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Abstract: 
 

This work is mainly focused on the development of AlGaN/GaN heterostructure 

living cell-based biosensors that operate by monitoring ion transport through the cell 

membrane. This technology can assist in drug development, but also has the 

potential to lead to low cost diagnostics of disease for the broader community.  

However, there are a number of issues that should be addressed to create reliable and 

robust devices. Some of the challenges are in stabilisation of short- and long-term 

drift of the sensor signal, improvement of ion sensitivity to meet or exceed the 

benchmark set by glass electrodes, reliable packaging and encapsulation of sensor 

chips, and lack of equivalent all-solid-state reference electrodes. The semiconductor 

interface with living cells must be separately addressed. In particular, compatibility 

between the semiconductor surface and the living cell as well as attachment and 

morphology at the interface must be understood for accurate interpretation of sensor 

signals. This thesis contains a number of investigations to address these challenges.  

The biocompatibility between the AlGaN/GaN semiconductor surface and 

living cells was thoroughly investigated with a number of complementary methods. 

Quantitative flow cytometry data indicated a slight increase in the number of dead 

cells with increasing Al concentration. However, cells survived on the entire range of 

AlxGa1- xN/GaN compositions. These results suggest possible optimisation through 

introduction of a thin GaN capping layer and offer flexibility in the AlGaN/GaN 

heterostructure design. Also a transmission electron microscopy (TEM) lamina of 

human embryonic kidney (HEK) cells on AlGaN/GaN was successfully obtained 

through utilising the nano-scale milling, deposition and imaging capabilities of 

focused ion beam/scanning electron microscopy (FIB/SEM). This enabled 

visualisation and analysis of cell morphology and attachment at the interface and is 

one of the first accounts of living cell and semiconductor interface imaging.   

The lack of equivalent all-solid-state reference electrodes has led to commonly 

reported incorporation of Ag/AgCl reference electrodes as part of the sensor for 

semiconductor-based sensors. This introduction of an external electrode makes the 

device bulky and significantly limits device applications. Moreover, differences in 

measurement set-up can lead to changes in the semiconductor/liquid interface and 

consequently to changes in sensor output. Importantly, as is demonstrated in this 
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work, AlGaN/GaN-based field effect transistors can be used for sensing without a 

reference electrode, however, optimisation of device structure is required to achieve 

good sensitivity.  

In the reference electrode free measurement set up used in this thesis, ungated 

AlGaN/GaN heterostructure devices have demonstrated sensitivity to the anion 

concentration in unbuffered solutions. Based on the negative ion selectivity it can be 

assumed that an ionic Helmholtz double-layer is present on the semiconductor 

surface. Through a number of experiments, the sensitivity has been seen to depend 

on the AlxGa1-xN thickness and composition. The results demonstrate that the 

sensitivity of the AlGaN/GaN heterostructure-based sensors to the changes in ion 

concentration on the gateless surface can be dramatically improved when devices are 

engineered to have a high transconductance at near zero gate-drain voltage. A model 

was applied to estimate the sensitivity of different structures, and experimental 

results confirmed the predictions of the model, with high sensitivity and high signal 

to noise ratio for the devices fabricated on structures grown in the predicted region of 

high sensitivity.  

Optimised reference electrode free devices were used for monitoring of ion 

transport through the cell membrane of human coronary artery endothelial cells. The 

recorded signal was demonstrated to be a result of biological activity, validated by 

comparison with multiple controls. This was consistent with the substantial decrease 

in signal amplitude with decrease in environment temperature from 37oC to room 

temperature, which is typical for biological systems. The calcium dosing experiment 

demonstrated high reproducibility and signal saturation at expected physiological 

levels. Experiments with inhibitors and an activator for different types of calcium 

channels further confirmed specific biological activity. 

Finally, preliminary tests of sensors functionalised by more traditional 

immunologically-based methods were made to indicate the potential of AlGaN/GaN-

based biosensors for a lab-on-a-chip drug testing system. AlGaN/GaN sensors 

functionalised with antibodies were used for selective detection of proteins produced 

by macrophage immune cells. The results have strongly affirmed that AlGaN/GaN 

cell-based sensors have significant potential for label-free live cell measurements 

and drug testing. 

 10 



Contents: 

Abstract.........................................................................................................................9 

Contents......................................................................................................................11 

Acknowledgements....................................................................................................15 

Symbols, Constants and Abbreviations......................................................................17 

 

1 Introduction........................................................................................................19 

1.1 FET type devices in biological sensing..........................................................22 

1.1.1  Immunologically modified FET........................................................23 

1.1.2 Enzyme modified FET.......................................................................24 

1.1.3 DNA modified FET............................................................................24 

1.1.4 Cell-based FET...................................................................................25 

1.2 Thesis Objectives............................................................................................27 

1.2.1 Thesis Arrangement............................................................................28 

 

2 Electrophysiology of living cells........................................................................29 

2.1 Introduction to the living cell.........................................................................29 

2.2 Cellular electrophysiology..............................................................................30 

2.2.1 Cell membrane and transmembrane proteins.....................................31 

2.2.2 Ion transport and different states of membrane..................................33 

2.3 Theoretical representation of living cell membrane.......................................34 

2.4 Cell lines and cell processes investigated in this thesis..................................38 

 

3 Aluminium Gallium Nitride/Gallium Nitride Transistor...............................41 

3.1 Crystal growth................................................................................................41 

3.2 2DEG Mechanism and Carrier Concentration...............................................45 

3.3 2DEG Mobility..............................................................................................48 

3.4 Surface States.................................................................................................49 

3.5 Surface Oxide.................................................................................................51 

3.6 From AlGaN/GaN HEMT to AlGaN/GaN ISFET.........................................52 

3.6.1 ISFET background and reference electrode issues.............................52 

3.6.2 Device design and fabrication............................................................55 

3.6.3 Passivation and encapsulation............................................................57 

 11 



 

4 Biocompatibility..................................................................................................61 

4.1 Previous works and background.....................................................................61 

4.2 Optical microscopic investigation..................................................................62 

4.3 Flow cytometry...............................................................................................68 

4.4 Cell/semiconductor interface imaging by electron microscopy.....................71 

 

5 Chemical sensing with AlGaN/GaN ISFET sensor.........................................77 

5.1 Solution pH-control and buffering.................................................................77 

5.2 Traditional ion and pH measurements............................................................79 

5.3 Investigation of AlGaN/GaN FET pH versus negative ions sensitivity.........81 

5.3.1 Reference electrode free pH measurements on not optimised 

structures.............................................................................................85 

5.3.2 Discussion of pH versus negative ions sensitivity.............................88 

5.4 Modelling of AlGaN/GaN FET sensitivity....................................................91 

5.4.1  Background and theoretical modelling of sensitivity........................92 

5.4.2 Reference electrode free pH measurements on optimised 

structure............................................................................................100 

5.5  X-Ray Photoelectron Spectroscopy Analysis..............................................103 

 

6 AlGaN/GaN based biosensor measurements.................................................111 

6.1 Introduction to living cell-AlGaN/GaN measurements................................111 

6.2 Preliminary living cell-AlGaN/GaN coupling measurements......................113 

6.2.1 Reproducibility and baseline behaviour....................................................113 

6.2.2 Response to ionomycin..............................................................................114 

6.2.3 Depolarisation experiments and sensor optimisation................................117 

6.3 Response to Ca dosing of HBSS for optimal HCAEC cell 

concentration................................................................................................120 

6.4 Response to multiple inhibitors and activator for variable Ca ion 

channels........................................................................................................121 

6.5 Antibody/antigen experiments......................................................................123 

6.5.1. Initial ImmunoFET investigations......................................................123 

6.5.2 Specific pair antibody/antigen functionalisation.................................129 

 

 12 



7 Thesis Summary and Outlook.........................................................................135 

 

8 Bibliography......................................................................................................141 

 

9 Appendices........................................................................................................151 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 13 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 14 



Acknowledgements 
 

I would like to express my sincere gratitude for amazing years of PhD research 

to everyone who supported me along the way.  

First of all I am thankful for this research opportunity, for years of guidance and 

feedback received from my supervisors Prof. Gia Parish and Prof. Brett Nener. It 

would not be possible to accomplish this work without their insight and support. I 

am grateful to Dr Martin Kocan and Dr Martina Kocan for the idea behind the 

Australian Research Council Discovery Grant that formed the basis of the funding 

for my work. Also, I would like to thank Martin for getting me started in the 

cleanroom as well as everyone else who helped me with cleanroom equipment in 

hard times of uncertainty.  

It was a great luck to do my PhD with Microelectronic Research Group (MRG) 

where I could always feel as welcomed and supported as in my own family. Special 

thank you to Prof. Laurie Faraone who leads the group and who was my first contact 

within MRG at the time of searching for an interesting research topic. I thank Sabine 

Betts for being on the front line of order and care in MRG. I am sincerely grateful to 

Prof. Gilberto A. Umana-Membreno for remarkable expertise that he has willingly 

shared in numerous discussions. His ideas often led to more experiments and new 

discoveries. Also I would like to thank MRG postgrads and final year undergrads 

who kept my social life going in the days of long and lonely laboratory experiments. 

I have found lots of good friends among them.  

Apart from the EE school I would like to thank the Western Australia Institute 

for Medical Research (WAIMR) and the Centre for Microscopy, Characterisation 

and Analysis (CMCA) crew for training and professional technical support; 

especially Ruth Seeber for getting me started in the tissue culture laboratory and 

Prof. Kevin D. Pfleger for guiding my research in living cell related parts of this 

work. Also I would like to thank Prof. Livia Hool and Prof. Fiona Pixley for 

assistance in the studies performed on human coronary artery endothelial cells and 

macrophage cells respectably.  I would like to thank Dr. Matt Myers and Prof. 

Murray Baker from School of Chemistry and Biochemistry for their expertise and 

engagement in the antibody related part of the project.  

 15 



Beyond Australia I would like to thank Umesh Mishra’s group at University of 

California, Santa Barbara (UCSB) and Angela Rizzi’s group at Gottingen University 

for collaboration and growth of high quality heterostructures used in this work, 

especially Stacia Keller, Daniel Broxtermann and Joerg Malindretos. Also I would 

like to thank sensors group at Fraunhofer Institute of Applied Solid-State Physics for 

productive collaboration and exchange of technical expertise, especially Dr. Volker 

Cimalla and postgraduate students Stefanie Linkohr and Stefan Schwarz. 

I would like to acknowledge the William and Marlene Schrader Postgraduate 

Scholarship for financial support during my research. 

Last but not least, I am grateful to my family for unconditional love, support 

and encouragement. I am deeply grateful to my parents for my upbringing and 

education. They have imparted very important qualities to my character, such as 

dedication and discipline required for accomplishing this work. Also, I would like to 

thank my husband Dima who expressed his love and support through remarkable 

patience and understanding in regards to work-life balance challenges during my 

postgraduate studies.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 16 

http://www.facebook.com/stefanie.linkohr.7
http://www.facebook.com/stefanudoschwarz


Symbols and Abbreviations: 
 
 
E    electric field [Vm-1] 

J    current density [Am-2] 

µ   Mobility [cm2/Vs] 

ns   sheet carrier concentration [cm-2] 

v   velocity [ms-1] 

∆ns    change in the sheet carrier density 

∆µ   change in mobility 

2DEG   two-dimensional electron gas 

AFM   atomic force microscopy 

APTES  3-amino-propyltriethoxysilane 

DNA   Deoxyribonucleic acid 

dsDNA  double stranded Deoxyribonucleic acid 

ssDNA   single stranded Deoxyribonucleic acid 

DMEM  Dulbecco's Modified Eagle’s Medium 

ELISA  enzyme-linked immunosorbent assay 

EnFET  enzyme-modified field-effect transistor 

FET   field-effect transistor 

FIB   Focus Ion Bean 

FTIR   Fourier transform infrared spectroscopy 

HBSS   Hank’s Balanced Salt Solution 

HCAEC  Human Coronary Artery Endothelial Cells 

HEK   Human embryonic kidney 

HEMT  high electron mobility transistor 

HEPES  N-2–hydroxyethylpiperazine-N’-2–ethanesulfonic acid 

gm   transconductance 

GPCR   G protein-coupled receptors 

IAF   Fraunhofer Institute of Applied Solid State Physics 

IDS   drain to source current 

ICP RIE  inductively coupled plasma reactive ion etching 

ImmunoFET  immunologically modified field-effect transistor 

ISE   ion-sensitive electrode 

 17 



ISFET   ion-sensitive field-effect transistor 

MBE   molecular beam epitaxy 

MOCVD  metal-organic chemical vapour deposition 

QMSA  quantitative mobility spectrum analysis 

SEM   Scanning Electron Microscopy 

TEM   transmission electron microscopy 

TFAAD  long-chain w-unsaturated amine, 10-aminodec-1-ene 

PBS   phosphate buffered saline 

PCB   printed board circuits 

POP   polar optical phonon 

RE    reference electrode 

RE free  reference electrode free 

REFET  reference field-effect transistor 

RHEED  reflection high-energy electron diffraction 

RT   room temperature 

RTA   rapid thermal annealing 

UCSB   University of Santa Barbara, California 

UWA   University of Western Australia 

UID   unintentionally doped 

VDS   drain to source voltage 

VG   gate voltage 

XPS   x-ray photoemission spectroscopy 

 
 
 
 
 
 
 
 
 
 

 

 

 18 



Chapter 1 

Introduction 

The AlGaN/GaN heterostructure is a very useful semiconductor material that 

belongs to the III-nitride family.  Currently III-nitride compounds form a significant 

portion of the micro- and nano- electronic industry. In particular, within the last two 

decades, AlGaN/GaN developments have led to rapid progress in the development of 

optoelectronic devices such as lasers and LEDS, and high electron mobility transistor 

(HEMT) technology. Applications range from photonics and high power electronics 

to chemical and biological sensors derived from AlGaN/GaN’s exceptional 

properties such as:  

 

• high physical and chemical stability [1], [2];  

• wide band gap that allows operation at elevated temperatures (up to 600oC);  

• high spontaneous and piezoelectric polarization responsible for the creation 

of a high electron mobility and high density two dimensional electron gas 

(2DEG) channel for transistors even in undoped structures;  

• good biological compatibility compared to GaAs and even Si [3], [4];  

• high sensitivity to surface charges [5]; 

• optical transparency of AlGaN/GaN in the visible range, allowing 

simultaneous electronic and microscopic control of biosensing.  

Based on the above properties it can be concluded that the AlGaN/GaN 

heterostructure is an outstanding candidate material for realisation of biological and 

chemical sensors. AlGaN/GaN field effect transistors (FETs) are well suited for the 

construction of transducers that can be further functionalised using chemical (ion 

selective membranes) and biological (antibodies, enzymes, DNA, live cell) methods. 

Also sensing utilising this material system can be beneficial in terms of the 

possibility of monolithic integration with III-nitride optoelectronics for combined 

spectroscopic analysis, transistors for on-chip signal processing, and surface acoustic 

wave devices [6] for analogue signal filtering. 
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This thesis reports on an investigation to develop AlGaN/GaN FETs for 

biosensing. In the most general meaning of the term a biosensor is a device capable 

of detecting biological activity. Normally such devices consist of a bio-receptor and 

transducer. A bio-receptor has properties that allow specific interaction with samples 

of interest (analyses). Such interaction results in a signal (biological and/or chemical) 

that can be detected by a transducer. The transducer transforms the detected signal 

into an electrical or optical output that can be further processed and analysed. Such a 

definition is schematically illustrated in Fig.1.1. 

 

Fig.1.1 Functional principles of a biosensor illustrating four major types of bio-receptor 

modifications and the resulting reaction with analytes of interest (antibody-antigen, enzyme 

reaction, detection of matching ssDNA and live cell drug detection, from top to bottom of 

the image). Adapted from www.kumetrix.com/biosensor.html 

Depending on the application either enzymes, antibodies, DNA or live cells can 

be used as bio-receptors. One example is the use of live stem cells as a bio-receptor. 

Stem cells are normally taken from the body of the patient and can be used for 

personalised drug discovery. This means that the drug test is conducted directly on 

human cells that contain individual genetic information rather than on a less specific 

animal model. Stem cell research has shown promise in targeting treatments of 

currently untreatable diseases. However, for such promise to be realised the need for 

quick, inexpensive analytical detection methods must be fulfilled.  

New drugs are always the product of a long development process. In the past, 

the only method of development was by trial and error. Researchers were manually 

screening huge libraries of compounds and studying the responses with the hope for 

useful results[7].More recently new chemical techniques that can quickly produce 
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large numbers of novel compounds and high-throughput screening (HTS) 

technologies to rapidly screen huge chemical libraries were employed to speed up 

the development process[8]. However, despite the increasing demand for high-

throughput screening methods in the areas of environmental protection, toxicology 

and drug development [9]–[11], these methods are not yet efficient in the case of 

cellular measurements [12]–[14] and thus there is a demonstrated need for 

development of new methods. Moreover, HTS technologies are currently based on 

assaying methods that produce optical readouts and therefore significant amounts of 

information imbedded in electrical properties of cells remains undiscovered. In fact, 

electrical properties of cells were used for decades in disease discovery and 

characterisation. 

One of the earliest approaches to the characterisation of live cell electrical 

properties has been demonstrated by Hodgkin and Huxley in the early 50’s. They 

studied single cells by transfixing the cellular membrane with glass microelectrodes 

and recorded the intracellular signal of the neuronal cells [15]. The work of Abuse 

[16]in the mid-70’s continued on from Hodgkin and Huxley’s approach and led to 

the development of the patch-clamp technique, which is still widely used in 

pharmaceutical and physiological research. However the patch-clamp procedure has 

a few major disadvantages. It is complicated and requires specially trained 

personnel. It is also invasive and always destroys the cell after measurement. During 

a patch clamp measurement the cells are subjected to a high degree of stress, which 

makes an observation over several hours impossible. Moreover, the patch-clamp 

technique can be used to observe only a few cells at the same time. 

At around the same time as development of the patch-clamp technique, the first 

planar microelectrode array for the recording of the extracellular signal of cells was 

designed by Thomas et al. [17]. In the early 80’s this method was combined with the 

patch-clamp technique to simultaneously record intracellular and extracellular 

signals[18]. Based on these techniques studies on cultured cells were continued by 

numerous research groups examining many different cell types over the years [19]–

[23]. Another device capable of extracellular signal recording was introduced in the 

early 90s by Fromherz et al. Field effect transistors (FETs) were used for the 

measurement of extracellular signals from single cells[24]as well as the capacitive 
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stimulation of neurons through a thin oxide layer[25]. FET devices do not exhibit 

any of the disadvantages mentioned above for the patch-clamp technique. An 

additional advantage of FETs is their ion sensitivity. In the early years, ion sensitive 

FETs (ISFETs) were based on established silicon technology and generated 

significant research interest that resulted in a large number of 

publications[26].ISFETs have historically been based on silicon technology, 

beneficial for cost-effective mass production. However, long-term chemical stability 

of silicon ISFETs in liquids can only be achieved through sophisticated insulation 

[27]. AlGaN/GaN-based ISFETs are an excellent alternative to Si ISFETs since they 

exhibit superior stability to the liquid-phase [28]–[30]. In 2003 the first application 

of AlGaN/GaN based ISFETs for pH sensing was reported by Steinhoff et al.[29]. 

Two years later, the same authors reported the recording of action potential from 

heart muscle cells and demonstrated the superior electrical characteristics of 

AlGaN/GaN based FETs compared to similar devices based on silicon technologies 

[31].However, it must be noted that there is much yet unknown about the nature of 

the cell-semiconductor interaction as well as about the nature of ion channels that 

define potential of the cell membrane. A detailed review of FET type devices in 

biological sensing is given in the following section. 

1.1. FET type devices in biological sensing 

Only recently, since the early 2000’s, have the III-nitrides been targeted for 

mechanical and sensing applications. Using progress in the development of high 

electron mobility transistors (HEMTs) for high power and high frequency 

applications based on AlGaN/GaN heterostructures, chemical sensors for gases and 

liquids were developed[32], [33].  In contrast the Si based technology has been 

applied to sensing, including bio-sensing, for at least 30 years. Development of tools 

and methodologies for biological components in Si-based biosensors can also be 

applied to AlGaN/GaN based biosensors. All bio-FETs can be classified according to 

the function of the bio-recognition element used for detection.  In the following 

subsection AlGaN/GaN bio-FETs are specifically examined within four major 

groups, based on the literature in the area. 
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1.1.1. Immunologically modified FET 

The detection of antigens or antibodies is extremely useful for quantifying 

performance of the human immune system. Immunologically modified sensors 

utilise the property of high specificity between antigens and antibodies and have 

application in a wide range of immune related problems [34].Successful label-free 

detection of an antigen with antibody modified AlGaN/GaN FETs (ImmunoFETs) 

was shown by Kang et al. [35].Thiol-Au chemistry was used for gate 

functionalization with prostate specific antigen (PSA) antibody (Fig. 1.1.1.1). An 

instant current decrease was observed after exposure to PSA and stabilisation was 

observed after PSA diffused into the buffer solution. The sensor could also detect 

differences in PSA concentration. The specificity of the device was proven by using 

buffer solution and bovine serum albumin (BSA) which yielded no changes in 

current. This result was very significant for the field, but it must be noted that 

reproducibility and long term stability of the sensor after cleaning procedures were 

not reported. Another example of an AlGaN/GaN ImmunoFET was demonstrated 

using the binding between biotin and streptavidine proteins [36].The same bio-

recognition element is used in the Enzyme-Linked Immuno Sorbent Assay (ELISA) 

[37]. ELISA so far is the most commonly used immuno-sensor with optical readout. 

Also ELISA is a micro-well plate based technique performed in the laboratory 

environment. Therefore research in the area of III-nitride based FETs is aiming to 

develop a cheaper and more robust, solid state, scalable and integrable technology as 

an alternative to ELISA. An example of an antibody-antigen functionalised 

AlGaN/GaN FET can be found in chapter 6 of this thesis. 

 
Fig. 1.1.1.1 label-free detection of an prostate specific antigen with antibody modified 

AlGaN/GaN FETs (ImmunoFET) [35]. 
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1.1.2. Enzyme modified FET 

Enzymes are proteins that catalyse biochemical reactions and enable them to 

proceed at higher rates. They play an important role in all metabolic processes of 

living organisms.  Similar to an antigen-antibody complex they are highly specific in 

binding to substrates, forming an enzyme-substrate complex. The glucometer is one 

of the most widespread enzyme modified biosensor devices available commercially. 

It is an excellent example of how development of cheap, easy to use and reliable 

sensors can significantly improve the treatment of diseases such as diabetes for 

millions of people. Semiconductor-based enzyme modified sensors can extend the 

success of the glucometer through utilization of broader range of enzymes for 

targeting wider range of diseases. 

Enzymes modified FETs (EnFETs) were one of the first examples of biological 

FET technology and still remain a very hot area of research. For example, Baur et al. 

[38]have reported detection of penicillin G using a functionalized AlGaN/GaN 

EnFET. The authors compared effects of the covalent immobilization (c-EnFETs) 

and physisorption (p-EnFET) immobilization processes on sensor performance. They 

found that c-EnFETs were superior to p-EnFETs and using c-EnFETs they recorded 

continuous signal increase for penicillin G, due to the acidification in the vicinity of 

the gate area. Another application of c-EnFETs was demonstrated recently for the 

detection of penicillin concentration in μl-sized droplets [39].  

 

1.1.3. DNA modified FET 

Deoxyribonucleic acid (DNA) is the nucleic acid containing the genetic 

information of all known living organisms. Therefore DNA research is crucial in 

diagnostics of genetic diseases. There are a limited number of groups that work on 

DNA modified FET sensors [40]–[42]. The motivation for such devices is mostly the 

ability of single stranded DNA (ssDNA) to form a double stranded DNA (dsDNA) 

with a complementary counterpart. This mechanism can be used for the 

identification of unknown ssDNA or for the selective binding of a ssDNA of interest. 

The process of dsDNA formation is known as DNA hybridization. The common 

methods to detect hybridization involve labelling with fluorescence markers or 

radioisotopes and are complex, expensive and time consuming. Thus it is highly 

important to develop alternative label-free detection methods.  
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A FET device can detect the hybridization event through the additional charge 

that is introduced by the binding of the target ssDNA (Fig.1.1.3.1).Kang et al. 

[40]functionalised Au-coated AlGaN/GaN FETs with covalently bonded ssDNA. 

When this DNA-FET was exposed to a 1μM solution containing target-matched 

DNA, the source-drain current strongly decreased within about 100s and continued 

to decrease at a slower rate until the hybridization was completed after 20 min. 

When comparing the results of Kang et al. to more recent results of Si-based DNA-

FETs with SiO2 gate [43], a significantly stronger and less noisy signal was obtained 

for the AlGaN/GaN FET under similar conditions. There are two other methods of 

DNA attachment to GaN, reported by a few groups, based on 3-amino-

propyltriethoxysilane (ATPES) [44], [45] and w-unsaturated amine, 10-aminodec-1-

ene (TFAAD) linkers [46].  

 

 
Fig. 1.1.3.1. Charge distribution near the sensor surface. The negative charge of the DNA is 

compensated by the positive charge from buffer solution[46].  

 

 

1.1.4. Cell-based FET 
 

     The development of cell-based AlGaN/GaN FETs is the main topic of this 

thesis. This application is of interest for pharmacology, detection of toxins, and 

environmental monitoring. The fact that the direct response of a living system can be 

recorded enables unique information to be obtained. For example it offers the 

possibility to study the influences of drugs or environment on the cell metabolism by 

direct measurements of extracellular acidification or extracellular potentials. 

However this is also one of the most challenging areas of research. Coupling whole 
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cells as a bio-recognition element with a transducer device poses challenges such as: 

short lifetime of the cells, operation under physiological conditions and difficult and 

time-consuming preparation of the device.  

Techniques suitable for cell measurements under physiological conditions such 

as the patch-clamp [47], microelectrode arrays[48]–[50] and Si-based FET arrays 

[51], [52] already exist. However they exhibit major drawbacks such as invasive and 

complicated measurements in the case of the patch-clamp technique, and long-term 

drift in electrolytes due to the electrochemical instability in the case of 

microelectrode arrays and Si-based FET technology. It has been shown that the 

acidification as a result of cell metabolism can be monitored using AlGaN/GaN 

ISFETs[53] similar to the reports on Si-based ISFETs [54]. It was also shown that 

the extracellular potential can be recorded by measuring the drain-source current of 

AlGaN/GaN FET in constant voltage mode. The corresponding gate voltage can be 

calculated from the transconductance and directly correlated with the potential on the 

cell membrane (Fig.1.1.4.1) [31]. The same authors also evaluated the gate-source 

voltage noise and compared it with that from silicon based devices. They concluded 

that the noise in the Si devices was one order of magnitude higher than in the 

AlGaN/GaN devices under the same conditions. 

 

Fig. 1.1.4.1. Schematic design of an AlGaN/GaN biosensor device for the detection of 

selective ion transport through the lipid membrane[31] 
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1.2 Thesis Aims and Objectives 

This work is a small step towards development of simple to use, cheap and 

reliable sensors for express drug testing on live cells through detection and analysis 

of electrophysiological signals of live cells. This thesis aims to demonstrate 

AlGaN/GaN live cell-based devices and to contribute to the understanding of 

cell/semiconductor interactions in terms of biocompatibility and attachment as well 

as to the understanding of extracellular signals recorded under exposure to various 

chemicals. 

The cell-based FET biosensor in this work employs living cells as the biological 

transducer and an AlGaN/GaN gateless HEMT as the electrical transducer. A culture 

of biological cells replaces the usual metal contact as the gate of the device and the 

potential on the membrane of the cell works as the gate input signal. The potential on 

the membrane is simply the potential difference existing across the cell membrane. 

