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Abstract 

The ability to detect biomolecules and chemicals accurately, effectively, and promptly in 

variety of environments including applications in homeland security, clinical diagnoses, 

environmental monitoring, food safety, etc. has always been an important issue. For each of 

these applications, it is highly desirable that a small, ultra-sensitive, versatile and robust sensor 

be created. During the last decade, enormous progress in the synthesis of 1-D nanostructured 

materials and nanoparticles has allowed the fabrication of nanometer-sized sensors. Such 

materials and devices, with large surface-to-volume ratios and Debye length comparable to 

their small size, have already displayed superior sensitivity for the detection of various 

chemical and biological species. Their extremely small-scale also enables the miniaturization 

of sensors (e.g., portable, handheld sensors) as well as their multiplexing functionality to 

achieve simultaneous detection of multiple target molecules in a given sample. In spite of huge 

existing research regarding the fabrication of nanoscale bio and chemical sensors, the 

understanding of their sensing mechanism has been limited. In this thesis, we develop a 

comprehensive theoretical framework to correlate the geometry and physical properties of 

nanoscale sensors to their sensing performance of target molecules. This framework provides 

guidance for approaches about the sensor design and optimization. This work focuses on 

detection scope of biomolecule both in wet and dry environment. Label free electrical detection 

of biomolecules like enzyme, cell, DNA etc. with state of the art device like the one 

Junctionless Double Gate MOSFET has been investigated with the help of an analytical model. 

The impact of neutral biomolecules on the electrical characteristics of n-type Junctionless 

Double Gate MOSFET has been analyzed under dry environment situation. Factors crucial to 

biosensor like biomolecule’s position and their percentage area coverage have been 

investigated to find optimum arrangement of biomolecule for maximum sensitivity. In addition, 

this work also offers a comprehensive study of performance of sensor as a function of device 

physical parameters to maximize detection capability.  
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1  

                               Introduction 

1.1 The Rationale of ‘Nano-scale’ Sensors 

Cancer is one of the leading causes of premature morbidity and mortality in the developed 

world, accounting for up to 12% of all deaths[1]. At present, cancers are often diagnosed late 

in the course of the disease since available diagnostic methods are not sufficiently sensitive 

and specific. For example, although the prognosis for lung cancer patients is poor with 5-year 

survival rates being less than 10%, the 5-year survival rate increases dramatically to 52% only 

if patients are diagnosed sufficiently early in the disease process and treated promptly by 

surgery[2]. Thus, the ideal goal of screening for various cancers is to detect the disease at an 

early phase when it is curable. 

The widely acknowledged benefits of early diagnosis have prompted research into methods of 

screening for early stage cancers. So far, the detection of cancers in the clinic has been relied 

on the detection of biomarkers (proteins indicating the presence of specific cancers in human 

body) with laboratory tests such as enzyme-linked immunosorbent assay (ELISA)[3]. Despite 

considerable advances in protein detection, the current ELISA-based detection methods have 

several drawbacks: (i) the limit of detection is around nM (10−9M) down to pM (10−12M) regime 

at their best, which is still not enough for the early detection and screening of cancers, (ii) its 

incubation time is several hours or even up to a day, (iii) the cost-inefficient pre-processing of 

samples since the tagging of antibodies with fluorescent dye is required, and (iv) inherent 

autofluorescence or optical absorption of biological samples contaminate its fluorescent or 

colorimetric signal. 

During the last decade, one-dimensional, nanoscale sensors have attracted a huge interest in 

the field due to their extraordinary sensitivity, label-free detection, and potential for the 

integration with classical microelectronic technology. The fundamental reasons for driving to 

the nanometer-sized materials/devices are based on the two major properties: (i) they are 

comparable in size with most biological entities like DNA, protein and viruses (Figure 1.1) 

thus they can be the ideal transducer between biomolecules and measurement instruments and 

that (ii) their high surface-to-volume ratio (S/V) makes them sensitive to the changes in their 

ambient conditions. 

Chapter 
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Figure 1.1 Comparative size of some key biological structures and nanomaterials[4]. 

These biological diseases, however, are not the only threat to the human health: Indeed, there 

exists a broad range of environmental threats from toxic industrial chemicals and materials that 

affect human health adversely and must be detected by sensors. 

1.2 Mechanisms of Detection: Biosensors vs. Chemical Sensors 

A biosensor is an analytical tool consisting of biologically active material (e.g., DNA, proteins, 

etc.) used in close conjunction with a device that converts a biochemical signal into a 

quantifiable electrical signal. A biosensor has two components: a receptor and a transducer[5]. 

The receptors are responsible for the selectivity of the sensor (e.g., enzymes, antibodies, and 

lipid layers). The transducer translates the physical or chemical change by recognizing the 

analyte and relaying it through a signal. Figure 1.2 describes a typical biosensor configuration 

that detect the target analyte with receptors. The device incorporates a bimolecular sensing 

element with a traditional transducer. The biological-sensing element selectively recognizes a 

particular biological molecule through a reaction, specific adsorption, or other physical or 

chemical process, and the transducer converts the result of this recognition into a quantifiable 

signal. Common transduction mechanism are based on optical, electro optical or 

electrochemical signals; this variety offers many opportunities to tailor biosensors for specific 

applications. 

Chemical sensors, on the other hand, are different compared to biosensors: First, the phase of 

target molecules / sensing environment is not liquid (like biosensing) but gas. While the 

biomolecules have electric charges in the fluid environment, the chemicals in gas phase are 



 3 

charge-neutral. In addition, most importantly, there is no analytic specific lock-and-key 

receptors in chemical sensors. Often this can be advantageous as few receptors can interpret 

signals from broad range of sources. 

 

 

Figure 1.2 A conceptual diagram of a biosensor composed of recognition module and transducer.   

1.3 Technologies in Biosensing 

In this section, we classify modern biosensors and introduce their basic features according to 

the nature of transduction mechanism. We cover recent achievements in biosensing technology 

based on some major transduction mechanisms like electronic and magnetic detection. 

1.3.1 Electronic Detection 

One of many possible ways to implement the signal transducer is to use electronic devices and 

monitor the changes in their conductance because of the interaction with biomolecules nearby. 

Ions or biomolecules (such as DNA or proteins) have their own net charge in electrolyte 

solution, and their electrical interaction with transducers allows us to detect them[6]. In 1970, 

Bergveld first suggested that the electronic pH sensing can be achieved with ion-sensitive field-

effect transistors (ISFETs), promising the microscale, integrated biosensors for multiplexed 

detection of target molecules[7][8]. It has been demonstrated that silicon nanowire (SiNW) 

biosensors[9] or nanotubes[10] offers greatly enhanced sensitivity in the electronic biosensing 

(Figure 1.3) compared to the conventional planar ISFETs. The most important and powerful 

advantage of SiNW sensors is the possibility of label-free, multiplexed, and real-time detection. 

The underlying mechanism of nanowire sensors is based on the principle of field-effect 

transistors (FETs). For biosensors, binding of a charged species on the surface of the SiNWs is 

analogous to applying a gate voltage. By monitoring the conductance change, the binding of 
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targets to probe molecules can be detected on the Si surface. CNTs also could be considered 

an ideal material for sensing applications since every atom in a single-walled carbon nanotube 

(SWNT) is located on the surface, leading to extreme sensitivity to the surrounding 

environment. 

 

Figure 1.3 Electronic detection scheme with SiNW biosensors. Introduction of target molecules causes a change 
in conductance across the nanowire. The conductance returns to its initial level after rinsing with buffers[11]. 

 

The current detection sensitivity of SiNW/CNT is in the range of fM[9], which is several 

orders of magnitude more sensitive than a conventional ELISA assay. The major drawback 

of electronic detection is, however, the screening effect of charged target molecules due to 

the presence of their counter ions in solution[12]. Avoiding the electrolyte screening effect 

requires additional processing costs such as dilution of buffer solutions[9], introduction of 

electro-diffusion flow in electrolyte before detection[13] etc. 

1.3.2 Magnetic Detection 

Magnetic detection methods have been suggested in the literature as a preferred alternative 

to electronic detection, which fundamentally suffers from the electrolyte screening. In 

electronic detection, various types of background electronic noise, such as ions in 

electrolyte and OH group on the sensor surface, hinders the sensitive detection. Most 

biological samples, on the other hand, lack a detectable magnetic background signal and do 

not interfere with the magnetic transduction mechanism. Therefore, a magnetic field-based 

detection platform is well suited for biomolecule detection in clinical samples. Gaster et al. 

demonstrated a giant magneto resistive (GMR)-based biosensor with its detection limit 
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down to the attomolar level as well as its real-time detection capability[14]. Another method 

that has achieved considerable success is based on magnetic resonance (MRI/NMR), which 

involves using magnetic nanoparticles as proximity sensors[15]. 

 

1.4 Next Generation Potentiometric Biosensor 

In this section, we will talk about the technologies proposed as alternative to current Si 

technology and the biosensors based on these technologies.  

1.4.1 Switching to 2D materials and heterostructures 

As technology node gets smaller, gate length and oxide thickness get smaller as well, leading 

to Short Channel Effects (SCEs) and gate leakage current. The most common short channel 

effects are Channel Length Modulation, Drain Induced Barrier Lowering (DIBL), Threshold 

Voltage Roll-off and Velocity Saturation. Over the years, the semiconductor industry had come 

up with various modifications to the basic Si-based MOSFET structure to keep those non-ideal 

effects in check and continue scaling. 

 

 

 

Figure 1.4 ITRS roadmap[16] for transistor scaling in terms of physical channel length. 

From 2011, Intel started to use Tri-gate Silicon transistors in their 22 nm technology nodes, 

allowing them to have better gate control on the device channel and reduce the SCEs. Intel will 
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be using the same Tri-gate Silicon transistors technology in their upcoming processors beyond 

the 22 nm node.  

As technology node goes down to 10 nm, 7 nm and eventually to 5 nm, to keep up with the 

Moore’s law the physical gate length of the transistors needs to be shrunk as well. By the year 

2028, the physical gate length of transistors will be 5 nm (Figure 1.4) which means only around 

10 Silicon atoms in the channel. Beyond 10 nm node, Tri-gate Silicon channel transistors will 

not suffice to overcome the power dissipation and scaling challenges and new materials and 

structures will be needed. Intel’s Innovation Enabled Technology Pipeline (Figure 1.5) 

supports the need for alternate channel materials and novel structures for future generation 

transistors.  

 

 

Figure 1.5 Intel’s innovation enabled technology pipeline info graphic. 

To overcome the electrostatics and power challenges global research efforts have been devoted 

by researchers to innovate new materials for semiconductor application. These materials range 

from Organic Materials, III-V Compound Materials, Graphene and other 2D materials. Along 

this line of effort came the innovation of Monolayer Transition Metal Dichalcogenides 

(TMDCs) as prospective candidates for the next generation of transistors.  

