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ABSTRACT 

 

 

Trevino II, Hector, An Analytical and Experimental Biosensor for Human MIG Using 

AlGaN/GaN Based HEMT Devices. Master of Science (MS), May, 2014, 150pp., 14 tables, 64 

figures, 126 references, 60 titles. 

An amperometric biosensor using AlGaN/GaN based HEMT devices is constructed 

experimentally and validated through analytical and numerical techniques for detection of a key 

protein in allograft rejection (Human MIG/CXCL9). The prototype developed provides a reliable 

sensing platform that will allow label-free and marker-free detection. By exploiting 

characteristics unique to AlGaN/GaN based HEMT devices, a floating gate configuration is 

employed to allow reliable sensing without the need for any reference electrode. Self-assembled 

monolayers (SAM) are formed at the gate surface by using a crosslinker (DSP) to allow for 

appropriate immobilization of target antibodies. A theoretical analytical and numerical model is 

developed to explain the mechanism of action of the proposed biosensor. Furthermore, other 

issues such as repeatability, influence of the substrate, threshold shifting, and device packaging 

are addressed. Finally, an experimental circuit is constructed with the previously prepared 

biosensor to validate the claims made in this thesis. 
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CHAPTER I 

 

 

INTRODUCTION 

 

 

For the past 30 years, silicon based MOSFETs have been widely used and trusted choices 

for power devices. However, as technology continues to advance and materials become more 

understood, silicon based FET technologies are approaching a performance plateau [1]. 

Furthermore, with the advancement of technology comes the need for devices to meet new 

requirements and challenges. Thus, plenty of time and research has been put into the 

development of new FET technologies based on wide bandgap semiconductors such as silicon-

carbide (SiC) and gallium nitride (GaN) whose functions overcome the physical limitations of 

silicon alone [1]. As the future approaches, federal funding, and independent research has grown 

increasingly confident in the necessity for development of wide band gap technologies.  

A wide band gap semiconductor is a semiconductor that has a band gap significantly 

greater than silicon. While the exact definition of where a regular band gap material ends and 

wide band gap material begins varies among context, it is generally accepted that a wide band 

gap semiconductor’s band gap will be much higher than that of silicon or gallium arsenide 

(traditional semiconductors). A wide band gap gives the semiconductor properties that allow 

higher performance while consuming less power than traditional silicon based devices while 

operating at a much smaller scale [2]. Also, they can operate in much harsher environments 

compared to silicon [2]. Some examples of wideband gap semiconductors are silicon carbide, 
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boron nitride, gallium nitride, aluminum nitride, zinc oxide, and diamond. For field effect 

transistors based on wide band gap materials, the III-V nitride groups are the main groups of 

interest with much emphasis placed on GaN [1]. This is due to many of the intrinsic properties of 

the material, along with the behavior of such materials when constructed in a heterostructure. As 

these materials and their interactions become better understood, newer and more innovative uses 

for such devices have become more investigated. One such discovery is in the field of GaN 

based chemical sensors. 

1.1 The transition to wide band gap semiconductor based technologies 

GaN and other alloys of the nitride type (aluminum nitride [AlN], indium nitride [InN]) 

have recently become prime research interests for device engineers and physicists. Unlike other 

III-V alloys, GaN, AlN, and InN are hard, partially ionic compounds that exhibit thermal and 

chemical stability. They exhibit ionic potential that resembles II-VI compounds, and hardness 

and chemical inertness that is similar to that of diamond or Boron Nitride (BN) [3]. Of the III-V 

nitrides, GaN has been extremely attractive and considered to be the next modern semiconductor 

to replace silicon [1]. The unique properties of GaN allow the material (through its direct band 

gap properties) to emit bright light as an LED, or function as high power / high current RF 

devices. 

Despite knowledge of GaN’s superior qualities and the fact that it was first synthesized in 

the early 1930s, it wasn’t popularized until around 1989 due to difficulties in single-crystalline 

crystal growth. The melting temperature for GaN is very high (2500°C) and is coupled with high 

equilibrium nitrogen pressure of about 45,000 bar [3]. A table showing some properties of GaN 

compared to other semiconductor materials can be seen in Table 1.1.      
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Table 1.1 – Properties of several wide band gap semiconductors relevant to silicon [3] [4] 

 

Diamond as seen above, is considered the ultimate semiconductor. However, with a Mohs scale 

rating of 10, diamond is the hardest known bulk material substance on earth. This, along with a 

very high demand for diamond makes manufacturing of such a device very difficult and 

expensive. It is for this reason that research seeks a more cost-effective alternative, and this is 

where GaN based technologies have been greatly pursued. 

Currently, the obstacle of using GaN as a bulk substrate is still under development and 

currently existing technologies typically use SiC, Sapphire, or diamond substrates to grow GaN 

crystal layers. While these substrates are viable solutions, they are still relatively expensive and 

have limited bulk manufacturing potential due to the small size of the wafers (6 inches for 

sapphire, and 4 inches for silicon carbide) [1]. Furthermore, SiC, while having small lattice

Property Silicon GaAs 4H-SiC GaN Diamond 

Bandgap, Eg (eV) 1.1 1.43 3.3 3.4 5.45 

Gap Type indirect direct indirect direct indirect 

Intrinsic carrier 

concentration 𝑛𝑖 𝑐𝑚−3 

1.5
× 1010 

1.5
× 106 

8.2
× 10−9 

1.9
× 10−10 

1.6 × 10−27 

Dielectric constant, 𝑒𝑟 11.9 13.1 10.1 9.5 5.5 

Breakdown field, 𝐸𝑐 

(kV/cm) 

300 455 2200 2000 10000 

Electron mobility, 

𝜇𝑛 (cm2 V⁄ -s) 

1500 8500 1000 1250 2200-4500 

Hole mobility, 

𝜇𝑝 (cm2 V⁄ -s) 

600 400 115 250 1600-3000 

Vsat (107 𝑐𝑚/𝑠) 1.0 1.0 2.0 2.7 2.7 

Thermal Conductivity, l 

(W/cm-K) 

1.5 0.46 4.9 1.3 22 

Maximum Operating 

Temperature 

300 300 600 700 1000 

Melting temperature, °𝐶 1400 1250 ---- 2500 1600 

Pressure in which 

melting temperature can 

be realized , 𝑝𝑚(𝑎𝑡𝑚) 

<1 15 ---- 45,000 60,000 
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mismatch and great thermal conductivity is almost 100 times more expensive than silicon alone. 

Sapphire is faced with poor thermal conductivity which is not ideal for the market of power 

devices. It is for these reasons that researchers have started attempting to achieve GaN-on-silicon 

solutions. However, there are significant mismatches in lattice constant, and thermal expansion 

coefficients between GaN and silicon that make this alternative very difficult for researchers [1].  

1.2 Gallium Nitride 

Gallium nitride (GaN) is a III-V Wide-Bandgap binary semiconductor that naturally has 

wide band gap at room temperature [5]. Typically, GaN is found in a Wurtzite Crystal Structure 

at room temperature, but it may also have a zinc blende crystal structure for thin films. Zinc 

blende structures are also known as face-centered cubic (fcc) structures and are characterized by 

cubic closet packing (ccp). Crystals of the zinc blende are meta-stable and are grown 

heteroepitaxially on certain substrates such as Si, GaAs, or MgO (Figure 1.1). Wurtzite crystal 

structures are characterized by a hexagonal closet packing structure (hcp). Most applications of 

GaN in practice usually employ crystals of the Wurtzite blend (Figure 1.2). It is mechanically 

stable with high heat capacity and thermal conductivity. This makes them excellent candidates 

for high temperature and high power microelectronic devices. Furthermore, GaN bonds are 

significantly stronger than Ga-Ga interactions, and form tetrahedral bonds [6].  Some basic 

properties of GaN can be seen in Table 1.2.  
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Figure 1.1 – Zinc blende structure of GaN [6] 

 

 

 

Figure 1.2 –Wurtzite crystal structure of GaN [6] 
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Table 1.2 – Some basic properties for the Wurtzite crystal structure of GaN [7] 

 

 

 

 

 

 

 

 

 

 

 

1.3 Competitive advantage of GaN based electronics 

GaN has been used commonly in bright LEDs since the 1990s. It is arguably the most 

important semiconductor after silicon, and with a bandgap of 3.4 eV it carries a lot of interest in 

optoelectronic and high-power / high-frequency devices.  Some competitive advantages of GaN 

and their realizations can be seen in Table 1.3. 

Table 1.3 – Competitive advantages of GaN in electronic devices [8]. 

 

With an electron mass of .20𝑚0, a quantity three times larger than AlGaAs, an electron 

mobility is seen that is actually smaller than AlGaAs at room temperature. However, it is seen at 

Property GaN 

Dielectric constant 𝑒𝑟 at 300K (static) 9.5 

Electron affinity at 300K (eV) 4.1 

Lattice Constant a (Å) 3.186 

Lattice Constant c (Å) 5.186 

Coordination Geometry Tetrahedral 

Electron mobility, 𝜇𝑛 (cm2 V⁄ -s) 1250 

Hole mobility, 𝜇𝑝 (cm2 V⁄ -s) 250 

Refractive index, 𝑛𝐷 2.429 

Thermal conductivity, l (W/cm-K) 1.5 

Saturation velocity, cm/s 2.5 ∗ 107 

Effective mass, 𝑚𝑒
∗  0.2*𝑚0 

Optical Phonon Energy,meV 91.8 

Mass density (kg/m3) 6150 

Piezoelectric constant 𝑒14, (𝐶/𝑚2) 0.375 

Optical phonon energy (eV) 0.0912 

Customer Need GaN Enabling 

Feature 

Advantage 

High Power / High Temp Operation Wide Band Gap Compact 

High Voltage Operation High Breakdown Field Reduce Step Down 

Low Noise High Gain, High 

Velocity 

Dynamic Range Receivers 

Thermal Management GaN on SiC Substrate High Power / Less cooling 

High Linearity HEMT Band Allocation optimization 

High Frequency High Electron Velocity Bandwidth, millimeter wave 
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high electric fields that the performance of GaN in heterostructure devices is governed by 

electron velocity rather than mobility [9]. Furthermore, GaN along with the other nitrides (AlN, 

InN) exhibit spontaneous and piezoelectric polarizations when applied in heterostructures due to 

lack of reverse symmetry along the c-axis [9]. Also, GaN has a large Johnson figure of merit 

compared to silicon (215.1), and the large breakdown field of GaN implies that large electric 

fields can be passed through the device without damage or compromise to the material.  

1.4 The High Electron Mobility Transistor 

The High-electron-mobility-transistor (HEMT) is a field-effect transistor also known as a 

MODFET (Modulation-doped field effect transistor), TEGFET (Two-dimensional electron gas 

field effect transistor), or HFET (Hetero-junction field effect transistor) [10]. They have become 

increasingly popular in military and aerospace applications where low noise figures, and high 

gains are particularly sought after. The HEMT was successfully invented and demonstrated in 

1980 by Dr. Takashi Mimura of Fujitsu Laboratories [11]. The idea behind the High-electron-

mobility-transistor stems from basic semiconductor physics in which certain layers need to be 

doped with n-type impurities to introduce additional free electrons in that particular layer. This 

procedure, however, actually results in slowing down of electrons due to collisions with the other 

impurities that were originally introduced into that layer [11]. The HEMT was designed to 

resolve this issue by using an n-type, highly doped AlGaAs layer built over an undoped GaAs 

layer. Due to higher affinity of the GaAs, the electrons from the doped AlGaAs drop into the 

next layer of GaAs to form a depleted AlGaAs layer due to the presence of a steep canyon 
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formed in the GaAs layer where the electrons have the freedom to move quickly without any 

external collisions with impurities [11].  

While the first HEMT devices were GaAs based devices, there has been recent interest in 

AlGaN/GaN based HEMT devices due to the higher bandgap of GaN, increased power 

density(more power per square millimeter in die), and potential to handle extreme thermal 

conditions. GaN based HEMTs can also operate at higher voltages, frequencies and at higher 

efficiency [12][13]. This makes GaN based HEMTs extremely attractive for military and mobile 

communication systems. Detailed discussion of epitaxial layers, varieties, and overview of 

device operation is discussed in Chapter 2. 

1.5 GaN based HEMT biosensors 

Over the past several years, there has been much research into developing newer and less 

invasive ways to monitor and detect several different biological cells and molecules [14-19]. 

Such biological elements include but are not limited to: proteins, enzymes, antibodies, and tissue 

cells. The need for such development arises from the current way in which patient data is 

obtained [20-21]. Invasive methods such as biopsies and invasive monitoring require making 

incisions and taking samples or inserting devices into the organ/tissue in need of monitoring. 

With advances in medicine and technology, a growth in understanding in key biomolecules that 

play certain roles and functions in the development of disease are becoming more useful in the 

developing of devices to help detect such molecules [14-19]. 

As investigations into wide band gap based electronics have been developed and 

understood, AlGaN/GaN based wide band gap devices have become very attractive in the world 

of biological modified field effect transistors (BioFETS / biosensing) due to their thermal 

stability, high-sensitivity, and  label-free / real time detection. They also exhibit a chemical 
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inertness to extreme sensing environments [14-19]. Also, the unique ability for GaN material to 

exhibit spontaneous and piezoelectric polarization in heterojunctions without any need for 

material doping results in the formation of a conducting channel consisting of a two dimensional 

electron gas (2DEG) that exhibits very high mobility (~1200 – 1500 cm2 V-S⁄ ) in two 

dimensions with very tight confinement in the third [22-23]. Furthermore, the close proximity of 

this layer to the surface (< 35 nm) is extremely sensitive to ambient changes in surface charge 

and results in greater detection sensitivity [15][17][24]. One particularly useful application for 

GaN based HEMT biosensor technologies exist in early monitoring of allograft rejection. Taking 

advantage of the depletion mode HEMT (normally on), and by using a floating gate (gateless) 

configuration, the need for an external bias voltage can be neglected and amperometric detection 

can be realized solely by varying surface charges induced by the biomolecule through capacitive 

coupling [14][17]. It has been previously reported that HEMT devices have the potential to 

exhibit strong amperometric results in detection of certain key biomolecules [14-19][24]. 

Detection of pH levels, DNA, certain types of bacteria, and gas have all been reported. 

Preparation for using such devices can be rigorous, and due to the fragile nature and small scale 

of the HEMT plus the minute quantities of analytic solutions, careful preparation must be 

exercised to create a customized biosensor that is chemically inert and thermally stable. A more 

detailed overview of the theory behind GaN HEMT based biosensors is explored in greater detail 

in Chapter 2. 

1.6 Research objectives and outline 

 The purpose of this study is to provide work for three main objectives: The proposition of 

a biosensor based on previous research and understandings, the theoretical development of an 

analytical and numerical model with aide of SILVACO™ two-dimensional modeling software,  
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and the experimental findings and phenomenon conducted to test the former. Many papers have 

been published by many prestigious universities and research centers that exhibit the potential 

usage for GaN based biosensors for detection of various analytes. However, detailed description 

of quantum mechanical function of these proposed biosensors has been theorized, but not 

provided. One goal of this study is to provide two-dimensional simulation to support these 

claims. 

 This aim of this chapter was to provide some insight into the up-and-coming popularity 

of wide band gap materials and their applications. It introduced the history and applications of 

gallium nitride and their contribution to the high electron mobility transistor. The chapter 

concludes with a brief introduction into GaN based HEMT biosensors and their mark on the 

modern world. 

 Chapter 2 discusses, in detail, the theory behind the quantum mechanical operations of 

the High Electron Mobility Transistor, as well as an introduction to the target analyte (MIG), its 

nascency, and the significance of this protein to the human immune system. 

 Chapter 3 elaborates on the methodology for realization of a GaN HEMT based 

biosensor, while focusing on several important aspects of the procedure such as crosslinking and 

development of a self-assembled monolayer. 

 Chapter 4 provides some background on fundamental phenomenon as a prerequisite to 

the analytical modelling that will be developed in the later part of this chapter. It gives 

background in some phenomena such as the theory of surface states, and the double-layer 

interface. This chapter is crucial to the understanding of the mechanism of action of the proposed 

biosensor.  
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Chapter 5 provides numerical modelling for the proposed biosensor using the Charge-

control model for sheet carrier concentration at the heterojunction, chemistry techniques, 

Albrecht’s low field mobility equations, and the net neutrality model. It builds on the phenomena 

discussed in chapter 4, and SILVACO™ simulations are conducted to ease calculation and serve 

as a visual aid to help understand the quantum mechanical characteristics of the device structure. 

This model aims to simulate the results seen experimentally which will be discussed in detail in 

Chapter 6. 

 Chapter 5 provides experimental results, and validation of these results with literature, 

theory, and previously developed theory in preceding chapters. 
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CHAPTER II 

 

 

LITERATURE REVIEW 

 

 

 As the theory behind realization of a GaN based HEMT Biosensor is developed, first an 

understanding of the quantum mechanical function of the device must be developed, for it is 

these effects that are widely accepted to be responsible for sensor based realizations. It is also 

required to discern the significance of Human MIG and its impact on the human body.  

 This chapter presents the theory of operation of gallium nitride based high electron 

mobility transistors, and is explored to cover the history of the GaN based HEMT device and its 

general operations. Then, an introduction to human MIG, and why this is the analyte of choice 

for the proposed biosensor.  

2.1 HEMT Ideology 

The high-electron-mobility-transistor operates as a field-effect transistor with basic 

operating principles having close similarities with the MESFET (Metal-semiconductor field 

effect transistor). However, the epitaxial layer (Figure 2.1) is significantly different than the 

MESFET. The first HEMT devices typically employed gallium arsenide and indium arsenide 

(InAs). For basic HEMT devices with hetero-junctions consisting of AlxGa1-xAs and GaAs, 

where the mole fraction of AlxAs is typically 0.2 < 𝑥 < 0.3 [12]. The different layers each 

possess a different band gap but are grown with the same lattice constants. HEMTs that are 



13 

 

grown with different lattice constants for the two hetero-layers are called pseudomorphic 

HEMTs (pHEMTs) [13]. The most important feature in HEMT devices is the presence of a two-

dimensional electron gas (2DEG) formed by the combination of the two different bandgaps of 

AlxGa1-xAs and GaAs. With sufficient doping, the electrons of the higher band gap material 

(AlxGa1-xAs) are allowed to diffuse to the lower band gap material (GaAs). The potential barrier 

at the interface confines electrons to a thin sheet referred to as 2DEG resulting in very high 

mobility in two dimensions with tight confinement in the third [12]. The electrons trapped in this 

region are restricted to motion in the x and z directions. The y direction is tightly confined due to 

the energy barriers on either side of the potential well. These barriers have a shorter distance than 

the Broglie wavelength (260 Å) and have quantized momentums that cannot exist in a direction 

perpendicular to the interface [13]. More detailed explanations leading up to the formation of 

2DEG are seen later in this chapter. 

