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                                  Abstract  

          Carbon nanotubes (CNTs) have witnessed great importance due to their 

electronic and mechanical properties. CNTs have excellent electrical conductivity 

and can be used to create high-performance transistors for electronic devices. CNT 

represents a potential material for future microelectronic devices. This thesis 

enhanced the design and simulation of CNT using COMSOL Multiphysics 6.0. 

The CNT was not included in the material library of COMSOL, its electrical and 

mechanical parameters were added, including relative permittivity, band gap, 

electron affinity, the effective density of states in the valence and conduction band, 

electron and hole mobility, Density, Young's modulus, and Poisson's ratio. 

          Design and simulation of the single-walled carbon nanotube-based field 

effect transistor with a back gate was presented. This model utilized the zig-zag 

chirality to obtain semiconductor properties for the CNT material. The chirality of 

the carbon nanotube must be considered when altering the carbon nanotube 

diameter. The diameter values of carbon nanotubes range from 1nm to 4.5nm. 

Also, the band gap of CNTs is affected by changing the diameter of CNTs. It was 

found that increasing the diameter range resulted in decreasing bandgap.  In 

addition, the impact of varying silicon dioxide thickness (gate thickness) on the 

drain current was studied. As a result, that is found the drain current decreases with 

increasing gate oxide thickness. Additionally, the achieved resonance frequency 

for the designed CNTFET is equal to 50GHz, and the bandwidth is equal to 

30GHz. 

          As well as this research discussed; the design and simulation of a single and 

multi-walled carbon nanotube-based piezoresistive pressure sensor. This sensor 

operates by sensing the change in resistance across the tubes due to applied 

pressure. The effect of changing diameter on the resistance of CNT and the energy 

bandgap was discussed. In the current design picked, the diameter limits from 1nm 

to 4nm. It was found that raising the diameter reduced the energy bandgap and 
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decreased the resistance. The suggested model of a piezoresistive pressure sensor 

was analyzed by calculating several factors, including substrate deflection, 

current, von Mises stress changes, sensitivity, time response, and frequency 

responses, using a single CNT and an array of CNTs.  

          Moreover, the sensitivity of SWCNTs and MWCNTs was calculated 

respectively, it was found the sensitivity of SWCNTs is better than the sensitivity 

of MWCNTs. due to the surface area of SWCNTs being higher than that of 

MWCNTs. The length and diameter of the carbon nanotube also affect the 

sensitivity of the sensor. SWCNTs are usually longer and narrower than 

MWCNTs, which may enhance their sensitivity. The time response of the device 

was determined at a pressure range from 100kPa to 250kPa and the corresponding 

rise time is 0.18s to 0.23s. The achieved response frequency of the CNT 

piezoresistive pressure sensor is 60Hz in the range from 0 to 200Hz. In addition, 

the linear characteristic of the sensor makes it promising for practical applications. 
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Chapter One 

                               Introduction 

1.1 Overview  

       Carbon nanotubes (CNTs) are carbon atoms bonded together in a 

hexagonal lattice like a honeycomb. Each carbon atom is covalently bonded 

via sp2 molecular orbitals. The structure of CNTs consists of hollow tubes 

one-dimensional, made by rolling up a single layer of graphene. [1]. They 

are classified into two types single-walled and multi-walled carbon 

nanotubes [2]. There are three types of single-wall carbon nanotubes, 

depending on the method of folding: Zigzag, Armchair, and Chiral. They 

typically have lengths of several micrometers and a diameter of a nanometer 

[3]. CNTs are highly promising materials with a different of technical uses 

due to their tiny size, low mass, powerful mechanical strength, and excellent 

electrical and thermal conductivity [4,5]. 

1.2 The Carbon Nanotubes 

     There are two types of CNTs:  single-walled (SWCNTs) and multi-

walled (MWCNTs) [6]. SWCNTs are more flexible than their multi-walled 

counterparts because of their structural difference. MWCNT is formed of 

many concentric cylinders of SWCNT. Single-walled nanotubes are 

generally less thick than multi-walled ones [7]. 

1.2.1.  Single-Walled Carbon Nanotube 

            SWCNT is composed of one layer of graphene rolled up into a 

cylindrical shape, as shown in Figure1.1. Individual tubes are twisted and 

looped instead of straight and have minimal diameters usually 1nm. Single-

walled carbon nanotubes (SWCNTs) have garnered much attention due to 

their exceptional structure-dependent (chirality) properties, giving them 
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massive potential in various applications such as medicine, batteries, 

energy storage and transistor. SWNTs can be employed as an antenna in 

electromagnetic devices due to their strength, lightweight, and ability to 

operate as a good conductor [8]. Single-walled carbon nanotubes (SWNTs) 

are a novel class of materials for basic one-dimensional (1D) physics 

research and nanoelectronics and molecular electronics exploration. 

 

 

              Figure 1.1.  The Single-walled carbon nanotube [9] 

 

1.2.2.  Multi -Walled Carbon Nanotube 

         MWCNT is made up of more than two layers of graphite sheet, as 

presented in Figure 1.2.  MWCNTs structures may be described using two 

different models that are the Russian Doll and Parchment model. The first 

model consists of multi concentrical cylinders made of graphite sheets, such 

as a single-walled nanotube (SWNT). The other model resembles a 

parchment scroll or a rolled newspaper which is made using a one layer of 

graphite that is tightly wound around itself [10]. Individual carbon 

nanotubes are nested closely together to form a multi-walled nanotube 

(MWNT). The interactions between adjoining cylindrical layers in 

MWCNTs, which cause them to be less flexible and to have more structural 

flaws, are caused by the sp2 hybridization in MWCNTs [11].   

 

 

 

            Figure 1.2. The Multi-walled carbon nanotube [9]                   
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1.3 Synthes of Carbon Nanotubes, an Overview 

         The production of carbon nanotubes is usually achieved using three 

significant approaches: Arc-discharge, laser ablation, and chemical vapour 

deposition (CVD) technique [12]. One of the most influential and oldest 

techniques for making high-quality CNT is the Arc discharge. This method is 

based on the deposition of CNTs on the cathode of graphite while being 

subjected to current in a vacuum reactor [13]. The anode is the thin graphite 

rod, while the cathode is the thick graphite rod, the space between a graphite 

electrode and the other should be kept within 1 mm to maintain the arc [14]. 

The vacuum reactor is partially filled with inert gases like helium or argon for 

preventing the CNTs oxidation [15]. Another technique, laser ablation, is a 

straightforward and efficient modern technique [16]. The first step involves 

placing a piece of graphite in a vacuum furnace with some inert gas (such as 

helium) and high temperature. An instantaneous high temperature will then be 

produced by irradiating the metal catalyst and carbon atoms of the required 

graphite with an elevated-energy laser beam, leading to their immediate 

evaporation. Then, the carbon molecules and catalyst particles will be 

transported to the zone with high temperature by the carrier gas. Lastly, the 

deposition of the carbon atom clusters on the collector resulting in the CNTs 

generation. The importance of laser ablation represents in high purity and low 

defect rate of the generated CNTs [17].  Additionally, the CVD technique is 

widely utilized for generating CNTs [18]. The CVD process generally is 

happened in the furnace chamber. The chamber should be empty of gases by 

expelling them to prevent oxidation that could occur due to the sparking of 

oxygen-containing gases in the surrounding atmosphere. Then the carbon 

precursor gases, especially the hydrocarbons, are conducted into the chamber 

alongside an inactive gas such as argon or helium. The furnace is heated to 

evaporate and decompose the gases. The reaction between the reactive species 

from the gases and the catalyst causes carbon deposition on the substrate. The 
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vaporized hydrocarbons should interact with the metal catalyst to split into 

hydrogen and carbon. The metal will absorb carbon, while hydrogen will end 

up with evaporation. CVD is the most extensively utilized technology because 

of its affordability, high production, scalability, and simplicity of management. 

This process is used to generate a lot of nanotubes [19,20]. 

1.4  Literature Review 

R. Jakati et al. 2016 [21] explain, comparing, and analyzing different 

pressure sensor mechanisms: Piezoresistive, capacitive, and piezoelectric 

pressure sensors. When comparing piezoresistive pressure sensors to 

capacitive and piezoelectric pressure sensors, piezoresistive pressure 

sensors attain higher linearity and better sensitivity. 

 

T. Dinh et al. 2017 [22] effectively explained a technique for building a 

flexible pressure sensor. The sensor used acrylic elastomer as a flexible and 

stretchable substrate. The sensor has a high sensitivity of up to -0.86 Ω/kPa, 

with a 100 ms response time. The sensor could recognize finger pressing 

in real time. 

  S. Pyo et al. 2017 [23] an extremely sensitive pressure sensor has been 

developed using polyester fabric covered with carbon nanotubes (CNT). 

The material was produced using a quick and inexpensive "dipping and 

drying" process, and the dipping number was easily adjusted to control the 

fabric's characteristics. The fabric also showed excellent mechanical 

flexibility and durability against bending; the highest sensitivity of the 

sensor achieved 10.63%/kPa for pressure up to 10kPa, and it was noted that 

the resistance of the manufactured sensor decreased when exposed to 

external pressure. 
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A. Sanli et al. 2018 [24] described a piezoresistive pressure sensor that is 

simple to build using nanocomposites made of MWCNTs and epoxy. 

Display excellent durability, low hysteresis over 100 cycles. 

 

K. Balavalad et al. 2018 [25] has developed and evaluated a tiny 

piezoresistive pressure sensors utilizing Si, SOI, and CNT. They 

demonstrated that the sensitivity of the CNT piezo resistor-based micro 

pressure sensor is higher than that of silicon and SOI-based sensors. The 

SOI-based sensors showed a low displacement in comparison to Si and CNT-

based sensors, which showed a similar displacement.   

R. Shaik et al. 2018 [26] designed and simulated a Polydimethylsiloxane 

(PDMS) and Multi-Wall Carbon (MWCNT) nanocomposite material as a 

piezoresistive pressure sensor. Simulation results are plotted for three varied 

concentrations of nanomaterial filler, which were 25% wt, 18% wt, and 4% 

wt, observing the maximum resistance change for 18% wt. Hence full 

conduction and lowest alteration in resistance are found for filler with 

concentration of 25%wt. 

K. Park et al. 2019 [27] developed a flexible sensor based on 

MWCNT/PDMS has been developed and used in two medical applications. 

tactile sensing with touch sensors for rehabilitation activities, and a needle 

with strain sensors for in-situ tissue characterization. The characterization of 

MWCNT/PDMS elastomers and MWCNT dispersion techniques in PDMS 

are examined to determine the best manufacturing procedure. It has been 

shown that manufactured MWCNT/PDMS elastomers feature 

piezoresistivity, which is sensitive to mechanical strain, and a very flexible 

structure that permits 40–50% strain, enhancing the sensitivity of the sensors. 

T. Kumpika et al. 2020 [28] discussed the manufacturing and properties of 

stretchy strain and pressure sensors made from a carbon nanotube and 
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graphene composite are discussed using the polymer's diffusion through 

nanostructured materials.  The manufacturing method was easy, cheap, and 

highly sensitive.  The strain sensor was durable (over 1000 cycles) and had 

a high GF (10.9). The pressure sensor remained steady even under elevated 

pressure (50 kg cm2). The sensors' flexible strain and pressure sensing 

capabilities were put to the test for gait analysis applications. The sensors 

could measure high knee sagittal angles and forces during walking. 

A. Soares et al. 2021 [29] designed and simulated a quantum carbon 

nanotube field-effect transistors based on top-gated to get excellent electrical 

characteristics for sub 5nm technologies. 

T. Rijk et al. 2022 [30] presented a new pressure sensor that directly 

incorporates multi-walled carbon nanotubes (CNTs) into the polyimide 

sheet. The sensor is robust and can withstand pressures as high as the highest 

tested level of 55N. According to the primary findings, a linear pressure 

extent of up to 40N is measurable. Periodic pressure response tests 

demonstrate the sensor's recurrently and steady mechanical nature because 

of its robust polyimide foundation. 

M. Zamzami 2022[31] discussed the fabrication of carbon nanotubes filed-

effect transistor sensor and its characterization. The fabrication of CNT-

FETs performed by following conventional photolithography method and 

lift-off techniques. It was found that 87% of the fabricated CNT-FETs were 

stable and functional. 

G. Fedorov 2023 [32] investigated the effect of metal deformations on the 

gate voltage dependence of the conductance of metallic armchairs and zigzag 

CNT FETs. Was employed Density Functional Theory (DFT) calculations 

of deformed CNTs. It was found, in the case of armchair CNT, that the gate-

voltage dependence of the conductance shows an ON/OFF ratio of about a 

factor of two, nearly independent of temperature. 
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C. Wang 2023 [33] a novel flexible sensor based on the carbon nanotube 

paper film (CNTF)and stress-induced square frustum structure (SSFS) was 

proposed. to develop an ultra-sensitive and wide-range flexible CNTF/SSFS 

pressure sensor. which exhibited an ultra-high sensitivity of 2027.5kPa−1 in 

the range of 0 to 20kPaa. 

1.5 Problem Statement 

         The main problem that faces the use of most electronic devices is their 

size. Most electronic devices are large. CNT can be used to miniaturize 

electronic devices besides an efficient performance.   This can lead to smaller, 

more compact, and more energy-efficient electronics. 

1.6 Aim of Thesis  

        The thesis aims to: 

•   The modelling of CNT which was added to COMSOL Multiphysics 

as a new material.  

• The design and simulation of field effect transistors based on carbon 

nanotubes modeling of single-walled carbon nanotube. 

•  The design and simulation of single and multi-walled CNTs 

piezoresistive pressure sensors then determine its sensitivity, time 

response, and frequency response.  

1.7  Thesis Outline 

Chapter 1: This chapter explains the introduction of the thesis. 

Chapter 2: This chapter illustrates the theory of Carbon nanotube devices. 

Chapter 3: This chapter provides the model design of CNTFETs and 

CNTs- based piezoresistive pressure sensors. 

     Chapter 4: This chapter provides the simulation results of CNTFETs and 

CNTs- based piezoresistive pressure sensors. 
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            Chapter 5: This chapter contains the conclusion and future work of this 

thesis. 
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Chapter Two 

Theory of Carbon Nanotube Devices 

2.1. Introduction 

Carbon nanotube (CNT) has gained much attention due to its unique 

electrical and mechanical characteristics. 

        This chapter discusses the theory of nanomaterial devices which are 

CNTs based on field effect transistors and piezoresistive pressure sensors. 