Two-dimensional materials such as Transition Metal Dichalcogenides (TMDC) and their bi-

layer/tri-layer heterostructures have become the focus of intense research and investigation in 

recent years due to their promising applications in electronics and optoelectronics. Layered van 

der Waals materials, such as metal dichalcogenides, few layers thick or exfoliated down to 

single layer, have become subject of extensive research in recent times [17][18]. Ab-initio 

simulation on electronic structures of monolayer TMDC materials reveals tunability in bandgap 



 7 

and electronic effective mass at conduction band minima under biaxial strain application 

[19][20]. Stacking multiple layers of on top of each other of these materials also leads to 

interesting changes in electronic properties [21][22][23]. Presence of intrinsic bandgap of 

monolayer and multilayer 2D materials, tunability of electronic properties with layer thickness, 

lower rate of electronic mobility degradation with dimensional scaling, and scalability down to 

monolayer dimension makes these materials suitable for electronic device application. 

Although MoS2 is the most widely studied and investigated [24][25] [26] TMDC material, high 

performance MOSFETs have been implemented with other TMDC materials as well [27][28]. 

Recently, several studies have been performed on the modeling and projection of 2D FETs for 

sub-10 nm VLSI applications, further emphasizing their potential for ultra-scale high-

performance electronic devices [29][30][31]. Electronic devices based on 2D bilayer 

heterostructures have been studied and investigated [32][33][34] also. Besides bilayer 2D 

heterostructures, trilayer TMDC heterostructures based on MoS2 have also been studied using 

first principle simulations [35].  

1.5 Motivation for choosing trilayer TMDC for biosensor operation 

In recent years, owing to the fast advances in nanotechnology, label-free biosensors based on 

nanoscale materials and structures with novel properties have been demonstrated, which 

outperformed the traditional methods in almost all aspects of a biosensor, such as detection 

speed, sensitivity, cost, and versatility. However, synthesizing biosensors that simultaneously 

meet all these criteria has proven challenging. Although one-dimensional (1D) semiconductors, 

such as semiconductor nanowires[13] and carbon nanotubes[10] are usually the preferred 

channel materials for field-effect transistor (FET)-based biosensors, the emerging two-

dimensional (2D) graphene sheets are also explored due to their large active surface area, which 

enhances the adsorption of target molecules, and their extreme thinness (only one atom 

thick)[36][37] which enables low-noise operation. However, graphene lacks bandgap, which 

adds a large leakage current and reduces dynamic range of the sensor. Other 2D nanomaterials 

such as transition metal dichalcogenides, for example, molybdenum disulfide (MoS2) have also 

attracted significant research interests. In contrast to graphene, MoS2 has a direct energy 

bandgap that significantly lowers the leakage current. Fabrication of MoS2 Nano sheet-based 

field effect transistors as NO gas sensor[38] and chemical vapor sensor have been reported[39]. 

MoS2 based FET are thus expected to be a potential candidate for biosensing[40]. 

MoS2, one of transition metal dichalcogenides (TMDCs), has been studied as an attractive 

nanoelectronic material for making field-effect transistor (FET) biosensors[41] because the 
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transport characteristics of monolayer or few-layer MoS2 FET channels are extremely sensitive 

to external stimulations, such as antigen-antibody binding events; 2D MoS2 surfaces have an 

extremely low density of electron scattering centers, which can result in a low detection noise; 

and also semiconducting MoS2 FETs exhibit much higher 𝑂𝑛

𝑂𝑓𝑓
 ratios and therefore the higher 

detection sensitivities in comparison with semi-metallic graphene FETs[42]. Therefore, MoS2 

FET biosensors hold the significant potential to enable single-molecule-level (or fM-level) 

detection of illness-related biomarkers. To leverage such superior sensing capability of MoS2 

FETs for cost-efficient immunoassay applications, large-scale MoS2 FET arrays need to be 

manufactured at an affordable cost. To minimize the manufacturing cost, the sensor structure 

should be as simple as possible while meeting requirements unique to biosensing[43]. 

1.6 Some Experimental Setups of TMDC Sensor 

 

Figure 1.6 MoS2-based FET biosensor device. (a) Schematic diagram of MoS2-based FET biosensor. For 
biosensing, the dielectric layer covering the MoS2 channel is functionalized with receptors for specifically 
capturing the target biomolecules. The charged biomolecules after being captured induce a gating effect, 

modulating the device current. An electrolyte gate in the form of a Ag/AgCl reference electrode is used for 
applying bias to the electrolyte. The source and drain contacts are covered with a dielectric layer to protect them 

from the electrolyte (not shown in this figure). (b) Optical image of a MoS2 flake on 270 nm SiO2 grown on 
degenerately doped Si substrate. Scale bar, 10 μm. (c) Optical image of the MoS2 FET biosensor device showing 
the extended electrodes made of Ti/Au. Scale bar, 10 μm. (d) Image and schematic diagram (inset figure) of the 
chip with the biosensor device and microfluidic channel for containing the electrolyte. Inlet and outlet pipe for 

transferring the fluid and the reference electrode are not shown in the figure(Courtesy [41]). 
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Figure 1.7 A MoS2 nanosheet biosensor and contact angles of different surfaces. (a) Schematic of a MoS2 
biosensor configured as a PSA, detecting label free immunoassay, illustrating PSA antibody functionalized 
MoS2 surface (top) and subsequent binding of PSA antigen with antibody receptors. The MoS2 nanosheet 

biosensor consists of a gate insulator of SiO2 (300 nm) and a drain-source metal contact of Ti/Au (15nm/300 
nm) (b) The water contact angle measurement to confirm hydrophobic characteristics of different substrates: the 
water contact angle of MoS2, Au, and SiO2 substrate are 75.75, 75.72, and 23.1 degree, respectively. The contact 
angle of MoS2 surface, which is more hydrophobic than Si-based substrates, is comparable to that of Au surface. 
This suggests that MoS2 nanosheet is an excellent candidate for functionalizing antibody and protein due to its 

hydrophobic surface. (Courtesy [44]) 

 

Figure 1.8 Illustrations (a) and optical micrographs (b) of insulating-layer coated (left) and insulating-layer-free 
(right) MoS2 FET biosensors [43]. 
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Figure 1.9 Flow chart for fabricating a MoS2 transistor biosensor: (a) printing of a few-layer MoS2 flake onto a 
substrate; (b) fabrication of Ti/Au D/S contacts; (c) ALD growth of the HfO2 effective layer on top of the MoS2 
channel and coating of D/S contacts with thick SiOx layers; (d) integration of a PDMS liquid reservoir on top of 

the MoS2 transistor for measuring sensor responses from different TNF concentrations under thermodynamic 
equilibrium condition and determining the affinity of the antibody-(TNF-α ) pair; (e) integration of a 

microfluidic inlet/outlet tubing kit driven by a motorized syringe pump on top of the transistor (f) 
functionalization of the HfO2 effective layer with antibody receptors and subsequent TNF-α detection 

(Courtesy [45]). 

 

1.7 Dielectrically Modulated Junctionless FET 

With the inception of ion-sensitive field-effect transistors (ISFETs) in 1970[46], ISFET and its 

derivatives became popular for electrical detection of charged biomolecules, but it lacks in the 

detection of neutral biomolecules. Thereafter, the concept of dielectric modulated FET 

(DMFET) was proposed[47], with nanogap cavity at both source and drain ends enabling the 

label-free detection of neutral biomolecules as well with high sensitivity. Kim et al. reported a 

DMFET for the label-free DNA detection technique[48], taking into consideration both the 

dielectric constant and the charge possessed by a biomolecule. 
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1.8 Thesis Objectives 

The objectives of this work are: 

a. To develop a self-consistent simulator to calculate spatial charge and electrostatic 

potential distributions within FET based sensor for pH and biomolecule detection in 

addition, optimization of its detection capability.  

b. To develop an analytical model for surface potential in Junctionless Field Effect 

Transistor based biosensor and verification through standard simulations.  

 

1.9 Thesis Organization 

The entire thesis is organized into five chapters. A brief outline of each chapter is described 

below. 

 

The first chapter briefly discusses the technologies of biosensing with the short summary on 

revolution of FET based potentiometric nanobiosensor. The chapter focuses the need to go for 

next generation multilayer TMDC biosensor. The chapter ends with the some recent 

experimental results on MoS2 sensor. 

 

We propose the application of double-gated field-effect transistors (DGFETs) as pH and 

biosensors in Chapter 2 with the channel material intercalated trilayer TMDC being considered. 

We consider the electrostatics of the system that involves nanoscale silicon body surrounded 

by top and bottom oxide, electrolyte biomolecules, fluid gate and back gate. We predicted the 

detection of aspartic acid as an example and demonstrated the signal amplification depending 

on their operation modes. The effect of geometry parameters as well as the material 

characteristics are also addressed. 

 

In chapter 3, an analytical model for Junctionless (JL) Metal–Oxide–Semiconductor Field-

Effect Transistor (MOSFET) based biosensor for label free electrical detection of biomolecules 

like enzyme, cell, DNA etc. using the Dielectric Modulation (DM) technique has been 

developed. The analytical results are validated with the help of ‘SILVACO ATLAS’ device 

simulation software. For the biomolecule immobilization, nanogap cavity is formed in the JL 

MOSFET by etching gate oxide layer from both source as well as drain end of the channel. As 

a result, the surface potential in the channel underneath the nanogap cavity region is affected 
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by the neutral and charged biomolecules that binds to SiO2 adhesion layer in the cavity. The 

surface potential is obtained by solving a 2-D Poisson’s equation assuming parabolic potential 

profile in the channel. The shift in threshold voltage of the device has been considered as the 

sensing metric for detection of biomolecules under dry environment condition. 

 

Chapter 04 provides the same analysis but now the channel material is trilayer transition metal 

dichalcogenide. Since the material is only two nanometer thick, bulk material analysis will not 

be valid this time. We have adopted Gauss law equation to turn the physics inside a TMDC 

nanobiosensor into differential equations and useful results follow this.  

 

The fifth and last chapter of this thesis outlines the conclusion of this thesis work. It also briefly 

describes prospective fields of future improvements and modifications to this work. 
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2  

Simulation Study of Electrical Response of Multilayer 

TMDC Nanobiosensor in Wet Environment 

2.1 Electronic Properties of Trilayer Transition Metal Dichalcogenides  

In this work, we have used MoS2/MX2/MoS2 (M=W or, Mo; X= S or, Se) trilayer 

heterostructures as channel materials. The configuration of the trilayer material is shown in 

Figure 2.1. For the electronic structure simulation, pw.x package of the open source simulation 

framework Quantum Espresso have been used[49]. At first, geometric structure of the trilayer 

unit cell was relaxed until the force on each atom in each direction was less than 10-3 Ry/au. 

The self-consistent convergence criterion for energy was kept fixed at 10-9 Ry. For geometry 

optimization and energy calculation of the electronic structure, scalar relativistic norm-

conserving pseudopotential with Perdew–Burke–Ernzerhof (PBE) exchange correlation 

functional [50] has been used in the literature. The complete simulation method described here 

and result of the material study have been summarized from [51]. 

