged
device for two sets of Gaussian doping parameters and channel radius is illustrated in fig.3.4.
For both the set of Gaussian parameters, threshold voltage is found to decrease with increase
in temperature. The source-channel barrier height being reduced for positive trap charges,
threshold voltage is also diminished compared to the case for negative trap charges. While,
for negative trap charges, higher source-channel barrier height causes an enhanced
threshold voltage. For a radius R = 5 nm, the gate control being robust and since the Projected
range is 2.5nm, the peak doping being near to the center, threshold voltage increases for a
straggle of 2nm. For R=10nm, gate —-channel coupling gets weakened compared to the case
with R=5nm. Also, projected range being 5nm, peak doping moves away from channel center
causing the threshold voltage to decrease for a straggle of 3nm. However, the decrease of

threshold voltage with temperature is much stable for R=5nm, Projected range=2.5nm and
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straggle of 2Znm compared to the case with R=10nm, Projected range of 5nm and straggle of
3nm. This can be easily comprehended from the roll-off (RO) plots of threshold voltage with
temperature. For R = 10 nm, RO is greater indicating more temperature-dependent
variability of Vinr when compared to the case for R = 5 nm. This suggests that Vinr reliability,
in terms of temperature influence, can be obtained more with smaller channel radius due to
increased gate control. It is to be noted that in both the cases of R =5nm/10 nm, Gaussian
configuration is so chosen that Projected range is half of the radius for ease of result
comparison. Fig. 3.5 highlights the impact of a lower density of fixed interface trapped
charges (Nf=-5,5,- 1,1 x 10®>m~ 2) on the threshold voltage of the device for different
temperatures. The nature of plot follows the same trend for varying temperature as
observed in Fig. 3.4. Now a lower density of trapped charges such as N,=-1,1 x 1015m-2,
has reduced impact on the flat-band voltage of the device. However, with the increase in the
density of fixed interface trap charges from Nf=-1,1 x 101>m-2to Nf=- 5,5 x 101°m~2, the
flat-band voltage gets considerably impacted and the greater the flat-band voltage inflection,

0.7
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Fig.3.4 Threshold voltage variation vs. temperature for proposed device (both
damaged & undamaged) and Roll-off with temperature for two different sets of

Gaussian parameters and channel radius
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Fig.3.5 Threshold voltage versus Temperature for damaged
(having lower density of fixed interface trapped charges) and undamaged device.
the higher is the source-channel height modulation and the greater is the shift (increase for
negative trap charges and decrease for positive trap charges) of threshold voltage of the
damaged device compared to the ideal/undamaged device. Variation of Gaussian parameters
(Projected Range and straggle) on threshold voltage for both damaged and undamaged
device is displayed in Fig. 3.6. Threshold voltage for positive, neutral and negative charges
follow the same trend as depicted in Fig.3.4. Now, keeping the radius fixed at R = 5nm, Vinr is
found to reduce with increase in Projected Range value which is obvious as per fig.3.3. With
increase of Projected range from 0, peak doping shifts away from center leading to decreased
source-channel barrier height in center potential thereby causing the threshold voltage to
decrease. This justifies the plot in Fig. 3.6. Straggle parameter gives a measure of the profile
spreading. As the straggle parameter elevates, the profile becomes more widely spread.
Thus, the rate of decrease of threshold voltage with Projected range (Roll-Off in terms of
Projected range) is much decreased for op = 3nm compared to op = 2nm. This implies that
proper selection of Gaussian parameters can effectively improve performance reliability of
the device thereby offering upgraded device performances. This is also exhibited and can be
comprehended in the reported research by Goel et al. [3.28]. Fig.3.7 exhibits the graphical

illustration of threshold voltage vs. channel length for both damaged and undamaged device
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for two different values of implant doses. For a greater implant dose, threshold voltage
increases due to an augmented source-channel barrier height in the center potential
distribution. This is an established fact as reported in other researches as well [3.29]. Hence
apt choice of implant dose aids reliable tuning of threshold voltage to a preferred value. The
Subthreshold Swing (SS) variation for different channel length at different temperatures for
proposed, undamaged device is plotted in Fig. 3.8. It can be observed that high SS escalations
occur with increase in temperature. For greater channel lengths, SS attains nearly
100mV/dec at T = 500 K whereas it gets considerably diminished, about 20mV/dec for T =
100 K. However, for T = 300 K, SS attains a value of about 60mV/dec (the ideal value for short
channel MOSFETs at T=300K) for channel lengths 40 nm or above. At diminished
temperatures, the rate of impact ionization is lower compared to that at escalated
temperatures and this aids in improved subthreshold characteristics that in turn improves
SS of the device at lower temperatures.
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Fig.3.6 Threshold voltage vs. Projected Range for both damaged and undamaged

device for two different straggle parameters
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Fig.3.7 Threshold voltage vs. channel length for both damaged and undamaged
device for two different values of implanted dose (Q)
Graphical illustration of SS vs. channel length for two different channel radius values and at
two different Projected range values is demonstrated in Fig.3.9. With increase in channel
radius from 5nm to 7nm, SS value significantly increases for channel lengths lower than
30nm. When the channel radius is increased, gate-channel coupling gets weakened since the
gate gradually loses control over the channel thereby resulting in higher SS. However, in both
the cases, when Projected range increases from Rp=0 to Rp=5nm, SS increases. At Rp=0, the
peak doping is located at the channel center. As a result, the source-channel barrier height
increases in center potential which enhances the threshold voltage and suppresses
subthreshold leakages thereby improving the device characteristics. A shift of peak doping
from center results in lower source-channel barrier height in center potential thereby
causing the threshold voltages to get lowered leading to increased subthreshold leakages.
Fig.3.10 demonstrates the graphical exploration of DIBL variation for different channel
lengths of the proposed, undamaged device and its Single-Material Gate (SMG, without
GWFE) contemporary. The center potential distribution of the GWFE incorporated, proposed
device possesses a unique step profile that screens the minimum from getting affected from

drain voltage alterations. Thus, even when the drain bias is increased, minimum remains
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unaffected, source-channel barrier height remains unaltered and the threshold voltage
lowering does not occur. This allows high resistance to DIBL. GWFE being absent in SMG
architecture, the SMG configuration is highly prone to DIBL.
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Fig.3.8 Subthreshold Swing vs. channel length for proposed, undamaged device at

different temperatures
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Fig.3.9 Subthreshold Swing vs. Channel length for proposed, undamaged device for

two different Projected Range values and two values of channel radius.
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Fig.3.10 DIBL variation for different channel lengths for the proposed, undamaged
device and its Single-Material Gate (SMG) Counterpart

Lateral Electric field distribution along different channel positions of both damaged and
undamaged, proposed device and its SMG damaged and undamaged counterparts is plotted
in Fig.3.11 (a) - 3.11(c). For all three cases, the DM configuration possesses a reduced electric
field at drain end and a peak at the interface of two dissimilar materials. The center potential
distribution in the proposed (damaged and undamaged) device has a reduced slope towards
drain end due to GWFE. This weakens the HCE in the device. Secondly, work function
engineering leads to the formation of a peak at the interface of two dissimilar materials
giving a major boost to the transport efficiency in the proposed device. SM configuration
being devoid of GWFE suffers from increased electric field at drain end leading to aggravated
HCE in the device.

The analytical results are validated through simulation outputs from Atlas.
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Lateral Electric Field Distribution along channel position for DM and
SM Device Config. for (a) undamaged, (b) positive trap charges and (c) negative
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3.5. Conclusion

The current research mainly emphasizes the mathematical modeling encompassing the
formulation of the threshold voltage of a Dual work function Material Cylindrical Gate-all-
around MOSFET characterized with a channel having vertical Gaussian-doping, in
presence/absence of fixed interface trap charges, in a varying thermal environment.
Consequences of variation of Gaussian parameters, interface trap charges (& density) and
temperature on the threshold voltage have been thoroughly explored. Gaussian parameter
variations such as Projected Range alterations modulate the source-channel barrier heights
of center potential thereby impacting the threshold voltage, whereas, careful choice of
straggle parameter value can effectually control the performance worsening threshold
voltage roll-off. Interface trap charges, whether positive or negative, inexorably alter the
device flat-band voltage that causes considerable changes in threshold voltage. Further,
graphical demonstrations of device characteristics in a varying temperature environment

delivers comprehensive particulars of the thermal-dependence of device performance
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reliability. In addition, a brief short channel effect investigation has also been highlighted
that inspects the DIBL, Subthreshold Swing and Hot Carrier Effect based-behavior of the
Gaussian-doped device. Comparative exploration of features of the device and its Gaussian-
doped Single Material Gate complement reveals the former’s enriched and trustworthy
performance reliability over the latter. Simulation outputs from Atlas further validate the

center-potential based mathematical model.
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4.1. Introduction

Researchers, over the decades, have introduced various innovative strategies that contribute
to significantly boost the device performance through improved gate-channel coupling. The
better the coupling, the more minimized the short channel effects in the device that assists
higher speed, reduced power consumption, improved scalability etc. Noteworthy
performance amelioration has been achieved by suitable implementation of the pioneering
technology of Gate Work Function Engineering (GWFE) Scheme as already discussed in the
previous chapters. Apart from GWFE scheme, various novel schemes are being tactically
implemented for refinements or rectifications of some targeted SCEs and to selectively boost
specific device characteristics. One such scheme, which falls under the channel engineering
technology, is the implementation of graded channel in advanced MOSFET devices. In this
scheme, the channel region towards the source has a high doping concentration whereas the
channel region near the drain has a lower doping concentration. The high doping
concentration towards the source causes the source-channel barrier height to increase
thereby increasing the threshold voltage. This not only allows reduced off-state leakages and
diminished power consumption but also offers the flexibility to tune the threshold voltage to
a preferable value by selecting suitable doping concentration towards the source [4.1]. The
low doping towards the drain effectively reduces impact ionization thereby permitting

better resistance to SCEs like parasitic B]T effect.

When it comes to improved gate-channel coupling, another ground-breaking technology
namely the Multi-gate MOSFET has been the prime technology that single-handedly suppress
major SCEs and offer superior device performance. A type of Multi-gate namely Cylindrical
Gate-all-around (CGAA) structures have been the foremost choice of the researchers since
these devices offer excellent SCE immunization coupled with lower power consumption,
higher packaging density, better current driving capability and reduced leakage issues. The
fabrication feasibility of CGAA MOSFETSs with circular cross-sections are already discussed

in chapter 3.

However, Cylindrical GAA MOSFET, especially the ones with

Macaroni channel architecture plays a pivotal role in significantly suppressing the SCE
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deterrents and propel better gate-channel coupling. Macaroni channel GAA MOSFETSs are
topologically identical with the CGAA MOSFETs with the only exception that, in Macaroni
MOSFETs, that the channel center has a hollowed pillar filled with dielectric. Thus the
channel is thinner enabling superior gate control. Also, due to the presence of the hollow
pillar, the field lines from drain penetrate in a smaller region into the channel. This
contributes to better device performance, upgraded subthreshold characteristics, minimized
power consumption, enhanced scalability etc.

Till date, CGAA MOSFETs have been highly preferable for their
implementation to work as a biosensor enabling easy label-free detection of both neutral and
charged biomolecules. However, since Macaroni GAA MOSFETSs have outclassed the CGAA
MOSFETs in terms of offering advanced and significantly improved device performance,
hence the former structures are ideal replacements of the CGAA MOSFET devices in practical
applications such as label-free biosensing. However, before the planned advanced Macaroni
channel GAA MOSFET can be employed in real-time applications such as biosensing, the
electrical characteristics of the device has to be investigated in detail so as to assure its

successful implementation in biosensing applications.

In addition to this, device performance has been analyzed by considering a graded channel
doping concentration. Research on performance reliability of the above projected device has
been conducted by considering the thermal characterization in a temperature varying
environment of 100K - 500K and interface trapped charge based reliability has been tested
additionally. Comparative studies of the damaged and undamaged device exhibits the
necessity of fixed interface trap charge modelling in the device, also the impact of these
charges on the thermal behavior of the device has been comprehensively presented in the

following section.

4.2. Overview

Macaroni-architecture MOSFETSs are increasingly gaining popularity nowadays as superior
replacements of Full-channel CGAA MOSFETs having radius same as the outer radius of the
Macaroni configuration. Macaroni MOSFETs are not only fabrication feasible but are

characterized with inherent capability of high resistance to major SCEs. Incorporation of
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GWFE in Macaroni MOSFETs can further upgrade the device characteristics thereby
contributing a boost to the device performance. Benefits of graded channel have already

been discussed earlier and is thus skillfully incorporated in the current research also.

For multiple times, researchers have explained the detailed fabrication
steps of macaroni channels in their reported researches. Delhougne et al. [4.2], for the first
time, demonstrated the step by step fabrication of monocrystalline silicon macaroni channel
device. First the cylindrical hole is formed by dry etching, then the ONO stack layer is
deposited by LPCVD. This is subsequently followed by the deposition of an amorphous
silicon (a-Si) protection layer in a vertical furnace. Then the ONO and the protection layer
are etched anisotropically for opening the bottom of the created hole, while the ONO remains
protected at the sidewalls. An a-Si sacrificial layer is then deposited as dummy channel. The
a-Si bottom opening etch has to be sufficiently long to ensure atleast 50nm recess in the
substrate. This recess enables to strongly anchor the central oxide pillar used as template
during EPI growth. The remaining of the hole is filled with PEALD oxide followed by a
controlled recess to uncover the top of the sacrificial dummy channel. The channel
replacement processing was performed in an Intrepid XPTM RPCVD epi cluster from ASM by
the authors. Then the removal of the native oxide is conducted at low temperature. The
sacrificial a-Si is etched with Clz at 575 °C for ~10 min down to the silicon substrate, forming
typical [111] facets. The Clz etch has to be carefully conducted to remove all a-Si but at the
same time, any undercut of the oxide pillar has to be avoided. The subsequent selective
epitaxial Si regrowth was done at 810 °C for ~15 min using a conventional SiClzH4/HCl
process. Top Drain contact is then formed by using doped polysilicon followed by staircase
patterning, passivation, metallization and finally forming gas anneal. Hence, the published
research provided a clear idea about the detailed step by step fabrication of the Macaroni

channel devices.

Graded channel in MOSFETs are fabrication feasible. Pavanello et al. [4.3] has highlighted the
technological aspects of graded channel fabrication having high doping towards source side
only and with natural doping towards drain side. In this process, after the gate-oxide of

preferable thickness is grown, the threshold voltage ionic implantation is carried out using
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photolithography for necessary adjustment of this implantation in the Graded channel
devices and keep the region near the drain with natural doping. After gate patterning, the
source, drain regions are formed by arsenic ionic implantation and thermal annealing.
However Ma et al. [4.4], in their reported research, mentioned the detailed fabrication
process of bilateral graded channel devices where the region towards the drain is doped at
a low concentration. In such a case, the threshold voltage adjust implant is replaced by the
graded channel implantation. The GC implant has generally a shallower profile to control the
threshold voltage so addition threshold voltage adjust implant is no more necessary. Thus,
using the detailed fabrication methods explained in the above reference, graded channel in
MOSFET can be fabricated with the state-of-the-art technologies and has been one of the
prime technologies for performance upgradation in advanced MOSFET devices. The
technology has been explored in detail in the following research and its role has been
precisely highlighted in rectification and improvement of device characteristics.

In the following research, a Dual-Material Gate Macaroni MOSFET has been
considered and its thermal and localized/fixed interface trap charge induced electrical
characteristics have been analyzed in detail. Fabrication feasibility of Dual-Material gate has
already been discussed in chapter 2. Recently, several leakage mechanisms are being
thoroughly investigated since leakage mechanisms increase the power consumption of the
device and make it unsuitable for low power applications. Power dissipation issues are major
concern in ultra-scaled devices and this also turns the device hot. Gate-induced drain leakage
(GIDL) is one such leakage mechanism [4.5-4.6]. With a positive drain voltage and near zero
or negative gate voltage, the region near the n+ drain becomes depleted. Heavy doping of
drain causes the depletion region to become narrower. This results in crowding of the field
lines in the vicinity of the drain causing electrons tunneling into the drain. While, holes from
drain tunnel into the channel creating a path for Off-state GIDL current. In the current

research, the drain current has been modeled considering the GIDL effects.
4.3. Analytical Modeling
Macaroni MOSFET is basically a Cylindrical Gate-all-around MOSFET with a hollow pillar of

insulator (filler) along the channel center. The schematic 3-D and 2-D representations of the
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projected device is shown in Fig.4.1-4.3. The gate consists of material Ms with work function

4.6eV (gate length L1=30nm) placed towards the source and material Mp with work

Gate

1 SiO:2 = Fillexr

Fig.4.1 Diagrammatic 3-D illustration of proposed device

Cross-sectional view along
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S ——
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Fig.4.3 Cross-sectional view of the proposed device for mathematical modeling
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function 4.4eV (gate length L2=30nm) placed towards the drain. Channel length is L (=L1+
L2) is 60nm. Channel thickness is denoted by tsi=2(r2-r1) where r2 (=15nm) is the outer radius
of the channel and filler radius is r1 (=10nm). Gate oxide (SiO2) has thickness tox=2nm.

4.3.1. Inner Potential Modeling

The temperature-dependent parameters are listed as follows [4.7]:

g, X0 T (41
Here, E, (T) denotes the temperature-dependent bandgap of  silicon,
E,(300) =1.08eV,E , = 4.73x10%eV / K, E,; =636K
The temperature-dependent intrinsic concentration is given as:

Iz —qE
n(T)= (1.706><1025).(3Tﬁj .exp [ZK—Qg)j (4.2)
The temperature-dependent permittivity of silicon is given as:
e (T) = (ll.4+(1+(1.2><10’4)T ))go (4.3)

In order to obtain an expression of the potential in the channel, the 3-D Poisson’s equation
needs to be solved. Since the channel potential does not vary along the radial plane (along
0), hence the 3-D Poisson’s equation is now actually a 2-D Poisson’s equation which is as

follows [4.8]:

aZ\Pi(r,Z)+1a\Pi(rlz)_i_aZ\Pi(r’Z)_ qNal (44)
or2 r or ot e (T) |

Where Y, (r, Z)denotes the channel potential, i stands for the ith region. The channel is
divided into two regions, region 1 having boundaries 0<z<L,r <r<r, with doping
concentration N, =1x10"cm~and region 2 having boundaries L <z<L,r <r<r,with
doping concentration N, =1x10*cm™,

Now, the potential distribution in the channel is parabolic along the radius which yields [4.9]:
W, (r,2)=C,(2)+C,(2)r+Cy(z)r’ (4.5)

Here, C,(2),C,(2),C; (z) are z-dependent coefficients.
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The boundary conditions required to evaluate the expressions of the above coefficients are
listed as follows [4.10]:
oY, (r,z)

p» =C,(z)+2rC;(z)=0 (4.6)

r=n

This mathematically leads to:

Cyi(2)=-2rCs(2) (4.7)
ov,(r,z C, ,

# - C,(2)+2r,Cy (2) = . (T)[vgsi —,(n,, z)} (4.8)
Here, C_, :L, here ¢, is the gate-oxide permittivity, Vgsi' =V —Vfbi'where Vi is

r, In(1+tr°xj
2

the gate-to-source voltage, Vfbi' =V —

gN

—, where V,; is the flat-band voltage for the ith

Oox

region, Vi, =[¢MS/D (:¢Msf _orgy 2)]—gxﬁSii(l'), N;is the localized/fixed interface

E,(T)
2

trapped charge density, ¢ M=x+ +o, (T)

Using the above stated boundary conditions, coefficient C;, (Z) thus obtained is as follows:

C 4Cox (Vgsil Wi (Z))
a(2)= deg (T)tg +Cyty?

ox-Si

(4.9)

Here, v, (Z)is the inner potential at the channel-filler interface in the it region.

Substituting the expressions (4.7) and (4.9) in (4.5) and then in (4.4), the differential

equation thus obtained is as follows:

O’y Na,
Vo +2C3i(z):gq o (4.10)
Si

General solution to equation (4.10) is given as:

In region 1:
Vo (2)=Aexp(z/ 2)+Bexp(-2/2)+ gy (4.11)

In region 2:
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Ve (2) =Cexp((z—Ly)/ )+ Dexp(—(z— L)/ 2) + ¢y, (4.12)
IRV qNaiiz _|Aeg (T)tSi +Coxt5i2
Here, ¢, —Vgsi o (T) , A= \/ 5C_

In order to evaluate the expressions of A, B,C,D, the boundary conditions need to be

considered [4.11]:

Yo (z=0)=V, (T) (4.13)
Where V,, (T )is the built-in potential at the source-channel end.
Voo (2= L) =Vy, (T) +Vy (4.14)

Here, V,; (T)is the built-in potential at the drain-channel end, V,, (T)#V,; (T) due to different

channel grading concentrations at source and drain sides.