2.2.  Nanomaterial (Carbon Nanomaterial) 

          Nanomaterials are materials with structures or features that have at 

least one dimension in the nanometer scale, typically ranging from 1 to 100 

nanometers [6]. Nanomaterials can be categorized into various types based 

on their dimensions, composition, and properties. The properties of 

nanomaterials are influenced by increased surface area, and changes in 

electronic structure compared to bulk materials. These unique properties 

make nanomaterials valuable for a wide range of applications, including 

electronics, medicine, energy, catalysis, and materials science. 

Nanomaterial devices can be found in various fields, including electronics, 

medicine, energy, and materials science. Devices in the field of 

nanoelectronics utilize nanomaterials for the fabrication of components 

such as transistors, sensors, and memory devices. Nanotubes are common 

types of nanomaterials. CNTs are a type of allotrope of carbon, like 

graphene, and fullerenes. Nanotubes are hollow cylinders with diameters in 

the nanoscale [8]. CNTs can be used in the development of smaller and 

more efficient electronic devices, such as transistors and interconnects, due 

to their excellent electrical properties. 
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2.2.1. Properties of Carbon Nanotubes 

           CNTs exhibit a range of remarkable properties, making them a 

subject of extensive scientific research and exploration. Carbon nanotubes 

exhibit excellent electrical conductivity. They can conduct electricity as 

well as or even better than some metals. This property makes them 

suitable for applications in electronic devices. Additionally, carbon 

nanotubes are known for their exceptional mechanical properties. 

Theoretical models predict high tensile strength and stiffness. The 

strength arises from the strong covalent bonds within the graphene lattice, 

and the cylindrical structure enhances these mechanical properties. Then 

carbon nanotubes can be very small in diameter, on the order of 

nanometers. This small size allows for the development of nanoscale 

devices and components, which is challenging with traditional silicon-

based technologies. Therefore, theoretical studies have explored the 

thermal conductivity of carbon nanotubes. Due to their one-dimensional 

structure and strong carbon-carbon bonds, nanotubes can exhibit high 

thermal conductivity, making them valuable for applications in thermal 

management. However, CNTs can exhibit ballistic conductance, allowing 

electrons to flow through them with minimal scattering, making them 

promise for use in high-performance electronic devices. Thus, CNTs are 

extremely lightweight, contributing to their use in lightweight and strong 

composite materials [9]. 
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2.2.2.   Application of Carbon Nanotube 

         CNTs have a lot of potential uses because of their exceptional 

properties, including electronic [34], optical [35], thermal [26], chemical, 

and mechanical properties [37, 38]. CNTs possess exceptional electrical 

characteristics because of their unique electronic structure and graphite's 

one-dimensional nature. Nevertheless, in CNTs, electrons are difficult to 

scatter [39]. CNT electronics have the potential to make the evolution of 

electronics extremely understandable and overcome the size limitations of 

circuits. It could have potential applications in energy conservation and 

integrated circuits. CNT-electronics can enhance current devices together 

with biotechnology and artificial intelligence [40]. Such advancements 

might be exploited when solving previously unsolvable issues. Reported 

articles have demonstrated that field-effect transistors can operate 

effectively in single-wall carbon nanotubes with a diameter of less than 1 

nm. However, their versatility and potential for implementation in 

upcoming nanometer-scale circuits have steadily improved. Some potential 

applications based on carbon nanotubes include CNT based Field-Effect 

Transistors, Diodes, and Logic Circuits. SWNTs are promising for 

application in producing high-performance diodes due to their current-

carrying capability [41]. Furthermore, Carbon nanotubes are the most 

powerful and stiffest materials regarding tensile strength and elastic 

modulus. This strength is a result of the covalent sp2 bonds that have been 

created between the individual carbon atoms. Individual nanotubes' tensile 

strength may be 1000GPa, and their elastic modulus is in the tera-pascal 

range [42, 43].  
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2.2.3.  Physical Structure of Carbon Nanotube 

          The SWCNT is a graphene sheet wrapped in a cylindrical form with 

axial symmetry, displaying a spiral structure called chirality. The way the 

graphene sheet is wrapped is represented by a pair of indices (n, m) called 

the chiral vector. Two atoms in a planar graphene sheet are chosen, and 

one is used as the origin.  The chiral vector Ch is pointed from the first 

atom toward the second one and is defined by the relation [8]: 

            Ch = n ∙ a1 + m ∙ a2  …………………………………… (2.1) 

Where, n and m are integers denote the number of unit vectors along two 

directions in the honeycomb crystal lattice of graphene, and a1 and a2 are 

the graphene lattice vectors, as presented in Figure 2.1. The chiral vector 

length c equals the circumference of the CNT and is determined by the 

related equation: 

          c = |C| = a√(n2 + nm + m2)  ……………………….... (2.2) 

The value a represents the unit cell vector length 𝒂𝟏or 𝒂𝟐. This length is 

linked to the length of the carbon-carbon bond 𝑎𝑐𝑐by the relation. 

           𝑎 = |𝑎1| = |𝑎2| = 𝑎𝑐𝑐√3  ………………………………(2.3) 

The carbon–carbon bond length is 𝑎𝑐𝑐 = 0.144 nm. The lattice basis 

vectors 𝑎1 and 𝑎2 are combined linearly to form the chiral vector Ch. The 

chiral indices are vectors with positive integers n and m. Basically, chiral 

indices are used to calculate the diameter and bandgap of SWCNT [8], 

The diameter is derived by, 

       d =
√3 𝑎𝑐𝑐

π
 √  n2 + m2 + 2nm          ……………………….(2.4)   

The threshold voltage depends on the diameter of CNT, and can be 

calculated by the following equation: 

       Vth =
aVπ

√3e dCNT
    …………………………………………...(2.5)     
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The angle between the chiral vector and zig-zag nanotube axis is the chiral 

angle. This angle is denoted by: 

        θt = tan−1(m√3)/(m + 2n) ……………………………..(2.6) 

The chirality separates carbon nanotubes into three kinds, distinguished by 

their electronic characteristics. The three major structural kinds of single-

walled carbon nanotubes identified are the armchair, zigzag, and chiral [6]. 

These different kinds of carbon nanotubes are made differently depending 

on how graphite is "rolled up" during manufacturing; they may be 

demonstrated by a vector, referred to as a chiral vector [44]. The chiral 

vector is the line connected by two crystallographically equivalently sites. 

The representation of the chiral vector is based on two indices, n, and m. 

The different types of structures are associated with (n, m and θ); as 

following [6]:  

• Armchair (n = m, θ = 30˚). 

• Zigzag (m = 0, n > 0, θ = 0˚). 

• Chiral (m  ≠ n, 0 < θ < 30˚). 

Figure 2.1. Schematic diagram showing how a hexagonal sheet of graphite is ‘rolled’ to 

form a carbon nanotube [44]. 
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2.3. Carbon Nanotube-Based Field Effect Transistor 

  Carbon nanotube field-effect transistors have gained significant 

importance recently because of their superior electrical, mechanical, and 

thermal feature [45-47]. The development of single-walled CNTFETs has 

made tremendous progress (SWCNTFET) due to their unique properties, 

where it bows elastically (rather than fracture) under enormous bending or 

compressive forces. Many technologies are being considered to aid in 

miniaturizing transistors; carbon nanotubes have the potential to help [48, 

49].  

The CNTFET was designed to provide high-performance electronic 

devices. SWCNT field-effect transistors (FETs) differ from traditional 

semiconductor transistors in several significant ways, making them unique 

and intriguing: The one-dimensional CNT reduces scattering potential [42]. 

Consequently, the gadgets may operate quite quickly. The bonds at the 

surface are steady and saturated, so it is suitable for conduction occurrence. 

Therefore, there is no need for passivation in the boundary between the gate 

dielectric and the nanotube channel. The demand for tiny devices with more 

incredible operating speeds has arisen because of technological 

advancements in all sectors of life. Silicon scaling should be altered, so 

silicon MOSFET has been gradually replaced by carbon nanotube field-

effect transistors (CNTFET). CNTFETs could widely be applied in almost 

all disciplines; digital logic circuits play an important role in producing 

semiconductor devices. When designing these circuits, the most important 

factors are speed, area, power consumption, and cost. CNTFETs have 

outstanding electrical characteristics, such as a carrier velocity and mobility, 

which can be utilized in various electrical usages. 
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2.3.1. Types of CNTFETs Based on the Geometry 

             Carbon Nanotube Field-Effect Transistors (CNTFETs) can be 

classified based on the geometry of the carbon nanotube used in their 

construction which includes Back Gate CNTFETs [50, 51], Top Gate 

CNTFETs [52], Warp Gate CNTFETs [53], and Suspended CNTFETs [54]. 

The geometry of the carbon nanotube primarily refers to its structure, 

specifically whether it is a metallic or semiconducting nanotube. The 

classification based on the geometry (metallic or semiconducting) is crucial 

in determining the electrical properties and potential applications of 

CNTFETs. 

2.3.1.1.  Back Gate CNTFETs  

        The elementary demonstration of CNTFET was made by Tans et al. 

in 1998 [26]. In the proposed design, a single-walled carbon nanotube 

connected two metal electrodes constructed on a silicon substrate. The 

metal electrodes are the source and drain, while the SWCNT is the channel. 

A metal contact is connected at the back, acting as the gate terminal [50]. 

Figure 2.1 demonstrates a graphical schema of back gate CNTFET. The 

purpose of the back gate is to provide an additional means of controlling 

the flow of current through the carbon nanotube channel. By applying a 

voltage to the back gate, you can modulate the electrostatic environment 

of the CNT and influence its electrical properties. The back gate can help 

improve the ON/OFF ratio of the CNTFET and Enhanced Control over 

Threshold Voltage. CNTFETs with back gates can be optimized for 

specific performance metrics, such as speed, power consumption, and 

noise margins. 
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                                  Figure 2.2. The Back Gate CNTFETs [50]. 

2.3.2.  Operation of BG-CNTFETs  

           The CNTFETs operate on the same fundamental concept as 

MOSFETs. The source terminal supplies electrons, and the drain terminal 

collects them. The current transference is from the drain to the source 

terminal passing through the transistor channel, and its intensity is 

controlled by the gate terminal. The transistor is in an off state whenever 

no gate voltage is applied. The primary distinction between CNFETs and 

MOSFETs is that carbon nanotubes are utilized as the channel in 

CNFETS, whereas MOSFETs are composed of severely doped silicon. 

The SWCNTs may be metallic or semiconducting, based on their chirality 

and diameter. In a conventional CNTFET, the current is injected to a 

metal source and collected from drain electrodes, and they are connected 

to a semiconducting SWNT. A third gate controls the current flow 

between the source and the drain, which is coupled through an insolation 

sheet. carriers and conductance decrease in a positive gate voltage 

comparing to negative gate voltage causes carriers to accumulate and 

increases conductance. CNTFETs may successfully replace MOSFETs in 

nanoscale electronics. They are also highly promising regarding their I-V 

and transfer properties. The operation of two different structures is 

discussed. The first structure is Schottky-barrier CNFET, and the other is 

MOSFET-like CNFET. 
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2.3.2.1.  Schottky Barrier of CNTFETs 

              A potential barrier is called the Schottky barrier (SB) at every 

point where a metal and a semiconductor contact occur. The rising of the 

barrier depends on the filling of metal-induced gap states. The SB is quite 

sensitive to changes in the immediate surroundings at the point of touch 

[55]. The SB-CNFET operates based on immediately transferring over the 

Schottky barrier at the source-channel junction. The system 

transconductance depends on the gate voltage, which regulates barrier 

width. A significant barrier restricts the channel's current at low gate bias. 

Increased gate bias narrows the barrier, improving quantum mechanical 

tunneling and boosting the transistor channel's current flow. The SB-

CNTFET operates through adjusting the device's transport coefficient. The 

SB-CNFET exhibits robust ambipolar conduction, especially when the 

gate oxide thickness decreases [56]; until when the Schottky barrier is 

zero. 
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2.3.2.2. MOSFET- like CNTFETs 

           This device's structure differs somewhat from the SB-CNFET 

due to the use of doped terminals rather than metal. That kind of device 

was designed to resolve the issues of SB-CNFET by functioning as a 

standard MOSFET. This kind of transistor provides several benefits 

compared to SB-CNFET. This device may prevent ambipolar 

conduction. It also offers a higher channel length limit due to the greatly 

decreased density of metal-induced gap states. This kind of transistor 

provides several benefits when compared to the SB-CNFET. This device 

may prevent ambipolar conduction in SB-CNFET. It also offers a higher 

channel length limit due to the substantially lower density of metal-

induced gap states. 

       The parasitic capacitance between the gate and the source terminal 

is significantly lowered, enabling the transistor to operate more quickly. 

One of the primary differences between CNTFETs and MOSFETs is 

using Carbon nanotubes (CNTs) as the channel material instead of 

silicon, which allows for a greater drive current density owing to the 

higher carrier mobility of CNTs as compared to bulk silicon [57]. 
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2.3.3.  Ballistic Transport 

         Ballistic transport occurs when the mean free path (lm) longer than 

the travel length carriers. The mean free path is the average of a carrier 

travelling length that must be traveled before a carrier encountering a 

scattering phenomenon. Numerous sources must scatter the carrier, 

including lattice-vibrating acoustic and optical phonons, ionized 

impurities, defects, interfaces, and other carriers. At the low voltage and 

presuming ideal contact, it has been discovered that metallic nanotubes 

have (lm) at least 1m at standard conditions. Additionally, the mean free 

path is inversely proportional to temperature. Landauer equation helps in 

understanding the carbon nanotubes transport characteristics, which 

explains quantum conductance of a quasi-1D conductor [6]. 

 

           G = 𝑒2/h ∙ ∑ ti
M
i=1 (EF) ………………………………… (2.7) 

Where,  

 𝑒2/ℎ is the quantum resistance (contact resistance), 

 ti is transmission of a contributing conduction channel, 

 EFis the Fermi energy. 

Carbone nanotube follows the ballistic transportation, which means that 

the electron energy does not been scattered in the phonons form. The 

quantum resistance (contact resistance) of ballistic transport is given by 

the following equation [6]: 

      RQ =
h

e2
 = 26 KΩ …………………………………………. (2.8)                                                                                                  
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                   Figure 2.3.  Illustration of ballistic transport in a system [17]. 