As mentioned before the whole living cell is a complex signalling and processing 

system which makes it a better choice over other alternatives due to the possibility of 

capturing more complex biological responses containing information about changes 

in cell physiological function [55]. Alternative choices include enzymes and 

antibodies, which only allow detection of analyte presence or absence by identifying 

its binding, which can be very useful in specific applications; section 6.5 of this 

thesis includes experimental results on detection of antibody-antigen binding that has 

potential importance for immunology.  

The main objectives of the thesis include: 

• Fundamental investigation of AlGaN/GaN and live cell biocompatibility; 

• Investigation of the electrical performance and ion sensitivity of AlGaN/GaN 

FET in an aqueous electrolyte; 

• Recording of extracellular signals with cell-based AlGaN/GaN FET 

biosensor under variable treatments. 
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1.2.1 Thesis Arrangement  

The opening chapter of this thesis introduces the concept of biosensing and 

specifically biosensing utilising AlGaN/GaN FET technology. It also introduces the 

thesis objectives and arrangements. Chapter 2 describes the living cell as the main 

bio-recognition element of cell-based biosensors. Key cellular functions and 

electrophysiological properties are described along with a theoretical model 

representing the cell as a biological transducer. Chapter 3 introduces group III-

nitrides with a focus on AlGaN/GaN heterostructure properties as well as 

AlGaN/GaN FET device design and fabrication. Chapter 4 presents experimental 

results for AlGaN/GaN and human embryo kidney (HEK) cell biocompatibility 

studies as well as some electron microscopy investigations of the cell/semiconductor 

interface. Chapter 5 includes information on development and optimisation of the 

AlGaN/GaN sensor including investigations of the device pH and ion sensitivity. A 

theoretical model of AlGaN/GaN ISFET sensitivity is presented along with 

experimental results that support theoretical predictions. X-ray photoelectron 

spectroscopy of the sensor surface concludes the chapter. Chapter 6 includes all 

experimental results for the AlGaN/GaN FET biosensor including optimisation of 

live cell functionalization, recording of cell membrane depolarisation, calcium 

dosing experiments and calcium ion channel inhibitor/activator experiments. The 

final section of Chapter 6 presents antibody-antigen experimental results, obtained 

both in close collaboration with the Fraunhofer Institute for Applied Solid State 

Physics (IAF) and independently at the University of Western Australia (UWA). 

Chapter 7 concludes the thesis by summarising outcomes of AlGaN/GaN cell-based 

sensor development and optimisation; suggests the most relevant areas of 

application, and outlines future work towards the realisation of a lab-on-a-chip 

system.   
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Chapter 2 

Electrophysiology of living cells 

The development of cell-based FET biosensors is the main focus of this thesis. 

Since live cells form the basis of this type of biosensor, it is important to understand 

cell structure and function relevant to the device operation. This chapter provides 

additional background information on living cells with a focus on electrophysiology.   

2.1 Introduction to the living cell 

     Historically the term cell (/cellulae/ “little rooms” in Latin) was first used in the 

17th century by Robert Hooke to describe plant tissue structure that he observed 

through an optical microscope. Since then the concept of the cell has developed due 

to advances in microscopy and analysis techniques and these days closely reflects the 

high complexity of living systems (Fig.2.1.1). However, the main postulates of cell 

theory developed in the late 19th century are still relevant and state that: all 

organisms consist of one or more cells; a cell is the basic unit of structure for all 

organisms and all cells arise from pre-existing cells; so it is the basic unit of 

reproduction.  

 

Fig. 2.1.1. Schematic representation of a human cell structure (courtesy of Eastern 

Kentucky University) http://people.eku.edu/ritchisong/301notes1.htm 
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The analysis of the functions of a living cell, the basic building block of life, 

have long been of interest. Since every health problem starts from disorder in the cell 

function and then progresses to the level of tissues and organs, the understanding of 

living cell biology and biochemistry is crucial for fighting diseases and achieving 

better health.  

To analyse living cells, they must be kept living outside of the organism from 

which they were derived. The major contribution to the field was undertaken by 

Wilhelm Roux who established the basic principle of tissue culture [56], [57] in 

1885 and by Harrison(in 1905) who demonstrated for the first time the growth of 

frog nerve cells in a medium of clotted lymph. Today, tissue culture and cell culture 

are used as models for medical research in areas of drug testing, investigation of 

disease causing agents, aging and nutrition studies. However, some methods of 

analysis still remain destructive which is limiting the field in terms of conducting 

repeatable measurements over a long period of time on the same biological material. 

The biosensors based on AlGaN/GaN heterostructures have demonstrated a promise 

to overcome such limitations due to high biocompatibility with living cells and non-

destructive nature of extracellular signal recording. 

To understand how cells are constructed and how they carry out the functions 

necessary for life is the key way to develop appropriate treatments for many 

diseases. These days there are three main directions of cellular study: cytology, 

which focuses on cellular structure; genetics, which probes deeper into the structure 

of the cell and focuses specifically on DNA which stores all the information about 

building and functioning of living organism; and biochemistry, which is an 

understanding of cellular function, important for understanding of interaction 

between cells and other objects/materials. Electrophysiology of the cell is part of cell 

biochemistry and it is of major significance for this thesis and thus will be further 

discussed.   

2.2 Cellular electrophysiology 

Cells are dynamic structures capable of growth, reproduction, specialisation, 

and response to stimuli. All such processes rely on multiple signalling in the cell that 

has biological, chemical and electrical nature. Although all processes are connected 
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this discussion will focus only on extracellular changes that can be monitored by 

AlGaN/GaN field-effect transistor devices. Most of such processes are studied by 

electrophysiology. As previously mentioned cell electrophysiology is a part of 

biochemistry that is concerned with electrical aspects of cell behaviour; electrical 

phenomena produced in or by cellular organism and the key biological processes that 

underlie them. Understanding of chemical and electrical properties of cellular 

systems is necessary for coupling of living biological cells with the transistor chip.  

Importantly, extracellular processes take place close to the cell membrane and thus 

the function of the cell membrane will be explained in more detail. 

2.2.1 Cell membrane and transmembrane proteins  

This work uses eukaryotic cells to study and develop the biosensor system. 

Eukaryotic cells are all made up of a membrane surrounding an internal aqueous 

environment that includes a nucleus and several different types of cellular organelles 

(Fig. 2.2.1.1). The cell membrane consists of a phospholipids bilayer. The lipid tails 

of the phospholipid molecules are hydrophobic, while the phosphate heads are 

hydrophilic. The hydrophobic lipid tails are directed into the centre of the bilayer, 

while one layer of  the hydrophilic phosphate heads face the inside of the cell, the 

other layer of phosphate heads face outside toward the extracellular 

environment[58].The cell membrane provides both the separation and the connection 

between the inside of the cell and the external environment.  

 
Fig. 2.2.1.1 Schematic representation of a cellular membrane (public domain image) 
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The membrane is impermeable to most polar molecules, but water, ions, sugars, 

amino acids, nonpolar (hydrophobic) molecules such as O2 and N2, uncharged polar 

molecules such as urea and ethanol and various other types of polar molecules are 

allowed passage through the membrane with the aid of ion channels. Ion channels 

are in fact a variety of transmembrane proteins.  This idea was first introduced by 

S.J. Singer and Garth Nicolson in 1972 to describe the structural features of 

biological membranes and was called the fluid mosaic model. The membrane is not 

solid, but is rather described to be fluid because of its hydrophobic integral 

components such as lipids and membrane proteins that move laterally or sideways 

throughout the membrane.. The membrane is depicted as a mosaic because like a 

mosaic that is made up of many different parts the plasma membrane is composed of 

different kinds of macromolecules, such as integral proteins, peripheral proteins, 

glycoproteins, phospholipids, glycolipids, cholesterol and lipoproteins essential to 

cell functions, such as cellular transport and cell recognition. Selective permeability 

of the cell membrane or selective transport through the cell membrane is an 

important property that allows the cell to maintain intracellular to extracellular 

concentration ratios of different solutes. The presence of transmembrane proteins 

(ion channels) is exactly what facilitates the movement of ions through the 

membrane. These in turn aid in regulating metabolic processes, intercellular 

signalling and energy conversion.  

The transmembrane proteins can be distinguished from simple pores mainly by 

the fact that they are ion selective (permeable to specific solutes) and provide 

transport routes for substances independent of direct membrane diffusion. The 

primary component of transmembrane proteins is the receptor which transmits 

information into the cell. Signal molecules bind to the cell receptor protein and this 

alters the portion of the receptor protein within the cell, inducing activity. Peptide 

hormones and neurotransmitters are examples of signal molecules.  

The general exchange process through the cell membrane is called membrane 

transport and can be passive (does not require energy) or active (requires input of 

energy). Passive transport is achieved by transmembrane proteins which create a 

tunnel as a passage through the membrane and allow diffusion driven transport from 

higher to lower concentrations. Active transport is catalysed directly or indirectly by 

specialized membrane-associated enzymes referred to as “pumps” that push ions, 

such as Cl-, H+,  Na+, K+ and Ca+, across the membrane. This active process can 
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result in the production of a concentration gradient between the inside and outside of 

the cell. Charges present on the inside and outside of the cell membrane are always 

different due to the difference in positive and negative ion concentrations defined by 

the nature of ion channels, and are required for healthy function. This difference in 

inside and outside ion concentration creates a potential difference on the membrane.   

Analysing the membrane potential can provide a good indication of the presence 

of a particular species or of a change in its ion concentration. The equilibrium value 

for the membrane potential is referred to as the resting potential of the cell. Other 

(non-resting) states of the cell membrane will be discussed in the following sections 

after the description of ion transport. 

2.2.2 Ion transport and different states of the cell membrane  

Ion transport in the cell can be divided into two main categories: passive 

transport and active transport. A resulting significant imbalance between the 

intracellular and extracellular concentrations for all ion species leads to the 

formation of a steep electrochemical gradient across the cell membrane for each ion 

species[59].  

Passive transport occurs spontaneously and requires no external energy source. 

In passive transport a concentration gradient drives ions to move across the 

membrane via diffusion or carrier-facilitated transfer. Transmembrane proteins that 

facilitate passive transport can be either channel proteins or carrier proteins. Channel 

proteins simply open or close to allow or block the flow of selected ion species into 

or out of the cell. Carrier proteins are slightly different and operate by picking up the 

ions on one side of the membrane and transferring them through for release on the 

opposite side. 

Active transport occurs only via special carrier proteins that are coupled to a 

metabolic energy source and are often referred to as ion pumps, since they push ions 

back across the cell membrane against their concentration gradient. Active transport 

is a necessary component of ion transport, since it facilitates the regulation of the 

equilibrium concentration ratio for each ion species. Without active transport, ions 

would simply continue to flow down the concentration gradient until the 

concentration on the inside and outside of the cell matched. 
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Selectivity of transmembrane proteins is essential to the electrical excitability of 

biological cells. Without any transmembrane proteins the cell membrane essentially 

acts as a capacitor. The charge existing on the outside and in the inside of the cell is 

separated by the extremely thin, non-conducting lipid bilayer. The capacitance of the 

cell membrane can be taken as a constant, and is generally a little higher than that of 

a pure lipid bilayer. Without selectivity towards different types of ions, no 

concentration difference between different ion species and between inside and 

outside of the cell could be maintained and thus potential difference across the 

membrane could not exist. However, as was discussed before the cell membrane is 

highly selective and as a result potential on the membrane can serve as a definitive 

indicator for the state of the cell.  

There are two main electrical states of the cell membrane that can be detected 

and analysed, characterised by the resting potential and the action potential. In the 

next section of this chapter these two states of the membrane will be further 

discussed as well as action potential propagation along the cell membrane.  

2.3 Theoretical representation of living cell membrane 

Resting or steady state of the cell is defined as the theoretical condition where 

there is no net current across the cell membrane. The resting potential of the 

membrane depends on the difference in the ion concentration in intra- and extra- 

cellular environments as well as on selective permeability of the membrane to 

different ions. In all excitable cells the intracellular concentration of potassium ions 

greatly exceeds the concentration of potassium outside the cell, and extracellular 

concentrations of sodium and chlorine ions are much higher than their intracellular 

concentrations. An inequality of concentration in intra-and extra- cellular space 

causes the diffusion of ions from the region of high concentration in the region of 

low concentration.  

The diffusion rate depends on the concentration difference and the permeability 

of the membrane.  Because ions have electric charges, and the membrane is 

characterized by a specific electrical capacity, charges accumulate, leading to a 

potential difference across the membrane that can be detected by a transducer such 

as a gateless ISFET.  
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A potential difference (and corresponding electric field) across the membrane 

generates forces on all the charged particles inside the membrane. The Nernst-Planck 

equation (2.3.1) can be applied to obtain quantitative estimates of membrane 

potential: 

 (2.3.1) 

where the parameters are Z –ion charge, D – diffusion coefficient, N – concentration 

of ions as a function of coordinate, ϕT=kT/q – thermal potential, q – electron charge, 

ϕ - potential inside the membrane. 

The membrane potential of the biological cell can be determined as the 

difference between internal and external potentials.  Consequently, the potential 

difference across the membrane (U m) can be defined by eq. (2.3.2) and is referred to 

as Nernst Potential: 

 (2.3.2)
 

where the parameters areϕi and ϕe–internal and external membrane potentials 

respectably, ϕT=kT/q – thermal potential, q – electron charge, Z –ion charge, NCe 

and NCi – external and internal concentration of ion C respectably. Nernst Potential 

can be interpreted as the potential at which an ion of class C is in equilibrium. It can 

be considered as an electrical measure of force balanced by diffusion, arising from 

the concentration difference on either side of a permeable membrane. Therefore cell 

membrane potential is a weighted sum of the Nernst potentials for different ions. 

In the 1940s David E. Goldman, Alan Lloyd Hodgkin and Bernard Katz 

estimated the value of the resting potential through the Goldman-Hodgkin-Katz 

equation (2.3.3), the full derivation of which can be found in the original paper. In 

the derivation of this equation they assumed that the flow of each ion species is 

independent to that of all of the others and that the electric field across the cell 

membrane is constant[60].  
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 (2.3.3) 

where the parameters are  - thermal potential,  - permeability of the membrane 

for given ion and [X]e or i – external or internal concentration of given ion. 

From Goldsman’s equation it follows that membrane potential does not depend 

on the absolute values of permeability for different ions, but depends only on their 

ratio pK: pNa:pCl If the membrane is permeable only to one type of ion (p K>> p Na 

and p K>> p Cl), then the membrane potential equals the Nernst potential for that ion. 

The assumption of the presence of independent conductive ion channels enables 

construction of a schematic model of the membrane, known as a model for parallel 

conductance (Fig. 2.3.1). Each of the branches of the circuit reflects the contribution 

of only one type of ion in the total membrane current. 

 

Fig. 2.3.1 Equivalent circuit model of parallel conductance of a living cell membrane. Where 

Cm is a capacitance of the membrane; Um – potential across the membrane; GK GNa GCl– 

conductance of potassium, sodium and chlorine ions across the membrane respectably; EK 

ENa ECl – voltage sources that drive JK JNa and JCl ionic currents through the membrane 

(potassium, sodium and chlorine ions respectably). 

In the model the different polarity voltage sources reflect the fact that the Nernst 

potentials for potassium and chlorine are negative, and the Nernst potential for 

sodium is positive. When the membrane potential is equal to Um, then the resultant 

driving force for potassium is equal to Um + EK, which corresponds to the deviation 
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from the equilibrium state, and the density of potassium current JK can be calculated 

according to equation 2.3.4 

JK = GK (Um + EK) (2.3.4), 

where GK is the potassium conductance. 

By analogy, for the chlorine ion the following applies:  

JCl = GCl (Um + ECl) (2.3.5) 

For sodium ions:  

JNa = GNa (Um - ENa) (2.3.6) 

The last component of the membrane current is the capacitive current (bias current):  

JC = Cm (dUm / dt)  (2.3.7) 

Then the total membrane current is equal to:  

  (2.3.8) 

At equilibrium, J = 0 and  and thus:  

 (2.3.9) 

Equation (2.3.9) is known as the equation of parallel conductance. It shows Um 

is a weighted average of EK, ECl, ENa, depending on the relative conductivity. 

However, this expression is valid only for stationary conditions.  

The role of potassium and sodium ions in facilitating bioelectric processes is 

paramount. Therefore in many practical problems the influence of all other ions can 

be taken into account by introducing one branch in the model of parallel conductance 

consisting of a voltage source El and conductivity Gl (2.3.10).  The same branch 

considers leakage currents through the membrane: 
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 (2.3.10) 

Equation (2.3.10) can be used to represent membrane potential of the cells 

seeded on the surface of an ISFET before and after the treatment with chemicals or 

drugs.  

Once cells are exposed to an external stimulus, such as a sudden change in the 

concentration of a particular ion species in the extracellular environment, the 

membrane potential will be change. The change in membrane potential as a result of 

this stimulus is called the action potential. Specifically, in a pharmacological 

biosensor application, this change might be induced by the introduction of a 

particular drug. While action potentials for different types of cells have been found 

to have different forms and properties, the basic shape and approximate magnitude 

of the response for different cells tends to be similar[59]. 

An action potential is triggered by the depolarisation of the cell membrane. The 

term depolarisation refers to an increase in the membrane potential towards a less 

negative value. A depolarisation experiment is presented in Chapter 6 of this thesis, 

in which cell depolarisation resulting from an increase in KCl concentration was 

detected by an ISFET device. 

 

2.4. Cell lines and cell processes investigated in this thesis 

As was mentioned above, depolarisation of the cell membrane with KCl will be 

discussed in Chapter 6 of this thesis. There are three other major cell-based 

investigations presented in this work. The first is on biocompatibility of cells and 

AlGaN/GaN (Chapter 4), the second is on monitoring of ion transport through the 

cell membrane (Chapter 6), and the third is on antibody-antigen detection (Chapter 

6). Different cell lines were used for the different investigations, as is described 

below. 

Human embryo kidney (HEK) cells were chosen for the biocompatibility study 

based on their easy maintenance and high sensitivity to toxic effects.  HEK cells are 

a specific cell line originally derived from human embryo kidney cells grown in 
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tissue culture. They are also used by the biotechnology industry to produce 

therapeutic proteins and viruses for gene therapy.   

The studies of the monitoring of ion transport through the cell membrane 

focused mostly on calcium ion transport. The Human Coronary Artery Endothelial 

Cells (HCAEC) cell line was used as there are a large number of calcium ion 

channels present in the cell membrane which makes it a better candidate for calcium 

ion channel studies than the HEK cell line. The reason for the focus on calcium ion 

transport is that calcium is the most abundant metal in humans and is very important 

to physiology. Calcium imbalance can cause a number of health problems. It is 

common for calcium ions to play the role of messengers for intracellular signalling. 

Many channels and pumps, in fact, are stimulated by the presence of calcium or by a 

change in its concentration. Changes in the concentration of calcium not only causes 

changes in calcium currents, but also in those of other ion species [61]. It has been 

found that calcium channels exist in all excitable cells, and often several different 

types of calcium channels will co-exist in any particular cell type. Calcium channels 

also tend to occur at a much lower density over the cell membrane in comparison to 

other types of channels, and contribute much smaller currents to the overall current 

flowing through the membrane. This means that they are often masked by other, 

more significant currents, such as those produced by sodium-potassium pumps, and 

traditionally have been difficult to detect and measure. 

In addition to the advantages for calcium ion transport studies, the endothelium 

cells are crucially involved in the regulation of coronary blood flow and cardiac 

functions, which are connected with thrombosis, atherosclerosis, and hypertension. 

Strategically located between the circulating blood and the vascular smooth muscle, 

endothelial cells release numerous vasoactive substances regulating the function of 

vascular smooth muscle and trafficking blood cells. Therefore HCAEC is an ideal 

candidate for the studies of endothelial cell metabolism and functional vasodilators, 

such as prostacyclin, bradykinin, nitric. However, the main focus of the study 

presented in this thesis is to measure biological activity by the biosensors through 

stimulation of HCAEC cells with chemicals that influence calcium transport through 

the cell membrane. 
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Finally, macrophage cells were used in the antibody-antigen (ImmunoFET) 

experiments due to their important role in the mammalian immune system. 

Macrophages function in both non-specific defence (innate immunity) and specific 

defence (adaptive immunity) mechanisms of vertebrate animals. Their role is to 

phagocytose, or engulf and then digest, cellular debris and pathogens, either as 

stationary or as mobile cells. They also stimulate lymphocytes and other immune 

cells to respond to pathogens. They are specialized phagocyte cells that attack 

foreign substances, infectious microbes and cancer cells through destruction and 

ingestion. Macrophages can be identified by specific expression of a number of 

proteins and cytokine molecules[62].  Bone marrow derived macrophage (BMM) 

cells, often used in immunology and cell biology research, produce up to 40 

cytokines under normal incubation conditions (without any stimulation). 

Conventionally those 40 cytokines are measured with immunosorbent assay through 

detection of chemiluminescence resulting from chemical bonding between cytokine 

of a particular type and the antibody from the assay[63]. In this thesis detection of 

one specific cytokine expressed by macrophage cells was targeted through antibody 

functionalised AlGaN/GaN sensors. 

 

Summary: 

This chapter introduced the fundamental concepts of the use of live cells as the 

transducer element of the AlGaN/GaN biosensors. The electrophysiology of the cell 

was discussed with a focus on ion transport through the cell membrane. The 

understanding of membrane transport is crucial to the understanding of biosensor 

performance and the correct interpretation of measured signals. Finally, specific cell 

lines used in this thesis were introduced in the context of the experiments that 

utilised them. 
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Chapter 3  

Aluminium Gallium Nitride/Gallium Nitride 

Transistors 

AlGaN/GaN high electron mobility transistors (HEMTs) appeared in the early 

80’s and have been developing ever since. The major factor attracting interest is the 

formation of a high electron density and high mobility, two dimensional electron 

gases (2DEG) at the interface between the AlGaN and GaN layers.  The 2DEG 

enables the high power and high speed properties of AlGaN/GaN transistors. The 

formation of the 2DEG is based on particular crystal properties of the III-N system 

and will be discussed in this chapter. Also, surface states and surface oxides that 

manifest a major influence on the device performance will be discussed. Finally, the 

device design and fabrication will be discussed in the context of reference electrode 

free measurements. 

3.1 Crystal growth 

The two types of crystal structures in which GaN and AlGaN can occur are wurtzite 

(hexagonal) and zincblende (rock salt). The zincblende structure is 

thermodynamically unstable and can only exist under high hydrostatic pressures. 

Therefore wurtzite structures are most commonly used. Wurtzite material has a 

strong covalent bond between components and can exhibit various orientations such 

as c-, a-, m- and o-axis planes. Among these planes only the c-plane is polar and can 

have metal face and non-metal face polarities (Ga-face or Ga-polar and N-face or N-

polar for GaN), with considerably different properties. Therefore crystal polarities 

can be metal or non-metal terminated (Ga or N terminated for GaN) at the surface 

(Fig. 2.1)[64]. 
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Figure 2.1. Schematic drawing of the crystal structure of wurtzite Ga-face and N-face 
GaN[64]. 

The first step in the AlGaN/GaN structure growth is the choice of the substrate. 

The best choice is to perform the growth of the semiconductor on the substrate made 

of the same material. Although GaN substrates would be ideal they are relatively 

high cost. Sapphire substrates on the other hand are much cheaper and still possess a 

number of the same advantages for biosensor applications as GaN substrates, such as 

chemical inertness and transparency in the visible light spectrum. Since the AlGaN 

layer is also transparent to visible light it is possible to combine electrical 

measurements with conventional microscopy methods. Also, the technology of 

growth of AlGaN/GaN on sapphire is quite mature[65].The lattice mismatch 

between sapphire and GaN is about 16% due to the unit cell of GaN being rotated 

by30° around the c-axis with respect to the sapphire unit cell. Otherwise the crystal 

orientations of sapphire and GaN are parallel. Therefore the lattice mismatch can be 

compensated by growth of a thick buffer layer of GaN (1-3 μm). On top of this GaN 

buffer layer, theAlxGa1-xN barrier is grown. Sometimes a thin AlN nucleation layer 

(10-150 nm) is grown on sapphire first to lower the dislocation density and increase 

crystal quality. In the case when point defects (O, Si, C, N vacancies) are present in 

the crystal lattice of AlGaN/GaN they can also influence the performance of the 

sensor, so high quality growth methods must also be used to minimise these defects. 

The other commonly used substrates for AlGaN/GaN growth are 6H-SiC, AlN 

and Si. Table 3.1.1 lists all appropriate substrate materials and compares properties 

important for growth.  

 

 

 42 



 GaN AlN 6H-SiC Al2O3 Si 
lattice parameter a(100) (Å) 

 
3.189 3.11 3.08 4.73 5.43 

lattice parameter a(111) (Å)    2.679 3.84 
lattice parameter c (Å) 5.186 4.98 1 5.12 12.99  

thermal conductivity λ (W/cm K) 1.3 2.85 3.0-3.8 0.5 1-1.5 
thermal expansion coefficient (10-6 K-1) 5.59 4.2 4.2 7.5 2.59 

lattice mismatch GaN/substrate - +2.4% +3.5% -16% -17% 
thermal mismatch GaN/substrate - +25% +25% -34% +54% 

Table 3.1.1. Physical properties of the GaN, AlN, 6H-SiC, Al2O3, Si (111). All values are 

taken from [66]. 

There are two major techniques used to grow AlGaN/GaN HEMT structures: 

molecular beam epitaxy (MBE) and metal organic chemical vapour deposition 

(MOCVD). Historically the first AlGaN/GaN heterostructures for sensor 

applications were grown by MBE [5], [28], [67]. However, MOCVD structures were 

also widely used in early years[32], [36], [38], [40], [68].  

MBE growth is performed inside a vacuum chamber where the semiconductor 

thin film is formed on a heated substrate through reactions between thermal 

molecular beams of the constituent elements and the surface species on the substrate. 

For AlGaN/GaN growth, metal species  Ga and Al are provided by metal sources or 

cells of the MBE machine, while atomic nitrogen is normally supplied inside the 

chamber by a plasma source [69], [70], however, other sources have been 

investigated [71]. The control of the growth process is performed in real time by in-

situ reflection high-energy electron diffraction (RHEED), which allows evaluation 

and manipulation of the crystal quality and morphology. 

During MOCVD growth, nitrogen gas and gas phase metal precursors are 

transported to a heated substrate on which they are pyrolyzed and nitride film is 

deposited. The AlGaN/GaN growth by MOCVD is normally carried out using 

organometalic sources of gallium, aluminium and ammonia (NH3). The ammonia 

source has high thermal stability. This is one of the reasons for the use of high 

substrate temperatures, typically above 900°C. The high growth temperature and 

thus high nitrogen vapour pressure lead to the problem of nitrogen loss from the film 

and to carbon contamination from the decomposition of the organics during metal-

organic pyrolysis. However, the loss of nitrogen can be alleviated by the use of high 
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III/V-gas ratios during the deposition. Also MOCVD has the advantage of faster rate 

of growth and large area growth capability. 

MBE and MOCVD methods produce substantially different material even for 

identical heterostructure composition and design. MBE grown heterostructures have 

a higher number of material defects due to the lower growth temperature. Therefore 

MOCVD grown material is more homogeneous and the quality of layers is generally 

higher than in MBE grown material. However, more impurities can be introduced 

during MOCVD growth due to the high temperature growth at higher pressure (50-

200 mbar MOCVD; 10-8 mbar in MBE). Theoretically these differences may 

influence performance of the sensor. However, no major differences in sensor 

properties dependent on growth method have been reported in the literature nor were 

they found in this work.       

     Both MBE and MOCVD grown material was used in different stages of this 

work. MBE material was grown at Göttingen University and MOCVD material was 

grown at the University of California, Santa Barbara. For a complete list of 

structures see Table 3.1.2.As previously discussed, to grow high quality insulating 

AlGaN/GaN on a sapphire substrate a nucleation layer must be grown on the 

substrate first. For devices grown at UCSB the structures also include a buried Fe-

doped GaN layer which is believed to inhibit the migration of oxygen from the 

sapphire substrate [72]. The unintentionally-doped (UID) GaN layer grown above 

the Fe-doped GaN layer acts as a semi-insulating layer. Some devices have a thin 

AlN layer incorporated immediately before the AlGaN layer to reduce alloy 

scattering and hence improve the mobility of the 2DEG.Finally, for some structures, 

to enhance chemical stability the device was capped with a 2-5 nm GaN layer. 