 

 

 

 

 

 

 

Figure 2.1 – Basic Structure of AlGaAs/GaAs HEMT (not to scale). 
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2.2 Gallium Nitride based HEMT devices 

Nowadays, gallium nitride based technologies have demonstrated the capability to 

address current technological demands in today’s electronics markets. In the last decade we have 

begun to see GaN based HEMT devices replacing the traditional GaAs based devices. High 

thermal conductivity, high breakdown electric field, high peak velocity, high sheet charge 

density, and high saturation velocity are all superior features of GaN based HEMTs that make 

these devices very attractive in different fields of engineering [22]. The use of GaN-based 

HEMTs hold many advantages over their GaAs counterparts. For one, fabrication is possible at a 

fraction of the size of a GaAs counterpart due to the high output power density. This ultimately 

allows the same output power capability as a GaAs device, but on a much smaller scale [24]. 

Smaller size also contributes to higher impedance, which facilitates loss matching when used as 

an amplifier. Also, GaN based HEMT devices exhibit strong spontaneous and piezoelectric 

polarizations that allow for a 2DEG to be formed with intrinsic materials (unlike GaAs based 

devices that require modulation doping) [22][24]. 

2.3 Gallium Nitride HEMT device ideology 

While functionality of field-effect transistors (FETs) usually are similar between devices 

regardless of internal materials, gallium nitride based FETS and their epitaxial layers are unique 

(Figure 2.2). Field effect transistors made from the AlGaN/GaN hetero-structure configuration 

conquer the trade-offs between high current/high frequency operations for metal oxide 

semiconductor field-effect transistors (MOSFETs) and metal oxide semiconductor field-effect 

transistors (MESFETs) [24][5]. Selective doping, also called modulation doping, is utilized to 

control certain behaviors and characteristics of the HEMT, such as sheet charge density. 

However, this is not necessary and the absence of impurities (dopants) in the channel region
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eliminates ionized impurity scattering, ultimately leading to an increase in electron mobility 

without the need for modulation doping [5]. Furthermore, even at high temperatures, electron 

velocity and electron mobility remain high, and the breakdown field rests at about 3 orders of 

magnitude higher than that of silicon or gallium arsenide. This can be directly attributed to the 

wide band gap structure of GaN [5]. Tables 2.1 and 2.2 shown exhibit some important properties 

of the AlGaN/GaN HEMT device and some fabrication considerations needed to ensure the 

device exhibits its full potential. 

Table 2.1 – Some important properties of AlGaN / GaN Heterojunction HEMTs [5] 

 

 

Table 2.2 – Modes of action for characteristic quantities in AlGaN/GaN HEMT 

devices [25] 
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~3.0MV/cm 3.4eV 2.5 ∗ 107cm/s ~103𝑐𝑚−2 1500
− 2000 cm2/(Vs) 

~1.5 

W/cm/K 

Desired quantity Mode of Action 

High Sheet Charge density Maximization of spontaneous and piezoelectric 

polarizations. Dependent on modulation doping or 

polarization doping. 

Breakdown Voltage High quality materials / proper design 

Electron velocity Reduced effective gate length 

Electron Mobility Minimizing ionized scattering due to roughness of 

interface, and disordering of the alloy between the two 

materials. 

Thermal Conductivity Thick GaN on sapphire or SiC  
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Figure 2.2 – Typical Structure of AlGaN/GaN HEMT (not to scale) 

 

 Sometimes, an aluminum nitride (AlN) spacer layer is introduced between the 

heterostructure to increase the 2DEG density, mobility, and conductivity (Figure 2.3).The 

insertion of the thin AlN spacer layer increases conductivity because of the high piezoelectric 

field in the AlN layer generates a dipole. The production of this dipole increases the effective 

band offset in the conduction band and helps increase the quantum well depth [25] [26]. 

Thickness of AlN layer is a very important parameter in enhancing 2DEG properties, and careful 

engineering of this layer must be exercised, as AlN is highly insulating. Also, as the aluminum 

content of the barrier is increased then mobility of electrons decreases due to scattering of the 

AlN alloy [27]. The bandgap energy in AlGaN depends on the mole fraction of Al in the alloy. 

At room temperature this value ranges from 3.5 to 6.2eV [9]. Also, a cap layer consisting of 

doped GaN may be introduced and has been experimentally shown to increase current and 

breakdown voltage in HEMTS while reducing leakage. 
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Figure 2.3 – AlGaN/GaN HEMT Structure with added layers 

 

2.4 The basics of band theory 

In solid-state physics, every solid material possesses its own unique energy-band 

structure. The structure of the bands and the variation in band structure play a key role in the 

electrical characteristics of the materials [5]. These band diagrams can be used to explain the 

behavior of delocalized electrons, and the energy required to get them excited [28]. As the 

phenomenon of the band gap became more widely understood it allowed scientists to understand 

the true usefulness of semiconductor materials.  

Generally, a “band” is the result of a large number of atoms forming a smeared 

continuous distribution of energy [29]. When a single atom bonds with another atom of the same 

type two possible molecular orbitals result. One with a higher energy relative to the sum of 

individual electron orbital energies, and one with a lower energy relative to the sum of individual 

electron orbital energies [30]. If we take N amount of atoms consisting of N valence electron 

orbitals of the same energy and they all bond to one another, then N energy levels result. 
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Naturally, half of these energy levels will be higher in energy, and half will be lower in 

energy relative to the sum of N valence electron orbital energies [30]. Realistically, however, the 

energies will not all be exactly at the same level higher and lower with respect to the sum of 

valence orbital energies. The energy levels between them on either end have very small variation 

and the combination of all these varied energy levels become blurred to define an energy band 

[30]. Between energy levels exists a forbidden level of electron energies formally referred to as 

the band gap (Eg) [29]. The highest range of energies that an electron occupies at absolute zero 

temperature is referred to as the valence band, and is typically represented as the bottom band in 

a band diagram (Ev). The next available energy states are in a higher band called the conduction 

band and is normally represented as the top band in a band diagram (Ec). 

In order for current to exist, some electrons must gain energy, or move to a higher 

electron energy levels [29]. This may happen if an electron absorbs an energy at least as great as 

the band gap energy [30]. In insulators, the valence band is completely filled and the conduction 

band is unoccupied. The band gap between the two is extremely large, requiring substantial 

amounts of energy to make the transition from the valence band to the conduction band. For 

metals, the highest occupied level exists somewhere in the middle of the energy band, so when a 

potential is applied current can flow because there are plenty of unoccupied energy levels in 

which an electron may be free to roam to. The valence band can either be partially filled, or it 

may overlap with the conduction band. In semiconductors, a small but appreciable band gap 

exists at room temperature. Conduction bands may be empty or partially filled and are also 

referred to as weak conductors. Various definitions exist that distinguish the difference between 

a semiconductor and an insulator. Normally, materials with band gaps less than 3 eV are 

regarded as semiconductors, while materials with band gaps greater than 3 eV are regarded as 
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insulators. However, in some contexts, some materials (such as GaN, and AlN) with band gaps 

that lie around the 3-6 eV range are regarded as wide band gap semiconductors (WBG) [30]. 

Table 2.3 depicts various band gap energies of different materials. 

Table 2.3 - Table of Various semiconductor materials and their band gaps 

 

Essentially, the electrical conductivity of a solid depends on the energy band spacing and 

the extent at which the bands are occupied [29]. A general band gap diagrams for metals, 

semiconductors, and insulators can be seen in figure 2.4.  Figure 2.5 shows a slightly more 

detailed general band structure of a semiconductor. As mentioned previously, the conduction 

band may be partially filled or empty. In the figures, the band gap is representative of the energy 

difference between the bottom of the conduction band and the top of the valence band.  

 

 

 

 

 

 

 

 

 

 

 

 

Group Material Band Gap Gap Type 

IV Silicon 1.1 eV Indirect 

IV Silicon Carbide (4H) 3.3 eV Indirect 

III-V Aluminum Nitride 6.28 eV Direct 

IV Germanium 0.67 eV Indirect 

III-V Gallium Nitride 3.4 eV Direct 

III-V Gallium Arsenide 1.43 eV Direct 

III-V Indium Phosphide 1.35 Direct 

III-V Indium Arsenide 0.36 Direct 

II-VI Zinc Oxide 3.37 Direct 

IV Diamond 5.47 indirect 
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Figure 2.4 – Band gap distinctions between metals, semiconductors, and insulators [28-30] 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 – General Structure of Band Gap in Semiconductor Material [28-30] 
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2.5 AlGaN/GaN HEMT development of the band diagram 

Generally, the band diagram for a GaN HEMT can be thought of a wide band gap (WBG) 

material (AlGaN) interfacing with a narrow band gap (NBG) material (GaN) (Figure 2.6). 

However, to fully understand the band diagram and how the quantum well at the interface exists 

and its contribution to the development of its characteristic two dimensional electron gas 

(2DEG), further mathematical understanding of the piezoelectric and spontaneous polarization 

effects of AlGaN/GaN heterostructures is required.  Further detail on these effects is discussed in 

section 2.5.1. 

 

Figure 2.6 - Band structure of general AlGaN/GaN HEMT before equilibrium 

 

 

 

 

 

Figure 2.7 – Band structure of general AlGaN/GaN HEMT after equilibrium 
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The discontinuities in the conduction band are due to the different electron affinities of the two 

materials at each side of the hetero-junction. The bending of the bands occurs due to charge 

transfers from the supply layer (AlGaN) to the narrow bandgap material (GaN) [9]. After 

equilibrium, the large band discontinuities close and form a quantum well in the process. 

2.5.1 Spontaneous and piezoelectric effects of AlGaN/GaN HEMTs 

 Nitrides of Group III such as aluminum nitride (AlN), and gallium nitride (GaN) exhibit 

strong polarization effects when structured in a heterojunction [10]. AlGaN and GaN are such 

materials and are comprised of polarized Wurtzite cystal structures. They both possess strong 

polarization in the (0001) (c-axis) direction [3]. Intrinsic asymmetry directly attributes to 

spontaneous polarization (𝑃𝑠𝑝) in equilibrium in the absence of external fields, and refers to the 

polarization field existing in an unstrained crystal. It is a negatively expressed value, and is 

expressed in increasing quantities in GaN, InN, and AlN respectively. Furthermore, tensile strain 

(due to lattice mismatching) caused by growth of AlGaN on GaN results in piezoelectric 

polarization (𝑃𝑝𝑧) [10] [8]. It is a negative quantity for tensile strain and a positive one for 

compressive strained AlGaN layers. Both 𝑃𝑠𝑝 and 𝑃𝑝𝑧 polarizations are expressed in the same 

direction (0001), thus the total polarization at the heterojunction interface for AlxGa1-xN on GaN 

is given by [10] [8]: 

                         𝑃𝑥 = 𝑃𝑠𝑝 + 𝑃𝑝𝑧 =  −[(3.2𝑥 − 1.9𝑥2) × 10−6 − 5.2 × 10−6𝑥]𝐶 𝑐𝑚−2       (2.1) 

where x is the mole fraction in the AlxGa1-xN composition. The dipole can possess a maximum 

moment that can be represented by:  

         ∆𝐸𝑣 + 𝐸𝑔,𝐺𝑎𝑁     (2.2) 
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The charge distribution consists of polarization dipole ±𝑄𝜋 and an opposing dipole 

consisting of a surface hole gas, 𝑝𝑠, and a 2DEG at the heterojunction interface, 𝑛𝑠 [8]. Net 

polarization charge can be seen being developed in figure 2.8 and figure 2.9. 

 
Figure 2.8 – Spontaneous and piezoelectric polarizations at the interface [8][32-33]. 

 

 
Figure 2.9 – Net polarization charge at the AlGaN/GaN interface [8][32-33]. 

 

−𝑄𝜋,𝐴𝑙𝐺𝑎𝑁 

𝑄𝜋,𝐴𝑙𝐺𝑎𝑁 

−𝑄𝜋,𝐺𝑎𝑁 

𝑄𝜋,𝐺𝑎𝑁 

𝑃(𝑥) = (𝑄𝜋,𝐴𝑙𝐺𝑎𝑁) + (−𝑄𝜋,𝐺𝑎𝑁) = 𝜎𝑖𝑛𝑡 = 𝜎𝐵 
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In the band diagram, the charge dipole present across the AlGaN layer causes band 

bending with a constant slope. As can be seen from figure 2.8, a positive net charge exists at the 

heterojunction interface, while a negative net charge is seen at the surface. A triangular shaped 

quantum well is formed on the left side through the conduction band discontinuity, and the 

bending of the conduction band in the GaN layer (where the 2DEG exists with a finite spread in 

space) follows Poisson’s equation [31][33]: 

                                                     
𝑑2𝜓(𝑥)

𝑑𝑥2 = −
𝜌(𝑥)

𝜖𝑠
  (2.3) 

where 𝜓(𝑥) is the potential distribution in the semiconductor, 𝑞 is the charge of an electron, 𝜖𝑠 is 

the semiconductor permittivity, and the space charge density ρ(x) can be represented as:  

                                                           𝜌(𝑥) = 𝑞(𝑁𝐷 − 𝑁𝐴 + 𝑝(𝑥) − 𝑛(𝑥)) (2.4) 

where the spatial variation of hole and electron concentrations can be expressed as: 

 𝑝(𝑥) = 𝑁𝐴 exp (
−𝑞𝜓(𝑥)

𝑘𝑇
) (2.5) 

𝑛(𝑥) =
𝑛𝑖

2 

𝑁𝐴
exp (

−𝑞𝜓(𝑥)

𝑘𝑇
)  (2.6) 

where 𝑁𝐴 is shallow accepter density, 𝑛𝑖 is the intrinsic carrier concentration, k is Boltzmann’s 

constant, and T is the temperature in Kelvin (K) [31]. A depiction of band bending with and 

without spontaneous and piezoelectric polarizations taken into account can be seen in figure 2.10 

derived by K.F. Brown et. Al (2002), and a figure demonstrating the charge contributions of 

former polarizations relative to surrounding polarizations can be seen in figure 2.11. 
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Figure 2.10 – Conduction band edges in the heterostructure with certain polarizations 

(source: K.F. Brown et. al Theory of Modern Electronic Semiconductor Devices 2002) [32]. 

 

 

Figure 2.11 – AlGaN/GaN HEMT band diagram with polarization charge distribution. 
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2.6 Two-dimensional Electron Gas 

As its AlGaAs/GaAs counterpart, a two-dimensional electron gas (2DEG) is what gives 

the HEMT its most significant characteristic. However, unlike the AlGaAs/GaAs version of the 

device which is provided by a donor sheet in the AlGaAs layer, the 2DEG in the AlGaN/GaN 

variation is formed by the strong pyroelectric and piezoelectric nature of the wurtzite structure of 

GaN [5]. The difference in band gaps between the AlGaN (Average Eg = 4.24eV) and GaN (Eg 

= 3.4eV) layers creates a deep quantum well in the heterojunction interface in which electrons 

are highly mobile in two-dimensions (with extreme confinement in the third) [22]. The sheet 

carrier density of this 2DEG is well above the order of magnitude 1013cm-2. This can attribute to 

the high-current carrying capabilities of the HEMT [5]. Now that the effects of spontaneous and 

piezoelectric polarizations have been developed, along with the development of the band 

diagram, we can now focus on the development of the 2DEG.  

 The two dimensional electron gas is something that is constantly being studied and 

updated mathematically. As of now, it is known to be a function of surface barrier, thickness of 

the AlGaN layer, and the net positive charges at the interface [33]. Unlike its AlGaAs/GaAs 

counterpart, the AlGaN/GaN variation of the device requires no doping to exhibit 2DEG 

presence at the interface [33]. Figure 2.12 defines the variables present in development of the 

2DEG equation relative to the band diagram of the device, while Table 2.4 provides the formal 

definition for these parameters. 
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Figure 2.12 – Parameters defined in the 2DEG equation relative to AlGaN/GaN band 

diagram [8][32-33]. 
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Table 2.4 below demonstrates the definition of each variable in figure 2.12. 

Table 2.4 - Table of variables for Figure 2.12 [8][32-33]. 

 

The equation for 2DEG sheet carrier density is a function of mole fraction x and can be realized 

by the following equation [33-34]: 

 𝑛𝑠(𝑥) =
+𝜎𝐵

𝑞
−

𝜀𝑟(𝑥)𝜀0

𝑑𝑞2 [𝜙𝐵(𝑥) + 𝐸𝐹(𝑛𝑠(𝑥)) − Δ𝐸𝐶(𝑥)] (2.7) 

where 𝑛𝑠(𝑥) is the 2DEG sheet carrier density, q is the charge of an electron, 𝜀0 is the 

permittivity of free space, and 𝜀𝑟 is the permittivity of AlGaN. Unlike the MOSFET, there is no 

one universal formula for sheet carrier density. New publications are constantly being published 

that take into account other variables or phenomena that have been previously neglected, or 

newly discovered. However, the equation above is the general format of one of the most widely 

accepted equations for the 2DEG density as a function of mole fraction and material property. 

Variable Significance 

𝜙𝐵 
 

Schottky barrier height. 

Δ𝐸𝐶 
 

Conduction band offset at the interface. 

𝐸𝐹 
 

Penetration by the conduction band edge below the Fermi level measured at the 

interface. 

Δ𝐸𝑉 
 

Change in valence band offset at the interface. 

𝑑 
 

Thickness of the AlGaN layer.  

𝜎𝐵 
 

Net polarization charge at the interface given by  

 𝑃(𝑥) = (𝑄𝜋,𝐴𝑙𝐺𝑎𝑁) + (−𝑄𝜋,𝐺𝑎𝑁) = 𝜎𝑖𝑛𝑡 = 𝜎𝑝𝑜𝑙 

𝜎𝑐𝑜𝑚𝑝,  

𝜎𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

2𝐷𝐸𝐺 
 

Fixed polarization charges generated by lattice mismatch between AlGaN/GaN. 