 

         Carriers with energies up to µ1 and µ2 are inserted into the CNT 

from contacts 1 and 2, respectively, as shown in figure 2.5. Since the CNT 

does not scatter, carriers injected at a given energy E˚ go down the tube 

without losing energy. Carrier particles travelling from contact 1 to 

contact 2 with energies between µ1and µ2 carry the net currently. 

Scattering in the conduction channel could be included in the Landauer 

formula by incorporating an (momentum scattering length lm): 

         R = RQ . L/lm……………………………………………. (2.9) 

Where, 

 R is the resistance of ballistic conductor. 

 L is the length of the conductor, 

 lm is the mean free path.                                                 

 𝑅𝑄 is the quantum resistance. 

2.3.4.   Mathematical Model of CNTFETs 

            The electron mobility describes the movement of electrons through 

a semiconductor or a metal. Mobility is the rate at which charge carriers 

react to an external electric field. The equation (2.10) estimates the CNT 

electron mobility 𝜇[72]:   

        μ =
Lcnt

2  gm

Cg Vd
  ……………………………………………… (2.10) 

Where,  

 L is the length of CNTs, 
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 gmis the transconductance,  

 Vd is the drain voltage, 

Cg is the gate capacitance that can be calculated by: 

      Cg = 2πLcntεrε°/ln(2t𝑖/r)………………………………. (2.11)  

    Where,  

        εr is the dielectric constant of silicon dioxide, 

        t𝑖 is thickness of silicon dioxide, 

        r is the radius of CNTs,  

        ε° is the relative permittivity of free space (8.8542× 10-12 Fm-1) 

         The electron concentration in the conduction band is defined by this 

equation [50]: 

         ni = Nce [
−(Ec−EF)

KT
]………………………………………   (2.12) 

Where, 

         Nc = (2πmekT/h2)3/2…………………………………… (2.13) 

 Nc is the effect density of state in conduction band, 

        me is the effective mass of an electron, 

        k is Boltzmann constant, 

       T is temperature, 

         h is Planck constant equal 6.624 × 10−34 Js, 

        (Ec − EF) = KTln (
Nc

Nd
) …………………………………….(2.14) 

        EF is the Fermi energy, 

         Nd is the donor concentration. 

        The electron in the valence band is defined by the hole 

concentration   and is given by this equation [50]: 

    pi = Nve((Ev−EF)/kT)………………………………………(2.15) 

  Where, 

    Nv = 2(2πmhkT/h2)3/2……………………………….... (2.16) 
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             Nv is the effect density of state in the valence band, 

             mhis the effective mass of a hole, 

             k is Boltzmann constant, 

             T is Temperature, 

        h is Planck constant equal 6.624 × 10−34 Js. 

2.4.  Sensors Based-Carbon Nanotube 

          Sensors influence our daily lives significantly, and sensors measure 

or detect physical and chemical quantities, including temperature, pressure, 

sound, and concentration. Sensors are key in several scientific and technical 

applications, including controlling environment and chemical process, 

biomedical uses, and security. Enhancement of sensing materials and 

technologies has been extensively studied to accomplish the criteria of good 

sensors, like high sensitivity and reliability, quick response, low cost. 

Therefore, it becomes necessary to reduce sensors size because this could 

increase their performance and durability, allows integrating additional 

functionalities in a tiny package. The urgent need for smaller sensors led to 

the development new sensors that operate more effectively at the nanoscale, 

i.e., nano-sensors. It may all be accomplished using carbon-based 

nanomaterials, notably CNTs [60].  

     The basic idea behind a nano-sensor is to collect information at the 

atomic level and transmit it to the macroscopic realm as analyzable data. 

The purpose of the detecting mechanism is to precisely identify specific 

atoms or molecules by observing various in temperature, electricity, 

magnetic forces, volume, concentration, displacement, frequency, and 

velocity. Nano-sensors can be used for various purposes, such as early 

illness diagnosis, DNA sequencing, gene mutation detection, gas detection, 

monitoring blood sugar levels in diabetic patients, precise monitoring of 

material states, and more [28]. The manufacture of sensors is one of the 
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most important uses for functionalized CNTs nanotubes in various 

industries, including nanotechnology, medicine, industry, electronics, etc.                 

        CNTs have the potential to revolutionize the sensor industry due to 

their intrinsic qualities, including tiny size, high strength, high electrical 

and thermal conductivity, and high specific surface area. Carbon nanotubes 

(CNTs) give many advantages as sense items, including a high surface area 

for electrical conductivity, cheap cost, low-temperature functioning, and 

the capacity to be functionalized with different polymers for greater 

sensitivity. The sensor should be able to respond quickly to external stimuli, 

detect analytes in proportions as small as feasible, recover quickly, identify 

the correct analyte, and be simple to use. Sensors are a group of devices 

that are significantly utilized, from the disclosure of gas molecules to the 

momentum monitoring of chemical signals in biological cells. Sensors are 

miniature devices used to collect qualitative and quantitative analytical data 

by continually monitoring a given analyte's physicochemical or biological 

characteristics. 

    CNT-based biosensors have several benefits, Compared to 

commercially available silicon- and metal-oxide-based biosensors. 

electronic goods and is crucial to new artificial intelligence applications. 

According to their features, there are several types of sensors, including gas, 

temperature, pressure, etc. 

2.4.1.  Pressure Sensor Based Carbon Nanotubes 

        Carbon nanotube pressure sensor is one of the favorable sensing 

components in sensing technology to transform a tactile input into electrical 

signals. SWCNTs and MWCNTs have been utilized as active sensing 

components in pressure sensors to create devices that are very sensitive to 

changes in pressure. Pressure sensors are highly important and utilized in 

many sectors, including aerospace, barometry, manufacturing, 

transportation, and medicine. Pressure sensitivity, pressure range, and the 
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capacity to detect and endure tiny and large pressures are important 

performance indicators defining pressure sensors. Several pressure sensing 

methods are utilized, such as piezoelectricity, piezo resistivity, and 

capacitive. Piezoresistive pressure sensors exceed the opposition in 

applications used in everyday life due to their easy device form, simple 

signal collecting, low cost, and simple fabrication process. However, the 

piezoelectric pressure sensor reacts to external pressure by creating 

immediate electrical signals. A piezoelectric pressure sensor responds to a 

change in electrical potential by sensing and detecting the pressure that has 

been applied. Piezoelectric sensors are often used to dynamically detect 

pressure and high-frequency vibration due to their great sensitivity and 

capacity for transient detection. Piezoelectric sensors are ineffective for 

sensing static pressure because their output voltage is pulsed. The detecting 

element is made of ceramic or quartz that has been metalized. Mechanical 

deformation is converted into an electrical signal (voltage) by a 

piezoelectric element via the creation of charge and an alteration in 

capacitance. A positive charge is formed when the crystal is stressed. The 

piezoelectric effect occurs when mechanical stress or pressures are 

enforced along certain planes to various crystal materials, producing an 

electric potential over the surface of those materials. An electric field is 

generated within a polarized crystal due to application of a stress to it and 

this is described as piezoelectricity. Surfaces of the crystal may differ 

because of this field, which could be measured. The use of piezoelectric 

sensors to monitor the structures health is an excellent illustration of this 

phenomenon. Additionally, the capacitive pressure sensor comprises two 

parallel plates that serve as capacitor electrodes and are spaced apart by an 

insulating medium (dielectric). Capacitive pressure sensors operate to 

measure the parallel plate capacitor's change in capacitance, which is 

described by the equation capacitance. 
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        c𝑜 = εrε°A\do ……………………………………………… (2.17) 

  Where, 

 c𝑜is a capacitance, 𝜀° is relative permittivity of free space, 𝜀𝑟 is dielectric 

constant, A is the area of two plate, and  do is a distance between two 

parallel diaphragms. The capacitance depends on the contact surface, plate 

distance, and effective dielectric constant influenced by pressure-induced 

deformation [70]. A capacitive pressure sensor determines the pressure's 

intensity by sensing a change in capacitance, which is occurred when the 

spacing between two electrodes changes under applied pressure. The most 

significant benefits of capacitive sensors are their consistent sensing 

capability, high dynamic response, and low power consumption.  

2.4.1.1. Piezoresistive Pressure Sensor  

              The piezoresistive pressure sensor operates based on the 

piezoresistive effect. When the pressure sensor is put under mechanical 

strain, the mobility of the silicon carriers varies, which in turn affects the 

effective mass of silicon atoms, which influences the effective mass of 

silicon atoms, therefore changing the material resistance (R°) by the 

formula below: 

           R° =
 ⍴l 

A
 ………………………………………………………………… (2.18) 

    Where,  

                 ρ is the material's resistivity, 

      A is the cross-sectional area of the piezoresistive fabric, 

      l is the length of the piezoresistive material. 
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      There are several considerations should be taken to design a piezoresistive 

pressure sensor. The choice of piezoresistive materials is the first item to 

consider. Which is Silicon [65], Polysilicon, Silicon dioxide, Carbon 

nanotubes [66], and Graphene, all normally employed piezoresistive 

materials. As a result, the choice of material is essential as it influences the 

change in sensor output. The performance of piezoresistive pressure sensor 

depends on the material's features, the sensor's structure, the resistors' 

location, how big they are, how thick the diaphragm is, etc.  Piezoresistive 

sensors have received significant research attention due to the simple, 

inexpensive, and simple fabricated they are. Piezoresistive sensors' 

resistance changes primarily result from the contact resistance between 

two conductive modules when subjected to external pressure, Figure 2.8 

show that. The substrate and ingredient of a piezoresistive pressure sensor 

are considered two critical elements of it. Carbon nanotubes are widely 

used as a piezoresistive element in piezoresistive pressure sensors due to 

their unique mechanical, electrochemical, piezoresistive, and other 

physical qualities. 

 

           

 

 

 

                 Figure 2.4. Schematic diagram and sensing mechanism of 

                                    a piezoresistive pressure sensor [67] 

The basic structure of a piezoresistive pressure sensor typically involves a 

diaphragm or a flexible membrane that deforms under the influence of 

pressure. This diaphragm is often made of a piezoresistive material, such 
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as silicon. When pressure is applied, the diaphragm flexes, causing a 

change in the electrical resistance of the piezoresistive material. The 

change in resistance is then converted into an electrical signal, usually in 

the form of a voltage or current, which can be measured and correlated 

with the applied pressure. This conversion is often achieved by 

incorporating a Wheatstone bridge circuit into the sensor design. 

2.4.1.2.  Application of CNT Pressure Sensor 

      In recent years, CNTs have provided distinctive properties to 

improve sensors that can make the devices smaller, more sensitive, have 

high accuracy, are less expensive, and have less power consumption. 

Pressure sensors may be successfully used in applications for personal 

electronics, artificial intelligence, and industrial production. Pressure 

sensors are utilized in mobile biomonitoring in medical diagnostics and 

healthcare. CNT-based pressure sensors are employed in renal dialysis 

equipment, breathing devices, and eye procedures [64]. To assess the 

effectiveness of a sensing device, it is necessary to know the essential 

variables of the pressure sensor. These essential variables include 

sensitivity, the limit of detection (LOD), linearity, response time, and 

stability.  

       The sensitivity of pressure sensors is one of the most essential 

parameters, as it determines the measurement accuracy and efficiency of 

the device. The pressure sensitivity is defined as S = dX/dP, where S 

represents the sensitivity, X represents the quantitative output signal, and 

P represents the applied pressure. Limit of detection (LOD) is a second 

important metric. It refers to the minimum pressure required to produce a 

noticeable signal change. Improving the LOD of pressure sensors is 

essential for creating highly efficient pressure sensors that operate at ultra-

low and subtle levels. Usually, linearity is described as the degree to 
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which the current performance of a pressure sensor throughout a certain 

operating scale arrives at an upright line. In general, linearity is expressed 

as a percentage representing the drift from a linear regression line. 

Pressure sensor responses within the linear operating range are more 

precise and reliable. Therefore, these pressure sensors are highly sensitive 

and have a wide linear range for practical applications.  

 Response time is a significant factor in assessing the effectiveness of 

pressure-sensing devices. The response time refers to the duration it takes 

for a pressure sensor to generate a consistent signal output after receiving 

input pressure.  Pressure sensors are excellent options for advancing 

science and technology in contemporary culture due to their extensive use 

in personal electronic devices and industrial monitoring [63]. 

 Flexible and wearable electronics have recently attracted much 

scientific attention because of their potential use in wearable technology, 

energy storage materials, electronic skins, sensors, etc. Advanced 

technology for sensing pressure with flexibility significantly speeds up the 

advancement of electronic devices with touch sensitivity. Pressure sensors 

that are flexible are excellent options for electronic utilization that are 

practical because of their superior mechanical properties, as shown in 

Figure 2.7. Lately, scientists have started using elastic and adaptable 

electronic materials to develop pressure sensors that cover large areas and 

are inexpensive in response to the widespread interest in flexibility. 

Electronic products that are flexible and touch-sensitive are gaining 

interest for use in pertinent applications. Numerous varieties of flexible e-

skins have been developed, and many of them possess exceptional sensory 

capabilities. Recently, products for monitoring health through wearables 

have garnered significant interest. Smart bracelets are an example of 

advanced technology used in health monitoring that provides real-time 
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data. Wearable health monitoring devices need sensitive organics pressure 

sensors that are lightweight, highly flexible, and portable.  

 

 

 

 

 

 

 

 

 

              Figure 2.5. The promising applications of the pressure sensor [64] 

2.4.2.   Mathematical Model of CNT Pressure Sensor 

          The Carbon nanotube resistance based on its energy band gap, and 

it is expressed by the following equation [69]: 

     Rtot(ε) = Rs +
1

t2

h

8e2
[1 + exp(

Eg

kT
)]……………………….(2.19) 

Where, 

Rs is the contact resistance, 

t is the transmission coefficient,  

h is Plank’s constant, 

e is the charge of an electron,  

Eg   is the energy band gap,  

T is absolute temperature, and  

k is Boltzmann’s constant. 

The energy band gap of CNTs is dependent on its diameter estimated 

by the following equation [70]: 
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    Eg = Eg
° +

dEg

dε
ε ……………………………………………(2.20) 

Where, 

   Eg
° =

|P|2γa 

√3d
  …………………………………………………………………….(2.21)          

  And     

  
dEg

dε
= sign (2p + 1)3γ[(1 + 𝑣) cos 3θt]…………………...(2.22) 

Where, 

      𝜀 is applied strain, 

 𝛾 =2.6 eV is a tight binding-overlap integral, 

 a= 0.249nm is the graphene lattice unite vector length, 

 d is the diameter of CNTs, 

 𝑣 is a Poisson ratio of CNTs, 

 θ is a chiral angle. 

     p=0,∓1 is the label's nanotube family is given by the chiral index (n, m) 

to determine p from n-m=3q+p, where q is an integer. 