 

 

Figure 2.1 MoS2/MX2/MoS2 trilayer structure used in this study. 

The Brillouin Zone (BZ) sampling was done using a Monkhorst–Pack scheme of 24x24x1 

points for electronic structure calculation [52]. After structural optimization and ground state 

energy calculation, band structure of the trilayer structure using the bands.x package is 

calculated. The dielectric constant for the trilayer lattice structure was calculated using ph.x 

Chapter 
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package of Quantum Espresso. The results obtained from electronic structure simulation on the 

trilayer heterostructures under relaxed condition is given in Table 2.1. 

Table 2.1 Extracted Values of Effective Mass at Conduction Band Minima, Bandgap, Dielectric Constant from 
First Principle Simulation[51] 

Material Effective Mass (m0) Bandgap (eV) Dielectric Constant (ε0) 

MoS2/MoSe2/MoS2 0.5126 0.707 εxx=6.99 

εyy=6.99 

εzz=1.52 

MoS2/WSe2/MoS2 0.5035 0.45 εxx=6.84 

εyy=6.84 

εzz=1.53 

MoS2/WS2/MoS2 0.5753 1.3 εxx=6.50 

εyy=6.50 

εzz=1.51 

 

2.2 Model System 

Figure 2.2 shows the schematic of the proposed double gate FET used in this work as pH sensor 

and biosensor respectively. Trilayer TMDC heterostructure as channel material with 

thicknesses around 2 nm is used. SiO2 has been used as gate dielectric on both sides of the 

channel for this work. However, the simulation procedure used in this work can take into 

account of various dielectrics. In case of pH sensing, fluid/front gate voltage, VFG is kept 1V 

for all simulations while Back gate voltage, VBG is changed from 1V to 5V for operation over 

the Nernst limit. Thickness of both top gate and bottom gate oxide is varied for pH sensing. 

Beside pH sensing, we also discuss the application of the proposed trilayer materials as channel 

material in a potentiometric Nano biosensor for protein detection. The device prototype in 

Figure 2.2(right) has been inspired from[53] where the original channel material Si is replaced 

by the TMDC heterostructure. The device is incorporated with proper receptors to provide a 

more realistic conclusion than the simple approach used in [54]. 
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Figure 2.2 Simple Schematic representations of the pH sensor (left) and Biomolecule (Amino Acid) sensor 
(right) used in this paper. Here SiO2 is used as top and bottom oxide for pH and biosensor. None of the devices 

shown in this figure is drawn to scale. 

We have considered an artificial protein structure (Aspartic acid) where amino acids are tagged 

to a histidine chain. A part of this artificial protein remains uncharged since no amino acids are 

attached there. By contrast, the rest of the histidine backbone is negatively charged since we 

consider Aspartic acids that carry one negative charge each for binding to the tag. In this work, 

the charge of the aspartic acids has been varied from a single charge up to nine charges. 

Therefore, for different Aspartic acids, we will get a different surface charge density that will 

cause a change in sensor’s response. The electrolyte region includes the histidine-tagged 

aspartic acids as well as the neutral part of the tag. Thickness of both top and bottom oxide is 

kept constant (top oxide 2 nm and bottom oxide 20 nm) to values for which measurable change 

in device current is found for change in the number of Aspartic acid. The top oxide layer is 

passivated by an ODTMS (octadecyltrimethoxysilane) monolayer, required for the bio-

functionalization of the semiconductor device. Widths of ODTMS, lipid membrane, and 

neutral part of histidine tag have been considered 1.6 nm, 2.0 nm and 2.8 nm respectively. No 

interface trap is present in top oxide-electrolyte interface because of the functionalization by 

ODTMS. For this reason, we are not considering any site-binding charges in this case and 

therefore, no pH sensing is possible with this structure. Lipid membrane has been used as 

surface functionalization upon ODTMS layer, which acts as receptor for the histidine tagged 

Aspartic acid. Material parameters for lipid membrane is kept same as those of ODTMS. Since 

the lipid membrane layer is highly dense, no electrolyte is present within this layer. We have 

X X 
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considered an electrolyte ion concentration of 30mM. For all calculations, the pH of the bulk 

electrolyte has been set to seven. 

2.3 Model Equations 

Consider DGFET sensors shown in Figure 2.2. We use a semiclassical approach to model the 

electrostatics of ISFET-DGFET sensor. In each region of the system, we set up different 

models and solve the equations according to the given boundary conditions. For the following 

analysis, the DGFET can be divided into several different regions (associated equations are 

provided in Table 2.2): (i) fluid gate-electrolyte interface, (ii) the electrolyte, (iii) the top oxide-

electrolyte interface, (iv) the FET system (composed of trilayer TMDC and oxide layers), and 

(v) the receptor for attaching biomolecules. In addition, the symbols and the numerical values 

used in this chapter are summarized in Table 2.3. We now describe the physical motivation of 

using these specific equations in some detail. 

Table 2.2 Equations Governing the Electrostatics of the DGFET Sensor 

Region Equation 

TMDC (Channel) −∇. (𝜖2𝐷∇Φ) = 𝑞(𝑝 − 𝑛 + 𝑁𝑖𝑚𝑝) 

𝑁𝑖𝑚𝑝 = Impurity density 

Top and Bottom gate Oxide −∇. (𝜖𝑠𝑖𝑜2
∇Φ) = 0 

Top oxide-electrolyte interface 

(Site binding region) 

(Only for pH sensor) 

(𝜖𝑠𝑖𝑜2
𝛻𝛷𝑎𝑡𝑥=0−

) − (𝜖𝑤𝛻𝛷𝑎𝑡𝑥=0+
) = 𝑄𝑂𝐻 

𝜖𝑤 = 80 ∗ 𝜖0 

𝑄𝑂𝐻 = 𝑞𝑁𝑠([𝑂𝐻2
+ ] − [𝑂−]) 

𝑁𝑠 = 5𝑒14 , (𝐾𝑎, 𝐾𝑏) = (−2,6) 

ODTMS (Only for Biomolecule 

Sensing) 

−∇. (𝜖𝑂𝐷𝑇𝑀𝑆∇Φ) = 0 

 

Lipid Membrane (Only for 

Biomolecule Sensing) 
−∇. (𝜖𝐿𝑖𝑝𝑖𝑑∇Φ) = 𝑄𝐿𝑖𝑝𝑖𝑑 

Qlipid=charge concentration due to lipid head 

group 

Amino Acid ( Only  for Biomolecule 

Sensing) 
−∇. (𝜖𝑤∇Φ) =

2𝑞2𝑁𝑎𝑣𝑜 𝐼0
𝐾𝐵𝑇

sinh (
𝑞(𝜙 − 𝑉𝐹𝐺)

𝐾𝐵𝑇
)

+ 𝑞𝑣𝑁𝑚 

𝑣 = Amino Acid charge per unit length 
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Nm  = Amino Acid density 

 

Electrolyte 
−∇. (𝜖𝑤∇Φ) =

2𝑞2𝑁𝑎𝑣𝑜𝐼0
𝐾𝐵𝑇

sinh (
𝑞(𝜙 − 𝑉𝐹𝐺)

𝐾𝐵𝑇
) 

𝐼0 = 50𝑚𝑀 

𝑁𝑎𝑣𝑜 = 6.023 × 1023 𝑛0 = 𝑁𝑎𝑣𝑜𝐼0 

 

 

(i) Fluid gate-Electrolyte Interface: An important assumption made the traditional model is 

that the reference electrode is faradaic: A faradaic electrode can exchange electrons with ions 

in electrolyte such that there is no potential drop at the electrode-electrolyte interface, and the 

electrostatic potential applied at the electrode drops fully at the other side (the sensor surface 

in case of ISFET) of the electrolyte, so that the electrostatic potential in the bulk electrolyte as 

well as at the electrode-electrolyte interface is fixed:       

GV                                                            (2.1)  

 

 (ii) Electrolyte System: The ions in bulk electrolyte are assumed 1:1 (such as NaCl or KCl) 

and the distribution of cations (n+) and anions (n−) follows the Boltzmann distribution: 

  

  
0

0

 /

 /
FG B

FG B

n n exp q V k T

n n exp q V k T




  

 
                                   (2.2) 

Where n0 is the bulk electrolyte concentration (see Table 2.2), kB is the Boltzmann constant, 

and T is the temperature. Note the coupling of the fluid-gate bias within the exponents. The 

Poisson equation is used to calculate the overall potential within the electrolyte system, as 

shown below: 

( ) ( )w n nq                                                (2.3) 
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Table 2.3 Sensor Parameters 

Definition Symbol Default value 

Sensor Width 𝑊 100 nm 

Sensor Length L 10µm 
Top gate oxide thickness 𝑡𝑡𝑜𝑥 2 and 4 nm 
Bottom gate oxide thickness 𝑡𝑏𝑜𝑥 6, 8 and 10 nm 
Trilayer TMD thickness 𝑡𝑇𝑀𝐷 2 nm 

Trilayer TMD doping density 𝑁𝑖𝑚𝑝 Undoped 
effective carrier mobility µ𝑒𝑓𝑓 100 𝑐𝑚2/𝑉𝑠 

Drain voltage VDS 0.1 V 

Vacuum permittivity 𝜖0 8.854 × 10−14𝐹/𝑐𝑚2 

Oxide permittivity 𝜖𝑜𝑥 3.9 ×  8.854 ×  10−14𝐹/𝑐𝑚2 

Electrolyte permittivity 𝜖𝑊 80 ×  8.854 ×  10−14𝐹/𝑐𝑚2 

Protonation constant 𝑝𝐾𝑎 -2 

De-protonation constant 𝑝𝐾𝑏 6 

Electrolyte strength 𝐼0 30 mM 

 

Conventionally, the Poisson-Boltzmann equation is linearized which leads to the Debye-

Hückel approximation. However, such a simplification is generally not applicable in real 

devices and only valid for special and very limited cases. Instead, we solve the equation self-

consistently to obtain the profile of the electrostatic potential,Φ. 

 

(iii) ODTMS: This layer is added for biomolecule recognition. No electrolyte is present here 

considered. No charge is present in this layer. 

−∇. (𝜖𝑂𝐷𝑇𝑀𝑆∇Φ) = 0                                                (2.4) 

 

(iv) LIPID Membrane: Like ODTMS, this layer is also used for sensing biomolecules (in this 

case Amino Acid). Since lipid is very dense, no electrolyte is present here. Material parameters 

for Lipid Membrane have been used same as that of ODTMS. The functionalized surface 

exposes NTA head groups that carry two negative charges to the electrolyte solution. They 

have the ability to form a chelate complex with Positive i.e. nickel ions if the latter are present 

in the solution. Upon loading with positive ion in the solution, the charge of the head group 

changes by +1e and is then considered to be -1e. 
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                                                    −∇. (𝜖𝐿𝑖𝑝𝑖𝑑∇Φ) = 𝑄𝐿𝑖𝑝𝑖𝑑                                           (2.5) 

 

(v) Amino Acid (Biomolecule): The Poisson-Boltzmann equation for a biological membrane 

is 

m

( ) ( )w m

w

q qvNn n

 

 



    
                                 (2.6) 

Here, m is the membrane permittivity. The biomolecule has a variable thickness depending on 

the number of amino acid attached to the histidine tag with effective dielectric constant same 

as water. In this chapter, we assume that the effective dielectric constant of the biological 

membrane is close to water as we are reporting biomolecule sensing in wet environment and 

charge of the biomolecule is dominant factor here. While in next chapter, we will discuss the 

prospects of detecting neutral biomolecules based on the dielectric permittivity of the molecule. 