Length of bars in the graph determine the strengths of charges relative to the 

others. 

Also represented as −𝑄𝜋, and −𝑄𝜋, in figure 2.8. 
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For this thesis, the concept of the sheet carrier 2DEG density is significant. The former 

formula, along with the charge-control variation of the model are used in development of an 

analytical and numerical model. The charge-control model for sheet carrier density is discussed 

in more detail in Chapter 4. 

2.7 Monokine Induced By Gamma-Interferon 

Chemokine (C-X-C motif) ligand 9 (CXCL9) is a small cytokine with an atomic mass 

unit of 8-10 kDa that belongs to the CXC family of chemokines. It is also known as Monokine 

induced by gamma-interferon (MIG). The name comes from the fact that it is a potent 

chemoattractant induced by interferon gamma (IFN-γ) during infection, injury, or immuno-

inflammatory response [18-20].This classifies MIG as a pro-inflammatory chemokine. A detailed 

three-dimensional depiction of MIG can be seen in figure 2.13. 

 

 

 

 

 

 

 

Figure 2.13 – 3D model of human CXCL9 (source: Interdepartmental Research 

Center for Computational and Biotechnological Sciences) [38] 
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According to the model developed by Trotta, Constantini, and Colonna (2009) shown in 

figure 2.14, the backbone ribbon of CXCL9 is shown in green, helices are noted in red, and β-

strands are depicted with yellow arrows. Throughout this chapter, the terms MIG and CXCL9 

will be used interchangeably. 

Secretion of MIG is produced mainly from macrophages (by way of differentiation of 

monocytes, a type of white blood cell) and directly results in chemotaxis of various activated T 

lymphocytes (T cells) via the CXCR3 shared chemokine receptor (Figure 2.14) [36][38].  

 

 

 

 

 

 

 

 

 

 

Figure 2.14 – 3D model of human chemokine receptor CXCR3. (source: Interdepartmental 

Research Center for Computational and Biotechnological Sciences) [38]) 
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Upon interaction of the appropriate CXCL9 chemokine and appropriate receptor 

(CXCR3), they become binded through G-protein coupled receptors with seven transmembrane 

domains and release their specific biological function [38]. This function is to produce 

interferon-gamma (a type II interferon) to stimulate increased activity from local macrophages 

[38-41]. This type of interferon is characterized by two peptide chains (143 amino acids) that 

have N-linked glycosylations [39]. A three-dimensional model developed by Trotta, Constantini, 

and Colonna (2009) depicting this protein-protein interaction can be seen in figure 2.15. 

 

 

 

 

 

 

 

 

 

 

Figure 2.15 – Protein-protein interaction of CXCL9 and the CXCR3 chemokine receptor 

(source: Interdepartmental Research Center for Computational and Biotechnological 

Sciences) [38]) 
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As noted by Trotta, Constantini, and Colonna, the green ribbon depicts the CXCR3 

receptor, while the cyan ribbon depicts CXCL9 chemokine. A detailed image of the interactions 

can be seen in the right-most image. Extracellular loops 1, 2, and 3 are depicted in red, yellow, 

and blue respectively, while the N-terminal, and N-loop of the chemokine are depicted 

respectively in orange, and grey. In this image, the N-terminal is responsible for protein 

“docking” [38]. The N-loop region of CXCL9 interacts directly with the N-terminal region of 

CXCR3. Also, the N-terminal of CXCL9 interacts with Loops 2 and 3 of the CXCR3 receptor 

[38]. Detailed interactions of these proteins are beyond the scope of this paper and therefore will 

not be discussed. It is important however, to note how these interactions fit into the overall 

systemic response carried out by the human body upon recognition of a foreign allograft. 

As mentioned before, the main function of the CXCL9 chemokine is to recruit leukocytes 

to sites of infection, injury, and inflammation [22]. A high-level overview of the process in 

which MIG is produced, assuming it isn’t already existent as part of the non-specific immune 

system can be seen in figure 2.16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16 – A High level representation of how MIG is involved in allograft rejection  

[37-42] 
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Referring to figure 2.16, a flow chart of the process in which MIG is involved in allograft 

rejection can be seen as part of the immune system’s local defense. Upon local recognition of a 

foreign entity (as part of the non-specific immune system), monocytes, a type of white blood 

cell, migrate from the blood stream and differentiate into macrophages in tissue. These 

macrophages, whose job is to engulf (phagocytose) foreign substances, are responsible for the 

secretion of MIG. MIG (CXCL9), along with CXCL10, and CXCL11 are agonists (trigger 

chemicals) for CXCR3, therefore Chemokine receptors present in Effector T-Cells bind with 

ligand CXCL9 (MIG) and transmit chemical cell signals. These chemical signals attract TH1 

cells (via chemotaxis, figure 2.17) and promote TH1 maturation. TH1 cells secrete interferon 

gamma (IFN-γ) which not only promotes Natural Killer cell (NK cell) activity, but also acts as 

an important activator of macrophages [38][40-42]. 

 

Figure 2.17 – Chemotaxis in action [43]. MIG, a chemoattractant, induces a response along 

a chemical gradient from cells (TH1) that contain the right receptors (CXCR3). 

 

2.8 MIG significance in biomedical engineering 

Monokine induced by interferon gamma (CXCL9 / MIG) is a critical biological marker 

for determination of transplant rejection. The secretions of MIG have been shown to be 

expressed in acute and chronic allogeneic skin grafts / allografts several days before completion 
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of rejection and if gone untreated can result in the destruction of the transplanted organ / skin 

graft by the body’s own immune system [37][44-46]. Range of concentration in normal human 

states is approximately 0.2-3 ng/mL (or 40-100pM) while concentration in pathophysiological 

disease states are 10-400 ng/mL (or as high as 34nM) [47-48]. In addition, it is a highly charged 

particle, having around net 20 positive charges per molecule [48-49]. This makes it an ideal 

candidate for detection methods that utilize changes in electric potential. Early detection of this 

key biomarker is significant and can result in quicker/appropriate treatment (Anti-T-Cell 

Treatment or Antibody neutralization of MIG/CXCL9 interactions) [38][46]. 
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CHAPTER III 

 

 

METHODOLOGY 

 

 

In this chapter the methodology of the development of an amperometric biosensor using 

Gallium Nitride material based high electron mobility transistors is discussed. The realization of 

such a biosensor depends primarily on three main concepts: Careful observation of normal clean 

device operations, careful chemical modification of the device, and careful monitoring of 

chemically modified device operations. For the first requirement, certain characteristics must be 

measured such as threshold voltage, and floating gate drain current. This provides a reference 

point from which key changes are compared and contrasted. For the second requirement, a 

specific chemical procedure is exercised to ensure that the sensor’s full potential is realized. This 

is to ensure it is repeatable multiple times across multiple devices. For the final requirement, 

careful monitoring, and observation must be exercised to confirm that any changes in 

performance are accurately reported.   

3.1 Biosensors 

Over the past several years, there has been much research and development into 

developing newer and less invasive ways to monitor and detect several different biological cells 

and molecules. Such biological elements include but are not limited to: proteins, enzymes, 

antibodies, and tissue cells. The need for such development arises from the current way 

physicians obtain data from patients. Invasive methods, such as biopsies and cardiac  
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catheterization, require making incisions and taking samples or inserting devices into the 

suspected tissue/organ [20-21]. With new advances in medicine and technology, there is an 

exponential growth in the understanding of key biomolecules that play certain roles and 

functions in the development of disease. Using these discoveries, it is possible to develop 

biosensors that can harvest energy/signals from these biomolecules and interact with them in 

such a way to paint a non-invasive and precise picture of the health status of a patient. 

Commercially available, and popular examples of biosensors in the commonplace world today 

are glucose monitoring devices, and pregnancy tests [50]. 

 Biosensors are generally accepted to consist of two main parts: a sensing element, and a 

bioelement [50]. Usually the bioelement must be immobilized on some sort of sensing surface. 

The procedure in which this is done can vary from sensor to sensor. The general idea is for the 

biological element to recognize a solely a certain target analyte. The resulting interaction is 

transduced directly into a measurable medium (electrical current, light emission, mass, etc.).  

 While the function of a biosensor can be loosely applied to any system that achieves 

similar outcomes, it is not accurate to say that there is only one type of biosensor. A few of the 

different types of biosensors can be seen in figure 3.1 [50]. 

 

Figure 3.1 – A few categories of biosensors 
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Optical biosensors work by determining changes in light absorption upon interaction of 

the analyte and biomolecule, while gravimetric biosensors work by detecting changes in mass. 

Electronic and electrochemical biosensors work by measuring changes in a measurable signal 

and can be further divided into several different categories: conductimetric biosensors, 

amperometric biosensors, and potentiometric biosensors [50]. Conductimetric, as the name 

implies measures changes in conductance and/or resistance. Potentiometric sensors measure 

changes in potential/voltage, and amperometric sensors measure changes in current. In this 

thesis, an amperometric biosensor is proposed using the HEMT device, which measures the 

difference in current levels, and is discussed in further detail in the following sections. 

3.2 Procedure 

 In order to detect Human MIG, first the gate electrode of the device must be 

functionalized using thiol chemistry. By utilizing gold-plated surface electrodes of an available 

GaN based HEMT device, a self-assembled monolayer (SAM) is constructed to immobilize a 

target antibody through a process called crosslinking. A benefit of using the AlGaN/GaN device 

is that it is chemically inert and can be operated without the need of a reference electrode. 

3.2.1 Crosslinking with DSP and construction of the SAM layer 

Crosslinking, is the chemical process of joining together two or more molecules by way 

of covalent bond [51]. This technique is also called bioconjugation when used to refer to the 

joining of proteins. Molecules that contain this ability to join two or more molecules are called 

crosslinkers or crosslinking reagents. Their mode of action is by targeting specific functional 

groups on proteins. These functional groups can be amine groups, carboxyls, sulfhydryls, or 

carbonyls for example. This is due to only a small number of protein functional groups being 
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able to possess suitable targets for crosslinking [51]. Crosslinkers are chosen based on certain 

features that are specific for different reactivities. There are four different features that need to be 

considered when selecting a suitable crosslinker: chemical specificity, spacer arm length, water-

solubility/cell membrane permeability, and spontaneously reactive or photo-reactive group 

capability [51]. Chemical specificity refers to the reactive ends present in the crosslinker. 

Generally, a crosslinker can contain two identical reactive groups at each end 

(homobifunctional), or two different reactive groups present at each end (heterobifunctional). For 

the application specific to this thesis, it is desired to choose a crosslinker that contains two 

identical reactive groups. Since it is required to immobilize only one certain type of protein, a 

homobifunctional crosslinker is used to increase the binding capacity. Spacer arm length gives 

the molecular span of the crosslinker, and can estimate the distance between conjugated proteins 

[51]. Cleavability also falls into this category and refers to whether the bonds between 

conjugated proteins can be broken (cleavable) or not (non-cleavable). For the application specific 

to this thesis, cleavability is something that needs not be worried about. Water-solubility and 

cell-membrane permeability refers to whether or not the crosslinker can permeate through cell 

membranes and crosslink proteins that are hydrophobic (afraid of water), or that exist within a 

membrane [51]. For the application specific to this research, this is a good feature to have due to 

the cellular component of CXCL9 (MIG) containing a plasma membrane. Finally, spontaneously 

reactive or photoreactive group capability refers to whether or not the crosslinker reacts as soon 

as a sample is added, or by the addition of a UV light source [51]. For this research, after careful 

consideration of the former categories of consideration, a decision is made to use dithiobis 

succinimidyl propionate as a crosslinker. 
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Dithiobis Succinimidyl Propionate (DSP, or Lomant’s reagent) is a homobifunctional 

crosslinker that is also membrane permeable to allow for intracellular crosslinking [51]. DSP 

possesses identical amine-reactive N-hydroxysuccinimide (NHS) esters at both ends of a 

cleavable 12 Å spacer arm. At pH 7-9 the NHS esters present in DSP react with primary amines 

in proteins to form stable amide bonds. This crosslinker is chosen because its reactive groups are 

able to successfully form covalent bonds with the primary amines in our target antibody (Anti-

MIG). Secondly, the disulfide linkages in DSP are known to chemisorb rapidly to gold surfaces, 

while the NHS reactive groups present on each end of the crosslinker remain intact and available 

for attachment to primary amines in proteins [51-53]. figure 3.2 below shows the molecular 

structure of DSP. 

 

 

 

 

 

 

Figure 3.2 – Molecular structure of DSP [52] 

 

The bonds created by the attachment of DSP to gold is one of the most important key aspects of 

this crosslinker, and assists in the immobilization of the target antibody [53]. The linkage formed 

between DSP and the gold surface is very stable, exceeding the strength and stability of covalent 

silane bonds with glass [53]. Utilizing gold plated electrodes on the device, a self-assembled 

monolayer (SAM) is constructed using the crosslinker. Then, the target antibody, Anti-MIG is 
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introduced to the crosslinker to complete the construction of the SAM layer. After completion of 

this step, the sensor is ready to use. A visualization of a prepared biosensor can be seen in figure 

3.3, while an enhanced, theoretical visualization of the SAM layer can be seen in figure 3.4.  

Figure 3.3 – Charged biosensor on SiC substrate 

 

 

Figure 3.4 – Enhanced visualization of the theoretical SAM layer 
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As can be seen in figure 3.3, the biosensor consists of an AlGaN HEMT on a silicon carbide 

substrate. Spontaneous and piezoelectric polarization charges are included for reference. In 

figure 3.4, the SAM layer is depicted at a closer view. This layer consists of covalently bonded 

DSP molecules to a gold plated surface. The immobilized proteins are attached to the two 

reactive ends of the DSP. They are separated by the spacer arm length, which for DSP is 12 Å 

[52]. There is a further variable spacing between the DSP molecules that is due to the non-

uniformity bonding of the DSP molecules to the gold surface. In Chapter 6, a detailed SEM 

image of the SAM layer is provided and discussed.  

3.3 Proposed biosensor mode of action 

As the highly charged protein is immobilized on the surface through crosslinking, an 

increase in drain current occurs, as the positive surface charge potential is altered and the 

resulting sheet charrier concentration (2DEG) in the hetero-interface is influenced [54-55]. The 

accumulation of these immobilized charges cause this change in surface states by extending the 

depletion region [8].  The antibody (Anti-MIG) only interacts with the target analyte (MIG), and 

upon introduction of the analyte, binding occurs to the immobilized Anti-MIG. The positively 

charged MIG pairs with the negatively charged Anti-MIG, neutralizes it, and the resulting 

activity alters the conductivity of the channel once again by changing the charge distribution in 

the conjugated molecules, ultimately resulting in further change in surface states of the 

AlGaN/GaN HEMT gate surface [14-19][23][47][54]. This produces an observable decrease in 

drain current. The charges induced by these events are by way of capacitive coupling and 

therefore are analogous to the application of a DC bias at the gate surface. [54-56]. A 

visualization of this process can be seen in figure 3.5. 
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Figure 3.5 – Biosensor after protein conjugation 

 

In figure 3.5, it can be seen how the charge distribution of immobilized surface charges on the 

gate is altered by the addition of the target analyte (MIG). This visualization is further elaborated 

on in chapter 4 and chapter 5, where the mathematics and theory behind this phenomenon is 

developed analytically and numerically. 
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CHAPTER IV 

 

 

ANALYTICAL MODELING OF THE BIOSENSOR 

 

 

In this chapter, the theory behind the development of an analytical and numerical model 

for the proposed AlGaN/GaN based HEMT biosensor is discussed. An analytical method is 

developed using the Charge-control model for AlGaN/GaN based HEMT devices, John 

Albrecht’s equations for low-field mobility, and chemistry techniques. Then, the analytical 

model is furthered elaborated on numerically using SILVACO™ and used as a basis to 

understanding the quantum mechanical functions of the proposed biosensor in the real-time 

experimental applications seen in Chapter 6.  

The analytical and numerical models are developed on the basis that there exists surface 

states that are products of the large polarization fields discussed in Chapter 2. These surface 

states have been widely accepted to be directly influential on the formation of the 2DEG, and are 

also attributed to some of the negative effects in AlGaN/GaN HEMT devices, such as current 

collapse [55][57][24][58-60]. This phenomena has become so critical in recent heterostructure 

devices that it has become the subject of much research and analysis. Introductory detail on the 

nature and importance of these surface states is provided as a prerequisite, along with the 

mechanism of charge transfer of an electrolyte to the gate electrode. These are important 

considerations to the analytical and numerical models developed in this thesis. 
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4.1 The science of the surface states in AlGaN/GaN HEMT devices 

 By now, it is clear that spontaneous and piezoelectric polarizations play a major role in 

the development of the 2DEG in the AlGaN/GaN interface. Numerous studies performed in the 

past 20 years have widely accepted the fact that charged surface states in the intrinsic and 

extrinsic HEMT devices are directly responsible for the origin of the 2DEG at the interface 

[55][59-62]. This widely accepted theory is first thought to be proposed by Ibbetson et al. (2000) 

by means of strong empirical data [55][61].   

 The theory of surface states maintains that there are two different kinds of surface states 

in a crystal that come about when the periodicity of the crystal lattice is interrupted. These 

surface states are intrinsic surface states, and extrinsic surface states [55]. Intrinsic surface states 

are surface states that are present on the implication that the surface of the crystal is perfect. 

When the periodicity of the crystal lattice is abruptly broken, “dangling bonds” result, indicating 

that the surface atoms contain unsatisfied valence shells [55].  They were first demonstrated by 

William Shockley and Igor Tamm using two mathematical approaches, and for this reason, they 

are also referred to as Tamm-Shockley states. Intrinsic surface states can both be represented as 

either solutions to the Schrödinger equation (Shockley states), or by using the tight-binding 

model (Tamm states). They can take on donor-like states if they originate at the conduction band, 

and acceptor-like states if they originate at the valence band [55][61-62]. 

 Contrary to intrinsic surface states, extrinsic surface states are caused by defects in the 

growth process and/or impurities introduced to the device during the procedure. In 1988, 

William E Spicer noticed that a perfect GaAs crystal exhibits no surface states intrinsically, yet 

exhibits noticeable surface states when examined on in situ experiments [55][63]. This prompted 

him to develop a defect model that to this day is still widely accepted and used to explain 
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extrinsic surface state defects in crystals and Fermi level pinning in III-V semiconductors 

[55][63]. 