Additionally, the equation (2.15) describes radial and tangential strains 

at the substrate center [71]: 

  𝜀 =
3𝑃 𝑟0

2(1−𝑣2)

8 ℎ2
2 𝐸

 …………………………………………… (2.23)         

    Where,  

     P is the pressure applied on the circular diaphragm,  

     𝑟0 is the radius of the circular diaphragm, 

     E is young’s modulus of SiO2, 

     ℎ2is the thickness of SiO2,  

     𝑣 is the Poisson’s ratio of SiO2.
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                              Chapter Three 

                              Modelling 

3.1. Introduction 

This chapter explains the methodology of work. In the first, the 

CNT was added as a new material to COMSOL Multiphysics. Then two 

models were built in several steps. The first model was CNT-FETs, and 

the second was a CNT-based piezoresistive pressure sensor.  Then the 

design was built based on specified geometry. Where the geometry is 

designed based on dimensions such as length, width, CNT diameter, 

CNT thickness, height, and rotation angle and specified the unit scale. 

The material selection utilized in the design, includes carbon 

nanotube, silicon, gold, and silicon dioxide. The properties of this 

material such as band gap, electron mobility, hole mobility, electron 

affinity, the effective density of the state conduction band, the effective 

density of the state valence band, density, Poisson’s ratio, and Young’s 

modulus are added after choosing the material. 

After specifying the material properties for this model, the next 

step would be to define the physics of design. In the first model, the 

semiconductor physics was used. This physics lets us define the CNT 

properties and specify the source, drain, and gate connections. Another 

physics was the analytic doping model to set the donor or acceptor 

concentration in the CNT. Furthermore, the trap-assisted recombination 

another physics was selected to set the electron and hole lifetime. In the 

second model, the piezoresistive material physics, boundary load 

(pressure), fixed constrained, and current voltage terminal was selected. 

The mesh was utilized for the model geometry to know how the 
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geometry is split. Finally, the study step was built according to the model 

required to generate the plot curve of the design. 

3.2. Material Selection and Physics 

   The selection of materials has an essential step in building the 

model. The model has some layers, as each layer in the design has a 

material that differs from the others. The material was selected from 

the library of materials, specified the domain for this material, and 

material properties. The substrate layer is silicon, the insulation layer 

is silicon dioxide, the metal contact is gold, and the channel between 

the metal contact is a carbon nanotube.  

  As the CNT was not included in the material library of COMSOL, 

was added the CNT as new material. This is done by adding full 

properties of CNT, including relative permittivity, band gap, electron 

affinity, the effective density of states in the valence and conduction 

band, and electron and hole mobility in the material properties. Other 

materials, silicon, silicon dioxide, and gold, were added from the 

material library. The thermal conductivity of silicon is greater than 

that of silicon dioxide. Furthermore, silicon's relative permittivity is 

higher than silicon dioxides. 

 The main justifications for utilizing gold are it raises the 

conductivity and accuracy of semiconductors and enhances the flow 

of electrons and holes. Silicon is the finest material, providing a 

minimal flow of electricity when acting as a semiconductor. The 

silicon dioxide increases the dielectric strength and functions as an 

exceptional insulator.  

The physics utilized in this model of CNT-FET are the 

semiconductor material model, analytical doping model, metal 

contact, and trap-assisted recombination. The CNT behaves similarly 
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to a model of semiconductor material so that needed to specify the 

properties. The trapping-assisted model is the Shockley-Read-Hall- 

Recombination was used to set the electron lifetime and hole lifetime. 

The analytic doping model physics was used to specify the impurity 

type (donor concentration or acceptor concentration). The CNT 

behaves as an n-type doped semiconductor with donor concentration. 

The metal contact physics was used to specify the source, drain, and 

gate. 

3.2.1.  The Addition of Carbon Nanotube Model  

            Carbon nanotubes (CNTs) have been included in the material 

library of COMSOL Multiphysics following the next steps: In the 

beginning opening of the model or application where CNT material is 

required to be used in the COMSOL Multiphysics software. After that 

defining a new material in the material browser, which is usually 

present on the screen left side of the Model Builder window. 

Additionally, entering the properties of CNTs in the Material Settings 

dialog box; including electrical conductivity, thermal conductivity, 

band gap, electron mobility, hole mobility, electron affinity, the 

effective density of the state conduction band, the effective density of 

the state valence band, density, Poisson’s ratio, and Young’s modulus. 

Then specifying the parameters of CNTs that describe the behavior of 

CNTs. These parameters may include electrical conductivity, thermal 

conductivity, Young's modulus, Poisson's ratio, etc. After defining the 

material properties, saving the new material to the library. This allows 

us to reuse it in other simulations or models.         
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                               Table 3.1. The parameter of CNT utilizing 

                                    in COMSOL Multiphysics [71,73]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The parameter utilized in MWCNTs is 1.99MPa, 0.19 of Poisson’s 

ratio and Young modulus, respectively [36].  

3.2.2.   Analytical Model of CNT 

            The essential parameters utilized in this model are diameter, 

threshold voltage, chiral angle, energy bandgap. These parameters are 

dependent on the chirality of the carbon nanotube. The zig-zag type of 

chirality was used. In the zig-zag type, the chiral index m=0 and n>0, 

so the CNT is a semiconductor material. 

3.2.2.1. Chirality (13, 0) 

     Chirality is ascribed to the coordinate system in graphite 

sheets given by the two numbers (n, m), which denote the direction in 

which the sheet is rolled and the diameter of the CNTs. 

 

Parameter             Value 

Young modulus 1000GPa 

Poisson’s ratio 0.2 

Thickness of SiO2 1.5 µm 

Temperature 293.15K 

Transmission coefficient 0.5 

Relative permittivity 237.4 

Electrical conductivity 150 S/m 

Density 2100[kg/m3] 

Effective density of state in 

the  conduction band 

8.88e20 

Effective density of state in 

the  valence band 

7.36e20 

Electron affinity 3.2eV 
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A. Diameter of Chirality (13,0) 

      The diameter of CNTs is dependent on the chirality and is given 

by the equation (2.4):        

       𝑎𝑐𝑐=0.144nm 

       d =
√3 ×0.144𝑛𝑚

π
 √  132 + 02 + 2 × 13 × 0   

      d = 1nm 

B.  Threshold Voltage of Chirality (13,0) 

      The threshold voltage depends on the diameter of CNT, and can be 

calculated by (2.5): 

    Where,  

   a=0.249nm, 𝑉𝜋=3.033eV, e=1.6021×10-19 coulomb 

   Sub in equ (2.5) 

    Vth =
0.249nm×3.033eV

√3× 1.6021×10−19coulomb×1nm
 

    Vth =
0.436V

1
= 0.436V    

C.  Chiral Angle of Chirality (13,0) 

     From equation (2.6) the chiral angle 

      θt = tan−1 (
0×√3

0+2×13
) = 𝑧𝑒𝑟𝑜 

D.  Energy Band Gap of Chirality (13,0) 

     The semiconductor band gap is given by this equation (2.21): 

     Where,  

     𝛾 = 2.6eV, a° = 0.249nm, p = +1 

    Sub in equ (2.21) 

     Eg
° =

|1|×2×2.6×0.249

√3×1
= 0.747eV  
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    The change in bandgap energy with respect to strain is given by the 

equation (2.22): 

     
dEg

dε
= sign (2p + 1)3γ[(1 + v) cos 3θt] 

     Where,  

     v=0.2,  θt = 0°, 𝑝 = +1 

    
dEg

dε
= sign (2 × 1 + 1)3 × 2.6eV[(1 + 0.2) cos(3 × 0)] 

     
dEg

dε
= 9.36eV 

    The energy band gap of carbon nanotube estimated by the equation 

(2.20): 

     Eg=Eg
° +  

dEg

dε
ε       

      Where, 𝜀 = 0  

     Eg = 0.747eV + 9.36eV × 0 = 0.747eV 

     At 𝜀 = 0.01   

         Eg=0.747eV + 9.36eV × 0.01 = 0.8406eV   

      At 𝜀 = 0.02 

       Eg=0.747eV + 9.36eV × 0.02 = 0.9342eV  

     At 𝜀 = 0.03 

      Eg=0.747eV + 9.36eV × 0.03 = 1.0278eV    

      At 𝜀 = 0.04 

      Eg=0.747eV + 9.36eV × 0.04 = 1.1214eV    

3.2.2.2.   Chirality (26, 0) 

              Chirality is given by two number (n, m) 

A.  Diameter of Chirality (26,0) 

            From equation (2.4) 
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                           𝑎𝑐𝑐 = 0.144 nm 

                           d =
√3 ×0.144𝑛𝑚

π
 √  262 + 02 + 2 × 26 × 0   

                            d = 2nm 

B.   Threshold Voltage of Chirality (26,0) 

        From equation (2.5) 

      Where, 

      a=0.249nm,  𝑉𝜋=3.033eV,  e=1.6021×10-19 coulomb 

      Vth =
0.249nm×3.033eV

√3×e 1.6021×10−19coulomb×2nm
 

      Vth =
0.436V

2
= 0.218V 

C.  Chiral Angle of Chirality (26,0) 

            From equation (2.6) 

           θt = tan−1 (
0×√3

0+2×26
) = 𝑧𝑒𝑟𝑜 

D.   Energy Band Gap of Chirality (26,0) 

     From equation (2.21)  

            Where,  

            𝛾 = 2.6𝑒𝑉, 𝑎° = 0.249𝑛𝑚, 𝑝 = +1 

     Eg
° =

|1|×2×2.6×0.249

√3×2
= 0.373eV  

The change in bandgap energy with respect to strain is calculated 

by equation (2.22): 

      Where, 

       v=0.2,  θt = 0°, 𝑝 = +1 sub in equ (2.22) 
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dEg

dε
= sign (2 × 1 + 1)3 × 2.6eV[(1 + 0.2) cos(3 × 0)] 

      
dEg

dε
= 9.36Ev 

     The energy band gap of carbon nanotube is derived by (2.20): 

       Where,  𝜀 = 0  

       Eg = 0.373eV + 9.36 × 0 = 0.373eV   

       At 𝜀 = 0.01  

        Eg=0.373eV + 9.36eV × 0.01 = 0.4666eV 

        At 𝜀 = 0.02 

        Eg=0.373eV + 9.36eV × 0.02 = 0.5602eV 

       At 𝜀 = 0.03 

        Eg=0.373eV + 9.36eV × 0.03 = 0.6538eV       

    At 𝜀 = 0.04 

        Eg=0.373eV + 9.36eV × 0.04 = 0.7474eV   

3.2.2.3.  Chirality (39,0)  

A.  Diameter of Chirality (39,0) 

From equation (2.4) 

        𝑎𝑐𝑐 = 0.144 nm 

        d =
√3 ×0.144𝑛𝑚

π
 √  392 + 02 + 2 × 39 × 0   

        d = 3nm 

B. Threshold Voltage of Chirality (39,0)  

From equation (2.5) 

         Where, 

         a=0.249nm, 𝑉𝜋=3.033eV, e=1.6021×10-19 coulomb 
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          Vth =
0.249nm×3.033eV

√3×e 1.6021×10−19coulomb×3nm
 

           Vth =
0.436V

3
= 0.145V 

C.  Chiral Angle of Chirality (39,0) 

          From equ (2.6) 

            θt = tan−1 (
0×√3

0+2×39
) = zero 

D.  Energy Band Gap of Chirality (39,0) 

     The semiconductor band gap is derived by equ (2.21): 

            Where,  

              𝛾 = 2.6𝑒𝑉, 𝑎° = 0.249𝑛𝑚, 𝑝 = +1 

              Eg
° =

|1|×2×2.6×0.249

√3×3
= 0.249eV  

           The change in bandgap energy with respect to strain sub in 

             equ (2.22): 

            Where,  

            v=0.2,  θt = 0°, 𝑝 = +1 

            
dEg

dε
= sign (2 × 1 + 1)3 × 2.6eV[(1 + 0.2) cos(3 × 0)] 

            
dEg

dε
= 9.36Ev 

            The energy band gap of carbon nanotube is derived by  

            equ (2.20) 

             Where, 𝜀 = 0  

             Eg = 0.249eV + 9.36 × 0 = 0.249eV   

             At 𝜀 = 0.01   

               Eg=0.249eV + 9.36eV × 0.01 = 0.3426eV   
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              At 𝜀 = 0.02 

               Eg=0.249eV + 9.36eV × 0.02 = 0.4362eV 

              At 𝜀 = 0.03 

               Eg=0.249eV. +9.36eV × 0.03 = 0.5298eV  

              At 𝜀 = 0.04 

              Eg=0.249eV + 9.36eV × 0.04 = 0.6234eV    

3.2.2.4. Chirality (51,0) 

A.  Diameter of Chirality (51,0) 

From equ (2.4) 

          𝑎𝑐𝑐 = 0.144 nm 

  d =
√3 ×0.144𝑛𝑚

π
 √  512 + 02 + 2 × 51 × 0   

          d = 4nm 

B. Threshold Voltage of Chirality (51,0) 

         To find threshold voltage of chirality (51,0) estimated by 

 equ (2.5) 

          Where,  

            a=0.249nm, 𝑉𝜋=3.033eV, e=1.6021×10-19 coulomb 

            Vth =
0.249nm×3.033eV

√3×e 1.6021×10−19coulomb×4nm
 

            Vth =
0.436V

4
= 0.109V 

C.  Chiral Angle of Chirality (51,0) 

              From equ (2.6) 

              θt = tan−1 (
0×√3

0+2×51
) = zero 

D.  Energy Band Gap of Chirality (51,0) 
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               The semiconductor band gap was defined by equ (2.21): 

              Where,  

            𝛾 = 2.6𝑒𝑉, 𝑎° = 0.249𝑛𝑚, 𝑝 = +1 

            Eg
° =

|1|×2×2.6×0.249

√3×4
= 0.1868eV  

        The change in bandgap energy with respect to strain in equ(2.22): 

             Where, 

             v=0.2,  θt = 0°, 𝑝 = +1 

              
dEg

dε
= sign (2 × 1 + 1)3 × 2.6eV[(1 + 0.2) cos(3 × 0)]    

               
dEg

dε
= 9.36eV 

      The energy band gap of carbon nanotube calculated by (2.20):             

                 where, 𝜀 = 0  

                Eg = 0.1868eV + 9.36 × 0 = 0.1868eV  

                At 𝜀 = 0.01   

                 Eg=0.1868eV + 9.36eV × 0.01 = 0.2804eV  

                At 𝜀 = 0.02 

                Eg=0.1868eV + 9.36eV × 0.02 = 0.374eV 

                At 𝜀 = 0.03 

               Eg=0.1868eV + 9.36eV × 0.03 = 0.4676eV     

    At 𝜀 = 0.04 

               Eg=0.1868eV + 9.36eV × 0.04 = 0.5612eV   
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3.3. Designing of CNTFETs  

 COMSOL Multiphysics is utilized to design an SWCNT- FET with 

a back gate.  Figure 3.1 (a) describes the back gate schematic of SWCNT-

FET. In this research, an SWCNT is formed by rolling up a single 

graphene layer (hollow cylindrical). The source and drain electrodes, 

which are metal, are connected by the CNT. The CNT physical 

dimensions are designed with thickness of 0.345nm, length of 3.5µm, 

and diameter 1nm. The thickness of CNT is the difference between the 

outer and inner radius. Figure 3.1(b) illustrate the dimension of 

SWCNTs. Gold was utilized for fabricating the metal contact source and 

drain with a length and thickness of about 1650nm and 50nm; 

respectively. This structure was insulated by a silicon dioxide layer 

300nmover a substrate of silicon 2µm and 6800nm length. An n-type 

Silicon substrate was obtained by doping substrate of silicon using 

Boron. Table 3.2 represents the parameters used in the current design. 

