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ANALYTICAL MODELING AND NUMERICAL 

SIMULATION OF GATE-ALL-AROUND FIELD EFFECT 

TRANSISTOR FOR SENSING APPLICATIONS  

SHIVANI YADAV 

ABSTRACT 

Recent decades have seen extensive research and development in advanced 

sensing techniques for critical applications in diseases detection, drug discovery, 

pathogen discovery, toxin detection, agriculture, water monitoring and environmental 

monitoring. Biosensors have emerged as critical tools in modern healthcare, enabling 

the rapid and precise detection of a wide range of biomolecules. Field Effect Transistor 

(FET) based biosensors have gained substantial focus because of their ultra-high 

sensitivity, label-free detection, cost efficiency, and on-chip fabrication.  

Gate-All-Around Field Effect Transistors (GAAFETs) are well-known for 

having excellent electrostatic control because of their surrounding gate structure. This 

feature minimizes leakage currents and enhances gate control, making GAAFETs 

particularly suitable for biosensing applications. For developing high-performance 

FET-based biosensors, designing a high-performance FET is critical. The research 

presented in this thesis begins with a comprehensive review of the evolution of FETs, 

tracing the transition from traditional MOSFETs to FinFETs, and ultimately to 

GAAFETs. In order to maximize sensitivity and reliability in detecting biomolecules, 

a variety of GAAFET architectures have been thoroughly assessed using analytical 

modeling and numerical simulations. 

One of the key contributions of this research is the development of the Hetero 

Dielectric Trench Gate Junction Accumulation Mode GAAFET (HDTG-JAM-

GAAFET). This biosensor employs a silicon cylindrical Gate-All-Around FET which 

operates in Junction Accumulation Mode (JAM) and has a hetero dielectric layer 

comprised of SiO2 and HfO2. The cylindrical gate structure’s metal gate is trenched 

into the Hafnium oxide dielectric layer, which provides the gate with enhanced control 

over the surface characteristics of the channel. HDTG-JAM-GAAFET biosensor has 

drain ON-current sensitivity 67.68% greater for gelatin biomolecules, 69.4% higher 

for positive biomolecules, and 8% higher for negative biomolecules bound in the 

nanogap cavity than that of a Normal Gate JAM Gate-All-Around FET. This enhanced 

performance underscores the potential of the HDTG-JAM-GAAFET in sensitive 

biomolecule detection, crucial for early disease diagnosis. 

In addition to the HDTG-JAM-GAAFET, the Trench Gate Engineered 

Junction Accumulation Mode GAAFET (TGE-JAM-GAA BioFET) is proposed for 

label-free biomolecule detection. This biosensor exhibits a 236.24 mV drift in 

threshold voltage for APTES biomolecules, which is 58.75% and 159.18% higher than 

that of the Triple Metal Normal Gate JAM GAAFET (TMNG-JAM-GAAFET) and 

the Single Metal Normal Gate JAM GAAFET (SMNG-JAM-GAAFET), respectively. 

These findings highlight the superior sensitivity and detection capabilities of the TGE-



ix 

 

 

 

JAM-GAA BioFET, making it highly suitable for biosensing applications. 

The critical need for a highly sensitive, quick, and affordable biosensor to 

identify the SARS-CoV-2 virus which has sparked a worldwide pandemic is also 

covered in this thesis. The Dual Metal Dual Layer Gate-All-Around Nanowire FET 

(DMDL-GAA-NW-FET) biosensor is introduced for the detection of the SARS-CoV-

2 virus, specifically targeting the Spike protein and DNA. The device's design, which 

includes gate work function engineering to segregate the gate into two layers with 

distinct work functions, significantly improves gate control and enhances the 

biosensor's ability to detect the virus. The DMDL-GAA-NW-FET biosensor’s 

effectiveness is demonstrated through a detailed analysis of its electrostatic behavior 

and a comparison with conventional GAAFET biosensors, showing substantial 

improvements in sensitivity metrics such as threshold voltage drift (ΔVth), ION current 

drift (ΔION), transconductance (gm), and the ION/IOFF ratio. 

Another notable innovation in this research is the Dielectric Modulated 4H-

SiC Source Triple Metal Gate-All-Around Silicon Carbide FET (DM-TMGAA-

SiCFET) biosensor. The primary emphasis of this work lies in the innovative structural 

design of the GAA Silicon Carbide FET biosensor. Specifically, it involves the 

integration of a distinct SiC polytype 4H-SiC for the source, and 6H-SiC for channel 

region, employing a triple material gate, and the incorporation of an Al2O3 and HfO2 

stack. The findings highlight that the DM-TMGAA-SiCFET offers substantial 

improvements in sensitivity compared to silicon-based FET biosensors, with an 

impressive 140.72% and 36.72% enhancement in threshold voltage sensitivity 

observed for gelatin and DNA biomolecules, respectively. Furthermore, there is a 

remarkable 404.4% improvement in ION/IOFF sensitivity for gelatin biomolecules. 

Additionally, the Gate-All-Around Engineered Gallium Nitride FET (GAAE-

GANFET) for label-free biosensing for detection of antigen and antibody from the 

Avian Influenza virus and DNA as the target biomolecules and the GaAs-GAAE-FET 

biosensor, designed specifically for breast cancer detection, demonstrate exceptional 

performance. The innovative Gate-All-Around engineering in GANFET integrates 

various device engineering techniques, such as channel engineering, gate engineering, 

and oxide engineering, to enhance biosensing performance.  The GaAs-GAAE-FET 

biosensor design provides a 76.58% higher threshold voltage sensitivity for the MDA-

MB-231 biomarker contrasting with the Silicon Gate-All-Around FET (Si-GAA-FET) 

biosensor.  

Looking towards the future, FET-based biosensors, particularly those utilizing 

GAAFET structures, hold immense potential in revolutionizing the field of biosensing. 

As the demand for rapid, accurate, and cost-effective diagnostic tools continues to 

grow, the innovations presented in this thesis lay a strong foundation for further 

advancements in FET-based biosensing technologies and also opens new avenues for 

detecting a broader range of diseases at earlier stages, ultimately contributing to 

improved patient outcomes and public health. 
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CHAPTER 1 

INTRODUCTION 

 

Over the past two decades, there has been a great deal of interest in exploring the idea 

of biomolecule sensing using field-effect transistor (FET) devices. This attention is 

driven by their potential for achieving ultra-high sensitivity sensing, operating without 

labels, reduced costs, and enabling miniaturization. In order to develop a thorough 

grasp of Field-Effect Transistors as sensors, we systematically offer an in-depth 

investigation that covers basic concepts and technical details from the perspectives of 

design, simulation, modeling, and fabrication. This chapter gives an overview of the 

research background with an emphasis on clarifying Metal Oxide Semiconductor Field 

Effect Transistors (MOSFETs) and the demand for novel devices. The chapter lists the 

various challenges that MOSFET endures within this framework. These challenges 

include punch-through, channel length modulation, threshold voltage roll-off, drain-

induced barrier lowering (DIBL), velocity saturation, and more. All of these challenges 

greatly disrupt MOSFET's operational efficiency. The chapter also explores a number 

of device engineering techniques that are intended to improve device performance, 

such as junctionless MOSFET, dielectric engineering, and multi-gate MOSFETs (such 

as Double Gate MOSFET, Triple Gate MOSFET, Surrounding Gate MOSFET, 

Double Surrounding Gate MOSFET). Furthermore, the chapter elaborates on different 

sensor designs, elucidating how these designs contribute to heightened sensitivity.  

1.1 Background and Progress of MOSFET Technology 

The FET (Field Effect Transistor) was firstly conceived in 1928 by Lilienfeld [1]. It 

was later followed by the discovery and demonstration of Integrated Circuit and 

CMOS which have transfigured the society to a much larger extent. The IC’s and the 

CMOS technology have captured the human life in a way that these technologies 

manifest our everyday need in domestic purposes ranging from televisions, cell 

phones, tablets etc. to the various industrial purposes like robotics, automation of the 

systems, sensors etc.  It is eventually impossible to think of life in the contemporary 

era without IC and CMOS technology. The most integral component of Integrated 

Circuits and CMOS technology is MOSFET. Due to technological advancements, the 

number of transistors on a single IC chip doubles every eighteen months, as stated by 

Gordon Moore [1]. This leads to a rapid reduction in the size of transistors 

manufactured on ICs.  

Advancements like the FinFET, GaAs-FET, and Application Specific Integrated 

Circuits (ASICs) added new dimensions to the symphony, enabling smaller, faster, and 

more versatile devices. This symphony of innovation continues to shape our modern 

world, promising an ever-evolving future where semiconductor technology remains at 

the forefront of progress, inspiring new melodies of possibility. 
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1.2 Introduction to MOSFETs 

A MOSFET is a device that generally consists of four terminals: source, drain, body, 

and gate. Nevertheless, the source terminal is commonly linked to the body terminal, 

so transforming it into a three-terminal device referred to as a FET. A field-effect 

transistor is a device in which the flow of current between the drain electrode and the 

source electrode is regulated by an electric field applied to the gate. This electric field 

is created by a thin layer of metal oxide situated between the semiconductor and metal 

components of the transistor. There are two types of MOSFETs: NMOS and PMOS. 

An NMOS device is constructed on a p-doped silicon substrate containing regions of 

n-type material formed by ion implantation, known as the drain and source as in Fig. 

1.1 (a). Conversely, in PMOS devices, this arrangement is reversed, which is apparent 

in Fig. 1.1 (b). 

 

Fig. 1.1 (a) Schematic of MOSFET: NMOS (b) Correctional View of MOSFET: PMOS 

1.3 The Endeavor to create VLSI Circuit Design 

The driving force behind VLSI circuit design is to achieve higher functionality, faster 

operating speeds, reduced power consumption, smaller physical size, and lower 

manufacturing costs. VLSI design engineers employ advanced techniques and 

methodologies to optimize the performance of integrated circuits. These techniques 

include layout design, logic synthesis, power analysis, timing optimization, and 

verification methodologies. The expert CAD tools has notably aided in the 

development of VLSI design. It made it possible to simulate, construct, and verify 

complex circuits quickly and effectively. The development of VLSI technology has 

advanced through different stages, starting from SSI and MSI to LSI, VLSI, and ULSI. 

This progression has enabled the integration of millions or even billions of components 

on a single chip. These advancements have been facilitated by significant progress in 

lithography, materials science, instruments for design, as well as manufacturing 

techniques.  

The introduction of VLSI technology had significant implications in many sectors. For 

example, in telecommunications, this caused an increase in fast communication 

systems, breakthrough involving wireless networks, and state-of-the-art signal 

processing techniques. Consumer electronics also significantly benefited from Very 

Large-Scale Integration (VLSI) technology, as thousands of applications could be 
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injected into various devices, which became state of general equipment including 

multimedia operation, wireless connectivity, and energy-efficient equipment in 

compact devices. The use of Very Large-Scale Integration technology was evident in 

the automotive sector, where it was used to improve safety systems, provide 

autonomous driving experience, and include new in-vehicle infotainment. Medical 

equipment can be impossible to make without enrolment of VLSI technology, which 

allows the implementation of modern imaging technology, implanted devices, and 

diagnostics, again revolutionizing and rendering treatment better. 

VLSI design specialists utilize careful layout design methodologies to optimize the 

physical arrangement of components on a chip, guaranteeing effective signal 

propagation and minimal interference. Logic synthesis techniques facilitate the 

automated conversion of high-level circuit descriptions into optimum gate-level 

representations. Power analysis approaches are utilized to assess and diminish power 

consumption, a critical aspect for portable devices and energy-efficient systems. To 

ensure that circuits meet the desired performance requirements considering clock 

distribution and signal propagation delays is performed through Timing optimization 

techniques. Verification methodologies are deployed to ensure that the designed 

circuits operate correctly and are reliable. Efficient VLSI design was made feasible by 

the introduction of focused CAD instruments. Designing, simulating, and checking the 

multi-million element count in complex circuits is now much more productive and 

precise because of these CAD tools.  

Electronics, an unprecedented technological achievement, began in 1947 in the Bell 

Laboratories exploration bases, where the field of electronics was also forever 

changed. Physicists John Bardeen and Walter Brattain manufactured the first working 

point-contact transistor. The integrated circuit was first developed at Texas 

Instruments in 1958. This innovation completely transformed the field of electronic 

design and laid the foundation for the VLSI revolution.  

MOSFET is a critical semiconductor device that has had a profound impact on modern 

electronics and is a basic device of VLSI technology. The roots of the MOSFET can 

be traced back to the activities of researchers who were studying semiconductor 

physics and transistors in the 1920s and 1930s. However, there was limited progress 

in MOSFET technology until the 1950s and 1960s. Today, MOSFETs have become 

the fundamental device of modern VLSI chips. The use of MOSFET has made it 

possible to integrate millions to billions of transistors in a single silicon chip. By the 

mid-1970s, the benefits of CMOS technology were generally acknowledged, leading 

to significant advancements.  

Major milestones include the invention of the 1 transistor DRAM (dynamic random-

access memory) in 1967-68 and the microprocessor in 1971. In the year 1980, with the 

adoption of VLSI technology, the development of complex systems-on-chip became 

possible. The emergence of CMOS technology and continuous scaling have enabled 

the creation of highly efficient and cost-effective electronic devices. The constant 

transistor miniaturization has significantly improved performance and reduced the cost 

per function. The creation of smaller, more potent electronic devices that have 

transformed a number of industry sectors has been fueled by VLSI technology, which 
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has transformed electronics. The recent advancements in ULSI technology have 

further pushed the boundaries by the integration of billions of transistors into a chip, 

making it possible to design memory chips, specialized integrated circuits, and 

extremely complex and adaptable microprocessors. Figure 1.2 [2] illustrates the 

sequential development of VLSI technology throughout time. The inset graph highlights 

the exponential growth in transistor count (blue dots) and the steady reduction in transistor 

size (yellow dots) over time, driven by Moore's Law. Transistor sizes have shrunk from 

micrometers in the 1950s to below 10 nm by 2022, while transistor counts have risen from 

thousands to billions per chip. These advancements, enabled by innovations like FinFETs and 

Gate-All-Around transistors, have significantly boosted computational power and energy 

efficiency in modern electronics. 

 

Fig. 1.2 Evolution of VLSI Technology [2] 

1.4 Device Scaling (MOSFET) 

MOSFET scaling is the ongoing miniaturization of MOSFETs in order to improve 

their performance and density on integrated circuits. In 1965, Gordon Moore, projected 

that the transistors count on a semiconductor chip would double about every two years, 

referred to Moore's Law [3]. This doubling of transistor count has been made feasible 

by MOSFET scaling, which allows for smaller transistor sizes and the incorporation 

of a increased transistor count on a chip as shown in Fig. 1.3 [4].  
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Fig. 1. 3 Mosfet Scaling: Reduction in Transistor Gate Length Over Several Technological 

Nodes [4]  

For many years, the semiconductor industry has used Moore’s Law as a guiding 

concept to describe the future of electronic devices. This concept perfectly explains 

the pattern of transistor density increase and performance improvement. The main 

reason for scaling MOSFETs is to reduce the size of the transistor. This approach has 

some advantages, including performance, density, cost, and power consumption. 

Moreover, a smaller transistor allows for more aggressive packing and can integrate 

more transistors on a single chip. At the same time, scaling the device has its 

limitations and issues, such as increased sources of subthreshold leakage and 

variability of the process. Therefore, to overcome these issues and improve the device, 

new methods and materials need to be applied by designers. By skillfully balancing 

scaling and addressing associated issues, semiconductor technology continues to 

advance, facilitating the development of electrical devices that are more compact, 

potent, and energy-efficient [5]. 

Because of the continuous efforts from the semiconductor device engineers, Moore’s 

law has continued to hold remarkably well over the years. However aggressive scaling 

of MOS device is responsible for improved density, power and speed performance of 

IC but it encounters with various Short Channel Effects (SCEs). The SCEs dominate 

with reduced device size and they play a significant role in performance degradation. 

Silicon CMOS has evolved throughout the previous few decades as the most 

efficacious technology in the Micro-Electronics industry. To cater to the requisition of 

continuous improvement at both device and performance level, device-scaling 

approach has been persistently adapted over the generations of technology.  

1.5 Effects of scaling 

1.5.1 Short channel effects 

Short channel effects (SCEs) are a significant challenge in contemporary designs of 

semiconductor devices. The channel length of a transistor, which connects its source 

and drain, likewise gets shorter as devices get smaller, leading to various physical 
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effects that can negatively impact device performance. SCE are common in short 

channel devices (MOSFET and Tunnel FET). Various SCEs are discussed below [6]: 

Drain Induced Barrier Lowering (DIBL): One of the most significant effects of 

SCE is the DIBL effect. DIBL is caused by the drain voltage, which lowers the 

potential barrier at the source-channel junction, resulting in a reduction in the threshold 

voltage of the transistor. As the threshold voltage decreases, the transistor may turn on 

prematurely, leading to increased leakage current, reduced transconductance, and 

reduced voltage gain [7].  

Hot Carrier Effect (HCE): Another important SCE is hot carrier effect (HCE). HCE 

occurs when carriers, such as electrons or holes, in the channel are accelerated to high 

energies due to high electric fields or high voltages. These high-energy carriers can 

cause damage to the gate oxide, resulting in increased leakage current and reduced 

mobility. HCE can also cause a reduction in the lifetime of the device, leading to 

reliability issues [8].  

Velocity Saturation: Velocity saturation occurs when the carriers in the channel reach 

a high enough velocity that they begin to interact with the lattice atoms in the material, 

resulting in a saturation of the carrier velocity. This effect can lead to a reduction in 

the mobility of the carriers and a decrease in the device's current drive capability. To 

prevent velocity saturation in FET, various techniques can be employed to minimize 

the impact of high electric fields and improve carrier mobility [8].  

Channel Length Modulation (CLM): CLM (occurs in enhancement type FET) is 

characterized by the reduction in the effective length of the induced channel for large 

drain voltage. This occurs due to the overlapping of the induced channel with the 

depletion region around drain junction, leading to a decrease in the threshold voltage 

of the device and an increase in the device's leakage current due to reduction in the 

effective channel length. To mitigate the effect of channel length modulation, one 

approach is to intentionally adjust the doping profile of the channel region. By keeping 

the channel doping higher than the drain doping, the impact of CLM can be reduced. 

This technique is often referred to as channel engineering.  

Threshold Voltage Roll-off: As channel length is reduced, the threshold voltage can 

shift, causing the transistor to turn on at lower gate voltages than expected. This can 

result in challenges in maintaining precise control over transistor behavior and impacts 

circuit performance in scaled devices [9].  

Punch-Through: In very short channel FET devices, the depletion regions of source 

and drain regions can overlap, causing punch-through and reducing control over the 

channel [8]. This phenomenon compromises the control over the channel, effectively 

turning the transistor into a short circuit and leading to increased leakage currents. This 

might lead to the breakdown of devices in few cases.  

Mobility Degradation: Short-channel effects can lead to mobility degradation, 

causing carriers to experience lower mobility due to scattering effects. This diminished 
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carrier mobility in the channel hampers the transistor's ability to conduct current 

effectively, affecting its overall performance and efficiency [6].  

1.5.2 Quantum Mechanical Effects  

Quantum mechanical effects become significant when the device dimensions become 

of the size of atom. Here, the behavior of particles and systems is governed by the 

principles of quantum mechanics [10].  

Tunneling: Tunneling, a remarkable quantum mechanical effect, defies classical 

phenomenon of charge carrier transportation by allowing electrons to traverse barriers 

that would normally impede their motion. When faced with an exquisitely thin barrier, 

the electron's probability wave extends beyond the barrier, defying the odds. In 

classical terms, lacking sufficient energy to surmount a barrier would prevent electron 

movement. However, in the quantum mechanical realm, electrons also exhibit wave-

like properties. These wave functions do not abruptly terminate at a barrier, but rather 

diminish rapidly. If the potential barrier thickness is sufficiently thin, the probability 

function of an electron extends into the adjacent region, penetrating the barrier. 

Furthermore, the main reason of tunneling phenomenon in FET is high doping due to 

which potential barrier becomes thin enough for the charge carriers to tunnel through 

it. As a result, the energy barrier becomes more penetrable, enabling charge carriers to 

tunnel through it via a quantum mechanical process known as tunneling. Tunneling 

effect is more profound in TFET or highly doped MOSFET [10]. 

Ballistic Transport: Ballistic conduction, also known as ballistic transport, refers to 

the movement of electrons through a material with very little electrical resistance 

caused by scattering. This phenomenon occurs when the distance an electron can travel 

freely, known as the mean free path, is significantly longer than the dimensions of the 

medium it traverses. In a FET, ballistic transport (‘ballistic’ refers to the motion of 

charge carriers, such as electrons, through a material with minimal scattering or 

collisions) represents a deviation from the typical carrier transport mechanism. 

Normally, as an electron moves from the source to the drain, it undergoes a scattering 

effect that leads to a decrease in its energy. However, when the device size is 

significantly reduced, this mechanism undergoes a transformation. The electron now 

travels directly from the source to the drain, covering a very short distance and 

experiencing minimal scattering effects. This shift to ballistic transport improves the 

on-current since there is reduced scattering within the device. Consequently, it is 

viewed as a desired effect rather than a limiting factor (due to scaling) for FET 

performance. It mostly occurs in short-channel devices (especially where channel 

length is below 10 nm) [11]. 

1.6 Device Topologies for Reduction of SCE’s 

As the device dimensions approach the nano-scale regime, the short channel effects 

inhibit optimized device performance. Hence, there is a need of various device 

technologies so that the SCE’s can be mitigated to a larger extent. The non-classical 

structures have multiple gates which can exert greater command over the channel in 

contrast to the conventional design. Reduced leakage current, enhanced performance, 
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and output conductance of the device, even in the nanoscale region, are all benefits of 

improved gate control. An additional benefit of unconventional design is improved 

drive current, which is responsible for much faster circuit speed. These benefits are 

compelled to persist in reducing costs via miniaturization. Below are some device 

designs that can be used to minimize SCEs: 

1.6.1 DG (Double Gate) FET 

DG FET has the channel in between two gates. Fig. 1.4 shows the 3-D view of Double 

Gate (DG) FET [12]. The fundamental concept of a DG FET is to achieve effective 

regulation of the channel through choosing very small channel widths and appending 

a gate contact on both the sides of the channel, which helps in suppressing SCEs and 

results in higher current when contrasted to a single gate FET [13]. 

 

Fig. 1.4 DG FET 

DG FET is electrostatically much more powerful in contrast to traditional FET with 

just one gate, due to the gate shielding of the channel from two sides, thereby 

concealing field penetration from the gate and thus curbing SCEs. T. Sekigawa and Y. 

Hayashi published the first article on the DG-MOS transistor in 1984 [14]. The short-

channel effect is reduced as a result of the drain electric field's reduced influence on 

the channel. Two configurations are possible for double gate FET: Asymmetric DG 

FET and Symmetric DG FET. One gate is coupled to the other by a common gate bias 

in a symmetric DG MOSFET, and both oxides have the same thickness, while in an 

asymmetric DG MOSFET, the front and rear gates receive separate biasing and the 

oxides' thicknesses are also different. 

1.6.2 FINFET 

The Fin-FET has been introduced by Huang et. al in 1999 [15] to surpass the 

undesirable types of SCEs seen by deep submicron transistors, such as DIBL and 

threshold voltage roll-off. Fig. 1.5 illustrates the schematic view of Fin-FET structure. 

Fin-FET technology involves encasing the gate around a narrow silicon slice, known 

as a "fin", which is ideally made of intrinsic silicon. The current then travels over the 

surfaces of the fin, both on the side and the top. This wrap-around nature of the gate 

increases gate control on the channel, which causes more reduction of SCE’s and 

leakage current. 
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 Fig. 1.5 Structure of FINFET [15] 

1.6.3 Gate-All-Around (GAA) FET 

The gate structure of a GAA FET [16], [17], also known as a Surrounding Gate FET 

or Wrap Around Gate FET, is wrapped around a silicon beam, which can be square, 

rectangular, circular, thin or wide, and have different orientations. Studies illustrate 

that this excess electrostatic confinement allows the Gate-All-Around FET to be scaled 

to about 50% more as compared to the double gate FET [18]. This characteristic may 

be utilized to soften the need for the oxide and the silicon layer thickness for a given 

gate length. Different kinds of gate-all-around structures are characterized by their 

respective geometries. These include: 

1.6.3.1 Rectangular GAAFET 

The Rectangular GAA MOSFET features a rectangular substrate material that is fully 

enclosed by a rectangular-shaped gate. The rectangular GAA construction provides 

excellent control over the electrostatics of the channel and is more resistant to SCEs 

compared to DGFET and Fin-FET structures. The device with a rectangular gate offers 

improved current drivability, enhanced mobility, and an optimal subthreshold swing 

at a specific crystal orientation [19]. The basic layout of a rectangular GAA FET is 

shown in Fig. 1.6. 

                                                                      

Fig. 1.6 Rectangular GAA FET Structure [19] 

1.6.3.2 Triangular GAA FET 

Fig. 1.7 (a) displays the three-dimensional and Fig. 1.7 (b) depicts the correctional 

perspective of the triangular GAA MOSFET. In this configuration, the triangle 

substrate material is fully enclosed by a triangular-shaped gate. The low field mobility 

is increased by the local volume inversion in corners and the coupling known as corner 

effects [20].  
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(a)                                                                    (b) 

Fig. 1.7 Triangular GAA MOSFET [20] 

1.6.3.3 Cylindrical GAA FET 

Fig. 1.8 displays a cylindrical GAA FET. It consists of a semiconductor substrate in 

the shape of a cylinder that is fully enclosed by the gate. This semiconductor cylinder 

serves as the channel of FET. The CGAA FET [17], [21], [22] is an intriguing design 

structure for CMOS technology in the future because of its enhanced resistance to 

SCEs, reduced floating body effects, effective gate controllability, improved transport 

characteristics, and outstanding compatibility with CMOS. 

 

Fig. 1.8 Structure of Cylindrical GAA MOSFET 

1.7 Device Engineering Techniques 

Guided by all the above mentioned short channel effects and other limitations, various 

engineering techniques have been applied to the device architecture, some of which 

are addressed below: 

1.7.1 Gate Material Engineering (GME) 

A discontinuity in the field along the channel is proposed by engineering in the gate-

material with unique work functions, which results in enhanced transport and 

decreased SCEs. The channel electric field profile is adjusted to amplify the field 

strength at the source side in order to boost the speed of the carriers, while reducing 

the field strength at the drain end. Additionally, a metal with a lower work function is 

placed at the drain end to shield against changes in drain potential thereby curtailing 

the hot electron effect. Gate Material Engineering (GME) FET, as depicted in Fig. 1.9 

[23] can be employed in FET structures, with the aim of improving gate transport 

efficiency and minimizing SCEs [23], [24]. 
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Fig. 1.9 Gate Material Engineering (GME) in Cylindrical GAAFET [23] 

1.7.2 Gate Oxide Stack Engineering 

Oxide engineering has emerged as a pivotal aspect of modern semiconductor 

technology, particularly in the realm of FET. High-k dielectric material as the gate 

oxide material or gate oxide stacking can be employed as the standard oxide 

engineering strategies which results in the enhanced transistor performance [25]. As 

the industry aims for more energy-efficient and high-performance FET, oxide 

engineering evolves as well. Novel materials and innovative design methodologies 

have been employed to control the properties of oxides and expand the limits of 

semiconductor technology. This allows the continuous advancement of Moore’s Law. 

High-k dielectrics such as Al2O3 and HfO2 possess a higher permittivity than SiO2, 

allowing for thicker gate oxides without sacrificing capacitance. This simultaneously 

reduces gate leakage while maintaining the required level of performance. In addition, 

gate oxide stacking has become increasingly recognized as an advanced method of 

oxide engineering. As direct deposition of high-k dielectric material is challenging, it 

is common practice to layer SiO2 with such material. This enhances the transistor’s 

performance, enabling optimized threshold voltage and improved subthreshold slope. 

Stacking also contributes to minimizing the short-channel effects, enhancing FET’s 

overall efficiency and speed. In the context of biosensing applications, gate oxide 

stacking typically leads to a substantial improvement in sensitivity. Fig. 1.10 shows a 

typical MOSFET with gate oxide stacking. Gate oxide stacking can be further 

classified into forward and reverse gate oxide stacking.  
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Fig. 1.10 MOSFET with Gate Oxide Stacking  

The material with a low dielectric constant is typically positioned close to the channel, 

and the high dielectric constant material is positioned near the metal gate in the forward 

gate oxide stacking technique. In the reverse configuration, the material with a high 

dielectric constant is set up close to the channel, and the material with a low K is 

situated close to gate. However, the usage, number, and placement of different 

dielectric materials depend on various factors, such as fabrication complexity, stability 

of these oxide layers, lattice matching between the channel material and oxide 

material, and the oxide breakdown voltage limit [25]. 

1.7.3 Channel Engineering 

Intentionally adjusting the doping profile of the channel region is one method that can 

be utilized to reduce the impact of channel length modulation. It is possible to lessen 

the influence of CLM by maintaining a channel doping that is equal to or higher than 

the drain doping. A common name for this method is channel engineering, and it is 

also sometimes referred to as channel doping gradient [26]. Adjusting the channel 

doping profile and size can be an effective means of controlling the distribution of the 

electric field and reducing the likelihood of velocity saturation [27]. In order to lessen 

the peak electric field intensity and enhance carrier mobility, many techniques are 

utilized. Some examples of these techniques are graded channel engineering and 

lightly doped drain (LDD). In order to mitigate the issues that are provided by reducing 

dimensions, graded doping profiles, also known as dual or triple step-graded profiles, 

are utilized. These profiles introduce regulated fluctuations in dopant concentration 

along the transistor channel [26].  

 

1.8  Junctionless Field Effect Transistor  

In inversion mode MOSFET, two p-n junctions are connected back to back. Below the 

22 nm technology node, the device length is comparable to the length of the depletion 

region of p-n junctions. Therefore, from a fabrication perspective, controlling these 

metallurgical p-n channel junctions is quite challenging. Also, short channel effects 

and hot carriers are undesirably increasing when device design goes below 22 nm 

technology node. Therefore, to survive prospective designs for ULSIs, there is a 

growing necessity for substantial adjustments at the device level. The Junctionless 

High-K Dielectric 

Low-K Dielectric 
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transistor is a new design with exceptional properties that was proposed by Colinge et 

al. [28]. The source, channel, and drain region are uniformly and strongly doped, 

without the development of junctions, which eliminates the issue of impurity diffusion. 

A physicist Julius Edgar Lilienfeld filed the first patent [29] for the Junctionless 

concept in 1925. The field-effect transistor proposed in this patent comprises a narrow 

insulator layer that is placed on top of a thin semiconductor film, which in turn is 

coated onto a metal electrode. The metal electrode functions as the gate of the device. 

The structure of Colinge [28] et al. is based up on tri-gate design. The structure reduces 

the effects of various parasitic resistance and capacitances. To improve the gate 

controllability in Junctionless transistor, cylindrical gate structure has been proposed. 

The JNT’s physics differs significantly from the typical MOSFET’s, as depicted in 

Fig. 1.11.  

The strongly doped nanowire experiences a significant reduction in its electric field 

that is perpendicular to the current flow when it is depleted below the threshold. 

However, when it is over the threshold, the electric field decreases to zero. Contrary 

to inversion-mode (IM) or accumulation-mode (AM) devices, where the field strength 

is maximum when the device is turned on, this is the opposite. From the figure, below 

threshold voltage, the mobile carriers in channel region are depleted. As a result, there 

is no pathway for conduction between the source and drain areas. When sufficient 

amount of gate voltage applied then depletion of carriers removes and carriers start 

from center of the semiconductor film. 

 

Fig. 1.11 Operation Mechanism of Junctionless Transistor [28] 

1.9 Device Simulation 

Simulation of the device is an integral part in design of the device. It serves as quick 

feedback about device design before long and expensive fabrication of discrete device 

simulators, such as ATLAS [31], TCAD (Technology Computed Aided Design) Non-

linear differential equations are solved using iteration techniques like Newton-

Raphson method etc. Depending on the number of points a simulation can take several 

hours. Voltages, terminal currents and charges are calculated based on a set of physical 

device equations– i.e. continuity and Poisson’s equations. Beside a wide variation of 

materials, such as semiconductor, metal, insulator etc. a device simulator offers to vary 

a wide variety of parameters to change, such as temperature, pressure and so forth. 

Also, the variability of models such as carrier statistics, and current continuity seems 
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endless. In this thesis, ATLAS 3-D device simulator from Silvaco has been used. Table 

1.1 demonstrates the various models available in ATLAS to model the various physical 

phenomena [30]. 

Table 1.1 Various Models Available in ATLAS [30] 

1.10 FET as Biosensor 

In the past 20 years, breakthroughs in semiconductor technology have led to dramatic 

progress in the broad field of biomolecule sensing. The development of customized 

treatments suggests better disease categorization and increased diagnostic accuracy 

with fewer adverse effects. Medical technology facilities must be equipped with 

biosensors that can detect ultralow concentrations of biomolecules quickly and 

accurately, in addition to other real-time monitoring features, as part of the 

advancement to such an advanced health care system [31], [32]. Because of the 

opportunities for on-chip integration and miniaturization made possible by current 

semiconductor manufacturing processes and technologies, biosensor devices with an 

electrical sensing output are attractive candidates [33]. The conventional method of 

biosensing originated from chemical approaches, which had numerous disadvantages 

and limited advantages. The advantages and limitations of classic chemical biosensing 

approaches, in comparison to modern advanced techniques, are presented in Table 1.2. 

Table 1.2 Comparison of Conventional Chemical Biosensing and Modern FET Biosensing 

Techniques 

Biosensing Technique Advantages Limitations 

Conventional Chemical 

Sensing 

Offers high sensitivity. 
Exhibits slow detection time 

response. 

Offers high selectivity. 
Involves costly equipment 

and skilled personnel. 

 
Susceptible to organic 

contamination. 

Category Models  

Statistics Boltzmann, Fermi-Dirac, Incomplete Ionization, Bandgap narrowing 

Mobility Concentration dependent mobility (Standard, Analytic, Arora 

Model), Carrier-Carrier scattering model, Field dependent mobility 

model, Surface scattering mobility model, CVT model, Yamaguchi 

model. 

Recombination Shockley-Read-Hall (SRH) recombination model with fixed lifetime, 

SRH recombination model with concentration dependent lifetime, 

Auger recombination model 

Impact ionization  Crowell and Sze model, Grant’s model, Selberherr model 

Tunneling  Fowler-Nordheim tunneling model, Band to Band tunneling model, 

Direct quantum tunneling model, Hot carrier injection model, 

Concannon’s Injection Model 

Energy transport Energy balance model, Hydrodynamic model. 
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Requires complex data 

analysis and interpretation. 

Modern advanced FET 

Biosensing 

Provides rapid detection 

time. 
Prone to noise interference. 

Outputs data in electrical 

format, facilitating 

interpretation. 

The manufacturing process 

is complex. 

Demonstrates high 

sensitivity. 
 

Offers reusability and 

portability. 
 

 

1.10.1 Biosensing Mechanism 

A biosensor system consists of two main components that work together: the bio-

recognition system and the transducer. The bio-recognition system includes a sensing 

layer where the chemical functionalization of the bio-receptor chemical occurs, 

typically in a specially designed chemo-receptive cell. The transducer, on the other 

hand, serves as the means for evaluating the attached target bio-molecules into an 

equivalent electrical quantity and can be a heterostructure or a field effect transistor 

(FET) [34]. Fig. 1.12 (a) demonstrates the basic block diagram of biosensor in which 

the transducer could be of electrochemical, thermometric, optical, piezometric and 

magnetic. The fundamental block diagram of the sensor mechanism in FET biosensors 

is depicted in Fig. 1.12(b), where the transducer device is a field effect transistor of 

several types, including classical FET, double gate FET, FinFET, junctionless FET, 

and gate-all-around FET [35].  

 
(a) 
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(b) 

Fig. 1.12 (a) Basic Block Diagram of Biosensor [34] (b) Basic Block Diagram of Sensor 

Mechanism in FET Biosensors [35] 

1.10.2 Evolutionary Progression of BioFETs 

The core idea of FET biosensor is the movement of charge in the channel of transistors 

due to the electrostatic influence of charge on the target biomolecules that are 

connected to the layer oxide surface. By utilizing suitable compounds as bio-

recognition elements, BioFETs have the ability to detect biomarkers of interest, even 

at extremely low concentrations [36]. Fig. 1.13 illustrates the chronological 

progression of FET biosensors, highlighting key milestones. 

 

Fig. 1.13 Evolution of FET Biosensors  

Bergveld's initial BioFETs are planar ion-sensitive FETs (ISFETs) that functioned as 

electrochemical sensors for detecting PH or proton concentration [37]. Over time, 

advancements were made in the design of planar ISFET architectures, allowing for the 

transition from ion sensing to biomolecule sensing [37]. These improvements enabled 

the detection of several analytes, including nucleic acids and proteins. FET Biosensors 

are being used for more complex clinical applications like label-free biomolecule 

detection and DNA sequencing. However, these applications still face hurdles in both 

design and implementation. The FET based biosensors are primarily designed for the 

detection of biomolecules such as DNA without the requirement for labeling. When 

complementary counterparts are attached to DNA that has been immobilized on a 

detecting surface such as an oxide layer, consequently, a change in channel surface 

potential. This change is caused by the negative charge in nucleotides, which enables 

the detection without the need for labeling. There have been reports of BioFETs with 
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a planar shape that have a lower detection limit of a micromolar range [38]. Various 

biomolecules, such as glucose, penicillin, and urea, have been successfully identified 

using BioFETs [39]–[41]. Modern architecture BioFETs at the device level utilize 

advanced technologies such as nanowire FET, TFET, Gate-All-Around FET, multi-

gate FETs, FinFET, junctionless FETs, and others [42]–[44].  

1.11 Literature Survey 

1.11.1 Literature Survey on FET Devices 

The field-effect transistor (FET) is utilized in different analog applications and comes 

in numerous variations, including MOSFET, TFET, IIFET, and HEMT. MOSFET is 

widely used in most analog applications, except for a few cases requiring a low 

subthreshold swing and ultra-low power consumption. Researchers have investigated 

different approaches to improve the performance of FETs and customize them to meet 

specific application needs. Below, we will discuss some notable progress in 

contemporary literature.  

(a) Emerging FETs for improvement in RF and high frequency Applications:  

Researchers are exploring different ways to improve transistor performance because 

of the constant search for better transistor performance in high-frequency applications. 

Gate length scaling is a highly influential approach that includes systematically 

decreasing the physical dimensions of the gate region in a FET. This method shows 

potential for attaining higher cut-off frequencies and enhanced linearity, which are 

both essential aspects for RF and high-frequency functioning. Biswal et al. [45] 

thoroughly examined that reducing the gate length of a FET impacts its performance 

in analog/RF applications. But this improvement is accompanied by difficulties such 

as increase in gate leakage current and vulnerability to short channel effects.  

Various studies highlight the importance of customizing gate architectures to improve 

high-frequency capabilities. Sarkar et al. [12] presented the impact of gate engineering 

on a dual-gate MOSFET. Implementing the gate engineering techniques significantly 

enhances device performance, particularly in terms of high-frequency operation. 

Several authors have also emphasized the benefits of gate engineering on the analog 

performance of GAA-FET [46]–[48]. 

Furthermore, there has been an increase in the investigation of new materials with 

unique properties, such as Gallium Arsenide (GaAs), Graphene, Molybdenum 

Disulfide (MoS2), and Indium Phosphide (InP). These materials demonstrate enhanced 

electron mobility, resulting in higher intrinsic transit frequencies and improved high-

frequency properties of FET [49], [50]. The use of these materials with high electron 

mobility offers both advantages and difficulties, as their incorporation into current 

silicon-based technologies requires careful assessment of compatibility and production 

methods.  

In order to improve carrier mobility and device performance at RF frequencies, the 

usage of strained silicon and silicon-germanium hetero-structures has also been 
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studied [51], [52]. By systematically applying strain to the crystal structure of silicon, 

the movement of charge carriers is increased, resulting in quicker charge transport and 

enhanced performance at high frequencies. Silicon-germanium hetero-structures 

provide a benefit by utilizing the differences in lattice constants between silicon and 

germanium to improve the movement of carriers and enhance the performance of 

transistors in the high-frequency range.  

(b) FETs for Low-power applications: Field-effect transistors (FET), such as 

MOSFETs, and recent FET technologies like FinFET, TFET, and GAA-FET, are very 

important in different fields for low-power electronic devices [53], [54]. One of the 

foundational aspects of low power FET applications lies in their ability to achieve 

reduced power consumption without compromising performance. This is particularly 

crucial in battery-powered devices, such as smartphones, IoT sensors, and wearable 

gadgets. The literature underscores the relentless pursuit of smaller feature sizes and 

improved materials to enhance FET performance in terms of reduced leakage currents, 

improved switching speed, and lower threshold voltages (essential for low power 

circuit design). In the realm of low-power digital logic, MOSFET has been extensively 

researched, and techniques like multi-threshold voltage design, power gating, and 

clock gating have been deployed to minimize static and dynamic power dissipation 

[55], [56]. 

The historical perspective of low-power FET applications can be traced back to the 

mid-20th century, marked by the emergence of the first practical FET. Early FET, such 

as the MOSFET, was instrumental in shifting the landscape of electronics away from 

power-hungry vacuum tube technology. The MOSFET, first conceived in 1960, played 

a pivotal role in the development of low-power electronic devices. This period of 

1960’s and 1970’s marked the initial applications of MOSFET in calculators, early 

computers, and digital logic circuits. A new age of low-power electronics started 

during the 1990s when CMOS technology became widely used.  This era saw the 

proliferation of low-power microcontrollers, memory devices, and systems-on-chip 

(SoC) that underpin today's mobile phones, tablets, and IoT devices [57]. As the 21st 

century unfolded, the demand for low-power electronic devices continued to surge, 

fueled by the proliferation of portable electronics and the global push for energy-

efficient technologies. In parallel, the semiconductor industry pushed the boundaries 

of FET technology with innovations like FinFET, TFET and GAA-FET [58]. These 

emerging FET architectures promised even better electrostatic control and lower 

leakage currents, making them highly attractive choices for achieving greater energy 

efficiency in digital circuits. TFET, for instance, leverages quantum mechanical 

tunneling effects to achieve extremely low subthreshold slopes, paving the way for 

further reductions in power consumption [59].  

1.11.2 Literature Survey on Gate-All-Around FET (GAA-FET) 

The Gate-All-Around Field-Effect Transistor (FET) is a type of FET where the channel 

is completely surrounded by the gate. This design has been employed in several analog 

applications in literature [60]–[62]. The ongoing improvements in semiconductor 

technology have greatly aided the development and use of GAA-FET for radio 

frequency and analog circuits. The inherent electrostatic control provided by the GAA 
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architecture enables superior gate control and minimizes parasitic effects, resulting in 

improved analog performance at high frequencies. Auth and Plummer [16] have shown 

that Cylindrical Gate-All-Around (CGAA) MOSFET is one of the most promising and 

attractive structure for future Complementary Metal Oxide Semiconductor (CMOS) 

technology. Ghosh et al. [63] have further shown that CGAA MOSFET poses better 

short-channel effects immunity, good gate controllability, suppressed floating-body 

effects, improved transport property and excellent CMOS compatibility. A lot of work 

has been carried out by researchers on Gate-All-Around MOSFET, Dual-Metal 

Nanowire FET (DM-NW-FET) / GAA MOSFET, including the analytical modelling, 

and effect on gate leakages [64]–[69]. 

1.11.3 Literature Survey on FET for Biosensing Applications 

Over the past decade, there has been a significant effort to create methods and systems 

for detecting biological compounds that are vital for the environment, human health, 

and agriculture. An essential criterion for identifying these compounds is a sensing 

device that is exceptionally discerning, dependable, rapid, sensitive, and portable.  

Biosensors can be classified according to their detection method, which can be either 

labeled or label-free detection [70]. Electrochemical biosensors have gained 

considerable attention for their capacity to offer real-time electrical detection with 

minimum power consumption, making them particularly appealing for label-free 

detection. These biosensors possess high sensitivity, scalability, cost-effectiveness, and 

lightweight characteristics, which make them appropriate for integration with a 

measurement system on a chip [71]. CMOS technology is a standout choice for on-

chip integration because of its resilience, scalability, and cost-effectiveness. The 

scaling property of CMOS technology is important because it allows nanostructures to 

be sized to match biological entities such as nucleic acids and proteins. This enables 

the integration of electronics, nanotechnology, and biology. CMOS-compatible 

biosensors have the capability to detect a diverse array of biological molecules, such 

as proteins, viruses, and nucleic acids, which are bio-chemical species.  

Electrochemical Biosensor  

An electrochemical biosensor, a type of label-free biosensor, utilizes an 

electrochemical transducer to convert biotarget-bioreceptor interactions into electrical 

signals (as depicted in Figure 2.6). These sensors rely on surface interactions for 

biorecognition, independent of reaction volume, allowing for measurements with 

small sample volumes [72]. Table 2.1 provides an overview of various electrochemical 

transducers used in electrochemical sensing, along with their measurement types [73]. 

The readout circuitry typically includes signal amplifiers (for signal enhancement), 

signal processors (for analog-to-digital conversion), and display units (for presenting 

the final output) [74]. Electrochemical biosensors offer numerous advantages for 

detecting biological substances, including high sensitivity, selectivity, affordability, 

and portability. 

Two widely adopted MOSFET configurations for biosensing applications are the ion-

sensitive field effect transistor and the dielectric modulated field effect transistor (the 
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latter being the most commonly used variant). The general approach to electrically 

detect biomolecules using MOSFET, drawing from literature sources, is summarized 

as follows: 

i. Label-Free Detection with a Bioreceptor Layer [73], [75], [79], [80]:  

 

The upper surface of the MOSFET, typically the gate oxide, is modified and 

functionalized with a bioreceptor that specifically binds to the target biomolecule 

(biotarget). A bioreceptor acts as the sensing element in the biosensor which is 

basically a biological molecule or component that recognizes and binds to a specific 

biomolecule (target biomolecule), allowing for the detection of the target biomolecule. 

The interaction between the biotarget and the bioreceptor on the MOSFET results in 

alterations in the device's electrical characteristics, including electric potential, channel 

electron concentrations, and conduction current. These changes are analogous to those 

produced by the application of an external gate voltage. The degree of change in the 

MOSFET's electrical conductivity after the binding of the biomolecule to the 

bioreceptor serves as a basis for biomolecule detection. When biomolecules are 

immobilized inside the cavity, embedded in the gate oxide layer, they alter the 

equivalent oxide, subsequently affecting the potential distribution across the channel. 

This modification enhances the selectivity of the biosensor for detecting the presence 

of biomolecules. 

ii. Label-Free Detection without a Bioreceptor Layer [58], [61], [85]: 

  

When biomolecules are immobilized inside the cavity, embedded in the gate oxide 

layer, they alter the equivalent oxide, subsequently affecting the potential distribution 

across the channel. This modification enhances the sensitivity for detecting the 

presence or absence of biomolecules (although it may reduce specificity due to the 

absence of a bioreceptor layer). 

Dielectric Modulated FET Biosensor 

DM-FET biosensors utilize a nanogap cavity where biomolecules are injected, causing 

alterations in the gate's effective capacitance. This nano gap is fabricated by etching 

the gate oxide or sometimes the gate material of FET device [75], as depicted in Fig. 

1.14.  

 

Fig. 1.14 Schematic of Nanogap formed in DMFET Biosensor [76] 
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The changes in gate capacitance depend on the dielectric constant (K) and charge 

density (Qf) of the biomolecules. An important benefit of using DM-FET biosensor is 

their capacity to detect both charged and neutral biomolecules [76]. These biosensors 

are extremely important in industries like medical diagnostics, environmental 

monitoring, and drug research. 

The literature review based on significant research on high-performance field effect 

transistors and their use as sensors is displayed in Table 1.3. On the other hand, Table 

1.4 details the significant research on analytical modeling and sensitivity enhancement 

of Gate-All-Around FET sensors.  

Table 1. 3 Literature Survey on High-Performance Field Effect Transistor and their Application 

as Sensors 

Ref. 

No. 

Author Name & 

Year 

Type of FET 

design and 

sensor 

Summary/Findings 

[77] Colinge et al. 

(2010) 

Junctionless 

nanowire 

transistors (JNT) 

The junctionless transistor (JLT) is the 

optimal approach for creating very precise 

source/drain junctions. Due to its stable 

doping characteristics, JLT is a promising 

solution for addressing the issue of costly 

annealing procedures and thermal budget. 

Furthermore, different electrostatic traits 

have been modified by doping the source, 

channel, and drain using n+ doping. 