Complete list of the structures can be found in the Table 3.1.2 below. 
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Growth method Al mole 

fraction 

(%) 

AlGaN 

(nm) 

GaN  

cap 

(nm) 

SiN  

cap (nm) 

AlN interlayer 

(nm) 

ns (cm-2) µ (cm2/Vs) 

MOCVD 23 12 2 0 0 5.90E+12 1785 

MOCVD 30 6.8 2 0 0 5.90E+12 1768 

MOCVD 50 2.9 2 0 0 4.40E+12 1432 

MOCVD 26 31.8 10 0 0 1.05E+13 1835 

MOCVD 35 18.4 10 0 0 1.78E+13 1220 

MOCVD 25 32.5 0 7 0 1.21E+13 1780 

MOCVD 25 32.5 0 0 0 1.08E+13 1680 

MOCVD 23 23 0 0 0.7 6.50E+12 2254 

MOCVD 15 29 0 0 0.7 3.70E+12 2093 

MOCVD 29 22 0 0 0.7 7.34E+12 2230 

MOCVD 35 20 0 0 0.7 1.02E+12 2051 

MOCVD 33 18.4 0 0 0 1.33E+13 1585 

MOCVD 36 18.8 0 7 0 1.55E+13 1310 

MBE 20 20 0 0 0 1.65E+13 573 

MBE 20 20 0 0 0 1.57E+13 534 

MBE 20 20 2 0 0 5.15E+12 1101 

MBE 30 10 2 0 0 3.64E+12 856 

MBE 20 20 5 0 0 3.28E+12 1100 

MBE 25 20 0 0 0 8.90E+12 1634 

MBE 38 20 0 0 0 1.90E+13 952 

MBE 38 13 7 0 0 1.70E+13 880 

MBE 100 1.75 2 0 0 3.60E+13 333 

MBE 10 28 2 0 0 1.30E+12 1093 

MBE 20 16 14 0 0 4.10E+11 800 

MBE 20 10 2 0 0 2.50E+08 3553 

Table 3.1.2. The list of AlGaN/GaN structures used in this thesis 

3.2 2DEG Mechanism and Carrier Concentration 

The two-dimensional electron gas (2DEG) formed at the AlGaN/GaN interface 

is a high mobility, high density electron sheet, which is highly sensitive to surface 

charge changes. Formation of the 2DEG is the main property of the heterostructure 

responsible for high frequency, high power, and sensor applications. 

At the AlGaN/GaN interface, for suitable AlGaN thicknesses and Al mole 

fractions, the intersection of the AlGaN and GaN energy bands forms a triangular 

quantum well in the conducting band inside the GaN layer (Fig.3.2.1).  
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Fig 3.2.1 AlGaN/GaN hetero-junction conduction band diagram highlighting regions of 

space charge, not to scale [73] 

Formation of the 2DEG is partly driven by the large polarisation gradients 

produced (Fig. 3.2.2) at the AlGaN and GaN interface. To compensate for the 

polarisation induced charge at the interface electrons become confined in the growth 

direction, but are still free to move along the plane perpendicular to growth direction. 

The width of the well confining the electrons is on the order of the electron de 

Broglie wavelength and results in quantisation of energy states in the well. Therefore 

sub-bands of the quantum well that contains the 2DEG are formed. There are two 

types of polarisation: spontaneous polarisation, and piezoelectric polarisation (Fig. 

3.2.2). The fundamental basis of spontaneous polarisation lies in the non-zero sum of 

dipole moments in the unit cell. Lattice irregularity between large Al/Ga atoms and 

small N atoms is realised as a discontinuity in polarisation at the AlGaN/air interface 

(surface) and GaN/AlGaN interfaces. Such a discontinuity means that the charges on 

the atoms are no longer cancelled out (locally) and as a result a fixed polarisation 

charge is present at each interface. The spontaneous polarisation  is very large in 

wurtzite group-III nitrides, due to the high non-ideality of the compound crystal 

structure [64], [74], [75]. Therefore spontaneous polarisation will increase with 

increase in Al mole fraction. 
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Fig. 3.2.2 Polarization (+/- Ϭ) induced sheet charge density and directions of the 

spontaneous (PSP) and piezoelectric(PPE) polarization in Ga- and N-face strained and relaxed 

AlGaN/GaN heterostructures[64] 

Piezoelectric polarisation is the result of strain caused by the lattice mismatch at 

the interfaces and will also increase with increase in Al mole fraction due to increase 

in lattice mismatch between GaN and AlGaN. The lattice spacing in AlGaN is 

smaller than in GaN and it has been demonstrated by research at UCSB that the 

AlGaN barrier layer is pseudomorphic over the entire composition range of Al mole 

fraction (0 < x < 1) for AlGaN thickness below 65 nm [76]. Pseudomorphic AlGaN 

is not relaxed and will be under tensile strain. 

The total polarisation within each layer of the heterostructure is the algebraic 

sum of both spontaneous and piezoelectric polarisation. The polarisation gradient at 

the interface is associated with the polarisation induced sheet charge density equal to 

the contributions of the piezoelectric and spontaneous polarisations in the AlGaN 

and the spontaneous polarisation in the GaN [64], [69].For the Ga-face 

heterostructure with AlGaN under tensile strain (structure a) in Fig. 3.2.2), the 

spontaneous and piezoelectric polarisations are aligned and create a large positive 

(fixed) dipole at the AlGaN/GaN interface. Therefore at the interface, a positive 
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polarisation charge is formed on the AlGaN layer side and a negative polarisation 

charge on the GaN side which induces an excess of free electrons in the GaN layer 

near the interface [20]. The resulting electric field is strong and leads to a narrow 

confinement of the 2DEG, becoming narrower as the fields increase with increase in 

Al mole fraction [64]. Therefore the channel of the transistor is present without any 

specific doping or applied gate bias, but does depend on the surface states as will be 

further detailed below. 

The conductivity (Ϭ) of the 2DEG is proportional to both the carrier 

concentration (ns) and mobility (µ).The carrier concentration (ns) of the 2DEG is an 

important transport parameter of an AlGaN/GaN heterostructure and can be 

predicted by calculating the polarisation charges at the interface. Ideally the 

(maximum) 2DEG charge will be equal to the net fixed positive charge at the 

interface, if all surface states are depleted. For an undoped Ga-face AlGaN/GaN 

HEMT structure, the sheet electron concentration of the 2DEG (ns(x)) can be 

calculated using a number of parameters such as: dielectric constant of the AlxGa1-

xN, thickness of the AlGaN barrier layer, surface barrier height, Fermi level with 

respect to the GaN conduction-band-edge energy and conduction band offset at the 

AlGaN/GaN interface[74], [78], [79].The values of constants, coefficients and 

variables required for the calculation can be found in the literature, but there is still a 

degree of uncertainty as to the actual values of some constants. The carrier 

concentration can also be calculated via a self-consistent solution of Schrodinger and 

Poisson equations that control the potential well (using for example) a 1D 

Schrodinger- Poisson solver [80]. In such a simulation program, polarisation charges 

can be represented by incorporating thin layers of charge, as used by Ambacher et al. 

[64], to calculate the 2DEG density and carrier distribution profile in various HEMT 

structures. Chapter 5 contains the ISFET sensitivity model based on the calculations 

described above.   

3.3 2DEG Mobility 

Along with carrier concentration (ns) the electron mobility (µ) is an important 

transport parameter of the 2DEG [81]. Mobility will determine the speed of device 

operation and the current in power transistors. Electron mobility is a description of 
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the effect of scattering on electron motion (µ) and can be defined as the relationship 

between electric field, E, and electron velocity, v (3.3.1): 

v = µE  (3.3.1) 

The higher the mobility the lower the voltage that must be applied to enable 

electron motion at a given velocity through the channel of the device (i.e. for a given 

frequency). In the AlGaN/GaN heterostructure the mobility will depend on the 

2DEG concentration and therefore on the Al mole fraction and AlGaN thickness as 

well as on alloy scattering. There are number of alloy scattering mechanisms which 

will depend on the layer structure.  Scattering will deflect electrons from their path to 

the drain of the transistor, where they should be collected as a signal. Such deflection 

will reduce the speed of electrons and therefore increase power consumption of the 

device. The polar optical phonon (POP) scattering has been found to be responsible 

for scattering at the temperatures above 150 K and at the temperatures below 40 K 

interface roughness and scattering from interface charges have been shown to be the 

main limiting mechanisms [82]. Historically the value of the mobility achieved in 

AlGaN/GaN heterostructures has been increasing as the materials and structure are 

grown with increased purity and quality. One more common strategy to improve 

mobility is the incorporation of an AlN interlayer that reduces alloy scattering and 

also increases carrier concentration, depending on the thickness of the AlN layer. 

Nowadays very high mobility values can be achieved, such as 2254 cm2/Vs at a 

2DEG density of 6.5 × 1012/cm2 measured at room temperature [83]. 

3.4 Surface States 

As discussed previously AlGaN/GaN HEMTs exhibit favourable and interesting 

material properties such as strong chemical bonding, wideband gaps, high 

breakdown voltages, high mobility, and strong piezoelectric characteristics. 

However, there are some material issues that can badly affect device performance, 

such as electrically active surface states. This problem is relevant for both power 

transistor applications and FETs for bio- or chemo- sensing.  

Positive donor-like surface states are formed at the AlGaN surface due to 

dangling bonds and other imperfections at the surface layer. Indeed such donor-like 

surface states are the main source of 2DEG electrons, as described below. Therefore 
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any changes in surface states will cause changes in 2DEG properties. This is why the 

understanding of surface states physics is very important for AlGaN/GaN 

heterostructure based devices. 

In order to reach charge neutrality against the fixed negative charge caused by 

spontaneous and piezoelectric polarisations in the AlGaN close to the surface, a 

significant concentration of charged defects must be formed on the surface of the 

AlGaN layer[84]. Investigation by Ibbetson et al. [73] demonstrated that surface 

states are the only possible source of 2DEG electrons in undoped AlGaN/GaN 

HEMTs. In their model they demonstrated that a single surface state or a pinned 

surface potential, formed by the combination of donor- and acceptor- like states, is 

responsible for the supply of electrons to the 2 DEG. They stressed that the 2DEG 

electrons come from donor-like surface states in either scenario. Another work 

considered that deep surface donor-like states are the source of the 2DEG electrons 

and responsible for neutralising the negative surface polarisation charge[69]. 

Calculations by Smorchkova et al. [69] support the surface state hypothesis, locating 

the donor-like surface states at 1.42 eV below the Al0.27Ga0.73N conduction band 

edge. 

The above investigations proved that the existence of a polarisation dipole alone 

is not enough to form 2DEG. If any 2DEG electrons come from donor-like (positive) 

surface states, then any positive surface states can exist only due to the transfer of 

electrons from the surface into lower energy states and any negative surface states 

can exist by accepting electrons that otherwise would be contributing to 2DEG. 

Positive donor-like surface states may be filled by any electrons with sufficient 

energy. The filling of the donor-like surface states will make them charge neutral and 

at the same time will cause the surface to become negative due to the fixed negative 

polarisation charge there. However, the surface states themselves will not be the 

source of the negative surface charge. Moreover complete filling of these states will 

cause depletion of the 2DEG or so called current collapse. To prevent depletion of 

the 2DEG in power transistor applications, much work has been focused on the 

passivation of the surface with a thin film dielectric. However, it must be noted that 

any type of passivation will affect the transport properties of the 2DEG and thus 

these effects must be considered for each particular application. 
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In regards to chem- and bio- sensors it is important to understand that surface 

sensitivity by its very nature might originate from surface states. Since positive 

donor-like surface states may be filled by any electrons with sufficient energy the 

surface will be selective towards negatively charged particles that can give away an 

electron. Once some surface states are filled the surface becomes more negative due 

to the fixed negative polarisation charge and as a result 2DEG density decreases. 

 

3.5 Surface Oxide 

AlGaN and GaN naturally oxidise in air forming a very thin (below 1nm) AlxOy 

and GaxOy mixture as confirmed by XPS [85]–[90]. According to the site-binding 

model that will be discussed in more detail in Chapter 5, this native oxide is 

responsible for the reported pH sensitivity of AlGaN/GaN FET-based devices [29], 

[87], [91], [92]. Steinhoff et al. compared native and thermal oxide and reported no 

significant differences between them, proving that native oxide is enough for pH 

sensitivity in the range from pH 2 to pH 12. Kang et al. reported that the use of 

Sc2O3 gate dielectric produced pH response superior to either a native oxide or UV 

ozone-induced oxide in the gate region. 

However, a few other studies have reported negative ion sensitivity of the 

structure rather than pH sensitivity [93]–[98]. Such controversial results could be 

explained by rapid degradation of the native oxide when exposed to alkaline or 

acidic solutions. Such degradation will depend on the initial quality of the 

AlGaN/GaN wafers as well as on sensor fabrication techniques. Kokawa et al. [99] 

pointed out that GaxOy is soluble in alkaline solutions, which would limit stable 

operation over a wide pH range. Solutions with relatively high pH value will quite 

easily etch native oxide from the surface that can result in the selectivity mechanism 

that differs from surface-oxide base site-binding model. Any further exposure to the 

air will further oxidise the surface and this oxide can be removed during the next 

measurement. Such sequences will slowly etch away the AlGaN layer changing the 

2DEG concentration and mobility and therefore the output signal of the 

measurements will drift significantly. However, it is hard to precisely compare 

measurement procedures, since information on drift and instabilities as well as 
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number of measurements performed on the same device are not included in the 

publications.   

Some studies report on intentional wet chemical oxidation and thermal 

oxidation that resulted in decreased contact angle. The smallest angle reported is 5° 

obtained at temperatures between 650°C and 750°C[100]. However, such thermal 

oxidation resulted in 50% decrease of sheet carrier concentration density in an 

AlGaN/GaN transistor and significantly changes sensor sensitivity. Cimalla et. al. 

investigated the effect of typical device processing steps on surface properties and 

sheet carrier concentration density proving a strong dependence between processing 

steps of the AlGaN/GaN device and 2DEG carrier concentration and mobility [101]. 

Chapter 5 of this thesis includes X-ray photoelectron spectroscopy (XPS) analyses of 

AlGaN/GaN material exposed to different chemical solutions involved in chemical 

and biological sensing.  

 

3.6 From AlGaN/GaN HEMT to AlGaN/GaN ISFET 

To be able to convert a AlGaN/GaN High Electron Mobility Transistor into an Ion 

Selective Field Effect Transistor the main changes necessary are removal of gate 

electrode and adjustments of dimensions and packaging.  

3.6.1 ISFET background and reference electrode issues 

The concept of the field effect transistor and different sensor applications based 

on this technology were introduced in Chapter 1. Same principles apply to ion 

selective field effect transistors (ISFET). Regardless of the application, all field 

effect transistors are sensitive to the surface charges that can be derived from 

biological systems such as living cells (ion transport through the membrane) or come 

directly from the ions in chemical solution.  

Ever since Bergveld [102] introduced the concept of ISFET the field of solid-

state based sensing devices has been focused on material selection to improve the 

performance of ISFETs both for pH and specific ion sensing applications. As 

discussed in Chapter 1, originally Si based field-effect transistors were used for 
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chemical sensing. The sensing was realised through conductivity modulations of the 

source-drain channel due to chemical responsiveness of the gate metal oxide layer. 

Unfortunately Si based devices suffered from chemical instability and drift in liquid 

solutions. Also, optimally designed Si based devices are normally-off for which it is 

crucial to apply a reference electrode in order to bias the gate of the transistor 

beyond the threshold voltage to allow minority carriers to travel through the 

conductive channel. Although Si-based transistors can operate without a reference 

electrode when fabricated on heavily doped Si wafers (“normally-on” devices), such 

heavy doping results in decreased device performance (e.g. poor electron mobility) 

and increased manufacturing costs. Therefore most Si-based ISFETs utilise a 

reference electrode as part of the sensor which introduces bulkiness and fragility to 

the system. On-chip miniaturised Ag/AgCl reference electrodes have been designed 

and tested, but their fabrication is typically complex and electrode solution leakage 

remains a serious issue compromising sensor accuracy and device lifetime [103]. 

Another approach has been to bias the transistor with an on-chip noble metal (e.g. 

gold) electrode deposited on the gate area, but this addition alone is not adequate as 

the metal/electrolyte interface potential is not stable. To account for such instability a 

reference field-effect transistor (REFET) with chemically passivated gate surface can 

be used in conjunction with the unpassivated ISFET device[104]. However, despite 

many attempts, this method also suffers from chemical instability and drift[105]. 

      On the other hand, conventionally grown AlGaN/GaN high electron 

mobility transistors (HEMTs) are normally-on and therefore are an excellent 

alternative to Si-based transistors. They have higher device transconductance, vastly 

improved chemical stability and diminished charging effects [29]. Theoretical ideal 

characteristics Ids-Vds for an AlGaN/GaN at different gate voltage are demostrated 

on Figure 3.6.1.1 [106].  
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Fig. 3.6.1.1. Theoretical ideal characteristics Ids-Vds for an AlGaN/GaN at different gate 

voltage [106]. 

However, it has been shown that both ultrathin GaN/AlGaN/GaN structure and 

traditional AlGaN/GaN structure devices can maintain high sensitivity even when 

used without a reference electrode and that the transconductance can be very high 

when the gate-drain voltage is near zero [31], [35]. In this thesis the same concept is 

extended for AlGaN/GaN biosensor devices and the results show that a reference 

electrode is not required for selective ion detection. The key difference between 

systems operated with and without a reference electrode is the way in which the 

sensor response is measured. In both cases, the device current is kept constant using 

a feedback loop during sensor measurements. For any ISFET operated with a 

reference electrode the source-drain voltage also remains constant while the gate 

voltage (liquid-gated via the reference electrode) is varied. In this case the change in 

surface potential is attributed to the varying potential applied to the reference 

electrode and Nernstian behaviour is expected. In the reference-electrode free set up, 

the conductivity of the conducting channel is being probed directly, as the effective 

gate bias changes with exposure to different ion concentrations. Therefore any 

variations in surface potential results in changing channel conductivity. In the 

meantime the source-drain voltage is varied to maintain a constant device current. In 

this case, gate voltage (VG) is not measured directly. However, even without a 

reference electrode, near-Nernstian behaviour can be demonstrated through 

calculations using measured drain to source current or voltage (IDS or VDS) to obtain 
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VG. The behaviour of field effect transistors operated in the non-saturated (triode) 

regime can be described by: 

𝐼𝐷 =  µ𝐶 𝑊
𝐿
𝑉𝐷𝑆((𝑉𝐺 − 𝑉𝑇) − 1

2
𝑉𝐷𝑆 (Eq. 3.6.1.1)  [26] 

where ID is the drain current, μ is the channel electron mobility, C is the 

capacitance per unit area of the gate, W is the channel width, L is the channel length, 

VSD is the source to drain voltage, VG is the gate voltage and VT is the threshold 

voltage. For very small drain voltages (VSD<< VG-VT) equation (1) can be 

approximated as a linear equation: 

𝐼𝐷 =  µ𝐶 𝑊
𝐿
𝑉𝐷𝑆(𝑉𝐺 − 𝑉𝑇)  (Eq. 3.6.1.2) 

In the case of precisely known parameters (through design and measurement) 

the variable gate voltage VG can be obtained from the above equation.  

The device design and fabrication used in this work for reference-electrode free 

measurements as well as selection and control of the sensor parameters such as the 

channel width and length, threshold voltage and capacitance density of the gate are 

described in the following subsection. 

 

3.6.2 Device design and fabrication 

     The AlGaN/GaN ISFET devices used in this thesis were designed for 

reference-electrode free measurements. Device design was based on four-point probe 

measurement configuration (Kelvin probe or four-terminal sensing) to provide more 

accurate measurements than traditional two-terminal sensing (Fig 3.6.2.1). Not only 

is this design more accurate but sheet resistance of the device can be measured if 

necessary. The separation of current and voltage electrodes in four-terminal 

measurement eliminates the impedance contribution of the wiring and contact 

resistances. Therefore the effects of any differences in ohmic contacts that can occur 

during processing and differences in sensor wiring are eliminated.  

During measurements the source-drain potential VDS was adjusted using a 

feedback loop to keep ID constant (Fig.3.6.2.1) when the effective gate bias changes 
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with exposure to different ion concentrations. The change in VDS due to changes in 

the charge on the exposed active area were logged as a function of time and therefore 

changes in channel conductivity can be calculated according to equation 3.6.2.1 and 

used for further calculations to obtain changes in gate potential referred to the source 

contact if necessary (equation 3.6.2.2).Furthermore, the current ID was selected such 

that the device was operating in the linear region. 

 

 

Fig. 3.6.2.1. Photograph of ungated AlGaN/GaN heterostructure-based devices (a) and 

measurement configuration for Kelvin probe measurements (b) Yellow area – 20/50/300 

Al/Cr/Au ohmic contacts. Grey area – mesa etched structure. 

Therefore the conductivity of reference electrode free sensor can be calculated 

according to the equations below, where VDS-34 refers to voltage across the active 

area: 

Ϭ =  𝐼𝐷
𝑉𝐷𝑆−34

   (Eq. 3.6.2.1) 

Ϭ =  (𝑉𝐺−𝑉𝑇)µ𝐶𝑊
𝐿

   (Eq. 3.6.2.2) 

where capacitance per unit area of the dielectric layer (i.e. AlGaN and the GaN 

cap) is given by Eq. 3.6.2.3 below (by combining CAlGaN and CGaN cap in series to 

give the total C), with the dielectric constant for the AlGaN layer empirically related 

to the Al mole fraction (x) by the relationship given in Eq. 3.6.2.4. 

𝐶 =  Ɛ0Ɛ𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
𝑑

    (Eq. 3.6.2.3) 

Ɛ𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙(𝑥) =  −0.5𝑥 + 9.5   (Eq. 3.6.2.4) 
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The channel width and length are defined during device fabrication and can 

easily be accounted for in calculations described above. 

All devices used in this thesis were processed according to standard in-house 

processes at the Western Australian Node of the Australian National Fabrication 

Facility. Prior to any technological steps, the wafers were cleaned using standard 

cleaning procedures. Optical microscopy was used for material and sensor 

characterization during the technological steps. To realise the ISFET sensor for this 

project standard UV photolithography was used for pattern definition. Mesa etching 

of AlGaN/GaN wafers was performed in an Oxford 100 inductively coupled plasma 

reactive ion etching system (ICP RIE) using a Cl2-based etch process. After defining 

the active area with etching, the 20/50/300nm Al/Cr/Au ohmic contacts to the 2DEG 

channel were realized through thermal metal evaporation and annealing in a rapid 

thermal annealing (RTA) system at 820 0C. Appendix 3.6.1.1 gives further details 

such as mask layouts and technological working plan. Other significant factors 

influencing device design are passivation and encapsulation and these are further 

discussed in the next subsection. 

 

3.6.3 Passivation and encapsulation 

It is crucial to achieve stability and reproducibility of the device in aggressive 

liquid environments. The possibility of electrochemical reaction (as well as short-

circuiting) between metal contacts and liquid must be eliminated. Therefore 

passivation and encapsulation of the device is normally used to physically separate 

metal contacts from liquids while the sensitive gate area should be left open to the 

solution (Fig 3.6.3.1) [107]. 
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Fig 3.6.3.1 Absorption and penetration of the moisture through the encapsulation of ISFET 

sensor chip [107]. 

Moreover, encapsulation should provide the possibility for general sensor 

cleaning and sensor replacement if necessary as well as be compatible with mass 

production techniques preferably at the wafer stage [108], [108]. It should also allow 

for intense sterilisation for biological, pharmaceutical and medical applications. The 

biocompatibility of materials used for encapsulation is yet another challenge that 

needs to be addressed. There are numerous methods reported in the literature such as 

photolithographic structuring or curing [109], sealing around the chemically 

sensitive gate area with elastomeric material, capillary fill, embedding of chips by 

means of a male mould, and encapsulation with prefabricated housing [107], [108], 

[110], [111]. Although numerous  materials such as glass [112], epoxy resin [113], 

[114], polyimide [115] and SiN [116]have been used for encapsulation, none of these 

materials can completely meet all the requirements outlined above.  

In this thesis photolithographic structuring or curing with negative photoresist 

AZ2035 was used to define the active area of the device exposed to liquids.  This 

photoresist was processed as described above and after developing was hard baked 

for 1 hour at 200oC.  After the passivation step, the wafer was cut using a diamond 

saw in order to separate single sensor devices, which were further individually 

characterised. The baked photoresist was resistant to acids and bases in the pH range 

from 2 to 12, sufficient for the ion sensitivity experiments presented in Chapter 5.  

For the cell coupling experiments, devices were further encapsulated using 

printed circuit board (PCB) holders with Cu metallization or standard chip holder 

(TO-8 12-pin transistor outline packages), glue, silicon rubber and custom machined 
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Petri dishes (see Fig 3.6.3.2 below). Individual devices were glued onto holders and 

bonded to the photo mask defined PCB metal tracks with silver epoxy or wire 

bonded to a chip holder with gold wire. Silicone rubber was used as an elastomeric 

material for sealing around the chemically sensitive gate area. It was configured as 

an o-ring around the sensitive area of device to protect it from the glue used on the 

rest of the chip for Petri dish attachment. The Petri dish was machined in a conic 

shape with a 1.5mm hole in the centre to decrease capillary effect at the sensor/dish 

interface. Passivated and encapsulated devices for cell measurements can be seen in 

Fig. 3.6.3.2. 

 

Fig. 3.6.3.2. Petri dish packaged AlGaN/GaN ISFET device on TO-8 12-pin transistor 

outline packages for live cell measurements (side, top and bottom view). 

The encapsulation used in this thesis was based on available resources and was 

cheap, easy and quick to realize. The sensor surface could be easily washed and 

sterilized. No specific toxic effects were noticed during experiments with live cells. 

Also, devices could be recovered and re-packaged if necessary which makes it more 

flexible than some other examples reported in the literature.  

 

 

Chapter summary: 

This chapter includes information on growth and properties of AlGaN/GaN 

heterostructures and their application to high electron mobility transistors. It was also 

demonstrated how key properties can enhance or diminish AlGaN/GaN 

heterostructure device function as a chem- and bio- sensor. The conversion from 

AlGaN/GaN HEMT to AlGaN/GaN ISFET was explained. Details on suitability of 

AlGaN/GaN for sensor applications when compared to well-established Si FET 

 59 



technology were given. Incorporation of a reference electrode as part of FET-based 

sensor measurements is still one of the biggest challenges  to date [107] and 

therefore it was discussed in detail, along with design strategies to enable operation 

without a reference electrode. Finally specific details of the AlGaN/GaN ISFET 

based sensor device design, fabrication and encapsulation concluded this chapter. 
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Chapter 4 

Biocompatibility 

This chapter will discuss one of the key points for realisation of the biological 

sensor: the biocompatibility between live cells and AlGaN/GaN semiconductor 

material. It is crucial to investigate any possible toxic effects on live cells that may 

alter the potential applications of the sensor, and to understand the interface between 

the cell membrane and the surface of the AlGaN/GaN biosensor to accurately 

interpret recorded signals. 

4.1 Previous work and background 

    As previously mentioned, the high bond strength of III-nitride semiconductor 

materials makes them extremely resistant to chemical attack, which combined with 

the surface charge sensitivity of the 2DEG in the AlGaN/GaN heterostructure should 

mean that this material system would be highly suited to create very sensitive but 

robust sensors for biomedical applications[31], [67], [99]. However, the 

biocompatibility of this material system must be thoroughly investigated. 