 

 

 

 

             

(a)  

 

 

                

            (b) 
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     Figure 3.1. (a) Schematic of CNTFET in COMSOL Multiphysics  

                                            (b) Schematic of SWCNT 

        Table 3.2 The parameters of SWCNT transistor used in COMSOL Multiphysics 

 

 

 

 

 

Parameters Value 

Thickness of CNT 0.345nm 

Diameter of CNT 1nm 

Thickness of Silicon dioxide 300nm 

Thickness of gold contact 50nm 

Thickness of silicon 2000nm 

Length of CNT 3500nm 

Width of silicon 6800nm 

Hole effective mass 0.5𝑚𝑜 

Electron effective mass 0.5𝑚𝑜 

Temperature 293.15K 

Electron affinity of CNT 3.2eV 

                 mobility of CNT 0.0025𝑚2/V. s 

Relative permittivity of SiO2 3.9 

Relative permittivity of CNT 11 

Effective density of state in the  

conduction band 
4.282e24 1/m3 

Effective density of state in the  

valence band 
8.556e24 1/m3 

Donor concentration 1.5e24 

Drain contact type Ideal ohmic 

Source contact type Ideal ohmic 
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3.3.1. Analytical Model of CNT-FETs 

3.3.1.1. Electron Concentration 

   The conduction band equation presents the number of electrons. 

The intrinsic concentration is computed for both n-type and p-type 

transistors, as depicted below: 

       me = 0.5m° = 0.5 × 9.11 × 10−31kg 

       me = 4.55 × 10−31kg 

    Sub in equ (2.13) 

      Nc = (
2π×4.55×10−31kg×4.05×10−21J

(6.626×10−34𝐽𝑠)2 )

3

2
 

      Nc = 4.2826 e24 1/m3 sub in (2.12) 

      𝑛𝑖 = 4.2826 e24 1/m3 × 𝑒 [
−(𝐸𝑐−𝐸𝐹)

𝐾𝑇
] 

     (Ec − EF) = KTln (
Nc

Nd
) 

     (Ec − EF) = 4.047 × 10−21ln (
4.2826𝑒24

1.5𝑒24
) 

     (Ec − EF) = 4.245 × 10−21𝐽 

       ni = 4.2826 e24 1/m3 × e [
−(Ec−EF)

KT
] 

       ni = 1.5014 e24 1/m3 

3.3.1.2. Hole Concentration 

           The number of electrons in the valence band which is define 

by the equation (2.16). 

    mh = me = 0.5m° = 0.5 × 9.11 × 10−31kg 

    mh =  4.55 × 10−31kg 

   Sub in equ (2.16) 

     Nv = 2 (
2π×4.55×10−31kg×4.047×10−21J

(6.626×10−34Js)2 )

3

2
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   Nv = 8.556 e241/m3 sub in (2.15) 

   (Ev − EF) = 4.047 × 10−21J × ln (
8.556𝑒24

1.5𝑒24
) 

   (Ev − EF) = 7.051 × 10−21J 

      pi = Nve (
Ev−EF

KT
)     

      pi = 8.556 × 1024e (
7.051×10−21

4.047×10−21) 

    pi = 14.90 𝑒24 1/𝑚3 

3.3.1.3. Electron Mobility of CNTs 

             Electron mobility in semiconductors is essential for understanding 

the performance of any electric device. Electron mobility is utilized to 

characterize the passage of electrons through a semiconductor material. 

From equ (2.10) and equ (2.11) estimated electron mobility: 

   Where, 

   Lcnt = 3500𝑛𝑚, εr = 3.9, ε° = 8.854 × 10−12, t = 300𝑛𝑚,   

r=0.5nm sub in equ (2.11)                 

    Cg =
2π×3500nm×3.9×8.854×10−12F/m

ln(
2×300nm

0.5nm
)

                                              

     Cg = 1.07e−7nF sub in equ (2.10)     

          gm = (
∂Id

∂Vg
|Vd=1V)      

      gm = 1.6μA/V   sub in equ (2.10) 

           μ =
(3500nm)2×1.6μA/V

1.07×10−7×1V
 

            μ = 4.77 × 10−26cm2v−1s−1 

3.4.  Designing of CNT- Based Piezoresistive Pressure 

Sensor 

         The carbon nanotube-based piezoresistive pressure sensor is 

designed in this section, as depicted in Figure 3.2. In this design, SWCNT 
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and MWCNT were used. The SWCNTs have one layer consisting of an 

inner radius of r1 and an outer radius of r2. While the MWCNTs have 

four  layers consisting of an r1 to r8. The distance between layers 

necessitates being convergent as shows in Figure 3.3. The CNTs are 

placed between two metals on top of the substrate (Si/SiO2). The CNTs 

act as a piezoresistive pressure sensor component to detect changes in 

pressure. The pressure applied at the backside of the circular substrate is 

300kPa. The substrate will become bent due to the applied pressure so 

the CNT will become bending. As a result, CNT's resistance will alter. 

The basic simulation procedures include the following: 

• Modeling (building geometry),  

• Material selection, (Si, SiO2, Gold, CNT) 

• Boundary condition setting (boundary load and fixed constraint), 

The fixed edge of the circular diaphragm is one of the pressure 

sensor's boundary conditions. 

• Initial condition,  

• Meshing,  

• Running the model,  

• Viewing the results.  

The model construction consists of various procedures. Firstly, 

building the design of 3D geometry according to the measured 

dimensions are length, width, and thickness. Another important 

component is selecting the material type of design. The materials utilized 

are n-type silicon, silicon dioxide, CNT, and Gold. Each material has 

properties, including relative permittivity, Young's modulus, Poisson's 

ratio, electrical conductivity, and density, which are summarized in Table 

3.3. The boundary load and fixed constraint were chosen in the solid 
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mechanic's physics. The load type is a pressure that applies at a 

substrate's lower surface. 

             Figure 3.2. Geometry of CNT Piezoresistive Pressure Sensor 

 

 

 

(a)                                               (b) 

           Figure 3.3. Schematics of CNTs (a) SWCNTs. (b) MWCNTs 

In this model, n-type silicon is the substrate, CNT is the sensing element, 

and the insulation layer is silicon dioxide. The substrate was utilized in 

the model is circular. The circular substrate of 100μm radius to silicon/ 

silicon dioxide, and the silicon has a thickness of 4 μm, whereas the silicon 

dioxide thickness is 1.5 μm. The dimension of metal contact (gold) is 

10μm×10μm, and 3μm is thickness. The CNT has Poisson’s ratio of 0.2, 

Young’s modulus 1000GPa, a relative permittivity of 237.4, an electrical 

conductivity of 150 S/m, and a 2100kg/m3 density. The parameters used 

in this design as shown in Table 3.3. 
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Table 3.3. The parameter of CNT pressure sensor utilizing 

 in COMSOL Multiphysics [71]. 

 

 

 

 

 

 

 

 

 

3.4.1.  The SWCNTs Pressure Sensor 

          The CNT was placed on top of silicon dioxide and was a 

suspending, and Figure 3.4 illustrate the model's design. The SWCNT 

dimension includes length, diameter, and thickness; measurements are 

14.99 μm, 4nm, and 2nm, respectively. Two metals made from gold 

electrodes are used to contact the CNT. 

              

        

 

   

 

       Figure 3.4.  Geometry of single walled CNT in COMSOL Multiphysics 

 

 

 

 

 

Parameter             Value 

Young modulus 1000GPa 

Poisson’s ratio 0.2 

Radius of diaphragm 100 µm 

Thickness of SiO2 1.5 µm 

Length of CNTs 14.99 µm 

Temperature 293.15K 

Transmission coefficient 0.5 

Relative permittivity 237.4 

Electrical conductivity 150 S/m 

Density 2100[kg/m3] 



Chapter Three                                                                                               Modelling                                                                             

49 

 

3.4.1.1. Array of Two SWCNTs Pressure Sensor 

           In this section, was increase the number of single-walled 

Carbon nanotubes with the same structure at 100 μm radius of silicon 

/SiO2 and 4 μm thickness of silicon and 1.5 μm thickness of silicon 

dioxide, as shown in Figure 3.5. At the same time, the dimensions of 

the metal contact are 10×10×3 μm, as length, width, and thickness, 

respectively. The outer radius of CNTs is 4nm, the inner radius is 

2nm, and the thickness is 2nm. The distance between CNT is 1nm, at 

length is 14.99 μm. 

 

     

 

 

 

  Figure 3.5. Geometry of two single walled CNT in COMSOL Multiphysics 

3.4.1.2.  Array of SWCNTs Pressure Sensor 

           Figure 3.6 illustrates the fabricated array of SWCNTs-based 

pressure sensors. The design included a layer of silicon dioxide with 

a silicon layer 4μm thick and single-walled carbon nanotubes 

suspended between two metal electrodes. The geometric of this model 

dimensions are length, radius, and thickness. Starting from a silicon 

substrate with a radius 100 μm and a silicon dioxide insulation layer 

at 1.5 thickness and 100 μm radius to the Carbon nanotube at 14.99 

μm length and 2nm thickness and electrode of gold with dimensions 

are 10×10×3 μm, length, width, and thickness. The array type is 

linear, and the displacement between these is one. The number of 

nanotubes is four; all nanotubes have the same dimensions. 
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Figure 3.6. Geometry of Array single walled CNTs 

3.4.2.   The Single MWCNT Pressure Sensor 

        In this model, the MWCNTs are taken as a piezoresistive 

pressure sensor connected between two gold electrodes on the silicon 

dioxide. The MWCNTs have four layers, each with two radiuses (inner 

and outer radius), illustrated in Figure3.7. For this design, the 

dimensions that were taken into consideration are r1=2nm; r2=4nm; 

r3=6nm; r4=8nm; r5=10nm; r6=12nm; r7= 14nm; r8=16nm; Figure 3.8 

show schematics layer of MWCNTs. In the first layer, the inner radius 

is 2nm, but the outer radius equals 4nm. In addition, the inner radius in 

the second layer equals 6nm, but the outer equals 8nm. Besides, in the 

third layer, the inner radius is 10nm, but the outer radius equals 12nm. 

Finally, the fourth layer contains an inner radius equal to 14nm and an 

outer radius equal to 16nm. Consequently, the thickness at one-layer 

equals 0.345nm, and the distance between layers equals 2nm. 
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               Figure 3.7 Geometry of MWCNTs piezoresistive pressure sensor 

 

 

 

 

 

 

 

                  Figure 3.8. Schematics layer of MWCNTs (a) First layer (SWCNT) 

(b) Second layer (DWCNT) (c) Third layer (TWCNT) (d) Fourth 

layer (MWCNT). 

3.4.2.1.  Array of Two MWCNT Pressure Sensor 

                  In this design, was utilized two multi-walled carbon 

nanotubes. The nanotubes have 14.99µm lengths with different radiuses 

starting from 2nm to 16nm; the two nanotubes have the same 

dimensions, and the displacement between the two nanotubes is 1 μm. 

The two nanotubes are connected between gold electrodes to flow 

electric current. Then, the nanotube was placed on the silicon dioxide 

layer and under this layer is the silicon substrate; its radius is 100 μm, 

and its thickness is 4 μm. Figure 3.9 illustrates the design. 

 

 

 

 

 

            Figure 3.9. Schematics geometry of two array multi-walled CNT  

 

 

   (a) (b) 

 (c)            (d) 
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3.4.2.2.  Array of MWCNT Pressure Sensor 

                  The design adopted in this section is the same as CNT-FETs, 

consisting of a circular substrate with a radius100 and thickness of 

4μm, and above it is an insulation layer of silicon dioxide with a thick 

1.5 μm. In this model, was used an array of CNTs; this array of CNT 

exists between two electrodes of gold to pass electric current from 

source to drain. The number of CNT utilized is four, as shown in the 

Figure 3.10. The displacement between each nanotube is 1 μm, with 

a length of 14.99 μm and different radii. 