 

[78] Choi et al. (2010) Junctionless 

Accumulation 

Mode FinFET 

This research investigates the performance of 

bulk FinFETs having high-K spacers and 

doping in junctionless accumulation mode. 

The study focuses on improvements in SS, 

DIBL, and ION IOFF⁄ . The JAM-CSG 

MOSFET is a variant of the Junctionless 

MOSFET that has been specifically 

developed to address the JLT issue. The 

structure is a homojunction with a single 

doping type, consisting of an n+–n–n+ 

configuration. 

 

[79] S. Rewari et al. 

(2016) 

Nanotube 

junctionless field 

effect transistor 

(NJLFET) 

The performance of NJLFET is evaluated by 

comparing it with that of junctionless gate-

all-around FET. The results demonstrate that 

the junctionless MOSFET in NJLFET 

exhibits notable enhancements in both digital 

performance and analog performance. 

 

[80] Yang et al. (2019) Si Nanowire 

Double-Layer 

Gate FET 

The work presents the improved threshold 

voltage characteristics of the double layer 

gate configuration in Si Nanowire FET. 
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[81] Kumar, Sandeep et 

al. (2020) 

Trench Gate 

TFET with Dual 

Channel for 

biosensor design 

The gate in dielectric modulated dual channel 

trench gate tunnel FET (DM-DCTGTFET) is 

placed inside a trench vertically to create two 

channels on both sides of the gate. The 

simultaneous conduction of two channels 

increases the current. The sensitivity 

performance of the DM-DCTGTFET is also 

enhanced. The simulated results demonstrate 

that as the cavity width increases, the current 

sensitivity decreases while the voltage 

sensitivity exhibits an increase. 

 

[82] Chen et al. (2021) Extended Gate 

Junctionless GAA 

FET  

Explored the potential for deviation and 

susceptibility in a potentiometric sensor 

utilizing an extended-gate FET. This 

investigation compared junctionless and 

inversion-mode nanowire FETs. Both JL and 

IM GAA NWFETs were fabricated 

simultaneously and showed outstanding 

electrical properties, and a SS of 

approximately 63 mV/dec and a high 

switching ratio. Notably, JL GAA NWFETs 

exhibited superior drift stability compared to 

their IM counterparts across various 

operational regions and over prolonged 

periods. 

 

[83] A Das al. (2022) Surrounding Gate 

MOSFET for 

Biosensing 

Applications  

Explored multiple challenges that may 

impede the sensing capabilities of the 

biosensors based on surrounding FET. 

• Fabrication Challenge 

• Selectivity 

• Sensitivity 

• Short Channel Effects 

• Reusability 

• Filling Area 

 

[84] Kaur, Pawandeep 

et al. (2022) 

Double Gate 

Junctionless FET 

A dielectric-modulated double-gate 

junctionless metal-oxide-semiconductor 

field-effect transistor (DM-DGJLT) was 

investigated for its potential in label-free 

biomolecule detection. This device boasts an 

impressive ON/OFF current ratio of 1012, 

delivering an ON current around 10−4 A/μm 

and an OFF current approximately 

10−16 A/μm. For dielectric constants K=10 

and K=1, the threshold voltage variations 

were measured as ΔVth=0.34 V and 

ΔVth=0.23 V, respectively. High-k materials 

are used to insulate the cavities beneath the 

gate, effectively modulating the dielectric 

constant. 
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[85] Gao et al. (2022) Poly-L-Lysine-

Modified 

Graphene FET  

(GFET) 

A very sensitive biosensor has been created 

using PLL modified GFET. SARS-CoV-2 and 

breast cancer RNA can be identified more 

quickly, accurately, and adaptively with the 

use of this biosensor. This biosensor exhibits 

the capacity to specifically identify and 

distinguish miRNA and SARS-CoV-2 RNA. 

It has a dynamic range of five orders and a 

LOD as low as 1 fM within 20-minute 

timeframe using just 2 μL of blood sample. 

This is a sensitivity enhancement of more 

than 113% compared to GFET biosensors. 

 

[86] Shivendra Yadav 

et al. (2021) 

A Dielectric 

Modulated 

Biosensor for 

SARS-CoV-2 

The paper presents an innovative biosensor 

for SARS-CoV-2, specifically targeting the 

proteins related to spike, envelope, and DNA 

of virus. The sensor's sensitivity to virus 

proteins and their charge densities was tested 

using DC and RF characteristics. 

Furthermore, a thorough comparison has 

been conducted between the sensor with and 

without Hf Gate2, focusing on the DC/RF 

parameters. The results demonstrate the 

importance of the suggested improvement. 

Additionally, the effect of substituting the 

SiO2 with HfO2 in relation to DC/RF 

components has been investigated to analyze 

the sensing capability. 

 

[87] Wangkheirakpam 

et al. (2022) 

TFET-based 

biosensor 

A vertical TFET-based dielectric modulated 

biosensor has been proposed for SARS-CoV-

2 detection. Enhanced device drain current is 

attained by employing the n+ pocket at the 

source side. The S-protein and DNA, which 

are separate viral proteins with different 

electrical properties, combine within the 

nanogaps. The simulation data clearly 

demonstrate that the proposed biosensor is 

highly sensitive. 

 

[88] Priyadarshani et 

al. (2022) 

Gate-all-around 

junctionless FET  

This paper describes label-free SARS-CoV-2 

detection using a gate-all-around junctionless 

Field effect transistor. The sensitivity analysis 

examines ΔVTH, ΔION, Δgm, and SS. More 

variation in the electrical parameters allows 

sensitive biosensors. GAA-JLFET is chosen 

here because of its easy fabrication and better 

sensitivity from gate controllability with 

additional gates. 
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 Table 1. 4 Literature Survey on Sensitivity Improvement and Analytical Modeling of Gate-All-

Around FET Sensors 

Ref. 

No. 

Author 

Name & 

Year 

Analytical Model for 

FET design and 

sensor 

Findings 

[89] A. Goel et 

al. (2020) 

Junctionless Biotube 

FET  

Under identical bio-molecule settings, 

Junctionless Biotube FET sensor was 

developed and compared to Nanowire FET. 

The Dielectric Modulated Junctionless 

Biotube FET offers increased drift in drain 

current, gm, switching ratio, SS, and Vth, hence 

the sensitivity of the biosensor. 

 

[90] Banerjee et 

al. (2022) 

Dual-Material Gate 

Macaroni Channel 

MOSFET biosensor  

This study presents a detailed analysis and 

simulation of Dual-Material Gate Macaroni-

Channel MOSFET. By carefully choosing the 

outside radius of the device, it is possible to 

effectively reduce certain significant SCEs 

parameters like the decrease of Vth and the 

improvement of SS. This leads to enhanced 

device performance. The comparative 

threshold voltage shift demonstrates that the 

proposed biosensor exhibits more sensitivity 

compared to its DM Full-channel Cylindrical 

Equivalent with an identical channel 

thickness. 

 

[91] Kanungo et 

al. (2016) 

SiGe Source Channel 

Tunnel FET  

Comprehensive device-level simulations 

analyze the effects of SiGe as a source and n+ 

pocket-doped channel. The SiGe source in the 

DMTFET structure optimizes sensitivity 

current better than the pocket-doped 

architecture. 

 

[92] Getnet et al. 

(2020) 

Triple Hybrid Metal 

GAA Junctionless 

NWFET 

This work shows that hot-carrier and electron 

dispersion due to a high electric field and 

saturation velocity can cause short-channel 

phenomena and quantum mechanical 

tunneling. Materials with higher work-

function and dielectric properties near the 

drain can mitigate these effects.  

 

[93] Capua et al. 

(2022) 

Silicon Nanowire FET 

Sensor Arrays with 

Enhanced Back-Gate 

Performance 

A CMOS-compatible, label-free C-reactive 

protein (CRP) sensor has been developed 

using silicon nanowire arrays based on SOI 

technology. This double-gate sensor 

demonstrates excellent stability, minimal 

hysteresis, and high sensitivity to CRP 

proteins, particularly when operated in a 

back-gate configuration, maintaining a linear 

response range. 

 

[94] Thomas 

Holtij et al. 

(2014) 

Junctionless 

accumulation mode 

double gate MOSFETs 

This paper presents a comprehensive 2-D 

analytical compact model for junctionless 

accumulation mode double gate MOSFETs, 

applicable to both long and short channels. 
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The potential distribution in the 2-D model is 

derived from Poisson's equation and the 

Schwarz-Christoffel conformal mapping 

method, rooted in fundamental physical 

principles. This analytical method allows for 

simple formulae to be derived for calculating 

the Vth and SS. 

 

[95] Rewari 

Sonam et al. 

(2019) 

cylindrical junctionless 

double surrounding 

gate (CJLDSG) 

MOSFET  

The performance of a HfO2-based CJLDSG 

MOSFET has been assessed and compared 

with HfO2-based CJLSG, SiO2-based 

CJLDSG, and CJLSG MOSFETs. The HfO2-

based CJLDSG MOSFET shows superior 

analog performance, including higher drain 

current, transconductance, output 

conductance, TGF, VEA, MTPG, current 

gain, and a subthreshold slope near 60 

mV/decade, as well as a better Ion/Ioff ratio. 

 

[96] Kumar et al. 

(2020) 

Dielectric modulated 

trench double gate 

junctionless FET (DM-

TDGJLFET)  

2-D analytical model of the proposed DM-

TDGJLFET with two gates positioned 

vertically in separate trenches has been 

constructed. The Vth, Vth sensitivity, drain 

current, and channel potential of the DM-

TDGJLFET are examined. The results 

generated from the analytical model are also 

confirmed using the simulated data. 

 

[97] Rahul Das et 

al. (2022)  

Dielectric Modulated 

FET Biosensor 

Comprehensive data analysis and analytical 

modeling of a Dielectric Modulated Double 

Gate Field Effect Transistor (DM-DGFET) 

for biosensing applications are described. 

This work discusses novel problems resulting 

from biomolecule configurations, particularly 

from a practical standpoint. 

 

[98] Deepak 

Kumar et al. 

(2022) 

Triple Metal Stack 

Engineered Pocket 

Dielectric Gate All 

Around 

(TMSEPDGAA) FET  

The implementation of a triple metal gate in 

TMSEPDGAA FET effectively mitigates the 

impact ionization effect, resulting in a 

reduction of SCEs and thus enhancing the 

current. Dielectric doped pockets reduce off-

state tunneling through the channel. Stack 

engineering, where a high-k oxide is layered 

on SiO2, increases current due to the fringing 

field formed at the interface of channel and 

oxide. 

 

[99] A. Narang et 

al. (2017) 

Split Gate Junctionless 

FET  

A new analytical model has been developed 

for a split-gate junctionless (JL) MOSFET 

which is capable of detecting various analytes 

like enzymes, cells, proteins, and DNA, using 

dielectric-modulation techniques. 
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1.12 Thesis Organization 

The thesis entitled, ‘Analytical Modeling and Numerical Simulation of Gate-All-

Around Field Effect Transistor for Sensing Applications’ comprises seven chapters. 

The thesis is organized as follows: 

Chapter 1: Introduction 

This chapter comprehends the framework that develops the aims, motivation, and 

purpose of the outlined research topic. An overview of nanoscale FETs has been given, 

along with some scaling challenges and solutions to mitigate these challenges. This 

chapter also presents the findings from the latest research on semiconductor FETs and 

their applications in sensing. 

Chapter 2: Numerical Simulation of Hetero Dielectric Trench Gate JAM Gate-

All-Around FET (HDTG-JAM-GAAFET) for Label-Free Biosensing 

Applications  

This chapter addresses the research gap related to the limited number of low-leakage 

and high-frequency operation-based sensors. After identifying research gaps and need 

for novel Gate-All-Around Field Effect Transistor based biosensor we investigated 

Trench Gate FET for improved performance. The chapter presents the label-free 

detection of various biomolecules associated with different diseases using the novel 

Hetero Dielectric Trench Gate Junction Accumulation Mode Gate-All-Around FET 

(HDTG-JAM-GAAFET). This biosensor employs a cylindrical Gate-All-Around FET 

with a SiO2 and HfO2 hetero dielectric layer, running in Junction Accumulation Mode 

(JAM). The enhanced gate control over the surface characteristics of the channel and 

the effects of biomolecules on the sensor’s output properties are thoroughly 

investigated. 

Chapter 3: Trench Gate Engineered JAM Gate-All-Around (TGE-JAM-GAA) 

Label-Free BioFET 

To further improve the device performance, use of triple metal gate engineering in the 

trench gate FET have been explored to reduce impact ionization and enhance the 

sensitivity of biosensor device. This chapter aims to investigate a Trench Gate 

Engineered Junction Accumulation Mode Gate-All-Around FET biosensor and 

critically analyzes for the label-free identification of biomolecules using extensive 

numerical device simulations. The investigation explores a simulation-based 

computational methodology to control and modulate the threshold voltage and current 

sensitivities using dielectric and charge modulation.  

Chapter 4: Analytical Modeling and Numerical Simulation of Graded JAM Split 

Gate-All-Around (GJAM-SGAA) Bio-FET 

Analytical modeling is a powerful tool in the development of FET-based biosensors, 

enabling a deeper understanding of device physics. This chapter focuses on the 

analytical modeling of performance parameters of Gate-All-Around FET sensors. It 
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presents the analytical model of a novel biosensor called Graded JAM Split Gate-All-

Around (GJAM-SGAA) Bio-FET for the detection of Avian Influenza antibodies and 

DNA. The GJAM-SGAA Bio-FET features a silicon Gate-All-Around FET, which 

operates in the Junction Accumulation Mode (JAM), with a graded doping in the 

channel. This Bio-FET also features a gate underlap double-sided cavities that 

overcome nanocavities' fabrication complexity and provide structural stability. The 

analytical results, in good agreement with simulated results, demonstrate the potential 

for improving these sensitivities. 

Chapter 5: GAA NW–FET Biosensor for Label-Free SARS-CoV-2 and Avian 

Influenza Virus Detection 

Previous chapters have primarily focused on the analysis of biosensors targeting 

conventional biomolecules. However, there is a growing need to design and study 

novel biosensors tailored for the detection of specific viruses and diseases. This 

chapter aims to fill this gap by thoroughly investigating the threshold voltage and 

current sensitivities, which are vital for the optimal design of Gate-All-Around FET-

based sensors. Two innovative biosensors are presented: the "DMDL-GAA-NW-FET" 

designed for detecting SARS-CoV-2, utilizing a dual metal dual layer nanowire FET 

structure to improve electrostatic control and overall performance; and the "GAAE-

GANFET," which is engineered for the label-free detection of Avian Influenza, 

featuring advanced gate-all-around technology, a gallium nitride channel, and a dual 

open cavity configuration.  

Chapter 6: High-Sensitivity Biosensors Utilizing Wide Bandgap Semiconductors 

To further enhance the performance parameters of Gate-All-Around FET biosensors, 

the integration of wide bandgap semiconductors offers significant potential. This 

chapter focuses on advancing the design of novel FET biosensors by leveraging wide 

bandgap materials to achieve superior sensitivity and performance. Wide bandgap 

semiconductors such as Silicon Carbide (SiC) and Gallium Arsenide (GaAs) are 

particularly advantageous due to their inherent properties, including higher breakdown 

voltage, thermal stability, and increased carrier mobility, making them ideal for 

applications requiring heightened diagnostic sensitivity. It presents two innovative 

designs: the Dielectric Modulated 4H-SiC Source Triple Metal Gate-All-Around SiC 

FET (DM-TMGAA-SiCFET) and the Gallium-Arsenide Gate-All-Around Engineered 

FET (GaAs-GAAE-FET). The DM-TMGAA-SiCFET features a 6H-SiC channel with 

dual-sided cavities and a triple metal gate, improving sensitivity for gelatin and DNA 

biomarkers. While, The GaAs-GAAE-FET, with its gallium arsenide channel and dual 

nanocavities, significantly boosts sensitivity for breast cancer biomarkers. 

Chapter 7: Conclusion, Future Directions, and Social Impact 

This chapter provides a concise summary of the key ideas, observations, and results 

achieved for each objective. It also outlines potential future directions and discusses 

the broader social implications of the findings in this field.  
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CHAPTER 2 

NUMERICAL SIMULATION OF HETERO 

DIELECTRIC TRENCH GATE JAM GATE-ALL-

AROUND FET (HDTG-JAM-GAAFET) FOR LABEL-

FREE BIOSENSING APPLICATIONS 

 

The previous chapter discussed the establishment and evolution of MOSFET over the 

years, along with what published research led to further investigation of the following 

structures and principles. This chapter addresses the research gap related to the limited 

number of low leakage and high-frequency operation-based sensors. After identifying 

research gaps and the need for a novel Gate-All-Around Field Effect Transistor based 

biosensor, we investigated Trench Gate FET for improved performance. This chapter 

presents the label-free detection of various biomolecules associated with different 

diseases using a novel biosensor design named the Hetero Dielectric Trench Gate 

Junction Accumulation Mode Gate-All-Around FET (HDTG-JAM-GAAFET). This 

biosensor employs a cylindrical Gate-All-Around FET that has a SiO2 and HfO2 hetero 

dielectric layer and runs in Junction Accumulation Mode (JAM). The cylindrical gate 

structure's metal gate is trenched into the Hafnium oxide dielectric layer, which 

provides the gate with enhanced control over the surface characteristics of the channel.  

A Trench Gate architecture in a hetero dielectric Gate-All-Around FET is emulated for 

the biosensing for the first time. The HDTG-JAM-GAAFET has been compared to 

Normal Gate JAM Gate-All-Around FET (NG-JAM-GAAFET) biosensors 

immobilizing a variety of neutral biomolecules and biomolecules having a range of 

positive and negative charges.  

Problem statement  

Exploring the biosensing performance of a Hetero Dielectric Trench Gate Junction 

Accumulation Mode Gate-All-Around FET through numerical simulations. 

2.1   Introduction 

In the current age of pandemics and health crises, efficient biosensors are critical. 

Rapid and low-cost biosensors having excellent sensitivity are required for 

advancements in point-of-care diagnostics and future medical technology. 

Biomolecular species detection has emerged as a crucial area of research for 

identifying various biological conditions such as Alzheimer's disease, breast cancer, 

lung cancer, viral infections, as well as contagious diseases like Ebola and Covid-19 

[92], [100], [101]. Field effect transistors (FETs) have emerged as highly promising 

sensing devices, including biosensors, due to their advantages of simple fabrication, 

affordability, and rapid response. [102]. Label-based biosensing systems are time-

consuming, expensive, and labour-intensive. Furthermore, biomolecule labelling may 

limit the number of active binding sites and impact binding characteristics. Label-free 
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biosensing devices are designed to detect analytes without the need for labels [103], 

[104]. Instead, these biosensors rely on the intrinsic physical characteristics of the 

analytes themselves, such as their molecular weight, electrical impedance, charge, 

refractive index, or dielectric permittivity, to enable detection [105].  

In the Dielectric Modulated FET (DMFET) biosensor, a nanogap cavity structure is 

implemented within the gate-insulator area [106], [107]. The presence of biomolecules 

possessing a specific dielectric constant within the nanocavity leads to a modification 

in the gate dielectric capacitance, resulting in a discernible alteration in the threshold 

voltage [102], [108]. Also, the variation in the current due to the threshold voltage 

change confirms the existence of the specific biomolecules [99], [107] . 

The fabrication of traditional FET biosensors at ultra-small device sizes is currently 

challenging due to serious issues such as short-channel effects (SCEs) [109], drain-

induced barrier lowering (DIBL), hot electron effects, impact ionization effects, sub-

threshold swing, and gate tunnelling current [92]. Recent advancements in 

semiconductor technology have led to significant developments in the field of 

emerging transistor designs, such as EHBTFETs [110], Line Tunnel FETs with GO-

SCOPs [111], and drain-engineered quadruple-gate TFETs [112]. Additionally, novel 

approaches, including the use of dual MOSCAP-based TFETs [113] and Si/GaAs 

double gate heterojunction TFETs [114], have shown promising enhancements in 

performance and suppression of parasitic leakage. Furthermore, the exploration of 

electrostatically-doped hetero-barrier TFETs [115] has demonstrated remarkable 

improvements in OFF-state current and ION/IOFF ratio, thereby contributing to the 

ongoing evolution of next-generation transistor technology. Gate-all-around FETs, 

also referred to as nanowire FETs, offer an effective solution to combat short channel 

effects by utilizing a three-dimensional gate structure [83], [116], [117]. These devices 

encircle the channel entirely, resulting in enhanced electrostatic control and improved 

gate-to-channel coupling [118].  

Altering doping levels in FET-based biosensors significantly impacts parameters like 

threshold voltage, current, and subthreshold swing [119], directly affecting the device's 

response to biomolecule variations. Higher source doping increases charge carriers, 

reducing threshold voltage and boosting on-current, but it also diminishes subthreshold 

swing sensitivity; meanwhile, channel doping primarily influences threshold voltage 

and subthreshold swing with a lesser impact on sensitivity, notably concerning these 

metrics as sensing parameters [120], [121]. 

When making small-scale devices, the silicon dioxide (SiO2) gate insulator should be 

replaced with a high-k dielectric gate oxide material, such as hafnium oxide, while 

maintaining appropriate oxide thickness (EOT) as a constant [122]. Hetero Dielectric 

structure in which combinations of low dielectric material together with high dielectric 

materials are utilised for FETs have been reported in literature to boost ON current 

[123] and reduce the OFF state leakages [64], [124]. Nanometer sized biomolecules 

are detectable using Gate-All-Around Field Effect Transistor (GAAFET) based 

sensors [92], [125], [126]. Gate engineering in GAAFETs refers to the deliberate 

design and optimization of the gate structure to enhance the device performance and 

control the flow of charge carriers within the channel [127]–[129]. Joshi et.al proposed 
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a novel trench-gate tunnel field-effect transistor that demonstrates notable 

enhancements in both the switching ratio and subthreshold swing [130]. For the label-

free detection of biomolecules, Kumar et al. proposed the dielectric modulated trench 

double gate junctionless FET (DM-TDGJLFET), which has improved threshold 

voltage sensitivity for both neutral and charged biomolecules [96]. 

In this study, the electrical characterization of the Dielectric Modulated FET biosensor 

has been conducted in an air environment. This approach is consistent with previous 

experimental research in the field, where electrical characterization in an air 

environment has been achieved through a sequence of de-ionized water washing and 

dry nitrogen blowing procedures. These steps ensure the removal of any charged 

particles or contaminants that might influence the measurements, while still preserving 

the biological functionality of the analytes being studied [107], [131]–[133].  

2.1.1   Junctionless versus Junction Accumulation Mode FET 

Junctionless Gate-All-Around  FET are the most promising contender because of their 

resistance to short-channel effects (SCEs) and the random dopant profile effect [122], 

[134]. The Junctionless FET device architecture eliminates the need for metallurgical 

junctions, thereby eliminating the ultra-steep doping profile required between the 

source/drain and channel regions, along with the complex thermal budget requirements 

associated with it [28]. But, Junctionless FETs face challenges including high source-

drain resistance, lower mobility, and band-to-band tunnelling [135] in the OFF state 

[136]. An alternative, Junction Accumulation Mode FET, offers low source/drain 

resistance due to higher doping in source/drain regions and improved carrier mobility 

through reduced channel doping [137]–[140]. Junction Accumulation Mode FETs 

offer significant advantages over conventional MOSFETs and TFETs. They simplify 

fabrication, excel in gate control, enhance scaling potential, reduce junction-related 

defects for improved reliability, and promise lower-voltage operation with reduced 

leakage [141]. 

2.1.2   Hetero Dielectric Structure 

The continuous scaling of MOSFET devices presents numerous crucial issues, such as 

the occurrence of short channel effects (SCEs) and leakage currents. In addition, it is 

important to note that the scaling of the device is not restricted to just altering the 

length and breadth of the channel. It also offers the ability to scale the thickness of the 

SiO2 layer, which is beneficial for incorporating the device into low power, high 

performance CMOS applications. In principle, this is accomplished by lowering down 

on the gate dielectric's thickness, which increases capacitance of gate and subsequently 

enhances the ON current. In addition, when the oxide thickness is reduced to less than 

2 nm due to downsizing, the tunneling effect causes a significant increase in leakage 

currents. This results in a decrease in the dependability of the device and an increase 

in power consumption, which is clearly undesirable. Since its inception, silicon dioxide 

(SiO2) has been the favoured material for the gate insulator of silicon-based 

MOSFETs. Over time, the thickness of the oxide has decreased from 300 nm to 1.2 

nm. There are two primary motivations for the persistent effort to decrease the 

thickness of the oxide layer. Initially, a decrease in oxide thickness results in an 
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increase in gate capacitance (Cox), which in turn leads to an increase in on-current 

(ION). A larger ION is advantageous for optimizing circuit speed. The second purpose 

is to regulate the decrease in threshold voltage (∆Vth) (and consequently the amount 

of leakage) in devices with short channel lengths. When the thickness of SiO2 films is 

less than 1.5 nm, the most significant limiting factor is the tunneling leakage current. 

An additional constraining element is the extended duration of operation under high 

field conditions, particularly at elevated chip operating temperatures. This leads to the 

rupture of the less robust atomic bonds at the Si/SiO2 interface, resulting in the 

generation of oxide charge and a shift in threshold voltage (Vth). An effective approach 

to counteract this phenomenon is to employ a dielectric substance with a greater 

dielectric permittivity than SiO2. The achievement of a significant physical thickness 

at a small Effective Oxide Thickness (EOT) is made possible by these materials, which 

makes it easier to scale the EOT for upcoming MOS generations. The EOT, or 

equivalent oxide thickness, is the measure of the thickness of a SiO2 layer that has the 

same capacitance as the high-k dielectric layer [142]–[145]. The utilization of high-k 

dielectrics enhances the gate's capacity to regulate the channel. However, their 

effectiveness is hindered by the presence of undesirable levels of interface traps, bulk 

fixed charges, limited interface carrier mobility, and phase stability problems. Given 

that none of the other dielectric materials naturally produce an oxide layer on silicon, 

it is difficult to prevent the formation of a thin SiO2 layer at the interface. Currently, a 

common configuration for these new dielectrics consists of a small layer of SiO2 acting 

as a layer that exists between surfaces, stacked with a thick high-k layer. The gate 

electrode can be either poly-Si or metal  [142]. 

2.1.3   Trench Gate  

A transistor's gate electrode's particular configuration and structure is referred to as 

trench gate architecture in FET designs.  Trenches are made by etching the 

semiconductor material to produce the gate electrode in this architecture [96]. Gate 

can also be formed by etching the trenches into the dielectric material [146]. Trench 

gate design enables enhanced regulation of the conductivity in the channel, resulting 

in superior performance and scalability in FET devices [147]. This architecture enables 

a greater number of channels to be packed into each silicon unit, resulting in a decrease 

in the particular RDS (resistance of the MOSFET per unit area) and an enhancement in 

the overall device performance [147]. In addition, the trench gate architecture has the 

ability to decrease the input and Miller capacitances. This reduction results in a lower 

input gate charge and shorter voltage transients during switching. Consequently, there 

is a decrease in switching losses in power management applications [147]. However, 

there are a few challenges with trench gate construction. When the area of the trench 

wall is significant, it might lead to a large value of capacitors that are integrated into 

the structure. If the trench bottom overlaps with the epitaxial layer, which is part of the 

drain terminal, it can result in a substantial gate-to-drain capacitance (CGD) [147]. This 

can pose a notable drawback, especially in applications that require quick switching. 

In conclusion, the trench gate architecture is a significant improvement in field-effect 

transistor (FET) designs, offering better performance and scalability compared to 

traditional planar gate layouts.  
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In a trench gate nanowire FET, there is a nanowire as the channel region and a trench 

gate structure to regulate the current flow. This design offers several advantages, such 

as improved control over the channel region, reduced leakage current, and increased 

driving current. The gate electrode of a trench gate nanowire FET is positioned within 

a trench that encircles the nanowire channel. The trench gate structure offers an 

expanded gate area, enabling superior regulation of the channel region and minimizing 

leakage current. Several examples of trench gate MOSFET are present in literature. 

Fig. 2.1 (a) demonstrates the cross-sectional view of trench gate [148] in a 

conventional MOSFET and Fig. 2.1 (b) depicts the cross-sectional view of trench gate 

TFET biosensor [149]. 

 

Fig. 2.1 (a) Cross-sectional View of Trench Gate MOSFET [148] (b) Cross-sectional View of 

Trench Gate TFET Biosensor [149] 

2.1.4   Gate-All-Around FET 

In GAA MOSFET [16], [17], the gate is wrapped around a silicon channel. The 

shape of the channel might range from narrow to large, and can be square, 

rectangular, circular, or have various orientations. Studies [18] illustrates that this 

excess electrostatic confinement, allows the Gate-All-Around MOSFET to be scaled 

to about 50% more as compared to the double gate FET which has been 

experimentally proved by Leobandung et al. [150]. This characteristic may be 

utilized to soften the need of the oxide and the silicon layer thickness for a given gate 

length.  

  

2.2   Hetero Dielectric Trench Gate Junction Accumulation Mode 

Gate-All-Around FET (HDTG-JAM-GAAFET) Biosensor: Device 

architecture and Simulation Environment 

A three-Dimensional view of the proposed HDTG-JAM-GAAFET is shown in Fig. 

2.2 (a), depicting the outer part of the gate, HfO2, and SiO2 layers, and source and drain 

extensions. The work function for the gate material employed is 5.1 eV. Fig. 2.2 (c) 

shows the 2D perspective of the proposed device, clearly depicting the trench structure 

in the device and etched cavities for biomolecule immobilization.  HDTG-JAM-

(a) (b) 
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GAAFET has a combination of SiO2 and HfO2 to be used as a hetero-dielectric layer 

on the silicon semiconductor. Then, a trench-shaped structure is formed to place a part 

of the gate electrode. This trench is created by etching the HfO2 dielectric material, 

and the gate electrode is subsequently placed inside the trench. This results in a gate 

structure that is also positioned vertically to the semiconductor's surface, enabling 

enhanced regulation of the channel area. Various device dimensions and other 

characteristics parameters for the proposed HDTG-JAM-GAAFET and Normal Gate 

JAM Gate-All-Around FET are mentioned in Table 2.1. The proposed device and the 

Normal Gate JAM Gate-All-Around FET biosensor structure have identical device 

specifications, with the exception of the trench section of the Gate. The proposed 

device is simulated with the Atlas-3D device simulation tool [151]. Several models, 

including AUGER and SRH for recombination of minority carriers under 

semiconductors, FLDMOB and CONMOB (concentration-dependent mobility) for 

mobility, and BGN (band gap narrowing) for carrier statistics to verify the doping 

versus mobility and high channel doping profile were employed in the simulation 

process [151].   

The simulation setup in this work is calibrated based on experimental data for the Gate-

All-Around junctionless FET  [152]. Fig. 2.2 (b) illustrates a strong correspondence 

between the simulated and experimental results  [152] for the drain current as a 

function of gate voltage. 
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Fig. 2.2 (a): 3-Dimensional View of HDTG-JAM-GAAFET [153] (b) Calibration of simulation 

setup with experimental data [153] (c) 2- Dimensional View of HDTG-JAM-GAAFET [153] 

The process of placing biomolecules within a nanogap is commonly referred to as 

immobilization. The immobilization process involves techniques to attach the 

biomolecules to the dielectric layer of the FET, allowing them to recognize and interact 

with the target analytes. Immobilization techniques can vary and include Covalent 

Binding, Crosslinking, Entrapment, Adsorption, and Affinity Binding techniques 

depending on the specific FET biosensor design and the nature of the biomolecules 

and analytes involved [154]–[156]. These techniques, along with careful design and 

engineering of the sensor platform, contribute to the successful and accurate placement 

of biomolecules inside the nanogap of dielectric modulated FET biosensors, enhancing 

their performance for sensitive and selective detection of target analytes. Neutral 

biomolecules employed in this work for detection include streptavidin (K = 2.1), biotin 

(K = 2.63), ferro-cytochrome c (K = 4.7), keratin (K = 8), and gelatin (K = 12) [96].  

The effects of DNA hybridization at various concentrations in the nanocavity are 

considered to be represented by positive surface charge density from Qf = 1×1011 to 

2×1012 and negative surface charge density from Qf = -1×1011 to -1×1012 [157].  

Table 2.1 Various Device Dimensions and Characteristics Parameters [153] 

Device Dimensions and other 

parameters 

HDTG-JAM-GAAFET NG-JAM-GAAFET 

Channel Length (nm) 50 50 

Thickness of Silicon Film (nm) 20 20 

Length of Source/Drain (nm) 15 15 

Metal gate work-function (eV) 5.1 5.1 

Oxide Thickness SiO2 Layer: 1 nm SiO2 Layer: 1 nm 

HfO2 1st Layer: 2 nm 

HfO2 2nd Layer: 10 nm HfO2 Layer: 2 nm 

Doping of Channel Region, ND 

(/cm3) 

1×1018 1×1018 

Doping of Source and Drain Region 

ND+ (/cm3) 

1×1019 1×1019 

Thickness of Cavity (nm) 10 10 

Thickness of Trench part of Gate 

(nm) 

10 - 

Length of Cavity (nm) 21 21 

HfO2 and SiO2 dielectric constants 25.0 & 3.9 25.0 & 3.9 
 

 

The proposed fabrication process sequence is outlined in the flowchart displayed in 

Fig. 2.2 (d). Initial steps in the fabrication [158] of the biosensor include substrate 

preparation, silicon epitaxial growth, sacrificial layer deposition, gate dielectric 

deposition [141], [159] using methods like thermal oxidation or chemical vapor 
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deposition (CVD), gate electrode deposition using methods like PVD or CVD [160] 

and Gate-All-Around nanowire FET formation [161], [162], which will function as the 

biosensor's sensing element [160]. 

 

Fig. 2.2  (d) Proposed Fabrication Process Flow of HDTG-JAM-GAAFET Biosensor [153] 

Table 2.2 Dielectric constant and charge densities of biomolecules used in analysis of HDTG-

JAM-GAAFET [153] 

S.No. Biomolecule Dielectric Constant Type of Biomolecule 

1 Streptavidin 2.1 Neutral (Qf =0 /cm2) 

2 Biotin 2.63 Neutral (Qf =0 /cm2) 

3 Ferro-cytochrome c 4.7 Neutral (Qf =0 /cm2) 

4 Keratin 8 Neutral (Qf =0 /cm2) 

5 Gelatin 12 Neutral (Qf =0 /cm2) 

6 DNA 1 – 64 Charged (positive from Qf = 

1×1011 to 2×1012 /cm2 and 

SOI wafer preparation and formation of lightly n doped silicon cylindrical body

Thermal o ide growth and SiO2 and nitride deposition by low -pressure C D to form sacrificial 

and hard-mas  layers

 hotomas ing for defining heavily doped Source and Drain

RIE etching to finish Source and Drain

Electric resist pattern and RIE etching to fabricate silicon nanowire as channel of FET

SiO2 layer coating on Si Nanowire FET device through rapid thermal annealing (RTA)

 fO2 Layer deposition on SiO 2 Layer

Anisotropic etching of  fO 2 to form a trench for trenched part of gate  

Atomic Layer deposition (ALD) of gate metal in trenched region as well as on  fO 2 Layer

Selective etching of  fO 2 layer in pure BCl 3 plasma to form dual sided nano cavities

Thermal evaporation to ma e contact leads of the biosensor device
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negative from Qf = -1×1011 to 

-1×1012 /cm2) 

The biomolecules that the HDTG-JAM-GAAFET biosensor is designed to detect, 

including both neutral and charged species, are provided in Table 2.2. The dielectric 

characteristics of biomolecules may be impacted by surrounding factors such as 

temperature, plasticizer concentration, and moisture content [163]. Moreover, it has 

been considered that biosensing takes place in a controlled environmental condition.  

2.3 Results and Discussion 

2.3.1 Electrostatic behaviour of HDTG-JAM-GAAFET biosensor 

As illustrated in Fig. 2.3 (a), the surface potential decreases with the immobilization 

of biomolecules as contrast to the case when no biomolecules are present into the 

nanocavity. This happens because as the dielectric constant increases, the vertical gate 

to channel capacitance increases, leading to effective gate capacitance enhancement, 

boosting gate control, which results in a reduction in surface potential [164], [165].   

Fig. 2.3 (b) demonstrates channel potential for various charge concentrations of the 

biomolecules, which are classified into three categories: uncharged biomolecules 

(neutral, K=12), positively charged biomolecules (1 × 1011, 5 × 1011, and 1 ×
1012 cm−2), and negatively charged biomolecules (−1 × 1011, −5 × 1011, and 

−1 × 1012 cm−2). When negatively charged biomolecules are injected into the 

nanocavity, the minima of surface potential (Ѱc) lowers, but (+)vely charged 

biomolecules raise the minima of surface potential (Ѱc). This is due to the fact that 

these biomolecules are electrically associated with the rooted silicon and attain a 

specific energy level known as interface state energy level (EIT), which places itself 

according to the fermi level (EF) as follows [132], [166]: 

EIT > EF                  for positively charged biomolecule                                      (2.1)                                                                                      

EIT < EF                  for negatively charged biomolecule                                     (2.2)   

The flat band voltage (VFB) rises with the insertion of (-) vely charged biomolecules 

and falls with the inclusion of (+) vely charged biomolecules by 
𝑞𝑄𝑓

𝐶𝐺
. Where, CG is 

Capacitance / unit area of the gate dielectric, and Qf  represents interface charge density 

for charged biomolecules [167]. When there is a significant change in the flat band 

voltage, band bending occurs. Consequently, the Gate voltage experiences variations 

and the Ѱc undergoes a shift  [90]. The threshold voltage is modulated by changes in 

surface-potential minima. However, the threshold voltage (VTH) for charged 

biomolecules changes distinctively [168] contrasted to neutral biomolecules as in Fig. 

2.3 (c) and 2.3 (d). The calculation of threshold voltage in Fig. 2.3 is based on Linear 

Extrapolation (LE) method in which the threshold voltage is defined as The gate 

voltage at which the tangent path, defined at the spot with the maximum slope on the 

ID − VG curve, intersects the voltage axes [169].                                                                                       
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Fig. 2.3 (a) Surface Potential for the Case of Neutral Biomolecule Analytes [153] (b) Surface 

Potential for the Case of (+)vely and (-)vely Charged Biomolecules [153] (c) VTH Variation for 

Various Neutral Biomolecules [153] (d) VTH Variation for DNA Biomolecules [153] 

In the subthreshold region, the contour plots of the electron concentration for neutral 

and charged biomolecules are displayed in Fig. 2.4 and Fig. 2.5. According to 

concentration profile in Fig. 2.4, the electron concentration in channel region decreases 

as various neutral biomolecules with higher dielectric constants are added. 

Additionally, the trench part of the gate further reduces the electron concentration in 

the layer beneath it, forcing an increase in the device's threshold voltage with an 

increase in K.  While for charged biomolecules, as depicted in Fig. 2.5, the electron 

concentration rises for (+)vely charged biomolecules and falls for (-)vely charged 

ones, imposing a higher threshold voltage for (-)vely charged biomolecules and a 

lower threshold voltage for positively charged ones. 

Fig. 2.6 depicts the contour plots for electron velocity with varying biomolecules 

species for VGS = VDS = 0.1 V. The electron velocity reduces as we introduce 

biomolecules from streptavidin to gelatin, resulting in a reduction in device OFF 

current which can be clearly inferred from the contours.  
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Fig. 2.  Contour Plots of Electron Concentrations of Proposed Device for Neutral Analytes [153] 

(a) No Biomolecules (K=1) (b) Biotin (c) Ferro-cytochrome c (d) Keratin (e) Gelatin 

 

Fig. 2.5 Contour Plots of Electron Concentrations of Proposed Device for Charged Analytes 

[153] with Constant Dielectric Constant, K=12 and (a) 𝐐𝐟 = 𝟏 × 𝟏𝟎𝟏𝟐𝐜𝐦−𝟐 (b) 𝐐𝐟 =
𝟓 × 𝟏𝟎𝟏𝟏𝐜𝐦−𝟐  (c) 𝐐𝐟 = 𝟎 (d) 𝐐𝐟 = −𝟓 × 𝟏𝟎𝟏𝟏𝐜𝐦−𝟐  (e) 𝐐𝐟 = −𝟏 × 𝟏𝟎𝟏𝟐𝐜𝐦−𝟐 

 

Fig. 2.6 Contour Plots of Electron Velocity in Channel Region of Proposed Device for Neutral 

Analytes [153] (a) No Biomolecules (K=1) (b) Biotin (c) Ferro-cytochrome C (d) Keratin (e) 

Gelatin   

Fig. 2.7 (a) and Fig. 2.7 (b) depicts drain Characteristics of proposed biosensor for 

neutral and charged biomolecules inserted. As demonstrated in Fig. 2.7 (a), the drain 

ON current which is measured at VGS = VDS = 1.0 V [121], significantly increases 

following the immobilization of several neutral biomolecules, including streptavidin, 

biotin, ferro-cytochrome c, keratin, and gelatin [96], [157]. This happens because the 

flat band voltage in nano-cavity is affected by the changing dielectric constant of 

various biomolecules, which changes the surface potential and, ultimately, the drain 

current [170]. The ION of the device is 7.65×10−6A for no biomolecules case, whereas 

it is 9.13×10−6A when gelatin is present. As a result, the current deviation is 19.3%. 
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The ION current varies differently for positive and negative biomolecules in the case 

of charged biomolecules as shown in Fig. 2.7 (b). As contrast to the condition when 

the biomolecules have no charge, the ION current rises for positively charged 

biomolecules and falls for negatively charged ones. In terms of percentage change, the 

ION value for Qf = 1 × 1012  increased by 104.41%, whereas Qf = −1 × 1012 have 

seen an ION value decline by 86%.   

   
   (a)                                                                                                  (b) 

Fig. 2.7 (a) ID-VGS Characteristics of HDTG-JAM-GAAFET Biosensor for Neutral Biomolecules 

(b) ID-VGS Characteristics of HDTG-JAM-GAAFET Biosensor for Charged Biomolecules [153] 

Furthermore, we assess the biosensor's sensitivity by evaluating a specific sensing 

parameter, following the suggestions outlined in prior literature [171]. This method 

leverages the transconductance fluctuation parameter to show a significant difference 

for biomolecules with different dielectric constants and different charge concentrations, 

leading to reduced power dissipation for biosensing applications. Transconductance is 

a metric that indicates how effectively a device transforms voltage to current. 

Transconductance (gm) is calculated numerically using equation (2.1) [157]: 

𝑔𝑚 =  
𝜕𝐼𝐷𝑆

𝜕𝑉𝐺𝑆
|

𝑉𝐷𝑆=𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
                                                                                         (2.3) 

Where, IDS, VGS and VDS are drain to source current Gate to Source Voltage and Drain 

to Source Voltage respectively. The peak transconductance value rises as high-

dielectric constant biomolecules are immobilized in the nanocavity of the proposed 

device, as shown in Fig. 2.8 (a), and there is a large drift in gm as these neutral 

biomolecules are added. As illustrated in Fig. 2.8 (b), transconductance increases with 

positive charged biomolecules and decreases with negative charged biomolecules. This 

is due to a shift in channel potential, which is upward for positive biomolecules and 

downward for negative ones, as already mentioned in Fig. 2.3 (b). 
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Fig. 2.8 (a) Transconductance of HDTG-JAM-GAAFET Biosensor for Neutral Biomolecules 

[153] (b) Transconductance of HDTG-JAM-GAAFET Biosensor for Charged Biomolecules 

[153] 

2.3.2 Comparative investigation of electrical performance Properties of HDTG-

JAM-GAAFET biosensor 

The effect of biomolecules on drain OFF current (IOFF) or leakage current for proposed 

HDTG-JAM-GAAFET device and Normal Gate-JAM-GAAFET biosensor, is depicted 

in Fig. 2.9. IOFF is the leakage current when VGS is below the threshold voltage. 

According to Fig. 2.9, IOFF falls as the dielectric constant rises because the larger the 

dielectric constant of biomolecules, the better the gate electrostatic controllability due 

to lower electron tunnelling out of the gate [172]. This is due to the fact that a higher K 

dielectric oxide inhibits reverse tunnelling current by forming a potential barrier in the 

channel [172]. 

Out of the mentioned two devices, the proposed device has reduced IOFF values in both 

the absence and presence of biomolecules. For instance, the IOFF current for proposed 

HDTG-JAM-GAAFET biosensor is 6.15×10-16 A and 2.06×10-17 A, while the IOFF 

current for NG-JAM-GAAFET biosensor is 2.35×10-12 A and 3.33×10-16 A for no 

biomolecule and ferro-cytochrome c, respectively. Thus, the proposed biosensor device 

promises to have a lower OFF current and reduced short channel effects when 

compared to the NG- JAM-GAAFET. 

 
Fig. 2.9 IOFF  Current  ariation for   DTG-JAM-GAAFET and NG-JAM-GAAFET Biosensor 

[153] 
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The speed at which a device can flip between the ON and OFF states is known as the 

switching ratio (ION/IOFF) and it is another crucial metric for a device to be employed in 

digital applications. When expressed mathematically, the switching ratio is [89]:  

ION

IOFF
=  

IDS(ON)at VGS=1.0V

IDS(OFF) at VGS=0.0V
                                                                                          (2.4) 

For faster switching and subsequently higher digital performance, this ratio must be 

higher. For the two biosensor devices, Fig. 2.10 illustrates the ION/IOFF ratio for several 

biomolecules, including ferro-cytochrome c, biotin, and streptavidin. The ION/IOFF ratio 

is significantly higher in the HDTG-JAM-GAAFET biosensor compared to the NG-

JAM-GAAFET biosensor due to a significant decrease in IOFF and an increase in ION 

current with an increase in the dielectric constant (K) value of biomolecules as a result 

of improved trench gate control over the channel, which increases the potential barrier 

height and improved channel's conductivity thanks to its hetero dielectric structure. 

 
Fig. 2.10 Comparitive Study of Switching Ratio (ION/IOFF) of  DTG-JAM-GAAFET Biosensor 

and NG-JAM-GAAFET Biosensor [153] 

 
Fig. 2.11  ariation of Subthreshold Slope for  DTG-JAM-GAAFET and NG-JAM-GAAFET 

Biosensor [153] 
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Subthreshold slope (SS), which is measured in mV/decade, is used to track the device's 

turn-on characteristics. Better channel control and, consequently, a higher ION/IOFF 

current ratio are achieved with lower SS values [172]. According to Fig. 2.11, 

biomolecules affect the subthreshold slope in both devices. Subthreshold swing 

decreases as the dielectric constants of various biomolecules rise because metal work 

function and the dielectric constant of biomolecules modulate gate control by reducing 

the threshold voltage roll-off of the channel [146]. The subthreshold slope of the 

proposed HDTG-JAM-GAAFET biosensor is 69.13 mV/decade, which is 18% less 

than that of the normal gate JAM-GAAFET biosensor and much closer to the ideal 60 

mV/decade for FET devices. We can therefore draw the conclusion that the proposed 

biosensor has much better turn-on characteristics. 

The impact of the neutral analytes streptavidin and gelatin on the output conductance, 

for both HDTG-JAM-GAAFET and NG-JAM-GAAFET is shown in Fig. 2.12 (a). 

When VGS is constant at 1.0 V, the output conductance (gd) analyzes the drain current's 

first-order derivative with respect to drain to source voltage (VDS). It is evident from 

Fig. 2.12 (a) that the lower drain-induced barrier lowering (DIBL), short-channel effect, 

and parasitic resistance under the hetero dielectric trench Gate-All-Around device cause 

the HDTG-JAM-GAAFET device to exhibit high output conductance (gd) than the 

Normal Gate - JAM-GAAFET.  

For the HDTG-JAM-GAAFET and NG-JAM-GAAFET biosensors, Fig. 2.12 (b) 

illustrates the change in the Channel Resistance (Rch) with VGS for the presence and 

absence of biomolecules scenarios. To ensure higher drain currents and better analog 

performance, lower Rch is preferred. The Rch is noticeably low for the proposed 

device, as indicated by the solid lines in Fig. 2.12 (b). With the introduction of gelatin 

biomolecule into the cavity of either biosensor, the Rch value decreases, ensuring high 

drain current with the immobilization of biomolecules. However, the proposed device's 

variation in Rch is greater, contributing to its high ION sensitivity. 

 
 

Fig. 2.12 (a) Variation of output conductance (gd) with drain voltage [153] (b) Variation of 

Channel Resistance (Rch) for HDTG-JAM-GAAFET biosensor and NG-JAM-GAAFET [153] 
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The intrinsic dc gain (AVint
) of a FET is expressed as the ratio of transconductance (gm) 

to output conductance (gd). Mathematically, AVint
  is expressed as: 

AVint
=

gm

gd
                                                                                                               (2.5) 

It is a crucial operational transconductance amplifier characteristic. Moreover, it 

provides a bias point to provide a significant gain without endangering the device's 

linearity [172]. The proposed HDTG-JAM-GAAFET biosensor has a higher intrinsic 

gain than the conventional gate-JAM-GAAFET biosensor, as can be seen from Fig. 