Biocompatibility is the quality of not having toxic or injurious effects on 

biological systems and only desired or positive interactions between the host tissue 

or cell and the materials. Prior to this work, some short term studies have been 

published on the biocompatibility of AlGaN/GaN HEMT structures and human 

embryonic kidney (HEK) and other cells [3], [4], [31], [117], however, no long term 

investigations have been reported on AlGaN/GaN HEMTs and any living cell 

biocompatibility. In this work, the biocompatibility was investigated using methods 

and techniques that are comprehensive and complementary at the same time and as a 

result deliver more accurate data than that found in the literature. 

It is well known that silicon can be easily attacked by biological agents and in 

particular by cell growth media. Although adequate cell growth can be achieved on 

an oxidised silicon surface, the adhesion and growth of living cells on AlGaN/GaN 

was demonstrated to be superior to silicon, independent of device processing steps 

[4]. Cimalla et.al. also reported that  rat fibroblast  cells (3T3 cells) demonstrated 
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good proliferation and adhesion to the group III nitrides independent of the 

aluminium concentration in the AlxGa1-xN alloy(x = 0, 0.22, 1), and slightly 

improved behaviour after a pre-treatment by oxidation. However, to obtain 

quantitative data they used a Neubauer counter method that is prone to human error 

due to manual counting of cells [5]. In the work of Cimalla et.al. the HEK cell line 

demonstrated higher increase of mortality than the rat fibroblast cell line when 

exposed to toxic materials, indicating that these cells have higher sensitivity towards 

toxic effects. Therefore this cell line was chosen to perform all biocompatibility 

experiments described in this thesis. Also, the instrumentation used for quantitative 

analysis of mortality was more sensitive and accurate than the Neubauer counter. 

Experimental design and the results will be further discussed in this chapter. 

Despite the apparently strong advantages of AlGaN over silicon, it is still 

important to acquire accurate long term and quantitative data for cell viability on 

AlGaN structures with variable Al mole fraction because such variation can be 

needed for optimisation of electrical properties of the sensor.  This chapter will 

provide detailed information on the assessment of biocompatibility starting with 

simple optical investigations and finishing with the most sophisticated methods. 

 

4.2 Optical microscopic investigation 

Time and concentration dependence of HEK cell growth both on AlGaN and on 

a control tissue culture surface was investigated optically. This study was carried out 

for 14 days and is the longest investigation of cell/semiconductor interaction to date. 

Growing cells for such a long period is beneficial due to the higher possibility of 

appearance of any toxic effects. Similar investigations were performed by Cimalla et 

al. for a 2 day period [5]. Steinhoff et al. analyzed cells only after 3 hours and 24 

hours [1]. Such short interaction time between cells and the semiconductor might not 

be sufficient for biocompatibility assessment. As previously mentioned, the HEK 

cell line was chosen because it is highly sensitive to toxic effects as well as being 

readily available commercially, economical and easy to reproduce and maintain.  

In the first part of the experimental work, HEK cells in Dulbecco's Modified 

Eagle’s Medium (DMEM) (Appendix 4.2.1) were added to wells of a clear 48-well 
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tissue culture plate (BD Falcon). AlGaN/GaN material was placed in several wells 

while other wells were left as control wells for comparison of cell growth and 

mortality. For the AlGaN/GaN material, standard Al0.32Ga0.68N/GaN HEMT 

heterostructures on sapphire substrate grown by MOCVD at the University of Santa 

Barbara, California (UCSB) were used. The surface morphology of MOCVD-grown 

AlGaN/GaN samples is a standard step flow growth surface with steps on the order 

of 0.13-0.49nm [118], [119]. The wafers were cleaved into 4×2 mm pieces and then 

cleaned sequentially with acetone, isopropanol, and deionised water.  A total of 48 

small wells of diameter 8mm were used, of which 24 contained AlGaN/GaN samples 

and 24 were control wells. All wells were stored under constant conditions with 

ambient environment containing 5%CO2 at a temperature of 37ºC. The concentration 

of the cells was varied in order to investigate concentration dependency of the 

growth rate over the duration of the experiment. Four different concentrations were 

used (30 000, 40 000, 50 000 and 60 000 cells per well). At various stages of growth, 

cell images were obtained using an Olympus IX71 microscope. Custom made 

software was used to perform image processing of the micrographs via enhanced 

contrast to estimate the percentage of the sample surface covered by cells. Fig. 4.2.1 

shows representative micrographs of a) an AlGaN/GaN sample surface and b) a 

control well floor one day after cells were seeded (concentration 60 000 cells/well). 

These micrographs clearly indicate that cell growth commenced on the AlGaN/GaN 

surface, with approximately 16% coverage, while coverage of the well floor was 

around 25%. Comparable results were observed for the other concentrations as 

shown in Fig. 4.2.2.However, the higher the concentration of the seeded cells, the 

greater the area covered with cells, with AlGaN/GaN coverage after 2 days 

approximated at 1.4%, 25%, 60% and 75% for initial cell seeding concentrations of 

30 000, 40 000, 50 000 and 60 000 cells/well respectively.  
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a)                                      b) 

 

Figure 4.2.1.  Micrographs of a) AlGaN/GaN surface and b) control well floor, one day after 

cell seeding. Concentration 60 000 cells/well. 

 

a)                      b)                             c)                             d) 

 
Figure 4.2.2. Micrographs of AlGaN/GaN heterostructure sample surface two days after 

seeding for concentrations of a) 30 000, b) 40 000, c) 50 000 d) 60 000 cells/well 

     Fig. 4.2.3 shows the AlGaN/GaN sample and control well floor surfaces after 

two days of growth (seeded with 60 000 cells/well). The first point to note is that the 

cells have survived and grown on the AlGaN/GaN surface, with approximately 44% 

coverage, that is, more cells than after one day only. Secondly, the cell growth 

indicates successful attachment of the cells to the AlGaN/GaN surface. However, 

coverage of the control surface is approximately 85%, that is, almost two times 

higher than that of AlGaN. This indicates a possibility of some toxic effect that does 

not inhibit cell proliferation but definitely makes it slower. 
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a)                                      b)  

 

Figure 4.2.3. Micrographs of a) AlGaN/GaN surface and b) control well floor, two days after 

cell seeding. Concentration 60 000 cells/well. 

     In general, the physical adsorption scheme to attach a biomaterial to the 

surface of a sensor is dependent on a combination of Van der Waals forces, 

hydrogen bonds, and ionic forces. In this study, significant attachment occurred 

without any special surface treatment for the AlGaN/GaN.  Figure 4.2.4 

demonstrates that after three days of growth, empty space is still visible on both 

surfaces. However, compared to two days growth, cells are now covering 76% of the 

AlGaN/GaN surface. Meanwhile the well floor of empty control well has 92.5% 

coverage after 3 days, once again indicating a difference in growth rate. 

a)                                      b)  

 

Figure 4.2.4. Micrographs of a) AlGaN/GaN surface and b) control well floor, three days 

after cell seeding. Concentration 60 000 cells/well. 
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a)                                       b)  

 

Figure 4.2.5. Micrographs of a) AlGaN/GaN surface and b) control well floor, one week 

after cell seeding. Concentration 60 000 cells/well. 

 

Fig. 4.2.5 further confirms the sustained cell growth and attachment. While in 

three days after seeding, images of small islands of clean sample surface can be 

observed, both sample and well floor are fully covered after one week. Fig. 4.2.6 

shows the same comparison two weeks after seeding, demonstrating that cells still 

remain on the AlGaN/GaN surface and well floor. Note that some dead cells are also 

visible (as indicated by the bright blurry spots in the figure).  

As can be observed in Figs 4.2.3-4.2.6, the cell growth rate was slower on the 

AlGaN/GaN surface compared with the plastic well surface. Two factors in the 

slower growth rate might have been a lower seeding concentration on the AlGaN 

surface compared to the well floor due to settling effects during the seeding process, 

and possibly a lower adsorption rate of cells on the AlGaN/GaN surface. 

a)                                      b)  

 

Figure 4.2.6.  Micrographs of a) AlGaN/GaN surface and b) control well floor, two weeks 

after cell seeding. Concentration 60 000 cells/well. 
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     As previously discussed, the AlGaN/GaN surface was not optimised for cell 

adhesion in these experiments, whereas the experimental wells have been 

specifically designed to maximise cell adhesion. Rather than direct comparison of 

growth rates, the more significant evidence of AlGaN/GaN biocompatibility is the 

increasing number of the cells with time, confirming consistent growth rate, and the 

comparable mortality rates to the control wells. 

     The second part of the optical investigation of biocompatibility relates to 

attachment of the cells to the semiconductor surface. During these tests, HEK cells 

were grown in 14 different wells: 7 wells with AlGaN/GaN and 7 wells with 

Therminox cover slips used as a control surface, under the same conditions, same 

concentration and for the same period of time. All wells were stored under constant 

conditions with ambient environment containing 5%CO2 at a temperature of 37ºC in 

an incubator. At the point at which cells covered most of the sample surface, all 

samples were transported to a new well plate. Transportation of the samples always 

means damage to the cells, especially when the cell layer coverage reaches the 

sample edge; the cell layers also rupture as samples are lifted out of the well. The 

cell activity was then investigated after two further days in the incubator to assess the 

attachment of the cells prior to and after transportation.   Fig. 4.2.7 shows 

photographs of well plates after the two days of post-transportation incubation. Pink 

colour in a well corresponds to no cell activity, while a yellow colour corresponds to 

change in pH of the medium (DMEM) as a result of cell metabolism. The higher 

number of yellow coloured wells for the AlGaN/GaN samples shows that more cells 

survived transportation and consequently were able to proliferate on AlGaN/GaN 

than on the cover slip, indicating attachment to the surface of AlGaN is stronger than 

to the cover slips. 

 

Figure 4.2.7. Attachment test for disturbed by transportation and further re-incubated cells 

covering AlGaN/GaN versus Therminox cover slips. Yellow colour corresponds to cells that 

have survived and pink colour to dead cells. 

Cover slip AlGaN/GaN 
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Through sustained cell growth over a two week period, two main findings were 

made: AlGaN/GaN material is not toxic to HEK cells and these cells are adhesive to 

the surface. This is the longest period of testing reported for AlGaN/GaN biological 

compatibility tests. Although slower cell growth was observed on the AlGaN/GaN 

surface compared to the control wells (on day one 16% vs. 25%, day two 44%-75% 

vs. 85% and day three 76% vs. 92.5%), this may have been due to non-optimised cell 

seeding and attachment. For instance, as demonstrated above, AlGaN/GaN surface 

coverage after two days of growth varied between 75% and 44% for different wells. 

However, even without specialised surface treatment a significant amount of 

attachment and subsequent cell growth was observed. The above results also 

demonstrated the need for a more accurate quantification method. This was 

implemented in the following experiments that are discussed in the next section.  

 

4.3  Flow cytometry  

The previous qualitative studies of cell growth and proliferation on AlGaN/GaN 

substrates were carried out over two weeks using optical microscopy, demonstrating 

substantial attachment and subsequent cell growth, even without specialised surface 

treatment. Along with the other limited studies published previously of the 

biocompatibility of AlGaN/GaN HEMT structures with HEK or other cells using 

only optical investigation, even the ones for a long period of time, produced little 

quantitative information. Therefore our further investigations employed 

complementary qualitative and quantitative assessment of HEK cell growth and 

mortality as a function of Al composition of the AlxGa1-xN. This included studies of 

cell proliferation and mortality using both optical and flow cytometry techniques. 

Flow cytometry was employed for quantitative assessment of HEK cell growth 

and mortality over three days only, since much smaller wells were used. In smaller 

wells, cells will become confluent and therefore are subject to natural death much 

more rapidly than in the previously described qualitative study. Smaller wells were 

used so less AlGaN/GaN material was required to completely cover the well floor. 

HEK cells in Phenol red-free DMEM were seeded at a concentration of 20 000 

cells/well into a 384 square well plate and incubated at 5% CO2, at 37ºC. The wells 
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contained pieces of AlxGa1-xN/GaN on sapphire with varying composition of Al: 

x=0 (GaN), x=0.15, x=0.26 and x=0.35. Samples were grown in the same way as the 

previous study and have similar surface morphology. Wafers were cleaved into 2×2 

mm pieces, cleaned sequentially with acetone, isopropanol, and deionised water and 

were placed in the well plate AlGaN side up. For comparison, control wells with no 

AlGaN/GaN were also seeded. Flow cytometry was performed on each of the five 

well types (four AlGaN compositions and control wells) for three days. The Sort 

Buffer used to suspend cells during flow cytometry experiments was uniquely 

prepared for the adherent cell type to achieve separation of the single cells and 

consisted of 500 ml Ca/Mg2+ free phosphate buffered saline (PBS), 5 ml fetal calf 

serum (FCS), 25 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES; 

pH 7) and 1 mM ethylene-diamine-tetra-acetic acid (EDTA) in 5 ml. Each day, flow 

cytometry samples were prepared to assess cell viability by: transferring Phenol red-

free DMEM containing cells from the well to a tube; washing the well with PBS that 

was then transferred to the same tube; adding trypsin to the well for 2 minutes, then 

transferred to the same tube; washing the well with Sort Buffer, then transferred to 

the same tube; spinning the tube for 2 minutes at 1000 rpm; replacing the supernatant 

solution with 500 µl Sort Buffer; and adding 3.3 µl Propidium Iodide fluorescent 

dye. Flow cytometry data was graphed and analysed using Prism 5.0 (GraphPad, La 

Jolla, CA, USA). Statistical significance was assessed using repeated measures and 

two-way analysis of variance with Bonferroni post-test[120].The resulting flow 

cytometry measurements of mortality rate over three days are shown in Fig. 4.3.1. 

There are two countering mechanisms for cell mortality that may affect flow 

cytometry results. The first is any type of toxic effect that will decrease cell 

proliferation and attachment, and the second is the natural mortality of cells in an 

overcrowded well.  Once cells are confluent, they cover the well. As they become 

over-confluent some cells will detach, die and float in the medium. These dead cells 

are not a reflection of toxicity. Paradoxically, this means that more dead cells may be 

counted in wells that have the best surface for cell growth, because in these wells, 

initially more cells will have grown leading to more rapid overcrowding. This is the 

likely reason why the control well shows a relatively high percentage of dead cells. It 

can also be seen that in wells with AlGaN/GaN samples, the number of dead cells 

increases with Al concentration. However, in all cases there were still populations of 
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live cells after 3 days. To distinguish between the two countering mechanisms that 

might lead to such a result, an optical investigation was performed along with flow 

cytometry analysis.  From the images shown in Fig. 4.3.2 it can be seen that 

concentration of cells at the beginning of the experiment on 26% Al and 35% Al 

AlGaN surface is about half of that on the GaN capped (0% Al) sample and control 

well. Thus it can be concluded that averaged over three days, the 10% increase in 

cell mortality correlating with an increase in Al mole fraction from zero to 35% is 

due to toxicity of aluminium to cells. However, there are only 4% more dead cells on 

the control surface than on AlGaN/GaN wafers with 35% Al mole fraction (Fig. 

4.3.1.). Thus results indicate good potential of combining HEK cells and the 

AlGaN/GaN heterostructure for biosensor applications, especially for GaN capped 

structures.  

 

 

Fig. 4.3.1. Flow cytometry results for mortality of HEK cells grown on AlxGa1-xN/GaN 

heterostructures with different percentage of Al (x) and in control well. Note that x = 0% 

corresponds to an AlGaN/GaN structure with thin GaN cap. *, P< 0.05; **, P< 0.01; ***, 

P< 0.001. 
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Fig. 4.3.2. Optical micrograph of HEK cells grown on AlxGa1-xN/GaN heterostructures with 

different percentage of Al (x) and in control well. Note that x = 0% corresponds to an 

AlGaN/GaN structure with thin GaN cap. 

4.4 Cell/semiconductor interface imaging by electron microscopy 

     In section 4.2 cell attachment was assessed using a pH indicator test that 

demonstrated strong bonding between the AlGaN surface and HEK cells compared 

to the control surface. Also as discussed in Chapter 2 the live cell membrane 

potential, Um, works as an input signal for the AlGaN/GaN FET sensor device. Since 

the subsequent output signal is a modulation of the source-drain current due to 

changes in ion current through the cell membrane of cells close to the surface (and 
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therefore due to changes in Um), poor or non-optimized attachment can affect the 

result. Therefore understanding the cell/semiconductor interface is crucial for further 

development of the biosensors. To investigate cell/semiconductor attachment 

Focussed Ion Bean/ Scanning Electron Microscopy (FIB/SEM) and Transmission 

Electron Microscopy (TEM) studies have been performed. FIB technology was used 

in this study to obtain cell/semiconductor cross-sectional SEM images as well as for 

TEM thin section preparation. Without this technique it would be impossible to 

move any further than cell morphology and topography analysis by standard SEM. 

TEM imaging is crucial to understanding the cell/semiconductor interface since it 

can provide details at nano- dimensions of the cell membrane and its components.  

      The SEM is capable of producing three-dimensional topographical surface 

imaging of microscopic samples by scanning the surface of the specimen with an 

electron beam. It has excellent depth of field perception 100-500 times greater than 

that of light microscopes. With TEM imaging, there is the added requirement of 

obtaining the extremely thin sample.  TEM images are formed by the transmitting 

the electron beam through the sample, like a slide projector. The sample therefore 

has to be extremely thin (ideally 80-100nm). Unlike SEM and TEM, the FIB uses 

ions instead of electrons. Ions are a large and heavy charged particle if compared to 

electrons, thus standard resolution for a FIB is smaller than for SEM and TEM 

(around 5nm). However using destructive large and heavy ions create a possibility 

for very fine micro-sectioning. 

Operation of SEM, FIB and TEM requires vacuum conditions, otherwise 

electrons will be scattered by air molecules before reaching the sample. Therefore, 

live or wet samples cannot usually be placed into the vacuum chambers. Moreover 

the difference in pressure between the inside and outside of the cell will destroy it 

and evaporation of liquid molecules will contaminate the chamber. Thus extensive 

sample preparation is needed to remove water from the living cells while ensuring 

the preservation of inner structure, prior to imaging. Preparation of biological 

samples for FIB, SEM or TEM has a common goal to preserve the structure of the 

biological sample with minimum alteration from the living state with regard to 

volume, morphology, and spatial relationships. However, in practice, sample 

preparation methods commonly introduce many different kinds of alterations to the 
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biological sample. Although various sample preparation methods were investigated, 

including liquid nitrogen, chemical and resin fixation approaches, chemical fixation 

with 2.5% glutaraldehyde for 30 minutes produced the best results. Samples were 

washed with Phosphate Buffer Saline (PBS) for 2 minutes and then 40 minutes. PBS 

was then replaced with osmium tetroxide and placed in the bio-wave for 6 minutes. 

Finally samples were dehydrated with an ethanol series (50%, 75%, 90% and “dry” 

100% ethanol; 40 s in bio-wave for each) and dried in a critical point drying system. 

SEM imaging was undertaken and a TEM lamina was prepared using a Zeiss 

Neon Crossbeam focused ion beam FIB/SEM (Carl-Zeiss, Oberkocken, Germany). 

The HEK cells were covered with a protective layer of platinum and milled through 

the centre using the ion-beam at 200 pA milling current. Two trenches were milled 

on either side of the platinum strip, so that a “wall” of cell-AlGaN/GaN was left in 

between. An initial rough cut at 4 nA milling current was undertaken, followed by a 

series of thinning and polishing steps with milling currents reduced in steps to 1 nA, 

200 pA, 100 pA and 50 pA to prepare a surface for SEM imaging. A TEM lamina 

was prepared using an in-situ lift-out. After thinning the wall to approximately 300 

nm and attaching it to a TEM grid, the middle section of the lamina was thinned to 

approximately100 nm using a 100 or 50 pA beam current. The resulting lamina was 

imaged using a JEOL 2011 TEM at 200 kV.  

It can be observed that the FIB/SEM cross-sections of the liquid nitrogen fixed 

sample (Fig. 4.4.1a) shows more damage to inner structure of the cell compared to 

the chemically fixed sample (Fig. 4.4.1b). However, both samples exhibit close 

attachment at the cell/semiconductor interface.  

 

 
Fig. 4.4.1  FIB/SEM cross-sections of liquid nitrogen fixed (a) and chemically-fixed (b) 

HEK cell on AlGaN/GaN. Beam voltage = 5 kV. 
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Fig.4.4.2 Cross-sectional TEM image of HEK cell on AlGaN/GaN. A: Cell/semiconductor 

interface, B: Cavities in the cytosol resulting from the FIB preparation technique, C: Regions 

of GaN near the AlGaN layer where strain defects can be seen, D: Threading dislocations in 

the bulk of the GaN. Beam voltage = 200 kV. 

 

Also close attachment at the cell/semiconductor interface at the nanometre level 

can be seen from the TEM image (Fig. 4.4.2).The cell/semiconductor interface 

appears to consist of regions of continuous cell attachment, interspersed with gap 

regions, rather than distinct attachments at focal adhesion sites. The cavities that can 

be observed in the cytosol are present due to the FIB preparation technique, which 

did not utilise any materials such as resin to preserve the cell structure during 

milling. Furthermore, the presence of the gap regions at the interface caused 

depressions in the unprotected AlGaN layer (approximately 25 nm at the top of the 

AlGaN/GaN structure) during FIB milling. However, some information can still be 

drawn regarding the attachment of the cells to the AlGaN. The region of GaN (bulk) 

near the AlGaN layer where strain defects can be seen is the most interesting in 

terms of cell influence on the semiconductor. These strain defects occur specifically 

under the region of continuous cell attachment, but they must be further investigated 

before making major conclusions. Also the threading dislocations in the bulk of the 

GaN can be observed.  Both strain defects and threading dislocations can be caused 

by the lattice mismatch between the AlGaN and GaN or GaN and sapphire substrates 

respectively [121]. Further studies are needed to refine the milling process to obtain 

thinner TEM samples. However, due to difficult access to the equipment, this work 

could not be completed within the timeframe of this thesis. 
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Chapter summary: 

This chapter reports on the investigation of the growth of human embryonic 

kidney (HEK) cells on the surface of semiconductor grade AlGaN/GaN 

heterostructures. Results demonstrate that, even without specialised surface 

treatment, a substantial amount of attachment and proliferation of cells is observed. 

Quantitative flow cytometry data accompanied by optical monitoring of cell growth 

indicated that the number of dead cells increases and proliferation speed decreases 

with increasing Al concentration. Importantly, cells survived on the entire range of 

AlxGa1-xN/GaN compositions, from x=0 to x=0.35 for the duration of the 

experiments. This offers flexibility in the design and optimisation of AlGaN/GaN 

heterostructures for biosensor applications. However, it also indicates biosensors 

may benefit from utilising a thin GaN capping layer which will increase overall 

biocompatibility as well as electrochemical stability. Finally, a TEM lamina of HEK 

cells on AlGaN/GaN was successfully obtained by utilising the nano-scale milling, 

deposition and imaging capabilities of FIB/SEM. This is one of the first accounts of 

biological-semiconductor specimens prepared by FIB-milling and viewed by TEM, 

enabling the visualisation and analysis of cell morphology and attachment to 

semiconductor.
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Chapter 5 

 

Chemical sensing with AlGaN/GaN ISFET sensor 

Since monitoring of the ion fluxes and concentrations is one of the major tasks 

for a cell-based biosensor, a crucial component of this work was to investigate 

unfunctionalised sensor behaviour to pH and ion concentration in different 

electrolytes. Although the biological functionalisation such as the use of live cells or 

antibodies performs the task of selecting specific targets, it is crucial to understand 

what happens at the AlGaN and GaN surface since that is where the influence on the 

2DEG is occurring. Therefore it was necessary to perform studies of the sensing 

properties of the AlGaN/GaN devices without any functionalisation, to better 

understand the influence of ions and pH on the device via chemical exposure at the 

surface. In addition, AlGaN/GaN devices for pH and/or ion sensing would be very 

likely to be included in any lab-on-a-chip solution. The chapter begins with the 

description of traditional pH and ion sensing that can be replaced by solid-state FET 

devices and proceeds to the investigation of AlGaN/GaN pH versus ion selectivity 

and optimisation of the sensitivity. 

 

5.1 Solution pH-control and buffering  

There are two substantially different definitions for pH. The first one describes 

pH as the concentration of H+ captions in a solution based on the negative decimal 

logarithm of hydrogen concentration [H+] and is referred as “concentration pH”. 

However, the pH defined in this way can be used only to calculate pH for diluted 

solutions of acids and bases in water. The second and more precise pH definition 

uses the ion activities (a),not their concentration, and is referred to as 

“thermodynamic pH”. In the case of highly diluted solutions (below 0.001M), the 

difference between concentration and activity can be neglected. The main difference 

between both scales is that in the thermodynamic pH scale it is not the H+ 

concentration that is of interest, but H+ activity. In fact what is measured in the 
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solution - for example using pH electrodes - is just activity, not the concentration. 

Thus it is thermodynamic pH scale that describes real solutions, not the 

concentration pH scale. 

Most techniques measure the thermodynamic pH and this is a direct 

consequence of the Nernst law. The Nernst equation (5.1.1) describes the potential in 

an electrochemical cell as a function of the concentration of ions taking part in the 

reactions. 

∆φ =  𝑅𝑇
𝐹

ln𝑎𝑀𝑒   (5.1.1) 

where Δφ is the electrical potential difference in the solid/liquid interface 

measured as a function of the ion concentration. The activity of one type of ion is 

expressed through aMe, R is the universal gas constant (R=8.314472(15) J K-1mol-1), 

T is the absolute temperature, F is the Faraday constant (the number of coulombs per 

mole of electrons: F=9.64853399(24)x104 C mol-1).  

Although it is common to represent water molecule dissociation as H+ and OH- 

groups, any aqueous solution always contains H3O+ and OH- ions. Therefore 

evaluation of sensor sensitivity towards H+ ions is inaccurate in its nature and should 

rather address sensitivity to H3O+. In pure water at 25°C, the concentration of these 

two ions is equal and pH level is 7. Acidic solutions contain more H3O+ than OH- 

ions and have a pH value lower than 7, while in basic solutions OH- concentration 

exceeds that of H3O+ and the pH value is greater than 7. 

Generally solutions containing different dissociated ions that are in a state of 

dynamic equilibrium, that is the forward and reverse reactions in the solution are 

occurring at the same rate and concentrations are constant. Dissociation fraction can 

be defined as the ratio of the concentration of dissociated molecules to the 

concentration of all molecules in the solution. It is known that strong acids and bases 

are fully dissociated in water and therefore have a strong influence on pH of the 

solution.  

However, there are solutions that can retain constant pH regardless of the 

addition of small amounts of strong acids or bases. These solutions are called 

buffers. Normally the composition of buffers consists of weak acids and their 
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conjugated bases as major species. The conjugated base of an acid is the same acid 

but without the hydrogen ion that can be gained to reform the conjugated base back 

into the acid. Therefore, small additions of acids or bases to a buffer solution are 

absorbed and the pH value changes only slightly.  

Buffers are of major importance for many biophysical and biochemical 

applications, because most biological reactions occur only under very precise 

conditions; enabling constant pH often helps to satisfy these conditions.  The 

Henderson-Hasselbalch equation (5.1.2) or buffer equation (5.1.3) can be used to 

calculate the pH of solutions containing pairs of acids and conjugate bases: 

pH = pKa + log [A−]
[HA]

    (5.1.2) 

 

pKa =  − log Ka =  − log [H3O+][A−]
[HA]

  (5.1.3) 

whereKa =  [𝐴−][𝐻+]
[𝐻𝐴]

is theacidic dissociation constant and A- is the anion of the 

relevant acid. 

The ideal buffer for a particular pH has a pKa equal to the desired pH, since a 

solution of this buffer would contain equal amounts of acid and base and be in the 

middle of the range of buffering capacity. One buffer used in this work and 

presented later in this thesis is a 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid(HEPES) which is an organic buffer commonly used to maintain pH in cell 

culture in the physiological range of 7.2-7.6. 