 

 

 

 

 

 

               Figure 3.10. Schematics geometry of array multi-wall CNT 

3.4.3. Analytical Model of CNTs Pressure Sensor 

3.4.3.1. Resistance of Chirality (13,0) 

           The resistance of carbon nanotube dependent on energy band gap 

and is given by equation (2.19):     

   Rtot = Rs +
1

t2

h

8e2
[1 + exp(

Eg

kT
)]  

           Where,  

   Rs = 13kΩ, t = 0.5, 

   h = 6.626 × 10−34, 

   𝑒 = 1.602 × 10−19, 

    𝑘 = 1.38 × 10−23J/k, T=293.15k 

  Rtot = 13kΩ +
1

(0.5)2

6.626×10−34

8×(1.602×10−19)2
[1 + exp (

𝐸𝑔

1.38×10−23×1.38×10−23)] 
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   Rtot = 13kΩ + 0.05 × 108[𝐸𝑔] 

    At Eg=0.747eV                         Rtot = 3748kΩ 

    At Eg=0.8406eV                       Rtot = 4216kΩ 

    At Eg=0.9342eV                       Rtot = 4684kΩ 

    At Eg=1.0278eV                       Rtot = 5152kΩ 

   At Eg=1.1214eV                        Rtot = 5620kΩ 

3.4.3.2. Resistance of Chirality (26,0) 

         The resistance of CNTs dependent on the energy bandgap: 

From equation (2.19) 

      Rtot = Rs +
1

t2

h

8e2
[1 + exp (

Eg

kT
)] 

         Where,  

      Rs = 13kΩ, 

      T = 0.5, h = 6.626 × 10−34, 

      𝑒 = 1.602 × 10−19, 

       𝑘 = 1.38 × 10−23J/k, T=293.15k 

 Rtot = 13kΩ +
1

(0.5)2

6.626×10−34

8×(1.602×10−19)2
[1 + exp (

𝐸𝑔

1.38×10−23×1.38×10−23)]     

            Rtot = 13kΩ + 0.05 × 108[𝐸𝑔] 

  At Eg=0.373eV                           Rtot = 1878kΩ 

  At Eg=0.4666eV                           Rtot = 2346kΩ 

  At Eg=0.5602eV                           Rtot = 2814kΩ 

  At Eg=0.6538eV                           Rtot = 3282kΩ 

  At Eg=0.7474eV                           Rtot = 3750kΩ 
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3.4.3.3. Resistance of Chirality (39,0) 

          From equ (2.19) 

    Where, 

          Rs = 13kΩ, t = 0.5, 

          h = 6.626 × 10−34, 

          𝑒 = 1.602 × 10−19, 

              𝑘 = 1.38 × 10−23J/k, 

              T=293.15k 

  Rtot = 13kΩ +
1

(0.5)2

6.626×10−34

8×(1.602×10−19)
2 [1 + exp (

𝐸𝑔

1.38×10−23×1.38×10−23)]        

        Rtot = 13kΩ + 0.05 × 108[𝐸𝑔] 

      At Eg = 0.249eV                     Rtot = 1258kΩ 

      At Eg = 0.3426eV                    Rtot = 1726kΩ 

      At Eg = 0.5298eV                    Rtot = 2662kΩ 

At Eg = 0.6538eV                     Rtot = 3282kΩ 

      At Eg  = 0.6234eV                    Rtot = 3130kΩ 

3.4.3.4. Resistance of Chirality (51,0) 

          By equ (2.19): 

       Where,  

 Rs = 13kΩ, t = 0.5 

  h = 6.626 × 10−34, 

 𝑒 = 1.602 × 10−19Coulomb, 

         𝑘 = 1.38 × 10−23J/k, T=293.15k 

  Rtot = 13k +
1

(0.5)2

6.626×10−34

8×(1.602×10−19)2
[1 + exp (

𝐸𝑔

1.38×10−23×1.38×10−23)]       

              Rtot = 13kΩ + 0.05 × 108[𝐸𝑔] 
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    At Eg = 0.1868eV                       Rtot = 947kΩ 

    At Eg = 0.2804eV                       Rtot = 1415kΩ 

    At Eg = 0.374eV                        Rtot = 1883kΩ 

    At Eg = 0.4676eV                       Rtot = 2351kΩ 

   At Eg =  0.5612eV                     Rtot = 2819kΩ
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Chapter Four 

                             Simulation Results 

4.1. Introduction 

 The design and performance of CNT utilizing circular substrate have 

been investigated. This chapter presents the results of the thesis, which will 

be divided into two steps. The first simulates a single-walled carbon 

nanotube field effect transistor, and the second simulates a CNTs-based 

piezoresistive pressure sensor. 

 In the first step, the current transport of CNTFETs, and the effect of 

changing parameters on the drain current were studied, including the effect 

of changing the diameter of CNTs, the effect of changing the thickness of 

silicon dioxide, and the effect of changing the length of CNTs. As well as the 

second step studied the effect of changing pressure on displacement, von 

Mises stress, and the current. Also, the effect of changing resistance of CNT 

after pressure is applied was studied.  

The finite element method (FEM) is used as an evaluation method for 

the piezo resistance of semi-conducting CNTs. The finite element method 

(FEM) is functional minimization for resolving issues by partial differential 

equations, known as a numerical approach.  In this thesis, COMSOL 

Multiphysics 6.0 was used to simulate a carbon nanotube. 
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4.2. Simulation of SWCNT-FET 

The electronic properties of SWCNT are determined by chiral 

numbers (n, m). It can be either metallic or semiconductor, depending 

on its chirality. The carbon nanotube used for this simulation is a zig-

zag nanotube with indices (n,0). The proposed method of finding the 

diameter depends on the chirality, where each diameter value has an 

exact chirality value. The bandgap and threshold voltage are inversely 

proportional to its diameter, as shown in Table 4.1. 

                Table 4.1. The SWCNT parameters at different chirality 

 

 

 

 

 

 

 It can be seen from Table 4.1 that the increase in the diameter leads to a 

decrease in both bandgap and threshold voltage while the drain current 

increases. For example, increasing the carbon nanotube diameter from 

1nm to 4.5nm leads to a decrease in the energy bandgap from0.747eV 

to 0.1 66  eV, which is about (five times); this means that one can control 

the semiconductor properties of CNT by changing the diameter of CNT, 

illustrate in Figure 4.1.  

Chirality  Diameter 

(nm) 

Drain current 

(µA) 

Bandgap 

(eV) 

Threshold 

Voltage (V) 

(13,0) 1 4.075 0.747 0.436 

(19,0) 1.5 6.604 0.498 0.291 

(26,0) 2 9.013 0.373 0.218 

(32,0) 2.5 13.168 0.299 0.174 

(39,0) 3 17.136 0.249 0.145 

(45,0) 3.5 21.487 0.213 0.124 

(52,0) 4 26.165 0.186 0.109 

(58,0) 4.5 31.33 0.166 0.096 
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                                   Figure 4.1. Diameter vs bandgap 

The changing diameter was achieved in this work by rolling a single wall 

nanotube graphene layer. This system noticed that the drain current changed 

from 4.075µA to 31.33µA.  The drain current increases as the diameter of the 

CNTs increases, as shown in the Figure 4.2. 

 

 

 

 

 

 

 

                                    Figure 4.2. Diameter vs drain current. 

The threshold voltage of the CNTFET may be controlled by altering the 

chirality vector or the diameter of the CNT. The threshold voltage is the voltage 

required to turn-on the transistor. Threshold voltage is inversely proportional to 

the diameter of carbon nanotube or chirality vector of CNT, as shown in Figure 

4.3. The inverse relationship between the threshold voltage and the diameter (or 
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chirality) of a CNT is a result of the impact of these structural parameters on 

the electronic properties, particularly the bandgap. The CNT with smaller 

diameter and larger bandgaps generally requires higher threshold voltage for 

transistor operation, while the CNT with larger diameter and smaller band gap 

have lower threshold voltages. In this result, the threshold voltage decreased 

from 0.436V to 0.096V when the diameter increased from 1nm to 4.5nm 

utilizing the chirality from (13,0) to (58,0).  

 

 

 

 

 

 

 

                         Figure 4.3. Diameter vs threshold voltage. 

4.2.1.  Current Transport of the Designed SWCNT-FETs 

            The Id-Vd characteristics of CNTFET are presented in Figure 

4.4 and Figure 4.5 for various gate voltage values. Additionally, Figure 

4.6 and Figure 4.7 shows the relationship between (Id-Vg) for different 

drain voltage values. The influence of changing drain and gate voltage 

on the drain current was studied.  The CNT parameters used to 

determine the current transport are diameter equals 1nm, length equals 

100nm, and chirality is (13,0). The thickness of the silicon dioxide is 

equal to 10nm. It was observed that the drain current increases with 

increasing of the drain voltage. Also, when reducing the values of gate 

voltage, the drain current decreases.  



Chapter Four                                                                                            Simulation Results                                                                                      

60 

 

In these results, the threshold voltage equals 0.436V, the energy 

band gap equals 0.747eV, and the transconductance equals 10µA/V at 

drain voltage 1V.  

 

 

 

 

 

 

 

         Figure 4.4. Current transport characteristics Id-Vd at gate voltage (0.1   ,0.3 

,0.5,0.7) V 

The increase in drain current with an increase in gate voltage in CNT-

based FETs is a result of the control of electron flow through the CNT 

channel by the electric field generated by the gate voltage. 

 

 

 

 

 

 

 

    Figure 4.5. Current transport characteristics Id-Vd at gate voltage (2 ,3 ,4,5) V 
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  Figure 4.6. Current transport characteristics Id-Vg at drain voltage (1,2 ,3,4) V 

 

The drain current typically increases with an increase in drain voltage due to the 

drain current being controlled by the voltage applied to the gate terminal. The 

gate voltage creates an electric field that influences the flow of charge carriers 

between the source and drain terminals. This increased of electric field can lead 

to a higher flow of charge carriers from the source to the drain. allowing for a 

greater flow of charge carriers, and consequently, an increase in the drain current 

in CNT-FETs. 

 

 

 

 

 

 

 

 

   Figure 4.7. Current transport characteristics Id-Vg at drain voltage (0.5,2.5 ,4.5,6) V 
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4.2.2.   The Effect of Altering Diameter of the SWCNT  

            In this section, the current-voltage relationship was determined 

for the range of the diameter length, 1nm to 4.5 nm, with a length of 3.5 

µm. The thickness of the SiO2 is 300 nm. Figure 4.5 shows the Id vs. Vd 

at the gate voltage of 1.5 V. The results show that increasing the value of 

the carbon nanotube diameter leads to an elevation in the drain current, 

where the drain current increased from 4.5µA to 22µA when the diameter 

from 1nm to 4.5nm.    Changing the diameter alters the electronic band 

structure and the density of states, affecting the availability of charge 

carriers. A larger diameter may provide a higher density of electronic 

states, allowing for more charge carriers and thus a higher current. A 

larger-diameter CNT may exhibit higher carrier mobility, leading to 

better charge transport and higher drain current.  A larger diameter may 

result in a lower effective mass, which can enhance carrier mobility, 

consequently, increase the drain current. 

 

   

 

 

 

 

 

                    

                      Figure 4.8. Drain current vs drain voltage at Vg=1.5V 

4.2.3. The Effect of Altering Length of the SWCNT  

             To study the effect of changing carbon nanotube length on the drain 

current, a range of lengths from 32nm to 3500nm was selected, as illustrated 
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in Table 4.2. It was found that the drain current increased as the length of 

CNT decreased. Furthermore, the electron mobility is directly proportional 

to the length of CNT. Increasing the length of the CNT channel in a CNTFET 

leads to higher channel resistance and decrease in the drain current. That is 

this higher resistance impedes the flow of electrons from the source to the 

drain.  

     The measurement was done at a gate voltage of 1.5V, diameter of 1nm, 

energy band gap of 0.747eV and threshold voltage 0.436V. For more 

investigation of the property of CNT, the effect of the thickness of silicon 

dioxide on the current transport of CNT was studied. We figured out that the 

drain current elevated as silicon dioxide's thickness decreased. These results 

compared with previous studies that utilized a diameter of 1nm, chirality 

(13,0), band gap of 0.83eV, and channel length from 0 to 300nm. In our 

result, the drain current equals 8µA at a gate voltage of 0.1V, while in the 

previous study, the drain current was 6µA at a gate voltage of 0.6V.  

 Figure 4.9 shows the drain voltage relationship at several CNT lengths 

at an oxide thickness of 50nm; additionally, Figure 4.10 shows the 

relationship between drain voltage and drain current with different lengths of 

CNT at an oxide thickness of 300nm. 
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                                             Table 4.2. Different lengths of CNT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Figure 4.9. I-V characteristics of different lengths of carbon nanotube at 

 oxide thickness is equal 50nm. 

Length of CNT (nm) Drain current(µA) 

32 1876.996 

100 928.38 

150 425.77 

200 240.29 

250 159.30 

500 48.94 

1000 18.35 

1500 11.06 

2000 7.8 

2500 6.1 

3000 4.9 

3500 4.1 
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    Figure 4.10. I-V characteristics of different lengths of carbon nanotube at  

oxide thickness is equal 300nm. 

4.2.4. The Effect of Altering Thickness of Silicon Dioxide of 

SWCNT  

 In this section, current-voltage characteristics (Id-Vd) curves were 

plotted with various values of gate oxide thicknesses, from 1.5nm to 

300nm at gate voltage equal to 3V and diameter of CNT of 1nm, as 

presented in Figure 4.11. The drain current decreases with increasing gate 

oxide thickness. The increase in gate oxide thickness generally results in 

a higher threshold voltage, reduced capacitance, lower electric field, and 

decreased carrier mobility. These factors collectively contribute to a 

decrease in the drain current. For example, when the gate oxide thickness 

increased from 1.5nm to 300nm, the drain current declined to about 53 

times. 

   The drain current was obtained at various parameters at an energy 

band gap of 0.747eV, a channel length of 3500nm, and gate oxide 

thickness from 1.5nm to 300nm. The maximum drain current equals 

250µA at 2.5nm gate oxide thickness. These results were compared with 

the previous research where the drain current equals 10µA at a channel 
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length of 15nm, the energy band gap of 0.61eV, chirality (16,0), and gate 

oxide thickness of 2.5nm. 

 

 

 

 

 

 

 

 

 

                 Figure 4.11. Id vs Vd at gate oxide thickness from (1.5nm to 300nm) 

4.2.5.     Frequency Response of SWCNT-FETs 

  The Performance of carbon nanotube Field -Effect transistors 

(CNTFETs) was characterized using frequency response to find its 

bandwidth and the resonance frequency. To estimate the bandwidth of 

CNTFETs, was utilized f-3dB as a realistic Figure 4.12 of merit. The 

frequency response of CNFETs influenced parasitic capacitances at 

gigahertz frequencies. Cutoff frequency was used to describe the high-

frequency performance of the transistor. The intrinsic cutoff frequency is 

determined by  𝑓𝑐 = 𝑔𝑚/2𝜋𝐶𝑔 . Where gm is the transconductance, and 

Cg is the intrinsic gate capacitance. The cutoff frequency is directly 

proportional to the gm and inversely proportional to Cg. Based on this 

result, the resonance frequency for this designed CNTFET is equal to 

50GHz, and the bandwidth is equal to 30GHz. 
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                          Figure 4.12. Frequency (GHz) vs Amplitude (V)  

4.3.  Mesh Convergence 

           The mesh convergence process may largely determine the precision of 

the solution achieved using numerical methods. The mesh parameters control 

the resolution of the discretized model's finite element mesh. The analysis 

area must be divided into smaller parts to use the finite element approach. 