2.13. Hence, even with high gain, the proposed biosensor device assures more linear 

operation. Additionally, as we introduce biomolecules to the nanocavity, the intrinsic 

gain continues to rise in comparison to the situation in which there were no 

biomolecules in the cavity for both the devices. The increase in intrinsic gain is higher 

in the case of the proposed HDTG-JAM-GAAFET, indicating a higher intrinsic gain 

sensitivity of the device. 

 

Fig. 2.13  ariation of Intrinsic Gain (𝑨𝑽𝒊𝒏𝒕
)  with the gate to source voltage ( GS) for  DTG-

JAM-GAAFET and NG-JAM-GAAFET biosensor [153] 

2.3.3 Biomolecules' effects on Current sensitivity of Proposed Biosensor  

Sensitivity is utilized to identify a biomolecule's existence or absence. The biosensor's 

sensitivity (S) is expressed in general terms as follows [173]: 

S = |
Pbio−Pair

Pair
|                                                                                                          (2.6) 

Where, Pbio represents the electrical parameter value when biomolecules are 

immobilized in the cavity, while Pair represents the electrical parameter value when 

there are no biomolecules in the cavity. 

The sensitivity of the device can be assessed by contrasting the current value in the 

presence of particular biomolecules with the current value when the biomolecules are 

missing from the cavity. The formulas for ION current deviation,(ΔION) and ION current 

sensitivity (𝑆𝐼𝑂𝑁 ) are as follows [174]: 

 ΔION = ION[With biomolecules] − ION[Without biomolecules]                                      (2.7) 
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SION =
ION[With biomolecules]−ION[Without biomolecules]

ION[Without biomolecules]
                                                 (2.8) 

Fig. 2.14 (a) illustrates the influence of several biomolecule species with differing 

dielectric constants on the normalized ION sensitivity (SION ) for the proposed HDTG-

JAM-GAAFET biosensor and NG-JAM-GAAFET biosensor. Fig. 2.14 clearly shows 

that the proposed HDTG-JAM-GAAFET biosensor, which has greater trench gate 

structural control over the channel, has higher ION current sensitivity than the NG-JAM-

GAAFET for all the biomolecules taken into account. 

Fig. 2.14 (b) shows the % ION current sensitivity of the both the devices for varying 

positive and negative charges on the DNA biomolecules. Dielectric constant of DNA 

lies between 1 to 64. So here a fixed dielectric constant K = 12 have been considered 

for sensitivity calculations. Mathematically, the sensitivity is expressed as [99]:  

% SCION
=  |

ION(neutral)−ION(charged)

ION(neutral)
|  × 100                                                         (2.9) 

As depicted by Fig. 2.14 (b), the sensitivity (𝑆𝐶𝐼𝑂𝑁) is higher for the proposed device 

for both positive and negative charge on the DNA biomolecule. This happens because 

the immobilization of charged biomolecules make distinctive trench gate structure to 

control the potential barrier more efficiently in the ON-state, increasing the drain 

current deviation. 

 

Fig. 2.14 (a) Sensitivity Comparison of HDTG-JAM-GAAFET and NG-JAM-GAAFET 

biosensor for different Biomolecule species [153] (b) Sensitivity Comparison of HDTG-JAM-

GAAFET and NG-JAM-GAAFET biosensor for charged Biomolecules having K=12 [153] 

In order to compare the performance of the proposed Hetero Dielectric Trench Gate 

Junction Accumulation Mode Gate-All-Around FET (HDTG-JAM-GAAFET) device 

with that of the Normal Gate JAM Gate-All-Around FET, Table 2.3 provides a 

summary of different performance measures and ION current sensitivity.  The 

comparison of threshold voltage sensitivity of HDTG-JAM-GAAFET biosensor with 

that of similar existing biosensors for various biomolecules is given in Table 2.4. On 
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the other hand, Table 2.5 assesses the analog performance of HDTG-JAM-GAAFET 

and compares it to other structures in terms of ION/IOFF ratio. The comparison shows 

that the proposed device outperforms most existing devices in terms of threshold 

voltage sensitivity and analog performance characteristics. For neutral biomolecules 

the % ION sensitivity for K=12 (Gelatin) have also been compared with already 

published work [175] which is 65 while for proposed biosensor its 1478.   

Table 2.3  erformance Comparison of  DTG-JAM-GAAFET and NG-JAM-GAAFET [153] 

 

Performance/ 

Sensitivity Parameters 

HDTG-JAM-GAAFET NG-JAM-GAAFET 

Switching Ratio, ION/IOFF 

(A) 

for K=1, 1.24×1010 

for ferro-cytochrome C, 

1.84×1011 

for K=1, 3.35×106 

for ferro-cytochrome C,  

5.77×109 

Sub-threshold Slope, SS 

(mV/decade) 

for K=1, 69.13 

for ferro-cytochrome C,  

64.99 

for K=1, 81.58 

for ferro-cytochrome C,  68.31 

ION sensitivity (mA) 

for ferro-cytochrome C, 

849.79 

for Gelatin,  1478.24 

for ferro-cytochrome C, 397.47 

for Gelatin,  881.60 

IOFF current (A/µm) 
for K= 1, 6.15×10−16 

for K=4.7, 1.90×10−17 

for K=1, 2.35×10−12 

for K=4.7, 3.33×10−16 

Output Conductance, gd 

(mho) 

for K= 1, 3.60×10−05 

for Gelatin, 4.85×10−05 

for K=1, 2.64×10−05 

for Gelatin, 2.92×10−05 

Channel Resistance, Rch 

(ohm) 

for K= 1, 3.42×104 

for Gelatin, 2.06×104 

for K=1, 3.79×104 

for Gelatin, 3.42×104 

Intrinsic Gain (𝐴𝑉𝑖𝑛𝑡
) 

for K= 1, 36 

for Streptavidin, 47.8 

for K= 1, 11.1 

for Streptavidin, 18.1 

 

Table 2.  Threshold Voltage Sensitivity Comparison of HDTG-JAM-GAAFET to 

Contemporary Research on Similar Biosensors [153] 

Structural 

Parameters 
[25] [170] [176] [177] 

Our  

 or  

Cavity length 

(nm) 
20 25 25 25 21 

Qbio (C cm−2) −4 × 1012 −2 × 1012 −2 × 1012 −1 × 1012 −1   1012 

(KBIO) 10 5 - - 12 

SVTH in terms of 

ΔVTH (mV) 
192 110 160 201 206.3 
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Table 2.5 ION/IOFF Ratio Comparison of HDTG-JAM-GAAFET to Contemporary Research on 

Similar Biosensors [153] 

Structural 

 arameters 
 

[160] [178] [179] [180] [181] 
Our  

 or  

Channel Length 

(nm) 
60 60 30 75 60 50 

Cavity length 

(nm) 
29 13 - 20 25 21 

Cavity thickness 

(nm) 
6 5.5 9 5 6 10 

(KBIO) 8 2 2 4 5  .7 

ION/IOFF 1.25 × 1010 2 × 106 1 × 108 2× 109 3 × 108 1.8   011 

 

The comparison of ION current sensitivity between the proposed HDTG-JAM-

GAAFET and the SE-SB-FET [182] is depicted in Fig. 2.15. The figure clearly 

illustrates that the HDTG-JAM-GAAFET exhibits superior sensitivity both for neutral 

and charged biomolecules. This enhanced sensitivity has been attributed to the 

distinctive structural design of the HDTG-JAM-GAAFET, which features a Junction 

Accumulation Mode silicon cylindrical Gate-All-Around FET with a hetero dielectric 

layer consisting of SiO2 and HfO2. Additionally, a trench gate is incorporated into the 

Hafnium oxide dielectric layer, allowing for precise control of the channel.  

 
Fig. 2.15 Sensitivity Comparison of HDTG-JAM-GAAFET [153] and SE-SB-FET [182] 

Biosensors  

2.3.4 Selectivity Analysis and Effect of Cavity Dimensions on Performance of 

HDTG-JAM-GAAFET Biosensor  

Selectivity in the biosensors refers to the ability of a biosensor to specifically detect a 

target biomolecule in a complex sample, while minimizing interference from other 

substances that might be present in the sample. In the field of biosensors, selectivity is 

critical because biological samples, like blood, urine, or environmental samples, often 

contain a wide range of compounds and biomolecules that could potentially interfere 

with the accurate detection of the target biomolecules. The selectivity is crucial for the 
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accuracy and reliability of biosensor measurements in various applications. 

Mathematically, selectivity is determined by calculating the relative ratio of drain 

current for two distinct biomolecules, each having different dielectric constants, as 

expressed in equation (9) [183], [184]. 

%Selectivity, %ΔS =
ION(K=4.7,8,10)−ION(K=2.1)

ION(K=2.1)
× 100                                        (2.10) 

In this work, ΔS represents the selectivity value of ferro-cytochrome c (K = 4.7), keratin 

(K = 8), and gelatin (K = 12) to streptavidin (K = 2.1). Fig. 2.16 shows the percentage 

selectivity comparison of proposed HDTG-JAM-GAAFET and NG-JAM-GAAFE, in 

which it is evident that the selectivity of HDTG-JAM-GAAFET is notably higher than 

that of the conventional NG-JAM-GAAFET. 

 
Fig. 2.16 Selectivity Comparison of proposed  DTG-JAM-GAAFET and NG-JAM-GAAFET 

[153] 

 

Fig. 2.17 Threshold  oltage ( T ) Sensitivity and ION Current Sensitivity of  DTG-JAM-

GAAFET for Gelatin Biomolecules (  12) at (a) Different Cavity Lengths [153] (b) Different 

Cavity Thic nesses [153] 

The effect of variations in the cavity's dimensions on the biosensor's sensitivity 
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gelatin biomolecules with a dielectric constant (K) of 12 to assess variations in both 

cavity length and thickness. In Fig. 2.17 (a), the plot displays the relationship between 

threshold voltage sensitivity (on the primary axis) and ION current sensitivity (on the 

secondary axis) for three distinct cavity lengths. While, Fig. 2.17 (b) illustrates the 

changes in VTH and ION current sensitivities in response to varying cavity thickness. It 

is evident from Fig. 2.17 that the biosensor's sensitivity performance diminishes as the 

cavity length and thickness decrease. This decline is primarily due to the fact that a 

larger cavity allows for a greater volume and, consequently, a higher concentration of 

biomolecules inside the cavity, leading to more significant changes in oxide capacitance 

and the potential barrier in the source-channel [120], [185]. However, it's worth noting 

that the impact on threshold voltage sensitivity is more noticeable when the cavity 

length is varied as opposed to the cavity thickness variations. 

2.3.5 Limit of Detection (LOD) of proposed biosensor 

Limit of detection (LOD) is a crucial performance attribute in biosensing method 

validation. Along with sensitivity, a biosensor's LOD should also receive sufficient 

attention because it can be utilised to assess a device's capacity to identify the analyte 

with the lowest charge concentration [186]. For the computation of LOD, the proposed 

biosensor is introduced with a number of positive interface charge densities QF, such as 

1 × 1010, 1 × 1011, 5 × 1011, 1 × 1012, and 5× 1012 in the nanocavity region to 

represent charged biomolecules at constant dielectric, K = 3.7. The following equation 

is used to determine the LOD for concentration [187]. 

𝑌𝐿𝑂𝐷 = 𝑚 . 𝑙𝑜𝑔10𝑋𝐿𝑂𝐷 + 𝑐                                                                                    (2.11) 

𝑌𝐿𝑂𝐷 = 3𝜎                                                                                                              (2.12) 

The calibration curve's slope, y-intercept, and standard deviation are each represented 

by m, c, and, 𝜎 respectively. Fig. 2.18 illustrates the determination of the LOD of 

proposed device at VDS=1 V and VGS=1 V. LOD of the proposed device is 3.58 × 1010 

cm-2 which is 2.21 times less than the LOD of normal GAA-DM-NWFET biosensor. 

 

Fig. 2.18 The relative change in Drain to source Current versus interface charge density for 

determination of Limit of Detection [146] 
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2.4 Summary 

This chapter presents the HDTG-JAM-GAAFET, a hetero dielectric trench gate-all-

around FET in Junction Accumulation Mode, which was proposed for the detection of 

biomolecules associated with different diseases. Under identical biomolecule 

circumstances, the HDTG-JAM-GAAFET and Normal Gate-JAM-GAAFET 

biosensors have been contrasted and compared. For instance, HDTG-JAM-GAAFET 

biosensor has drain ON-current sensitivity (SION ) which is 67.68% greater for gelatin 

biomolecules, 69.4% higher for positive biomolecules, and 8% higher for negative 

biomolecules bound in the nanogap cavity than that of a Normal Gate JAM Gate-All-

Around FET. Also, according to comparisons, it has been conclusively proven that 

HDTG-JAM-GAAFETs exhibit superior device performance characteristics in terms 

of lower leakage current (IOFF), higher switching ratio (ION/IOFF), lower subthreshold 

slope (SS), higher output conductance, and lower channel resistance. It has been 

reported that HDTG-JAM-GAAFET is more sensitive than Normal Gate-JAM-

GAAFET for a variety of neutral biomolecules, including streptavidin, biotin, ferro-

cytochrome c, keratin, gelatin, and positive and negative charges on the DNA 

biomolecule with fixed K =12. The electron concentrations and velocities depicted in 

contour plots have been analyzed in various situations involving both neutral and 

charged biomolecules. Therefore, superior bio sensing is observed in HDTG-JAM-

GAAFET biosensors due to the trench gate architecture in the HDTG-JAM-GAAFET 

biosensor, which provides enhanced regulation of the channel area. In summary, it can 

be deduced that the proposed biosensor device has the potential to detect different 

biomarkers of diseases quickly and at an early stage.  
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CHAPTER 3 

TRENCH GATE ENGINEERED JAM GATE-ALL-

AROUND FET BASED LABEL-FREE BIOSENSOR  

 

To further improve the device performance, use of triple metal gate engineering in the 

trench gate FET have been explored to reduce impact ionization and enhance the 

sensitivity of biosensor device. This chapter aims to investigate a Trench Gate 

Engineered Junction Accumulation Mode Gate-All-Around FET biosensor and 

critically analyzes for the label-free identification of biomolecules using extensive 

numerical device simulations. The investigation explores a simulation-based 

computational methodology to control and modulate the threshold voltage and current 

sensitivities using dielectric and charge modulation.  

Problem Statement 

Design, Analysis, and Implementation of a novel Gate-All-Around Field Effect 

Transistor for sensing application, which utilizes the Trench Gate in the Gate-All-

Around structure. This work will explore the gate metal engineering as well as gate 

oxide stack engineering in trench gate architecture to enhance the performance of 

device. 

3.1 Introduction 

Biosensing is basically the sensing of target molecules using principles similar to those 

utilised by live systems like the immune system. A molecular recognition element 

known as receptor and a biophysical transducer are the two core components of a 

biosensor. The transducer takes the bio-recognition data and changes it into a 

quantifiable quantity, such as an electrochemical, optical or electrical signal.  

Detection specificity and sensitivity are two crucial characteristics to consider while 

performing biosensing. Various designs have been developed in the literature to 

improve detection sensitivity. Biosensors based on semiconductors are one of the most 

rapidly evolving sensor technologies. 

Label-based biosensing technologies are labour-intensive, costly, and time-

consuming. Biomolecule labelling also has the characteristic to block active binding 

sites and change binding properties. Label-free biosensing technologies do not use 

labels in order to permit measurements [103]. They use the analytes' inherent physical 

properties, such as molecular weight, size, electrical impedance, charge, refractive 

index, or dielectric permittivity for sensing purpose [105]. Biosensors have a wide 

range of applications in the food business, medical treatment, forensic science, 

environmental science, and agriculture [188]–[190].  
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In order to monitor and examine diverse biohazards, Biosensors are proven to be a 

significant asset. These biosensors are extremely useful in the biomedical area, 

especially as they can assist in the early identification of a number of diseases, 

including breast cancer, ovarian cancer, lung cancer, Alzheimer's disease, and a few 

viral diseases [191] [192] [193] [194] [195]. The most recent covid-19 outbreak has 

shattered societies and sparked panic around the world [196]. Many biosensors have 

been developed recently for the purpose of detecting SARS-CoV-2 from clinical 

samples by analyzing its spike, envelope, and DNA proteins [197] [101] [87]. 

Research is still being done on the development of increasingly sophisticated, 

extremely sensitive, and real-time biosensors.  

Biosensors based on FETs have captured the attention of researchers for the detection 

of biomolecules due to their numerous benefits, including high sensitivity, label-free 

detection, power efficiency, scaling, and CMOS compatibility [198]-[43]. Recent 

research has focused a lot on biosensors based on nanowire FETs because of their 

scalability and high packing density [199]. Junctionless device designs, such as 

Nanowire-FETs, Nanotube-FETs and Fin-FETs, have evolved in recent times to 

manage good electrostatic gate control and enhance short channel effects [200], [89]. 

The junctionless transistor (JLT) device was conceived by Colinge et al. [28] and later 

manufactured. Traditionally, it has no junctions and no doping gradient. JLT 

transistors have the benefits of an enhanced and simpler fabrication technique and less 

susceptibility to short-channel effects (SCEs). Additionally, the usage of Junctionless 

Transistors as biosensors and the tremendous progress made in the fabrication sector 

allows for the mass production of these biosensors at a low cost. Modern junctionless 

device designs, like Nanowire-FETs, Nanosheet-FETs, and Fin-FETs, have improved 

short-channel effects and electrostatic gate control [89], [200]. In comparison to the 

NS FET and FinFET, the Nanowire FET provides superior sub-threshold properties 

like lower IOFF, an optimal subthreshold slope (SS), and a significantly superior 

ION/IOFF ratio for gate length scaled below 16 nm. Also, Nanowire FETs can be stacked, 

providing a higher density of transistors on the same die area than FinFETs placed side 

by side [201], [202]. 

However, the junctionless FET devices have a number of shortcomings, including 

deteriorated mobilities caused by high doping concentrations and the need for a larger 

gate work function for fully depleted channel region in order to ensure the device turns 

off [203].  

A key factor in improving the performance of FET devices is gate design. Dual Metal 

Gate (DMG), which uses a higher work function metal near the source and a lower 

work function metal near the drain, improves carrier transport efficiency and immunity 

to SCEs due to the velocity enhancement [204]. In order to further improve 

performance in terms of the electric field, surface potential, drain current, 

transconductance, and output conductance, the triple metal gate devices have been 

developed in the literature, exhibiting superior band-to-band tunneling [205]. 

Furthermore, trench gate FETs, in which the device's Gate is positioned in a 

prefabricated trench, demonstrate both great current sensitivity and exceptional 

voltage sensitivity [81], [96]. 
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A nanogap cavity structure is created in the gate-insulator area in the Dielectric 

Modulated FET (DMFET) type of biosensor [106], [107]. Wet etching and simple thin-

film deposition techniques are used to create the nanogap cavity [131]. DMFET 

biosensors work on the fundamental principle that band modulation results from 

changes in the effective coupling between the Gate and the channel, which are caused 

by variations in the immobilized biomolecules' dielectric constants and charge 

concentration within the nanogap cavity [182]. 

3.1.1   Junction Accumulation Mode FET 

The Junction Accumulation Mode (JAM) FET is a modified type of Junctionless FET 

that can be employed to mitigate the drawbacks of junctionless FET. As shown in Fig. 

3.1, there is no junction in JAM Gate-All-Around field effect transistors either, 

although the channel's doping level is a little bit lower than that of the source/drain 

region. The basic operation regime in JAM Gate-All-Around FET is accumulation 

(VGS > VFB), and the VFB - VTH difference can be regulated by doping level modulation 

in the channel [206]. A Junction Accumulation Mode Gate-All-Around FET is a type 

of transistor that doesn't have a traditional p-n junction, which is a region where two 

types of doped semiconductor materials meet. Instead, it has a structure where the 

same type of doping is used in the source, channel, and drain with the exception of 

slightly higher doping in source and drain regions than in the channel region. It also 

simplifies the fabrication process since it doesn't require different doping types. 

Furthermore, this type of transistor has improved analog and RF performance 

compared to traditional junctionless FETs, making it a promising option for various 

electronic applications. In summary, the Junction Accumulation Mode Gate-All-

Around FET is a type of transistor that offers better performance and scalability than 

traditional transistors, thanks to its cylindrical gate design and lack of p-n junctions. 

 

Fig. 3.1 Junction Accumulation Mode FET [207] 

3.1.2 Gate Material Engineering (GME)             

Engineering in the Gate-material with distinctive work functions, proposes a 

discontinuity in the field along the channel, leading to transport enhancement and 

suppressed SCEs. The channel electric field profile is tuned so as to have enhanced 

field at source side to increase carrier velocity and smaller values at drain end and a 
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lower work function metal at the drain end screens the drain potential variations. The 

work function ΦM2 at the drain side should be less than ΦM1 at the source side. The 

control gate is screened from drain potential variations by screen gate and hence 

reduces Channel Length Modulation (CLM) and drain conductance. It also leads to a 

reduction in the electric field near the drain thereby curtailing the hot electron effect. 

The increase in carrier transport efficiency further enhances the drain current and 

hence, the Transconductance. To enhance the gate transport efficiency and to reduce 

the SCE’s, Gate Material Engineering (GME) MOSFET as shown in Fig. 3.2 was 

proposed by Long et al. and P. Ghosh et. al [25-26] in 1997. 

 

Fig. 3.2 The Dual-Material gate FET (DMGFET) structure [28] 

3.1.3 Trench Gate Architecture 

A transistor's gate electrode's particular configuration and structure is referred to as 

trench gate architecture in FET designs.  Trenches are made by etching the 

semiconductor material to produce the gate electrode in this architecture [96]. Gate 

can also be formed by etching the trenches into the dielectric material [146]. Trench 

gate design enables enhanced regulation of the conductivity in the channel, resulting 

in superior performance and scalability in FET devices [147]. The structure and 

detailed description of trench gate has been already explained in chapter 2. 

3.2 Trench Gate Engineered JAM Gate-All-Around (TGE-JAM-

GAA) Label-Free BioFET: Device Structure and Simulation 

Framework 

Fig. 3.3 (a) presents a three-dimensional representation of the TGE-JAM-GAA 

BioFET. The Gate of this biosensor structure is designed with triple metals. Gate 

Metal-1 is trenched into two HfO2 dielectric layers of 7 nm thickness each. This 

trenched part of the Gate is of 2 nm length and 9 nm thickness with a metal work 

function of 5.0 eV. By using metal with a reduced work function, the trench gate layer 

creates an extra electrostatic control [86]. The other two layers of Gate, Gate Metal-2 

and Gate Metal-3, are made of two metals having work functions, 5.5 eV and 4.8 eV, 

respectively. The Two-Dimensional perspective of the TGE-JAM-GAA BioFET 

biosensor, along with its analogous capacitance model, is shown in Fig. 3.3 (b). 

Dielectric modulation uses the impact of a variation in dielectric constant in a 

specific region of the gate dielectric on the drain current and the 

other accompanying parameters. This specific region, which is created through the 

etching process, is referred to as the nano-cavity region. Biomolecules have been 

inserted uniformly in this nano-cavity region, as depicted in the 2D structure. The 
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capacitances of the TGE-JAM-GAA BioFET are represented in the capacitance 

analogous circuit in Fig. 3.3 (b) by Cbio for the variable capacitance of nanogap cavity 

containing biomolecule species, CSiO2 for the capacitance of SiO2 layer, and CHfO2 for 

the capacitance of HfO2 layer. 

 

(a) 

 

                                

(b) 

Fig. 3.3: (a) 3-Dimensional View of TGE-JAM-GAA BioFET (b) 2-D Structure of TGE-JAM-

GAA BioFET with its capacitance model 

The SILVACO Atlas-3D device simulation tool [151] has been used to carry out the 

simulations. Carrier recombination and carrier mobility generation models are among 

the models used in the simulations. The CONMOB (concentration-dependent 

mobility) model, as well as BGN (band gap narrowing) model, have been used to 
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verify the doping versus mobility and high channel doping profile. The recombination 

of minority carriers under semiconductors was also accounted for using Boltzmann 

transport equations and Shockley–Read–Hall (SRH) [151]. The Fermi-Dirac model is 

employed in devices with high doping concentrations. Quantum effects have not been 

considered in simulations as the channel thickness taken is not less than 7 nm [208]. 

The potential biomolecules (neutral and charged) [157] which can be detected by the 

TGE-JAM-GAA BioFET biosensor are listed in Table 3.1. Table 3.2 illustrates the 

device parameters for the proposed TGE-JAM-GAA BioFET, TMNG-JAM-GAAFET, 

and SMNG-JAM-GAAFET biosensors.  

Table 3.1 Dielectric Constant and Type of Biomolecules 

Biomolecule Dielectric Constant Type of Biomolecule 

Streptavidin 2.1 Neutral 

Biotin 2.63 Neutral 

APTES 3.57 Neutral 

DNA 1 – 64 Charged 

 

Table 3.2 Device Design Parameters 

Physical Device 

Parameters 

TGE-JAM-

GAA BioFET 

TMNG-JAM-

GAAFET 

SMNG-JAM-

GAAFET 

Channel Length (nm) 50 50 50 

the thickness of silicon 

film (nm) 

20 20 20 

Length of source/drain 

(nm) 

15 15 15 

Metal gate work function 

(eV) (M1, M2, M3) 

5.5, 5.0, 4.8 5.5, 5.0, 4.8 5.5 

Oxide Thickness, SiO2 & 

HfO2 (nm) 

3.0 & 7.0 3.0 & 7.0 3.0 & 7.0 

Doping of Channel 

Region, ND  (/cm3) 

1×1018 1×1018 1×1018 

Doping of Source and 

Drain Region, ND
+ (/ cm3) 

1×1019 1×1019 1×1019 

Thickness of Cavity (nm) 7 7 7 

Trench Gate Thickness 

(nm) 

9 - - 

Length of Cavity (nm) 23 23 23 

HfO2 and SiO2 dielectric 

constants 

25.0 & 3.9 25.0 & 3.9 25.0 & 3.9 
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3.3 TGE-JAM-GAA Biosensor Device Fabrication Illustration 

For the fabrication of Gate-All-Around nanowire FET sensors, two techniques are 

used, bottom-up and top-down [209]. Contrary to bottom-up techniques, top-down 

techniques based on microfabrication on silicon-on-insulator (SOI) or single-

crystalline Silicon (SCS) wafers are capable of producing nanowires that are 

compatible with conventional CMOS technology [210]. The fabrication is often 

carried out using a combination of the standard semiconductor fabrication methods, 

which include photolithography, silicon dry etching, anisotropic wet etching, and 

thermal oxidation. The first stage begins with a layer of Silicon. After that, a 

photomask pattern is used to designate the source and drain with doping of 1019/cm3. 

Reactive ion etching (RIE) is then used in the third phase to complete the source and 

drain electrodes, which are of nm in size. In step 4, using an electric resist pattern and 

RIE etching, we create Si nanowires with a diameter of 20 nanometres. As illustrated 

in the flowchart in Fig.  3.4, the ensuing process includes the deposition of a dielectric 

stack (SiO2 and HfO2), the formation of triple metal surrounding Gate, and the etching 

of the nano-cavity region. The dielectric stack was successively removed by wet 

etching to be able to reveal the Gate-All-Around channel to complete the cylindrical 

surrounding gate structure in the proposed device. 

 

 
 

Fig. 3.4 Proposed fabrication flowchart for TGE-JAM-GAA BioFET biosensor Device 

Low density doping to whole Si Layer

Thermal oxide growth and SiO2 and nitride deposition by low-pressure 

CVD to form sacrificial and hard-mask layers

Photomasking for defining heavily doped Source and Drain

RIE etching to finish Source and Drain

Electric resist pattern and RIE etching to fabricate silicon nanowire

SiO2 layer coating on SiNW FET device through rapid thermal 

annealing (RTA) treatment

HfO2 Layer deposition on SiO2 Layer

Anisotropic etching of HfO2 to form space for Trench Metal Gate 1

Atomic Layer deposition of Metal 1 in trenched region

Deposition of Gate Metal-2 and Metal-3

Selective etching of HfO2 layer in pure BCl3 plasma to form nano-

cavity

Thermal evaporation to make contact leads
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3.4 Results and Discussion 

In this work, specific biomolecules are immobilized in the nanogap cavity of the 

proposed TGE-JAM-GAA BioFET biosensor device. The change in channel 

conductance brought on by biomolecule conjugation can be quantified and utilized as 

a sensing parameter. The magnitude of such a shift in channel conductance results 

from variations in the dielectric constant and charge density of the biomolecule 

sample.  

3.4.1 Impact of Different Biomolecules Species  

The channel center potential along the channel has been investigated in order to 

conceptualize the nature of the biosensor in terms of electrostatic potential. The 

channel potential variation caused by different neutral biomolecules having various 

dielectric constant (K) values is depicted in Fig. 3.5 The nanogap cavity filled with air 

represent the biosensor having no biomolecules in the cavity region. When the 

nanogap is filled with air (K = 1), the channel center potential minimum (Ѱc) is at its 

maximum value because the source-channel barrier height is at its lowest value among 

all other situations where K > 1. This indicates that the nanogap cavity, without any 

biomolecule (K = 1), will reflect the lowest threshold voltage. The source-channel 

barrier height increases in tandem with the steady increase in the K-value in the 

nanogap, boosting the threshold voltage. This change in threshold voltage can be used 

as a metric to identify the type of biomolecules. Furthermore, as the dielectric constant 

value of biomolecules rises, the effective oxide thickness (EOT) falls, increasing the 

gate control over the channel and resulting in weaker Short Channel Effects. Thus, the 

other metrics like OFF current and ION/IOFF ratio can be utilized as sensitivity metrices 

for the biosensor [99], [182]. 

 

Fig. 3.5 Variation of channel center potential for different biomolecule Species 
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The decrement in center potential minimum (Ѱc) from no biomolecules to 

streptavidin, Biotin, and APTES is apparent from Fig. 3.5 for all three biosensors, 

although it is most pronounced in the case of the TGE-JAM-GAA BioFET biosensor. 

Furthermore, compared to the SMNG-JAM-GAAFET biosensor having conventional 

single metal gate, the Ѱc shift is greater for Triple Metal Gate GAAFET biosensor. 

This negative shift in channel center potential minimum (Ѱc) with increasing K value 

in the nano-cavity enhances the control of the Gate over the channel [96]. More of a 

decrease in Ѱc is relative to a rise in K will give more control to Gate over the channel. 

Therefore, it is possible to draw the conclusion that the proposed Triple Metal Trench 

Gate has greater control over the channel than Triple Metal Normal Gate and Single 

Metal Normal Gate. 

Fig. 3.6 (a) shows the effect of different biomolecule species on the drain-to-source 

current (IDS) with respect to the gate to source voltage (VGS). The drain ON current 

for TGE-JAM-GAA BioFET, TMNG-JAM-GAAFET, and SMNG-JAM-GAAFET 

biosensors are 3.57 µA, 1.32 µA, and 0.512 µA, respectively, for APTES biomolecule 

immobilized in the nanogap cavity region. Hence proposed biosensor has 170.45% 

and 597.2% higher drain ON current for the case of APTES biomolecule than that of 

TMNG-JAM-GAAFET and SMNG-JAM-GAAFET. It has been found that when the 

value of the dielectric constant increases, the ION drain current for all three biosensor 

devices decreases, although the influence of the dielectric constant is stronger for the 

proposed TGE-JAM-GAA BioFET, as evident in Fig. 3.6 (b) depicting drift in ION 

current with change in biomolecule species. ION current drift, Δ𝐼𝑂𝑁 is calculated as 

equation (1) [174].  

Δ𝐼𝑂𝑁 = 𝐼𝑂𝑁[𝑊𝑖𝑡ℎ 𝑏𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠] − 𝐼𝑂𝑁[𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝑏𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 ]                                      (3.1) 

Fig. 3.6 (c) represents the effect of Streptavidin, Biotin, and APTES biomolecules on 

the transconductance (gm) for TGE, TMNG, and SMNG JAM-GAAFET biosensors. 

Transconductance (gm) is the first-order derivative of IDS current with respect to gate 

to source voltage (VGS).  

It is observable from Fig. 3.6 (c) that TGE-JAM-GAA BioFET has higher 

transconductance than the other two biosensor devices. Also, there is a significant drift 

in gm for various biomolecules inserted in the nano-cavity for all three biosensor 

devices. However, the drift in gm is the highest for the proposed device for all three 

considered biomolecules (Streptavidin, Biotin, and APTES). This is because the TGE-

JAM-GAA BioFET's unique trench Gate and its different work functions boost the 

electrostatic coupling and improve the carrier mobility, which contributes to the 

improved performance of the proposed device [211]. 
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Fig. 3.6 Comparative Study of TGE-JAM-GAA BioFET, TMNG-JAM-GAAFET, and 

Conventional Single Metal Normal Gate GAA FET for Neutral Biomolecules with Different K 

(a) Variation in IDS with respect to VGS (b) Deviation in ION Current (c) Transconductance (gm) 

Fig. 3.7 (a) illustrates the impact of neutral biomolecules for TGE-JAM-GAA BioFET, 

TMNG-JAM-GAAFET, and conventional normal gate GAA FET on threshold 

voltage, VTH. The threshold voltage is determined by the constant current method 

[169]. In all three cases, the threshold voltage increases with the increase in the 

dielectric constant of biomolecules inserted because the VTH roll-off is minimized by 

Gate dielectric materials [212]. The drift in threshold voltage ΔVTH, defined as the 

difference between the threshold voltages at K = 2.1, 2.63, 3.57, and K = 1, is used as 

a metric to compute the sensitivity of the biosensors.  

As depicted in Fig. 3.7 (b), ΔVTH is the highest for TGE-JAM-GAA BioFET than that 

of the TMNG-JAM-GAAFET and conventional normal gate GAA FET-based 

biosensors. For APTES, the VTH shift for TMTG, TMNG, and SMNG biosensor 

devices are 236.24 mV,148.81 mV, and 91.15 mV, respectively. Therefore, the 

proposed TGE-JAM-GAA BioFET biosensor has 58.75% and 159.18% higher VTH 

shift than that of the TMNG-JAM-GAAFET and SMNG-JAM-GAAFET, 

respectively. The larger shift in VTH occurs from the triple Metal trench gate's superior 

gate control over the channel compared to the other two devices, which is caused by 
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the higher drift in flat band voltage (Vfb), which causes more drift in channel center 

potential. The proposed device has a higher VTH shift than the reported split Gate DM-

JL-MOSFET which has a VTH shift of 160 mV even for the high value of K=10 [99]. 

        

Fig. 3.7 Comparative Study of TGE-JAM-GAA BioFET,  TMNG-JAM-GAAFET, and SMNG-

JAM-GAAFET for Neutral Biomolecules (a) VTH with respect to   (b) Δ TH for Different 

Biomolecules Species 

3.4.2 Impact of Biomolecules Charge Concentration 

Fig. 3.8 shows the variation of channel center potential for immobilization of various 

positively and negatively charged (𝑁𝑓 =  −1 × 1011 and 1 × 1011) biomolecules at a 

fixed K = 2.1 in the nano-cavity region. In contrast to neutral biomolecules, the center 

potential of all three biosensor devices decreases for negatively charged biomolecules 

and increases for positively charged biomolecules. This is explained by the fact that 

positive charges reduce flat band voltage (Vfb), but negative charges raise Vfb [96]. Due 

to the largest variation in Vfb caused by the Trench structure of the Gate compared to 

that of the other two devices, the proposed TGE-JAM-GAA BioFET biosensor has the 

highest increment (decrement) of center potential for positively (negatively) charged 

biomolecules. 
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Fig. 3.8 Variation of Channel Center Potential for K=2.1 and Varying Charge 

The change of IDS with VGS for the above-mentioned three devices for the case of 

different charged biomolecules are shown in Fig. 3.9 (a). It can be observed that drain 

ON current rises for the positive charge and decreases for the negative charge on the 

biomolecules with respect to the case when there is no charge (K = 2.1, Nf = 0) on the 

biomolecule. The reason behind this change is that increase in negative charge causes 

the minimum center potential to drop, which lowers the drain current ID. In contrast, a 

rise in positive charges raises the minimum center potential, which raises the drain 

current ID.   

The drift in IDS with VGS for the TGE-JAM-GAA BioFET, TMNG-JAM-GAAFET, 

and conventional biosensors at various biomolecule concentrations is shown in Fig. 

3.9 (b). The concentrations of biomolecules in the nano-cavity may be altered, making 

it possible to detect DNA biomolecules. The Fig. 3.9 (b) indicates that TGE-JAM-

GAA BioFET exhibits a larger shift in the drain current for detecting different 

biomolecules than the other two devices. The TGE-JAM-GAA BioFET structure, 

which has a triple metal trench gate, is responsible for the greater variation in drain 

current due to better control of the triple metal trench gate structure over the channel 

both for neutral as well as charged biomolecules. For each of the three biosensors, Fig. 

3.9 (c) displays the transconductance (gm) vs. VGS for various biomolecule 

concentrations. It follows logically that transconductance (gm), a measure of electrical 

conductivity, rises when positive-charged biomolecules are inserted and fall when 

negative-charged biomolecules are introduced. This is because of a shift in channel 

potential, which is upward for positive biomolecules and downward for negative 

biomolecules, as discussed in Fig. 3.8. 
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Fig. 3.9 (a) IDS-VGS Characteristics for K = 2.1 and Varying Charge (b) Average Drift in Drain 

ON current (ΔION) for Variation in Charge  (c) Transconductance (gm ) for Varying Charge on 

Biomolecule at K = 2.1 

Fig. 3.10 illustrates the effect of charged analytes on the biosensor devices' threshold 

voltage (VTH). Positively charged biomolecules cause a drop in VTH, whereas 

negatively charged biomolecules cause a rise in VTH. The channel center potential 

minimum (Ѱc) value rises with increasing biomolecule positive charge, resulting in a 

drop in source channel barrier height and the corresponding drop in VTH. Also, as the 

charge becomes increasingly negative, the source-channel barrier height rises, raising 

the threshold voltage [90]. This shift in threshold voltage serves as a metric for 

identifying the nature of charged biomolecules. The threshold voltage drift (ΔVTH) is 

calculated as the difference between the threshold voltages when charged 

biomolecules are present in the nano-cavity and when no charge is taken into account 

for the biomolecule. The drift in threshold voltage (ΔVTH) of the proposed TGE-JAM-

GAA BioFET device is 53 mV for Nf = 1 × 1011 and 49.14 mV for Nf =−1 × 1011, 

which are 18.34% and 38.06% higher than the ΔVTH of TMNG-JAM-GAAFET 

biosensor respectively. This leads us to the conclusion that the proposed device is more 

suitable for negatively charged biomolecules in terms of ΔVTH than the TMNG-JAM-

GAAFET biosensor.  
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Fig. 3.10 Comparative Study of Variation in 𝐕𝐓𝐇 for TGE-JAM-GAA BioFET,  TMNG-JAM-

GAAFET, and Conventional Normal Gate GAA FET for Charged  Biomolecules with K=2.1 

3.4.3 Sensitivity Comparison of TGE-JAM-GAA BioFET 

As illustrated in Fig. 3.11, several sensitivities, including current sensitivity, ION IOFF⁄  

sensitivity, and threshold voltage sensitivity, have been computed for all three 

biosensor devices for sensitivity performance comparison. 

The ION current sensitivity for neutral biomolecules, 𝑆𝑁𝐼𝑂𝑁
, is calculated as the ratio 

of drain ON current at K = 2.1, 2.63, 3.57 to drain ON current at K=1 as given by 

equation (3.2) [213]: 

SNION =
ION [With biomolecules]

ION[air]
                                                                                 (3.2) 

Fig. 3.11 (a) demonstrates that for all the neutral biomolecules taken into consideration 

in this work, the ION sensitivity is maximum for TGE-JAM-GAA BioFET. For positive 

and negative charged biomolecules at constant dielectric constant K = 2.1, the ION 

current sensitivity is calculated as drift in drain ON current from the case when no 

charge is there on the biomolecules. As depicted in Fig. 3.11 (b), for both Nf =1 × 1011 

and Nf =−1 × 1011, the current sensitivity is higher for the proposed TGE-JAM-GAA 

BioFET.  

The reason behind higher ION current sensitivity is the higher deviation in ION current 

value for both the change in neutral biomolecules and charged biomolecules. Device 

switching speed is governed by the ION IOFF⁄  ratio. Therefore, it is a crucial factor to 

consider while assessing a device's performance. Mathematically, ION IOFF⁄  ratio is 

represented in equation (3.3) [89]:  

ION

IOFF
=  

IDS(ON)at VGS=1.0V

IDS(OFF) at VGS=0.0V
                                                                                          (3.3) 

The calculation of ION IOFF⁄  sensitivity and Threshold voltage sensitivity for two 

different cases, i.e., neutral and charged biomolecules, following two mathematical 

formulae have been employed [99]: 
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𝑆𝑁𝑉𝑇𝐻 =  |
𝑉𝑇𝐻(𝑎𝑖𝑟,   𝐾=1)−𝑉𝑇𝐻(𝑏𝑖𝑜,   𝐾>1)

𝑉𝑇𝐻(𝐾=1)
|                                                                  (3.4) 

𝑆𝑁𝐼𝑂𝑁/𝐼𝑂𝐹𝐹
=  |

𝐼𝑂𝑁/𝐼𝑂𝐹𝐹(𝐾=1)−𝐼𝑂𝑁/𝐼𝑂𝐹𝐹(𝐾>1)

𝐼𝑂𝑁/𝐼𝑂𝐹𝐹(𝐾=1)
|                                                          (3.5) 

𝑆𝐶𝐼𝑂𝑁/𝐼𝑂𝐹𝐹
=  |

𝐼𝑂𝑁/𝐼𝑂𝐹𝐹(𝑛𝑒𝑢𝑡𝑟𝑎𝑙)−𝐼𝑂𝑁/𝐼𝑂𝐹𝐹(𝑐ℎ𝑎𝑟𝑔𝑒𝑑)

𝐼𝑂𝑁/𝐼𝑂𝐹𝐹(𝑛𝑒𝑢𝑡𝑟𝑎𝑙)
|                                                (3.6) 

𝑆𝐶𝑉𝑇𝐻 =  |
𝑉𝑇𝐻(𝑛𝑒𝑢𝑡𝑟𝑎𝑙)−𝑉𝑇𝐻(𝑐ℎ𝑎𝑟𝑔𝑒𝑑)

𝑉𝑇𝐻(𝑛𝑒𝑢𝑡𝑟𝑎𝑙)
|                                                                     (3.7) 

 

Fig. 3.11 (a) 𝐈𝐎𝐍 Current Sensitivity for Neutral Biomolecules (b) 𝐈𝐎𝐍 Current Sensitivity for 

Charged Biomolecules 

Fig. 3.12 (a) shows the comparative analysis of ION IOFF⁄  sensitivity for different 

neutral biomolecules, streptavidin, biotin, and APTES. Higher drift in drain ON 

current and drain OFF current due to better control of triple metal trench gate for TGE-

JAM-GAA BioFET than that of the TMNG-JAM-GAAFET and conventional normal 

gate GAA FET governs the better   ION IOFF⁄  sensitivity for the TGE-JAM-GAA 

BioFET device for neutral biomolecules. The ION IOFF⁄  sensitivity for charged 

biomolecules is shown in Fig. 3.12 (b), and it is apparent that the ION IOFF⁄  sensitivity 

for negatively charged biomolecules is higher for all three biosensors than the 

ION IOFF⁄  sensitivity for positively charged biomolecules. The ION IOFF⁄  sensitivity of 

the proposed device, however, is greater than that of the other two devices for both 

positively and negatively charged biomolecules. 
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Fig. 3.12 (a) 𝐈𝐎𝐍/𝐈𝐎𝐅𝐅 Current Sensitivity for Neutral Biomolecules (b) 𝐈𝐎𝐍/𝐈𝐎𝐅𝐅 Current 

Sensitivity for Charged Biomolecules 

Fig. 3.13 (a) depicts the variance in VTH sensitivity (SNVTH) with distinct neutral 

biomolecules. It has been found that the increase in VTH(bio) with reference to air, 

causes the 𝑆𝑁𝑉𝑇𝐻 to rise with K. For the proposed TGE-JAM-GAA BioFET biosensor, 

Streptavidin, Biotin, and APTES have 𝑆𝑁𝑉𝑇𝐻 values of 2.96, 3.65, and 4.42, 

respectively. These values are higher by 501%, 514.5%, and 536.1%, respectively, 

than those for TMNG-JAM-GAAFET and by 1154.8%, 1223.9%, and 1327.83%, 

respectively than those for SMNG-JAM-GAAFET. Also, for K=3.57, the proposed 

device's VTH sensitivity is 15.24 times greater than that of the previously reported split 

Gate Junctionless FET [99].  

The threshold voltage sensitivity (SCVTH) with the inclusion of charged biomolecules 

at K=2.1 is modeled in Equation 3.7. The proposed TGE-JAM-GAA BioFET 

biosensor has higher VTH sensitivity for positively and negatively charged 

biomolecules both as compared to TMNG and SMNG biosensor devices, which is 

evident in Fig. 3.13 (b). Also, TGE-JAM-GAA BioFET reflects almost the same VTH 

sensitivity (𝑆𝐶𝑉𝑇𝐻) for positive and negative charged biomolecules. 𝑆𝐶𝑉𝑇𝐻 is 0.25 for 

Positive charge value 1 × 1011 cm−2 and 0.23 for negative charge value −1 × 1011 

cm−2.  

 

 Fig. 3.13 (a) VTH Sensitivity for Neutral Biomolecules (b) VTH Sensitivity for Charged 

Biomolecules 
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3.5 Summary 

In this work, Trench Gate Engineered JAM Gate-All-Around (TGE-JAM-GAA) 

BioFET architecture for label-free biosensing applications has been thoroughly 

examined. The findings of this work showed that the TGE-JAM-GAA BioFET 

incorporates the enhanced electrostatic integrity of the trench gate, along with the 

efficient transport efficiency and improvement in hot carrier effects owing to the triple 

metal gate. These characteristics offer better immunity from short-channel effects in 

Junction Accumulation Mode design, which significantly enhances sensing 

performance. The comparative performance analysis in terms of channel center 

potential, electron concentration, drain current characteristics, and various sensitivities 

exhibit that the TGE-JAM-GAA BioFET significantly outperforms the TMNG-JAM-

GAAFET and SMNG-JAM-GAAFET. For neutral APTES biomolecules, the TGE-

JAM-GAA BioFET demonstrates 46.45% and 143.58% greater ION current sensitivity 

and six times and 14 times higher VTH sensitivity than that of the TMNG-JAM-

GAAFET and SMNG-JAM-GAAFET. The ION IOFF⁄  sensitivity of the proposed 

device for the case of neutral APTES biomolecules is 6 × 103 which is 9.32 times 

higher than that of the TMNG-JAM-GAAFET and 9.46 × 103 times higher than that 

of SMNG-JAM-GAAFET. The proposed biosensor's efficacy has also been examined 

for positive and negative charged biomolecules. It has been reported that for charged 

biomolecules, the TGE-JAM-GAA BioFET biosensor has superior biosensing 

performance characteristics in terms of  VTH, ION, and ION IOFF⁄  sensitivities, along 

with the larger drift in transconductance. Following a thorough investigation, it has 

been determined that the proposed TGE-JAM-GAA BioFET biosensor device exhibits 

a considerable improvement in biosensing characteristics and is a suitable contender 

for biosensing applications.  
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CHAPTER 4 

ANALYTICAL MODELING AND NUMERICAL 

SIMULATION OF GRADED JAM SPLIT GATE-ALL-

AROUND (GJAM-SGAA) BIO-FET 

 

This chapter presents the analytical model of a novel biosensor called Graded JAM 

Split Gate-All-Around (GJAM-SGAA) Bio-FET for the detection of Avian Influenza 

antibodies and DNA. The GJAM-SGAA Bio-FET utilizes a silicon Gate-All-Around 

FET, which operates in the Junction Accumulation Mode (JAM), with a graded doping 

in the channel. This Bio-FET also features a gate underlap double-sided cavity that 

enables the detection of biomolecules without the use of labels. Gate underlap cavities 

overcome the fabrication complexity of nanocavities and provide structural stability. 