 In 1969, a paper published by S. Kurtin et al. in which the Schottky barrier height Φ𝐵𝑛 of 

various metals on different semiconductor compounds is plotted versus electronegativity 𝑋𝑀 of 

the metal. The slope of the line, S, is represented as a fundamental parameter in determination of 

a predictability of a junction to contain surface states [64]. The slope is given by the following 

equation, and is found to be inversely proportional to the degree of Fermi-level stabilization [64]. 

 𝑆 =
𝑑Φ𝐵𝑛

𝑑𝑋𝑀
 (4.1) 

In this study, it is found that the slope is approximately equal to 1 in a “strongly ionic” material, 

indicating no Fermi level stabilization. Contrarily, a slope closer to 0.1 indicates a “strongly 

covalent” material, and a nearly complete Fermi level stabilization [64]. This work lead to the 

conclusion that a “strongly ionic” material is characterized by a small density of surface states 

while a “strongly covalent” material is characterized by a large density of surface states. The 

terms “ionic” and “covalent” as categories for semiconductors have been disputed over the years 

by physicists, but this work does an excellent job at predicting the presence of surface states in 

general Schottky/semiconductor junctions [55]. According to Ramakrishna Vetury (2000), the 

slope of GaN as applied to equation 4.1 is greater than 1, which would place it the “strongly 

ionic” category. This would suggest little to no density of surface states. However, as of now it is 

known that surface states do indeed exist on the GaN crystal surface, and certainly exist as a 

result of an AlGaN/GaN heterostructure, so the existence of some other influential entity had not 

been taken into account previously. At the moment, current understanding of solid state physics 
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draws the conclusion that these surface states are products of the spontaneous and piezoelectric 

polarizations [55][59-62].  

According to experimental hall data on AlGaN/GaN HEMTs by Ibbetson et al (2000), in 

order to satisfy net neutrality on the device, the sum of the total space charges should be zero in 

the absence of an external electric field [61]. This introduces the net neutrality equation for 

AlGaN/GaN HEMT devices and is given by [60-61]: 

 𝜎𝑆𝑢𝑟𝑓𝑎𝑐𝑒 + 𝜎𝐴𝑙𝐺𝑎𝑁 + 𝜎𝑝𝑜𝑙 + 𝜎𝑏𝑢𝑓𝑓𝑒𝑟 − 𝑞𝑛𝑠 = 0 (4.2) 

where 𝜎𝑆𝑢𝑟𝑓𝑎𝑐𝑒 is the charge contributed by ionized surface states, 𝜎𝐴𝑙𝐺𝑎𝑁 is the charge due to 

ionized donor states in the AlGaN layer, 𝜎𝑝𝑜𝑙 is the net charge present at the interface, 𝜎𝑏𝑢𝑓𝑓𝑒𝑟 is 

the net charge due to the GaN layer, nucleation layer, and substrates all combined into one term, 

q is the elementary charge of an electron, and 𝑛𝑠 is the sheet carrier density of the 2DEG. A few 

important conclusions can be made from the above equation based on some fundamental 

understandings of an intrinsic AlGaN/GaN HEMT device. The dipole created in the AlGaN layer 

due to the combined effects of spontaneous and piezoelectric polarizations contains poles that are 

exactly opposite and equal in magnitude, so by convention, the total net spacial charges 

contributed by these two poles cancels out and thus dismiss the concept of “piezoelectric doping” 

[61]. Also, in order for the negatively charged 2DEG to be confined to the quantum well at the 

AlGaN/GaN interface, the total polarization in the buffer must have a net negative charge. 

However, we can ignore this term on a transistor grown optimally on a substrate with little to no 

lattice mismatching, which is usually accomplished by the careful engineering of a 

nucleation/buffer layer [61]. This nucleation layer creates a smooth transistion from the GaN 

bulk to the substrate and eases the bulk-to-substrate lattice matching, which normally contains a 

slightly to drastically different lattice constant (depending on the substrate material) [65]. By 
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carefully engineering this layer such that the transition from bulk GaN material to substrate is 

smooth, the polarization due material strain becomes negligible. This theoretical absence of 

polarization in the substrate should ideally maintain that the Fermi level in the transition from 

bulk GaN to substrate sits near the conduction band [61]. Furthermore, Ibbetson determined that 

while 𝜎𝑏𝑢𝑓𝑓𝑒𝑟 affects the 2DEG sheet carrier density, it is highly unlikely that electrons 

thermally generated in this buffer are a source of electrons in the quantum well, because they 

would need to leave behind a positive space charge if this were true [61]. It is also further 

suggested that in an ideal undoped AlGaN/GaN HEMT, the net contribution due to polarization 

charges in the AlGaN dipole, interface, and buffer (σAlGaN,σpol,σbuffer respectively) is zero [60-

61]. By reformulating 4.2, we get:  

 𝜎𝑆𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑞𝑛𝑠 (4.3) 

The equation in 4.3 shows that the sheet carrier density at the interface is directly impacted by 

the surface states in the AlGaN/GaN HEMT. This was experimentally proven by Ibbetson, in 

which it is concluded that any negative surface states degrade the 2DEG and are a result of the 

transfer of electrons into acceptor-like surface states [61]. Also, any positive surface states are a 

result of electron transfer from donor-like surface states into lower energy GaN acceptor states 

[61]. This study first developed the notion that spontaneous and piezoelectric polarizations create 

the quantum well at the interface, but the surface states are responsible for the accumulation of 

electrons there [61]. A depiction of the parameters defined in equation 4.2 and their contribution 

to the device can be seen in figure 4.1. 
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Figure 4.1 – Visualization of net neutrality on the AlGaN/GaN HEMT 

As can be seen in figure 4.1, there exist surface states both on the free AlGaN surface, and the 

Au/Ni Schottky gate contact, and their total surface states can be combined to develop a net 

amount. Up to this point all surface states that have been discussed have been states that are 

assumed to be on the free surface of the AlGaN layer. But what about the gate electrodes 

contribution to these surface states? Does the metal play any significant role in these surface 

states? Recent studies suggest that it does. In the following section, the role of the metal in the 

contribution to net surface states is discussed. 

4.2 The influence of the Schottky-semiconductor junction on surface states 

In the 1940s, The Schottky-Mott model accurately predicted the Schottky barrier height 

in a metal-semiconductor junction based on the metal’s work function,𝜙𝐵, and the electron 

affinity,𝜒, of the semiconductor and can be seen in the following series of equations [66-67]: 

 𝜙𝐵
𝑛 = 𝜙𝑀 − 𝜒 (4.4) 

𝜙𝐵
𝑝 = (

𝐸𝐺

𝑞
) + 𝜒 − 𝜙𝑀 (4.5) 
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where 𝜙𝐵
𝑛 corresponds to Schottky barrier height for an n-type semiconductor, 𝜙𝐵

𝑝
, corresponds 

to Schottky barrier height for a p-type semiconductor, 𝐸𝐺  is the bandgap energy, 𝜙𝑀, is the metal 

work function, q is the charge of an electron and 𝜒 is the electron affinity of the semiconductor 

[66-67]. The Schottky-Mott model, while theoretically accurate at predicting band bending in the 

semiconductor, fails to account for Fermi level pinning. This essentially means that in this 

scenario, the Schottky barrier height becomes unphased by the metal work function. This is due 

to the model posing the assumption that the semiconductor contains ideal interfaces and 

possesses no surface states, which experimentally does not usually hold [67-69]. 

In 1947, John Bardeen made further contribution to this model that explains the observed 

Fermi level pinning in metal-semiconductor junctions. This model assumes a very high density 

of surface states for the semiconductor. In this model it is derived that these highly dense surface 

states persist underneath the metal overlayer and absorb a large amount of the metal’s charge 

leading to the bands of the semiconductor aligning to a position convenient to that of the surface 

states. This ultimately leads to Fermi level pinning. At this point the influence of the metal work 

function becomes negligible [70]. In current understandings of solid state physics, it is now 

known that in an ideal Schottky junction, the Fermi levels of both the metal and semiconductor 

must align after thermal equilibrium. A previous knowledge of the work function of the metal 

and electron affinity of the semiconductor would allow an accurate prediction of Schottky barrier 

height [71]. Since the Fermi level must align at the interface of these two materials, charges must 

flow between the two materials to bend the bands appropriately as first predicted by Bardeen 

[70-71]. However, this model was further deemed as incomplete by Cowley and Sze in 1965 

[72]. In the Bardeen model, it is assumed that the work function of a deposited metal onto a 

semiconductor has no effect on the Fermi level’s position at the interface [71]. Cowley and Sze 
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conducted experiments in which different non-polar materials are used with different metal 

contacts to view changes in surface states after metal deposition [72]. This study suggested that 

not only is the deposition of metal causing a noticeable change in surface states, but also the 

Schottky barrier height is dependent on the nature of these interface surface states [71-72]. A 

depiction of Schottky junction metal work function vs band diagrams in n and p type 

semiconductors can be seen in figure 4.2.  

 

Figure 4.2 – Effect of Schottky barrier height on the band diagram in semiconductors 

(source: H. Luth, Solid Surfaces, Interfaces, and Films (2001)) 
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In this figure, boxes a and b depict the effect of a high metal work function, and a low metal 

work function on an n-type semiconductor respectively, while boxes c and d depict the effect of 

a high metal work function, and a low metal work function on a p-type semiconductor 

respectively. The band bendings in these diagrams correlate to Poisson’s equation (eqn 2.3) and 

the charge transfer between these two materials can result in newly formed interface states, 

defect states, and production of dipoles [71]. Unfortunately, the current Schottky model for 

description of metal-semiconductor junctions cannot be applied to the Schottky gate in 

AlGaN/GaN based HEMTs. Recent experiments have shown the deposition of metal in 

formation of a HEMT not only reduces the Schottky barrier height, but also reduces the 2DEG 

by both partially neutralizing surface states, and redistributing them [69][72]. This is thought to 

be due to the net polarization charges present in the AlGaN layer. Furthermore, the barrier height 

is also a function of AlGaN barrier thickness and Al mole fraction which according to Goyal and 

Fjeldy, places the AlGaN/GaN Schottky barrier behavior somewhere between the Schottky-Mott 

model and the Bardeen model (2013) [69]. The new AlGaN/GaN bare surface model 

demonstrates experimentally by carefully examining surface donor density (donor-like surface 

states) and their distribution before and after the deposition of a Schottky gate metal (Ni). Their 

findings show that upon deposition of a metal, the Schottky barrier height, and 2DEG are 

reduced as the surface states are influenced by both the metal, and its alloy composition [69]. 

The bare surface model yields:  

  𝑞Φ𝑏 =
(𝑛𝑜𝐸𝑑 + 𝜎𝑝𝑧 𝑞⁄ )𝑑+ℇ𝐴𝑙𝐺𝑎𝑁 Δ𝐸𝑐 𝑞2⁄

𝑛𝑜(𝑑+ℇ𝐴𝑙𝐺𝑎𝑁 𝑞2𝑛𝑜⁄ )
 (4.6)

 𝑞𝑛𝑠 = 𝑛𝑜𝑑
𝜎𝑝𝑧−ℇ𝐴𝑙𝐺𝑎𝑁(𝐸𝑑−Δ𝐸𝑐) 𝑞⁄

𝑛𝑜𝑑+ℇ𝐴𝑙𝐺𝑎𝑁 𝑞2⁄
  (4.7) 
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where 𝑛𝑜 is the surface donor density, 𝐸𝑑 is the surface donor level, Δ𝐸𝑐 is the conduction band 

offset, d is the AlGaN barrier thickness, 𝜎𝑝𝑧 is the polarization charge density, and ℇ𝐴𝑙𝐺𝑎𝑁 is the 

permittivity of the AlGaN layer. Since in this equation 𝑛𝑜 and 𝐸𝑑 depend on the work function of 

the metal, it can be seen from equations 4.6 and 4.7 that Schottky barrier height (Φ𝑏), and 2DEG 

sheet carrier density (𝑛𝑠) do too. 

To test their conclusion, a simple Silvaco simulation is conducted where a sample 

AlGaN/GaN HEMT model is simulated twice with only the work function being changed. The 

model consisted of a 250 Å undoped layer with a composition of 0.3 grown on top of a 1.475 µm 

GaN bulk indendent of substrate. The gate electrode is 2 µm with equal 3 µm source to gate, and 

gate to drain spacing. The model is simulated independent of substrate. 

 

Figure 4.3 – HEMT SILVACO model developed to evaluate work function effect.  
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Figure 4.4 – Work function vs quantum well depth for work functions 5 and 8. (axes are 

enhanced for legibility and work functions 5 and 8 are seen from left to right respectively.) 

 

Figure 4.5 – Work function vs quantum well depth for work functions 5 and 8 zoomed. 

(axes are enhanced for legibility and work functions 5 and 8 are seen from left to right 

respectively.) 

 

As can be seen by the previous figures, the bare surface model developed by Goyal and Fjeldy 

holds true, as the quantum well area diminishes as the work function of the gate electrode 
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increases. This clearly leads to a reduced 2DEG density. In order to achieve the same 2DEG 

density, the AlGaN thickness or mole fraction would need to be increased (assuming all other 

values are held constant) as seen in the equation for 2DEG density (eqn 2.7). 

The most important point that the Goyal-Fjeldy findings demonstrate, is that since the 

effect of the metal on the distribution in the band gap is dependent on the work function, it is 

possible to rule out the existence of high density surface states as demonstrated in the Bardeen 

model. However, since the Schottky-Mott model and its dependence on metal work function are 

also dependent on the assumption that there exists no surface states. It is then reasonable to 

conclude that surface states, while not distributed in a high density, most certainly exist on the 

AlGaN surface and are undoubtedly affected by the work function of the metal.  

While the work function of a metal for the most part is constant, it is not governed by the 

characteristic bulk characteristics of the material, but more so on the condition of the surface 

[73]. The work function can be significantly altered by contaminant particles on the surface 

and/or chemical surface reactions (such as oxidation or chemical reactions/alterations) [73]. As 

the condition of the surface worsens, the formation of dipole barriers at the surface becomes 

apparent. This in turn, changes the amount of energy needed to remove an electron from the 

sample [73]. As the work function on a sample is measured and compared to the work function 

of its pure counterpart, the reading can give the researcher insight on the condition of the surface 

of the sample [73]. It has also been experimentally shown that an adsorption of a target at the 

surface changes the work function of that surface by altering its electronegativity [73-74]. 

This section draws many important conclusions that serve as a strong backing for the 

analytical and numerical models that follow. The notion that surface states in the AlGaN are 

influenced by the work function that are in turn, governed by the condition of the metal surface is 
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critical to the theorizing of analytical and numerical models. Before this, however, the 

mechanism of charge transfer and capacitive coupling of the charged solution onto the surface 

electrode must be discussed. 

4.3 The Mechanism of charge transfer, and the double layer phenomena 

The final prerequisite before the analytical and numerical models can be developed is the 

mechanism of action taken when a charged sample solution is left to incubate on the gate 

electrode. The concepts that follow are so greatly researched that they fall under a new sub-

category of electricity and chemistry labeled electrochemistry. This category as a whole is 

concerned with the conversion of chemical energy into electrical energy [75]. Within this 

category of electrochemistry exists a branch that concerns itself with electrodes as a platform for 

chemical reactions to occur. This is a popular topic in the field of electrochemistry and still to 

this day is not fully understood. This section explains a mechanism of charge transfer between 

the target solution and the sensing platform. 

When an electrolyte is adsorbed onto a metal, an interface is created between the 

electrode/electrolyte that is commonly called a double layer [76-77]. This phenomena is not 

limited to metals. It may also exist in alloys, semiconductors, insulators, liquids, and even polar 

and non-polar gases [76]. In the scenario where the interface consists of a metal and an 

electrolyte (as in the research presented in this thesis), there exists a potential between the 

electrolyte and the metal when the former is adsorbed on the latter [76-77].  

The notion that a metal/electrolyte interface resembles that of a capacitance was first 

proposed in 1879 by Hermann von Helmholtz [76][78-79]. His model suggests that the interface 

between the metal and the electrolyte resembles that of a steady state capacitor. That is, two 
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parallel layers of opposing charges separated by a fixed distance [76]. The parallel-plate 

capacitor model, or the Helmholtz model, is given by: 

 𝐶𝐻 =
𝜀

4𝜋𝑑
 (4.8) 

where 𝜀 is the dielectric constant between the two “plates”, and d is the distance separating them 

[76]. This theory is suggestive that the capacitance is dependent on the distances between the 

hypothetical “plates” and that changes in charge density between the metal and the electrolyte 

are negligible [76][78]. Experimentally this was proved otherwise, but the model suggested by 

Helmholtz helped pave the way for greater understanding of the effects between an electrode and 

an adsorbate.  