Potential in the channel is continuous at the interface of two dissimilar materials that yields:

1/101(Z)|Z:L1 = Woz(Z)L:L2 (4.15)
Electric flux in the channel is continuous at the interface of two dissimilar materials that
yields:
0 z 0 z

va(2)  _O0ve(2) (4.16)

oz L, oz -

The coefficients’ expressions thus obtained are as follows:
A=a,+ BV, (4.17)
B=a,+ BV, (4.18)
C = Aexp(L, / A) +[@j (4.19)

D= Bexp(—g/l)+(@) (4.20)



Page 115

Here,

Na,A° . gNa, A2
{ Ve (T)exp(L 1 2)) = (Vy, (T)+Vyp)} + Sy cosh (L, / 1)+ [ N +18i?T)Jexp(L//1)—(Vfb2 {jo )J

a, =

2sinh(L/2)

1—exp(L/A) , gNaA?
b e LR v R

4.3.2. Threshold Voltage Modeling

The value of Vgs at which the inner potential minimum is equal to twice the Fermi potential

2¢, (T)= 2£ In ( I\E_i)j ,is termed as the threshold voltage. Thus the position of minimum

inner potential can be obtained as follows:

d‘//01(z)

=0 4.21
& (4-21)

Z=Zmin

Thus, z;, = iIn (Ej (4.22)
2 \A

Therefore, threshold voltage can be evaluated as follows:

KT Na,
otmin = 2—1 4.23
. q n(ni (T)J ( )

The expression of threshold voltage thus obtained is as follows:

—b—+/b*-4ac

V, = (4.24)

Here, a=44/4, -1, b2H2(a1ﬁ2+azﬂ1) (2;/5f (T)+V, qNayfjH,

(7)
Heyar,)- [2@ (T)+v (lN?lT/%)] }

4.3.3. Short Channel Effect Modeling
DIBL (in mV) [4.12] is given as follows:

C=
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DIBL :Vthlinear _Vthsaturatiun (4'25)
Subthreshold Swing (in mV/dec) [4.13] is given as:
KT | d B
ss =0 | DWounin (4.26)
q | dvVg

Hot Carrier Effect (HCE) [4.14] in the device can be analyzed from the lateral electric field

distribution as follows:

E, = _dva (2) (4.27)
dz

4.3.4. Drain Current Modeling

A unified drain current modelling for different regimes of operation is expressed as [4.15]:

1,,,-0.3<V_ <0

gidl 1 gs —
I

w0V, <V,
|y = (4.28)
iV <V <V

lin? gs — "sat

o Vg <V, <10 |

sat

Gate-induced drain leakage (GIDL) current is given as [4.16]:

| giar = A'E (0 S5ty L +L )exp( _(0.5;5"_1+ : )J (4.29)

Here, expressions/values of A, B'have been considered using [4.17].
Subthreshold Current within the limit 0 <V <V, is given as follows [4.18]:

2)=["27RI(r,z)dr (4.30)

The diffusion current density is given as follows:

/un’ ¥ o1min -V |dv (Z)
J(r,z n (T )ex 4.31
(rz)= 1+0(V, vTHR)q (M) p[ V; J dz (+31)
Where, V; = KT

Substituting eq.(4.31) in (4.30), the equation thus obtained is as follows:

L ’ 2 2 " 01min -V
I 2 )n(rz -7 )an, (T)IeXp(V/V—jdV(z) (4.32)

0 1 +0 (V —Viig 0 T
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Finally the expression for subthreshold drain current in the device is given as:

= ’u“' (I’22 _ |-12) ¥ o1min _ _
los = o[V, —VTHR)ﬂ o, (T)exp(—VT V; [1-exp(-Vy IV )] (4.33)

Hy

\/{1+Na1
Nref + Naisl

Drain current in linear region is given as:

27 (5,1 i Co

oX —¢C

i (E.L+V,) {(Vgs -

Where, 1, = , 1, being the electron mobility, S;, 0 are fitting parameters.

5 05 0 V 52
Vths)2 Vds o ; d } (434)

Where, E, is the critical electric field for long channel device, & =2to « =1for short channel
device, 0, = _ oL
dt//01min
dVgs

Short channel effects have been incorporated using E_, 0, , Vs -

at Vgs = Vth ’ Vths :Vth (1_ gshort)

Saturation current is given as:

270, 1) 11y C « 2
» =£ al rl)‘je” . [ﬂ(Vgs V) Vo } (435)
dsat ( ~ L, )

1+ —&
EC(L_Lsat)
Here Vus is replaced using Vdsa, Vi, =V —Vy,. Bis a technology dependent empirical

parameter.

4.4. Results & Discussions

Several physics-based simulation models have been enabled as discussed in Section 3.4 to
obtain the simulation outputs and subsequent verification of the analytical results. Fig.4.4
illustrates the Inner potential distribution of the proposed, damaged and undamaged device
along the channel length for three different temperatures. For all the cases of thermal
variation, an increment in the source-channel barrier height of the inner potential
distribution is noted for negative trap charges compared to that with no trap charges (the Si-
SiOz interface is an ideal one). This indicates a corresponding enhancement in the threshold

voltage for negatively trapped charges at Si-SiOz interface compared to the ideal interface
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case (for no traps). For positive trap charges, the source-channel barrier height reduces
compared to the ideal interface case thus offering implications of diminished threshold
voltage with positive trapped charges at the interface. Now, with gradual increase in
temperature from 100K to 500K, the whole inner potential decreases. Influences of such a
trend on threshold voltage of the device can be comprehended from threshold voltage plots
exhibited in this section. Additionally, GWFE in the device has resulted in unique step profile
formation in the channel at the junction of the different materials and this highly aids in
suppressing major SCEs like drain-induced barrier lowering (DIBL) and hot carrier effect
(HCE). Fig.4.5 (a) shows the inner potential variation for the proposed, damaged and
undamaged device, for two different outer radii values (filler radius is fixed at 10nm). The
device exhibits analogous behavior for positive, negative and zero trap charges as depicted
in Fig.4.4. Now, with an outer radius equal to15nm, the step profile in the inner potential
distribution becomes more prominent when compared to case with outer radius equal to
20nm. A more prominent step profile offers appreciable shielding effect from drain voltage
alterations. Also, the inner potential minimum is found to be more moved towards the
source when the outer radius is 15nm compared to the case when it is 20nm. Thus the inner
potential minimum for outer radius 15nm gets highly protected from drain voltage
variations and this is an extremely necessary feature which a device is anticipated to own.
The cause for such a behavior is that, when filler radius is 10nm and outer radius is 15nm,
the channel thickness is lesser and the extent of gate-channel coupling is substantial. For a
configuration with an outer radius 20nm, the channel thickness gets increased and the gate
- channel coupling weakens paving the path for major short channel effects (SCEs). Also, for
an outer radius 15nm (compared to r2=20nm), source-channel barrier height gets
augmented which indicates a greater threshold voltage and lessened power dissipation
caused by subthreshold leakages (as a result of increased gate-channel control). Fig.4.5 (b)
illustrates inner potential distribution of the proposed, damaged and undamaged device for
two different filler radii (outer radius fixed at 15nm). The device displays alike behavior for
positive, negative and zero trap charges as depicted in Fig.4.4. The step profile is more
noticeable for filler radius r1=10nm compared to the case with ri=5nm (for a fixed outer
radius of r2=15nm). For filler radius r1i=10nm, outer radius of r2=15nm, the channel

thickness shrinks causing enhanced gate control over the channel. This also consequences in



Page 119

higher threshold voltage, reduced off-state leakages. Inner potential variation of the
proposed device for various densities of positive and negative trap charges and also without
trap charge is revealed in Fig.4.6. The plot is also presented for two different channel lengths,
L=60nm and a scaled channel length, L=40nm. Inner potential for both the channel lengths
displays that the source-channel barrier height considerably drops with enhancement in the
positive trap charge density. This will lower the threshold voltage causing substantial off-
state leakages. This will be thus accompanied by deterioration of the device performance as
this augments power dissipation. Whereas, with negative trap charges density increment,
the source-channel barrier height significantly increases that will substantially elevate the
threshold voltage causing worsened circuit speed and amplified power consumption.
Moreover, with the channel length being scaled down to 40nm, the source-channel barrier
height is impacted, the height declines further leading to reduction of threshold voltage.
Variation of Inner Potential along the channel positions of the proposed, undamaged device
and its full channel Cylindrical Gate-All-Around (GAA) complement is displayed in Fig.4.7.

The step profile in proposed device is much more prominent compared to its cylindrical

1.2

Line : Model Vgs=0.1V, Vds=0.1V
Symbol : Simulation : ;

Inner potential (V)

gL

0.2 1 1 1 i i
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— 16 2 O _@_ N =_1016m.z
_A_ Nir=10""m —@_ Ni=0 f
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Fig. 4.4 Inner potential distribution along channel length of the proposed, damaged
and undamaged device at different temperatures.
full channel counterpart. This inevitably leads to improved shielding effect to potential

minimum from changing drain voltages in the proposed device that causes weakened SCEs
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and enriched device performance. Also, the source-channel barrier height being larger in the
proposed device (compared to the cylindrical complement), threshold voltage will be higher
in the projected device causing lesser leakages and lessened off-state power dissipation.
Fig.4.8 offers graphical demonstration of variation of threshold voltage of the damaged and

undamaged configuration of the projected device for different temperatures.
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Symbol : Simulation

Ves=0.1V, Vds=0.1V, ri=10nm
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Fig.4.5 (a)
1.1

Vgs=0.L§V.Vds=l].1V, T=300K

Inner potential (V)
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0.4 H i . i M
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Fig.4.5 (b)

Fig.4.5 (a) Inner potential distribution along the channel position of the proposed,
damaged and undamaged device for two different values of outer radius keeping the
filler radius fixed at 10 nm (T = 300 K), (b) Inner potential distribution along the
channel position of the proposed, damaged and undamaged device for two different
values of filler radius keeping the outer radius fixed at 15 nm (T = 300 K).

For negative trap charges, source-channel barrier height being higher contributes
significantly to elevate the threshold voltage while, source-channel barrier height being

much diminished for positive trap charges, threshold voltage significantly decreases as in
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Fig.4.4. With rise in temperature, threshold voltage for both damaged and undamaged device
gradually decreases. This can be credited to the circumstance that at heightened
temperatures, carrier generation is greater and therefore, a considerably lower gate voltage
can turn the device to On-state. Fig.4.9 shows the graphical illustration of the threshold
voltage variation for both damaged and undamaged configuration of the projected device
and for different values of outer radius with filler radius fixed at 10nm and at T=300K. With
gradual elevation in outer radius value, with filler radius fixed at 10nm, the threshold voltage
steadily reduces initiating augmented leakages and depreciated device performances. With
higher outer radius, channel thickness increases causing enfeebled gate control over the
channel. This feature has been apparently observed in Fig.4.5 a. Figure 4.10 demonstrates
the graphical illustration of threshold voltage vs. different filler radius with the outer radius
fixed at 15 nm. With increment in the filler radius at a fixed outer radius fixed at 15 nm, the
channel thickness gradually drops contributing to improved gate control of the channel.
Thus the threshold voltage substantially elevates, and the off-state leakages are suppressed
effectively. This feature has already been observed in Fig. 4.5 (b). In short, with the filler
radius fixed, threshold voltage decreases as the outer radius increases, and with a fixed outer
radius, threshold voltage increases when the filler radius increases. Fig.4.11 demonstrates
the variation of threshold voltage for different positive and negative trap charge densities
and for three different channel lengths of proposed device. As observed from fig.4.6, at a
scaled channel length of 40nm, a decrement in the source-channel barrier is noted due to the
encroaching SCEs which causes the threshold voltage to diminish compared to that with
L=60nm. Thus, threshold voltage is maximum for L=100nm, intermediate for L=60nm and
lowest for L=40nm, whatever the positive/negative trap charge density is and also for no
trap charges (Nf=0). Now, as observed from fig. 4.6, with elevation in negative trap charge
density, threshold voltage also shoots up due to increased source-channel barrier height, and
attains maximum for the density -3x1016m-2, and with increment in positive charge density,
source-channel barrier height significantly lessens contributing to a reduction in the
threshold voltage which attains lowest value for density of 3x1016m-2. Fig.4.12 exhibits the
variation of threshold voltage of the proposed, undamaged device and its full channel

cylindrical gate-all-around (GAA) complement. As formerly discussed for Fig. 4.7, threshold
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voltage for the projected device is greater relative to its cylindrical equivalent because of

augmented source-channel barrier height in the former’s inner potential distribution.
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Fig.4.6 Inner potential distribution vs. channel position of the proposed device for
variation in densities of positive and negative trap charges, and without trap

charges, for two channel lengths (T = 300 K).
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Fig.4.7 Inner potential distribution along the channel length in
Proposed, undamaged device and its cylindrical full-channel GAA counterpart with
the with the same radius as the outer radius of the proposed
Device (T =300 K, Nr=0)
Additionally, a source-shifted minimum and noticeably sharp step profile in the projected
device contributes to lower threshold voltage roll-off which is substantially high in its full-
channel cylindrical equivalent since the latter does not possess the abovementioned

properties in its inner potential distribution. Fig.4.13 elucidates the graphical exploration of
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threshold voltage variation vs. channel length for graded and non-graded/uniformly doped
channels of the proposed, damaged and undamaged device. For positive, negative and zero
trap charges, threshold voltage trails the same fashion as illustrated previously. Now, for
uniformly doped channel device, threshold voltage minimizes, and when the channel is
graded with high doping near the source, threshold voltage upsurges warranting steady
lessening of leakages. Hence, the graded channel strategy with apposite doping
concentration value selection permits proper regulation of threshold voltage, thereby
sanctioning the effective suppression of SCEs and leakages. One of the prime benefits of using
a dual-material gate over single material is clearly highlighted in Fig.4.14 which
demonstrates the DIBL variation for the proposed, undamaged device, its SM configuration
and its full channel CGAA equivalent for different temperatures. Step profiles being absent
for devices without GWFE results in higher DIBL and step profile being prominent in DM
devices permit a high shielding effect to DIBL. The inner potential minimum in the latter is
shielded by the step profile from being impacted upon by drain voltage variations, thereby
letting the device to be able to offer excellent resistance to DIBL compared to its single-
material (SM) gate counterpart. Also, the DIBL variation at diverse temperatures for the GC
DM full-channel cylindrical equivalent of the proposed device is exhibited in the same graph.
With rise in temperature, DIBL also increases. Fig.4.12 evidently shows that, as channel
length is scaled down, the threshold voltage for the GC DM full-channel cylindrical MOSFET
radically decreases compared to that in the proposed device. The roll-off is higher in the GC
DM full-channel cylindrical MOSFET, and at 100nm channel length, on comparing the plots,
the threshold voltage for the above device is still lower than the proposed device. This lower
threshold voltage denotes an increased DIBL in the GC DM cylindrical device, which
aggravates when the channel length is scaled down to as low as 40 nm. This is revealed in
Fig.4.14 where the DIBL values for 100K-500 K for the GC DM equivalent is considerably
greater than both the proposed device and its SM contemporary at a scaled channel length
of 30 nm. Hence, among the three devices, the recommended device, which displays the
minimum DIBL, has admirable invulnerability against major SCEs such as DIBL. Reduced
temperatures are a reason behind lower impact ionization rate compared to that at
heightened temperatures which causes better subthreshold swing characteristics in the

proposed device as revealed in Fig.4.15. A number of researchers have testified reports on
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short-channel MOSFETs highlighting the subthreshold swing characteristics at low
temperatures of 100 Kand 200 K. Ghibaudoa et al. [4.19] reported much lower subthreshold
swing values of about 20 mV/dec at 100K and about 40 mV /dec at 200 K. Biswas et al. [4.20]
exhibited subthreshold swing values as low as 20 mV/dec at 100 mV and about 40mV/dec
at 200 K for both strained and unstrained channel configurations in short channel MOSFETSs.
The trend of subthreshold swing as obtained in the current case closely ties with the trend
of SS shown by MOSFET devices at low temperatures of 100K and 200K. Hence, subthreshold
swing is radically influenced by changes in temperature and decreases (increases) with a
decrease (increase) in temperature. A relative Subthreshold Swing investigation of the
proposed, undamaged device and its GC DM full-channel cylindrical complement is exhibited
through a graphical investigation in Fig.4.16. The figure shows that SS in proposed,
undamaged device for aggressively scaled channel lengths of 40 nm, is about 70 mV/dec,
whereas, for its GC DM full-channel cylindrical equivalent, SS at 40-nm channel length is

quite high about 110 mV/dec.
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Fig. 4.8 Threshold voltage variation vs. temperature of the proposed, damaged and

undamaged device



Page 125

© Vds=0.1V

Threshold Voltage (V)

Line : gl\/lodel
Symboel : Simulation

= 1i7 n 2i1 23 25
Outer Radius(nm)
Fig.4.9 Threshold voltage variation vs. outer radius of the proposed, damaged and
undamaged device (filler radius = 10 nm, L = 60 nm, T = 300 K).

Also, with long channel lengths of 100 nm, SS for the proposed device saturates to

60 mV/dec (the ideal value of SS for short-channel MOSFETs), while that for its GC DM full-
channel cylindrical equivalent, the SS value saturates to as high as about 65 mV/dec at 100-
nm channel length. Another prime gain of GWFE scheme incorporation can be perceived
from Fig.4.17 where the lateral electric field is much reduced at the drain end for the
undamaged configuration of the proposed device compared to its SM counterpart. Electric
field at drain side being much diminished results in weakened HCE. In addition to this, the
electric field peaks at the interface of two dissimilar materials for the projected device,
thereby contributing a boost to the transport efficiency. However, lateral electric field at
drain end increases for both the device, with increase in drain bias. Fig.4.18 demonstrates
the analysis of drain current of the projected device with varying gate bias for different
positive and negative trapped charge densities. For negative trapped charges, threshold
voltage is maximum among the three cases (negative, positive and zero trap charges), off-
state leakages are radically reduced which, in turn, reduces the subthreshold current,
whereas the gate-induced drain leakage (GIDL) current gets enhanced. For no trap charges,
threshold voltage gets reduced compared to the negative trap charge case, hence

subthreshold current upsurges compared to the previous case of negative trap charges.
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However, GIDL decreases. Threshold voltage, for positive trap charges, is lowest among the
three cases, this causes the subthreshold current to augment, whereas GIDL current largely

decreases.
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Fig.4.10 Threshold voltage variation versus values of filler radius of the proposed
device for both damaged and undamaged configurations (outer radius = 15 nm, L =

60 nm, T = 300 K).
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Fig.4.11 Threshold voltage variation vs. positive and negative trap charge densities
for the proposed device and for three different channel lengths.
Further, with enhancement in the density of negative trapped charges, threshold voltage

highly gets increased. For a density of 3x101¢ m-2, subthreshold current gets radically
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diminished thereby plummeting the off-state leakages while the reverse case takes place for
the highest density of positive trapped charges. When a gate material having lower work
function (relative to the work function of a gate material at the source side) is used towards
the drain side, it aids in decreasing the electric field at the drain end thereby lessening the
electrons’ speed at the drain end, and this, in turn, contributes to lower the tunneling
phenomenon of minority carriers from the drain into the channel. From the expression of
flat-band voltage, it is clearly evident that the flat-band voltage is actually directly
proportional to the gate material work function, thus it can be stated that a lesser flat-band
voltage at the drain side is the reason behind effective clampdown of minority carriers

tunneling from the drain, hence refining and lessening the GIDL effect and sinking the GIDL

, N
current. According to the equation, V= =V, —qC—f [4.21-4.23] (with a gate material having
a lower work function towards the drain), the presence of positively charged traps adds a
diminution to the flat-band voltage further at drain end thereby contributing to enormous

decrease of GIDL current.

Threshold Voltage roll-off(V)
(A) 33ey0A ploysaay,
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Fig. 4.12 Threshold voltage roll-off (TVRO) and threshold voltage variation vs.
channel length for the proposed, undamaged device and its GC DM cylindrical

equivalent with the same radius as the outer radius of the proposed device
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For negative trapped charges, flat-band voltage at the drain augments permitting substantial
minority carrier tunneling and waning device performance by the aggravating increase in
the GIDL current. This clearly establishes the physics governing the graphical illustration in
Fig. 4.18. As evident from fig.4.19, GIDL current is quite high in the single-material (SM) gate
device relative to the proposed device owing to increased flat-band voltage at the drain end
in the SM device, which results in a high electric field at drain end thereby permitting large
number of minority carriers to tunnel from the drain into the channel. Also, the SM device
undergoes performance weakening due to DIBL which intensifies the subthreshold leakage

current in the device unlike the proposed GWFE device.
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Fig.4.13 Variation of Threshold voltage versus channel length of the graded and non-
graded channel of the proposed, damaged and undamaged device in the presence
and absence of trap charges.

These graphical illustrations endorse the superiority and excellence of the proposed device
in terms of performance and generates significant avenues for the recommended device to
be employed in the forthcoming generation VLSI circuital applications. Results of this section
are corroborated using simulation outputs from Silvaco TCAD, and the results unveil the

superiority of the proposed device over the existing modern-day devices.
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Fig.4.14 DIBL variation for different temperatures for the proposed, undamaged

device, its SM counterpart and GC DM full-channel cylindrical counterpart with a

radius similar to the outer radius of the proposed device (T = 300 K).
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Fig.4.16 Subthreshold swing variation vs. channel length for the proposed,
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Fig.4.18 Variation of drain current with gate bias for different positive and negative

trap charge densities for the proposed device (L = 60nm)
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device and its SM counterpart.



Page 132

4.5. Conclusion

The current research exploration offers the localized trap charge induced analytical
modelling and simulation of a graded-channel dual-material gate macaroni MOSFET.
Thermal-dependence of the extent of device performance consistency of the proposed device
with both damaged and undamaged configurations has been precisely investigated from the
inner potential distribution, threshold voltage and short-channel effect response. Trap
charges considerably modify device flat-band voltage which subsequently impacts device
features. Drain current exploration including the gate-induced drain leakage (GIDL) effect
has been provided for both the damaged and undamaged configurations and outcomes
exhibit substantial drain current changes when the trap charges are present. This reveals the
necessity to investigate damaged device features relative to the undamaged one. The
recommended device unveils improved short channel performance when related to its full-
channel gate-all-around (GAA) cylindrical equivalent in terms of threshold voltage, threshold
voltage roll-off, drain-induced barrier lowering (DIBL) and subthreshold swing (SS) that
showcases the benefits of macaroni architecture, making it a potential replacement for full-
channel GAA cylindrical MOSFFETs. Further, comparative study of short-channel effects
(SCEs), gate-induced drain leakage (GIDL) analysis considering the proposed device and its
single-material counterpart (even at a scaled length of 30 nm) clearly evident the rewards of
gate work function engineering (GWFE) in the former, recommended device over the latter.
Further, results validate that appropriate choice of channel grading concentrations can
befittingly tune the threshold voltage in the proposed graded-channel device. Simulation
outputs are in good agreement with analytical results thereby authenticating the proposed

device as a prospective candidate for future generation VLSI applications.
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5.1. Introduction

The key to the unimpeded evolution of the modern era device manufacturing is undoubtedly
the ever-expanding consumer demands for sleeker, cost-effective, faster devices that
consume lower power. With the progress in time of the current decade, technology has been
pushed to the limits where device dimensions have been aggressively scaled down to few
tens of nanometers. Though this is inevitable for the modern semiconductor industry to
keep pace with the Moore’s law, however, it is equally necessary to overcome the major
challenges that crop up in such smaller device dimensions. These challenges, collectively
known as the short channel effects, can be diminished through a combination of device
scaling and new technology incorporation [5.1-5.3]. However, the associated technologies
for short channel effects minimization should be fabrication feasible involving reduced
fabrication complexities that would, in turn, catalyze cost-effectiveness of the device.

As already discussed in chapter 1, Multi-gate MOSFETSs architectures offer superior gate-
channel coupling and in this context, Cylindrical Gate-all-around (GAA) structures have been
the foremost choice of the researchers since these devices offer excellent SCE immunization
coupled with lower power consumption, higher packaging density, better current driving
capability and reduced leakage issues.

However, existing literature reports and the results
from chapter 4 exhibit that Macaroni channel GAA MOSFETs have easily excelled
conventional CGAA MOSFETs in terms of offering radically improved device performance
and are thus excellent replacements of CGAA MOSFETs for real-time applications such as
biosensor. Also, Macaroni channels are fabrication feasible and their detailed step-by-step
fabrication procedure has been discussed in chapter 4.