A comparative analysis between the GJAM-SGAA Bio-FET and non-graded JAM 

Split Gate-All-Around FET (SGAA-FET) demonstrates that the proposed BioFET has 

5.72 times higher ION current sensitivity, 5.3 times increase in threshold voltage 

sensitivity (SVth), and 2.13×102 times improvement in switching ratio sensitivity for 

avian influenza biomolecule. The SVth of the proposed biosensor is compared with the 

existing biosensors, and it was found that a triple-metal engineered gate and graded 

doped channel substantially boost the sensitivity of the proposed biosensor. 

Problem Statement 

Analytical modeling of a Gate-All-Around Field Effect transistor-based sensor that 

utilizes JAM-graded doping in the channel and a split Gate-All-Around structure for 

the detection of biomolecules, specifically for avian influenza antibody and DNA, 

while investigating the influence of triple metal gate, oxide stacking, and other factors 

on threshold voltage and current sensitivities.  

4.1   Introduction  

For a disease to be identified and eventually receive the proper treatment, an effective 

disease diagnosis is necessary. Many diseases are currently diagnosed using a variety 

of symptoms, which might lead to a delayed diagnosis or be misleading because of 

their ambiguous relationship to the clinical state and subjective character. The 

infection produced by various strains of influenza is referred to as avian influenza. 

This is a virus known to infect birds and sometimes trigger epidemics of viral sickness 

in humans. There have been various outbreaks of avian influenza, including an H5N1 

strain outbreak in Hong Kong in 1997 and a H7N9 pandemic in Eastern and Southern 

China in 2013. Despite the fact that avian influenza viruses mostly infect birds, in 

humans too, a significant number of confirmed cases necessitate hospitalization and 

often intensive care unit (ICU) care [214].  

Detection of deoxyribonucleic acid (DNA) gives new impetus to fundamental research 

in essential areas that directly impact human health. Currently, DNA molecular 

analysis can directly diagnose more than 400 diseases, and this number is continually 
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increasing, making DNA detection more and more crucial [215], [216]. Single-

stranded DNA (ssDNA) is a linear structure with only one DNA strand, whereas 

double-stranded DNA (dsDNA) is a helical form with two DNA strands connected by 

hydrogen bonds. 

Gate-All-Around Field Effect Transistors (GAAFETs) have gained prominence due to 

their increased gate control capabilities over the channel. This enhanced control results 

in improved resistance against short-channel effects (SCEs), effective field 

confinement, and increased packing density [83], [217]. GAA-based FETs are 

acknowledged as the ultimate entity for down scaling devices shorter than 50 nm [218], 

since they enable higher packing density, steeper sub-threshold slope, and excellent 

current driving capabilities. Biosensors based on nanogap etched field-effect 

transistors (FETs) [131], [219], [220] and and tunnel FET [221]–[225] are becoming 

more popular for label-free detection of neutral/charged biomolecules. These 

Nanogaps are incorporated in the oxide layers where the biomolecules are trapped 

[131]. As a result, depending on the dielectric constant and charge behaviour of the 

biomolecules, the threshold voltage (Vth) and on current (ION) of the device vary 

dramatically, making detection of specific types of biomolecules conceivable [220]. 

The hovering of the gate in the nanogap causes the device structure to be unstable. Lee 

et al. introduced an innovative solution in the form of an underlapped FET biosensor 

to address the challenge of structural instability [226]. Additionally, the underlapped 

design enhances the likelihood of biomolecules binding and sensitivity of the 

biosensor [226], [227]. In contrast to nanogap FETs, in an underlap gate FET, a 

significant portion of the gate metal and oxide are etched to provide the sensing area. 

As a result, the hovering gate electrode problem is resolved. A thin gate oxide is 

retained in the nanogap or underlap region of both structures to act as a binding site 

[226]. 

Gate Metal work function Engineering (GME) is an effective technique to improve the 

performance parameters of GAAFET. Y. Pratap et al. and A. Das et al. presented GME 

architectures made up of three metal-gate materials [228], [229]. The gate situated 

closer to the source side has a higher work function material, while the gate material 

positioned near the drain side possesses the lowest work function. The work function 

of the central gate falls between the work functions of the two outer gates. This 

combination improves transport efficiency and decreases the electric field at the drain 

side, which improves hot-carrier effects dramatically [228], [230]. Recently, A. Das et 

al. [231] introduced a new type of triple metal surrounding gate FET biosensor, which 

incorporates a channel with a step graded doping profile. This design enhancement has 

led to a significant improvement in the transistor's sensitivity. 

This work makes use of a Gate-All-Around FET that operates in the Junction 

Accumulation Mode (JAM). JAM FETs have no junctions, despite the channel's 

doping level being slightly lower than that of the source/drain area. In this work, the 

advantages of GAA JAMFET are used to create an extremely sensitive biosensor by 

employing graded doping in channel region, gate metal work function engineering and 

double-sided open cavities.  
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4.1.1 JAM FET 

The concept of Junction Accumulation Mode (JAM) Field Effect Transistor (FET) has 

been previously discussed in earlier chapters. 

4.1.2 Graded Doping 

Despite uniform doping, the gradual variation in the doping concentration of the 

channel region of the field effect transistor is known as the graded channel. This 

gradual variation in doping concentration provides a non-uniform electric field, 

resulting in a decrease in the peak electric fields and hence lowers the hot carrier 

injections and other reliability issues. The graded doping profile enhances the carrier 

mobility in the channel, resulting in higher ION currents and better switching 

characteristics [232], [233]. As transistors continue to shrink, these strategies offer 

innovative solutions to combat short-channel effects and performance limitations. 

Grading can be provided in steps of two or more. In this work, a step graded doping 

profile has been considered for the channel.  The channel has been divided into three 

equal parts with doping of NDoping1 (part of the channel near the source), NDoping2 (in 

the middle part of the channel), and NDoping3 (part of the channel near the drain) as 

depicted in Fig. 4.1. Lateral step-graded doping in the channel enhances the sensitivity 

by creating a doping gradient that improves charge carrier mobility. This gradient 

facilitates faster charge transport and increases the effective carrier concentration, 

resulting in enhanced current and voltage modulation [234]. Consequently, sensitivity 

increases due to the step-graded doping profile if used in FET based biosensors.  

 

Fig. 4.1 Step Graded Doping in the Channel of FET 

4.1.3 Split (or Underlap) Gate FET and Open Cavity-Based Biosensors 

In the context of dielectric modulated FET biosensors, a nanogap is created by 

selectively removing the oxide layer through etching [131], [219], [220]. The DMFET 

biosensors are becoming increasingly popular for the label-free detection of both 

neutral and charged biomolecules. The nanogaps, which are included in the oxide 

layers, confine biomolecules and, based on their dielectric constant and charge 

behavior, result in substantial changes in the threshold voltage and ON current of the 

device [220]. This modification allows for the identification of particular 



70 

 

 

 

biomolecules. The main concern with nanogaps is the lack of structural stability due 

to the gate floating within the nanogap, which might result in possible reliability 

problems. 

Lee et al. [226] proposed underlapped FET biosensors to solve the structural instability 

observed in split gate FETs. This novel design entails selectively removing a 

substantial percentage of the gate metal and oxide to form a specific area for sensing. 

This design successfully addresses the problem of the hovering gate electrode, 

resulting in a more stable and sensitive platform for detecting biomolecules. This 

design is referred to as a split gate FET design, as the gate has been divided into 

sections to form a cavity.  

The underlap design has numerous benefits: 

1. Improved Structural Stability: 

Reliability is increased by strengthening the device's structural integrity 

through the elimination of the hovering gate. 

 

2. Enhanced Biomolecule Binding and Sensitivity: 

A thin gate oxide that serves as a binding site for biomolecules is retained in 

the sensing region of both nanogap and underlap gate FETs [226]. The design 

with an underlap gate enhances the probability of biomolecules binding to the 

sensing region, enhancing the biosensor sensitivity [16]. 

 

Thus, the development of underlap cavity-based biosensors marks a significant 

improvement over traditional nanogap FETs by addressing structural instability and 

enhancing biomolecule binding and sensitivity. These advancements contribute to 

more reliable and effective biosensors for label-free detection of biomolecules. Fig. 

4.2 depicts the underlap FET structure with two open cavities for biomolecule 

immobilization. 

 

Fig. 4.2 Split Gate FET Structure with Open Cavity for Biomolecules Immobilization 
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4.1.5 Oxide Stacking 

Rigorous and continual scaling of the MOSFET devices paves the path for many 

critical challenges, which include the short channel effects (SCEs). The scaling is not 

limited to the length and width of the channel only but extends its advantages to scaling 

the thickness of the SiO2 layer for implementation of the device in low power, high-

performance CMOS applications also. Curtailing the thickness of the dielectric layer 

boosts the gate capacitance and further the drive current, elevating the performance of 

the device. Also, with further miniaturization of oxide thickness below 2 nm, owing to 

the tunneling effect, the leakage currents rise drastically, thus leading to an inferior 

reliability of the device and higher power consumption.  

With time, the oxide thickness has decreased. On-current (ION) rises with a thinner 

oxide, as a result of greater gate capacitance (Cox). To optimize the circuit speed, high 

value of ION is required. In short channel length devices, controlling threshold voltage 

roll-off and therefore subthreshold leakage is the second reason for lower oxide 

thickness.  

But the oxide thickness less than 1.5 nm causes the tunnelling leakage which limits the 

further minimization of the oxide thickness. Also, at high chip temperatures, the 

prolonged operation under high electric fields limits the oxide thickness minimization. 

At these temperatures, the weaker atomic bonds associated with Si/SiO2 interface can 

break, leading to the creation of oxide charges and shifts in the threshold voltage.  

To overcome the limitations of thin oxide layers is to use the dielectric materials which 

has a higher dielectric permittivity. These materials enable the attainment of a large 

physical thickness while maintaining a small Effective Oxide Thickness (EOT), while 

is crucial in nanoscale devices. The EOT is the measure of the thickness of a SiO2 layer 

that has the same capacitance as the high-k dielectric layer [122], [235], [236].  

High-k dielectrics improve gate control over the channel, but interface traps, bulk fixed 

charges, and low interface carrier mobility concerns limit their use. Since none of the 

alternative dielectric materials generate a native oxide on silicon, a thin SiO2 interfacial 

layer is inevitable. As illustrated in Fig. 4.3, the innovative dielectric stacks consist of 

a thin low K oxide (SiO2, Al2O3) layer and a thick high-k layer (HfO2).  

 

Fig. 4.3 Oxide Stack Architecture consisting of Low-K and High-K Oxide in FETs 
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The implementation of an extremely thin low K dielectric layer enhances both quality 

as well as consistency of the interface. The inclusion of a low-k layer in the stack 

architecture greatly reduces the fringing electric field, hence lowering the DIBL effect. 

This reduction in fringing electric field is achieved by reducing the thickness of the 

high-k layer while maintaining the same Equivalent Oxide Thickness (EOT). The high 

fringing fields are concentrated electrically into the low-k dielectric layer as a result of 

the continuity of displacement. This has the potential to alter the impact of the fringing 

field on the properties of the device. MOSFETs are particularly prone to hot carrier 

effects, which are mainly caused by the high electric field at the drain side.  

4.1.6 Gate Material Engineering 

The previous chapters have previously covered the topic of gate material engineering, 

which involves the usage of gate metals with varying workfunctions. This chapter 

presents a design proposal that utilizes gate material engineering with three distinct 

work function gates in a split gate structure. The three gates are independent and not 

connected to each other. 

4.1.7 Avian Influenza and DNA Detection 

Avian influenza, or bird flu, is a virus that has affected bird populations for over a 

century. The virus is categorized by two proteins on its surface: hemagglutinin (H) and 

neuraminidase (N). There have been various outbreaks of avian influenza, including 

an H5N1 strain outbreak in Hong Kong in 1997 and a H7N9 pandemic in Eastern and 

Southern China in 2013. Despite the fact that avian influenza viruses mostly infect 

birds, in humans too, a significant number of confirmed cases necessitate 

hospitalization and often intensive care unit (ICU) care [214]. This strain has spread 

to various parts of the world, causing major outbreaks in poultry and leading to 

millions of birds being culled to control the disease. Human infections with H5N1 are 

rare but often fatal, highlighting the need for quick and effective detection.  

Most current detection methods for avian influenza, such as viral culture and PCR, are 

highly accurate but can take a while and require specialized labs. Semiconductor 

technology in FET biosensors rapidly and sensitively detects viral biomolecules. Some 

key advantages of this FET biosensor are as follows; Their results are quick which 

helps in fast outbreak control. Because of their portability, they can be employed in 

remote areas or in on-site settings causing delays related to sample transport to be 

minimized. This makes the devices easy to operate and can be used by anyone with 

minimal training. In addition, because FET biosensors are inexpensive, they are 

appropriate for frequent testing and can help both prevent economic losses in the 

poultry industry and protect public health. 

Detection of deoxyribonucleic acid (DNA) gives new impetus to fundamental research 

in essential areas that directly impact human health. Currently, DNA molecular 

analysis can directly diagnose more than 400 diseases, and this number is continually 

increasing, making DNA detection more and more crucial [215], [216]. Single-

stranded DNA (ssDNA) is a linear structure with only one DNA strand, whereas 
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double-stranded DNA (dsDNA) is a helical form with two DNA strands connected by 

hydrogen bonds. 

There is a great need of rapid detection of DNA biomolecules in various domains such 

as health care, biotechnology, agriculture, environmental monitoring and forensic 

science. The ability to identify DNA sequences quickly and with accuracy holds 

enormous potential for improved outcomes, better research, and ensuring security and 

sustainability. 

Medical Diagnostics 

Rapid screening of diseases - with the help of rapid DNA detection - is the hallmark 

of this technology that allows for immediate identification of diseases, including 

genetic issues, cancers, and viruses. By detecting such diseases at an early stage, 

healthcare providers can promptly initiate therapies, thereby greatly improving the 

likelihood of recovery. In addition, the identification of specific genetic markers 

facilitates the development of individualized treatment strategies.  

Infectious Disease Control 

Rapid identification of pathogenic DNA is crucial in the context of infectious diseases. 

Rapid detection of bacteria, viruses, and other pathogens enables prompt actions in 

reaction to outbreaks, aiding in the containment of diseases. It is crucial for effectively 

handling novel diseases and avoiding global outbreaks and pandemics. 

Biotechnology and Research 

DNA detection speed is an extremely important factor in the fields of biotechnology 

and research. The investigation of genetic sequences, the roles of genes, and the 

development of projects involving genetic engineering are all sped up as a result of 

this, which is crucial for the advancement and innovation of scientific research.  

Agriculture 

Rapid DNA detection is essential for enhancing crop quality and controlling pests in 

the field of agriculture. Researchers can enhance crop types by promptly finding 

advantageous genetic features, resulting in increased yields, enhanced disease 

resistance, and superior nutritional profiles.  

Environmental Monitoring 

Quick DNA detection is a huge boon to environmental monitoring. To preserve 

ecosystems and comprehend ecological dynamics, this technology is crucial for 

assessing and monitoring biodiversity through identifying species in environmental 

samples. On top of that, protecting and cleaning up polluted areas can be made easier 

when DNA from particular microbes can be detected. 
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Forensic Science 

Forensic science relies heavily on quick DNA detection to analyze evidence from 

crime scenes. The prompt identification of individuals using biological samples 

expedites criminal investigations and enhances the precision of forensic findings, 

contributing to the more effective and dependable resolution of crimes. 

4.2 GJAM-SGAA Bio-FET Device Structure and Simulation 

Specification 

A depiction of the Graded JAM Split Gate-All-Around (GJAM-SGAA) Bio-FET in a 

three-dimensional format is illustrated in Fig. 4.4 (a). The structure has cylindrical 

Gate-All-Around FET with Gate Metal Engineering consisting three independent 

gates, Gate M1, Gate M2 and Gate M3 with different work functions. Gate work 

function engineering provides the inherent ability to reduce different SCEs while 

improving threshold voltage and drain current characteristics [230]. Fig. 4.4 (c) depicts 

the GJAM-SGAA Bio-FET from a two-dimensional aspect. The channel in the GJAM-

SGAA Bio-FET design is divided into three distinct regions, namely R-1, R-2, and R-

3. These regions are assigned with different doping concentrations designated as ND1, 

ND2, and ND3 respectively. The doping concentrations in R-1, R-2, and R-3 are 

arranged in a graded manner, with ND1 being the highest and ND3 being the lowest. 

This graded doping profile in the channel enhances carrier depletion within the 

channel, thereby contributing to the reduction in OFF current and improvement in 

sensor performance [120], [233]. In order to create two nano-cavities known as open 

cavities or gate underlap regions for analyte binding, the device's cylindrical gate is 

split at the source side and drain side as shown in Fig. 4.4 (c). To increase the physical 

thickness of the gate oxide, a high-K (HfO2) oxide has been placed on top of silicon 

dioxide (SiO2). Several work focusing on stack gate MOSFETs have been introduced 

in literature with the aim of improving performance and sensitivity [237]–[239]. The 

analytes have been bound to the open-cavity of device on the incredibly thin SiO2 layer 

in the cavity area. With the exception of the same work function gate (no GME) and 

one split gate open cavity, SGAA-FET biosensor has been modeled and simulated with 

the same dimension as the proposed BioFET.  

While performing research involving devices like transistors or sensors, it is important 

to validate the theoretical and simulated results by comparing them with experimental 

data. The correctness and reliability of the simulations and models being employed are 

ensured through this validation process. Fig. 4.4 (b) illustrates the calibration of the 

simulations for the proposed device with respect to the experimental data [152]. The 

drain current versus gate voltage characteristics shows excellent agreement in this 

graph for both simulated and experimental data. Table 1. presents the characteristics 

of two biosensors: the GJAM-SGAA Bio-FET and the SGAA-FET. It provides 

information on the device parameters of both biosensors, such as the dimensions, type 

of material used, gate oxide thickness, length and thickness of cavity etc. 

 

 



75 

 

 

 

Table 4.1 Device Design Parameters [141] 

Physical Device Parameter GJAM-SGAA Bio-FET SGAA-FET Biosensor 

Channel Length, LChannel (nm) 100 100 

Thickness of silicon film, tsi (nm) 20 20 

Length of source/drain, LS/LD 

(nm) 
15 15 

Metal gate work-function (eV) 5.1, 5.0, 4.7 5.3 

Oxide Thickness, SiO2 & HfO2, 

(nm) 
t1=1.0 & t2 =3.0 t1=1.0 & t2 =3.0 

Doping of Channel Region, ND1, 

ND2, ND3 (/cm3) 
5×1018, 1×1018, 1×1017 1×1018 

Doping of Source and Drain 

Region, ND (/cm3) 
1×1019 1×1019 

Thickness of Cavity, tc (nm) 10 10 

Gate Thickness, tg (nm) 7 7 

Gate Length, LG1, LG2, LG3 (nm) LG1=20, LG2=30, LG3=20 LG1=35, LG2=35 

Length of Cavity, LCavity (nm) 
LCavity=LCavity1+LCavity2 = 

15+15 = 30 
30 

HfO2 and SiO2 dielectric 

constants 
22.0 & 3.9 22.0 & 3.9 

 

The proposed device underwent simulation using the Silvaco Atlas-3D tool for device 

simulation [151]. Different models such as AUGER and SRH were utilized to represent 

the recombination of minority carriers in semiconductors. The modeling of 

recombination through the Shockley-Read-Hall (SRH) mechanism is described in the 

following equation [240], [241]: 

𝑅𝑆𝑅𝐻 =
𝑝𝑛−𝑛𝑖

2

𝜏𝑝
0[𝑛+𝑛𝑖𝑒𝑥𝑝(

𝐸𝑇𝑅𝐴𝑃

𝑘𝑇𝐿
)]+𝜏𝑛

0 [𝑝+𝑛𝑖𝑒𝑥𝑝(
−𝐸𝑇𝑅𝐴𝑃

𝑘𝑇𝐿
)]

                                                      (4.1) 

ETRAP stands for the difference between the energy level of the trap and the intrinsic 

Fermi level. TL refers to the temperature measured in kelvin, and 𝜏𝑛
0 and 𝜏𝑝

0 correspond 

to the lifetimes of electrons and holes, respectively. The expression for the Boltzmann 

transport statistics equation is as follows: 

𝑓(ε) =
1

1+exp (
ε−𝐸𝐹
𝑘𝑇𝐿

)
                                                                                                (4.2)                                           

Here, f(ε) represents the likelihood of an accessible electron state with energy ε being 

occupied by an electron. ΕF denotes the fermi energy level, and k stands for Boltzmann's 

constant. 
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FLDMOB and CONMOB models were used to represent mobility that is dependent on 

concentration, while BGN was used to represent carrier statistics, all aimed at validating 

the high channel doping profile against doping versus mobility [151]. Quantum effects 

have not been taken into account in this work, as they become significant only when 

the channel's thickness and length are less than 10 nm [92], [160], [242]–[247].  

 

 
 

Fig. 4.4 (a) 3-Dimensional View of GJAM-SGAA Bio-FET (b) Calibration of Simulation Setup 

with Experimental Data [152] (c) 2-Dimentional Structure of GJAM-SGAA Bio-FET 

4.3 Analytical Modeling 

To comprehensively analyze the electrical properties of the proposed device, it becomes 

imperative to solve the two-dimensional Poisson's equation. The analytical framework 

used to determine the channel potential, threshold voltage, and subthreshold slope relies 

on the center-channel potential approach. 
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4.3.1   Modeling of Surface Potential 

To derive the surface potential, the Poisson's equation describing the potential 

distribution in each respective region of the channel (Region 1 to 5) is as follows: 

1

𝑟

𝜕

𝜕𝑟
[𝑟

𝜕

𝜕𝑟
{𝜓(𝑟, 𝑧)}] +

𝜕2

𝜕𝑧2 𝜓(𝑟, 𝑧) = −
𝑞𝑁𝐶ℎ,𝑖

𝜀𝑆𝑖
                                                        

(4.3) 

 

𝜓(𝑟, 𝑧) stands for the channel potential within region i, 𝑁𝐶ℎ,𝑖   indicates the doping 

concentration specific to channel region i, and 𝜀𝑆𝑖  corresponds to the dielectric 

permittivity of silicon. 

Let the diameter of channel is ‘2d’ so the radius r=d. The center channel potential can 

be represented as ψC (z) or ψ (0, z). The potential at the surface interface (r = d) is 

denoted by ψI (z) or ψ (d,z).  

The general solution of potential can be expressed in accordance with a parabolic 

profile, 

𝜓(𝑟, 𝑧) = 𝑃0(𝑧) + 𝑃1(𝑧)𝑟 + 𝑃2(𝑧)𝑟2                                                                   (4.4)   

where, P0, P1 and P2 are arbitrary constants. To solve the above Poisson’s equation, 

different boundary conditions used are [25], [248]:- 

i. At z = z0, potential at the source-channel boundary can be expressed as, 

𝜓(𝑟, 𝑧0) = 𝑉𝑏𝑖,1 =
𝑘𝐵𝑇

𝑞
{ln (

𝑁𝑆𝑁𝐷1

𝑛𝑖
2 )}                                                         (4.5)                   

where, NS and ni represents the source doping and intrinsic charge carrier concentration 

of silicon. ND1 is the doping concentration of region R1. 

ii. At z=z5, potential at the drain-channel boundary can be expressed as, 

𝜓(𝑟, 𝑧5) = 𝑉𝑏𝑖,4 + 𝑉𝐷𝑆 =
𝑘𝐵𝑇

𝑞
{ln (

𝑁𝐷3𝑁𝐷𝑟𝑎𝑖𝑛

𝑛𝑖
2 )} + 𝑉𝐷𝑆              (4.6)   

Where, 𝑉𝑏𝑖,4 is the built-in potential, VDS is drain to source voltage, 𝑁𝐷3 is channel 

concentration in R-3 and 𝑁𝐷𝑟𝑎𝑖𝑛 is drain region doping. 

iii. Potential at zi is given by, 

𝜓(𝑟, 𝑧1
−) = 𝑉1                                                                   

(4.7𝑎)
 

𝜓(𝑟, 𝑧2
−) = 𝑉2                                                                   

(4.7𝑏)
 

𝜓(𝑟, 𝑧3
−) = 𝑉3                                                                   

(4.7𝑐)
 

𝜓(𝑟, 𝑧4
−) = 𝑉4                                                        

(4.7𝑑)
 

iv. Electric field is continuous at intersection of two regions, z=z1/z2/z3/z4,  

 
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧1
−

=
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧1
+

                                                      

(4.8𝑎)

 
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧2
−

=
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧2
+

                                                                 

(4.8𝑏)

                                                                          
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧3
−

=
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧3
+

                                                             

(4.8𝑐) 
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𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧4
−

=
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧4
+

                                                                

(4.8𝑑) 

v. Electric field at the center of the channel is zero, 
∂ψ(r,z)

∂r
|

r=0
= 0

                                                                    

(4.9)

 vi. Potential at z1 and z4 is continuous,  

𝜓(𝑟, 𝑧1
−) = 𝜓(𝑟, 𝑧1

+)
                                                    

(4.10𝑎)
 

𝜓(𝑟, 𝑧4
+) = 𝜓(𝑟, 𝑧4

+)
                                                      

(4.10𝑏)
 

vii. Potential at z2 and z3 is discontinuous due to step-doping profile, 

𝜓(𝑟, 𝑧2
+) = 𝑉2 + 𝑉𝑏𝑖,2                                                    

(4.11𝑎)
 

𝜓(𝑟, 𝑧3
+) = 𝑉3 + 𝑉𝑏𝑖,3                                                                          

(4.11𝑏)
                                                                                       

 

viii. Electric field is continuous at Si-SiO2 interface, 

𝜀𝑆𝑖
𝜕{𝜓(𝑟,𝑧)}

𝛿𝑟
|

𝑟=𝑑
= 𝐶𝑜𝑥[𝑉𝐺𝑆 − 𝑉𝑓𝑏𝑖 − 𝜓(𝑟, 𝑧)]|

𝑟=𝑑

                  

(4.12𝑎) 

                                   

 

𝜕{𝜓(r,z)}

δr
|
r=d

=
𝐶ox

𝜀Si
[𝑉GS

∗ -ψ
𝐼
(𝑧)]

                                                       

(4.12𝑏) 

Vfbi refers to the flat band voltage associated with region Ri. Using the above boundary 

conditions, the potential ψ(r,z) can be written in terms of ψI(z). 

𝜓(𝑟, 𝑧) =
1

2𝜀𝐶ℎ
[𝜓𝐼(𝑧){𝐶𝑜𝑥𝑑 + 2𝜀𝐶ℎ} − (𝑉𝐺𝑆 − 𝑉𝑓𝑏𝑖)𝐶𝑜𝑥𝑑] +

𝐶𝑜𝑥,𝑖

2𝜀𝑆𝑖
[𝑉𝐺𝑆 − 𝑉𝑓𝑏,𝑖 − 𝜓𝐼(𝑧)] 𝑟2

         (4.13)                                                                                        

For r = 0 in equation (4.11), 𝜓(0, 𝑧) =  ψC(z)  and relationship between ψC (z) and ψI 

(z) can be expressed as: 

 𝜓𝐼(𝑧) =
[𝐶𝑜𝑥,𝑖 𝑑(𝑉𝐺𝑆−𝑉𝑓𝑏,𝑖)+2𝜓𝐶(𝑧)𝜀𝑆𝑖]

2𝜀𝑆𝑖+𝐶𝑜𝑥,𝑖𝑑
                                                                 

(4.14)

                                                                         

 

Now, a differential equation can be formed in terms of center channel potential by 

putting equation (4.13) and (4.14) in equation (4.3). 

𝜇2 𝜕2𝜓𝐶(𝑧)

𝜕𝑧2 + 𝜃 = 𝜓𝐶(𝑧)                                                                  (4.15𝑎) 

𝜃 = (𝑉𝐺𝑆 − 𝑉𝑓𝑏,𝑖) +
𝑞𝑁𝐶ℎ,𝑖

2𝐶𝑜𝑥,𝑖
+

𝑞𝑁𝐶ℎ,𝑖𝑑2

4𝜀𝑆𝑖
                                                                

(4.15𝑏)

                                                                                          
 

𝜇 = √
𝑑𝜀𝑆𝑖

2𝐶𝑜𝑥,𝑖
                                                                                                        

(4.15𝑐) 

Generalized solution of equation (4.15 a) can be written as, 

𝜓𝐶(𝑧) = 𝑝𝑒
𝑧

𝜇 + 𝑞𝑒
−𝑧

𝜇 + 𝜃
                                                                     

(4.16) 

where, 𝜇 and 𝜃 are material dependent parameters. While p and q are arbitrary 

constants. The effective capacitance in each region (Region 1 /Region 3/Region 5) is 

the series combination of two capacitances, 𝐶𝑆𝑖𝑂2
 and 𝐶𝐻𝑓𝑂2  ignoring the dielectric 

leakage current and absorption [249]. In the proposed GJAM-SGAA Bio-FET device 

structure, there is no gate over nanocavities. Such structure is known as Underlap gate 

FET structure where the gate electrode does not fully cover the channel region, leaving 

a gap or "underlap". When a voltage is applied to the gate electrode, it creates an 
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electric field in the semiconductor channel underneath the gate. However, due to the 

underlap design, some electric field lines extend beyond the gate's physical boundaries. 

Capacitance associated with these fringing field lines is referred to as fringing field 

capacitance (𝐶𝑓𝑟). It represents the ability of these field lines to store electrical charge 

and affect the potential energy in the channel region. Fringing capacitance (𝐶𝑓𝑟) takes 

on a pivotal role in the GJAM-SGAA Bio-FET. This Bio-FET design includes two 

underlap regions, specifically Region 2 and Region 4, in which the influence of 

fringing capacitance will be substantial. In the underlap regions, capacitance (𝐶𝑓𝑟) is 

modeled by considering the approximate effect of biomolecules occupying the cavity 

under the fringing fields [250]–[252].  

So, ψC(z) can be expressed in five regions (Region 1/ Region 2/ Region 3/ Region 4 

/Region 5) separately: 

Region 1: 𝒛𝟎 ≤ 𝒛 ≤ 𝒛𝟏  

𝜓𝐶1(𝑧) = 𝑝1𝑒
𝑧

𝜇1 + 𝑞1𝑒
−𝑧

𝜇1 + 𝜃1                                                      
(4.17𝑎) 

𝑝1 =
1

𝑒
−

(𝑧0−𝑧1)
𝜇1 −𝑒

(𝑧0−𝑧1)
𝜇1

[𝑉1𝑒
−𝑧0
𝜇1 − 𝑉𝑏𝑖,1𝑒

−𝑧1
𝜇1 − 𝜃1 (𝑒

−𝑧0
𝜇1 − 𝑒

−𝑧1
𝜇1 )]                       (4.17b)                                                          

       

 

𝑞1 =
1

𝑒
−

(𝑧1−𝑧0)
𝜇1 −𝑒

(𝑧1−𝑧0)
𝜇1

[𝑉1𝑒
𝑧0
𝜇1 − 𝑉𝑏𝑖,1𝑒

𝑧1
𝜇1 − 𝜃1 (𝑒

𝑧0
𝜇1 − 𝑒

𝑧1
𝜇1)]     (4.17𝑐)

 

𝐶𝑜𝑥,1 =
𝜀𝑆𝑖𝑂2

𝑑 ln(1+
𝑡𝑒𝑓𝑓

𝑑
)

 

, 𝑡𝑒𝑓𝑓 = 𝑡2 (
𝜀𝑆𝑖𝑂2

𝜀𝐻𝑓𝑂2

) + 𝑡1                                                     
(4.17𝑑)

   
   

Region 2: 𝐳𝟏 ≤ 𝐳 ≤ 𝐳𝟐  

𝜓𝐶2(𝑧) = 𝑝2𝑒
𝑧

𝜇2 + 𝑞2𝑒
−𝑧

𝜇2 + 𝜃2                                                      
(4.18𝑎) 

𝑝2 =
1

𝑒
−

(𝑧1−𝑧2)
𝜇2 −𝑒

(𝑧1−𝑧2)
𝜇2

[𝑉2𝑒
−𝑧1
𝜇2 − 𝑉1𝑒

−𝑧2
𝜇2 − 𝜃2 (𝑒

−𝑧1
𝜇2 − 𝑒

−𝑧2
𝜇2 )]

      

(4.18𝑏)

 
𝑞2 =

1

𝑒
−

(𝑧2−𝑧1)
𝜇2 −𝑒

(𝑧2−𝑧1)
𝜇2

[𝑉2𝑒
𝑧1
𝜇2 − 𝑉1𝑒

𝑧2
𝜇2 − 𝜃2 (𝑒

𝑧1
𝜇2 − 𝑒

𝑧2
𝜇2)]               (4.18𝑐) 

1

𝐶𝑜𝑥,2
=

1

𝐶𝑆𝑖𝑂2

+
1

𝐶𝑓𝑟
 , 𝐶𝑆𝑖𝑂2

=
𝜀𝑆𝑖𝑂2

𝑑 ln(1+
𝑡𝑡1

𝑑
)

 

,         

                                       

(4.18𝑑)
 

𝐶𝑓𝑟 = 𝐶𝑏𝑖𝑜 =
2𝜀𝑏𝑖𝑜

𝑛𝜋𝐿𝐶
sinh (cosh−1 (

(𝑡2+𝑡1)+𝑡𝑔

𝑡2+𝑡1
))

                                                 
(4.18𝑒)

 

Region 3: 𝒛𝟐 ≤ 𝒛 ≤ 𝒛𝟑  

𝜓𝐶3(𝑧) = 𝑝3𝑒
𝑧

𝜇3 + 𝑞3𝑒
−𝑧

𝜇3 + 𝜃3                                                      
(4.19𝑎) 

𝑝3 =
1

𝑒
−

(𝑧2−𝑧3)
𝜇3 −𝑒

(𝑧2−𝑧3)
𝜇3

[𝑉3𝑒
−𝑧2
𝜇3 − (𝑉2 + 𝑉𝑏𝑖,2)𝑒

−𝑧3
𝜇3 − 𝜃3 (𝑒

−𝑧2
𝜇3 − 𝑒

−𝑧3
𝜇3 )]

         

(4.19𝑏)

                                                                    

𝑞3 =
1

𝑒
−

(𝑧3−𝑧2)
𝜇3 −𝑒

(𝑧3−𝑧2)
𝜇3

[𝑉3𝑒
𝑧2
𝜇3 − (𝑉2 + 𝑉𝑏𝑖,2)𝑒

𝑧3
𝜇3 − 𝜃3 (𝑒

𝑧2
𝜇3 − 𝑒

𝑧3
𝜇3)]            (4.19𝑐)        
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𝐶𝑜𝑥,3 = 𝐶𝑜𝑥,1                                                                          
(4.19𝑑)

 

Region 4: 𝐳𝟏 ≤ 𝐳 ≤ 𝐳𝟐  

𝜓𝐶4(𝑧) = 𝑝4𝑒
𝑧

𝜇4 + 𝑞4𝑒
−𝑧

𝜇4 + 𝜃4                                                      
(4.20𝑎) 

𝑝4 =
1

𝑒
−

(𝑧3−𝑧4)
𝜇4 −𝑒

(𝑧3−𝑧4)
𝜇4

[𝑉4𝑒
−𝑧3
𝜇4 − (𝑉3 + 𝑉𝑏𝑖,3)𝑒

−𝑧4
𝜇4 − 𝜃4 (𝑒

−𝑧3
𝜇4 − 𝑒

−𝑧4
𝜇4 )]

  

(4.20𝑏)

                                 
𝑞4 =

1

𝑒
−

(𝑧4−𝑧3)
𝜇4 −𝑒

(𝑧4−𝑧3)
𝜇4

[𝑉4𝑒
𝑧3
𝜇4 − (𝑉3 + 𝑉𝑏𝑖,3)𝑒

𝑧4
𝜇4 − 𝜃4 (𝑒

𝑧3
𝜇4 − 𝑒

𝑧4
𝜇4)]    (4.20𝑐) 

𝐶𝑜𝑥,4 = 𝐶𝑜𝑥,2

                                                                 

(4.20𝑑)
 

Region 5: 𝑧4 ≤ 𝑧 ≤ 𝑧5  

𝜓𝐶5(𝑧) = 𝑝5𝑒
𝑧

𝜇5 + 𝑞5𝑒
−𝑧

𝜇5 + 𝜃5                                                      
(4.21𝑎) 

𝑝5 =
1

𝑒
−

(𝑧4−𝑧5)
𝜇5 −𝑒

(𝑧4−𝑧5)
𝜇5

[(𝑉𝑏𝑖,4 + 𝑉𝐷𝑆)𝑒
−𝑧4
𝜇5 − 𝑉4𝑒

−𝑧5
𝜇5 − 𝜃5 (𝑒

−𝑧4
𝜇5 − 𝑒

−𝑧5
𝜇5 )]

        

(4.21𝑏)

                                                         
𝑞5 =

1

𝑒
−

(𝑧3−𝑧2)
𝜇5 −𝑒

(𝑧3−𝑧2)
𝜇5

[(𝑉𝑏𝑖,4 + 𝑉𝐷𝑆)𝑒
𝑧4
𝜇5 − 𝑉4𝑒

𝑧5
𝜇5 − 𝜃5 (𝑒

𝑧4
𝜇5 − 𝑒

𝑧5
𝜇5)]   (4.21𝑐)

 

𝐶𝑜𝑥,5 = 𝐶𝑜𝑥,1                                                                          
(4.21𝑑)

 

Values of μ1- μ5 and θ1-θ5 are mentioned in Appendix-A. Values of unknown constants 

V1, V2, V3 and V4 can be find using the boundary conditions mentioned in equation 

(4.3)-(4.10). 

𝑉1 =
𝑐6𝑐2−𝑐3𝑐5

𝑐2𝑐4−𝑐1𝑐5
                                                                  (4.22𝑎) 

𝑉2 =
𝑐6𝑐1−𝑐3𝑐4

𝑐1𝑐5−𝑐2𝑐6
                                                                 (4.22𝑏)

 

𝑉3 = 𝑑1 + 𝑑2 + 𝑑3                                                       (4.22𝑐) 

𝑉4 = 𝑑4𝑉2 + 𝑑5𝑉3 + 𝑑6                                                    (4.22𝑑)
 

Values of c1-c6 and d1-d6 are given in Appendix-C. Each region's electric field can be 

expressed as, 

𝐸𝑍𝑖
= −

1

𝜇𝑖
(𝑝𝑖𝑒

𝑧

𝜇𝑖 − 𝑞𝑖𝑒
−𝑧

𝜇𝑖 )                                                                   (4.23) 

4.3.2   Modeling of Threshold Voltage 

For junctionless device, The threshold voltage is the gate voltage at which the 

minimum central potential 𝜓𝐶𝑚𝑖𝑛
equals to the Fermi potential when the flat band 

voltage is measured with respect to the intrinsic Fermi level [208], [253]. 

𝜓𝐶 𝑚𝑖𝑛
(𝑧,

𝑡𝑠𝑖

2
) = 𝑉𝑏                                                                                             (4.24a) 



81 

 

 

 

Where, 𝑉𝑏 is the quasi-Fermi potential. The lowest potential point is consistently 

identified within region-2, which is associated with the negative charges introduced 

by biomolecules in the oxide layer [25].  

𝜓𝐶 𝑚𝑖𝑛
(𝑧,

𝑡𝑠𝑖

2
) = 𝜓𝐶2

(𝑧 = 𝑧𝑀𝑖𝑛𝑖𝑚𝑎)|
𝑉𝐺𝑆=𝑉𝑡ℎ

= 𝑉𝑏                                             (4.24b) 

By setting the derivative of the channel-center potential expression in region-2 equal 

to zero, the exact position of this minimum potential point within the channel can be 

established.    

𝑑𝜓𝐶2
(𝑧)

𝑑𝑧
|

𝑧=𝑧𝑀𝑖𝑛𝑖𝑚𝑎

= 0                                                                                        (4.24𝑐) 

𝑧𝑀𝑖𝑛𝑖𝑚𝑎 = 𝜇1 ln (√
𝑞2

𝑝2
)

                                                                            

(4.24𝑑) 

The expression for the minimum channel-center potential can be easily found by 

putting the value of 𝑧𝑀𝑖𝑛𝑖𝑚𝑎 into equation (4.18 a). Then solving equation (4.24b), the 

threshold voltage is expressed as  

𝑉𝑡ℎ =
−𝑊𝑏+√𝑊𝑏

2−4𝑊𝑎𝑊𝑐

2𝑊𝑎
                            

                                                           

(4.25)

 

Appendix-B contains the values of Wa, Wb and Wc. 

4.3.3 Modeling of Drain Current and Subthreshold Slope 

In linear region, the drain current (IDS) is determined separately in the five different 

regions, as outlined in references [99] and [254]. 

𝐼𝐷𝑆(𝐿𝑖𝑛,𝐼) =
2𝜋𝐶𝑜𝑥1𝑑𝜇𝑛

𝐿𝐺1
 [(𝑉𝐺𝑆 − 𝑉𝑡)(𝑉1 − 𝑉𝑏𝑖,1) −

(𝑉1−𝑉𝑏𝑖,1)
2

2
]

                   

(4.26)

     

 

𝐼𝐷𝑆(𝐿𝑖𝑛,𝐼𝐼) =
2𝜋𝐶𝑜𝑥2𝑑𝜇𝑛

𝐿𝐶𝑎𝑣𝑖𝑡𝑦1
 [(𝑉𝐺𝑆 − 𝑉𝑡)(𝑉2 − 𝑉1) −

(𝑉2−𝑉1)2

2
]

        

(4.27)  

𝐼𝐷𝑆(𝐿𝑖𝑛,𝐼𝐼𝐼) =
2𝜋𝐶𝑜𝑥3𝑑𝜇𝑛

𝐿𝐺2
 [(𝑉𝐺𝑆 − 𝑉𝑡)(𝑉3 − 𝑉𝑥) −

(𝑉4−𝑉𝑥)2

2
]

         

(4.28)  

𝐼𝐷𝑆(𝐿𝑖𝑛,𝐼𝑉) =
2𝜋𝐶𝑜𝑥4𝑑𝜇𝑛

𝐿𝐶𝑎𝑣𝑖𝑡𝑦2
 [(𝑉𝐺𝑆 − 𝑉𝑡)(𝑉4 − 𝑉𝑦) −

(𝑉4−𝑉𝑦)
2

2
]

         

(4.29)  

𝐼𝐷𝑆(𝐿𝑖𝑛,𝑉) =
2𝜋𝐶𝑜𝑥5𝑑𝜇𝑛

𝐿𝐺3
 [(𝑉𝐺𝑆 − 𝑉𝑡)(𝑉5 − 𝑉4) −

(𝑉5−𝑉4)2

2
]

                                     

(4.30)  

Vx and Vy can be calculated using appropriate boundary conditions and expressed as, 

𝑉𝑥 = 𝑉𝑏𝑖,2 + 𝜓2(𝑟, 𝑧2)                                                       (4.31𝑎)
 

𝑉𝑦 = 𝑉𝑏𝑖,3 + 𝜓3(𝑟, 𝑧3)                                                                (4.31𝑏) 
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To calculate the drain current in the saturation region, VDS is replaced with VDS,Sat [99], 

[248], 

𝑉𝐷𝑆,𝑆𝑎𝑡 =
(𝑉𝐺𝑆−𝑉𝑡ℎ)

1+
𝜇𝑒𝑓𝑙𝑑(𝑉𝐺𝑆−𝑉𝑡ℎ)

(𝐿𝐺1
 +𝐿𝐶𝑎𝑣𝑖𝑡𝑦1

 +𝐿𝐺2
 +𝐿𝐶𝑎𝑣𝑖𝑡𝑦2

 +𝐿𝐺3
 )𝑣𝑆𝑎𝑡

                                                     (4.32)     

𝜇𝑒𝑓𝑙𝑑 =
𝜇𝑛

{1−𝜁(𝑉𝐺𝑆−𝑉𝑡ℎ}{1+𝛺
𝑉𝐷𝑆𝜇𝑛

(𝐿𝐺1
 +𝐿𝐶𝑎𝑣𝑖𝑡𝑦1

 +𝐿𝐺2
 +𝐿𝐶𝑎𝑣𝑖𝑡𝑦2

 +𝐿𝐺3
 )𝑣𝑆𝑎𝑡

}

                               (4.33)                                                                                                 

𝛺 = [
𝑉𝐷𝑆𝜇𝑛

(𝐿𝐺1
 +𝐿𝐶𝑎𝑣𝑖𝑡𝑦1

 +𝐿𝐺2
 +𝐿𝐶𝑎𝑣𝑖𝑡𝑦2

 +𝐿𝐺3
 )𝑣𝑆𝑎𝑡

] [1.5 + {
𝑉𝐷𝑆𝜇𝑛

(𝐿𝐺1
 +𝐿𝐶𝑎𝑣𝑖𝑡𝑦1

 +𝐿𝐺2
 +𝐿𝐶𝑎𝑣𝑖𝑡𝑦2

 +𝐿𝐺3
 )𝑣𝑆𝑎𝑡

}]

−1

                                                                                                                                                                                                                                                                                                                                                                      

                                                                                                                             (4.34)

  

where VSat is the electron saturation velocity (vSat = 1 × 107 cm/s), and μefld is the 

maximal low-field mobility of electrons. The symbol μn denotes the electron mobility, 

while η is a fitting constant with a precise 0.43 value. 

SS, the subthreshold slope is calculated using minimum center-channel potential and 

can be expressed as, 

𝑆𝑆 = 𝑉𝑇 log( 10) [(
𝜕𝛹(𝑑,𝑧)

𝜕𝑉𝐺𝑆
)

−1

]|
𝑧=𝑧min

                                                      (4.35) 

4.3.4 Modeling of Transconductance 

Transconductance (gm) is the change in the output current (IDS) with respect to a change 

in the input voltage (VGS) while keeping the drain to source voltage (VDS) constant. 

Mathematically, it is expressed as: 

 

𝑔𝑚 =
𝑑𝐼𝐷𝑆

𝑑𝑉𝐺𝑆
| 𝑉𝐷𝑆 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                                               (4.36) 

According to equation (4.36), the transconductance in five different regions can be 

determined differentiating equations (4.26), (4.27), (4.28), (4.29) and (4.30). 

𝑔𝑚1 = 
2𝜋𝐶𝑜𝑥1𝑑𝜇𝑛

𝐿𝐺1
  (𝑉1 − 𝑉𝑏𝑖,1)                                                                             (4.37) 

𝑔𝑚2 = 
2𝜋𝐶𝑜𝑥2𝑑𝜇𝑛

𝐿𝐶𝑎𝑣𝑖𝑡𝑦1
  (𝑉2 − 𝑉1)                                                                                 (4.38) 

𝑔𝑚3 =
2𝜋𝐶𝑜𝑥3𝑑𝜇𝑛

𝐿𝐺2
 (𝑉3 − 𝑉𝑥)                                                                                  (4.39) 

𝑔𝑚4 =
2𝜋𝐶𝑜𝑥4𝑑𝜇𝑛

𝐿𝐶𝑎𝑣𝑖𝑡𝑦2
 (𝑉4 − 𝑉𝑦)                                                                                  (4.40) 

𝑔𝑚5 =
2𝜋𝐶𝑜𝑥5𝑑𝜇𝑛

𝐿𝐺3
 (𝑉5 − 𝑉4)                                                                                  (4.41) 

4.3.5 Modeling of Sensitivity 
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The sensitivity of a biosensor is indeed commonly calculated by measuring the relative 

change in the value of a sensing metric. This sensing metric could be any quantifiable 

electrical parameter that indicates the presence of the biomolecules, including the 

threshold voltage, current, subthreshold slope or other electrical parameters. 

Mathematically, sensitivity (S) can be defined as: 

𝑆𝑀 =  |𝑀𝑁𝑜 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 − 𝑀𝑊𝑖𝑡ℎ 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠|                                                      (4.42) 

Where, 𝑀𝑁𝑜 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 is biosensor's output signal (e.g., voltage, current, SS) before 

exposure to the bio-analytes (biomolecules) and 𝑀𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 is biosensor's output 

signal after immobilization of the biomolecules. 

4.3.5.1 Drain Current Sensitivity 

According to equation (4.42) drain current sensitivity (𝑆𝐼𝐷) can be modeled as: 

𝑆𝐼𝐷 =  |𝐼𝐷𝑁𝑜 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
− 𝐼𝐷𝑊𝑖𝑡ℎ 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

|                                                     (4.43) 

4.3.5.2 Threshold Voltage Sensitivity 

Threshold voltage sensitivity (𝑆𝑉𝑡ℎ
) is the difference in 𝑉𝑡ℎ without biomolecule and 

with biomolecules calculated according to equation (4.42): 

𝑆𝑉𝑡ℎ
=  |𝑉𝑡ℎ𝑁𝑜 𝑏𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

− 𝑉𝑡ℎ𝑊𝑖𝑡ℎ 𝑏𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
|                                                (4.44) 

4.4   Results and Discussion          

DNA and avian influenza antibody (AI-ab) are the target charged analytes used in the 

investigation. Dielectric and charge modulation detection principles are employed for 

charged analytes detection. The base layer for detection of AI-ab, consisting of SBP 

and AIa, was grouped together and simulated with an dielectric constant K = 2 and a 

surface charge density Qf = 2×1011 C/cm2 [255]. AI-ab binding to the base layer has 

been simulated using K = 3 and Qf = - 6 ×1011 C/cm2 [255]. K = 2 and Qf = 1×1011 

C/cm2 have been used to imitate the base layer for detecting DNA, or ssDNA while K 

= 8 and Qf = 5×1011 C/cm2 have been used to model the binding of dsDNA to its base 

layer [256], [257]. 