More than 30 years later, Louis Georges Gouy (1910), and David Leonard Chapman 

(1913) proposed that the double layer in the theoretical “capacitor” is subjected to electrical and 

thermal fields [76][78]. These two models would later be combined and dubbed the Gouy-

Chapman model. Their model proposed that a distribution of ions exists at the metal-electrode 

interface that is subject not only to electrical changes, but also to thermodynamic changes of 

particles in a solution. Furthermore, it is suggested by this model that there exists a diffuse layer 

at lower concentrations. It is suggested that in a lower concentration electrolyte, the greatest 

concentration of electric charge in the liquid would accumulate in a layer very near the electrode 

as a result of the overcoming of thermal processes by electrostatic forces. Contrarily, as the 

concentration becomes lower, the forces become weaker therefore separating the charges further 

from the electrode [76-78]. This notion of thermal processes allows by definition, the Maxwell-

Boltzmann statistics can be applied. This, in turn, allows the capacitive model to be extended to 

not only planar metal-electrolyte layers, but also to spherical ion-ion layers as well [76][78]. The 

Gouy-Chapman model given by: 
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 𝐶𝐺𝐶 = (
𝑛0𝜀𝑒0

2

2𝜋𝑘𝑇
)

1 2⁄

cosh
𝑒0𝑉

2𝑘𝑇
 (4.9)  

where 𝑛0 is the ion concentration per unit of volume in the electrolytic liquid, V is the potential 

drop between the metal and the electrolyte, k is the Boltzmann constant, 𝜀 is the dielectric 

permittivity, 𝑒0 is the electronic charge, and T is the temperature [76][78]. This model, while 

good for modeling capacitances in low ionic concentration, fails to take into account ion-ion 

interactions. Thus, it cannot be used to model metal-electrolyte interfaces at higher ionic 

concentrations [76-78]. This prompted Otto Stern in 1924 to propose a new model that combines 

understandings from both the Helmholtz model, and the Gouy-Chapman model. His reasoning 

suggested that the charge distribution in the electrolyte solution is governed by two factors. The 

fact that ions are located at a finite distance from the metal surface (as suggested by Helmholtz), 

and that the charge distribution contains two charge effects (Gouy-Chapman): The first effect is 

that the greatest excess concentrated charges are immobilized on the electrode surface, and the 

second effect is that the weaker charges form a diffuse layer, spread out in the liquid, and 

decrease exponentially as the distance between the metal and the “charge plate” increases [76-

78]. These two factors can be visualized as layers called the Helmholtz layer, and the diffuse (or 

Gouy-Chapman) layer respectively. Thus, the Helmholtz, and Gouy-Chapman models both 

exhibit contribution to the overall capacitive effect according to Stern. The total capacitance in 

this model is the Helmholtz capacitance in series with the Gouy-Chapman capacitance and is 

given by: 

 
1

𝐶𝑆
=

1

𝐶𝐻
+

1

𝐶𝐺𝐶
 (4.10) 
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where 𝐶𝑆 is the Stern capacitance [76-78]. This leads to the notion that in concentrated 

electrolytes the capacitive effect is governed strongly by the Helmholtz approximation, while in 

dilute solutions the capacitive effect is governed by the Gouy-Chapman approximation [76][78]. 

Since electrolytes involved in charge transfer reactions are typically performed in an 

aqueous medium, a further contribution to the Stern model by Esin, Markov, Grahame, and 

Devanathan (1963) suggested that in between the Helmholtz layer there exists another layer 

comprised of partially solvated ions [77-78]. The solvents in these electrolytes can be water, or 

organic liquids. These solvents, however, are characterized as having a polarity [78]. It is 

suggested in this model that because of competitive adsorption, solvent dipoles are also 

contributors to the potential drop across the metal-electrolyte interface. A layer of dehydrated 

solvent dipoles can be thought of as the Inner-Helmholtz-Plane (IHP) while the previously 

theorized Helmholtz layer is regarded as the Outer-Helmholtz-Plane (OHP) [78]. The model 

derived is called the Triple-Layer Model and the equation for this model is the following: 

 
1

𝐶
=

1

𝐶𝑀−1 
+ (

1

𝐶𝑀−2
+

1

𝐶2−𝑏
) (1 −

𝑑𝑞1

𝑑𝑞𝑀
)   (4.11) 

where 𝐶𝑀−1 and 𝐶𝑀−2 are the capacities between the metal and the IHP, and between the IHP 

and OHP respectively, 𝐶2−𝑏 is the capacity of the diffuse double layer, and dq1/dqM is the rate 

of change for the adsorbed charge with respect to the charge on the metal [78]. This model raises 

a good point and is now is a commonly used model, along with the Gouy-Chapman-Stern 

alternative. Although the layer in this model is called the triple-layer model, generally a metal-

electrolyte interface is still regarded as a double layer for convention. A depiction of the various 

models, along with their changes in potential vs varying distance can be seen in figure 4.6. 
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Figure 4.6 – Various double layer model properties with varying distance. (source: 

Delahay, Paul. Double Layer and Electrode Kinetics 1965) 

 

In the figure above, blocks “a” and “aa” correspond to the Helmholtz model, blocks “b” and “bb” 

correspond to the Gouy-Chapman model, blocks “c” and “cc” correspond to the Stern model, and 

blocks “d” and “dd” correspond to the triple-layer model [76]. This representation assumes the 

metal surface (MS) has a net negative charge, but this can also exist the other way around, and 

has the same effect on ions of opposite charge. From the blocks “a” through “cc”, the 

visualization of this “double layer” becomes apparent. The first layer consists of the adsorbed 

ions of greater charge to the surface through chemical interactions (Helmholtz layer), while the 

second layer (Gouy-Chapman layer) consists of the diffuse layer (loose weaker ions attracted to 
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the surface through coulombic forces) [76]. Also the potential in block “cc” (Stern Capacitance), 

can be seen to be a summation of the potential curves seen in block “bb” and “cc”. Nowadays, 

researchers are incorporating new previously unknown, or previously neglected effects into the 

double-layer phenomenon, but the triple-layer model is still the most widely accepted model. 

Modern day findings, however, have helped for greater understanding of other phenomenon, 

such as the concept of pseudo-capacitance [77]. A detailed figure depicting the double-layer, as 

well as its effect on potential versus distance in its currently accepted form can be seen in figure 

4.7. 

 

Figure 4.7 – Currently accepted double layer model for a metal-electrolyte interface 

[76-78] 

This capacitance formed by the immobilized double-layer and the redistribution of charges at 

each step in the methodology initiates a coupling effect with the transistor. Thus, it is safe to say 
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that the immobilizing of these charges on the gate surface are analogous to a DC bias through 

this capacitive coupling effect, where the floating gate voltage can be calculated as [56]: 

 𝑉𝐹𝑙𝑜𝑎𝑡𝑖𝑛𝑔 =
𝑄𝐺𝑎𝑡𝑒

𝐶𝑑𝑜𝑢𝑏𝑙𝑒𝑙𝑎𝑦𝑒𝑟
 (4.12)  

Research done by Eliza et al. (2009) has concluded that this floating gate voltage contributes to 

the 2DEG density, and can justly be added to the original 2DEG density equation (eqn 2.7) to 

become [56]: 

𝑛𝑠(𝑥) + Δ𝑛𝑠(𝑥) =
+𝜎𝐵

𝑞
−

𝜀𝑟(𝑥)𝜀0

𝑞(𝑑𝑑 + Δ𝑑)
[𝜙𝐵(𝑥) + 𝐸𝐹 − Δ𝐸𝐶(𝑥) + 𝑉(𝑥) −

𝑑𝑑 + Δ𝑑

𝑑
𝑉𝐹𝑙𝑜𝑎𝑡𝑖𝑛𝑔] 

  (4.13) 

where 𝑛𝑠(𝑥) is the 2DEG sheet carrier density, q is the charge of an electron, 𝜀0 is the 

permittivity of free space, 𝜀𝑟 is the permittivity of AlGaN, 𝑑𝑑, 𝑎𝑛𝑑 Δ𝑑 correspond to the 

thickness of the AlGaN layer and the offset of the 2DEG from the interface respectively. V(x) 

corresponds to the channel potential at x, and 𝑉𝐹𝑙𝑜𝑎𝑡𝑖𝑛𝑔 is the floating gate voltage derived in 

equation 4.12 [56].  

The conclusion of this section provides the final piece of theory needed to realize the 

AlGaN/GaN based HEMT biosensor’s mechanical mode of action. The process of chemically 

modifying the gate of the device ultimately creates a chain of events. The double layer at the 

surface immobilizes highly charged molecules and initiates a charge transfer through capacitive 

coupling that acts as a DC bias on the gate. This altering of the surface of the gate electrode 

changes the work function of the metal (via chemical surface reaction) which affects the surface 

states in the AlGaN layer. Finally, as we know from the net neutrality equation, this modification 

of surface states directly affects the channel sheet carrier density (2DEG) of the AlGaN/GaN 

interface which results in an absolute change in drain current. 
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4.4 An Analytical model for the proposed biosensor 

4.4.1 Modeling the biosensor using the Charge-Control Model 

Now that the concept of net neutrality, metal-electrolyte interface physics, surface states, 

and the impact on these surface states by the metal electrode has been considered, an analytical 

model for a biosensor in the detection of human MIG (CXCL9) using AlGaN/GaN based HEMT 

devices on a silicon carbide (SiC) substrate is developed using the Charge-control model, John 

Albrecht’s low field mobility equations, and chemistry techniques. The models are appropriate 

for ideal HEMT devices with the assumptions that surface states are present, and that net 

neutrality is satisfied at room temperature. 

Assuming total depletion at 300K a two-dimensional theoretical model for the total 2DEG 

sheet carrier density in the AlGaN/GaN HEMT interface can be approximated by [81-82]: 

 𝑛𝑠(𝑥) =
𝜀(𝑥)

𝑞(𝑑𝑑+𝑑𝑖)
(𝑉𝑔𝑠 − 𝑉𝑡ℎ −

𝐸𝐹

𝑞
) (4.14) 

where q is electron charge, 𝜀(𝑥) is the permittivity, 𝑑𝑖 is the total thickness of the AlGaN layer, 

𝑑𝑑 is the thickness of the cap layer, and 𝐸𝐹 is the Fermi level with respect to the GaN layer 

conduction band [81-82]. Vth is the threshold voltage of the transistor and can be expressed by: 

 𝑉𝑡ℎ = 𝜙𝐵 − 𝛥𝐸𝐶 −
𝑞𝑁𝑠𝑑𝐴𝑙𝐺𝑎𝑁

2

2𝜀𝐴𝑙𝐺𝑎𝑁
− 𝜎

𝑑𝐴𝑙𝐺𝑎𝑁

𝜀𝐴𝑙𝐺𝑎𝑁
 (4.15) 

where 𝜙𝐵 is the metal-semiconductor effective schottky barrier height, Δ𝐸𝐶 is conduction band 

discontinuity at the interface, 𝑁𝑠 is the doping concentration in n infused AlGaN layer, and 𝜎 is 

the overall net polarization charge density at the AlGaN/GaN interface [81-82]. The current- 
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voltage relationship in the HEMT with respect to 2DEG density,𝑛𝑠, can be seen in equation 4.16 

[81].  

 𝐼𝑑𝑠𝑎𝑡 = 𝑍𝜇𝑞𝑛𝑠(𝑥)
𝑑𝑉(𝑥)

𝑑𝑥
  (4.16)  

where Z is the channel width and 𝜇 is the mobility of carriers [81]. The former equations are 

used to model the threshold and drain current magnitude. However, as seen in equations 4.14 and 

4.15 the sheet carrier density is inversely proportional to threshold voltage. Then by further 

analysis, we see sheet carrier density is directly proportional to the drain current (eqn 4.16). This 

becomes problematic when developing a device model to match threshold and current magnitude 

to a specific range. To overcome this, John Albrecht’s mobility equations (eqn 4.17), are used to 

model low-field mobility as a function of doping and lattice temperature [83-84].  

 
1

𝜇(𝑁,𝑇𝐿)
= 𝑎 (

𝑁

1017𝑐𝑚−3) (
𝑇𝐿

300𝐾
)

−1.5
ln [1 + 3 (

𝑇𝐿

300𝐾
)

2

(
𝑁

1017𝑐𝑚−3)
−

2

3
 ]  

 +𝑏 (
𝑇𝐿

300𝐾
)

1.5
+

𝑐

𝑒𝑥𝑝(
𝛩

𝑇𝐿
)−1

 (4.17) 

where 𝜇(𝑁, 𝑇𝐿) is mobility as a function of lattice temperature and doping concentration. N is the 

total doping concentration, 𝑇𝐿 is lattice temperature, 𝛩  is a function of LO phonon scattering 

equal to 
ℏ𝜔𝐿𝑂

𝑘𝐵
, or 1065𝐾, and parameters a, b, and c are constant fitting parameters expressed in 

𝑉𝑠 𝑐𝑚−2 [83-84]. By modifying these constants the mobility can be adjusted accordingly. This 

affects the drain current output magnitude, and the knee voltage without affecting threshold. 
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4.4.2 Modeling the charge concentration 

CXCL9 (MIG) as referenced before, is positively correlated with transplant rejection and 

has been shown to have about net 20 charges per molecule at a pH concentration of 7.4 (the 

normal concentration of human blood) [53]. Assuming a disease concentration of 34nM, and 

considering the elementary charge to be 1.6 × 10−19𝐶, then we can calculate the number of 

charges per molecule in diseased states (eqn 4.19), and the total number of molecules by using 

Avogadro’s number (eqn 4.18). The step by step process can be seen in the following series of 

equations: 

 (34 × 10−9 𝑚𝑜𝑙) ∗ (6.022 × 1023 𝑚𝑜𝑙−1) = 2.04748 × 1016 molecules (4.18) 

 2.04748 × 1016 molecules ∗ 20 charges per molecule = 

  4.09496 × 1017 total charges present in a diseased state (4.19) 

Recombinant MIG is a complex protein consisting of about 103 amino acid residues with a 

predicted molecular mass of 11.7 – 12 kDa [85-87]. Using solely the molecular mass, the number 

of charges per vial of sample solution used in experimentation (each vial contains 5µg/mL of 

sample) can be determined by first finding the molarity of the solution. Then, we can find the 

number of molecules in the sample size and associate a charge with each molecule 

independently. The following equations are used to determine the total number of charges per 

vial: 

 
.000005𝑔

11700
𝑔

𝑚𝑜𝑙

= 427.35 𝑝𝑚𝑜𝑙   (4.20) 

 
427.35 𝑝𝑚𝑜𝑙

.001𝐿
= 427.35 𝑛𝑀 in a 5µg mL⁄  sample of solution. (4.21) 
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Then, solving again for the number of charges per mole we obtain: 

     (427.35 × 10−9𝑚𝑜𝑙) ∗ (6.022 × 1023𝑚𝑜𝑙−1) = 2.5735 × 1017molecules (4.22) 

2.5735 × 1017 molecules * 20 charges = 5.147×1018 total charges (4.23) 

Given that .3mL samples are used during experiment, we obtain: 

 5.147×1018charges* 
1

3
= 1.71567×1018 total charges per experiment (4.24) 

Multiplying these total charges by +1e, we obtain: 

 (1.71567 × 1018) ∗ (1.6 × 10−19𝐶) = 0.274507 𝐶 of charge total. (4.25) 

In solid state physics, electron-volts (eV) are used to represent a unit of kinetic energy 

obtained by accelerating an isolated electron across a potential difference of 1 volt. Thus, 1eV is 

equivalent to 1 electric charge times one (1*e) Joules. Since one volt is equal to one Joule per 

Coulomb, then one Coulomb is equal to one Joule per volt. This would, in turn, allow for the 

solving of the equivalent voltage present in the sample by determining the amount of collective 

energy present in the sample. However, this is a complex calculation requiring need for 

accommodation of double-layer charge distribution, and careful measurement of the solution 

using sophisticated equipment. The derivation of the equivalent voltage in an electrolytic 

solution of MIG can be left for future work.  
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CHAPTER V 

 

 

NUMERICAL MODELING AND SIMULATION 

 

 

A numerical simulation is developed using the ATLAS tool from the SILVACO™ virtual 

wafer fab (VWF) tools. An input deck is generated using DECKBUILD, solved through the 

ATLAS routine, and visually plotted using TONYPLOT. The basis of this model is to develop 

an AlGaN/GaN structure using the VWF tools to simulate output characteristics that are ideally 

identical (or very close) to experimental clean device characteristics. First, the actual device 

biosensor is tested for its clean device operations. This data is then collected and used to develop 

a structure that exhibited similar results using the Analytical techniques derived in chapter 4. 

Then, after a satisfactory model is created, using an assumed bias voltage of 120mV, two bias 

voltages are applied to the gate to simulate the prepared device, and the device after protein 

conjugation. Drain current is measured along with a variety of other impactful parameters to 

determine the effect of detection on the device properties. 

5.1 SILVACO™ software 

SILVACO™ is a powerful simulation software that uses physics based simulations rather than 

empirical modeling. Physics-based simulations can predict electrical characteristics based on the 

nature of the material and the way that it is structured in conjunction with one another. Using 

differential equations derived from Maxwell’s laws it is possible to model the electrical 

performance of the device in DC, AC or transient analysis [90]. SILVACO™ is a TCAD process  
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that provides simulations not only based on material processes, but also impact of different 

processing recipes / techniques as part of its VWF (virtual wafer fab). The tools in this suite 

include powerful editors and plotting software such as DECKBUILD, TONYPLOT, DEVEDIT, 

MASKVIEWS, and OPTIMIZER [90]. Three of the most widely used simulators are ATHENA, 

MOCASIM, and ATLAS. 

ATHENA, often used in conjunction with ATLAS can allow for two-dimensional 

modeling of a process. This simulation framework allows engineers to simulate and optimize fab 

process techniques by predicting physical structures that result from processing steps [90]. The 

output from ATHENA is used as input for ATLAS, which predicts the electrical characteristics 

of the resulting device under user-specified bias conditions. By using these two powerful tools 

together, it is possible to determine the impact on device performance based on not only the 

nature of the materials being used, but also by the processing steps taken. 

ATLAS is a two-dimensional, and/or three-dimensional device simulator. It can be used 

to predict the electrical behavior of a device based on the material used and its structure and 

provide useful information to help understand the behavior of the device as a whole, and the 

device at the quantum level [90]. It can be used as a standalone editor or in conjunction with 

various tools in the Virtual Wafer Fab toolset.  

Using an ATLAS process is similar to using another compiler. It has its own syntax, 

structure, and sequence. Generally speaking, there are five groups of statements. Structurally 

speaking, it is best to execute these groups of statements in order to avoid runtime errors. Figure 

5.1 demonstrates the various groups and corresponding statements that are required when using 

DECKBUILD. 
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Figure 5.1 – Modules involved in created a structure in DECKBUILD [90] 

 A thorough understanding must be maintained when building a structure in ATLAS. 

Minute changes in certain parameters can have a very impactful effect on the outcome of the 

modeled device, and as any other programming language the syntax used in ATLAS is unique 

and very specific. Once all structures within the groups of figure 5.1 are satisfied, then a 

systematic approach is taken and each line is analyzed one at a time. The following figure 

(Figure 5.2) demonstrates a flowchart of the approach taken by SILVACO’s ATLAS software 

[90]. 

 

Figure 5.2 – SILVACO simulation flowchart 
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As mentioned beforehand, Deckbuild can be run as a standalone compiler, or can be run 

in parallel with ATHENA and DEVEDIT. For the purpose of this thesis, the compiler is run as a 

standalone since electrical characteristics and physical properties are desired, and there is no 

concern for process techniques taken to create the device. 