 

5.2Traditional ion and pH measurements 

The well-known glass electrode used for ion sensing makes use of a membrane 

of conducting glass which buffers the ions of interest in a thin surface layer of the 

membrane. Glass compositions that are sensitive to specific ions such as H+ (pH-

meter), Na+ (pNa-meter), K+ (pK-meter), Ca2+ (pCa-meter) and others have been 

developed. The surface of the glass membrane is protonated by both external and 
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internal solution until equilibrium is achieved. The external solution is the solution 

which needs to be measured and the internal solution is a standard solution of 

known, constant composition. Therefore an electrochemical cell is created with a 

constant potential drop at the inner surface of the glass membrane and a “sense 

potential” on the outer surface of glass membrane. The potential drop can only be 

measured by contacting the internal solution along with the external solution, using 

reference electrodes.  

A reference electrode is a contact between a metal wire with fixed 

electrochemical potential and an aqueous solution. Generally a reference electrode 

consists of a chlorinated silver wire coated with insoluble silver chloride in a 

potassium chloride solution with a constant concentration. This electrochemical pair 

carries constant potential according to the Nernst equation. The inner solution of the 

reference electrode makes contact with the external solution of interest by means of a 

permeable barrier that is called a frit. Often glass membrane electrodes are combined 

with reference electrodes to form one system. Since both sides of the glass 

membrane are charged by the adsorbed protons, the electrical potential difference at 

a solid/liquid interface is measured as function of the ion concentration and such ion 

sensors are often called potentiometric. The potential in turn is described by the 

Nernst equation (5.1.1) and is directly proportional to the ionic difference between 

solutions on both sides of the glass. To simplify the calculations, a function of the 

ion concentration is often combined with a conversion factor between natural 

logarithm (ln) and decimal logarithm (log) resulting in a value of 0.0591 V for 

25°C.In this case the maximum potential difference on both sides of the glass for a 

pH electrode is 59 mV/pH [5], [6]. 

As mentioned above, in a classical combined pH electrode, the reference 

electrode is separated from the external solution by the junction through which the 

electrolyte leaks (frit). The depleted electrolyte must be periodically refilled through 

the filling hole, which makes these electrodes inconvenient to use, especially in the 

field. Moreover, glass electrodes are fragile, bulky, and chemically unstable in strong 

basic/acidic solutions and require calibration before each use. Taking the above into 

account, there is a need for more advanced technology based on novel material such 

as AlGaN/GaN to provide scalable solid-state sensing solutions.  
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5.3 Investigation of AlGaN/GaN FET pH versus negative ion sensitivity  

The majority of reported investigations on AlGaN/GaN pH sensors do not 

discuss instability, drift and hysteresis effects. Generally such undesirable effects can 

be attributed to surface instabilities of the group III nitrides and contact passivation 

issues. Overall, measurements performed with bulky reference electrodes as part of 

the measurement set up tend to be more stable than reference electrode free 

measurements. However, both setups are sensitive towards ion concentration in the 

solution. The biggest controversy in the literature is the reported linear pH response 

in some investigations and response proportional to anion concentration in others 

[5], [27], [28], [30], [68], [93], [94], [124-126]. This controversy will be further 

discussed and systematised in this chapter. 

The concept of the site-binding model was first introduced by Bergveld to 

explain pH sensitivity of silicon MOSFETs through chemical interaction between 

surface oxides and the electrolyte solution[102]. This site-binding model states that 

atoms on the surface layer of semiconductor oxides are acting as amphoteric atoms 

in contact with the electrolyte.  Depending on the H3O+ and OH- concentration they 

can release protons or bind protons resulting in negative or positive surface charge 

respectively. This process also depends on acidity and the alkalinity constant of the 

oxide groups. In high concentration of H+ (low pH) the Me-OH+ groups tend to 

accept a proton (acceptor): 

Me–OH + H+ ↔ Me-OH2
+   (5.3.1) 

and if the concentration of H+ is low (high pH), most of the Me-OH groups release a 

proton (donor):  

M–OH ↔ M–O- + H+   (5.3.2) 

In the case of AlGaN/GaN heterostructures with thin GaN cap, the amphoteric 

hydroxyl groups are bonded to Ga surface atoms (Ga-OH) when in contact with 

aqueous solutions, and can be protonated (Ga-OH2
+), neutral (Ga-OH) or 

deprotonated (Ga-O-)depending on the pH of the solution.  
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Experimental pH sensitivity of AlGaN/GaN was first reported by Steinhoff et 

al.[29]. Instead of a fixed gate potential, a reference potential Uref (Ag/AgCl 

reference electrode)was applied to the electrolyte–oxide–semiconductor system via a 

reference electrode dipped into the electrolyte [26]. The potential on the reference 

electrode Uref was used to shift the Fermi level of AlGaN/GaN when the triangular 

potential well at the interface was raised or lowered in energy due to changes in the 

pH of the electrolyte.  Also Steinhoff et al. found that the thin surface oxide layer 

formed upon exposure to atmosphere is sufficient for a linear response in the range 

from pH 2 to 12[29].  

Negative ion sensitivity, rather than pH sensitivity was also reported by a 

number of groups. Mehandru et al.[32]noted that exposure to 5 and 10% HCl 

solution led to a depletion of the 2DEG due to the effect of negative charge present 

at the surface of the device. In the case of highly concentrated HCl, wet etching of 

the surface oxide is likely. Etching of the surface oxide layer by 15 % HCl has been 

demonstrated by XPS analysis [4]. Removal of the oxide layer would be expected to 

decrease 2DEG density. However, even lower concentrations of HCl and potassium 

salts have been reported to decrease 2DEG density[94], [95], [98], [122], [126], in 

contrast to the enhancement observed by those reporting linear pH dependence, as 

discussed above. Thus an alternative model for the pH response of GaN proposes the 

direct interaction of the electron deficient gallium in Ga-face polarity with 

anions[67], [95], [98], [123]. The response to different anions (anionic selectivity) 

was reported to be in the range of 100 μA per concentration decade[98], which was 

similar to the response of the same sensors to pH. Following this approach, the pH 

response for acidic solutions would arise from the interaction with OH- ions rather 

that H3O+. It is also possible that the results obtained by Mehandru et al. [6] are 

attributed to the interaction with the high concentration of Cl- ions. It was reported 

that a plasma spray of a negative ion flux depleted the 2DEG with a sheet carrier 

concentration of 1.2x1013 cm-2 in approximately 1s, indicating that every incident 

negative ion displaces one electron from the 2DEG. The change in the 2DEG 

concentration was found to be completely reversible[124], therefore, irreversible 

processes such as trap formation or surface oxidation (or oxide removal) could be 

ruled out. Stutzmann et al. also demonstrated that different molecule size yielded 

different results for similar dipole moments [30]and concentration dependency was 

 82 



demonstrated with decreasing ID for increasing concentrations which corresponds to 

the influence of negative charge present at the surface of the device [125]. Therefore 

polar molecules orientated the negative charge side of the dipole toward AlGaN/GaN 

surface.  

In summary there are two different detection mechanisms reported in the 

literature. One demonstrates liner response to pH and the other one demonstrates 

selectivity towards negative charge (negative ions, polar molecules). There are a 

number of factors that vary between the experiments. These differences are collated 

in the table 5.3.1.   

The comparison of different factors listed in Table 5.3.1 demonstrates that linear 

pH dependence, corresponding to the site binding model discussed previously, was 

observed in experiments with a Ag/AgCl reference electrode performed in buffered 

solution after intentional oxidation of the surface, while negative charge selectivity 

was observed in reference electrode free experiments performed in unbuffered 

solution without intentional oxidation of the surface. However, no dependence on 

surface capping with different GaN (Ga-face, N-face, doping) or AlGaN (variable Al 

mole fraction) can be observed.   
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Sensing for: Device surface 
layer 

Surface oxide Measurement 
set up 

Solution make up Sensitivity References 

pH Al0.25Ga0.75N native oxide Ag/AgCl RE titration of HNO3 and 
NaOH in DI water 

Linear pH, drain current increase 70 
uA/pH 

Kang et.al. 
[126] 

pH Al0.25Ga0.75N UV-ozone-induced 
oxide  

Ag/AgCl RE titration of HNO3 and 
NaOH in DI water 

Linear pH, drain current increase 37 
uA/pH 

Kang et.al. 
[126] 

pH Al0.25Ga0.75N Sc2O3  Ag/AgCl RE titration of HNO3 and 
NaOH in DI water 

Linear pH, drain current increase 37 
uA/pH 

Kang et.al. 
[126] 

pH N-face GaN:Si native oxide  Ag/AgCl RE titration of NaOH or HCl  
in NaCl/HEPES buffer 

Linear pH, near Nernstian57.3 mV/pH Steinhoff  
et.al. [29] 

pH N-face GaN:Mg thermally oxidized  Ag/AgCl RE titration of NaOH or HCl  
in NaCl/HEPES buffer 

Linear pH, near Nernstian 56.6 mV/pH Steinhoff  
et.al. [29] 

pH GaN native oxide  Ag/AgCl RE titration of NaOH or HCl  
in NaCl/HEPES buffer 

Linear pH, near Nernstian 56.0 mV/pH Steinhoff  
et.al. [29] 

pH GaN not specified Ag/AgCl RE 
and RE free 

titration of NaOH or HCl  
in NaCl/HEPES buffer 

Linear pH, 6.6  and 3.7 μA/pH with RE; 
5.4  and 1.2 μA/pH RE free 

Encabo et. 
al. [93] 

pH GaN piranha oxidized  Ag/AgCl RE 
and RE free 

not specified Linear pH, 4.16 and 2.83 μA/pH with 
RE; 3.26  and 1.37 μA/pH RE free 

Brazzini 
et.al. [127] 

block co-
polymer 

Al0.3Ga0.7N native oxide  RE free block co-polymers in the 
benzyl alcohol 

Negative charge selectivity, drain 
current decrease by 25% and 50% 

Kang et. al. 
[68] 

ions and pH  2 nm GaN cap native oxide  reference 
HEMT and 
Ag / AgCl  

KCl, KBr, KNO, and 
KSCN in DI water 

Negative charge selectivity, drain 
current decrease 0.118 mA /pH 

Alifragis 
et.al. [128] 

ion and pH  Al0.15Ga0.85N 
Al0.22Ga0.78N 
Al0.23Ga0.77N 

native oxide RE free NaOH, KOH, HCl and 
NaCL in DI water 

Negative charge selectivity, drain 
current decrease with increased ion 
concentration 

Podolska 
et.al. [94] 
also section 
5.3.1 

polar liquids Al0.3Ga0.7N native oxide RE free 50% or 75% acetone or 
5–10% HCl in DI water 

Negative charge selectivity, drain 
current decrease upon exposure to polar 
liquids 

Mehandru 
et.al.[32] 

polar liquids GaN native oxide RE free pure methanol, propenol, 
acetone 

Negative charge selectivity, drain 
current decrease upon exposure to polar 
liquids 

Neuberger 
et.al.[5] 

polar liquids Ga-face 
Al0.30Ga0.70N 

native oxide  RE free pure isopropanol, 
acetone, methanol 

Negative charge selectivity, drain 
current decrease by more than four 
orders of magnitude 

Stutzmann 
et.al [30] 

Table 5.3.1. Comparison between different results for AlxGa1- xN/GaN sensing reported in literature
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5.3.1 Reference electrode free pH measurements  

     As previously discussed in the device design and fabrication section of 

Chapter 3, reference-electrode free measurements eliminate disadvantages such as 

bulkiness of the sensor. All measurements discussed in this section were performed 

without a reference electrode on a gateless four-contact device configuration 

fabricated on Ga-face AlGaN/GaN heterostructures with Al fraction of x(Al)=0.22 

with three different layouts as shown in Figure 5.3.1.1 a, b and c and on AlGaN/GaN 

wafers with Al fraction of x(Al)=0.23 and x(Al)=0.15 with layout given in Figure 

5.3.1.1 d. The measurements were performed using Van-der-Pauw and four point bar 

test structure configurations, with sensing areas of 3 and 1.5 millimetres in diameter, 

at constant currents, using a HP 4156A semiconductor parameter analyser. Sheet 

resistance was extracted via the Van-der-Pauw technique for measuring the sheet 

resistance of a material sample of arbitrary shape. A capillary set up was used to 

maintain a constant liquid volume and compensate for evaporation effects. All 

measurements were performed under constant light conditions.   

 
a)                    b)                         c)                      d) 

Fig. 5.3.1.1 Schematic representation of AlGaN/GaN device layout for experiments 

described in section 5.3.1. Yellow areas – 20/50/300nm Al/Cr/Au ohmic contacts. Grey area 

–openings in passivation, active area of sensor device. Mesa etched structures are not shown. 

In all experiments, ungated devices fabricated on AlGaN/GaN HEMT wafers 

were exposed to different pH solutions, and sheet resistance was measured as a 

function of pH. No AlGaN surface functionalisation or treatment was applied other 

than standard cleaning (acetone, isopropyl alcohol, de-ionised (DI) water and N2 

dry). Since no surface treatment was applied then according to XPS studies, to be 

presented later in the chapter, these devices are expected to include the native oxide 

that typically exists at the AlGaN surface. The pH was varied both by using 

calibrated pH solutions, and by diluting NaOH and HCl in DI water to specific pH 

values. Each device was measured multiple times, and multiple devices were 
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measured for each of the five experiments to ensure reliable results. Graphs of sheet 

resistance versus solution pH for all five experiments are given in Figure 5.3.2. Due 

to the physical differences in size and geometry of the devices across the five 

experiments, the sheet resistances have been normalized to maximum values 

obtained for pH 12 for comparison of curve shape. 

Fig. 5.3.1.2 pH versus normalized sheet resistance for AlGaN/GaN Van-der-Pauw devices 

exposed to various pH calibrated solutions, diluted acids and diluted bases. Experiments 1 to 

3 correspond to device configurations a, b, c and experiments 4 and 5 correspond to 

configuration d with x(Al)=0.23 and x(Al)=0.15 respectively. 

All five response curves have a “bath-tub” shape, regardless of pH solution 

composition and device design differences. Repeated measurements on different 

devices within each experiment produced similar results. In all cases, the shape of 

the curve indicates a direct increase of sheet resistance as a function of ionic 

concentration, regardless of whether the pH was acidic or basic. An increase in sheet 

resistance corresponds to a decrease in 2DEG concentration, which would result 

from a negative charge at the surface, due to adsorption of negative ions. Since all 

solutions contain both positive and negative ions, regardless of pH, the AlGaN/GaN 

heterostructure is therefore demonstrating selectivity towards negative ions over 
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positive ions. It is also evident from all five experiments that there is a lower 

sensitivity for the pH region spanning from 4 to 8. Since this region corresponds to a 

much weaker negative ionic concentration, it is apparent that device sensitivity is 

inadequate in this region. However, these devices were grown and fabricated prior to 

the work on optimisation of the structure for maximum sensitivity. 

To further investigate the negative ion selectivity two devices with four-point 

bar layout (Fig. 5.3.1.1 d) fabricated on AlGaN/GaN HEMT wafers with Al fractions 

of x(Al)=0.23 and 0.15 were exposed to KOH and NaCl solutions of different 

concentrations in DI water. Figure 5.3.3 shows the sheet resistance of devices 

exposed to dilute KOH (pH from 9 to 13) and NaCl (pH 6.5) solutions of different 

concentrations.  

 

Fig. 5.3.1.3. Normalized sheet resistance of AlGaN/GaN four-point bar test-structures versus 

ionic molar concentration of the KOH or NaCl solutions employed.   

 

There is a clear increase in sheet resistance as a function of concentration for 

both NaCl and KOH. The behaviour of the devices under exposure to the NaCl 

solutions confirms that the shape of the response is not limited to the presence of H+ 
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or OH- ions, and again confirms the sensitivity to negative ions, whatever the ion 

species.  However, the response to NaCl solutions is weaker than to KOH solutions 

of a given concentration. This suggests a stronger affinity for OH- ions than Cl- ions. 

Figure 5.3.1.3 indicates that the devices with lower Al fraction also exhibit a 

weaker sensitivity with regards to differentiation between concentrations of ionic 

solutions. Also, as discussed for the first set of measurements above, there is a lower 

sensitivity in the lower concentration region (-5 to -3 mol/L) indicating the detection 

limit of the devices[129].  

 

5.3.2 Discussion of pH versus negative ion sensitivity 

The demonstrated selectivity towards negative ions has significant 

consequences for use of AlGaN/GaN heterostructures in ionic applications. As 

discussed above, negative ion selectivity was reported by other researchers and 

explained through direct interaction of the electron deficient gallium in Ga-face 

polarity with anions. An alternative proposed here is that such selectivity to negative 

ions indicates that there is a Helmholtz (double-) layer [91] present on the 

semiconductor surface in these devices. The capacitance of such a double-layer is 

dependent on ionic concentration and is not likely to be affected by volume charge in 

the ionic solution. Figure 5.3.2.1 schematically depicts such a double-layer at the 

surface, consisting of a layer of positive charge on the AlGaN surface and a layer of 

negatively charged ions in the liquid next to the AlGaN.  

 88 



 

Fig. 5.3.2.1 Schematic representation of the proposed Helmholtz double-layer formed 

near electrolyte-AlGaN/GaN interface, depicting the appearance of negative ions at the 

AlGaN surface through electrostatic attraction to positively charged surface states on the 

AlGaN surface. Also shown is a schematic plot of semiconductor-electrolyte potential φ as a 

function of the distance from the interface. 

The theory of the Helmholtz double-layer is almost a century old and states that 

the inner element known as the “compact layer” or “Helmholtz layer” has zero 

charge and its width is of atomic dimensions. The outer element is known as the 

“diffuse layer” or “Gouy-Chapman layer” and consists of unequally distributed 

anions and cations extended in solution according to Poisson-Boltzmann law. The 

structure of the double-layer can be analysed through studying double-layer 

capacitance which is defined as ratio of charge on the device surface to the 

difference in electrical potential between the device surface and an “infinite” plane in 

the bulk solution (eq. 5.3.2.1), where φ(x) is an electrical potential in the solution at a 

distance x from the interface[130]. 

𝐶 =  𝑞
𝜑(0)−𝜑(∞)

   (5.3.2.1) 
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There are a number of papers addressing such analyses, including proposed 

modifications to classical Poisson-Boltzmann theory to account for the finite size of 

ions in equilibrium, ion absorption, simple models for charging effects in a double 

layer and even models accounting for steric effects on diffuse charge 

dynamics[131]–[133]. However, such complex theoretical calculations are beyond 

the scope of this thesis and therefore experimental results are further explained 

below based on respected theories found in the literature. 

In the case of a double-layer formed at the surface of AlGaN/GaN the negative 

charges most likely build up due to attraction to the positively-charged (donor-like) 

surface states[73], [134], which then creates an accumulation of negative ions close 

to the semiconductor surface. Although other researchers have indicated that the 

gallium atoms in AlGaN are electron deficient (Lewis acid) which could also attract 

negative ions (Lewis basic anions) from the solution[95], the presence of the native 

oxide should mean that this is a minor effect. Therefore, the well-documented donor-

type surface states are more likely to be playing the significant role.  

The characteristics of the double-layer at the semiconductor/liquid interface will 

depend on the properties of the AlGaN/GaN heterostructure (layer thicknesses, Al 

composition, doping,), as well as the concentration and sizes of the negative ions in 

the ionic solution. The physical differences in size and electronegativity between Cl- 

and OH- ions could therefore explain the difference in sensitivity to KOH compared 

to NaCl, with bigger and more electronegative OH-causing higher response of the 

sensor. It can also be seen in the figure that there is a predicted extended space 

charge layer extending from the Helmholtz layer into the solution, known as a Gouy 

layer[135]. This extended charge region could further account for the non-linear 

dependence of the sheet resistance on ion concentration, with the diffusion affected 

by this layer at higher concentrations.  

According to the previous discussion summarised in table 5.3.1, apart from the 

possible differences in native oxide, one other major difference between negative ion 

selective results and reported a linear pH dependence is that the pH solutions were 

not buffered unlike in most linear pH reports. The buffered solution keeps the pH 

level constant for small changes in ion concentration and only shifts after significant 

addition of ions of particular type. Therefore linear pH dependence was reported for 
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solutions with a high bulk concentration of ions that may result in differences in the 

double-layer arrangement. It will be further demonstrated in cell measurements that 

use of buffered solution significantly influences device sensitivity (see Chapter 6). 

Use of a reference electrode can also influence double-layer arrangement. Therefore, 

selectivity and sensitivity of the sensor was assessed and analysed and yielded 

valuable information that was taken into account to further develop the AlGaN/GaN 

cell-based biosensor. Since focus of this thesis is on reference electrode free 

measurements all further optimisations of device sensitivity for this configuration is 

discussed in the following section. 

 

5.4 Modelling of AlGaN/GaN FET sensitivity  

This section of the thesis contains both experimental results and theoretical 

calculations to demonstrate that AlGaN/GaN heterostructure-based devices can be 

engineered through heterostructure design to exhibit highly sensitive ion and pH 

detection in a reference electrode free measurement set up.  

In the previous part of this chapter the device sensitivity was seen to depend on 

the AlGaN/GaN composition, and hence piezo-electric and spontaneous polarisation 

charge within the AlGaN/GaN heterostructure. Also as previously mentioned, 

realisation of reference electrode free measurements is extremely important to keep 

AlGaN/GaN FET devices small, robust and on-chip so they can replace existing 

glass electrode based pH and ion sensing. There have been successful 

demonstrations of reference electrode free pH sensing, however most of these have 

been limited in scope or a small component of broader studies with a reference 

electrode. They have therefore not been very conclusive in terms of device 

sensitivity mechanisms [93], [127]. 

 It is common to present sensitivity of AlGaN/GaN pH sensors as the change in 

gate voltage (VG) in mV per pH and compare it to the theoretical Nernstian response 

(59.9 mV/pH at room temperature). However, VG cannot be measured directly in the 

gateless, reference electrode free devices, therefore sensitivity presented in such a 

manner can only be obtained indirectly through first approximation calculations 

using measured IDS or VDS (see Chapter 3 for details). Otherwise the 
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transconductance (gm) or gain in IDS or VDS per pH can be an excellent direct 

measure of sensitivity.  

 

5.4.1 Background and theoretical modelling of sensitivity 

There are a number of studies reporting theoretical calculations for AlGaN/GaN 

HEMT 2DEGparameters such as carrier charge density and mobility variation with 

gate voltage and/or drain source voltage.  However, only recently have such 

calculations been used in an attempt to explain the behaviour of gateless 

AlGaN/GaN HEMT devices used in pH and dipole moment sensing [136]. Rabbaa 

and Stiens showed that unlike polar liquids for which the change in the device 

surface potential is always negative, electrolyte solutions of different pH may 

produce positive, negative or zero change in surface potential. The pH value that 

causes no change is called the point of zero change and is a specific characteristic of 

the surface material (GaxOy, AlxOy or SiNx). Also they concluded that the 

sensitivity of the device can be controlled by changing VG and/or VDS.  

It is widely known that maximum sensitivity can be achieved by choosing VG at 

maximum transconductance (gm), however, in reference-electrode free 

measurements VG cannot be directly controlled and therefore device sensitivity must 

be controlled differently. It was recently shown by Brazzini et.al. that 

heterostructures with a thin AlInN barrier demonstrate high sensitivity even in 

reference electrode free measurements[127]. For instance, they performed 

measurements with and without a reference electrode on two AlInN/GaN devices 

with AlInN barrier thickness of 6nm and 10nm. They reported that the thinner barrier 

device demonstrated a smaller decrease in sensitivity compared to the thicker barrier 

device when measured without a reference electrode. 

In this thesis it is demonstrated that not only barrier thickness but also its 

composition is important to obtain the most sensitive structure.  

As previously discussed, an exposure of Ga-face AlGaN/GaN layers to ionic 

solutions leads to a shift of the surface potential toward more negative values and 

thus to a change in the sheet carrier density and mobility (∆ns and ∆µ) of the 2DEG. 
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The influence on the 2DEG can be compared to an effective gate voltage (VG eff) 

applied to the active area of the device. It is known that the relative change in the 

2DEG concentration is at maximum near the threshold voltage for any AlGaN/GaN 

device. This will correspond to the maximum gain in the measured conductivity and 

therefore very high sensitivity of the device. Also most chemical and biological 

compounds can shift the surface potential (VG eff) of the reference electrode free 

device only by tens or hundreds of mV from initial zero volt bias (shifting by 59.9 

mV/pH according to the Nernstian equation). Therefore the most sensitive reference 

electrode free devices will have near zero bias threshold voltage.  

The experimentally measured gain in the conductivity (conductivity gain) is a 

product of sheet carrier density and mobility. Changes in mobility (∆µ) depend on 

the interplay of different scattering contributions and vary with device structure and 

material quality[137]. However, the near threshold region for different structures can 

be modelled through carrier concentration calculations without taking mobility into 

consideration. To demonstrate this we obtained values of mobility variation with VG 

for four different AlGaN/GaN structures (Table 5.4.1.1) from the work of Asgari et 

al. that is based on one of the most sophisticated models for 2DEG density and 

mobility variation [29]. Change in ns and threshold voltage was calculated for all 

four structures using a self-consistent 1-DPoisson solver. Surface charge(modelled as 

VG eff)was varied for both mobility and carrier concentration (ns and µ) in the range 

from-5V to 1V with 1V steps and by specifying appropriate boundary conditions 

with surface pinning of -1.2 eV. Surface pinning was chosen to match both 

calculated carrier concentration and carrier concentration obtained experimentally 

via Hall measurements. For a realistic figure of merit, the change in ns and µwas 

normalised to the overall carrier concentration and mobility, including the 

contribution from the bulk, and the gain in carrier concentration, mobility and 

conductivity was calculated according to equation 5.4.1.1 
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Gain=20 log (K) [dB]    (5.4.1.1) 

where K is the proportional change in any of the  2DEG parameters: 

Kns = ∆ns
ns

 

Kµ =∆µ
µ

 

KϬ=∆Ϭ
Ϭ

 

Conductivity values were obtained from carrier concentration and mobility 

according to equation 5.4.1.2. 

Ϭ=qnsµ(W/L)     (5.4.1.2) 

where q=1.6x10-19 C is the electron charge, W is width and L is length of the device. 

 

Table 5.4.1.1. AlGaN/GaN structures used for simulation 

As can be observed from the figures below, both carrier concentration and 

mobility demonstrate positive gain for near threshold values of VG and so both will 

contribute to measured gain in conductivity. Variation of 2DEG density, 2DEG 

mobility and 2DEG conductivity with VG is shown for four different structures in 

figures 5.4.1.2a, 5.4.1.3a and 5.4.1.4a respectably. Figures5.4.1.2b, 5.4.1.3b and 

5.4.1.4b demonstrate the variation in gain for the same parameters of the modelled 

structures.  

Sample Al mole fraction (%) AlGaN thickness (nm) Threshold Voltage (V)  

A 22 20 -3.5 

B 22 24 -5 

C 25 35 -9 

D 30 35 -10.5 
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(a)                                                                         (b) 

 

Fig. 5.4.1.2. Variation of carrier concentration for variable gate bias (a) and variation of gain 

in carrier concentration for variable gate bias (b) (for step of 1V). Gain in carrier 

concentration was calculated according to equation 5.4.1.1. 
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(a)                                                                         (b) 
 

Fig. 5.4.1.3. Variation of carrier mobility for variable gate bias (a) and variation of gain in 

carrier mobility for variable gate bias (b) (for step of 1V). Gain in mobility was calculated 

according to equation 5.4.1.1. 
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(a)                                                                         (b) 

 

Fig. 5.4.1.4. Variation of conductivity for variable gate bias (a) and variation of gain in 

conductivity for variable gate bias (b) (for step of 1V). Gain in conductivity was calculated 

according to equations 5.4.1.1 and 5.4.1.2. 

It can be seen that gain in conductivity is not linear and can greatly vary with 

variation of the surface potential on the order of volts. This is the main challenge for 

reference electrode free measurements. However, in the case of careful 

heterostructure design and due to the very small surface potential shift for most 

chemical and biological compounds (on the order of mV) the gain will change little 

and the device will remain in the sensitive, near zero bias region.  