Fig. 4.5 illustrates the change in surface potential across the channel in two scenarios: 

first, when the cavity is devoid of biomolecules (K=1, Qf =0), indicating the absence 

of bound analytes in the open cavity region; and second, when DNA and Avian 

Influenza antibody (AI-ab) are introduced into the open cavity area. From no 

biomolecules to AI-ab biomolecules, the surface potential decreases. The surface 

potential profile differs for each section of the channel. The surface potential of AI-ab 

biomolecules is the lowest of the analysed charged DNA and AI-ab biomolecules. As 

a result, we obtain maximum surface potential variation and thus maximum sensitivity 

for AI-ab analytes immobilized in the proposed biosensor's underlap region. This is 

due to AI-ab biomolecules having the highest negative charge density of all the 

biomolecules analyzed. The reason for this is that the rise in flat band voltage from 
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qQf /Ceff reduces the central potential. This also represents higher depletion in the 

channel area, which results in enhanced gate control [99]. 

 

Fig. 4.5 Surface Potential of GJAM-SGAA Bio-FET for Charged DNA and Avian Influenza 

Antibody Analytes 

Fig. 4.6 displays the change in electric field of the GJAM-SGAA Bio-FET for dsDNA 

and AI-ab biomolecules. The changes in the electric field in the channel under the gate 

regions and the gate underlap region (open cavity) indicate the presence of the 

biomolecules. Because of the significant impact resulting from the strong negative 

charge of AI-ab, the alteration in the electric field holds greater significance for AI-ab 

compared to dsDNA. Fig. 4.6 also demonstrates that the immobilization of the 

biomolecules in the cavity has no impact on the electric field at the junction of the 

channel-drain and source-channel. This avoids velocity saturation of the GJAM-

SGAA Bio-FET device caused by analyte binding in the open cavity.  

 
Fig. 4.6 Electric Field of GJAM-SGAA Bio-FET for dsDNA and Avian Influenza Antibody (AI-

ab) Analytes 
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The drain current characteristics for the scenario where charged analytes are 

immobilised in the open cavity region are shown in Fig. 4.7 (a). This graph displays 

the drain current in both normal and logarithmic scales. The value of OFF current 

decreases for all the charged biomolecules as indicated at logarithmic scale of Fig. 4.7 

(a) because all the DNA and AI-ab biomolecules are negatively charged and the OFF 

current decreases for negatively charged analytes [96]. In the GJAM-SGAA Bio-FET, 

a significant reduction in OFF current is observed for ssDNA, SBP+AI-ab, dsDNA, 

and AI-ab. For instance, the OFF current for AI-ab is reduced from 3.18×10-14 A/µm 

(for K = 1) to 1.65×10-17 A/µm (for AI-ab). The reason for the reduction in OFF current 

is attributed to the gate's complete control over the channel, which results in a 

substantial carrier depletion within the channel. The channel's graded doping in the 

GJAM-SGAA Bio-FET design also plays a significant role in enhancing carrier 

depletion, further reducing the OFF current. The drain ON current decreases for DNA 

and AI-ab biomolecules and it is minimum for AI-ab biomolecules. This is related to 

the fact that when negative biomolecules are immobilised, the drain current reduces 

due to a downward change in the surface potential profile [89]. 

Fig. 4.7 (b) represents the effect of ssDNA, AI-ab, dsDNA, and SBP + AIa 

biomolecules on the transconductance (gm) for proposed biosensor device. The first 

derivative of IDS current with respect to VGS is transconductance (gm). There is a large 

drift in gm for various charged biomolecules inserted in the open cavity (gate underlap 

region) as clearly depicted in Fig. 4.7 (b). As the drain current decreases from the case 

with no biomolecules to the AIab biomolecules case as depicted in Fig. 4.7 (a), the 

maximum gm value (at VGS=1.0 V) also diminishes. However, it's worth noting that the 

most significant decline in the peak gm occurs for the AIab biomolecules, as evident 

from Fig. 4.7 (b).  

   

Fig. 4.7 (a) ID-VGS Characteristics with Different Biomolecules of GJAM-SGAA Bio-FET (b) 

Transconductance for Different Biomolecules 

Fig. 4.8 (a) displays the FET's output characteristics (drain current with respect to drain 

voltage) for the cases where different biomolecules have been introduced into the open 
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cavity region as well as for the case where there are no biomolecules present. The 

derived analytical model and TCAD simulation show good agreement for the drain 

current characteristics. When no biomolecules are present, the drain current is at its 

highest, and it lowers for ssDNA, SBP+AIa, dsDNA, and AI-ab, respectively. The 

increasing negative charge on the biomolecules is the factor that causes this reduction 

in drain current. Fig. 4.8 (b) depicts the drain current sensitivity of the GJAM-SGAA 

Bio-FET for dsDNA and AI-ab bio-analytes. 

The drain current sensitivity calculated according to equation (4.43), clearly shows 

that for all values of drain voltage, the drain current sensitivity is higher for avian 

influenza antibody than for dsDNA biomolecules as shown in Fig. 4.8 (b) indicating 

that biomolecules with higher negative charge has higher sensitivity because of the 

highest relative difference in drain current at every gate-to-source voltage (VGS) value 

when compared to other biomolecules. At VGS = VDS =1.0 V, AI-ab biomolecules 

exhibit the highest level of drain current sensitivity, 4512.78 nA. 

   
                                              (a)                                                                                   (b) 

Fig. 4.8 (a) Drain Current versus Drain Voltage (ID-VDS) Characteristics with Different 

Biomolecules of GJAM-SGAA Bio-FET (b) Drain Current Sensitivity for dsDNA and AI-ab 

Biomolecules 

The variation in the threshold voltage is an important factor in the case of biosensors 

because it assists in assessing the device's sensitivity. As shown in Fig. 4.9, rising 

biomolecule permittivity and increasing negative charge concentration on biomolecules 

related to different DNA and avian influenza analytes increases the threshold voltage, 

and as shown on the secondary axis of Fig. 4.9, AI-ab has maximum Vth drift. This is 

due to the fact that as the channel surface potential decreases from no biomolecule to 

ssDNA, SBP+AIa, dsDNA, and AI-ab as shown in Fig. 4.5, increasing the gate voltage 

is necessary to fully deplete the channel, hence elevating the threshold voltage. 
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Fig. 4.9 Threshold Voltage and Threshold Voltage Sensitivity for DNA and Avian Influenza 

Analytes 

The FET biosensor is also evaluated using the subthreshold slope (SS) and 

transconductance (gm) for the sequential range of operation. The effectiveness of a 

transistor's response to changes in gate potential is determined by the SS value, which 

is a measurement of transistor reliability. The SS is estimated to have a minimum value 

of around 60 mV/decade at room temperature for FETs [89]. For a given variation in 

gate voltage, a lower value of the SS correlates to a greater change in drain current. So, 

for a biosensor, a smaller subthreshold slope is desirable because it allows for more 

accurate and sensitive detection of changes in the biomolecule's properties. As shown 

in Fig. 4.10, the subthreshold slope for the GJAM-SGAA Bio-FET is 64.13 mV/decade, 

and it further decreases as more negatively charged and dielectrically more stable 

biomolecules are immobilized because of an increase in gate oxide capacitance. 

Secondary axis on Fig. 4.10 depicts the SS sensitivity according to equation (4.42). Out 

of all the examined biomolecules in this work, the SS sensitivity for dsDNA is the 

highest at 3.4 mV/decade. 

 
Fig. 4.10 Subthreshold Slope and Subthreshold Slope Sensitivity of GJAM-SGAA Bio-FET 

To investigate the sensing capability of the devices, various sensitivity variables such 

as ON current sensitivity, switching ratio sensitivity, and threshold voltage sensitivity 

have been calculated. All of these sensitivity parameters of the proposed GJAM-SGAA 
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Bio-FET have been compared to those of a SGAA FET biosensor. Fig. 4.11 depicts the 

ION current sensitivities for the proposed GJAM-SGAA Bio-FET and SGAA FET 

biosensor for the case of DNA and Avian Influenza bio-analytes. For increased 

sensitivity of biosensors, the ION current variation should be high. The ION current 

sensitivity, 𝑆𝐼𝑂𝑁  of the GJAM-SGAA Bio-FET is substantially greater than the 𝑆𝐼𝑂𝑁 of 

SGAA FET biosensor due to the significant property of graded junctionless channel 

with gate metal work function engineering of the three split gates supporting higher 

drive current. Additionally, dual sided cavities improve the biosensors' current 

sensitivity. 

 
Fig. 4.11 ION Current Sensitivity Comparison of GJAM-SGAA Bio-FET and SGAA FET 

Biosensor 

The ION/IOFF ratio sensitivity for various biomolecules ssDNA, SBP+AIa, dsDNA, and 

AI-ab is shown in Fig. 4.12. Mathematically, ION/IOFF ratio is represented as: 

𝐼𝑂𝑁

𝐼𝑂𝐹𝐹
=  

𝐼𝐷𝑆(𝑂𝑁)𝑎𝑡 𝑉𝐺𝑆=1.0𝑉

𝐼𝐷𝑆(𝑂𝐹𝐹)𝑎𝑡 𝑉𝐺𝑆=0.0𝑉

                                                                                        (4.37) 

As illustrated in Fig. 4.12, the ION/IOFF sensitivity of GJAM-SGAA BioFET is more 

than the SGAA FET's ION/IOFF sensitivity due to the proposed device's graded JAM 

channel, Gate work function engineering, and double-sided open cavity. As we change 

the biomolecules in the cavity region from ssDNA to AI-ab, the above-mentioned 

unique properties of the proposed device are accountable for the device's high ON 

current and low OFF    current. The ION/IOFF ratio sensitivity for SGAA FET Biosensor 

ranges from 1.41 to 6.02, whereas for GJAM-SGAA Bio-FET ranges from 15.3 to 

1.28×103 for various biomolecules.   
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Fig. 4.12 Comparitive of Switching Ratio (ION/IOFF) Sensitivity of GJAM-SGAA Bio-FET and 

SGAA FET Biosensor 

Proposed GJAM-SGAA Bio-FET and JAM Split Gate-All-Around FET (SGAA-FET) 

biosensor both experience a change in threshold voltage in the presence of 

biomolecules. This in turn can be utilised as a sensitivity parameter to identify target 

DNA and Avian Influenza biomolecules. Fig. 4.13 displays the threshold voltage 

sensitivity comparison for DNA and Avian Influenza antibody analytes. The 

immobilization of the target biomolecules in the gate underlap cavities of biosensors 

makes it difficult for a conducting layer to form at the interface between the oxide and 

the channel. This makes it necessary to apply a higher gate voltage to initiate conduction 

in the device. The threshold voltage of the device increases when ssDNA hybridizes to 

form dsDNA or when AI-ab is bound to SBP+AIa, as depicted in Fig. 4.9. The increase 

in Vth sensitivity is more prominent when AI-ab binds due to its higher charge compared 

to DNA. The sensitivity of the threshold voltage (SVth) will be higher when there is 

higher variation in the value of threshold voltage for DNA and AI-ab analytes, as per 

equation (4.44). The GJAM-SGAA Bio-FET demonstrates a higher SVth compared to 

the SGAA FET Biosensor, particularly when AI-ab is bound due to its higher charge 

content. The proposed device's graded channel and cylindrical gate, along with metal 

work function engineering, contribute to its higher SVth, as illustrated in Fig. 4.13.    

 
Fig. 4.13 Threshold Voltage Sensitivity, SVth Comparison of GJAM-SGAA Bio-FET and SGAA 

FET Biosensor 
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A comparative sensitivity performance study was conducted to assess the proposed 

GJAM-SGAA Bio-FET against other FET biosensors with similar structural and 

material specifications, including GaN-GME-DE-SNW-FET [258], 

GC‑GAA‑NWFET [259], DETMS/DPDN FET [260], DM DPDG-TFET [261] and 

rBioFET [262] biosensor. The results displayed in Fig. 4.14 clearly indicate that the 

proposed GJAM-SGAA Bio-FET exhibits higher SVth values. This indicates that the 

proposed device possesses superior sensing capabilities for the target analytes when 

compared to the other biosensors in the study.  

 

Fig. 4.14 Threshold Voltage Sensitivity, SVth Comparison of GJAM-SGAA Bio-FET with Recent 

Published FET Biosensors 

4.5 Summary 

In this chapter, an analytical model of Graded JAM Split Gate-All-Around (GJAM-

SGAA) Bio-FET has been devised for efficient detection of DNA and the avian 

influenza virus. A thorough set of numerical device simulations have been used to 

validate the analytical model. The manuscript shows that the two open cavities and 

graded Junction Accumulation Mode Gate-All-Around FET construction have a strong 

influence on the proposed biosensor's sensing performance in terms of current 

sensitivity and threshold voltage sensitivity. Greater gate control over the channel and 

enhanced device performance are made possible by the combination of graded channel 

and gate triple metal work function engineering. The relevance of the proposed 

structural modification in the GAA-NWFET is shown by a comparison of the 

sensitivity analysis of the proposed GJAM-SGAA Bio-FET with Junction 

Accumulation Mode Split Gate-All-Around FET (SGAA-FET) biosensor. Surface 

potential, electric field, drain ON current, drain OFF current, ION/IOFF ratio, gm, 

subthreshold slope and threshold voltage have all been used to assess the proposed 

device's sensitivity to the avian influenza virus and DNA analytes. The proposed 

BioFET has 430.32% higher threshold voltage sensitivity for the case of avian influenza 

antibody (AI-ab) biomolecule immobilization in the cavity region, while for dsDNA 

biomolecules it has 402.22% increase in threshold voltage sensitivity. The attributes of 

high sensitivity and structural stability of open cavity make GJAM-SGAA Bio-FET a 

promising candidate for applications like DNA and Avian Influenza detection. Thus, 

the GJAM-SGAA Bio-FET offers a sensitive and reliable approach for disease 

diagnosis. 
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Appendix-A 

𝜇1 = √
𝑑𝜀𝑆𝑖

2𝐶𝑜𝑥,1
 

, 

 

𝜃1 = (𝑉𝐺𝑆 − 𝑉𝑓𝑏,1) +
𝑞𝑑 𝑁𝐷,1

2𝐶𝑜𝑥,1
+

𝑞𝑁𝐷,1𝑑2

4𝜀𝑆𝑖
  

,  𝑉𝑓𝑏,1 = 𝜙𝑀1
− 𝜙𝐶ℎ,1 , 

𝜙𝐶ℎ,1 = 𝜒 +
𝐸𝑔

2
− 𝑉𝑇 ln

𝑁𝐷,1

𝑛𝑖
 

                
𝜃2 = (𝑉𝐺𝑆 − 𝑉𝑓𝑏,2) +

𝑞𝑁𝐷,1

2𝐶𝑜𝑥,1
+

𝑞𝑁𝐷,1𝑑2

4𝜀𝑆𝑖
   

, 𝜇2 = √
𝑑𝜀𝑆𝑖

2𝐶𝑜𝑥,2
 

𝑉𝑓𝑏,2 = 𝑉𝑓𝑏,1 −  
𝑞𝑄𝑓

𝐶𝑜𝑥,2
 , 

     

 

𝜇3 = √
𝑑𝜀𝑆𝑖

2𝐶𝑜𝑥,3
  

,  𝜃3 = (𝑉𝐺𝑆 − 𝑉𝑓𝑏,3) +
𝑞𝑁𝐷,2

2𝐶𝑜𝑥,3
+

𝑞𝑁𝐷,2𝑑2

4𝜀𝑆𝑖
    

,   

𝑉𝑓𝑏,3 = 𝜙𝑀2
− 𝜙𝐶ℎ,3 , 𝜙𝐶ℎ,3 = 𝜒 +

𝐸𝑔

2
− 𝑉𝑇 ln

𝑁𝐷,2

𝑛𝑖
 

               

 

𝜇4 = √
𝑑𝜀𝑆𝑖

2𝐶𝑜𝑥,4
  

, 𝜃4 = (𝑉𝐺𝑆 − 𝑉𝑓𝑏,4) +
𝑞𝑁𝐷,3

2𝜀𝑆𝑖
+

𝑞𝑁𝐷,3𝑑2

4𝜀𝑆𝑖
 

                                             

 

                                             

                     
 

𝜇5 = √
𝑑𝜀𝑆𝑖

2𝐶𝑜𝑥,5
  

,  𝜃5 = (𝑉𝐺𝑆 − 𝑉𝑓𝑏,5) +
𝑞𝑁𝐷,3

2𝜀𝑆𝑖
+

𝑞𝑁𝐷,3𝑑2

4𝜀𝑆𝑖
 

     

𝑉𝑓𝑏,5 = 𝜙𝑀3
− 𝜙𝐶ℎ,5 , 𝜙𝐶ℎ,5 = 𝜒 +

𝐸𝑔

2
− 𝑉𝑇 ln

𝑁𝐷,3

𝑛𝑖
 

   
𝑉𝑓𝑏,4 = 𝑉𝑓𝑏,5 −  

𝑞𝑄𝑓

𝐶𝑜𝑥,4
    

          After equation 4.12b, following equation shows the deduction the equation 4.15a. 

Differentiating equation 4.4 
𝜕𝜓(r,z)

δr
= 𝑃1(𝑧) + 2𝑃2(𝑧)𝑟                                                                                             (4.12c) 

Putting equation 4.9 in equation 4.12(c) 

𝑃1(𝑧) = 0                                                                                                                (4.12d) 

at r=d, from equation 4.12 (c) 
𝜕{𝜓(r,z)}

δr
|
r=d

= 2𝑑𝑃2(𝑧)      

 𝑃2(𝑧) =  
1

2𝑑
 [

𝜕{𝜓(r,z)}

δr
|
r=d

]                                     

Putting value from 4.12b 

 𝑃2(𝑧) =  
1

2𝑑
 

𝐶ox

𝜀Ch
[𝑉𝐺𝑆 − 𝑉𝑓𝑏-ψ

𝐼
(𝑧)]                                                                        (4.12e)         

Putting the value of 𝑃1(𝑧) and 𝑃2(𝑧) into equation 4.4, and using at r=d, 

 𝜓(r,z) = ψ
𝐼
(𝑧), ψ

𝐼
(𝑧) = 𝑃0(𝑧) + 

𝐶ox𝑑

2𝜀Si
[𝑉𝐺𝑆 − 𝑉𝑓𝑏𝑖-ψ𝐼

(𝑧)] 

𝑃0(𝑧) =  ψ
𝐼
(𝑧) [1 + (

𝐶ox𝑑

2𝜀Ch
)] −

𝐶ox𝑑

2𝜀ch
 (𝑉𝐺𝑆 − 𝑉𝑓𝑏𝑖)                                                (4.12f) 

Substituting values of 𝑃0(𝑧), 𝑃1(𝑧) and 𝑃2(𝑧) in equation 4.4 we get equation 4.13 

𝜓(𝑟, 𝑧) =
1

2𝜀𝐶ℎ
[𝜓𝐼(𝑧){𝐶𝑜𝑥𝑑 + 2𝜀𝐶ℎ} − (𝑉𝐺𝑆 − 𝑉𝑓𝑏)𝐶𝑜𝑥𝑑] +

𝐶𝑜𝑥,𝑖

2𝜀𝐶ℎ
[𝑉𝐺𝑆 − 𝑉𝑓𝑏 −

𝜓𝐼(𝑧)]𝑟2                                                                                                                  (4.13)                                                                                        

Use equation 4.13 into equation 4.3 
𝜕𝜓(r,z)

δr
 = 

2𝑟𝐶𝑜𝑥

2𝜀𝐶ℎ
[𝑉𝐺𝑆 − 𝑉𝑓𝑏 − 𝜓𝐼(𝑧)]                                                                       (4.13a) 

∂2ψ(z)

∂z2 =
2εCh

2εCh+Coxd
 
∂2ψC(z)

∂z2                                                                                        (4.13b) 

Using equation 4.13a and 4.13b in equation 4.3 and simplifying the equation we get 
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d εSi

2Cox
 
∂2ψC(z)

∂z2
 + 

d(2εCh+Coxd)

4CoxεCh
 qNCh + (VGS − Vfb) = ψC(z)                                  (4.13c) 

Equation 4.13 c can be written in simplified form as equation 4.15a  

𝜇2 𝜕2𝜓𝐶(𝑧)

𝜕𝑧2 + 𝜃 = 𝜓𝐶(𝑧)                                                                  (4.15𝑎) 

Now comparing equation 4.13c and 4.15a the expressions for 𝜇 and 𝜃 would be 

𝜃 = (𝑉𝐺𝑆 − 𝑉𝑓𝑏,𝑖) +
𝑞𝑁𝐶ℎ,𝑖

2𝐶𝑜𝑥,𝑖
+

𝑞𝑁𝐶ℎ,𝑖𝑑2

4𝜀𝑆𝑖
                                                                (4.15𝑏)                                                                                           
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𝑒
−

(𝑧1−𝑧2)
𝜇2 − 𝑒

(𝑧1−𝑧2)
𝜇2

[
𝑐1𝑐61𝑒

−𝑧1
𝜇2

𝑐1𝑐5 − 𝑐2𝑐4
−

𝑐2𝑐61𝑒
−𝑧2
𝜇2

𝑐2𝑐4 − 𝑐1𝑐5
+

𝑐5𝑐31𝑒
−𝑧2
𝜇2

𝑐2𝑐4 − 𝑐1𝑐5
−

𝑐4𝑐31𝑒
−𝑧1
𝜇2

𝑐1𝑐5 − 𝑐2𝑐4
] 
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1

𝑒
−
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 𝑂3 =
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𝑒
−

(𝑧2−𝑧1)
𝜇2 −𝑒

(𝑧2−𝑧1)
𝜇2

[
(𝑐1𝑐61−𝑐5𝑐31)𝑒

𝑧1
𝜇2

𝑐1𝑐5−𝑐2𝑐4
−

(𝑐2𝑐61−𝑐5𝑐31)𝑒
𝑧2
𝜇2

𝑐2𝑐4−𝑐1𝑐5
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𝑂4 =
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𝑒
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CHAPTER 5 

GAA NW–FET BIOSENSOR FOR LABEL-FREE SARS-

COV-2 AND AVIAN INFLUENZA VIRUS DETECTION 

 

Previous chapters have primarily focused on the analysis of biosensors targeting 

conventional biomolecules. However, there is a growing need to design and study 

novel biosensors tailored for the detection of specific viruses and diseases. This 

chapter aims to fill this gap by thoroughly investigating the threshold voltage and 

current sensitivities, which are vital for the optimal design of Gate-All-Around FET-

based sensors.  

This chapter is divided into two main sections, each detailing a unique biosensor 

architecture, their underlying principles, and performance evaluations. Section 5.1 

introduces the DMDL-GAA-NW-FET biosensor, tailored for SARS-CoV-2 detection. 

This section comprehensively describes its dual metal dual layer gate-all-around 

nanowire FET structure. This section analyzes the device's electrostatic behavior, 

including channel potential, energy band variation, and electron concentration. 

Performance metrics like threshold voltage drift (ΔVth), ION current drift (ΔION), 

transconductance (gm), ION/IOFF ratio, and conductance (gd) are evaluated upon virus 

immobilization in the nanocavity. A comparative analysis highlights the enhanced 

sensitivity and specificity of the DMDL-GAA-NW-FET biosensor over conventional 

GAA-NW-FET biosensors. 

Section 5.2 delves into the GAAE-GANFET biosensor, designed for label-free 

biosensing applications emphasizing Avian Influenza virus detection. This part 

elaborates on the advanced gate-all-around engineering in GANFET, incorporating 

channel engineering, gate work function engineering, and oxide engineering 

techniques. It describes using a gallium nitride channel. The section also highlights the 

dual open cavity structure, emphasizing its structural stability and fabrication 

simplicity. An evaluation of the biosensor's viability as a label-free biosensor is 

included, supported by analytical modeling and TCAD simulation results, which show 

excellent agreement. Sensitivity analysis is also presented, which considers factors like 

cavity length, doping concentration, gate metal work function, and temperature 

variation. 

Problem Statement 

Current biosensors for detecting viral pathogens, such as SARS-CoV-2 and Avian 

Influenza, often fall short in terms of sensitivity, specificity, and ease of use, which 

are crucial for effective disease control. This chapter presents two cutting-edge 

biosensor designs: the DMDL-GAA-NW-FET, aimed at enhancing electrostatic 

properties and performance for detecting SARS-CoV-2, and the GAAE-GANFET, 

which incorporates advanced engineering for label-free detection of the Avian 

Influenza virus. The objective is to create biosensors that are not only highly sensitive 
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and specific but also simple to fabricate, thereby overcoming the limitations of 

conventional biosensing methods. 

5.1 Dual Metal Dual Layer GAA NW-FET (DMDL-GAA-NW-FET) 

Biosensor for Label-Free SARS-CoV-2 Detection   

5.1.1 Introduction  

The severe acute respiratory syndrome corona virus (SARS-CoV-2) that led in 

coronavirus disease 2019 (covid-19) outbreak was proclaimed a pandemic by the 

World Health Organization on March 11, 2020 [263]. This ongoing COVID-19 

pandemic, with its rapidly changing variants, is looming as the biggest threat to world 

health in a century [264]. 

FET based biosensors are among the most recent developments in rapid diagnostic 

techniques and have a number of benefits including compact size, real-time detection, 

high sensitivity, and ability for integrated multiplexing [265], [266], [267], [197], 

[101]. GAA Nanowire FETs in which the Gate material encircles the whole channel, 

are best suited for biosensing applications due to their maximum gate 

controllability, compatibility with current semiconductor industry trends, intrinsic 

simplicity of fabrication, and greater sensitivity [83][146]. Biomolecules are 

immobilized in the carved nanocavities created by etching off the dielectric material 

below the gate in a Dielectric Modulated-FET (DM-FET) biosensor [132], [131]. The 

immobilized biomolecules in the cavity region cause the gate capacitance to change in 

DM-FET biosensors, which in turn causes changes in electrical characteristics like the 

threshold voltage and current [132],[131],[268]. It is worth noticing that the device 

characteristics such as threshold voltage and current are significantly influenced by 

doping [269] and hence, sensitivity also gets affected. 

Labels are not used in label-free biosensing technology for measurements. For sensing 

purposes, they employ the analytes' innate physical characteristics, such as molecular 

weight, size, electrical impedance, charge, refractive index, or dielectric permittivity 

[103]. 

This work presents the label free detection method of the Covid-19 with the help of S-

protein and C-DNA immobilization of SARS-CoV-2 in the nanocavity region of 

DMDL-GAA-NW-FET. In this work, the Junction Accumulation Mode  (JAM) 

nanowire FET device has mainly been implemented using the dual-metal (DM) and 

cylindrical Gate-All-Around (GAA) schemes because it has been already illustrated 

[270], [271] that the dual metal gate provides better drive current, transconductance, 

and reduced SCEs and is thus suitable for augmented analog performance, while the 

cylindrical GAA helps to increase the gate control over the channel. As the channel 

length is reduced, several effects start to occur in FETs, such as impact ionization, 

drain-induced barrier lowering (DIBL), carrier velocity saturation, gate oxide leakage, 

hot carrier effects, increased subthreshold swing, and increased leakage current [272]. 

These effects are known as short channel effects. Dual Metal Gate (DMG) is a 

technique that involves using two different metal gates with different work functions 

so that фm1 >фm2. When the electrons travels from source to drain region its velocity 
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is reduced for DMG structure as  фm1 > фm2 in comparison to single metal gate (SMG) 

structure [273]. The dual metal gates also allow for better electrostatic control over the 

channel, as the combination of different work functions helps in optimizing the 

threshold voltage (Vth) of the device.  

5.1.1.1 JAM FET 

The concept of Junction Accumulation Mode (JAM) Field Effect Transistor (FET) has 

been previously discussed in earlier chapters. 

5.1.1.2 Oxide Stacking 

To overcome the limitations of thin oxide layers, use of the dielectric materials which 

has a higher dielectric permittivity can be opted. These materials enable the attainment 

of a large physical thickness while maintaining a small Effective Oxide Thickness 

(EOT). The EOT is the measure of the thickness of a SiO2 layer that has the same 

capacitance as the high-k dielectric layer [122], [235], [236]. High-k dielectrics 

improve gate control over the channel, but interface traps, bulk fixed charges, and low 

interface carrier mobility concerns limit their use. Since none of the alternative 

dielectric materials generate a native oxide on silicon, a thin SiO2 interfacial layer is 

inevitable.  

5.1.1.3 Gate Material Engineering 

The previous chapters have covered the topic of gate material engineering, which 

involves the usage of gate metals with varying work functions. This chapter presents 

a design proposal that utilizes gate material engineering with two distinct work 

function gates. 

5.1.1.4 SARS-CoV-2 Virus Detection 

The World Health Organization declared the outbreak of coronavirus disease 2019 

(COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), a pandemic on March 11, 2020 [263]. This ongoing pandemic, exacerbated 

by rapidly mutating variants, stands as the most significant global health threat in a 

century [264].  

The most common approach for diagnosis of this disease at the moment is real-time 

reverse transcription–polymerase chain reaction (RT-PCR), which uses an inner nasal 

swab material to identify the genes for E-protein, N- protein, open frame reading b1 

(OFRb1), and OFRb2. Placing the viral RNA in the test kit is the first step in the 

detection process. After that, primer is applied to the viral Ribonucleic acid (RNA) to 

create a copy of it. Further, this virus's RNA is transformed into complementary 

deoxyribonucleic acid (C-DNA) by the reverse transcriptase process, and different 

copies are created utilizing the DNA polymerization procedure [274],[275]. Although 

the RT-PCR detection method is sensitive and has excellent specificity for COVID-19 

detection, this approach requires expensive reagents, sophisticated equipment, trained 

staff and has a lengthy processing time of almost 4 hours [276].  
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Understanding the structural intricacies of the SARS-CoV-2 virus [277] is pivotal not 

only in deciphering its behavioural patterns but also as a cornerstone for the 

development of vaccines [278], antiviral drugs [279], [280], and diagnostic tools [281]. 

While traditional vaccination strategies have been invaluable in curbing the virus's 

spread, novel approaches rooted in mechanical principles and natural frequencies show 

promise as innovative alternatives. Dastjerdi et al. have probed the mechanical 

characteristics of SARS-CoV-2 using a viscoelastic spherical model, suggesting that 

targeted application of specific natural frequencies, delivered through mechanical 

loads and vibrations, could hold the potential for virus destruction [282]. Warsame et 

al. further supports this, highlighting that the natural frequencies of 88.52–125.13 MHz 

computed through modal analysis can denature SARS-CoV-2 when subjected to 

external frequencies, potentially utilizing ultrasound or electromagnetic waves [283]. 

These findings align with the work of Wierzbicki et al., which identifies distinct 

resonant frequencies specific to the SARS-CoV-2 virus and introduces ultrasound-

induced vibrations as a groundbreaking alternative to conventional vaccination 

strategies, particularly in addressing emerging viral strains [284]. 

Spike (S), Membrane (M), Nucleocapsid (N), and Envelope (E) proteins are the four 

different kinds of proteins present in SARS-CoV-2. Fig. 5.1 (a) [100] shows the same. 

Spike protein (S-protein) is on the viral envelope, and its S1 subunit is the virus' 

outermost part [285],[286],[287]. Human ACE2 serves as a host for spike (S) proteins, 

which initiate an infection. Following this, SARS-CoV-2 enters the host cell and 

generate greater number of viruses that are later spread the infection to new cells as 

shown in  Fig. 5.1 (b) [288].  

  
(a) 

 
(b) 

 

Fig. 5.1 (a) Structure of SARS-CoV-2 [100] (b) Process of SARS-CoV-2 infecting Host Cells 

[288]. 
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5.1.2 Device Structure and Simulation Specification 

The proposed device in its three-dimensional view is shown in Fig. 5.2 (a). While the 

Fig. 5.2 (b) depicts the proposed biosensor structure in vertical cross-sectional aspect. 

The DMDL-GAA-NW-FET biosensor's two-dimensional view and its capacitance 

model is depicted in Fig. 5.2 (c). The internal device construction can be explained 

with the help of the Fig. 5.2 (c). Deposition of high-K dielectric materials directly on 

silicon substrates would reduce performance, predominantly because of the fringing 

field that permeates the channel from the source and drain terminals, weakening the 

gate control [289]. Therefore, in this work, gate oxide stack engineering (SiO2+High 

K material HfO2) has been used to reduce the fringing Filed and to improve device 

performance [290]. The device is having Dual metal Dual Layer structure in which the 

two layers of Gate are made of different metals having different work functions. Gate 

Layer 1 is formed by depositing gate metal of work function 5 eV in a trench that is 

created by etching the HfO2 dielectric layer, which is 7 nm thick. After that, GATE 

Layer 2 is created by selectively depositing a metal with a 5.5 eV work-function on 

top of the HfO2 layer. Further, plasma dry etching process can be used to realize the 

nanocavity region in the biosensor device for immobilization of biomolecules. In the 

nanocavity, as shown by the 2D structure in Fig. 5.2 (c), biomolecules have been 

introduced evenly, by varying the dielectric permittivity.  In the capacitance analogous 

circuit, the lumped capacitances of the DMDL-GAA-NW-FET biosensor are 

represented by Cbio for the variable capacitance of nanogap cavity having biomolecule 

species, CSiO2
 for the capacitance of SiO2layer, and CHfO2

 for the capacitance of HfO2 

layer. The capacitance of the nanocavity will vary depending on the physical 

parameters of the virus, modifying the biosensor characteristics and thus sensing the 

virus according to the capacitance model of the device. Table 5.1 illustrates various 

device parameters for both proposed DMDL-GAA-NW-FET and conventional GAA-

NW-FET.  

Table 5.1 Device Parameters 

  Physical Device Parameter 
DMDL-GAA-NW-

FET 

Conventional 

GAA-NW-FET 

Channel Length (nm) 50 50 

Thickness of siliconfilm (nm) 20 20 

Length of source/drain (nm) 15 15 

Oxide Thickness, SiO2 & HfO2 (nm) 3.0 & 7.0 3.0 & 7.0 

Doping of Channel Region, ND  (/cm3) 1×1018 1×1018 

Doping of Source and Drain Region, ND
+    

(/cm3) 
1×1019 1×1019 

Thickness of Cavity (nm) 7 7 

Gate Layer-1 Thickness  (nm) 9 - 

Gate Layer-2 Thickness  (nm) 2 2 

Length of Cavity (nm) 23 23 

HfO2 and SiO2 dielectric constants 25.0 & 3.9 25.0 & 3.9 
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Fig. 5.2 (a) 3-Dimensional View of DMDL-GAA-NW-FET (b) Vertical Cross-sectional View of 

DMDL-GAA-NW-FET (c) 2- Dimensional Structure of DMDL-GAA-NW-FET 

The simulation results were evaluated using the Atlas-3D device simulation tool. The 

simulations include models for carrier recombination and carrier mobility generation. 

CONMOB model has been employed for doping versus mobility validation and BGN 

model has been used for high channel doping. The CONMOB model is used to 

calculate the effective mobility of carriers in the channel region of the GAA FET. This 

model takes into account the effect of impurities, interface roughness, and scattering 

mechanisms on carrier mobility. The mobility values calculated using the CONMOB 

model can be used to determine the device performance parameters such as drain 

(a) (b) 

(c) 
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current, transconductance, and subthreshold swing [291]. On the other hand, the BGN 

model is used to model the narrowing of the bandgap in the channel region of the GAA 

FET due to the presence of an electric field. This model takes into account the quantum 

confinement effect and the variation of the effective mass of carriers in the channel 

region. The BGN model is important for accurately predicting the device performance 

in the sub-threshold regime [291].  

5.1.3 Device Calibration and Fabrication 

In order to validate the reliability of the simulation models, the simulation data have 

been calibrated with experimental data from a pre-fabricated JAM nanowire FET [206]. 

The simulation and experimental results are fairly well matched for the transfer 

characteristics (IDS versus VGS curve), as shown in Fig. 5.3. 

  
(a) 

Fig. 5.3 (a) Calibration of Simulation Setup with Experimental Data [206] 

The fabrication of the biosensor begins with some fundamental fabrication steps [158] 

such as substrate preparation, silicon epitaxial growth, sacrificial layer deposition, Gate 

Dielectric Deposition using techniques such as thermal oxidation or chemical vapor 

deposition (CVD), Gate Electrode Deposition using techniques such as PVD or CVD 

[229], and Nanowire Formation [161], [162], which will serve as the sensing element 

of the biosensor. The proposed detailed fabrication steps of Dual Metal Dual Layer 

Gate-All-Around Nanowire Field Effect Transistor (DMDL-GAA-NW-FET) 

Biosensor are mentioned in a flowchart in Fig. 5.3 (b). 
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(b) 

Fig. 5.3 (b) Proposed Fabrication Flowchart of DMDL-GAA-NW-FET Biosensor 

5.1.4 Results and Discussion 

The SARS-CoV-2 virus's spike (S) protein protrusions have a dielectric constant that 

ranges from 2 to 4 [292], [293]. Furthermore, the DNA of the virus contains positive 

and negative charge densities, which make it possible to identify viruses based on 

charge density modulation. DNA has a constant dielectric constant between 1 and 64. 

Therefore, S-protein and C-DNA are represented in this work by K = 2.1 and K = 4. 

5.1.4.1 Sensitivity Comparison of Proposed Biosensor 

The conventional GAA-NW-FET biosensor has been designed and simulated for the 

same dimensions as the proposed biosensor for the detection of the SARS-CoV-2 virus 

in order to compare the proposed DMDL-GAA-NW-FET biosensor's performance to 

that of the reported conventional GAA biosensor [88]. For sensitivity performance 

SOI wafer preparation and formation of lightly n doped silicon cylindrical body

Thermal o ide growth and SiO 2 and nitride deposition by low-pressure C D to 

form sacrificial and hard -mas  layers

 hotomas ing for defining heavily doped Source and Drain

RIE etching to finish Source and Drain

Electric resist pattern and RIE etching to fabricate silicon nanowire as channel of 

FET

SiO2 layer coating on Si Nanowire FET device through rapid thermal annealing 

(RTA) treatment

 fO2 Layer deposition on SiO 2 Layer

Anisotropic etching of  fO2 to form a trench for Metal Gate Layer 1

Atomic Layer deposition (ALD) of Metal 1 in trenched region formed in  fO 2

Layer

Formation of Gate Layer 2 using selective etching of  fO 2 and then ALD of Gate 

Metal-2

Selective etching of  fO 2 layer in pure BCl 3 plasma to form nano cavity on both 

sides (source and drain side)

Thermal evaporation to ma e contact leads of the biosensor device
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comparison the VTH sensitivity and ION current sensitivity has been taken as a measure 

for S-Protein and DNA based charged biomolecule detection of SARS-CoV-2 virus.  

For Label Free SARS-CoV-2 Detection using DMDL-GAA-NW-FET, the gate 

dielectric constant of the FET is altered depending upon the type of S-protein 

immobilized. Furthermore, the device's threshold voltage, on-state current, and off-state 

current are all calculated as per the S-Protein and its sensitivity. A biosensor's 

sensitivity can be determined using one of three methods: drift in an electrical 

parameter, fractional change in an electrical parameter, or the ratio of an electrical 

parameter with a biomolecule present to an electrical parameter without a biomolecule.  

Threshold Voltage sensitivity (𝑆𝑉𝑡𝑁𝑏𝑖𝑜 )  is defined as the fractional change in threshold 

voltage (VTH) with and without S-Protein immobilized into the nanocavity. It can be 

formulated as [96]: 

𝑆𝑉𝑡𝑁𝑏𝑖𝑜 =
𝑉𝑇𝐻[𝑤𝑖𝑡ℎ 𝑆−𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝐾=2.1/4]−𝑉𝑇𝐻 [𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑆−𝑝𝑟𝑜𝑡𝑒𝑖𝑛]

𝑉𝑇𝐻[𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑆−𝑝𝑟𝑜𝑡𝑒𝑖𝑛]
                                          (5.1) 

The impact of S-protein on the VTH sensitivity of the DMDL-GAA-NW-FET and GAA-

NW-FET is shown in Fig. 5.4 (a), revealing that the proposed device is more sensitive 

to S-Protein than the GAA-NW-FET in terms of threshold voltage sensitivity. The 

SVtNbio  is 7.08 times higher than SVtNbio of the conventional GAA-NW-FET biosensor 

for S-protein with K= 4. 

The ratio of drain current (ION) method has been used to calculate the sensitivity of both 

the devices in terms of ION current sensitivity (𝑆𝐼𝑁𝑏𝑖𝑜 ) for S-Protein. The ION current is 

defined as the value of drain current at VGS = VDS = 1V. The following mathematical 

equations have been used to determine the ION current sensitivity [96]: 

𝑆𝐼𝑁𝑏𝑖𝑜 =
𝐼𝑂𝑁[𝑤𝑖𝑡ℎ 𝑆−𝑝𝑟𝑜𝑡𝑒𝑖𝑛,𝐾=2.1/4]

𝐼𝑂𝑁[𝑊𝑖𝑡ℎ𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑆−𝑝𝑟𝑜𝑡𝑒𝑖𝑛]
                                                                              (5.2) 

ION sensitivity is plotted for DMDL-GAA-NW-FET and GAA-NW-FET for S-Protein 

having K=2.1 and 4 in Fig. 5.4 (b). The ION sensitivity for DMDL-GAA-NW-FET is 

2.38 times higher than that of the conventional GAA-NW-FET biosensor for S-protein 

with dielectric constant K= 4. 

The density of the charges carried by the biomolecules affects a biosensor's sensitivity. 

For negatively charged biomolecules, the channel center potential of the DMDL-GAA-

NW-FET decreases because the flat band voltage (VFB) rises due to the negative charge 

density. In turn, this causes the threshold voltage for negatively charged biomolecules 

to rise, and vice versa. This change in threshold voltage is utilized to calculate the 

sensitivity of biosensor. Equation (5.3) has been used to determine the threshold voltage 

sensitivity of charged DNA biomolecules for negative and positive charge associated 

with the biomolecule. 

𝑆𝑉𝑡𝐶𝑏𝑖𝑜 =
𝑉𝑇𝐻[𝑁𝑒𝑢𝑡𝑟𝑎𝑙]−𝑉𝑇𝐻[𝐶ℎ𝑎𝑟𝑔𝑒]

𝑉𝑇𝐻[𝑁𝑒𝑢𝑡𝑟𝑎𝑙]
                                                                             (5.3) 
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Fig. 5.4 Sensitivity Comparison of DMDL-GAA-NW-FET and GAA-NW-FET Biosensor for 

Dielectric Constant Variation of S-Protein (a) VTH Sensitivity (b) ION Current Sensitivity 

The drain current is decreased for negatively charged biomolecules, whereas it is 

increased for positive charge density. The reason for this is that the positively charged 

biomolecules produce a shift in channel potential upward, whereas negatively charged 

biomolecules cause a shift in channel potential downward [89]. This shift in the drain 

current magnitude directly affects the sensitivity of the DMDL-GAA-NW-FET 

biosensor. Equation (5.4) has been utilised as the ION current sensitivity in terms of shift 

in drain current caused by the insertion of positive and negative charge DNA 

biomolecules into the nanocavity [157]:  

𝑆𝐼𝐶𝑏𝑖𝑜 = 𝐼𝑂𝑁[𝐶ℎ𝑎𝑟𝑔𝑒] −  𝐼𝑂𝑁[𝑁𝑒𝑢𝑡𝑟𝑎𝑙]                                                                              (5.4)  

As demonstrated in Fig. 5.5 (a) and Fig. 5.5 (b), the DMDL-GAA-NW-FET biosensor 

outperforms the GAA-NW-FET biosensor for the DNA charged biomolecules 

detection.  

For DNA charged biomolecules, the average VTH sensitivity of DMDL-GAA-NW-FET 

is 0.19 which is 3.2 times higher than the VTH sensitivity of the conventional GAA-

NW-FET biosensor. However, the ION sensitivity is only 1.68 times greater than that of 

the conventional GAA-NW-FET biosensor. The aforementioned discussion leads to the 

conclusion that the proposed device is more sensitive to S-protein for changing 

dielectric constants than DNA charged biomolecules. Also, the VTH Sensitivity is 

dominant over ION sensitivity.  
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Fig. 5.5 Sensitivity Comparison of DMDL-GAA-NW-FET and GAA-NW-FET Biosensor for 

Charged DNA Biomolecules at K=2.1 (a) VTH Sensitivity (b) ION Current Sensitivity 

Table 5.2 compares the DMDL-GAA-NW-FET biosensor's sensitivities to those of the 

conventional GAA-NW-FET biosensor for both the S-protein and DNA biomolecules. 

A common sensitivity parameter is required in order to compare the sensitivity of 

proposed DMDL-GAA-NW-FET biosensor with that of similar existing biosensors in 

the recent literature. An effective sensitivity metric known as relative drift in threshold 

voltage (ΔVTH) aids in determining which biosensor device structure has the highest 

sensitivity. Table 5.3 compares the threshold voltage sensitivity (in terms of ΔVTH) of 

the DMDL-GAA-NW-FET biosensor with that of similar existing biosensors for 

various biomolecules. 

Table 5.2 Sensitivity Comparison 

Sensitivity 

Parameter 

DMDL-GAA-NW-

FET 

Conventional GAA-

NW-FET 

% Improvement 

 

ION sensitivity for 

S-protein 

0.73 for K =2.1, 

0.48 for K = 4 

0.51 for K =2.1, 

0.20 for K = 4 

43% for K = 2.1, 

140% for K = 4 

VTH sensitivity for 

S-protein 

1.46 for K=2.1, 

2.25 for K = 4 

0.23 for K = 2.1, 

0.32 for K = 4 

534.7% for K = 2.1, 

603% for K = 4 

ION sensitivity for 

DNA biomolecules 

(in µA) 

1.27 for Qf  = 1E11, 

1.15 for Qf = -1E11 

0.86 for Qf = 1E11, 

0.58, for Qf = -1E11 

47.7% for  

Qf = 1E11, 

98.3% for  

Qf = -1E11 

VTH sensitivity for 

DNA biomolecules 

0.20 for Qf = 1E11, 

0.18 for Qf = -1E11 

0.08 for Qf = 1E11, 

0.05 for Qf = -1E11 

150% for  

Qf = 1E11, 

260%, for  

Qf = -1E11 
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Table 5.3 Threshold Voltage Sensitivity Comparison of DMDL-GAA-NW-FET to 

Contemporary Research on Similar Biosensors 

Structural 

Parameters 

Ref. 

[238] 

Ref. 

[258]  

Ref. 

[294]  
Ref. [92]  

Ref. 

[231]  

Ref. 

[227]  

Ref. 

[295]  

Our  

Work 

        

Cavity length 

(nm) 
25 15 20 10 29 20 8 23 

Cavity thickness 9 4 9 1 6 10 2 7 

Channel length 100 50 40 20 60 40 20 50 

(KBIO) 5 8 12 2.1 2.63 5 5 4 

SVTH in terms of 

ΔVTH (mV) 
130 105 161 17 182 137 87 226 

 

5.1.4.2 Device Electrostatic Analysis 

Electrostatics Analysis is crucial to thoroughly characterize and comprehend the 

electrical behavior of the FET biosensor with varying dielectric constant and charge of 

the biomolecule to ensure proper functioning of the biosensor. Understanding the 

electrostatic interactions between the biomolecules and the FET surface provides 

insights into the sensitivity of the biosensor device and its ability to accurately detect 

the biomolecules. Also, electrostatic analysis can be used to optimize the design and 

operation of the device such as the choice of materials, the size and shape of the sensing 

area (nano cavity), and the operating conditions. Fig. 5.6 (a) depicts the variation of the 

DMDL-GAA-NW-FET biosensor's center potential along the channel as the dielectric 

constant for S-Protein is varied. When a bias voltage is provided to the gate electrode, 

the electrostatic potential at the center of the nanowire channel region is referred to as 

the channel center potential. The behavior of the charge carriers in the channel is 

influenced by the channel center potential, which makes it a crucial parameter in 

biosensing. When the nanogap cavity is devoid of biomolecules, the potential in the 

channel at source and drain sides are 0.48 V, 0.58 V, and the channel potential minimum 

(Ѱc) is 0.03 V. When the S-protein analytes having dielectric constants K =2.1 and K 

= 4, are immobilized in the nanocavity, the channel center potential reaches a minimum 

of -0.06 V and -0.16 V respectively, indicating that the channel potential minimum (Ѱc) 

is at its maximum value for the case when nanogap cavity has no biomolecules (K = 1). 