5.2 Approach to developing a model 

In order to develop an appropriate model to fit specific characteristics of the experimental 

device (such as threshold voltage, and drain current), a variety of factors need to be taken into 

account from the charge-control equations and the Albrecht low-field mobility equations 

(equations 4.14 - 4.17). An example model is first simulated through the SILVACO™ load 

example feature, to obtain the output characteristics of a basic AlGaN/GaN HEMT. Then the 

drain current and threshold voltage are adjusted by modifying various parameters in the charge 

control equation that are responsible for the increase/decrease of both threshold voltage and drain 

current. These parameters are mainly the low-field mobility, AlGaN barrier thickness, and Al 

mole fraction in the AlGaN alloy. The effects of doping and the addition of a 1 nm spacer layer 

between the AlGaN and GaN layers are also investigated. The material properties (i.e. saturation 

velocity, breakdown voltage, hole mobility,etc) are left to their default accepted values. A series 

of preliminary models are taken to compare and contrast the effect of changing various 

parameters in the Charge-Control equations and slowly molding the desired output 

characteristics for clean device operations. The nucleation layer is left as a constant across all 

models and the gate lengths are left constant at a conventional 2µm gate length. Table 5.1 shows 

various preliminary SILVACO™ models and their parameters, and table 5.2 shows output 

characteristics taken from those models. 
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Table 5.1 – Preliminary SILVACO models with various parameters 

Model 

numbe

r 

Substrate Gate 

Length 

(µ) 

AlN 

Spacer 

layer 

(nm) 

AlGa

N 

comp 

AlGaN 

doping 

(𝑐𝑚−3) 

AlGaN 

thicknes

s 

(Å) 

GaN 

thicknes

s 

(µ) 

AlN 

buffer 

layer 

thickness 

(Å) 

AlGaN 

buffer 

layer 

thickne

ss 

(Å) 

1 SiC 2 --- 0.25 --- 250 1.5 150 250 

2 SiC 2 --- 0.30 --- 250 1.5 150 250 

3 SiC 2 --- 0.35 --- 250 1.5 150 250 

4 SiC 2 1 0.25 --- 240 1.499 150 250 

5 SiC 2 --- 0.25 1e15 250 1.5 150 250 

6 Sapphire 2 --- 0.25 --- 250 1.5 150 250 

7 Sapphire 2 --- 0.25 1e10 250 1.5 150 250 

8 Diamon

d 

2 --- 0.25 --- 250 1.5 150 250 

 

Table 5.2 – Output characteristics of various preliminary models 

Model Number Threshold 

Voltage 

(V) 

Max drain 

Current at Vg=-

3 (mA) VDS=4v 

Quantum well 

depth 

(eV) 

Polarization 

charge 

concentration 

𝐶/𝑐𝑚−3 

1 -5 25 mA .05 1.5 

2 -6 30 mA .055 1.8 

3 -7 45 mA .055 2.1 

4 -10 90 mA .07 4 

5 -7 45 mA .055 1.5 

6 -5 25 mA .053 1.5 

7 -7 55 mA .055 1.5 

8 -5 30 mA .053 1.57 

 

Model 1 in the tables can be taken as a reference figure to which the rest can be compared. As 

can be seen from the tables, barrier thickness, composition, and doping all play a substantial role 

in the modulation of the drain current and threshold voltage. Also, as expected, threshold voltage 

and drain current share an inverse relationship. The effects of doping and the addition of the 

spacer layer produce drastic changes in drain current and threshold voltage, so these parameters 

are neglected in future modeling. In order to simplify the effects of the net neutrality equation 
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emphasis is placed on the development of an intrinsic device. Furthermore, comparing the 

diamond substrate (model 8) with SiC (model 1), and Sapphire (model 6) it can be seen that 

diamond is theoretically the optimal substrate for maximum output characteristics. However, in 

practice this is infeasible due to the very high cost. A figure depicting a basic analysis of the 

previous data can be seen in table 5.3. 

Table 5.3 – Breakdown of parameter effects on threshold voltage and drain current 

 

In this table, An.albrct, Bn.albrct, and Cn.albrct are the three fitting parameters from Albrecht’s 

low-field mobility equations. They can be modeled accordingly to adjust the magnitude of the 

drain current without having any effect in threshold voltage. The results from these simulations 

show conclusions of various parameters that are in good agreement with that of which is 

generally accepted. With these effects taken into consideration a model is carefully and precisely 

developed. 
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5.3 Modeling and simulation of Final model 

A two-dimensional device is constructed in DECKBUILD consisting of a 180 Å undoped 

AlxGaN1-x barrier with a molar composition of x=0.18 grown on a 1.507µm GaN layer. A 400 Å 

nucleation layer consisting of a 150 Å AlN layer and a 250 Å AlGaN layer is included between 

the bulk GaN and the substrate, which consists of a 2 µm thick SiC substrate. The nucleation 

layer is added to help ease the mismatch between the bulk GaN layer and the SiC layer. The gate 

length is 2 µm. A visualization of this device can be seen in figure 5.3. 

 

Figure 5.3 – Modeled device using SILVACO 
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The model in figure 5.3 is considered the final biosensor model. The corresponding band 

diagram taken from a cutline taken at the metal/AlGaN/GaN interface can be seen in figure 5.4. 

 

Figure 5.4 – Band diagram of HEMT model taken at the interface 

As can be seen in figure 5.4, the quantum well is formed at the AlGaN/GaN cutline interface. 

This is where the 2DEG is accumulated. A comparison of simulated threshold voltage vs 

Experimental threshold voltage can be seen in figure 5.5, and the simulated output characteristic 

curves can be seen in figure 5.6 and figure 5.7. 
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Figure 5.5 – Simulated vs Experimental threshold voltage 

 

 

Figure 5.6 – Simulated output characteristic curves 

In figure 5.6, the gate is swept from Vg=-3v to Vg=0v. In this model it is safe to assume floating 

gate is analogous to a zero volt potential because the two exhibit matching experimental output 
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characteristics, and we expect the ambient environment to provide (if any) a negligible amount 

of electric potential. 

 

Figure 5.7 – Output characteristics taken at the Threshold area (Vg=-4 to Vg=-3) 

The characteristic device parameters associated with the developed clean device model can be 

seen in table 5.4. 

Table 5.4 – Modeled intrinsic device parameters taken at the interface 

Parameter Value 

Charge concentration (C/cm3) 0.75 

Cond. Current Density (A/cm2) 6.5e8 

Quantum well depth (eV) 0.04 

Electric Field (V/cm) 9e5 

Polarization charge (C/cm3) 0.75 

Potential (V) 1.9 

Mobility (x) (cm2/V-S)  920000 

 

The values are obtained using the cutline tool in Silvaco and are taken as the intrinsic values for 

the device. They also serve as the reference values for which simulated operating and sensing 
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performance parameters are compared. Using this final intrinsic model, various sweeps are 

performed to determine the effect of changing the Alloy composition, and AlGaN barrier 

thickness. These observations are plotted in figures 5.8, 5.9, and 5.10. 

 

Figure 5.8 – 2DEG as a function of AlGaN barrier layer thickness 

 

Figure 5.9 - Polarization charge versus Al alloy composition 
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Figure 5.10 – Quantum well depth vs alloy composition 

As predicted, the alloy composition and AlGaN barrier thickness play a substantial role on the 

output characteristics and polarizations of the device. This is because as the composition of the 

AlGaN increases, the lattice constant, a, decreases [91]. Based on the theory derived in Chapter 

2, this shrinking in lattice constant results in a greater strain on the AlGaN crystal when it is 

grown on top of GaN. This increase in strain causes the piezoelectric polarization to increase and 

cause an increase in 2DEG density [91]. This is further justified by the results taken from 

SILVACO in table 5.2. This creates the notion that experimentally it is possible to create a 

device with targeted characteristics, however the use of very sophisticated equipment and growth 

techniques would likely need to be exercised. 
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5.4 Bio-detection Simulation and Analysis 

Upon derivation of an appropriate model, an assumed bias voltage of 120mV is applied 

to a floating gate curve generated in SILVACO™ to simulate the effect of capacitive coupling 

effects due to the creation of the SAM layer (metal-electrolyte double layer), and the effect of 

bioconjugation. The simulation is performed multiple times to verify consistency. The results of 

one sweep can be seen in figures 5.11, 5.12 and 5.13 at different intervals of VDS. 

 

 

Figure 5.11-Simulated working biosensor  
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Figure 5.12- Simulated working biosensor zoomed in at VDS=1.16 

 

Figure 5.13 – Simulated working biosensor zoomed in at higher VDS 
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As can be seen in figure 5.7, the device should reach saturation at between about 0.2 and 0.4 

volts, which is also demonstrated in figure 5.11. The simulated biosensor is first simulated with 

an application of 0 volts to simulate the clean device. Then the DC bias of 120mV is applied to 

obtain the Anti-MIG (SAM layer) curve. Finally, assuming a realistic conjugation rate of about 

86.7%, a third DC bias is applied that is an 86.7% multiple of the bias voltage multiplied by -1. 

This is because we know that Anti-MIG and MIG are equal and opposite in magnitude due to the 

fact that upon introduction they completely neutralize each other, so they should, in theory, have 

negative sign values. In figure 5.12, at VDS≅1.2V we see a change of 6mA between the clean 

device and the device after the inclusion of the SAM layer, and an absolute change of 14mA 

between after simulation of bio-conjugation. Figure 5.13, is taken at a VDS≅3.15V and 

demonstrates a change of 7mA between clean device and simulation of the SAM layer, and an 

absolute change of 14mA after simulation of bio-conjugation. The conclusion drawn from this 

simulation is that as VDS becomes larger, the drain current becomes theoretically more stable as 

it reaches steady state. This steadies the effect of the capacitive-coupled applied DC bias 

voltages, and undoubtedly has a noticeable effect. Multiple simulations performed with the same 

device under the same conditions repeated similar outcomes with deviations of about ±20μA. 

Table 5.5 shows the various device physical characteristics gathered from the device at each step 

of its operation, as well as the expected behavior on different substrates. Detailed graphs 

corresponding to this data can be found in Appendix C. 
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Table 5.5 – Physical characteristics of simulated biosensor taken at interface 

Mode Parameter SiC Sapphire Diamond 

Operating/Floating Charge concentration (C/cm3) 0.82514 0.8259 0.82697 

Operating/Floating Cond. Current Density 

(A/cm2) 

2.9065e7 2.9066e7 2.9069e7 

Operating/Floating Electric Field (V/cm) 1.0228e6 1.0234e6 1.024e6 

Operating/Floating Polarization charge (C/cm3) 0.768 0.768 0.768 

Operating/Floating Potential (V) 2.0364 1.9085 1.9105 

Operating/Floating Mobility (x) (cm2/V-S)  21886 21717 21444 

Operating/Floating Drain Current (A) 0.3116 0.3122 0.31195 

Operating/Floating Quantum well depth (eV) 0.0405 0.0404 0.0405 

Operating/Floating Schottky barrier height (eV) 1.8431 1.8431 1.843 

Anti-MIG Charge concentration (C/cm3) 0.79397 0.79516 0.8555 

Anti-MIG Cond. Current Density 

(A/cm2) 

2.9663e7 2.9677e7 2.8507e7 

Anti-MIG Electric Field (V/cm) 9.804e5 9.7944e5 1.0629e6 

Anti-MIG Polarization charge (C/cm3) 0.768 0.768 0.768 

Anti-MIG Potential (V) 2.0812 1.9502 1.8897 

Anti-MIG Mobility (x) (cm2/V-S)  21355 21216 21809 

Anti-MIG Drain Current (A) 0.31825 0.31824 0.3183 

Anti-MIG Quantum well depth (eV) 0.04 0.04 0.04 

Anti-MIG Schottky barrier height (eV) 1.7231 1.7231 1.9331 

MIG Charge concentration (C/cm3) 0.86032 0.85923 0.85167 

MIG Cond. Current Density 

(A/cm2) 

2.841e7 2.8404e7 2.8512e7 

MIG Electric Field (V/cm) 1.0697e6 1.066e6 1.0594e6 

MIG Polarization charge (C/cm3) 0.768 0.768 0.768 

MIG Potential (V) 2.0163 1.8795 1.8803 

MIG Mobility (x) (cm2/V-S)  21923 22173 22585 

MIG Drain Current (A) 0.3044 0.30416 0.3059 

MIG Quantum well depth (eV) 0.04 0.039 0.04 

MIG Schottky barrier height (eV) 1.9481 1.9481 1.9331 

 

From this data it can be seen that the polarizations remain constant at the interface regardless of 

process step, and substrate used. This is an important conclusion and is a result of lattice 

mismatching between the AlGaN/GaN layers and simulations show that it is independent of 

other factors. Also, as expected, changes in charge concentration are observed as the DC bias for 

the chemically modified, and MIG simulations are applied. These are indicators that the 2DEG 
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sheet carrier density has been modulated and appropriately results in changes in steady state 

drain current (Figure 5.14). It is also worth mentioning that in these simulations the Schottky 

barrier height is slightly fluctuated across all substrates and all operations (floating, SAM layer, 

and after conjugation). Although, the work function was kept constant in these simulations, it can 

be seen that drain currents results in fluctuations in Schottky barrier height. The effects presented 

in this data are performed under the assumption of ideal conditions. Parameters reflect changes 

as a result of capacitive DC coupling, and do not reflect surface reaction changes at the gate 

electrode which certainly do exist. In practice, as seen in chapter 4 the work function is expected 

to change as the surface of the electrode of the device undergoes a chemical and/or physical 

reaction resulting in changes in the Schottky barrier height and surface states.  

 

Figure 5.14 – Drain current and detection for simulated biosensor versus substrate 

As can be seen in figure 5.14, the modeled biosensor with SiC and diamond substrates exhibit 

similar expected results, with SiC showing optimal performance. Sapphire, however exhibits a 

slightly weaker effect. Further investigation into this anomaly can be a possible standalone topic 

with experimental results needed before any conclusions can be made. As of now, this is thought 
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to do to large lattice mismatching between Sapphire and the bulk GaN causing a non-negligible 

effect. A graph depicting lattice constants vs material can be seen in figure 5.15. 

 

Figure 5.15 – Lattice constants of different materials used in HEMT devices [91-99] 

 

This large substrate mismatching doesn’t completely rule out Sapphire as a suitable substrate for 

AlGaN/GaN HEMT biosensor applications, but simulations suggest using Sapphire as a substrate 

to detect Human MIG may not be optimal. According to Ibbetson et al. (2000) in order to truly 

ignore the effects of substrate into the charge neutrality equation, it is inferred that that in a truly 

undoped HEMT device that the net polarization induced by the substrate (along with other 

polarizations) is negligible. This leads to the assumption that the Fermi level is located near the 

conduction band edge [61]. However as seen in figure 5.16, there exists a shifting in Fermi level 

energy as well as a larger gap between the conduction band and the Fermi level as compared to 

the favorable SiC, and diamond. This leads to the previous assumptions, while still technically 
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sound, to be less applicable. Furthermore, in the numerical simulations sapphire exhibits greater 

fluctuations in Electric field at various operating modes than SiC and diamond. This could play a 

substantial role as well. A table depicting full cutline parameters extracted at the bulk 

GaN/nucleationlayer/substrate interface can be seen in table 5.6. The observations about most 

optimal substrate in this application, as mentioned before, are basis for a possible standalone 

topic and further experimental testing is required to determine if the two-dimensional simulations 

hold true. 

 

Figure 5.16 – Band diagrams of SiC, Sapphire, and diamond at bulk/substrate junction. 
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Table 5.6 – Physical characteristics of simulated biosensor taken at bulk/substrate 

Mode Parameter SiC Sapphire Diamond 

Intrinsic Charge concentration (C/cm3) -0.004385 0 -0.015242 

Intrinsic Electric Field (V/cm) 7067 5995 14551 

Intrinsic Polarization charge (C/cm3) 0.0355 0 .03553 

Operating/Floating Charge concentration (C/cm3) -0.0042 0 -0.015568 

Operating/Floating Electric Field (V/cm) 13348 8100 14617 

Operating/Floating Polarization charge (C/cm3) 0.0355 0 0.03553 

Operating/Floating Knee Voltage (V) 0.25 0.25 0.25 

Anti-MIG Charge concentration (C/cm3) -0.004335 0 -0.015856 

Anti-MIG Electric Field (V/cm) 5775 1508 13603 

Anti-MIG Polarization charge (C/cm3) 0.0355 0 0.03553 

MIG Charge concentration (C/cm3) -0.004389 0 -0.015569 

MIG Electric Field (V/cm) 7040 4244 14617 

MIG Polarization charge (C/cm3) 0.0355 0 0.03553 

 

Corresponding graphs for each of the parameters in this table can be found in Appendix D. 

While the model developed in this chapter is far from complete, it serves as a rough basis 

for understanding the mode of action of an AlGaN/GaN HEMT based biosensor and through 

empirical and theoretical data/modeling, validates the theory developed in this chapter with two-

dimensional numerical simulations.  
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CHAPTER VI  

 

 

EXPERIMENTAL DATA AND ANALYSIS 

 

 

 In this chapter experimental procedure is performed to test the theories previously 

developed in chapters 4 and 5. The biosensor was tested several times to determine if the results 

were consistent. Other concerns such as repeatability, device packaging, and effect on device 

characteristics are also discussed in this chapter. Detailed scanning electron microscopy (SEM) 

images are also provided in this chapter to further support the claim that the SAM layer exists 

and is chemically bonded to the device.  

6.1 Experimental Procedure 

6.1.1 Clean device characteristics 

 Before any chemical modifications are conducted, a collection of uncharged intrinsic 

device characteristics are taken by means of DC circuit analysis, and a DC probe station in 

conjunction with a dual channel high speed source monitor working with IC-CAP software Both 

approaches are utilized to ensure proper clean device operation and consistent characteristics. 