Therefore, in the following section an advanced Macaroni channel GAA
MOSFET has been considered as the basic geometry to explore the biosensor properties of

this device.

5.2. Overview

For effective implementation of an advanced MOSFET device to work as a biosensor, the
basic device geometry should be carefully chosen considering important parameters like

high sensitivity, improved SCE resistance that leads to low power consumption, enhanced
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speed of operation etc. In this context, Cylindrical Gate-All-Around MOSFET biosensors have
been the primary choice for their execution as biosensors owing to their higher integration
density, excellent immunity to SCEs, high sensitivity characteristics, upgraded threshold
voltage features etc. [5.4]. However, recent reports claim that Macaroni-channel configured
GAA MOSFETs have outclassed the Cylindrical GAA MOSFETs in terms of offering
magnificent device performance [5.5] and it is also evident from the results discussed in
chapter 4 where comparative investigation of an advanced configuration of Macaroni
channel MOSFET and its Full channel CGAA counterpart demonstrate evidences of reduced
threshold voltage roll-off, reduced DIBL, reduced subthreshold swing in the former device
compared to the latter. Considering the benefits offered by the Macaroni-structure, it has
been chosen as the basic device for biosensing applications execution in the following
research. To further elevate the extent of perfection in the device characteristics, GWFE
scheme has been amalgamated along with a high-K gate stack incorporation as the gate oxide
towards the drain end. The high-K gate stack targets development of the Subthreshold Swing
whereas GWFE takes care to weaken major SCEs. Thus the resulting device is a Dual-Material
Gate Macaroni Channel MOSFET Biosensor. The same technique of dielectric modulation, as
discussed in chapter 2, has been applied here to obtain the threshold voltage based

sensitivity analysis of the recommended biosensor.

The fabrication feasibilities of Dual-Material gate formation, High-K gate stack oxide and
nanogap formation have been discussed precisely in Chapter 2 which further motivates the

conceptualization of the following research.

Motivated by the feasibility of fabrication and benefits of Macaroni channels in MOSFET, the
current research exhibits intensive investigation of sensitivity of projected Dual-Material
Gate Macaroni Channel MOSFET biosensor and also reveals comparative studies of
sensitivity analysis of the proposed biosensor and its Dual-Material Full Channel Cylindrical

Counterpart.

5.3. Analytical Modeling
The 3-D schematic diagram of proposed Dual-Material Gate Macaroni Channel MOSFET

Biosensor is portrayed in fig.5.1. The channel configuration of the MOSFET device is
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Macaroni type with filler radius r1i=10nm and outer radius r2=20nm. Channel thickness is
denoted by tsi=2(rz- r1). Channel length L=60nm. Doping concentration in the channel is

Na=1017cm3. The gate is of Dual-Material consisting gate material Mc1 (work function

¢M o, _ %.8eV) of gate length L1 (=30nm) towards source has higher work function and that

towards drain side Mcz (work function @y, o, — %4eV) of gate length L2 (=30nm) has lower

work function. The region beneath M¢1and above the interfacial oxide layer is etched to form
ananogap (thickness thio=9nm) that acts as the site for biomolecules. The region beneath Mgz
has a high-k oxide HfO2 (thickness t2=9nm) placed above the interfacial layer of SiO2 which

covers the entire surface of the channel. Thickness of the SiOzlayer is ti=1nm.

Nanogap

Caa

Fig. 5.1. 3-D Schematic Representation of Proposed Dual-Material Gate Macaroni-

Channel MOSFET Biosensor
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Fig. 5.2. 2-D Cross-sectional Representation of Proposed Dual-Material Gate

Macaroni-Channel MOSFET Biosensor
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5.3.1. Inner Potential Modeling
In order to investigate the detailed electrical characteristics of the proposed biosensor, the
expression for inner potential needs to be obtained which necessitates the solution of the 2-
D Poisson’s equation which is as follows [5.6]:
0°¥,(r,2) J1o% (r,2) N 0¥ (r.z) _aN,
or? r or 07’ &g

(5.1)

Where i stands for the it region, i=1 for region 1 defined by the boundaries
O0<z<L,r<r<ryand i=2 for region 2 defined by the boundariesl, <z<L,r <r<r,.
Potential in the ith region is denoted as ¥, (r, z).

Potential distribution is parabolic along the radial direction and is given as follows [5.7]:
Wi(rz)=a,(z)+a,(z)r+a,(z)r’ (5.2)
In order to find the expression of coefficients related to equation (3.2), the following set of

boundary conditions need to be considered as per reference [5.8]:

w =2, (2)+2n3,(2)=0 (5.3)
oV, (rz) e ~
ar - E_Si[ngi \Pi (r2’ Z)] (54)

Using the above set of boundary conditions, the following expressions of coefficients have

been obtained:
aZi(Z)z_zrlasi (Z) (5.5)

4, [V~ (2)] iy
agi(Z)_ [Cfit5i2+4gsit5i] (50

Where v, (Z)is the inner potential in the it region,
When i=1 for region 1, we get [5.9],

Esio, Esio, t

t ’ teffl :tSiOZ + bio ’
rin| 1+ Fbio
2 r

Ci =
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N

fi

Vi =V —Vfbl', effective flat-band voltage in region 1 iszbl' =V, —

[5.10], N;is the

charge density of charged biomolecules.

When i=2 for region 2, we get,

Eq;i Eo:
_ Sio, Sio,
C, = t

— oy b Tl t
rin| 1+ Ehigh-k
2 r2

! !
high—k Vgs2 :Vgs _Vsz 'Vsz :Vsz

Putting the expressions of coefficients with equations (5.5) and (5.6) in equation (5.2) and
then in equation (5.1), the following differential equation is obtained at r=ru:
gN

a2‘//Oi(z) _ 9Ny
7 +2a, ()= o (5.7)

Solutions to above equation is listed as follows [5.11]:

In Region 1, expression of inner potential is given as:

o (2)=M,exp(z/4)+N,exp(-z/ 4 )+ (5.8)

8C 2
Where1 = > h s P =V, — N4,
A I:CfltSi +453it5i:' Esi

In Region 2, expression of inner potential is given as:

Voo (2)=M, exp((2-L,)/ 2, ) + N, exp(~(z2- L)/ 1)+, (5.9)

8C 2
Where i = > "z ) ¢02 :Vgsz - M
A, [sztsi +4gSitSi] Esi

The coefficients’ expressions in equation (5.8) and (5.9) can be obtained using the following

boundary conditions listed below [5.12]:

Vor (2)],_p =Vai (5.10)

oo (2)] _, = Vi +Vas (5.11)

Vo (2)|,_. =¥e(2),., (5.12)

va(2)  _ve(?) (5.13)
0z L 0z L
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Thus, the expressions of coefficients in equation (5.8) and (5.9) thus obtained are:

M, =ay + [V (5.14)
N, =, + BV, (5.15)
(X % _ S
M, = 5 M, exp(L, /4 )+ > N, exp(-L, /4 )+ 5 (5.16)
_( % X _ S
N, = 5 M, exp(L, /4 )+ ; N, exp(-L /4 )+ ) (5.17)
Where, , = {vbi (9,—2)-2V,, +2S,cosh(L,/ 4,)-2F, + glFl} ere,
91_F1
g, =% exp(p,)+y,exp(cy), by =xexp(—p,)+y,exp(-ay), ><1=1+%y1=1—%

L L ,ONGA N4 29
:%+Zz’q1:%_f’slz:¢01_¢02’F1 :Vfbl +qgjl i :Vsz +q ‘9:2 | ﬂz:gl_g}'i17

a=Vy+Fh-a,, p=-1-4
5.3.2. Threshold Voltage Modeling

The value of gate voltage at which the inner potential minimum is equal to twice the Fermi

Py

Potential is termed as the threshold voltage. It is essential to locate the position of inner
potential minimum (that occurs in Region 1) to formulate the threshold voltage. Thus the

position of inner potential minimum can be obtained using the following equation:

dz

The position of minimum inner potential thus obtained is given as:

Z,in =ilnl (5.19)
2 M,

Equating minimum Inner potential to twice the Fermi potential, the expression of threshold
voltage thus obtained is:

_ —b+b’-4ac

2a

V,, (5.20)

Where, a=488,-1, b=2|2(a,f, +a,p,)+ f,]. c = 4oy, — £ with f =24, +F,

Subthreshold Swing (in mV/dec) [5.13] is given as follows:
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1
S5 =2.3V, {ngT(z)} (5.21)

9
5.3.3. Sensitivity Analysis
Sensitivity analysis of the proposed biosensor can be obtained using the following equations

For neutral biomolecules, sensitivity is given as [5.14]:

V, (K=1)-V, (K>1

S bio = il )V (K> )| (5.22)
Vp(K=1) |

For charged biomolecules, sensitivity is given as:

Vth (Bioneutral )_Vth (Biocharged )|
Sepio = . (5.23)

Vth (Bloneutral ) ‘

5.3.4. Drain Current Modeling
Drain current analysis can be summed up using the unified model as follows [5.15]:

Lo, 0V <V,
Ids = IIin’Vth SVgs SVsat (524)

ot Ve <V 1.0
Subthreshold current is within the limit 0 <V <V,
In the proposed device, electron current in the channel is given as follows [5.16]:
los (2) =] " 27RI (v, 2)dr (5.25)
Diffusion current density is expressed as:

=V \adV(z
J(r,z):ﬂéﬁqni (T)exp[%m'“ j 2) (5.26)
1+0(Vy, -V, v, dz
Where, V, = KT
q
Substituting equation (5.26) into (5.25), we get,
L yy Vs !// V
I [dz(2)= ————72(r,2—r?)qgn.(T) | exp| Z&min_— |dV (z 5.27
o[ 02(2) Lo, ) (1 =1)any(T) [ exp| = (2) (5.27)

Thus, the final expression for subthreshold drain current is given as:
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_ Heit (r22 B rlz ) ¥ o1min . R
Im_1+9Wm—W0ﬁ - WNTFﬂ{ﬁZ—\GD exp(—Vy /V; ) ] (5.28)

Hy
1+L
N, + NaS,

Expression for linear drain current is given as:

27(r, =) 1 C By 3 OorVas
IDS,Iin = (ECL +Vds) (Vgs _Vths)2 Vds _hrt—zd

Here, 1 = , U, being the electron mobility, S1 and @ are fitting

parameters.

(5.29)

Where, E_is the critical electric field, for long channel devices @ =2to a =1for short
channel devices. 6, ., = _ 01
AWomn
dV,,

Ouort» Vs have been incorporated.

atVy, =V, Vins = Vi (1_ 0

short

). To incorporate the SCEs, E_,

Expression of saturation current where Vs is replaced by Vadsat is given as:

2 - C a 2
IDS,sat = 7[(\;2 rl)‘ueﬁ K |:ﬂ(vgs _Vths )2 Vdsat _%} (530)
W (= S (I
Ec (L - Lsat )

Where, Vi, =V —V,,,, B being a technology dependent empirical fitting parameter

sat

5.4. Results & Discussions

The analytical results of this section have been validated using simulation outcomes from
Silvaco Atlas. Several physics based model such as Drift-Diffusion model for carrier
transport, CVT (Lombardi) mobility model, Shockley-Read Hall recombination for fixed
lifetimes, Parallel electric field dependent FLDMOB model, Auger recombination model,
Concentration dependent CONMOB model, INTERFACE statement to define the type and
density of localized/fixed charges have been used to obtain the simulation outputs. Filler
radius of 10nm and outer radius of 20nm are considered to obtain analytical and simulation
results. Fig.5.3 reveals the graphical plot of inner potential distribution along the channel

length for proposed biosensor for different K-values of different neutral biomolecules placed
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in the nanogap. Firstly, the proposed biosensor has a Dual-Material Gate incorporated in its
architecture, this Dual-Material (GWFE scheme enabled) gate results in the formation of a
unique step profile in the inner potential distribution along with the formation of a source-
shifted minimum. This unique step profile shields the inner potential minimum from getting
affected from fluctuating drain voltages. This invariably implies an upgraded immunity of
the proposed biosensor from DIBL effect. Now, when the biomolecules (K>1) are absent in
the nanogap and the nanogap is filled with air (K=1), the effective oxide thickness (EOT)
increases resulting in a weakened gate-channel coupling which inevitably leads to
substantially reduced threshold voltage. Hence for the case K=1, the source-channel barrier
height is the lowest of all other cases (K>1). Now when a neutral biomolecule (K>1) is
present in the nanogap, the gate-channel coupling gets better due to reduced EOT compared
to the case for K=1. Thus, the source-channel barrier height increases from the previous case
(i.e. for K=1), this, in turn, increases the threshold voltage from the previous case. This shift
of threshold voltage from the case when the nanogap is filled with air, offers a metric to
detect the biomolecule type. Also, as the K-value increases, EOT reduces leading to higher
source-channel barrier height that inexorably causes the threshold voltage to augment
significantly. Inner potential distribution along the channel length for different types of
charged biomolecules (K=5), having different magnitudes of positive and negative charges,
placed in the nanogap, is demonstrated in fig. 5.4. When a positively charged biomolecule of
high magnitude such as 5x10%°m-2 is placed in the nanogap, then as per the equation

Vfbl' =V, —cl:—f (also shown in Inner potential modeling section), effective flat-band voltage
f

Vfbl' decreases. Thus, as per equationV, =V —Vbe’ ,for an applied gate voltage, effective gate

voltage increases and starts reducing the source-channel barrier height thereby ultimately
reducing the threshold voltage. Now, when a negatively charged biomolecule having high
magnitude is placed in the nanogap, the effective flat-band voltage increases. Thus for an
applied gate voltage, the effective gate voltage decreases and hence a higher gate voltage is
necessary to start the conduction. The inevitable result of this is an increased source-channel
barrier height that escalates the threshold voltage. This explains the fig.5.4 where the more

positive the charge of the biomolecule is, the more diminished is the threshold voltage and
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the more negative the charge of biomolecule is, the more enhanced is the threshold voltage.
Fig.5.5 exhibits the graphical plot of threshold voltage variation vs. dielectric constant of
neutral biomolecules and for two different nanogap thicknesses and two different values of
outer radii keeping filler radius fixed at 10nm. Firstly, it can be clearly observed that
threshold voltage gradually increases with increase in K-value of the neutral biomolecules
as already explained for fig.5.3. Now, threshold voltage increases with outer radius 20nm
compared to the case when outer radius is 25nm. This can be attributed to the fact that when
the outer radius has lower value, the channel thickness decreases that allows the gate to have
an increased control over the channel. Thus the threshold voltage increases thereby reducing
the off-state leakages and diminishes the device power consumption. Now, threshold voltage
is found to increase when the nanogap thickness is 9nm compared to the case with 11nm.
This happens because with 9nm nanogap thickness, the EOT is reduced and gate-channel
coupling gets enhanced leading to increased threshold voltage and notable reduction in
power consumption. It is important to mention here that when nanogap thickness is
considered to be 9nm, t2 is also 9nm and when nanogap thickness is 11nm, t2 is also 11nm.
Fig.5.6 exhibits the threshold voltage variation vs. charge of biomolecules (K=5) for two
different nanogap thicknesses and two different values of outer radii keeping inner radius
fixed at 10nm. Firstly, threshold voltage is found to be significantly higher for negatively
charged biomolecules having higher magnitudes of charge due to increased source channel
barrier height as already discussed in fig.5.4. Threshold voltage gradually decreases with
increase in magnitude of positive charge due to reduced source-channel barrier height. Now,
for lower outer radius, threshold voltage increases owing to better gate-channel coupling
and for lower nanogap thickness, EOT decreases, and gate control over channel increases
leading to enhanced threshold voltage as already discussed for fig.5.5. Sensitivity vs.
dielectric constant of neutral biomolecules for proposed biosensor and its Dual-Material
(DM) Full channel Cylindrical Counterpart is exhibited through the graphical illustration in
fig.5.7. The prime reason for selecting the macaroni-configured MOSFET lies in the fact that
it offers higher sensitivity compared to its DM Full channel Cylindrical Counterpart (having
identical device parameters and biasing conditions). Also, both the biosensors exhibit higher
sensitivity for neutral biomolecules having higher K-values, with the proposed biosensor

showing higher values of sensitivity. Fig. 5.8 shows the graphical plot of sensitivity vs. charge
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of biomolecules for proposed biosensor and its DM Full channel Cylindrical Counterpart. The
proposed biosensor exhibits higher values of sensitivity compared to its DM Full channel
Cylindrical Counterpart. For both the biosensors, as the magnitude of charge increases,
sensitivity also increases, however, both the biosensors are found to be slightly more
sensitive to negatively charged biomolecules. Sensitivity analysis for both neutral and
charged biomolecules for both type of biosensors exhibit that macaroni-configured MOSFET
biosensor offers better sensitivity and is a superior choice compared to the conventional
cylindrical biosensors. Fig. 5.9 exhibits Subthreshold Swing variation vs. different channel
lengths for two different outer radii (keeping filler radius fixed at 10nm) and for two
different oxides placed above SiO2 in region 2. For an outer radius of 25nm (with HfO2/SiO2
gate stack in Region 2), Subthreshold swing is highest which degrades the device
performance. While for an outer radius of 20nm offers improved subthreshold swing
response with Hf02/SiO2 gate stack in Region 2, however, noteworthy upsurge in
subthreshold swing is observed when HfOz over the SiO2 layer in the gate stack in region 2
is replaced by only SiO2. Hence, the gate stack configuration of Hf02/SiOz in region 2 helps to
realize better subthreshold characteristics enabling improved performance of the

recommended biosensor.
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Fig.5.10 demonstrates the Drain current variation with gate voltage for the proposed
biosensorin presence (K>1) and also in absence of biomolecules (K=1). The off-state current
is found to substantially change with change in K-value whereas the final On-state current is
same for all the cases. In absence of biomolecules in the nanogap (K=1), threshold voltage is
the lowest resulting in highest off-state current among all other cases with K>1. For higher
values of K, off-state current considerably reduces as seen from the plot. Fig.5.11
demonstrates the Drain current variation with gate voltage for the proposed biosensor in
presence of charged biomolecules. For all the cases, the off-state current significantly varies
while the final On-state current remains the same. For more positively charged biomolecules,
threshold voltage gets largely reduced resulting in high off-state current compared to the
neutral biomolecule having same K-value. For more negatively charged biomolecules,
threshold voltage gets largely enhanced resulting in reduced off-state current compared to
the neutral one. Thus, threshold voltage shifts are responsible in controlling the off-state
drain currents. Analytical and simulation results match well validating our projected

biosensor’s superior performance.
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5.5. Conclusion
Present investigation explores the performance of a Macaroni channel Dual-Material Gate
MOSFET as a biosensor for neutral as well as charged biomolecule detection. Alterations in
device characteristics such as inner potential, threshold voltage, drain current are observed

due to the presence of neutral/charged biomolecules in the nanogap. A shift in threshold
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Fig. 5.11 Drain Current vs. Gate voltage for proposed biosensor for charged
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voltage provides a metric to sense the biomolecule type present in the nanogap and to realize
the sensitivity of the recommended biosensor. Device features largely depend on the outer
radius selection and short channel effects like threshold voltage reduction, subthreshold
swing degradation can be effectively diminished with apposite outer radius selection.
Incorporation of HfO2-SiO2 gate-stack towards drain end effectively improves subthreshold
swing response of the biosensor. Relative threshold voltage alteration based sensitivity
analysis exhibits that the projected biosensor offers grander sensitivity performance as
compared to its DM Full-channel Cylindrical Equivalent. For all neutral biomolecules, the
final on-state current is same with the off-state current only changing with biomolecule type
due to a change in threshold voltage with biomolecule type, the same happens for all kinds
of charges of charged biomolecule too. Analytical results are in good agreement with
simulated results evidencing advanced, potential implementations of the recommended
biosensor in future specimen identifying applications.
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6.1. Concluding Remarks

A conclusive statement is an inherent part of a thesis work and it adds to the inclusiveness
of the thesis. The primary objective of the thesis has been to investigate the electrical
characteristics of advanced, ultra-thin Nano MOSFET devices with strategically implemented
novel technologies of Multi-gate, gate work function engineering, channel and dielectric-
engineering. The scheme of dielectric engineering has been implemented using dielectric-
modulation technique for employment of advanced Nano MOSFET device to work as an
efficient biosensor and demonstrated in chapter 2 and 5. Chapter 2, for the first time, has
demonstrated the biosensing capability of an advanced GWFE Trigate MOSFET biosensor.
However, Cylindrical Gate-all-around (CGAA) devices are currently the prime choice since
the device offers upgraded performance. Hence, it has been selected as the basic device for
biosensing implementation in many published researches. Thus, a part of this research
encompasses a strategically designed advanced CGAA MOSFET and its properties have been
thoroughly investigated to implement the device in future practical applications. Inspite of
offering better performance, CGAA MOSFETs have remained in the second position with the
first position being replaced by Macaroni channel GAA MOSFETSs. These advanced devices
offer excellent device performance and thus, owing to the above stated fact, an advanced
Macaroni channel GAA MOSFET has been strategically designed and its properties have been
investigated thoroughly so as to implement the device as an efficient biosensor. This
investigation has been highlighted in chapter 4. Finally chapter 5 deals with the biosensing
property of an advanced Macaroni channel MOSFET biosensor, for the first time, using
dielectric-modulation technique and the detailed sensitivity analysis has been conducted
through proper mathematical modeling and results have been validated using simulation
outcomes from proper simulation softwares. The overall interpretation of the research
conducted has been summarized through chapters from 2 to 5 with chapter 1 presenting a

brief overview of the contemporary literature associated with the topic of research.

6.1.1 Brief Outcomes from Each Chapter:

Chapter 2: For the past few decades, the semiconductor industry has witnessed its

remarkable progress and technological resurgence as an outcome of the unquenchable
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demands of the present consumer markets for sleeker devices enabled with improved speed,
lower power consumption and cost-effectiveness. Device miniaturization, following the
trend of Moore’s law, has been the prime guiding mechanism to obtain devices with the
above said features. However, with aggressive scaling in nanometer dimensions, this fanatic
pace of miniaturization of devices has been accompanied by some inevitable short channel
effects that tend to severely degrade the device performance. Such SCEs namely threshold
voltage roll-off, Drain-induced barrier lowering, increased subthreshold swing, degrading
hot carrier effects, impact ionization followed by parasitic B]JT effects, increased
subthreshold leakage current have cumulatively acted in deteriorating device performance.
Thus, device scaling has to be coupled with some innovation in technologies to suppress

these detrimental SCEs thereby offering enriched device performance.