Following this proof of concept, the gain in sheet carrier concentration was 

calculated using a self-consistent 1-DPoisson solver for a much wider range of 

different structures (Appendix 5.4.1.1). Such calculations allow modelling of device 

sensitivity as a function of AlGaN thickness and composition in any region of the 

transistor. However, due to the nature of reference electrode free measurements for 

pH and ion concentration the focus is on the region of near zero bias. Surface voltage 

(VGeff)was varied in the range from-1.1V to 0.2V with100mV step and by specifying 

appropriate boundary conditions with surface pinning of -1.2 eV. To allow direct 

comparison of sensitivity between structures with different composition, the gain in 
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carrier concentration was calculated for -100mV change in VGeff from zero bias. A 

contour plot with the results of these calculations can be seen in Fig. 5.4.1.5  

 

 

Fig. 5.4.1.5.Contour plot of the calculated sensitivity in terms of Gain=20 log (∆ns/ns) [dB] 

for a change in zero surface potential of -100 mV from zero bias for ungated AlGaN/GaN 

devices with varying AlGaN thickness and mole fraction a 2 nm GaN cap layer. The points 

1-6 on the plot corresponds to the structures of experimentally tested devices. The black 

dotted line corresponds to threshold for 2DEG formation, the channel is depleted below the 

line.  

 

From Fig. 5.4.1.5 it can be concluded that the sensitivity is increased when the 

distance between surface and channel is reduced until depletion of the 2DEG results 

in a sharp threshold edge that also depends on the Al content. For thick barriers the 

surface charge still modulates the amount of carriers in the channel, but the relative 
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change reflected in the sensitivity is small because of higher carrier concentrations. 

The sensitivity of the most promising structures is in the range of 20dB at near zero 

bias and will decrease as surface potential becomes more negative. Structures with 

less optimal design will have much lower sensitivity at near zero gate bias. However, 

sensitivity of non optimal structures can increase as surface potential becomes more 

negative while the sensitivity of optimal structure will decrease.  

This effect is partly demonstrated in Fig. 5.4.1.6 in which the value of threshold 

voltage is plotted for the range of structures as the AlGaN mole fraction and 

thickness are varied. Each structure will have optimal sensitivity when VG eff is close 

to Vth and each structure can be modelled individually to predict changes in 

sensitivity with changes in VG eff. Therefore if a device is likely to operate in a 

regime of surface potential well away from 0V then the most optimal structure will 

be different from that demonstrated at Fig. 5.4.1.5. However, the main advantage of 

the model is that the increase and decrease in sensitivity for a given structure can be 

predicted through such diagrams and be used for calibration and signal analysis. For 

example, in the case of more negative surface potential the shift in the optimal 

structure design, to keep sensitivity at around 20dB, should be towards slightly 

thicker structures with more negative thresholds.  However, such a structure will still 

be within the rather narrow region of thicknesses and compositions that can yield 

high sensitivity. Therefore such calculations will both indicate the parameters of 

optimal device as well as help with calibration and signal analyses. 
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Fig. 5.4.1.6. Contour plot of threshold voltage values for the range of ungated Al1-

xGaxN/GaN structures with variable AlGaN thickness and mole fraction.  
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5.4.2 Reference-electrode free pH measurements on optimised structures  

In the experimental part of this work measurements were performed using four 

point bar mesa-etched test structure configurations (Fig. 5.3.1.1 d) , with sensing 

areas 1.5 mm in diameter, 20/50/300nm Al/Cr/Au ohmic contacts, at constant 

currents of 100 µA using a HP 4156A semiconductor parameter analyser. All 

measurements were performed under constant light conditions. Ungated devices 

fabricated on AlGaN/GaN HEMT wafers were exposed to different KOH solutions 

with pH varied from 8 to 12, and the potential drop across the gate area was 

measured as a function of KOH concentration (pH). Standard cleaning was applied 

to the AlGaN surface (acetone, isopropyl alcohol, de-ionised water and N2blow-dry) 

after device fabrication. A ten second soak in HCl followed by rinsing in de-ionised 

water was applied after exposure to each ionic solution. 

Three Ga-face AlGaN/GaN heterostructures with 2nm GaN cap with high 

predicted sensitivity (using the model described in section 5.4.1) were compared to 

three uncapped samples from the previous work (as discussed in section 5.3.1) which 

had lower predicted sensitivity. The list of the samples can be seen in Table 5.4.2.1 

where sample ID reflects predicted sensitivity, with sample 1 having the highest and 

sample 6 the lowest predicted sensitivity. 

Sample 

ID 

Growth 

method 

Structure ns [cm-2] µ [cm2V-1s-1] 

1 MOCVD 12nmAl0.23Ga0.7N/2nmGaN 5.09x1012 1785 

2 MBE 10nm Al0.3Ga0.7N/2nm GaN 6.34x1012 856 

3 MBE 20nmAl0.2Ga0.8N/2nm GaN 5.15x1012 1101 

4 MOCVD 29nmAl0.15Ga0.85N 
(with AlN interlayer) 

3.78x1012 2093 

5 MOCVD 23nmAl0.23Ga0.77N 
(with AlN interlayer) 

6.53x1012 2254 

6 MOCVD 22nmAl0.29Ga0.71N 
(with AlN interlayer) 

7.34x1012 2230 

Table 5.4.2.1. Summary of different samples with parameters: growth method, structure and 

Hall data at room temperature as determined using van der Pauw geometry or Hall bar 

geometry with quantitative mobility spectrum analysis. 

All six devices were exposed to the KOH solutions of different pH values and 

the data was normalized to the maximum potential drop that was observed for KOH 
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with pH12 for each device. Figure 5.4.2.1 shows as-measured data for a device from 

sample 2, which was predicted to be close to the maximum sensitivity (Fig. 5.4.1.5).  

 

Fig. 5.4.2.1. Response to KOH solutions of device from sample 2 measured as change 

in voltage for fixed current. For each voltage curve, the point at which the voltage increases 

sharply corresponds to the point at which the KOH solution was applied. 

The normalized strength of the response to different KOH solutions for the six 

ungated AlGaN/GaN HEMT-based devices can be seen in Fig. 5.4.2.2.  

 

Fig. 5.4.2.2. Maximum potential drop for six ungated AlGaN/GaN HEMT-based devices 

exposed to different KOH solutions (normalized to the value obtained for pH12 for each 

device). Sample number corresponds to device structure as listed in Table 5.4.2.1. 

The sensitivity values calculated from experimental data in terms of overall gain 

in conductivity from pH8 to pH12for all devices are summarised in Table 5.4.2.2 and 
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can be compared to the predicted sensitivities shown in Fig. 5.4.1.5. It can be seen 

that the results obtained in the experimental part of this work demonstrate significant 

correlation with predicted sensitivity. As expected, the higher deviation can be 

observed for structures with an AlN interlayer which is  not included in the model. 

Another point to note from the normalised data is that the increase in measured 

voltage is not linear; the shape is directly related to the exponential change in KOH 

concentration with pH for most of the devices. However, device from sample 1 has a 

slightly different shape due to the fact that sensitivity itself is changing with KOH 

concentration, corresponding to the change in sensitivity with VG eff surface potential 

(Fig. 5.4.1.5 and 5.4.1.6).  

In conclusion it is shown that by optimisation of the AlGaN layer (composition 

and thickness), the sensitivity of the reference-electrode free AlGaN/GaN 

heterostructure-based ion sensors can be dramatically improved. A model was 

applied to estimate the sensitivity of different structures, and experimental results 

confirmed the predictions of the model, with high signal-to-noise ratio and gain in 

conductivity for the devices grown on the structures with near zero thresholds. All 

experiments were performed with solutions that would incur surface potential 

changes that were not significant deviations from zero VG eff. This result can be used 

to improve performance for future chemical and biochemical sensors. 

Sample 

ID 

Structure Sensitivity (Gain 

from pH8 to pH12), 

dB 

Predicted sensitivity 

(+/- 5 dB), 

See Fig. 5.4.1.5 

1 12nmAl0.23Ga0.7N/2nmGaN -4.9 -5 

2 10nm Al0.3Ga0.7N/2nm GaN -7.8 -7.5 

3 20nmAl0.2Ga0.8N/2nm GaN -17.7 -12 

4 29nmAl0.15Ga0.85N 
(with AlN interlayer) -26.5 -17.5 

5 23nmAl0.23Ga0.77N 
(with AlN interlayer) -34.8 -20 

6 22nmAl0.29Ga0.71N 
(with AlN interlayer) -44.7 -25 

Table 5.4.2.2. Summary of different samples parameter including theoretically predicted and 

experimentally obtained sensitivity. 
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5.5 X-Ray Photoelectron Spectroscopy Analysis  

As previously discussed, surface states and surface conditions such as level of 

oxidation and contamination play an extremely important role in the sensing 

mechanism of AlGaN/GaN ISFETs. Moreover all chemical and biological signals 

are received through interaction with the surface. It is important that the surface 

chemistry of AlGaN and GaN, particularly any surface oxides, is well understood 

with respect to exposure to various ions and varying pH. As described earlier in this 

chapter the surface oxide is linked to two different charge selectivity mechanisms 

reported for AlGaN/GaN ISFETs. The first type of response reported is linear with 

pH and the second one is proportional to anion concentration. Apart from differences 

in device structure and measurement set up it is highly likely that reported 

differences are linked to the surface chemistry (as previously discussed in section 

5.3). Different exposure protocols and differences in life time of the sensor can 

significantly alter the state of sensor surface resulting in variation of sensor response. 

In 1998 S. W. King et al.[138]reported on methods of obtaining atomically 

clean GaN surfaces. They found that exposure to HF and HCl solutions produced the 

lowest coverage of oxygen on GaN and the remaining oxides were composed of 

oxygen bonded primarily to Ga in both O2 and OH- states along with some N-O 

bonding. Removal of the oxide by HCl was mostly through attack of the OH- species 

on the surface. It proved challenging to grow a complete passivating oxide layer due 

to the resistance of GaN to continued oxidation. They also observed residual Cl 

contamination that was bonded primarily to Ga based on bond strength 

consideration. Similarly they observed residual sulphur, phosphorus and sodium 

after treatment with H2SO4, H3PO4 and NaOH respectively. Overall oxygen surface 

coverage was inversely related to the amount of Cl detected on the surface and a 

similar relationship was observed between carbon and oxygen. Since the bond 

strengths between Ga, N, Al and Cl are strong the dangling bonds at the surface are 

tied up by Cl and the surface should be stabilised and no further oxidation in air is 

expected. Therefore saturation of sites with one particular species hinders the 

adsorption or contamination by other species according to the relative bond strength 

for each of the species. Termination of GaN with Cl may be dependent on Fermi 

level and can be increased by adjustment and optimization of pH level 
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(concentration) of HCl. However, Cl can be completely removed from devices since 

complete thermal desorption of Cl from GaN occurs at 600oC. Complete thermal 

desorption of oxygen and carbon only occurs above 900oC with the sublimation of 

the GaN film. In the work by King et al., only annealing in NH3 atmosphere at 

800oC resulted in an atomically clean as well as stoichiometric GaN surface. 

X-ray Photoelectron Spectroscopy (XPS) measurements were undertakenat the 

Australian Synchrotron to explore differences in surface oxide for various cap layers 

and chemical exposures by identifying oxygen and impurity levels in the near 

surfacelayers.Synchrotron radiation significantly enhances the analytical sensitivity 

of XPS, critical for experiments close to the detection limit of 1 atomic percent. 

Apart from very high resolution, the photon energy of the synchrotron can be tuned 

resulting in different surface sensitivities and enhanced cross section of some 

elements at lower photon energy. 

The uncapped Al0.15Ga0.75N/GaN wafers and 10nm GaN capped 

Al0.35Ga0.65N/GaN wafers were compared after exposure to different chemicals. The 

main aim of this investigation was to reproduce different stages of device fabrication 

and usage. Therefore samples that were not thermally annealed and not exposed to 

chemicals were used as controls for the pre-fabrication state of surface oxide. 

Samples thermally annealed at nitrogen atmosphere for 30 seconds at 820 oC but not 

exposed to chemicals were used as controls for oxidation that could result from 

annealing during device fabrication. Other samples were annealed and subsequently 

exposed to different chemicals to re-create conditions that are present during pH and 

ion sensing.  Overall, ten samples were prepared and the list of chemical treatments 

can be found below:  

a. not annealed, not exposed – controls 

b.  annealed, but not exposed 

c. annealed and exposed randomly (to NaOH, KOH, HCl and H2SO4) + rinsed in DI 

d. annealed and exposed to HCl  only + rinsed in DI 

e. annealed and exposed to H2SO4 only + rinsed in DI 
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The “Origin” graphic package was used to fit peaks for the XPS data to 

Gaussian curve using “fit multiple peaks” tool. Each fitted peak was matched with 

particular element from the library of reference values[139].Once multiple peaks are 

fitted to elements, the peak area and cross sectional area of the peaks obtained from 

reference data sets[140], [141] can be used to quantify the amount of an element 

present on the surface and therefore to compare relative values. One such example 

can be found below in Fig.5.5.1.  

 

Fig.5.5.1. An example of peak fitting of XPS data to Gaussian curve performed in Origin 

and matched to reference library of elements. 

 

The results obtained from the quantitative peak fitting show distinct differences 

in native oxide layer depending on capping and chemical exposure.The oxidation of 

the surface appears to be dependent upon Ga concentration, but independent of Al 

concentration. Additionally, the presence of Al at the surface serves to stabilise the 

surface oxide layer with respect to chemical etching. Examples of proportions of 

elements for uncapped Al0.15Ga0.75N/GaN and 10nm GaN capped 

Al0.35Ga0.65N/GaN samples chemically treated in four different ways are shown in 

Fig.5.5.2. Comparing results with and without a GaN cap it can be seen that there is 
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a higher proportion of oxide on the GaN-capped samples, apart from those exposed 

to HCl. For the GaN-capped sample the oxide content is dramatically reduced by 

HCl exposure whereas for the uncapped (AlGaN) surface there is almost no change 

in oxygen content after HCl exposure. However, the amount of oxygen is too small 

to represent uniform oxidation of the surface.  

 

Fig.5.5.2.Comparison between 10nm GaN-capped Al0.35Ga0.65N/GaN and uncapped 

Al0.15Ga0.75N/GaN samples that were exposed to 4 different treatment protocols b., c., d. and 

e. described above. 

 

It must be noted that the data obtained at the Australian Synchrotron 

demonstrated some unexpected contaminants at the sample surface, such as 

phosphorus and silicon. The presence of silicon can be explained by beam 

penetration into the Si doped top layer of the heterostructure. Penetration on such a 

level is also supported by significant aluminium peaks on GaN capped samples. 

However, the presence of phosphorus cannot be explained in any way but accidental 

contamination.      
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Regardless of contamination, our results are consistent with the literature in 

terms of HCl treatment being very efficient at oxide removal. Moreover HCl treated 

samples did not further oxidise in air, consistent with the reported Cl passivation 

effect. Overall HCl treatment had more substantial effect on GaN capped samples 

than on AlGaN samples (stronger decrease in oxygen and higher percentage of Cl 

was observed on GaN). However, in randomly exposed samples the amount of Cl 

and S is smaller than in samples exposed only to HCl or H2SO4. Therefore it can be 

speculated that Cl/S was removed from the surface by additional washing of the 

sample or from interaction with KOH, NaOH (Na2S, K2SO4, NaCl, KCl salts could 

be formed). Based on this Cl/S passivation effect, the surface is more stable in air 

than in aqueous solution. Results obtained for SiN capped samples exhibit 

significant resistance to both contamination and oxidation. No effects of random, 

HCl or H2SO4 exposure have been observed. However, although a thin SiN layer 

could be considered for passivation purposes, it will negatively influence cell growth 

and proliferation as demonstrated in Chapter 4 and would significantly change ion 

selectivity of the surface.  

In regards to linear pH versus anion sensitivity of AlGaN/GaN sensors reported 

in the literature in can be speculated that sensor fabrication and storage conditions 

will significantly contribute to the device surface chemistry. Since linear pH 

sensitivity significantly depends on native surface oxide the preservation and 

decontamination of the surface is crucial for reproducible and reliable sensor 

operation.  As demonstrated above AlGaN/GaN surface is prone to contaminations 

diminishing amount of oxide on the surface and therefore anion selectivity can 

prevail over linear pH response. 

Chapter summary: 

Work presented in this chapter reflects fundamental behaviour and properties of 

AlGaN/GaN ISFET as well as the basic building blocks for development of the 

AlGaN/GaN based ISFET. Reported selectivity towards negative charge was 

consistent with results published in peer reviewed journals. However, a linear pH 

dependence was also reported in the literature. To compare these two contradictory 

reported results, a detailed literature review was undertaken to summarise the factors 

contributing to the two different results. It can be concluded from the comparison 
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that a few major factors could influence an AlGaN/GaN sensor to be selective, such 

us intentional oxidation, buffering of measured solution and application of a 

reference electrode. Measurements performed without a reference electrode, in 

solution without buffering agent and on the surface that did not undergo intentional 

oxidation resulted in negative charge selectivity. A mechanism that can explain the 

physics of negative charge selectivity was suggested in this thesis and is based on the 

formation of a Helmholtz double-layer near the electrolyte-AlGaN/GaN interface.  

Enabling reference electrode free measurements is key to realisation of all-solid-

state sensors that can replace traditional glass ion selective electrodes. Therefore 

further optimisation of the sensor structure was performed through a theoretical 

sensitivity model that suggested the design of the AlGaN/GaN heterostructure to 

ensure threshold proximity to the expected operating VG eff. In most cases this means 

optimal structures will have near-zero threshold voltage. Such heterostructures were 

used to experimentally demonstrate differences in sensitivity between 

heterostructures with variable AlGaN thickness and composition. The experimental 

results were in excellent agreement with the model, suggesting that a thinner barrier 

layer with near-zero threshold is the most sensitive structure for typical ion/pH 

measurements.  

Furthermore, the effect of sensor fabrication and operation was assessed with 

regards to surface oxide. Numerous contaminants originating from exposure to 

chemical solutions were detected on the AlGaN/GaN surface by XPS. Overall, the 

level of oxygen present on the surface was not sufficient to correspond to continuous 

oxide layer. Moreover, exposure to HCl solution resulted in surface passivation that 

completely prevented further oxidation, and in fact, removed what oxide there was 

for GaN-only surfaces. Overall oxide on the AlGaN surface was found to be more 

stable than oxide on the GaN surface. These results are in good agreement with the 

literature and further support negative ion selectivity observed in this work. Since 

surface oxide was removed during sensor operation and further oxidation was 

prevented by the passivation effect of chlorine, the remaining surface oxide was 

insufficient to support linear pH response and therefore sensor response was 

dominated by selectivity towards negative ions. The possibility of random variation 
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in the state of the surface depending on the number and sequence of chemical 

exposure requires detailed and structured investigation.  

In the next chapter, optimised high sensitivity AlGaN/GaN heterostructures  

functionalised as biosensors and assessed in reference electrode free measurements 

in buffered biological media are presented.          
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Chapter 6 

AlGaN/GaN based biosensor measurements 

This chapter is focused on experimental results obtained with AlGaN/GaN cell-

based biosensors and some preliminary experiments with ImmunoFET devices. This 

chapter includes experiments performed at various optimisation stages. The first 

attempts at measurements with live cells occurred at the early stages of sensor 

development, before optimisation of the heterostructure to maximise sensitivity. 

Also some additional optimisation was needed to provide a suitable environment for 

the live cells. Eventually a sensor fabricated on a sensitive heterostructure was used 

in conditions optimised for best function of live cells.  Finally optimised 

ImmunoFET was demonstrated to successfully detect antibody-antigen reaction.  

 

6.1 Introduction to AlGaN/GaN cell-based biosensor measurements  

Intracellular and extracellular recording of live cell signals are the two main 

electrophysiological approaches to cell analysis used in research.  Although 

intracellular recording methods such as voltage/current clamp, patch-clamp and 

sharp electrode techniques have very good signal resolution, they are only capable of 

recording one cell at a time and will destroy the cell during measurement. Moreover, 

all of these methods are slow, complicated and require specially trained laboratory 

personnel [142]. Extracellular recording of cell activity is a simpler technique 

capable of assessing field potential generated by the activity of many cells, multiple 

times, without destroying them. However, signal resolution is often an issue 

[143].Prior to development of AlGaN/GaN, extracellular recording has mostly been 

undertaken using microelectrode arrays (MEA) or silicon based field effect 

transistors (Si-FET). MEAs suffer from low spatial resolution and chronic 

implantation of electrodes (accumulation of dead cells around electrodes)which 

results in a drop in the number of functioning electrodes over time and the need for 

cell-compatible coating [144]. Si-FET gate dielectrics are highly sensitive to 

charging effect/breakdown and can be chemically unstable in aqueous solutions 

[145]. Moreover normally-on Si-FETs have not been successfully adapted to sensor 
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technology, and thus the normally-off Si-FETs have been used but require a 

reference electrode to form an electrically-conductive channel through application of 

gate bias. 

As was discussed in Chapter 3 AlGaN/GaN sensor technology is an excellent 

potential successor to Si-FET sensors, due to higher thermal and chemical stability in 

liquids, and excellent compatibility with living cells [4], [146].The conductive 

channel in normally-on AlGaN/GaN forms spontaneously and contains a high 

electron density and mobility 2D electron gas (2DEG). The 2DEG is located close to 

the surface, which makes it highly sensitive to changes in surface charge density 

[64].  Thus highly sensitive, reference electrode free AlGaN/GaN-based sensors can 

be fabricated [93], [94]. As biosensors, AlGaN/GaN devices with live cells are not 

only capable of detecting field potential generated by ion transport through the cell 

membrane (see Chapter 2), but the exponential relationship between gate and 

channel charge means the signal is amplified. By growing cells on the gate area of 

AlGaN/GaN FETs, complex biophysical properties of cells can be studied by real-

time, label-free investigation of ion channels and compounds that affect them.  Such 

an approach has important potential applications for fundamental biomedical 

research as well as drug discovery and assessment. At a further stage of 

development, the additional benefits of using semiconductor-based technology 

include mass production and monolithic integration for on chip signal processing. 

Overall, this technology has exciting potential for producing cheap, portable and 

even personalised sensors capable of multiple measurements on living cells without 

destroying them, in complex and aggressive media such as cell culture medium, 

urine, blood or saliva. 

In the last decade, cell-based AlGaN/GaN FET sensors have been demonstrated 

for the measurement of cell action potentials, non-invasive cell electrophysiological 

measurements and electrical stimulation of cell culture. However, the strength of the 

recorded signal was only in the range of tens to hundreds of microvolts [53], [147], 

[148]. Moreover, all of the above reported work employed a reference electrode as 

part of the measurement set up and most lacked clear control experiments. This 

chapter reports on the development and optimisation of AlGaN/GaN-based 

biosensors that can successfully operate without a reference electrode. We 
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demonstrate a high amplitude (millivolts) signal recorded during stimulation of live 

cells with various chemicals, such as ionomycin, KCl, which triggers membrane 

depolarisation of living cells, and CaCl2, which influences calcium transport through 

the cell membrane.  The influences of various calcium channel inhibitors and an 

activator have been also investigated.  

All measurements included in this chapter were performed on Petri dish 

packaged, four-point bar shaped, 10nm Al0.3Ga0.7N and 2nm GaNcapped devices 

optimised for high sensitivity. Time dependent recordings of voltage across the 

sensitive area were taken under constant current of 100 µA using a DT82E 

DataTaker. 

6.2 Preliminary living cell-AlGaN/GaN coupling measurements 

This section covers preliminary work, starting from control measurements of 

sensor response in Dulbecco Modified Eagle’s Medium (DMEM) (Appendix 4.2.1) 

and Hank’s Balanced Salt Solution(HBSS) (Appendix 6.2.1) without cells in the 

commercial incubator, at room temperature and inside a custom built incubator, and 

finishing with optimisation of seeded cell volume and concentration. As experiments 

proceeded, there was also improvement in the AlGaN/GaN biosensor ion sensitivity 

as sensor design and packaging improved. 

 

6.2.1 Reproducibility and baseline behaviour 

Preliminary measurements, using Human Embryonic Kidney (HEK) cells from 

Invitrogen, were undertaken to develop and confirm measurement protocols. The 

results of the initial investigations to determine reproducibility and baseline 

behaviour of the sensors are given in Fig 6.2.1.1 where multiple runs were performed 

on the same device with different batches of cells and control solution. For the 

devices with cells in HBSS, a peak in voltage can be seen immediately after cell 

seeding. This voltage drops back down to a stable lower voltage 15-20 minutes later. 

This time approximately corresponds to cells settling on the surface of the device. 

No such behaviour was observed for the control devices, where HBSS with no cells 

was present. From Fig.6.2.1.1, two baselines can also be seen: the dry baseline 
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(before the device is exposed to any liquid) and the wet baseline (after exposure to 

HBSS or cells in HBSS). Stabilisation of the wet baseline is essential for correct 

identification of responses occurring as the result of exposure to the chemical 

compounds. For the remainder of the chapter, device response will be represented as 

a change in voltage relative to the dry baseline.  

 

Fig.6.2.1.1 Time dependent voltage response of AlGaN/GaN sensor to cells suspended in 

Hank’s Balanced Salt Solution (HBSS) and HBSS-only controls. Multiple experiments 

performed on the same device with different batches of cells and control solution. These 

have been normalised to the sensor response in the air (dry baseline).  

 

6.2.2 Response to ionomycin 

The first attempt to detect biological reactions of living cells using these sensors 

was performed using the drug ionomycin (Appendix 6.2.2.1) for cell stimulation. 

The device was fabricated using standard (15%Al) AlGaN/GaN HEMT 

heterostructures on a sapphire substrate grown by metal-organic chemical vapour 

deposition [5].Prior to cell coupling measurements, the signal was recorded for a 

AlGaN/GaN device exposed to 800µl of DMEM without cells, both inside and 

outside of the incubator (37°C, 5% CO2 standard environment for live cell culturing) 

for control purposes.  After a few hours of incubation, the sensor was removed from 
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the incubator and placed in a standard laboratory environment (room temperature 

(RT) – around 25°C). This change of environment resulted in a voltage drop of 3-

4mV. The same device was then used for cell coupling measurements with one 

million HEK cells seeded in 800 μl of DMEM covering the device sensitive area. 

The device was placed in an incubator overnight to allow cell attachment and 

proliferation. 

The next day, the biosensor was removed from the incubator and 80 μl of 10-6M 

diluted ionomycin was added to the800 μl of cell solution. Measurements were 

repeated three times on the same device, but on different days (Fig. 6.2.2.1). The 

device was washed with ethanol and exposed to ultraviolet light for disinfection 

purposes after each measurement. Response to the ionomycin was only on the level 

of 1mV which is smaller than the change occurring due to the change in the sensor 

environment (inside/outside incubator).  

 
Fig. 6.2.2.1 Response of AlGaN/GaN sensor with incubated cells and control (no cells) to 80 

μl of 10-6 ionomycin recorded on three different days. Arrows show the points in time when 

ionomycin was added.  

 

To reduce the effect of changing the environment, all stages of the experiment 

were repeated in the standard laboratory environment at room temperature, but only 

for the length of time the cells can survive outside of the incubator (around 3-4 
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hours). The same device was exposed to one million HEK cells seeded in 800 μl of 

DMEM, and 800 μl of DMEM only (control). After 3 hours 10-4M diluted 

ionomycin was added to the device in three steps (+2µL, +2µL, +6µL). 

Measurements performed at room temperature did not contain any potential drop 

associated with the change of environment before treatment with ionomycin. 