The model in the finite element method is divided into tiny geometrical 

elements in simple shapes, tetrahedrons. The deformation of each 

tetrahedrons in three coordinates directions could be approximated using a 

group of polynomial functions. In our result, mesh convergence was used to 

find the accuracy of simulation results. For 3D meshing, a free set of 

tetrahedral meshing predefined as normal meshing was used. Figure 4.14 

presents the mesh geometry of the CNTs pressure sensor.  The mesh element 

parameters are set as follows:  maximum element size is 5µm; minimum 

element size is 0.1µm; the maximum element growth rate is 1.4; and the 

resolution of the narrow region of 0.7 and factor of curvature is 0.4.  
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This mesh is then used to formulate the FEA structural mechanic model. 

The analysis of the solid structure in the FEM begins by dividing it into a 

finite number of elements, which are interconnected at the nodes, as shown in 

Figure 4.13. 

 

 

                      Figure 4.13.  Mesh of SWCNTs between two metal contact  

                

               Figure 4.14.  Mesh geometry of CNTs piezoresistive pressure sensor 
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          Table 4.3. Comparison related work for CNT based field effect transistor. 

 

 Table 4.3. demonstrates that decreasing Vg resulted in massive increase in drain current and 

transconductance. While the band gab increased slightly with the high increment in the gate 

voltage. Although equation (4) was adopted to calculate threshold voltage in this research and 

studies [73] used another equation results were again for the same diameter (1nm). 

4.4.   Result Discussion of CNT-Based Piezoresistive Pressure Sensor 

     The resistance of the CNTs sensor varies depending on the applied pressure or strain. 

Additionally, whereas the diameter of CNTs is inversely proportional to the energy band 

gap, the resistance is directly related to the energy band gap.  The proposed method of finding 

resistance and energy band gap was mathematically calculated using equations 2.19 and 

2.20. Tables (4.4,4.5,4.6,4.7) explain the effect of changing strain on the energy band gap. 

At the same time, the energy bandgap is affected by the strain and the diameter of CNTs. At 

the same time, the resistance of CNT depends on the energy bandgap. When took specific 

values for the strain from 0 to 0.045, the energy bandgap was increased, and thus, the 

resistance increased. 

 

 

 

Ref. Year Diameter Threshold 

Voltage 

Gate 

Voltag

e 

Drain 

Current 

Energy 

Band 

gap 

Transconductanc

e 

[74] 2015 1nm 0.245V  0.6V 6.99µA      - 27µs 

[75] 2015 1nm - 1V 5.53 µA      - 13 µs 

[76] 2017 - - 0.7V 50 μA      - 63.21μs 

[73] 2020 1nm 0.254V 0.8V 4.75×10-3 A 0.45eV     - 

[77] 2021 3nm 0.34 V 0.8V 47.9 µA     -     - 

This 

work  

2023 1nm 0.436V   1.5V 4.075µA 0.49eV 1.25µs 
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Strain Energy band gap 

(eV) 

Resistance 

(KΩ) 

0 0.426 2143 

0.005 0.4728 2377 

0.01 0.5196 2611 

0.015 0.5664 2845 

0.02 0.6132 3079 

0.025 0.660 3313 

0.03 0.706 3547 

0.035 0.753 3781 

0.04 0.800 4015 

0.045 0.847 4249 

Strain Energy band gap 

(eV) 

Resistance 

(KΩ) 

0 0.213 1078 

0.005 0.259 1312 

0.01 0.306 1546 

0.015 0.353 1780 

0.02 0.400 2014 

0.025 0.447 2248 

0.03 0.493 2482 

0.035 0.540 2716 

0.04 0.587 2950 

0.045 0.634 3184 

Table 4.4. The SWCNTs results with different 

parameter at diameter =1nm 

 

Table 4.5. The SWCNTs results with different 

parameter at diameter =2nm 
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Strain Energy band gap 

(eV) 

Resistance 

(kΩ) 

0 0.142 723 

0.005 0.188 957 

0.01 0.235 1191 

0.015 0.282 1425 

0.02 0.329 1659 

0.025 0.376 1893 

0.03 0.422 2127 

0.035 0.469 2361 

0.04 0.516 2595 

0.045 0.563 2829 

Strain Energy band gap 

(eV) 

Resistance 

(kΩ) 

0 0.106 543 

0.005 0.152 777 

0.01 0.199 1011 

0.015 0.246 1245 

0.02 0.293 1479 

0.025 0.340 1713 

0.03 0.386 1947 

0.035 0.433 2181 

0.04 0.480 2415 

0.045 0.527 2649 

Table 4.6. The SWCNTs results with different 

parameter at diameter =3nm 

 Table 4.7. The SWCNTs results with different 

parameter at diameter =4nm 
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 The Tables (4.4,4.5,4.6,4.7) illustrate that the increasing diameter from 1nm to 

4nm led to decrease in energy bandgap from 0.426eV to 0.106 eV and a reduction 

in the resistance from 2143kΩ to 543kΩ at zero strain. Rolling a single wall 

nanotube graphene sheet allowed to change the diameter in this study. The 

current system observed that the resistance and energy band gap changes from 

543kΩ to 2143 kΩ and 0.106eV to 0.426eV, respectively. The resistance of 

CNTs is directly proportional to the energy bandgap, as shown in eq (2.19).  As 

result, the resistance increased linearly with an energy band gap.  The energy 

band gap is affected by the diameter. When increasing the diameter, the energy 

band gap decreases; Figure 4.15 presents that. 

 

 

 

 

 

 

 

 

 

                              Figure 4.15. Resistance vs Energy Band gap 

 

The resistance of CNTs was plotted versus strain for various diameter values, 

as illustrated in the Figure 4.16. The range of diameter is from 1nm to 4nm. 

The resistance decreases as the diameter increases because when the diameter 

of the CNT increases the cross-sectional area (A) will be increased which, 

according to the equ (2.10) decreases the resistance. When the diameter 

increases, the energy band gap decreases, and thus the resistance decreases. 



Chapter Four                                                                                            Simulation Results                                                                                      

73 

 

 

 

 

 

 

 

 

 

                                        Figure 4.16. Strain vs Resistance 

 

The relationship between strain vs energy band gap is shown in Figure 4.17 

with different diameter values. These findings show that strain may be 

utilized to adjust a CNT's bandgap continually. The capability to control 

bandgap is crucial in enhancing our comprehension of transportation in 

CNTs. 

 

 

 

 

 

 

 

 

 

            Figure 4.17. Strain vs Energy Band gap 
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4.4.1.   The Effect of Pressure on Von-Mises Stress 

   This section shows the effect of changing pressure on von Mises's 

stress. Several single-walled and multi-walled CNT one, two, four walls 

were analyzed, and the relationship was plotted as shown in Figure 4.18. 

The applied pressure range was 0 to 300 kPa. The results show that von-

mises stress is in a linear relationship with pressure. It was also observed 

that increasing the number of CNTs increases von-mises stress. Increase in 

the number of CNTs may lead to a more efficient load transfer in some cases, 

resulting in higher overall strength. Increasing the number of CNT can 

enhance its sensitivity and accuracy. High stress is usually not 

recommendable as it increases the chance of failure of the material. The 

diaphragm edge experiences more von-mises stress than the other geometry 

parts. These results show that the von Mises stress of 4SWCNTs is greater 

than 1SWCNTs. Figure 4.18 illustrates the linear relationship between the 

von Mises stresses and pressure.  

 

 

 

 

 

 

 

 

                  Figure 4.18.  Effect different pressure on the von mises stress at single-walled 

CNT 

It can be noticed from Figure 4.19 that the value of von Mises stress ranges 

between 6.51× 107 N/m2 and 9.52 × 10-4 N/m2. The maximum von-mises stress 

was at (anchors), which is signified as red color, as shown in Figure 4.20. That 
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means the endpoints have maximum chances of failure of the structure of 

nanotubes.  

             

 

 

 

 

 

 

 

Figure 4.19. Effect the von mises stress on SWCNTs. 

 

 

                         

 

 

 

 

 

 

 

 

              Figure 4.20. Simulation results of von mises stress of SWCNTs  

    For 2SWCNTs the maximum von Mises stress is 1.66×108N/m2 while the 

minimum is 9.49×10-4 N/m2. The von Mises stress increased when 

increasing the number of CNT, as illustrate in Figure 4.21. 
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                           Figure 4.21. Effect the von mises stress on 2SWCNTs. 

  Figure 4.22 shows that the maximum von Mises stress for 4SWCNTs 

was 1.03×109N/m2, while the minimum von Mises stress was 

2.25×105N/m2.  

                             

 

 

 

 

 

 

 

                                   Figure 4.22. Effect the von mises stress on 4SWCNTs. 

The von Mises stress for MWCNTs is presented in Figure 4.23. It was 

noticed that the von Mises stress is a linear relationship with pressure. The 

graph illustrates when increasing the number of MWCNTs, the von Mises 

stress will be increased. 
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                   Figure 4.23. Pressure vs von mises stress at multi-walled CNT  

Figure 4.24 shows that the maximum von Mises stress was at (anchors), 

which is highlighted as pink color. That means the endpoints have 

maximum chances of failure of the structure of nanotubes.     

                  Figure 4.24. Simulation results of von mises stress of MWCNTs 
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For MWCNTs, the maximum von Mises stress is 6.66×107 N/m2, while the 

minimum is 3.48×10-5N/m2.When applying pressure to the MWCNTs, the 

deformation of the carbon nanotubes that have become bending was noticed. 

Figure 4.25 shows that. 

 

 

 

 

 

 

 

 

                    Figure 4.25. Effect the von mises stress on the MWCNTs. 

 

 

 

 

                  

                     

 

 

                 

 

 

  

               

               Figure 4.26. Effect the von mises stress on the two MWCNTs. 
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  Figure 4.26 shows that the maximum von Mises stress for two MWCNTs is 

1.32×108N/m2, while the minimum is 4.31×10-5. It was noticed distortion of 

2MWCNTs was due to applied pressure at the bottom substrate of the CNTs, as 

indicated in the red colour. The minimum value of von Mises stress was 

observed in the metal contact region, which is highlighted in yellow. The fixed 

edge was denoted by the red and pink colour, which represents the greatest von 

Mises stress value. 

 

 

 

 

 

 

                

 

 

 

 

 

                Figure 4.27. Effect the von mises stress on the four MWCNTs. 

 The von Mises stress of array MWCNTs is explained in this paragraph. The 

highest von Mises stress recorded is 1.73×108N/m2, while the lowest is 2.44×10-

5N/m2.  The damage of CNTs is very clear in the four MWCNTs. It can be seen in 
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the middle region of CNTs, which is presented in Figure 4.27. The von Mises stress 

is highest at the circular substrate's fixed end. 

4.4.2. The Effect of Pressure on Displacement of CNTs 

       The displacement is directly proportional to the applied pressure, as 

presented in Figure 4.28 and Figure 29, for several single-walled CNTs and multi-

walled CNTs, respectively. The applied pressure increased from 0 to 350kPa, 

which increased the displacement from 0 to 0.5µm. These results showed that 

increasing the number of CNTs does not affect its displacement. The deviation of 

the displacement was minimal in both SWCNTs and MWCNTs. The specific 

behavior of CNTs under pressure can depend on various factors, including the type 

of CNT (single-walled or multi-walled), diameter, chirality, and the applied 

pressure conditions. 

 

 

 

 

 

 

 

 

 

               Figure 4.28. Pressure vs Displacement of SWCNTs  

The maximum displacement in the MWCNTs was equal to 0.5µm at pressure 

350kPa. It was observed the displacement increased linearly with pressure, as 

illustrated in Figure 4.29. 
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             Figure 4.29. Pressure vs displacement of MWCNTs. 

 

The maximum displacement occurs at the center of the substrate 

(diaphragm); the blue colour indicates zero displacements, while red was the 

maximum displacement, as depicted in Figure 4.30. The substrate membrane 

is deflected when pressure is applied underneath the sensor; this changes the 

carbon nanotube's resistance. For example, an applied pressure of 150kPa 

generates a displacement of 0.16 µm at the center of the diaphragm.   

   

 

 

 

 

 

 

 

                     

            Figure 4.30. Displacement magnitude in COMSOL Multiphysics. 
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The mechanical sensitivity of SWCNTs is known as S=dX/dP, where X is the 

displacement, and P is the applied pressure. The mechanical sensitivity is 

1.4×10-4µm/Pa. Figure 4.31, illustrated the displacement field of CNTs. The 

direction of displacement is the upper surface. A process of assigning vectors 

to each point inside an area defined as displacement field arrow surface.  

 

 

 

 

 

 

 

 

 

             Figure 4.31. Displacement field of CNTs in COMSOL Multiphysics 

 

4.4.3. The Effect of Pressure on Current 

          This section presents the effect of pressure changes on the current of 

carbon nanotubes. The results show the current increases linearly with 

increased pressure. The spacing between the particles decreases, and the 

particles become closer to each other due to the increasing pressure. When 

the cross-section area is small, it results in high current density; thus, the 

high current will be passed through the CNTs (hollow cylindrical).   

      The pressure ranges from zero to 16MPa, for one, two, and an array of 

SWCNTs. When increased the numbered of SWCNTs, the current will be 

increased. For example, the maximum current in 4SWCNTs equals 7×10-

4µA while the maximum current in 1SWCNTs equals 2.9×10-4µA, as 
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illustrated in Figure 4.32. The sensitivity of SWCNTs equals 7.5×10-

11µA/Pa. 

  

 

 

 

 

 

 

 

 

   

                        Figure 4.32. Graph of current against pressure of SWCNTs 

         The plot of the current with various arrays of MWCNTs for a 

pressure range of 0 to 16MPa is present in the Figure 4.33. The graph that 

has been plotted shows the current will increase with an increase in the 

number of multi-walled CNTs. The sensitivity of MWCNTs equal 1.5×10-

12µA\Pa.  