One of the several innovative technology is the implementation of Trigate in a MOSFET
device as exhibited in chapter 2. Trigate technology falls under the scheme of multi-gate
incorporation to mitigate several SCEs thereby boosting device speed initiating lower power
consumption. This can be attributed to the fact that the gate can have precise control over
the channel since the area increases by three times for the electrons to travel. To further
boost the gate-channel coupling, a back/bottom gate has been incorporated in the structure.
Gate work function engineering (GWFE) added further enhances SCE immunization. The
Dual-material gate employed helps in the formation of surface potential minimum towards
source side, a step profile and a reduced slope of surface potential towards drain side
compared to the counterpart without GWFE (vide fig. 2.3, 2.4, 2.5). A significant reduction in
threshold voltage roll-off can be achieved by selection of gate length ratio of the two gate
materials in the dual-material gate (vide fig.2.8). Significant reduction in DIBL is possible
with GWFE as evident through fig.2.11 and HCE can be diminished to a large extent as
evident in fig.2.15-2.17. Incorporation of high-K gate stack towards drain end causes
significant improvement in subthreshold swing (vide fig.2.12). Apart from this, dielectric-
modulation technique that has been incorporated in the device helps in efficient biosensing
(vide fig.2.3, 2.4, 2.7, 2.9, 2.10). Detailed sensitivity analysis shows the biosensor is more

sensitive to neutral biomolecule having higher K value and also sensitivity increases as
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channel length increases. For charged biomolecules, the recommended biosensor offers
higher sensitivity for negatively charged biomolecule having lower K value. Some of the

device parameters also alter device features as illustrated in detail in the chapter.

Chapter 3: Cylindrical Gate-all-around (CGAA) MOSFETs are highly favored as the basic
device to implement biosensing applications. This can be attributed to the fact that CGAA
MOSFETs offer enriched device performance coupled with high degree of SCE immunization.
Thus, an advanced CGAA MOSFET has been skilfully designed in chapter 3 so as to implement
the device in future real-time biosensing applications. However, before the planned CGAA
device can be implemented to work as an efficient biosensor, the electrical characteristics of
the advanced device needs to be investigated in detail and this has been highlighted in
chapter 3. Additionally, fixed interface trap charge and temperature induced analytical
modeling and simulation of a Dual-material CGAA MOSFET having a Gaussian-doped channel
has been considered in this chapter. Temperature has a colossal effect on device
characteristics. Within a range of 100K - 500K, the silicon channel features such as bandgap,
intrinsic concentration, Fermi level, flat-band voltage etc. show dependence on temperature.
Apart from this, the quality of Si-SiO2 interface plays a major role in determining reliable
device performance. This interface tends to get damaged due to several stress, radiation, hot
carrier, fabrication related process etc. These damages result in the formation of
positive/negative charges at the interface. These charges modulate the flat-band voltage
which consequently modulate the source-channel barrier height causing the threshold
voltage of the device to undergo significant alterations. These charges also alter the thermal
behavior of the device (vide fig.3.3, 3.4, 3.5). The Gaussian-doping parameters like peak
doping, projected range straggle have substantial effects on device features (vide fig. 3.4, 3.6,
3.7). GWFE causes DIBL and HCE reduction (vide fig.3.10, 3.11). Temperature also alter
subthreshold swing as evident from fig.3.8. Some of the device parameters also alter device

features as illustrated in detail in the chapter.

Chapter 4: Owing to the fact that Macaroni GAA MOSFET offer improved device

performance even better than conventional CGAA MOSFETSs, the mathematical modeling and
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simulation of the fixed interface trap charge and temperature induced electrical behavior of
a Dual-material Macaroni channel MOSFET having a graded concentration in the channel has
been highlighted and demonstrated in chapter 4. Macaroni MOSFET is topologically identical
to CGAA with the only exception that there is a hollowed insulating pillar at the center of the
Macaroni structure. This causes the channel to become thin thereby enabling higher gate
control over the channel which substantially contributes to SCE immunization. Motivated by
the above stated fact related to enhanced performance of Macaroni structures, an advanced
Macaroni channel CGAA MOSFET has been strategically designed for its suitable
implementation as an efficient biosensor. However, the electrical characteristics of the
projected device have been investigated in chapter 4 before the projected device can be
implemented to work as a biosensor. Additionally, localized trap charge induced thermal
behavior of the device has also been considered. Temperature and trap charge induced
effects on potential, threshold voltage are exhibited through fig.4.4, 4.5, 4.6, 4.8, and 4.11.
Temperature is found to significantly influence the short channel response of the device as
evident from fig.4.14, 4.15. Graded channel resists threshold voltage reduction offering the
flexibility of suitable selection of threshold voltage of the device through proper selection of
the graded doping concentration (vide fig. 4.13). Comparative investigation of the projected
device and its Dual-material full channel CGAA exhibits improved SCE resistance in the
former compared to the latter (vide fig. 4.12, 4.14, 4.16). A relative research of the projected
device with its Single-material gate counterpart offers the evidence of superior SCE
immunization in the former over the latter (vide fig.4.14, 4.17, 4.19). The research also
includes a study of Gate-induced drain leakage mechanism through modeling of GIDL current
that is illustrated in fig.4.18 and 4.19. Finally, the drain current analysis exhibits that due to
a change in the threshold voltage for various types of trapped charges, there is a change in
the off-state current only. Also, these charges have significant influence on GIDL current
(vide fig.4.18). However, fig.4.19 clearly highlights the fact that GWFE can effectively
decrease the GIDL current as observed from comparative drain current analysis of the
projected device and its Single-material gate counterpart. Also, the projected device

supports further scalability without much deterioration in device performance (vide fig. 4.6,
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4.11). Some of the device parameters also alter device features as illustrated in detail in the

chapter.

Chapter 5: Several existing literature survey reports as well as results obtained from
chapter 4 establishes the fact that Macaroni MOSFETs have outclassed Cylindrical Gate-All-
Around (CGAA) MOSFETs in terms of device performance. Through the observation of
resukts presented in chapter 4, A dual-material gate (GWFE incorporated) Macaroni channel
GAA MOSFET has been incorporated that further boosts device performance through
formation of source-shifted minimum, step profile and reduced slope of potential (vide
fig.5.3, 5.4). The projected biosensor shows shifts in threshold voltage for different types of
biomolecules placed in the nanogap. These shifts in threshold voltage have been considered
as a metric to detect the biomolecule type. The most important of all that the proposed
biosensor shows more sensitivity for neutral /charged biomolecules when compared to their
dual-material full channel CGAA MOSFET biosensor. CGAA MOSFET biosensor is one of the
foremost choice of researchers due to the fact that CGAA MOSFET has inherent immunity to
SCEs, higher current drivability and higher packaging density, etc. The projected biosensor
has even excelled CGAA MOSFET biosensor in terms of offering higher sensitivity (vide fig.
5.7, 5.8). Due to change in threshold voltage, there are consequent changes in the off-state
drain current for different types of biomolecules, however, the on-state current remains
unaffected (vide fig.5.10, 5.11). High-k gate stack towards drain end plays vital role in
upgrading subthreshold swing characteristics (vide fig.5.9). Some of the device parameters

also alter device features as illustrated in detail in the chapter.

For all the cases, analytical results have been validated using simulation outcomes using

proper simulation softwares.
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6.2. Scope of Future Work

This doctoral thesis supports several research contributions in the arena of some ultra-thin
non-conventional MOSFET structures. However, the evolution of the semiconductor
industry keeping pace with further device miniaturization so as to support the thumb rule
of Moore’s Law governed by stringent requirements that also undergo metamorphosis as
per consumer demands, permits further research and development in the field of device

innovation.
Some of the scopes of future work as thus listed as follows:

’}' Macaroni-channel MOSFETSs being superior to Cylindrical Gate-all-around MOSFETsS,
the quantum mechanical analytical modeling can be carried out on these devices for

extremely scaled channel lengths and widths.

'}‘ To eliminate the fabrication-associated difficulties of doping ultra-shallow
source/drain junctions, Schottky barrier Macaroni MOSFETSs can be devised, this will
cut down the cost and allow higher SCE immunity, lower contact resistances due to

metallic source/drain, excellent scalability can be achieved with these devices.

’}' Junctionless MOSFETs eliminate the necessity of fabricating source/drain regions,
allow higher scalability, high SCE immunization etc. Hence Junctionless Macaroni

devices can be implemented in research.

’}' Material property improvement such as incorporation of strain, halo doping etc. in
Macaroni MOSFETSs can boost carrier mobility, current drivability, offer the flexibility
to tune to a preferred threshold voltage value and can cause effective suppression of

major SCEs.
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by Pritha Banerjee for the degree of Doctor of Philosophy (Science), Jadavpur University
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’}‘ New gate engineering techniques can be explored along with experimenting various
type of doping concentration techniques in the channel and differently devised

dielectric engineered gate-oxides to support further scalability and SCE resistances.

’}‘ Partial or full modification of geometries of existing advanced MOSFET devices can
be considered to further upgrade the device performance, for example, Trigate with
a bottom gate, Macaroni MOSFET having a hollow pillar of insulating material at
channel center that have been already adopted in this thesis work. Such

modifications can be further improvised for superior device performance.

kKKK
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Abstract

Mathematical model development of a Dielectric-Modulated Dual Material Trigate MOSFET with a dual material bottom gate
has been introduced for application as a biosensor for detection of biomolecules like enzymes, cell, DNA etc. With solution of 3-
D Poisson’s equation, electrical features of the proposed device have been acquired and corresponding shift in the device features
due to change in permittivity, charge etc. by the biomolecules implies the type of biomolecule introduced in the nanogap. Further

simulation results from Atlas corroborate the analytical results.

Keywords Dielectric modulation - Biosensor - Short channel effects (SCEs) - Work function engineering - Trigate MOSFETs

1 Introduction

In the contemporary era of technological renaissance, spectac-
ular device features are accredited to the metrics of miniaturi-
zation, portability, cost effectiveness and improved speed.
Escalated efficiency coupled with reduced power consumption
can be achieved through device scaling that adds momentum to
unimpeded device performances. However, aggressive down-
scaling limits the device performances due to severe Short
channel effects that tends to weaken the reliability thereby
degrading the device characteristics [1, 2]. Subjugating these
reliability issues necessitate the incorporation of innovative
technologies along with renovation of device architectures.
Extensive researches to address the issues include implementa-
tion of Double Gate MOSFET to gain an enhanced gate control
over the channel [3]. The advanced technology of gate work
function engineering has also been considered in DG architec-
tures to further ameliorate the device performances [4, 5].
However, in planar MOSFETs, gate dominance over the chan-
nel is constrained by restricted flow of electrons and hence
exhibit poor immunity towards SCEs. Aggrandized

P4 Pritha Banerjee
prithaedu7 @gmail.com

Jayoti Das
jayoti.das @gmail.com

Department of Physics, Jadavpur University, Kolkata, India

performance with subdued SCEs can be achieved with Intel
introduced trigate MOSFETSs having 37% speed enhancement
and 50% power reduction compared to planar structures as
promulgated in [6]. In the current research, a trigate MOSFET
is considered with gate work function engineering paving the
way for superlative device features and the device is explored to
work as a Biosensor for label free detection of biomolecules.

Bioelectronics has arisen as a nascent field embodying exten-
sive gamut of advanced, prospective applications. FET-based
Biosensors, which is one such application, are gaining promi-
nence owing to their magnificent advantages such as direct trans-
duction, miniaturization, higher sensitivity for label free detection
of neutral (eg: proteins, enzymes etc.) and charged (such as
DNA) biomolecules. Ample research endeavors highlighting
the potential application of FET based Biosensors have been
encountered where the gate oxide is etched to carve out a
nanogap that holds the immobilized biomolecules. An SiO, layer
beneath the nanogap acts as adhesion layer. Thus a change in
gate capacitance due to a change in dielectric property of the
biomolecules’ type alter the device threshold voltage thereby
providing a metric to sense the presence and type of biomolecule
[7, 8]. Absence of biomolecule is marked by filling the nanogap
with air (K = 1) whereas presence of biomolecule implies K> 1.

Additionally, the undertaken research venture encom-
passes the use of high-K TiO, over SiO, layer towards the
drain end that effectively reduces the HCE leading to efficient
power practices [9]. Simulation using Atlas provides results
that validate the analytical results obtained.

@ Springer
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2 Device Architecture

Figure 1 illustrates the 3-D device structure under consider-
ation. Mg is the gate towards source end with work function
¢y, = 5.35¢V and Mp, is the gate towards drain end with
work function ¢,,, = 4.4eV.

The structure comprises of a Dual Material Trigate along
with a bottom Gate plate with same composition. The gate
work functions are chosen in such a way so that the surface
potential minimum for the chosen range of neutral/charged
biomolecules remain in region 1 with the minimum shifted
mostly towards the source. This feature is highly desirable
since a source-shifted minimum allows high immunity to
DIBL, HCE and other prominent SCEs.

For devices without GWFE, the surface potential minimum
remains at the middle of the channel and is highly prone to get
affected from fluctuating drain voltages. This leads to severe
performance degradation due to extreme SCEs. Detection in

a / Drain
Gato mpp / Mo
M _nx v
'y 7
Channel
ten
< = w »> g V1o
] sio:
M= = Nanogap
b Gate
& Mo
Nanogap TiO2
—>
L | L2
n+ 1 n+
Source ten :,._im, Drain
1
"
[Jsio:
Ms | Mo
Gate

Gate material towards
Drain

Mb
Ms

C
Gate material towards
Source

A

Fig. 1 a. 3-D Schematic illustration of the Proposed Biosensor. b 2-D
Cross-sectional view of the proposed Biosensor. ¢ 3-D Schematic
illustration of the Dual- Material Trigate Configuration
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that case, gets severely hampered. This has been taken care of],
in the present work. Hence, along with the procedure of bio-
molecule detection, the SCE response of the proposed biosen-
sor has also been compared with the Single-Material (SM)
gate structure, to prove the superiority of the former over the
latter. The nanogap has a thickness ty;, = 11 nm, TiO, thick-
ness t, =11 nm, thickness of top SiO, layer t; =1 nm.
Thickness of bottom gate oxide (SiO,) is t, =2 nm. P-type
Si channel has a thickness t.;, = 10 nm and doping concentra-
tion N, = 10'7 cm ™. Width (w) of the trigate device is 5 nm.

3 Analytical Modeling

A detailed sensitivity analysis of the recommended biosensor
necessitates the surface potential modeling of the device
which is carried out by solving the 3-D Poisson’s equation
as follows:

az(pi(xvya Z) + azgpi(xnyv Z) + 62(,01-()67_)/, Z) — chh (1)
Ox? oy oz Esi

Here, ¢; (x,y, ) is the potential in the it region, i=1 for
region 1 with boundaries 0<x <L;,=5<y<%,0<z<ty,
i=2 for region 2 with boundaries L;<x<L; + Ly(=L)
T <y <Y,0< <t

The potential distribution between the side-wall gates is
assumed to be parabolic [10], therefore,

Sﬂi(xJa Z) ~ CiO(x7 Z) + cil (x, Z)y + ¢ (X, Z)yz (2)

Now, at low drain voltages, potential distribution is para-
bolic in the z-direction [11], at y = 0, the expression obtained
is:

0i(x,0,2) = cio(x,2) = 0 (x) + kit (X)z + kn(x)  (3)

Potential at the front and lateral interfaces, which is actually
the surface potential, is given by

©i(%,0,0) = cio(x,0) = iy, (x) (4)
Potential at the back channel-oxide interface is given by:
0i(%, 0, ten) = cio(x, ten) =0y (x) + kit (X)ten + ki (X) e
= @ehi(¥) (5)

Symmetry in the y-direction mathematically leads to

w w
a(n=503) el r39) ©
This mathematically leads to:
¢ (x,z) =0 (7)
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Substituting Egs. (2) and (7), the following expression thus
obtained is:

2

el £5.2) =anr )+l ) T =0u)  ®)
Hence,
enl,9) = o [ 8) ~cio(x.)] ©)

The boundary conditions [12] required to evaluate the co-
efficients in Eq. (3) are enumerated as follows:

In Region 1
dp, Eox !
ki(x) =— = ! [ () =V g } 10
() dz |,_o.—0 Esilg, Popt () Vi 19)
dp, €b [ 'y
ey S x] 1
dz |y—gmy,  Esilh o~ ) -

Here, €0y, = &5
Eq. (11) leads to the expression of ky,(x)as:

/ Cy  C, (Cop  Cg
Vea "= () 1+ 22+ "f>+vx < ‘f’+—éﬁ>
gsl LAPI( )< CS[ Cb gsl CS[ Cb (12)

2Cs;
ta | 1+—=
ch ( + Cb>

ki (x) =

In Region 2
4, Eox ,
A = | onal) =V | 13
21(x) dz y=0:=0  ESileff Qﬁpz( )= Vs (13)
dQOZ €p |: ,
& = ooy Ve ol 14
dz y=0,z=tcp Esilp g2 <‘03b2( ) ( )

Similarly, Eq. (14) leads to:

! Cox CO)C
|:Vgs2 _stpZ(x)} |:1 + C + C :|
k _ Si b 15
22(x) 3Cs (15)
ta2 [ 1+ =2
h ( + Cb)
Here, Vgsl/ = Vgs_VFBfI,, VFBfI, = VFB]—qC{V—f;, the front

channel-oxide flat-band voltage in Region 1 is
Vg, = ¢y~ Psi» Nyis the density of charged biomolecule,
Cpis the effective oxide capacitance comprising the nanogap
dielectric and the interfacial SiO, (e, )layer,

Eox, €ox b
Ce{[f = atgeﬁ» =1t + thio ,Cp=—
tgeﬂ Ebio t
Eox; €ox,
Eox, :5bacox: 7teff:tI + 6
e ETio,

!
i
Vst = Ves—Versb,, Viss, = Vs,
!
Voo = Ves™Vrs,, Vs, = Oy, s

Using the expressions of coefficients of Eq.(3), the total
potential thus obtained is:

In Region 1

01(x,9,2) = A19y1 (x) + B1 Vgl + C1 Vg (16)

Here, A;=1+K;z —Kzz2 —K3zy2 + K4z2y2, Bi=—Ksz+
2 2
K& +K72y” — K2y, C1 = %= 5 %)
Expressions of the coefficients in A, By, C;, A, and B, are
listed in the Appendix.

In Region 2.

Total potential in Region 2 is
goz(x,y,z) :A2<pspl(x) +BZVg92, (17)

Here, Ao =1+ Klyz - Kzlz2 - Kg‘yzy2 + K4’12y2, By=—
Ksz+KeZ +K727" — Ky 7y

The differential equations obtained by substituting Eq. (16)
in Egs.(1) and (17) in Eq.(1) are given by:

In Region 1
d*p, ()
T:; V1 Psp, (x) =0 (18)

Here,
v, = 2K, +2K 37— 2K 422 — 2K 4)?
A ’
0y = Lu
" g — 2 2 /

— (—2Ks 21<Zl+21<sz +2K?) " \/fg%11 (%z n %22_2)’

In Region 2
&y, (x)
%_ Y2Psp, (X) =6 (19)
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Here,

IR ) ) PR f, = Wa
= 0, =

Ay 2

Ve (2K ~2K7 242K5 242K5 )
gsi + A .

Solution to Egs. (18) and (19) are given respectively as:

V2

In Region 1

Psp, ()C) = Ple(S]x + Qleidlx_w1 (20)
Here, 01 = /77, w1 = 3—11

In Region 2

Psp, (x) = PIleéz(x_Ll) + Q113_62(X_L1)_w2 (21)

Here, 6, = V2> w2 = f%

The coefficients P;,Q;, P;; and Q;; are deduced using the
following listed boundary conditions [13]:

Continuity of surface potential at the interface of two ma-
terials leads to:

o], =em@)| (22)
Therefore,

dwz;(x) _ d<p.:,l,;(x) 23)

x=L x=L

Potential at source-channel end:

Pyp1(0) = Vi (24)
Potential at drain-channel end:

oo (L) = Vi + Vs (25)

Vs the built-in potential.
Hence,

bPreML + anef‘s‘Ll—wlz
)/ s

aP;eh + bQIej;‘Ll—wlz
Py = )

2
(VB,' + wl)(ae" + bed) - 2(VB,' + Vds + UJz) - 20.)12 cosh (52L2
2(asinhc + bsinhd) ’

0=
Pr=Vpi+w —0

Here, a = 1 +612, b=1 _612,02 61L1 +(52L2, d= 61Ll
_52L2.
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3.1 Threshold Voltage Modeling

Threshold voltage can be obtained by equating the minimum
surface potential to twice the Fermi potential [14]. Since sur-
face potential minimum for all cases (except for the case with
N¢=0, K=1) occurs in region 1, hence the position of mini-
mum potential can be obtained as:
Oy, (%)

o —0

o (26a)

X=XMIN

The position of minimum surface potential thus obtained
is:

_ 1o
XMIN = 251 h’IP[ (273)

Hence threshold voltage can be obtained from

Py, (rv) = 20 (28a)

For the case Ny=0, K =1, surface potential minimum for
proposed biosensor is formed in region 2. Hence position of
minimum is obtained as

O, (¥)

. =0 (26b)

X=XMIN

The position of minimum thus obtained is

1. On

Xyiv = —In==+ L,

2
20, Py (275)

Hence threshold voltage can be obtained from

Pop, (Xaiv) =201 (28b)

3.2 Short Channel Effect Modeling

DIBL [15] is denoted as:
DIBL = Vthr,linivthr,sat» (29)

Here V. 1 and Vi, 4, are the threshold voltages in linear
and saturation regions respectively.
Subthreshold swing [16] is denoted as:

-1
| .