A rise in the dielectric constant in the cavity region, which increases the vertical electric 

field and leads to an increase in gate capacitance, is the cause of this drop in Ѱc [296]. 

The threshold voltage, subthreshold slope, and other electrical properties of the 

transistor are all impacted by the decrease in the channel center potential minimum that 

occurs with an increase in the K value of the biomolecules. The channel center potential 

minimum reduces when the dielectric constant of biomolecules rises, which also raises 

the gate capacitance. This decreased potential minimum increases the voltage 

difference between the gate and the channel, which leads to an increase in the threshold 
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voltage. Therefore, the nanogap cavity without biomolecules will reflect the smallest 

threshold voltage (VTH) and as we increase the K value, the VTH rises as well. 

 

Fig. 5.6 (a) Channel Potential for S-Protein with Dielectric Constant Variations of DMDL-GAA-

NW-FET along the Channel Length (b) Channel Potential for K = 2.1 and Varying Charge 

Density of DMDL-GAA-NW-FET Along the Channel Length 

Fig. 5.6 (b) depicts the center potential for positive and negative charge on DNA 

biomolecules along the channel's position. The center potential is found to be around 

-0.067 V for Qf = 0 Coulomb/cm2 and -0.301 V for Qf = -5 ×1011 coulomb/cm2 

indicating that the channel potential reduces for negative charge analytes. This 

decrease in center potential is the result of an increase in flat band voltage. This also 

suggests higher depletion in the channel area, which leads to greater gate control. Also, 

negatively charged analytes produce an electric field that repels the channel's majority 

carriers (electrons), pushing them out of the sensing region. As a result, the channel's 

majority carrier concentration declines, which lowers the channel potential. The center 

potential for positive charged DNA biomolecule (Qf = 5× 1011 coulomb/cm2) is 0.143 

V, showing that the central potential increases for positive charge biomolecules. This 

is because the charges in the cavity and channel have a stronger attraction. The greater 

central potential of positive charged DNA biomolecules signifies that the charges in 

the channel are not depleted, implying that the gate control is weakening. This lowers 

the threshold voltage even more. 

When the dielectric constant value of the biosensor changes, it can affect the electric 

field distribution in the device. A higher dielectric constant will result in a stronger 

electric field, while a lower dielectric constant will result in a weaker electric field. This 

change in the electric field can in turn affect the energy levels of the conduction and 

valence bands. Overall, changing the dielectric constant value of the biomolecule in a 

DMDL-GAA-NW-FET biosensor impacts the energy levels of both the conduction and 

valence bands, affecting the charge carrier behaviour and ultimately the electrical 

performance of the biosensor. The specific changes in conduction and valence band 

energies would depend on the biomolecule properties, biosensor device design, and 

operating conditions of the biosensor. The energy band profiles have been used to 

examine the impact of channel center potential variation on the carrier transport 

mechanism. Fig. 5.7 (a) depicts the energy band diagram for both conduction band 
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energy (CBE) and valence band energy (VBE) of DMDL-GAA-NW-FET biosensor 

with Spike protein analytes having various dielectric constants in the nanogap cavity. 

It is evident from Fig. 5.7 (a) that the energy band barrier at the channel-drain interface 

is greatly impacted by changes in the dielectric constant of biomolecules in the 

nanogap, which causes a significant variation in device conduction. S-Protein analytes 

into the cavity change the channel's gate capacitance and lateral electric field, which 

marginally boosts the band energies (CBE and VBE). 

 

Fig. 5.7 Energy Band Diagrams of DMDL-GAA-NW-FET Along the Channel Length for (a) S-

Protein with Dielectric Constant Variation (b) DNA Biomolecule with Charge Variation 

In contrast to the energy band profile with no charge for a constant dielectric constant 

K = 2.1, Fig. 5.7 (b) illustrates the shift in the energy band profile for charged DNA 

biomolecules. The CBE and VBE levels are observed to shift downward for positively 

charged (Qf = 5×1011 coulomb/cm2) biomolecules and slightly upward for negatively 

charged (Qf = -5×1011 coulomb/cm2) biomolecules relative to the level of CBE and 

VBE for neutral biomolecules (Qf = 0) when these biomolecules are inserted into the 

nanogap cavity. The potential barrier for the thermionic emission of electrons from the 

source to channel decreases for positively charged DNA biomolecules and increases 

for negatively charged DNA biomolecules as a result of this shift in band energy [296]. 

Changing the charge concentration value of the DNA biomolecules alter the position 

of the Fermi level and, subsequently, the energy required to excite an electron from the 

valence band to the conduction band. This change in energy can be detected by FET 

biosensor and used to determine the presence of the DNA biomolecules. 

In Fig. 5.8 (a), the contours of the electron concentration are shown before (K = 1) and 

after (K = 2.1 and K = 4) conjugation of the biomolecules. While Fig. 5.8 (b) depicts 

the electron concentration contours for positive charge concentration (Qf = 5×1011 

coulomb/cm2), no charge (Qf = 0), and negative charge concentration (Qf = -5×1011 

coulomb/cm2) on DNA biomolecule species having dielectric constant K = 2.1.  These 

electron concentration contours have been plotted at VDS = VGS = 0.1V. On the right-

hand side of the contour plots in Fig. 5.8 (a) and Fig. 5.8 (b), the level of electron 

concentration is depicted using a color scale. 
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In a FET biosensor, the concentration of electrons in the channel region is influenced 

by the dielectric constant and charge of the surrounding medium. The contour plot 

displays the electron concentration as a function of the dielectric constant, charge and 

the position along the channel region. Dielectric constant is a measure of a material's 

ability to store electrical energy in an electric field. It affects the capacitance of the FET 

biosensor, which in turn influences the electron concentration at the surface of the 

transistor. As depicted in Fig. 5.8 (a), the electron concentration in the centre of channel 

becomes lower (as indicated by the colour scale) with the immobilisation of S-Protein 

(K = 2.1 and K=4) in the nanocavity, indicating a decrease in the electron concentration. 

A decrease in electron concentration shifts the threshold voltage, requiring a higher gate 

voltage to turn on the transistor. The decrease in electron concentration also leads to a 

fall in current value in the subthreshold region as we increase the value of the dielectric 

constant.  

Charged biomolecules, such as DNA, introduce additional charges at the surface of the 

FET biosensor, altering the electric field and potential distribution in the channel 

region. This result in changes in the electron concentration which is reflected in the 

contour plot in Fig. 5.8 (b). According to Fig. 5.8 (b), the electron concentration rises 

when positively charged DNA biomolecules are inserted into the nanocavity region, 

while it falls when negatively charged biomolecules are inserted, indicating an increase 

in the current value for positively charged biomolecules and a decrease in the current 

value for negatively charged biomolecules in subthreshold regime. The threshold 

voltage is inversely proportional to the electron concentration. As the electron 

concentration decreases, the threshold voltage tends to increase, and vice versa. 

 
 

 

 
Fig. 5.8 Contour Plots of Electron Concentration for (a) Different Biomolecule Dielectric 

Constants (b) Variation in Charge Concentration of DNA Biomolecule having K = 2. 
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5.1.4.3 Sensitivity Analysis of DMDL-GAA-NW-FET Biosensor for SARS-CoV-

2 Spike Protein 

Fig. 5.9 (a) examines ID -VG characteristics (drain current versus gate voltage) of the 

DMDL-GAA-NW-FET biosensor for dielectric constants, K = 2.1 and K = 4 of S-

Protein, assuming that they are neutrally charged. The subthreshold current 

dramatically decreases from 4.62×10-13 A/µm to 2.78×10-16 A/µm after 

immobilization of the biomolecules such as air whose K = 1 to K = 4 for the instance 

of S-Protein. This decrease in drain subthreshold current is caused by the efficient 

control of Dual Metal Dual Layer Gate over the channel and the decreased 

concentration of charge carriers within the channel area when the S-Protein 

biomolecules having high dielectric constants are immobilized into nanocavity region. 

This reduction in subthreshold current is accompanied by a drift in the ON current 

(ΔION) as well which is clearly depicted in Fig. 5.9 (b) showing the drain current versus 

drain Voltage curve for VGS = 1V. As we immobilize the biomolecules with increased 

dielectric constant, they effectively screen the gate electric field, lowering the effective 

gate voltage that reaches the channel. This reduces the electrostatic potential at the 

channel surface, therefore decreases the drain current. 

 

Fig. 5.9 (a) ID-VG Characteristics at VDS =1 V and for S-Protein with Dielectric Constant 

Variations (b) ID-VD Characteristics at VGS = 1 V for S-Protein with Dielectric Constant 

Variations 

Transconductance (gm) is demonstrated with a change in gate voltage, VG in Fig. 5.10  

(a) for the proposed design. Transconductance is defined as the ratio of the change in 

drain current to the change in gate voltage across a pre-set, arbitrarily short interval on 

the IDS vs VGS curve. Mathematically, 𝑔𝑚 is given by equation (5.5) 

𝑔𝑚 =  
𝜕𝐼𝐷𝑆

𝜕𝑉𝐺𝑆
|

𝑉𝐷𝑆=𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
                                                                                               (5.5)  

A high transconductance value indicates that a slight change in VG results in a 

substantial change in ID. The unique Dual Metal Dual Layer Gate of the DMDL-GAA-

NW-FET increases electrostatic coupling and enhances carrier mobility, all of which 

improve the performance of the proposed device and increases its transconductance. As 
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S-Protein biomolecules are incorporated into the nano cavity, there is a substantial drift 

in gm, as illustrated in this Fig. 5.10 (a). The highest value of the drift in 

transconductance is 7.05×10-06 A/V which is at VGS = 0.6 V. This variation in gm is 

caused by the variation in drain on current on immobilization of S-protein at different 

dielectric constants.  

The impact of S-Protein immobilization on the output conductance (gd) of the DMDL-

GAA-NW-FET biosensor is shown in Fig. 5.10 (b). At constant VGS = 1.0 V, the output 

conductance (gd) is evaluated by the first order derivative of the drain current with 

respect to the drain voltage (VD). According to Fig. 5.10 (b), output conductance 

decreases as S-protein of SARS-CoV-2 virus is injected into the nanocavity compared 

to the case in which no biomolecule is present. The reason for this drop in output 

conductance is a decrease in drain current caused by a rise in the dielectric constant of 

the biomolecules in the nanocavity region. 

 

Fig. 5.10 (a) Transconductance gm and (b) Output Conductance gd for S-Protein with Dielectric 

Constant Variations 

Fig. 5.11 (a) shows the drift in the threshold voltage (ΔVTH) and drift in ION drain current 

(ΔION), which are utilized as sensitivity measures of the DMDL-GAA-NW-FET 

biosensor. The threshold voltage of the proposed biosensor increases with an increase 

in the dielectric constant of biomolecule in the nano-cavity which can be explained by 

the fact that the channel centre potential is maximum when there are no biomolecules 

inside the nanocavity region as shown in Fig. 5.6 (a), and that as soon as biomolecules 

are inserted, the centre potential decreases with an increase in the K value of the 

biomolecules and subsequently the threshold voltage. Fig. 5.11 (b) shows the variation 

in ION/IOFF ratio for different dielectric constants (K values) of S-Protein considered in 

this work. It is evident from this figure that when the value of the dielectric constant 

rises, the ION/IOFF ratio also rises because of the decreased subthreshold current (IOFF) 

caused by improved DMDL GATE control over the channel, which raises the potential 

barrier height. Secondary axis of Fig. 5.11 (b) shows the ION/ IOFF sensitivity for varying 

K values of S-Protein.  The ratio of ION/IOFF current at various S-protein dielectric 

constants and the ION/IOFF current at K=1 have been used to compute the ION/IOFF 

sensitivity illustrated in Fig. 5.11 (b). The value of ION/IOFF sensitivity for K = 4 of S-

Protein is 795.63.  
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Fig. 5.11 Sensitivity of S-Protein with Dielectric Constant Variation (a) Drift in Threshold 

Voltage (Δ TH), and Drift in Drain ON Current (ΔION) with respect to Air (K=1) (b) ION/IOFF 

Ratio and ION/IOFF Sensitivity with Change in Dielectric Constant 

Table 5.4 summarizes the various device electrical parameters on the immobilization 

of S-protein with changing dielectric constants within the nanocavity region. 

Table 5.4 Electrical Parameters of DMDL-GAA-NW-FET Biosensor for SARS-COV-2 Spike 

Protein 

Device Electrical Parameter K Value 
Parameter 

Value 

 

Sensitivity of the 

parameter 

 

Subthreshold current, IOFF 

(µA) 

K = 1 

K = 2.1 

K = 4 

 

4.62E-13 

1.81E-15 

7.79E-17 

2.5 × 102 for K = 2.1 

5.93 × 103  for K = 4 

Drain ION Current (µA) 

K = 1 

K = 2.1 

K = 4 

 

5.38E-06 

3.91E-06 

2.57E-06 

72.6% for K = 2.1 

47.8% for K = 4 

Threshold Voltage Drift 

(ΔVT) (mV) 

K = 2.1 

K = 4 

 

146.4 

225.7 

146.1% for K = 2.1 

225.3% for K = 4 

ION/IOFF current ratio 

K = 1 

K = 2.1 

K = 4 

1.16E+07 

2.16E+09 

9.26E+09 

1.9 × 102 for K = 2.1 

7.96 × 102 for K = 4 

5.1.4.4 Sensitivity Investigation of DNA Charge Density Modulation/Trap 

Charge Concentration  

The reverse transcriptase process transforms the virus's RNA into DNA, enabling the 

detection of the virus through its DNA. A biosensor's sensitivity can be changed based 

on the density of the charges carried by the DNA biomolecules. This section examines 

the reactions of the proposed biosensor to charged DNA immobilized in the nanocavity 

regions. The positive and negative charges taken into account for the investigation are 

-1×1011, -5×1011, 1×1011, and 5×1011 cm-2 and the DNA biomolecule's fixed dielectric 

constant is 2.1. Consideration of fixed oxide interface trapped charges (Qf = ±1×1011 

and ±5×1011) in the oxide-Air interface can be used to illustrate the effects of the 

presence of a charged biomolecule in the nanogap cavity. The flat band voltage (VFB) 
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rises due to the negative trap charge (and vice versa) which results in a decrease in the 

channel centre potential of the DMDL-GAA-NW-FET biosensor. The concept is 

similar to a well-known approach used to model the interface trapped charges present 

in the oxide-semiconductor interface in MOSFETs [25], [268].  

Fig. 5.12 (a) depicts the change in ID with respect to VG for different negative and 

positive charge densities of C-DNA. These ID - VG characteristics are displayed on the 

assumption that DNA biomolecules with K = 2.1 completely occupy the nanocavities. 

The drain current is shown to be falling as the negative charged density increases, 

whereas it is found to be rising when the positive charge density increases. The reason 

for this is that positively charged biomolecules produce a shift in channel potential 

upward, whereas negatively charged biomolecules cause a shift in channel potential 

downward. And this shift in the drain current magnitude directly affects the sensitivity 

of the DMDL-GAA-NW-FET biosensor. 

The drain current against drain voltage (ID -VD curve) for the proposed biosensor is 

shown in Fig. 5.12 (b) with the variation in charge of DNA biomolecules. The Fig. 5.12 

(b) clearly shows that the drain current continued to rise as the charges on biomolecules 

shifted from negative to positive. For biomolecules with positive charges, the positive 

charge draws electrons to the surface and reduces the space charge region. This leads 

to more carriers entering the channel, which lowers resistance and boosts drain current. 

Also, negative charges on biomolecules deflect electrons away from the surface, 

broadening the space charge region of the channel and lowering drain current. 

 

Fig. 5.12 (a) ID-VG Characteristics at VDS =1 V and (b) ID-VD Characteristics at VGS =1 V for 

DNA (K=2.1) Charged Biomolecules 

The transconductance (gm) curves of the proposed biosensor with biomolecule's 

positive and negative charge density variations are demonstrated in Fig. 5.13 (a). With 

rising positive charge density, peak transconductance's VGS value falls. While, when 

negative charge density increases, the VGS value of the peak transconductance 

increases. This is the cause of a decrease in the threshold voltage for positively charged 

biomolecules and an increase in the VTH for negatively charged biomolecules. 
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The variation in output conductance (gd) with variation in charge on the DNA 

biomolecule of the SARS-COV-2 virus is shown in Fig. 5.13 (b). The increase in 

positive charge increases the output conductance, while increasing the negative charge 

decreases the gd value. 

 

Fig. 5.13 (a) Transconductance, gm and (b) Output Conductance, gd for DNA (K=2.1) Charged 

Biomolecules 

The impact of positive and negative charges on the DNA biomolecule with a fixed 

dielectric constant of 2.1 is summarised in Fig. 5.14. With the immobilization of 

positive and negative DNA biomolecules into the nanocavity, the variation in drain 

current and transconductance (which in turn alters the threshold voltage) as shown in 

Fig. 5.12 and Fig. 5.13 can be translated into drift in ION drain current (ΔION) and drift 

in threshold voltage (ΔVTH). ΔVTH and ΔION are calculated as the difference of VTH and 

ION at Qf = 0 and VTH and ION at Qf = 1×1011 cm-2, -5×1011 cm-2, 1×1011 cm-2, and 5×1011 

cm-2. It is clear from Fig. 14 that proposed biosensor device exhibits a significant drift 

in the drain current and threshold voltage with the change in charged biomolecules 

which directly affects the sensitivity of the biosensor. Furthermore, as shown in Fig. 

5.14, the DMDL-GAA-NW-FET biosensor exhibits larger VTH and ION drift for 

positively charged DNA biomolecules than for negatively charged DNA biomolecules. 

 

Fig. 5.14  Drift in Threshold Voltage (Δ TH), and Drift in Drain ON current (ΔION) for Charged 

DNA Biomolecules at Constant K = 2.1 

The several electrical parameters that are sensitive to the immobilization of the SARS-

CoV-2 virus’ DNA biomolecules in the nanocavity region are listed in Table 5.5.  
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Table 5.5 Electrical Parameters of DMDL-GAA-NW-FET Biosensor for DNA Biomolecules of 

SARS-COV-2 

Device Electrical 

Parameter 

Charge 

Value 

Parameter 

Value 

Sensitivity of the parameter 

 

Subthreshold current, IOFF 

(µA) 

Qf = 0 

Qf = 5×1011 

Qf = -5×1011 

 

1.81E-15 

1.18E-11 

7.77E-16 

6.5 ×103 for Qf = 5×1011  

0.42 for Qf = -5×1011 

 

Drain ION Current (µA) 

Qf = 0 

Qf = 5×1011 

Qf = -5×1011 

 

3.91E-06 

1.08E-05 

1.39E-07 

 

2.7 ×102 % for Qf = 5×1011  

3.56% for Qf = -5×1011 

 

Threshold Voltage Drift 

(ΔVT) (mV) 

Qf = 5×1011 

Qf = -5×1011  

 

285.5  

137.5  

50.54% for Qf = 5×1011   

56.81% for Qf = -5×1011 

 

5.1.4.5 Impact of Fill in Factor on Sensitivity 

Biomolecules congregate in the nanogap at random, and fully filled nanogaps are rarely 

observed. Biomolecules that are partially filled have different surface profiles within 

the nanogaps and give varied capacitances as a result. Fig. 5.15 (a) illustrates three 

distinct scenarios for drain current to biomolecule fill in area in the nanocavity for 

biomolecule dielectric constant K = 4. The drain ON current and OFF current increases 

with decreasing fill in factor of the biomolecules as depicted in Fig. 5.15 (a). The OFF 

current is shown as inset in Fig. 5.15 (a). The threshold voltage sensitivity calculated 

using equation (1), decreases with decreasing fill in factor as shown in Fig. 5.15 (b).  

Similarly, the ION and IOFF current sensitivities decreases with decreasing fill in factor 

but this decrement is more prominent for the case of IOFF current sensitivity as shown 

in Fig. 5.15 (c) and Fig. 5.15 (d). Therefore, when the fill-in factor is high, the device 

is more sensitive to biomolecules for all the sensitivity parameters. 
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Fig. 5.15 (a) Drain Current versus Gate to Source Voltage (b) Threshold Voltage Sensitivity (c) 

ION Current Sensitivity (d) IOFF Current Sensitivity for Various Fill in Factor of the 

Biomolecules into the Nanocavity  

5.1.5 Summary 

In an effort to combat COVID-19, we successfully designed a biosensor that uses Dual 

Metal Dual Layer Gate-All-Around Nanowire FET for detection of SARS-CoV-2 

Spike protein and DNA. This work demonstrates that the Dual Metal and Dual Layered 

Gate-All-Around structure has a persuasive effect on the sensing ability of the proposed 

biosensor. The combination of layered structure and dual metal work function 

engineering allows greater Gate control over the channel and improved analog 

performance. Comparative sensitivity analysis of the proposed DMDL-GAA-NW-FET 

biosensor device with normal Gate-All-Around NWFET device demonstrates the 

significance of the proposed Gate structural alteration in GAA-NW-FET. The proposed 

device's sensitivity to S-protein and DNA biomolecules of the SARS-CoV-2 virus has 

been evaluated in terms of drain ON current, subthreshold current, ION/IOFF ratio, gm, 

and gd. The greater variation in these electrical parameters enables the development of 

biosensor that is incredibly sensitive. The DMDL-GAA-NW-FET achieves a VTH shift 

of 225.74 mV as compare to GAA-NW-FET biosensor which produces a VTH shift of 

93.56 mV while varying the dielectric constant (K) from 1 to 4. The simulation findings 

show that DMDL-GAA-NW-FET is 7 times more sensitive to threshold voltage and 

2.4 times more sensitive to ION current than GAA-NW-FET when it comes to 

immobilizing biomolecules with K=4 inside the cavity. Furthermore, the proposed 

sensor's sensitivity for variation in DNA charge density has been investigated and 

concluded that as the charge on biomolecules changes from negative to positive, 

sensitivity increases. Therefore, the proposed DMDL-GAA-NW-FET biosensor is 

more applicable for the detection of the SARS-CoV-2 virus. The proposed biosensor 

design is responding better in term of sensitivity for different neutral and charged 

biomolecules so it can also be used for detecting other biological diseases like breast 

cancer, Alzheimer, Ebola and various other viral infections. 
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5.2 Dielectric Modulated GANFET Biosensor for Label-Free 

Detection of DNA and Avian Influenza Virus 

5.2.1 Background and Overview 

Due to the widespread influence of biomolecules on numerous areas of pharmaceutical 

science during the past few decades, their acknowledgment has become increasingly 

crucial. For many biomedical applications, including the detection of cellular 

programming, the quantification and study of biological mechanisms is of the utmost 

importance [297], [298]. Advancements in biosensor technology have paved the way 

for precise and rapid detection of a wide range of biological molecules. These sensors 

leverage the interaction between specific biomolecules and transducing elements to 

convert molecular recognition events into measurable signals. Among these, Field-

Effect Transistor (FET) based biosensors have emerged as a prominent class. These 

sensors offer exquisite sensitivity and real-time monitoring capabilities, making them 

pivotal tools in various applications ranging from healthcare diagnostics to 

environmental monitoring. 

FET-based biosensors exhibit a remarkable capacity for detecting biomolecules at the 

nanoscale. These sensors have the ability to carry out label-free detection while 

maintaining the device's intrinsic properties [104], [299]. The gate-all-around field 

effect transistor (GAA-FET) has garnered the greatest research attention as a result of 

recent advancements in device architecture, mostly because of its stronger 

electrostatic channel control [119], [202], [300], [301]. Among the variants of the Gate-

All-Around MOSFET, one that holds substantial promise within the biomedical field 

is distinguished by its seamless integration with established CMOS technologies. This 

remarkable compatibility significantly enhances its relevance and potential impact 

[302].  

To enhance the current level and bolster other performance parameters, various 

innovative device engineering techniques are being applied to FET device structures 

[62], [78], [95], [303]–[305]. In order to address the challenges associated with short-

channel effects (SCEs), merely scaling down gate lengths is insufficient. Consequently, 

alternative materials to silicon have been investigated to enhance nanowire based FET 

devices [306], [307]. In recent research, various FET biosensors utilizing base material 

other than silicon have been explored for enhanced sensing performance [308]–[310]. 

Trench gate structure provides excellent improvement in biosensing [146], [153], [159], 

[311]. The biosensor designs introduced recently, including GC-CPTFET [312] and 

Lg-TGNFET [313], are aligned in their objective to progress label-free biomolecule 

detection. Each design incorporates distinct features, such as a graphene channel and 

tri-layer graphene nanoribbon, contributing collaboratively to the ongoing development 

of biosensing technologies. 

Gallium Nitride (GaN), with its notably wider bandgap (3.4 eV), emerges as a 

compelling substitute. This material not only enhances thermal stability but also 

mitigates gate-induced drain leakage (GIDL) and band-to-band tunneling (BTBT) due 

to its significantly higher bandgap compared to silicon. In GaN's wurtzite structure, the 
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lattice parameters are approximately a = 3.189 Å and c = 5.185 Å, outlining the unit 

cell's dimensions crucial for understanding GaN's properties in semiconductor 

applications. These parameters impact GaN's bandgap energy, crystal growth quality, 

device fabrication, and strain effects. GaN also boasts a remarkable breakdown field 

(3.3 MV/cm), representing a tenfold increase over that of silicon, underscoring its 

suitability for high-voltage applications [61]. Gallium Nitride FETs present a range of 

advantages over their silicon counterparts, including the reduction of source/drain 

leakage, facilitation of larger drive currents, and simplification of device cooling 

requirements [314]–[316]. The amalgamation of a GAA FET device architecture with 

GaN as the channel material leads to diminished off-state leakage, favourable linearity, 

and a decrease in subthreshold slope. These attributes collectively position the device 

as an apt choice for digital electronics and biomedical  applications [317], [318]. 

The presence of a hovering gate within the nanogap gives rise to structural instability 

in the device. In response to this challenge, K.W. Lee et al. introduced an innovative 

solution through the concept of an underlapped FET biosensor [226]. This underlap 

structure not only effectively mitigated the problem of structural instability but also 

demonstrated enhancements in the biosensor's binding probability and sensitivity [226], 

[227]. In contrast to conventional nano-FET, the underlap gate-FET configuration 

involves substantial etching of the gate metal and oxide, creating the sensing area. This 

strategic alteration eliminates the predicament of the hovering gate electrode. The 

incorporation of a cavity within the gate oxide serves  as a binding site to immobilize 

biomolecules [226]. 

Utilizing graded channel in FET can boost operational voltage range by improving 

performance metrics like breakdown voltage [319] and noise performance [320]. 

Channel grading enhances device performance properties and offers great sensitivity 

[248], [321]. Numerous works in the literature have showcased the advantages of GaN 

as the channel material and the graded channel architecture [23],  [24].  

This work proposes a Gate-All-Around engineered gallium nitride FET (GAAE-

GANFET) based biosensor. The novelty of this work lies in its utilization of both Gate-

All-Around engineering and channel engineering techniques. The Gate-All-Around 

engineering leverages the benefits of open gate underlap architecture, providing 

structural stability and facilitating fabrication. In contrast, channel engineering entails 

a step-graded channel in conjunction with a GaN-based channel, collectively achieving 

remarkable sensitivity to various biomolecules. Thus, this work addresses the research 

gap in biosensing by amalgamating multiple innovative engineering techniques in a 

single device. It notably resolves issues related to structural instability caused by 

hovering gate electrodes (resolved through the underlap gate-FET configuration), while 

concurrently improving sensitivity through the utilization of graded channel 

architecture and GaN as the channel material. This configuration renders the device 

highly suitable for biosensing applications. A compact analytical model (based on the 

centre-channel potential method) of GAAE-GANFET has been proposed in this work 

which shows remarkable agreement with the TCAD simulations performed on 

SILVACO TCAD simulator. This work involves simulation, which has undergone 

validation against results derived from analytical modeling.  
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5.2.2 Device and Simulator Specifications 

The physical structure of Gate-All-Around Engineered Gallium Nitride Field Effect 

Transistor (GAAE-GANFET) biosensor is shown in Fig. 5.16 (a) and Fig. 5.16 (b). 

Validation of the TCAD simulation setup is demonstrated through calibration of the 

proposed device with the experimental work [152], as depicted in Fig. 5.16 (c).  

 

 

Fig. 5.16 (a) 3-Dimensional View, (b) 2-Dimensional Structure, and (c) Calibration with 

Experimental Data [152] of GAAE-GANFET Biosensor 

(b) 

(a) 
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The structure features a cylindrical FET with split gate architecture (comprising of three 

distinct split gates: Gate 1, Gate 2, and Gate 3). As the proposed device adopts a gate-

all-around FET structure, it offers robust gate control over the channel to mitigate 

various short-channel effects, such as off-state leakages, notably Gate Induced Drain 

Leakage (GIDL) and Drain Induced Barrier Lowering (DIBL) [135], [140], [322]. All 

the split gates have the same work function (4.9 eV) to reduce fabrication complexity. 

Later, the effect of work function on the sensitivity has also been taken into account. 

The biosensor's channel is composed of gallium nitride and is segmented into three 

separate regions, each characterized by distinct doping concentrations —NA1, NA2, and 

NA3, respectively. The source and drain materials employed in the device are also 

composed of gallium nitride (GaN). Doping concentrations in the channel is considered 

to be a step-graded profile, with NA1 being the highest (1016 cm-3) and NA3 (1014 cm-3) 

the lowest. This graded doping profile in the channel enhances carrier depletion within 

the channel, leading to reduced OFF-current and improved sensor performance [248], 

[323]. Additionally, the GaN nanowire FET incorporates the promising dielectric 

material Al2O3 to enhance the obtained sensitivity [258]. Consequently, the proposed 

device features an Al2O3 layer covering the entire channel region. In order to minimize 

the effective thickness of the gate oxide, a composite layer has been formed by stacking 

a high-K HfO2 layer atop of an Al2O3 layer [124], a configuration known to improve 

short-channel effects [303], [311], [324]. This stacking is also capable of enhancing the 

sensitivity of the proposed biosensor by a significant amount.  

The primary biomolecules in this analysis are avian influenza antibody (AI-ab) and 

DNA. Employing appropriate bio-receptors for DNA and AI-ab can significantly 

improve the selectivity and specificity of the analytical device. Bioreceptors refer to 

molecules, enzymes, or biochemical species designed to specifically bind to their target 

analytes, facilitating their detection and quantification. The specific proteins or 

molecular components found on the surface of the avian influenza virus are known as 

avian influenza antigens (AIa).  

The host immune system recognizes these antigens, triggering the production of 

antibodies. Silica-binding proteins (SBP), which establish a strong bond with the oxide 

surface at one end and combine with the avian influenza antigen (AIa) at the other end, 

play a crucial role. This enables successful immobilization of AIa on the oxide surface 

without requiring additional surface modifications [226], [325]. The utilization of SBP-

AIa improves the device's selectivity and ensures a secure attachment of the virus marker 

to the device. The proposed biosensor uses the principle of dielectric modulation to 

detect the label-free detection of different biomolecules [83]. During the simulations, 

the absence of biomolecules or the presence of air has been represented with a dielectric 

constant of K=1. Conversely, the presence of biomolecules inside the cavity has been 

modeled using a dielectric constant K>1 along with specific charge density values. 

The SILVACO ATLAS-3D tool  has been used for device simulations [151]. Table 5.6 

presents the structural parameters of GC-SGAA-GaN-FET and the conventional 

surrounding Gate-All-Around FET with silicon body (SGAA-Si FET), along with the 

models utilized during the simulation. 
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5.2.3 Analytical Model 

In order to examine the various electrical properties of the GC-SGAA-GaN-FET 

analytically, it is necessary to solve the 2-D Poisson's equation. The analytical model 

for channel potential, threshold voltage, and subthreshold slope is built upon the center-

channel potential method. Fig. 5.17 illustrates the step-by-step procedure used to 

develop the analytical model. 

 

Table 5.6 Device Structural Parameters 

Physical Device Parameter GAAE-GANFET  SGAA-Si FET 

GaN channel thickness 

(tGaN)  
20 nm 20 nm 

GaN Channel length (L)  100 nm 100 nm 

Source and drain lengths 

(LS = LD) 
15 nm 15 nm 

Gate Metal and its work-

function  
 Molybdenum (4.9 eV) Molybdenum (4.9 eV) 

Oxide thickness (nm) 
Al2O3: tox = 1.0 SiO2: tox = 1.0 

HfO2: tox1 = 3.0 HfO2: tox1 = 3.0 

Source and drain region 

Doping (NS = ND) 
1019 cm-3 1019 cm-3 

Doping of 

the channel 

region  

NA1  1016 cm-3 1016 cm-3 

NA2  1015 cm-3 1015 cm-3 

NA3  1014 cm-3 1014 cm-3 

Thickness of Cavity (tC)  10 nm 10 nm 

Thickness of Gate  7 nm 7 nm 

Length of cavity (LC)  20 nm 20 nm 

Dielectric constants 
Al2O3: 9.8 SiO2: 3.9 

HfO2: 22.0 HfO2: 22.0 

Physical models [141] 

CONMOB: Concentration dependent mobility model. 

FLDMOB: To model velocity saturation 

BOLTZMANN: To model the carrier statistics. 

AUGER: Recombination model which includes the effects at 

higher doping densities. 

CVT: It’s a Mobility model including doping, temperature and 

field dependency. 

SRH: Doping dependent generation-recombination model. 

BGN: Models the Bandgap narrowing due to high doping. 
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Fig. 5.17 Flowchart demonstrating the Process of Analytical Modeling 

5.2.3.1 Surface Potential 

The two-dimensional Poisson’s equation is 

1

𝑟

𝜕

𝜕𝑟
[𝑟

𝜕

𝜕𝑟
{𝜓(𝑟, 𝑧)}] +

𝜕2

𝜕𝑧2 𝜓(𝑟, 𝑧) = −
𝑞𝑁𝐶ℎ

𝜀𝐶ℎ
                                                                (5.6) 

The channel potential ψ(r,z), doping concentration NCh, and dielectric constant εCh are 

defined in a cylindrical coordinate system. The channel has a radius r of 'd'. r = 0 

corresponds to center of channel and the center potential is denoted as ψC (z). r = d 

corresponds to surface interface of the channel and oxide layer. The surface interface 

potential is expressed as ψI(z).  

The channel potential's general solution is represented by a parabolic profile, which is 

written as: 

𝜓(𝑟, 𝑧) = 𝐴0(𝑧) + 𝐴1(𝑧)𝑟 + 𝐴2(𝑧)𝑟2

                                                                  
(5.7) 

Here, A0, A1 and A2 are the constants. This parabolic profile is commonly used to 

approximate the potential distribution in FET devices. The solution of equation (5.7) 

involves applying specific boundary conditions based on the device's structure and 

characteristics. Different boundary conditions are [25], [248]: 

ix.  Potential is expressed as follows at the source-channel boundary at (z = z0): 

𝜓(𝑟, 𝑧0) = 𝑉𝑏𝑖,1 =
𝑘𝐵𝑇

𝑞
{𝑙𝑛 (

𝑁𝑆𝑁𝐶1

𝑛𝑖
2 )}                                                         (5.8)                                                                                                                                                                

x. At z = z5, the potential is obtained as, 

𝜓(𝑟, 𝑧5) = 𝑉𝑏𝑖,4 + 𝑉𝐷𝑆 =
𝑘𝐵𝑇

𝑞
{𝑙𝑛 (

𝑁𝐶3𝑁𝐷𝑟𝑎𝑖𝑛

𝑛𝑖
2 )}                    (5.9) 

xi. Let the potentials at other intermediate boundary positions zi (z1, z2, z3, z4) are 

expressed as: 
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𝜓(𝑟, 𝑧1
−) = 𝑉1                                                                

(5.10𝑎)
                                                                                                                     

𝜓(𝑟, 𝑧2
−) = 𝑉2                                                                

(5.10𝑏)
                                                                             

𝜓(𝑟, 𝑧3
−) = 𝑉3                                                                           

(5.10𝑐)
                                                                                             

𝜓(𝑟, 𝑧4
−) = 𝑉4                                                                

(5.10𝑑)
                                                                 

xii. The continuity of the electric field is maintained at z=z1, z=z2, z=z3, z=z4. This 

continuity ensures a smooth transition and consistency in the electric field 

profile within the device.   
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧1
−

=
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧1
+

                                                   

(5.11𝑎)

                                      
 𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧2
−

=
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧2
+
                                                              (5.11𝑏)                                      

 
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧3
−

=
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧3
+

                   

(5.11𝑐)

                                       

 

𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧4
−

=
𝜕{𝜓(𝑟,𝑧)}

𝜕𝑧
|

𝑧=𝑧4
+

                             

(5.11𝑑)

                                       

 

xiii. At r=0, the equation for electric field is written as: 
𝜕𝜓(𝑟,𝑧)

𝜕𝑟
|

𝑟=0
= 0

                                                       

(5.12)
                                                                                                                  xiv. At z1 and z4, there is continuous potential. Thus, the two equivalent equations 

can be expressed as: 

𝜓(𝑟, 𝑧1
−) = 𝜓(𝑟, 𝑧1

+)
                                                    

(5.13𝑎)
                                                                                              

𝜓(𝑟, 𝑧4
+) = 𝜓(𝑟, 𝑧4

+)
                                                    

(5.13𝑏)
                                                                                                

 

xv. Potential discontinuity at z2 and z3 is a result of the step-doping profile. Thus, 

𝜓(𝑟, 𝑧2
+) = 𝑉2 + 𝑉𝑏𝑖,2                                                               

(5.14𝑎)
                                                                                                                

𝜓(𝑟, 𝑧3
+) = 𝑉3 + 𝑉𝑏𝑖,3                                                                          (5.14𝑏)                                                                       

xvi. At the channel-oxide interface, the electric field is constant. 

𝜀𝐶ℎ
𝜕{𝜓(𝑟,𝑧)}

𝛿𝑟
|

𝑟=𝑑
= 𝐶𝑜𝑥[𝑉𝐺𝑆 − 𝑉𝐹𝐵 − 𝜓(𝑟, 𝑧)]|𝑟=𝑑

               

(5.15𝑎)

                                  

 
∂{ψ(r,z)}

δr
|
r=d

=
Cox

εCh
[VGS

∗ -ψ
I
(z)]

                                                              

(5.15𝑏)

                                                                             

 

The potential function ψ(r,z) can be expressed using ψI(z) by applying the previously 

stated boundary constraints.  

ψ(r, z) =
1

2εCh
[ψI(z){Coxd + 2εCh} − (VGS − Vfb)Coxd] +

Cox

2εCh
[VGS − Vfb − ψI(z)]r2

     

(5.16)
                                A relationship between ψC,i(z) and ψI,i(z) by putting r=0 in equation 5.14. 

𝜓𝐼(𝑧) =
[𝐶𝑜𝑥𝑑(𝑉𝐺𝑆−𝑉𝑓𝑏)+2𝜓𝐶(𝑧)𝜀𝐶ℎ]

2𝜀𝐶ℎ+𝐶𝑜𝑥𝑑
                                                                  

(5.17)
                                                                        

 

Reintroducing equations (5.16) and (5.17) into equation (5.6) allows for the derivation 

of a differential equation for the center channel potential.  

𝜇2 𝜕2𝜓𝐶(𝑧)

𝜕𝑧2
+ 𝜃 = 𝜓𝐶(𝑧)                                                                (5.18𝑎)                                                                                           

𝜃 = (𝑉𝐺𝑆 − 𝑉𝑓𝑏) +
𝑞𝑁𝐶ℎ

2𝐶𝑜𝑥
+

𝑞𝑁𝐶ℎ𝑑2

4𝜀𝐶ℎ
                                                                    (5.18𝑏)                                                                                                     

𝜇 = √
𝑎𝜀𝐶ℎ

2𝐶𝑜𝑥
                                                                                                         (5.18𝑐)                                                       
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The equation (5.16) admits a generalized solution that can be expressed as equation 

(5.19): 

𝜓𝐶(𝑧) = 𝑝𝑒
𝑧

𝜇 + 𝑞𝑒
−𝑧

𝜇 + 𝜃
                                                                 

(5.19)
                                                                                              

 

Here, the parameters 𝜇 and 𝜃are specific to the material. p and q, however, are just 

random constant quantities. The effective capacitance in each region (R-I/R-III/R-V) 

is the series combination of two capacitances ignoring the dielectric leakage current 

and absorption [249]. In the underlap region, capacitance is modeled by considering 

the approximate effect of biomolecules occupying the cavity under the fringing fields 

[250].  Thus, ψC(z) is calculated in distinct regions as follows: 

Region I:𝑧0 ≤ 𝑧 ≤ 𝑧1 

𝜓𝐶1(𝑧) = 𝑝1𝑒
𝑧

𝜇1 + 𝑞1𝑒
−𝑧

𝜇1 + 𝜃1                                                   
(5.20𝑎)

                                                                                                                       
 

𝑝1 =
1

𝑒
−

(𝑧0−𝑧1)
𝜇1 −𝑒

(𝑧0−𝑧1)
𝜇1

[𝑉1𝑒
−𝑧0
𝜇1 − 𝑉𝑏𝑖,1𝑒

−𝑧1
𝜇1 − 𝜃1 (𝑒

−𝑧0
𝜇1 − 𝑒

−𝑧1
𝜇1 )]                      (5.20𝑏)                                                          

𝑞1 =
1

𝑒
−

(𝑧1−𝑧0)
𝜇1 −𝑒

(𝑧1−𝑧0)
𝜇1

[𝑉1𝑒
𝑧0
𝜇1 − 𝑉𝑏𝑖,1𝑒

𝑧1
𝜇1 − 𝜃1 (𝑒

𝑧0
𝜇1 − 𝑒

𝑧1
𝜇1)]     (5.20𝑐)                                  

𝐶𝑜𝑥,1 =
𝜀𝐴𝑙2𝑂3

𝑑 𝑙𝑛(1+
𝑡𝑒𝑓𝑓

𝑑
)
,𝑡𝑒𝑓𝑓 = 𝑡2 (

𝜀𝐴𝑙2𝑂3

𝜀𝐻𝑓𝑂2

) + 𝑡1                                                      (5.20𝑑)                                         

Region II:𝑧1 ≤ 𝑧 ≤ 𝑧2 

𝜓𝐶2(𝑧) = 𝑝2𝑒
𝑧

𝜇2 + 𝑞2𝑒
−𝑧

𝜇2 + 𝜃2                                                   
(5.21𝑎)

                                                                 
 

𝑝2 =
1

𝑒
−

(𝑧1−𝑧2)
𝜇2 −𝑒

(𝑧1−𝑧2)
𝜇2

[𝑉2𝑒
−𝑧1
𝜇2 − 𝑉1𝑒

−𝑧2
𝜇2 − 𝜃2 (𝑒

−𝑧1
𝜇2 − 𝑒

−𝑧2
𝜇2 )]                         (5.21𝑏)                                                                   

 
𝑞2 =

1

𝑒
−

(𝑧2−𝑧1)
𝜇2 −𝑒

(𝑧2−𝑧1)
𝜇2

[𝑉2𝑒
𝑧1
𝜇2 − 𝑉1𝑒

𝑧2
𝜇2 − 𝜃2 (𝑒

𝑧1
𝜇2 − 𝑒

𝑧2
𝜇2)]                               (5.21𝑐)                                                  

1

𝐶𝑜𝑥,2
=

1

𝐶1
+

1

𝐶𝑓𝑟
                                                                            

(5.21𝑑)
                                                                                          

 

𝐶1 =
𝜀𝑆𝑖𝑂2

𝑑 𝑙𝑛(1+
𝑡𝑡1

𝑑
)
, 𝐶𝑓𝑟 =

2𝜀𝑏𝑖𝑜

𝜋𝑡2
         

                                                               
(5.21𝑒)

                                                                  

Region III:𝑧2 ≤ 𝑧 ≤ 𝑧3 

𝜓𝐶3(𝑧) = 𝑝3𝑒
𝑧

𝜇3 + 𝑞3𝑒
−𝑧

𝜇3 + 𝜃3                                                   
(5.22𝑎)

                                                                                                   
 

𝑝3 =
1

𝑒
−

(𝑧2−𝑧3)
𝜇3 −𝑒

(𝑧2−𝑧3)
𝜇3

[𝑉3𝑒
−𝑧2
𝜇3 − (𝑉2 + 𝑉𝑏𝑖,2)𝑒

−𝑧3
𝜇3 − 𝜃3 (𝑒

−𝑧2
𝜇3 − 𝑒

−𝑧3
𝜇3 )]

  

(5.22𝑏)

                                                                
𝑞3 =

1

𝑒
−

(𝑧3−𝑧2)
𝜇3 −𝑒

(𝑧3−𝑧2)
𝜇3

[𝑉3𝑒
𝑧2
𝜇3 − (𝑉2 + 𝑉𝑏𝑖,2)𝑒

𝑧3
𝜇3 − 𝜃3 (𝑒

𝑧2
𝜇3 − 𝑒

𝑧3
𝜇3)]    (5.22𝑐)                                      

𝐶𝑜𝑥,3 = 𝐶𝑜𝑥,1                                                                            
(5.22𝑑)

                                                                                    
Region IV:𝑧1 ≤ 𝑧 ≤ 𝑧2 

𝜓𝐶4(𝑧) = 𝑝4𝑒
𝑧

𝜇4 + 𝑞4𝑒
−𝑧

𝜇4 + 𝜃4                                                   
(5.23𝑎)

                                                                    
 

𝑝4 =
1

𝑒
−

(𝑧3−𝑧4)
𝜇4 −𝑒

(𝑧3−𝑧4)
𝜇4

[𝑉4𝑒
−𝑧3
𝜇4 − (𝑉3 + 𝑉𝑏𝑖,3)𝑒

−𝑧4
𝜇4 − 𝜃4 (𝑒

−𝑧3
𝜇4 − 𝑒

−𝑧4
𝜇4 )]

  

(5.23𝑏)

                                      
𝑞4 =

1

𝑒
−

(𝑧4−𝑧3)
𝜇4 −𝑒

(𝑧4−𝑧3)
𝜇4

[𝑉4𝑒
𝑧3
𝜇4 − (𝑉3 + 𝑉𝑏𝑖,3)𝑒

𝑧4
𝜇4 − 𝜃4 (𝑒

𝑧3
𝜇4 − 𝑒

𝑧4
𝜇4)]    (5.23𝑐) 
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𝐶𝑜𝑥,4 = 𝐶𝑜𝑥,2

                                                                                                   

(5.23𝑑)

                                                                                                                

 

Region V:𝑧4 ≤ 𝑧 ≤ 𝑧5 

𝜓𝐶5(𝑧) = 𝑝5𝑒
𝑧

𝜇5 + 𝑞5𝑒
−𝑧

𝜇5 + 𝜃5                                                              
(5.24𝑎)

                                                                                                                                                                   
 

𝑝5 =
1

𝑒
−

(𝑧4−𝑧5)
𝜇5 −𝑒

(𝑧4−𝑧5)
𝜇5

[(𝑉𝑏𝑖,4 + 𝑉𝐷𝑆)𝑒
−𝑧4
𝜇5 − 𝑉4𝑒

−𝑧5
𝜇5 − 𝜃5 (𝑒

−𝑧4
𝜇5 − 𝑒

−𝑧5
𝜇5 )]        (5.24𝑏)                                                        

 
𝑞5 =

1

𝑒
−

(𝑧3−𝑧2)
𝜇5 −𝑒

(𝑧3−𝑧2)
𝜇5

[(𝑉𝑏𝑖,4 + 𝑉𝐷𝑆)𝑒
𝑧4
𝜇5 − 𝑉4𝑒

𝑧5
𝜇5 − 𝜃5 (𝑒

𝑧4
𝜇5 − 𝑒

𝑧5
𝜇5)]   (5.24𝑐)                        

𝐶𝑜𝑥,5 = 𝐶𝑜𝑥,1                                                                                       
(5.24𝑑)

                                                                                                                                                                                                                                   

Appendix-I consists of the μ1- μ5 and θ1-θ5 values. Equations (5.8) to (5.15) provide 

boundary conditions that can be used to derive the V1, V2, V3 and V4. 

𝑉1 =
𝑐6𝑐2−𝑐3𝑐5

𝑐2𝑐4−𝑐1𝑐5
                                                                            (5.25𝑎)                                                                                                           

𝑉2 =
𝑐6𝑐1−𝑐3𝑐4

𝑐1𝑐5−𝑐2𝑐6
                                                                 (5.25𝑏)                                                                          

𝑉3 = 𝑑1 + 𝑑2 + 𝑑3                                                     (5.25𝑐)                                                                                               

𝑉4 = 𝑑4𝑉2 + 𝑑5𝑉3 + 𝑑6                                                    (5.25𝑑)                                                                                                  
Appendix-II contains the values for c1-c6 and d1-d6.  