(vi) Top oxide-Electrolyte Interface (Detailed Analysis in case for pH sensor): At the 

electrolyte-top gate oxide interface, the surface of the top oxide is functionalized with surface 

groups (-OH), which protonate and deprotonate as a result of the reactions with protons (H+) in 

electrolyte so that the net charge of OH groups respond to the change of pH of the solution. 

We assume the protonation/deprotonation of OH groups are dictated by the surface binding 

model. According to the model, the surface chemical reactions that occur on the silicon oxide 

surface are 

2  
 

s

s

SiOH H SiOH
SiO H SiOH

 

 

 

 
                                           (2.7) 

Where sH   indicates the protons present nearby the surface. The corresponding equilibrium 

constants for each reactions can be described by the following equations: 
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                                                 (2.8) 

Where [ sH  ] is the proton concentration at the surface-electrolyte surface. This concentration 

at the surface can be related to the concentration at the solution bulk by following the 

Boltzmann distribution such that 
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Where [HB
+] is the proton concentration at the solution bulk and 0  is the electrostatic potential 

difference between the surface and the electrolyte bulk.  

Since the potential of the bulk electrolyte is being held by the bias applied to the fluid gate 

(FG). The term [HB
+] in equation is dictated by pH of the electrolyte such that pH = −log10 

[HB
+]. 

Now we can express the net charge of surface group per area of the top oxide surface as 

 2   OH q SiOH SiO                                          (2.10) 

 In addition, the total density of the surface group is 

2     sN SiOH SiOH SiO                                       (2.11) 

Combining Equations (2.7) - (2.11) results in the expression of σOH as a function of the potential 

0 0

0 0

(10 /10 ) (10 /10 )
1 (10 /10 ) (10 /10 )

S

pH pKa pKb pH

pH pKa pKbH pHO
e eqN

e e


    

    




 
                (2.12) 

Where 𝑝𝐾𝑎  = -log10Ka, 𝑝𝐾𝑏   = − log10 𝐾𝑏   and β = q/kBT. Thus, the boundary condition at the 

top oxide-electrolyte interface can be defined  

ox m0 0| ) | )x x OH                                 (2.13) 

The parameters 𝑝𝐾𝑎  and 𝑝𝐾𝑏  define the affinity of protonation/deprotonation processes of the 

surface group and here we use the well-known values of 𝑝𝐾𝑎  and 𝑝𝐾𝑏  in the literature for the 

SiO2 [55]  

In the native oxide (top and bottom) regions Poisson equation is applied 

−∇. (𝜖𝑜𝑥∇Φ) = 0                                                (2.14) 

With an assumption that the interface traps at the oxide-Si body interfaces ( 𝜖𝑜𝑥  is the 

permittivity of insulating oxide) are negligible. Finally, the potential at the bottom gate-bottom 

oxide interface is given by  

G-Box BGV


                                                       (2.15) 

In this model, we have assumed that the sensing device has a planar geometry so that we can 

solve 1-D Poisson-Boltzmann equations, and for simplicity, the differences of work function 

between different materials consisting of the DGFET sensors are not considered explicitly. 
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2.4 Simulator Validation 

Equations governing electrostatics in various regions have been listed in Table 2.2 both for pH 

sensor and potentiometric biosensor. Potential profile along the confinement direction by 

solving these equations is benchmarked with that of [54] as plotted in Figure 2.3. Drain bias is 

kept to a small value (Vds=0.1V) as conventional for this type of sensor with channel length of 

10 µm has been used. Therefore, drift diffusion model can be reasonably used for current 

measurement in these cases. For current simulations, we have used D. Jimenez’s current 

model[56]. Ohmic contacts are assumed for simplicity.  

 

Figure 2.3 Our simulator is benchmarked with that of reported Si pH sensor[54]. Curves indicate the potential 
profiles associated fluid gate (linear regime, VBG = 0V, VFG = 1V) operation. 

2.5 Current-Voltage modelling of TMDC FET (Drift-Diffusion Region) 

For TMDCs transport, classical models will not be appropriate because of the presence of high 

degree of confinement. The quantum model can be easily formulated by assuming that the 

potential drop at the ultrathin channel in the confinement direction is negligible. In addition, 

the potential across the channel can be accurately approximated as a quadratic function of the 

dimension. Using this approximation and solving Schrödinger and Poisson equation 

analytically can give the surface potential profile and hence the current transport across the 
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channel. For modeling threshold voltage only, semi classically approximated charge can be 

used to obtain simplified closed form equation. Once the primary analytical model is 

developed, various secondary effects like Mobility Degradation and Interface Traps etc. can be 

incorporated into the model. 

 

In 2012, Jiménez presented a physics-based model for the surface potential and drain current 

for monolayer TMDC FET. The work took the 2D density-of-states of the monolayer TMDC 

and its impact on the quantum capacitance into account and modeled the surface potential. The 

authors further developed an expression for the drain current considering the drift-diffusion 

mechanism. The analytical expressions of surface potential and drain current derived in this 

work are applicable for both the subthreshold and above threshold regions of operation. We 

have used this model. In 2014, Cao et al[29] presented an analytical I-V model for 2D TMDC 

FETs as well. The model takes physics of monolayer TMDCs into account and offers a single 

closed form expression for all three i.e. linear, saturation, and subthreshold regions of 

operation. The authors also incorporated various non-ideal secondary effects like interface 

traps, mobility degradation, and inefficient doping in the model, although that resulted in 

current equations having an integral form instead of closed form.  

2.6 Result and Discussion  

2.6.1 Application as pH sensor 

In this paper, for pH sensor, we have varied top gate oxide and bottom gate oxide thickness for 

three different TMDC heterostructure FETs separately to find out how sensitivity changes with 

scaling and material parameter. In DGFET pH sensors, one sweeps the bottom gate (BG) bias, 

instead of fluid gate (FG), to obtain the transfer characteristics (Id-VBG) whereas a fixed bias is 

maintained at the fluid gate, and the corresponding pH sensitivity is measured in terms of the 

threshold voltage shift. Due to asymmetry of top and bottom oxide thickness, the resultant 

asymmetry in top and bottom oxide capacitances originates the high pH sensitivity[57] of this 

sensor according to the following equation: 

 

                
 Δ𝑉𝐵𝐺

Δ𝑝𝐻
= 𝛼𝑆𝑁 (

𝐶𝑡𝑜𝑥

𝐶𝑏𝑜𝑥
) (

Δ𝑉𝐹𝐺

Δ𝑝𝐻
)                                         (2.16) 

In this work, we have used high gate bias for front gate (VFG = 1V) for all the pH sensor and 

biosensor performance evaluation. So, αSN  will be close to one [57][58][59] for this work. 

That is why back gate threshold voltage will vary approximately linearly with the change of 
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pH considering that (Δ𝑉𝐹𝐺

Δ𝑝𝐻
) will be less than the Nernst limit and be almost constant during the 

sweep of back gate voltage. Approximately identical super-Nernst sensitivity is obtained for 

all trilayer FETs for a wide range of operation [pH 4 to 8] for various back oxide thicknesses 

as seen from Figure 2.10. Another point to note from Figure 2.10 is that sensitivity increases 

almost linearly with the increase of back oxide thickness while keeping front oxide thickness 

fixed at 2 nm. Figure 2.4 to Figure 2.9 support the claim as evident from the extension of the 

spread of drain current in sub threshold region with the increase of back oxide thickness. This 

is also consistent with equation 2.15. Increase of TBOX will reduce Cbox and ultimately increases 

the sensitivity. However, it must be mentioned that the sensitivity reported in this work will be 

an upper level estimation of not yet experimentally measured sensitivity because of the 

assumptions made in section 2.4. 

Increase of spread of drain current for pH 4 to 8 in sub threshold region with the increase of 

back oxide thickness for every trilayer material channel FETs results in shift in threshold 

voltage, Δ𝑉T, BG as shown in Figure 2.5, Figure 2.7 and Figure 2.9.  

 

Figure 2.4 depicts the increase of the difference of VT for various pH with the increase of bottom oxide 
thickness and provides insights towards the upward movement of the ΔVT for various thicknesses. This figure is 

for MoS2/WS2/MoS2 FET pH sensor. Here, VFG = 1V. 
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Figure 2.5 Figure shows shift of VT with pH for back gate operation, which is above the Nernst limit 
(MoS2/WS2/MoS2 FET pH sensor). The linearity of the curves can be traced to the equation 2.15. 

 

Figure 2.6 depicts the increase of the difference of VT for various pH with the increase of bottom oxide 
thickness and provides insights towards the upward movement of the ΔVT for various thicknesses. This figure is 

for MoS2/MoSe2/MoS2 FET pH sensor. Here, VFG = 1V. 
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Figure 2.7 Figure shows shift of VT with pH for back gate operation, which is above the Nernst limit 
(MoS2/MoSe2/MoS2 FET pH sensor). The linearity of the curves can be traced to the equation 2.15. 

 

Figure 2.8 depicts the increase of the difference of VT for various pH with the increase of bottom oxide 
thickness and provides insights towards the upward movement of the ΔVT for various thicknesses. This figure is 

for MoS2/WSe2/MoS2 pH sensor. Here, VFG = 1V. 
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Figure 2.9 Figure shows shift of VT with pH for back gate operation, which is above the Nernst limit 
(MoS2/WSe2/MoS2 FET pH sensor). The linearity of the curves can be traced to the equation 2.15. 

 

Figure 2.10 Sensitivity v/s Bottom oxide thickness for all these trilayer TMDC FET pH sensors.  

It is evident from the equation 2.16 and Figure 2.13 that increasing the top oxide thickness 

results in a reduction of sensitivity while the opposite trend is observed for bottom oxide. As 

evident from equation 2.16, an increase in TTOP will reduce Ctox ultimately decreasing the 

sensitivity. This finding is also consistent with the trend found in literature[54]. 
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Figure 2.11 shows the narrowing of drain current in the sub threshold region with the increase of top oxide 
thickness. This figure is for MoS2/WSe2/MoS2 pH sensor. Here, VFG = 1V. 

 

Figure 2.12 depict the sensitivity of MoS2/WSe2/MoS2 TMD FET pH sensor for top oxide scaling. 
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Figure 2.13 pH sensitivity for different bottom oxide thickness with top oxide thickness as a parameter for 
MoS2/WSe2/MoS2 trilayer ISFET. Increasing top oxide thickness reduces sensitivity and we get opposite trend 

for bottom oxide. 