Lateral Electric field is denoted as:

dpg,(x)

gs

S§ =23V,

dipg, (x)
E, = _T (31)
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3.3 Sensitivity Analysis

Sensitivity is measured as follows:
For neutral biomolecules:

Vi (K = 1)_Vthr (K > 1)
SNy = 32
e (32)
For charged biomolecules:
VrB'neua_VrB'cre
S, — ‘ i (Bioneus z). e (BiOchargea ) (33)
Vi (B lOneutral)

4 Results and Discussions

Validation of mathematical results have been conducted using
simulation results from Atlas, Silvaco Fig. 2 portrays the con-
sequence of variation of neutral biomolecules on the surface
potential distribution of the proposed biosensor. The surface
potential distribution is found to vary in region 1 under the
nanogap containing the biomolecule whereas the surface po-
tential in region 2 has remained unaffected due to the fixed
Ti0,-Si0, gate stack architecture. It is clearly evident that
when the nanogap is filled with air, the surface potential min-
imum attains the highest value (only in this case, minimum
gets shifted towards drain and occurs in region 2). When the
biomolecules are present in the nanogap, the dielectric value
changes (K > 1), the surface potential minimum gradually de-
creases resulting in increased source-channel barrier height
which in turn increases the threshold voltage thereby provid-
ing a metric to discern the type of neutral biomolecule present
in the nanogap. As the K-value decreases, the effective oxide
thickness under gate Mg increases, this leads to a decreased
gate control over the channel. Hence, source-channel barrier
height decreases with decreasing K leading to decreased
threshold voltage and increased SCE. On the other hand, as
K-value increases, the effective oxide thickness in region 1
decreases that allows better gate control over the channel in
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Fig.2 Effect of variation of neutral biomolecules on the Surface potential
distribution of proposed biosensor

region 1. This leads to increased source-channel barrier height
thereby increasing threshold voltage and effectively reducing
the SCEs. Figure 3 and 3b are interpretations of the graphical
analysis representing the effect of negatively, positively and
neutral biomolecule on the surface potential distribution of the
suggested biosensor for K =2.1 and K = 5 respectively. In Fig.
3, for charged biomolecules with K = 2.1, the surface potential
value is much higher for a particular value of charge compared
to that for K =5. For K =2.1, effective oxide thickness under
gate Mg is much higher leading to diminished gate control
over the channel under region 1. This paves the way for di-
minished source-channel barrier height, increased surface po-
tential value and augmented SCEs. In Fig. 3b, charged bio-
molecule for K =5 in the nanogap leads to reduced effective
oxide thickness and enhanced gate control over channel in
region 1 thereby resulting in increased source-channel barrier
height and improved threshold voltage characteristics. Also,
in both the cases, presence of positive biomolecules (1-
5x10"°m %) modulates the surface potential by shifting the
surface potential minimum upwards (with increase in positive
charge) compared to that of the neutral biomolecule thereby
modulating the threshold voltage originating from a change in
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Fig. 3 a Effect of variation of charged biomolecules (K=2.1) on the
Surface potential distribution of proposed biosensor. b Effect of
variation of charged biomolecules (K =5) on the Surface potential
distribution of proposed biosensor. Elucidation of the effect of Gate
work function engineering (GWFE) on the surface potential distribution
of proposed biosensor and its SM config. in presence of charged/ neutral
biomolecule in the nanogap is depicted in Fig. 4a, b With careful
selection of work function of gate materials in the DM architecture, a
source-shifted surface potential minimum and a unique step profile
towards the drain can be obtained for a chosen range of biomolecule.
These features contribute to mitigate SCEs leading to almost accurate
biomolecule detection coupled with improved device performances.
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the flat-band voltage. Again, presence of negatively charged
biomolecules (1 to -5x10'°m?) causes a downward shift of
surface potential minimum (with increase in negative charge)
thereby increasing the source-channel barrier height and mod-
ulating the threshold voltage of the device contributing to
revealing of charged biomolecule type present in the
nanogap/cavity.

In the graphical plot of Fig. 4, charged/neutral biomolecule
with K =5 causes the formation of source-shifted surface po-
tential minimum thereby contributing to lessened DIBL. Step
profile in GWFE architecture causes reduced HCE. However,
SM counterpart suffers from the drawbacks of weakened SCE
immunization due to lack of such step profile and a source-
shifted minimum. In fact, it is quite hard to predict the position
of occurrence of surface potential minimum in case of SM
structures. For example, in Fig. 4 for SM structure, for posi-
tively charged molecule with K =5, surface potential mini-
mum occurs in region 2 and such a case is not desired at all
since it leads to high DIBL. For neutral biomolecule (K =5),
surface potential minimum occurs in the middle of the channel
that leads to aggravated SCEs. For negatively charged mole-
cule (K =5), the minimum is found to occur in region 1. Same
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Fig. 4 a Effect of variation of charged/neutral biomolecules (K =5) on
the Surface potential distribution of proposed biosensor and its SM
conFig. 4b Effect of variation of charged/neutral biomolecules (K =2.1)
on the Surface potential distribution of proposed biosensor and its SM
config
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result can be found in Fig. 4 for charged/neutral biomolecule
with K=2.1. Since, the gate work functions in proposed bio-
sensor have been selected carefully, hence, it can be assured
that in case of proposed biosensor, the surface potential min-
imum can be made to get confined in region 1 towards the
source to ensure weakened SCEs and almost accurate detec-
tion unlike biosensors without GWFE (SM architectures).
Figure 5 portrays the graphical analysis of Surface potential
distribution along the channel length position for three differ-
ent ratio of Lg,,:Ly for neutral/charged biomolecule in the
nanogap. For Lg,,:L, =2:1, the source-channel barrier height
increases whereas surface potential minimum shifts more to-
wards drain, the step profile is also less prominent. A drain-
shifted minimum and a less prominent step profile can cause
more DIBL. For ratio 1:1, step profile becomes more promi-
nent, minimum gets shifted towards source, source-channel
barrier height is preferable. However, for ratio 1:2, though
step profile is prominent and minimum is source-shifted but
the source-channel barrier height is very much decreased that
leads to much increased leakages causing performance degra-
dation. Though the selection of ratio value allows selection of
a preferable threshold voltage, however, tuning to an allow-
able DIBL limit is necessary to minimize performance degra-
dation. The impact of height variation up to which the biomol-
ecules fill the nanogap/cavity is demonstrated in Fig. 6. The
nanogap has a fixed height of 11 nm. Threshold voltage is
found to decrease when the nanogap is fully filled with neutral
biomolecules whereas, when the nanogap is filled up to 9 nm
out of 11 nm, with neutral biomolecules, the threshold voltage
increases. This nature of threshold voltage continues for both
L=60 nm and 100 nm with only exception that threshold
voltage largely increases for L = 100 nm.

Impact of varying nanogap length on the threshold voltage
of neutral biomolecules is portrayed in Fig. 7. Increase in
nanogap length, that is, for a ratio Lgap:Ly =2:1, threshold
voltage is maximum for both the cases of L =60 nm and
L =100 nm. The increased source-channel height for
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Fig. 5 Effect of variation of Lg,,:L, ratio on the Surface potential
distribution of proposed biosensor for neutral/charged biomolecule in
the nanogap
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Lgap:L> =2:1 as portrayed in Fig. 5 leads to an increased
threshold voltage and a reduced threshold voltage roll-off.
With Lgap:Lo = 1:2, threshold voltage roll-off gets worse and
threshold voltage decreases leading to elevated leakages and
degrading performance. Also, threshold voltage (both for L =
60 nm and L =100 nm) increases for neutral biomolecules
with higher dielectric constant as evident from increased
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Fig. 7 a. Effect of nanogap/cavity length variation with neutral
biomolecules on the threshold voltage of the proposed biosensor. b
Variation of threshold voltage vs. charge of biomolecules (K =5) for
three different Lg,,:L, ratio values for the proposed biosensor

source-channel barrier height with increased K of neutral bio-
molecules in Fig. 2. Threshold voltage greatly increases for
L =100 nm compared to L = 60 nm.

With Fig. 7b, the influence of nanogap/cavity length vari-
ation containing charged biomolecules on the threshold volt-
age of the proposed biosensor is illustrated. For Lg,,:L, = 2:1,
threshold voltage is highest for both L =60 nm and L=
100 nm respectively owing to increased source-channel barri-
er height, whereas threshold voltage decreases for Lya,:Lo =
1:1 and 1:2 respectively. Hence, increase in nanogap length
results in corresponding increase in threshold voltage.
Moreover, threshold voltage largely increases when L =
100 nm compared to that at L =60 nm. Also, as per Fig. 3,
since the source-channel barrier height increases for more
negatively charged biomolecules, threshold voltage peaks
for more negatively charged biomolecules and gradually de-
creases for more positively charged biomolecules. Figure 8
offers the graphical insight into the analysis for threshold volt-
age variation for charged biomolecules with K =2.1 and K=5
respectively. For charged biomolecules with K=2.1, the ef-
fective oxide thickness in region 1 increases. Hence, gate con-
trol over the channel in region 1 diminishes. This causes the
SCEs such as threshold voltage roll-off to get intensified.
Whereas, for charged biomolecules with K =5, the gate con-
trol over the channel in region 1 intensifies resulting in miti-
gated SCEs like threshold voltage roll-off. Therefore, the var-
iation of threshold voltage with charged biomolecules for K =
5 is much lower compared to the case with K =2.1. Change of
threshold voltage of charged biomolecule (eg: N¢=
—1x10"°m 2, Np=1x10""m ) compared to the neutral bio-
molecule (N¢=0) is much larger for K=2.1 compared to the
case for K=5. This is reflected in the Sensitivity graph for
neutral biomolecules, the sensitivity for charged biomolecule
with lower K will be much higher compared to the case for
higher K. Evidences of reduced SCEs such as DIBL for the
proposed biosensor is clearly illustrated in Fig. 9. For W =
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Fig. 8 Variation of threshold voltage vs. charge of biomolecules for K =
2.1 and K =5 respectively for the proposed biosensor
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5 nm, the proposed biosensor offers much lesser DIBL com-
pared to its SM counterpart. This is accredited to the fact that a
source-shifted surface potential minimum with a unique step
profile allows improved shielding effect to DIBL. These attri-
butes being absent in the SM config., the latter structure (hav-
ing same width) immensely suffers from DIBL. With W =

7 nm, DIBL is found to greatly enhance in the proposed bio-
sensor owing to reduced gate dominance over the channel
thereby leading to strengthened SCEs. Since, with the increase
in width, the lateral gates become far apart, hence precise gate
control over the channel diminishes initiating elevated DIBL.
Justification for selection of the TiO,-SiO, gate-stack under
Gate Mp is substantiated through the outcomes obtained in
Fig. 10. With w=5 nm and K, =40 (TiO,), SS is minimum
compared to all other gate-stack configurations with lower K,
values. Thus careful selection of gate-stack config. Can effec-
tively reduce the SS thereby ensuring lower off-state leakages
and diminished power consumption. However, for same gate-
stack config. Under Gate Mp, SS increases for w =7 nm due
to reduced gate dominance over the channel. Hence optimiza-
tion of gate width keeping fabrication compatibility is neces-
sary for enhanced device performances. For neutral biomole-
cules, the sensitivity for the proposed biosensor is plotted as a
function of the dielectric constant of the neutral biomolecules
for two different channel lengths in Fig. 11. Sensitivity en-
hances with increment in dielectric constant of the neutral
biomolecules. As per Eq. (32) for Sensitivity calculation of
neutral biomolecule, the source-channel barrier height is low-
est for air (K = 1) and hence threshold voltage [as per Fig. 3].
With gradual increase in K value, the source-channel barrier
height increases leading to increasing threshold voltage. This
explains the physics behind the increase in sensitivity of neu-
tral biomolecule as per Eq. (32). Also, for higher channel
lengths, the sensitivity parameter radically increases com-
pared to that at L = 60 nm. Figure 11b depicts the Sensitivity
analysis of charged biomolecules for K=5 and K=2.1 re-
spectively. As per Fig. 7, variation of threshold voltage of
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Fig. 9 DIBL variation vs. channel length for proposed biosensor with
varying widths and for its SM config. With W =5 nm
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charged biomolecule with respect to the neutral biomolecule
is much higher for K=2.1 (i.e lower K values). This greater
variation leads to a rise in sensitivity. For higher K values,
shift of threshold voltage of charged biomolecule with respect
to the neutral biomolecule is comparatively lower, hence the
sensitivity is lower for charged biomolecules with high K. For
charged biomolecule with lower K, the proposed biosensor is
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more sensitive to negatively charged biomolecule compared
to the positively charged biomolecule. Figure 12, b and ¢
depict the electric field distribution along the channel position
for the proposed biosensor comprising of the neutral, nega-
tively charged and positively charged biomolecules respec-
tively. In all the cases, it is quite observable that the proposed
biosensor offers reduced electric field at the drain end com-
pared to its SM counterpart. The unique step profile towards
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Fig. 12 a. Electric Field vs. position along the channel of the proposed
biosensor with neutral biomolecule, b Electric Field vs. position along the
channel of the proposed biosensor with negatively charged biomolecule
(K =5). ¢ Electric Field vs. position along the channel of the proposed
biosensor with positively charged biomolecule (K =5)

the drain end in DM structures lead to weakened HCE. Hence,
it can be inferred that the recommended biosensor is largely
immune to HCE that consequences in reduced power dissipa-
tion in the device. Atlas results match well with the mathemat-
ical results thereby authenticating our anticipated device.

5 Conclusion

Effective detection of neutral and charged biomolecules using
a Dielectric-Modulated DM Trigate MOSFET with a DM
bottom gate has been presented in the current research.
Shifts in threshold voltage due to source-channel barrier
height modulation as a consequence of flat-band voltage
changes offer a metric providing potential detection of the
biomolecule type. Moreover, the GWFE architecture provides
efficient shielding to SCEs like DIBL, SS, HCE thereby of-
fering upgraded device performances. Further, Sensitivity is
found to increase for neutral biomolecules with higher k
values while for charged biomolecules with low K, sensitivity
for negative charges is quite high. These evidences contribute
to strengthen the fact that the proposed biosensor is a worth-
while detector offering superior performances and propitious
applications for future VLSI generations.
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Current research endeavor encompasses comprehensive threshold voltage analysis of a Gaussian-doped Dual
work function Material (DM) Cylindrical Gate-all-around (CGAA) MOSFET with temperature variance in pres-
ence of fixed interface trap charges. Threshold voltage reliability over a wide range of temperature in presence of
trap charges and its Gaussian-parameters such as projected range and straggle based dependencies are exhibited.
Short channel response of the device has also been considered. Analytical results are corroborated through
simulation outputs from Atlas.

1. Introduction

Incessant evolution in CMOS technology development can be assured
with pioneered, scaled devices enabling improved speed, reduced power
consumption, high packaging density etc. However, attenuated short
channel effects are to be assured concurrently so as to obtain amelio-
rated device performances. In this context, the avant-garde technology
of Cylindrical Gate MOSFETs have always gained prominence owing to
their eminent capability of mitigating SCEs due to boosted gate control
[1,2]. Other than elevated resistance to SCEs, these devices assure
exalted packaging density and strong field confinement [3]. The
implementation of another trailblazing technology of GWFE [4] in Cy-
lindrical MOSFETs can further upgrade the device performance by
modulating channel-source, channel-drain barrier heights thereby
further improving the threshold voltage characteristics along with
weakening of SCEs like Drain-induced barrier lowering (DIBL), Hot
carrier effect (HCE) etc.

Several researches have been reported on this preferred structure [5,
6]. However, the extent of reliability of the device depends largely on
the interface quality of Si-SiO, which tends to get damaged due to high
electric fields, radiation induced damages, fabrication related process
parameters and many more [7,8]. These lead to the accumulation of
interface trap charges that modulate the flat-band voltages leading to
significant changes of the device characteristics [9,10]. This implies the

* Corresponding author.

significance of trap charge induced device performance exploration in
advanced MOSFET devices.

Realization of the physical phenomena behind the operation of a
device is extremely essential. Mathematical analysis and its corre-
sponding corroboration with simulation outcomes offers better
comprehensibility, higher level of accuracy encompassing proper in-
sights to these physical phenomena. Hence, established researches
exhibit analytical modeling followed by proper simulation of advanced
devices with mathematical attributes of the innovative technologies
incorporated in those devices. In this context, an intensified focus has
been noticed on devising the mathematics of the Gaussian-distributed
concentration in the channel region of planar devices such as GWFE
Double-gate MOSFETs [11]. It is important to mention here that most
researches are based on devices having a uniform channel doping.
While, in most practical MOSFETs, the channel doping is Gaussian-type
[12] and hence this necessitates to study the Gaussian-doped devices
where electrical features of the device vary largely due to the Gaussian
distribution parameters. In addition to this, a suitable selection of the
Gaussian parameters allow to tune the electrical attributes of the device
thereby enabling significant suppression of SCEs.

Cylindrical Gate-all-around structures have always been a prime
topic of device selection considering its upgraded device performances
as discussed earlier. Extensive analytical and simulative investigation on
GWFE CGAA MOSFETs exist in literature [13]. Sahoo Et al [14].
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reported the electrical characteristics of ideal Si-SiO; interface charac-
terized CGAA MOSFET. Whereas, achieving an ideal Si-SiO; interface is
very rare in fabrication. This necessitates the investigation of trap charge
induced i.e damaged interface characterized device performance of
CGAA devices and along with its corresponding comparison with the
features of the undamaged device to understand the extent of device
feature variations due to a damaged interface. Interface trap charge
induced behavior of CGAA MOSFETs have been considered by Chiang Et
al [15]. However, the research reports are based on the assumption that
the channel is of uniform doping density. In real fabrication, the channel
doping concentration follows a Gaussian-distribution and this necessi-
tates to undertake the investigation to formulate the mathematics
related to a Gaussian-doped channel of fixed trap charge induced GWFE
CGAA MOSFET device. Moreover, realization of device performance
over an extensive temperature range enables the perception of the
thermal reliability of the device [16]. The fixed interface trap charges
alter the device features under varying temperature conditions and
hence, temperature-based analytical modelling offers an estimation of
temperature sensitivity of the projected device so that the device can be
optimized accordingly.

Therefore, for the first time, the mathematical formulation of
temperature-based, fixed interface trap charge induced Gaussian-doped
channel GWFE (Dual work function Material Gate) CGAA MOSFET has
been projected in the current research endeavor. No such research that
addresses the impact of change of Gaussian parameters such as Projected
Range, straggle on the electrical features of a fixed interface trap charge
induced GWFE CGAA MOSFET in a temperature varying environment is
available in literature (to the best of our knowledge).

This research aims to present the much awaited mathematical
devising of a Gaussian-doped DM CGAA MOSFET with incorporated
GWEFE in presence of the trap charges and also takes into account its
thermal characterization to understand its performance reliability over
an eclectic range of temperature 100 K-500 K. A parallel in-depth
investigation of device features, comprehensive short channel effect
immunity study are also provided and validated using simulation
outcomes.

Results exhibit radical dependence of device characteristics on
Gaussian parameters which, till date, has remained unknown in existing
researches for the projected device. Analytical outputs are validated
using Atlas outputs.

1.1. Device architecture

Fig. 1 presents a DM CGAA with a Gaussian-doped channel. The Gate
material Ms (work function = 4.6eV) is towards the source and Mp
(work function = 4.4eV) is towards the drain. The entire channel length
is L with gate Ms length being L; and that of Mp being Ly, gate oxide is
SiO4 with thickness being tox (=2 nm).

Till date, only a simulative investigation on Single-Material Cylin-
drical Gate-all-around MOSFET exists in literature, the expression for
Gaussian-doping distribution in the channel region is thus followed as
per [17].

__9 7(r7Rp)2
Nl'(r)_gpmexp< 20.1)2 ) (1)

Here, Q = implantation dose per unit area with a Projected Range R,
and straggle oy,

Fixed interface trapped charges are denoted as Ny and these are
present along the interface of Si-SiO,.

2. Analytical modeling
2.1. Central potential modeling

The temperature dependent parameters are followed using [18].
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Fig. 1. Schematic 3-D representation of the device under consideration.

Finding an expression of central potential in the two regions defined
by boundaries 0 <z <L;,0 <r<R(Region1)andL; <z2<L,0<r<
R (Region 2) respectively necessitates the solution of 2-D Poisson’s
equation given by [19].

10 ( Ae(ra)\ , Fer2) _aN.(r) @
r or or 07? esi(T)

where j = 1, 2 for regions 1 and 2 respectively.
e(T)=(114+ (14 (12 x 107*)T))gp (3)

Following Young’s Parabolic Potential Approximation [20], we have
#;(r,2) = Cyi(2) + Cy()r + Cy(2)r* (€3]

Applying the following boundary conditions we have:
Radial symmetry of the considered structure leads to a zero electric
field at the channel center:

0gp;(r,2)
or

=C;=0 )

r=0

2.2. Surface potential at r = R is given as

@;(R,2) =9 (2) O]
Center potential at r = O is given as:
9,(0.2)=Co(2) @

Electric field is continuous at r = R i.e at Si-SiO, interface which
mathematically leads to
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Vi, =V, — 9)

i
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Ny is the fixed interface trap charge density.

Vﬂ’; = (pMSU:I)/D(/:Z) - (pYi(T)
_, L E(T) KT (Nl =R)
(1) =1 +=5 W (1), 0 (T)=—-In ( ni(T) )

3/2
n (T )= <1 706 x10%) (300) exp< aFg T) Considering the above

cited boundary conditions, the coefficient Cy; thus obtained is
Veé,, = Cy(2)
2¢egi(T)
r(14%2)

Using the expressions obtained in (5) and (9) in equation (4) and
then using equation (2), the differential equation thus obtained is

Gy = (10)

d*Cy(2)

dzz — aCoj(z) = ﬁj (1 ].)

where a = %,
R2 1+245,(T)>

N, (r = ,
gN(r=0) _ .,

ﬁ = esi (T) - 85j

Solution to equation (10) gives the expression of central potential in
Region 1 and 2 respectively which are as follows [22]:

Coi(z) =A€" + Bje™ — 6, In Region 1 (12)

Cn(z)= A1) 4 Bre 1) _ 5 T Region 2 13)
where, n = Va,01 =8,6, =2

The coefficients A;, Bj, Ay, By can be obtained from the following
boundary conditions:

Continuity of central potential at the interface of two different ma-
terials leads to Ref. [23]:

Co1(2)].—p, = Coa(2)| .-y, 14
dCo(z)]  _dCn(z)| 15)
dz |z:L| dz |Z:Ll
At the source end, Central potential leads to:
KT (N.(r=0)N,
Coi(z=0) = V(T) ZTIH(T(T)> (16)
At Drain end, Central potential leads to:
Coo(L) = Vii(T) + Vi an

The expressions for the coefficients Aj, By, Ag, By are listed in Ap-
pendix section.

2.3. Threshold voltage modeling

The value of gate voltage at which the minimum central potential is
equal to twice the Fermi potential is called the threshold voltage [24].