Each region's electric field can be expressed as, 

𝐸𝑍𝑖
= −

1

𝜇𝑖
(𝑝𝑖𝑒

𝑧

𝜇𝑖 − 𝑞𝑖𝑒
−𝑧

𝜇𝑖 )                                                                  (5.26)                                                                                               

5.2.3.2 Threshold Voltage  

The threshold voltage is obtained by setting the minimum channel-center potential to 

zero. In this context, the minimum channel-center potential is consistently observed in 

region-I, attributed to the presence of negative charges deposited by biomolecules in 

the oxide layer [25]. By equating the derivative of the expression for the channel-center 

potential in region-I to zero, the precise location of the minimum channel-center 

potential can be determined. 

𝑑𝜓𝐶1(𝑧)

𝑑𝑧
|

𝑧=𝑧𝑀𝑖𝑛𝑖𝑚𝑎

= 0 → 𝑧𝑀𝑖𝑛𝑖𝑚𝑎 = 𝜇1 𝑙𝑛 (√
𝑞1

𝑝1
)

                                         

(5.27)

 
By substituting the value of Zmin from equation (5.27) into equation (5.20a), the 

minimum channel potential is denoted as: 

𝑉𝑡 =
−𝑊𝑏+√𝑊𝑏

2−4𝑊𝑎𝑊𝑐

2𝑊𝑎
                                                                   

(5.28) 

Values of Wa, Wb and Wc are given in Appendix-III. 

5.2.3.3 Subthreshold Slope and Drain Current 

In the linear region, the drain current (IDS) is determined separately in the five different 

regions, as outlined in references [99] and [254]. 
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𝐼𝐷𝑆(𝐿𝑖𝑛,𝐼) =
2𝜋𝐶𝑜𝑥1𝑑𝜇𝑛

𝐿𝐶1
′ [(𝑉𝐺𝑆 − 𝑉𝑡)(𝑉1 − 𝑉𝑏𝑖,1) −

(𝑉1−𝑉𝑏𝑖,1)
2

2
]

       

(5.29) 

𝐼𝐷𝑆(𝐿𝑖𝑛,𝐼𝐼) =
2𝜋𝐶𝑜𝑥2𝑑𝜇𝑛

𝐿𝐶2
′ [(𝑉𝐺𝑆 − 𝑉𝑡)(𝑉2 − 𝑉1) −

(𝑉2−𝑉1)2

2
]

       

(5.30) 

𝐼𝐷𝑆(𝐿𝑖𝑛,𝐼𝐼𝐼) =
2𝜋𝐶𝑜𝑥3𝑑𝜇𝑛

𝐿𝐶3
′ [(𝑉𝐺𝑆 − 𝑉𝑡)(𝑉3 − 𝑉𝑥) −

(𝑉4−𝑉𝑥)2

2
]

       

(5.31) 

𝐼𝐷𝑆(𝐿𝑖𝑛,𝐼𝑉) =
2𝜋𝐶𝑜𝑥4𝑑𝜇𝑛

𝐿𝐶4
′ [(𝑉𝐺𝑆 − 𝑉𝑡)(𝑉4 − 𝑉𝑦) −

(𝑉4−𝑉𝑦)
2

2
]

       

(5.32) 

𝐼𝐷𝑆(𝐿𝑖𝑛,𝑉) =
2𝜋𝐶𝑜𝑥5

𝑑𝜇𝑛

𝐿𝐶5
′ [(𝑉𝐺𝑆 − 𝑉𝑡)(𝑉5 − 𝑉4) −

(𝑉5−𝑉4)2

2
]

                             

(5.33) 

By applying suitable boundary conditions, 𝑉𝑥 and 𝑉𝑦 are computed and presented in 

mathematical terms, as: 

𝑉𝑥 = 𝑉𝑏𝑖,2 + 𝜓2(𝑟, 𝑧2)                                                                (5.34𝑎) 
𝑉𝑦 = 𝑉𝑏𝑖,3 + 𝜓3(𝑟, 𝑧3)                                                                (5.34𝑏) 
To calculate the drain current in the saturation region, VDS is replaced with VDS,Sat [99], 

[248] 

𝑉𝐷𝑆,𝑆𝑎𝑡 =
(𝑉𝐺𝑆−𝑉𝑡)

1+
𝜇𝑒𝑓𝑙𝑑(𝑉𝐺𝑆−𝑉𝑡)

(𝐿1+𝐿2+𝐿3+𝐿4+𝐿5)𝑣𝑆𝑎𝑡

                                                                 (5.35) 

𝜇𝑒𝑓𝑙𝑑 =
𝜇𝑛

{1−𝜁(𝑉𝐺𝑆−𝑉𝑡}{1+𝛺
𝑉𝐷𝑆𝜇𝑛

(𝐿1+𝐿2+𝐿3+𝐿4+𝐿5)𝑣𝑆𝑎𝑡
}
         (5.36) 

𝛺 = [
𝑉𝐷𝑆𝜇𝑛

(𝐿1+𝐿2+𝐿3+𝐿4+𝐿5)𝑣𝑆𝑎𝑡
] [1.5 + {

𝑉𝐷𝑆𝜇𝑛

(𝐿1+𝐿2+𝐿3+𝐿4+𝐿5)𝑣𝑆𝑎𝑡
}]

−1

       (5.37) 

µ𝑒𝑓𝑙𝑑 stands for the peak low-field mobility of electrons, and µ𝑛 denotes the electron 

mobility. Electron saturation velocity 𝑣𝑆𝑎𝑡  = 1 ×107 cm/s, and fitting parameter η = 

0.43.  

With minimum center-channel potential, the subthreshold slope is computed and is 

written as, 

 𝑆𝑆 = 𝑉𝑇 𝑙𝑜𝑔( 10) [(
𝜕𝛹(𝑑,𝑧)

𝜕𝑉𝐺𝑆
)

−1

]|
𝑧=𝑧𝑚𝑖𝑛

                                                     (5.38) 

5.2.4 Results and Discussion 

The investigation includes charged analytes, like ssDNA, dsDNA, avian influenza 

antigen (AIa), and avian influenza antibody (AI-ab). For DNA detection, the simulation 

considers single-stranded DNA (ssDNA) with a dielectric constant K = 2 and a surface 

charge density Qf = 1 × 1011 C/cm2 [256]. Conversely, double-stranded DNA (dsDNA) 

is simulated with a dielectric constant K = 8 and a surface charge density Qf = 5 × 1011 

C/cm2 [257], [326], [327]. 

For avian influenza antigen (AIa) detection, Silica binding protein (SBP) and AIa were 

combined, and the simulation employed a surface charge density of 2 × 1011 C/cm2 and 

a dielectric constant of 2 [255]. Subsequently, the immobilization of avian influenza 

antibody (AI-ab) within the open cavity was modeled using specific values: a dielectric 

constant of 3 and a surface charge density of -6 × 1011 C/cm2  [255], [327]. 
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When DNA and the Avian Influenza antibody are introduced into the open cavity, the 

surface potential along the channel varies with the concentration and charge density of 

biomolecules due to change in effective gate oxide capacitance [25], [328], as depicted 

in Fig. 5.18 (a). The TCAD simulation's results closely aligns with the analytical data, 

showcasing a high level of agreement between the two. The channel potential decreases 

due to the strong coupling between the gate and the channel, and this coupling continues 

to increase as the dielectric constant of the immobilized biomolecules increases [329]. 

The presence of negative charges on biomolecules further enhances the coupling 

between the gate and channel, leading to a further reduction in the channel potential 

[330]. Among the biomolecules used in this investigation, AI-ab exhibits the lowest 

surface potential due to highest negative charge density. The reduction in the channel-

surface potential implies that a higher gate voltage is required to deplete the channel 

entirely; consequently, the threshold voltage will increase.  

The surface potential variation of the GAAE-GANFET with variations in the open 

cavity length (LC) for AI-ab is illustrated in Fig. 5.18 (b). The immobilization of 

biomolecules increases (more biomolecules can be immobilized) with the increasing 

cavity length, decreasing energy band bending near the channel's surface. This, in turn, 

causes a decrease in the surface potential within the channel region beneath the cavity. 

As a consequence, the threshold voltage gradually increases due to the downward shift 

in the surface potential profile, which is discussed in reference [89]. 

 

Fig. 5.18 Surface Potential of GAAE-GANFET for Different (a) Biomolecules and (b) Cavity 

Lengths 

Fig. 5.19 depicts the electric field variation in GAAE-GANFET for AI-ab and dsDNA. 

Notably, the electric field variations are observed under both the gate overlap and 

underlap regions, indicating the existence of biomolecules. The electric field variations 

are notably stronger, peaking at 2.08 × 105 V/cm, 1.24 × 105 V/cm beneath the cavity 

region for AI-ab and dsDNA biomolecules. This variation can be attributed to the 

substantial negative charge of AI-ab, resulting in a more pronounced modulation 

(stronger capacitive coupling). Figure 4 distinctly illustrates that the immobilization of 

the biomolecule inside the cavity doesn't affect the electric field at junction of drain-

channel and source-channel. This prevents the device from experiencing velocity 

saturation due to biomolecules immobilization. Due to effective gate dielectric and 

charge modulation, this electric field change primarily impacts the threshold voltage 

sensitivity.  

L
C
=20 nm 
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Fig. 5.19 Electric Field Variation along the Channel for AI-ab and DNA Biomolecules 

Fig. 5.20 illustrates the contour plots of electron concentration in the channel region of 

the GAAE-GANFET under different scenarios: when there are no biomolecules in the 

underlap cavity and when avian influenza antibody and dsDNA biomolecules are 

immobilized. Referring to the electron concentration profile in figure 5, it's evident that 

the device's electron concentration diminishes sequentially as the biomolecules starts 

accumulating inside the cavity. This trend highlights that the electron concentration in 

the channel decreases as the negative charge concentration of the biomolecules 

increases. As the electron concentration in the channel reduces due to the presence of 

immobilized biomolecules, the drain current of the device also decreases [25], [258]. 

This effect arises because the lower electron concentration leads to a decreased number 

of charge carriers available in the channel, consequently reducing their contribution to 

the overall current flow.  

In Fig. 5.21, the drain current is shown plotted against the gate-to-source voltage, or 

VGS. The drain current (IDS) decreases in the following order: ssDNA, SBP+AIa, 

dsDNA, and AI-ab. Thus, the AI-ab biomolecule exhibit the lowest drain current among 

the analyzed biomolecules. This reduction can be attributed to the highest negative 

charge density of the biomolecule, resulting in high coupling between the gate and 

charge carriers. It is also evident that the subthreshold current (Isub), indicated on the 

secondary axis, decreases for all the charged biomolecules compared to the Isub value 

when no biomolecules are immobilized in the cavity. In comparison to the subthreshold 

current of 7.39×10-16 A observed in the absence of biomolecules, the subthreshold 

current decreases to 1.22×10-19 A for AI-ab and 5.81×10-19 A for dsDNA, indicating 

significant reductions for both AI-ab and dsDNA biomolecules. This decrease in 

subthreshold current is an effective indicator of the enhanced biosensing capability. The 

remarkably low OFF current (Isub) is credited to the comprehensive regulation of 

channel by surrounding gate structure, therefore mitigating few short channel effects 

(SCEs). 
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Fig. 5.20 Contour Plots of Electron Concentration Variation along the Channel (a) No 

Biomolecule (b) dsDNA (c) AI-ab (d) Electron Concentration Profile 

 

Fig. 5.21 ID-VGS Characteristics of GAAE-GANFET Biosensor 

In the case of biosensors, a shift in the threshold voltage is crucial, as it determines the 

sensitivity of the device. The threshold voltage sensitivity (SVth) is defined as difference 

in threshold voltage with and without biomolecules into the cavity region. According 

to equation 34, mathematically SVth is represented as: 

𝑆𝑉𝑡ℎ =  |𝑉𝑡ℎ𝑁𝑜 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
− 𝑉𝑡ℎ𝑤𝑖𝑡ℎ 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

|                                                (5.40)  

Fig. 5.22 illustrates the threshold voltage shift resulting from the introduction of 

various DNA and avian influenza biomolecules. The analytical and simulated 

threshold voltage values are in good agreement. When negatively charged 

biomolecules are present inside the cavity, they introduce additional negative charges 

near the surface of the device. These charges create an opposing electric field that 

counteracts the applied positive gate voltage. As a result, a higher gate-to-source 

voltage is needed to overcome the repulsive force, leading to an increased threshold 

voltage of the device [25], [229]. Fig. 5.22 also demonstrates the threshold voltage 

sensitivity of the proposed device for ssDNA, SBP+AIa, dsDNA, and AI-ab 

biomolecules. The device exhibits remarkably high Vth sensitivity, with values of 

122.6 mV, 156.6 mV, 286.7 mV, and 318.2 mV for ssDNA, SBP+AIa, dsDNA, and 

AI-ab biomolecules, respectively.  

(a) (b) (c) (d) 
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Fig. 5.22 Threshold Voltage (Vth) and Threshold Voltage Sensitivity (SVth) of GAAE-GANFET 

Biosensor 

In Fig. 5.23 (a), the drain current sensitivity (SID) is presented for various biomolecules 

at VGS=1.0 V while varying the drain voltage (VDS). SID represents the change in drain 

current observed between the presence and absence of immobilized biomolecules 

within the cavity.  

𝑆𝐼𝐷 =  |𝐼𝐷𝑁𝑜 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
− 𝐼𝐷𝑤𝑖𝑡ℎ 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

|                                                     (5.41) 

With an increase in the negative charge on the biomolecules, their binding capacity also 

rises, consequently exerting greater control over the flow of charge carriers within the 

channel [248]. This effect causes a shift in the drain current curve towards lower values. 

Simultaneously, the drain current decreases as the biomolecule's dielectric constant 

increases, owing to the concurrent rise in the effective gate oxide capacitance. However, 

the relative change in drain current increases in both scenarios. The combined influence 

of the increasing dielectric constant and rising negative charge leads to a continual 

elevation in the drain current sensitivity (measuring the relative change in drain 

current), as depicted in Fig. 5.23 (a). Among the biomolecules under consideration, the 

AI-ab variant exhibits the highest current sensitivity owing to the maximum negative 

charge density. Transconductance (gm) is the derivative of drain current with respect to 

VGS. The transconductance curve exhibits a pattern resembling that of the drain current. 

So, as shown in Fig. 5.23 (b), the largest transconductance sensitivity is also found for 

the AI-ab biomolecule, which has the highest negative charge density out of the 

examined biomolecules (ssDNA, SBP-AIa, dsDNA, and AI-ab). 

Vth Sensitivity Vth 



130 

 

 

 

 

Fig. 5.23 (a) Drain Current Sensitivity (b) Transconductance Sensitivity for Various 

Biomolecules 

Fig. 5.24 (a) illustrates the sensitivity of subthreshold slope on the primary axis and the 

variation in subthreshold slope on the secondary axis for different biomolecules. The 

subthreshold slope of a transistor quantifies its effectiveness in controlling the flow of 

current during turning on and off processes. It holds an inverse relationship with the 

gate oxide capacitance, implying that a larger gate oxide capacitance corresponds to a 

smaller subthreshold slope [248]. With increasing dielectric constant (K) of the 

biomolecule and the presence of negative charge, the gate oxide capacitance increases, 

resulting in a decrease in subthreshold slope. The subthreshold swing sensitivity (SSS) 

denotes the absolute variation in subthreshold swing when comparing the conditions 

with and without immobilized biomolecules in the cavity.  

SSS =  |SSSNo Biomolecule
− SSSwith Biomolecules

|                                                  (5.42) 

Due to increased deviation in the subthreshold slope, the subthreshold slope sensitivity 

increases for the biomolecules such as ssDNA, SBP+AIa, dsDNA, and AI-ab, 

respectively according to equation (37) for sensitivity calculation.  

Fig. 5.24 (b) illustrates the rising trend of the ION/IOFF ratio and the corresponding 

ION/IOFF sensitivity for ssDNA, SBP+AIa, dsDNA, and AI-ab. The ION/IOFF sensitivity 

has been calculated as the relative change in the value of the ION/IOFF ratio, represented 

as: 

ION IOFF Sensitivity⁄ =  
ION IOFF⁄ No Biomolecule−ION IOFF⁄ with Biomolecules

ION IOFF⁄ No Biomolecule

                 (5.43) 

The increase in the negative charge density of the biomolecules leads to a decrease in 

both ION and IOFF currents, as depicted in Fig. 5.21. However, the reduction in the IOFF 

current is significantly more prominent compared to the ION current, resulting in an 

increased ION/IOFF ratio. Furthermore, the change in on-current and off-current relative 

to the ‘no-biomolecule’ case increases with higher dielectric constants and an 

augmented negative charge density of the biomolecules. 
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Fig. 5.24 (a) Sensitivity of Subthreshold Voltage Swing and Variation in SS (b) ION/IOFF Ratio 

and ION/IOFF Sensitivity for Different Biomolecules 

The influence of an oxide stack consisting of Al2O3 and HfO2 on various biomolecules 

has also been investigated. This study encompasses two scenarios: the first involves 

depositing Al2O3 as the sole dielectric layer, while the second entails depositing both 

Al2O3 and HfO2 onto the GaN substrate. The stacking of gate oxides enhances the 

regulation of charge carrier movement, resulting in a further reduction in drain current 

as the coupling is intensified [273], [331]–[333]. Consequently, the drain current 

sensitivity increases when employing a dielectric stack (Al2O3 + HfO2) compared to 

using Al2O3 alone, as evidenced in Fig. 5.25. 

 

Fig. 5.25 Impact of Stacked Gate Oxide on Sensitivity of Drain Current to Various Biomolecules 

Table 5.7 displays the SID and SVth in the GAAE-GANFET biosensor for variations in 

the open cavity length. For the two-sided open cavities, three cavity lengths of 10 nm, 

15 nm, and 25 nm have been taken into consideration (considering symmetric cavities). 

As the cavity length increases, the biomolecules' binding area expands, allowing for a 

greater number of biomolecules to be accommodated [229]. As a result, this causes the 

drift of the threshold voltage and drain current for various biomolecules to be 

significantly enhanced.  

 

t
cavity

 = 10 nm 

t
Al2O3 

= 1 nm 

t
HfO2 

= 2 nm 
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Table 5.7 Effect of Channel Length Variation on Various Sensitivity Parameters 

  

Biomolecules   

LC = 10 nm LC = 15 nm LC = 20 nm 

SVth 

(mV) 

SID 

(µA) 

SVth 

(mV) 

SID 

(µA) 

SVth 

(mV) 
SID (µA) 

 ssDNA 30.97 0.25 55.29 0.03 122.6 1.16 

SBP+AI-ab 36.31 0.54 65.86 0.99 156.6 2.23 

 dsDNA 72.59 2.59 128.3 3.59 286.7 5.66 

AI-ab 82.06 4.03 146.6 5.19 314.2 7.01 

 
Table 5.8 presents different sensitivities for Avian Influenza biomolecules when several 

graded doping profiles are employed in the channel region of the GAAE-GANFET 

biosensor. Uniform increasing step-graded doping and uniform decreasing step-graded 

doping in channels are examples of the various cases considered. Utilizing a horizontal 

tri-step doping profile in the channel of a device offers multiple benefits beyond just 

sensitivity enhancement. The incorporation of a tri-step doping profile enables precise 

channel engineering, resulting in the enhancement in device performance by increasing 

the driving current, and mitigating Short Channel Effects as well as body effect [334], 

[335]. It is important to note that graded doping profile-1 (NA1=1×1016/cm3, 

NA2=1×1015 /cm3, NA3=1×1014/cm3) results in the maximum Vth sensitivity and drain 

current sensitivity.  While the ION/IOFF ratio drifts more in favor of the doping profiles 

2 and 4 than the doping profile 1. 

Table 5.8 Effect of Graded Doping Variation on Various Sensitivity Parameters of GAAE-

GANFET Biosensor 

Parameters 

Doping 

Profile 1 

NA1=1×1016 

NA2=1×1015 

NA3=1×1014 

Doping 

Profile 2 

NA1=1×1018 

 NA2=1×1017  

NA3=1×1016 

Doping 

Profile 3 

NA1=1×1014  

NA2=1×1015  

NA3=1×1016 

Doping 

Profile 4 

NA1=1×1016  

NA2=1×1017  

NA3=1×1018 

Doping 

Profile 5 

NA1=1×1014  

NA2=1×1013  

NA3=1×1012 

SVth(mV) 314.20 110.49 313.96 134.99 312.98 

SID (µA) 7.01 3.23 6.89 3.20 6.86 

SSS 

(mV/decade) 
24.98 5.29 26.44 23.41 25.04 

ION/IOFF 

Sensitivity 
8.14×1011 3.62×1012 7.45×1011 6.75×1012 8.04×1011 

Table 5.9 presents the threshold voltage sensitivity (SVth) and current sensitivity (SID) 

values for various biomolecules as the temperature is varied from T = 200 kelvin to T 

= 400 kelvin. High temperatures result in the formation of a larger number of charge 

carriers, so the same drain current can now be attained at a lower VGS, leading to a 

decrease in threshold voltage [336]. While the drain current (VGS=VDS=1) increases 

with rising temperature, this is a result of multiple contributing factors, including 

enhanced carrier mobility, increased thermally generated charge carriers, and a reduced 
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bandgap. However, intriguingly, SVth and SID decrease as temperature rises, owing to 

the reduction in the relative variation of threshold voltage and ON-current. 

Table 5.9 Effect of Temperature Variation on Various Sensitivity Parameters 

 T=200K T=300K T=400K 

  SVth (mV) SID (µA) SVth (mV) SID (µA) SVth(mV) SID (µA) 

SBP+AI-

ab 
166.14 2.57 155.52 2.23 110.38 0.87 

 ssDNA 127.93 1.28 

 

122.61 1.17 133.72 1.58 

AI-ab  325.99 7.98 

 

314.20 7.01 237.98 3.97 

 dsDNA 303.34 6.57 286.67 5.66 265.24 5.01 

 

In this work, an exhaustive exploration of device sensitivity is undertaken, 

encompassing various neutral biomolecules, including Streptavidin (K=2.1), APTES 

(K=3.57), Hydroprotein (K=5), Keratin (K=8), and Gelatin (K=12). Furthermore, the 

proposed GAAE-GANFET biosensor is juxtaposed with a silicon (Si) channel FET 

biosensor, namely the SGAA-Si FET biosensor, to facilitate a comprehensive 

comparison. This comparison is centered on their drain current characteristics and 

diverse sensitivities, with particular emphasis on their capability to detect neutral 

biomolecules. 

The SGAA-Si FET biosensor adheres to the same device specifications as the proposed 

biosensor but features a silicon channel in its design. Fig. 5.26 (a) portrays the graph of 

drain current with respect to VGS for various biomolecules. Fig. 5.26 (a) makes it 

abundantly clear that the proposed GaN channel device exhibits a superior current drive 

capacity in comparison to the SGAA-Si FET biosensor, a distinction attributed to the 

GaN channel. GaN offers superior electron mobility and better electron saturation 

velocity compared to Si, making it more efficient in transporting charge carriers 

(electrons) through the channel. As depicted in Fig. 5.26 (b), the current sensitivity of 

the proposed GaN channel biosensor surpasses that of the Si channel FET based 

biosensor by 93.83%, 97.33%, 98.34%, 100.80%, and 104.11% for streptavidin, 

APTES, Hydroprotein, Keratin, and Gelatin, respectively. Fig. 5.26 (c) depicts the Vth 

sensitivity variation for neutral biomolecules. The proposed GAAE-GANFET exhibits 

higher Vth sensitivity compared to the SGAA-Si FET biosensor. For instance, when 

detecting Gelatin biomolecules, the Vth sensitivity is 76.9 mV for the SGAA-Si FET 

biosensor, whereas it increases to 115.51 mV for the GAAE-GANFET, representing a 

remarkable 50.02% improvement. This enhanced sensitivity is attributed to the GAAE-

GANFET's exceptional biocompatibility and chemical stability [337]. 
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Fig. 5.26 Effect of Neutral Biomolecules (a) Drain Current with respect to Gate to Source 

Voltage for both Proposed GAAE-GANFET Biosensor and SGAA-Si FET Biosensor (b) Drain 

Current Sensitivity (c) Threshold Voltage Sensitivity 

A comparative sensitivity performance study has been conducted to assess the proposed 

GAAE-GANFET biosensor against other FET biosensors with similar structural and 

material specifications, including GaN-GME-DE-SNW-FET [258], 

GC‑GAA‑NWFET [259], DETMS/DPDN FET [260], and DM DPDG-TFET [261] 

biosensor. The findings presented in Figure 12 distinctly show that the GAAE-

GANFET biosensor exhibits higher SVth values at both low and high biomolecule 

charge (Qf) values. Also, for neutral biomolecules Table VI compares the threshold 

voltage sensitivity of GAAE-GANFET with several FET biosensors. This implies that 

compared to other biosensors in contemporary research, the proposed device shows 

enhanced sensing capabilities.  

 
Fig. 5.27 Threshold Voltage Sensitivity (SVth) Comparison for Different Charged Biomolecules 
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Table 5.10 SVth Comparison of GAAE-GANFET with Several FET Biosensors in the 

Contemporary Literature for Neutral Biomolecules 

Structural 

Parameters  

Reference 

[335] 

Reference 

[338] 

Reference 

[92] 

Reference 

[295] 
Our Work 

Cavity length (nm) 20 15 10 8 25  

Cavity thickness (nm) - 19 1 2 10 

Channel length (nm) 100 45 20 20 100 

(KBIO) 12 8 2.1 5 8 12 

SVth in terms of Δ th 

(mV) 
43.2 83.3 17 87 102 

115.5 

 

5.2.5 Summary  

This work comprehensively investigates the label-free biosensing capability of Gate-

All-Around Engineered Gallium Nitride Field Effect Transistor in detecting the avian 

influenza and DNA biomolecules. A compact analytical model of GAAE-GANFET has 

been proposed, which has shown excellent agreement with the TCAD simulations. The 

manuscript highlights the significant influence of the open cavities, graded channel 

doping and utilizing GaN as the channel material. The influence of these engineering 

techniques has been studied in terms of current sensitivity, threshold voltage sensitivity, 

and subthreshold slope sensitivity. The results reveal that the transition from a silicon 

channel to a gallium nitride channel substantially enhances sensitivity. Remarkably, the 

achieved threshold voltage sensitivity surpasses 50.02% for gelatin and reaches an 

impressive 91.69% for APTES biomolecules. This enhancement underscores the robust 

biosensing capabilities of the GAAE-GANFET. Consequently, the exceptional 

sensitivity and structural robustness of the GAAE-GANFET biosensor, particularly its 

open cavity design, make it a promising choice for biosensing applications. 
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CHAPTER 6 

HIGH SENSITIVITY BIOSENSORS UTILIZING WIDE 

BANDGAP SEMICONDUCTORS 

 

To further enhance the performance parameters of Gate-All-Around FET biosensors, 

the integration of wide bandgap semiconductors offers significant potential. This 

chapter focuses on advancing the design of novel FET biosensors by leveraging wide 

bandgap materials to achieve superior sensitivity and performance. Wide bandgap 

semiconductors such as Silicon Carbide (SiC) and Gallium Arsenide (GaAs) are 

particularly advantageous due to their inherent properties, including higher breakdown 

voltage, thermal stability, and increased carrier mobility, making them ideal for 

applications requiring heightened diagnostic sensitivity. It presents two innovative 

designs: the Dielectric Modulated 4H-SiC Source Triple Metal Gate-All-Around SiC 

FET (DM-TMGAA-SiCFET) and the Gallium-Arsenide Gate-All-Around Engineered 

FET (GaAs-GAAE-FET). The DM-TMGAA-SiCFET features a 6H-SiC channel with 

dual-sided cavities and a triple metal gate, improving sensitivity for gelatin and DNA 

biomarkers. While, The GaAs-GAAE-FET, with its gallium arsenide channel and dual 

nanocavities, significantly boosts sensitivity for breast cancer biomarkers. 

Section 6.1 discusses the Dielectric Modulated 4H-SiC Source Triple Metal Gate-All-

Around Silicon Carbide FET (DM-TMGAA-SiCFET). This section provides a 

detailed analysis of the DM-TMGAA-SiCFET biosensor, featuring a 6H-Silicon 

Carbide channel with Junction Accumulation Mode, dual-sided cavities, and a triple 

metal gate structure. The addition of Al2O3 and HfO2 layers enhances the biosensor's 

performance. Evaluations show notable improvements in sensitivity, with increased 

threshold voltage sensitivity for gelatin and DNA, and a significant boost in ION/IOFF 

sensitivity for gelatin compared to traditional silicon-based biosensors.  

Section 6.2 introduces the Gallium-Arsenide Gate-All-Around Engineered Field-

Effect Transistor (GaAs-GAAE-FET). This section highlights the design of the GaAs-

GAAE-FET biosensor, which includes a gallium arsenide channel in Junction 

Accumulation Mode, a triple metal gate, and an Al2O3+HfO2 oxide stack. The design 

features two nanocavities that enhance detection sensitivity, particularly for breast 

cancer biomarkers, by leveraging the unique dielectric properties of MDA-MB-231 

and MCF-10A cells. The biosensor demonstrates a significant increase in threshold 

voltage sensitivity for the MDA-MB-231 biomarker compared to conventional silicon-

based Gate-All-Around FET sensors. 

Problem Statement  

Traditional biosensors frequently encounter challenges with sensitivity and overall 

performance. This chapter addresses these issues by examining the potential of wide 

bandgap semiconductors—Silicon Carbide (SiC) and Gallium Arsenide (GaAs). It 
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evaluates two advanced biosensor designs: the Dielectric Modulated 4H-SiC Source 

Triple Metal Gate-All-Around SiC FET (DM-TMGAA-SiCFET) and the Gallium-

Arsenide Gate-All-Around Engineered FET (GaAs-GAAE-FET). The chapter aims to 

illustrate how these materials can significantly improve biosensor capabilities, offering 

enhanced sensitivity for detecting biomarkers like gelatin, DNA, and breast cancer 

indicators. 

6.1 4H-SiC source Triple Metal Gate-All-Around Silicon Carbide 

FET (DM-TMGAA-SiCFET) biosensor 

6.1.1 Background and Overview 

In the realm of point-of-care diagnostics (POC), the rapid and direct detection of the 

biomolecules has emerged as a pivotal frontier, revolutionizing early medical 

diagnoses for critical diseases [339], [340]. The development of portable, user-

friendly, economical, and miniature biosensors is proposed through the incorporation 

of nanomaterial-based field effect transistor technology in point of care testing and 

biomolecule detection [341]. Such biosensors allow rapid disease diagnosis at the 

moment and place of patient care. These devices can detect a wide range of diseases 

including diabetes, cardiovascular disease, cancer, and various infectious ailments 

[195], [341]–[343]. The global impact of the COVID-19 pandemic [344], affecting 

millions of individuals worldwide, underscores the crucial importance of promptly 

identifying specific biomolecules for global healthcare monitoring systems and for 

mitigating the risk of its continued spread [345], [346]. Thus, the significance of 

biosensors has soared exponentially in the wake of global outbreaks such as COVID-

19, Ebola, and H1N1 influenza, underlining the urgency for accurate and efficient 

diagnostic tools to combat such pandemics effectively.  

Beyond healthcare, this biosensing technology has found applications in the food 

industry for detecting pathogenic viruses and genetically modified organisms (GMOs) 

[347], [348], in environmental protection for monitoring pollutants [349]. Within the 

landscape of biosensors proposed in the scientific literature, field-effect transistor 

(FET) based biosensors have attracted a lot of attention [131]. Their label-free 

detection methodology, coupled with attributes such as high sensitivity, rapid response 

times, low energy consumption, scalability, affordability, and compatibility with 

complementary metal-oxide-semiconductor (CMOS) technology, positions them as 

exemplary candidates for further integration with signal processing tools like system-

on-chip (SoC) solutions [131], [350], [351]. 

Semiconducting nanowires (NWs) as one-dimensional nanostructures, offer a 

remarkable advantage in biosensor applications due to their exceptionally high 

surface-to-volume ratio [352]. This characteristic enhances sensitivity, making them 

ideal candidates for the rapid and precise detection of biological analytes [353]. In 

particular, nanowire-based Gate-All-Around FETs (GAAFETs) have emerged as a 

focal point of research in the past decade owing to their advanced gate control abilities 

over the channel. This heightened level of control leads to enhanced resistance against 
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short-channel effects (SCEs), more effective field confinement, and greater packing 

density [83], [217]. 

When exposed to physiological environment for an extended period of time, silicon 

(Si) nanowires FETs suffer with limited chemical stability [354]. In this regard, Silicon 

Carbide (SiC) catches attention as a material of preference. SiC is a material of choice 

for extremely sensitive devices due to its chemical inertness in various environmental 

conditions and its compatibility with biological systems [355], [356]. SiC has 

properties like high electron mobility, breakdown voltage, and thermal conductivity. 

It also has excellent physical stability. SiC is a wide-bandgap semiconductor material 

that comes in more than 200 polytypes, the most common of which are 3C, 4H, and 

6H [357]. 6H-SiC is a wide bandgap material with a band gap of 3.0 eV [358] while 

4H-SiC polytype has a slightly high bandgap of 3.2 eV and electron mobility (1000–

1140 cm2 V-1 s-1) as compared to 6H-SiC [359]. SiC offers a higher critical electric 

field and a larger energy band gap compared to silicon, which helps minimize leakage 

current and improve device performance [360], [361]. 

FET having SiC channel provides the implementation of high-frequency switching 

applications because of the robust electric field and broad energy bandgap offered by 

SiC in comparison to silicon. SiC channel FET also leads to decreased leakage currents 

and improved overall device performance [308], [359].  

Mousa et.al [362] fabricated a Silicon Carbide NW-FET with heightened sensitivity, 

remarkable stability, and minimal sample volume demands presenting a hopeful 

avenue for the development of biosensors suitable for challenging environmental 

conditions.  

6.1.1.1 Silicon Carbide (SiC) Semiconductor  

SiC is a wide-bandgap semiconductor material that comes in more than 200 polytypes, 

the most common of which are 3C, 4H, and 6H. 6H-SiC is a wide bandgap material 

with a band gap of 3.0 eV while 4H-SiC polytype has a slightly high bandgap of 3.2 

eV [358]. Wide bandgap (WBG) materials like SiC offer significant advantages over 

traditional silicon, making them excellent choices for advanced bioelectronic devices. 

Examples include field effect transistors (FETs) based on WBG materials [363], [364]. 

SiC has gained attention for its following multifunctional properties, including: 

1. Biocompatibility and Stability: One of the main concerns in materials 

research for biomedical applications is the search for materials that produce 

low or no adverse reaction when implanted in the body, and that can be 

implanted for the long term. In the field of semiconductors, silicon (Si) has 

always been the preferred substrate material for micro-devices due to its low 

cost and ready availability. However, it presents several drawbacks that limit 

its use in biomedical applications. Several researchers maintain that its 

cytotoxicity is cell-dependent, and Kubo et al. [365] demonstrated the 

formation of nodules on periodontal fibroblasts as a release from the Si-bearing 

bioglass. Moreover, the crystal orientation and bond strength of Si make it 

relatively brittle [4] and hence prone to breakage upon insertion into living 
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tissues, thus posing problems of retrieval and/or requiring complex packaging 

techniques. SiC, in contrast, offers superior biocompatibility and long-term 

stability in harsh environments, including body fluids [366].  

2. Superior Properties: SiC has excellent electrical, mechanical, and thermal 

properties which make it suitable as a biosensing substrate. It has high thermal 

conductivity on par with copper at room temperature [367], a high breakdown 

field (~2 MVcm−1 ; double than that of Si) [368], and chemical inertness, 

making it suitable for high-temperature and hostile environments. Its high 

Young’s modulus and low friction coefficient [369] make it ideal for smart 

implants and in-vivo biosensors [370]. SiC’s wide band-gap increases its 

sensing capabilities. For instance, 4H-SiC presents a bandgap of 3.23 eV thus 

greatly reducing the number of electron–hole pairs formed from the thermal 

activation across the band-gap, which allows high temperature operation of SiC 

sensors (indeed the intrinsic carrier concentration of SiC is ~1016–1018 cm−3 

while for Si is ~1010cm−3, more than 6 orders of magnitude lower than SiC 

[371].  

3. Surface Functionalization: SiC is promising for surface functionalization, 

which is crucial for covalent biomolecule immobilization. Unlike silicon 

dioxide (SiO2), which is unstable in electrolytic solutions and high noise levels 

in Si-based electrolyte SiO2 FETs have been documented because of trapping 

and de-trapping carriers at the SiO2-Si gate interface [372], SiC's surface can 

form high-quality monolayers, enhancing device performance [373]. 

6.1.1.2 JAM FET 

The concept of Junction Accumulation Mode (JAM) Field Effect Transistor (FET) has 

been previously discussed in earlier chapters. 

6.1.1.3 Oxide Stacking 

For SiC substrate material or channel in the FET structure, the dielectric layer of Al2O3 

is the most suitable as compared to SiO2. Al2O3 has a strong lattice match with Silicon 

Carbide, excellent thermal stability, and compatibility with 4H-SiC and 6H-SiC [374]. 

Additionally, SiC and Al2O3 have a significant conduction band offset [375], [376]. The 

thickness of the Al2O3 gate dielectric in the DM-TMGAA-SiCFET biosensor affects 

performance significantly. For decreased thickness of dielectric layers, the gate 

capacitance increases, which enhances the electrostatic control of the gate over the 

channel, hence increased sensitivity to biomolecule immobilization. Thinner dielectrics 

decrease the threshold voltage, enhancing responsiveness, but the drawback is a higher 

leakage current. Thicker dielectrics raise the threshold voltage and reduce leakage 

currents but compromise sensitivity. 

In the proposed biosensor device, thickness of Al2O3 is kept less for improved 

sensitivity. To supplement the thickness of the oxide layer, a high-K material, hafnium 

dioxide (HfO2), has been stacked on Al2O3 layer. This stacking also has the potential to 

boost the sensitivity of the biosensor, as indicated in reference [160]. The materials with 
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higher dielectric permittivity enable the attainment of a large physical thickness while 

maintaining a small Effective Oxide Thickness (EOT). High-k dielectrics improve gate 

control over the channel.  

6.1.1.4 Gate Material Engineering 

Performance of GAAFETs can be improved via Gate Work Function Engineering.  

Higher work function (WF) gate metal is utilized on the source side, whereas lower 

WF gate metal is used closest to the drain. Hot-carrier effects are significantly 

improved by this configuration because it increases transport effectiveness and 

decreases the electric field at the drain [228], [229]. The previous chapters have 

covered the topic of gate material engineering, which involves the usage of gate metals 

with varying work functions. This chapter presents a design proposal that utilizes gate 

material engineering with three distinct work function gates.  

6.1.2 Device Structure, Specification and Fabrication 

Fig. 6.1 (a) depicts the three-dimensional view of the structure of Gate-All-Around 

Junction Accumulation Mode (JAM) Silicon Carbide FET (DM-TMGAA-SiCFET) 

biosensor device. This SiCFET device has a cylindrical Gate (all around the channel) 

with Gate Metal Engineering (GME), which consists of the gates M1, M2, and M3, each 

of which has a unique work function. Table 1 includes the values for the gate work 

functions. The inherent capability of gate work function engineering allows for the 

reduction of various SCEs while enhancing threshold voltage and drain current 

properties [230]. To immobilize different biomolecules in the device, two-sided nano 

cavity has been formed by etching the Hafnium oxide (HfO2) dielectric layer. Fig. 6.1 

(b) illustrates the two-dimensional view of the DM-TMGAA-SiCFET biosensor. In this 

proposed Silicon Carbide FET design, the channel comprises 6H-SiC semiconductor, 

while the source of the device is constructed using a different polytype of Silicon 

Carbide, specifically 4H-SiC.  

A layer of aluminium oxide (Al2O3) of the dimension 1 nm has been deposited on the 

SiC channel of the proposed FET device. For SiC substrate material or channel in the 

FET structure, the dielectric layer of Al2O3 is the most suitable as compared to SiO2. 

Al2O3 has a strong lattice match with Silicon Carbide, excellent thermal stability, and 

compatibility with 4H-SiC and 6H-SiC [374]. Additionally, SiC and Al2O3 have a 

significant conduction band offset [375], [376].  

 
(a) 
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 Fig. 6.1 (a) 3-Dimensional View of DM-TMGAA-SiCFET biosensor (b) 2- Dimensional 

Structure of DM-TMGAA-SiCFET biosensor 

The thickness of the Al2O3 gate dielectric in the DM-TMGAA-SiCFET biosensor 

affects performance significantly. For decreased thickness of dielectric layers, the gate 

capacitance increases, which enhances the electrostatic control of the gate over the 

channel, hence increased sensitivity to biomolecule immobilization. Thinner dielectrics 

decrease the threshold voltage, enhancing responsiveness, but the drawback is a higher 

leakage current. Thicker dielectrics raise the threshold voltage and reduce leakage 

currents but compromise sensitivity. In the proposed biosensor device, thickness of 

Al2O3 is kept less for improved sensitivity. To supplement the thickness of the oxide 

layer, a high-K material, hafnium dioxide (HfO2), has been stacked on Al2O3 layer. This 

stacking also has the potential to boost the sensitivity of the biosensor, as indicated in 

reference [160]. 

The sensing mechanism of proposed biosensor for label-free biomolecule detection 

relies on the principle of dielectric modulation. In the structure of proposed biosensor, 

there are two nanocavities which works as sensing sites. When target biomolecules are 

immobilized into the functionalized sensing sites of the biosensor, they alter the local 

dielectric environment due to their distinct dielectric constants. This change in the 

dielectric properties affects the gate capacitance, which is a crucial factor in 

determining the channel conductivity of the FET. 

For charged biomolecules, the biomolecules adsorption induces a local electric field 

that can attract or repel charge carriers in the channel, leading to a measurable change 

in the drain current. The magnitude and polarity of this change depend on the charge of 

the biomolecules. For neutral biomolecules, the binding event still alters the dielectric 

properties at the gate interface, modifying the electrostatic environment and overall 

capacitance, thus causing detectable variations in the FET’s electrical characteristics.  

The DM-TMGAA-SiCFET operates in the Junction Accumulation Mode (JAM), which 

is characterized by the absence of junctions, but the channel's doping level is slightly 
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lower than that of the source and drain regions. In the proposed device, the channel is 

doped at 1×1018 cm−2, while the source and drain regions are doped at a higher level 

of 1×1019 cm−2. By having a lower doping level in the channel, the device achieves 

improved gate control and reduced off-state leakage current, which are critical factors 

in improving the overall performance of FETs and ensuring their efficient operation.  

To compare the SiC channel FET with a silicon (Si) channel FET, an analogous device 

has been designed with identical dimensions to those of the proposed DM-TMGAA-

SiCFET biosensor. The device specifications, including device dimensions, material 

type, and nanocavity dimensions, for both the DM-TMGAA-SiCFET biosensor and the 

SiFET biosensor, are detailed in Table 6.1.  

Table 6.1 Device Design Parameters 

Physical Device Parameter 
DM-TMGAA-SiCFET 

Biosensor 
Si FET Biosensor 

Channel Length, L (nm) 50 50 

Radius of silicon film (nm) 10 10 

Length of source and drain (nm) LS = LD =15 LS = LD = 15 

Gate Metal work-function (eV) 

M1: 4.4 

5.04 M2: 4.1 

M2: 4.0 

Oxide Thickness (nm) 

Al2O3: tox = 1.0 SiO2: tox = 1.0 

HfO2: tox1 = 6.0 + 1.0 
HfO2: tox1 = 6.0 + 

1.0 

Doping of Channel Region, ND 

(/cm3) 
1×1018 1×1018 

Doping of Source and Drain 

Region, ND
+(/cm3) 

1×1019 1×1019 

Thickness of Cavity, tcavity (nm) 6 6 

Length of Cavity, Lcavity (nm) 20 20 

dielectric constants of oxides 
Al2O3: 9.8 SiO2: 3.9 

HfO2: 22.0 HfO2: 22.0 

 

The goal of this work is to characterize the behaviour of a range of biomolecules in a 

biosensing environment by immobilizing them within the nanocavity. These 

biomolecules are distinguished by their dielectric constant values, which include 

Streptavidin (K=2.1) [134], Hydroprotein (K=5) [89], Keratin (K=8) [335], Gelatin 

(K=12) [96], and DNA (characterized by both dielectric constant value K=8 and charge 

density values (Nf = −1 × 1010/cm2, Nf = −1 × 1010/cm2, Nf = −1 × 1011/cm2, 

Nf = −5 × 1011/cm2, Nf = −1 × 1012/cm2) [96], [160].  
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In this work, two-sided cavities of dimension 20 nm × 6 nm each have been considered. 

There are many biomolecules with sizes typically less than 5 nm, such as folded protein 

(size ~ 2.5 nm) and streptavidin (size ~ 5 nm). The trapping of streptavidin inside a 

cavity has been practically proved by Kim et al. [377]. In the past, a lot of publications 

have even discussed cavities smaller than 10 nm [185], [231], [258], [378]–[381]. 

6.1.3 Device Calibration and Fabrication Feasibility 

The proposed device has been simulated using the Silvaco ATLAS-3D tool for 

comprehensive device analysis (ATLAS User’s Manual 2018). Fig. 6.2 (a) provides a 

graphical representation of the simulations for the proposed device calibrated with the 

experimental data [152], showcasing a high degree of agreement in the drain current 

versus gate voltage characteristics. This validation process serves as a means to confirm 

the accuracy of the simulations and models in use. The minority carrier’s recombination 

in semiconductor materials has been employed using the models AUGER and SRH. 

Additionally, mobility, contingent on carrier concentration, has been characterized 

using the FLDMOB and CONMOB models. The BGN model has been employed for 

carrier statistics. In order to aid in the construction of non-planner devices, the 

Lombardi model (CVT) has also been utilized (ATLAS User’s Manual 2018). The 

viability of fabricating the DM-TMGAA-SiCFET biosensor has been assessed by 

examining the proposed fabrication procedure outlined in flowchart of Fig. 6. 2 (b).  

To fabricate silicon carbide nanowire FET biosensors, highly doped n-type SiC 

nanowires are initially grown using the vapor–liquid–solid (VLS) method [382]. These 

nanowires are then dispersed onto a substrate and patterned using e-beam lithography 

to create micro-contacts. Metal is deposited to form these micro-contacts, which are 

lifted off to establish the source and drain connections, thereby completing the basic 

FET structure [383]. Subsequently, the steps for constructing a dielectrically modulated 

FET biosensor are followed. In particular, the fabrication of the DM-TMGAA-SiCFET 

biosensor starts with growing 6H-SiC nanowires [382] in a horizontal cold-wall RF-

induction heated MOCVD reactor at atmospheric pressure [383]. Next, an SOI wafer 

is prepared to form the SiCNW-FET over pre-patterned electrodes. Photomasking and 

doping define the 4H-SiC source and 6H-SiC drain regions, with reactive ion etching 

(RIE) finishing these regions. The 6H-SiC nanowire is aligned using the 

dielectrophoresis (DEP) method to form the FET channel [362]. An Al2O3 layer is 

grown via rapid thermal annealing (RTA), followed by HfO2 deposition using low-

pressure CVD. A metal gate is deposited around the 6H-SiC channel using atomic layer 

deposition (ALD) [162]. Selective anisotropic etching of the HfO2 layer in pure BCl3 

plasma creates sidewall nano-cavities, and contact leads are formed through thermal 

evaporation [384]. 

6.1.4 Results and discussion 

The immobilization of different biomolecules in FET-based biosensors alters the 

electric properties of the FET device, including the gate oxide capacitance, potential 

profile, electric field distribution, and electron concentration along the channel. 

Variations in these electrical characteristics are often used for the detection and 

identification of specific biomolecules. 
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Fig. 6.2 (a) Calibration of Simulation Setup with Experimental Data [152] (b) Proposed 

Fabrication Flowchart of DM-TMGAA-SiCFET Biosensor  

The immobilization of various neutral biomolecules as well as DNA biomolecules 

with varying negative charges into the nanocavity is shown in Fig. 6.3 as a shift in 

surface potential. As shown in Fig. 6.3 (a), the surface potential decreases from 

streptavidin to gelatin. When the nanogap is filled with air (K=1), the channel surface 

potential minimum (Ψs, min) is at its highest value because the source-channel barrier 

height is at its lowest compared to all other situations where K>1. When biomolecules 

with increasing dielectric constants, from streptavidin (K=2.1) to gelatin (K=12), are 
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immobilized, the channel surface potential minimum (Ψs, min) decreases. This occurs 

because the gate capacitance increases as the dielectric constant in the cavity region 

rises [106], enhancing the vertical electric field. Consequently, carriers are depleted in 

the channel, resulting in a lower potential across the channel [84], [385]. This indicates 

an enhanced coupling between the gate and the channel, leading to an increase in the 

gate voltage, which further depletes the channel and requires a higher threshold 

voltage. 