The significance of this step is to provide a reliable, experimental reference from which any 

absolute changes in output characteristics can be compared. Figures 6.1 and 6.2 represent output 

characteristics taken from a built circuit, and a DC probe station respectively. Figure 6.3 

represents the configuration used when extracting parameters with the DC probe station.  
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Figure 6.1 – ID vs VDS at Vg=-3.1 for two clean devices of the same type. Current is given 

in millamps and voltage is given in volts 

 

 

 

 

 

 

 

 

 

Figure 6.2 – ID vs VDS at varied gate voltage around the threshold area (-4 to -3). Vg=-3.1 

is represented by the second graph down from the top (green) 

 

 
Figure 6.3 – Flow chart demonstrating device parameter extraction 
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In figure 6.1, the current is given in milliamps as the device is measured at vg=-3.1 volts to 

verify results that are consistent with the extracted probe station results in figure 6.2. The circuit 

consisted of a 50 ohm resistor at the drain with a power supply sweep of 0 to 32 volts. Obvious 

current collapse is observed in DC probe station results. After some investigation the cause is 

found to be due to weak connections from the power supply to the DC probe station probe tips 

causing the probe station to generate pulsed DC signals and random AC components. Current 

collapse phenomena is beyond the scope of this thesis, but it is a greatly researched topic and 

known to occur in AlGaN/GaN HEMT devices under pulsed and AC conditions, and is attributed 

to surface traps [24][57-59]. It is worth noting, however, that the knee voltages of approximately 

0.2V to 0.4V remain consistent across the various methods. A combination of characteristics 

from these three graphs were used to create the modeled device in chapter 5 (figure 5.3). 

Similarly, the device threshold was extracted using the same built circuit above but with a 10 

volt fixed power supply and a fixed resistance of 100 ohms. Figure 6.4, shows the modeled 

threshold voltage as taken from the actual device. 

 
Figure 6.4 – Threshold voltage taken from clean device 
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6.1.2 SAM layer preparation 

 After extraction of clean device characteristics are obtained, a chemical procedure is 

practiced that follows the methodology developed in Chapter 3. A simple circuit is constructed to 

fix the amount of drain current flowing through the device. A figure depicting the circuit can be 

seen in Figure 6.5. 

 

Figure 6.5 – Schematic of proposed biosensor 

Clean device floating gate drain current for depletion mode AlGaN/GaN HEMT is reported as 

92.64 mA. This current is taken as a reference from which the changes are compared. 

The first step in the chemical process is to prepare physiological conditions that closely mimic 

the environment in the human body to allow the proteins to thrive. For human blood, pH is 

typically in the slightly basic range of 7.35 to 7.45 [100]. This environment that exhibits similar 

pH to human body conditions is created using a 0.1M phosphate buffer solution (PBS). A 
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pH meter verifies a pH of 7.44 upon dissolution of 1.826g of PBS in about 10 mL of de-ionized 

water. 

Next, 5mg of crosslinker, DSP, is dissolved in 1mL of Dimethyl Sulfoxide (DMSO), an 

organic solvent. DMSO is used because DSP is water insoluble. Acetone may also be safely used 

to create an aqueous solution with DSP. The aqueous solution created by dissolution of DSP in 

DMSO is used to coat the surface of the gate electrode. The electrode is left to incubate at room 

temperature for 18 minutes. 

After 18 minutes of incubation, the surface is rinsed with PBS to remove any unbinded 

DSP. The surface is then immediately treated with 0.3mL of target antibody (Anti-MIG) 

harbored in 0.1mL of the previously prepared PBS environment. This solution is then slowly 

applied to the gate and allowed to incubate for an additional two and a half hours. This step 

needs to be performed immediately after the 18 minute incubation period of DSP to ensure 

proper protein coupling [53]. If the former isn’t done appropriately then the NHS reactive groups 

will hydrolyze, ultimately resulting in negligible protein coupling [53]. 

Upon completion of the former step, the SAM layer is now formed. Two separate 

experiments demonstrate consistent increases in drain current. The magnitude for the absolute 

increases in drain current are reported to be between 80µA – 90µA and is a successful indication 

that the surface states of the device are modulated by the chain of events described in chapter 4 

and are therefore influencing the sheet carrier density at the interface. Images depicting the SAM 

layer are taken using scanning electron microscopy (SEM) and investigate the clean surface of 

the device versus the chemically modified surface. The results obtained from this imaging 

inherently validates the existence of the SAM layer as a clear modification of the surface. The 
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depictions in figure 6.6, and figure 6.7 can be compared to the theoretical depiction derived in 

Chapter 3 (Figure 3.4). 

 
Figure 6.6 – SEM imaging of clean device vs chemically modified device 

 

 
Figure 6.7 – SEM imaging of Figure X taken at 1 micron 

 

Figure 6.6 is taken at a scale of 100 microns and 200 microns for the clean and chemically 

modified device respectively, while Figure 6.7 demonstrates the same device taken at 1 micron 

and 2 microns for the clean and chemically modified device respectively. The roughness of the 

surface is attributed to surface imperfections. Furthermore, it can be seen that variable spacing 
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exists between each observed element, as well as variable size. SEM imaging taken of two 

separate single elements present in the SAM layer can be seen in Figure 6.9. 

 
Figure 6.8 – Additional SEM image of SAM layer taken at 10 microns 

 

 
Figure 6.9 – SEM imaging of a SAM layer element up close 

 

 

Figure 6.9, depicts two separate elements present on the gold surface after chemical preparation 

of the SAM layer. The image on the left (a) is shown at a scale of 2 microns, while the image on 

the right (b) is shown at a scale of 3 microns. As can be seen from the two elements, variable size 
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exists among each of the elements and at this point it is unclear what governs the size or spacing 

of these elements. 

6.1.3 Sensing performance 

 Upon introduction of target analyte (Human MIG) a decrease in current is observed. Two 

separate experiments verify the change is consistent and the magnitude of this change falls 

between the range of 80µA-90µA. The volume of sample used is kept constant throughout 

experiments and any deviation between experiments is due to non-uniform concentration 

distribution and/or SAM layer integrity. A figure demonstrating results of the two most profound 

experimental results on different HEMT devices can be seen in Figure 6.10. 

 
Figure 6.10 – Experimental data taken from two experiments 

 

In the left image, the resistance used is 140Ω and power supply is 10 volts, while the image on the 

right consists of the circuit seen in Figure 6.5. The left image depicts the first successful results 

obtained, while the right image depicts the most recent results. Changes in steady state current in 

more modern procedures are seen to occur much more rapidly than the first results obtained. This 

is most likely attributed to trial and error, and developments in the preparation techniques resulting 

in better development of the recipe for biosensor preparation. Images taken of the biosensors used 
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in experiment can be seen in Figure 6.11 and SEM images can be seen in Figure 6.12 of the surface 

after the addition of MIG. 

 
Figure 6.11 – Variations of biosensors used in experiment 

 

 
Figure 6.12 – SEM imaging of gate surface after addition of MIG 

 

In figure 6.11, the left-most image represents a ready-to-use biosensor while the right-most 

image represents the variety of GaN HEMTs used in experiment. In figure 6.12 images taken 

from the surface after the addition of Human MIG are taken at 2 microns and 1 micron 

respectively from left-most image to right-most image. A noticeable change in size and shape of 

the elements seen before in SAM layer images are apparent. 
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 The HEMTs used in preparation of these biosensors are seen to be packaged AlGaN/GaN 

devices. The use of packaged devices over bare die holds many advantages. For example, 

preparation of a biosensor on a bare die is rigorous and due to the fragile nature of the devices, 

careful preparation and cleanliness must be exercised to ensure device characteristics are not 

altered by the addition of any ambient contamination. The packaging also serves as a convenient 

insulating barrier between device contacts and greatly reduce the effect of creating a short across 

the terminals through the electrolytic solution. Secondly, the packaging provides greater stability 

and the extension of external contacts provide surface electrodes of a greater area allowing for 

greater quantities of target solution to be used. This should, in theory, provide greater detection 

results. The influence of device packaging and its effects must be addressed to relieve any doubts 

in the integrity of the sensing process. The packaging, along with other concerns will be 

addressed in the following sections. 

6.2 Influence of device packaging 

 The influence of device packaging is discussed in this section and validated with both 

literature, and the standard 2DEG model as given in Chapter 4. Two major concerns that may 

arise from the use of packaged devices may be parasitic effects, and electrode-to-die 

connections. To address the parasitics induced by the packaging, some literature is reviewed.  

 According to work done by Mark Pavier et al. (2003) the effect of packaging on power 

MOSFETs was found to induce resistive and inductive effects [101]. These effects extend to 

device packaging found on GaN based HEMT devices [102-103]. Since no alternating current is 

being applied in this application, and the charges induced by way of capacitive coupling are DC, 

the effect of internal inductance can be ignored. Package resistance may also be neglected 

experimentally, because the sensing effects observed in this thesis are apparent and are taken 
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from the device after the packaging effects are taken into consideration. Further testing can be 

done however to determine if a bare AlGaN/GaN HEMT die may exhibit greater detection 

sensitivity than its packaged counterpart. This study may also address deviations in drain current 

between experiment and simulation. 

 Now the effect of external electrode-to-die connections is discussed. In order to address 

this concern, the general model for 2DEG sheet carrier density must be revisited. The equation is 

reposted here for convenience. 

 𝑛𝑠(𝑥) =
+𝜎𝐵

𝑞
−

𝜀𝑟(𝑥)𝜀0

𝑑𝑞2 [𝜙𝐵(𝑥) + 𝐸𝐹(𝑛𝑠(𝑥)) − Δ𝐸𝐶(𝑥)] (5.1)  

 At this point, it is clear that the Schottky barrier height plays a significant role in the 

2DEG sheet carrier density. First, it is apparent from equation 5.1 that any degradation of the 

Schottky barrier height will directly result in a decrease in 2DEG. Secondly, any increase in 

Schottky barrier height would provide a bigger factor in the increase of the 2DEG, however, as 

seen before in figure 4.4 in chapter 4, as the Schottky barrier height increases, if all other factors 

are held constant, the quantum well depth (and area) will decrease as the conduction band at the 

interface requires greater band bending to form the quantum well. In order to achieve the same 

quantum well depth, compensation would need to be made in AlGaN barrier thickness, molar 

concentration, or by the addition of impurities. This option isn’t cost-effective compared to using 

a solely intrinsic device, so for this reason two scenarios are proposed to maintain the integrity of 

the 2DEG. The first scenario is that the connection that connects the die to the electrode is all 

made of the same material. Nickel-gold is a common metal deposited on AlGaN/GaN HEMT 

dies to ensure a desired Schottky barrier height [60]. It is also known that the devices used in 
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experiment are also made from a nickel-gold alloy which makes this a reliable option. The 

second scenario is that the interconnect that connects the electrode to the die is made from a 

metal exhibiting a similar work function to the nickel-gold alloy. This would allow consistency 

in the Schottky barrier height and allow the device to maintain the same output characteristics 

without any degradation in the 2DEG. Furthermore, the addition of this interconnect doesn’t 

interrupt any sensing performance. To obey the net neutrality equation, the external electrode 

(and interconnect) serves as an extension of the gate on the die. The net surface states exhibited 

by the extended electrode modulate the 2DEG until net neutrality is satisfied (as all other 

polarizations are held constant and not affected by the deposition of metal). Any change in these 

surface states will be directly impactful on the 2DEG and sensor operation will work in the same 

manner as its die counterpart. A table listing several elements and their work functions (which 

are dependent on surface cleanliness, and crystal structure) can be seen in Table 6.1 [103]. 

Table 6.1 List of Various Elements and their work functions [103] 

Element Work function (eV) 

Silver (Ag) 4.60-4.85 

Gold (Au) 5.31-5.47 

Copper (Cu) 4.48-5.10 

Nickel (Ni) 5.04-5.35 

Chromium (Cr) 4.5 

Tungsten (W) 4.32-5.22 

Titanium (Ti) 4.33 

Tin (Sn) 4.42 

Zinc (Zn) 3.63-4.9 

Aluminum (Al) 4.06-4.26 

 

To further validate the use of packaged AlGaN/GaN HEMTs for sensor usage, some 

literature is referenced. Experiments done by Thapa et al. (2012) in which GaN based HEMT 

devices are used in packaged form to detect DNA hybridization are also key indicators that 
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packaged biosensors from AlGaN/GaN based HEMT devices are not only feasible, but much 

more convenient and facile to prepare [60].  

6.3 Repeatability 

Repeatability is an issue with details that need to be investigated further, and can possibly 

be conducted as a standalone topic. However, from datasheets and previous research it is known 

that DSP is a cleavable crosslinker, which allows the antibodies to be removed from the reactive 

groups of the crosslinker. This would allow the crosslinker to be used again in theory. However, 

in practice a variety of concerns need to be addressed beforehand, mainly inactivity of the 

crosslinker. DSP has a storing temperature of 4 degrees Celsius and is moisture sensitive. If it is 

stored outside that temperature for too long, it is possible for the reactive ends to become 

inactive [53][105]. Furthermore, hydrolization of these reactive groups may have also occurred 

during the process in which the DSP molecules were bonded to the gold surface. This results in 

non-reactivity from the NHS-ester reactive end groups. This is another concern that needs to be 

taken into account, and for this reason each experiment requires a fresh preparation of 

crosslinker [53][105].  

Since DSP bonds covalently to the gold surface, it is highly unexpected that these 

elements can be removed from the gold surface without rigorous chemical procedure. To validate 

that the elements are bonded to the gold surface covalently, a previously modified device is 

rubbed with a solution of 91% Isopropyl alcohol and observed using scanning electron 

microscopy (SEM). Figures 6.13, and 6.14 demonstrate the images of the surface before and 

after this “cleaning”. 
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Figure 6.13 – SAM layer before and after cleaning with 91% IPA 

 
Figure 6.14 – SAM layer before and after IPA viewed at 2 microns 

 

In these images, residues left from the isopropyl alcohol become apparent, but the elements from 

beforehand are still present as expected. 

 Results from these experiments validate that theoretically it is possible to use the same 

biosensor again by cleaving the used antibodies and re-attaching new ones, but further 

investigation is needed to validate it. Some other factors are also important to maintain sensor 

integrity such as proper handling and storage, procedure to guarantee repeatability, etc. These are 

factors that also require further investigation. 
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6.4 Effect of chemical modification on threshold 

 An interesting effect was noticed in changes in threshold voltage after chemical 

modification of the device. A device that was tested for output characteristics approximately 6 

months after experimentation was found to exhibit a more positive threshold voltage value 

outside the range guaranteed by the manufacturer datasheet. This prompted further investigation 

into this phenomenon with newer experimental devices. Figure 6.15, depicts this initial 

discovery, and figure 6.16 shows the device used in the extraction of these results.  

 
Figure 6.15 – Probe station results demonstrating a shift in threshold voltage 

 

 
Figure 6.16 – HEMT used to obtain threshold data from the previous figure. Corrosion is 

obvious in this picture taken at around 8 months after experiment. 
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To explain why this happens the interface polarization formula, net neutrality equation, 

and the charge-control model for threshold voltage must be revisited. They are reposted here for 

convenience in equations 5.2, 5.3, and 5.4 respectively. 

 𝑃(𝑥) = (𝑄𝜋,𝐴𝑙𝐺𝑎𝑁) + (−𝑄𝜋,𝐺𝑎𝑁) = 𝜎𝑝𝑜𝑙 (5.2)  

 𝜎𝑆𝑢𝑟𝑓𝑎𝑐𝑒 + 𝜎𝐴𝑙𝐺𝑎𝑁 + 𝜎𝑝𝑜𝑙 + 𝜎𝑏𝑢𝑓𝑓𝑒𝑟 − 𝑞𝑛𝑠 = 0 (5.3) 

 𝑉𝑡ℎ = 𝜙𝐵 − 𝛥𝐸𝐶 −
𝑞𝑁𝑠𝑑𝐴𝑙𝐺𝑎𝑁

2

2𝜀𝐴𝑙𝐺𝑎𝑁
− 𝜎𝑝𝑜𝑙

𝑑𝐴𝑙𝐺𝑎𝑁

𝜀𝐴𝑙𝐺𝑎𝑁
 (5.4) 

As referenced before, in a truly undoped HEMT the net contribution by 𝜎𝐴𝑙𝐺𝑎𝑁 , 𝜎𝑝𝑜𝑙 , and 𝜎𝑏𝑢𝑓𝑓𝑒𝑟 

should be zero [60-61]. It is safe to assume this because even if there exists some doping and the 

𝜎𝐴𝑙𝐺𝑎𝑁 and 𝜎𝑏𝑢𝑓𝑓𝑒𝑟 polarizations are not negligible, they contribute no additional effect upon 

chemical modification because these polarizations are a function of the crystal lattice structure of 

the material and their interactions in the epitaxy. For this reason, they are independent of any 

modulation caused by any chemical modifications. However, the modulation of surface states 

due to modification of the work function via chemical reactions at the gate surface, and the 

polarizations present at the AlGaN/GaN interface are not safe from these assumptions [60-61]. 

By holding polarizations due to AlGaN, and the buffer constant, we see by equation 5.2 that as 

the 2DEG increases, the net polarization at the interface, 𝜎𝑝𝑜𝑙 , (normally net positive) decreases 

in magnitude resulting in a smaller value for 𝜎𝑝𝑜𝑙. This satisfies equation 5.3 in which any 

change in the polarizations must be compensated by the 2DEG (𝑛𝑠). Furthermore, we see that as 

the value for 𝜎𝑝𝑜𝑙 becomes less positive, the resulting factor equation 5.4 becomes smaller 

resulting in a smaller absolute value being subtracted in the equation. This leads to a more 

positive result in threshold voltage. To validate this theory, a clean device is tested and threshold 

characteristics are extracted. Then, the SAM layer is chemically prepared and the threshold is re- 
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measured 2 weeks, 4 weeks, and 7 weeks after initial preparation. The threshold is seen to 

exhibit a slight positive shifting that is attributed to the modulation of the work function of the 

gate by way of chemical reaction at the gate. The collected data of Drain Current vs Gate 

Voltage can be seen in Figure 6.17. 

 

Figure 6.17 – Threshold voltage taken several weeks after experiment 

 

As can be seen by figure 6.17, there exists a slight shift in threshold voltage when measured in 

two week intervals. While the results may not be as profound as the initial observation (quite 

possibly due to larger electrode surface and/or obvious reaction with the copper tape of the first 

device), they are definite and bear an impact on the output characteristics of the device.  
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CHAPTER VII 

 

 

CONCLUSIONS AND FUTURE WORK  

 

 

 In conclusion, a biosensor for amperometric detection of Human CXCL9 is realized 

experimentally using packaged AlGaN/GaN HEMT devices. Analytical and numerical modeling 

of the device is derived and shown to be in good agreement/exhibit consistent behavior with that 

seen in experimentation. Device characteristics are studied at each step of sensor performance 

using two-dimensional physics based modeling and are used in conjunction with literature to 

conclude the mechanism of action on the proposed sensor. Deviations in current magnitude 

between experiment and simulation are attributed the assumption of ideal conditions, and 

negligence of real-life parasitic effects, surface chemistry, and trapping effects not considered by 

the theoretical two-dimensional software. This allows the model derived in this thesis to be 

refined to accommodate for such effects seen in real-life applications. Furthermore, threshold 

shifting is shown to be a consequence of chemical modification of the device and is explained 

using widely accepted HEMT mathematical models. 