Formulation of threshold voltage necessitates finding an expression
for the position of minimum central potential, substituting that in the
expression of central potential in region 1 and equating it to twice the
Fermi potential. Since, metal with higher work function surrounds re-
gion 1 so the minimum central potential occurs in Region 1, hence,
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dco 1
dz

=0 18)

Z=Zmin

This yields zuin = 5, 1n (B‘> 19

Coi (Zmin) = 2(.0/5, (” = 0) (20)
The expression of threshold voltage thus obtained is:
—b+ /b — dac
Vf’l}‘ = TL (21)

The expressions of a, b and c are listed in the Appendix Section.
Drain-induced barrier lowering (DIBL) in mV is given as [25]:

DIBL = Vthr,,,, - V/hrm, (22)

Subthreshold Swing (SS) in mV/dec is evaluated using the following
expression as [26]:

KT[dCy. 17"
§§=23-"- [ °""'"} (23)

v,
Lateral electric field is given as:

dc,
E= -7 (24)

3. Results and discussions

This section involves of mathematical analyses and their corre-
sponding validation using simulated data from Atlas.

Fig. 2 demonstrates the central potential distribution along different
positions of the channel which has a vertical Gaussian-doping of implant
dose Q = 10'®/m?, Projected range of 2.5 nm and straggle parameter is
2 nm. Radius of the channel is 5 nm. The graphical representation shows
data for a low temperature of T = 100 K and for a high temperature of T
= 500 K. For both the cases, it can be discerned that with more positive
trap charges, the source-channel barrier height decreases that in turn
will decrease the threshold voltage of the device. While for negative trap

2.4 L} l L} I L]
Ve =0.25V, \d‘ 025\ R 5nm, Rp 2.5nm,6p =Im |
 Line: Model , ; r _
Lol Symbol: Simulation . H

Central potential (V)

; ,‘Jr—l(]m()][)m_
0.4 L L A A 'l

0 10 20 30 40
Positon along the channel(nm)

0 60 70

wn

Fig. 2. Central potential along channel length for DM CGAA with implant dose
Q = 10'%/m? with and without interface trapped charges for temperatures T =
500 K and T = 100 K
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charges, the source-channel barrier height increases resulting in
increased threshold voltage. For reduced temperatures, the central po-
tential increases and for higher temperature, it decreases. However, the
consequence of temperature on the device features can be more accu-
rately predicted from the plot of threshold voltage at varying tempera-
tures. Fig. 3 demonstrates the central potential distribution along
different positions of the channel for both damaged and undamaged
device for two different values of Projected range at R = 5 nm and
straggle parameter of 2 nm. Central potential for undamaged and
damaged device (with positive/negative trap charges) follows the same
trend as reported in Fig. 2. However, in all the cases, when Rp = 0, that
is, peak doping is located at the channel centre, source-channel barrier
height in central potential increases that will lead to a greater threshold
voltage, this justifies the increment of threshold voltage with increase in
doping and decrease in Projected range value. When Rp = 5 nm, position
of peak doping shifts away from the centre leading to decreased source-
channel barrier height in central potential that will lead to a decreased
threshold voltage, this justifies the decrease of threshold voltage with
decrease in doping and increase of Projected range value. Fig. 4a dem-
onstrates the effect of temperature on threshold voltage of damaged and
undamaged device for two sets of Gaussian doping parameters and de-
vice radius. For R = 5 nm, Projected range = 2.5 nm and straggle
parameter = 2 nm, threshold voltage for both damaged and undamaged
device decreases with elevation in temperature. Now, for positive trap
charges, the source-channel barrier height being lesser, threshold
voltage is also lesser compared to the case for negative trap charges. An
enhanced source-channel barrier height leads to an increased threshold
voltage for negative trap charges in all the cases. For a radius R = 5 nm,
the gate control being resilient, Vi, decrease with temperature for both
damaged and undamaged device is much stable compared to the case of
R = 10 nm. This is more comprehensible if the Roll-off (RO) of Vy,, in
terms of temperature for undamaged device is observed. For R = 10 nm,
RO is higher implying more temperature dependent variability of Vi,
compared to the same for R = 5 nm. This implies that temperature based
Vi reliability can be obtained more with smaller device radius due to
increased gate control. It is to be noted that in both the cases of R =
5nm/10 nm, Gaussian configuration is so chosen that Projected range is
half of the radius for ease of result comparison. Fig. 4b highlights the
effect of a lower density of fixed interface trapped charges (N = —5, 5,
—1,1 x 10®m™2) on the threshold voltage of the device at different

24 T Y 4 : : i
Vs =0-2€5V. Vds=0-25V, stnmq O. = »

-
P

2k T y d
——\ _ 1t 2
N e T
= || —~\.0
3 1oh|————N=0 -
‘E _.___ . =16
§ ——O—E—Nf_ 19
= Line: Model -
E L2F Symbol: Simulation )
b} : i
& .

0.8

Sohd line: Rp—Snm
; ' : A Broken line: Ry=0
0.4 1 1 1 A I H
0 10 20 30 40 50 60 70
Positon along the channel(nm)

Fig. 3. Central potential along the channel length for both damaged and un-
damaged device for two different values of Projected range.
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Fig. 4. a Threshold voltage and Roll-Off (Temperature) versus Temperature for
two different sets of Gaussian parameters and device radius and for damaged
and undamaged device b Threshold voltage versus Temperature for damaged
(having lower density of fixed interface trapped charges) and undam-
aged device.

temperatures. The plot follows the same trend for temperature as
observed in Fig. 4a. However, it can be clearly observed that, for a lower
density of trapped charges such as Nf = —1,1 x 10'°m™2, the effect on
the flat-band voltage of the device due to fixed trap charges is much
lower, however, as the density of fixed interface trap charges increases
from Nf = —1,1 x 10®m™2 to N¢f = —5,5 x 10°m~2, the flat-band
voltage gets significantly impacted and the higher the flat-band
voltage modulation, the greater is the shift of threshold voltage of the
damaged device compared to the ideal/undamaged device.

Effect of change in Gaussian parameters on threshold voltage for
both damaged and undamaged device and for two sets of straggle pa-
rameters is displayed in Fig. 5. Vi, for positive, neutral and negative
charges follow the same trend as depicted in Fig. 4a. Now, keeping R =5
nm, Vy, is seen to decrease with increase in Projected Range value.
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Fig. 5. Threshold voltage versus Projected Range for both damaged and un-
damaged device for two different straggle parameters.

Projected range in Gaussian-doping distribution defines the position of
the peak doping in the channel.

When R;, = 0, this means the apex doping is positioned at the channel
centre. Now, since threshold voltage upsurges with high doping, so at R,
= 0, the threshold voltage is maximum since source-channel barrier
height in central potential is also maximum. Shifting of peak doping
from centre leads to decreased source-channel barrier height in central
potential thereby leading to a decreased threshold voltage. This justifies
the plot in Fig. 5. Straggle parameter gives a measure of the profile
spreading. As the straggle parameter increases, the profile becomes
more widely spread and the rate of decrease of threshold voltage with
Projected range (RO in terms of Projected range) is much decreased for
6, = 3nm compared toc, = 2nm.

Hence, proper selection of Gaussian parameters can effectively
enhance performance consistency of the device thereby offering
upgraded device performances. This is also exhibited and can be com-
prehended in the reported research by Goel et al. [27]. Fig. 6 exhibits the
plot of threshold voltage versus channel length for both damaged and
undamaged device for two different implant doses. For a higher implant
dose, threshold voltage increases. This is also established in other re-
searches as well [28]. Hence apposite choice of implant dose helps
reliable tuning of threshold voltage to a preferred value. The variation of
Substhreshold Swing (SS) for different channel length at different tem-
peratures for undamaged device is plotted in Fig. 7. The plot clearly
exhibits that SS highly increases with temperature. For higher channel
lengths, SS is nearly 100mV/dec at T = 500 K whereas it is much
reduced, about 20mV/dec for T = 100 K. However, for T = 300 K, SS is
about 60mV/dec for channel lengths 40 nm or above. At reduced tem-
peratures, the rate of impact ionization is minor compared to that at
heightened temperatures and this leads to improved subthreshold
characteristics that in turn improves SS of the device at lower temper-
atures. Graphical analysis of SS vs. channel length for two different radii
value and at two different Projected range values is presented in Fig. 8.
Increment of device radius from 5 nm to 7 nm largely increases the SS
value for channel lengths below 30 nm. Increase in device radius causes
the gate control over the channel to decrease resulting in higher SS.
However, in both the cases, a shift of Projected range from Rp = 0 to Rp
= 5 nm results in increase of SS. When Rp = 0, the peak doping is located
at the channel centre. High doping at the centre, increases the
source-channel barrier height in centre potential which leads to higher
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Fig. 7. SS versus channel length for vertical Gaussian doped DM CGAA at
different temperatures.

threshold voltage and lower subthreshold leakages thereby improving
the device characteristics. A shift of peak doping from centre results in
lower source-channel barrier height in central potential thereby leading
to lower threshold voltages leading to increased subthreshold leakages.

A short investigation on the advantages of using a Dual work func-
tion Material Gate over the Single Material (SM) one is exhibited from
Figs. 9 and 10(c).

Fig. 9 portrays a relative investigation of DIBL of the device under
consideration and its Gaussian-doped SM counterpart. Step profile in the
central potential distribution of DM device allows lower DIBL compared
to the SM device where the latter is generally devoid of any step profile
in its central potential distribution. Lateral Electric field distribution
along channel position of both damaged and undamaged device and
their SM damaged and undamaged counterparts is plotted in Fig. 10a- 10
(c). In all the cases, it can be seen, that the DM config. has a reduced
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electric field at drain end and a peak at the interface of two dissimilar
materials. Firstly, the step profile in the central potential distribution
due to work function engineering leads to reduced slope of potential at
drain end leading to reduced HCE in the device.

Secondly, work function engineering leads to a peak at the interface
of two dissimilar materials giving the transport efficiency of the DM
device a significant boost that upgrades the device characteristics. SM
config. being devoid of gate work function engineering suffers from
increased electric field at drain end leading to a heightened HCE in the
device.

The analytical results are validated through simulation outputs from
Atlas.

4. Conclusion
Mathematical emphasis on formulating the threshold voltage in a

Gaussian-doping distribution channel of a Dual work function Material
Cylindrical Gate-all-around MOSFET in a varying temperature
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environment and in presence/absence of fixed interface trap charges has
been illustrated in the current research exertion. Significances of the
effect of variation of Gaussian parameters, interface trap charges and
temperature on the threshold voltage is clearly revealed in the present
research. Gaussian parameter like Projected Range modulates the
source-channel barrier heights of central potential thereby impacting
the threshold voltage, whereas, proper selection of straggle parameter
can effectively control the abrupt threshold voltage roll-off. Interface
trap charges, whether positive or negative, inexorably modify the device
flat-band voltage which leads to considerable changes in threshold
voltage. Further, graphical exertions of device characteristics in a
varying temperature environment provides comprehensive details of the
temperature dependent device performance reliability. In addition, a
brief short channel effect analysis has also been presented that in-
vestigates the DIBL, SS and HCE behavior of the Gaussian-doped device.
Comparative exploration of features of the device and its Gaussian-
doped SM counterpart exhibits the former’s improved reliability over
the latter. Simulation outputs from Atlas further validate the central-
potential based mathematical model.

Appendix

Expressions related to Central potential Modeling section:
The expressions for the coefficients Aj, B, Ao, B, are listed below:
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A =0, + 1,V @
B =06, +7,Vy i
Ay =A™ — (6, —03,) (iii)
Bz :Ble”’L‘ — (0'1 — 0'2) (IV)
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Vi (T) + Sz (& — 1) + Ve = V," = (Vii(T) + Vi) = (01 — 02)cosh Ly
h = - . W)
2 sinh L
1—e* .
2= sinh L i)
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Expressions related to Threshold Voltage Modeling section:
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Abstract

The current research paper presents the analytical modelling and simulation-based device characteristics of a dual-material
(DM) gate-graded Channel (GC) macaroni metal-oxide-semiconductor field-effect transistor (MOSFET) in the presence/
absence of localized interface trapped charges within a temperature range of 100-500 K. The device's inner potential and
threshold voltage dependence on the inherent macaroni features, such as filler radius and outer radius, of the proposed
macaroni MOSFET are exhibited through the current research. Detailed investigation exhibits that the dual-material gate
allows suitable suppression of various short-channel effects such as drain-induced barrier lowering (DIBL), hot-carrier
effect (HCE) and gate-induced drain leakage (GIDL) current. Graded channel technology has been incorporated to obtain
suitable tuning of threshold voltage. Device features such as inner potential, threshold voltage and drain current (including
GIDL) for a damaged (presence of localized trapped charges) and undamaged device have been presented to demonstrate
the impact of localized trapped charges on device features. Comprehensive temperature-based research exploration exhibits
significant thermal influence on the device performance and an estimation of device performance reliability over the 100-500
K temperature range has been provided in the investigation. Comparative research analysis of inner potential, threshold
voltage, DIBL and subthreshold swing (SS) of the device with its graded-channel dual-material gate-all-around cylindrical
counterpart clearly highlights the advantages offered by the proposed device over other contemporary devices. Analytical
results have been verified from simulation outputs using Silvaco TCAD.

Keywords Macaroni metal-oxide-semiconductor field-effect transistor (MOSFET) - short-channel effects - cylindrical
MOSFETs - gate-induced drain leakage (GIDL) - analytical modelling - gate work function-engineered (GWFE) MOSFET

Introduction

Unhindered progress followed by a technology renaissance
is being witnessed in the current semiconductor era, and it
has been a remarkable phenomenon that continues to offer
advanced devices meeting the ever-expanding demands of
technological requirements of the present-day consumer
market. Device portability, increased power efficiency,
minimized cost and faster operation are gradually gain-
ing consumer attention, and this drives the inevitability to
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upgrade device configuration on a frequent basis. This has
created noteworthy research avenues, which is evident from
a technological literature survey demonstrating the step-
by-step upgrade of metal-oxide-semiconductor field-effect
transistors (MOSFETs) from conventional planar devices' to
advanced cylindrical-gate MOSFET devices*® through suit-
able device scaling. Cylindrical MOSFETs are popular for
escalated gate control over the channel allowing better resist-
ance to short-channel effects (SCEs), enabling strong field
confinement, higher packaging density etc.* To date, existing
literature highlights the impact of inherent device param-
eters of a conventional single-material gate (SMG) con-
ventional macaroni-channel MOSFET on its performance
and a comparative study of this device with its full-channel
conventional SMG cylindrical counterpart, demonstrating
that the macaroni configuration is superior to the cylindri-
cal counterpart.” However, gate work function engineering
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(GWFE) has the intrinsic property of suppressing various
SCEs, offering improved threshold voltage and drain current
characteristics®.

When device scaling in the nanometer regime is consid-
ered, most of the conventional MOSFETS are observed to
suffer from major SCEs that result in degraded device per-
formance. The single-material gate conventional macaroni
MOSFET is also found to be affected by SCEs; however, the
extent of device performance degradation in this MOSFET
is much lower than its full-channel cylindrical counterpart.
To further boost device performance of the conventional
macaroni device and to support further device scaling, the
conventional macaroni MOSFET has been radically mod-
ernized and equipped with technology such as gate work
function engineering followed by channel grading in the
current research for the first time. A dual-material gate
has been incorporated to effectively suppress major SCEs
such as drain-induced barrier lowering (DIBL), hot-carrier
effect (HCE), and gate-induced drain leakage (GIDL).
Through channel grading, tuning of threshold voltage has
been achieved. In addition, response of the proposed device
in the presence of localized interface trapped charges has
been investigated in detail. The Si-SiO, interface is often
damaged due to the fabrication process, radiation, HCE etc.
This can result in the formation of interface traps causing
localized positive/negative trapped charges’. These charges
considerably modify the flat-band voltage initiating changes
in device characteristics. This necessitates the performance
investigation of our proposed device in both damaged and
undamaged conditions to meticulously observe the extent
of device performance reliability. Further, drain current
analysis is presented considering gate-induced drain leakage
(GIDL) effects®. GIDL is a primary leakage mechanism in
short-channel MOSFETS. It contributes to significant power
dissipation in short-channel devices. When the drain volt-
age is positive and gate voltage is near zero or negative, the
region near the n+ drain is depleted. The depletion region
is narrower due to heavy doping of the drain. This causes
electric field lines to crowd near the drain causing electron
tunneling into it. The holes, on the other hand, move into the
channel creating a path for off-state GIDL current.

Finally, the performance of the proposed device has
been explored over a wide temperature range of 100-500
K. Temperature is an important parameter which consider-
ably affects device performance. Estimation of temperature
sensitivity of both the damaged and undamaged device pro-
vides detailed insight for device optimization. To date, to
the best of our knowledge, no such research highlighting
the performance of a gate work function-engineered maca-
roni MOSFET with a graded channel exists that also con-
siders the effect of localized interface trapped charges in a
temperature-varying environment. However, this research
aims to highlight the above stated scientific analyses using

mathematical formulation and confirm through proper simu-
lation results from Silvaco TCAD.

Device Architecture

The macaroni MOSFET is a cylindrical device with a hol-
low pillar along the channel center. Detailed 3-D and 2-D
schematic representations of the device under consideration
are presented in Fig. la—c. The gate consists of two materi-
als, Mg (= 4.6 eV) towards the source and M, (= 4.4 eV)
towards the drain. The channel length is L = 60 nm. The
outer radius is r, (= 15 nm) and inner radius is 7,(= 10nm).

Gate

Drain

O [ M

Y Ll : |
/2] Nay Na: r2
Nau Nax
Oxide 1
| My | Mo |
Gate x wip Localized trapped charges
(©

Fig.1 (a) 3-D schematic representation of the device, (b) 3-D cross-
sectional schematic representation of the device, (c) 2-D cross-sec-
tional representation of the device.

@ Springer



1514

P. Banerjee, J. Das

The p-type channel has a graded concentration, with a
higher doping concentration of Na, = 10"7cm™ towards
the source and in the region under gate M, and a lower
doping concentration Na, = 10'® cm™ towards the drain
and in region under gate M. The channel thickness is tg;
(= 2(r,—r})). The oxide thickness is 7, (=2 nm).

Analytical Modelling

The temperature parameters used in this research are listed
below’:

. 3002 T2
i) E,(T) = E,(300) + Ega<300+Egp - T+Eg,,> ., where
E,(300) = 1.08¢V, E,, = 4.73 x 10"*eV/K, E,; = 636K
i) n(T) = (1706 x 10%) (i>3/2 exp (“’Eg”))
i ) "\ 300 ) 2K, T
i) eg(T) = (114 + (1 + (1.2Xx1074)T))¢,

In order to investigate the electrical features of the pro-
posed device, the 2-D Poisson’s equation must be solved.
The channel potential W,(r, 0, z) does not vary along the
radial plane. Hence, the 2-D Poisson’s equation to be solved
is as follows!”:

aZ‘P,. rz 0¥ (r,z dz‘Pi 1z Na;
() | 10%(n) WD) _ g

or? r or 02 eg(T) M

where i = 1, 2 for regions 1, 2 defined by boundaries as
follows:

Region 1 has boundaries0 < z < L;,r; < r < r, and dop-
ing concentration of Na; = 1 x 10'"cm™ and Region 2 has
boundaries L, < z < L,r; < r < r, and doping concentration
of Na, = 1 x 10'®cm. q is the electronic charge and &(T)
is the temperature-dependent channel permittivity. To solve
Eq. 1, Young’s parabolic potential approximation must be
considered which is as follows :

lPi(r’ Z) = Cli(Z) + CZi(Z)r + C3,-(Z)r2 (2)

where C|,(z), C,,(z) and C;,(z) are z-dependent coefficients.
The boundary conditions used to solve Eq. 1 are as
follows'!:

L % A C,,(z) + 2r; C5;(z) = 0 which leads to
Cyi(2) = =2r C5i(2) 3)
1L 9¥,(r,2)

ar

— —_ Co ’
o Chi(2) +2r,Cyi(2) = oD I:Vgxi Ti(rz,z)]

r=
€

where C,, = —*——, &, is the oxide permittivity,
ryIn ( 1+ . >

V;si = Vgs - Vf”b, (31)

@ Springer

V! v qu (3.ii)

= Vi T A 11

fb, COX

where N, is the interface localized charge density

Vﬂ’i = (’bMS/D (: d)MSforRea,l 0r¢MDforReg.2) B d)Sif(T) (S'iii)
E,(T)

¢5i(T) = x + 5 + ¢p(T)

4Cux <V‘;“ - W()i(z)>

degi(Ditg; + Cop 3,
“
Here y;;(z) is the inner potential at the channel/filler inter-
face for the ith region.
Putting the expressions of Eqs. 3 and 4 in Eq. 2 and then
using Eq. 1, the differential equation thus obtained is as
follows:

Boundary condition (II) leads to C;,(z) =

P qNa;
L+ 2Cy(2) = !
072 5i(2) es(T)

&)

General solution to the above differential equations in
regions 1 and 2 are as follows:

wo1(2) = Aexp(z/A) + Bexp(—z/A) + @y, inregion 1 (6)

Wn(z) = Cexp((z—L,)/A) + Dexp(—(z — L;)/A) + ¢y, inregion 2
@)

ox'si

_ oyt _ N2, 4esi(DitsitCouly
Here @o; = Ve = " 4 = 8C,
To find the expressions of the coefficients A, B, C and
D, the boundary conditions to be followed are listed as

follows':

III. At the source end, y,(z = 0) = V,,; (T)
IV. At the drain end, y,(z = L) =V, (T) + V
V. Continuity of potential at the interface of two dis-
similar materials leads to 1//01(z)|Z:L1 = W02(Z)|z:1_1
VI. Continuity of electric flux at the interface of two dis-

. . 0 Z /]
similar materials lead to 1113_1()| = W@

z  lz=L, 9z |z=L,

The above stated boundary conditions lead to the
following:

A=a +f; Vs (8)

B=a,+ B,V 9)
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C=Aexp(L, /) + (M)

5 (10)

D = Bexp(=L, /4) + (M) a1

2

Here,a|, f;, a,, B, are listed in the Appendix section.
Threshold Voltage Modeling

Threshold voltage of the device can be obtained by equating

the minimum inner potential to 2¢f1 (1) = 2% In % ) that
is,

_ KT, (Na 12
Y01 min q n,(T) ( )

The expression of threshold voltage obtained from Eq.
(10) is as follows:

—b — V/b* —4dac
Vo= ——0 —— (13)

Here expressions of a, b, c are listed in Appendix Section.
Short-Channel Response Study
DIBL (mV)'? response of the device is obtained from the

following equation:

DIBL = Vt - Vthsalum(ion (14)

Subthreshold swing'* (mV/dec) is obtained using the fol-
lowing equation:

hlinear

SS

dWormin 1™
— Q[ ll/0]mm:| (15)

q dVgs

In order to study the -carrier effect (HCE) response of
the device, the electric field response of the device under
consideration must be observed.