Therefore the response to the drug should be detected with higher accuracy. Both 

control and cell measurements resulted in signals with a similar profile but different 

amplitude, with the strongest responses around 2mV for the control device (DMEM 

only) and 5mV for the device with cells in DMEM (Fig.6.2.2.2). However, cell 

attachment at room temperature is not optimal and might decrease the amplitude of 

response to the ionomycin. Improvements in measurement protocols for sensor 

optimisation are discussed further in the next subsection, 

 
Fig.6.2.2.2 Response of AlGaN/GaN sensor with cells and control sensor (no cells) at RT to 

ionomycin added in three steps (2µL, 2µL and 6µl x 10-4M). Arrows shows the points in 

time that ionomycin is added.  
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6.2.3 Depolarisation experiments and sensor optimisation 

To further optimise the sensor, a temperature controlled environmental chamber 

with glove-box access was constructed to enable experimental 

operation/measurement of the sensor whilst maintaining the required physiological 

conditions for live cells. Measurements performed inside this chamber under 

constant temperature (37oC) and constant light conditions are further discussed 

below. Cell activity was assessed by membrane depolarisation after exposure to KCl, 

and compared to the control sample where KCl was added to HBSS solution without 

cells. However, as experiments with KCl progressed, it was also noticed that 

buffering of HBSS solution was critical to sensor selectivity. This is to be expected 

as the sensor itself is sensitive to the concentration of anions in the solution as shown 

in section5.3.2. Thus the experiments also assessed the use of4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) as a buffer to decrease the contribution from 

solution anions to sensor response, that is to increase sensor selectivity towards 

biological activity of the cells over total chemical changes in the solution. 

In Fig.6.2.3.1, the effect of adding 30 mM HEPES buffer to HBSS solution can 

be observed when treating devices with cells and control devices with 45mM KCl 

and following increase to 90mM and 135mM KCl (final concentration), which 

triggers membrane depolarisation [149]. In the absence of HEPES, it is expected that 

the sensor will respond to both chemical changes in the solution due to addition of 

KCl and the change in potential on the gate area due to the biological activity. This 

can be clearly seen from the response of the control device (Fig.6.2.3.1a) which 

would only be due to the sensitivity of the device to anion concentration. The 

response from the device with cells is similar, indicating that even with cells present, 

the dominant influence is the sensitivity of the device to the change in solution 

composition. However, once HEPES is added to the HBSS it buffers ions and 

therefore the addition of KCl will have less effect on anion concentration, allowing 

changes in surface potential due to the biological activity of the cells to be detected. 

Thus a clear difference between devices with cells and the control devices can be 

observed in the presence of HEPES (Fig.6.2.3.1b). 
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Fig.6.2.3.1 Response of AlGaN/GaN sensor with and without cells(labelled as cells and 

control respectively) recorded during exposure to 45 mM, 90mM and 135mM of KCl (final 

concentration) without buffering with HEPES (a), or after buffering with 30mM HEPES 

(b).Arrows show the time points at which KCl is added. 

Next, the cell seeding concentration was optimised for the best signal resolution. 

For this, in addition to recording the device signal, an Olympus IX81bright field 

microscope was used to image the sensor surface exposed to different cell seeding 

concentrations. Since the detection of the biological process (in this case membrane 

depolarisation) occurs via potential change on the device surface, the strength of the 

signal will depend on how many cells interact with the surface and how far away 

from the surface the biological activity is occurring. To investigate these issues 

membrane depolarisation experiments (exposure to 45mM KCl) were performed for 

different concentrations of cells. Fig.6.2.3.2a demonstrates the results, where low, 

medium and high concentrations correspond to 50 000, 200 000 and 1000 000 cells 

per seeding volume, respectively. Micrographs of the active area of the device for 

each of the three seeding concentrations can be seen in Fig.6.2.3.2b. In Fig. 

6.2.3.2a.It can be seen that the lowest signal is recorded for the highest seeding 

concentration. One reason for this could be the formation of multiple layers of cells 

on the surface of the device, which could clearly be observed with the optical 

microscope (Fig. 6.2.3.2b). With multiple layers present, the top layer that is 

exposed to the reagent will be significantly separated from the device surface, 

reducing the effect of the change in potential due to depolarisation. On the other 

hand, for the low concentration the signal was much smaller compared to the 

medium concentration. It can be seen in Fig. 6.2.3.2b that there is a significant 
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difference in surface coverage between low, medium and high concentrations. 

Therefore for low concentration, the signal is most likely smaller due to fewer cells 

contributing to the signal. Clearly the medium concentration for which cells are 

relatively evenly covering the sensing area, in a single layer, is the optimal condition. 

It should be noted that optimal seeding concentration, at which this level of coverage 

occurs, will always be dependent on sensor and package dimensions. 

Finally, the effect of environmental conditions was assessed for the optimal 

(medium) seeding concentration. As can be seen in Fig. 6.2.3.2a, after decreasing the 

temperature of the cell environment from 37oC to 22oC, a significant drop in the 

signal amplitude is observed. This can be explained by the slowing down of 

biological activity at lower temperature or by a poorer interface between cells and 

AlGaN surface at lower temperature. 

(b) 
Fig. 6.2.3.2 Sensitivity of AlGaN/GaN sensor to different cell seeding concentration and 

temperature of environment. Measurements taken at 37 oC and additionally at 22oC for 

medium concentration only (a).Optical micrographs of HEK cells in HBSS on the device. 

Scale = 50 µm (b). Concentrations from left to right: low, medium, high (50 000, 200 000, 

1000 000 per seeding volume). 
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6.3 Response to Ca dosing in HBSS for optimal HCAEC cell concentration. 

The main focus of the study presented here is to confirm measurement of 

biological activity by the biosensors through stimulation of Human Coronary Artery 

Endothelial Cells (HCAEC)with chemicals such CaCl2 which influences calcium 

transport through the cell membrane. 

Calcium dosing experiments were performed with HCAEC obtained from Dr 

Livia Hool’s laboratory (School of Anatomy, Physiology and Human Biology, The 

University of Western Australia) (Appendix 6.3.1). HCAE cells were isolated from 

normal human coronary arteries. They were cryogenically preserved at second 

passage and cultured for 15 population doublings. The cells were then seeded in 

calcium-free HBSS on the device sensitive area. For measurements, HBSS solution 

was buffered with 30mM HEPES. After wet baseline stabilisation, CaCl2 solution 

was added to HBSS by titration. The concentration of CaCl2 was slowly stepped 

through the following concentrations (in mM): 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.8, 1.1, 2.1, 

3.1, 5.1, 10.1, with time for response stabilisation allowed between additions. The 

results of CaCl2 titration on the packaged sensor with HCAE cells suspended in 

HBSS and the control device in HBSS with no cells can be seen in Fig.6.3.1. The 

observed substantial difference between the response of devices with cells and the 

control device was repeated in multiple measurements, with saturation of cell 

response occurring in each instance at a concentration of around 2.5-3mM CaCl2. 

This saturation level correlates well with normal physiological calcium intake 

measured with conventional methods [150].  
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Fig. 6.3.1 Response of AlGaN/GaN sensor in HEPES-buffered HBSS with and without 

HCAE cells (labelled as cells and control respectively) recorded for calcium dosing under 

slow titration conditions (a).Enlargement of graph to show response for low concentrations 

(dotted area) is given in (b). 

 

6.4 Response to multiple inhibitors and activator for variable Ca ion channels 

Mibefradil, Nisoldipine and HC-030031 inhibitors and BayK(-) 8644 activator 

(Appendix 6.4.1) for calcium ion channels were purchased from Sigma Aldrich. In 

all experiments, 1µM drug (inhibitor or activator) was added to the HBSS after wet 

baseline stabilisation and the system incubated for a further 10 minutes. After 

incubation, a calcium dosing experiment was performed by slow calcium titration 

with the same protocol as the calcium dosing experiment described in section 6.3. 

Drug-free calcium dosing was used as the control for inhibitor and activator 

experiments along with the cell-free control. Calcium dosing experiments were 

performed with three inhibitors: the T-type low voltage-activated calcium channel 

blocker Mibefradil, the L-type high voltage-activated calcium channel blocker 

Nisoldipine and the TRPA1 receptor channel blocker HC-030031. These 

experiments were also performed with the L-type high voltage-activated calcium 

channel activator S-BayK 8644. 

Incubation of cells in the presence of inhibitors or activators is expected to 

result in decreased or increased response to calcium dosing, respectively. Incubation 

is necessary to provide time for reaction between chemical and the cell.  

0 2 4 6 8 10

0

10

20

30

40

50

Vs
ig

na
l n

or
m

al
ise

d 
to

 w
et

 b
as

el
in

e 
(m

V)

Concentration of CaCl2 (mM)

 control
 cells

(a)
0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

10

20

30

40

50

Vs
ig

na
l n

or
m

al
ise

d 
to

 w
et

 b
as

el
in

e 
(m

V)

Concentration of CaCl2 (mM)

 control
 cells

(b)

 121 



The measured results have been normalised to the calcium dosing response 

without any drug treatment, in addition to being compared to the response for control 

devices with no cells (Fig.6.4.1). It can be seen that the presence of the calcium 

channel activator S-BayK 8644 increased the measured response and the presence of 

the inhibitors decreased the measured response, almost to the level of the control 

device with no cells. This provides a clear demonstration of the utility of this 

biosensor to assess both activators and inhibitors of calcium channels. 

 

Fig. 6.4.1 Response of AlGaN/GaN sensor in HEPES-buffered HBSS with  and without 

HCAE cells in the presence of inhibitors (Mibefradil, Nisoldipine, HC-03001) and activator 

(S-BayK(−)8644), recorded for calcium dosing under slow titration conditions. Signals are 

normalised to change observed after cells treated with CaCl2, but no inhibitor or activator. 

(b) Enlargement of dotted area in graph (a) to show response at low concentrations. 

 

 

The results obtained from the cellular calcium intake experiments presented in 

6.3 and 6.4 demonstrate the capabilities of AlGaN/GaN-based biosensors using live 

cells for label-free detection of physiological cellular events. The devices exhibited 

sensitivity to changes in higher-order cellular events such as viability and adhesion 

(Fig.6.2.3.2) as well as to cellular ion transport signalling (Fig. 6.3.1 and Fig 6.4.1), 

therefore providing greater insight into overall cellular response. Such a sensor could 

be very beneficial for pharmacological research dealing with pluridimensional 

therapeutic targets, such as G protein-coupled receptors (GPCR), by acting as one 
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integrated assay for label-free, real-time, cell-based monitoring rather than multiple 

specific assays with different formats and dynamic ranges [151]. Stallaert et al. 

[152]have demonstrated the application of measurements of cellular impedance for 

GPCR analysis which resulted in classification of ligands with distinct signalling 

profiles. Similarly AlGaN/GaN-based biosensors have tremendous potential to 

reveal the rich signalling texture of living cells, providing a comprehensive readout 

of drug activity. 

 

6.5 ImmunoFET experiments  

This section of the thesis is concentrated on preliminary investigations into 

AlGaN/GaN ImmunoFET that can be combined with live cell based AlGaN/GaN 

FET device in attempt to create multidimensional lab-on-chip system. Initial 

investigation of AlGaN/GaN device sensitivity towards antibody-antigen reactions 

was performed in close collaboration with the Fraunhofer Institute of Applied Solid 

State Physics (Fraunhofer IAF) and strongly relied on surface functionalization 

expertise developed at this Institute. Following investigations were continued 

independently at the University of Western Australia. Those two stages are separated 

into two subsequent subsections.  

6.5.1. Initial ImmunoFET investigations  

  The AlGaN/GaN sensors used in these particular experiments were fabricated 

at Fraunhofer IAF. Sensors were grown on SiC substrates with two contacts that 

were connected to the back of the wafer by means of a deep etch through the 

substrate (Fig.6.5.1.1a).  After fabrication, sensors were shipped to UWA to perform 

antibody-antigen experiments. Since these devices have not been optimised for 

reference electrode free measurements, an Ag/AgCl reference electrode was applied 

to the system during measurements through an advanced assembly of fluidic cells 

(Fig. 6.5.1.1b).  
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(a)                                                            (b) 

Fig. 6.5.1.1.Schematic of two AlGaN/GaN devices with contacts on the backside of 

the wafer (a).Schematics of fluidic cell assembly with fluidic channel above the 

sensor surface and electrical contacts at the back of the wafer (b). Designed and 

fabricated at the Fraunhofer Institute of Applied Solid State Physics. 

 

In experiments described in this section, AlGaN/GaN sensors were utilised to 

measure electrical signals resulting from chemical bonding between cytokine MCP-

1protein and a relevant antibody. Under normal conditions cytokine MCP-1 can be 

found in high concentrations in the medium of macrophage cells and is widely used 

as a measure of macrophage cytokine production[153]. Therefore, to make the 

AlGaN/GaN sensor selective towards this type of cytokine, the active area of the 

device was functionalized with MCP-1 antibody (mouse specific) purchased from 

Genesearch (Appendix 6.5.1.1).  

Functionalisation of the AlGaN/GaN was performed according to DNA 

attachment protocol developed at Fraunhofer IAF (Appendix 6.5.1.2). DMEM 

medium used for culturing mouse macrophage cells and conditioned with MPC-1 

protein as the result of cell activity was supplied by Prof. Fiona Pixley (School of 

Medicine and Pharmacology at UWA) immediately before experiments and used as 

the source of analyte.  

First, the functionalised device was exposed to fresh clear medium (not used for 

cell culturing) to establish the base line signal. Finally, conditioned medium 

containing MCP-1 cytokine (analyte) was introduced for half an hour and was 

followed up by thorough wash with clear DMEM medium (Fig.5.6.1.2). 
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Fig. 6.5.1.2. Detection of MCP-1 with the antibody functionalised AlGaN/GaN HEMT. 

Analyte was added at t = 2000s. After rinsing the analyte medium at t = 2500s, a difference 

in the signal can be observed. 

 

 In the case of no specific chemical reaction between antibody and antigen 

(analyte), all charged ions and proteins present in the conditioned medium must be 

washed away with clear medium resulting in signal recovery to initial base line. 

However, Fig. 6.5.1.2 indicates that after washing the signal stabilises on a higher 

level indicating a permanent change on the sensor surface. The difference in the 

signal before contact with the analyte solution and after rinsing the sensor surface 

therefore is a strong indication of successful realisation of AlGaN/GaN label-free 

detection of proteins with an antibody based functionalisation layer.  

To further prove the concept and to obtain control measurements, collaboration 

was continued at the IAF Fraunhofer Institute. The protocol used for experiments 

was similar to the previously performed experiment described above. However, a 

different cell growth medium was used (composition given in Appendix 6.5.1.3) and 

an additional wash with phosphate buffer (Appendix 5.6.1.4) was introduced before 

exposure to the analyte.  

Two runs of antibody/antigen and two runs of control experiments were 

performed (Fig 6.5.1.3) on four different devices. Consistent with the first 
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experiment, Fig. 6.5.1.3 indicates that after surface washing in antibody/antigen 

measurements, the signal stabilises at a higher level indicating a permanent change 

on the sensor surface. In two different runs of antigen experiment the change 

between buffer signal before and after interaction with MCP-1 was recorded to be 

50mV and 25mV above the initial level (Fig. 6.5.1.3a,b). In contrast, in the control 

experiments, the signal has recovered back to the phosphate buffer level with only 

2mV difference between before and after exposure to clear medium or a decrease to 

20mV below the phosphate buffer level after washing (Fig. 6.5.1.3c,d). The decrease 

in the sensor signal after washing can be attributed to common downwards sensor 

drift.  

These results are very promising. However, the influence of the medium itself 

on the sensor signals is very significant and not desirable at this stage of sensor 

development. Even the clear medium contains a number of proteins essential to cell 

growth and proliferation that can be attracted to the sensor surface and screen further 

specific reactions. Moreover, a medium containing MCP-1 protein also contains a 

number of other cytokines. Therefore, it is difficult to prove specific selectivity of 

the sensor functionalisation layer to MCP-1 protein.   

One possible solution could be to perform measurements in phosphate buffer 

solution(PBS) and purchase a specific antibody-antigen couple. Any other protein 

not specific to the antibody can be used in a control experiment. In such conditions 

no screening effects from a medium saturated with proteins should influence the 

measured signal and hence the specific interaction of the antibody-antigen couple 

can be observed. 
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c) 

 
d) 

Fig. 6.5.1.3 Detection of MCP-1 with the two identical antibody functionalised 

AlGaN/GaN HEMTs. Points of washing and analyte addition are indicated on the image 

(a,b) Control experiments with analyte free medium on two identical antibody functionalised 

AlGaN/GaN HEMTs. Points of washing and medium addition are indicated on the image 

(c,d). 
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6.5.2Specific pair antibody/antigen functionalisation 

Experiments with specifically paired antibody/antigen functionalisation were 

performed independently at UWA and detection of the analyte was performed in the 

reference electrode free set up on10nm Al0.3Ga0.7N and 2nm GaNcapped devices 

optimised for high sensitivity, designed and fabricated according to the earlier 

description in this thesis (section 3.6.2). PBS was used instead of cell growth 

medium in all stages of the experiment. The MCP-1 antibody-antigen couple was 

purchased from Abcam Australia (please see Appendix 6.5.2.1 for more 

information).Bovine serum albumin (BSA) was used as a non specific protein in the 

control experiment (Appendix 6.5.2.2).  

The protocol of the functionalisation with MCP-1 antibody was based on well-

documented procedures [9, 58]. The functionalisation included oxidation of 

AlGaN/GaN with piranha solution, salinisation with 3-amino-propyltriethoxysilane 

(APTES), fixation using glutaraldehyde as a cross-linker molecule and finally an 

attachment of the antibody through amine groups (NH2) present in its structure. The 

full functionalisation protocol is given in Appendix 6.5.2.3for the functionalisation 

protocol. Evaluation of the surface functionalisation layer was performed through 

atom force microscopy (AFM) and Transmission Fourier Transform Infra-Red 

spectroscopy (FTIR) measurements.  

The tip of the AFM microscope was used to scratch 1µm x 1 µm area of surface 

functionalisation layer with a spring constant of 42N/m.  The depth of this layer was 

measured to be approximately 5.0 nm. Also AFM allows comparison between 

functionalised AlGaN and as grown AlGaN surfaces (Figs. 6.5.2.1-6.5.2.2).   

There are three FTIR regions of interest for the functionalised sample that can 

be referenced to the existing data bases [154]. Those regions correspond to aliphatic 

amines (C – N 1020-1250 cm-1), vibration of aliphatic amine (C – N 1210-1230 cm-

1) and to aromatic amines (C – N 1250-1335 cm-1). The first peak observed on the 

scan is around 1220 cm-1 falls within the first region of interest, and can be attributed 

to the link between glutaraldehyde and the protein present on the surface. The second 

peak observed on the scan at around 1310cm-1,falls within the third region of interest, 

and can be attributed to the structure of the protein containing 125 amino acid 
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residues. Overall the existence of these two peaks confirms successful 

immobilisation of MCP-1 protein on the AlGaN/GaN surface(Fig.6.5.2.3). 

 

Fig. 6.5.2.1 AFM images of clean AlGaN/GaN surface (left) and MCP-1 protein 
functionalised surface with the square scratched area indicating the high of the protein layer 
(right). 

 

 

Fig. 6.5.2.2. Three dimensional AFM image of functionalized surface with the square 
scratched area(top) and the profile of scratched area (bottom). 
 

5nm 
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Fig. 6.5.2.3Transmission FTIR spectrum with C-N stretch peaks corresponding to presence 

of antibody on the surface of the functionalized device. 

 

Electrical detection of the MCP-1 protein was performed on a reference 

electrode free, four-point bar structure device with high sensitivity10nm Al0.3Ga0.7N 

and 2nm GaNcapped heterostructure devices. The functionalised device was 

immersed in 18mL of diluted PBS solution. First the concentration of non specific 

BSA protein was introduced in two steps (+1µg/mL at a time) and followed by 

awash with fresh PBS solution. As can be observed from Fig. 6.5.2.4 the signal 

recovered to the initial PBS level after washing indicates that there was no specific 

reaction between BSA and the surface functionalisation. On the contrary, when the 

concentration of MCP-1proteinwas introduced in 3 steps (+1µg/mL at a time) and 

followed by the wash with PBS, the signal did not recover. The change between 

buffer signal before and after interaction with MCP-1 was recorded to be 16mV 

below the initial level. 
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Fig. 6.5.2.4.  Time dependent measurement of antibody-antigen detection by 

10nm Al0.3Ga0.7N/2nm GaN capped heterostructure devices. Concentration of BSA 

increased in two steps (+1µg/mL at a time) and concentration of MCP-1 increased in 3 steps 

(+1µg/mL at a time). 

 

The above results are very promising for further development of AlGaN/GaN 

biosensors as the basis for a lab-on-a-chip device capable of combined cellular and 

immunological measurements. Since MCP-1 protein and other cytokines are 

produced by living macrophage cells, an array of AlGaN/GaN devices can be used 

for monitoring cellular activity through ion channels alongside detection of proteins 

extracted by the cells.   

 

Chapter summary: 

Operating conditions for AlGaN/GaN biosensors functionalised with live cells 

were optimised, including environmental control, buffering procedure and live cell 

seeding concentration. Typical differences between cell-based device signals and 

control (no cells) device signals were established. The recorded signal for cell-based 

devices was demonstrated, alongside multiple controls, to be the result of biological 
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activity. This was consistent with the substantial decrease in signal amplitude under 

room temperature conditions (compared to standard incubator conditions), which is 

typical for biological systems.  

The calcium dosing experiment demonstrated high reproducibility and signal 

saturation at expected physiological levels. Experiments with inhibitors and an 

activator for different types of calcium channels further confirmed specific biological 

activity. The results have strongly affirmed that AlGaN/GaN cell-based sensors have 

significant potential for label-free live cell measurement of drug activity. 

Preliminary investigation of antibody-antigen detection with antibody-

functionalised AlGaN/GaN sensor yielded promising results for two different 

functionalisation and measurement protocols. Initial measurements were performed, 

in collaboration with other researchers, inside an advanced fluidic cell assembly with 

a reference electrode. Results indicated strong influence from the cell growth 

medium used in the experiment that complicated the interpretation of recorded 

signals.   Therefore cell growth medium was replaced with PBS solution and antigen 

was purchased in filtered form (previously attempts were made to detect the antigen 

in protein saturated medium of macrophage cells).  Non-specific BSA protein was 

used for control purposes. Measurements were performed on reference electrode free 

optimised sensors. The results were consistent with the previous experiments and 

indicated a selective reaction between antibody-antigen couple. 
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Chapter 7  

Thesis Summary and Outlook 

 

Summary 

 

In this thesis, AlGaN/GaN hetorostructures are investigated as the transducer 

element for biological and chemical sensing. A number of optimisations were 

introduced. Firstly, the biological sensor was thoroughly investigated to optimise 

conditions for interaction between the semiconductor surface and the living cells 

attached. The TEM section of AlGaN/GaN and human embryo kidney cell obtained 

in this work, while not a first, is unique in the application of FIB to section the 

semiconductor/cell interface. Secondly, the sensor design was focused on reference 

electrode free operation. Reference electrode free device design is crucial for sensor 

miniaturisation and integration, and this work is the first significant attempt to 

investigate such an approach.  

Surface chemistry was shown to strongly contribute to device response and 

must be taken into account for theoretical predictions of the sensor behaviour. 

Surface chemistry analysis was performed using high resolution technology at the 

Australian Synchrotron, and this analysis exposed the significant influence on 

selectivity and sensitivity of AlGaN/GaN devices to surface contamination occurring 

during the device life cycle. 

For the first time, an AlGaN/GaN heterostructure was engineered to optimise 

the response to specific biological or chemical applications.  This design was based 

on theoretical modelling. The  optimised, reference electrode free device was 

fabricated and successfully revealed the rich signalling texture of living cells, 

providing potential for a comprehensive readout for drug activity. Further it was 

shown in this thesis that not only living cells can be utilized as the biological 
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component of the sensor, but also DNA and immunological agents can be used 

together as a multidimensional lab-on-chip system. 

 

Conclusions 

 

Because live cells were chosen as the biologically sensitive element of the 

sensor, the first evaluation step was to investigate compatibility of AlGaN 

semiconducting alloy material and living cells. The Human Embryonic Kidney cell 

line was chosen due to sensitivity towards toxic effects observed in previous studies. 

Investigation of multiple aspects of biocompatibility has provided qualitative and 

quantitative data for the compatibility of living cells with the AlGaN semiconducting 

alloy material as well as a better understanding of the interface between these two 

systems. Quantitative flow cytometry data indicated that the number of dead cells 

increases with increasing Al concentration. However, these differences are not 

substantial in terms of device optimisation. More importantly, cells survived on a 

large range of AlxGa1- xN compositions, from x=0 to x=0.35, for the duration of 

experiments (up to two weeks). This offers flexibility in the design and optimisation 

of AlGaN/GaN heterostructures for biosensor applications.  

A TEM lamina of HEK cells on AlGaN/GaN heterostructures was successfully 

obtained by utilising the nano-scale milling, deposition and imaging capabilities of 

FIB/SEM. This work is believed to be one of the first accounts of biological-

semiconductor interface specimens prepared by FIB-milling and viewed by TEM, 

enabling the visualisation and analysis of cell morphology and attachment for 

different types of surfaces. Although improvements are required, a new technique for 

TEM analysis of cells on semiconductor material was demonstrated.  

As these types of sensors are operated in liquids it was important to investigate 

sensor behaviour in different ionic media. The realisation of reference electrode free 

measurements is extremely important to keep AlGaN/GaN FET devices small, 

robust and compatible with on-chip development; the objective is to replace existing 

glass electrode based pH and ion sensing. First, sensitivity towards pH and ionic 
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concentration was assessed. The results show that in a reference electrode free 

measurement set up, ungated AlGaN/GaN heterostructure devices are sensitive to 

ionic concentration in the solution, rather than to the pH of the solution, with 

selectivity towards negative ions over positive ions. Based on the negative ion 

selectivity it is postulated that an ion Helmholtz double-layer is present on the 

semiconductor surface. Through a number of experiments, the sensitivity of the 

particular device is shown to depend on the AlGaN thickness and composition of the 

AlGaN/GaN heterostructure as well as on characteristics of the Helmholtz layer at 

the semiconductor/liquid interface (solution buffering). These results were further 

used to investigate principles of device sensitivity. 

Since changes in pH and ion concentration can shift device surface potential 

only by tens or hundreds of mV from zero bias, an AlGaN/GaN heterostructure-

based device should be engineered to have a high transconductance near zero gate-

drain voltage in reference-electrode free measurements. The work presented in this 

thesis demonstrates that the sensitivity of AlGaN/GaN heterostructure-based sensors 

to the changes in ion concentration on the gateless surface can be dramatically 

improved through optimisation of the AlGaN layer composition and thickness. A 

model was applied to estimate the sensitivity of different structures, and 

experimental results confirmed the predictions of the model, with high signal to 

noise ratio for the devices fabricated on structures grown in the predicted region of 

high sensitivity. These results were further used to improve performance of the 

biosensors for monitoring calcium intake of living cells.  

XPS analysis was performed on GaN capped AlGaN/GaN and uncapped 

AlGaN/GaN structures exposed to different chemical treatments to assess the level 

of surface oxidation and chemical contamination during fabrication and continuous 

operation of the sensor. Such assessment is crucial for understanding of different 

types of sensitivity reported for AlGaN/GaN sensors in the literature. Very sensitive 

Synchrotron XPS analysis demonstrated numerous surface contaminants originating 

from exposure to chemical solutions. An exposure to HCl solution resulted in oxide 

being removed from the surface and further surface passivation with Cl that 

completely prevented further oxidation in the atmosphere. Although oxides on the 

AlGaN surface were found to be more stable than oxides on the GaN surface, the 
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overall level of oxygen present on the surface was not sufficient to correspond to a 

continuous oxide layer. Since chemical exposure was modelled to specifically mimic 

sensor fabrication and operation used in this work, it can be concluded that the 

amount of surface oxide was insufficient to sustain linear pH response. Therefore 

sensor response was dominated by negative charge selectivity of the surface. 