          The current of SWCNTs was equal to 2.8×10-10 at pressure 16MPa, 

while the current of MWCNTs was equal to 4.2×10-10 at the same 

pressure. At the same time, the current of 4SWCNTs equal 7×10-10A, 

while 1.6×10-9A of the 4MWCNTs. It was noticed the current of 

MWCNTs is greater than the SWCNTs. Additionally, the sensitivity of 

MWCNTs is larger than that of SWCNTs due to the diameter of 

MWCNTs being higher of SWCNTs which results in a large cross-section 

area, thus increasing the current of MWCNTs. 
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                  Figure 4.33. Graph of current against pressure of MWCNTs 

 

4.4.4.   Arc Length vs von Mises stress 

     The highest tensile stress occurs at the edge of the substrate, while 

the highest compressive stress occurs at the center of the substrate, at the 

centerline of substrate. This occurred due to the silicon substrate 

constricting in the middle and expanding outwards at the edges when 

pressure was applied evenly from the bottom. This graph displays the von 

Mises stress impact throughout the carbon nanotubes' length. Results 

show that the stress initially increases, becomes stable, and rises again at 

the second end. The total length of CNT is 14.99µm; the von Mises stress 

only fluctuates at the endpoints and remains constant in the middle section 

of the carbon nanotube, as shown in Figure 4.34. For example, the von 

Mises stress equals 1.11kN/m2 at the Arc length 3µm.This Means von 

Mises's stress is in control and will not be led to the failure of stress in this 

selected range of applied pressure. 



Chapter Four                                                                                            Simulation Results                                                                                      

85 

 

 

 

 

 

 

 

 

 

            Figure 4.34. Graph of arc length vs von mises stress at pressure=150kPa 

     The von Mises stress against Arc length for SWCNTs with various 

pressures from 100kPa to 250kPa, as depicted in Figure 4.35. For 

instance, initially, the von Mises stress equal to 7.25×10-7kN/m2, 

1.09×10-6kN/m2,1.45×10-6kN/m2, and 1.81×10-6kN/m2, for applied 

pressures are 100kPa,150kPa, 200kPa, and 250kPa, respectively. When 

the arc length arrived at the 12µm, the von Mises stresses rose to 7.69×10-

7kN/m2 at the 100kPa pressure, 1.15×10-6kN/m2 at the pressure 150kPa, 

1.54×10-6kN/m2 at the pressure 200kPa, and 1.92×10-6kN/m2 at the 

pressure 250kPa. As a result, the von Mises stresses increased by 

increasing the pressure and arc length. 
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 Figure 4.35. Arc length vs von mises stress of SWCNTs at different pressure. 

 The von Mises stress curve for MWCNTs with a maximum of 200×10-

7kN/m2 at the initial point of the Arc length, After that, the von Mises stress 

remains unstable in a state of increase and decrease, as the highest value of 

von Mises stress is 20×10-7kN/m2 at the arc length from 0.5µm to 10.5µm; 

when the arc length reaches a 12µm, the value of von Mises is equal to 

500×10-7kN/m2, as presented in the Figure 4.36. This line graph of von Mises 

stress at the pressure of 150kPa. 

         

 

 

 

 

 

 

        Figure 4.36. Arc length vs von Mises stress of MWCNTs at pressure 150kPa 
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The line graph of von Mises stresses for MWCNTs of different applied 

pressure range from 100kPa to 250kPa, as depreciated in Figure 4.37. In our 

model, the length of CNTs equal 14.99µm. Thus, the von Mises stress in carbon 

nanotubes varies based on the length of the arc and the amount of pressure applied 

to them. For example, firstly, when the arc length equals 0um, the von Mises 

stress equal 8.3×10-9 for 100kPa pressure, 1.25×10-8 for pressure150kPa,1.66×10-

8 for pressure 200kPa and 2.08×10-8 for Pressure 250kPa. When arc length arrived 

at the 2µm, the von Mises stress increased to 5.04×10-8kN/m2 at pressure 100kPa, 

while at pressure 150kPa, the von Mises stress of 7.57×10-8kN/m2, the von Mises 

stress of 1.01×10-7kN/m2 and the von Mises stress equal 1.26×10-7kN/m2. The 

increase in pressure and arc length resulted in a noticeable rise in von Mises 

stress. 

 

 

 

 

 

 

 

 

 

 

              Figure 4.37. Arc length vs von Mises stress of MWCNTs at different pressure. 

The comparison of the simulation results of von Mises stresses between 

SWCNTs and MWCNTs at the same pressure of 150kPa with an arc length of 

0µm and 12µm. The von Mises stress equals 1.15 ×10-6 kN/m2 at arc length 12 

µm for SWCNTs, while the von Mises stress equals 7.57×10-8 at arc length 12µm 
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for MWCNTs. The von Mises stresses of SWCNTs were observed to be greater 

than those of MWCNTs. 

4.5.  Time Response 

         The response time is the amount of time electrons need to move spatially 

within the sensor. There are two components to the time response transient state 

and steady state. As a result, a transient response is what the control system's 

response is known as during the transient condition. The rise time is needed to 

accomplish between 10% and 90% of the overall displacement change. Once 

an input is applied to the control system, the output requires a specific amount 

of time to attain a steady state. Transient behavior ends when the displacement 

achieves its ultimate steady-state value within the specified resolution. This 

model was designed with dimensions 14.99mm and 2nm of the length of 

SWCNTs and diameter of SWCNTs. 

       The time response curve of four pressure sensors from 100kPa to 250kPa is 

illustrated in Figure 4.38.  In the applied pressure 250kPa, the maximum 

displacement equal 1.6×102µm at the time 0.2ms; when the time arrived at 0.8ms 

(steady state), the displacement equals 1.4×102µm. It was observed the 

displacement reduced when the time increased. While the maximum 

displacement equal 6×10-1µm at time 0.2ms and 5.8×10-1µm at time 0.8ms when 

the applied pressure is 100kPa. A time range from 0 to 1ms with step 0.2ms 

using time dependent in COMSOL Multiphysics.  The maximum overshoot was 

0.31µm at pressure range 100 to 250kPa. The rise time equal 0.18ms at pressure 

100kPa, and at pressure 150kP, the rise time equal 0.2ms, while the rising time 

equals 0.21ms, 0.23ms at pressure 200kPa, and 250kPa, respectively. 
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              Figure 4.38. The time-displacement curve for pressure ranges from 100kPa to 250kPa 

4.6.   Frequency Response 

        The displacement frequency response of the array's piezoresistive sensors 

is evaluated using COMSOL in the intended resonance mode to ascertain the 

functional frequency range of the suggested sensor. Fig 4.39 illustrates the 

displacement frequency response of the CNTs sensor. In the current model, the 

dimension of SWCNTs used is 14.99µm, 2nm, length, and diameter, 

respectively. The total applied force is from 50N to 250N. The frequency range 

is set at 0 Hz to 200 Hz. The frequency step size is 20Hz. In these results, the 

maximum displacement equal to 600µm at force applied is 250N at resonance 

frequency equals 60Hz while the displacement equal to 350µm when the 

applied load equal 150N, the displacement reduced to 50N at the same 

resonance frequency 60Hz. 
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                        Figure 4.39. Frequency response of CNTs pressure sensor

 

Table 4.8. Comparison related work for CNT based piezoresistive pressure sensor. 

Ref.  Year Device size 

(µm×µm) 

Pressure range  Displacement Sensitivity 

[74] 2011    1× 250 1kPa to 500kPa 9.89µm 1500 Ω/Pa 

[71] 2013  0.01×0.1  0Pa to 1000Pa 6 µm 0.145mV/V/kPa 

[78] 2015    1×10 0kPa to 100kPa 4.7µm 1.1 x10-1 V/Pa/V 

[79] 2018    1×10 0kN/m2 to 0.2kN/m2     - 4.37 m2/kN 

[35] 2018   400×400 0MPa to 1MPa 2.55µm 308.7mV/MPa 

[80] 2019   50 × 10 0kPa to 1000kPa  6 µm 0.145mV/V/kPa 

This 

work 

2023    4×100 0kPa to 350kPa 0.16 µm 7.5×10-11µA/Pa 
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Chapter Five  

Conclusion  

5.1. Conclusion  

            The proposed method in this work is the modelling of CNT to control the 

characteristics and specifications of single-walled carbon nanotube field effect 

transistors. The specification of carbon nanotubes was investigated in terms of 

changing their diameter, length, and thickness of silicon dioxide. To improve 

simulation result it was increasing the diameter, the drain current was increased. 

A larger-diameter CNT may exhibit higher carrier mobility, leading to better 

charge transport and higher drain current. In addition, it was found that the drain 

current increased as the length of CNT decreased. Increasing the length of the 

CNT channel in a CNTFET leads to higher channel resistance and decrease in 

the drain current. The drain current decreases with increasing gate oxide 

thickness. Furthermore, the increase in gate oxide thickness generally results in 

a higher threshold voltage, reduced capacitance, lower electric field, and 

decreased carrier mobility.  

     Additionally, this research discussed the design and simulation of single 

and multi-walled CNTs piezoresistive pressure sensors. The sensitivity, time 

response, and frequency response were determined. It was observing the 

sensitivity of MWCNTs (1.5×10-12µA/Pa) is greater than SWCNTs (7.5×10-

11µA/Pa). The SWCNTs typically have a higher surface area per unit mass 

compared to MWCNTs. This increased surface area provides more active sites 

for interactions with target molecules in sensing applications. As a result, 

SWCNT-based sensors may exhibit higher sensitivity. Furthermore, the rise 

time is 0.188ms as the pressure ranges from 100kPa to 250kPa, and the 

resonance frequency is 60Hz. 
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5.2. Future Work 
          The suggested work for the future includes:  

• Design and simulation CNTs of the digital circuit such as logic gates 

circuit. 

• Designing CNT-based pressure sensors with low power 

consumption, making them suitable for battery-operated devices and 

energy-efficient applications. 

• Future work may involve addressing challenges related to large-scale 

manufacturing, cost reduction, and integration into mainstream 

semiconductor fabrication processes. 
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 الخلاصه

الكاربونيه  تحظى النانويه  خصائصها    Carbon nanotube (CNTs) الانابيب  بسبب  كبيره  بأهميه 

والميكانيكيه. تتمتع    الالكترونيه  لانشاء  المادة    هذهحيث   استخدامها  يمكن  ممتازة  كهربائية  بموصلية 

 دقيقهالماده محتملة للأجهزة الالكترونيه    CNT  يمثل  ,الالكترونيهترانزستورات عاليه الأداء للأجهزه  

 . (COMSOL Multiphysics 6.0)باستخدام    CNT  تصميم ومحاكاة    رسالةالمستقبلية. عززت هذه ال

املات  مع  لذلك تم اضافة     (COMSOL 6.0) الخاصة ب في مكتبه المواد   CNTتضمين    ونتيجه لعدم

المادة هذه  النسبيه   خصائص  السماحيه  ذلك  في  بما  والميكانيكيه  النطاق,   الكهربائيه  تقارب    ,فجوه 

 ,كثافه يونغ  ,كترون والفجوهلوتنقل الا  ,الكثافه الفعاله للحالات في نطاق التكافؤ والتوصيلو  ,الالكترون

ومح تصميم  عرض  تم  بواسون.  ترانزستوراومعامل  الميداني  كاة  النانويه    التأثير  الانابيب  ع  المعتمد 

ذ  الخلفيه    ات الكاربونيه  البوابه  مع  الواحد  المتعرجةوبالجدار  اللامركزية  نموذج    (zig-zag)أستخدم 

يجب ان تؤخذ في نظر الاعتبار عدم التطابق  و. CNTsللحصول على خصائص أشباه الموصلات لمادة 

نانومتر. كما تتأثر فجوه    4.5نانومتر الى    1  من   CNTsرتتراوح قيم قط  حيث   CNTsعند تغير قطر  

 .زياده نطاق القطر يؤدي الى تقليل فجوه النطاق  ان  وقد وجد   CNTsبتغير قطر    CNTs    ل  النطاق

ونتيجة   بالاضافه الى ذلك, تمت دراسه تأثير اختلاف سمك السيلكون )سمك البوابه( على تيار التصريف

ترانزستور الرنين الذي تم تحقيقه ل  ان تردد  , البوابهلذلك, وجد أن تيار التصريف يقل مع زيادة سمك اكسيد  

 . جيجا هرتز 30وعرض النطاق الترددي يساوي   ,كيكاهرتز  50هو CNTsال 

أحادي CNTsمتحسس ضغط من نوع مستشعر المقاومة باستخدام   كما ناقش هذا البحث؛ تصميم ومحاكاة   

يعمل هذا المستشعر عن طريق استشعار التغير في المقاومة عبر الأنابيب حيث  ومتعدد الجدران  الجدار  

  وفجوهCNTs   مقاومه  تم مناقشة تأثير تغيير القطر على     , . بالاضافه الى ذلكبسبب الضغط المطبق

وجد أن  و نانومتر    4نانومتر إلى    1في التصميم الحالي المختار يتراوح من  حيث ان القطر    نطاق الطاقة 

تحليل النموذج المقترح لمستشعر الضغط التجويفى    ومن ثم تم.  القطر يقلل من فجوة الطاقة و المقاومة  زيادة

الركيزة  ومنهامن خلال حساب عدة عوامل      ,الحساسية   ,تغيرات إجهاد فون ميزس  ,التيار  ,انحراف 

على ذلك تم   علاوةCNTsواحد ومجموعه من    CNTsم  باستخدا و  استجابات الترددو   ,الاستجابة الزمنية

  CNTsووجد ان حسياسيه    متعدد الجدارعلى التوالي.CNTs احادي الجدار و  CNTsحساب حساسيه  

احاديه الجدار اعلى من مساحه    CNTمساحه سطح  متعدد الجدار بسبب    CNTsاحادي الجدار افضل من  

عاده ما تكون  على حساسيه المستشعر    CNTsكذلك يوثر طول وقطر  و متعددة الجدار  CNTsسطح  

CNTs    من واضيق  اطول  الجدار  حساسيتها.  CNTsاحاديه  يعزز  قد  مما  الجدار  تحديد   متعدده  تم 

للجهازعند نطاق ضغط من   الزمنيه  الى    100الاستجابه  تفاع ركيلوباسكال ووقت الا  250كيلوباسكال 
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تردد الاستجابه المحقق لمستشعر   أظهرت هذه النتائج أنهحيث    ثانيه  0.23ثانيه الى    0.18المقابل هو  

CNTs   تشعر تجعله  فإن الخاصية الخطية للمس  وبالتالي  هرتز   200الى    0النطاق من    هرتزفي  60هو

       واعدا للتطبيقات العمليه .
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