_ _dWOi(Z)

Drain Current Modelling

A unified drain current for the device for different regions of
operation is as follows':

I —0.3 < Vi <0
Isub’O < Vgs < Vth

Iy = a7
Ilin’ Vth < Vgs < Vsat

Isat7 Vsat < Vgs <10

GIDL current is given by the following expression:

-B
(0.5t Ly + L,)
(18)

Lig = A'E; (0.5t L, + Ly) exp <E
i

where A’, B are constants given in'

Subthreshold current is given as follows in the limit
0<Vy < Vy

Electron current in the channel of the device under con-
sideration is as follows'®:

Ig(2) = / “2xRI(r, 2)dr (19)

Here diffusion current density is given by

/

M
J(r,2) = -
1+49(vgs — Viur)

Yoimin — V| dV(2)
Vr dz
(20

gn;(T) exp (

Here V, = %T

The rest is given in the Appendix section.

Linear drain current within the limit Vi, <V, <V, is
given as follows:

2 - C E « 0, V2
Ilin _ 71'(7’2 rl)/’leff ox~¢ (Vgs _ Vths) 3 Vds _ short ¥ dg
(E.L+ V) 2
2D

where E| is the critical field, for the long-channel device
a = 2to @ = 1 for the short-channel device, O, = %
2]

atVy, = Vi Vins = Vin (1 = Oor)- short-channel effects have
been incorporated in the drain current by using E,.0,,,/» Vis-
Saturation current within the limit Vi, < Vo <V, (with

V4 replaced by Vi, ) given as follows:

2
Ism _ 27‘[(7“2/ rl)#effcox lﬂ(vgs _ Vths)%vdsal_ %]
(1+ %) (L - L)
(22)
where Vi, = Vg = Vipeo B 1s a technology-dependent empiri-
cal fitting parameter.
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Results and Discussion

Several physics-based simulation models in Slivaco TCAD
have been used to obtain the simulation outputs and verify
the results. These models include band-to-band tunneling
(BBT.STD) for considering the tunneling effect of charge
carriers, drift-diffusion for carrier transport, CVT (Lom-
bardi) mobility, Shockley-Read-Hall recombination for fixed
lifetimes, concentration- and temperature-dependent ANA-
LYTIC, HEI, parallel electric field-dependent FLDMOB,
Auger recombination, concentration-dependent CONMOB
and IMPACT SELB to consider the impact ionization effect.
The INTERFACE statement is used to define the type and
density of localized/fixed charges. Figure 2 exhibits the inner
potential distribution of the proposed device along the posi-
tion in the channel in the presence and absence of localized
trap charges and also for three different temperatures. For
all the cases of temperature variation, the source-channel
barrier height of the inner potential minimum increases for
negative trap charges compared to the case when there are
no trap charges (the Si—SiO, interface is an ideal one). This
implies a corresponding increase in the threshold voltage in
the presence of negative trapped charges compared to the
case when the interface is ideal (for no traps). For positive
trap charges, the source-channel barrier height decreases
compared to the ideal case, hence providing implications
of reduced threshold voltage in presence of positive trapped
charges. Now, as temperature gradually increases from 100
K to 500 K, the inner potential decreases as a whole. Impacts
of such a behavior on threshold voltage of the device can
be understood from threshold voltage plots provided in this
section. In addition, gate work function engineering in the
device resulted in the formation of a unique step profile in

1.2
Line : Model Vgs=0.1V, Vds=0.1V ﬂ
1 Symbc

ot-+-Simulation

0.9

0.

0.7¢ 41 T-300K

0.6

Inner potential (V)

0.5

0.4

0.3

0.2 A
0 10 20 30 40 50 60
Position along the channel(nm)

—&— ® —a—
_A_]m:w“m-z —&— | N=0 —— :| Ni=-10"m2
-—A—— -——— . g

Fig. 2 Distribution of inner potential along channel length of the pro-
posed device in the presence and absence of trap charges at different
temperatures.

@ Springer

the channel at the junction of the dissimilar materials and
this acts to reduce major SCEs such as drain-induced bar-
rier lowering (DIBL) and hot-carrier effect (HCE). Figure 3a
shows the distribution of inner potential for the proposed
device for two different outer radii (keeping the filler radius
fixed at 10 nm) in presence and in absence of localized inter-
face trapped charges. The device shows similar behavior for
positive, negative and zero trap charges as depicted in Fig. 2.
Now, for an outer radius of 15 nm, the step profile is more
pronounced compared to case where outer radius is 20 nm.
A more prominent step profile allows better shielding effect
from drain voltage fluctuations. Also, the inner potential
minimum is more shifted towards the source for outer radius
of 15 nm compared to the case where outer radius is 20 nm.
Hence, the inner potential minimum obtained with an outer

1.1
Solid line : r>=15nm
__@___ Nr=0 Broken line : rz=20nm 3
e 0.9F
2
Z 08 1
= -
<
g
5 0.7f 4
=
=
0.6
05 b N B
Line : Model '_/‘{
Symbol : Simulation ¥ Vgs=0.1V, Vds=0.1V, ri=10nm
0.4
10 20 30 40 50 60
Position along the channel(nm)
(a)
1.1
e
- ]Nf: 10162 | Vgs=0.1V,Vds=0.1V, T=300K
.__.___
|Ne=0
. 0.9
Zz
£ 08
=
o
g
= 0.7
)
=
=
0.6F  \ B @eenecanin”
osp N Solid line : ri=10nm, r>=15nm |
Line: Mode
04 Symbol: Simulation Bl‘okel.l line : ri= 5n.m, r:=15nm
o 10 20 30 40 50 60
Position along the channel(nm)
(b)

Fig. 3 (a) Distribution of inner potential along the channel position of
the proposed device in the presence and absence of trap charges for
two different values of outer radius keeping the filler radius fixed at
10 nm (7 = 300 K), (b) Distribution of inner potential along the chan-
nel position of the proposed device in the presence and absence of
trap charges for two different values of filler radius keeping the outer
radius fixed at 15 nm (7' = 300 K).
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radius of 15 nm is more shielded from drain voltage fluctua-
tions, and this is a highly desirable feature which a device is
expected to possess. The reason for this trend is that, with a
filler radius of 10 nm and outer radius of 15 nm, the channel
thickness is lower and the gate can have more control over
the channel, whereas for an outer radius of 20 nm, the chan-
nel thickness increases and the gate gradually loses control
over the channel leading to increased short channel effects
(SCEs). Also, the source-channel barrier height is enhanced
for an outer radius of 15 nm (compared to r, = 20 nm),
which implies a higher threshold voltage and diminished
power dissipation due to reduced leakages (as a result of
increased gate control over the channel). Figure 3b shows
the distribution of inner potential of the proposed device for
two different values of filler radii (keeping the outer radius
fixed at 15 nm) in the presence and absence of localized
interface trapped charges. The device shows similar behav-
ior for positive, negative and zero trap charges as depicted
in Fig. 2. The step profile of the inner potential distribution
is more prominent for filler radius 7, = 10 nm compared to
the case with r;, = 5 nm (for a fixed outer radius of r,=15
nm). For filler radius r; = 10 nm, outer radius of 7, = 15 nm,
the channel thickness is less leading to enhanced gate con-
trol over the channel. This also results in higher threshold
voltage and reduced off-state leakages. Inner potential dis-
tribution of the proposed device for different densities of
positive and negative trap charges and also in the absence
of trap charge is shown in Fig. 4. The plot is also shown for
two different channel lengths, L = 60 nm, and for a much
lower channel length, L = 40 nm. Inner potential for both
channel lengths shows that as the density of positive trap
charge increases, the source-channel barrier height signifi-
cantly decreases that, in turn, lowers the threshold voltage

Line : Model 1 T=300K, r1=10nm, r=15nm
1.1} Symbol : Simulation Vgs=0.1V, Vds=0.1V

e
o

e
%

e
>

[vee,

Inner potential (V)
=3

S
n
T

1N
IS

e
W
T

Ni=3,2,1,0,-1,-2,-3x10"m? ]

e
N

10 20 30 40 50 60
Position along the channel(nm)

Fig.4 Distribution of inner potential along the channel position
of the proposed device for different densities of positive and nega-
tive trap charges, and without trap charges, for two different channel
lengths (7 = 300 K).

allowing major off-state leakages. This causes degradation
of the device performance since this enhances power dis-
sipation. On the other hand, as the density of negative trap
charges increases, the source-channel barrier height largely
enhances which considerably enhances the threshold voltage
leading to deteriorated circuit speed and increased power
consumption. Moreover, as the channel length is scaled
down to as low as 40 nm, the source-channel barrier height
is affected and the height decreases further leading to reduc-
tion of threshold voltage.

Inner potential distribution along the channel length of
the proposed device and its full channel cylindrical gate-
all-around (GAA) counterpart is displayed in Fig. 5. As
observed from the graph, the step profile in the proposed
device is much more prominent compared to its cylindrical
full-channel counterpart. Hence, it is obvious that the shield-
ing effect to fluctuating drain voltages is much higher in the
proposed device which leads to fewer SCEs and improved
device performance. Also, the source-channel barrier height
is greater in the proposed device (compared to the cylin-
drical contemporary), so threshold voltage is higher in the
proposed device leading to reduced leakages and diminished
off-state power dissipation.

Figure 6 shows the threshold voltage variation of the
proposed device versus temperature in the presence and
in absence of trap charges. Threshold voltage increases for
negative trap charges compared to the case when no traps
are present. For positive trap charges, threshold voltage
decreases further compared to the case with no traps. This
can be attributed to the fact that for negative charges, source-
channel barrier height increases significantly contributing
to elevated threshold voltage, while source-channel barrier
height is much reduced for positive trap charges causing the

1.1

——e—— Proposed Device (Undamaged)

v

—@— GCDMC ylindrical Counterpart (Undamaged)
Vgs=0.1V, Vds=0.1V, r1=10nm, r =15nm
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Symbol : Simulation

Fd
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Inner potential (V)
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d

hed
2

0.6F

0.5 H : H L L
0 10 20 30 40 50 60
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Fig.5 Distribution of inner potential along the channel length in
the absence of trap charges for the proposed device and its cylindri-
cal full-channel GAA counterpart with the same radius as the outer
radius of the proposed device (T'= 300 K, N,= 0).
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Fig.6 Threshold voltage variation versus temperature of the pro-
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Vds=0.1V

Ai\‘

Ne=-10"m7
*\“

—
.\"\’\

Nr=0 ]

Threshold Voltage (V)
(=
w
n

0.25
Line : Model
Symbol : Simulation
0.2
15 17 19 21 23 25

Outer Radius(nm)

Fig.7 Threshold voltage variation versus values of outer radius of
the proposed device in the presence and absence of trap charges (filler
radius = 10 nm, L = 60 nm, 7' = 300 K).

threshold voltage to decrease as described in Fig. 2. As tem-
perature increases, threshold voltage in all cases gradually
decreases. This can be attributed to the fact that at increased
temperatures, carrier generation is higher, and hence a very
low gate voltage is required to turn on the device. Figure 7
displays the graphical illustration of the threshold voltage
variation versus values of outer radius keeping the filler
radius fixed at 10 nm and at 7 = 300 K (in the presence
and absence of trap charges). As the outer radius increases
gradually keeping filler radius fixed at 10 nm, the threshold
voltage gradually decreases causing increased leakages and
deteriorated device performance. With an enhanced outer
radius, channel thickness increases resulting in weakened
gate control over the channel. This feature has been appar-
ently observed in Fig. 3a. Figure 8 illustrates the graphi-
cal extraction of threshold voltage vs. different values of

@ Springer

0.5 T

'L/—i’
4»_/4
/ _ 10162
0.45“-*’”4 ———Ni=10"m
—e—Nr=0
——A——Nf=-10""m??
0.4f s

/ b
L Vds=0.1V, T=300K, r=15nm

o

w

n
T

Threshold Voltage (V)

]

03r /‘ ;___——4 ]
— Line : Model

Symbel : Simulation

0.25 L
5 6 7 8 9 10

Filler radius(nm)

Fig.8 Threshold voltage variation versus values of filler radius of the
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Fig.9 Threshold voltage variation versus density of positive and neg-
ative trap charges in the proposed device for three different channel
lengths.

filler radius keeping the outer radius fixed at 15 nm. It can
be observed that as the filler radius increases, keeping the
outer radius fixed at 15 nm, the channel thickness gradually
decreases leading to enhanced gate control of the channel.
This, in turn, escalates the threshold voltage, thereby dimin-
ishing the off-state leakages. This feature has already been
observed in Fig. 3b. In short, keeping the filler radius fixed,
threshold voltage decreases as the outer radius increases, and
for a fixed outer radius, threshold voltage increases when
the filler radius increases. Figure 9 exhibits the graphical
analysis of threshold voltage variation for different densities
of positive and negative trap charges and for three different
channel lengths of the proposed device. As observed from
Fig. 4, when the channel length is scaled down to 40 nm,
the source-channel barrier height decreases (since SCEs
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increase at short-channel lengths) causing the threshold volt-
age to decrease as compared to the case when L = 60 nm.
Hence, threshold voltage is highest for L=100 nm, moder-
ate for L = 60 nm and lowest for L = 40 nm for any den-
sity of positive/negative trap charges and also for the ideal
case (Nf = 0). Now, as observed from Fig. 4, as the density
of negative trap charge increases, threshold voltage also
increases due to elevated source-channel barrier height and
is the highest for the density —3x10'® m™, and with increas-
ing density of positive charges, source-channel barrier height
decreases, thereby reducing the threshold voltage which has
the lowest value for density of 3 x 10'°m™.

Figure 10 demonstrates the threshold voltage variation
of the proposed device and its full channel cylindrical gate-
all-around (GAA) counterpart for zero traps. As previously
discussed in Fig. 5, threshold voltage for the proposed device
is higher compared to its cylindrical counterpart due to
increased source-channel barrier height in the inner potential
distribution. Also, a source-shifted minimum and prominent
step profile in the proposed device results in lower threshold
voltage roll-off which is considerably high in its full-channel
cylindrical contemporary due to the absence of the above-
mentioned properties in its inner potential distribution.

Figure 11 illustrates the graphical analysis of threshold
voltage vs. channel length for graded and non-graded chan-
nels of the proposed device in the presence and absence of
interface trap charges. For positive, negative and zero trap
charges, threshold voltage follows the same trend as depicted
before. Now, for an ungraded channel device, threshold volt-
age is the lowest, and when the channel is graded with high
doping near the source, threshold voltage increases ensuring
gradual reduction of leakages. Hence, the graded channel
architecture with appropriate doping value selection allows
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Fig. 10 Threshold voltage roll-up and threshold voltage variation vs.
channel length for the proposed device and its GC DM cylindrical
counterpart with the same radius as the outer radius of the proposed
device.

suitable tuning of threshold voltage, thereby allowing the
effective control of SCEs and leakages.

A major advantage of using a dual-material gate over sin-
gle material is clearly highlighted in Fig. 12 which illustrates
the DIBL variation for the above two device configurations
for different temperatures. Step profiles are absent in the
potential distribution of devices without GWFE, whereas
prominent step profiles in DM devices allow a high shield-
ing effect to DIBL. This unique potential step profile shields
the inner potential minimum from being affected by drain
voltage fluctuations, thereby resulting in higher immunity to
DIBL in the proposed GWFE device compared to its single-
material gate counterpart. Also, the DIBL variation at dif-
ferent temperatures for the GC DM full-channel cylindrical
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Fig. 11 Threshold voltage variation versus channel length of the
graded and non-graded channel of the proposed device in the pres-
ence and absence of trap charges.
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Fig. 12 DIBL variation for different temperatures in the absence of
trap charges for the proposed device, its SM counterpart and GC DM
full-channel cylindrical counterpart with a radius similar to the outer
radius of the proposed device (7' = 300 K).
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counterpart of the proposed device is exhibited in the same
graphical plot. Figure 10 clearly exhibits that, with the
reduction in channel length, the threshold voltage for the
GC DM full-channel cylindrical MOSFET greatly decreases
compared to that in the proposed device. The roll-off is
higher in the GC DM full-channel cylindrical MOSFET,
and for a channel length as high as 100 nm, the threshold
voltage for the above device is still lower than the proposed
device at 100-nm channel length. This reduced threshold
voltage implies an increased DIBL in the GC DM cylindrical
device, which becomes aggressive when the channel length
is scaled down to as low as 40 nm. This is shown in Fig. 12
where the DIBL values for a temperature range of 100-500
K for the GC DM cylindrical device (with the same radius
as the outer radius of the proposed device) is significantly
higher than both the proposed device and its SM counterpart
at a scaled channel length of 30 nm. Hence, among the three
devices, the proposed device, which shows the least DIBL,
has excellent immunity against major SCEs such as DIBL.
Reduced temperatures lead to a lower impact ionization
rate compared to that at heightened temperatures which
leads to upgraded subthreshold swing characteristics in the
proposed device as observed in Fig. 13. Many researchers
have reported on short-channel MOSFETSs revealing the sub-
threshold swing characteristics at low temperatures of 100 K
and 200 K. Ghibaudoa et al.'” reported subthreshold swing
values of as low as about 20 mV/dec at 10 OK and about
40 mV/dec at 200 K. Biswas et al.'® reported subthreshold
swing values as low as 20 mV/dec at 100 mV and about
40mV/dec at 200 K for both strained and unstrained channel
MOSFETs. The trend of subthreshold swing as obtained in
the case of the proposed device closely matches the trend of
SS shown by MOSFET devices at low temperatures of 100
K and 200 K. Hence, subthreshold swing largely depends
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Fig. 13 Subthreshold swing variation versus channel length in the
absence of trap charges for the proposed device at different tempera-
tures.
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on temperature and decreases (increases) with a decrease
(increase) in temperature. A comparative subthreshold
swing investigation of the proposed device and its GC DM
full-channel cylindrical counterpart is presented through a
graphical analysis in Fig. 14. The figure clearly exhibits that
SS in proposed device for channel lengths as low as 40 nm,
is about 70 mV/dec, whereas, for the GC DM full-channel
cylindrical MOSFET, SS at 40-nm channel length is as high
as about 110 mV/dec. Also, as channel length gradually
increases to 100 nm, SS for the proposed device saturates to
60 mV/dec (the ideal value of SS for short-channel MOS-
FETs), while that for the GC DM full-channel cylindrical
counterpart, the SS value saturates to as high as about 65
mV/dec at 100-nm channel length.
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Fig. 14 Subthreshold swing variation versus channel length in the
absence of trap charges for the proposed device and its GC DM full-
channel cylindrical counterpart.
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radius of the proposed device (T'=300 K, N, = 0).
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Another advantage of gate work function engineering
(GWFE) can be observed from Fig. 15 where the electric
field at the drain end is reduced in the case of the proposed
device compared to its SM counterpart. This results in a
reduced hot-carrier effect (HCE)'*?° in the device. Also, in
both cases, lateral electric field increases at the drain end
with an increase in V. In the proposed device, the elec-
tric field peaks at the interface of two dissimilar materi-
als, thereby boosting the transport efficiency. This feature is
absent in SM devices due to the absence of a step profile in
their inner potential distribution. Figure 16 presents the drain
current analysis of the proposed device versus gate bias for
different densities of positive and negative trapped charges.
Since the threshold voltage for negative trapped charges is
higher among the three cases, lower off-state leakages occur
which cause the subthreshold current to decrease, whereas
the gate-induced drain leakage (GIDL) current increases.
For no trap charges, threshold voltage decreases compared
to the previous case, hence subthreshold current increases
compared to the previous case. However, GIDL decreases.
For positive trapped charges, threshold voltage is low-
est among the three cases, hence the subthreshold current
highly increases, whereas GIDL current largely decreases.
Further, as the density of negative trapped charges increases,
threshold voltage highly increases. For a density value of
3x10'® m™, subthreshold current is significantly suppressed
reducing off-state leakages while the reverse case occurs for
the highest density of positive trapped charges.

Use of a gate material with lower work function (com-
pared to the work function of a gate material at the source
side) contributes to a decrease the electric field at the drain
end thereby diminishing the speed of electrons at the drain
end, and this, in turn, decreases the minority carrier tun-
neling from the drain. Since the flat-band voltage is directly
proportional to the gate material work function, it can be

3
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Fig. 16 Drain current variation versus gate for different densities of
positive and negative trap charges for the proposed device (L = 60
nm).

said that a lower flat-band voltage at the drain side causes
the suppression of minority carriers from the drain, hence
improving the GIDL effect and reducing the GIDL current.
As per the equation, thb = Vi — qC—NW (keeping a gate mate-
rial with a lower work function tov&;;rds the drain) the pres-
ence of positively charged traps decrease the flat-band volt-
age further at drain end thereby largely decreasing GIDL
current. For negative trapped charges, flat-band voltage at
the drain increases allowing significant minority carrier tun-
neling and worsening device performance by increasing the
GIDL current which clearly demonstrates the physics gov-
erning the graphical illustration in Fig. 16.

In Fig. 17, GIDL current is very high in the single-mate-
rial (SM) gate device compared to the proposed device due
to high flat-band voltage at the drain end in the SM device,
which induces a high electric field thereby allowing more
minority carriers to tunnel from the drain into the channel.
Also, the SM device suffers from high DIBL which increases
the subthreshold leakage current in the device compared to
the proposed GWFE device. These graphical illustrations
confirm the superiority of the proposed device and creates
remarkable avenues for it to be implemented in the forth-
coming generation VLSI circuital applications.

Results of this section are verified using simulation out-
puts from Silvaco TCAD, and the results exhibit the superi-
ority of the proposed device over the existing contemporary
devices.

Conclusion

The current research effort presents the localized trap
charge induced analytical modelling and simulation of a
graded-channel dual-material gate macaroni MOSFET.
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Fig. 17 Drain current variation versus gate voltage in absence of trap
charges for proposed device and its SM counterpart.
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Temperature-dependent performance reliability of the pro-
posed device (both damaged and undamaged) has been
meticulously analyzed from the inner potential distribution,
threshold voltage and short-channel effect response. Trap
charges significantly modulate device flat-band voltage
which consequently affects device features. Drain current
analysis including the gate-induced drain leakage (GIDL)
effect has been presented for both the damaged and undam-
aged device and results exhibit significant drain current
alterations in the presence of trap charges. This reflects the
importance of investigating damaged device features along
with the undamaged one. The proposed device exhibits
upgraded short channel performance compared to its full-
channel gate-all-around (GAA) cylindrical counterpart in
terms of threshold voltage, threshold voltage roll-off, drain-
induced barrier lowering (DIBL) and subthreshold swing
(SS) that highlights the advantages of macaroni configura-
tion, making it a prospective replacement for full-channel
GAA cylindrical MOSFFETs. Further, comparative study
of short-channel effects (SCEs), gate-induced drain leak-
age (GIDL) analysis between the proposed device and its
single-material counterpart (even at a scaled length of 30
nm) clearly exhibits the advantages of gate work function
engineering (GWFE) in the former device over the latter.
Further, results demonstrate that proper selection of chan-
nel grading concentrations can suitably tune the threshold
voltage in the proposed graded-channel device. Simulation
outputs match well with analytical results thereby validat-
ing the proposed device as a potential contender for future
generation VLSI applications.