Since the trend is similar for all three trilayer FETs, we have shown output for only 

MoS2/WSe2/MoS2 DGFET pH sensor.  

2.6.2 Application as Biosensor 

To evaluate the prospect of these materials in a FET based Nano biosensor, we have considered 

more realistic structure of Figure 2.2 (right). We have varied the no. of aspartic acid charges to 

find out the sensitivity of these sensors. Sensitivity in the case of biosensor is defined as the 

ratio of the difference in current before and after biomolecule binding to the lower of the two 

currents[41]. The magnitude of the negative protein charge density increases with the number 

of aspartic acids.  

 

This results in a lower potential in the charged part of the protein region. As a result, surface 

potential (potential at top gate oxide-receptor interface) decreases with increasing protein 

charge. This potential acts as top gate voltage in current simulator. Since surface potential is 

decreasing with the increasing no. of aspartic acid, current will decrease for all three devices 

as seen from Figure 2.14. 
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From Figure 2.15, which is obtained from Figure 2.14, it is noticeable that, all three FETs show 

highest sensitivity (approximately 105 or above) in the subthreshold region. Among all these 

three FETs, MoS2/WS2/MoS2 FET shows the lowest sensitivity for wide region of operation. 

The observed trend of high sensitivity in subthreshold region is quite similar to that of 

experimentally reported Silicon FET [60] as well as multilayer MoS2 based biosensors 

[41][44].  

 

Figure 2.14 Id-VBG characteristics of different-trilayer TMDC heterostructure biosensors for different no of 
Aspartic acids. Spread of the drain current in the subthreshold region is the lowest for MoS2/WS2/MoS2 trilayer 

DGFET biosensor for various no. of Aspartic acids among these three FETs. For these three heterostructure 
FETs, no significant difference in device current is observed for various acids in ‘on’ region resulting in a low 

sensitivity for all of them in ‘on’ condition. Here, VFG is considered 1V. 

As seen from the Figure 2.14, the relative change in transistor on current with the increasing 

no of aspartic acid is relatively small compared to that in subthreshold regime. This is because 

the FET is already conducting a high current in ‘on’ condition, so a small change in surface 

potential due to the attachment of a biomolecule results in a corresponding small change in the 

drain current. However, in completely off device or in subthreshold regime, FET conducts little 

or no current. Therefore, a small change in surface potential due to binding of protein brings 

relatively larger change in drain current. This phenomenon can be explained from another 

viewpoint. In the subthreshold region, the drain current has exponential dependence on the gate 
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dielectric surface potential, while in saturation and linear regions the relationship is quadratic 

and linear, respectively. Hence, the sensitivity in the subthreshold region is much higher 

compared to those in the saturation and linear regions. These findings indicate that biosensor 

operation in subthreshold regime will optimize the sensor response for these heterostructure 

FETs while improving the lower limit of bio molecule detection at the same time. 

 

 

Figure 2.15 Current sensitivity of different-trilayer TMDC heterostructure biosensors for various no. of Aspartic 
acid as a function of back gate voltage. Here sensitivity is defined as a ratio of currents. Therefore, sensitivity is 
unit less for biosensor unlike pH sensor. Highest sensitivity is found in subthreshold region for all three FETs. 
MoS2/WSe2/MoS2 and MoS2/MoSe2/MoS2 FET show similar sensitivity for wide range of gate voltages while 

MoS2/WS2/MoS2 FET shows least sensitivity among them, notably in subthreshold region.  
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3  

Analytical Modeling of Dielectric Modulated Double Gate 

Junctionless MOSFET 

3.1 Introduction 

 

Currently available technology for detecting tumor markers, antigen-antibody complexes, and 

pathogens is time-consuming, complex, and expensive[61], [62]. FET based biosensors have 

emerged as potential candidate in label free detection of biomolecules like cancer biomarkers, 

Protein, DNA and other pathogens in a cost effective and reliable alternative to optical 

detection technique. The first concept of electronic pH sensing with ion-sensitive field effect 

transistors (ISFETs) was suggested by Bergveld [8]. The pH sensitivity (mV/pH) of a 

conventional single-gated ISFET is defined by the changes of threshold voltage (VT) at a given 

amount of pH changes. However, such sensitivity is limited to Nernst limit of 59 mV/pH. To 

overcome the Nernst limit of sensitivity in single-gated ISFET recent literatures [54], [57] have 

suggested double-gated field effect transistors.  

 

A modified version of ISFETs have also been used to detect biomolecules like DNA, Protein 

and biomarkers indicative of various diseases. However, there are several problems in detecting 

biomolecule reliably using ISFET. First of all, the electrical signals from the ISFET biosensor 

depends on the ionic concentration of the sample solution[63] which is characterized by Debye 

length. Second, various ionic concentrations of the sample can significantly change the 

electrical signal of ISFET biosensors [64]. Third, controlling the ionic concentration accurately 

of any real human sample, such as blood serum, urine or saliva is difficult[65]. Moreover, the 

conductance modulation in the FET sensor is caused by the interaction potential and this 

potential might be partially screened by the strong ionic strength of the buffer solution. This 

screening directly depends on the Debye–Hückel length[65]. Therefore, Debye-screening-free 

sensors working under the dry environment can provide several advantages over electrolyte-

based biosensors. In the present work, Junctionless Double Gate(JL-DG) MOSFET under dry 

environment condition[66] has been investigated for its application as a biosensor for the label 

free electrical detection of the biomolecules. Fabrication feasibility of Nanowire Junctionless 

MOSFET (JL-MOSFETs) have been already demonstrated by Colinge et al. [67][68]. 

Chapter 



 32 

Immunity to various Short Channel Effects (SCEs) like DIBL, improved on state and transfer 

characteristics have made JL-MOSFETS more advantageous over their conventional counter 

parts like junction based FETs[69], [70]. Therefore, JL-DG MOSFET with cavity regions 

functionalized for detecting biomolecule in dry environment can be a viable solution to the 

problems associated with biomolecule sensing under aqueous electrolyte condition. In 

dielectric modulated field-effect transistor (DM-FET), insulator layer is etched to create a 

nanogap region underneath the gate material. DM-FET is capable of detecting even neutral 

biomolecules that is not possible with conventional ISFET based biosensor. DM-FET based 

sensor also shows great compatibility with standard CMOS process[47], [71], [72]. In our 

work, we have extended the model widely used in literature[66], [73]–[77] to four regions in 

place of three regions namely cavity, oxide and cavity again. It has been demonstrated 

experimentally that even under the precisely controlled experiments, the complete fill-in is 

difficult to achieve[78]. Along with the fill-in factor, the possible location of biomolecule 

binding site within the nanogap (cavity) can differ. Therefore, it should be analyzed. In 

practical situation, the capture of biomolecules can be asymmetric and random and quite 

complex due to low binding probability in a carved nanogap [72]. Therefore, the study of 

biosensor with partially filled and randomly distributed biomolecule can provide valuable 

insight to the dependence of sensitivity on biomolecule position and percentage fill in of 

nanogap cavity region. Though the modelling scheme has been used already in literature, four-

region MOSFET sensor with focus on finding the optimum position of biomolecule has not 

been reported yet. We have effectively captured the drain bias effect on sensor’s performance 

also by interchanging the drain-source regions of the sensor. 
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3.2 Device Structure 

 

 

 

 

 

 

 

 

 

 

 

                                                                                 

 

 

 

The device architecture for n-type Junctionless Dielectric Modulated Double Gate MOSFET 

based biosensors used in this work is depicted in Figure 3.1. Here, L1, L3 and L4 are the length 

of the nanogap cavity; L2 is the length of the gate oxide SiO2. Tbio, Tch, Tox are the thickness of 

the nanogap cavity, channel and gate oxide respectively. For initial structure the typical values 

of different parameters used here are Tbio /Tox = 9 nm, Tch = 10 nm, L1=10nm, L2=30nm, 

L3=L4=5nm. Adhesion layer is used for the immobilization of biomolecules. These nanogap 

cavity regions serve as sensing sites, in which the target biomolecules are immobilized. The 

results from analytical modeling were verified by simulation results from ‘Silvaco Atlas’, 

which is commonly used to characterize the electrical properties of the semiconductor 

devices[79]. The presence of the neutral biomolecules in the nanogap cavity is simulated by 

introducing material having dielectric constant (𝜖𝑏𝑖𝑜> 1) corresponding to biomolecules (for 

e.g. streptavidin = 2.1[80], protein = 2.50, biotin = 2.63[81], and APTES = 3.57 [82], [83]) in 

the nanogap cavities. In order to simulate the effect of charged biomolecules, negative or 

positive interface fixed charge (𝑁𝑓 = ±3 x 1016 m2) (for e.g. DNA) at the SiO2–Air interface of 

the device can be considered in this model. Quantum effects have not been considered in the 

simulation and model to reduce the computational burden while maintain significant accuracy. 

Before biomolecule immobilization, the underlap region is empty and thus filled with air 

Figure 3.1 (Left) Schematic initial structure of Junctionless DM-DG-MOSFET biosensor. Different 
parameters considered here are as follows, 𝑇𝑏𝑖𝑜  /𝑇𝑜𝑥 = 9 nm with 1 nm Native SiO2, 𝑇𝑐ℎ = 10 nm, L1=10nm, 

L2=30nm, L3=L4=5nm. Doping in source, drain and channel is 1 x 1025 m-3. (Right) (b) Comparison of 
surface potential obtained from analytical model and ATLAS simulation for the device in left. 
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(dielectric constant 𝜖𝑎𝑖𝑟 = 1). To simulate the presence of biomolecules in the nanogap cavity 

region, an oxide layer with height of 𝑇𝑏𝑖𝑜 = 9 nm is defined and its dielectric constant is varied 

as  𝜖𝑏𝑖𝑜 =  2, 3, 4, 5, 7. The height/thickness of the layer is so chosen to resemble the varying 

height of the biomolecules[77] [79]. 

 

3.3 Working principle of the device 

The nanogap cavity regions formed in the gate oxide of the device serve as sensing sites in 

which the target biomolecules are immobilized. When the target biomolecules are absent in the 

nanogap cavity region, it means the cavities are filled with air, so dielectric constant of the 

cavity region is different from that of region II and the threshold voltage changes with respect 

to its initial values. When target biomolecules (like Streptavidin, Biotin, Avidin, enzyme, cell, 

DNA, APTES) are present and immobilized at the binding site,   the dielectric constant changes 

and the gate capacitance of the device also changes. Consequently, electrical characteristics of 

the device, such as threshold voltage changes according to the dielectric constant or charge of 

the target biomolecules. 