Measurement conditions for AlGaN/GaN biosensors functionalised with live 

cells were optimised, including environmental controls, use of buffering agent, and 

live cell seeding concentration. Typical differences between cell-based device 

signals and control (no cells) device signals were established. The  signal from cell-

based devices was demonstrated, by comparison with multiple controls, to be a result 

of biological activity. This was consistent with the substantial decrease in signal 

amplitude under room temperature conditions, which is typical for biological 

systems. In addition, the calcium dosing experiment demonstrated high 

reproducibility and signal saturation at expected physiological levels. 

Experiments with inhibitors and an activator for different types of calcium 

channels further confirmed specific biological activity. The results have strongly 

affirmed that AlGaN/GaN cell-based sensors have significant potential for label-free 

live cell measurement of drug activity as well as for disease detection. 

Preliminary results from experiments with antibody functionalised AlGaN/GaN 

sensors for selective detection of proteins extracted from macrophage immune cells 

proved to be promising. Such sensors could be combined with cell-based sensors for 

the realisation of a lab-on-a-chip drug testing system. It is possible to fabricate an 

array of devices with different types of biologically sensitive elements and combine 

them on one analytical platform. Such an approach can be beneficial if one is 

interested in immediate measurement of live cell membrane response to external 

stimuli as well as postponed detection of substances extracted by the cells as the 

result of the stimuli.  

Outlook 

This thesis contributes to the development of AlGaN/GaN heterostructure living 

cell based biosensors that can be used in biomedical research and drug screening. 
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However, there are number of issues that still remain to be addressed before this 

device can be successfully commercialized.  

First and the most approachable step from an engineering point of view would 

be a miniaturisation and array arrangement of sensors to perform measurements with 

higher resolution. This step should be followed by appropriate packaging and 

passivation to ensure overall reliable operation of the chip. The optimisations 

presented in this thesis for reference electrode free, high sensitivity measurements 

should be included in the future design solutions to ensure sensor integration and 

miniaturisation.  

Although TEM and SEM images of the cell/semiconductor interface were 

obtained, fundamentally there is still not enough understanding about the nature of 

cell attachment and about the distribution and functioning of ion channels in the 

attached cell membrane. Further research in this direction can significantly 

contribute to the analysis of data obtained with AlGaN/GaN biosensors. Additional 

TEM imaging of multiple sections of one attached cell can provide three-

dimensional information about membrane morphology at the cell/semiconductor 

interface. This step can be easily achieved with current state of FIB/SEM and TEM 

technology. 

Better understanding of the surface chemistry of the AlGaN/GaN alloy in liquid 

media is needed. This work only introduced the concept of processing and 

continuous operation effects on the state of the sensor surface. Additional XPS 

investigations are needed to understand all possible influences of chemical solutions 

on the sensor surface. Proposed Helmholtz double layer hypothesis can be further 

supported through additional investigation of sensor selectivity and sensitivity to 

dipole molecules. 

With the above improvements, AlGaN/GaN biosensors can be a reliable tool, 

selective to a multitude of analytes and important for research into cell 

electrophysiology as well as in drug testing and screening.  
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Appendix 3.6.1.1 

Clean Room Fabrication Procedures  
 
 1. Wafer cleaning  

 
1.1 ultrasonic acetone 5 min 
1.2 ultrasonic isopropyl 2 min 
1.3 rinse DI water 1 min 
1.4 blow dry N2 

 
2. Etching Mask 

 
2.1 prebake hotplate; 110°C 1 min 
2.2 spin positive photoresist; 20s@4000rpm 
2.3 bake hotplate; 100°C 1 min 
2.4 cool down 
2.5 expose with mask 20s 
2.6 develop (MIF developer) 1 min 30s 
2.7 rinse DI water 2 min 
2.8 blow dry N2 
2.9 check features with optical microscope 

 
3. ICP RIE Plasma 100 Dry Etch 

 
3.1 turn off CF4 line, run process until line empty 
3.2 change to Ar line 
3.3 open N2 dilution valve 
3.4 apply grease to back of sample, load sample 
3.5 run "75/150" recipe 

 
4. Remove Grease/PR 

 
4.1 rinse tric 1 min 
4.2 ultrasonic acetone 5 min 
4.3 ultrasonic isopropyl 2 min 
4.4 rinse DI water 1 min 
4.5 blow dry N2 
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5. Ohmic Contact Mask 
 
5.1 prebake hotplate; 110°C 1 min 
5.2 spin photoresist AZ2035; 40s@3000rpm 
5.3 bake hotplate; 110°C 1 min 
5.4 cool down 
5.5 expose with mask 18s 
5.6 bake hotplate; 105°C 1 min 30s 
5.7 develop (AZ300 MIF) 1 min 10s 
5.8 rinse DI water 2 min 
5.9 blow dry N2 

 
6. O2 Ash 

 
6.1 run "JA de-scum" recipe(RIE 1 min; 50W; 20 sccm O2; 80mT) 

 
7. Pre-Deposition Acid Dip 

 
7.1 soak in HCl for 20s 
7.2 rinse DI water 2 min 
7.3 blow dry N2 

 
8. Thermal Evaporation Preparation 

 
8.1 solvent clean of metals/new boat 
8.2 ultrasonic acetone 1 min 
8.3 ultrasonic isopropyl 1 min 
8.4 rinse DI water 1 min 
8.5 blow dry N2 

 
9. Thermal Evaporation 

 
9.1 load wafer in evaporation chamber; pump down. 
9.2 evaporate 200Å Al @ >5 Å/s 
9.3 evaporate 500Å Cr @ >5 Å/s 
9.4 evaporate 3000Å Au @ >5 Å/s 
9.5 cool chamber (15 min); turbo spin down 

 
10. Remove PR 

 
10.1 soak acetone 30 min 
10.2 squirt acetone 1 min 
10.3 rinse isopropyl 2 min 
10.4 rinse DI water 1 min 
10.5 blow dry N2 

 
11. Anneal 

 
11.1 test run without sample 
11.2 anneal sample 30s @ 820°C 
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Appendix3.6.1.1 

Masks: 
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Top row from left to right: passivation mask, mesa etch mask, ohmic contacts mask  

 

 

Chip holder mask (bottom row from left to right):  

passivation mask, contacts mask, mirror image of passivation mask.    
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Appendix 4.2.1 

Technical Resources - Media Formulations 
 
11995 - DMEM, high glucose, pyruvate 
 

Components  Molecular 
Weight  

Concentration 
(mg/L)  mM 

Amino Acids 
Glycine 75 30 0.4 
L-Arginine hydrochloride 211 84 0.398 
L-Cystine 2HCl 313 63 0.201 
L-Glutamine 146 584 4 
L-Histidine hydrochloride-H2O 210 42 0.2 
L-Isoleucine 131 105 0.802 
L-Leucine 131 105 0.802 
L-Lysine hydrochloride 183 146 0.798 
L-Methionine 149 30 0.201 
L-Phenylalanine 165 66 0.4 
L-Serine 105 42 0.4 
L-Threonine 119 95 0.798 
L-Tryptophan 204 16 0.0784 
L-Tyrosine disodium salt dihydrate 261 104 0.398 
L-Valine 117 94 0.803 

Vitamins 
Choline chloride 140 4 0.0286 
D-Calcium pantothenate 477 4 0.00839 
Folic Acid 441 4 0.00907 
Niacinamide 122 4 0.0328 
Pyridoxine hydrochloride 206 4 0.0194 
Riboflavin 376 0.4 0.00106 
Thiamine hydrochloride 337 4 0.0119 
i-Inositol 180 7.2 0.04 

Inorganic Salts 
Calcium Chloride (CaCl2) (anhyd.) 111 200 1.8 
Ferric Nitrate (Fe(NO3)3"9H2O) 404 0.1 0.000248 
Magnesium Sulfate (MgSO4) (anhyd.) 120 97.67 0.814 
Potassium Chloride (KCl) 75 400 5.33 
Sodium Bicarbonate (NaHCO3) 84 3700 44.05 
Sodium Chloride (NaCl) 58 6400 110.34 
Sodium Phosphate monobasic (NaH2PO4-
H2O) 138 125 0.906 

Other Components 
D-Glucose (Dextrose) 180 4500 25 
Phenol Red 376.4 15 0.0399 
Sodium Pyruvate 110 110 1 
Reference: 

1. Dulbecco, R. and Freeman, G. (1959) Virology 8:396.  
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                                                                                                                Appendix 5.4.1.1 
 
 
Python Code: 
 
 
print "Automation script for Anna" 
 
import subprocess 
import os 
from numpy import * 
import re 
 
f = open('Modfet-master.txt','r') 
 
string = f.read() 
 
v1_steps = linspace(-10,0,21) 
#sb_steps = linspace(0.4,1.2,3) 
sb_steps = [1.2] 
 
# additional parameters 
 
algan_thickness = linspace(200,350,16) 
algan_fraction = linspace(0.2,0.3,11) 
 
for sb in sb_steps: 
 
f3 = open("Jaymz2/output-sb=%g.csv" % sb,"w") 
f3.write("sb, V1, thickness (nm), mole fraction, ns, del ns\n") 
 
prev_ns = 0.0 
 
for t in algan_thickness: 
 
 for frac in algan_fraction:   
 
  prev_ns = 0.0 
 
  for item in v1_steps: 
 
 
   f = open('modfet-test.txt', 'w') 
 
   f.write( string % (sb,t,frac,frac,item) ) 
 
   f.close() 
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   p1 = subprocess.Popen("1D Poisson.exe", shell=False, 
stdin=subprocess.PIPE, stdout=subprocess.PIPE) 
  
   p1.stdin.write("1\nmodfet-test\n7\n") 
 
   p1.stdin.flush() 
 
   test = p1.stdout.read() 
 
   # copy file to new dir 
 
   f2 = open("modfet-test_Status.txt","r") 
 
   outp = f2.read() 
 
   #print outp 
 
   regexp = re.compile(r"50.0 Ang GaN ns= ([0-9e\+\.\-
]+)",re.M) 
   matches = regexp.findall(outp)   
 
   if prev_ns == 0.0: 
    del_ns = 0.0 
   else: 
    del_ns = 20.0*log10((float(matches[0]) - prev_ns) / 
prev_ns) 
 
  
   f3.write("%g,%g,%g,%g,%s,%g\n" % 
(sb,item,t,frac,matches[0],del_ns)) 
 
   print "%g,%g,%g,%g,%s,%g\n" % 
(sb,item,t,frac,matches[0],del_ns) 
 
   prev_ns = float(matches[0]) 
 
  
f3.close() 
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Appendix 6.2.1 
 
HANKS' BALANCED SALTS [HBSS] 
 
Without calcium chloride, magnesium sulfate,phenol red and sodium bicarbonate 
 
Product Number H4891 
 
Product Description 
Although there have been many modifications to the original formulas in efforts to produce 
fully defined media, salt solutions still play an important role in tissue culture. A salt 
solution's basic function, to maintain the pH and osmotic balance in the medium and to 
provide the cells with water and essential inorganic ions, is as valuable today as when it was 
first developed a century ago. 
 
Components g/L 
Potassium Chloride 0.4 
Potassium Phosphate Monobasic (anhydrous) 0.06 
Sodium Chloride 8.0 
Sodium Phosphate Dibasic (anhydrous) 0.04788 
D-Glucose 1.0 
 
Precautions and Disclaimer 
REAGENT For R&D use only. Not for drug, household or other uses. 
 
Preparation Instructions 
Powdered salts are hygroscopic and should be protected from moisture. The entire contents 
of each package should be used immediately after opening.Preparing a concentrated salt 
solution is not recommended as precipitates may form. Supplements can be added prior to 
filtration or introduced aseptically to sterile salt solution. 
1. Measure out 90% of final required volume of water. Water temperature should be 15-20 
°C. 
2. While gently stirring the water, add the powdered medium. Stir until dissolved. Do NOT 
heat. 
3. Rinse original package with a small amount of water to remove all traces of powder. Add 
to solution in step 2. 
4. To the solution in step 3, add 0.35 g sodium bicarbonate or 4.7 ml of sodium bicarbonate 
solution [7.5% w/v] for each litre of final volume of medium being prepared. Stir until 
dissolved. 
5. While stirring, adjust the pH of the medium to 0.1-0.3 pH units below the desired pH 
since it may rise during filtration. The use of 1M HCl or 1M NaOH is recommended. 
6. Add additional water to bring the solution to final volume. 
7. Sterilize immediately by filtration using a membrane with a porosity of 0.22 microns. 
8. Aseptically dispense medium into sterile container. 
 
Storage and Stability 
Store the dry powdered salts at 2-8 °C under dry conditions and liquid medium at 2-8 °C in 
the dark. Deterioration of the powdered medium may be recognized by any or all of the 
following: color change, granulation/clumping, insolubility. Deterioration of the liquid 
medium may be recognized by any or all of the following: pH change, precipitate or 
particulates, cloudy appearance color change. The nature of supplements added may affect 
storage conditions and shelf life of the medium. Product label bears expiration date. 
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Appendix 6.2.2.1 
 

 
Ionomycin Inducer  
 
(Apoptosis) inducers 
Formula C41H72O9 
Purity >98% 
 
This product is for in vitro research use only and is not intended for use in humans or 
animals 
 
Product:(4R,6S,8S,10Z,12R,14R,16E,18R,19R,20S,21S)-11,19,21-
Trihydroxy4,6,8,12,14,18,20-heptamethyl-22-[(2S,2'R,5S,5'S)-octahydro-5'-[(1R)-1-
hydroxyethyl]-2,5' dimethyl[2,2'-bifuran]-5-yl]-9-oxo-10,16-docosadienoic acid 
 
Solubility: Soluble to 10mM in ethanol and to10mM in DMSO. 
Appearance: Colorless solid 
Storage and stability:-20°C; 1 year+; shipped ambient 
 
Scientific Background: 
Ionomycin is a calcium ionophore used in researchto raise the intracellular level of 
calcium and as atool to understand calcium transport acrossbiological membranes. It 
is also used to stimulatethe intracellular production of the cytokinesinterferon, 
perforin, IL-2 and IL-4. It is morespecific than A23187. 
 
Selected Refe rences 
1. Holmes A.G. Watt M.J., Carey A.L. andFebbraio M.A. (2004) Metabolism. 
53(11):1492-1495. 
2. Abramov A.Y., Duchen M.R. (2003) CellCalcium. 33(2): 101-112. 
 

 
 
Figure 1: Structure of Ionomycin 
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Material Safety Data Sheet: 
 
Caution: Substance not yet fully tested. 
 
Safety Phrases: 
S22 - Do not breathe dust 
S24/25 - Avoid contact with skin and eyes 
S36/37/39 - Wear suitable protective clothing, gloves and eye/face protection 
 
Toxicological Properties: 
May be harmful by inhalation, ingestion, or skin absorption. The toxicological 
properties of this product have not been investigatedthoroughly. Exercise due 
caution. 
 
Preventative Measures: 
Wear chemical safety goggles and compatible chemical-resistant gloves. Avoid 
inhalation, contact with eyes, skin or clothing. 
 
Spill and Leak Procedures: 
Observe all federal, state and local environmental regulations. 
 
Wear protective equipment. 
Absorb on sand or vermiculite and place in closed containers for disposal. 
Dispose or mix the material with a combustible solvent and burn in a chemical 
incinerator equipped with an afterburner and scrubber. 
 
First Aid Measures 
If swallowed, wash out mouth with water, provided person is conscious. Call a 
physician. 
In case of skin contact, flush with copious amounts of water for at least 15 
minutes.Remove contaminated clothing and shoes.If a rash or other irritation 
develops, call a physician. 
If inhaled, remove to fresh air. If breathing becomes difficult, call a physician. 
In case of eye contact, flush with copious amounts of water for at least 15 minutes 
while separating the eyelids with fingers. Call a physician. 
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Appendix 6.3.1 
 

Human Coronary Artery Endothelial Cells (HCAEC) Culture 
Protocol 

1. Thawing and Plating HCAEC 

• Warm 10ml medium to 37ºC 
• Thaw cells quickly in a 37ºC waterbath for 1-2 minutes  

(Note, 1ml vials of cells stored in liquid nitrogen in Physiology) 

• Transfer 10ml warm growth medium into T-75 flask 
• Transfer cell suspension from vial into T-75 flask containing medium 
• Place flask in 5%O2/95%CO2 incubator (37ºC) and culture overnight 
• The following day, remove medium and replace with 10ml fresh medium 
• Thereafter change medium every second day. 

 

2. Sub-culturing HCAEC 

The cells need to be sub-cultured when they reach over 90% confluency. This takes 
appox. 1 week) 

• Warm PBS, Trypsin/EDTA and medium to 37ºC 
• Remove and discard existing medium  
• Wash the monolayer TWICE with 10ml sterile PBS (Ca2+ and Mg2+ free) 
• Completely cover monolayer with 5ml Trypsin/EDTA 
• Place flask back in the incubator for 2-5 minutes 

Note, the cells should become rounded and lifted from the surface within 2-5 
minutes. Make sure nearly all cells have lifted off before proceeding to the 
next step. 

• Pipette 10ml of the growth medium into the flask to inhibit tryptic activity 
• Transfer cell suspension into a centrifuge tube 
• Spin at 2000 rpm for 5 minutes 
• Remove and discard supernatant 
• Thoroughly re-suspend pellet with 3-4ml growth medium 

(Note, the amount depends on the number of new flasks the cells will go into) 

Pipette 1 ml of cell suspension into each new flask (or tube if for 
experiments).  

• Top up flasks to 10ml with medium (top up tube with 37ºC 2.5mM Ca2+ 
containing HBS) 

• Place flasks in 5%O2/95%CO2 incubator (37ºC) 
• Thereafter change medium every second day 
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Phosphate Buffered Saline (PBS) 

 

For 1L: 

Constituent MW Location Amount 

2.6mM KCl 75 Shelf 0.2g 

1.47mM KH2PO4 136 Shelf 0.2g 

138mM NaCl 58 Shelf 8g 

 8.08mM Na2HPO4-7H2O 178 Shelf 1.44g 

 

Make up in 800ml; pH to 7.4; make up to 1L; store at 4°C 

 

Filter or autoclave to sterilise 

 

Medium MesoEndo Cell Growth Medium (Cell Applications, cat # 212-500) 

Trypsin/EDTA 0.05% trypsin and 0.02% EDTA (Sigma, cat #: 59417C) 
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Appendix 6.4.1 
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Appendix 6.5.1.1 
MCP-1 Antibody (Mouse Specific) #2029 

Specificity / Sensitivity 

MCP-1 Antibody (Mouse Specific) detects endogenous levels of total mouse MCP-1 
protein. 

Source / Purification: Polyclonal antibodies are produced by immunizing animals with a 
synthetic peptide corresponding to residues surrounding Cys75 of mouse MCP-1. Antibodies 
were purified by protein A and peptide affinity chromatography. 

Western Blotting 

 

Western blot analysis of recombinant mouse MCP-1 protein using MCP-1 Antibody (Mouse 
Specific). 

Western Blotting 

Western blot analysis of extracts from the media of RAW 264.7 cells, untreated or treated 
with LPS (1 μg/ml, overnight), using MCP-1 Antibody (Mouse Specific). 

Background 

Monocyte chemotactic protein-1 (MCP-1), also known as CCL2, monocyte chemotactic 
activating factor (MCAF) or glioma-derived chemotactic factor-2 (GDCF-2), is the product 
of the human JE gene and a member of the family of C-C (or β) chemokines (1-4). The 
predicted molecular weight of MCP-1 protein is 11-13 kDa, but it may migrate at 20-30 kDa 
due to glycosylation. MCP-1 is secreted by a variety of cell types in response to pro-
inflammatory stimuli and was originally described for its chemotactic activity on monocytes. 
This activity has led to studies demonstrating its role in diseases characterized by monocyte 
infiltrates such as psoriasis (5), rheumatoid arthritis (6) and atherosclerosis (7). MCP-1 may 
also contribute to tumor progression and angiogenesis (8). Signaling by MCP-1 is mediated 
by the G-protein coupled receptor CCR2 (9). 
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Appendix 6.5.1.2 

Chemical Attachment of Antibody to AlGaN/GaN 

1) Photo-attachment of TFAAD (7 hours) 

The H- terminated diamond films are photochemically reacted with long-chain 

w-unsaturated amine, 10-aminodec-1-ene (TFAAD) that has been protected with 

the trifluoroacetamide functional group. 

1.1 The AlGaN/GaN sample is placed in N2-purged reaction chamber, and 5µl of 

TFAAD is added to wet the surface with thin liquid film 

1.2 The sample is illuminated with 254 nm UV light through a quartz window  

1.3 Wash with chloroform and methanol  

 

2) Deprotection (for amine (NH2)-terminated AlGaN/GaN) 

 

2.1 Immerse TFAAD-attached AlGaN/GaN in to 0.36 M HCl in methanol 

(65oC, 24h) 

2.2 Wash with MeOH 

 

3) Crosslinker attachment  

3.1  Amine-terminatedAlGaN/GaN surface is exposed to 3 mM solution of 

SSMCC in 0.1M triethanolamine (TEA) buffer solution (pH7) for 30 

minutes 

3.2 Wash with TEA and N2 dry  

 

4) Antibody attachment  

4.1 SSMCC-modified AlGaN/GaN surface is covered by 2 µl of 200 µM 

thiol-modified Antibody in mM TEA to form Antibody attachment and 

kept in the humid reaction vessel for at least 12 hrs. 

4.2 Antibody modified surface is then rinsed with and stored in PBS 
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Appendix 6.5.1.3 

 

Technical Resources - Media Formulations 

12633 - Advanced RPMI 1640 

Catalog Number(s): 
12633012 ,12633020 

Components  Molecular 
Weight  

Concentration 
(mg/L)  mM 

Amino Acids 
Glycine 75 10 0.133 
L-Alanine 89 8.9 0.1 
L-Arginine 174 200 1.15 
L-Asparagine 132 50 0.379 
L-Aspartic acid 133 20 0.15 
L-Cystine 2HCl 313 65 0.208 
L-Glutamic Acid 147 20 0.136 
L-Histidine 155 15 0.0968 
L-Hydroxyproline 131 20 0.153 
L-Isoleucine 131 50 0.382 
L-Leucine 131 50 0.382 
L-Lysine hydrochloride 146 40 0.274 
L-Methionine 149 15 0.101 
L-Phenylalanine 165 15 0.0909 
L-Proline 115 20 0.174 
L-Serine 105 30 0.286 
L-Threonine 119 20 0.168 
L-Tryptophan 204 5 0.0245 
L-Tyrosine disodium salt 225 29 0.129 
L-Valine 117 20 0.171 

Vitamins 
Ascorbic Acid phosphate 289.54 2.5 0.00863 
Biotin 244 0.2 0.00082 
Choline chloride 140 3 0.0214 
D-Calcium pantothenate 477 0.25 0.000524 
Folic Acid 441 1 0.00227 
Niacinamide 122 1 0.0082 
Para-Aminobenzoic Acid 137 1 0.0073 
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Pyridoxine hydrochloride 206 1 0.00485 
Riboflavin 376 0.2 0.000532 
Thiamine hydrochloride 337 1 0.00297 
Vitamin B12 1355 0.005 0.0000037 
i-Inositol 180 35 0.194 

Inorganic Salts 
Calcium nitrate (Ca(NO3)2 4H2O) 236 100 0.424 
Magnesium Sulfate (MgSO4) 
(anhyd.) 120 48.84 0.407 

Potassium Chloride (KCl) 75 400 5.33 
Sodium Bicarbonate (NaHCO3) 84 2000 23.81 
Sodium Chloride (NaCl) 58 6000 103.45 
Sodium Phosphate dibasic 
(Na2HPO4) anhydrous 142 800 5.63 

Zinc sulfate (ZnSO4-7H2O) 288 0.874 0.00303 
Proteins 

AlbuMAX® II  400 ∞ 
Human Transferrin (Holo)  7.5 ∞ 
Insulin Recombinant Full Chain  10 ∞ 

Trace Elements 
Ammonium Metavanadate 116.98 0.0003 0.0000026 
Cupric Sulfate 250 0.00125 0.000005 
Manganous Chloride 198 0.00005 0.0000003 
Sodium Selenite 173 0.005 0.0000289 

Other Components 
D-Glucose (Dextrose) 180 2000 11.11 
Ethanolamine 97.54 1.9 0.0195 
Glutathione (reduced) 307 1 0.00326 
Phenol Red 376.4 5 0.0133 
Sodium Pyruvate 110 110 1 
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Appendix 6.5.1.4 

Technical Resources - Media Formulations 

14190 - PBS, no calcium, no magnesium 

Catalogue Number(s): 
14190086 ,14190094 ,14190144 ,14190169 ,14190185 ,14190235 ,14190250 
,14190342 ,14190359 ,14190367 

Components  Molecular 
Weight  

Concentration 
(mg/L)  mM 

Inorganic Salts 
Potassium Chloride (KCl) 75 200 2.67 
Potassium Phosphate monobasic 
(KH2PO4) 136 200 1.47 

Sodium Chloride (NaCl) 58 8000 137.93 
Sodium Phosphate dibasic 
(Na2HPO4-7H2O) 268 2160 8.06 

Reference: 

1. Dulbecco, R. and Vogt, M., (1954) Plaque formation and isolation of pure 
lines with Poliomyelitis viruses. J. Exp. Med., 98:167. 

Specifications 

General Specifications 
Form: Liquid  

pH Range: 7.0 - 7.2  

Osmolality: 270 - 300 mOsm/kg  

Concentrated: 1 X  

Product Size: 10 × 500 ml  

Classification: Animal Origin-Free  

Inorganic Salts: 
No Magnesium,  

No Calcium  
Phenol Red Indicator: No Phenol Red  

Sodium Pyruvate Additive: No Sodium Pyruvate  
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Appendix 6.5.2.2 

Bovine Serum Albumin (BSA) 

Description  

Bovine Serum Albumin (BSA) is supplied with some restriction enzymes to prevent 
adhesion of the enzyme to reaction tubes and pipette surfaces. BSA also stabilizes 
some proteins during incubation.  

Properties and Usage  

Storage Temperature  

-20°C  

Storage Conditions  

20 mM KPO4 
50 mM NaCl 
0.1 mM EDTA 
5% Glycerol 
 

pH 7.0 @ 25°C 

Quality Control  

Quality Control Assays  

The following Quality Control Tests are performed on each new lot and meet the 
specifications designated for the product. Individual lot data can be found on the 
Product Summary Sheet/Datacard or Manual which can be found in the Supporting 
Documents section of this page. 

• Endonuclease Activity (Nicking): 
The product is tested in a reaction containing a supercoiled DNA substrate. 
After incubation for 4 hours the percent converted to the nicked form is 
determined by agarose gel electrophoresis. 

• Non-Specific DNase Activity (16 hour): 
The product is tested for non-specific nuclease degradation in a reaction 
containing a DNA substrate. After incubation for 16 hours there is no 
detectable degradation of the DNA substrate as determined by agarose gel 
electrophoresis. 

• RNase Activity (2 Hour Digestion): 
The product is tested in a reaction containing a RNA substrate.  After 
incubation for 2 hours there is no detectable degradation of the RNA 
substrate as determined by gel electrophoresis. 
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Appendix 6.5.2.3 

Antibody Functionalisation Protocol  

1.  Oxidation terminates the device with hydroxyl groups: 

- the device was submerged in piranha (H2SO4: H2O2 in a 3:1 ratio) for 20 

minutes 

2. Salinization : 

- the device was submerged in 20 mM 3-amino-propyltriethoxysilane 

(APTES) in acetone for 30 mins 

- washed with acetone and propenol 

- nitrogen dried 

- baked at 120° for 5 mins 

 

Amino-propyltriethoxysilane (APTES) 

3. Fixation using a cross-linker molecule: 

- the device was submerged in 20mM of glutaraldehyde in 50% DI water for 1 

hour 

- washed with DI water 

- nitrogen dried 

 

    Glutaraldehyde   

4. Protein Attachment: 

- antibody dropped on the device and incubated in a humid chamber for 18 

hours 

- washed and stored in PBS solution 

 

           Schiff-Base Reaction between glutaraldehyde and amine groups of 
antibody 
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