Appendix

Expressions of ay, f;, @,, f, in Eqgs. 6, 7 are listed as follows:

gNay 2

(v 400
@ ) P /0= Vi, + o
8

{(v.,,] (1) exp(L/ D)~V (1‘)+vd‘>}+slz cosh (L, /A)+ (v{by +

2sinh (L/4)

_ _ ’ gNa, 7%
a = (Vbi] a, + Vfb] + o ),

a =

ﬂ — ( l—exp(L/i))

2 2sinh(L/4) )’
Pr==1=5.81 = @01 — Pz

Expressions of a, b and c in Eq. 11 are listed as follows:

a=4pp, -1,
o (oo + (a0, + 2221

e
¢= [4(0{1052) = (20,1 + v, + 22

egi(T)

Subthreshold Drain Current Modelling
(Contd.)

Substituting Eq. 18 into Eq. 17, the equation thus obtained
is as follows:
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0

The final expression for the drain current of the device is:

(23)

W 2
Ips = ”(2L l)qni(T)
14+ 0(Vy — Vigg) o4
exp <M>VT[1 —exp (=V,4/Vr)]
Vr
Here, ! = = , 4, 1s the electron mobility, S,

T —
Npep+Nay Sy

and @ are fitting parameters.
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The paper presents extensive analytical modeling and simulation of a novel Dual-Material Gate
Macaroni-Channel MOSFET to act as a biosensor for detection of neutral as well as charged
biomolecules using dielectric modulation approach. Dielectric modulation in a MOSFET device is
the alteration in the dielectric constant in the gate dielectric region of the device. Presence of
biomolecules (in a nanogap etched under the gate of the projected device) having different
dielectric constants impact the gate capacitance that in turn affects the device features such as
potential, threshold voltage, drain current which undergo considerable shift in presence of bio-
molecules. Detailed Sensitivity analysis based on threshold voltage shift for different types of
biomolecule allows suitable detection of biomolecule type. Suitable selection of device outer
radius allows significant suppression of some major Short channel effects such as threshold
voltage reduction, reduced subthreshold swing enabling superior device performance. Finally,
comparative sensitivity analysis of the proposed device with its full channel Cylindrical Gate-all-
around counterpart having same channel thickness exhibits better sensitivity capability of the
proposed device for both neutral and charged biomolecule. Analytical results are substantiated
using Atlas simulation outputs.

1. Introduction

Bioelectronics has received foremost consideration in the ongoing era of electronics industrial resurgence. This indispensable
branch of electronics has observed striking, noteworthy developments in the recent decades which contributed significantly to ease
critical medical treatments in less time. While the lives of entire human population is solely dependent on healthcare protocols, hence
this drives the necessity for technical up gradation of existing ways of medical treatments to help the civilization fight major healthcare
related crisis. The recent pandemic of Covid-19 has made this truth more prominent. While scientists all over the world are trying to
bring up effective vaccines, it is equally important to detect the harm causing virus at an early stage to stop mass infection and death
preventions. Biosensors can work wonders in this context. Nowadays, FET based biosensors are receiving significant attention where
the easy method of detection through dielectric-modulation approach has been made possible [1,2]. However, the MOSFET geometry
used in devising the biosensor should be wisely selected to provide better performance. In nano-meter regime, the planar MOSFETs
have been found to suffer highly from SCEs that degrade the device performance and hinder the effective action of the biosensor.
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Cylindrical MOSFETs are very popular for their upgraded SCE performances [3,4]. However recent study shows Macaroni channel
MOSFETs excel cylindrical ones in terms of offering superior device performances. Hence, the basic structure for implementation of the
biosensor has been considered to be a Macaroni-channel MOSFET, where the geometry is like a cylindrical MOSFET with a filler
present at the channel center. The Macaroni structures are also fabrication feasible as observed from the researches exhibited by
Delhougne et al. [5] where the authors, for the first time, demonstrated the step by step fabrication process of macaroni channel device
having a channel made of monocrystalline silicon. Congedo et al. [6] also described detailed fabrication procedures for Macaroni
channels. This fabrication compatible Macaroni structure has been found to perform better than cylindrical structures. Hence, new
device formulation is necessary for the Macaroni Sensor. Further, a dual-Material gate has been introduced so as to weaken the major
SCEs like Drain-induced barrier lowering (DIBL), Hot carrier effects (HCE), etc. Further, suitable selection of the outer radius can help
suppress the SCEs that are also substantiated through the threshold voltage and subthreshold swing results. In the proposed structure,

Gate
M Me:
[Filler
Nanogap
a
Nanogap Mes Me:
U ‘ Gate
1 1]
b ][ %% 0P %% %% 0% H{0: |
Si02 1§t
i [
r Cha*nel ¥
f I't
Filler e
T
Chahnel
SiIOZ
Nanogap - OOGOOOOOOGOOOOOGUI HiO:
|
4 Gate )
Mt Me:
b
10’
E
~
3 ® Vds=0.1V, L=180nm
3 10°k Line: Experimental
8 Symbel: Simulation
L)
10’ - . . '
0.2 0.4 0.6 0.8 1
Vgs(V)
c

Fig. 1. a 3-D Schematic Representation of Proposed Dual-Material Gate Macaroni-Channel MOSFET Biosensor, b 2-D Cross-sectional Representation
of Proposed Dual-Material Gate Macaroni-Channel MOSFET Biosensor, cCalibration of simulated data with experimental data following [19].
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the gate oxide is composed of an interfacial SiO; layer. Towards the source side, the region beneath the gate material and interfacial
oxide layer is etched to form a nanogap for the biomolecules. A number of research papers demonstrated the fabrication process
regarding the formation of nanogap (that act as the site for biomolecules) in FET devices. Following the procedure described by Kim
et al. [7], firstly the Macaroni channel, source and drain extensions are grown using photolithography and ion-implantation after a
device-isolation step, for the projected device. HfO, (under gate material Mgs), SiOo, Cr (under gate material Mg;) and gate materials
are to be subsequently grown and deposited using the thin film processes. Cr is the sacrificial layer that leaves the nanogap after
selective wet etching. After the above three layers are deposited, they are patterned by photolithography and subsequent etching
processes. The nanogap is now formed by lateral wet etching of Cr. The interfacial layer of SiO3 is used for biomolecule immobilization
[8]. When the nanogap is filled with air, the condition is considered as absence of biomolecule. When it is filled with biomolecule such
as streptavidin (K = 2.1), protein (K = 2.50), biotin (K = 2.63), APTES (K = 3.57), etc. the gate capacitance changes causing the
threshold voltage to change. Towards the drain side, hafnium oxide is placed over interfacial oxide layer to allow improvement of
subthreshold slope characteristics [9]. A high gate work function material towards source side allows confinement of the potential
minimum towards source side, which is absent in case of single material gate structures. A low work function gate material towards
drain side causes the potential towards drain to rise compared to minimum potential towards source side. Thus the source-shifted
potential minimum gets shielded from drain voltage fluctuations and remains unaltered thereby offering better SCE performances.
Mathematical outputs are validated using simulation outputs from Atlas.

2. Device architecture

The proposed biosensor is shown in Fig. 1a. The MOSFET has a Macaroni channel with filler radius r; = 10 nm and outer radius ro =
20 nm, channel thickness tg; = 2 (ry-r1). The channel has a doping concentration N, = 107cm 2. The gate oxide consists of an
interfacial SiO3 layer (thickness t; = 1 nm). The gate is of Dual-Material, gate material Mg; (Work function = 4.8eV) towards source
has higher work function and that towards drain side Mgy (Work function = 4.4eV) has lower work function. Gate length (L;) of Mg; is
30 nm, and that under Mg; is (L2) 30 nm. The region beneath Mg; and above the interfacial oxide layer is etched to form a nanogap
(thickness tpi, = 9 nm) to act as site for the biomolecules. The region beneath Mg, has a high-k oxide HfO, placed above the interfacial
layer of SiOa.

The proposed device has a great similarity in topology with Cylindrical Surrounding Gate MOSFET Following the parameters
specified in Ref. [19] for Cylindrical Surrounding Gate MOSFET, the experimental outputs are used to verify the simulated outputs as
shown in Fig. lc.

3. Analytical modeling
3.1. a. Inner potential modeling

The first step to explore the detailed sensitivity analysis of the proposed biosensor is to obtain the expression of inner potential,
which can be obtained by solving the 2-D Poisson’s equation which is as follows [10].

2 2
0°¥(r,2) +l 0%i(r,z) +0 Y’[(r,z):ﬂ o)

or? r  or 072 Esi

Where i = 1, 2 for Region 1 and 2 respectively. Region 1 is confined by the boundaries 0 <z < L;,r; <r <r, and Region 2 has
boundaries L; <z < L,r; <r <ry. ¥i(r,2) is the potential distribution in the ith region. eg; is the permittivity of the silicon channel.
The potential distribution is parabolic along the radial direction. It is expressed as:

¥i(r,z) =ai(z) +612i(2)r+a3i(z)r2 )
The coefficients in the above equation can be obtained using the following boundary conditions [11].
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Using equations (3) and (4), the coefficients’ expressions thus obtained are
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Nt is the charge density of biomolecules in the nanogap.
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Putting expressions (5) and (6) in equation (2) and then in equation (1), the final differential equation obtained for Region (1) at r

=r; is as follows:
qNa

aZU/Oi(Z) _
P +2a3(z) = . 8

Solution to the above differential equation is given as follows:

3.2. Expression of Inner potential in region 1

Woi(2) =My exp(z/ A1) + Ny exp(—z / 41) + @y 9)
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3.2.1. Expression of inner potential in region 2
Wor(z) =M exp((z— L) / 42) + N2 exp( — (z— L1) / 42) + ¢ (10
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The coefficients My, N7, M5, N5 can be obtained following the below listed boundary conditions [12]:

Wo1 ()]0 = Vi an

Woa (@)oo, = Vioi + Vs 12)

Wo1 (D)l omr, =¥02(2)| =y, (13)

9y, (2) _ Oy (2) (14)
dz =L 6z =Ly

The expressions of the coefficients M;, N1, M,, N, are shown in appendix.
3.3. b. threshold voltage modeling

The value of Vg5 at which the minimum inner potential can be equated to twice the Fermi Potential can be termed as the threshold
voltage Vi, [13]. The inner potential minimum is found to occur in Region 1 so determination of position of minimum inner potential is
necessary for threshold voltage formulation.

The position of minimum inner potential can be obtained using the following equation:

dyy (2) -0 (15)
dz

Hence, the position of minimum potential is. Zny, = %‘lnﬂ%
Equating minimum Inner potential to twice the Fermi potential, the expression of threshold voltage thus obtained is

—b + Vb* — 4ac
Vip=——F—— (16)
2a
where a, b and ¢ expressions are shown in Appendix section.
DIBL (mV) [14] is modeled using the following equation as follows:
DIBL=Vyjin — Vinsar 17)

Subthreshold Swing (mV/dec) [15] is modeled as follows:
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-1
SS=23V, {%} (18)
gs

c. Sensitivity Analysis of the Proposed Biosensor.
For neutral biomolecules, Sensitivity is defined by the following equation [16]:

V(K =1) = Vy(K > 1)
n,bio — 1
S VK= 1) (19)
For charged biomolecules, Sensitivity is defined by the following equation:
Vth (Bioneurml) - Vth (Biocharged)
Sebio = - = (20)
b Vth (Bloneutml)

d. Drain Current Modeling.
A unified model for the drain current analysis of the proposed biosensor is shown below [17]:

Lip0 < Vg <V
Lis= | Liin; Vin < Vs < Viar (21)
Lo, Vir < Vs < 1.0

3.4. Subthreshold current is in the limit 0 < Vg < Vi
Electron current in the channel of the device under consideration is as follows [18]:
Ins(2) = / " 27RI(r, 2)dr (22)

L

Here diffusion current density is given by

Hefr Yormin — V) dV(2)
) = v, vy )e"p( Vr ) dz @3
Here. V, = ’%T
The rest part is given in Appendix Section.
Linear drain current is given as follows:
2]'[(}"2 -n )/’teﬁ"cfl E. g ashurt Vdsz
Ipsiin =T N (Vg — Vi) Vg — 24
DSl EL+ Va) ( s th ) d 5 (24)
Where E, is the critical field, for long-channel device @ = 2 to @ = 1 for short channel device, O = 21 atVg = Vip Vins = V(1 —

4Y0min
dVgs

Oshort ), short channel effects have been incorporated in the drain current by using E; Oore, Vins-
Saturation current (with V45 replaced by Vgsae) is given as follows:
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Fig. 2. Variation of Inner potential of proposed biosensor along the channel position for different neutral biomolecules and in absence of
biomolecule (that is, in presence of air) in the nanogap.
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27(rs — 11 )y Cy
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Where Vyor = Vgs — Vs, f is a technology dependent empirical fitting parameter.

2
Oshort Vasar
2

{ﬂ(vgs — Vi) Vigeur — (25)

3.5. Results and discussions

Analytical results of this section has been verified using simulation outputs from Atlas. Several physics based model such as Drift-
Diffusion model for carrier transport, CVT (Lombardi) mobility model, Shockley-Read Hall recombination for fixed lifetimes, Parallel
electric field dependent FLDMOB model, Auger recombination model, Concentration dependent CONMOB model, INTERFACE
statement to define the type and density of localized/fixed charges have been used to obtain the simulation outputs. Filler radius of 10
nm and outer radius of 20 nm is considered to obtain analytical and simulation results. Fig. 2 displays the graphical analysis of the
effects of variation of inner potential along channel position due to different types of neutral biomolecule (and also in absence of
biomolecule) in the nanogap. The work function combination of gate material is so chosen so as to confine the minimum (for every K in
the nanogap) in region 1 towards the source to effectively suppress the SCEs to offer upgraded device performance. In absence of
biomolecule, that is, when the nanogap is filled with air (K = 1), the inner potential minimum is highest with source-channel barrier
height being minimum among all the other cases. This imply that the case with air in nanogap will reflect lowest threshold voltage.
With gradual increase in K-value in the nanogap, the source-channel barrier height gradually increases which will increase the
threshold voltage thereby providing a metric to detect the type of biomolecule used. Also, as the K-value increases, the effective oxide
thickness decreases which, in turn, increases the gate control over the channel leading to weakening SCEs for high-K neutral bio-
molecules. Fig. 3 exhibits analytical graphical portrayal of inner potential variation along channel position for charged biomolecules
with K = 5. As the charge of the biomolecule is more and more positive, the inner potential minimum value increases causing a
decrease in source-channel barrier height which, in turn, will decrease the threshold voltage. Again, as the charge becomes more and
more negative, source-channel barrier height increases thereby increasing the threshold voltage. This change in threshold voltage acts

as a metric to detect type of charged biomolecule. As per the expression Vbe, =Vp, — %, presence of positive/negative charges modify
1

the flat-band voltage that in turn impacts the threshold voltage.

Fig. 4 displays the variation of threshold voltage for different neutral biomolecules and for two different outer radius and two
different nanogap heights. Firstly, for lower outer radius of 20 nm, threshold voltage is higher compared to the case for higher outer
radius of 25 nm. For the case with outer radius 20 nm, channel thickness decreases thereby increasing the gate control over the
channel. Thus, threshold voltage is higher which results in lower leakages and diminished power dissipation. Now, for both the cases of
outer radius 20 nm and 25 nm, as the nanogap height increases, threshold voltage is found to reduce owing to reduced gate control.
Finally, with increase in K-value of the neutral biomolecules, threshold voltage also increases as a direct effect of elevated source-
channel barrier with increased K as also observed from Fig. 2.

Fig. 5 presents graphical analysis of threshold voltage variation for different charged biomolecules for two different outer radius
and two different nanogap heights. For a lower outer radius, the channel thickness decreases thereby enhancing gate control and
increased threshold voltage. Thus, device offers lower leakages. Threshold voltage decreases with increased nanogap height owing to
reduced gate control. Finally threshold voltage is higher for negatively charged biomolecules due to increased source-channel barrier
height. For more positively charged biomolecules, threshold voltage gradually lessens due to reduced source-channel barrier height as
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Fig. 3. Variation of Inner potential of proposed biosensor along the channel position for different charged biomolecules and in absence of charged
biomolecule in the nanogap.
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two different nanogap heights.

observed in Fig. 3. Thus, suitable selection of outer radius can effectively boost device performance.

Fig. 6 exhibits graphical analysis of Sensitivity of neutral biomolecules of proposed biosensor and its DM Full-channel Cylindrical
counterpart with same channel thickness. The main reason of selecting a Macaroni channel configured MOSFET over Full-channel
cylindrical one (having identical device parameters and biasing conditions) lies in the fact that the proposed biosensor shows
higher sensitivity (for a fixed K-value) compared to the cylindrical counterpart, thus implying that the proposed biosensor offers
superior sensing compared to its full-channel cylindrical counterpart. Also with increase in K-value of neutral biomolecules, sensitivity

—=&—Proposed Biosensor ; :
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Fig. 6. Variation of threshold voltage vs. K-value of neutral biomolecules for proposed biosensor and its DM Full-channel Cylindrical Equivalent.



P. Banerjee and J. Das Micro and Nanostructures 165 (2022) 207196

highly increases hence revealing the fact that both biosensors are more sensitive for high-k biomolecules, with the proposed biosensor
showing higher values of sensitivity.

The sensitivity analysis of the biosensor for charged biomolecules is presented in Fig. 7. The analysis is conducted for the proposed
biosensor and its DM Full-channel Cylindrical Equivalent with same channel thickness. The proposed biosensor offers higher sensi-
tivity compared to its Cylindrical equivalent which makes Macaroni configuration, a better choice for biosensor over conventional
cylindrical biosensors. For both biosensors, as the charge of biomolecules increases more and more, the sensitivity values increase.
Both the biosensors are found to be slightly more sensitive to negatively charged biomolecules compared to the positive ones. Through
Subthreshold Swing variation displayed in Fig. 8, it is observed, that for outer radius 25 nm (with HfO,/SiO; gate stack in Region 2),
Subthreshold swing is highest which intimidates the achievement of superior device performance. Configuration with Outer radius of
20 nm offers better subthreshold swing response with HfO,/SiO» gate stack in Region 2, however, significant increase in subthreshold
swing is noted when HfO,/SiO5 gate stack in region 2 is replaced by only SiO,. Hence, the gate stack configuration of HfO2/SiO5 in
region 2 helps to achieve better subthreshold characteristics enabling improved performance of the biosensor. Drain current analysis
vs. gate voltage for the proposed biosensor for different neutral biomolecules in the nanogap (and also in absence of any biomolecule,
K =1) is shown in Fig. 9. The Off-state current is found to considerably change for different types of biomolecule, however, no change
is observed in final On-current.

For the case, K = 1, threshold voltage is lowest as observed from Fig. 2, hence the off-state current largely increases. As the K-value
elevates, threshold voltage largely increases leading to lower off-state current. Shifts in threshold voltage also causes shifts in off-state
currents as observed in Fig. 9. Fig. 10 exhibits shift in off-state current for charged biomolecules while the final On-state current
remains unaltered. As the biomolecule is more and more positively charged, the threshold voltage largely reduces which increases the
off-state drain current compared to the case with neutral biomolecule in the nanogap. Also, as the biomolecule is more and more
negatively charged, threshold voltage largely enhances which reduces the off-state current in the device. Shifts in threshold voltage
shifts the off-state current as evident from Fig. 10. Analytical and simulation results match well hence validating our proposed bio-
sensor’s superior performance.

4. Conclusion

Current research exploration highlights the performance of a Macaroni channel Dual-Material Gate MOSFET as a biosensor for
detection of neutral as well as charged biomolecule. Shifts in device features such as inner potential, threshold voltage, drain current
are noted as a result of presence of neutral/charged biomolecules in the nanogap. A shift in threshold voltage is explored as a metric to
sense the type of biomolecule present in the nanogap and to realize the sensitivity performance of the proposed biosensor. Device
features largely depend on the outer radius selection and various short channel effects can be effectively suppressed with suitable outer
radius selection. Comparative threshold voltage shift based sensitivity analysis reveals that the proposed biosensor offers superior
sensitivity performance as compared to its DM Full-channel Cylindrical Equivalent with same channel thickness. Analytical results are
in good agreement with simulated results entailing advanced, prospective applications of the recommended biosensor in future
specimen identifying applications.
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Appendix. Inner potential modeling (contd.)

The coefficients My, Ny, M5, N5 in equations (9) and (10) are listed as follows:

M, =a, + PV (A.Q)
Ni=a + ﬂzvgs (A.ll)
N
M= (%)Ml exp(Li / 21) + (%‘)Nl exp(~Li / 1) + 5 (A.iii)
, Ky .
Ny = (%])Ml exp(Ly / )+ (%])Nl exp(—Li /1) + 5 (A.iv)
Where, @y = {Vm(gl’2)’2"“25;215““2/ ‘”’”ﬁgl“},here, & =x1 exp(p1) +y1 exp(qu), b = x1 exp(—p1) +y1 exp(—q1) x1 = 1+ 21 =
_ 2
i’
L L, L L, ' (INu/llz ’ ClNa/lz2
PlZZJFTzvql:Zfzvslzz%lf%val:V/bl + s =V, + P
2 —
pr= gl,m:Vbi+F1*az:ﬂ1 —1—p,,
g —h
Threshold voltage modeling (Contd.)
a, b and c expressions from equation (16) are listed as follows:
a=4p,8, — 1 (AV)
b=2[2(a1f, + afpy) +£i] (A.vi)
c=daa, —f;? (A.vii)

Where. fi = 2¢;+ F1

Subthreshold drain current modeling (Contd.)

Substituting eq. (23) in eq. (22), the equation thus obtained is as follows:

10
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L Vi
_ Her 2 2 / Yoimin — V)
IDs/dz(z) 5 0(V, — Vi) x(r® =) qni(T) exp( Ve dv(z) (A.viii)
0 0
The final expression for drain current of the device is:
Hegr (r” =n?) ('/’mmin) :
Ips T B(Vgs — V/h) T 7 qni(T)exp v, Vr[l —exp(— Vas / Vr)] (A.ix)
Here, pt,; = ——+t2——, y, is the electron mobility, S; and ¢ are fitting parameters.
(1+wa‘j—“msl>
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