 

3.4 Analytical Model Development 

To obtain analytical expression for potential distribution and drain current, the channel is 

divided in to four regions as follows: 

     Region I: 0 six t  , 10 y L   (3.1) 

     Region II: 0 six t  , 1 1 2L y L L    (3.2) 

     Region III: 0 six t  , 1 2 1 2 3L L y L L L      (3.3) 

     Region IV: 0 six t  , 1 2 3 1 2 3 4L L L y L L L L        (3.4) 

 

Potential distribution is obtained by solving the Poisson’s equation separately in each region 

as follows: 
 

 2 2

2 2
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si

x y x y qN
x y
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2 2

2 2
( , ) ( , )i i d

si

x y x y qN
x y

 



 
  

 
 (3.6) 

 

Where i = 1, 2, 3, 4 for region 1, 2, 3 and 4, respectively. ( , )i x y  is the 2-D potential 

distribution in the Silicon channel, Na and Nd are the doping in the silicon channel, q is the 

electron charge, and si  is the dielectric permittivity of Silicon. Using parabolic 

approximation[84], ( , )i x y  is given by 

 2
0 1 2( , ) ( ) ( ) ( )i i i ix y P y P y x P y x     (3.7) 

 

Where P0i(y), P1i(y), and P2i(y) are coefficients and obtained by using following boundary 

conditions. Equations 3.11 and 3.13 are inward and outward fluxes resulted from gauss law. 
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 ( , ) ( ( ) )i si i
bsi gs fbi

si

t y C y V V
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     (3.13) 

 

( )fsi y  is the front gate surface potential and ( )bsi y  is the back gate surface potential, ( )ci y  

is the central potential, gsV  is the gate to source voltage and fbiV  is the flat band voltage, which 

is given by  

    For n-type JL DM DG MOSFET  
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2fb m siV     (3.14) 
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 bio
gap

bio

C
t


                (Effective capacitance of cavity regions) (3.17) 

𝐶𝑖 is the gate capacitance per unit area of the gate dielectric of JL-DM-DG-MOSFET. 

 
1 3 4 effC C C C      Assuming all three regions contain biomolecule (3.18) 

Where 

 1

1 1

oxbio
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ox oxbio bio
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t t
 

 



 (3.19) 

 
2 oxC C  (3.20) 

 ox
ox

ox
C
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  (3.21) 

Where 𝑁𝑓    the charge density (m-2) of biomolecules, bio  is the permittivity of the biomolecules 

present in cavity and 1ox  is the permittivity of the SiO2 layer. Substituting constants P0i(y), 

P1i(y) and P2i(y) value in Eq. (3.7) to obtain surface potential 

 

 
0 ( ) ( )i fsiP y y  (3.22) 

 
1 ( ) ( ( ) )i
i fsi gs fbi

si

CP y y V V


    (3.23) 

 
2 ( ) ( ( ) )i

i fsi gs fbi
si si

CP y y V V
t




     (3.24) 

2( , ) ( ) ( ( ) ) ( ( ) )i i
i fsi fsi gs fbi fsi gs fbi

si si si

C Cx y y y V V x y V V x
t

   
 

      
 

 (3.25) 
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Since ( )ci y  should be relevant to the punch through current, we obtained the relation 

between ( )fsi y  and ( )ci y  from (above equation) by substituting 𝑥 =  𝑡𝑠𝑖/2. Hence, we 

obtain 

2

2

1( , ) ( ) ( ) (1 )
41

4

( ) ( )

i si i i
i ci gs fbi

i si si si si si

si

i i
gs fbi gs fbi

si si si

C t C Cx y y V V x xC t t

C Cx V V x V V
t

 
  



 

 
     

 

     

(3.26) 

Where 1( ) ( ) ( )
41
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Putting 3.26 into 3.1 and then rearranging we get 
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Where 

 
2 2

1 8
4

i

i si si i si

C
t C t 




 (3.28) 

Solving Eq. 3.27, we get 

 
( ) i i

y y

ci i i iy Ae B e  


    (3.29) 

 

    2 ( )d
i i gs fbi
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qN V V 


                                                             (3.30) 

 

Constant Ai and Bi are obtained by using the boundary conditions at the source and drain 

junctions such as 

 (0)ci biV   (3.31) 

 

 
1 2 3 4( )ci bi dsL L L L V V       (3.32) 
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0biV                                             (3.33) 

Solving boundary conditions, we get  
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(3.41) 

𝑉𝑏𝑖  is the built-in potential, 1 , 2  and 3  are the intermediate potentials, obtained by 

maintaining continuity of the potential and lateral electric field at the interface of each region.  

Calculation of 1 , 2  and 3  is explained in detail in Appendix A. 
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Continuous surface potential for complete channel length can be obtained from Eq. (3.7). 

 

 2
1 01 11 21( , ) ( ) ( ) ( )x y P y P y x P y x     (3.42) 
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 2
4 04 14 24( , ) ( ) ( ) ( )x y P y P y x P y x     (3.45) 

 

Drain current in the subthreshold region is obtained by using the expression of potential (Eq. 

(3.42~3.45)), and is given by 
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(3.46) 

 

Here, 𝑛𝑖 is the intrinsic carrier concentration and  𝜇  is the carrier mobility. 
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3.5 Results and Discussions 

 
3.5.1 Variation of Sensitivity with Position of Biomolecule 

We have investigated the effect of biomolecule position on threshold voltage of the device to 

find out sensitivity to detect biomolecule. We have used Figure 3.1 where it is possible to fill 

the cavity region partially with biomolecule while the region left is to be filled with air. 

Actually, such an arrangement of biomolecules can offer a good insight to effect of percentage 

area coverage of biomolecule on device sensitivity. We also vary the position of partially filled 

biomolecule to determine whether such variations yield a better sensitivity or not. To 

investigate those critical effects of biomolecule position and Fill in factor in cavity region on 

sensitivity, we have divided the total oxide layer in to 4 separate regions as mentioned in Eq. 

(3.1-3.4). In this study, we have set the dimensions of those four regions as L1=10nm, L2=30nm, 

L3=5nm and L4=5nm. Region II (L2=30nm) is kept as a fixed oxide layer whereas Region I, 

III and IV work as cavity for biomolecule placement. These three regions can be either filled 

with biomolecules or kept empty. This will result in different possible cases based on the 

presence or absence of biomolecule. Moreover, based on whether Region I or Region IV is 

connected to the drain, each variation of position of biomolecule will result into two different 

configuration of biomolecule’s distribution in the cavity sites. Here we define sensitivity as 

 

                                                    Δ𝑉𝑡ℎ = 𝑉𝑡ℎ(𝜖𝑏𝑖𝑜) − 𝑉𝑡ℎ(𝜖𝑎𝑖𝑟) 
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3.5.2 Dependence of Sensitivity on Biomolecule’s Position when Region IV is 

connected to Drain 

     

Figure 3.2 2D view (side) of Figure 3.1. Here Region IV is connected to drain. 

 

Figure 3.3 Variation of sensitivity factor ∆𝑉𝑡ℎ   for n-type DM-DG-MOSFETs for different positions of 
biomolecule in the cavity region when Region IV is connected to drain. 
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In this particular configuration, Region IV (as defined in Eq.3.4) is adjacent to the drain side 

and Region I (as defined in Eq.3.1) is connected to the source side. Any one of the region I, III 

and IV can be filled with biomolecules of different dielectric constants. The sensitivity (change 

in threshold voltage after the insertion of biomolecules with different dielectric constants) for 

different possible placements of biomolecule is shown in Figure 3.3. As shown in Figure 3.3 

the best sensitivity is obtained when all of the three cavity regions are filled with biomolecules. 

This is logical in a sense that the higher the area coverage of biomolecule the better its influence 

is on device current. Hence, it will result in a greater change in threshold voltage of the device 

compared to the ‘no biomolecule’ case. Using the same reasoning it can be predicted that the 

next best sensitivity can be obtained when only Region III or Region IV is empty and all other 

cavity regions are filled with biomolecules. Results shown in Figure 3.3 actually support this 

prediction. However, a very interesting observation from Figure 3.3 is that for similar 

percentage of biomolecule coverage, the case in which biomolecules are more closely 

distributed to the center of the channel will yield better sensitivity. So, the case in which only 

L4 (Region IV) is empty (of biomolecule) will result in a higher sensitivity than the case in 

which only L3 (Region III) is empty. A reasonable explanation of such finding is, as the 

biomolecules get closer to the center of the channel, the gate voltage exerts a higher influence 

on channel potential barrier through capacitive coupling effect of biomolecule. Hence, such 

distribution of biomolecule will result in a higher change in drain current with variation of 

biomolecule’s dielectric constant. All other findings in Figure 3.3 can be explained by the 

similar reasoning described above. Therefore, in summary we can draw the following 

conclusions from the variation of biomolecule’s percentage and position in the cavity region. 

 

 The greater the area coverage by biomolecule, higher the sensitivity of the DG FET in 

detecting biomolecule. 

 The more closely located the biomolecules to the center of the channel; better the 

sensitivity of the biosensor. 

 The higher the dielectric constant of the biomolecule, greater its effect on sensitivity. 
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3.5.3  Dependence of Sensitivity on Position of Biomolecule when Region I is connected 

to drain 

  

Figure 3.4 2D view (side) of Figure 3.1. Here Region I is connected to drain. 

 

Figure 3.5 Variation of sensitivity factor ∆𝑉𝑡ℎ for n-type DM-DG-MOSFETs for different positions of 
biomolecule in the cavity region when Region I is connected to drain. 
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In a slight different configuration, we can connect Region I (as defined in Eq.1) to the drain 

side and Region IV (as defined in Eq.4) can be attached to the source side. The dimensions of 

various regions are similar to that of the previous configuration. Our main purpose in this part 

is to investigate the effect of Drain to Source voltage on sensitivity of the device along with 

variation of biomolecule’s position and percentage of area coverage. From Fig. 6, it can be 

observed that in symmetrical case, i.e. when all of the cavity regions are completely filled with 

biomolecule then interchanging the drain and source contact seems to have no effect on 

sensitivity. However, significant change in sensitivity can be found as we change the position 

and percentage of cavity region filled by biomolecules. For example, when only Region I and 

Region IV contain biomolecule, then sensitivity is markedly higher for the first configuration 

(where Region IV is connected to the drain) than the second case (where Region I is connected 

to the drain). Similarly the sensitivity is significantly higher for the first configuration (Region 

IV connected to drain) when only cavity in Region I contains biomolecule. However an 

opposite trend is observed for the cases where either one or both of Region III and IV are filled 

with biomolecule while Region I does not capture biomolecule. In these two cases actually the 

second configuration (Region I connected to drain) exhibits better sensitivity compared to the 

first one. In summary, it can be concluded from the above findings that for identical fill in 

factor of biomolecules in the cavity region, the larger the distance of the center of biomolecule 

from the drain end, higher the sensitivity of the device. 
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3.5.4 Summary 

In this work, n-type JL-DM-DG-MOSFET have been proposed for the biosensing application. 

An analytical Drain current model is developed for both devices and results are verified with 

SILVACO ATLAS device Simulation tool. n-type JL-DM-DG-MOSFET shows good change 

in threshold voltage with the change of biomolecules. From the above results, it can be 

concluded that 

 

 Higher the area coverage of biomolecule in the cavity region, greater the change in 

threshold voltage. 