The change in surface potential for different biomolecules relative to the case of no 

biomolecule, is highest for region 1 in channel below the source side nano cavity. This 

is due to the fact that drain voltage monotonically decreases while moving toward 

source. As illustrated in Fig. 6.3 (b), among the analyzed charged DNA biomolecules, 

those with a charge density of Nf = −1 × 1012/𝑐𝑚2 exhibit the lowest surface 

potential. Thus, out of all DNA biomolecules immobilized in the nanocavity region, 

we obtain the highest variations in surface potential and, consequently, maximum 

sensitivity for Nf = −1 × 1012/cm2. This occurs due to the increase in flat band 

voltage caused by qNf /Ceff, leading to a reduction in potential. Consequently, it 

signifies greater depletion within the channel area, thereby amplifying gate control 

[89]. 

    

Fig. 6.3 Surface Potential Along the Channel of DM-TMGAA-SiCFET Biosensor for (a) Various 

Neutral Biomolecules (b) DNA Biomolecules at K=8 and Varying Charge 

Fig. 6.4 demonstrates the variation in electric field of the DM-TMGAA-SiCFET 

biosensor for neutral and charged biomolecules. Fig. 6.4 (a) shows the electric field 

along the channel length for biomolecules with various dielectric constant values, 

ranging from streptavidin to gelatin. The reduced work function gate close to the drain 

is the cause of the device's drain side's decreased electric field value. Additionally, it 

is noticeable that when the dielectric constant increases, the electric field at the source 

side rises. The highest value of source side electric field for gelatin biomolecules 

is 6.54 × 105 V/cm.  

Fig. 6.4 (b) displays an electric field plot comparing negatively charged DNA 

biomolecules to neutral biomolecules, both at a dielectric constant K of 8, as well as a 

case with no biomolecules. The graph clearly shows that the presence of DNA 
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biomolecules causes noticeable variations in the electric field. Near the source region, 

the electric field strength increases as the negative charge on the DNA biomolecules 

becomes more pronounced. But the electric field steadily drops in the channel as it 

moves towards drain, particularly when dealing with strongly negatively charged DNA 

biomolecules. Furthermore, Fig. 6.4 (b) reveals that the electric field is at its lowest at 

the channel-drain junction, and this reduction becomes even more pronounced as the 

negative charge of the DNA increases. As the electric field progresses along the 

channel towards the drain, it steadily drops because the gate work function decreases 

from source to drain. This decrease in work function results in a lower electric field. 

Additionally, the negatively charged DNA biomolecules create a screening effect that 

further reduces the electric field as it moves towards the drain. Consequently, the 

electric field is at its lowest at the channel-drain junction, particularly when dealing 

with strongly negatively charged DNA biomolecules. This behavior is attributed to the 

varying gate work function and the interaction with the negatively charged DNA 

biomolecules. 

   

Fig. 6.4 Electric Field of DM-TMGAA-SiCFET Biosensor for (a) Various Neutral Biomolecules 

(b) DNA Biomolecules at K=8 and Varying Charge 

In Fig. 6.5, we observe contour plots illustrating the electron concentration within the 

channel region of the proposed device when both VGS and VDS are set to 0.1V. Notably, 

the introduction of biomolecules induces significant alterations in these electron 

concentration contours, highlighting the impact of immobilizing biomolecules on 

device behaviour.When considering neutral gelatin biomolecules, we observe a 

discernible decrease in electron concentration compared to the scenario with no 

biomolecules as indicated by the electron concentration profile. This decrease is 

clearly delineated in the concentration profile of Fig. 6.5. Furthermore, the 

introduction of biomolecules possessing negative charges, alongside a dielectric 

constant (K) of 8, results in a further reduction in electron concentration within the 

nanocavity compared to the case with biomolecules having only dielectric constant 

K=8 and Nf=0. This decline in electron concentration has a consequential effect on the 

current values within the subthreshold region (referred to as OFF current). As the 

dielectric constant and negative charge concentration rises, there is a corresponding 

reduction in the concentration of electrons, leading to drop in the value of OFF current. 
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This behavior can be attributed to the influence of these factors on the device's 

electrical characteristics. 

The drain current characteristics for immobilizing different biomolecules, such as 

streptavidin, hydroprotein, keratin, and gelatin, are presented in Fig. 6.6 (a). With 

rising K values of different biomolecules, both the ON current and OFF current 

change. This shift in current is a crucial biosensor sensing parameter for identifying 

specific biomolecules. The graph in Fig. 6.6 (a) shows the drain current with respect 

to gate to source voltage (VGS) in logarithmic scale showing clearly the subthreshold 

(leakage) current for 𝑉𝐺𝑆 ≤ 𝑉𝑡ℎ. The leakage current decreases from streptavidin to 

gelatin in the subthreshold region. The higher dielectric constant of gelatin compared 

to streptavidin and other biomolecules leads to better gate control, and due to the higher 

dielectric constant, the threshold voltage shifts upwards, making it harder for the 

channel to turn on, hence reducing the subthreshold leakage current as observed in 

graph 6.6 (a). 

     

 

Fig. 6.5 Variation in Electron Concentration in the Silicon Carbide Channel of DM-TMGAA-

SiCFET Biosensor 

Fig. 6.6 (b) depicts the transconductance (gm) of the proposed device when different 

neutral biomolecules are introduced into the nanocavity region. Transconductance (gm) 

is the first-order derivative of drain current with respect to gate voltage (VGS). The 

change in transconductance (gm) experiences a progressive increase when considering 

various biomolecules, starting from streptavidin to gelatin as illustrated in Fig. 6.6 (b). 

The gelatin biomolecule exhibits a highest peak value for transconductance (gm), 

reaching 4.15 × 10−5A/V at a Gate to Source voltage (VGS) of 1.0 V. This finding 

highlights the device's ability to convert small input voltage changes into 

corresponding current variations is maximized with increasing dielectric constant 

value of the biomolecules.  

(a) No Biomolecules (b) gelatin 

(c) K=8, Nf=0 (d) K=8, 

𝐍𝐟 = −𝟏 × 𝟏𝟎𝟏𝟐 
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Fig. 6.6 (a) ID-VGS Characteristics with Different Biomolecules of DM-TMGAA-SiCFET 

Biosensor (b) Transconductance for Different Biomolecules 

Fig. 6.7 (a) shows the drain current characteristics in logarithmic scale indicating the 

variation in drain OFF current for charged DNA biomolecules. The value of OFF 

current decreases for negatively charged biomolecules [96]. There is a noticeable drop 

in the OFF current in the DM-TMGAA-SiCFET. For instance, the OFF current for 

K=8 and (Nf = −1 × 1012/cm2) is 1.20×10-18 A as compare to No biomolecule case 

(K = 1) is 6.82×10-12 A. As the biomolecules with increased negative charges are 

introduced, the gate's influence becomes more pronounced, leading to a greater degree 

of carrier depletion and consequently lower OFF current levels.   

 

Fig. 6.7 (a) ID-VGS Characteristics of DM-TMGAA-SiCFET Biosensor for Charged DNA 

Biomolecules (b) ID-VDS Characteristics of DM-TMGAA-SiCFET Biosensor for Charged DNA 

Biomolecules 

The drain current vs drain to source voltage (VDS) is depicted in Fig. 6.7 (b), which 

also shows that the drain ON current, IDS(ON), varies with the change in the DNA 

biomolecules' negative charge. The drain ON current exhibits a decreasing trend as the 

negative charge of DNA increases while keeping the dielectric constant fixed at K=8. 

This is related to the fact that when negative biomolecules are immobilized, the drain 

current reduces due to a downward shift in the surface potential [89]. This noticeable 

downward shift in surface potential profile can also be observed in Fig. 6.3 (b).  
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In Fig. 6.8 (a), we observe the impact of immobilizing neutral biomolecules on the 

output conductance (gd) of the DM-TMGAA-SiCFET biosensor. The evaluation of gd 

is carried out under a constant gate to source voltage (VGS) of 1.0 V, and it is 

determined by calculating the drain current's derivative relative to the drain voltage 

(VDS). The output conductance follows a specific trend: it initially increases up to 

VDS=0.2 V and then starts to decrease as biomolecules with higher dielectric constants 

are introduced into the nanocavity, in comparison to the scenario where no 

biomolecule is present. Initially, up to VDS = 0.2 V, the presence of neutral 

biomolecules enhances local electric field screening, improving the gate's ability to 

modulate the channel and increasing conductivity. This results in a higher drain current 

(IDS) for a given VGS, leading to increased output conductance. However, beyond VDS 

= 0.2 V, the biomolecules do not significantly alter the electric field, and potential 

barriers within the channel due to biomolecules increase scattering or recombination 

effects, reducing carrier mobility. This reduction in mobility decreases the drain 

current for higher VDS, causing a decline in output conductance [386].  

In Fig. 6.8 (b), we observe changes in the output conductance concerning varying 

negative charges on DNA biomolecules. Notably, for all gate-to-source voltage values, 

when negatively charged biomolecules are present, the output conductance is lower 

compared to the scenario where the nanocavity is empty (no biomolecules). This is 

primarily due to the interaction between the negative charges of the biomolecules and 

the electrons in the channel. The negative charges repel the electrons, reducing the 

electron density in the channel and thereby decreasing its conductivity. Additionally, 

the negatively charged biomolecules create potential barriers within the channel, 

which impede the flow of electrons and increase scattering, further reducing carrier 

mobility. The presence of these charges can also shift the threshold voltage of the FET, 

requiring a higher gate to source voltage (VGS) to achieve the same level of 

conductivity. This shift effectively lowers the current for a given VDS, resulting in 

lower output conductance [386]. Furthermore, we notice that the increase in negative 

charge value corresponds to a gradual rise in the output conductance drift. 

   

Fig. 6.8 (a) Variation in Output Conductance for Different Neutral Biomolecules (b) Variation 

in Output Conductance for Charged DNA Biomolecules 
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The most crucial factor in sensor design is sensitivity. The typical approach for 

determining the sensitivity of a FET biosensor involves assessing the proportional 

alteration in a measurable electrical parameter that reflects the existence of 

biomolecules. This electrical parameter can encompass various factors such as Vth, ION 

current, and subthreshold slope. In mathematical terms, sensitivity (S) can be formally 

defined as: 

𝑆𝑀 =  |𝑀𝑁𝑜 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 − 𝑀𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠|                                                               (6.1) 

Where, 𝑀𝑁𝑜 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 is the electrical parameter value before exposure to the 

biomolecules and 𝑀𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 is biosensor's electrical parameter value after 

immobilization of the biomolecules. 

To assess a FET-based biosensor's performance, several device parameters other than 

sensitivity are also crucial [387]. Sensitivity indicates how the sensor's output changes 

with analyte variations, influenced by pH, dielectric constant, and biomolecule charge 

density. Selectivity measures the sensor's ability to differentiate target biomolecules 

from other substances, essential for specific detections like cancer markers. The 

detection limit is the smallest analyte concentration the sensor can reliably detect, 

expressed in units such as concentration, pH, or dielectric constant. Accumulation 

position refers to where analytes accumulate within the sensor, impacting 

measurement accuracy and effectiveness [387].  

Fig. 6.9 (a) depicts the drain current sensitivity of the DM-TMGAA-SiCFET for neutral 

biomolecules. According to the results obtained from equation (1), it's evident in Fig. 

6.9 (a) that the introduction of biomolecules, ranging from streptavidin to gelatin, 

consistently enhances drain current sensitivity across all gate voltage values. This trend 

highlights that biomolecule possessing a higher dielectric constant exhibit greater 

sensitivity. At VDS=1.0 V, Fig. 6.9 (b) depicts the drain current sensitivity (SID) with 

respect to gate to source voltage (VGS) for DNA biomolecules with different charge 

concentrations. The drain current diminishes as the dielectric constant of the 

biomolecule rises because of the augmented effective gate oxide capacitance. 

Negatively charged biomolecules possess a greater binding capacity compared to 

neutral biomolecules. Consequently, the presence of negatively charged biomolecules 

imposes more control over the flow of charge carriers across the channel, resulting in 

a further reduction in the drain current. However, it's important to note that as the 

negative charge on DNA biomolecules increases, the relative change in the drain 

current continues to rise. At VGS =VDS=1.0 V, DNA biomolecules with  Nf =
−1 × 1012exhibit the maximum sensitivity of drain current of 9.06 µA.  

The use of three distinct metal work functions in a DM-GAA-SiCFET biosensor 

enhances its performance by creating pronounced electric field variations, which 

significantly increase sensitivity to biomolecules. Triple metal gate structure allows 

fine-tuning of the threshold voltage for precise biosensing and improves selectivity 

due to varied chemical interactions with target analytes, enhancing accuracy and 

reliability. The triple-gate architecture, superior to single or double-gate designs, 

leverages impact ionization to reduce short-channel effects and increase electron 

velocity, thus boosting biosensing capabilities [160]. The larger work function 
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differences between gates improve transport efficiency and potential profiles, enabling 

controlled charge carrier flow and significant changes in sensing parameters in the 

presence of biomolecules [141]. 

    

Fig. 6.9 (a) Drain Current Sensitivity for Different Biomolecules (b) Drain Current Sensitivity 

for DNA Biomolecules with increased Negative Charge 

In FET based biosensors, the change in the threshold voltage holds significance as it 

aids in evaluating the sensitivity of the device. Rising biomolecule permittivity related 

to different neutral and rising negative charge on DNA biomolecules at K=8 increases 

the threshold voltage as shown in Fig. 6.10 (a) and 10 (b). This is because greater gate 

voltage is needed to completely deplete the channel when the channel surface potential 

drops from no biomolecule to neutral and negatively charged DNA biomolecules, as 

seen in Fig. 6.3, which raises the threshold voltage. The Fig. 6.10 also depicts the 

increases in threshold voltage sensitivity for increasing K and Nf. The gate oxide 

capacitance increases with the increasing dielectric constant of biomolecules [25], 

which is the primary reason for a significant increase in the relative change in threshold 

voltage and hence the sensitivity. For gelatin biomolecules the Vth sensitivity is 202.34 

mV. As shown in Fig. 6.10 (b), the Vth sensitivity for DNA biomolecule with Nf =
−1 × 1012 is 254.46 mV. 
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Fig. 6.10 Threshold Voltage and Threshold Voltage Sensitivity for Various (a) Neutral 

Biomolecules (b) DNA Charged Biomolecules (c) Threshold Voltage Sensitivity with Varying 

Cavity Thickness 

The ION/IOFF ratio sensitivity for various biomolecules streptavidin, hydroprotein, 

keratin, and gelatin is shown in Fig. 6.11. The inset in Fig. 6.11 depicts the ratio of ION 

to IOFF for different types of biomolecules. The ION/IOFF ratio is expressed 

mathematically as: 

ION

IOFF
=  

IDS(ON)at VGS=1.0V

IDS(OFF)at VGS=0.0V

                                                                                                 (6.2) 

As the biomolecule's dielectric constant rises, the gate oxide capacitance becomes 

stronger, giving the gate greater control over charge carriers and reducing the ON-

current. Even before reaching the threshold voltage (Vth), there is some current known 

as subthreshold current. The increased oxide capacitance weakly inverts the channel 

early, reducing the drain OFF-current [181]. This enhances the ION/IOFF ratio with 

increased K of the biomolecules due to the dominance of reduction in OFF-current, 

which drives an increase in the ION/IOFF ratio. It is rather important to point out that the 

ION/IOFF ratio can also be utilized as a metric to examine the sensitivity of the biosensor 

due to higher shifts in its value for small changes in the dielectric constant. For 

instance, the ION/IOFF ratio sensitivity for gelatin is 1.30×104 while for same 

biomolecule the ION sensitivity is 1.29. Here, the ION/IOFF ratio sensitivity has been 

calculated with the equation below [358]: 

ION IOFF⁄ sensitivity, SION IOFF⁄ =
ION IOFF(with biomolecules)⁄

ION IOFF(No biomolecules)⁄
                                  (6.3) 
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Fig. 6.11 ION/IOFF Ratio and ION/IOFF Sensitivity of DM-TMGAA-SiCFET Biosensor 

The Subthreshold slope (SS), which measures a FET's responsiveness to gate voltage 

changes, plays a crucial role in determining device reliability. FETs typically exhibit 

a minimum SS value of approximately 60 mV/decade at room temperature [96]. As 

observed in Fig. 6.12, the subthreshold slope diminishes when biomolecules with a 

higher dielectric constant are immobilized, primarily due to the escalation in gate oxide 

capacitance. The secondary axis in Fig. 6.12 represents the SS sensitivity based on 

equation (1). Among all the biomolecules studied, gelatin exhibits the highest SS 

sensitivity at 9.0 mV/decade. 

 
Fig. 6.12 Subthreshold Slope (SS) and SS Sensitivity of DM-TMGAA-SiCFET Biosensor for 

Various Biomolecules 

Gelatin, with the highest dielectric constant (K = 12) among biomolecules like 

streptavidin, hydroprotein, and keratin, significantly impacts the effective gate oxide 

capacitance and gate control over the channel. And hence all the considered electrical 

parameters variation according to equation (1) with respect to no biomolecules where 

K=1, is more for gelatin as compare to other biomolecules. In the conduction mode 

(VGS > Vth), this high dielectric constant increases the sensitivity of the biosensor to 
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gelatin by causing larger shifts in the drain current (ION). In the subthreshold region 

(VGS ≤ Vth), gelatin’s high dielectric constant improves gate control, resulting in a 

greater upward shift in the threshold voltage (Vth) and reduced subthreshold leakage 

current. These effects collectively enhance the sensor's sensitivity to gelatin, 

improving parameters such as Vth, subthreshold slope (SS), and the ION/IOFF ratio.  

To prove the importance of having different polytype of the silicon carbide as the 

source of the FET biosenor, different senstivties have been calculated. The sensitivity 

contrast between the proposed device using 6H-SiC as the source material and using 

4H-SiC as the source material is illustrated in Table 6.2.  It is clear that using 4H-SiC 

channel there is 3.13% and 1.52% increase in Vth sensitivity, 57.55% and 58.84% 

increase in ION current sensitivity and 5.76 times and 196.1 times increase in ION/IOFF 

ratio sensitivity for hydroprotein and gelatin biomolecules respectively. For charged 

DNA biomolecules (K=8,  Nf = −1 × 1012) the increase in SVth
, SION

 and SION IOFF⁄  is 

3.1%, 12.06% and 39.02 times respectively. A 4H-SiC source outperforms a 6H-SiC 

source by offering higher electron mobility [359]. This enhancement in electron 

mobility plays a pivotal role in enhancing the subthreshold propertiess of DM-

TMGAA-SiCFET biosensor. Consequently, a biosensor based on a 4H-SiC source will 

exhibit a more substantial change in current for the identical gate voltage range when 

compared to a biosensor based on 6H-SiC. This implies that the proposed biosensor 

with a 4H-SiC source will also demonstrate more significant variations in various 

sensing metrics, including threshold voltage, ION/IOFF ratio, and drain ION current 

sensitivity. 

Various sensitivities of proposed DM-TMGAA-SiCFET biosensor (SION, SION/IOFF, and 

SVth) have been compared to those of SiliconFET biosensors in order to examine the 

devices' sensing capacity. The device dimensions of the SiliconFET biosensor are the 

same as those of the DM-TMGAA-SiCFET biosensor.  

Table 6.2 Sensitivity Comparison of DM-TMGAA-SiCFET Biosensor with Different Source 

Materials 

Biomolecules 

Source Material: 4H-SiC 
 

Source Material: 6H-SiC 

Vth 

Sensitivity 

ION 

Sensitivity 

(µA) 

ION/IOFF 

sensitivity 

Vth 

Sensitivity 

ION 

Sensitivity 

(µA) 

ION/IOFF 

sensitivity 

Hydroprotein 198.421 1.50603 4.00E+03 192.382 0.95589 6.94E+02 

Gelatin 264.866 2.478 1.30E+04 260.922 1.56 6.63E+02 

DNA 

Biomolecules  

K=8, Nf = -

1E11 

243.603 3.042 5.31E+03 235.006 2.5 2.82E+02 

DNA 

Biomolecules 

K=8, Nf = -

1E12 

434.673 9.077 9.60E+05 421.575 8.1 2.46E+04 
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Similar device dimensions apply to the SiliconFET biosensor and the DM-TMGAA-

SiCFET biosensor. In addition, it has JAM gates all around, and above the silicon 

channel region, a dielectric stack made of SiO2 and HfO2 has been employed. The 

threshold voltage for both devices has been set to be the same when there are no 

biomolecules in order to fairly compare the various sensitivity parameters.  

The proposed DM-TMGAA-SiCFET and the SiliconFET biosensor's ION current 

sensitivities are shown in Fig. 6.13. The current sensitivity, SION  of DM-TMGAA-

SiCFET is substantially higher than that of the SiliconFET. The DM-TMGAA-

SiCFET benefits from the intrinsic property of silicon carbide, characterized by a wider 

bandgap. This characteristic allows the device to generate a higher drive current. This 

elevated drive current plays a crucial role in enhancing the sensor's responsiveness to 

changes in the dielectric constants of various biomolecules, consequently boosting its 

ION current sensitivity. Furthermore, the DM-TMGAA-SiCFET leverages gate metal 

work function engineering and incorporates Al2O3+HfO2 stacking in its design. These 

engineering techniques contribute further to increased drain current sensitivity.  

As illustrated in Fig. 6.14, the DM-TMGAA-SiCFET biosensor demonstrates a higher 

sensitivity in terms of the ION/IOFF ratio compared to the SiliconFET biosensor. This 

enhanced sensitivity is attributed to several key factors, including the silicon carbide 

channel in the device, the use of a distinct material source with superior mobility, gate 

work function engineering, and the incorporation of a double-sided open cavity. For 

gelatin biomolecules, the ION/IOFF ratio sensitivity of the DM-TMGAA-SiCFET 

Biosensor stands impressively at 1.3×104, surpassing the SiliconFET biosensor, which 

records a notably lower sensitivity of 2.6×103. 

 

Fig. 6.13 ION Current Sensitivity Comparison of DM-TMGAA-SiCFET and SiliconFET 

Biosensor 
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Fig. 6.14 ION/IOFF ratio Sensitivity Comparison of DM-TMGAA-SiCFET and SiliconFET 

Biosensor 

The comparison of the threshold voltage sensitivity for SiliconFET and DM-TMGAA-

SiCFET biosensors is shown in Fig. 6.15. The presence of biomolecules within the 

biosensor's nanocavity poses a challenge for the formation of a conducting layer at the 

channel surface. Consequently, in order to initiate current conduction, a greater gate 

voltage is needed. This increase in the device's threshold voltage becomes evident as 

various biomolecules are introduced into the cavity region, as depicted in Fig. 6.10. The 

sensitivity of the threshold voltage (SVth) is directly related to the extent of variation in 

threshold voltage values across different biomolecules, as indicated by equation (6.1). 

The DM-TMGAA-SiCFET biosensor consistently exhibits a greater SVth in comparison 

to SVth of SiliconFET, whether dealing with neutral or charged DNA biomolecules. This 

heightened SVth is attributed to the presence of a 6H-SiC material channel, the 

incorporation of a GAA gate structure, and the implementation of gate work function 

engineering, as depicted in Fig. 6.15.  

   

Fig. 6.15 Threshold Voltage Sensitivity (SVth) Comparison of DM-TMGAA-SiCFET and 

SiliconFET Biosensor for (a) Various Neutral Biomolecules (b) Various Negative Charge on 

DNA Biomolecules 
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A comprehensive sensitivity analysis was conducted to evaluate the performance of the 

DM-TMGAA-SiCFET biosensor in comparison to other FET biosensors with similar 

structural characteristics. Table 6.3 provides a comparison of threshold voltage 

sensitivity (SVth) for various neutral biomolecules, characterized solely by their 

dielectric constants. In Fig. 6.16, it is evident that the proposed biosensor exhibits 

notably higher SVth when compared to several recent biosensors, including the GaN-

GME-DE-SNW-FET [258], GC‑GAA‑NWFET [259], DG-6H-SiC SB-FET [358], and 

DM DPDG-TFET [261] biosensors, across two different values of charged 

biomolecules. This comparative analysis unequivocally highlights the superior sensing 

capabilities of the proposed DM-TMGAA-SiCFET biosensor. 

Table 6.3 Comparison of the DM-TMGAA-SiCFET's Threshold Voltage Sensitivity (SVth) for 

Several Biomolecules 

 

 

Fig. 6.16 SVth Comparison of DM-TMGAA-SiCFET Biosensor with Recent Published FET 

Biosensors for Different Charge of the Biomolecules 

6.1.5 Summary 

In this work, we have introduced an innovative Gate-All-Around Field Effect Transistor 

(FET) made from silicon carbide, specifically designed for efficient label-free detection 

of biomolecules. The choice of silicon carbide as the channel material offers distinct 
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advantages for biosensor design, primarily attributed to its wide band gap. The 

manuscript demonstrates that the utilization of two distinct silicon carbide polytypes, 

specifically 4H-SiC as the source material and 6H-SiC as the channel material, 

significantly impacts the sensing performance of the proposed biosensor. This influence 

is particularly evident in terms of threshold voltage sensitivity, ION current sensitivity, 

and ION/IOFF sensitivity. Additionally, enhanced control of the channel through the gate 

and improved device performance are achieved through gate triple metal work function 

engineering and oxide engineering, which involves the stacking of Al2O3 and HfO2 

layers. Various parameters including surface potential, threshold voltage, electric field, 

drain current, transconductance, output conductance, and subthreshold slope, have all 

been used to evaluate the sensitivity of the DM-TMGAA-SiCFET biosensor. To 

underscore the significance of proposed structure in silicon carbide FET, we conducted 

a comparative sensitivity analysis between the DM-TMGAA-SiCFET biosensor and 

the SiliconFET biosensor.  The DM-TMGAA-SiCFET stands out for its attributes of 

high sensitivity, robust performance in challenging environmental conditions, and 

compatibility with biological systems, positioning it as a highly promising candidate 

for biosensing applications. 

6.2 Gallium-arsenide Gate-All-Around engineered Field Effect 

Transistor (GaAs-GAAE-FET)   

 6.2.1 Background and Overview 

Cancer is a serious global health concern, considering its widespread impact on human 

health and well-being. One of the main features of cancer is that abnormal cells 

multiply more quickly than usual, piercing adjacent tissues in the process. 

Uncontrolled growth can result in metastasis, which is the spread of malignant cells to 

other organs and ultimately the main cause of cancer-related deaths. In 2020, cancer 

emerged as a predominant cause of global mortality, claiming nearly 10 million lives 

[388]. With 2.26 million fresh cases recorded in 2020, breast cancer topped the list of 

the most common cancer kinds; closely followed by lung cancer with 2.21 million 

cases [389]. The development of malignant tumors within the female breast leads to 

breast cancer. The lifetime risk of experiencing breast cancer stands at 12%, while 

early detection contributes to an overall survival rate of over 70% among documented 

cases [390].  

Current diagnostic methods for cancer, including clinical exams, mammography, 

ultrasonography, and biopsies, sometimes require advanced tools like MRI and PET 

scans [391]. Extensive use of these diagnostic methods for early cancer diagnosis is, 

however, constrained by their dependence on complex machinery and professional 

interpretation. The identification of novel molecular markers, genetic patterns, and 

aberrant molecular alterations, such as miRNA and protein expression, for early breast 

cancer diagnosis is becoming increasingly crucial in an effort to address this [392]. In 

order to identify particular cancer biomarkers at clinically meaningful levels, it is 

imperative that novel biosensing technologies be developed.  
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The identification and management of diseases like cancer depend heavily on 

biomarkers. Cells present in breast cancer can be classified as T-47D, MDA-MB-231, 

HS578t, and MCF-7, on the other hand, MCF-10A is a known benign cell line. MDA-

MB-231 and HS578t are the most invasive breast cancer cells. Early diagnosis of these 

invasive cells is crucial due to their potential harm and rapid dissemination [393].  

Field-effect transistor (FET) biosensor applications have increased substantially in the 

last several years. These biosensors are becoming more and more popular because of 

their rapid and label-free biomolecule identification capabilities, low power 

consumption, affordability, and possibility for on-chip integration [135]. Researchers 

have examined strategies to improve the sensitivity of biomolecule detection in 

biosensors by utilizing a range of nanomaterials, including silicon, gallium nitride, and 

gallium arsenide, as well as other nanostructures, such as nanowires and nanotubes. 

Over the past ten years, nanowire-based Gate-All-Around FETs (GAAFETs) have 

been increasingly popular due to their improved gate control capabilities [159]. 

GAAFETs are the major focus for research because of this increased gate control, 

which also improves packing density, minimizes short-channel effects, and maximizes 

field confinement.  

GaAs is recognized for having better electrical characteristics than silicon because it 

has a larger energy band gap and higher electron mobility. Field effect transistors can 

be made with semiconductors made of gallium arsenide (GaAs) [121]. The lack of 

reliable insulators like SiO2 is one of the issues facing GaAs-based devices. Advances 

in MBE and ALD have made it feasible to use aluminum oxide (Al2O3) as a preferred 

gate dielectric. Its superb GaAs interface and non-crystalline structure make it an 

excellent choice. Further, to enhance the performance of GAAFETs, Gate metal 

Engineering and the dielectric layer stack [321] can be opted. Additionally, the gate-

stack (GS) design resolves mobility degradation, Vth instability, and leakage current, 

which are frequently encountered issues when applying high-k dielectrics directly 

[153] [394].  

6.2.2 Device structure  

The gallium-arsenide Gate-All-Around engineered FET (GaAs-GAAE-FET) biosensor 

device's three-dimensional structure is depicted in Fig. 6.17 (a). This device 

incorporates gate oxide stack engineering (GOSE) and gate metal engineering (GME) 

with a cylindrical gate encircling the channel.  Using three gate metals with different 

work functions, (5.0 for Gate M1, 4.7 for Gate M2, and 4.5 for Gate M3) the GME have 

been implemented. Device operates in Junction Accumulation Mode. The two-

dimensional perspective of the GaAs-GAAE-FET is shown in Fig. 6.17 (b). It also 

showcases the visual depiction of the process involving biomarker extraction and the 

immobilization of biomarkers within the nanocavity of the proposed FET biosensor. 

Gallium arsenide (GaAs) serves as the semiconductor material for the channel of FET. 

It is classified as III-V semiconductor, known for its direct band gap characteristic.  

GaAs-based devices face a challenge due to the lack of stable insulators like SiO2. 

Advances in MBE and ALD have enabled the use of aluminium oxide (Al2O3) as a 

preferred gate dielectric. Its noncrystalline nature, excellent interface with GaAs, a 9eV 
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energy band gap, and high thermal stability make it a top choice. Consequently, a 1 nm 

layer of Al2O3 has been deposited on the GaAs channel in the proposed FET device. To 

leverage the benefits of oxide stacking, a 7 nm layer of HfO2 has been added on top of 

the Al2O3 layer. A dual-sided cavity measuring 6 nm in thickness and 20 nm in length 

has been etched into the HfO2 oxide layer to facilitate the immobilization of cancer 

biomarkers.  

The specifics of the GaAs-GAAE-FET biosensor, encompassing device dimensions, 

material type, and nanocavity dimensions, are outlined in Table 6.4. The Silvaco 

ATLAS-3D tool has been used to simulate the proposed device for a thorough analysis. 

Furthermore, an extensive list of the models used to simulate the biosensor device is 

given in Table 6.4. 

Table 6.4 Biosensor Specifications and Parameters 

 

 

Si-GAA-FETGaAs-GAAE-FET hysical Device  arameter

20 nm20 nmChannel thic ness (tch) 

50 nm50 nmChannel length (L) 

15 nm15 nm
Source and drain lengths 

(LS   LD)

5.0M1: 5.0, M2: 4.7, M3:4.5
Gate Metal wor -function 

(e )

SiO2: tox = 1.0Al2O3: tox = 1.0

O ide thic ness (nm)
HfO2: tox1 = 6.0 + 1.0HfO2: tox1 = 6.0 + 1.0

1019 cm-31019 cm-3Source/drain doping (ND
 )

1018 cm-31018 cm-3channel doping (ND)

6 nm6 nmThic ness of Cavity (tC) 

20 nm20 nmLength of cavity (LC) 

CONMOB: Concentration dependent mobility model.

 hysical models [21]

FLDMOB: To model velocity saturation

BOLT MANN : To model the carrier statistics.
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Fig. 6.17 (a) GaAs-GAAE-FET Biosensor: A 3-Dimensional View (b) GaAs-GAAE-FET 

Biosensor: A 2-Dimensional View 

6.2.3 Results and Discussion 

In this work, detection of breast cancer using the GaAs-GAAE-FET biosensor was 

investigated, focusing on two specific biomarkers: MCF-10A and MDA-MB-231. 

Dielectric constant (K) of MCF-10A is 4.33. It serves as a healthy cell. Conversely, 

MDA-MB-231, possessing a K of 24.50, signifies highly invasive cancer cells [395].  

6.2.3.1 Analysis of Electrostatic Characteristics of GaAs-GAAE-FET 

Surface potential along the channel is shown in Fig. 6. 18 when air (no biomolecules), 

MCF-10A and MDA-MB-231 cancer biomarkers are present in the nanocavity. The 

decline in surface potential observed from no biomolecules case to the existence of 

breast cancer cell biomarkers. This change correlates with the shift in the dielectric 

constants associated with both cancer biomarkers which alters the effective gate oxide 

capacitance. This decrease in channel-surface potential signifies an elevated VGS to 

completely drain the channel, causing the value of threshold voltage to rise. 

(a) 

(b) 
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Fig. 6.18 Surface Potential Variation of GaAs-GAAE-FET Biosensor 

In Fig. 6. 19, the plot illustrates the drain current (IDS) against the VGS. A discernible 

trend emerges where the IDS progressively decreases from the case where biomolecules 

are absent to the existence of MCF-10A and subsequently to MDA-MB-231 

biomarkers. MDA-MB-231 is notable for having the lowest drain current of all the 

biomolecules examined. Additionally, it's observable that the subthreshold current, 

represented by the drain current at VGS = 0V (indicated on the secondary axis), 

decreases for all breast cancer biomarkers compared to the Isub value in nonexistence of 

immobilized biomarkers within the cavity. 

 

Fig. 6.19 IDS-VGS Characteristics of GaAs-GAAE-FET with Different Biomarkers 

The contour plots in Fig. 6.20 show the concentration of electrons in the channel area. 

Specifically, referring to electron concentration profile in Fig. 6.20 (d), it is notable that 

in case of air or no biomolecules in the nanocavities, the electron concentration profile 

in middle of channel is green signifying maximum concentration and as the 

biomolecules accumulate within the cavity, there's a subsequent reduction in the 

device's electron concentration.   The minimum electron concentration is for MDA-

MB-231 as depicted in Fig. 6. 20 (c) which displays blue colored profile in channel 

region because of the highest dielectric constant of the aforementioned biomarkers. 
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Fig. 6.20 Electron Concentration along the Channel of GaAs-GAAE-FET (a) No Biomolecule (b) 

MCF-10A (c) MDA-MB-231 (d) Electron Concentration Profile 

6.2.3.2 Sensitivity Analysis of Proposed Biosensor 

The measurement of a biosensor's sensitivity typically involves assessing the 

proportional alteration in a sensing parameter. This parameter could encompass 

different electrical metrics like threshold voltage, current, or any quantifiable attribute 

indicative of biomolecule presence or absence. In mathematical terms, sensitivity (SP) 

is calculated as the absolute difference between the parameter's value in the absence of 

biomolecules (PNo Biomolecule) and when biomolecules are immobilized inside the cavity 

(PWith biomolecules), expressed as: 

𝑆𝑃 =  |𝑃𝑁𝑜 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 − 𝑃𝑤𝑖𝑡ℎ 𝐵𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠|                                                           (6.4)                    

For field effect transistors, drain current is a crucial characteristic. At VGS = 1.0 V, the 

drain current value is known as the drain ON current. According to equation (6.4), the 

drain ON current sensitivity SID, in milliampere is calculated as: 

 𝑆𝐼𝐷
= 𝐼𝐷[𝑊𝑖𝑡ℎ 𝑏𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠] − 𝐼𝐷[𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝑏𝑖𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠]                                           (6.5) 

Fig. 6.21 clearly demonstrates that at VDS=1.0 V, MDA-MB-231 exhibits a higher SID 

(883 nA) in comparison to the SID for MCF-10A (332 nA). This difference arises due 

to the significantly higher dielectric constant of MDA-MB-231, consequently leading 

to a more substantial variation in gate oxide capacitance associated with the device.  

 

Fig. 6.21 Drain Current Sensitivity (SID) of GaAs-GAAE-FET with Variation to the Drain 

Voltage (VDS) 

0.0

100.0

200.0

300.0

 00.0

500.0

600.0

700.0

800.0

900.0

1,000.0

0.0 0.1 0.2 0.3 0. 0.5 0.6 0.7 0.8 0.9 1.0

D
ra
in
 C
ur
re
nt
 S
en
si
ti
vi
ty
, S

ID
(n
A
)

Drain  oltage,  DS ( )

MCF-10A

MDA-MB-231

ND
   1 1019

ND   1 1018

ND
   1 1019

(a) (b) (c) 
(d) 



166 

 

 

 

The transconductance (gm) represents the rate of change of IDS in respect to VGS. The 

trend of the gm curve in Fig. 6.22 is comparable to that of the drain current in Fig. 6.19, 

indicating higher gm values corresponding to increasing dielectric constants of cancer 

biomarkers. Consequently, as in Fig. 6.22, the most significant transconductance 

sensitivity is identified in MDA-MB-231.  

 

Fig. 6.22 Transconductance (gm) and Transconductance Sensitivity for Various Biomarkers 

Fig. 6.23 displays the influence of different biomolecules, namely MCF-10A and 

MDA-MB-231, upon the threshold voltage sensitivity (SVth)for both the GaAs-GAAE-

FET and the silicon-Gate-All-Around FET (Si-GAA-FET). The Si-GAA-FET mirrors 

the dimensions and specifications of the proposed GaAs-GAAE-FET, except for 

utilizing a silicon channel instead of gallium arsenide in the proposed device. From Fig. 

6.23, it can be observed that the GaAs-GAAE-FET exhibits higher threshold voltage 

sensitivity compared to that of the Si-GAA-FET for all biomolecules. This advantage 

is attributed to the utilization of GaAs in channel, source, and drain region in the GaAs-

GAAE-FET device. 

 

Fig. 6.23 Threshold Voltage Sensitivity Comparison of GaAs-GAAE-FET and Si-GAA-FET 
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6.2.4 Summary 

The potential of the GaAs-GAAE-FET biosensor for the identification of malignant 

MDA-MB-231 cells is thoroughly examined in this work. In comparison to the Gate-

All-Around FET with a silicon channel, the cylindrical Gate-All-Around FET with a 

GaAs channel performs better in the identification of breast cancerous cells. The sensor 

demonstrates a drain ON current sensitivity (SID) of 332 nA and a threshold voltage 

sensitivity of 207.31 mV for healthy MCF-10A cells. In contrast, for malignant MDA-

MB-231 breast cells, it exhibits a higher drain ON current sensitivity of 883 nA and a 

corresponding threshold voltage sensitivity of 312.78 mV. The biosensor has also been 

evaluated for changes in transconductance, drain ON and OFF current, electron 

concentration, and channel surface potential. Sensitivity is improved by innovative 

device engineering methods such as Junction Accumulation Mode gallium arsenide 

channel, customized triple metal gate, and dual sided nanocavity integration. The 

exceptional sensitivity and structural resilience of the GaAs-GAAE-FET biosensor 

establish it as a viable option for the rapid identification of breast cancer.  
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CHAPTER 7 

CONCLUSION, FUTURE SCOPE AND SOCIAL 

IMPACT 

 

Here, in this chapter, the summarized conclusions have been discussed from all the 

previous chapters. This chapter sums up that the biosensing applications of the 

conventional Gate-All-Around FET can be improvised by formulating novel device 

architectures. The research presented in this thesis addresses significant advancements 

in the field of biosensors, particularly through the design, analysis, and implementation 

of novel Gate-All-Around Field Effect Transistors (GAAFETs) for sensing 

applications.  

The objectives are accomplished through analytical formulations and extensive 

simulations; however, certain aspects still remain unrevealed. It also talks about the 

future scope of the work that has been addressed in this dissertation.  

7.1 Summary of the Work Done in the Thesis 

The primary objective of this thesis has been to showcase the suitability of GAA-

MOSFET for biosensing applications, accomplished through the implementation of 

different structural and material engineering approaches. This thesis contributes to the 

overarching goal of developing high-performance biosensors with enhanced 

sensitivity.  

Chapter 2 focused on low-leakage, high-frequency sensors using the HDTG-JAM-

GAAFET structure. The effect of biomolecules on HDTG-JAM-GAAFET biosensor’s 

output properties, including surface potential, electron concentration, threshold 

voltage drift (ΔVTH), subthreshold leakage current (IOFF), subthreshold slope (SS), 

switching ratio (ION/IOFF), ION current sensitivity, transconductance (gm), output 

conductance (gd), channel resistance (Rch) and intrinsic gain (AVint
) investigated. The 

HDTG-JAM-GAAFET biosensor device exhibits exceptional performance 

characteristics and it can effectively identify specific biomolecules to diagnose many 

diseases, such as breast cancer, lung cancer, and numerous viral infections, using their 

respective biomarkers.  

Chapter 3 explored the impact of trench gate engineering on device sensitivity. The 

detailed investigation into Trench Gate Engineered Junction Accumulation Mode 

GAAFETs (TGE-JAM-GAAFET) demonstrated the effectiveness of its design in 

improving sensitivity. The numerical simulations showed that by carefully engineering 

the gate structures and utilizing dielectric modulation, the performance of these 

biosensors could be optimized for label-free detection of a wide range of biomolecules. 

The comparative performance analysis in terms of channel center potential, electron 

concentration, drain current characteristics, and various sensitivities exhibit that the 

TGE-JAM-GAA BioFET significantly outperforms the TMNG-JAM-GAAFET and 
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SMNG-JAM-GAAFET. For neutral APTES biomolecules, the TGE-JAM-GAA 

BioFET demonstrates 46.45% and 143.58% greater ION current sensitivity and six 

times and 14 times higher VTH sensitivity than that of the TMNG-JAM-GAAFET and 

SMNG-JAM-GAAFET. 

Chapter 4 provided a detailed analytical model for the GJAM-SGAA Bio-FET, 

offering a deeper understanding of device physics. presented a comprehensive 

analytical model for the Graded JAM Split GAAFET (GJAM-SGAA) Bio-FET, 

specifically designed for the detection of Avian Influenza antibodies and DNA. The 

analytical results, corroborated by numerical simulations, provided insights into the 

critical parameters influencing device performance, thereby validating the proposed 

models and designs. The relevance of the proposed structural modification in the GAA-

NWFET is shown by a comparison of the sensitivity analysis of the proposed GJAM-

SGAA Bio-FET with Junction Accumulation Mode Split Gate-All-Around FET 

(SGAA-FET) biosensor. Surface potential, electric field, drain ON current, drain OFF 

current, ION/IOFF ratio, gm, subthreshold slope and threshold voltage have all been used 

to assess the proposed device's sensitivity to the avian influenza virus and DNA 

analytes. The proposed BioFET has 430.32% higher threshold voltage sensitivity for 

the case of avian influenza antibody (AI-ab) biomolecule immobilization in the cavity 

region, while for dsDNA biomolecules it has 402.22% increase in threshold voltage 

sensitivity. 

Chapter 5 expanded the application of GAAFETs to the detection of specific viruses, 

such as SARS-CoV-2 and Avian Influenza, using novel nanowire FET designs. This 

chapter demonstrates that the Dual Metal and Dual Layered Gate-All-Around structure 

has a persuasive effect on the sensing ability of the proposed biosensor. The 

combination of layered structure and dual metal work function engineering allows 

greater Gate control over the channel and improved analog performance. The DMDL-

GAA-NW-FET achieves a VTH shift of 225.74 mV as compare to conventional GAA-

NW-FET biosensor which produces a VTH shift of 93.56 mV while varying the 

dielectric constant (K) from 1 to 4. The simulation findings show that DMDL-GAA-

NW-FET is 7 times more sensitive to threshold voltage and 2.4 times more sensitive to 

ION current than GAA-NW-FET when it comes to immobilizing biomolecules with K=4 

inside the cavity. This chapter also investigates the label-free biosensing capability of 

Gate-All-Around Engineered Gallium Nitride Field Effect Transistor (GAAE-

GANFET) in detecting the avian influenza and DNA biomolecules. A compact 

analytical model of GAAE-GANFET has been proposed, which has shown excellent 

agreement with the TCAD simulations. The manuscript highlights the significant 

influence of the open cavities, graded channel doping and utilizing GaN as the channel 

material. The results reveal that the transition from a silicon channel to a gallium nitride 

channel substantially enhances sensitivity. Remarkably, the achieved threshold voltage 

sensitivity surpasses 50.02% for gelatin and reaches an impressive 91.69% for APTES 

biomolecules. 

Chapter 6 introduced the use of wide bandgap semiconductors, like SiC and GaAs, to 

further enhance the sensitivity and robustness of biosensors. In a novel DM-TMGAA-

SiCFET biosensor design, the choice of silicon carbide as the channel material offers 

distinct advantages for biosensor design, primarily attributed to its wide band gap. The 
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utilization of two distinct silicon carbide polytypes, specifically 4H-SiC as the source 

material and 6H-SiC as the channel material, significantly impacts the sensing 

performance of the proposed biosensor. Additionally, enhanced control of the channel 

through the gate and improved device performance are achieved through gate triple 

metal work function engineering and oxide engineering, which involves the stacking of 

Al2O3 and HfO2 layers. This chapter also examines the potential of the GaAs-GAAE-

FET biosensor for the identification of malignant MDA-MB-231 breast cancer cells. 

In comparison to the Gate-All-Around FET with a silicon channel, the cylindrical 

Gate-All-Around FET with a GaAs channel performs better in the identification of 

breast cancerous cells. For MDA-MB-231, the GaAs-GAAE-FET biosensor 

demonstrates, a higher drain ON current sensitivity of 883 nA and a threshold voltage 

sensitivity of 312.78 mV. 

In conclusion, the findings of this research demonstrate the potential of GAAFET-

based biosensors in advancing the field of diagnostics, particularly in the detection of 

viral and cancer biomarkers. The innovative designs and analytical models developed 

in this thesis lay the groundwork for future exploration and optimization of biosensors, 

potentially leading to more sensitive, specific, and reliable diagnostic tools in medical 

and environmental applications. 

7.2 Future Scope and Social Impact 

Some important directions for further research in the following areas can be: 

1. Advanced Material Integration 

• Exploration of other wide bandgap for enhanced sensitivity and stability in 

extreme environments. 

• Investigation of 2D materials like Graphene and MoS2 in GAAFET structures 

to improve surface-to-volume ratios and biofunctionalization efficiency. 

2. Miniaturization and Fabrication 

• Development of scalable fabrication techniques for GAAFET biosensors to 

enable mass production and commercialization. 

• Exploration of nanofabrication techniques to further miniaturize GAAFET 

structures, enhancing sensitivity and reducing power consumption. 

3. Multi-Target Detection 

• Design and implementation of multi-channel GAAFET sensors for 

simultaneous detection of multiple biomarkers, improving diagnostic 

efficiency. 

• Integration of multiplexing techniques to allow real-time, parallel detection of 

various diseases. 
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4. Integration with IoT and Wearable Technology: 

• Development of GAAFET-based biosensors integrated with Internet of Things 

(IoT) platforms for real-time health monitoring and data analysis. 

• Exploration of wearable biosensors using GAAFET technology for continuous 

monitoring of health parameters and early disease detection. 

5. Artificial Intelligence and Data Analysis: 

• Incorporation of machine learning algorithms to analyze biosensor data, 

enhancing the accuracy and reliability of disease detection. 

• Development of AI-driven models to predict sensor responses to various 

biomolecules, optimizing sensor design and functionality. 

6. Clinical and Environmental Applications: 

• Validation of GAAFET biosensors in clinical settings for early diagnosis of 

diseases such as cancer, viral infections, and neurodegenerative disorders. 

• Application of GAAFET-based sensors in environmental monitoring, such as 

detecting pollutants and pathogens in water and air.  
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