7.1 Executive Summary 

 By using SILVACO’s virtual wafer tools: DECKBUILD, ATLAS, and TONYPLOT a 

numerical model is constructed to validate the claims made throughout this thesis regarding 

mode of action by modulation of drain current through immobilized charge distribution. The 

theory is derived through simulation and literature of multiple subjects covering various 

electrical engineering, chemistry, electrochemistry, and biological engineering topics. A device
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model is derived by molding device characteristics to match those seen in experiment. This 

allows a reference device with characteristics in which any changes can be observed. By using 

this reference, an analytical model derives a bias voltage to be applied to the gate electrode 

through chemistry techniques performed using known biological parameters.  

 The role of the substrate is theoretically explored and the hypothetical conclusion is 

drawn that SiC and diamond provide optimal substrates for sensor performance compared to 

sapphire. This claim requires further experimental justification. Furthermore, threshold shifting 

after chemical modification is explored and explained using the charge-control model, net 

interface polarization model and the concept of net-neutrality.  

7.2 Challenges Provided by this Research 

 The research presented in this thesis was met with many challenges. For example, an 

understanding in appropriate chemistry and biology topics was a required pre-requisite. 

Furthermore, the sensitivity of these biological elements and chemicals to specific ambient 

conditions made the whole process require a large amount of organization. For example, DSP 

must be stored at 4 degrees Celsius and is moisture sensitive. Human MIG must be stored in -80 

degrees Celsius for prolonged storage and about -20 degrees Celsius for temporary storage, any 

failure to accommodate for these proteins and chemicals can results in losses in activity. 

 The very small nature of these biological elements made estimations of charge 

distribution and charge concentration theoretical. This places the simulation results somewhere 

in between theory and experiment. Also, the lack of sophisticated equipment to measure certain 

key aspects of these elements made theoretical analysis a necessity. 

 Many of the claims made in this thesis had to be heavily researched and applied very 

selectively to this thesis. The research presented includes works that go beyond the scope of 
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electrical engineering and into other areas of science and physics. Also, by using commercially 

available devices, the knowledge of epitaxial layers become unattainable due to manufacturer 

restrictions and intellectual property. A lot of work was needed to understand the physics of the 

device, and how each parameter affects device performance in order to rule out certain inclusions 

of certain layers. Limitations in tool availability were present, and prevented any growing of 

HEMT transistors on campus.  

7.3 Future Work 

 Future work needs to be conducted on several aspects of the research conducted in this 

thesis. For example, work needs to be conducted on experimental sensor performance on 

different substrates to determine which is the most suitable. This could help justify or discredit 

the claim made in this thesis that sapphire may not be optimal for such an application.  

 Future testing also needs to be done on the concerns introduced in Chapter 6 regarding 

repeatability. A variety of key concerns are available in the development of an analytical model 

using purely theoretical derivations. For example, charge distribution and element concentration 

in the electrolyte must be explored. Sensitivity of the sensor to various concentrations is also 

something that needs to be made a priority. This can be done by using a controlled SAM layer 

with a variable concentration of MIG to determine the range of concentration that the sensor is 

able to detect without any anomalies or unclear results. Also, the double-layer capacitance and 

the bias voltage derived in chapter 4 may be measured and justified through experimental 

techniques. Results may be compared to those derived in chapters 4 and 5.  

Finally, the cleavability of DSP and its ability to be re-used is something that must be 

further investigated. By determining the biological activity of the DSP at different temperatures 

before and after cleavability, the feasibility of repeatability can be determined as well as other 
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key concerns such as proper handling, device longevity, and proper storage of the sensor devices. 

Since all work was done in a room temperature environment, the application of temperature to 

sensor performance may be explored and provide a greater spectrum of use for these type of 

chemically prepared devices.  
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Acute rejection – rejection that is severe and sudden [106]. 

Agonist – A chemical that can interact with the receptor of a cell and initiate a response by the 

receptor (secretion, contraction, etc.) [107]. 

Allogeneic skin graft – Skin Graft involving a tissue/organ that is genetically different from 

another skin graft coming from a member of the same species [108].  

Allograft – Tissue or organ taken from another individual of the same species (but different 

genotype) and incorporated into another individual [108]. 

Chemoattractant – An agent of the chemotactic type that attracts and influences cell migration 

[109].  

Chemokine – A family of small cytokines with a mass between 8-10 kDa. Their name comes 

from the ability to induce direct chemotaxis [110]. There are over 50 known chemokines, and are 

grouped into one of four distinct families (CXC, CC, CX3C, and XC) based on order of 

conserved cysteine (C) residues within the protein sequence. The arrangement of these residues 

is the key to their shape [38]. 

Chemokine Receptor – Receptors that interact with chemokines. They trigger cell responses, 

including chemotaxis. There are 19 chemokine receptors found in mammals. They are divided 

into different families (CC, CXC, CX3C, and XC) [111] [112]. 

Chemotaxis – Phenomenon where a single cell or multicellular organism is directed (through 

movement) to a destination via chemicals in their environment [113].  

Chronic rejection – rejection that occurs over an extended period of time [108]. 

Crosslinking – The process in which two or more molecules are joined together through 

covalent bonding. When referring to the joining of proteins, it is sometimes called 

bioconjugation. 

CXCR3 Chemokine Receptor – Involved in leukocyte trafficking. Interacts with CXC family 

of chemokines including CXCL9/MIG (monokine induced by interferon gamma), CXCL10/P10 

(Interferon-gamma-inducible 10 kDa protein), and CXCL11/I-TAC (Interferon-inducible T cell 

a-chemoattractant) [114]. 

Cytokine – small molecules used in cell signaling and intracellular communication. They can be 

classified as proteins, peptides, or glycoproteins [115].  

Dalton- 1 dalton = 1 atomic mass unit = 1.66𝑥10−24grams. 

Differentiation – The process in which a cell matures and develops into a specialized cell with a 

more specific function [116].  

Interferon – proteins released by host cells with the intent to interfere with foreign entities such 

as pathogens, tumor cells, bacteria, and viruses [117]. 

Interferon gamma – a soluble cytokine that encodes a member of the type II family of 

interferons. It consists of two peptide chains (143 amino acids) that have two N-linked 

glycosylations. It is produced by T-helper cells, neutrophils, and natural killer cells that are 
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activated by interleukin-2 (IL2) and interleukin-12 (IL12) This interferon is a significant 

macrophage activator [118][119]. 

Leukocyte – A white blood cell. Actively involved in the immunology and defense of the human 

body [120]. 

Ligand – A ligand is a neutral molecule or ion that can be viewed a Lewis base (electron donor) 

that binds to a central metal atom to form a complex. One or more of the Ligand’s electron pairs 

can be donated to the central metal atom [121]. 

Lymphocyte – A type of leukocyte that originate from stem cells in bone marrow whose main 

purpose is to serve in immune system response of foreign particles [122]. 

Macrophage – Phagocyte cells produced by the differentiation of monocytes in tissues. They 

protect the body by phagocytosing (ingesting) harmful particles, bacteria, and dead or dying 

cells. Macrophages can function is either specific defense, or non-specific defense mechanisms 

in vertebrates. Their role as a phagocyte is to engulf and digest foreign/harmful pathogens as a 

stationary or mobile cell [123].  

Monocytes – a Phagocyte with a single nucleus that eventually differentiates into a macrophage 

upon entering the blood and migration to connective tissues [124]. 

Monokine – A cytokine produced by macrophages and monocytes that influence the behavior of 

other cells [125]. 

Phagocyte – cells that protect the body by phagocytosing harmful particles, pathogens, bacteria, 

and dead or dying cells [122]. 

Phagocytosis – The process in which a Phagocyte engulfs and digests a harmful particle, 

pathogen, bacteria, or dead/dying cell [122]. 

T-Lymphocyte – T-cells. A type of white blood cell whose main job is to fight infection by 

attacking foreign entities [126]. 
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SILVACO CODE FOR NUMERICAL SIMULATIONS 
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go atlas 

 

################setting variables########## 

set devthk=4.0 

set SG_space=2 

go atlas 

################setting variables########## 

set devthk=4.0 

set SG_space=2 

set GD_space=2 

set gate_L=2 

set devwidth=1+$SG_space+$gate_L+$GD_space 

set xmax1=0.5+$SG_space 

set xmax2=0.5+$SG_space+$gate_L 

set xmax3=0.5+$SG_space+$gate_L+$GD_space 

set vstart = 0 

set vstop = 4 

set vinc = .5 

 

## 

######### SPECIFY MESH ######## 

MESH width=100 

#MESH 

x.m l=0.0 s=0.50 

x.m l=0.5 s=0.50 

x.m l=$xmax1 s=0.50 

x.m l=$xmax2 s=0.50 

x.m l=$xmax3 s=0.50 

x.m l=$devwidth s=0.50 

# 

y.m l=0.000 s=1.000 

y.m l=0.400 s=0.500 

y.m l=0.500 s=0.050 

y.m l=0.518 s=0.010 

y.m l=0.530 s=0.010 

y.m l=1.000 s=0.050 

y.m l=1.250 s=0.100 

y.m l=2.025 s=0.500 

y.m l=2.040 s=1.000 

y.m l=2.065 s=1.000 

y.m l=$devthk s=2.000 

## 

 

#### Define the regions for materials and electrodes 

REGION num=1 mat=air x.min=0.5 x.max=$xmax3 y.min=0 y.max=0.5 

REGION num=2 mat=AlGaN x.min=0.5 x.max=$xmax3 y.min=0.5 y.max=0.518 x.comp=0.18 
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REGION num=3 mat=GaN x.min=0.5 x.max=$xmax3 y.min=0.518 y.max=1 

REGION num=4 mat=GaN x.min=0 x.max=$devwidth y.min=1 y.max=2.025 

REGION num=5 mat=AlN x.min=0 x.max=$devwidth y.min=2.025 y.max=2.04 

REGION num=6 mat=AlGaN x.min=0 x.max=$devwidth y.min=2.04 y.max=2.065 

x.comp=0.18 

REGION num=7 mat=SiC x.min=0 x.max=$devwidth y.min=2.065 y.max=$devthk substrate 

elec num=1 name=source x.min=0 x.max=0.5 y.min=0 y.max=1 

elec num=2 name=gate x.min=$xmax1 x.max=$xmax2 y.min=0 y.max=0.5 

elec num=3 name=drain x.min=$xmax3 x.max=$devwidth y.min=0 y.max=1 

elec num=4 substrate 

 

#contact name=gate work=5.0 

 

########## Models specification ######### 

MODELS k.p albrct fldmob srh print temp=300 

 

####### These are the parameters in Abrecht's low field mobility equations ########## 

MOBILITY albrct.n an.albrct=0.1e-4 bn.albrct=0.1e-4 cn.albrct=0.25e-4 

 

INTERFACE charge=1.05e13 y.min=0.518 y.max=0.523 s.s 

model polarization calc.strain polar.scale=0.8 

THERMCONTACT num=1 y.min=3 y.max=$devthk ext.temp=300 ^boundary alpha=1.7 

 

method newton trap maxtrap=20 

output con.band val.band band.param e.mobility h.mobility charge polar.charge 

 

#########Intrinsic device #################### 

solve init 

save outf=ganfetex03_0.str 

tonyplot ganfetex03_0.str 

############################################## 

 

solve vdrain=10.0 

solve name=gate vfinal=-10 vstep=-0.5 

log outf=ganfetex03_0.log 

solve name=gate vfinal=1.0 vstep=0.5 

log off 

tonyplot ganfetex03_0.log -setganfetex03_1.set 

 

################# ID vs VG ################################ 

solve init 

solve vgate=-3 

log outf=ganfetex03_1.log 

solve name=drain vdrain=$vstart vfinal=$vstop vstep=$vinc 

log off 

# 



126 

 

solve init 

solve vgate=-2 

log outf=ganfetex03_2.log 

solve name=drain vdrain=$vstart vfinal=$vstop vstep=$vinc 

log off 

# 

solve init 

solve vgate=-1 

log outf=ganfetex03_3.log 

solve name=drain vdrain=$vstart vfinal=$vstop vstep=$vinc 

log off 

# 

solve init 

solve vgate=0 

log outf=ganfetex03_4.log 

solve name=drain vdrain=$vstart vfinal=$vstop vstep=$vinc 

log off 

 

solve init 

solve vgate=1 

log outf=ganfet03_5.log 

solve name=drain vdrain=$vstart vfinal=$vstop vstep=$vinc 

log off 

# 

tonyplot -overlay ganfetex03_1.log ganfetex03_2.log ganfetex03_3.log ganfetex03_4.log 

ganfet03_5.log -set ganfetex03_2.set 

tonyplot ganfetex03_1.log -set ganfetex03_2.set 

 

######## this is for modeling threshold area ############ 

solve vdrain=0 vgate=-4.2 

log outf=vgn42.log 

solve name=drain vdrain=0 vfinal=5 vstep=1 

log off 

 

solve vdrain=0 vgate=-3.9 

log outf=vgn39.log 

solve name=drain vdrain=0 vfinal=5 vstep=1 

log off 

 

solve vdrain=0 vgate=-3.8 

log outf=vgn38.log 

solve name=drain vdrain=0 vfinal=5 vstep=1 

log off 

 

solve vdrain=0 vgate=-3.6 

log outf=vgn36.log 
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solve name=drain vdrain=0 vfinal=5 vstep=1 

log off 

 

solve vdrain=0 vgate=-3.5 

log outf=vgn35.log 

solve name=drain vdrain=0 vfinal=5 vstep=1 

log off 

 

solve vdrain=0 vgate=-3.4 

log outf=vgn34.log 

solve name=drain vdrain=0 vfinal=5 vstep=1 

log off 

 

solve vdrain=0 vgate=-3.2 

log outf=vgn32.log 

solve name=drain vdrain=0 vfinal=5 vstep=1 

log off 

 

solve vdrain=0 vgate=-3.1 

log outf=vgn31.log 

solve name=drain vdrain=0 vfinal=5 vstep=1 

log off 

 

solve vdrain=0 vgate=-2.9 

log outf=vgn3.log 

solve name=drain vdrain=0 vfinal=2 vstep=1 

log off 

 

solve vdrain=0 vgate=-2.7 

log outf=vgn27.log 

solve name=drain vdrain=0 vfinal=5 vstep=1 

log off 

tonyplot vgn42.log -overlay vgn39.log -overlay vgn32.log -overlay vgn36.log -overlay vgn3.log 

-overlay vgn31.log -set ganfetex03_2.set 

tonyplot vgn3.log -set ganfetex03_2.set 

##### Floating gate ###################### 

solve vdrain=0 vgate=0 

log outf=vgnfloating.log 

solve name=drain vdrain=0 vfinal=10 vstep=1 

save outf=cleandevice.str 

tonyplot cleandevice.str 

 

##### DC bias for chem_mod ############### 

solve vdrain=0 vgate=-0.12 

log outf=vgnchemical.log 

solve name=drain vdrain=0 vfinal=10 vstep=1 
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save outf=dirtydevice.str 

tonyplot dirtydevice.str 

 

### DC bias for MIG ###################### 

solve vdrain=0 vgate=.105 

log outf=vgnafter.log 

solve name=drain vdrain=0 vfinal=10 vstep=1 

save outf=vgnafterr.str 

tonyplot vgnafterr.str 

 

 

#tonyplot vgnfloating.log -overlay vgnchemical.log  -set ganfetex03_2.set 

tonyplot vgnfloating.log -overlay vgnchemical.log  -overlay vgnafter.log -set ganfetex03_2.set 

 

tonyplot cleandevice.str 

tonyplot dirtydevice.str 

tonyplot vgnafterr.str 

 

quit 
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APPENDIX C  

 

 

GRAPHS CORRESPONDING TO TABLE 5.5 
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SiC Sapphire Diamond

Floating 0.768 0.768 0.768

Sam layer 0.768 0.768 0.768

After Conjugation 0.768 0.768 0.768
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Polarization Charge at interface

SiC Sapphire Diamond

floating charge conc 0.82514 0.8259 0.82697

sam layer charge conc 0.79397 0.79516 0.8555

conjugation charge conc 0.86032 0.85923 0.85167
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SiC Sapphire Diamond

Floating 2.91E+07 2.91E+07 2.91E+07

Sam Layer 2.97E+07 2.97E+07 2.85E+07

After Conjugation 2.84E+07 2.84E+07 2.85E+07
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2.85E+07
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Conduction Current Density at interface

SiC Sapphire Diamond

floating 1.02E+06 1.02E+06 1.02E+06

Sam Layer 9.80E+05 9.79E+05 1.06E+06

After Conjugation 1.07E+06 1.07E+06 1.06E+06
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SiC Sapphire Diamond

Floating 21886 21717 21444

Sam Layer 21355 21216 21809

After Conjugation 21923 22173 22585
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Electron Mobility (x) at interface

SiC Sapphire Diamond

Floating 2.0364 1.9085 1.9105

Sam Layer 2.0812 1.9502 1.8897

After Conjugation 2.0163 1.8795 1.8803
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APPENDIX D 

 

 

GRAPHS CORRESPONDING TO TABLE 5.6 
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SiC Sapphire Diamond

Intrinsic -0.004385 0 -0.015242

Floating -0.0042 0 -0.015568

Sam Layer -0.004335 0 -0.015856

After Conjugation -0.004389 0 -0.015569
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Charge concentration at bulk/substrate junction

SiC Sapphire Diamond

Intrinsic 7067 5995 14551

Floating 13348 8100 14617

Sam Layer 5775 1508 13603

After Conjugation 7040 4244 14617
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SiC Sapphire Diamond

Intrinsic 0.0355 0 0.03553

Floating 0.0355 0 0.03553

Sam Layer 0.0355 0 0.03553

After Conjugation 0.0355 0 0.03553
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APPENDIX E 

 

 

DATASHEET FOR HEMT DEVICE USED 
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