 Larger the distance of the center of biomolecule from the drain end, higher the 

sensitivity of the device. 

 Higher the dielectric constant of the biomolecule, greater the change in threshold 

voltage hence better the sensitivity. 
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4  

Analytical Modeling of TMDC DMFET 

4.1 Device Structure 

 

 

Figure 4.1 The MOSFET structure under consideration. It has a trilayer TMDC material channel sandwiched 
between top and bottom oxides and corresponding top and bottom gates. The channel, the source, and drain are 
highly n-doped regions of the same 2D material. Top oxide is etched one side to simulate effect of biomolecule 

on conductivity of the FET. 

4.2 Differential System Establishment 

To represent the physics and operation of the device a differential system must be devised first. 

However, we start with Figure 4.2 since the solution of that system can be extended to find out 

the solution of DMFET. Figure 4.2 shows the nominal n-type 2-D material MOSFET. Since 

the channel is very thin, it is reasonable to assume that electrostatic potential  𝜑(𝑥, 𝑦) in the 

channel does not change in the direction along the top and bottom gate [29]. That is, it is safe 

to assume that in the channel potential 𝜑(𝑥, 𝑦) ≈ 𝜑(𝑥) . 

To get the differential system we need to apply the gauss’s law in the infinitely small closed 

box shown in Figure 4.2. The box has height 𝑡𝑐ℎ (depth of the 2D channel, ~ 2 nm), width 𝑊 

and infinitely small length ∇𝑥. From Gauss’s Law the relationship between the charge density 

(𝑄) inside the enclosed box and the electric field outside the enclosed box (�⃗� ) can be founded 

as: 

∮ 𝜀�⃗� . 𝑑𝑠⃗⃗⃗⃗ = 𝑄
 

𝑠
                                                              (4.1) 

 

Chapter 
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Figure 4.2 To establish the differential system for the 2D MOSFET an infinitesimal box is considered to which 
Gauss’s Law (∮ 𝜀�⃗� . 𝑑𝑠⃗⃗⃗⃗ = 𝑄

 

𝑠
) is applied. The directions of the surface vectors are outward positive. Figure is 

taken from [85] 

Here, 𝜀 is the dielectric permittivity of the material at each surface of the enclosed. Derivation 

starts by assuming the infinitely small box with width W, length ∆𝑥 and depth of 𝑡𝑐ℎ  has a 

charge density of ∆𝑄. (See Figure 4.2)  

After considering all the surface vectors from each side and then equating to the charge ∆𝑄, 

the result of algebraic manipulations will be in the following form with the application of 

gradual channel approximation. (The detailed derivation can be found elsewhere [85]) 

 
𝑑2𝜑(𝑥)

𝑑2𝑥
− 𝐾𝜑(𝑥) = −𝐴                                                 (4.2) 

 

Where, 

𝐴 =
𝑘𝑇

𝑞
𝐾 + 𝐺 +

𝑞

𝜀𝑐ℎ𝑡𝑐ℎ
𝑁𝐷 

𝐾 =
𝜀𝑡𝑜𝑥

𝑡𝑡𝑜𝑥𝜀𝑐ℎ𝑡𝑐ℎ
+

𝜀𝑏𝑜𝑥

𝑡𝑏𝑜𝑥𝜀𝑐ℎ𝑡𝑐ℎ
 

𝐺 =
𝜀𝑡𝑜𝑥

𝑡𝑡𝑜𝑥𝜀𝑐ℎ𝑡𝑐ℎ
𝑉𝐺𝑡

′ +
𝜀𝑏𝑜𝑥

𝑡𝑡𝑜𝑥𝜀𝑐ℎ𝑡𝑐ℎ
𝑉𝐺𝑏

′  

  S D 
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Table 4.1 Parameters used in this work for trilayer TMDC DMFET (Figure 4.1) 

Parameter Symbol Value 

Channel Thickness 𝑡𝑐ℎ 2 nm 

Biomolecule Length (L1) 𝐿𝑏𝑖𝑜 20 nm 

Top Oxide Length (L2) 𝐿𝑡𝑜𝑥 20 nm 

Channel Length 
𝐿𝑐ℎ=  

𝐿𝑏𝑖𝑜(𝐿1) + 𝐿𝑡𝑜𝑥(L2) 
40 nm 

Channel, Source and Drain 

Doping 
𝑁𝐷 2.2 x 1016 m-2 

Top Oxide Thickness (ZrO2) 

(Biomolecule thickness) 
𝑡𝑡𝑜𝑥/𝑡𝑏𝑖𝑜 9 nm 

Bottom Oxide Thickness (SiO2) 𝑡𝑏𝑜𝑥 10 nm 

Trilayer TMDC Electron 

Effective Mass 
𝑚∗ 0.52 x 9.1 x 10-31 kg 

Trilayer TMDC Dielectric 

Permittivity 
𝜀𝑐ℎ 5.2 x 8.854 x 10-12 Fm-1 

Metal-Semiconductor Work 

Function (top and bottom) 
𝜙𝑚𝑠 

3.9 eV( Chosen considering 

bulk MoS2 ) 

ZrO2 Dielectric Permittivity 𝜀𝑡𝑜𝑥 12.5 x 8.854 x 10-12 Fm-1 

SiO2 Dielectric Permittivity 𝜀𝑏𝑜𝑥 3.9 x 8.854 x 10-12 Fm-1 

Effective Gate Voltages 𝑉𝐺𝑡
′ , 𝑉𝑏𝑡

′  
𝑉𝐺𝑡

′ = 𝑉𝐺𝑡 − 𝜙𝑚𝑠 

𝑉𝑏𝑡
′ = 𝑉𝑏𝑡 − 𝜙𝑚𝑠 

Biomolecule dielectric constant 𝜖𝑏𝑖𝑜 (3 to 9) x 8.854 x 10-12 Fm-1 

 

Equation 4.2 is a linear differential Equation with constant co-efficient. A closed form solution 

of this differential Equation is possible.  

The complete solution of the Equation 4.2 is,  

 

𝜑(𝑥) = 𝐶1𝑒
√𝐾𝑥 + 𝐶2𝑒

−√𝐾𝑥 +
𝐴

𝐾
                                      (4.3) 

 

For our device structure in Figure 4.1, we divide the whole channel into two regions, one under 

the biomolecule and one under ZrO2. For each region, we get two differential equations: 
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Region I: Under biomolecule (For 0 < 𝐿 <𝐿𝑏𝑖𝑜) 

  
 𝑑2𝜑1(𝑥)

𝑑2𝑥
− 𝐾1𝜑1(𝑥) = −𝐴1                                          (4.4) 

Region II: Under top oxide ZrO2 (For 𝐿𝑏𝑖𝑜< 𝐿 <𝐿𝑐ℎ) 
𝑑2𝜑2(𝑥)

𝑑2𝑥
− 𝐾2𝜑2(𝑥) = −𝐴2                                          (4.5) 

 

Solution of equations 4.4 and 4.5 will be in the form 4.3 

𝜑1(𝑥) = 𝐶1𝑒
√𝐾1𝑥 + 𝐶2𝑒

−√𝐾1𝑥 +
𝐴1

𝐾1
                                      (4.6) 

Where, 
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Where, 
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𝑡𝑏𝑜𝑥𝜀𝑐ℎ𝑡𝑐ℎ
 

𝐺2 =
𝜀𝑡𝑜𝑥

𝑡𝑡𝑜𝑥𝜀𝑐ℎ𝑡𝑐ℎ
𝑉𝐺𝑡

′ +
𝜀𝑏𝑜𝑥

𝑡𝑡𝑜𝑥𝜀𝑐ℎ𝑡𝑐ℎ
𝑉𝐺𝑏

′  

 

4.3 Evaluating the Constants 𝑪𝟏,  𝑪𝟐 , 𝑪𝟑 𝒂𝒏𝒅 𝑪𝟒 

For finding out four constants, we need four equations 

𝜙1(𝑥 = 0) = 0                                                    (4.8) 

𝜙1(𝑥 = 𝐿𝑏𝑖𝑜) =  𝜙2(𝑥 = 𝐿𝑏𝑖𝑜)                                     (4.9) 
𝑑𝜙1 

𝑑𝑥
= 

𝑑𝜙2

𝑑𝑥
 ( 𝑎𝑡 𝑥 = 𝐿𝑏𝑖𝑜 = 𝐿1)                                    (4.10) 

𝜙2(𝑥 = 𝐿2 + 𝐿1) = 𝑉𝑑𝑠                                        (4.11) 

 

Solving (4.8) - (4.11), we get following four constant values. 
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11 1 12 2 14 4
1

(A *D + A *D + A *D )C = 
Den

 

21 1 22 2 24 4
2

(A *D + A *D + A *D )C = 
Den

 

31 1 32 2 34 4
3

(A *D + A *D + A *D )C = 
Den

 

41 1 42 2 44 4
4

(A *D + A *D + A *D )C = 
Den

 

The constant terms associated with 𝐶1 𝑡𝑜 𝐶4 are given in the Appendix B. 

4.4 Result and Discussion 

When biomolecule enters the cavity, the potential profile changes according to the dielectric 

constant of the biomolecule.  

 

Figure 4.3 Potential profile when biomolecule dielectric constant is equal to top oxide dielectric constant. 

 

0 0.5 1 1.5 2 2.5 3 3.5 4

x 10
-8

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

Channel, X(nm)

P
o

te
n

ti
a
l,

 
 (

V
)

 

 

Vg = -1 V

Vg = -0.9 V

Vg = -0.8 V

Vg = -0.7 V

Vg = -0.6 V

Vg = -0.5 V

 



 51 

 

Figure 4.4 Potential profile when biomolecule’s relative dielectric permittivity is equal to 3, 5, 7 and 9. 

Drift diffusion equations are as follows[29], where 𝑛2𝐷 , 𝜙 𝑎𝑛𝑑 𝑉 are carrier density, potential 

and quasi Fermi potential respectively. 

2D DOS 
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Though we have captured the effect of biomolecule on 𝜙, its effect on V is still unexplored and 

subjected to future research. However, to predict the sensitivity of trilayer TMDC FET, we 

have used the NEGF current simulator described in the next section. For measuring sensitivity, 

we have used the following formulae (same as that of biosensor in chapter 2). 

𝑆 =
Δ𝐼𝑑
𝐼𝑑

=
|𝐼𝑑(𝑏𝑖𝑜) − 𝐼𝑑(𝑎𝑖𝑟)|

min(𝐼𝑑(𝑏𝑖𝑜), 𝐼𝑑(𝑎𝑖𝑟))
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4.5 DMFET Simulation using NEGF approach 

4.5.1 Simulation approach:  

For the materials (MX2) and dimensions of interest, it becomes essential to evaluate the 

electrical characteristics of MX2 heterostructure based FETs using quantum transport. An 

elegant approach to solve ballistic transport in these emerging material devices consists of the 

self-consistent solution of Poisson and Schrodinger equation in an NEGF framework with tight 

binding (TB) Hamiltonian. In this part, we use two-band TB Hamiltonian for trilayer MX2 

materials, with an open source quantum transport simulation framework[86]. For trilayer MX2 

heterostructure materials, the two-band Hamiltonian parameters are calculated using the 

effective mass of conduction (n-FET) or valence band (p-FET), and the bandgap of the 

material[87]. 

The electron and hole concentrations are calculated by means of solving the Schrödinger 

equation using the NEGF formalism that employs the open boundary conditions. 

The Green’s function can be expressed as 

𝐺𝑚(𝐸) = (𝐸𝐼 − 𝐻 − 𝛴𝑆
𝑚(𝐸) − 𝛴𝐷

𝑚(𝐸))−1                           (4.12) 

Where E represents the energy, I stands for the identity matrix, H is the Hamiltonian of the 

TMD, and 𝛴𝑆
𝑚 and 𝛴𝐷

𝑚 represent the self- energies of the source and drain, respectively. While 

carrying out the simulations, the transport is assumed ballistic completely. The spectral density 

matrices at source and drain contacts can be calculated as- 

𝐴𝑆
𝑚(𝐸) = 𝐺𝑚(𝐸)𝛤𝑆

𝑚(𝐸)𝐺𝑚†(𝐸)  𝑎𝑛𝑑  𝐴𝐷
𝑚(𝐸) = 𝐺𝑚(𝐸)𝛤𝐷

𝑚(𝐸)𝐺𝑚†(𝐸)       (4.13) 

Where, 𝛤𝑆𝑚(𝐸) and 𝛤𝐷𝑚(𝐸) are the spectral broadening matrices at source and drain contacts 

given by- 

𝛤𝑆
𝑚(𝐸) = 𝑖 (𝛴𝑆

𝑚(𝐸) − 𝛴𝑆
𝑚†(𝐸))   𝑎𝑛𝑑  𝛤𝐷

𝑚(𝐸) = 𝑖 (𝛴𝐷
𝑚(𝐸) − 𝛴𝐷

𝑚†(𝐸))       (4.14) 

The 2D electron density can now be calculated as- 

𝑛𝑥
𝑚 =

1

2𝜋𝑎
2(

2𝑚𝑧
∗𝑘𝐵𝑇

𝜋ћ2 )1/2 ∫ [𝔉−1
2⁄
(
𝜇𝑆−𝐸

𝑘𝐵𝑇
)𝑑𝑖𝑎𝑔(𝐴𝑆

𝑚(𝐸))
∞

−∞
                  (4.15) 

+ 𝔉−1
2⁄
(
𝜇𝐷 − 𝐸

𝑘𝐵𝑇
)𝑑𝑖𝑎𝑔(𝐴𝐷

𝑚(𝐸))]𝑑𝐸 

Where, 𝑚𝑧
∗  is the transverse effective mass (along z-axis), 𝜇𝑆  and 𝜇𝐷  are source and drain 

Fermi levels respectively and 𝑎 is grid size. Function 𝔉−1
2⁄
 denotes Fermi-Dirac integral of 

order  − 1
2⁄ . 3D electron density is obtained by multiplying 𝑛𝑥

𝑚  with the transverse wave 
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function  |𝜓𝑚̅̅ ̅̅̅(𝑦)|2 . This transverse wave function has been calculated from solving 

Schrodinger equations at discrete points along the channel. 

𝑛3𝐷
𝑚 (𝑥, 𝑦) = 𝑛𝑥

𝑚 |𝜓𝑚̅̅ ̅̅̅(𝑦)|2                                       (4.16) 

The total electron density is obtained by summing the above equation for all subbands. The 

ballistic current is calculated as- 

𝐼 =
𝑞

2𝜋ћ
2(

2𝑚𝑧
∗𝑘𝐵𝑇

𝜋ћ2 )1/2 ∫ [𝔉−1
2⁄
(
𝜇𝑆−𝐸

𝑘𝐵𝑇
) − 𝔉−1

2⁄
(
𝜇𝐷−𝐸

𝑘𝐵𝑇
)

∞

−∞
]𝑇(𝐸)𝑑𝐸         (4.17) 

Where, 𝑇(𝐸) is obtained by summing the transmission coefficient 𝑇𝑚(𝐸) over all subbands. 

𝑇𝑚(𝐸) is given by- 

𝑇𝑚(𝐸) = 𝑡𝑟𝑎𝑐𝑒(𝛤𝑆
𝑚(𝐸)𝐺𝑚(𝐸)𝛤𝐷

𝑚(𝐸)𝐺𝑚†(𝐸))                       (4.18) 

It needs to be pointed out that the current model used only considers one-dimensional transport 

between the source and drain reservoirs and that the leakage gate current is not considered. The 

Green’s function is determined using the recursive Green’s function technique. Emphasis is 

needed on the definition of each self-energy matrix, which can be construed as one of the 

boundary conditions of the Schrödinger equation. Complete ViDES code is presented in 

Appendix C. 

4.6 Result and Discussion 

 

Figure 4.5 𝐼𝑑 − 𝑉𝐺 characteristics of dielectrically modulated trilayer TMDC FET. 
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Figure 4.6 𝐼𝑑 − 𝑉𝐺 characteristics of dielectrically modulated trilayer TMDC FET. (Zoomed in subthreshold 
region) 

 

Figure 4.7 Sensitivity in the subthreshold region 
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5  

                               Conclusion 

5.1 Summary 

The electrostatic correlation of charged biomolecules (such as DNA) or ions to the nanoscale 

semiconductor devices and its corresponding electronic responses are studied. We developed 

a numerical model to explain the sensitivity of biomolecule detection and its dependence on 

various physical and operating parameters in double-gated FET devices. In contrast to the 

conventional studies on DGFETs focusing on their superior electrostatics to the planar 

transistors, our results demonstrate that it is possible to amplify the detection signal, in the 

presence of electrolyte screening, via the proper combination of the sensor geometry, bias 

conditions, insulating materials, buffer conditions, and operation mode in two independent 

gates. In this work, we have also investigated bio-sensing application in dry environment. An 

analytical Drain current model was developed for devices and surface potential has been 

verified with “SILVACO ATLAS” device simulation tool. Good change in threshold voltage, 

ΔVth was observed with the change of biomolecules. We varied the position and percentage of 

area in nanogap cavity covered by biomolecule to find out their effects on sensitivity. From 

such variation, it was found that maximum sensitivity is obtained when all of the cavity regions 

are filled with biomolecule. Moreover, for cavity regions with partially filled biomolecule, the 

sensitivity can be enhanced by moving the biomolecules more towards the center of the channel 

along carrier transport direction from the drain side. 

 

5.2 Suggestions for Future Work 

1) Monolayer TMDC material can be used as channel material and relative comparison on 

performance of such pH and biosensor can be investigated. 

2) Detection of other biomolecules like biotin-streptavidin pair, Avidin, and mRNA can be 

studied. 

3) More complex electrolyte buffer containing divalent salt ions can be introduced and their 

effect on Debye screening can be studied. 

4) More accurate and computationally expensive current model can be used to predict device 

current more realistically. 

Chapter 
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5) Effect of buffer ion concentration on sensitivity can be investigated. 

6) For dielectrically modulated FET biosensor, different oxide material other than SiO2 can 

be introduced and their effects on sensitivity can be investigated. 

7) Prospect of other device structure like Tunnel FETs as biosensors can be investigated. 
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Appendix C 

from NanoTCAD_ViDES import *  

import sys  

from module_TMD import * 

 

rank = 0 

   

# I create the grid 

xg=nonuniformgrid(array([-9,1,0,0.05,9+2,1])) 

 

FLAKE=TMD(70.0,"n"); 

FLAKE.me=0.51; 

FLAKE.Egap=0.72; 

 

acc=FLAKE.acc; 

kF=2*pi/(3*sqrt(3)*acc); 

kymax=4*pi/FLAKE.delta; 

Nky=32.0; 

dk=kymax/Nky; 

FLAKE.kmax=pi/FLAKE.delta; 

FLAKE.kmin=0; 

FLAKE.dk=dk; 

 

FLAKE.dE=0.01 

grid=grid2D(xg,FLAKE.y,FLAKE.x,FLAKE.y); 

savetxt("./datiout_DMFET/gridx.out",grid.gridx) 

savetxt("./datiout_DMFET/gridy.out",grid.gridy) 

 

# I take care of the solid 

Oxide1=region("hex",grid.xmin,grid.xmax,grid.ymin,20) 

Oxide1.eps=9; 

 

Oxide2=region("hex",grid.xmin,grid.xmax,20,50) 
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Oxide2.eps=3.9; 

 

Oxide3=region("hex",grid.xmin,grid.xmax,50,70) 

Oxide3.eps=9; 

 

TMDC=region("hex",0,2,grid.ymin,grid.ymax) 

TMDC.eps=4.8; 

 

top_gate=gate("hex",grid.xmax,grid.xmax,5.0,65.0); 

bottom_gate=gate("hex",grid.xmin,grid.xmin,5.0,65.0); 

 

p=interface2D(grid,Oxide1,Oxide2,Oxide3,TMDC,top_gate,bottom_gate);  

 

fraction_source=0.001 

fraction_drain=0.001 

dope_reservoir(grid,p,FLAKE,fraction_source,array([0,2,grid.ymin,grid.ymax])); 

 

Vgmin=-0.7; 

Vgmax=0.3; 

Vgstep=0.1; 

 

Np=int(abs(Vgmin-Vgmax)/Vgstep)+1; 

vg=zeros(Np); 

current=zeros(Np); 

p.underel=0.1; 

 

counter=0; 

Vgs=Vgmin; 

FLAKE.mu1=-0.0 

FLAKE.mu2=-0.5 

 

while (Vgs<=Vgmax): 

    bottom_gate.Ef=-Vgs; set_gate(p,bottom_gate) 

    top_gate.Ef=-Vgs; set_gate(p,top_gate) 
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    p.normpoisson=1e-1; 

    p.normd=5e-3; 

    solve_self_consistent(grid,p,FLAKE); 

    vg[counter]=Vgs; 

    current[counter]=FLAKE.current(); 

    # I save the output files 

    if (rank==0): 

        string="./datiout_DMFET/Phi%s.out" %Vgs; 

        savetxt(string,p.Phi); 

        string="./datiout_DMFET/ncar%s.out" %Vgs; 

        savetxt(string,p.free_charge); 

        a=[FLAKE.E,FLAKE.T]; 

        string="./datiout_DMFET/T%s.out" %Vgs; 

        savetxt(string,transpose(a)); 

        string="./datiout_DMFET/jayn%s.out" %Vgs; 

        fp=open(string,"w"); 

        string2="%s" %current[counter]; 

        fp.write(string2); 

        fp.close(); 

    counter=counter+1; 

    Vgs=Vgs+Vgstep; 

 

tempo=[vg,current] 

savetxt("./datiout_DMFET/idvgs.out",transpose(tempo)); 
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